ISSN 1451 - 9372(Print)
ISSN 2217 - 7434(Online)
APRIL-JUNE 2014
Vol.20, Number 2, 155-304

www.ache.org.rs/ciceq

Journal of the
Association of Chemical Engineers of
Serbia, Belgrade, Serbia

Vol. 20

Belgrade, April-June 2014

Chemical Industry & Chemical Engineering
Quarterly (ISSN 1451-9372) is published
quarterly by the Association of Chemical
Engineers of Serbia, Kneza Miloša 9/I,
11000 Belgrade, Serbia
Editor:
Vlada B. Veljković
veljkovic@yahoo.com
Editorial Office:
Kneza Miloša 9/I, 11000 Belgrade, Serbia
Phone/Fax: +381 (0)11 3240 018
E-mail: shi@yubc.net
www.ache.org.rs
All the manuscripts are not to be returned
For publisher:
Tatijana Duduković
Secretary of the Editorial Office:
Slavica Desnica
Marketing and advertising:
AChE Marketing Office
Kneza Miloša 9/I, 11000 Belgrade, Serbia
Phone/Fax: +381 (0)11 3240 018
Publication of this Journal is supported by the
Ministry of Education and Science of the
Republic of Serbia
Subscription and advertisements make payable
to the account of the Association of Chemical
Engineers of Serbia, Belgrade, No. 205-217271, Komercijalna banka a.d., Beograd
Computer typeface and paging:
Vladimir Panić
Printed by:
Faculty of Technology and Metallurgy,
Research and Development Centre of Printing
Technology, Karnegijeva 4, P. O. Box 3503,
11120 Belgrade, Serbia
Abstracting/Indexing:
Articles published in this Journal are indexed in
Thompson Reuters products: Science Citation
TM
Index - Expanded - access via Web of
®
SM
Science , part of ISI Web of Knowledge

No. 2

CONTENTS
Vladimír Pitschmann, Zbyněk Kobliha, Ivana Tušarová, Lucie
Bártová, David Vetchý, Pavel Bobál, A new detection
tube to detect hydrogen cyanide in the air ......................... 155
Arkan Jasim Hadi, Ghazi Faisal Najmuldeen, Iqbal Ahmed,
Quality restoration of waste polyolefin plastic material
through the dissolution–reprecipitation technique............... 163
Aishi Zhu, Feiyan Jiang, Modeling of mass transfer performance of hot-air drying of sweet potato (Ipomoea
batatas L.) slices................................................................. 171
D. Srinivasacharya, Upendar Mendu, Free convection in
MHD micropolar fluid with radiation and chemical
reaction effects ................................................................... 183
Ljiljana N. Anđelković, Milovan M. Purenović, Marjan S.
Ranđelović, Dragan B. Milićević, Aleksandra R. Zarubica, Marjan P. Mitić, Sreten Tomović, Synergy of hydromechanical and hydrochemical parameters in
formation of solid deposits in geothermal and other
waters ................................................................................. 197
Fariba Mahdavi, Suraya Abdul Rashid, Mohd Khanif Yusop,
Intercalation of urea into kaolinite for preparation of
controlled release fertilizer ................................................. 207
Run Huang, Xuewei Lv, Cheng Pan, Donghai Li, Enguang
Guo, Kinetics of the decomposition reaction of
phosphorite concentrate ..................................................... 215
Qunsheng Li, Manxia Zhang, Zhigang Lei, Xiaofei Tang, Lun
Li, Baohua Wang, A distillation tray with high efficiency
and excellent operating flexibility for viscous mixture
separation ........................................................................... 223
Violeta Leškevičienė, Dalia Nizevičienė, Influence of the
setting activators on the physical mechanical properties
of phosphoanhydrite............................................................ 233
Xiaoyan Zhu, Jianchao Chen, Jieyu Chen, Xinrong Lei,
Chunjie Yan, Urea intercalation compound production
in industrial scale for paper coating ..................................... 241
Hua-Rong Li, Liming Che, Zheng-Hong Luo, Modeling intraparticle transports during propylene polymerizations
using supported metallocene and dual function
metallocene as catalysts: single particle model ................... 249
Maryam Nikzad, Kamyar Movagharnejad, Farid Talebnia,
Ghasem Najafpour, Amir Hosein Ghorban Farahi, A
study on alkali pretreatment conditions of sorghum
stem for maximum sugar recovery using statistical
approach............................................................................. 261

Contents continued

Apichit
Svang-Ariyaskul,
Thanapat
Chaireongsirikul,
Determination of feasibility and advantages of using
additional turbines to reduce energy consumption and
CO2 emission of a distillation column ................................... 273
Marija T. Mihajlović, Slavica S. Lazarević, Ivona M. JankovićČastvan, Bojan M. Jokić, Djordje T. Janaćković, Rada
D. Petrović, A comparative study of the removal of
lead, cadmium and zinc ions from aqueous solutions
by natural and Fe(III)-modified zeolite................................. 283
Zora Ž. Stoiljković, Milka B. Jadranin, Svetlana Lj. Đurić,
Slobodan D. Petrović, Milka L. Avramov Ivić, Dušan Ž.
Mijin, Investigation of forced and total degradation
products of amlodipine besylate by liquid chromatography and liquid chromatography-mass spectrometry .............................................................................. 295

Journal of the
Association of Chemical Engineers of
Serbia, Belgrade, Serbia

EDITOR-In-Chief
Vlada B. Veljković

Faculty of Technology, University of Niš, Leskovac, Serbia
E-mail: veljkovicvb@yahoo.com

ASSOCIATE EDITORS
Branko Bugarski

Jonjaua Ranogajec

Srđan Pejanović

Department of Chemical Engineering,
Faculty of Technology and Metallurgy,
University of Belgrade, Belgrade, Serbia

Faculty of Technology, University of Novi
Sad, Novi Sad, Serbia

Department of Chemical Engineering,
Faculty of Technology and Metallurgy,
University of Belgrade, Belgrade, Serbia

Milan Jakšić
ICEHT/FORTH, University of Patras,
Patras, Greece

EDITORIAL BOARD (Serbia)
Đorđe Janaćković, Sanja Podunavac-Kuzmanović, Viktor Nedović, Sandra Konstantinović, Ivanka Popović
Siniša Dodić, Zoran Todorović, Olivera Stamenković, Marija Tasić, Jelena Avramović

ADVISORY BOARD (International)
Dragomir Bukur

Ljubisa Radovic

Texas A&M University,
College Station, TX, USA

Pen State University,
PA, USA

Milorad Dudukovic

Peter Raspor

Washington University,
St. Luis, MO, USA

University of Ljubljana,
Ljubljana, Slovenia

Jiri Hanika

Constantinos Vayenas

Institute of Chemical Process Fundamentals, Academy of Sciences
of the Czech Republic, Prague, Czech Republic

University of Patras,
Patras, Greece

Maria Jose Cocero

Xenophon Verykios

University of Valladolid,
Valladolid, Spain

University of Patras,
Patras, Greece

Tajalli Keshavarz

Ronnie Willaert

University of Westminster,
London, UK

Vrije Universiteit,
Brussel, Belgium

Zeljko Knez

Gordana Vunjak Novakovic

University of Maribor,
Maribor, Slovenia

Columbia University,
New York, USA

Igor Lacik

Dimitrios P. Tassios

Polymer Intitute of the Slovak Academy of Sciences,
Bratislava, Slovakia
Denis Poncelet
ENITIAA,
Nantes, France

National Technical University of Athens,
Athens, Greece
Hui Liu

China University of Geosciences, Wuhan, China

FORMER EDITOR (2005-2007)
Professor Dejan Skala

University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia

Available on line at
Association of the Chemical Engineers of Serbia AChE
www.ache.org.rs/CICEQ

Chemical Industry & Chemical Engineering Quarterly

Chem. Ind. Chem. Eng. Q. 20 (2) 155−161 (2014)

VLADIMÍR PITSCHMANN1
ZBYNĚK KOBLIHA2
IVANA TUŠAROVÁ1
LUCIE BÁRTOVÁ3
DAVID VETCHÝ4
PAVEL BOBÁL4
1

Oritest Ltd., Prague, Czech
Republic
2
NBC Defense Institute, University
of Defense Brno, Czech Republic
3
Faculty of Biomedical
Engineering, Czech Technical
University in Prague, Czech
Republic
4
Faculty of Pharmacy, Veterinary
and Pharmaceutical University
Brno, Czech Republic

CI&CEQ

A NEW DETECTION TUBE TO DETECT
HYDROGEN CYANIDE IN THE AIR
Abstract

A new simple and sensitive detection tube to detect hydrogen cyanide in the
air has been developed. The detection tube is based on the reaction of hydrogen cyanide with 4-nitrobenzil to form a violet colored product. The reaction
takes place on a carrier made of a composite material, which was prepared by
pelletization of a mixture of microcrystalline cellulose and MgO. The detection
tube can detect hydrogen cyanide in the air in the range of concentrations
0.1–100 mg m–3 based on visual evaluation (by naked eye) of the change of
indication layer coloring and comparison with etalon. The detection limit is
0.05 mg m–3. The detection tube is highly selective and sufficiently stable
during storage.
Keywords: detection tube, hydrogen cyanide, 4-nitrobenzil, composite
carrier.
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Hydrogen cyanide (HCN) is a significant chemical compound that can be found in various natural as
well as anthropogenic resources. In the chemical
industry, HCN is used as an intermediate product in
the production of nitriles, acrylates, amino acids and
other important compounds. In agriculture it is used
as an effective specific pesticide (insecticidal fumigant) to maintain storage rooms, containers or ship
cargos. It is also applied to maintain historical buildings attacked by wood-destroying insects. It is released
during burning of some natural as well as synthetic
materials, e.g., wool or polyurethanes. In the form of
salts (from which it is released through acidification),
it is used in gold and precious metals mining or in
galvanoplastics. In the past, HCN was produced and
used even as a chemical weapon or a precursor for
production of a number of other chemical warfare
agents. Currently, its misuse for chemical terrorism
cannot be excluded.
Correspondence: I`. Tušarová, Oritest Ltd., Staropramenná 17,
150 00 Prague, Czech Republic.
E-mail: tusarova@oritest.cz
Paper received: 4 May, 2012
Paper revised: 7 December, 2012
Paper accepted: 8 December, 2012

In terms of toxicology, HCN is a highly effective
system (blood) inhalation poison with an extremely
rapid onset of effect. The current Occupational Safety
and Health Administration (OSHA) permissible exposure limit (PEL) for HCN is 11 mg m–3 as an 8-hour
time-weighted average (TWA) concentration. The
National Institute for Occupational Safety and Health
(NIOSH) has established a recommended exposure
limit (REL) for HCN of 5 mg m–3 as a short-term exposure limit (STEL). Inhalation toxicity of HCN can be
expressed too by Acute Exposure Guideline Levels
(AEGL), i.e., concentrations established by the U.S.
government for the civilian population. For example,
for a period of 10 minutes exposure, the following
values: AEGL-1 (the least serious consequences) =
2.8 mg m–3, AEGL-2 = 19 mg m–3, AEGL-3 (the most
severe consequences) = 30.2 mg m–3. HCN concentration higher than 55 mg m–3 after prolonged exposure to cause death. [1–3].
The extreme HCN toxicity and the extent of its
industrial use are reflected also in the research and
development of corresponding methods of detection
and identification. A lot of publications describe
various methods of classical volumetric analysis,
electrochemical methods, separation methods (mainly

155

V. PITSCHMANN et al.: A NEW DETECTION TUBE…

chromatographic methods) or optical methods such
as spectrophotometry and luminescence analysis [4–
–11]. In addition to instrumentally demanding methods,
simple methods and technical means of chemical
analysis, which are usually based on an appropriate
color reaction, are used in practice. These simple
methods of field analysis include for example detection papers, test strips, tablets, powders, chalks or
detection tubes. For detection of HCN in the air color
reactions with the following reaction systems – chlorinating agent/chlorine cyan agent, HgCl2/acid-base
indicator, Cu(II)/redox indicator or sodium picrate – are
used most often [12–17]. Procedures based on the
reaction with 4-nitrobenzaldehyde, when color products arise from acyloin condensation (benzoin nitroderivatives) or reduction of some organic compounds
by intermediate reactive cyanohydrin [18–23], are also
included among well-known and sensitive colorimetric
(spectrophotometric) methods for determination of
HCN and cyanides. Earlier on, some authors found
out and verified for the case of test papers that the
creation of similar color products resulted also from
the effect of HCN on 4-nitrobenzil, 4,4’-dinitrobenzil or
2,5-diphenyl-3,4-bis(p-nitrophenyl)furan [24]. Recently, a number of new proposals for the preparation
of optical sensors (to include various benzil derivatives), which are applied especially in water analysis,
have appeared [25,26].
The aim of this work is to describe a newly
developed detection tube for detection of hydrogen
cyanide in the air, containing a composite carrier
made up of microcrystalline cellulose and MgO and
impregnated with 4-nitrobenzil dissolved in dimethyl
sulfoxide. The indication filling reacts with HCN creating violet coloring. Detection of HCN in the air with the
designed detection tube is quick, simple, selective
and highly sensitive. The resulting coloring is well
reproducible. The used composite material proved
earlier on in the development of a detection tube to
detect phosgene (diphosgene) in air [27].
EXPERIMENTAL
Chemicals and equipment
The following chemicals were used to prepare
the indication filling: microcrystalline cellulose Avicel
PH101, MgO, dimethyl sulfoxide (all Sigma-Aldrich,
Praha, Czech Republic, analytical purity) and 4-nitrobenzil (Veterinary and Pharmaceutical University,
Brno, Czech Republic, 96.7%). Sodium cyanide
(Sigma-Aldrich, Praha, Czech Republic, 97%) for the
preparation of HCN was used.
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A Stephan UMC 5 homogenizer (Stephan, Hameln, Germany) and a Pharmex 35 T single screw axial
extruder and spheronizer (Wyss-Probst, Extertal, Germany) were used to prepare the composite carrier. As
body of detection tubes, glass wrapper tubes with
inner diameter of 5 mm were used, supplemented
with polyethylene sealing and distributing elements
(Tejas, Jablonec nad Nisou, Czech Republic).
Samples of air with HCN for testing of detection
tubes were collected by a Universal 86 manual suction device (Kavalier, Votice, Czech Republic) with a
stroke volume of 100±5 cm3. A Lavat oil vacuum
pump (Fisher Scientific, Pardubice, Czech Republic)
was used for standardization of HCN in the test chamber. The absorption characteristics of the reaction
product were measured using an LMG 173 tristimulus
colorimeter (Dr. Lange, Berlin, Germany).
Carrier preparation and characterization
The powder mixture of MgO and microcrystalline
cellulose were homogenized in a high-speed mixer at
1,000 revolutions per min (rpm) for the period of 5
min. After adding water, the resulting substance was
put into the extruder with partition with holes diameter
of 1.25 mm and thickness of 1.00 mm. The extrusion
at a speed of 110 rpm took 10 min. The extrudate was
caught in a bowl and put on a running spheronization
plate of the spheronizer with a hatched pattern –
crosshatches at a size of 1.0 mm and at a distance of
2.0 mm from each other. The spheronization speed
was 1,000 rpm for a period of 5 min. The resulting
pellets were dried at a temperature of 80 °C for 20 h.
Physical parameters of the carrier (sieve analysis,
pycnometric density, hardness and others) were
determined in a standard way [28].
Indication filling and tubes preparation
The composite material was impregnated with a
solution containing 0.6% of 4-nitrobenzil in dimethyl
sulfoxide (DMSO). 20 ml of impregnation solution was
consumed per 100 g of the carrier. The mixture was
dried in the open air (in the fume hood), resulting in a
loose state and a constant weight. The indication
filling of yellowish and greyish coloring prepared like
that was poured into a glass tube with the inner
diameter of 5 mm. The 15 mm high indication layer
was secured against movement with distributing polyethylene elements in the shape of stars. The glass
tube was sealed at both ends.
Testing functionality of detection tubes in the gas
chamber
The functionality of detection tubes was tested
in the test gas chamber at a volume of 0.712 m3 with
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appropriate HCN concentration (0–200 mg m–3). 1 ml
of an aqueous solution of sodium cyanide with a
concentration of 0 up to 150 mg ml–1 (the value of 1
mg m–3 HCN in the chamber corresponds to the concentration of 0.7 mg ml–1 of cyanides in the solution)
was measured out and 1 ml of 85% phosphoric acid
was added into a porcelain dish placed in the test
chamber. Developing of HCN vapors took about 2
min. The actual content of HCN in the chamber was
determined spectrophotometrically by a modified
method according to Koenig [29]. The response of
detection tubes was evaluated visually (by naked eye)
based on a color change of the indication filling in
dependence on the concentration of HCN in the
chamber. The standard volume of the air sample was
0.1 or 1 dm3, i.e., 1 or 10 strokes with a manual suction device.
RESULTS AND DISCUSSION
Coloring characteristics
The detection tube is based on the reaction of
HCN with 4-nitrobenzil on the composite carrier,

Chem. Ind. Chem. Eng. Q. 20 (2) 155−161 (2014)

which contains pellets of a mixture of microcrystalline
cellulose with MgO. The reaction takes place in the
DMSO environment creating 4-nitromandelonitrile
benzoate [30]. The probable reaction scheme is described in Figure 1. In contact of the indication filling
with HCN in the air, there is a continuous color zone,
the intensity of which (proportional to the HCN concentration) was visually evaluated (by naked eye).
The maximum intensity of violet coloring was
observed after 1 min upon exposure. It was possible
to evaluate the color effect even after 72 h. The
absorption characteristic of the color product is shown
in Figure 2.
Composite carrier characteristics
Preliminary studies have verified several composite materials containing a mixture of microcrystalline cellulose, silica gel and metal oxides (Al2O3,
TiO2, CaO and MgO) in various proportions. Practically applicable results have been achieved with the
material of microcrystalline cellulose/MgO in the weight
ratio of 50:50. This composite material exhibits chemical properties suitable for the course of analytical

Figure 1. Designed scheme of HCN reaction with 4-nitrobenzil.

Figure 2. Dependence of reflective factor R on wavelength λ.
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reaction (alkaline conditions) and appropriate physical
parameters: the size of particles 0.8–1.25 mm, density
1.928 g cm–3, hardness 8.4 N, abrasion resistance
0.08% and Hausner ratio (the ratio of tapped density
to bulk density) 1.047. On one hand, the lower content of MgO showed, for example, higher hardness of
the composite material, but on the other hand, it also
showed lower intensity of the indication layer coloring.
The higher content of MgO had an adverse influence
on physical properties of the composite material, on
its compactness and on chemical stability of the indication filling.
Influence of reagent composition and concentration
It was found that the indication filling was sensitive to HCN if the reagent 4-nitrobenzil was applied
to the carrier in the form of a solution in DMSO. The
reagent dissolved in ethanol, acetone or pyridine did
not provide any coloring with HCN. The optimal content of 4-nitrobenzil is 0.1 to 0.2 g per 100 g of the
carrier. With lower content there was a loss of intensity in coloring of the indication layer. The higher content of 4-nitrobenzil did not have any influence on the
result of detection. In addition to 4-nitrobenzil also its
analogue 4,4'-dinitrobenzil was verified but with negative result (there was no coloring with HCN).
Analytical data
The detection tube was visually evaluated (by
naked eye) based on the intensity of indication layer
coloring which is proportional to the HCN concentration in the air. For this case generally the following
formula applies I = kcV, where I is the intensity of
coloring, k is the coefficient of proportionality (change
of I to 1 mg HCN), c is the HCN concentration in the
air (mg m–3) and V is the volume of analyzed air (m3).
The detection tube can be used for detection of HCN
in the range of 0.1-100 mg m–3. When the sample
volume 1 dm3 measurement range is 0.1–10 mg m–3,
the sample volume 0.1 dm3 measurement corresponds to the concentration range 1–100 mg m–3. From

a practical point of view, a color etalon has been
designed and used in the development of the detection tube, using the Pantone formula guide (Table 1).
The sensitivity of detection (concentrations difference
perceivable by naked eye) was about 0.5 mg m–3. The
detection limit (the lowest concentration at which a
color change of the indication layer was observed)
was 0.05 mg m–3. Reproducibility of the detection tube
was tested by repeating the analysis of standard HCN
sample at a concentration of 4–6 mg m–3 (this corresponds to the STEL value) or 0.05 mg m–3 (detection
limit) in the course of one day or in the course of 5
consecutive days. In results, evaluated with naked
eye by several persons independently from each
other, no substantial differences were found.
Selectivity and interferences
In the course of the development of the detection tube to detect HCN, the influence of various
foreign substances present in the atmosphere was
also studied. Concentrations of these substances,
which influence the color change of the indication
filling of the detection tube, were sought. The found
tolerance limits (maximum permissible concentrations) of some substances, valid for 5 mg m–3 and 0.5
mg m–3 HCN, are shown in Table 2. It proved that the
proposed method of HCN detection was highly selective. No other tested substance provided the coloring
similar to HCN. Some substances (acid gases and
vapors) at high concentrations reduce the intensity of
coloring or slow down its development. The presence
of high concentrations of alkali (such as ammonia)
increases the intensity of color in indication layer
(false positive effect).
Stability
The composite carrier of microcrystalline cellulose/MgO does not change its basic physical parameters (sieve analysis, pycnometric density, hardness and others) for at least 24 months. The indication filling with 4-nitrobenzil retains the original

Table 1. Color etalon for evaluation of HCN amount; Y – yellow, Rb – rub. red, Rh – rhod. red, G - green, T – trans. wt., B - black
HCN amount, μg

HCN concentration, mg m
1 dm

0

3

–3

0.1 dm

3

Pantone formula guide
Etalon number

a

Color composition

0

0

7499 U

1.3 Y, 0.2 Rb, 98.5 T

0.1

0.1

1

517 U

2.3 Rh, 0.8 G, 96.9 T

0.5

0.5

5

516 U

4.7 Rh, 1.6 G, 93.7 T

1

10

515 U

9.4 Rh, 3.1 G, 87.5 T

2.5

25

514 U

18.8 Rh, 6.2 G, 75.0 T

5

50

513 U

75.0 Rh, 25.0 G

1
2.5
5
7.5

7.5

75

512 U

70.6 Rh, 23.5 G, 5.9 B

10

10

100

511 U

60.0 Rh, 20.0 G, 20.0 B
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Table 2. Tolerance limits of some foreign substances
Tolerance limit, mg m

Substance

–3

–3
–3

For 5 mg m HCN

For 0.5 mg m HCN

Hydrogen chloride

<100

<80

Acetic acid

<100

<80

Nitrogen dioxide

>150

>120

Ammonia

<80

<60

Toluene

>3000

>3000

Acetone

>3000

>3000

Yperite

>20

>20

Phosgene

<10

<10

functionality (measurement range, detection limit) for
at least 6 months when stored at temperatures up to
25 °C. It was found that stability as well as selectivity
of the detection tube can be increased by adding an
auxiliary layer which contains an activated silica gel
saturated with 10% DMSO. The increased DMSO
content in the sealed detection tube favorably affects
the stability of the reactant. When using the detection
tube, the silica gel layer catches most of the disturbing substances.

in results by a proposed and a standard method are
comparable taking into account the methodology of
evaluation (scale of etalon colors).
The designed detection tube with its parameters
measures up to or does even better than some wellknown commercial detection tubes based on different
chemical principles (Table 4).
CONCLUSIONS
A new detection tube, the indication filling of
which was made up of a composite carrier consisting
of microcrystalline cellulose and MgO (50:50)
(impregnated with 4-nitrobenzil dissolved in DMSO),
has been developed. This combination of carrier
material, analytical reagent and solvent gives the
detection tube high sensitivity and an optimal scope
of applicability in the range of concentrations 0.1-

Application
The designed detection tube was applied for the
analysis of air at an unknown HCN concentration,
which was determined based on the color etalon
(Table 1). The results were compared with the standard spectrophotometric method with pyridine and
barbituric acid [31]. As Table 3 shows, the differences

Table 3. Results of detection of an unknown HCN sample and comparison with a standard method
Sample with HCN

Detected by a proposed method, mg m

–3

Detected by a standard method, mg m

1

<0.5

0.3

2

2.5

3.2

3

5.0

5.1

4

7.5

7.9

5

>10.0

12.5

–3

Table 4. Comparison of designed detection tube for HCN with some commercial products
Producer (tube)

Reagent

Color change

Range of measurement
–3
mg m

Sample
3
volume, dm

Draeger (CH 25701)

HgCl2, pH indicator

Yellow-red

2.2-33.6

0.5

MSA (803945)

HgCl2, pH indicator

Blue-yellow

2.2-56

0.2-1

Kitagawa (112SC)

HgCl2, pH indicator

Yellow-red

0.3-9

0.3

Kitagawa (112SA)

Sodium picrate

Yellow-red

112-33600

0.1

Gastec (12LL)

HgCl2, pH indicator

Yellow-pink

0.2-11.2

0.2

Gastec (12H)

Na2[Pd(SO3)2]

Yellow-white

560-17920

0.1

Chloramine, dimedone, 4-benzylpyridine

Colorless-pink

0.5-10

1

Oritest (PT-147)
Oritest (PT-147/1)
Designed

p-Nitrobenzaldehyde

Yellowish-violet

0.5-10

1

4-Nitrobenzil

Yellowish-violet

0.1-100

0.1-1
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-100 mg m–3 of HCN in the air. The HCN detection
limit was 0.05 mg m–3 during air sampling at a volume
of 1 dm3. The evaluation was visual (by naked eye)
based on dependence of violet coloring intensity of
the indication layer on the HCN concentration. For
this purpose it is possible to use the color etalon
made for example with the help of Pantone formula
guide. No other substance provided coloring similar to
HCN. In addition to high sensitivity and selectivity, the
advantage of the designed detection tube also lies in
simple preparation and an easy application in the
laboratory as well as in the field. Another advantage
is the possibility of archiving for at least 72 h after
exposure. The newly developed detection tube is suitable for a rapid indicative detection of the HCN presence in the air of work rooms or during accidents in
the field.
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NOVA DETEKCIONA CEV ZA OTKRIVANJE
CIJANOVODONIKA U VAZDUHU
U ovom radu je razvijena nova jednostavna i osetljiva cev za detekciju cijanovodonika u
vazduhu. Detekcija se zasniva na reakciji cijanovodonika sa 4-nitrobenzilom pri kojoj se
gradi jedinjenje ljubičaste boje. Reakcija se odvija na nosaču napravljenom od kompozitnog materijala koji je pripremljen peletizacijom smeše sastavljene od mikrokristalne
celuloze i MgO. Detekciona cev može detektovati cijanovodonik u vazduhu u opsegu
koncentracija od 0,1 do 100 mg/m3 vizuelnom detekcijom (golim okom) na osnovu poređenja boje u detekcionoj cevi sa bojom etalona. Limit detekcije je 0,05 mg/m3. Detekciona
cev je jako selektivna i dovoljno stabilna pri skladištenju.
Ključne reči: detekciona cev, cijanovodonik, 4-nitrobenzil, kompozitni nosač.
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QUALITY RESTORATION OF WASTE
POLYOLEFIN PLASTIC MATERIAL THROUGH
THE DISSOLUTION–REPRECIPITATION
TECHNIQUE
Article Highlights
• Dissolution for three types of waste LDPE, HDPE and PP
• Four different pure and mixed organic solvents for solubility with different composition
were used
• New dissolution temperature in mixed solvent was obtained
• Excellent recovery with very good mechanical properties for the entire waste sample
used
Abstract

This study examines the restoration of waste plastic polymers based on LDPE,
HDPE or PP through dissolution/reprecipitation. Experimental conditions of the
recycling process, including type of solvent/non-solvent, original polymer concentration and dissolution temperature were optimized. The results revealed
that by using different prepared solvents/non-solvents at various ratios and
temperatures, the polymer recovery was always greater than 94%. The FTIR
spectra and the thermal properties (melting point and crystallinity) of the polymers before and after recycling were measured using differential scanning
calorimetry (DSC). Mechanical properties of the waste polymer before and
after recycling were also measured. Besides small occasional deviations, the
properties did not change. The tensile strength at maximum load was 7.1,
18.8, and 7.4 MPa for the recycled LDPE, HDPE and PP, respectively, and
7.78, 18.54 and 7.86 MPa for the virgin polymer. For the waste, the strength
was 6.2, 15.58 and 6.76 MPa.
Keywords: polymer recycling, waste polyolefins, dissolution/reprecipitation.

The nearly limitless adaptability of plastics
makes them ideal waste materials for all types of
commercial and industrial uses. Plastics are primarily
used for packaging. Half of the goods in Europe are
packaged in plastics, although they contribute only
17% to the weight of all packaging. In the past ten
years, the average weight of packaging per product
has decreased by 28% [1,2].
The consumption of polymers, plastics in particular, has increased significantly with population
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growth. In fact, the average annual consumption in
Western Europe has increased from 64 kg per capita
in 1993 to 98 kg per capita in 2003. Logically, the
2011 estimate would be 115.2 kg per capita. In
Greece alone, consumption went up by 10.9%
between 2011 and 2002. Thermoplastics such as
polyolefins, high density polyethylene, HDPE - 11%,
low density polyethylene, LDPE - 17%, polypropylene
and PP - 16% account for more than 78% of the
plastics manufactured, the remaining being thermosets such as epoxy resins and polyurethans [3,4].
In Malaysia, the annual plastic consumption
rose from 1.1 million tons in 1997 to 1.4 million tons in
2003. The point of concern is the quantity of waste in
plastic consumption, which in Malaysia is over 19,000
tons daily. Out of the 230 landfills in Malaysia, a large
number have filled to 80% of their capacity. At this
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rate, a huge amount of rubble that may become very
difficult to manage will accumulate in the coming
years [5]. Achilias et al. [6] studied deeply the recycling of polymers from plastic packaging materials. The
polymer types examined were those normally used in
packaging applications, containing LDPE, HDPE, PP,
PS, EPS, PET and PVC and their recovery in each
sample was recorded. Initially, the method was tested
using model polymers of the same type with those
used in different plastic packaging applications (polymer from food packaging, pharmaceutical packaging,
and detergent packaging). The authors used xylene,
toluene, and dichloromethane and benzyl alcohol as
solvents, while n-hexane and methanol as non-solvent. In almost all waste samples tested, were
obtained very good polymer reclamations, however,
lower values in some samples, this could have happened because of the removal of additives in the
waste polymer before recycling. All the experiments
were done at the boiling temperature of the solvents
used for the best products recovery.
Polyolefins (LDPE, HDPE and PP) are prominently used thermoplastics for items such as bags,
toys, containers, pipes, industrial wrappings, film,
house ware, gas pipes (HDPE), battery cases, automotive parts and electric components. In line with the
high recent growth in logical polymer synthesis [7],
this paper examines the recycling of polymers from
waste plastic (LDPE, HDPE and PP) using the dissolution/reprecipitation method. According to Pappa et
al. [8], who have investigated this technique using a
pilot plan, the cost of the recycled polymer from this
method has the same cost of the virgin polymer. The
purpose of repeating this investigation is to examine
the new solvents and non-solvent with new anti-solvent ratios to reduce the cost of the polymer recycling.
EXPERIMENTAL
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40–60 °C, 60–80 °C and 90–120 °C, and notations A,
B, and C, respectively.
Preparation of used polyolefin sample
The waste plastic containers were first rinsed
with tap water and then cut with a plastic crusher
machine into random pieces of 2–4 cm in size. The
pieces were then cleaned with distilled water and
placed in simple vacuumed oven for 3–6 h at 50 °C.
Dissolution/reprecipitation technique
The experimental procedure was performed for
several rates ranging from 0.5–25% (weight polymer)/(volume solvent). The solvent and pieces of
waste polymer were added to a flask with three
necks; the first with a vertical condenser with tap
water, the second with a mercury thermometer to
measure temperature, and the third with a stirrer. An
oil bath was used for heating with the flask immersed
and a high speed stirrer doing the mixing. The system
was heated for 30 min and brought to the desired
temperature. Once the polymer pieces had dissolved
completely, the flask was removed from the oil bath
and left to cool for 15–30 min, after which the solution
was carefully poured into a non-solvent. The precipitate was then washed, filtrated and dried at 70 °C in
a vacuumed oven for 10–15 h. The resulting polymer
was in granular (powder) form.
Xylene was used as the solvent and n-hexane
as the non-solvent. The three grades of petroleum
ether were used as solvents and non-solvents. Various ratios for xylene/petroleum ether and of the polymer to the solvents were used. Solvent/non-solvent
volume ratios of 1:1, 1:2 and 1:3 were applied. The
dissolution temperatures were below the boiling point
for each solvent and below the melting point of the
polymers. Table 1 shows the boiling point temperatures for the solvents and non-solvents used.

Materials

Table 1. Boiling temperature of solvents and non-solvents

The virgin LDPE, HDPE and PP polymers as
standards for the experiments were donated by Polyethylene and Polypropylene Malaysia Sdn Bhd. They
were used together with a number of commercial
waste materials made from these polymers (bags,
caps for water bottle, intravenous fluids containers,
some laboratory materials such as pipettes, cleaner
packaging, food containers and ice cream packaging). The solvents used (xylene, petroleum ether
and n-hexane) were of reagent grade purities form
Sigma-Aldrich and Merck, Germany. Three types of
petroleum ether (PetE) were used, with boiling points

Type of solvents and non-solvents

164

Xylene

n-Hexane
Petroleum ether grade A

Boiling temperature, °C
140
69
40-60

Petroleum ether grade B

60-80

Petroleum ether grade C

90-120

Recycling of the solvents
The solvents mixture was separated using a
simple distillation process. The purity of the recovered
solvents was determined through refractive index (RI)
measurements using an ATAGO digital hand-held
“pocket” refractometer PAL. The total amount of the
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solvent and non-solvent used in some of the experiments in this study was 800 ml (200 ml xylene and
600 ml n-hexane). Approximately 620 ml of the mixture was received from filtration while the remaining
180 ml was obtained from drying.
From 800 ml of mixture used in the process,
approximately 750 ml of products (560 ml n-hexane,
96 vol.%, and 190 ml xylene, 98 vol.%) were obtained
and thus the final recovery was 94%. The solvents,
especially petroleum ether, have high vapor pressure
and some amount was lost during handling. After
separation, the solvents can be reused, although their
purity after recovery is not high.
Measurements

Fourier transform infrared (FTIR). FTIR was
used to determine the functional group of the product,
based on the peak value. The chemical structure of
the standard polymers and waste sample plastics,
before and after the restoration process was confirmed by recording their IR spectra. The instrument
used was a Nicolet (Magna-IR560) FT-IR spectrophotometer with a resolution of 4 cm–1. The recorded
wavenumber range was from 400 to 4000 cm–1.
Differential scanning calorimetry (DSC). Thermal properties such as melting temperature (Tm) and
heat of fusion of the polymer produced after recycling,
the waste samples and the model polymers was
measured using a DSC Q1000 (V9.6, Build 290) from
TA Instruments. 10 mg samples were prefaced onto
the instrument and the heat emitted was recorded at a
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temperature interval of 20–300 °C and a scan rate of
10 °C/min, in N2 atmosphere.
Universal testing machine (UTM)
A Shimadzu AG-X universal testing machine
was used to measure the mechanical properties of
the virgin and waste polymers before and after recycling. Stress at maximum load, strain at break, stress
at yield and elasticity were noted. Five specimens
were examined for each sample and the average
values reported. The testing was performed according
to the standard method (ASTM D638-03). The speed
of the testing was 5 mm/min for LDPE and HDPE,
while for PP it was 1 mm/min. The sample was
prepared on a hot press. A carbon steel frame (30 cm
×30 cm×3 mm) was prepared to mold the polymer as
a film. Three sheets were prepared from the virgin,
waste and recycled polymer, each sheet weighing
approximately 240 to 260 g. The molding temperature
was fixed at 150, 190, 230 °C, for LDPE, HDPE and
PP, respectively. Films were cut and shaped according to ASTM D638-03 by a manual press.
RESULTS AND DISCUSSION
Xylene and the three grades of petroleum ether
were tested as solvents using different compositions
as shown in Table 2. n-Hexane, and petroleum ether
in the three grades were used as non-solvents. In
order to recognize the polymer class from which the
used plastic material was made of, its FTIR spectra

Table 2. Dissolution temperatures and recovery weight percentage of (LDPE/HDPE/PP) polymer in pure and blend solvent at various
ratios by dissolution /reprecipitation technique
Composition of the blend solvents
as a volume ratio

Dissolution temperature, °C

Recovery percentage

LDPE

HDPE

PP

LDPE

HDPE

PP

Xylene

75

100

118

99.4

98

98

25:75

68

68

68

49

Zero

Zero

50:50

89

89

89

97

40

Zero

75:25

100

100

100

99

92

50

90:10

100

100

108

99

97

85
Zero

Xylene/petroleum ether (A)

Xylene/petroleum ether (B)
25:75

80

80

80

90

Zero

50:50

67

95

98

99

89

90

75:25

75

100

105

99

93

91

90:10

75

100

105

99

97

97

25:75

80

100

100

99

89

45

50:50

70

100

108

98

97

94

75:25

70

100

108

98

96.4

94.9

90:10

75

100

118

99

98

98

Xylene/petroleum ether (C)
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was recorded and compared to the corresponding
virgin polyolefins polymer. Figures 1–3 represent the
FTIR graphs of polyolefin classification, which correspond to LDPE, HDPE and PP, respectively. The
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distinction between each polymer was made clearly,
even though the differences between the characteristic bands are not large.

Figure 1. FTIR Spectra for LDPE: a) virgin; b) waste; c) recycled.

Figure 2. FTIR Spectra for HDPE: a) virgin; b) waste; c) recycled.

Figure 3. FTIR Spectra for PP: a) virgin; b) waste; c) recycled.
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The dissolution temperature and recovery percentage of the polymer after recycling by using xylene
and thexylene/petroleum ether blend as solvents in
different mixed ratios, along with the non-solvents,
are shown in Table 2.
The results in Table 2 correspond to a concentration with 0.5 g polymer and 20 ml solvent. According to the literature [9], the best recovery polymer is
obtained at the dissolution temperature that is the
boiling point for xylene (140 °C). The mixtures of xylene with petroleum ether were seen to be very good
solvents. The dissolution temperatures for the waste
polymers with the solvent mixtures containing xylene
and petroleum ether were less than with pure xylene.
The dissolution temperatures for the mixed solvent
xylene and petroleum ether (C) in a 1:1 ratio were 70 ,
100 and 108 °C for LDPE, HDPE and PP, respectively. The behavior of PP in the solvent containing 1:1
(xylene + petroleum ether (B)) with boiling point 60–80
°C is noteworthy. Small bubbles appeared at 91 °C
with some dissolution. Gradually, the temperature
reached 98 °C with continued boiling, two minutes
into which the pieces started dissolving. After 20–25
min, full dissolution occured with polymer recovery of
about 89–92%. The dissolution temperature for LDPE
and HDPE was 67 and 95 °C, respectively. The time
for all the experiments was set to 15 min at the
required temperature.
The non-solvents used in all the experiments
were n-hexane and the three grades of petroleum
ether. Petroleum ether turned out to be a very good
precipitator for all the polymer types, except LDPE in
petroleum ether grade (C). The perfect precipitation
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occurred with 1:3 ratio solvent/non-solvent. With
ratios of 1:1 and 1:2, a delay of 5–15 min was
observed before full precipitation, except when the
solution was cooled to (50–60 °C). With the blend
solvents, the same grade of petroleum ether and a
1:1 solvent/non-solvent ratio yielded good precipitation. With xylene as the solvent and either grade
of petroleum ether (B and C) as the non-solvent (in a
1:1 ratio), good precipitation was seen and, without
any separation for the filtrated solvent, could be used
again directly to another dissolution process.
Effect of polymer concentration with the dissolution
temperature on the recovery
Figures 4 and 5 illustrate the effect of the dissolution temperature and the initial concentration of the
polymer on the wt.% recovery of the three waste
polyolefins (LDPE, HDPE and PP). The polymer recovery remained high at all experimental conditions.
High polymer recovery corresponds to high dissolution temperature and low initial polymer concentrations. The recovery of LDPE was higher than HDPE
and PP even at low dissolution temperature.
Recycled polymer properties

Thermal properties
The measurement of the thermal properties of
the virgin polymer and waste plastic before and after
recycling was done using DSC. The melting points
and crystallinities are shown in Table 3. The melting
point of the sample based on virgin HDPE and LDPE
ranged from 125–140 °C and 105–120 °C, respectively, although a 3% change did occur after recycling.

Figure 4. Effect of dissolution temperature on the recovery of polymer from waste polyolefins using xylene + PetE (C)/ PetE(A) and
5% w/v sample concentration.
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Figure 5. Effect of sample concentration on the recovery of polymer from waste polyolefins using xylene + PetE (C)/ PetE(A) at 115 °C.

The melting point of PP ranged from 160–166 °C and
remained practically the same after recycling. The
crystallinity of the products was also calculated, by
dividing the heat of fusion at the melting point for
each polymer by the reference heat of fusion, which
was 293 and 207 J/g for PE and PP, respectively
[10,11]. A significant difference was observed in the
crystallinity after recycling. Compression between the
virgin sample and the recycled crystallinity was very
good with only small deviation that can be attributed
to the experimental conditions and sample preparation. Also, some solvent molecules could have
remained with the polymer particles. Nevertheless,
after complete dissolution the compression approached the original value.
Figures 6–8 show the DSC thermograms for the
virgin and waste LDPE, HDPE and PP polymers
before and after recycling. Small deviations were
observed for some HDPE samples, especially in the
mixed solvents, but the results for LDPE and PP were
good. The HDPE deviation is, as mentioned before,
likely due to experimental conditions, sample preparation and the kind of waste materials used. The peak
for the waste PP was very small in comparison with

the original and the recycled, as well as for the LDPE
and HDPE. The tests were repeated two or three
times using a different instrument in more than two
places. This situation was accrued due to an initial
additive and plasticizers and some more additives in
waste polymers, so after the dissolution process
using an organic solvent, the additives and the plasticizers were removed from the original polymers molecules. A promising inference from the graphs is that
good dissolution and precipitation is achieved after
recycling the waste polymers with the proper solvent,
besides an almost complete retention of mechanical
and thermal properties.

Mechanical properties
This section presents the properties of LDPE,
HDPE and PP for the virgin and the waste polymers
before and after recycling, recorded using the Shimadzu AG-X universal testing machine (Table 4). The
tensile strengths at maximum load levels are very
close for the virgin and recycled polymers. The tensile
stresses at yield measurement remain the same. The
elastic modules seem to decrease after recycling,
possibly due to the fractionation phenomena (i.e.,

Table 3. Melting temperature, Tm, and crystallinity of virgin polymers and waste polymer materials before and after recycling
Sample

Tm / °C

Polymer

Crystallinity, %
Waste

Recycled

Bags (original use)

LDPE

106

106

110

52

24.3

44.1

Body lotion bottles, shampoo bottles

HDPE

135

130

131

77

32.1

68.2

PP

166

165

166

59

20.5

45.7

Transparent food containers

168

Virgin

Waste

Recycled

Virgin
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some lower molecular weight fractions may remain
soluble in the solvents/non-solvents phase), as well
as the additives initially contained in the starting
material [12,13]. Due to the effects of the sample
preparation methods, the tensile stress at yield for the
recycled polymer fluctuates from the virgin polymer
value, as is seen in Table 4.

Figure 8. DSC Thermograms of virgin and waste plastic before
and after recycling based on PP.

CONCLUSIONS

Figure 6. DSC Thermograms of virgin and waste plastic before
and after recycling based on LDPE.

This study investigated the use of the dissolution/reprecipitation technique with commercial products from the polymers LDPE, HDPE and PP. A
comparison between the properties of the recycled
and virgin polymers showed almost no deviation.
Pure solvents such as xylene as well as mixtures in
different fractions of xylene and three grades of petroleum ether were used. Good recovery was seen for
almost all solvents. The chemical structure showed
no significant alteration after recycling, after examination by FTIR. The mechanical properties either
remained the same or improved after recycling, as
was the case with crystallinity. Thus, the technique is
quite effective for the recovery of waste polymer.
Acknowledgement
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Figure 7. DSC Thermograms of virgin and waste plastic before
and after recycling based on HDPE.

Table 4. Mechanical properties of virgin and wastes polymers before and after recycling ( for same polymer types mentioned in Table 3)
Testing type

LDPE

HDPE

PP

Virgin

Waste

Recycled

Virgin

Waste

Recycled

Virgin

Waste

Tensile stress at max. load, MPa

7.8

6.2

7.1

18.5

15.6

18.9

7.9

6.8

Recycled
7.4

Strain at break, %

39.8

97

70.75

58.2

64.2

34.2

2.5

2.27

2.15

Tensile stress at yield, MPa

4.9

4.9

5.3

12.22

9.2

14.7

5.9

4.6

4.3

Elastic modulus, MPa

201

143

174

496

392

453

744

624

717
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NAUČNI RAD

U ovom radu ispitivana je reciklaža otpadne plastike zasnovane na LDPE, HDPE i PP
putem rastvaranja i precipitacije. Optimizovani su eksperimentalni uslovi procesa recikliranja: vrste rastvarača, koncentracija polimera i temperatura rastvaranja. Rezultati pokazuju da se korišćenjem različitih rastvarača u različitim odnosima i temperaturama uvek
postiže reciklaža polimera veća od 94%. Pre i posle recikliranja snimani su FTIR spektri i
merena termička svojstva (tačka topljenja i kristalnosti) polimera pomoću diferencijalnog
skenirajućeg kalorimetra (DSC). Takođe, određene su mehaničke osobine pre i posle
recikliranja. Osim malih povremenih odstupanja, osobine polimera se ne menjaju. Zatezna
čvrstoća pri maksimalnom opterećenju za polimere LDPE, HDPE i PP je bila: 7,1; 18,8 i
7,4 MPa za reciklirane, odnosno 7,78; 18,54 i 7,86 MPa za izvorne polimere i 6,2; 15,58 i
6,76 MPa za otpadne polimere.
Ključne reči: recikliranje polimera, otpadni poliolefini, rastvaranje/precipitacija.
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MODELING OF MASS TRANSFER
PERFORMANCE OF HOT-AIR DRYING OF
SWEET POTATO (Ipomoea batatas L.) SLICES
Article Highlights
• The sweet potato slices are forced convection dried by hot air in tunnel dryer
• The drying models are investigated at different conditions
• The effective diffusivities and activation energy are estimated
Abstract

In order to investigate the transfer characteristics of the sweet potato drying
process, a laboratory convective hot air dryer was applied to study the effects
of drying temperature, hot air velocity and thickness of sweet potato slice on
the drying process. The experimental data of moisture ratio of sweet potato
slices were fitted with mathematical models, and the effective diffusion coefficients were calculated. The results showed that temperature, velocity and
thickness influenced the drying process significantly. The Logarithmic Model
showed the best fit to experimental drying data for temperature and the Wang
and Singh model was found to be the most satisfactory for velocity and thickness. It was also found that, with the increase of temperature from 60 to 80 °C,
the effective moisture diffusion coefficient varied from 2.962×10-10 to 4.694×10-10
m2 s-1, and it fitted the Arrhenius equation, the activation energy was 23.29 kJ
mol-1; with the increase of hot air velocity from 0.423 to 1.120 m s-1, the values
of effective moisture diffusion coefficient varied from 2.877×10-10 to 3.760×10-10
m2 s-1; with the increase of thickness of sweet potato slice from 0.002 to 0.004
m, the values of effective moisture diffusion coefficient varied from 3.887×10-10
to 1.225×10-9 m2 s-1.
Keywords: sweet potato, hot air drying, models, effective diffusion
coefficient, activation energy.

Sweet potato (Ipomoea batatas Lam.) is grown
throughout the tropics and subtropics. The major producers include China, Indonesia, Nigeria, Uganda
and Viet Nam. Sweet potatoes are excellent sources
of vitamin A and C, and starch. Moreover, they are
high in energy and dietary fiber, low in fat, and are
important sources of beta-carotene [1]. Fresh sweet
potatoes are highly perishable due to their high moisture content and the seasonal nature of their production, so in some countries they are processed into
various products by drying.
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Drying is probably the oldest and the most
important method of food preservation practiced by
humans. Development of drying technologies has
been important for food and agro-products, especially
over the past two decades [2]. Dehydration improves
food stability, since it can considerably reduce the
water content and microbiological activity of the material, as well as minimize physical and chemical
changes during its storage [3], reduce spoilage,
increase shelf life, reduce the product’s mass and
give added value as it is without chemical treatments.
The most important aspect of drying technology
is the mathematical model of the drying processes
and equipment [4]. Knowledge of the drying kinetics
of biological materials is essential to the design,
optimization and control of drying process [5]. The
principle of modeling is based on having a set of
mathematical equations that can adequately charac-
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terize the system. In particular, the solution of these
equations must allow prediction of the process parameters as a function of time at any point in the dryer
based only on the initial conditions [6]. Many mathematical models have proposed to describe the drying
process, of them, thin-layer drying models have been
widely in use [7]. Recently, there have been many
studies on the mathematical modeling and experimental studies of the drying characteristics of various
vegetables and fruits, such as parsley leaves [4],
organic tomato [5], bay leaves [6], golden apples [8],
banana [9], berberis [10], Asian white radish [11], pea
[12], grape [13] and tomato [14]. There are a limited
number of reported studies on drying kinetics of
sweet potato. Diamante and Munro [15] studied the
effect of air temperature, velocity and humidity and
slice thickness of sweet potato slices. They reported
that the modified Page model best described the drying behaviour of sweet potato. Singh et al. [16] studied the effect of air temperature and pretreatments
(potassium metabisulphite and citric acid solutions)
on drying kinetics of sweet potato slices. They found
that the drying process took place in the falling rate
period and the Page model was found to describe
well the drying characteristics. Doymaz [17] studied
the effective moisture diffusivity and activation energy
of sweet potato in thin-layer drying at different temperature using a cabinet dryer. However, no studies
on effective moisture diffusivity of sweet potato in
thin-layer convection drying at different hot air velocities and thicknesses of sweet potato slices have yet
been reported.
The aim of this study was to investigate the
effect of drying temperature, velocity and thickness on
the drying time during hot air forced convection drying
in tunnel dryer. Furthermore, the drying kinetics were
also investigated. A semi-theoretical model was
developed to describe the drying kinetics of the
samples through fitting the experimental data to six
mathematical models available in the literature. The
effective moisture diffusivities and activation energy
of the sweet potato slices samples were estimated
from Fick’s second law and the Arrhenius equation.
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tent of the samples was found as 4.57±0.15 kg water
kg-1 dry matter.
Experimental apparatus
A digital experiment drying tunnel (model
DG100D, Zhejiang science instrument control equipment Co., LTD., China) was used for the drying
experiment. The line diagram of the instrumentation is
shown in Figure 1. Tunnel dryer basically consists of
a centrifugal fan to supply the air-flow, an electric
heater and an electronic proportional controller, which
controls the hot air temperature and velocity, and
shows the mass of drying material. Air volume flow
was regulated by valve, air velocity equal to the air
flow divided by drying chamber circulation area. The
air passed through the heating unit and was heated to
the desired temperature and channeled to the drying
tunnel. The air temperature was controlled by means
of a proportional controller. The flow cross-sectional
area of tunnel is 18 cm×18 cm, the hot air flowed horizontal through the tray with holes and superficial area
of 10 cm×10 cm. The accuracy of the temperature
control system was 0.1 °C, accuracy of the weight
control system was 0.1 g, and that of the air volume
flow control system was 0.1 m3 h-1. After drying using
equipment above, the material was further dried using
an electrical thermostatic drum wind drying oven
(model DHG-9123A, Shanghai Jinghong laboratory
equipment Co., LTD., China). The initial mass, drying
mass and oven-dry mass were determined with precise analytical balance (Model BS124S, Beijing Sartorius instrument system Co., LTD., China). The thickness of sweet potato slices was measured by ruler
and the accuracy was 0.0002 m.

MATERIALS AND METHODS
Material
Sweet potatoes were purchased from a local
farmer markets, in Hangzhou, China. The samples
were stored in a refrigerator at 4 °C until used. The
sweet potatoes were washed with tap water, peeled
and sliced manually (30×20×2 mm3, 30×20×3 mm3,
and 30×20×4 mm3). The average initial moisture con-
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Figure 1. Schematic diagram of drying system. 1) draught fan;
2) pipeline; 3) air intake; 4) heater; 5) tunnel dryer; 6) airflow
uniform device; 7) weighing sensor; 8) material tray; 9) sight
glass door; 10, 11, 12) butterfly valves; 13) pressure sensor;
14) dry bulb temperature sensor;
15) wet bulb temperature sensor.
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Experimental procedure
The experiments were performed at drying
temperatures ranging from 60 to 80 °C, in 5 °C
increments, air velocity ranging from 0.423 to 1.120 m
s-1, the thickness of sweet potato slice ranging from
0.002 to 0.004 m, and relative humidity 10–15%. The
relative humidity was determined using wet and dry
bulb temperatures of drying air obtained from the
existing chart. The temperature and air velocity of
drying were set till stabilizing. The mass of sweet
potato slice was weighed and 20.5±0.5 g mass of
sample was utilized in each experiment. The sample
was loaded evenly in drying tray which covered the
whole drying area as a thin-layer. The drying tray was
put into tunnel dryer. The drying time and mass of the
material were recorded. The test was stopped once
the mass was invariable. Afterwards, the drying tray
was taken out from drying tunnel, put into the oven
and dried till a constant mass at 105 °C. The oven-dry
mass of sweet potato slice was obtained. All the drying experiments were conducted in triplicate and the
average of the moisture content at each value was
used for drawing the drying curves.
Mathematical modeling of drying curves
The moisture content of drying sample at time t
can be transformed to be moisture ratio (MR):

Xt =

mt − m g
mg

MR =

Xt − X *
X0 − X *

(1)

(2)

where Xt, mt and mg are the moisture content at any
time (kg water kg-1 dry matter), weight of sample at
any time (kg) and absolute dried weight of sample
(kg) respectively; MR, X0 and X* are moisture ratio
(dimensionless), initial moisture content (kg water kg-1
dry matter) and equilibrium moisture content (kg
water kg-1 dry matter), respectively.
The drying rate (DR) of sweet potato slices was
calculated using Eq. (3):

DR =

X t + dt − X t
dt

(3)

where DR is the drying rate (kg water kg-1 dry matter
s-1), Xt+dt is the moisture content at t + dt (kg water kg-1
dry matter), t is time (s), dt is time increment (s).
The drying data obtained were fitted to six thinlayer drying models detailed in Table 1 using the nonlinear least squares regression analysis. Regression
analysis was performed using DataFit software (Oakdale Engineering). The coefficient of determination
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(R2) was the primary criterion for selecting the best
equation to describe the drying curve. In addition, the
reduced chi square (χ2) as the mean square of the
deviations between the experimental and predicted
values for the models and the root mean square error
analysis (RMSE) and the mean relative percent error
(P) were used to determine the goodness of fit. The
higher the values of R2, the lower were the values of
χ2 and RMSE and P, and hence was better goodness
of fit [6,8,13,18–20]. These parameters can be calculated as follows:

P =

100

N

N



MR exp,i − MRpre,i

 (MR
=
N

χ

2

i =1

1
RMSE = 
 N

(4)

MR exp,i

i =1

exp,i

− MRpre,i

)

2

(5)

N −z

N

 (MR

pre,i

− MR exp,i

i =1

)

2

12




(6)

where MRexp,i is the experimental moisture ratio;
MRpre,i is the predicted moisture ratio; N is the number
of observations; z is the number of constants.
Table 1. Thin-layer drying models applied to the sweet potato
slices drying curves
Model no.

Model name

Model

1

Newton

MR = exp(-kt)

2

Henderson and Pabis

MR = aexp(-kt)

3

Logarithmic

MR = aexp(-kt) + c

4

Page

MR = exp(-ktn)

5

Modified page

MR = aexp(-ktn)

6

Wang and Singh

MR =1-at+bt2

Determination of effective moisture diffusivity
Fick’s second law of diffusion equation was
used to fit the experimental drying data for the determination of effective moisture diffusivity coefficients.
∂X
∂2X
= D eff
∂t
∂x 2

(7)

The solution of diffusion (Eq. (7)) for slab geometry is solved by Crank [21] and supposed uniform
initial moisture distribution, negligible external resistance, constant diffusivity and negligible shrinkage:

MR =

 − ( 2n − 1)2 π 2D t
eff

exp

4H 2
π 2 n =1 ( 2n − 1)2

8

∞



1






(8)

where Deff is the effective moisture diffusivity (m2 s-1), t
is the drying time (s), H is the half-thickness of

173

A. ZHU, F. JIANG: MODELING OF MASS TRANSFER PERFORMANCE…

samples (m) and n is a positive integer. Only the first
term of Eq. (8) can be used for long drying times
[22–24].

MR =

 −π 2D efft
exp 
2
π
 4H
8

2





(9)

The slope is determined by plotting ln (MR)
against time according to Eq. (9):

π 2D eff
Slope =
4H 2

(10)

Computation of activation energy
The dependence of the effective moisture diffusivity on the temperature is generally described by the
Arrhenius equation (Eq. (11)) [25]:


−E a

 R (T + 273.15 ) 



D eff = D0 exp 

(11)
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where D0 is the pre-exponential factor of Arrhenius
equation in m2 s-1, Ea is the activation energy in kJ
mol-1, R is the universal gas constant in kJ mol-1 K-1,
and T is hot air temperature in °C.
RESULTS AND DISCUSSION
Drying characteristics
The variation of moisture ratio with drying time
at hot air temperatures of 60, 65, 70, 75 and 80 °C for
sweet potato sliced to 0.002 m thickness and at 0.946
m s-1 air velocity are shown in Figure 2. An increase in
drying air temperature resulted in a decrease in the
drying time. Drying rate was estimated based on Eq.
(3) and its changes with drying time are as shown in
Figure 3. An important influence of air drying temperature on drying rate could be observed in the
curves. It shows that drying rate decreases continuously with increase in time. There is almost no

1.000
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65℃
70℃
75℃
80℃

0.900
0.800
0.700
0.600
MR

0.500
0.400
0.300
0.200
0.100
0.000
0

500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 2. Drying curves for different temperature at velocity 0.946 m s-1 and thickness 0.002 m.

-1

-1

DR (kg water·kg dry matter·s )

0.0035
60℃
65℃
70℃
75℃
80℃

0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000
0

500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 3. Drying rate curves for different temperature at velocity 0.946 m s-1 and thickness 0.002 m.
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MR

constant rate of drying period in these curves and the
entire drying process occurred in the falling-rate period.
These results are in good agreement with the earlier
observations of various products [11,16,18,19,25,26].
Moisture removal inside sweet potato slices at
80 °C was higher and faster than at the other investigated temperatures during the time of investigation
as the migration to the surface of the moisture and
evaporation rate from the surface to air decrease with
decrease of the moisture in the product and thus the
drying rate clearly decreases. Shorter time of drying
was observed at a higher temperature thus increased
drying rate. This increase is because of the increased
heat transfer potential between the air and the sweet
potato slices, which favors the evaporation of water
from the sweet potato slices. Similar observations
have earlier been reported in the literature [4,11,25].
Figure 4 shows the characteristics drying curves
at 70 °C temperature for sweet potato sliced to 0.002
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mm thickness and at 0.423, 0.598, 0.733, 0.946 and
1.120 m s-1 air velocity. Figure 5 shows the changes
in drying rate as a function of drying time at the same
air velocity. It is clear that the moisture content and
drying rate decrease continuously with drying time. As
shown in Figure 5, there was also no constant drying
rate period, and the entire drying process occurred in
the falling-rate period. The results were generally in
agreement with some of the literature on the drying of
various food products [27,28].
Moisture removal at 1.120 m s-1 was higher and
faster than at the other investigated air velocities.
Shorter time of drying was observed at higher air
velocity, i.e., increased drying rate. This increase is
due to the increased convective heat-transfer coefficient and quality transmission coefficient between
the air and the sweet potato slices, which favors the
evaporation of water from the sweet potato slices.
The influence of the drying air velocity is significant at

1.000

0.423m/s

0.900

0.598m/s

0.800

0.733m/s

0.700

0.946m/s

0.600
0.500

1.120m/s

0.400
0.300
0.200
0.100
0.000
0

500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

Figure 4. Drying curves for different air velocity at temperature 70 °C and thickness 0.002 m.
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Figure 5. Drying rate curves for different air velocity at temperature 70 °C and thickness 0.002 m.
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the beginning of the process, implying that the evaporation initially takes place at the surface, being
therefore more directly affected by air velocity. The
initial surface evaporation is gradually replaced by an
evaporation front that recedes to the interior of the
solid. The predominance of air velocity is therefore
succeeded by the moisture diffusion process, which
becomes the most important factor. The results were
generally in agreement with some of the literature on
the drying of various food products [27].
Figure 6 shows the characteristics drying curves
at 70 °C temperature and 0.946 m s-1 air velocity for
0.002, 0.003 and 0.004 mm thickness. Figure 7 shows
the changes in drying rate as a function of drying time
at the same thickness. The similarly air velocity
results are observed. The results were generally in
agreement with some of the literature on the drying of
various food products [23,24,29,30].
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Moisture removal at 0.002 m thickness was
higher and faster than the other investigated thickness. Shorter time of drying was observed at a thinner
thickness thus increased drying rate. This increase is
because of the decreased quality transmission resistance of sweet potato slice, which favors the migration of water from the inside to the surface transmission from the sweet potato slices.
Fitting of drying curves
The drying data obtained from the experiments
were fitted by six thin-layer drying models mentioned
in Table 1. Non-linear regression analysis was used
to estimate the parameters of those six models. The
model equations and the statistical results from
models for temperature, air velocity and thickness are
summarized in Tables 2–4, respectively. The best
model describing the thin-layer drying characteristics
of sweet potato slices was chosen as the one with the
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Figure 6. Drying curves for different thickness at temperature 70 °C and velocity 0.946 m s-1.
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Figure 7. Drying rate curves for different thickness at temperature 70 °C and velocity 0.946 m s-1.
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Table 2. The fitting models and statistical results of models at different drying temperatures
Model no.
1

2

3

4

Temperature, °C

Models

R2

P

χ2

RMSE

60

MR = exp (-0.0006693t)

0.9812

5.6456

0.001169

0.033466

65

MR = exp (-0.0007398t)

0.9769

6.0454

0.001241

0.034482

70

MR = exp (-0.0008599t)

0.9651

7.3517

0.002033

0.044183

75

MR = exp (-0.0009344t)

0.9617

8.4961

0.002597

0.050006

80

MR = exp (-0.0010328t)

0.9660

7.3478

0.002124

0.045225

60

MR = 1.0925 exp (-0.0007304t)

0.9909

3.8164

0.000963

0.029710

65

MR = 1.0964 exp (-0.0008112t)

0.9876

4.5659

0.001084

0.031518

70

MR = 1.1170 exp (-0.0009645t)

0.9814

5.2316

0.001755

0.040183

75

MR = 1.1411 exp (-0.0010596t)

0.9810

5.9112

0.002499

0.045630

80

MR = 1.1227 exp (-0.0011570t)

0.9821

5.6201

0.001909

0.042046

60

MR =1.7266exp(-0.0002813t)-0.7424

0.9962

2.9148

0.000193

0.013001

65

MR =1.7216exp(-0.0003186t)-0.7307

0.9989

1.3826

0.000058

0.007131

70

MR =1.7695exp(-0.0003821t)-0.7530

0.9992

1.0832

0.000064

0.007530

75

MR =1.8209exp(-0.0003868t)-0.8067

0.9985

1.8783

0.000103

0.009563

80

MR =4.5894exp(-0.0001506t)-0.8736

0.9990

1.4503

0.000062

0.007406

60

MR = exp (-0.0002500t

)

0.9973

2.5133

0.000162

0.012153

65

MR = exp (-0.0002759t1.1323)

0.9971

2.8165

0.000183

0.012920

70

MR = exp (-0.0002742t1.1550)

0.9923

3.9970

0.000374

0.018519

75

MR = exp (-0.0002598t1.1735)

0.9901

4.4157

0.000378

0.018676

MR = exp (-0.0002458t

6

1.2027

0.9961

2.9701

0.000186

0.013089

60

MR =0.9488exp (-0.00002387t1.4488)

0.9877

3.3702

0.000283

0.015674

65

MR =0.9715exp (-0.00010102t1.2692)

0.9982

1.4990

0.000054

0.006823

70

MR =0.9726exp (-0.00003105t1.4706)

0.9905

3.0679

0.000246

0.014685

80
5

1.1303

)

1.3728

75

MR =0.9789exp (-0.00006547t

)

0.9996

1.1592

0.000032

0.005321

80

MR =0.9548exp (-0.00003174t1.4976)

0.9920

2.4123

0.000160

0.011894

60

MR =1-0.0005120t+6.694×10-8t2

0.9991

1.5123

0.000527

0.02198

65

-8 2

MR =1-0.0005648t+8.068×10 t

0.9997

0.8001

0.000137

0.011197

70

MR =1-0.0006524t+1.058×10-7t2

0.9982

2.2381

0.001214

0.033422

75

MR =1-0.0006897t+1.155×10-7t2

0.9978

2.1226

0.00072

0.025827

80

-7 2

0.9991

1.3579

0.000312

0.016987

MR =1-0.0007638t+1.387×10 t

Table 3. The fitting models and statistical results of models at different hot air velocities
Model no.
1

2

3

Velocity, m s

-1

Models

R2

P

χ2

RMSE

0.423

MR = exp (-0.0005959t)

0.9375

11.8852

0.004325

0.064485

0.598

MR = exp (-0.0006506t)

0.9429

11.3835

0.020180

0.139400

0.733

MR = exp (-0.0007458t)

0.9553

9.7644

0.002741

0.051373

0.946

MR = exp (-0.0007922t)

0.9658

8.4937

0.001802

0.041658

1.120

MR = exp (-0.0008502t)

0.9726

7.1729

0.001527

0.038351

0.423

MR = 1.2205 exp (-0.0007091t)

0.9708

7.8386

0.003732

0.058691

0.598

MR = 1.1913 exp (-0.0007592t)

0.9706

8.1434

0.003770

0.062669

0.733

MR = 1.1468 exp (-0.0008418t)

0.9734

7.6703

0.002910

0.051906

0.946

MR = 1.1095 exp (-0.0008665t)

0.9763

7.4091

0.002390

0.047039

1.120

MR = 1.0995 exp (-0.0009269t)

0.9825

5.8717

0.001728

0.040001

0.423

MR = 2.0462exp(-0.0002120t)-1.0199

0.9989

1.7200

0.000079

0.008346

0.598

MR = 3.2753exp(-0.0001266t)-2.2749

0.9988

1.6391

0.000808

0.026799

0.733

MR = 2.3676exp(-0.0002062t)-1.3784

0.9985

2.2554

0.000097

0.009275

0.946

MR = 1.6440exp(-0.0003370t)-0.6625

0.9995

1.0650

0.000035

0.005600

1.120

MR = 1.6836exp(-0.0003602t)-0.6920

0.9990

1.9644

0.000101

0.009495
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Table 3. Continued
Model no.

4

5

6

Models

R2

P

χ2

RMSE

0.423

MR = exp (-0.00004846t1.3287)

0.9977

3.4176

0.000172

0.012588

0.598

MR = exp (-0.00007797t1.2781)

0.9966

4.2299

0.000273

0.015881

0.733

MR = exp (-0.00021926t1.1589)

0.9939

5.5558

0.000484

0.021135
0.022704

Velocity, m s

-1

1.0872

0.946

MR = exp (-0.00039608t

)

0.9898

6.1569

0.000558

1.120

MR = exp (-0.00037243t1.1085)

0.9935

4.3703

0.000334

0.017556

0.423

MR = 0.9830exp (-0.00002564t1.4110)

0.9987

2.3404

0.000095

0.009125

0.598

MR = 0.9824exp (-0.00002597t1.4270)

0.9957

2.1818

0.000092

0.009025

1.3042

0.733

MR = 0.9816exp (-0.00007660t

)

0.9954

3.0494

0.000168

0.012178

0.946

MR = 0.9721exp (-0.00017777t1.1948)

0.9964

4.2659

0.000265

0.015311

1.120

MR = 0.9706exp (-0.00013630t1.2469)

0.9989

2.1955

0.000100

0.009386

0.423

MR = 1-0.0004177t+4.000×10-8t2

0.9963

3.7053

0.000344

0.017818

0.598

-8 2

MR = 1-0.0004524t+4.548×10 t

0.9972

2.8931

0.000253

0.016228

0.733

MR = 1-0.0005332t+6.752×10-8t2

0.9992

1.5019

0.000058

0.007327

0.946

-8 2

MR = 1-0.0005750t+8.147×10 t

0.9993

0.9218

0.000073

0.008243

1.120

MR = 1-0.0006287t+9.835×10-8t2

0.9997

0.9148

0.000031

0.005335

Table 4. Fitting models and statistical results of models at different thicknesses
Model no.
1

2

3

4

Thickness, m

Models

R2

P

χ2

RMSE

0.002

MR = exp (-0.0009060t)

0.9795

8.3694

0.002704

0.050953

0.003

MR = exp (-0.0008067t)

0.9846

7.7777

0.002391

0.047873

0.004

MR = exp (-0.0007312t)

0.9881

7.4432

0.004974

0.068908

0.002

MR = 1.0512 exp (-0.0009581t)

0.9836

7.3822

0.002077

0.043716

0.003

MR = 1.0403 exp (-0.0008408t)

0.9870

7.0346

0.001948

0.042254

0.004

MR = 1.0296 exp (-0.0007547t)

0.9895

6.8816

0.004165

0.061531

0.002

MR =1.9046exp(-0.0003416t) -0.9315

0.9990

6.5938

0.001094

0.031727

0.003

MR =1.4709exp(-0.0004162t) -0.4915

0.9990

6.9061

0.001236

0.032891

0.004

MR =1.3274exp(-0.0004387t) -0.3515

0.9991

7.0720

0.002841

0.049531

0.002

MR = exp (-0.0003188t1.1354)

0.9897

4.3887

0.000440

0.020073

0.003

MR = exp (-0.0004060t1.0793)

0.004
5

0.000299

0.016518

0.000187

0.013000

MR =0.9589exp (-0.00005780t1.3834)

0.9972

1.8461

0.000096

0.009156

0.003

MR =0.9653exp (-0.00011060t1.2581)

0.9989

1.6394

0.000070

0.007801

MR =0.9798exp (-0.00017508t

1.1796

0.9984

1.8687

0.000091

0.008848

0.002

MR =1-0.0006466t+9.520×10-8 t2

0.9987

1.1973

0.000058

0.007307

0.003

MR =1-0.0005713t+7.929×10-8 t2

0.9994

1.1186

0.000051

0.006851

0.004

-8 2

)

0.9995

1.1598

0.000111

0.010046

MR =1-0.0005189t+6.528×10 t

highest R2 values and the lowest P, χ2 and RMSE
values. The statistical parameter estimations for
temperature showed that R2, P, χ2 and RMSE values
were ranged from 0.9617 to 0.9992, 1.0832 to 8.4961,
0.000032 to 0.002597 and 0.005321 to 0.050006,
respectively, and of all the models tested, the R2 for
Logarithmic, Page and Wang and Singh models were
all above 0.99, the Logarithmic model gives the
higher value of R2 and the lowest values of P, χ2 and
RMSE, hence the Logarithmic model may be selected
to represent the thin layer drying behavior of sweet
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3.4801
2.7670

0.002
0.004

6

0.9932
0.9972

potato slices for temperature. The statistical parameter estimations for air velocity showed that R2, P,
χ2 and RMSE values were ranged from 0.9375 to
0.9998, 0.6988 to 11.8852, 0.000022 to 0.004325 and
0.004541 to 0.139400, respectively, and of all the
models tested, the Wang and Singh model gives the
highest value of R2 and the lowest values of P, χ2 and
RMSE. The statistical parameter estimations for thickness showed that R2, P, χ2 and RMSE values were
ranged from 0.9795 to 0.9996, 0.8940 to 18.3694,
0.000038 to 0.004974 and 0.005892 to 0.068908,
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Effective moisture diffusivity
The values of effective moisture diffusivity were
calculated using Eq. (10) and are shown in Tables
5–7. The Deff values were varied in the range of
2.962×10-10 to 4.694×10-10 m2 s-1 at 60–80 °C for
sweet potato sliced to 0.002 m thickness and at 0.946
m s-1 air velocity, in the range of 2.877×10-10 to
3.760×10-10 m2 s-1 at 0.423–1.120 m s-1 of air velocity
at 70 °C temperature for sweet potato sliced to 0.002
mm thickness and in the range of 3.887×10-10 to
1.225×10-9 m2 s-1 at 0.002–004 m of thickness at 70 °C
temperature and 0.946 m s-1 air velocity, respectively.
It was observed that Deff values increased greatly with
increasing drying temperature and increasing air velocity and increasing thickness, respectively. When
samples were dried at higher temperature, increased
heating energy would increase the activity of water
molecules leading to higher moisture diffusivity (24].
The effective moisture diffusivity relates to moisture
concentration except temperature, when samples
were dried at higher air velocity, would increase the
quality transmission coefficient leading to higher quality transmission rate, the moisture concentration of
material surface was accelerated to reduce, the inner
moisture of material was promoted to diffuse form
inside to outside, and so the Deff was increased.
When samples were dried at thinner thickness of
sweet potato slice, would decrease the quality transmission resistance leading to higher quality transmission rate. The values of Deff obtained from this
study lie within in general range 10-12 to 10-8 m2 s-1 for
drying of food materials (31]. Similar results have
been obtained for other agricultural crops like green
peas (12], garlic (27] and carrot (29]. The double
sample variance and mean t test was carried between
the Deff of temperature and thickness, the |t| = 2.261 <
t0.05 (6) = 2.447, so there is no significant difference
between the two average values of Deff.
Activation energy
A plot of ln Deff against 1/T gave a straight line
(R = 0.9870), which is shown in Figure 8. The slope
(-Ea/R) of the straight line was obtained and by using
the Arrhenius relationship, the activation energy was
found to be 23.29 kJ mol-1. The value is similar to
those proposed in the literature for different fruits and

vegetables drying (16.49–20.26 kJ/mol in Asian white
radish (11]; 22.48 kJ/mol in green pea (12]).
Table 5. The effective moisture diffusion coefficient at different
temperatures
Temperature, °C

Deff×10-10 / m2 s-1

60

2.9616

65

3.2902

70

3.9150

75

4.3004

80

4.6939

Table 6. The effective moisture diffusion coefficient at different
velocities
Velocity, m s

-1

Deff×10-10 / m2 s-1

0.423

3.0220

0.598

3.4524

0.733

3.5892

0.946

3.9446

1.120

4.1089

Table 7. The effective moisture diffusion coefficient of different
thicknesses
Thickness, m

Deff×10-10 / m2 s-1

0.002

3.8870

0.003

7.6750

0.004

12.247
-1

[1/(T +273.15)](K )
0.00280 0.00285 0.00290 0.00295 0.00300 0.00305
-21.40
-21.50
-21.60
lnDeff

respectively, and of all the models tested, the Wang
and Singh model gives also the highest value of R2
and the lowest values of P, χ2 and RMSE. Therefore
the Wang and Singh model may be selected to
represent the thin layer drying behavior of sweet
potato slices for air velocity and thickness.
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y = -2800.8148 x - 13.5310
2

R = 0.9870

-21.70
-21.80
-21.90
-22.00
Figure 8. The relationship of ln Deff and 1/T at velocity
0.946 m s-1 and thickness 0.002 m.

CONCLUSIONS

2

The effects of drying temperature and hot air
velocity and thickness of sweet potato slice on drying
characteristics of sweet potato slices were investigated in a forced convective tunnel dryer. Drying
occurred in the falling rate period and no constant
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rate of period of drying was observed. The drying
behavior of sweet potato slices was explained by
applying six thin layer drying models and goodness of
fit was determined using R2, P, χ2 and RMSE. The
results showed that the change of moisture ratio with
drying time in the temperature range from 60 to 80 °C
can be successfully described by the Logarithmic
model ( R2 0.9962–0.9990; P 1.0832–2.9148; χ 2
0.000058–0.000193; RMSE 0.007131–0.013001). The
Deﬀ values for drying at 60–80 °C of air temperature
and 0.946 m s-1 of air velocity ranged between
2.962×10-10 to 4.694×10-10 m2 s-1. The activation
energy for moisture diffusion was found to be 23.29
kJ mol-1. The results also showed that the change of
moisture ratio with drying time in the air velocity range
from 0.423 to 1.120 m s-1 could be successfully described by the Wang and Singh model (R2 0.9987–
–0.9998; P 0.6988–1.8471; χ2 0.000022–0.000123;
RMSE 0.004541–0.010664). The Deﬀ values for drying
at 0.423–1.120 m s-1 of air velocity and 70 °C of air
temperature ranged between 2.877×10-10 to
3.760×10-10 m2⋅s-1; the change of moisture ratio with
drying time in the thickness of sweet potato slice
ranging from 0.002 to 0.004 m can also be successfully described by the Wang and Singh model (R2
0.9989–0.9996; P 0.8940–1.1919; χ 2 0.000038–
–0.000073; RMSE 0.005892–0.008169), the Deﬀ
values for drying at 0.002–0.004 m of thickness and
0.946 m s-1 of air velocity and 70 °C of air temperature
ranged from 3.887×10-10 to 1.225×10-9 m2 s-1.
Nomenclature

a, b, c
P
Deff
R
D0
R2
DR
RMSE
Ea
T
H
t
k
u
mg
X*
mt
X0
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drying coefficients
mean relative percent error
the effective moisture diffusivity, m2 s-1
the universal gas constant, kJ mol-1 K-1
the pre-exponential factor of Arrhenius
equation, m2⋅s-1
determination of coefficient
drying rate, kg water kg-1 dry matter s-1
root mean square error
the activation energy, kJ mol-1
drying temperature, °C
the half-thickness of samples, m
drying time, s
drying coefficient
air velocity, m s-1
absolute dried weight of sample, kg
equilibrium moisture content, kg water kg-1
dry matter
weight of sample at any time, kg
initial moisture content, kg water kg-1 dry
matter
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MR
Xt
MRexp,i
Xt+dt
MRpre,i
z
N
χ2
n

moisture ratio, dimensionless
moisture content at any time, kg water kg-1
dry matter
experimental moisture ratio
moisture content at t + dt, kg water kg-1 dry
matter
predicted moisture ratio
number of coefficients and constants
number of observations
reduced Chi-square
constant, positive integer

REFERENCES
[1]

A.J. Aina, K.O. Falade, J.O. Akingbala, P. Titus, Food
Bioprocess Technol. 5 (2010)576-583

[2]

A.S. Mujumdar, Drying technology in agricultural and
food science, Science Publishers, Inc., Plymouth, 2000,
pp. 61–98, 253–286

[3]

M.S. Hatamipour, H.H. Kazemi, A. Nooralivand, A.
Nozarpoor, Food Bioprod. Process. 85 (2007) 171–177

[4]

E.K. Akpinar, Y. Bicer, F. Cetinkaya, J. Food Eng. 75
(2006) 308–315

[5]

K. Sacilik, R. Keskin, A.K. Elicin, J. Food Eng. 73 (2006)
231–238

[6]

T. Gunhan, V. Demir, E. Hancioglu, A. Hepbasli, Energy
Convers. Manage. 46 (2005) 1667–1679

[7]

M. Ozdemir, Y.O. Devres, J. Food Eng. 42 (1999) 225–
–233

[8]

H.O. Menges, C. Ertekin, J. Food Eng. 77 (2006) 119–125

[9]

R. Dandamrongrak, G. Young, R. Mason, J. Food Eng.
65 (2002) 139–146

[10]

M. Aghbashlo, M.H. Kianmehr, H. Samimi-Akhijahani,
Energy Convers. Manag. 49 (2008) 2865–2871

[11]

J.H. Lee, H.J. Kim, LWT Food Sci. Technol. 42 (2009)
180–186

[12]

I.L. Pardeshi, S. Arora, P.A. Borker, Dry. Technol. 27
(2009) 288–295

[13]

A. Caglar, I.T. Togrul, H. Togrul, Food Bioprod. Process.
87 (2009) 292–300

[14]

K. Demir, K. Sacilik, J. Food Agric. Environ. 8 (2010) 7–12

[15]

L.M. Diamante, P.A. Munro, Int. J. Food Sci. Technol. 26
(1991) 99–109

[16]

S. Singh, C.S. Raina, A.S. Bawa, D.C. Saxena, Dry.
Technol. 24 (2006) 1487–1494

[17]

I. Doymaz. Heat Mass Transfer. 47 (2011) 277–285

[18]

O. Yaldiz, C. Ertekin, Drying Technol. 19 (2001) 583–596

[19]

O.P. Sobukola, O.U. Dairo, A.V. Odunewu, Int. J. Food
Sci. Technol. 43 (2008) 1233–1238

[20]

A. Midilli, H. Kucuk, Energy Convers. Manag. 44 (2003)
1111–1122

[21]

J. Crank, The Mathematics of Diffusion, Oxford University
Press, Oxford, 1975

[22]

A. Lopez, A. Iguaz, A. Esnoz, P. Virseda, Dry. Technol.
18 (2000) 995–1006

A. ZHU, F. JIANG: MODELING OF MASS TRANSFER PERFORMANCE…
[23]

I. Doymaz, Chem. Eng. Process. 47 (2008) 41–47

[24]

I. Doymaz, J. Food Eng. 64 (2004) 465–470

[25]

Chem. Ind. Chem. Eng. Q. (2) 171−181 (2014)

[28]

G. Çakmak, C. Yıldız, Food Bioprod. Process. 89 (2010)
103–108

S. Rafiee, M. Sharifi, A. Keyhani, M. Omid, A. Jafari, S.S.
Mohtasebi, H. Mobli, Int. J. Food Prop. 13 (2010) 32–40

[29]

P.S. Madamba, R.H. Driscoll, K.A. Buckle, J. Food Eng.
29 (1996) 75–97

[26]

H.W. Xiao, C.L. Pang, L.H. Wang, J.W. Bai, W.X. Yang,
Z.J. Gao, Biosyst. Eng. 105 (2010) 233–240

[30]

Y.P. Lin, J.H. Tsen, V. A.E. King, J. Food Eng. 68 (2005)
249–255

[27]

S.J. Babalis, E. Papanicolaou, N. Kyriakis, V.G.. Belessiotis, J. Food Eng. 75 (2006) 205–214

[31]

N.P. Zogzas, Z.B. Maroulis, D. Marinos-Kouris, Dry
Technol. 14 (1996) 2225–2253.

AISHI ZHU
FEIYAN JIANG
School of Biological and Chemical
Engineering, Zhejiang University of
Science and Technology, Hangzhou,
Zhejiang Province, P.R. China
NAUČNI RAD

MODELOVANJE PRENOSA MASE PRI SUŠENJU
KRIŠKI SLATKOG KROMPIRA (Ipomoea batatas L.)
TOPLIM VAZDUHOM
Karakteristike prenosa mase pri sušenju kriški slatkog krompira ispitivane su u laboratorijskoj konvektivnoj sušari. Ispitivan je uticaj temperature sušenja, brzine strujanja toplog
vazduha i debljine kriški slatkog krompira na process sušenja. Eksperimentalni podaci o
sadržaju vlage kriški slatkog krompira iskorišćeni su za proveru matematičkih modela i
izračunavanje vrednosti efektivnog koeficijenta difuzije. Dobijeni rezultati pokazuju da
temperatura, brzina strujanja i debljina kriški utiču značajno na process sušenja. Logaritamski model najbolje fituje eksperimentalne podatke u funkciji temperature, a Wang-Singh model u funkciji brzine strujanja i debljine kriški. Utvrđeno je, takođe, da u opsegu
temperature od 60 do 80 °C efektivni koeficijent difuzije vlage varira od 2,962×10-10 do
4,694×10-10 m2⋅s-1 i da se menja sa temperaturom u skladu sa Areniusovom jednačinom sa
vrednošću energije aktivacije 23,29 kJ⋅mol-1. Sa povećanjem brzine strujanja vazduha od
0,423 do 1,120 m⋅s-1 efektivni koeficijent difuzije vlage varira od 2,877×10-10 do 3,760×10-10
m2·s-1, dok se povećanjem debljine kriški od 2 do 4 mm, on menja od 3,887×10-10 do
1,225×10-9 m2·s-1.
Ključne reči: slatki krompir, sušenje toplim vazduhom, efektivni koeficijent difuzije, energija aktivacije.
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FREE CONVECTION IN MHD MICROPOLAR
FLUID WITH RADIATION AND CHEMICAL
REACTION EFFECTS
Article Highlights
• Flow of a MHD micropolar fluid with radiation and chemical reaction effects studied
numerically
• Increase in radiation parameter leads to increase in the temperature, velocity and
microrotation
• A higher value of radiation parameter implies higher Nusselt number and Sherwood
number
• Velocity, microrotation and concentration decreased as chemical reaction parameter
increase
• Increase in chemical reaction parameter causes rise in Nusselt number and fall in
Sherwood number
Abstract

In this paper, the effects of radiation and first order chemical reaction on free
convection heat and mass transfer in a micropolar fluid is considered. A
uniform magnetic field is applied normal to the plate. The plate is maintained
with variable surface heat and mass fluxes. The governing nonlinear partial
differential equations are transformed into a system of coupled nonlinear
ordinary differential equations using similarity transformations and then solved
numerically using the Keller-box method. The numerical results are compared
and found to be in good agreement with previously published results as special
cases of the present investigation. The dimensionless velocity, microrotation,
temperature, concentration and heat and mass transfer rates are presented
graphically for various values of the coupling number, magnetic parameter,
radiation parameter, chemical reaction parameter. The numerical values of the
skin friction and wall couple stress for different values of governing parameters
are also tabulated.
Keywords: free convection, micropolar fluid, MHD, chemical reaction,
radiation, variable heat and mass flux.

Free convection flows are of great interest
because of their various engineering, scientific and
industrial applications in heat and mass transfer. Free
convection of heat and mass transfer occurs simultaneously in the fields of design of chemical processing equipment, formation and dispersion of fog, distributions of temperature, moisture over agricultural
fields, groves of fruit trees, damage of crops due to
freezing and pollution of the environment. Extensive
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Andhra Pradesh, India.
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studies of free convection heat and mass transfer of a
non-isothermal vertical surface under boundary layer
approximation for Newtonian fluids have been undertaken by several authors. In recent years, several
simple boundary layer flow problems have received
new attention within the more general context of magnetohydrodynamics (MHD). Several investigators
have extended many of the available boundary layer
solutions to include the effects of magnetic fields for
those cases when the fluid is electrically conducting.
The study of magnetohydrodynamic flow for an electrically conducting fluid past a heated surface has
important applications in many engineering problems
such as plasma studies, petroleum industries, MHD
power generators, cooling of nuclear reactors, the
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boundary layer control in aerodynamics, and crystal
growth. Alam et al. [1] studied the problem of free
convection heat and mass transfer flow past an inclined semi-infinite heated surface of an electrically
conducting viscous incompressible fluid with magnetic field and heat generation. The effects of heat and
mass transfer on MHD free convection along a moving permeable vertical surface have been analyzed by
Abdelkhalek [2].
The study of non-Newtonian fluid flows has
gained much attention from the researchers because
of their applications in biology, physiology, technology
and industry. In addition, the effects of heat and mass
transfer in non-Newtonian fluids also have great
importance in engineering applications; for instance,
the thermal design of industrial equipment dealing
with molten plastics, polymeric liquids, foodstuffs, or
slurries. Several investigators have extended many of
the available convection heat and mass transfer problems to include the non-Newtonian effects. The fluid
model introduced by Eringen [3] exhibits some microscopic effects arising from the local structure and
micro motion of the fluid elements. Further, they can
sustain couple stresses and include classical Newtonian fluid as a special case. The model of micropolar fluid represents fluids consisting of rigid, randomly oriented (or spherical) particles suspended in a
viscous medium where the deformation of the particles is ignored. Micropolar fluids have been shown
to accurately simulate the flow characteristics of
polymeric additives, geomorphological sediments,
colloidal suspensions, haematological suspensions,
liquid crystals, lubricants, etc. The mathematical
theory of equations of micropolar fluids and applications of these fluids in the theory of lubrication and
in the theory of porous media are presented by
Lukaszewicz [4]. The heat and mass transfer in micropolar fluids is also important in the context of
chemical engineering, aerospace engineering and
also industrial manufacturing processes.
The problem of free convection heat and mass
transfer in the boundary layer flow along a vertical
surface submerged in a micropolar fluid has been
studied by a number of investigators. Ahmadi [5]
analyzed the boundary layer flow of a micropolar fluid
over a semi-infinite plate. Takhar and Soundelgekar
[6] considered the heat transfer on a semi-infinite
plate of micropolar fluid. Agarwal and Dhanapal [7]
examined the flow and heat transfer in a micropolar
fluid past a flat plate with suction and heat sources.
Gorla et al. [8] studied the non-similar problem of
natural convection boundary layer flow of a micropolar fluid over a vertical plate with uniform heat flux
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boundary condition. El-Hakien et al. [9] discussed the
effects of the viscous and Joule heating on MHD-free
convection flows with variable plate temperatures in a
micropolar fluid. El-Amin [10] considered MHD freeconvection and mass transfer flow in a micropolar
fluid over a stationary vertical plate with a constant
suction. Sibanda and Awad [11] studied the flow of a
micropolar fluid in channel with heat and mass transfer. Recently, Srinivasacharya and Ramreddy [12]
analyzed the flow, heat and mass transfer characteristics of the free convection on a vertical plate with
uniform and constant heat and mass fluxes in a
doubly stratified micropolar fluid.
Radiation effects on convective heat transfer
and MHD flow problems have assumed an increasing
importance in electrical power generation, astrophysical flows, solar power technology, space vehicle reentry and other industrial areas. Since the solution for
convection and radiation equation is quite complicated, there are few studies about simultaneous
effects of convection and radiation for internal flows.
Ghaly [13] discussed the effect of radiation on heat
and mass transfer over a stretching sheet in the
presence of a magnetic field. Raptis et al. [14] studied
the effect of radiation on two-dimensional steady
MHD optically thin gray gas flow along an infinite
vertical plate taking into account the induced magnetic field. Seddeek et al. [15] obtained an analytical
solution for the effect of radiation on flow of a magneto- micropolar fluid past a continuously moving
plate with suction and blowing. Mohamed et al. [16]
considered the thermal radiation and MHD effects on
free convective flow of a polar fluid through a porous
medium in the presence of internal heat generation
and chemical reaction.
Chemical reaction effects on heat and mass
transfer are of considerable importance in hydrometallurgical industries and chemical technology.
Research on combined heat and mass transfer with
chemical reaction and thermophoresis effect can help
to design for chemical processing equipment, chemically-reactive vapor deposition boundary layers in
optical materials processing, catalytic combustion
boundary layers, chemical diffusion in disk electrode
modeling and carbon monoxide reactions in metallurgical mass transfer and kinetics. Several investigators have examined the effect of chemical reaction
on the flow, heat and mass transfer past a vertical
plate. Deka et al. [17] examined the effect of homogeneous first-order chemical reaction on the flow past
an impulsively started infinite vertical plate with uniform heat flux and mass transfer. Chamkha [18] analyzed the MHD flow of uniformly stretched vertical
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permeable surface in the presence of heat generation/absorption and a chemical reaction. Magyari and
Chamkha [19] obtained analytical solution to the
steady combined effect of heat generation or absorption and first-order chemical reaction on micropolar
fluid flows over a uniformly stretched permeable surface. Das [20] analyzed the effect of first order chemical reaction and thermal radiation on hydromagnetic
free convection heat and mass transfer flow of a micropolar fluid via a porous medium bounded by a semiinfinite porous plate with a constant heat source in a
rotating frame of reference. Bakr [21] considered the
steady and unsteady MHD micropolar flow and mass
transfers flow with a constant heat source in a rotating
frame of reference in the presence of chemical reaction of the first-order, taking an oscillatory plate velocity and a constant suction velocity at the plate. Recently, Chaudhary and Jha [22] considered the effects
of chemical reactions on MHD micropolar fluid flow
past a vertical plate in slip-flow regime.
From literature survey, it seems that the similarity solutions for the effects of transverse magnetic
field, radiation and first order chemical reaction on the
free convection heat and mass transfer along a vertical plate embedded in a micropolar fluid have not
been reported to date. In view of this, the authors, in
the present investigations, aim to study the free convection on a vertical plate with variable heat and
mass fluxes embedded in a stable micropolar fluid in
the presence of magnetic, radiation and first order
chemical reaction effects. The novelty of this paper is
the use of similarity transformations to find the solution of the problem. Most of the similar studies
reported in the literature used local similarity transformations to solve the problems. The governing
system of partial differential equations is transformed
into a system of non-linear ordinary differential equations using similarity transformations. This system of
nonlinear ordinary differential equations is solved
numerically using Keller-box method given by Cebeci
and Bradshaw [23]. The effects of various parameters
on the velocity, microrotation, temperature, concentration, skin friction coefficient, wall couple stress,
heat and mass transfer rates are presented graphically.
MATHEMATICAL FORMULATION
Consider a steady, laminar, incompressible,
two-dimensional free convective heat and mass transfer along a semi-infinite vertical plate embedded in a
free stream of electrically conducting micropolar fluid
with temperature T∞ and concentration C∞. Choose
the coordinate system such that x-axis is along the

Chem. Ind. Chem. Eng. Q. 20 (2) 183−195 (2014)

vertical plate and y-axis normal to the plate. The
physical model and coordinate system are shown in
Figure 1. The plate is taken with variable surface heat
flux qw(x) and mass fluxes qm(x). A uniform magnetic
field of magnitude B0 is applied normal to the plate.
The magnetic Reynolds number is assumed to be
small so that the induced magnetic field can be neglected in comparison with the applied magnetic field.
The fluid is considered to be a gray, absorbing emitting radiation but non-scattering medium and the Rosseland approximation [24] is used to describe the
radiative heat flux in the energy equation. The radiative heat flux in the x-direction is considered negligible in comparison to the y-direction. Also, it is
assumed that there exists a homogenous chemical
reaction of first-order with rate constant R* between
the diffusing species and the fluid.

Figure 1. Physical model and coordinate system.

Using the boussinesq and boundary layer
approximations, the governing equations for the MHD
micropolar fluid are given by:

∂u ∂v
+
=0
∂x ∂y

(1)

 ∂u
∂u 
∂ 2u
∂ω
+v
+
 = (μ + κ ) 2 + κ
∂y 
∂y
∂y
 ∂x

ρ u

+ρg


*

ρ j u


u

( βT (T −T ) + βC (C − C ) ) − σ B u
∞

∞


∂ω
∂ω 
∂ 2ω
∂u 
+v
− κ  2ω +
=γ

2
∂x
∂y 
∂y 
∂y


∂T
∂T
∂ 2T
1 ∂q r
+v
=α
−
∂x
∂y
∂y 2 ρC p ∂y

(2)

2
0

(3)

(4)

185

D. SRINIVASACHARYA, U. MENDU: A FREE CONVECTION IN MHD…

u

∂C
∂C
∂ 2C
+v
=D
− R * (C − C ∞ )
∂x
∂y
∂y 2

(5)

where u and v are the components of velocity along x
and y directions respectively, ω is the component of
microrotation whose direction of rotation lies normal
to the xy-plane, g* is the gravitational acceleration, T
is the temperature, C is the concentration, βT is the
coefficient of thermal expansion, βC is the coefficient
of solutal expansion, Cp is the specific heat capacity,
B0 is the coefficient of the magnetic field, μ is the
dynamic coefficient of viscosity of the fluid, qr is the
radiative heat flux, ρ is the density, κ is the vortex viscosity, j is the micro-inertia density, γ is the spin-gradient viscosity, σ is the magnetic permeability of the
fluid, α is the thermal diffusivity and D is the molecular
diffusivity.
The boundary conditions are:

u = 0 , v = 0 , ω = 0 , −k
−D

∂T
= qw ( x ) ,
∂y

∂C
= qw ( x ) at y = 0
∂y

u → 0, v → 0, ω → 0, T →T∞ , C →C ∞ as y → ∞

(6a)

(6b)

where the subscripts w and ∞ indicates the conditions
at wall and at the outer edge of the boundary layer,
respectively.
The radiative heat flux qr is described by the
Rosseland approximation such that:

qr = −

*

4σ ∂T
3k 1 ∂y

4

(7)

where σ* and k1 are the Stefan-Boltzmann constant
and the mean absorption coefficient respectively. We
assume that the differences of the temperature within
the flow are sufficiently small such that T4 may be
expressed as a linear function of the temperature.
This is accomplished by expanding in a Taylor series
about T∞ and neglecting higher-order terms, thus:

T 4 ≅ 4T∞3T − 3T∞4

(8)

Using Eqs. (7) and (8) in the last term of Eq. (4),
we obtain:

u

∂T
∂T
∂ 2T 16σ *T∞3 ∂ 2T
+v
=α
+
∂x
∂y
∂y 2 3 ρC p k 1 ∂y 2

(9)

The continuity equation (1) is satisfied by
introducing the stream function ψ such that:

u =
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∂ψ
∂ψ
,v =−
∂y
∂x

(10)
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In order to explore the possibility for the existence of similarity, we assume:

ψ = A x a f (η ), η = B x b y , ω = E x c g (η )
+

qw (x )
q (x )
= M 1Bx l ,
θ (η ) , w
k
k

C =C ∞ +

q m (x )
q (x )
= N 1Bx m
ϕ (η ) , m
D
D

T =T

∞

(11)

where A, B, E, M1, N1, a, b, c, l, and m are constants.
Substituting (10) and (11) in (2), (3), (4) and (9), it is
found that similarity exists only if a = 1, b = 0, c = 1,
l = m = 1. Hence, appropriate similarity transformations are:

ψ = A x f (η ), η = B y , ω = E xg (η ),
qw ( x )
q (x )
= M 1Bx ,
θ (η ) , w
k
k
q (x )
q (x )
= N 1Bx
C =C ∞ + m
ϕ (η ) , m
D
D

T =T

∞+

(12)

Making use of the dimensional analysis, the
constants A, B, E, M1 and N1 have, respectively, the
dimensions of velocity, reciprocal of length, the reciprocal of the product of length and time, the ratio of
(temperature/length) and of the ratio (concentration/length).
Substituting (12) into the Eqs.(2), (3), (5) and
(9), we obtain:
 1 
 N
 1 − N  f ′′′ + f f ′′ +  1 − N



+θ + Lφ − M f ′ = 0
 N
 1− N

λ g ′′ − 

2

 g ′ − (f ′ ) +



 ϑ ( 2g + f ′′′ ) − f g′ + fg ′ = 0


1
(3 + 4R )θ ′′ + f θ ′ − f ′θ = 0
3Pr

1

Sc

ϕ ′′ − δϕ ′ + f ϕ ′ − f ′ϕ = 0

(13)

(14)
(15)
(16)

where Pr = ν / α is the Prandtl number, Sc = ν / D is
the Schmidt number, λ = γ / ( j ρν ) is the spingradient viscosity, N = κ / (κ + μ ) , (0 ≤ N < 1) is the
Coupling number, L = βc N 1 / ( βT M 1) is the buoyancy
parameter, M = σ B 02 / ( μB 2 ) is the magnetic field
parameter, ϑ = 1/ ( jB 2 ) is the micro-inertia density,
R = 4σ *T∞3 / (k k 1) is the radiation parameter and
δ = R * /(ν B 2 ) is the chemical reaction parameter.
The primes denote differentiation with respect to the
similarity variable η.
The boundary conditions (6) in terms of f, g, θ
and φ become:
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f ( 0) = 0, f ′ (0 ) = 0, g ( 0) = 0,

(17a)

f ′ (∞ ) → 0, g ( ∞ ) → 0,

(17b)

θ ′ ( 0) = −1, φ′ ( 0) = −1

θ ( ∞ ) → 0, ϕ ( ∞ ) → 0

Skin friction and wall couple stress
The wall shear stress and wall couple stress:


τ w = ( μ + κ )



∂u
+ κω  ,
∂y
 y =0

 ∂ω 

 ∂y  y =0

mw = γ 

(18)

The dimensionless wall shear stress:

C f = 2 τw / ( ρ A 2 )
wall couple stress:

Mw = Bmw / ( ρ A 2 )
where A is the characteristic velocity, are given by:

λ
 2 
Cf = 
f ′′ ( 0 ) x and Mw =   g ′ ( 0 ) x

ϑ 
 1− N 

(19)

where x = Bx.
Heat and mass transfer rates
The heat and mass transfers from the plate
respectively are given by:

 ∂T 
4σ *
−

 ∂y  y =0 3k 1

qw = −k 

 ∂T 4 


 ∂y  y =0

and
 ∂C 

 ∂y  y = 0

q m = −D 

(20)

1
1  4R 
 1+
 and Sh = ϕ (0)
3 
θ (0) 

be programmed, thus making it highly attractive for
production use. A uniform grid was adopted, which is
concentrated towards the wall. The calculations are
repeated until some convergent criterion is satisfied
and the calculations are stopped when
δ f 0′′ ≤ 10 −8, δθ 0′ ≤ 10 −8 and δϕ0′ ≤ 10 −8 . In the present
study, the boundary conditions for η at ∞ are replaced
by a sufficiently large value of η where the velocity,
temperature and concentration approach zero. In
order to see the effects of step size (Δη) we ran the
code for our model with three different step sizes as
Δη = 0.001, Δη = 0.01 and Δη = 0.05 and in each
case we found very good agreement between them
on different profiles. After some trials, we imposed a
maximal value of η at ∞ as 6 and a grid size of Δη as
0.01. In order to study the effects of coupling number
N, magnetic field parameter M, thermal radiation
parameter R, chemical reaction parameter δ, Prandtl
number Pr and Schmidt number Sc on the physical
quantities of the flow, the remaining parameters are
fixed as L = 1, λ = 1 and ϑ = 0.1. The values of
micropolar parameters λ and are chosen so as to
satisfy the thermodynamic restrictions on the material
parameters given by Eringen [3].
In the absence of coupling number N, magnetic
parameter M, radiation parameter R and chemical
reaction parameter δ and buoyancy number L with
ϑ = 0, λ → 0, Pr = 1.0 and Sc = 0.24 the results have
been compared with the exact values [25] and it was
found that they are in good agreement, as shown in
Table 1.
Table 1. Comparison between skin friction f ''(0) and
temperature θ (0) calculated by the present method and that of
Merkin [25] for N = M = R = δ = L = ϑ = λ = 0 and Pr = 1.0

θ (0)

f ''(0)

The non-dimensional rate of heat transfer, called
the Nusselt number Nu = qw / (Bk (Tw −T∞ )) and rate
of mass transfer, called the Sherwood number
Shx = q m / BD (Cw − C ∞ ) are given by:

Nu =
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(21)

RESULTS AND DISCUSSION
The flow Eqs. (13) and (14) which are coupled,
together with the energy and concentration Eqs. (15)
and (16), constitute non-linear nonhomogeneous differential equations for which closed-form solutions
cannot be obtained. Hence, the governing Eqs. (13)
to (16) have been solved numerically using the Kellerbox implicit method [23]. This method has a second
order accuracy, unconditionally stable, and is easy to

Merkin [25] with
Pr = 1
1.0097

Present

Merkin [25] with
Pr = 1

Present

1.0097

1.5148

1.5147

The variation of the non-dimensional velocity,
microrotation, temperature and concentration profiles
with η for different values of magnetic parameter is
illustrated in Figure 2. It is observed from Figure 2a
that velocity decreases as the magnetic parameter
(M) increases. This is due to the fact that the introduction of a transverse magnetic field, normal to the
flow direction, has a tendency to create the drag
known as the Lorentz force, which tends to resist the
flow. Hence, the horizontal velocity profiles decrease
as the magnetic parameter M increases. From Figure
2b, it is clear that the microrotation component
increases near the plate and deceases far away from
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(a)

(c)
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(b)

(d)

Figure 2. a) Velocity, b) microrotation, c) temperature and d) concentration profiles for various values of magnetic parameter M.

the plate for increasing values of M. It is noticed from
Figure 2c that the temperature increases with
increasing values of magnetic parameter. It is clear
from Figure 2d that the non-dimensional concentration increases with increasing values of M. As
explained above, the transverse magnetic field gives
rise to a resistive force known as the Lorentz force of
an electrically conducting fluid. This force makes the
fluid experience a resistance by increasing the friction
between its layers and thus increases its temperature
and concentration.
Figure 3 depicts the variation of coupling number (N) on the velocity, microrotation, temperature
and concentration. The coupling number N characterizes the coupling of linear and rotational motion
arising from the micromotion of the fluid molecules.
Hence, N signifies the coupling between the Newtonian and rotational viscosities. As N → 1, the effect
of microstructure becomes significant, whereas with a
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small value of N the individuality of the substructure is
much less pronounced. As κ → 0, i.e., N → 0, the
micropolarity is lost and the fluid behaves as nonpolar
fluid. Hence, N → 0 corresponds to viscous fluid. It is
observed from Figure 3a that the velocity decreases
with the increase of N. The maximum of velocity
decreases in amplitude and the location of the maximum velocity moves farther away from the wall with
an increase of N. The velocity in case of micropolar
fluid is less than that in the viscous fluid case (N → 0
corresponds to viscous fluid). It is seen from Figure
3b that the microrotation component decreases near
the vertical plate and increases far away from the
plate with increasing coupling number N. The microrotation tends to zero as N → 0 as is expected that in
the limit κ → 0, i.e., N → 0 the Eqs. (1) and (2) are
uncoupled with Eq. (3) and they reduce to viscous
fluid flow equations. It is noticed from Figure 3c that
the temperature increases with increasing values of
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(a)
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(b)

(d)

Figure 3. a) Velocity, b) microrotation, c) temperature and d) concentration profiles for various values of coupling number N.

coupling number. It is clear from Figure 3d that the
non-dimensional concentration increases with increasing values of N.
The effect of radiation parameter on the velocity,
microrotation, temperature and concentration is
shown in Figure 4. It is observed from Figure 4a that
the velocity increases with the increase of R. From
Figure 4b, it is clear that the microrotation component
increases with R. It is noticed from Figure 4c that the
temperature increases with increasing values of radiation parameter. Higher values of radiation parameter
R imply higher values of wall temperature. Consequently, the temperature gradient increases. It is clear
from Figure 4d that the non-dimensional concentration decreases with increasing values of R.

The influence of chemical reaction parameter on
the velocity, microrotation, temperature and concentration is shown in Figure 5. It is observed from Figure
5a that the velocity decreases with the increase of δ.
From Figure 5b, it is clear that the microrotation
component decreases with δ. It is noticed from Figure
5c that the temperature increases with increasing
values of chemical reaction parameter. It is clear from
Figure 5d that the non-dimensional concentration
decreases with increasing values of δ. Increase in the
chemical reaction parameter produces a decrease in
the species concentration. This causes the concentration buoyancy effects to decrease as δ increases.
Consequently less flow is induced along the plate,
resulting in decrease in the fluid velocity in the boundary layer. In addition the concentration boundary layer
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(b)

(d)

Figure 4. a) Velocity, b) microrotation, c) temperature and d) concentration profiles for various values of radiation parameter R.

thickness decreases as δ increases. On the other
hand, increasing the chemical reaction parameter
produces an increase in temperature.
Figure 6 depicts the variation of heat and mass
transfer rates (Nusselt number Nu and Sherwood
number Sh) with coupling number N for different
values of magnetic parameter M. It is observed from
Figures 6a and 6b that both the Nusselt number and
Sherwood number decrease as coupling number
increases. It is noticed that the heat and mass transfer rates are more in case of viscous fluids. Therefore,
the presence of microscopic effects arising from the
local structure and micromotion of the fluid elements
reduce the heat and mass transfer rates. Further, it is
seen that both the Nusselt number and Sherwood
number are decreasing as the magnetic parameter is
increasing. This is due to the Lorentz force created by
traverse magnetic field, which tends to resist the flow.
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The effect of radiation parameter on heat and
mass transfer coefficient is displayed in Figures 7a
and 7b. It is noticed from these figures that both the
Nusselt number and Sherwood number increase with
the increase in the radiation parameter. Higher values
of radiation parameter R imply higher values of wall
temperature. Consequently, the temperature gradient
and hence the Nusselt number and Sherwood number increase.
The variation of heat and mass transfer coefficients with coupling number for different values of
chemical reaction parameter δ is depicted in Figures
8a and 8b. It is clear from these figures that an
increase in the chemical reaction parameter δ, leads
to a decrease in the Nusselt number and an increase
in the Sherwood number. Increase in the values of δ
implies more interaction of species concentration with
the momentum boundary layer and less interaction
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(b)

(d)

Figure 5. a) Velocity, b) microrotation, c) temperature and d) concentration profiles for various values of chemical reaction parameter δ.

(a)

(b)

Figure 6. Effect of magnetic parameter M on a) heat transfer rate b) mass transfer rate.

with the thermal boundary layer. Hence, chemical
reaction parameter has more significant effect on the
Sherwood number than it does on the Nusselt number.

Table 2 shows the effects of the coupling number N, Prandtl number Pr, Schmidt number Sc,
radiation parameter R, chemical reaction parameter δ
and the magnetic parameter M on the skin friction Cf
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(a)

(b)

Figure 7. Effect of radiation parameter R on a) heat transfer rate b) mass transfer rate.

(a)

(b)

Figure 8. Effect of chemical reaction parameter δ on a) heat transfer rate b) mass transfer rate.
Table 2. Effect of skin friction and wall couple stress for various values of N, Pr, Sc, M, R and δ
N

Pr

Sc

M

R

δ

f′′(0)

–g′(0)

0.0

1.0

0.6

1.0

0.02

1.0

1.2691

0.0000

0.3

1.0

0.6

1.0

0.02

1.0

1.0332

0.0097

0.6

1.0

0.6

1.0

0.02

1.0

0.7440

0.0318

0.9

1.0

0.6

1.0

0.02

1.0

0.3112

0.1108

0.5

0.01

0.6

1.0

0.02

1.0

2.3371

0.0737

0.5

0.1

0.6

1.0

0.02

1.0

1.5493

0.0480

0.5

1.0

0.6

1.0

0.02

1.0

0.8490

0.0219

0.5

10.0

0.6

1.0

0.02

1.0

0.5191

0.0120

0.5

100

0.6

1.0

0.02

1.0

0.4077

0.0104

0.5

1.0

0.2

1.0

0.02

1.0

1.0697

0.0296

0.5

1.0

0.4

1.0

0.02

1.0

0.9149

0.0240

0.5

1.0

0.6

1.0

0.02

1.0

0.8490

0.0219

0.5

1.0

0.8

1.0

0.02

1.0

0.8110

0.0209

0.5

1.0

1.0

1.0

0.02

1.0

0.7857

0.0203

0.5

1.0

0.6

0.0

0.02

1.0

0.9339

0.0274

0.5

1.0

0.6

1.0

0.02

1.0

0.8490

0.0219

0.5

1.0

0.6

2.0

0.02

1.0

0.7951

0.0187

0.5

1.0

0.6

3.0

0.02

1.0

0.7560

0.0166
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Table 2. Continued
N

Pr

Sc

M

R

δ

f′′(0)

–g′(0)

0.5

1.0

0.6

1.0

0.0

1.0

0.8433

0.0217

0.5

1.0

0.6

1.0

0.5

1.0

0.9626

0.0262

0.5

1.0

0.6

1.0

1.0

1.0

1.0522

0.0296

0.5

1.0

0.6

1.0

1.5

1.0

1.1251

0.0324

0.5

1.0

0.6

1.0

0.02

0.0

1.0639

0.0283

0.5

1.0

0.6

1.0

0.02

1.0

0.8490

0.0219

0.5

1.0

0.6

1.0

0.02

2.0

0.7801

0.0203

0.5

1.0

0.6

1.0

0.02

3.0

0.7459

0.0196

and the dimensionless wall couple stress Mw. It is
seen from this table that both the skin friction and the
wall couple stress decrease with increasing coupling
number N. For increasing value of N, the effect of
microstructure becomes significant, hence the wall
couple stress decreases. The skin friction coefficient
decreases and the wall couple stress increases with
increasing Prandtl number and Schmidt number.
Also, the effect of magnetic parameter is to decrease
the skin friction coefficient and increase the wall
couple stress. Further, it is observed that the skin
friction coefficient is increasing and wall couple stress
is decreasing with increasing value of radiation parameter. The increase in chemical reaction parameter
decreases the skin friction coefficient and increases
the wall couple stress.
CONCLUSIONS
In this paper, a boundary layer analysis for free
convection heat and mass transfer in an electrically
conducting micropolar fluid over a vertical plate with
variable surface heat and mass fluxes conditions in
the presence of a first order chemical reaction and
radiation is considered. A uniform magnetic field is
applied normal to the plate. Earlier, the problems of
free convection heat and mass transfer in micropolar
fluid were solved using the local similarity transformations. In the present study, the similarity transformations are derived and used to study the effects
of magnetic field, radiation and chemical reaction.
Using the similarity variables, the governing equations are transformed into a set of similar parabolic
equations and numerical solution for these equations
has been presented for different values of parameters. From the present study we observe that:
1. The introduction of a transverse magnetic
field, normal to the flow direction, has a tendency to
create the drag known as the Lorentz force, which
tends to resist the flow. Hence, the horizontal velocity
profiles, both the Nusselt number and Sherwood

number and the skin friction coefficient decrease,
microrotation component increases near the plate and
decreases far away from the plate, the temperature
as well as the concentration and the wall couple
stress increase as magnetic parameter M increases.
2. The higher values of the coupling number N
(i.e., the effect of microrotation becomes significant)
result in lower velocity distribution but higher wall
temperature; wall concentration distributions in the
boundary layer compared to the Newtonian fluid case.
3. A higher value of radiation parameter R
implies higher values of wall temperature. Consequently, the temperature gradient increases, hence,
the velocity, microrotation, temperature, Nusselt number and Sherwood number increase and the concentration decreases with the increase in the radiation
parameter.
4. Increase in the chemical reaction parameter
produces a decrease in the species concentration.
This causes the concentration buoyancy effects to
decrease as δ increases. Consequently less flow is
induced along the plate, resulting in decrease in the
fluid velocity, the microrotation component, the Nusselt number and the concentration boundary layer
thickness in the boundary layer. On the other hand,
increasing the chemical reaction parameter produces
an increase in temperature and the Sherwood number.
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Nomenclature

A
B
B0
C
cp
C∞
Cf

Characteristic velocity
Reciprocal of length
Magnetic field coefficient
Concentration
Specific heat at constant pressure
Free stream concentration
Skin-friction coefficient
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D
E
f
g
g*
j
k
k1
L
mw
M
M1
Mw
N
N1
Nu
Pr
qr
R
R*
qw(x)
qm(x)
Sc
Sh
T
T1
u ,v

Mass diffusivity
Reciprocal of the product of length an time
Dimensionless stream function
Dimensionless microrotation
Acceleration due to gravity
Dimensional Micro-inertia density
Dimensionless Micro-inertia density
Thermal conductivity
Mean absorption coefficient
Buoyancy parameter
Wall couple stress
Magnetic parameter
The ratio (temperature/length)
Non-dimensional couple stress on the wall
Coupling parameter
Ratio (concentration/length)
Dimensionless Nusselt number
Prandtl number
Radiative heat flux
Thermal Radiation parameter
Rate of chemical reaction
Heat flux
Mass flux
Schmidt number
Sherwood number
Temperature
Free stream temperature
Velocity components in the x- and y- directions respectively
Cartesian coordinates along the plate and
normal to it
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Superscripts
′

Differentiation with respect to η
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Thermal diffusivity
Coefficient of thermal expansion
Coefficient of concentration expansion
Spin-gradient viscosity
Chemical reaction parameter
Similarity variable
Dimensionless temperature
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PRIRODNA KONVEKCIJA U MHD
MIKROPOLARNOM FLUIDU SA UTICAJEM
RADIJACIJE I HEMIJSKE REAKCIJE
U radu su razmotreni uticaji zračenja i hemijske reakcije prvog reda na prenos toplote i
mase prirodnom konvekcijom u mikropolarnom fluidu. Uniformno magnetno polje je
normalno na ploču. Primenjeni su promenljivi fluksevi toplote i mase na površinu ploče.
Bilansne nelinearne parcijalne diferencijalne jednačine su transformisane u sistem
spregnutih nelinearnih običnih diferencijalnih jednačina primenom sličnosti transformacija,
koji zatim rešen numerički Keller-box metodom. Poređenjem numeričkih rezultata utvrđeno
je da se oni dobro slažu sa ranije objavljenim rezultatima specijalnih slučajeva
sprovedenog istraživanja. Bezdimenzine veličine: brzina, mikrorotacija, temperature,
koncentracija i brzine prenosa toplote i mase su prikazane grafički za različite vrednosti
broja kuplovanja, kao magnetnog, radijacionog i hemijskog parametra. Numeričke
vrednosti faktora trenja i naponskog sprega zida za različite vrednosti parametara su
prikazane tabelarno.
Ključne reči: prirodna konvekcija, mikropolarni fluid, hemijska reakcija, radijacija, fluks toplote i mase.
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SYNERGY OF HYDROMECHANICAL AND
HYDROCHEMICAL PARAMETERS IN
FORMATION OF SOLID DEPOSITS IN
GEOTHERMAL AND OTHER WATERS
Article Highlights
• The efficiency of the solid deposits formation in the turbulent and laminar flow conditions of water is examined
• The critical flow velocity is lower in the geothermal waters, and higher in drinking
water
• For different waters of approximately the same hardness, different critical flow
velocities were obtained
• There is a significant impact of colloidal state on the formation of microdisperse system
• Mineralized waters contain colloidal matter and therefore have lower values of the
critical flow velocity
Abstract

This paper deals with synchronised influences of hydromechanical and hydrochemical parameters on the formation of solid deposits in geothermal and
other waters, which compose complex heterogeneous and micro-heterogeneous liquid-solid systems. The constituents of these waters in ionic, colloidal
and micro-heterogeneous suspended liquid-solid states are responsible for the
creation of carbonates, sulphates and other solid matters. In these processes,
one cannot eliminate the influence of hydromechanical parameters with flow
velocity and water flow criteria (laminar or turbulent flow) as vital factors.
Experiments were conducted on the laboratory pilot installation with glass
pipes of 2, 4, 6, 8 and 10 mm in diameter, respectively, and the flow was
monitored by using a digital peristaltic pump with the flow rate of 2 ml/min to
5000 ml/min. The paper studies the impact of the linear flow velocity on the
relative decrease of the initial water hardness in geothermal waters of Sijarinska Banja spa, Niška Banja spa and the estuary water of Medijana, Niš.
From the obtained dependences, according to the linear regression model, for
each diameter, critical values for linear velocities were determined, as an
important parameter for the understanding of the synergism of the hydromechanical and hydrochemical parameters were determined.
Keywords: microturbulence, microdispersion systems, water hardness,
critical linear velocity, solid deposits.

Geothermal, underground and other waters of
high mineralization and high hardness comprise very
complex composite heterogeneous systems playing a
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tribution of such waters to certain consumers.
Whether one uses geothermal waters in boilers and
other heating systems, or in spas and rehabilitation
centers, it is not possible to prevent the formation of
solid deposits – incrustation.
Formation of solid deposits is caused by the
presence of dissolved colloidal and suspended particles in water. Thus, water is not considered as a
homogeneous phase but a micro-heterogeneous
liquid-solid system, where in laminar conditions of
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flow, by means of crystallisation, coagulation and
aggregation microheterogeneous areas and solid particles with boundary layer are created. In such flow
conditions, each solid particle causes micro-hydrodynamics where in strictly laminar flow conditions a
very developed micro-turbulent flow behind the particle is created.
Micro-turbulent flows in synergy with hydrochemical parameters can cause remarkably increased
rates of mass exchange and in this way, growth of
solid deposit particles. Thus, crucial importance is
attributed to the particle-water system, whose functioning depends on the size and the shape of the
particle and on the flow rate of the particle and of the
water, or even particle and water together. The larger
the mass of the solid particles and the more developed contact surface, the higher the inertia, and thus,
closer the solid-fluid contact.
These founding basics are unique because of
the introduction of the new concept of micro-hydrodynamics, based on the movement of very dispersive
particles and aggregates through a liquid of certain
surface tension and charge. Furthermore, one cannot
neglect the effect of the mechanical bumping of certain particles in turbulent conditions in micro-areas,
which enhances the parameters of sedimentation,
crystallization and filtration processes, when we consider porous and dispersive deposits. Numerous
causes of solid deposit formation due to high mineralization of these waters by calcium and magnesium
salts [1–8], with the presence of certain impurities in
dissolved and colloidal state, from the chemical point
of view, are explained.
Having in mind a significant problem of solid
deposit formation in geothermal, hydrothermal, and
thermoenergy plants, where by rule one uses deionised water, a large body of research is based on the
hypothesis that there is a synergy of hydrochemical
and hydromechanical parameters in the creation of
solid deposits – scale. The results shown in this paper
are based on the assumption that for the formation of
the scale it is important to have a laminar flow regime,
with a laminar hydraulic border layer against the
thicker pipe walls where diffusion and crystallization
processes with mass transfer between the single
constituents of different origin in water occur. The
assumption is based on the fact that the surface
charge of the pipe walls and the charge of colloidal
particles in water cause their electrophoretic sticking
and adsorption onto the surface, thus creating the
conditions for the nucleation and crystal growth, i.e.,
the sedimentation of solid deposits – scale [9–13].
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This object of this study is not to analyse the
hydrochemical parameters of de-balancing of calcium
and magnesium bicarbonates (the ABC of the solid
deposit formation [14]), i.e., the changes that first lead
to the creation of carbonate anion CO32– and then to
the creation of calcium and magnesium carbonates
(CaCO3 and MgCO3); rather, it focuses on analysing
the influence of a hydromechanical parameter (flow
velocity) on the formation of solid deposits, and
decrease of the initial water hardness.
The basic idea of this study is to enable monitoring scale formation at predetermined temperature,
real hardness and other factors that disturb the hydrochemical balance of the formation of solid deposits,
using a pilot installation, equipped with a digital peristaltic pump, through a set of different pipes of different diameters (ratio of length to diameter is much
higher than 50), and laminar-piston flow of geothermal and other hard waters. The results should give
answers to numerous disputable theoretical questions, as well as suggestions for practical solutions
and designing systems for the distribution of geothermal and other waters.
EXPERIMENTAL
Materials and methods
In order to realize the designed program and
research methodology, fresh samples of 80 dm3 of
the adequate initial hardness water were taken from
Sijarinska banja, from the estuary of Aragon, Niška
banja and the estuary of Medijana. Waters of Sijarinska banja and Niška banja contain metasilicic and
metaboric acid in significant quantities (Table 1). The
drinking water from the estuary of Medijana is groundwater that contains metasilicic and metaboric acid in
very small quantities. Waters of Sijarinska banja and
Niška banja contain geothermal calcium, magnesium
hydrocarbonate.
Table 1. Contents of metasilicic and metaboric acid in waters of
Sijarinska banja spa and Niška banja spa
Parameter

Sijarinska banja

Niška banja

Metasilicic acid
3
content, mg/dm

0.1235

0.0293

Metaboric acid content,
3
mg/dm

0.0372

0.0016

66

37.4

Temperature at the
spring, °C

Equipment
The designed pilot installation (Figure 1) is composed of glass pipes, length of 1000 mm and dia-
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Figure 1. Pilot installation for hydraulic investigation of the influence of the flow velocity of geothermal and other hard waters on the
process of solid deposit formation; 1 – pump, 2 – set of different diameters pipes, 3 – distribution splitting dish, 4 – degassing valve,
5 – silicon hose of the peristaltic pump, 6 – vacuum part of the silicon hose of the peristaltic pump, 7 – intake prochrome 80 l reservoir
with heater, 8 – dashboard with thermostat and switcher, 9 – electrical energy supply, 10 – metal frame.

meters of 2, 4, 6, 8, 10 mm, respectively. All pipes
were made of Pyrex glass by elongation so that equal
conditions of pipe inner wall roughness were met.
Flow and linear velocities are determined by the
digital peristaltic pump DOSE IT P910 (INTEGRA Biosciences, Switzerland) with flows ranging from 0.6
ml/min to 5000 ml/min. Water temperature in the
intake reservoir is controlled by a thermostat with
constant temperature of 40 °C. In front of the set of
pipes there is a glass splitting dish whose volume is
designed to enable even flow through the system at
the highest flows. A degassing valve is mounted on
the splitting dish to avoid the occurrence of the gaseous phase in the solid-liquid system in laminar flow.
Laminar (piston) flow is enabled by the ratio of the
diameter and length of the pipe, because when this
ratio is L/D >> 50, at any fluid velocity, conditions for
laminar flow are provided.
Experimental procedure
For each sample of geothermal water and water
from the estuary of Medijana Niš, immediately before

the beginning of the experiment, a sample of water
was filtered through blue ribbon filter paper and the
initial hardness of water was determined. The water
sample was then poured into the open 80 dm3 boiler
and the water flow was adjusted to the set flow. All
taps on other glass pipes were closed and water flew
only through the set pipe, with the fixed flow rate, then
water was tempered at 40 °C. After 2 h, the pump
was stopped, the water sample was filtered through
blue ribbon filter paper and the final hardness was
measured by the standard procedure (EDTA titrimetric method) [15]. Immediately after finishing one
flow and after the residual water hardness measurement, the next measurement was performed on the
same pipe, with other flows. The procedure was
repeated for all other glass pipes from the set of
pipes, as previously described. For each flow and diameter of the pipe, a flow velocity of water was calculated and the initial and final water hardness was
determined. The obtained results were displayed graphically in the form of the dependence of the changes
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in water hardness on the water flow velocity. The
obtained experimental findings were processed
according to a linear mathematical regression model
so as to reach corresponding dependences of the
efficiencies of solid deposits formation in the function
of flow velocity. In addition, from the maximal values
of the efficiencies of solid deposits formation, at the
inflection point, critical linear velocities of the fluid
were determined, which in synergy with the hydrochemical parameters enable complex consideration of
hydromechanical and hydrochemical parameters.

can be expressed through the measured initial water
hardnesses Cin (°dH/l) and flow through the pipe Q
(l/s), as shown in Tables 2–4, in the following way:

RESULTS AND DISCUSSION

Efficiency of solid deposit formation (R) was
calculated based on the mass balance and the results
shown in Tables 2–4.
If for every single pipe diameter and flow
(Tables 2–4 for different waters) the initial hardness is
established as Cin = 100%, applying expressions (1)
and (2) one can calculate percentages of mass flows
at the pipe inlet (Gin.pr.) and at the pipe outlet (Gout.pr.)
expressed as the change of hardness per time unit
(°dH/s). Percentages of mass flows at the pipe outlet
Gout.pr are shown in Tables 2–4 for geothermal waters

Tables 2–4 show the results of the research
conducted in order to investigate the influence of hydromechanical parameters on the change of the hardness of geothermal and other hard waters and the
process of solid deposit formation for geothermal
waters from Sijarinska banja, Niška banja and water
from the estuary Medijana.
Mass flows expressed through the change of
hardness per unit time at the pipe inlet Gin (°dH/s),

Gin = CinQ

(1)

Also, mass flow expressed as the change of
hardness per unit time at the pipe outlet Gout (°dH/s),
can be calculated from the mass flow at the pipe inlet
Gin (°dH/s) and the efficiency of solid deposit
formation (R) in the following way:

Gout = Gin(100 – R)

(2)

Table 2. Research results for geothermal waters from Sijarinska banja spa
Linear
Reynolds
Flow
Pipe diameter
Initial hardness Final hardness
velocity
–1
number (Re)
(Q / ml min ) (D / mm)
(Cin / °dH)
(Cout / °dH)
–1
(υ / m s )

Efficiency of solid
deposit formation
(R / %)

Percentage outlet mass
o
–1
flow (Gout.pr. / % dH s )

37.5

2

0.20

605

3.69

3.58

2.98

0.0606

75

2

0.40

1209

4.17

3.90

6.46

0.1169

150

2

0.80

2419

4.42

4.22

4.57

0.2386

300

2

1.59

4838

5.50

5.03

8.57

0.4572

600

2

3.18

9675

3.71

3.56

4.04

0.9596

1200

2

6.37

19350

9.13

8.74

4.29

1.9141

1500

2

7.96

24188

8.70

8.30

4.60

2.3851

37.5

4

0.05

302

3.58

2.82

21.17

0.0493

75

4

0.10

605

3.90

3.70

5.16

0.1186

150

4

0.20

1209

4.22

4.16

1.59

0.2460

300

4

0.40

2419

5.03

4.66

7.34

0.4633

600

4

0.80

4838

3.56

3.3

7.30

0.9270

1200

4

1.59

9675

8.74

8.48

2.95

1.9409

1500

4

1.99

12094

8.30

8.17

1.57

2.4608

150

6

0.09

806

4.66

4.17

10.58

0.2235

300

6

0.18

1613

4.66

4.42

5.04

0.4748

600

6

0.35

3225

3.30

3.26

1.21

0.9879

1200

6

0.71

6450

8.48

7.92

6.61

1.8679

1300

6

0.77

6988

4.31

4.03

6.50

2.0259

1500

6

0.88

8063

8.17

6.94

15.06

2.1236

600

8

0.20

2419

3.22

3.19

0.93

0.9907

1200

8

0.40

4838

7.92

7.52

5.09

1.8982

1300

8

0.43

5241

3.86

3.64

5.70

2.0432

1500

8

0.50

6047

6.94

6.32

8.93

2.2767
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Table 3. Research results for geothermal waters from Niška banja spa
Linear
Reynolds
Flow
Pipe diameter
Initial hardness Final hardness
velocity
–1
number (Re)
(Q / ml min ) (D / mm)
(Cin / °dH)
(Cout / °dH)
–1
(υ / m s )

Efficiency of solid
deposit formation
(R / %)

Percentage outlet mass
o
–1
flow (Gout.pr. / % dH s )

75

2

0.40

1209

11.90

11.70

1.68

0.1229

150

2

0.80

2419

12.40

12.00

3.23

0.2419

300

2

1.59

4838

12.90

12.50

3.10

0.4845

600

2

3.18

9675

12.80

12.40

3.13

0.9688

1200

2

6.37

19350

13.00

12.50

3.85

1.9231

1500

2

7.96

24188

13.00

12.50

3.85

2.4038

1800

2

9.55

29025

14.00

13.50

3.57

2.8929

75

4

0.10

605

11.70

11.50

1.71

0.1229

150

4

0.20

1209

12.00

11.70

2.50

0.2438

300

4

0.40

2419

12.50

12.00

4.00

0.4800

600

4

0.80

4838

12.40

11.80

4.84

0.9516

1200

4

1.59

9675

12.50

12.10

3.20

1.9360

1500

4

1.99

12094

12.50

11.90

4.80

2.3800

1800

4

2.39

14513

13.50

13.10

2.96

2.9111

150

6

0.09

806

11.70

11.60

0.85

0.2479

300

6

0.18

1613

12.00

11.80

1.67

0.4917

600

6

0.35

3225

11.80

11.70

0.85

0.9915

1200

6

0.71

6450

12.10

11.60

4.13

1.9174

1500

6

0.88

8063

11.90

11.50

3.36

2.4160

1800

6

1.06

9675

13.10

11.90

9.16

2.7252

300

8

0.10

1209

11.80

11.60

1.69

0.4915

600

8

0.20

2419

11.70

11.40

2.56

0.9744

1200

8

0.40

4838

11.60

11.30

2.59

1.9483

1500

8

0.50

6047

11.50

11.20

2.61

2.4348

1800

8

0.60

7256

11.90

11.60

2.52

2.9244

Efficiency of solid
deposit formation
(R / %)

Percentage outlet mass
o
–1
flow (Gout.pr. / % dH s )

Table 4. Research results for geothermal waters from Medijana estuary
Linear
Reynolds
Flow
Pipe diameter
Initial hardness Final hardness
velocity
–1
number (Re)
(Q / ml min ) (D / mm)
(Cin / °dH)
(Cout / °dH)
–1
(υ / m s )
75

2

0.40

1209

12.60

12.10

3.97

0.1200

150

2

0.80

2419

12.50

12.20

2.40

0.2440

300

2

1.59

4838

15.40

14.80

3.90

0.4805

600

2

3.18

9675

15.50

14.90

3.87

0.9613

1200

2

6.37

19350

13.60

13.10

3.68

1.9265

1500

2

7.96

24188

14.60

14.40

1.37

2.4658

1800

2

9.55

29025

14.90

14.34

3.76

2.8872

75

4

0.10

605

12.10

11.90

1.65

0.1229

150

4

0.20

1209

12.20

12.00

1.64

0.2459

300

4

0.40

2419

14.80

14.60

1.35

0.4932

600

4

0.80

4838

14.90

14.80

0.67

0.9933

1200

4

1.59

9675

13.10

12.70

3.05

1.9389

1500

4

1.99

12094

14.40

14.00

2.78

2.4306

1800

4

2.39

14513

14.34

13.55

5.47

2.8359

150

6

0.09

806

12.00

11.60

3.33

0.2417

300

6

0.18

1613

14.60

14.40

1.37

0.4932

600

6

0.35

3225

14.80

14.60

1.35

0.9865
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Table 4. Continued
Linear
Reynolds Initial hardness Final hardness
Flow
Pipe diameter
velocity
–1
number (Re)
(Q / ml min )
(D / mm)
(Cin / °dH)
(Cout / °dH)
–1
(υ / m s )

Efficiency of solid
deposit formation
(R / %)

Percentage outlet mass
o
–1
flow (Gout.pr. / % dH s )

1200

6

0.71

6450

12.70

12.50

1.57

1.9685

1500

6

0.88

8063

14.00

13.70

2.14

2.4464

1800

6

1.06

9675

13.55

12.86

5.11

2.8468

600

8

0.20

2419

14.60

14.50

0.68

0.9932

1200

8

0.40

4838

12.50

12.40

0.80

1.9840

1500

8

0.50

6047

13.70

13.50

1.46

2.4635

1800

8

0.60

7256

12.86

12.43

3.34

2.8997

from Sijarinska banja, Niška banja and drinking water
from the estuary Medijana.
Dependences of the efficiences of solid deposits
formation R, in different diameter pipes on the flow
velocity (υ for geothermal waters from Sijarinska
banja, Niška banja and water from the estuary Medijana are shown in Figures 2a–c.
For geothermal waters the efficiency of solid
deposits formation in small diameter pipes is the
highest in the range of flow velocities from 0.5 to 1.0
m/s (Figures 2a and b), whereas for the geothermal
waters from the estuary Medijana that range was
shifted to velocities of 1.0 to 2.5 m/s (Figure 2c). The
highest efficiency of solid deposits formation in this
range is calculated for higher flows (Q = 1500 ml/min
and Q = 1800 ml/min), when turbulent flow is inevitable in pipes. On the other hand, due to the occurrence of the microturbulent flow in the area behind
solid particles in motion, the conditions are created for
the high exchange of mass and the occurrence of
very dispersive particles in the form of slurry, which
disturbs the muddiness of the water and does not
deposit on the dish walls, i.e., it is easily washed
away by fluid flow. Also, by the creation of relatively
porous mass in hot water systems again, conditions
are created for the transformation from the turbulent
into the laminar flow regime through the narrow and
irregular channels between the single grains. Thus,
conditions for sedimentation that are valid for the
laminar regime are once again created, which is
another reason to coat the whole hot water or pipeline
system with a relatively compact thin layer of solid
deposit.
Experimental results have confirmed that, regardless of the cross-section of the pipe, there is a critical
flow velocity when the efficiency of solid deposits
formation in small diameter pipes is the highest, and
when the biggest change of the initial water hardness
occurs. In further analysis, experimental results of the
flow velocities and corresponding calculated mass
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flows on the pipe outlet (Tables 2–4) for each pipe
diameter were each fitted according to the linear
mathematical regression model, which can be expressed by:

Gout.pr. = aυ + b

(3)

where a and b are the coefficients of linear regression, determined by the method of the smallest
squares on the basis of the data on flow velocities
and corresponding calculated percentage of mass
flows on the pipe outlet. Agreement of the experimental data with the model is determined based on
the correlational coefficient r2, obtained after the
linear fitting. Parameters of the linear regression
model for the dependences of the outlet mass flow on
the linear velocity for different pipe diameters, for the
waters from Sijarinska banja, Niška banja and water
from the estuary Medijana are given in Table 5, and
families of lines representing dependencies of the
outlet mass flow on the flow velocity are shown in
Figure 3.
The experimental results confirm that there is a
linear correlation between the mass flow (change of
the water hardness per unit time) at the pipe outlet
and flow velocity for different pipe diameters, which
allows for simple calculations of the outlet water
hardness. Therefore, for any inlet hardness Cin (°dH/l)
and pipe flow Q (l/s), based on the calculated percentage mass flow on the pipe outlet Gout.pr. (%°dH/s),
one can define the outlet hardness Cout (°dH/l) using
Eq. (4):

Cout = C in

Gout .pr . 1
Q 100

(4)

As can be seen from the previous analysis and
discussion of results, this study considers all the
changes of water hardness as a function of the hydromechanical parameters, as one of the hydrochemical criteria, so as to better define the synergy of the
hydromechanical and hydrochemical parameters.
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(a)

(b)

(c)

Figure 2. Dependence of the efficiencies of solid deposits formation in different diameter pipes on the flow velocity for geothermal waters
from a) Sijarinska banja, b) Niška banja and c) estuary Medijana.
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Table 5. Parameters of the linear regression model for different pipe diameters
Examined water
sample

Pipe diameter
(D / mm)

Coefficient a

Coefficient b

Linear regression model

Correlational
2
coefficient r

Sijarinska Banja

2

0.3007

-0.0024

Gout.pr. = 0.3007υ - 0.0024

0.9999

4

1.2351

-0.0173

Gout.pr. = 1.2351υ - 0.0173

0.9995

6

2.4926

0.0413

Gout.pr. = 2.4926υ + 0.0413

0.9915

Niška Banja

Medijana

8

4.5800

0.0421

Gout.pr. = 4.5800υ + 0.0421

0.9966

2

0.3022

0.0028

Gout.pr. = 0.3022υ + 0.0028

1.0000

4

1.2117

-0.0021

Gout.pr. = 1.2117υ - 0.0021

0.9998

6

2.6017

0.0463

Gout.pr. = 2.6017υ + 0.0463

0.9974

8

4.8919

0.0029

Gout.pr. = 4.8919υ + 0.0029

1.0000

2

0.3050

0.0024

Gout.pr. = 0.3050υ - 0.0024

0.9997

4

1.1973

0.0183

Gout.pr. = 1.1973υ + 0.0183

0.9995

6

2.7090

0.0201

Gout.pr. = 2.7090υ + 0.0201

0.9992

8

4.8157

0.0492

Gout.pr. = 4.8157υ + 0.0492

0.9993

(a)

(b)
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(c)

Figure 3. Dependences of the outlet mass flow on the flow velocity for different pipe diameters for the geothermal waters of
a) Sijarinska banja, b) Niška banja and c) Medijana estuary water.

Further explanations of the phenomena and processes would go deeper into the above-mentioned
synergy and are beyond the scope of this paper. The
complex phenomena of solid deposits formation
under the influence of hydromechanical and hydrochemical parameters demand more in-depth analysis
and explanation of all processes occurring in the
boundary layer. Our focus is mainly directed at the
processes in the static border layer around each
dispersive particle, agglomerate or deposit, taking
into account electrostatic phenomena, fluid surface
tension, surface roughness, viscosity and other relevant factors. Previous research findings point to the
possible microturbulences in the totally static and
laminar layer as a consequence of the inertia of fluid
flow by dispersive, agglomerate aggregates and other
solid deposits. The research program and methodology of this paper have confirmed the set basics and
have pointed to the explanation model of the synergy
between micro- and macro-hydrodynamic parameters
and hydrochemical and chemical parameters of solid
deposits formation.
CONCLUSION
Expected changes in hydrochemical parameters
affected by the hydromechanical parameters were
found. The basic indicator of the changes in hydrochemical parameters is the rate of change in water
hardness per unit time (°dH/s) found for different
flows through glass pipes of different diameters. Flow
velocity (its critical value) was considered as the main
hydromechanical parameter, which provides the

highest contribution of deposit in the investigated
waters. Different values for the critical flow velocities
ranging from υcrit 0.5–1 m/s were found for the waters
in Sijarinska and Niška banja. The drinking water of
Medijana showed remarkably higher critical values of
the flow velocity of 1–2.5 m/s. On the other hand, the
highest efficiency of solid deposits formation was
found in the highest flows, where besides the microturbulence there was also macroturbulence. Critical
flow velocity when the efficiency of solid deposits
formation in pipes is the highest, i.e., when the largest
change in the inlet water hardness occurs, does not
depend on the cross-sectional area of the pipe. The
correlation between the change in the water hardness
at the pipe outlet and flow velocity for different pipes
is linear. Applied modelling thoroughly describes the
hydrodynamic parameters.
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NAUČNI RAD

SINERGIZAM HIDROMEHANIČKIH I
HIDROHEMIJSKIH PARAMETARA U PROCESU
STVARANJA ČVRSTIH DEPOZITA U
GEOTERMALNIM I DRUGIM VODAMA
Predmet ovog rada je sinhronizovano dovođenje hidromehaničkih i hidrohemijskih
parametara procesa stvaranja čvrstih depozita u geotermalnim i drugim vodama, koje
činesložen heterogeni i mikroheterogeni sistem tečno-čvrsto. Prisutni sastojci u ovim
vodama u jonskom, koloidnom i mikroheterogenom suspendovanom stanju čvrsto-tečno,
odgovorni su za stvaranje karbonata, sulfata i drugih čvrstih materija. U ovim procesima se
ne može izbeći uticaj hidromehaničkih parametara, gde bitnu ulogu imaju linearna brzina i
kriterijumi strujanja vode. Eksperimenti su izvedeni na laboratorijskom pilot postrojenju sa
staklenim cevima prečnika 2, 4, 6, 8 i 10 mm, a protok je kontrolisan digitalnom peristaltičkom pumpom sa intervalom protoka od 2 do 5000 ml/min. U radu su prikazani
rezultati istraživanja uticaja linearne brzine strujanja na relativno smanjenje polazne
tvrdoće vode, a odnose se na geotermalne vode Sijarinske banje, Niške banje i za vodu iz
izvorišta Medijana, Niš. Eksperimentalno dobijeni rezultati linearnih brzina i sračunati
protoci na izlazu iz cevi malih preseka, fitovani su prema linearnom regresionom modelu
za svaki prečnik. Iz dobijenih zavisnosti, utvrđene su kritične vrednosti za linearne brzine,
kao važnog parametra za sagledavanje sinergizma hidromehaničkih i hidrohemijskih
parametara.
Ključne reči: mikroturbulencija, mikrodisperzni sistemi, sinergizam, hidromehanika, tvrdoća vode, kritična linearna brzina, čvrsti depoziti.
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INTERCALATION OF UREA INTO KAOLINITE
FOR PREPARATION OF CONTROLLED
RELEASE FERTILIZER
Article Highlights
• Urea was intercalated between elementary layers of kaolinite
• Urea-intercalated kaolinite was characterized using, XRD, FTIR and CHNS methods
• Urea-intercalated kaolinite was mixed with binder to prepare controlled release
fertilizer granule
• The nitrogen release property of granules was investigated using UV-Vis spectroscopy
• Results showed that release property of granules conformed to the standard of controlled release fertilizers
Abstract

Urea was intercalated between layers of kaolinite by dry grinding technique to
be used for preparation of controlled release fertilizer. X-ray powder diffraction
(XRPD) patterns confirmed the intercalation of urea into kaolinite by the significant expansion of the basal spacing of kaolinite layers from 0.710 to 1.090
nm. Fourier transform infrared spectroscopy (FT-IR) also confirmed the hydrogen bonding between urea and kaolinite. Based on CHNS elemental analysis, 20 wt.% urea was intercalated between kaolinite layers. The urea-intercalated kaolinite was mixed with hydroxypropyl methylcellulose (HPMC) binder
and was granulated to prepare the nitrogen-based controlled release fertilizer.
To study the nitrogen release behavior of granules, ultraviolet/visible (UV-Vis)
spectroscopy was used through the diacetyl monoxime (DAM) colorimetric
method. The result of UV-Vis spectroscopy showed that intercalation of urea
into kaolinite decreased the nitrogen release from 25.50 to 13.66% after 24 h
and from 98.15 to 70.01% after 30 days of incubation in water. According to
the results, the prepared controlled release fertilizer (CRF) behaved according
to the standard for CRFs.
Keywords: kaolinite, urea, intercalation, controlled release fertilizer,
nitrogen release.

The fertilization of agricultural soils with nitrogen
(N) containing chemicals has been considered
recently as one of the main sources of NOx emission
and environmental pollution. Urea is the most widely
used N fertilizer that contains 46% nitrogen. After
application to soil, a large proportion of urea hydrolyzes before being absorbed by plants. Only a small
portion of urea is actually consumed by plants [1,2].
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To eliminate this environmental concern, controlled release fertilizers (CRFs) have been used as
an alternative for conventional fertilizers [1,3,4]. CRFs
release the nutrients at a slower rate than conventional fertilizers based on different mechanisms such
as controlling water solubility of the material by semipermeable coating, occlusion of materials or by slowing the hydrolysis of low soluble chemicals. CRFs
decrease the nutrient loss into the environment and
have more efficiency in comparison to ordinary fertilizers [5]. One method to develop CRFs reported in
previous studies is the occlusion of chemical sources
of nutrients in natural porous minerals or between
layers of clay minerals [6–10].
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Clay minerals are naturally occurring layered
structure materials that consist of individual nanolayers connected via chemical bonds. These nanolayers have high surface areas and are suitable reactive sites for chemical reactions. In recent decades,
these characteristics of clay minerals have been used
in numerous studies to carry or reserve drugs using
layered double hydroxide [11], to carry the herbicides
using montmorillonite [12], to carry pesticides using
calcined hydrotalcite [13] and to carry fertilizers for
controlled release application using layered double
hydroxide and montmorillonite [9,10].
Urea-intercalated clays have been used to prepare CRFs in previous studies [9,10]. However, the
nutrient release behavior of products did not conform
to the standard requirement of CRFs as outlined by
the Comité Européen de Normalisation (CEN).
According to this standard a fertilizer can be described as having controlled release properties if its
nutrient release is not more than 15% after 24 h or not
more than 75% after 30 days [5].
Man et al. [9] intercalated magnesium-urea complex between montmorillonite layers to prepare controlled release urea-based fertilizer. According to the
reported result, about 80% of the intercalated urea
was decomposed within 3 days in the soil. Also,
Ureña-Amate et al. [10] developed a formulation of
hydrotalcite-like layered double hydroxide (LDH) in
the nitrate form mixed with the hydroxypropyl methylcellulose (HPMC) as the nitrogen-based CRF. The
system with the highest LDH/HPMC ratio released
around 87% of nitrogen during 180 h into the simulated soil solution. Thereby, the nitrogen release ratio
in these two studies did not follow the standard of
CRFs.
The intercalation of kaolinite with the chemical
composition of Al2(Si2O5)(OH)4 by urea has also been
studied in numerous works [14–24]. However, the previous studies have focused only on the intercalation
of urea as the guest molecule rather than on their
nitrogen release behavior. The aim of this work was
to use urea-intercalated kaolinite to prepare a controlled release fertilizer and investigate the release
behavior of the prepared CRF. Urea was intercalated
between the layers of kaolinite by dry grinding technique. Urea-intercalated kaolinite was mixed with
HPMC and was granulated to make CRF. Finally, nit-
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rogen release property of CRF was measured by
ultraviolet-visible (UV-Vis) spectroscopy.
EXPERIMENTAL
Intercalation of urea between layers of kaolinite
The kaolinite used in this study was hydrated
aluminum silicate (KM 40) which was provided from
Kaolin Malaysia Co. Physicochemical properties of
kaolinite are shown in Table 1.The urea powder with
a melting point of 132–135 °C and density of 1.33 g/ml
was obtained from Sigma-Aldrich. For intercalation of
urea between layers of kaolinite (K), 50 g of kaolinite
was dry ground with 12.5 g of urea (U) powder
(weight ratio of U/K = 1/4) using a Fritsch Pulverisette
type planetary monomill for 1 h at room temperature.
The mixture was washed three times by isopropanol
to remove the non-intercalated urea followed by drying at 50 °C overnight. Also, 2.5 g of urea was mixed
with 50 g of kaolinite by hand to make a non-intercalated control sample with the same urea content as
the washed intercalated sample.
Table 1. Physiochemical properties of KM 40
Physical properties

Chemical composition

Average particle size: 2.5-4.5 µm

Al2O3 : 32.0-38.0%

Basal spacing: 0.710 nm

SiO2: 47.0-53.0%

Purity: 98-100%

Fe2O3: below 1.3%

Moisture content: below 2.0%
Specific gravity: 1.9-2.6

K2O: below 2.5%
MgO: below 0.5%

pH (30% solid): 3.0-5.0

Preparation of nitrogen-based fertilizer granules
The dried urea-intercalated kaolinite and also
non-intercalated urea-kaolinite mixtures (U-K) were
mixed with aqueous solution of 25 wt.% hydroxylpropyl methylcellulose (HPMC) (Sigma Aldrich) as a
binder in the ratio of HPMC/U-K = 1/10. HPMC is a
water-soluble polymer with an average molecular
weight of 90,000. The mixtures were then granulated
(Table 2) using a lab scale granulator following by
drying of the granules in an oven at 30 °C overnight.
To study the nitrogen release behavior of granules, 1 g of urea-intercalated kaolinite fertilizer (UIKF),
non-intercalated urea-kaolinite fertilizer (NIUKF) and

Table 2. Characteristics of granules
Granule

Urea content, %

HPMC percentage

Diameter, mm

Crushing strength, kg/granule

UIKF

20.01-20.08

10.00

5.50-6.50

2.50-3.50

NIUKF

20.04-20.06

10.00

5.40-6.53

2.30-4.50

CUF

20.03-20.09

-

5.50-6.12

1.20-3.70
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conventional urea fertilizer (CUF) were immersed in
beakers containing 200 ml water. The beakers were
sealed and kept at ambient room temperature for 30
days [5]. There were three replicates for each sample
kept in the same conditions. After 1, 2, 3, 5, 10, 15,
20, 25 and 30 days of incubation, the urea content of
0.1 ml of each sample was measured using UV-Vis
spectroscopy.
Characterization methods
The XRPD patterns for the urea-intercalated
kaolinite and pure kaolinite were obtained to measure
the basal spacing of kaolinite using a Philips PW
3710 diffractometer. The applied radiation was CuKα
from a broad-focus Cu tube, operating at 50 kV and
40 mA. Intercalation ratio (IR) for urea-kaolinite powder was calculated using the following equation [19]:

IR = I/(I0+I)
where I is the intensity of the peak attributed to the
basal spacing of pure kaolinite and I0 is the intensity
of the basal spacing of urea-intercalated kaolinite
powder.
In addition, infrared spectra were recorded to
investigate the interaction of urea with kaolinite. The
spectra were obtained for samples in KBr pellet form
with an AEM Thermo Nicolet FT-IR collected at a
spectrum resolution of 4 cm-1 with 32 co-added scans
over the range from 4,000 to 400 cm-1. Elemental
analysis method (CHNS analysis) was carried out to
measure the intercalated urea between the kaolinite
layers using a LECO TruSpec CHNS determinator.
The crushing strength of UIKF, NIUKF and CUF
granules was measured using an Instron 3365
machine with a capacity loading of 5 kN at a running
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speed of 1 mm/min. Table 2 shows the characteristic
of all granules.
Determination of the urea release was carried
out according to the diacetyl monoxime (DAM) colorimetric method using a UV-Vis spectrometer presented by Douglas and Bremner [23]. This method is
based on the reaction of urea with DAM under acidic
conditions provided by reagents and measuring the
color absorbency of the reaction product by UV-Vis
spectrophotometer at a maximum absorbance of 527
nm. The DAM and other reagents such as phenylmercuric acetate (PMA), potassium chloride (KCl), thiosemicarbazide (TSC), phosphoric acid and sulfuric
acid were obtained from Sigma-Aldrich.
Statistical methods
Descriptive statistics such as mean and standard deviation were calculated for samples of each
experiment. Analysis of variance based on the completely randomized design (CRD) was done to show
the differences among samples with different characteristics. All data showed a normal distribution, so
analysis of variance (ANOVA) was performed using
statistical analysis software (SAS 9.1). The means
were compared by Duncan’s multiple range test
(DMRT).
RESULTS AND DISCUSSION
To monitor the intercalation of urea, the XRPD
patterns of washed urea-intercalated kaolinite and
pure kaolinite were obtained (Figure 1). The curve
attributed to the pure kaolinite shows the (001) reflection at 2θ = 12.2° with the basal spacing of 0.710 nm.
The curve related to the intercalated kaolinite displays

Figure 1. XRPD Patterns of pure kaolinite and washed urea-intercalated kaolinite.
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a new peak at 2θ = 8.4° with a d-value of 1.090 nm
indicating the expansion of basal spacing of kaolinite
layers by the intercalation process. Also, the value of
intercalation ratio of urea into kaolinite was 1, indicating a complete intercalation of urea after 1 hour of
grinding the urea-kaolinite mixture.
The content of urea in the sample of washed
urea-intercalated kaolinite was measured using
CHNS analysis. From the results, the content of urea
in the sample was 20.01–20.08 wt.%, which was in
good agreement with the results of previous experimental and simulation works [21,24].
To investigate the chemical interaction of urea
molecules with kaolinite, the FT-IR spectra for pure
kaolinite and washed urea-intercalated kaolinite are
shown in Figure 2. The spectra for the original kaolinite shows characteristic O–H stretching bands at
3696 and 3653 cm-1 attributed to the inner surface
hydroxyl groups. The intensity and location of these
bands usually change upon intercalation of urea.
Another characteristic band at 3620 cm-1 is related to
the stretching of the inner hydroxyl groups and would
be unaffected by intercalation [24,25]. After intercalation of urea into kaolinite, the 3653 cm-1 peak disappeared completely and a new peak appeared at
3503 cm-1, which is attributed to the formation of hydrogen bond between NH2 groups and the oxygen of
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the tetrahedral sheets. The band at 3620 cm-1 remains
unaffected and the newly formed band at 3384 cm-1
confirmed the asymmetric and symmetric NH2 stretching frequencies involved in weak H-bonding with the
inner surface hydroxyls [17,20,21]. The absorption
bands at 1680 and 1600 cm-1 resulted from contributions of both CO stretching and NH2 bending
motions. Furthermore, the band which appeared at
1470 cm-1 is attributed to CN stretching [22].
To investigate the controlled release efficiency
of granules, the nitrogen release behavior of UIKF,
NIUKF and CUF granules are compared in Figure 3.
The released nitrogen after 1 day and after 30 days is
also shown in Table 3. It is illustrated in the results
that CUF released more than 80 wt% nitrogen into the
water during the first day of incubation (Figure 3,
curve a) and after 2 days all the nitrogen content of
CUF granule was released. Meanwhile, although after
1 day and 30 days NIUKF granules released around
25 and 99 wt% nitrogen respectively (Figure 3, curve
b), which is significantly slower than CUF, these
results showed that NIUKF still did not conform to the
standard of CRFs outlined by the CEN.
On the other hand, intercalated granules
released around 13 and 70 wt.% nitrogen after 1 day
and 30 days respectively which is acceptable for
CRFs. It can be concluded from the results that inter-

Figure 2. FT-IR spectra (4000–400 cm-1) for pure kaolinite and urea-intercalated kaolinite.
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Figure 3. Release behavior of nitrogen for: a) CUF, () UIKF and c) granules (error bars represent
the standard deviation for three replicates).
Table 3. Released nitrogen from fertilizer granules (%) after 1 day and 30 days in terms of mean ± standard deviation; the means with
different letter are significantly different (p ≤ 0.01) based on DMRT
Granule

After 1 day

After 30 days

UIKF

13.66±0.80 c

70.01±0.52 c

NIUKF

25.50±1.54 b

98.15±0.49 b

CUF

81.10±1.15 a

99.00±0.82 a

calation of urea into kaolinite caused a remarkable
decrease in the ratio of urea release during 30 days
incubation of IUKF granules (Figure 3, curve c).
It is speculated that the mechanism for nitrogen
release from prepared CRF into water can be explained
by the following steps. Initially, the water is absorbed
on the surface of granule and then penetrates into the
granule through tiny porosities on the granule surface.
Subsequently, the penetrated water enters into the
interlayer spacing of kaolinite and dissolves the
soluble urea molecules which were bonded to the surface of nanolayers through hydrogen bonds. Finally,
the dissolved urea diffuses out from the interlayer
spacing and is released out into the water through
dynamic exchange of free water. However, further
work is currently being carried out to support these
claims. Nevertheless, the XRPD patterns of urea-intercalated kaolinite before and after immersion in
water were obtained to show that complete release of
urea from the CRF after 30 days incubation in water
had occurred, as shown in Figure 4.
Comparing the two curves shows that after 30
days immersion in water, the peak reflected at 2θ =
= 8.4° which corresponds to d = 1.090 nm was completely removed. Removal of this peak is attributed to

the removal of urea from the interlayer basal spacing
of kaolinite.

Figure 4. XRPD Patterns for a sample of urea-intercalated
kaolinite a) before immersion in water and b) after 30 days
immersion in water.

CONCLUSIONS
Intercalation of 20 wt.% urea between layers of
kaolinite was carried out by dry grinding of urea-kaolinite mixture. Urea-intercalated kaolinite was mixed
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with a binder and was used to prepare CRF granules.
Investigation of the release properties of incubated
CRF in water showed that the intercalation of urea
into kaolinite decreased the urea release ratio
remarkably (13.66% of nitrogen release after 24 h) in
comparison with non-intercalated urea-kaolinite granules (25.50% of nitrogen release after 24 h). The
results show that urea-intercalated kaolinite granules
behaved according to the standard of CRFs and hence
would find good application in agriculture. However,
trying other techniques to load more urea into the
kaolinite is highly recommended for future research,
as the final product would be more applicable in
agriculture.
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INTERKALACIJA UREE U KAOLINIT ZA PRIPREMU
ĐUBRIVA SA KONTROLISANIM OSLOBAĐANJEM
U ovom radu urea je umetnuta između slojeva kaolinita tehnikom suvog mlevenja koja se
koristi za pripremu đubriva sa kontrolisanim oslobađanjem. Metodom rendgenske difrakcije na polikristalnim uzorcima (XRPD) potvrđena je interkalacija ureje u kaolinit na osnovu
značajnog proširenja osnovnog razmaka u slojevima kaolinita od 0,710 do 1,090 nm.
Infracrvena spektroskopija sa Furijeovom transformacijom (FT-IR) takođe potvrđuje vodonične veze između ureje i kaolinita. Na osnovu CHNS elementarne analize je dokazana
interkalacija 20% uree između slojeva kaolinite. Kaolinit sa interkaliranom ureom je
pomešan sa hidroksipropilmetilcelulozom (HPMC) kao vezivom i posle granuliranja je
iskorišćen za pripremanje azotnog đubriva sa kontrolisanim oslobađanjem. Sposobnost
granula da oslobađa azot je ispitana UV-Vis spektrofotometrijskom metodom sa diacetil
monoksimom (DAM). Rezultati UV-Vis spektrofotometrije pokazuju da interkalacija uree u
kaolinit opada oslobađanjem azota inkubacijom u vodi, i to: za 24 sata od 25,50 do
13,66%, a za 30 dana od 98,15 do 70,01%. U skladu sa ovim rezultatima pripremljeno
đubriva sa kontrolisanim oslobađanjem (CRF) se ponaša u skladu sa CRF standardom.
Ključne reči: kaolinit, urea, interkalacija, đubriva sa kontrolisanim oslobađanjem,
oslobađanje azota.
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KINETICS OF THE DECOMPOSITION
REACTION OF PHOSPHORITE
CONCENTRATE
Article Highlights
• The dolomite decomposes and reacts with SiO2 at 1250 °C
• The mass loss reaction is caused by the decomposition of the dolomite
• The activation energy of the decomposition of the dolomite is 71.6–123.6 kJ/mol
• The mechanism equation agrees with the Valensi Equation and G-B Equation
Abstract

Apatite is a raw material mainly used in phosphate fertilizer, and partly used in
yellow phosphorus, red phosphorus, and phosphoric acid in the industry. With
the decrease of the high-grade phosphorite lump, the agglomeration process is
necessary for the phosphorite concentrate after the beneficiation process. The
decomposition behavior and the phase transformation are of vital importance
for the agglomeration process of phosphorite. In this study, the thermal kinetic
analysis method was used to study the kinetics of the decomposition of phosphorite concentrate. The phosphorite concentrate was heated at various heating rates, and the phases in the heated sample were examined by X-ray diffraction. It was found that the main phases in the phosphorite are fluorapatite
Ca5(PO4)3F, quartz SiO2, and dolomite CaMg(CO3)2. The endothermic DSC
peak corresponding to the mass loss caused by the decomposition of dolomite
covers from 600–850 °C. The activation energy of the decomposition of dolomite, which increases with the increase in the extent of conversion, is about
71.6–123.6 kJ/mol. The mechanism equation for the decomposition of dolomite
agrees with the Valensi Equation and G-B Equation.
Keywords: phosphorite, kinetics, activation energy, reaction mechanism.

Apatite is the main raw material for the preparation of phosphorous fertilizers and inorganic acids in
the chemical industry. As the resources of high-grade
phosphate mineral decrease worldwide, more attention should be paid to low grade ores, which have relatively low contents of useful components and high
contents of concomitant minerals such as carbonates,
silicates, etc. The phosphorite is reduced by coke or
coal in an electric arc furnace (EAF) to get phosphorus into the gas phase because of the high vapor
pressure and, finally, P4 will precipitate out of the furnace once the temperature decreases. The carbonates and the fluorides are always contained in the
Correspondence: X. Lv, College of Materials Science and Engineering, Chongqing University, Chongqing, 400044, China.
E-mail: lvxuewei@163.com
Paper received: 23 October, 2012
Paper revised: 10 January, 2013
Paper accepted: 15 January, 2013

phosphorite minerals, which can decompose during
the heating process and consume electric energy.
Therefore, a pretreatment process before the EAF
process, in which the carbonates and fluorides
decompose, was suggested for reducing the electric
energy. On the other hand, as the high-grade phosphorite lump resources are declining, the low-grade
phosphorite needs to be upgraded through the milling
and beneficiation process. In this case, the agglomeration process is necessary for the phosphorite concentrate. Based on decomposition and agglomeration, a "sintering process" was suggested for the
phosphorite concentrate [1–3]. Although the iron ore
sintering process has been well known and controlled
now, phosphorite sintering has been less studied and
differs from the typical sintering process (high decomposition ratio). The decomposition behavior and the
phase transformation of phosphorite [4–6], which
refers to the phase transformation and the kinetics of
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the decomposition, is of vital importance for the sintering of phosphorite. Although the agglomeration
process like sintering and pelletizing has been used
to supply the excellent material of the EAF process,
the kinetics of the decomposition of the phosphorite
have been studied less. Thermal analysis techniques,
including thermogravimetry (TG) and differential
scanning calorimetry (DSC), are very useful methods
for studying the mechanism and kinetics of the reactions, especially for the decomposition reaction.
Therefore, the thermal kinetic analysis (TKA) method
was used to investigate the kinetics of the decomposition of phosphorite in this study.
EXPERIMENTAL
The DSC and TG measurements were carried
out with using a Netzch STA 449C thermal analyzer.
The material used in the measurements was phosphate from Leshan, China, which was concentrated
by grinding and flotation. The particle size of all the
powder of phosphorite concentrate used in this experiment was smaller than 74 μm, and the particle size
distribution was measured using a Malvern MS 2000
laser diffractometer in the measuring range 0.02–2000
μm. The maximum heating temperature was fixed at
1300 °C, and the heating rates were 15, 20, 25 and
30 °C/min. Before each experiment, the phosphorite
concentrate powder was completely dried at 110 °C
for 240 min, and then loaded in the Pt crucible in
argon atmosphere. In order to know the change in
phase composition during the heating process, the
samples of phosphorite powder were pelletized and
calcined at the fixed temperature for two hours. The
samples calcinated at various temperatures were
examined with XRD analysis, which was carried out
using D/MAX 3C (CuKα).
Theoretical background
Thermal kinetic analysis methods have developed very fast in the recent years, especially, the
non-isothermal methods like the iso-conversional
method [7–11]. These methods involve triple factors
named E, A and f(α) which means activation energy,
pre-exponential factor and mechanism function.

 1
 E
dα / dT =   A exp  −
 RT
β 


 f (α )


(1)

Tt = T0 + β t
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(2)

Separating variables, and taking the temperature integral of Eq. (1), which can be called the Flynn-Wall-Ozawa (FWO) [12] method gives:
 AE 
E
lg β = lg 
 − 2.315 − 0.4567
RT
 RG (α ) 

(3)

where G (α ) is the integral expression of the mechanism function of the kinetics. Therefore, the method
of FWO is a kind of integration. In addition, the differential method can also be used to solve Eq. (1),
which leads to the expression:
 dT
E
d  dα  dα  dt
n −1
 E
− An (1 − α ) exp  −


=
dt  dt  dt  RT 2
 RT




  (4)



where n and α are related by the mechanism function
as follows:

f (α ) = (1 − α )n

(5)

where f(α) is the differential expression of the mechanism function. The left hand side of Eq. (4) equals
zero when T = Tp, which means the temperature
when the reaction rate gets the highest value. Then,
the right hand side of Eq. (4) can be rewritten as:

E

dT
dt = An 1 − α
p
2

(

RTp

)

n −1

 E
exp  −
 RTp







(6)

Kissinger [13] assumed that the part of
n (1 − α p )n −1 , whose approximate value is 1, has no
relation to β. Therefore, Eq. (6) was simplified as
follows:

 E 
Eβ
= A exp  −

2
 RTp 
RTp



(7)

Taking logarithm of the two sides of the equation
according to the KAS (Kissinger-Akahira-Sunose)
method [13], gives:
 β
ln  i 2
 RTpi



AR
E
−
 = ln

E
RTpi


(8)

where Tpi and βi are the temperatures at the highest
reaction rate and heating rate, respectively.
Starink [14] recently reviewed the methods of
KAS and FWO [12], and gave a universal form of the
equation of temperature integral:

E
+
( T ) = − 1.0037
RT

ln β

1.8

t
n
a
t
s
n
o
C

where α, T and β are the extent of conversion, temperature, and heating rate, respectively. The temperature at time t (min) can be written as:
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(9)

Hu, Gao and Zhang [15] (HuGZ) got another
equation for the integral type of the kinetic equation as:

R. HUANG et al.: KINETICS OF THE DECOMPOSITION REACTION…

( T ) = ln  RGAE(α )  + 3.985 − 1.882lnE  −

ln β

where T0.5 and dα / dt are the temperature and reaction rate, respectively, when extent of conversion
equals to 0.5. When Eq. (14) divided by Eq. (15), the
expression of y(α) can be written as:

1.882

−

1.002E

(10)

RT

 dα 
2
 T   dt 
f (α )G (α )
y (α ) = 
  dα  = f (0.5)G (0.5)
T
 0.5 
 dt 

0.5

Eq. (1) can also be re-written as:

β

dα
 E 
= exp  −
 Af (α )
dT
 RT 

(11)

Taking the logarithm of the two sides of Eq. (11),
the Friedman-Reich-Levi method can be derived [16]:

E
 dα 
ln  β
 = ln  Af (α ) − RT
d
T





0

dα

f (α )

= G (α ) =

(12)

ART 2
 E 
exp  −

Eβ
 RT 

RESULTS AND DISCUSSION

(13)

The chemical composition of the phosphorite
concentrate obtained by wet chemical analysis is
shown in Table 1. The main phases in the phosphorite
concentrate are fluorapatite Ca5(PO4)3F, quartz SiO2
and dolomite CaMg(CO3)2, which are the same as
given in literature [18]. The medium particle size
(d(0.5)) was about 83.3 μm (more details were shown
in our previous study [19]).
The TG and DSC curves at various heating
rates (Figure 1) show that the total mass loss of the
sample is about 5.4% when the temperature reaches
1300 °C.

Comparing Eq. (13) with Eq. (1), the following
equation can be given:

G (α ) =

RT 2 dα 1
E β dt f ( α )

(14)

When α equals to 0.5, Eq. (14) can be transformed as:

G ( 0.5 ) =

2
RT0.5
1
 dα 


E β  dt 0.5 f ( 0.5 )

(16)

The kinetic mechanism equation f(α) and G(α)
frequently used or the standard “y(α)-α” curves can be
found for determining the reaction progress by comparing the experimental curves with the theoretical
curves.

Coats and Redfern [17] showed an equation as:
α
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(15)

Table 1. Chemical composition of phosphorite concetrate
Component

SiO2

Fe2O3

Al2O3

CaO

MgO

P2O5

F

Content, mass%

16.99

0.56

1.35

45.07

2.26

31.2

2.85

Figure 1. TG and DSC pattern at various heating rates.
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The decomposition reaction is endothermic and
the endothermic DSC peak covers the range 600–850
°C. As the heating rate increases, the mass loss and
the endothermic peak shift to higher temperatures.
Characteristic parameters of decomposition reaction
and the endothermic DSC peak with various heating
rate were extracted and listed in Table 2. The onset,
mid, and end temperature of the mass loss increased
with the increase in heating rate. On the other hand,
the total mass loss percentage of the reaction also
increased with the increase of heating rate. However,
when the heating rate was higher than 25 °C/min, the
total of mass loss percentage increased only slightly.
The relationship between the extent of conversion
and the temperature at various heating rates is shown
in Figure 2. It indicates that the start temperature of

Chem. Ind. Chem. Eng. Q. 20 (2) 215−221 (2014)

the decomposition reaction becomes higher with
increasing heating rate. From the data in Figure 2 and
the model shown by Eqs. (3)–(12), the activation
energy of the decomposition reaction can be calculated and the results are plotted in Figure 3.
Table 2. Characteristic parameters of decomposition reaction at
various heating rates
Parameter

Heating rate, °C/min
15

20

Onset temperature, °C

687

702

707

719

Mid temperture, °C

736

745

764

776

30

End temperature, °C

748

758

774

788

Mass loss, %

4.48

4.53

4.67

4.69

Area, J/g

33.77

39.07

48.66

51.45

Figure 2. Relationship between extent of conversion and temperature.

Figure 3. Activation energy versus extent of conversion.
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The results show that the activation energy calculated by the Friedman model fluctuates with the
extent of conversion; however, the results from
models like FWO, HuGZ and Starink show relatively
constant values of activation energy with the extent of
conversion, and the activation energy increases
slightly with reaction progress. The correlation coefficients of the model fitting are shown in Figure 4. The
correlation coefficients calculated by the model of
Friedman change greatly from 0.95 to 0.99. The correlation coefficients calculated by other models are
relatively constant. However, the correlation coefficients calculated by FWO, HuGZ and Starink models
are very low when the extent of conversion is 0.9,
only about 0.5, and the correlation coefficient calcul-

Chem. Ind. Chem. Eng. Q. 20 (2) 215−221 (2014)

ated by model of Friedman is higher than other models
when the extent of conversion is 0.9. The probable
reason for this phenomenon is that as the curves of
extent of conversion with the temperature get close to
each other, the influence of the measuring error on
the calculation becomes great. Therefore, the activation energy calculated by the FWO, HuGZ and
Starink models are credible only when the extent of
conversion is less than 0.9. The activation energy
varies from 71.6 to 123.6 kJ/mol.
The phase composition of the phosphorite after
decomposition is shown in Figure 5. It can be seen
that dolomite CaMg(CO3)2 decomposes with increasing temperature, the diffraction peak of dolomite disappears at 700 °C, and the CaO and MgO are formed.

Figure 4. Correlation coefficient versus extent of conversion.

Figure 5. The mineral phases of phosphorite heated at various temperatures.
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With increasing the temperature, the SiO2 reacts with
the new CaO/MgO phase, and the silicate is formed
at 1250 °C.
According to the method suggested by Malek
[20], the y(α) vs. α curve can be used to determine the
reaction mechanism function f(α). The results (Figure
6) show that the y(α) vs. α curve obtained from the
experiments agrees with the standard Valensi
equation [21] and G-B (Ginstling-Brounshtein) equation [22], which can be expressed as:

Chem. Ind. Chem. Eng. Q. 20 (2) 215−221 (2014)

2) The mass loss caused by the decomposition
of dolomite is endothermic and the endothermic peak
covers the range of 600–850 °C.
3) The activation energy of the decomposition of
dolomite is about 71.6–123.6 kJ/mol, and increases
with increasing extent of conversion.
4) The mechanism equation for the decomposition of dolomite agrees with the Valensi equation
and G-B equation.

Figure 6. Relationship between y(α) and α.

f (α ) =  − ln (1 − α ) 
f (α ) =

3
(1 − α )
2

1
−
3

−1


− 1


(17)
−1

(18)

Equation (17) is the Valensi equation, which
indicates a two-dimensional diffusion model of the
cylinder symmetry. Equation (18) is the G-B model,
which indicates a three-dimensional diffusion model
of the cylinder symmetry. Both of these equations
describe the deceleration α vs. t curves.
CONCLUSIONS
The kinetics of the processes with phosphorite
concentrate during heating was clarified in the present study. The conclusions can be summarized as
follows:
1) The main phases in the phosphorite are fluorapatite Ca5(PO4)3F, quartz SiO2 and dolomite
CaMg(CO3)2. Dolomite decomposes and reacts with
SiO2 to form a new phase Ca2SiO4 at 1250 °C.

220

Acknowledgment
The authors are especially grateful to Natural and
Science Foundation of China (Grant No. 51104192).
REFERENCES
[1]

G.B. Beisembaevadzhumyshieva, L.M. Volozhin, V.A.
Ershov, Russ. J. Appl. Chem. 67 (1994) 495-497

[2]

G.A. Pekhotin, E.V.
SU1803381 (1993)

[3]

N.A. Miroshnikov, E.U. Zhumartbaev, A.P. Melnik, I.B.
Gavrilenko, L.K. Klimova, N.S. Ossovskaya, J. Appl.
Chem. USSR 62 (1989) 1130-1133

[4]

R. Knubovets, Y. Nathan, S.Shoval, J. Rabinowitz, J.
Therm. Anal. 50 (1997) 229-239

[5]

V. Petkova, V. Yaneva, J. Therm. Anal. Calorim. 100
(2010) 51-56

[6]

T. Wang, A. Dorner-Reisel, E.M. ller, J. Eur. Ceram. Soc.
24 (2004) 693-698

[7]

S. Vyazovkin, Int. Rev. Phys. Chem. 19 (2000) 45-60

[8]

S. Vyazovkin, A.K. Burnham, J.M. Criado, L.A. PerezMaqueda, C. Popescu, N. Sbirrazzuoli, Thermochim.
Acta 520 (2011) 1-19

[9]

S. Vyazovkin, Thermochim. Acta 355 (2000) 155-163

Bocharova,

G.V.

Migutin,

R. HUANG et al.: KINETICS OF THE DECOMPOSITION REACTION…
[10]

Roger L. Blainea, H.E. Kissinger, Thermochim. Acta 540
(2012) 1-6

Chem. Ind. Chem. Eng. Q. 20 (2) 215−221 (2014)
[17]

A.W. Coats, J.P. Redfern, Nature 201 (1964) 68-69

[18]

K. Tõnsuaadu, T. Kaljuvee, V. Petkova, R. Traksmaa, V.
Bender, K. Kirsimäe, Int. J. Miner. Process. 100 (2011)
104-109

[19]

E.G. Guo, D.H. Li, C. Pan, M. Liu, X.W. Lv, J. Cent. South
Univ., in press.

[11]

A. Khawam, D.R. Flanagan, J. Phys. Chem., B 110
(2006) 17315-17328

[12]

T. Ozawa, Bull. Chem. Soc. Jpn. 38 (1965) 1881-1886

[13]

H.E. Kissinger, Anal. Chem. 29 (1957) 1702-1706

[14]

M. Starink, Thermochim. Acta 288 (1996) 97-104

[20]

J. Malek, Thermochim. Acta 200 (1992) 257-269

R. Hu, H. Gao, H. Zhang, Chin. J. Energ. Mater. 17
(2009) 643-648

[21]

G. Valensi, Compt. Rend. 202 (1936) 309-312

[22]

A.M. Ginstling, B.I. Brounshtein, J. Appl. Chem. USSR 23
(1950) 1327-1338.

[15]
[16]

H.L. Friedman, J. Macromol. Sci.-Chem. 1 (1967) 57-69

RUN HUANG
XUEWEI LV
CHENG PAN
DONGHAI LI
ENGUANG GUO
College of Materials Science and
Engineering, Chongqing University,
Chongqing, China
NAUČNI RAD

KINETIKA REAKCIJE DEKOMPOZICIJE
FOSFORITNOG KONCENTRATA
Apatit je sirovina koja se uglavnom koristi kao sastavna komponenta fosfatnog đubriva ili u
obliku žutog i crvenog fosfora, kao i fosforne kiseline u industriji. Sa smanjenjem grumena
fosforita visokog stepena čistoće, neophodan je proces aglomeracije fosforitnog koncentrata nakon procesa oplemenjivanja. Ponašanje za vreme razlaganja i fazne transformacije
su od vitalnog značaja za proces aglomeracije fosforita. U ovom radu, korišćena je metoda
termičke kinetičke analiza za proučavanje kinetike razlaganje koncentrata fosforita. Koncentrat fosforita je zagrevan različitim brzinama zagrevanja, a faze u zagrevanom uzorku
su analizirane pomoću rendgenske difrakcione metode. Nađeno je da su glavne faze u
fosforitu fluoroapatit, Ca5(PO4)3F, kvarc, SiO2, i dolomit, CaMg(CO3)2. Endotermni DSC pik
odgovara gubitku mase nastalom razlaganjem dolomita u intervalu od 600 do 850 °C.
Energija aktivacije razlaganja dolomita, koja se povećava sa povećanjem stepena konverzije je oko 71,6 do 123,6 kJ/mol. Jednačina mehanizma razlaganje dolomita je u saglasnosti sa Valensi-evom i G-B jednačinom.
Ključne reči: fosforit, kinetika, energija aktivacije, reakcioni mehanizam.
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A DISTILLATION TRAY WITH HIGH
EFFICIENCY AND EXCELLENT OPERATING
FLEXIBILITY FOR VISCOUS MIXTURE
SEPARATION
Article Highlights
• A tray was designed to overcome the drawback of low operating flexibility of flowguided sieve tray
• Hydrodynamic and mass transfer performance of the tray was tested
• It has higher efficiency and operating flexibility, lower pressure drop than flow-guided
sieve tray
• Its applications to separate the mixture of high viscosity proved the tray’s excellent
performance
Abstract

A flow-guided sieve-valve tray (FGS-VT) with high efficiency was designed to
overcome the shortcoming of low operating flexibility of the flow-guided sieve
tray. Its dimensions and geometry, as well as structure characteristics, are
presented. The hydrodynamics and mass transfer performance, including dry-plate pressure drop, wet plate-pressure drop, weeping, entrainment and tray
efficiency, of two types of FGS-VTs (FGS-VTs with 14 and 8 valves, respectively) and one flow-guided sieve tray were tested in an air-water-oxygen cold
model experiment with a 0.6 m diameter plexiglass column. The results
demonstrate that FGS-VT with 14 valves works better than FGS-VT with 8 valves, and in comparison with the flow-guided sieve tray, the flow-guided sieve-valve tray with 14 valves has higher tray efficiency, bigger operating flexibility,
and lower wet-plate pressure drop (when all the valves are opened fully).
Additionally, two typical applications to separate the mixture with high viscosity,
solid, powder, easy-to-foam or easy self-polymerization components proved the
unique advantages of FGS-VT.
Keywords: flow-guided sieve-valve tray, hydrodynamics, mass transfer
performance, operating flexibility, viscous mixture.

Distillation, which mainly utilizes columns, is the
preferential and most widely used separation method
in industry [1,2]. Trays have been the dominant
column internals due to their convenient-to-installand-remove properties, good plug and corrosion
resistance, high reliability, low investment, and high
economic benefits [3]. However, there are still
challenges for process engineers, especially in some
special separation fields, such as the system with
Correspondence: B.H. Wang, College of Chinese Pharmacology, Beijing University of Chinese Medicine and Pharmacology, Beijing, 100029, P. R. China.
E-mail: zhangmanxia_1018@163.com
Paper received: 18 September, 2012
Paper revised: 20 December, 2012
Paper accepted: 24 January, 2013

high viscosity, solid, or self-polymerization components. Mahiout and Vogelpohl [4-6] have studied the
impact of viscosity on the performance of sieve tray in
air-glycerol-water and cyclohexanol-air-glycerol-water
systems. The results indicated that the increase in
viscosity deteriorated the mass transfer performance
of the tray. Böcker and Ronge [7] have investigated
the qualitative dependence between the viscosity and
the separation performance of a distillation column,
and they came to the same conclusion as Mahiout
and Vogelpohl. The distillation of highly viscous mixtures is still a difficult-to-solve problem, and there is
little theoretical knowledge and few practical applications about this field.
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Experiments and applications have proven that
the flow-guided sieve tray (FGST) has been successfully employed to separate the mixtures containing
viscous components, suspended solids, or self-polymerization polymers [8-11]. For example, the distillation of removing vinyl acetate from a polyvinyl acetate polymer solution with a dynamic viscosity of more
than 50 Pa·s, caused the previous column with sieve
trays to be blocked or flooded 1-2 times every month.
In the revamp, the problem was solved by replacing
the sieve trays with FGST [11]. Although FGST has
such particular advantages, it exposes the drawback
of low operating flexibility, which limits its applications, because low operating flexibility will restrict the
gas and liquid load [12]. Flow-guided sieve-valve tray
(FGS-VT) was designed to develop the advantages
and overcome the shortcomings of FGST.
In this paper, a unique structure of FGS-VT was
designed. Also, the hydrodynamics and mass transfer
performance of two types of FGS-VTs, as well as their
comparison to FGST, were studied under different
operating conditions. Additionally, two typical applications of FGS-VT to separate the mixture containing

high viscosity, solid, powder, self-polymerization or
easy-to-foam components were presented. The hope
is that this work can provide the basic information of
FGS-VT, and extend its applications in distillation.
EXPERIMENTAL
Structure of FGS-VT
The flow-guided sieve-valve tray was designed
to develop the advantages and overcome the
shortcomings of FGST. The actual photos of FGS-VT
with 8 and 14 valves are shown in Figure 1a and b,
featuring sieve pores, flow-guided pores and valves
on the tray. Additionally, on the lip of each valve, five
sieve pores and one flow-guided pore are installed.
This structure can adapt to different operating conditions, i.e., the tray works similar to FGST at the low
gas flow rate when the valves are closed. With the
increasing of the gas velocity, the valves open gradually, and the opening area increases little by little to
fit the varying operating conditions. Also, different
numbers, sizes and arrangement of valves can be
chosen based on the properties and throughput of the

(a)

(b)

(c)

Figure 1. a) Photo of flow-guided sieve-valve tray with 8 valves; b) Photo of flow-guided sieve-valve tray with 14 valves; (c) Schematic
diagram of the experimental system.
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distillation system. In this paper, trays with 8 and 14
trapezoid float valves (FGS-VT-8 and FGS-VT-14)
were studied.
The dimensions and geometry of the trays are
shown in Table 1. In order to compare the performance, the two types of FGS-VTs were manufactured
with similar structure parameter to FGST [8,11],
except there are valves on the FGS-VTs. The difference between FGS-VT-8 and FGS-VT-14 is that they
have 8 and 14 valves, respectively. The fraction of
open area of the FGS-VTs in this paper is calculated
when the valves are open, while all the trays’ open
area fractions are based on the bubbling area of each
tray.

2.34 m/s, was controlled by an orifice meter connected with a U-type differential manometer which
has an uncertainty of 5 Pa; meanwhile, the liquid
loads per weir length Lw, ranging from 0.0015 to
0.0068 m3/(m s), was measured by a rotameter with
an uncertainty of 0.05 m3/h (1.39×10-5 m3/s).
A U-type differential manometer was selected to
measure the pressure drop of the gas across the tray:
ΔP = (Pb − Pt ) / 2

(1)

where Pb and Pt are the pressures of bottom and top
sides of the column, respectively.
The liquid weeping was measured based on per
unit of the liquid flow rate, while the gas entrainment
was based on per unit of the gas flow rate on the tray,
and the flow rates of both weeping and entrainment
were determined by measuring the liquid volume
change in the vessels with scale (see Figure 1c) in a
certain period of time.
The tray efficiency EML is calculated by Eq. (2):

Experimental procedure
A schematic representation of the experimental
setup is depicted in Figure 1c. The hydrodynamics
and mass transfer performance of the trays were
tested in a cold model containing a 0.6 m diameter
column installed with two tested trays. At the top and
the bottom of the column, a foam-captured board and
a gas distribution board were installed, respectively,
so as to make sure the even distribution of gas and
liquid. Air was introduced from an air blower into the
bottom of the column, and oxygen-rich water from the
oxygen saturation setup was pumped into the top of
the column. This procedure brought gas and liquid
into contact on the trays, and the dissolved oxygen in
water was stripped by air. The exit gas, containing
high oxygen content, finally left the column at the top;
the stripped liquid was discharged into the storage
tank from the bottom of the column. During the experiment, the air-water system was employed to test the
hydrodynamics, while the air-water-oxygen system
was utilized to test the mass transfer performance.
The superficial gas velocity, u0, ranging from 0.53 to

E ML =

Xi − Xo
× 100
X i − X o*

(2)

where Xi and Xo are the oxygen concentrations in the
liquid phase at the inlet and outlet, and both of them
were determined by an oxygen gauge (YSI 550A Dissolved Oxygen Instrument, America) with an uncertainty of 0.01 g/m3. Xo* is the oxygen concentration in
the liquid phase in equilibrium with the gas leaving the
tray.
RESULTS AND DISCUSSION
Dry-plate pressure drop
Dry-plate pressure drop is the pressure drop
when gas flows through the tray in absence of liquid.
It is mainly affected by the structure of the tray, and is

Table 1. Dimensions and geometry of the tested trays
Characteristic

FGS-VT-8

FGS-VT-14

FGST

Tray spacing

0.35

0.35

0.35

8

14

0.008

Number of valves
Sieve-hole diameter, m

0.008

0.008

0.0021

0.0021

-

Bubbling area over total area, %

88.6

88.6

88.6

Fraction of open area, %

21.5

25.0

20.0

Height of bubble promoter, m

0.005

Area of a valve, m

2

0.005

0.005

Angle of bubble promoter, α / °

5.7

5.7

5.7

Overflow weir height, m

0.03

0.03

0.03

Weir length, m

0.37

0.37

0.37

Downcomer length, m
Downcomer type

0.326

0.326

0.326

Segmental

Segmental

Segmental
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an important part of the total wet-plate pressure drop
of a tray [13,14]. The comparison of dry-plate pressure drop among FGS-VT-8, FGS-VT-14 and FGST is
shown in Figure 2. It can be learned that the dry-plate
pressure drop of FGS-VT-8 is lower than that of FGSVT-14, but both of them are higher than that of FGST.
Because the dry-plate pressure drops of the two
tested FGS-VTs were very small (<180 Pa), there
was no sufficient acting force to lift all the valves on
the trays under the experiment conditions. Additionally, the appearance of the valves slightly reduced the
opening areas of the tray before the valves were
open, compared to FGST. All of these resulted in
higher dry-plate pressure drops of FGS-VT-14 and
FGS-VT-8 compared to FGST.

Chem. Ind. Chem. Eng. Q. 20 (2) 223−231 (2014)

Wet-plate pressure drop
Wet-plate pressure drop is one of the most
important hydrodynamic parameters of a tray. High
wet-plate pressure drop not only increases the energy
consumption, but also constrains the production
capaity of the distillation system [15].
Figure 3 shows the relationship between the wet-plate pressure drop ΔPwet and empty column flow factor F0 for the three trays. Compared to FGS-VT-14, the
wet plate pressure drop of FGS-VT-8 is much higher
when F0 is more than 1.2 (m s-1)(kg m-3)0.5. When the
valves were closed (F0 < 1.2 (m s-1)(kg m-3)0.5), the
wet-plate pressure drop of FGS-VT-14 is higher than
that of FGST, because the appearance of the valves
slightly reduced its opening area before the valves

Figure 2. Comparison of dry-plate pressure drop of the trays.

Figure 3. Comparison of wet-plate pressure drop of the trays.
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were open. With the increasing of F0, the valves open
gradually. In this period, the wet-plate pressure drop
of FGS-VT-14 was close to that of FGST, until all the
valves were fully open (F0 = 2.2 (m s-1)(kg m-3)0.5).
Then, the wet-plate pressure drop of FGST increases
faster than that of FGS-VT-14 with increasing F0. In
the whole range of experiments (u0: 0.53–2.34 m/s,
Lw: 0.0015–0.0068 m3/(m s)), the wet-plate pressure
drop of FGS-VT-14 was 92% of that of FGST, after all
the valves are fully open. In short, FGS-VT-14 is a
better choice to reduce the energy consumption and
to improve the capacity of the system.

serious entrainment will cause flooding and system
stoppage. To gain a sufficiently high efficiency of
mass transfer, it is necessary to control the entrainment within 0.1 kg liquid/kg vapor (10%) [8,11].
Figure 5 shows the comparison of the entrainment among FGST, FGS-VT-8 and FGS-VT-14. It can
be seen that, under the low liquid weir loading Lw =
= 0.0030 m3/(m s), the entrainment of FGS-VT-14 is
higher than that of FGS-VT-8 and FGST when F0 is
more than 1.5 (m s-1)(kg m-3)0.5. However, as the liquid
load increased to Lw = 0.0068 m3/(m s), the FGST
cannot work well, and its entrainment is more than
10% in the whole range of F0 (from 0.8 to 2.5 (m s-1)×
×(kg m-3)0.5), while the entrainment of FGS-VT-8 and
FGS-VT-14 entrainment is less than 10% when F0 is
below 2.1 (m s-1)(kg m-3)0.5. Thus, at high liquid weir
loading, both FGS-VT-8 and FGS-VT-14 have higher
upper operating limits than FGST, though the entrainment of FGS-VT-14 is slightly higher than for FGS-VT-8.
From the results above (weeping and entrainment), it can be concluded that the operating flexibility
of FGS-VT-14 increased by 10–20% over that of
FGST in the whole range of gas and liquid flow rate.

Weeping
Weeping often happens in lower gas velocity
with higher liquid weir loading. In this case, the liquid
will fall to the following tray without sufficient time to
exchange mass and energy with gas, because there
was not enough gas kinetic energy to support it. High
weeping not only reduces the tray efficiency, but also
restricts the lower operating limit [16].
In Figure 4, the weeping for the three trays is
plotted versus the empty column flow factor F0. It
indicates that both FGS-VT-8 and FGST weep more
easily than FGS-VT-14. Therefore, the conclusions
can be drawn that the FGS-VT-14 has the lowest
lower operating limit among the three tested trays.
Entrainment
Entrainment, restricting the tray’s upper operating limit, usually happens at higher gas velocity with
lower liquid weir loading. During this process, liquid
will be carried to the above plate before enough mass
and energy transfer with gas. Excessive entrainment
will reduce the tray efficiency [17,18]. What is worse,

Tray efficiency
Tray efficiency, the most important performance
parameter, directly reflects the extent of mass
exchange between gas and liquid. High tray efficiency
can bring huge economic benefits by reducing the
energy consumption or improving the purity of product, so as to reduce the fixed investment or operation cost (reduce the height of the columns) in newly
designed or revamped projects [19].

Figure 4. Comparison of weeping of the trays.
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(a)

(b)
3

Figure 5. Comparisons of entrainment of the trays: a) Lw = 0.0030 m /(m s); b) Lw = 0.0068 m3/(m s).

Figure 6 presents the tray efficiency changing
with F0. The valves on the FGS-VT-14 started to open
at F0 = 0.60 (m/s)·(kg/m3)0.5, while the valves on the
FGS-VT-8 started to open when F0 = 1.04 (m/s)×
×(kg/m3)0.5, thus FGS-VT-14 and FGS-VT-8 have different baseline efficiencies. When all of the valves are
closed, the difference in tray efficiency between FGS-VT-8 and FGST is mainly attributed to the structural
factor. Firstly, the valves in FGS-VT-8 affect the position arrangement of sieve holes nearby which will
decrease the open areas of the tray. Secondly, the
apertures between valve lid and tray will affect the
areas of gas path before the valves open. For FGS-VT-8, the first factor is more important. Furthermore,
since this system is easy to be separated, the little

difference in the open area would affect the degree of
oxygen desorption from water.
It is clear that the FGS-VT-14 has the highest
tray efficiency, while FGS-VT-8 is the lowest one
among the three types of trays. In the whole range of
experiments the tray efficiency of FGS-VT-14
improved by 7-8%, compared to FGST.
Industrial applications
An example of the application of FGS-VT was to
revamp the acetic acid (HAC)/vinyl acetate (VAC)
distillation column. The mixture contains 52 wt.%
HAC, 40 wt.% VAC, 2.3 wt.% aldehyde (Ald), 3 wt.%
water (H2O), 2-3 wt.% powdered activated carbon,
and trace amounts of acetylene. The main purpose of
this distillation was to remove the components with

Figure 6. Comparison of efficiency of the trays.
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lower boiling point, such as Ald and acetylene, from
the intermediate product. VAC is easy to self-polymerize, generating polyvinyl acetate (PVAC) with high
viscosity. What is worse, the existing of powdered
activated carbon enhanced the strength of the polymer, and made the column easier to be blocked by
the sticky polymer. Before the revamp, the 1.8 m
diameter column installed with 52 bubble-cap trays
was jammed or flooded every 6-8 months. Moreover,
the stubborn polymer was very difficult to clean, and it
took too much time and labor to restart the distillation.
In addition, the intermediate product contained an
excess of Ald even under normal operating condi tions,

without clear gas-liquid interface, seen from the view
mirrors. Therefore, there was serious entrainment in
the column. In addition, the liquid phase flowed on the
trays slowly, and the column was flooded frequently,
because of the viscous material. In the revamp, all of
the sieve trays were replaced by 36 FGS-VTs, keeping the original shell and foundation. After the revamp,
the liquid flowed with similar speed on the trays. The
previous unusual phenomena such as heavy entrainment and flooding can no longer be seen. Meanwhile,
the recovery ratio of the MeOH increased though the
reflux ratio reduced (from 0.7 to 0.5). The results of
the revamp are presented in Table 3.

Table 2. Technological indexes before and after the revamp of the HAC/VAC distillation column
Revamp

Feed rate/10

-4

-4

Top rate/10

Top composition, wt.%

Kettle composition of Ald

Reflux ratio

3

m /s

3

m /s

Ald

VAC

wt.%

Before

8.3

1.7-1.9

5.0-7.0

85

0.5-1.0

2

Objective

11.1

-

≥8

-

≤0.2

≤2

After

12.5

1.4-1.7

15-18

≤75

≤0.1

1.8

Table 3. Technological indexes before and after the revamp of the MeOH/MeOAC distillation column
Revamp

Top composition of MeOH and MeOAC, wt.%

Kettle composition of MeOH, wt.%

Reflux ratio

Before

95

0.7

0.7

After

99

0.02

0.5

due to the low efficiency of the bubble-cap tray. In the
revamp, the bubble-cap trays were replaced by 52
FGS-VTs, but the shell and foundation of the column
were unchanged. After the revamp, the system has
been kept under the normal operating conditions
since it was restarted two years ago. The results
before and after the revamp are shown in Table 2. It
can be seen that after the revamp, the
productivity was increased (from 8.3 to 12.5
m3/s), the composition of Ald in the kettle was
decreased (from about 0.7 to 0.1 wt.%), the yield of
VAC was improved (from 54 to 77 wt.%), and the
reflex ratio was reduced (from 2 to 1.8).
Another example was to separate the mixture
containing high viscous granule and easy-to-foam
component. The mixture is composed of 68 wt.%
methanol (MeOH), 28 wt.% methyl acetate (MeOAC),
1 wt.% sodium acetate (NaOAC, easy to foam), 0.5
wt.% polyvinyl alcohol (PVA, granule with high viscosity), 1.5 wt.% polyvinyl acetate (PVAC, granule
with high viscosity), and 1 wt.% H2O. The previous
1.8 m diameter column containing 36 sieve trays, was
designed to remove the other components from
MeOH and MeOAC. Before the revamp, the space
between the adjacent trays was filled with froth,

CONCLUSION
A flow-guided sieve-valve tray was designed to
overcome the shortcoming of low operating flexibility
of FGST. The hydrodynamic and mass transfer performance, as well as the relevant applications of
FGS-VT to separate viscous mixtures was presented.
The results indicate that the comprehensive performance of FGS-VT-14 is better than that of FGS-VT-8,
and it has several advantages over FGST: its wetplate pressure drop decreases by 8-9% after all the
valves were fully open, tray efficiency improves by
7-8%, and operating flexibility increases by 10-20%.
The results of both experiments and industrial applications prove that the FGS-VT could be successfully
utilized for distillation of highly viscous mixtures.
Therefore, it is a better choice for new or reconstructive projects.
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Nomenclature

e
EML
F0
Lw
Lweir
Pb
Pt
ΔP
ΔPdry
ΔPwet
QL
u0
w
Xi
Xo
X*o

gas entrainment based on the vapor flow rate
of the tray (%)
tray efficiency defined by Eq. (2) (%)
empty column flow factor (F0 = u0ρg0.5)
liquid weir loading (QL/Lweir)
length of weir (m)
pressure of the bottom side of the column (Pa)
pressure of the top side of the column (Pa)
pressure drop per tray defined by Eq. (1) (Pa)
dry-plate pressure drop per tray (Pa)
wet-plate pressure drop per tray (Pa)
flow rate of liquid (m3/s)
gas velocity based on superficial area (m/s)
liquid weeping based on the liquid flow rate
on the tray (%)
oxygen concentration in the liquid at the inlet
(kg/m3)
oxygen concentration in the liquid at the
outlet (kg/m3)
equilibrium oxygen concentration in the liquid
under operating conditions (kg/m3)

Greek symbols
α

ρg

inclination’s angle of bubble promoter, compared to the opposite direction of liquid flow
(degree)
gas density (kg/m3)

Abbreviations
FGST
flow-guided sieve tray, a Linde-type tray
FGS-VT
flow-guided sieve-valve tray
FGS-VT-8 flow-guided sieve-valve tray with 8
valves
FGS-VT-14 flow-guided sieve-valve tray with 14
valves
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DESTILACIONA KOLONA SA PODOVIMA VISOKE
EFIKASNOSTI I VELIKOM OPERATIVNOM
FLEKSIBILNOŠĆU ZA RAZDVAJANJE VISKOZNIH
SMEŠA
Dizajnirana je kolona sa sitastim ventilskin podovima i usmerenim tokovima (KSVP-UT)
visoke efikasnosti, da bi se prevazišla ograničenja u pogledu operativne fleksibilnosti
kolone sa sitasim podovima. Prikazane su njene dimenzije i geometrija, kao i strukturne
karakteristike. Hidrodinamika i karakteristike prenosa mase, uključujući pad pritiska suvih i
okvašenih podova, zadržavanje tečnosti i efikasnost podova dva tipa KSVP-UT (sa 14 i 8
ventila) i jedne kolone sa sitastim podovima i usmerenim tokovima testirani su u sistemu
vazduh-voda-kiseonik u pleksiglas koloni prečnika 0,6 m. Rezultati su pokazali da KSVP-UT sa 14 ventila radi bolje nego ona sa 8 ventila, a u poređenju sa kolonom sa sitastim
podovima i usmerenim tokovima, ima veću efikasnost podova, veću operativnu fleksibilnost i manji pad pritiska okvašenih podova (kada su svi ventili potpuno otvoreni).
Takođe, dve tipične primene pri razdvajanju viskoznih smeša komponenata, čvrstih,
prahova i koji lako pene ili lako polimerizuju su pokazale značajne prednosti KSVP-UT.
Ključne reči: kolona sa sitastim ventilskim podovima usmerenih tokova, hidrodinamika, karakteristike prenosa mase, operativna fleksibilnost, viskozna smeša.
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INFLUENCE OF THE SETTING ACTIVATORS
ON THE PHYSICAL MECHANICAL
PROPERTIES OF PHOSPHOANHYDRITE
Article Highlights
• Phosphoanhydrite was obtained from neutralized phosphogypsum at temperatures
800 and 900 °C
• The properties of phosphoanhydrite were improved upon grinding it to surface area
2
600 m /kg
• The properties of phosphoanhydrite were improved using setting activators K2SO4
and Na2SO4
• Syngenite and glauberite were formed in the samples with additives K2SO4 and
Na2SO4
• The compressive strength of dry specimens was 58.5 MPa
Abstract

Phosphoanhydrite was obtained by processing dihydrate phosphogypsum
generated during phosphoric acid production at Joint Stock Company (JSC),
Lifosa (Lithuania). The influence on the properties of phosphoanhydrite of the
treatment process parameters was determined, including: the conditions of
phosphogypsum neutralisation in the lime suspension, temperature and duration of calcination of neutralized phosphogypsum to phosphoanhydrite, fineness of ground anhydrite, selection of additives activating the hydration of
anhydrite and their amounts. Upon adding activators of anhydrite hydration,
K2SO4 or Na2SO4, XRD and IR spectral analysis data show that the specimens, after 1 day of phosphoanhydrite hydration with additives, contained
complex salts – syngenite upon using K2SO4 additive and glauberite in the case
of Na2SO4 additive. These additives act as crystallization centers and accelerate hydration. It was determined that the specimens of phosphoanhydrite
calcined at a temperature of 900 °C with 2% K2SO4 additive have the best
physical and mechanical properties. Already after 1 day of hardening the specimens acquired a compressive strength of 21.18 MPa, and after 28 days of
hardening they had a compressive strength of 58.5 MPa (dry specimens).
Keywords: neutralized phosphogypsum, phosphoanhydrite, dihydrate
calcium sulphate, calcination, potasium sulphate, sodium sulphate.

Large underground layers of natural anhydrite
can be found in Lithuania, but due to high depths
(150–300 m) they are not quarried in practice. Natural
sulphate raw material can be replaced with production
waste. The production of phosphoric acid from natural
phosphate rock by the wet process gives rise to an
industrial by-product called phosphogypsum [1]. In
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Lithuania, JSC Lifosa produces around 430 thousand
tons of phosphoric acid per year and by 4-5 times
more phosphogypsum, respectively, which usually is
dumped in large stockpiles and causes serious environmental damage [2]. Its use in the production of
building materials would be useful in terms of both
ecology and economy.
The application of phosphogypsum in the production of binding materials is encumbered by phosphatic, fluorine and other soluble impurities in its content. In spite of that, some countries successfully use
phosphogypsum raw material for the production of
anhydrite cement [3–7]. In fact, the methods of wash-
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ing, thermal or chemical extraction of phosphogypsum impurities differ only. A possibility to use an
unwashed and lime-neutralized waste phosphogypsum –calcium sulphate dihydrate – for obtaining an
anhydrite binding material was determined in the studies of Lithuania’s scientists [5,8,9].
Different authors have suggested different temperatures for the preparation of anhydrite binding
material. Singh and Garg determined that a stable
anhydrite could be produced by heating phosphogypsum at 1000 °C [3]. When heated at an elevated
temperature, phosphogypsum produced an anhydrite,
phosphatic and fluoride impurities became inert. As
noted by the same authors [10], when phosphogypsum was calcined at 900–1000 °C to anhydrite and
mixed with suitable chemical activators, it acquired
high strength plaster, which is suitable for flooring tiles.
Activation of anhydrite cement can be increased
upon grinding it with impurities [3,10,11] or dissolving
activators in water during specimen formation
[4,5,12,13]. Different researches analysed the impact
of the following hardening activators: Na2SO4, K2SO4,
(NH4)2SO4, FeSO4, CaCl2 and K2Cr2O7 [3–6,12–16].
It has been determined that hardening of the
anhydrite binding material with the help of activators
resulted in the formation of following complex salts:
glauberite, magnesium sulphate hexohydrate, epsomite,
which have a positive impact on the strength of specimens [16]. The research with activators K2SO4 confirmed that the hardening process of anhydrite cement was related with the formation of syngenite [13].
As the summary of references shows, an anhydrite binding material can be obtained from phosphogypsum upon removal of acid impurities (neutralizing
or washing them), and afterward, upon calcination of
the neutralised phosphogypsum to anhydrite and
adding activators of anhydrite hydration.
The aim of this study is to determine the influence of the setting activators on the properties of
phosphoanhydrite.
EXPERIMENTAL
Phosphogypsum (dihydrate calcium sulphate), a
waste material of phosphoric acid production (from
the Kola apatites) was the main material in the investigation. It was taken from the stockpiles of ortophosphoric acid production waste at JSC Lifosa. The average chemical composition of phosphogypsum (%) is:
CaO – 31.90; SO3 – 46.00; R2O3 – 1.02; total P2O5 –
0.60 (including water-soluble P2O5 – 0.10); F – 0.14;
other – 0.40; loss on ignition – 19.69; insoluble in HCl –
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0.25. The pH of phosphogypsum in aqueous suspension is 4.7–4.8.
Pure CaO was used for the neutralization of
phosphogypsum (free CaO = 96%, specific surface
area ─ 320 m2/kg, Reachim, Russia).
The additives, i.e., chemical reagents used as
the activators of anhydrite hardening are sodium sulphate (Na2SO4 % pure) and potassium sulphate
(K2SO4 % pure).
The neutralized phosphogypsum was calcined
in a muffle furnace at 800 and 900 °C with an isothermal exposure of 30 min.
Chemical composition of materials was determined by classical methods of chemical analysis
according to the standard LST EN 196-2.
The hydration water (loss on ignition, %) in
phosphogypsum was calculated after heating the
material at 400 °C.
Materials were ground in a ball mill. The specific
surface area was determined by Blane’s method
according to LST EN 196-6.
The X-ray powder diffraction data were collected
using a DRON–6 X-ray diffractometer with Bragg–Brentano geometry using Ni-filtered CuKα radiation and
graphite monochromator, operating with the voltage
of 30 kV and emission current of 20 mA. The stepscan covered the angular range 2–60° (2θ) in steps of
2θ = 0.02°.
FT-IR spectra were carried out using a Perkin-Elmer Spectrum GX FT-IR system. Specimens were
prepared by mixing 1 mg of the sample with 200 mg
of KBr. The spectral analysis was performed in the
range of 4000–400 cm-1 with spectral resolution of 1
cm-1.
The microscopic analysis was conducted with
scanning electron microscope FEI QUANTA 200F.
To determine the compressive strength of phosphoanhydrite, cube specimens, 2×2×2 cm3, were
formed. The water consumption and binding duration
of the formation mixture (of normal consistency) were
determined according to the standard LST EN 196-3.
The samples were hardened in 95±5 % relative humidity environment and compressed by press ELE automat.
RESULTS AND DISCUSSION
Phosphogypsum was neutralized in the lime
suspension (lime/water ratio – 0.004) according to the
methodology [8,9] to phosphogypsum pulp (suspension), pH 11.0-11.5, with water (W) to phosphogypsum (G) ratio W/G = 1. Neutralized phosphogypsum
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was filtrated and dried at 100±2 °C. Specific surface
area – 392 m2/kg.
As the XRD analysis of the neutralized phosphogypsum shows (Figure 1), dihydrate calcium sulphate CaSO4·2H2O dominated in this material.
The XRD analysis of materials calcined at 800
and 900 °C shows that anhydrous calcium sulphate
CaSO4 – anhydrite dominates in all the products
(Figure 2). The FT-IR spectra of the phosphoanhydrite are identical (Figure 3). They include absorption
bands characteristic of insoluble anhydrite (at 675,
614 and 595 cm-1) only [17].
Consequently, calcined products are dominated
by insoluble anhydrite, which, according to research
findings, binds and hardens slowly.

Chem. Ind. Chem. Eng. Q. 20 (2) 233−240 (2014)

The neutralized phosphogypsum calcined at the
temperatures of 800 and 900 °C is characteristic of
poor binding properties (Table 1) with its binding
duration being very long. Phosphoanhydrite obtained
at a temperature of 800 °C starts binding after 240 h
and finishes bindings after 246 h. Anhydrite obtained
at a higher temperature, 900 °C, starts to bind sooner:
the beginning of binding – 144 h, the end – 168 h.
In order to learn the impact of the temperature of
calcination on the properties of phosphoanhydrite, the
research on the microstructure of the investigated
material was carried out.
SEM photos (Figure 4) show that prismatic and
rhombic (tabular) shape anhydrite crystals of irregular
boundaries and stackings are formed. Anhydrite cal-
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Figure 1. X-Ray diffraction pattern of the neutralized phosphogypsum (G = CaSO4·2H2O).
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Figure 2. X-Ray diffraction pattern of phosphoanhydrite (A = anhydrite – CaSO4).
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Figure 3. FT-IR Spectrum of the phosphoanhydrite.
Table 1. Characteristic properties of the phosphoanhydrite; W/A - water/phosphoanhydrite
Sample
1

Specific surface area, m / kg

800

350

a

1
1

2

Temperature of calcination, °C

a

1

W/A

Setting time, h/min
Initial

Final

240/00

246/00

a

0.55

800

600

0.41

10/10

11/30

900

300

a

0.37

144/00

168/00

900

600

0.29

5/50

8/30

a

No grinded material

cined at 800 °C (Figure 4a) is distinguished by smallsized crystals of irregular arrangement. Their surface
is crannied (Figure 4b). It is assumed that after crystal
hydrate water disappears, micro crannies emerge in
the crystal structure of the material in question. Meanwhile, the crystals of anhydrite calcined at 900 °C
(Figure 4c and d) have a more even (smoother) surface without micro crannies, which are semi-melted.
These crystals are larger and form hard sintered
aggregates. Tabular microcrystal aggregates are predominant. The statement that a material calcined at
900 °C is harder as the duration of its grinding
increased by 4 times (from 25-30 to 110-115 min)
compared to that of a material obtained at 800 °C
temperature was proved after grinding an anhydrite
calcined at different temperatures to the specific surface area (600±10 m2/ kg).
Differences in the crystal structure can be
explained by the properties of anhydrite calcined at
different temperatures (Table 1). Phosphoanhydrite
obtained at 800 °C is a bit finer (with a specific surface area of 350 m2/kg) compared to that obtained at
900 °C (with a specific surface area 300 m2/kg, Table
1). It has a high W/A ratio of 0.55. This material starts
to bind only after 240 h (10 days). Meanwhile, the
material calcined at 900 °C has a W/A ratio of 0.37, it
binds and hardens quicker – the beginning of binding
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is 144 h (6 days) and the end – 168 h (7 days). As the
results presented in Table 1 show, after the latter
material is ground to 600 m2/kg, less water (W/A ratio
decreased from 0.37 to 0.29) is necessary to obtain a
formation mixture of normal consistency. The compressive strength of ground phosphoanhydrite specimens (Table 2) is higher than that of unground after
both 7 and 28 days of hardening.
In summary, it can be stated that a higher calcination temperature (900 °C) and material grinding
(to specific surface area 600±10 m2/kg) improve (activate) the properties of anhydrite cement: accelerate
binding and increase the strength of specimens
(Tables 2 and 3) compared to the material calcined at
800 °C and unground. However, the duration of binding is still long (5–8 h), and the specimens acquire
strength only after 3–7 days.
In order to activate the hydration of phosphoanhydrite, the impact of K2SO4 and Na2SO4 was analysed. These additives were inserted during specimen
formation. The obtained results show decreased
duration of binding of phosphoanhydrite calcined at
both 800 and 900 °C (Table 3) and increased early
compressive strength of the specimens (Table 2)
when activators were used.
As data presented in Tables 2 and 3 shows the
best result out of the selected hardening activators
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(a)

(b)

(c)

(d)

Figure 4. SEM Microphotographs of phosphoanhydrite calcined at temperatures of: a) and b) 800 °C; c) and d) 900 °C.
Table 2. Compressive strength properties of hardened samples
Sample
No.

Specific surface
2
area, m /kg

Content of additives, %
K2SO4

Na2SO4

-

-

W/A

Compressive strength after hardening, MPa
1 day

3 days

7 days

28 days

28 days, dry samples

-

5.37

6.35

a

Temperature of calcination 800 °C
1

350

0.55

-

-

2

600

-

-

0.41

-

-

-

12.25

15.73

3

600

2.0

-

0.41

10.50

13.13

15.38

18.40

30.40

4

600

4.0

5

600

-

2.0

0.41

9.33

10.80

13.48

17.53

20.18

6

600

-

4.0

0.41

10.90

13.50

14.98

18.50

21.95

-

18.70

21.68

0.41

The samples did not form

Temperature of calcination 900 °C
7

300

-

-

0.37

-

-

8

600

-

-

0.29

-

2.10

3.88

36.85

56.90

9

600

2.0

-

0.29

21.18

29.08

34.03

40.15

58.50

10

600

4.0

11

600

-

2.0

0.29

18.95

20.43

24.48

27.55

46.00

12

600

-

4.0

0.29

20.2

23.65

25.05

32.33

46.55

0.29

The samples did not form

a

Samples hardened in 95±5% relative humidity environment for 28 days, afterwards desiccated
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Table 3. The influence of activators to the properties of ground phophoanhydrite (600 m2/kg)
Temperature of calcination, °C

Content of additives, %
Sample No.

K2SO4

Na2SO4

800

900

Setting time, h/min

W/A

Initial

Final

Setting time, h/min

W/A

Initial

Final

1

-

-

0.41

10/10

11/30

0.29

5/50

8/30

2

2.0

-

0.41

0/22

2/04

0.29

0/04

1/12

3

4.0

-

0.41

0/2

0/4

0.29

0/01

0/02

4

-

2.0

0.41

2/26

4/03

0.29

1/13

2/43

5

-

4.0

0.41

2/08

3/21

0.29

0/39

2/18

800 and 900 °C. The compressive strength of dry
specimens reaches 21.95 and 46.55 MPa, respectively.
It has been determined that the specimens of
phosphoanhydrite calcined at a temperature of 900
°C with 2% K2SO4 additive have the best physical and
mechanical properties. Already after 1 day of hardening these specimens acquired a compressive strength
of 21.18 MPa, and after 28 days of hardening dry
specimens had a compressive strength of 58.5 MPa.
The impact of hardening activators on the hydration of anhydrite can be explained by the formation
of complex salts, glauberite – Na2Ca(SO4)2 and syngenite – K2Ca(SO4)2·H2O, which were identified in XRD
analysis (Figures 5 and 6). These salts were identified

was produced by K2SO4 of 2%. A larger amount of
this additive (4%) accelerates material binding up to
1-2 min and, therefore, attempts to form specimens
failed (Table 2).
Specimens formed from phosphogypsum calcined at 900 °C temperature with 2% K2SO4 additive
harden quicker and their compressive strength after
28 days of hardening is 2.9 times higher compared to
the specimens made of phosphoanhydrite calcined at
800 ºC temperature with the same amount of Na2SO4
additive. The compressive strength of these dry specimens reaches 58.5 MPa (Table 2).
The increase of Na2SO4 additive from 2 to 4%
only slightly increases the compressive strength of
the specimens of phosphoanhydrite calcined at both
A
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A A A A
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Figure 5. X-Ray diffraction patterns of phosphoanhydrite after 2 h (1–3) and 1 day (4–6) hydration: 1 and 4, without additives; 2 and 5,
with 4% K2SO4; 3 and 6, with 4% Na2SO4; A = anhydrite – CaSO4, C = gypsum – CaSO4·2H2O; G = glauberite – Na2Ca(SO4)2;
S = syngenite – K2Ca(SO4)2·H2O.
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in the specimens of phosphoanhydrite calcined at
both 800 and 900 °C after 1 day of hydration. Based
on the data from the literature [18] it can be stated
that the crystals of glauberite and syngenite with large
specific surfaces act as crystallization centers predetermining rapid hydration.

Chem. Ind. Chem. Eng. Q. 20 (2) 233−240 (2014)

hydration with K2SO4 additive, syngenite forms with
the following absorption bands: 1195, 1130, 750, 645,
608 (Figure 6, curve 5); and upon using Na2SO4
additive, glauberite forms – 635, 610 (Figure 6, curve
6) [13,19]. The aforementioned compounds are not
identifiable after 2 h of hydration.
CONCLUSIONS

1

2
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1156
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673
596 593
1156

4
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593

1156
156
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Figure 6. FT-IR Spectrum of the phosphoanhydrite calcined at
900 °C after 2 h (1–3) and 1 day (4–6) hydration: 1 and4, without
additives; 2 and 5, with 4% K2SO4; 3 and 6, with 4% Na2SO4;
1156, 673, 674, 596, 593 = anhydrite – CaSO4; 1680, 1620,
1143, 1108, 676 = CaSO4·2H2O; 635, 610 = glauberite –
Na2Ca(SO4)2; 1195, 1130, 750, 645, 608 = syngenite –
K2Ca(SO4)2·H2O.

The formation of glauberite and syngenite during
phosphoanhydrite formation is also confirmed by the
IR spectral analysis (Figure 6). The spectra of phosphoanhydrite calcined at 800 and 900 °C with and
without Na2SO4 and K2SO4 additives after 2 h and 1
day are similar. Since the hydration of phosphoanhydrite calcined at 900 °C is more rapid the spectra
are better expressed. After 1 day of phosphoanhydrite

It has been determined that an anhydrite material with good binding properties can be obtained from
JSC Lifosa phosphogypsum under the following conditions:
1. Upon neutralizing phosphogypsum in the
lime suspension having pH 11-11.5.
2. Afterward, upon calcining it to anhydrite formation and finely grinding. It has been determined
that the increase of calcination temperature of neutralized phosphoanhydrite from 800 to 900 °C and the
grinding of material to specific surface area of 600±10
m2/kg improve the following properties of phosphoanhydrite: accelerate binding and increase the strength
of specimens.
Upon adding activators of anhydrite hydration,
K2SO4 or Na2SO4, the data of XRD and IR spectral
analysis show that the specimens after 1 day of phosphoanhydrite hydration with additives contain complex salts – syngenite upon using K2SO4 additive and
glauberite in the case of Na2SO4 additive. These additives act as crystallization centers and accelerate hydration. It has been determined that the specimens of
phosphoanhydrite calcined at the temperature of 900
°C with 2% K2SO4 additive have the best physical and
mechanical properties. The compressive strength of
dry specimens is up to 58.5 MPa.
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NAUČNI RAD

UTICAJ AKTIVATORA PODEŠAVANJA NA
FIZIČKO-MEHANIČKA SVOJSTVA
FOSFOANHIDRITA
Fosfoanhidrit je dobijen preradom dihidratnog fosfogipsa koji je nastao tokom proizvodnje
fosforne kiseline u AD Lifosa (Litvanija). Određen je uticaj parametera procesa na svojstva
fosfoanhidrita, uključujući uslove neutralizacije fosfogipsa u krečnoj suspenziji: temperatura i trajanje kalcinacije neutralisanog fosfogipsa do fosfoanhidrita, finoća samlevenog
anhidrita, vrsta aditiva koji aktiviraju hidrataciju anhidrita i njihova količina. Nakon dodavanja aktivatora hidratacije anhidrita, K2SO4 ili Na2SO4, rezultati dobijeni XRD i IR analizom
pokazuju da uzorci nakon prvog dana hidratacije fosfoanhidrita sa aditivima sadrže složene soli – singenit u slučaju K2SO4 i glauberit u slučaju Na2SO4. Ovi aditivi deluju kao
centri kristalizacije i ubrzavaju hidrataciju. Utvrđeno je da uzorci fosfoanhidrita kalcinisani
na temperaturi od 900 °C sa 2% K2SO4 imaju najbolje fizička i mehanička svojstva. Već
posle jednog dana očvršćavanja uzorak je stekao kompresivnu čvrstoću od 21,18 MPa, a
posle 28 dana očvršćavanja 58,5 MPa (suvi uzorci).
Ključne reči: neutralisani fosfogips, fosfoanhidrit, kalcijum-sulfat-dihidrat, kalcinacija, kalijum-sulfat, natrijum-sulfat.
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UREA INTERCALATION COMPOUND
PRODUCTION IN INDUSTRIAL SCALE FOR
PAPER COATING
Article Highlights
• Urea-intercalated complex was produced in tons in the industrial process
• The operating conditions and the places urea intercalation reacted were researched
• The efficiency of delamination of kaolinite increased due to the intercalation technique
• The characteristics of light weight papers were improved slightly and obeyed a normal
law
Abstract

Urea intercalation compounds were produced in a new designed industrial
scale. The conditions and locations of the new industrial process for the production of urea intercalation compound pigment were studied through the
control of correlative parameters. Properties of the compound pigment such as
particle morphology, particle size distribution and viscosity, were analyzed to
evaluate its potentiality for paper coating application. Results showed that the
intercalation ratio of urea intercalation compound increased from 6.3% with 2
wt.% of urea addition to 56.08% with 6 wt.% of urea addition. Viscosity concentration of urea intercalation compound improved from 69% of original kaolinite
to the highest value, 74.23% of the compound. Particle size distribution was
centralized. Properties of light weight papers coated with urea intercalation
compound showed interesting results, similar to a standard grade.
Keywords: kaolinite, urea, intercalation compound, paper coating.

Kaolin mineral is applied as a filler and coating
in the paper industry due to its excellent performance
in terms of brightness, smoothness, opacity, pick
strength, ink hold out and gloss [1]. When kaolin
mineral is applied as paper coating, the viscosity concentration should achieve 74%. The potential applications of kaolin products in Pakistan, Zambia and
China are in ceramics, paint, plastic and rubber-filler
industries, but not in the paper industry, because the
viscosity concentrations of those kaolin products are
near 55.8, 68 or 70%, respectively. Mineral impurities,
such as halloysite, paragonite and smectite, or technological processing are adverse factors [2,3]. Viscosity concentrations of kaolin slurries are influenced
by particle shape, particle size distribution, particle
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Paper received: 25 October, 2012
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thickness and surface charge, and these properties
can be changed to improve the fluidity of kaolinite slurries [4,5]. Especially in the industry, the viscosity concentration of kaolin product can be improved by mechanical grinding, stirring or even chemical delamination
of the kaolinite particles into thinner platelets [6].
Kaolinite chemical delamination can be induced
by intercalation of molecules such as urea, ammonium acetate, hydrazine, or potassium acetate, combined with mechanical comminution [7,8], causing
weakness of interlayer hydrogen bonds, and therefore, kaolinite layers are easily displaced relatively to
one another. The intercalation technique can modify
physical and chemical properties, crystal structure,
and surface chemistry of kaolinite particles [9]. These
compound materials have better fluidity, unique
dielectric [10], surface area [7], structural properties
[11], and lower thermal stability [9]. Urea intercalation
compound can be applied for paper coating [12] or
controlled release fertilizer [13,14] due to its special
properties. This is the reason why different methods
to prepare urea intercalation compound in an efficient
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way is attracting some researchers [15,16]. Urea is
intercalated between kaolinite layers, impregnating
kaolin in its saturated solution for a long time or
mechanical milling the mixture of kaolinite particles
with urea at certain temperature [6,7,10,11]. Pi et al.
[17] applied a microwave irradiation assisted method
to intercalate urea into kaolinite. Nowadays, experiments of chemical delamination of kaolin materials
are performed in laboratories. Industrial processes to
prepare urea intercalation compound have not been
yet been reported in literature.
The aim of this research was to develop the
urea intercalation procedure that will be practically
used for paper coating. Operational conditions were
modulated and reactions in the process were studied.
Properties of urea intercalation compound pigments
were analyzed as well as properties of papers coated
with such pigments.

Chem. Ind. Chem. Eng. Q. 20 (2) 241−248 (2014)

EXPERIMENTAL
Industrial production process of urea intercalation
compound
A flow chart to produce urea intercalation compound in industrial scale is shown in Figure 1. The
detailed conditions of this reaction made in laboratory
were described in former works [12,28]. In order to
apply the waste heat from the spray drier and intercalate urea into kaolinite, 10 mm heat insulating
layers covered the spray driers, the packing auger,
the elevator scoop and the product storage. Kaolin
minerals (about 10 wt.% kaolin, up to 80 wt.% quartz
and about 10 wt.% other impurities, illite, feldspar and
pyrite) were collected from the Maoming District in
China. Commercial urea (Henan Anyang Chemical
Industrial Group Corporation) was added after kaolin
slurry filtration. The outlet temperature of spray drier

Figure 1. Scheme of industrial process for producing urea-kaolinite intercalation compounds.
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was in the range of 80-89 °C and the product was
kept in the storage for 3 h. The amount of added urea
was selected as 0, 2, 4, 5 and 6 wt.% of kaolin weight
and urea intercalation compounds were identified as
KU0–KU6, respectively. The amount of product obtained
in each experiment was about 4000 kg/h.
Application of urea intercalation compound prepared
in industrial scale for paper coating
Light weight coated paper was coated one time
and coating colors formulations are listed in Table 1.
LWCx represents paper coating formulations with kaolinite samples intercalated by x wt.% urea. Papers
coated with three types of coating colors formulations
(LWC0, LWC2 and LWC6) are identified as P-LWCx.
P-LWC6, P-LWC2 and P-LWC0. They were coated on
a commercial base paper with a grammage of 55
g/m2 using a nod coating machine, and the coating
weight was 9±0.3 g/m2. Coated papers are calendered for three times after adjusting the humidity of
the paper under the linear pressure of about 50
kg/cm2 and the calendering temperature was 65 °C.
Methods
X-ray powder diffraction (XRD) patterns were
recorded on a Brucker diffractometer using CuKα
radiation (40 kV, 40 mA, Kα = 0.15418 nm, 0.2°
2 θ /min). Kaolinite particles morphologies were
observed on a scanning electron microscope (SEM)
(FEI Company, Quanta 200). Particle size distribution
(PSD) was measured with a particle size analyzer
(Micromeritics Instrument Corporation, SEDIGRAPH
Ш, U.S.A.). Apparent viscosity was obtained using a
Brookfield Viscometer (Brookfield, DV-I, U.S.A.). Viscosity concentration was specified in percentage
measured at 500 mPa·s and at 22 °C using a Brookfield viscometer at 100 rpm [18] and can be calculated using a formula provided by a national standard [12]. Properties of light weight coated papers
such as gloss, print surface roughness and surface
strength were measured according to TAPPI and ISO
procedures [19–21].

Chem. Ind. Chem. Eng. Q. 20 (2) 241−248 (2014)

RESULTS AND DISCUSSION
Operating conditions and urea intercalation reaction
Urea-intercalation parameters (temperature,
moisture, time and urea-amount) at a static and
sealed condition at a laboratory are analyzed in a
previous work [22]. Experimental conditions in industrial scale can simulate those in the laboratory, but
there are some differences: 1) applying waste heat
originated by the industrial process; 2) combining
dynamic and static reaction conditions; 3) controlling
parameters in a different scale. There is a relationship
between temperature and moisture of the urea-intercalated kaolinite reaction and both are controlled by
operational parameters of the spray drier. When the
outlet temperature of the spray drier is about 80-89
°C, the moisture in the product storage is about 3-5
wt.% (Figure 2). The amount of added urea can be
calculated according to the weight of the filter cake
with 70 wt.% solid content. Thus, control parameters
(temperature, moisture, time and urea-amount) can be
controlled for intercalation reaction. This is performed
by the waste heat of the spray drier in the process.
The slurry flows into the spray drier and the moisture
is quickly reduced. Finally, the material is directed to
the packing auger, the elevator scoop and the product
storage. Urea intercalation compound is obtained
after being kept in the product storage for 3-4 h.
When urea intercalation compound KU4 was
produced, three main parts (Locations A, B and C in
Figure 1) in the process were detected, in order to
understand which locations could affect urea-intercalated reaction significantly. Figure 3 shows XRD
patterns of three samples (KU4-LA, KU4-LB and KU4-LC) collected from locations A, B and C. When urea
intercalates into kaolinite, kaolinite basal spacing (IK)
can be expanded (IK-U). The intercalation degrees of
the pigments, samples named KU4-LA, KU4-LB and
KU4-LC, calculated based on the formula [23], were
5.70, 11.53 and 14.81%, respectively. The results
show that the waste heat from the spray drier can
ensure the reaction. The compounds intercalation
proceeds in the whole process after the powder flows
from the spray drier to the product storage.

Table 1. Formulation of the coating colors for light weight coated papers (wt.%); 95GCC - 95 grade ground calcium carbonate;
ST - starch;SBL - styrene butadiene latex; LU - lubricant; CMC - carboxy methyl cellulose; solid content - solid content of the slurries of
coating colors including all powders and solvents
No.

95GCC

KU6

KU2

KU0

ST

SBL

LU

CMC

Solid Content

LWC6

40

60

-

-

2

12

0.7

0.3

60.5

LWC2

40

-

60

-

2

12

0.7

0.3

60.5

LWC0

40

-

-

60

2

12

0.7

0.3

60.5
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Figure 2. Relationship between temperature of the outlet of the spray drier and moisture of the kaolinite samples in the product storage.

Figure 3. XRD Patterns of samples (KU4-LA, KU4 in location A; KU4-LB, KU4 in location B; and KU4-LC, KU4 in location C) collected from
three locations A, B and C of the process.

Physical properties of KU4-LA, KU4-LB and KU4-LC pigments are listed in Table 2. The viscosity of
the compound suspension increases with the increasing intercalation degree of urea intercalation compound. Brightness shows no significant variations.
The reduction of the moistures indicates that water
volatilize from these three samples when they flow
through the packing auger. The pH, viscosity concentration and PSD are all largest in Location C.
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These experimental data show that the product storage (Location C) is the most important part. The
intercalation reaction improves the viscosity concentration of kaolin slurries.
The locations before and after slurry delamination are location D and location E in Figure 1.
When KU0 and KU4 are produced, the slurries at
location D and location E are collected, respectively.
These slurries are identified as SKU0-LD, SKU4-LD,
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Table 2. Physical properties of urea-kaolinite intercalation compound samples and slurries in different locations
Sample

Urea wt.%

pH

Viscosity concentration, %

KU4-LA

4

Intercalation ratio, % Brightness, %
5.7

86.4±0.10

6.73±0.002

70.02±0.050

7.4±0.01

KU4-LB

4

11.53

86.4±0.02

6.63±0.004

70.94±0.010

5.7±0.02

KU4-LC

4

14.81

87.1±0.06

7.4±0.004

72.1±0.072

4.1±0.25
<2 µm Increasing, %

Viscosity, mPa·s

Solid content, wt.%

Brightness, %

pH

<2 µm

SKU4-LD

21±0.249

57±0.09

86.0±0.02

5.85±0.002

88.3±0.12

SKU4-LE

50±0.618

59±0.32

86.2±0.02

6.30±0.001

94.9±0.73

SKU0-LD

20±0.251

51±0.12

86.0±0.02

5.13±0.002

88.4±0.17

SKU0-LE

45±0.630

55±0.30

86.4±0.02

5.17±0.002

92.3±0.15

SKU0-LE and SKU4-LE from KU0 and KU4 pigments.
The physical properties of these slurries, before and
after delamination, are also listed in Table 2. The
solid content of KU0 slurry is 51-55 wt.% and that of
KU4 slurry can reach 57-59 wt.% after addition of urea
at the same viscosity demand of the delaminating
machine. This means that the efficiency to delaminate
kaolinite particles becomes higher. The amount of
KU4 product increases comparatively with that of KU0.
The efficiency of the delamination significantly
improves. The content of < 2 µm finer particles of
SKU4-LD and SKU4-LE increase greatly from 88.3%
to 94.9%, while that of SKU0-LD and SKU0-LE just
increase from 88.4 to 92.3%. The < 2 μm fraction
increases from 3.9 to 6.6% after addition of urea in
the slurries. The mean solid content of slurries
increases from 53 to 58 wt.% in Location D and E.
Slurries pH increases from 5.17 (original kaolinite
slurries), to 6.30 due to the addition of urea. When
urea is dissolved in the slurries, the following reactions can be identified according to Lewis and Burrows [24]:

CO (NH2 )2 + 2H2O →

(NH4 )2 CO3

(NH4)2CO3 + H2O → 2NH3·H2O + CO2

Moisture content, wt.%

6.6
3.9

Characterization of urea intercalation compound
produced in the industrial process
Physical properties of serial urea intercalation
compounds (KU0, KU2, KU4, KU5 and KU6) are represented in Table 3. As the pH changes from acidic to
neutral, viscosity concentration of kaolin slurry increases
from 69.70% in original kaolinite to 72.86% in KU6.
X-ray diffraction patterns of these products are
presented in Figure 4. The pattern of KU0 reveals that
all the basal reflections of the raw kaolinite can be
indexed including 0.7113 and 0.3561 nm. Intercalation degree increases with urea amount and reaches
56.08% when the amount of urea is 6 wt.%.
Figures 5 and 6 show morphologies and particle
sizes of original kaolinite as well as urea intercalation
compounds, respectively. The irregular fringe of kaolinite particles indicates that these samples have
more breakage bonds than that of pseudo hexagonalshaped particles. Compared with KU0 and KU6, they
consist of more fine-grained particles. Particle size
distribution shows obvious modifications on the urea
intercalation compound. Figure 6 indicates that cumulative finer mass percent of larger particles decreases
and that of the finer particle increases with the intercalation process. Kaolinite particles are centralized
and thinner due to the intercalation technique [25].
Table 4 lists the properties of light weight coated
papers (P-LWC0, P-LWC2 and P-LWC6). Properties of
experimental papers are similar to that of the excellent grade papers. Paper brightness is essentially due
to kaolin brightness selected to the present research.
Brightness of the papers named P-LWC6, P-LWC2

(1)
(2)

If the pH of the slurry is near alkaline, kaolinite
particles disperse well. At this condition, viscosity
becomes lower and the solid content of the slurries
can be improved. Increased solid content and pH can
make kaolinite particles more prone to delamination.

Table 3. Physical properties of urea-intercalated kaolinite pigments
No.

Urea wt.%

Intercalation degree, %

Brightness, %

Moisture content, wt.%

pH

Viscosity concentration, %

KU0
KU2

0

0

86.2±0.02

1.1±0.20

5.17±0.004

69.70±0.010

2

6.3

86.7±0.01

4.2±0.35

7.08±0.003

72.22±0.040

KU4

4

14.81

87.1±0.06

4.1±0.25

7.4±0.004

72.10±0.072

KU5

5

45.29

86.4±0.03

7.4±0.05

7.04±0.005

72.56±0.015

KU6

6

56.08

86.4±0.02

3.5±0.14

7.05±0.007

72.86±0.006
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Figure 4. XRD Patterns of original kaolin and urea intercalation compounds KU2, KU4, KU5 and KU6 produced in industrial process
(KU6, 6 wt.% urea; KU2, 2 wt.% urea; KU0, 0 wt.% urea, original kaolin).

Figure 5. SEM Images of original kaolin and urea intercalation compounds KU2, KU4, KU5 and KU6 produced in industrial process
(KU6, 6 wt.% urea; KU2, 2 wt.% urea; KU0, 0 wt.% urea, original kaolin).

and P-LWC0 are very constant. Print gloss increases
with the decrease of kaolinite particle size in the
order: P-LWC6 > P-LWC2 > P-LWC0. Coated paper
strength generally decreases with the decrease of
pigment particle size (P-LWC0 > P-LWC2 > P-LWC6)
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[26] and the lowest viscosity reflects a higher packing
ability of kaolinite particles. Therefore, the lowest ink
adsorption in the order: P-LWC6 = P-LWC2 < P-LWC0
was determined [27].
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Figure 6. Particle size distribution of original kaolin and urea intercalation compounds KU2, KU4, KU5 and KU6 produced in industrial
process (KU6, 6 wt.% urea; KU2, 2 wt.% urea; KU0, 0 wt.% urea, original kaolin).
Table 4. Properties of light weight papers coated by three kinds of pigments
Sample

Property

a

ISO Grade

P-LWC6

P-LWC2

P-LWC0

66.6±0.012

65.2±0.013

66.2±0.014

50-80

1.03±0.001

1.02±0.001

1.02±0.001

-

9.6±0.14

9.6±0.11

9.5±0.11

-

Brightness, %

82.3±0.02

82.1±0.02

81.9±0.03

≥76.0

Opacity, %

90.8±0.02

90.3±0.01

90.9±0.01

≥83.0

Base paper grammage, g/m
Density, g/m

2

3

Coating weight, g/m

2

Gloss, %

53±0.11

53±0.11

54±0.12

≥40

Print gloss, %

81±0.11

80±0.14

76±0.15

≥75

Smoothness, s
Print surface roughness, μm
Ink adsorption, %
b

Surface strength , m/s
a

551±0.1

604±0.2

701±0.1

-

2.29±0.001

2.43±0.002

2.20±0.002

≤2.0

24±0.2

24±0.1

25±0.2

15-28

2. 70±0.004

2.98±0.001

3.36±0.001

≥1.0

b

ISO standard of light weight coated papers; medial viscosity printing ink

CONCLUSIONS
The present study shows that urea intercalation
compound can be produced successfully in an industrial scale. Kaolinite is delaminated more efficiently
and particle size distribution becomes finer due to the

addition of urea. Viscosity concentration of kaolinite
slurries increases with the intercalation. The results
show that the properties of light weight coated papers
with urea intercalation compound as pigment are very
similar to the properties of the excellent grade papers.
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INDUSTRIJSKA PROIZVODNJA INTERKALACIONIH
JEDINJENJA UREE ZA OBLAGANJE PAPIRA
Interkalaciona jedinjenja ureje su dobijena novom industrijskom proizvodnjom. Uslovi i
lokacije novog industrijskog procesa za proizvodnju pigmentih interkalacionih jedinjenja
ureje us proučavani kontrolom korelativnih parametara. Analizirane su osobine ovih
pigmentnih jedinjenja, kao što su morfologija čestica, raspodele veličine čestica i viskoznost, kako bi se procenio njihov potencijal za primenu za oblaganje papira. Rezultati su
pokazali da se interkalacioni odnos ovih jedinjenja ureje povećava sa 6,3% (uz dodatak
2% uree) na 56.08% (uz dodatak 6% uree). Koncentracijski viskozitet interkalacionih
jedinjenja uree (74,23%) je poboljšan u odnosu na originalni kaolinit (69%). Raspodela
veličine čestica je centralizovana. Osobine lakih papira obloženih interkalacionim jedinjenja uree su pokazale zanimljive rezultate, slične standardnom papiru.
Ključne reči: kaolinit, urea, interkalaciona jedinjenje, oblaganje papira.
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MODELING INTRAPARTICLE TRANSPORTS
DURING PROPYLENE POLYMERIZATIONS
USING SUPPORTED METALLOCENE AND
DUAL FUNCTION METALLOCENE AS
CATALYSTS: SINGLE PARTICLE MODEL
Article Highlights
• We suggest two improved multigrain models
• Propylene polymerization with silica-supported metallocene catalyst is simulated
• Propylene polymerization with silica-supported dual function metallocene catalyst is
simulated
• The two propylene polymerizations are compared numerically
Abstract

Two improved multigrain models (MGMs) for preparing homopolypropylene
and long chain branched polypropylene via propylene polymerization using
silica-supported metallocene or dual function metallocene as catalysts are
presented in this paper. The presented models are used to predict the intraparticle flow fields involved in the polymerizations. The simulation results show
that the flow field distributions involved are basically identical. The results also
show that both polymerization processes have an initiation stage and the controlling step is reaction-diffusion-reaction with the polymerization proceeding.
Furthermore, the simulation results show that the intraparticle mass transfer
resistance has significant effect on the polymerization, but the heat transfer
resistance can be ignored.
Keywords: şilica-supported metallocene catalyst, silica-supported dual
function metallocene catalyst, shell-by-shell fragmentation, propylene
polymerization, long chain branched polyolefins, particle growth model.

High catalyst activity and synthetic accessibility
of tailor-made polymers with well-defined microstructures and narrow molar mass distributions represent
the main advantages of metallocene catalysts in comparison to Ziegler-Natta or Phillips catalysts [1].
Metallocene catalysts have recently become increasingly important as versatile transition metal catalysts
for olefin polymerization and are used to prepare
abundant polyolefins including linear and long chainbranched polyolefins (LCBPs) [2,3]. The LCBPs are
prepared using constrained-geometry catalyst (CGC)
and metallocene catalyst (a dual function metallocene
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catalyst) simultaneously [4–6]. The presence of LCBs
alters the viscoelastic properties of these resins [7] to
result in better rheological properties. When these
metallocene catalysts are used as homogeneous
catalysts in the plant, they are immobilized on the
surface of a solid carrier [8]. The major objective of
catalyst immobilization is to preserve the advantages
of a homogeneous catalyst and at the same time to
provide acceptable polymer particle morphology.
Controlled fragmentation of the initial supporting particles is thus very important here. In addition, immobilization increases the complexity of metallocene-catalyzed systems [9]. Amorphous SiO2 has generally been the preferred support for metallocene
immobilization. Silica is used to control the morphology of the polymer, and its unique surface chemistry can be used to immobilize reagents [10].
During the polymerization over SiO2-supported
metallocene catalyst, the polymer formed inside the
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catalyst pores at the very early stage of polymerization results in catalyst fragmentation and the formation of a large number of microparticles. As the
reaction proceeds, the catalyst microparticles are
encapsulated by the growing polymer chains, leading
to the formation of a pseudohomogeneous polymer
macroparticle and a decrease in particle porosity [11].
Meanwhile, the catalyst fragmentation and the intraparticle mass and heat transfer involved may change
the polymerization kinetics and then influence the
final polymer performances [11]. Therefore, intraparticle mass and heat transfer models is useful for
better understanding the propylene polymerization
over supported metallocene catalysts and dual function catalysts.
In order to study intraparticle mass and heat
transfer, mass and energy balance equations for particle growth have to be solved. So far, four single
particle models [10], namely, the solid core model
(SCM) [12], polymeric flow model (PFM) [13], multigrain particle model (MGM) [14], and polymeric multigrain model (PMGM) [15], have been widely used to
describe the particle growth in olefin polymerization.
Due to the complete transient fragmentation of heterogeneous Ziegler-Natta catalysts, the single-particle
models mentioned above have been used mainly for
modeling heterogeneous Ziegler-Natta olefin polymerization [10]. However, microscopic analysis of SiO2
supported metallocene catalysts has shown that the
fragmentation mechanism of SiO2 particles during
polymerization is shell-by-shell fragmentation of the
particle from the surface to the core [11,16–25].
Therefore, the models mentioned above can not be
employed in the olefin polymerization over supported
metallocene catalysts directly. For instance, Boninii et
al. [16] proved that the MGM could not fit experimental data involving gradual particle fragmentation.
Then they developed a “particle growth model” for
silica supported metallocene catalysts, which was
based on the same ideas of MGM but assumed a
gradual fragmentation of the particle. In this way, the
particle was divided into two distinct parts: a fragmented (which behaves exactly like in the MGM) and
an unfragmented one. However, the unfragmented
core was not modeled properly and diffusion or polymerization inside the core is basically ignored in the
Boninii et al. model [16]. Alexiadis et al. [17,18] proposed a more general approach derived directly from
the Bonini et al. model but with the addition of a
further part regarding the unfragmented core. In the
model by Alexiadis et al. two kinds of particles are
identifiable: macroparticles (the original pellet) and
microparticles (the resulted fragments). Diffusion of
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monomer into the fragmented part is a two-step process. The monomer diffuses into the macroparticle
(macro-scale) first, and then diffuses into the polymeric layer of the microparticle (micro-scale). Finally,
it reaches the catalytic active sites and begins to react
(molecular scale). Diffusion and reaction in the
unfragmented core, on the other hand, is simpler
because there are no microparticles and only two
scales are involved. This model overcomes some of
the limitations of the Boninii et al. model and can
predict the initial peak, which appears in the reaction
rate profile. Nevertheless, the catalyst deactivation
and the concentration transition between fragmented
and unfragmented parts in macroparticle were still
ignored in the Alexiadis et al. model. In addition, in
most of the single particle models involving the SiO2
supported metallocene catalyst, the energy balance
equations for particle growth were ignored. Furthermore, no open models deal with supported dual function metallocene catalysts for preparing LCBPs as far.
On the other hand, Soares and Hamielec [26] suggested a dynamic mathematical model to describe
homogeneous and heterogeneous Ziegler-Natta
catalyzed copolymerizations with considering multiple
catalytic site types and mass and heat transfer effects
on polymerization rate and polymer properties. However, the mass and heat transfer belongs to external
transfer instead of intraparticle transfer. In addition,
soluble catalysts are regarded as a special case of
the general modeling where only one or two site types
are present and mass and heat transfer resistances
are considered negligible.
In this work, two improved multigrain models
(MGMs) are proposed to describe propylene polymerizations with SiO2-supported metallocene catalyst
and dual function metallocene catalyst to prepare
homopolypropylene and LCB polypropylene. Different
from previous models [11,16-26], the proposed
models incorporate the energy balance equations for
considering intraparticle heat transfer limitation, the
catalyst deactivation and the concentration transition
between fragmented and unfragmented parts in macroparticle. In addition, this work focuses on the comparison of intraparticle flow field using supported
setallocene and dual function metallocene.
MODEL DEVELOPMENT
Physical model for particle evolution
Since the present work aims at suggesting two
single particle models to predict and compare
intraparticle flow fields in propylene polymerization
over two types of SiO2-supported metallocene catal-
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ysts, physical models describing the evolution of
these particles must be presented first. The metallocene catalysts mentioned above are all supported by
SiO2 particles, so the physical models for their evolutions are basically identical [11]. There are many
published reports [11,16–25] on the fragmentation and
evolution of SiO2-supported metallocene catalysts
and their evolution mechanism has been generally
acknowledged [11]. Here, the acknowledged mechanism and corresponding physical model are adopted.
The morphological studies of catalyst systems at
different time show that the particle growth starts right
after the induction period and proceeds continually as
the polymerization activity increases [11,16–20]. In
polymerization, particles are considered to be spherical and fragmentation occurs shell-by-shell from the
surface to centre. In this way, it is possible to identify
two distinct regions: a fragmented shell and an
unfragmented core (see Figure 1).
The particle is fragmenting and the fragmentation front is moving towards the centre of the particle. When the fragmentation front reaches the centre
of the particle, the particle is assumed to be completely fragmented. The fragments are also assumed
spherical as in the MGM. Based on the previous
description and Figure 1, some points related to the
following mathematical model are emphasized as
follows.
First, in polymerization, the fragmentation occurs
shell-by-shell from the surface to the centre of the
catalyst-containing particles and two kinds of particles
are identifiable: macro-particles and micro-particles.
Second, the polymerization process can be
divided into two typical periods, i.e., the periods without and with fragmentation. The one with fragment-

Chem. Ind. Chem. Eng. Q. 20 (2) 249−260 (2014)

ation can be divided into two sub-periods further: the
fragmentizing period and post-fragmentizing period.
Accordingly, in practice, the process can be divided
into three periods. The three periods are all involved
in polymerization: 1) at t < t1, the size of the macroparticle is basically unchanged and the polymerization process begins at the surface and in the pores of
the micro-particle and a thicker and thicker layer of
polymer forms all around the micro-particles. With the
polymerization proceeding, the resistance of diffusion
of monomer into macro-particle increases; 2) at t1 <
< t < t2, fragmentation starts at t = t1 and ends (the
polymer/catalyst particles are at complete fragmentation stage) at t = t2, where a critical particle growth
factor (C*) is used to describe fragmentation. After the
polymer layer has covered the particle completely,
C > C*, then the particle is considered to be locally
fragmented and it is free to expand [11]; 3) at t > t2,
the macro-particle is at complete fragmentation stage.
In addition, if the macro-particle void fraction is higher
than the critical void fraction (ε > ε*), the micro-particles extend freely to keep constant ε*. Furthermore,
the macro-particle consists of unfragmented core with
the radius of RC and outside (n – 1) layers with constant spatial position for each layer in this work.
Under these points, a multi-layer CSM [12] is
used to describe the macro-particle (see Figure 1b),
and the whole polymer particle is handled as a reactor in the following mathematical modeling. It should
be noted that the physical model employed is a
revised MGM. Thus, the following mathematical
model is based on the revised MGM.
Mathematical modeling
Here a further evolution of the revised MGM,
from homo- to co-polymerization (preparing LCBPs) is

Figure 1. Schematic representation of physical model for polypropylene particle growth (a. physical model, b. micro-particle distribution
within the initial macro-particle).
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proposed. For the two types of polymerizations, the
main difference of modeling is the polymerization rate
equation, which will be described later. In addition,
there are still some assumptions for the revised
MGM: 1) the catalyst active-site concentration of each
layer within the macro-particle is identical; 2) only
diffusion between layers is considered; 3) the polymerization rate for each layer is calculated based on the
average monomer concentration of each layer; 4) the
average monomer concentration and temperature for
each layer are used to calculate the volume for each
sphere at a given interval. Following Figure 1 and
using the hypotheses above, it is possible to write the
governing equation (in dimensionless form) for the
fragmented layer and unfragmented layer (solid-core)
based on mass and heat balance equations.
For fragmented zone:
Mass balance:

∂M
1 ∂  2 ∂M
= 2
r
∂τ
r ∂r  ∂r

2

1− ε 1
1− ε 1

2
 −Φ ℜ 3 ε ℜ 3 ε
ϕ
ϕ


(1)

Heat balance:
∂θ
1 ∂  2 ∂M 
1− ε 1− ε
= Le 2
r
− βΦ 2Le ℜ 3
∂τ
r ∂r  ∂r 
ϕ ϕ3

(2)

∂M
∂θ
= Sh (1 − M ),
= Nu (1 − θ )
∂r
∂r

(3)

In addition, herein, we also consider the transition relations between the fragmented and unfragmented zones in the macro-particle as described in
Eq. (4):

∂M
∂r

rm+

= XD

∂M
∂r

;
rm−

∂θ
∂r

rm+

=

∂θ
∂r

(4)
rm−

For unfragmented zone:
Mass balance:
∂M
1 ∂  2 ∂M 
1
2
= 2
r
 − Φg ℜg
∂τ
ε
r ∂r  ∂r 

∂θ
1 ∂  2 ∂M 
1− ε
2
= Le 2
r
 − βΦ Le ℜ 3
∂τ
∂r 
ϕ
r ∂r 

(5)

(6)
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τ = 0, M = 0, θ = 1

(9)

where
1

Φ = (RM2 ((1 − ε 0 )m 4π RC2η *M 0 ) / (M 0Dl )) 2

(10)

1

Φ g = (m − 1) / n / ( XD 2 ), m = n , n − 1,...,1

(11)

In order to evaluate the deactivation of catalyst
and the fragmentation of catalyst-containing particles,
the single particle growth factor (C) is defined as:

Cj =

Rs (rM ,t )
RC

(12)

In addition, C* is defined as the critical growth
factor. When Cj > Cj*, the jth layer is fragmented but
its configuration is still unchanged. However, if ε > ε*,
the micro-particles extend freely to keep constant ε*.
Accordingly, for the unfragmented zone [20]:

ε ( rM ,t ) = 1 − (1 − ε 0 ) C ( rM ,t ) 

3

(13)

∂M
∂θ
= 0,
=0
∂r
∂r

(7)

∂M
∂θ
= XDSh (1 − M m ) ,
= Nu (1 − θ ) (8)
∂r
∂r

(14)

and for the fragmented zone [20]:

ε ( rM ,t )zone = ε ∗

(15)
1

 (1− ε )
3
3
3

0
6C j (t ) RC   j 3 − ( j − 1)  + R j3−1  ,
Rj = 
(16)
 

1− ε ∗ 


j = j ,..., n

(

)

Besides, when the mth layer is at fragmented
stage:

R j −1
j −1
=
RM (t 0 )
m

(17)

The dimensionless polymerization rate for each
layer within the macro-particle can be calculated as
follows [20,13,27]:
For SiO2-supported metallocene catalyst [13]:


Ea
ℜ j = exp  −
 R gasT0


Boundary conditions:

r = Rm / R M ,

Initial conditions:

rg =

Heat balance:

r = 0,

where m is the number of the outermost layer in the
unfragmented zone.

R j = 6RC , j , j = 1,..., n

Boundary conditions:

r = 1,
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 1

 − 1 Cx j M C, j
θj




(18)

and for SiO2-supported dual function metallocene
catalyst [27]:
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ℜj =

(K P1 0 exp(−E A1 / (Rgasθ j ))Cx 1 + K P2 0 exp(−E A 2 / (Rgasθ j ))Cx 2 )Mc , j

(19)

(K P1 0 exp(−E A1 / (RgasT0 ))Cx 1 + K P2 0 exp(−E A 2 / (RgasT0 ))Cx 2 )M 0

Using a quasi-steady state assumption for micro-particle, the following equations can be obtained
[28]:
dϕ j

k PM n
=
M C, j M 0
dt
3RC ρPPϕ j 2

M C, j =

η ∗M j
1 RC2
k e (1 − 1/ ϕ j )
1+
3 DC

(20)

(21)

While the interval ( Δt = t2-t1) approaching 0, the
following equation can be obtained:
3

ϕ j (t 2 ) = (ϕ j (t 1) +
+
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(22)
0.001k pCx 0 ρCatM n Δt 1
(M C, j (t 1) + M C, j (t 2 ))M 0 )1/3
RC ρPP
2

In addition, the temperature gradient can be
obtained using the following equation [29]:

θC − θ j = ( −ΔH p )DC / ( k eT0 ) ×


R 2
1
)k pCx j Cx 0 ρCat 
×  1 + C (1 −
C (i , j )
 3DC


(23)

Solution method and particle parameter values
The revised MGM, i.e., Eqs. (1)–(23) are solved
to obtain the intraparticle flow fields in propylene
polymerization with SiO2-supported metallocene
catalyst and dual function metallocene catalyst to
prepare homopolypropylene and LCBP. To calculate
the flow field in a growth polymer particle, Eqs. (1)–(23)
are numerically implemented as a Matlab User-Defined-Function and are solved with a chasing method.
In the following analysis, the simulated results
depend on the input valuses of the parameters presented in Eqs. (1)–(23). In the present work, the
parameters include the physical and transport properties of the reaction mixture and the kinetic rate
constants. Many researchers [5-34] have studied
olefin polymerization including propylene polymerization with SiO2-supported metallocene catalyst and
dual function metallocene catalyst to prepare homopolypropylene and LCBP. A set of reference values of
these parameters are selected and listed in Tables 1
and 2. Unless noted otherwise, the values used for
the simulation are those listed in Tables 1 and 2.

Table 1. Major parameters for the homopolymerization system
Parameter

Value at 80 °C

M0

1450

ΔHp

8.37×10

Ea

6.07×10

kP

2.640

Mn

0.042

Reference
30

4

18,30

4

30
31
/

Dl

2.24×10

Ds

1×10

-10

-11

ks

3.58×10

Cp

1920

-9

18
18
18
30

h

744

30

ke

1.965

32

Rgas

8.318

/

ρ cat

2260

30

ρPP

910

18, 28, 30

Cx0

1

28
-9

RC

6×10

RM0

4.5×10

32

ε0

0.825

32

ε*

0.4

32

1250

32

1.1

32

n
ϕ*

-5

32

RESULTS AND DISCUSSION
As described above, this work concentrates on
the modeling comparison between intraparticle transports during propylene polymerizations using supported metallocene and dual function metallocene
catalysts. The intraparticle transport effect is described via intraparticle monomer concentration, temperature, and polymerization rate. In addition, some
other variables linking to intraparticle flow field, such
as macro-particle void fraction, micro-particle growth
factor, and catalyst concentration of active center are
also used to describe the intraparticle transport effect.
Intraparticle mass transfer phenomenon
In a propylene polymerization system, polymerization occurs within catalyst/polymer particles (i.e.,
intraparticle active sites) and monomer should enter
the particles by diffusion first. It means that polymerization is a couple of diffusion and reaction in nature.
For diffusion, many intraparticle parameters, such as
macro-particle void fraction, micro-particle increase
factor, catalyst concentration, polymerization time,
etc., can influence the intraparticle monomer concentration distribution. They will be predicted and dis-
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cussed based on the proposed models. Figure 2
illustrates the distributions of monomer within the
macro-particle at different polymerization time for two
polymerization systems.
Table 2. Major parameters for the copolymerization system
Parameter

M0

Value at 80 °C

Reference

1450

30

ΔHp

1.066×10

5

Ea1

3.377×10

4

Ea2

4.39×10

kP1

14.3

5,33

2.64

29,31,34

k

2
P

Mn

4

0.042

14
33
31

/

Dl

2.24×10

Ds

1×10

-10

-11
-9

18
18

ks

3.58×10

Cp

1920

h

744

19

ke

1.965

32

Rgas

8.318

/

ρPP

900

18,28,30

ρ cat1

2480

5,33

ρ cat2

2260

28,30

Cx01

0.5

28

Cx02

0.5

RC

6×10

RM0

4.5×10

18
19

28
-9
-5

32
32

1.1

32

n

1250

32

ε0

0.825

32

ε*

0.4

32

ϕ*
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From Figure 2, one can see that there are
similar monomer distributions for the two studied
systems. Figure 2 also shows that the monomer
concentrations are higher at the surface than that
within the macro-particle. Furthermore, Figure 2 indicates that there are peak distributions for the two
systems and their positions are different. The positions are at 2 and 10 s for the homopolymerization
and copolymerization systems for preparing linear
polypropylene and LCBP, respectively. Since the
position, the monomer concentration gradually
increases with the polymerization proceeding for any
system. For the whole polymerization process, the
appearance of peak distribution implies that monomer
distribution is the coupling effect of reaction and diffusion, but not a single effect of reaction or diffusion.
At the initial stage of polymerization, diffusion rate is
high and reaction is the controlling-step, which leads
to the increase in monomer concentration. With the
polymerization proceeding, the resultant polymers fill
within the particles to block the pores within the particles, thus the diffusion resistance increases. The
controlling-step can change from reaction to diffusion
due to the increase in diffusion resistance. In addition,
as described above, catalyst/polymer particles fragmentize shell-by-shell towards the core of the particles due to the hydraulic force resulted from polymerization within the pores, which leads to the
decrease in mass transfer resistance and increase in
intraparticle monomer concentration (i.e., at each
layer of particle). In order to further describe the intraparticle mass transfer, the monomer distributions of
each layer within the macro-particle for the two systems are also simulated and the results are shown in
Figure 3.

Figure 2. Radial profiles of propylene concentration in macro-particle (a. the homopolymerization system;
b. the copolymerization system).
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Figure 3. Propylene concentration distributions along different layers in macro-particle (a. the homopolymerization system;
b. the copolymerization system).

From Figure 3, one can see that that the distributions for the two systems are similar. The change
in monomer concentration within the macro-particle is
complicated. The monomer concentration of each
layer first increases, then decreases to a minimum
value, and increases again during the polymerization
processing. However, the variation of monomer concentration near the outermost layer is very small as
shown in Figure 3. The first increase in monomer
concentration of each layer is due to the monomer
diffusion. After that, the diffusion rate decreases
because the resultant polymers fill within the particles
and block the pores within the particles. Furthermore,
as described above, the catalyst/polymer particles
fragmentize in shell-by-shell manner, resulting in
decrease in mass transfer resistance and increase in
intraparticle monomer concentration. Based on the
above discussions, it is easy to conclude that the
camel profiles shown in Figure 3 are the reason of
sequence inversion phenomenon shown in Figure 2.
On the other hand, despite the similar profiles for the

two systems as shown in Figures 2 and 3, one can
find that there are still some differences between the
two systems. For instance, for the homopolymerization system, the first max monomer concentration
position is at 2 s, the innermost layer within the
macro-particle begins to fragmentize at 6 s, and the
macro-particle grows rapidly at 219 s. However, for
the copolymerization system, the positions are at 2,
14 and 573 s, respectively. It means that the two types
of catalyst particle kinetics are different in nature.
Figures 2 and 3 prove that the whole process is
complicated and any change in the process can be
explained by the coupling effect of reaction and diffusion or the micro-particle growth and macro-particle
fragmentation, which combines many intraparticle
parameters as described above and will be discussed
as follows. We also calculated the micro-particle
growth factor and the macro-particle mean void fraction using the proposed models, which are shown in
Figures 4 and 5, respectively.
From Figure 4, one can see that the intraparticle

Figure 4. Micro-particle growth factor profiles (a. the homopolymerization system; b. the copolymerization system).
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growth factor distributions for the two studied systems
are similar. In addition, the growth factor of each layer
increases with the polymerization proceeding. By
comparing the radius of micro-particle at the outermost layer with that at the innermost layer, one can
see that their differences are 64.16 and 125.7 for the
homopolymerization and copolymerization systems
for preparing linear polypropylene and LCBP, respectively. It means that the penetration performances
for the two types of catalyst particles are excellent.
From Figure 5, one can observe obviously that the
macro-particle mean void fractions decrease to 0.4 at
219 and 573 s for the homopolymerization and copolymerization systems, respectively. After that, the
mean void fractions for the two systems are almost
constant. The above simulation result regarding the
mean void fraction is the same as that reported by
Diana et al. [20]. Furthermore, the active catalystcenter concentrations of each layer for the two systems are predicted using the models proposed and
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the results are shown in Figure 6.
Figure 6 illustrates that the intraparticle active
catalyst-center concentration profiles are similar for
the two studied systems, and the concentrations for
the two studied systems all decrease slowly. The
extent of decrease for the two systems is very low.
Thus, the current results prove that the decrease in
active catalyst-center concentration can be ignored,
which is the same as that reported in the literature
[16–18,20].
Intraparticle heat transfer phenomenon
Figure 7 describes the temperature distributions
of each layer within the macro-particle for the two
systems.
From Figure 7, one can see that the temperature
distributions for the two systems are similar. The
intraparticle temperature gradients increase with polymerization proceeding. However, the variation of temperature gradient is very small for both of them. For

Figure 5. Macro-particle mean void fraction profiles (a. the homopolymerization system; b. the copolymerization system).

Figure 6. Active site concentration profiles within macro-particle (a. the homopolymerization system; b. the copolymerization system).
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Figure 7. Intraparticle temperature distribution profiles (a. the homopolymerization system; b. the copolymerization system).

instance, the changed orders of magnitude are 10–5
and 10–6 for the homopolymerization and copolymerization systems, respectively. In addition, comparing
Figure 7 with Figure 3, the temperature distributions
are also very similar to the monomer concentration
distribution. It implies that these changes are
influenced by the polymerization heat.
On the other hand, the mean temperatures
within the macro-particle are also predicted using the
same models. The predicted mean temperature
profiles for the two systems are shown in Figure 8.
Figure 8 shows that the varying temperature
gradients are very small for the two systems. In
addition, one can see from Figure 8 that the average
temperature for the copolymerization system is higher
than that for the homopolymerization system, which is
due to higher reaction heat as a result of higher

polymerization rate for the copolymerization system
as illustrated in Figure 9.
It means that higher reaction rate leads to higher
reaction heat, and higher reaction heat leads to more
significant influence on the intraparticle heat transfer.
Nevertheless, the low intraparticle temperature gradient obtained for the two systems suggests that the
intraparticle heat transfer resistance can be ignored in
the case of propylene polymerization.
Polymerization rate profile
As described above, the intraparticle transfer is
influenced by the polymerization rate. Herein, the
polymerization rate profiles for the two systems are
also simulated and the results are shown in Figure 9.

Figure 8. Intraparticle mean temperature distribution profiles.
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Figure 9. Polymerization reaction rate profiles.

From Figure 9, one can see that the polymerization rate profiles for the two systems are similar and
also complicated. During the polymerization, the rates
increase quickly to the maximum values and then
decrease to the minimum values. After that, the rates
increase again. At the start of polymerization, the
catalyst particles are instantly activated, so the polymerization rate increases quickly at this stage. As the
polymerization proceeding, the pores in the catalystcontaining particles are filled with and blocked by the
obtained polymers, which results in the increase in
monomer diffusion resistance to intraparticle active
center. The polymerization rate decreases subsequently. On the other hand, the high hydraulic force
as a result of polymerization within the pores causes
shell-by-shell fragmentation from the surface to
centre, new catalyst active centers appear in turn.
Thus, the polymerization rate increases again.
The result obtained in this work regarding the
polymerization rate is similar to that reported in Ref.
[11]. As a matter of fact, the variation of total polymerization rate reflects the change in the radius of
macro-particle and their correlation is linear.
CONCLUSIONS
In this paper, two improved MGMs are suggested to describe propylene polymerization with silica-supported metallocene catalyst and dual function
metallocene catalyst to homopolypropylene and LCBP.
The intraparticle flow fields described via intraparticle
monomer concentration, temperature, and polymerization rate involved in polymerizations are predicted.
The simulation results show that the two flow field
distributions involved are basically identical. The
simulation results also show that both the two polymerization processes have an initiation stage and the
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controlling step is reaction-diffusion-reaction with the
polymerization proceeding. Furthermore, the simulation results show that the intraparticle mass transfer
resistance has significant effect on the polymerization, but the heat transfer resistance can be ignored.
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active site concentration, mol kg-1
diffusion coefficient in macro-particle, m2 s−1
diffusion coefficient in micro-particle, m2 s−1
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R
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gas constant, J⋅mol−1⋅K−1
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dimensionless radius of the unfragment part
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temperature, K
temperature at t = 0, K
polymerization time, s
volume, m3
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Prater constant
void fraction
critical void fraction
initial void fraction
polymerization reaction heat, J⋅mol−1
active site density, kg⋅m−3
macro-particle density, kg⋅m−3
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dimensionless polymerization time
dimensionless polymerization time interval
adsorption constant
dimensionless temperature
Thiele constant
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MODELOVANJE INTRAPARTIKULARNIH PRENOSA
TOKOM POLIMERIZACIJA PROPILENA PRIMENOM
NANEŠENIH METALOCENA I METALOCENA SA
DVOSTRUKOM FUNKCIJOM KAO KATALIZATORA:
MODEL ČESTICE
U ovom radu su opisana dva poboljšana multizrnasta modela (MGM) za pripremu
homopolipropilena i dugo-lančanog razgranatog polipropilena dobijenih polimerizacijom
propilena, pomoću metalocena nanetih na siliki ili metalocena sa dvostrukom funkcijom
kao katalizatora. Prikazani modeli se koriste za predviđanje intrapartikularnih polja strujanja uključena u polimerizaciju. Rezultati simulacije pokazuju da su raspodele polja strujanja u osnovi identične. Rezultati pokazuju, takođe, da oba polimerizaciona procesa imaju
fazu inicijacije i da je kontrolišući stupanj kod oba proseca reakcija-difuzija-reakcija sa
napredovanjem polimerizacije. Osim toga, rezultati simulacije pokazuju da otpor intrapartikularnog prenosa mase ima značajan uticaj na polimerizaciju, dok se otpor prenosa
toplote može zanemariti.
Ključne reči: metalocen nanešen na siliki, metalocen dvostruke funkcije nanešen na siliki, fragmentacija “ljuska po ljuska”, polimerizacija propilena, dugolančani i razgranati poliolefini, model rasta čestice.
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A STUDY ON ALKALI PRETREATMENT
CONDITIONS OF SORGHUM STEM FOR
MAXIMUM SUGAR RECOVERY USING
STATISTICAL APPROACH
Article Highlights
• Sorghum stem was used as a cheap raw material for production of fermentable sugars
• Alkali pretreatment was effective to increase the enzymatic digestibility of sorghum
• Alkali pretreatment conditions of sorghum bicolor stem were optimized using RSM
• At the optimum condition, the glucose yield increased by 7.14 fold
Abstract

Bioethanol production from lignocellulosic biomass provides an alternative
energy-production system. Sorghum bicolor stem is a cheap agro-waste for
bioethanol production. In this study, response surface methodology (RSM) was
used to optimize alkali pretreatment conditions for sorghum bicolor stem with
respect to substrate concentration, NaOH concentration and pretreatment time
based on a central composite rotary design. The main goal was to achieve the
highest glucose and xylose yields after enzymatic hydrolysis. Under optimum
conditions of pretreatment (time 60.4 min, solid loading 4.2%, and NaOH concentration 1.7%), yields of 98.94% g glucose/g cellulose and 65.14% g xylose/g hemicellulose were obtained. The results of a confirmation experiment
under the optimal conditions agreed well with model predictions. Pretreatment
of sorghum bicolor stem at the optimum condition increased the glucose and
xylose yields by 7.14 and 3.02 fold, respectively. Alkali pretreatment showed to
be a great choice for the pretreatment of sorghum bicolor stem.
Keywords: Sorghum bicolor (broomcorn) stem, enzymatic hydrolysis,
response surface methodology, alkali pretreatment.

Over the last few decades, extensive research
has been conducted on bioconversion of biomass to
fuels and chemicals due to the increasing concerns
about environmental protection and energy security
[1]. The lignocellulosic biomasses like agricultural
residues, municipal and industrial wastes are abundant, and low cost feedstocks that can be converted
to products such as fermentable sugars, ethanol and
other value-added chemicals [2]. The lignocellulosic
materials are composed of cellulose and lignin bound
by hemicelluloses chains [3]. Conversion of these
feedstocks into fermentable sugars is limited by a
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number of physico-chemical, structural, and compositional factors [4]. Thus, pretreatment is required to
break down the shield formed by lignin and hemicellulose, to disrupt the crystalline structure of cellulose and to decrease the degree of polymerization [5].
Pretreatment makes the cellulose more accessible to
enzymatic digestion [6]. Enzymatic hydrolysis of lingocellulosic biomass has been considered as an environmentally friendly method of saccharification that
can be a substitute for acid hydrolysis [7].
Optimization studies of processes affected by
several factors are difficult and time consuming, especially when the number of variables is large [8]. An
efficient approach is the use of statistical methods
that provide powerful tools to study and optimize
several factors in a process simultaneously [9]. When
the number of factors and responses increase, central
composite rotary design (CCRD) method is more
appropriate because it needs much fewer tests and
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gives almost as much information as the other
methods [7,9,10].
Sorghum bicolor (broomcorn) is a plant cultivated widely in tropical and subtropical regions. It is
used for the fabrication of various brooms and
wooden decorative items in Iran. Sorghum stem is a
low cost lignocellulosic crop residue that could be
converted into fermentable sugars and ethanol. In the
current study, sorghum bicolor stem was used as a
cheap raw material for production of fermentable
sugars. To our knowledge, alkali pretreatment of
sorghum bicolor (broomcorn) stem was rarely reported
and the main objective of this study was to evaluate
the suitability of wasted sorghum stem for production
of fermentable sugars using enzymatic hydrolysis. In
order to make ethanol production from lignocellulosic
materials economically feasible, both hexose and
pentose sugars need to be recovered efficiently.
Therefore, optimization of pretreatment conditions
was conducted for maximum glucose and xylose production. The response surface methodology (RSM)
was applied to identify the optimum alkali pretreatment conditions for maximum structural sugars recovery (mainly glucose and xylose) from sorghum stem
by analyzing the relationships between a number of
parameters that affect the overall process [8]. The
main and interaction effects of variables on the yields
of liberated sugars were investigated. Based on the
obtained response variables, a quadratic model was
developed and the optimum condition to attain the
highest yield of carbohydrates was predicted and then
validated by an extra experiment.
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tic bags at room temperature until further use. Total
dry content of sorghum bicolor stem was determined
by drying at 105 °C for 24 h. The compositional analysis of native sorghum bicolor stem was performed by
two stage acid hydrolysis protocol developed by
National Renewable Energy Laboratory (NREL) [10].
Two commercial enzymes, T. reesei cellulase (Celluclast 1.5L) and β-glucosidase (Novozym 188), were
purchased from Novozymes A/S (Bagsvaerd, Denmark) and Sigma (St. Louis, MO) respectively. Activity
of cellulase was measured according to the standard
procedure provided by the NREL [11]. The activity of
Celluclast 1.5L (cellulase) was measured as 45
(FPU)/mL. The β-glucosidase’s activity (Novozym
188) was 250 IU/mL reported by the supplier.
Dilute alkali pretreatment
In order to examine the effect of different pretreatment methods on the enzymatic digestibility of
sorghum stem, few experiments were conducted.
Hydrothermal, dilute sulfuric acid, combined microwave-NaOH and dilute sodium hydroxide pretreatments were examined to select a suitable pretreatment method for the utilized sorghum stem (data not
shown). Among these methods, NaOH pretreatment
showed to be the most effective with respect to
sugars recovery after enzymatic hydrolysis; therefore,
it was selected in this work for further investigation.
Preliminary experiments were conducted to select the
ranges of factors affecting NaOH pretreatment (Table
1). In this set of experiments, the samples containing
1 and 2% NaOH and 4.5% solid loading were pretreated for 30 and 60 min at 121 °C. The yields of
glucose after enzymatic hydrolysis of these pretreated
samples were considered for evaluation. As shown in
Table 1, increase in NaOH concentration and longer
time of pretreatment improved the yield of glucose;
however it seems that longer time with lower NaOH
concentration is superior. Pretreatment at 1% NaOH
for 60 min resulted in higher glucose yield compared
to that from 2% NaOH and 30 min (Table 1). Consequently, NaOH concentration 0–3% and pretreatment
time 15–75 min were selected for further study by
CCRD. Working at high solids loadings is advantageous in enzymatic conversion of lignocellulose bio-

MATERIALS AND METHODS
Substrates and enzymes
The sorghum bicolor (broomcorn) used in this
work was obtained from local farmers in Amircola,
Babol, Iran. The stems after removal of leaves, hereafter simply referred to as sorghum stem, were used
in all experiments. First, the stems were cut to nominally 3-4 cm in length and ground with a food homogenizer (Black & Decker, Model No. FX350, England)
and then passed through a 40 mesh screen. The
screened materials were stored in tightly sealed plasTable 1. Results from preliminary experiments
Pretreatment condition
NaOH concentration, %
1
2

262

Pretreatment time, min

Glucose yield, %

30

59.63

60

84.45

30

73.35

60

91.56
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mass as it increases product concentrations. In this
work, 10% solid loading was considered as upper
limit because the higher solid loadings caused insufficient mixing and increased viscosity of the resultant
slurry. Therefore, solid loadings in the range of 2–10%
were chosen for the experimental design.
According to the experimental design, the given
amount of screened sorghum stem was added into
250 mL flasks containing water solution with desired
NaOH concentration to obtained 100 mL slurry. The
flasks were placed in autoclave (Hirayama, HV-25,
Japan) at 121 °C for different time period according to
the experimental design. All flasks were capped tightly
in order to prevent evaporation during pretreatment.
After autoclaving, pretreated samples were filtered
through a Whatman filter paper and thoroughly washed
with distilled water until neutral pH was achieved. The
samples were also taken from the liquid fraction to be
analyzed for the glucose and xylose concentrations.
The filtered cakes were then used as the substrates
for enzymatic hydrolysis experiments.
Enzymatic hydrolysis
The solid residue of pretreated sorghum was
soaked in citrate buffer (50 mM, pH 4.8) and then
sterilized in an autoclave at 121 °C for 15 min. The
flasks were cooled down to 50 °C before removing
them from the autoclave. The cellulase was supplemented with Novozyme 188 to reduce inhibition effect
of cellobiose on cellulase. The β-glucosidase enzyme
was added at 90 IU/g of dry biomass. Enzymatic
hydrolysis was carried out at 50 °C and 150 rpm in a
shaker/incubator (IKA, Japan) for 24 h. After hydrolysis, the samples were taken and centrifuged at
13000 rpm for 5 min (Micro Centrifuge, Hermle, Germany) to remove the residue and supernatant was
stored at –20 °C for glucose and xylose determination.
Glucose and xylose yields from celluloses and
hemicellulose conversion were calculated as follows:
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a 0.45 µm filter and then analyzed. A HPLC system
(Knauer, Germany) equipped with a refractive index
(RI) detector (Knauer, Smartline RI Detector 2400,
Germany) was used to measure sugar and acetic acid
concentrations. An Eurokat H (10 µm) column, 300
mm×8 mm kept at 75 °C and eluted with 0.01 N H2SO4
at a flow rate 0.4 mL/min was used for measuring
glucose and xylose concentrations. Furfural and hydroxylmethyl furfural (HMF) were determined using
HPLC system equipped with Eurospher II (100-5 C18
P, 150 mm×4.0 mm ID) and a UV absorbance detector at 275 nm (Knauer, Smartline UV Detector 2500,
Germany). The column temperature was fixed at 25
°C. Water and methanol (20 and 80%) were used as
eluent at flow rate of 1 mL min–1.
SEM Analysis
Physical changes and surface characteristics of
the native and pretreated sorghum stem were
observed by scanning electron microscopy (SEM).
Images of the native and pretreated samples were
taken using a KYKY-EM 3200 scanning electron microscope (China). The specimens were coated with a
gold palladium using a SCD 005 sputter coater (BAL-TEC, Switzerland), mounted with a conductive tape
and observed using a voltage of 24 kV.
Statistical analysis

Analytical methods

A central composite experimental design (CCRD)
for three factors was used as presented in Table 2. A
total of 20 experimental runs including 8 tests for
factorial points, 6 tests for axial points and 6 replication tests at central points were carried out. The
effects of three operating variables of the alkali pretreatment, including solid concentration (X1), pretreatment time (X2), and NaOH concentration (X3), on two
response variables, i.e. glucose yield (Y1) and xylose
yield (Y2) were determined. The independent variables used at five coded levels (–α, –1, 0, +1, +α) [7].
Based on the results of our preliminary experiments
and the data from similar lignocellulosic materials
available in literature, pretreatment variables were
selected in the range of 15–75 min, 2–10% and 0–3%
for time, solid loading and NaOH concentration,
respectively [12–14]. The response values (glucose
and xylose yields) are the average of duplicate experiments.
A second-order quadratic equation was fitted to
evaluate the effect of each independent variable to
the response [8]:

All liquid samples from the pretreatment and
enzymatic hydrolysis experiments were filtered using

Y = β0 +

YieldGlucose (%) = 100
Yieldxylose (%) = 100

GH 162.2
GS 180.2

XH 132
XS 150

(1)
(2)

where GS and XS are gram glucan and xylan in dry
biomass, respectively. GH and XH are the amount of
glucose (g) and xylose (g) present in the aqueous
phase of samples after enzymatic hydrolysis.

k


i =1

k

βi x i +


i =1

k

βii x i2 +

k

 β x x
ij

i

j

+ε

(3)

i =1 i =1
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Table 2. Observed and predicted values for glucose and xylose yields
Actual level of variables
Run no.

Response
Glucose yield

Xylose yield

Pretreatment time
min

Solid concentration
% (w/v)

NaOH concentration
% (w/v)

Observed

Predicted

Observed

Predicted

1

75

6.00

1.50

97.18

87.90

51.78

54.88

2

60

4.00

0.75

81.12

79.81

61.27

56.04

3

45

2.00

1.50

86.20

81.67

55.96

60.95

4

45

10.0

1.50

39.77

35.69

30.41

30.02

5

30

8.00

2.25

49.90

52.70

36.49

38.28

6

45

6.00

1.50

94.07

91.97

58.95

59.49

7

60

8.00

0.75

56.36

55.70

41.69

39.68

8

60

8.00

2.25

59.33

61.06

44.30

45.68

9

45

6.00

1.50

92.78

91.97

58.37

59.49

10

45

6.00

3.00

59.64

49.20

42.73

41.18

11

60

4.00

2.25

89.85

95.30

62.96

61.94

12

45

6.00

0.00

14.54

20.57

23.62

29.78

13

45

6.00

1.50

92.46

91.97

59.56

59.49

14

30

8.00

0.75

43.51

39.56

35.21

32.78

15

15

6.00

1.50

46.87

51.03

37.18

38.89

16

45

6.00

1.50

92.13

91.97

57.39

59.49

17

45

6.00

1.50

94.07

91.97

58.95

59.49

18

30

4.00

0.75

58.81

51.30

52.26

47.45

19

45

6.00

1.50

93.43

91.97

58.01

59.49

20

30

4.00

2.25

72.38

74.59

54.26

52.85

where Y is the process response, k is the number of
the patterns, i and j are the index numbers for pattern,
β0 is the free term called intercept term, x1, x2,…,xk are
the independent variables, βi is the ith linear coefficient, βii is the quadratic effect, βij is the interaction
effect, and ε is the random error [15]. Design-Expert
7.01 statistical software (Stat-Ease, Inc., Minneapolis,
MN, USA) was used for regression analysis of experimental data. Analysis of variance (ANOVA) was used
to estimate the statistical parameters.
RESULTS AND DISCUSSION
Characterization, pretreatment and enzymatic
hydrolysis
The dry matter content of the sorghum bicolor
was measured at 93.09%. The composition of sorghum stem was analyzed with respect to sugars,
extractives, acid insoluble lignin, acid soluble lignin
and ash [10]. Cellulose was the major component
(47.58%) in sorghum stem followed by hemicellulose
(24.66%) and acid insoluble lignin (22.98%). The content of acid soluble lignin, ash and extractives were
1.75, 1.93 and 1.1%, respectively. Cellulose and
hemicelluloses accounted for about 72% of the total
solid content of sorghum stem.
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Sorghum stem was selected as a substrate for
enzymatic hydrolysis because of its local and abundant availability. It is a lignocellulosic biomass that
cannot be hydrolyzed by enzyme in a high yield
without pretreatment [7]. In the current study, sorghum stem was pretreated with NaOH prior to enzymatic hydrolysis. Pretreatment of the sorghum stem
was performed according to the experimental design
presented in Table 2. Analysis of samples from liquid
fraction showed the glucose concentration was very
low and almost identical in all samples. On the contrary, xylose concentration showed variations in different liquid samples with maximum concentration of
1.05 (g/L), which is about 6.5% of total equivalent
xylose content. In overall, higher xylose concentration
in the liquor was obtained at more severe pretreatment conditions (longer time and higher NaOH concentration), due to higher fractional hemicellulose dissolution and vice versa. Therefore, both glucose and
xylose concentrations in liquid fraction were not considered in this study.
The cellulase and β-glucosidase enzymes were
used at concentration previously mentioned for hydrolysis of pretreated samples. Xylanase supplementation was not examined since hemicellulase activity
was identified in the Trichoderma reesei cellulases
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ables. The results of CCRD tests are presented along
with the observed and predicted responses in Table
2. The responses of the CCRD design were fitted with
a second-order quadratic equations (Eqs. (4) and (5)).
The equations representing the relationship of the
response variables (Y1 and Y2) as a simultaneous
function of independent variables, can be expressed
as follows:

system by 2D electrophoresis [16]. This fact might
probably explain the reason why xylanase addition
was not necessary since Celluclast 1.5L is produced
from T. reesei. The results for glucose and xylose
yields as two response variables are displayed in
Table 2. The highest value for glucose and xylose
yield achieved 97.18% and 62.96% at run numbers 1
and 11, respectively.
Furfural and HMF as inhibitors for the subsequent fermentation step were not detected in substantial level in any samples; concentration of acetic
acid was 0.1 g/L. Xylose is liberated into the liquid
during hemicellulose degradation and further degraded to furfural at high temperatures. Therefore, the
lack of furfural formation is most probably due to
stability of xylose under the applied temperature. It is
an important advantage of NaOH pretreatment over
other pretreatments such as acid pretreatment.

Y 1 = −156.785 + 3.742 X 1 + 26.38 X 2 + 103.58 X 3 −
(4)
−0.103 X 1X 2 − 0.173 X 1X 3 − 1.69 X 2 X 3 −
−0.025 X 12 − 2.08 X 22 − 25.37 X 32

Y2 = −21.76 +1.594X1 + 7.24X 2 + 35.22X3 − 0.014X1X2 +
+0.011X1X3 + 0.016X2X3 − 0.014X12 −
−0.875X

2
2 −10.67

X

(5)

2
3

Analysis of variance of the quadratic equations
for glucose and xylose yields was performed by
Fisher’s statistical test. Evaluated ANOVA results for
glucose and xylose yields shown in Table 3, suggested that the regression was statistically significant.
The p-value denoting the significance of the coeffi-

Statistical analysis of the experimental results
In this study, RSM technique was applied to
explore the optimum response region of fermentable
sugars’ yield and to optimize the corresponding vari-

Table 3. Results of ANOVA for quadratic models of glucose and xylose yields
Response

YGlucose

Probability (p)

Significance

25.42

<0.0001

Significant

32.75

0.0002

2135.6

46.36

<0.0001

819.82

17.8

0.0018

1

77.07

1.67

0.2249

30.38

1

30.38

0.66

0.4356

51.36

1

51.36

1.12

0.3158

2

770.91

1

770.91

16.74

0.0022

2

1741.4

1

1741.4

37.81

0.0001

X3

2

5120.6

1

5120.6

111.17

<0.0001

Residual

460.61

10

46.06

R2

0.9581

Adj R2

0.9204

Sum of squares

Model

10538.8

9

1170.99

X1

1508.35

1

1508.35

X2

2135.6

1

X3

819.82

1

X12

77.07

X13
X23
X1
X2

YXylose

Degree of freedom Mean square F-value

Source of variation

CV

9.68

Model

2426.9

9

269.66

17.66

<0.0001

X1

234.09

1

234.09

15.33

0.0029

X2

963.48

1

963.48

63.09

<0.0001

X3

131.10

1

131.10

8.58

0.015

X12

1.46

1

1.46

0.096

0.76

X13

0.13

1

0.13

0.0085

0.928

0.005

1

0.005

0.000327

0.9859

2

253.82

1

253.82

16.62

0.0022

2

308.18

1

308.18

20.18

0.0012

X3

2

906.21

1

906.21

59.34

<0.0001

Residual

152.73

10

15.27

R2

0.9408

Adj R2

0.8875

CV

7.96

X23
X1
X2

Significant
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cients was important in understanding the pattern of
mutual interaction between the variables [3]. The
model terms with p-values less than 0.05 were considered statistically significant. The p-value for both
models was < 0.0001. The F-values of 25.42 and
17.66 for the yields of glucose and xylose respectively, also suggest that both models were significant.
The correlation among the observed experiments
results and the predicted values by models can be
checked by the determination coefficient (R2). The
high values of R2 and adjusted R2 of models show a
close agreement between the experimental results
and predicted values by the models and demonstrate
that the models are well fitted. The coefficient of
determination of the models were 0.9581 and 0.9408
for glucose and xylose yields respectively, which
further represent that the models were suitable to
show the real relationships between the selected
reaction variables. A lower value for the coefficient of
variation (CV) suggests higher reliability of experiments. In this work, the corresponding CV values
were 9.68 and 7.96% for the yields of glucose and
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xylose. As shown in Table 3, linear terms (X1, X2, X3)
and quadratic terms (X12, X22, X32) are the major
significant factors (P < 0.05) affecting the glucose and
xylose yields. However, the effects of interactive
model terms (X12, X13, X23) were not significant.
Figure 1 shows the correlation between predicted and experimental results. This means that the
developed statistical models provide an excellent
description of the relationship between the independent variables and the responses. Therefore, these
models proved to be powerful tools for process optimization [7,8,17].
Effect of parameters on responses
In order to study the interaction among different
independent variables and their corresponding effect
on the response, counter plots and three dimensional
response surface plots were depicted. The responses
for the yields of glucose and xylose were depicted by
the iso-response contour plots and three-dimensional
surface plots in Figures 2 and 3. In these plots, two
factors were varied at a time while the other factors
were kept at center levels [9]. The shapes of res-

Figure 1. Actual vs. predicted values, a) glucose yield; b) xylose yield.
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Figure 3. The effect of pretreatment time and NaOH
concentration on the xylose yield.

Figure 2. The effect of: a) pretreatment time and solid loading;
b) pretreatment time and NaOH concentration; c) solid loading
and NaOH concentration on the glucose yield.

ponse surfaces and contour plots indicate the nature
and extent of the interaction between various vari-

ables [18]. Generally, circular contour plots display
that the interactions between parameters were negligible. On the contrary, elliptical ones indicate the evidence of the interactions between the independent
variables [19]. Figure 2a represents the effects of
solid loading and pretreatment time levels on the yield
of glucose when NaOH concentrations were kept at
center point. The circular nature of the contour plot
indicates that interactive effects between the test
variables are not significant, which is in agreement
with the results of ANOVA. Solid loading is one of the
major factors affecting the conversion rate of enzymatic hydrolysis of lignocellulosic materials. Increasing glucose yield correlated with an increase in solid
loading to a point (about 6%) beyond which resulted
in a decrease in glucose as shown by Figure 2a.
Similar effects of these variables were observed for
the second response variable (Y2). The surface plot
indicating the effects of these variables on the xylose
yield was similar to Figure 2a (not shown). Gregg et
al. showed that high solid loading resulted in low
hydrolysis yield due to product inhibition, enzymatic
deactivation, and a decrease in the reactivity of cellulosic substrate with progress of hydrolysis process
[20]. The effect of high solid concentration in enzymatic hydrolysis and SSF has been studied by several groups working with various biomasses [21–26].
Several of these investigations were conducted at
less than 10% initial solid loading. Reduction of
enzyme efficiency at higher solid loadings appears to
be an intrinsic or generic effect of enzymatic hydrolysis at high solid levels. Some researchers suggested that the reason of decreasing enzymatic yield
at high solid loadings is due to product inhibition or
inhibition by other compounds such as lignin, furfural
and HMF [21,22,27]. Others proposed it may be
explained by mass transfer limitation or other effects
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related to the increased content of insoluble solids,
such as nonproductive adsorption of enzymes [28].
Kristensen et al. (2009), reported that inhibition of
enzyme adsorption by hydrolysis products was the
main cause of the decreasing yields at higher solid
loadings during the enzymatic hydrolysis of lignocellulosic materials [26]. At mid-level solid loading and
longer pretreatment time, the optimum yield of glucose could be attained. The effects of NaOH concentration and pretreatment time on glucose yield are
illustrated in Figure 2b. Glucose yield was low at zero
concentration of NaOH and increased with raise in
NaOH concentration up to 1.5%. However, further
increases in NaOH concentration decreased the yield
of glucose due to higher solid loss. This finding was in
agreement with Wang et al. [12]. They reported that
higher NaOH concentrations and longer times of
pretreatment resulted in lower solid recovery and
higher lignin removal. The effect of variation in NaOH
concentration and pretreatment time on the yield of
xylose is similar to the effect of these variables on the
glucose yield and therefore, the same results can be
derived (Figure 3). The interdependence of NaOH
concentration and solid loading on the glucose yield is
shown in Figure 2c. The surface plot illustrating the
interaction between these variables for xylose yield is
similar (not shown). With increase in solid loading
from 2 to 6%, glucose yield reached a peak at midlevel NaOH concentration (center point). However,
higher amounts of solid loading showed negative
effect on the yield of glucose. With an increase in
NaOH concentration, the yield of xylose increased
gradually at the higher solid loading. An increase in
NaOH concentration (0–1.5%) with solid loading from
2 to 6% enhanced the xylose yield.
The results of this study indicate that the yield of
glucose improved as pretreatment time increased
while the xylose yield slightly decreased at longer
pretreatment time because hemicellulose is more
vulnerable to chemical pretreatments than cellulose
[12]. Overall, the effects of different variables on glucose and xylose recovery were similar. This is an
advantage because it allows maximum recovery of
both sugars under fairly identical conditions. It is however noteworthy to mention that the second response
is slightly more sensitive to the time of pretreatment
as the maximum yield was attained at shorter
pretreatment time (Figure 3).
Confirmation experiments
The optimal pretreatment conditions for production of fermentable sugars were predicted by
Design Expert software. Optimal pretreatment con-
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ditions improve cellulose susceptibility tor enzymatic
attack thereby maximizing total glucose yield. The
optimum operating conditions were: x1 = 60.4 min, x2
= 4.2%, x3 = 1.7% for glucose yield and x1 = 55.7 min,
x2 = 3.72%, x3 = 1.68% for xylose yield. At optimum
conditions for glucose yield, corresponding glucose
and xylose yields were calculated 98.94 and 65.14%,
respectively, while the yield of glucose and xylose
was calculated 97.74 and 65.54%, respectively at the
optimum condition for xylose yield. These results
show that the optimum pretreatment conditions are
very close to each other, therefore both conditions
can be considered as optimal for two responses,
which is a great advantage of the applied pretreatment method. In the present work, the optimum conditions for glucose yield were considered for verification experiments. In order to examine the validity of
the optimal condition predicted for glucose yield,
confirmation experiments were carried out in triplicates. The average results of these experiments were
98.86% (±0.18) and 65.02% (±0.32) for glucose and
xylose yields, respectively. The predicted values of
the maximum glucose and xylose yields were 98.94
and 65.14% respectively. Since excellent prediction
performance was obtained using the models, mean
square error (MSE) was used to measure the average
of the square error between the predicted and
observed values. A low values of mean square error
(MSE = 0.028 and MSE = 0.0846 for the glucose and
xylose yields, respectively) show that the models
were reasonably accurate, and RSM analysis is
indeed a useful technique to predict and optimize the
pretreatment conditions of lignocellulosic materials.
Several studies were reported about alkali-pretreatment using different lignocellulosic materials
[7,12,29–32]. Mclntosh and Vancov studied the
impacts of varying pretreatment parameters (temperature, time and alkanity) on enzymatic digestion of
sorghum bicolor straw. They reported that total sugar
release peaked when sorghum straw was pretreated
in 2% NaOH at 121 °C for 60 min; representing
enzyme saccharification improved by 5.6-fold when
compared to the samples pretreated at 60 °C in the
absence of alkali [31]. Wang et al. used NaOH for
pretreatment of costal Bermuda grass. They observed
up to 86% lignin removal and optimal NaOH pretreatment condition at 121 °C was reported 15 min and
0.75% NaOH concentration that under this condition,
total reducing sugar yield was about 71% of the theoretical maximum [12]. Mirahmadi et al. used NaOH for
pretreatment of spruce and birch. They reported that
alkali pretreatment resulted in a significant reduction
of both hemicellulose and the crystallinity of cellulose,
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which might be responsible for observed improvement in enzymatic hydrolyses of birch (from 6.9 to
82.3%) and spruce (from 14.1 to 35.7%) [33]. Zhang
et al. studied ability of alkali pretreatment method to
increase enzymatic digestibility of cattail cellulose.
They observed the highest glucose yield (77.5% of
the cellulose) was obtained when the cattails were
pretreated with a 4% NaOH solution and when applying a 0.5–4% NaOH solution, approximately 25.5–56%
of the lignin was removed [34]. Alkali pretreatment
was used for pretreatment of cogon grass by Lin et al.
They reported that NaOH pretreatment at room temperature led to an increase in cellulose content (38.5
to 60.5% glucan) due to the partial removal of hemicellulose and lignin fractions [35]. These results suggest that NaOH pretreatment is an efficient method
for pretreatment of lignocellulosic material however;
the optimal condition may vary depending on the
materials used.
Finally, the glucose and xylose yields were significantly increased from 13.85 and 21.56% to 98.94
and 65.14%, respectively when sorghum stem pretreated by NaOH at optimum condition. Therefore
NaOH pretreatment method was able to effectively
increase the enzymatic digestibility of sorghum stem
and the glucose and xylose yields after enzymatic
hydrolysis were increased by 7.14- and 3.02-fold,
respectively. The chemical composition of sorghum
stem may vary depending on several factors such as
cultivar type, farming inputs and practises, geographical location, seasonal conditions, and stage of
harvest [31]. It is noteworthy to mention that total
lignin content of sorghum stem used in the present
work was much higher, that is, 22.98% compared to
only 7% in the reported straw by McIntosh and
Vancov, making it more resistant against enzymatic
hydrolysis [5,36]. Despite different chemical composition, the results obtained were consistent with those
previously reported. This fact suggests that alkaline
pretreatment is a suitable choice for pretreatment of
agricultural residues. Initial lignin content as the main
barrier against enzymatic hydrolysis shows little effect
on the efficiency of enzymatic hydrolysis when NaOH
pretreated stem is used.
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NaOH is known to cleave ester linkages between
xylan and lignin, leading to increased porosity of the
resultant biomass [13,38,39]. Also, Chang and Holtzapple reported partial removal of acetyl and different
kinds of uronic acid substitutions on hemicellulose
[40]. The compositional analysis of the solid residue
after pretreatment at the optimum condition was carried out. Chemical composition, weight loss and lignin
removal were characterized. The pretreatment of
sorghum stem resulted in 42.13% weight loss mainly
caused from solubilization lignin and hemicelluloses;
therefore, the cellulose content of the pretreated
residue was increased. Residue with cellulose content of 67.24% was obtained at the optimum pretreatment condition. At this condition, 76.45% of lignin
content was removed from the raw material. The
hemicellulose content for untreated sorghum was
about 24.66%, which decreased to 20.31% after the
pretreatment. Substantial removal of lignin and partial
removal hemicelluloses along with increased porosity
might explain the significant enhanced rate of enzymatic hydrolysis. Scanning electron microscope (SEM)
images of native and the pretreated sorghum stem
are represented in Figure 4. For the untreated sorghum stem, a smooth surface, compact structure and
intact morphology was clearly observed (Figure 4a).
However, after the pretreatment at optimal condition,
the regular structure of sorghum was distorted and
the porosity of resultant biomass was significantly
increased (Figure 4b).

Effect of pretreatment on the composition of sorghum
stem under optimal condition
In general, the alkali pretreatments decrease the
lignin content, which is responsible for reduced
accessibility of enzyme to the hemicellulose and cellulose. Alkali are preferred over other pretreatment
methods due to its ability for selective removal of
lignin and for less degradation of carbohydrates [37].

Figure 4. Scanning electron microscopic images of: a) native
sorghum stem; b) pretreated sorghum stem.
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CONCLUSION
This study is one of the first reports that evaluates the use of sorghum bicolor (broomcorn) stem
as a resource to produce fermentable sugars. The
conditions for alkali pretreatment of sorghum stem
were optimized by using statistical approach. Enzymatic hydrolysis was then performed to evaluate the
optimum conditions for maximizing sugar production.
Calculated statistical values indicate that the models
were very significant. The optimum condition was
found as follows: pretreatment time at 60.4 min, solid
concentration at 4.2% and NaOH concentration at
1.7% for the glucose yield. The maximum yields of
glucose and xylose obtained under the optimum conditions were 98.94 and 65.14%, respectively. The
optimization methodology represents a valuable tool
for optimization of process factors for alkali pretreatment using sorghum stem as a low cost residue crop.
Nomenclature
Y2 Xylose yield (%)
β0 Constant term
CV Coefficient of variation
βi
Coefficients of the linear parameters
GH Amount of glucose present in the aqueous
phase after hydrolysis (g)
βij
Coefficients of the interaction parameters
GS Amount of glucan present in dry sorghum (g)
ε
Residual
R2 Coefficient of determination
R2adj Adjusted coefficient of determination
ANOVA Analysis of variance
XH Amount of xylose present in the aqueous phase
after hydrolysis (g)
FPU Filter paper unit
xi
Factor
NREL National Renewable Energy Laboratory
Xi
Real value of the independent variable
RSM Response surface methodology
XS Amount of xylan present in dry sorghum (g)
CCRD Central composite rotary design
Y1 Glucose yield (%)
MSE Mean square error
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STATISTIČKA OPTIMIZACIJA USLOVA ALKALNOG
PREDTRETMANA STABLJIKI SIRKA RADI
POSTIZANJA MAKSIMALNOG PRINOSA ŠEĆERA
Produkcija bioetanola iz lignocelulozne biomase obezbeđuje sistem proizvodnje alternativne energije. Stabljika sirka je jeftin agro-otpad pogodan za dobijanje bioetanola. U
ovom radu, metodologija površine odziva (RSM) je korišćena za optimizaciju uslova predtretmana stabljiki sirka, i to: koncentracije supstrata, koncentracije NaOH i vreme predtretmana, koristeći centralni kompozitni rotacioni plan. Glavni cilj je bio da se postignu najveći
prinosi glukoze i ksiloze posle enzimske hidrolize. Pri optimalnim uslovima predtretmana,
tj. vreme 60,4 min, doza biljnog materijala 4,2% i koncentracija NaOH 1,7%, postignuti su
prinosi glukoze i ksiloze od 98,94 i 65,14%, redom. Rezultati verifikacionog eksperimenta
pod optimalnim uslovima se dobro slažu sa predviđanjima modela. Predtretman stabljiki
sirka pod optimalnim uslovima je povećao prinose glukoze i ksiloze za 7,14 i 3,02 puta,
redom. Alkalni predtretman je pokazao kao dobar izbor za prethodni tretman stabljiki sirka.
Ključne reči: stabljika sirka, Sorghum bicolor, enzimska hidroliza, metodologija
površine odziva, alkalni predtretman.
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DETERMINATION OF FEASIBILITY AND
ADVANTAGES OF USING ADDITIONAL
TURBINES TO REDUCE ENERGY
CONSUMPTION AND CO2 EMISSION OF A
DISTILLATION COLUMN
Article Highlights
• Using additional turbine to produce domestic electricity from process stream in the
column
• Reducing the energy consumption from using domestic electricity and reducing CO2
emission
• The new design is promising with important amount of energy reduction and CO2
emission
• Equations were derived in detail to prove the process feasibility
• Distillation to feed ratio and reflux ratio were fully investigated as primary variables
Abstract

Distillation is a process that consumes an extensive amount of energy and
emits an enormous amount of CO2. It is attractive to reduce the energy consumption and CO2 emission for distillation. A new design of distillation is proposed by adding turbines in the vapor process streams before the condenser
and after a reboiler to produce domestic electricity. As a result, this new design
helps in reducing energy consumption and CO2 emission. The key variables
are the distillate to feed ratio and the reflux ratio because they are the direct
factors that control the vapor flow rates supplying the turbines. The distillation
of an alkane mixture of C4–C8 commonly found in a petroleum refinery was
used as a test model to prove the process feasibility. The energy consumption
and CO2 emission of the new process are reduced to 0.93–0.96 and 0.89–0.90
of the conventional process, respectively. This new design increases process
efficiency in terms of second law efficiency by reducing the entropy generation
from the conventional distillation at low distillate to feed ratios and reflux ratios.
The distillation with additional turbines is promising to reduce energy consumption and CO2 emission and to increase process efficiency.
Keywords: distillation; turbine; CO2 emission; energy reduction.

Distillation is widely used for separation, especially in the petroleum and petrochemical industry. A
petroleum refinery utilizes distillation techniques
heavily to produce petroleum fuels and chemical feedstocks. Therefore, the effort for saving energy of the
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distillation process is the first priority for the short and
long term [1].
Distillation is proven to have low energy efficiency because it is irreversible. A number of research
studies have been published about improving the
energy efficiency of distillation systems. The total
exergy loss in the distillation process consists of 57%
from the column, 29% from the condenser, 11% from
the reboiler, and 3% from the compressor [2].
According to the largest portion of exergy loss, a
number of research publications have targeted the
improvement of exergy loss from the column. One of
the most attractive methods was the internally heat-
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integrated distillation column. The internally heat-integrated distillation column was proposed to increase
the energy efficiency of the distillation system. It was
first developed targeting binary separation [3,4]. The
idea was to insert the produced heat to the required
area within the distillation system. It was not possible
to insert the rejected heat from a condenser to the
required heat of a reboiler. This violates thermodynamic laws because the heat cannot transfer from
a low temperature source (a condenser) to the high
temperature sink (a reboiler). The heat from a condenser can be transferred to a reboiler when the
vapor from the top of the column is compressed to a
high pressure and temperature and released to the
reboiler. However, it requires a large amount of
energy to compress the vapor to high temperature
and pressure and it can be impractical. A tray-by-tray
heat integration was then implemented [3–7]. The heat
from the rectifying section of the first column was
released to the stripping section of the second
column. The internally heat-integrated distillation
column was also proposed for ternary mixtures [8].
Kim [8] adopted the work from Mascia et al. [9] for
separation of n-pentane, n-hexane and n-heptene
and from Lee et al. [10] for separation of benzene,
toluene, and xylene. There were two heat exchangers
between exchanging stages of two columns. Even
though Kim [8] showed that the energy savings was
over 27% for a condenser and over 30% for a
reboiler, the internally heat-integrated distillation
seems to be too complicated to install and control if
the number of exchanging stages is large.
The other attempt was to improve the efficiency
of a reboiler. A gas turbine can be added in the
furnace part in a distillation unit. Fuels such as natural
gas and light fuel oil can feed the gas turbine to
generate domestic power or electricity. This domestic
electricity can be reused in the distillation or exported
to another unit. The energy consumption and CO2
emission were reduced by 21 and 22% [1]. Additional
savings on utility cost can be gained. A gas turbine is
used where the furnace is present. The use of a gas
turbine also provides heat to the process as well. The
process heat duty can be calculated from the model
of Smith and Delaby [11] for a stand-alone turbine
and the model of Manninen and Zhu [12] for the use
of a gas turbine integrated with the process. As
shown from Rizk et al. [2], the exergy loss from the
reboiler alone was small.
In this paper, the motivation is derived from the
exergy loss of both the reboiler and condenser with
the total of 40% [2]. The additional gas turbines are
added at the vapor stream before the condenser and
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after the reboiler to generate domestic electricity to
reduce the energy consumption and CO2 emission
and eventually increase process efficiency. The
design is simple to avoid complications in installation
and control like an internally-heat integrated distillation but still importantly reduces energy and CO2
emission. This study does not include the effects of a
gas turbine at the fuel combustion unit as this has
been fully studied [11,12]. The new design can be
added to the internally heat-integrated distillation and
the fuel gas turbine to increase the total savings of
energy consumption and CO2 emission.
The objective of this paper is to investigate the
process feasibility and advantages of the new design
of distillation with an additional turbine. The feasibility
and advantages were determined by studying the
effect of wide ranges of distillate to feed ratio and
reflux ratio. These ratios control the vapor flow rates,
which affect the capacity of electricity generation of
the turbines. As the distillate to feed ratio is one of the
variables, the product purity is not considered; otherwise, the study range of distillate to feed ratio will be
very narrow. The number of stages and the feed
stage are set as general values as they do not affect
the main variables. The results of this work can be
used as a guide for inserting the turbines to reduce
the energy consumption and CO2 emission for existing process with specific distillate to feed ratio and
reflux ratio. The distillation of an alkane mixture of C4–
-C8 was used as a test model.
Figure 1 shows the schematic diagram of the
distillation unit with additional turbines. For the top of
the column, the vapor stream from the top of the
column enters the turbine to generate domestic electricity and then goes to a condenser at lower pressure
and temperature. The pressure of liquid leaving the
condenser is then increased by a pump to be the
same as the vapor leaving the column. For the bottom
of the column, the liquid stream enters the pump to
increase the liquid pressure in order to produce high
pressure vapor in a reboiler to feed the gas turbine.
The vapor leaving the gas turbine has equal pressure
as the liquid leaving the column. The temperature of
the bottom turbine outlet is reduced but still high compared to the bottom tray temperature. Therefore, the
exit stream of the turbine with high temperature is
used to preheat the inlet stream that enters a reboiler.
In this case, the temperature of the exit stream from a
turbine can be reduced to the same temperature as
the bottom tray in the column and the heat duty at a
reboiler can be saved.
From Figure 1, the turbines generate work while
the pumps consume work. The condenser rejects
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Figure 1. Schematic diagram of the new design of distillation with additional turbines.

heat while the reboiler requires heat. For additional
turbines, the generated work by turbines must exceed
the required work by pumps. The rest of the work
generated by turbines can be used as external power
for refrigeration in a condenser or for steam generation in a reboiler. It is assumed that the power
generated by turbines could be recycled to the system without any losses. It is assumed that the condenser duty comes from refrigeration and served by
electricity and the reboiler duty is served by direct
combustion of fuels for steam generation. Table 1
shows the CO2 emission factors for the electricity
production and the fuel combustion. The CO2 emission factors already include the efficiency effects on
the electricity production and the fuel combustion.
According to Table 1, it is wise to insert turbine work
to reduce the duty of the condenser not the reboiler
because the CO2 emission for the electricity gener-

ation is over two times larger than the fuel combustion.
Turbines and pumps are not present for conventional distillation. It can be expected that the heat
duties for a condenser and a reboiler of the new
design are different from the conventional design
because the temperature and pressure of the streams
entering the condenser and the reboiler are different.
However, the stream properties of feed, distillate
product, and bottom products are equal for both
designs. The stream properties include flow rate,
composition, temperature, and pressure.
Theoretical part
The energy balance is shown in Eq. (1). Equations (2)–(7) are derived from Eq. (1). The heat requirement comes from the change of enthalpy in the flow
system and work. In this particular system, a con-

Table 1. Emission factor of CO2 (e) for combustion and electricity generation in (kg CO2 equivalent) per amount of released heat (kW·h)
for coals, natural gas, and oils
-3

Fuel type
1. Coals

-3

Combustion×10 , kg CO2 e/kW·h [13]

Electricity×10 , kg CO2 e/kW·h [14]

Anthracite

373

835

Bituminous

337

830

Sub-bituminous

350

920

Coking coal

409

715

Lignite

347

940

363

848

Average
2. Natural gas

Natural gas

191

370

3. Oils

Heavy fuel

284

620

Gas/Diesel

264

65

Average

274

635

Total average of 1–3
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denser and a reboiler are the only heat transfer
equipment. The heat requirement for equipment is
calculated from Eqs. (2)–(5). The work from turbines
and pumps is equal to the enthalpy change of the
process streams as shown in Eqs. (6) and (7). The
net energy requirement for the whole process can be
viewed as Eq. (8). The absolute heat duty for the
system is the summation of absolute values of heat in
the system as shown in Eq. (9). The conventional
heat duty is shown in Eq. (10):

The equivalent CO2 emission (ECO2) is calculated by Eq. (15), which is the summation of the multiplication of emission factor (e) and the absolute heat.
It is assumed that the heat duty is obtained from the
electricity for the condenser and steam production
from fuel combustion for the reboiler. The equivalent
CO2 emission is calculated by Eq. (16) for the distillation with additional turbines with the conditions of
Eqs. (12)–(14). It is obvious that the emission of CO2
equivalent for Eq. (16) is less than Eq. (15):

 ]i −Wi
Qi = Δ[mH

(1)

ECO 2,Conventional = eElec QCon + e Combustion QReb

 ]Con
QCon = Δ[mH

(2)

ECO 2,new = eElec QCon − (WTur +WPump ) +

 ]Reb
QReb = Δ[mH

(3)

+e Combustion QReb

 ]Tur −WTur = 0
QTur = Δ[mH

(4)

Q

(5)

Pump

 ]Pump −WPump = 0
= Δ[mH

 ]Tur = m (C p ,vap ΔT −V vap ΔP )
WTur = Δ[mH

(6)

 ]Pump = m (C p ,liq ΔT −V liq ΔP )
WPump = Δ[mH

(7)

Q
=  Q

QTotal =
Q *Total

(8)

i

(9)

i

Q *Total,conventional = QCon + QReb

(10)

One of the major objectives of this work is to
reduce the heat requirement. The output work of
turbines generates domestic electricity that can be
reused for a pump and the rest is used as external
power in a Carnot cycle for refrigeration in a condenser. The absolute heat duty was then derived as
Eq. (11) for the new design of distillation with additional turbines. When putting additional turbines in the
distillation system, constraints given by Eq. (12)–(14)
must be satisfied. The constraints given by Eqs. (13)
and (14) are that the work produced by turbines must
be larger than the work required by the pump and the
remaining work is less than the heat duty of the
condenser:

(

)

*
Q new
= QCon − WTur +WPump + QReb

(11)

Q *Total,new ≤ Q *Total,conventional

(12)

WTur ≥ WPump

(13)

WTur + WPump ≤ QCon

(14)
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(15)

(16)

The emission factors are listed in Table 1 for the
combustion and electricity generation from coal, oil,
and natural gas. The value of ECO2 was determined
by using the average of emission factors of three
sources to have a fair comparison of the reduction of
CO2 emission for the distillation with an additional
turbine.
The thermodynamic efficiency of the process
can be viewed from the entropy generation. The total
generation of entropy, SG,total , must be greater or
equal to zero. A reversible process has the highest
efficiency process with zero entropy generation. The
goal is to minimize SG,total to maximize the efficiency.
Entropy balance of the system can be viewed as Eq.
(17). In Eq. (17), the entropy generation consists of
two parts: the flowing streams and the heat transfer:

 ] −
SG = Δ[mS

Qi

T

(17)

Sur,i

The entropy of this system can be calculated by
substituting Eqs. (2) and (3) into Eq. (17) to obtain Eq.
(18) for a conventional process:

SG,conventional = m D S D + m B S B − m F S F −
−

QCon
Q
− Reb
TSur,Con TSur,Reb

(18)

The surrounding temperature of the condenser
is the temperature of the coolant. The coolant temperature must be less than or equal to the minimum
temperature of the process stream passing through
the condenser. The lowest temperature of the condenser is the temperature where all vapors are completely condensed and that temperature is the bubble
point temperature. In the same manner, the surrounding temperature of the reboiler is the temperature of
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the heating steam. The heating steam must be more
than or equal to the maximum temperature of the process stream passing through a reboiler. The highest
temperature of the reboiler is the temperature where
all liquids are completely vaporized and that temperature is the dew point temperature. Consider Eq. (18);
if the coolant temperature decreases, the entropy
generation increases as the condenser heat is negative. In the same manner, if the heating steam temperature increases, the entropy generation increases as
the reboiler heat is positive. Therefore, the minimum
entropy generation is shown in Eq. (19):

SG ,min,conventional = m D S D + m B S B − m F S F −
−

QCon
Tbubble,Con

−

QReb

(19)

TDew,Reb

One of the main objectives of this work is to
increase process efficiency by reducing entropy generation. If the amount of work of the turbine that is left
from using with the pump is recycled to satisfy the
heat requirement from the condenser, the minimum
entropy generation of Eq. (19) can be rewritten as Eq.
(20) with conditions of Eqs. (12)–(14). It was not wise
to subtract the turbine work from the reboiler duty as it
increases the entropy generation in Eq. (19):

SG ,min,new = m D S D + m B S B − m F S F −
−

QCon − (WTur +WPump ) QReb
−
Tbubble,Con
TDew,Reb

(20)

An economic analysis of the system is important
to evaluate the new design and the conventional
distillations in terms of annual costs, capital costs,
and payback period. However, the prices of equipment, fuels, and electricity depend enormously on
suppliers and regions. As a result, it is very difficult to
obtain reliable and consistent prices in order to evaluate the economic feasibility of the new designed
distillation. Therefore, the economic analysis of the
new designed distillation is not studied here.
Simulation
Process simulations were performed to determine the advantages and disadvantages of the conventional distillation and the distillation with additional
turbines in terms of heat requirement, CO2 emission,
and process efficiency (entropy generation). The test
model for the process simulations was the distillation
of an equimolar alkane mixture of C4H10, C5H12, C6H14,
C7H16 and C8H18 which can be commonly found in
petroleum crudes. The mixtures were assumed to be
equimolar for studying the process feasibility. The
process variables included the distillate to feed ratio
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and the reflux ratio because they are the main distillation variables that have an effect on the flow rate of
vapor passing through turbines, which has significant
impact on the amount of work produced by turbines.
The purities of distillate and bottom products were not
considered. This work is aimed to be an example for
the existing process that already has process specifications including product purities, distillate to feed
ratio, and reflux ratio, to insert an additional turbine to
reduce energy consumption and CO2 emission.
Aspen Plus was used as the process simulator.
RADFRAC was the distillation column model. The
thermodynamics model was Soave-Redlich-Kwong.
The number of stages was twenty and the feed stage
was the tenth. The isentropic efficiency of turbine and
pump was 0.70.
The distillate and bottom stream pressures were
4 and 6 atm. In Figure 1, on the top part of system,
the vapor stream enters the turbine at 4 atm and
leaves to the condenser at 1 atm. Then, the liquid
from the condenser is pumped to 4 atm to be equal to
the pressure at the top of the column. On the bottom
part, the liquid stream is pumped from 6 atm to 15
atm to the reboiler. The vapor stream at 15 atm from
the reboiler enters the turbine and leaves at 6 atm to
be equal to the pressure at the bottom of the column.
The pressure drops of 3 and 9 atm are selected for
the turbines on the top and at the bottom of the
column.
The simulations were run to determine the
reduction of heat requirement, CO2 emission, and
entropy generation from the conventional distillation
with the distillation using additional turbines. The
simulations were run in order that the conventional
and the new designs had the same stream properties
for feed, distillate product, and bottom product. The
stream properties include flow rate, composition, temperature, and pressure. The properties of feed, distillate product, and bottom product were fixed in order
to have a fair comparison between the conventional
and the new designs.
RESULTS AND DISCUSSION
Simulations were performed for distillation columns with and without additional turbines. Table 2
summarizes the column operating conditions for the
conventional distillation and the new design of distillation with additional turbines at a constant reflux
ratio of 1.0. In Table 2, the first column shows the
operating conditions and the rest shows the results of
four separations. The column of C4H10/C5H12 means
that C4H10 is the light key component and C5H12 is the
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Table 2. The column operating conditions for the conventional distillation and the new design of distillation with additional turbines with
different key components at reflux ratio of 1.0
Light key/heavy key

C4H10/C5H12

C5H12/C6H14

C6H14/C7H16

C7H16/C8H18

Conventional

New

Conventional

New

Conventional

New

Conventional

New

Distillate/feed ratio

0.2

0.2

0.4

0.4

0.6

0.6

0.8

0.8

Feed rate, kmol/s

40

40

40

40

40

40

40

40

Condenser pressure, atm

4

1

4

1

4

1

4

1

Reboiler pressure, atm

6

15

6

15

6

15

6

15

Condenser temperature, K

315

273

328

283

343

294

355

303

Reboiler temperature, K

343

481

445

493

466

512

477

533

Condenser heat duty, MW

-433

-397

-1,023

-944

-1,738

-1,608

-2,657

-2,476

Reboiler heat duty, MW

1,237

1,297

1,735

1,801

2,343

2,412

3,059

3,115

Total turbine work, MW

-

-104

-

-152

-

-203

-

-241

Total pump work, MW

-

8

-

7

-

6

-

6

Turbine + pump work, MW

-

-96

-

-145

-

-197

-

-235

heavy key component. The distillate to feed ratio is
0.2 because it is an equimolar mixture of five components. The distillate to feed ratio increased by 0.2
for the other systems; for example, the distillate to
feed ratios of C5H12/C6H14, C6H14/C7H16 and C7H16/C8H18
are 0.4, 0.6, and 0.8 respectively. The absolute heats
for both condenser and reboiler increase with the
distillate to feed ratio because a reboiler requires
higher heat to vaporize the liquid and the condenser
rejects higher heat to condense vapor. The conditions
in Table 2 were used to calculate absolute heat duty,
CO2 emission, and entropy of generation. As discussed earlier, the purities of the products were not the
focus of this work.
The reduction of absolute heat duty was determined for the conventional distillation and the new
design of distillation. According to Table 2, the condenser duty of the new design decrease as a result of

the decrease in the condenser temperature. On the
other hand, the reboiler duty of the new design is
larger than the conventional distillation. According to
Table 2, the increase in the reboiler temperature
should decrease the reboiler duty. However, the
reboiler duty increases because the elevation of bubble point temperature from the increase in the reboiler
pressure. The total heat duty in Eq. (11) is reduced
from the conventional distillation. Figure 2 shows the
plot of the ratio of absolute heat duty of the new
design to the conventional distillation against the distillate to feed ratio at various reflux ratios. In Figure 2,
the absolute heat duties of the new design of distillation are always lower than the conventional distillation as expected from Eqs. (10) and (11). The
reason is that the work produced by turbines is subtracted from the heat duty of the condenser in Eq.
(10). The absolute heat ratio decreased with the

Figure 2. Ratio of absolute heat duty of the new design to the conventional distillation at various distillate to feed ratios
and reflux ratios of 1, 2, 5 and 10.
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increase of reflux ratio. The increase of reflux ratio
increases the flow rate of vapor streams in the system; as a result, a larger amount of work is produced
by turbine. However, the heat duties for both condenser and reboiler increase but less than the increase of
turbine work. As a result, the increase of reflux ratio
has a positive effect on the reduction of absolute heat
duty as shown in Figure 2. On the other hand, the
distillate to feed ratio has interesting effects on the
ratio of absolute heat duty. The increase of distillate
to feed ratio increases the flow rates of vapor streams
in the system. Again, the increase can be expected
for the work produced by turbine and heat duties both
condenser and reboiler. In Figure 2, at low reflux
ratio, it is useful to increase the distillate to feed ratio,
in order to increase the turbine work and subtract the
heat duty but not for high reflux ratio. The selection of
reflux ratio and distillation to feed ratio came from the
specification of the key components including the product yield and purity. It cannot be concluded here how
to select the reflux ratio and distillate to feed ratio, but
it can be used as a guide from the results shown in
Figure 2 from the effects on the reduction of absolute
heat duty. The new design of distillation also reduces
the utility cost as the heat requirement was reduced.
The reduction of CO2 emission was determined.
Figure 3 shows that a larger CO2 reduction could be
obtained at low reflux ratio, which was the same as
the reduction of absolute heat duty. The difference of
the reduction of CO2 emission is larger at low distillate
to feed ratios. This comes from the fact that the CO2
emission factor for electricity is larger than for the
combustion.
Figure 4 shows the ratio of entropy generation of
the new design to the conventional distillation. In
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Figure 4, the entropy generation of the new design of
distillation is not always lower than the conventional
distillation. Considering Eqs. (19) and (20), the entropy generation consists of two parts: flowing streams
and heat engines. The flowing stream part is the
same for both new design and conventional distillation but not for the heat engines. From Table 2, the
pressures of the condenser and the reboiler are different for the new design and the conventional distillation. As a result, differences are expected for the
heat duties for the condenser and the reboiler along
with the bubble point and dew point temperatures.
Figure 5 shows the bubble point and dew point temperatures at pressure according to the condenser and
the reboiler versus the distillate to feed ratio. It is
logical that the bubble point and the dew point temperatures increase with the pressure and with the
distillate to feed ratio. At higher distillate to feed ratio,
a larger amount of heavy components flows along
with light components to the condenser. As a result,
the bubble point temperature at the condenser
increased. Also, when the distillate to feed ratio
increases, the liquid at the reboiler contains a larger
fraction of heavy components. As a result, the dew
point temperature at the reboiler increases.
The heat engines were analyzed thoroughly to
determine the change of entropy generation. First of
all, consider the condenser duty divided by the bubble
point temperature in Eq. (19) and (20). The pressures
of the condenser were 1 and 4 atm for the new design
and the conventional distillation, respectively. The
absolute condenser duty was slightly less for the new
design of distillation. However, the bubble point temperature of the new design of distillation was much
less than the conventional distillation, as shown in

Figure 3. Ratio of CO2 emission of the new design to the conventional distillation at various distillate to feed ratios
and reflux ratios of 1, 2, 5, and 10.
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Figure 4. Ratio of entropy generation of the new design to the conventional distillation at various distillate to feed ratios
and reflux ratios of 1, 2, 5, and 10.

Figure 5. Both an increase of absolute condenser
duty and a decrease of bubble point temperature
resulted in the increase of entropy generation in Eq.
(20). However, the work produced by turbines results
in a decrease of entropy generation in Eq. (20). Table
2 shows that the pressures of the reboiler are 15 and
6 atm for the new design and the conventional distillation. The absolute reboiler duty increases while
the dew point temperature increases with the pressure; as a result, the entropy generation in Eq. (20) is
reduced. As shown in Figure 4, the entropy generation decreases for the new design of distillation at
low distillate to feed ratio and reflux ratio or in the
region where the flow rates of vapor streams are comparably low.

CONCLUSION
A new design of distillation with additional turbine is proposed to reduce energy consumption, CO2
emission, and entropy generation. The additional
turbines generated domestic power for refrigeration in
a condenser. Process simulations were performed
with various distillate to feed ratios and reflux ratios
for both new design of distillation and conventional
distillation. The simulation results show that the
energy consumption and CO2 emission of the new
process are reduced to 0.93–0.96 and 0.89–0.90 of the
conventional process, respectively. The entropy
generation is reduced 0.81–0.99 of the conventional
process at low distillate to feed ratio and reflux ratio.
The distillation with additional turbines shows great
promise for the reduction of energy consumption, CO2
emission, and entropy generation.

Figure 5. Bubble point at the condenser and dew point at the reboiler at various distillate to feed ratios and pressures.
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ODREĐIVANJE IZVODLJIVOSTI I PREDNOSTI
KORIŠĆENJA DODATNIH TURBINA ZA
SMANJENJE ENERGETSKE POTROŠNJE I
EMISIJE CO2 KOD DESTILACIONE KOLONE
Destilacija je process koji troši velike količine energije uz enormnu emisiju CO2. Značajno
je smanjiti potrošnju energije i emisiju CO2 kod destilacije. Predložen je novi dizajn destilacione kolone dodavanjem turbina u parnu fazu ispred kondenzatora i posle isparivača,
da bi se proizvela električna energija. Kao rezultat, ovaj novi dizajn pomaže u smanjenju
potrošnje energije i emisije CO2. Ključne promenljive su odnos protoka destilata i napojne
smeše i refluksni odnos, jer su oni direktni faktori koji kontrološu protok pare koja se dovodi
na turbine. Destilacija smeša alkana od C4-C8, koja se uobičajeno izvodi u rafinerijama
nafte, korišćena je kao test model za dokazivanje izvodljivosti procesa. Potrošnja energije i
emisija CO2 novog procesa su smanjene do 0,93–0,96 i 0,89-0,90, redom, u odnosu na
konvencionalni proces. Ovaj novi dizajn povećava efikasnost procesa u smislu drugog
zakona termodinamike smanjujući entropiju nastalu konvencionalnom destilacijom pri
niskim vrednostima odnosa destilat-napojna smeša i refluksnog odnosa. Destilacija sa
dodatnim turbinama obećava kao process za smanjenje potrošnje energije i emisije CO2,
kao za i povećanje efikasnosti procesa.
Ključne reči: destilacija, turbine, emisija CO2, smanjenje potrošnje energije.
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A COMPARATIVE STUDY OF THE REMOVAL
OF LEAD, CADMIUM AND ZINC IONS FROM
AQUEOUS SOLUTIONS BY NATURAL AND
Fe(III)-MODIFIED ZEOLITE
Article Highlights
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• Natural zeolite was modified by iron oxide for Pb , Zn and Cd adsorption
• Adsorption capacity of the modified zeolite is much higher than of natural zeolite.
• Main adsorption mechanisms are specific adsorption and ion exchange
• New functional groups due to surface modification enable higher specific adsorption
• Adsorption capacities of both zeolites increase with increasing temperature
Abstract

The main purpose of this research was to explain the differences in the
adsorption mechanisms and adsorption capacities of natural and Fe(III)-modified zeolite for Pb2+, Zn2+ and Cd2+. The adsorbents were characterized with
respect to their phase composition, morphology, specific surface area, cation
exchange capacity and point of zero charge. Batch adsorption experiments
were performed as a function of the initial ion concentration and temperature,
at constant initial pH value of 5.5±0.1. The adsorption isotherms at 25, 40, 55
and 70 °C suggest that the sequence of adsorption efficiency of both zeolites is
Pb2+ > Zn2+ > Cd2+. The adsorption capacities of both zeolites increased with
increasing temperature. The equilibrium adsorption data were best described
by the Langmuir adsorption isotherm. This study revealed that the adsorption
capacity of the Fe(III)-modified zeolite is much higher than that of natural zeolite for all investigated ions owing to the higher: specific adsorption caused by
the new functional groups formed on the zeolite surface, ion exchange due to
the presence of easily exchangeable ions, and hydroxide precipitation caused
by higher point of zero charge of the Fe(III)-modified zeolite compared to natural zeolite.
Keywords: Fe(III)-zeolite, adsorption, metal ions, mechanism.

The increasing levels of heavy metals in the
environment are a serious problem for human health,
living resources and ecological systems. Several
methods have been employed to remove heavy metal
ions from wastewater, which include precipitation,
flotation, ion exchange, membrane-related processes,
electrochemical techniques and biological processes.
Currently, adsorption is believed to be a simple and
effective technique for water and wastewater treat-
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ment and the success of the technique largely depends
on the development of efficient adsorbents. Among
the different natural minerals, zeolites appear to be
the most promising adsorbents in metal purification
processes [1,2].
Natural zeolites are hydrated aluminosilicate
minerals with a porous structure and valuable cation
exchange, molecular sieve, catalytic and adsorption
properties [3]. The zeolite structure consists of three
relatively independent components: an aluminosilicate framework, exchangeable cations and zeolitic
water. The aluminosilicate framework is the most
stable component and defines the structure type. The
water molecules can be present in the voids of large
cavities and bonded between framework ions and
exchangeable ions via aqueous bridges. The water
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can also serve as bridges between exchangeable
cations [3]. A high content of exchangeable cations,
i.e., a high value of the cation exchange capacity
(CEC), is a significant characteristic of zeolites, promoting their application as adsorbents for heavy
metal ions. The CEC and the adsorption capacity for
metal ions depend significantly on the origin of the
zeolite [4–8].
In order to improve their adsorption capacity,
modification of natural zeolites can be realized using
several methods, such as acid or base treatment
[1,5,9–12], ion exchange [6,9,13–18] and surfactant
functionalizations [3,19]. Recently, zeolites were
modified by oxides or hydroxides of metals, such as
Al, Fe and Mn [20–29]. It was shown [26–32] that
zeolite adsorption capacities for Cu2+, Mn2+, Zn2+,
Pb2+, Cr(VI) and As increase significantly by loading
the surface with iron oxide species.
The subject of this study was the adsorption of
Pb2+, Zn2+ and Cd2+ on natural zeolite and Fe(III)-modified zeolite. The main goal of this research was
to explain the differences in adsorption mechanisms
and adsorption capacities of these two adsorbents for
Pb2+, Zn2+ and Cd2+. Adsorption experiments were
also performed in order to investigate the influence of
temperature on the adsorption.

Chem. Ind. Chem. Eng. Q. 20 (2) 283−293 (2014)

A natural zeolite (NZ) from the Slanci locality,
Serbia, was used as the starting material in experiments.
Fe(III)-modified zeolite (ZFe) was synthesized
according to the method applied for obtaining pure
goethite [28]. A suspension was made by mixing 20.0
g of zeolite, 100 cm3 of freshly prepared 1 M FeCl3
solution, and 180 cm3 of 5 M KOH solution in a 2 dm3
polyethylene flask. The KOH solution was added
rapidly under stirring. The suspension was diluted
with deionized water to 2 dm3 and held in a closed
polyethylene flask at 70 °C for 60 h. Then, the
obtained precipitate, brown-red in color, was centrifuged, washed to remove Cl– ions and dried at 105 °C.

10 to 50°. A step size of 0.02° and a time per step of 3
s were used.
The morphology of the particles of the natural
and modified zeolite was observed by scanning electron microscopy (SEM) using a JEOL JSM 5800 instrument. The samples were sputter-coated with an
Au–Pd mixture to ensure conductivity.
The TEM analysis of zeolite samples was performed on the JEOL T-100 instrument. The samples
were prepared by grinding and subsequent dispersing
of the powder in ethanol. A drop of the very dilute
suspension was applied on carbon-coated grids.
The specific surface area of the samples was
determined by the BET method. The samples were
degassed under vacuum at 105 °C for 2 h. Nitrogen of
99.9% purity was adsorbed on the degassed sample
surface at liquid nitrogen temperature (–196 °C).
The cation exchange capacities (CEC) of the
samples were determined by the ammonium acetate
method. The content of the exchangeable ions in
solution after treatment of the zeolite with 1 M ammonium acetate solution was determined by atomic
absorption spectroscopy (Perkin-Elmer).
The point of zero charge (pHpzc) of the NZ and
ZFe samples was determined by the batch equilibration technique [33]. KNO3 solutions of different ionic
strengths: 0.1, 0.01 and 0.001 mol dm-3 were used as
the electrolyte solutions. The adopted procedure for
determination of the point of zero charge, the same in
all cases, was as follows: the initial pH values (pHi) of
electrolyte solutions (25 cm3 of each sample in a
series) of the predetermined concentrations were
adjusted by the addition of 0.1 mol dm-3 solutions of
HNO3 or KOH, in the pH range from 3.5 to 10. Then,
0.05 g of NZ or ZFe was added to each sample (at a
ratio solid:liquid = 1:500). After 24 h of equilibration at
room temperature under constant shaking, the suspensions were filtered and the pH of the filtrate was
determined (pHf). The value of the point of zero charge
is the value of the plateau, i.e., inflexion point, of the
pHf vs. pHi plot [33–35]. To determine the effect of the
solid/liquid ratio on the position of the point of zero
charge, the whole procedure was repeated using 0.1
g of sample (at a ratio solid:liquid = 1:250).

Characterization of the adsorbents

Adsorption experiments

The phase composition of the NZ and ZFe
samples was determined using an Ital Structures APD
2000 diffractometer equipped with a back monochromator operating at a tube voltage of 40 kV and a tube
current of 30 mA using a copper cathode as the X-ray
source (λ = 0.15406 nm), in the 2θ angle range from

The batch equilibration method was used to
investigate the specific adsorption of Pb2+, Cd2+ and
Zn2+ onto NZ and ZFe. The experiments were performed using solutions (concentration of 0.01 mol dm-3)
of Pb(NO3)2, Cd(NO3)2 and Zn(NO3)2 in demineralized
water at a sample to electrolyte solution ratio of 0.05
g:25 cm3. The specific adsorption was examined in

EXPERIMENTAL
Materials
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the pH range from ≈3 to ≈6 to avoid ion hydrolysis
and hydroxide precipitation at higher pH values or
dissolution of the zeolite at lower pH values.
Adsorption isotherms were determined using
solutions of Pb(NO3)2, Cd(NO3)2 and Zn(NO3)2 in
demineralized water with different initial Pb2+, Cd2+
and Zn2+ concentrations in the range 20–800 mg dm-3.
The initial pH values of the solutions were adjusted to
5.5±0.1. An aliquot of 25 cm3 of each solution with
0.05 g of sample was shaken for 24 h in a thermostated water bath at temperatures of 25, 40, 55 and
70 °C. After filtration, the pH values of the liquid
phase were determined. The Pb2+, Cd2+ and Zn2+ concentrations, as well as Ca2+, Mg2+, Na+ and K+ concentrations in the filtrate were determined by ICP
OES (Spectro Genesis).
All the adsorption experiments were repeated
twice; the reported value is the average of two measurements.
RESULTS AND DISCUSSION
Characterization of NZ and ZFe samples
The XRD patterns of the NZ and ZFe samples
are given in Figure 1. The pattern of the NZ sample
revealed clinoptilolite (C) as the dominant phase with
lower contents of quartz (Q) and feldspar (F). It is
clearly visible presence of all diffraction maximum on
ZFe diffractogram that correspond to the peaks
appeared on diffractogram of NZ sample, indicating
no damage of clinoptilolite structure. Lower intensity
of diffraction maximum, broadening of the peaks and
expressed background intensity indicate lower crystallinity of ZFe sample due to applied modification.
Absence of additional peaks belong to Fe(III)-oxide or

Chem. Ind. Chem. Eng. Q. 20 (2) 283−293 (2014)

Fe(III)-oxohydroxide phases indicates that crystalline
Fe(III)-phases have not been formed at zeolite surface.

Figure 1. XRD Patterns of NZ and ZFe (C – clinoptilolite,
F – feldspar, Q – quartz).

SEM and TEM micrographs of zeolite samples
are given in Figures 2 and 3, respectively. Abundant
deposits on the zeolite surface can be seen in the
microphotograph of the ZFe sample, which confirms
formation of Fe(III) phases at the zeolite surface.
The different microstructures of ZFe and NZ can
explain the great difference in the specific surface
areas of these samples; the specific surface area of
zeolite increased from 18 to 175 m2 g–1 on modification. The almost tenfold higher specific surface
area of the modified zeolite indicated the formation of
a porous layer of Fe(III) phases on the surface and in
the zeolite structural channels.
The cation exchange capacity (CEC) and the
percentage content of some exchangeable ions in the
NZ and ZFe samples are given in Table 1, from which

(a)

(b)

Figure 2. SEM Micrographs of a) NZ and b) ZFe sample.
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(a)

(b)

Figure 3. TEM Micrographs of a) NZ and b) ZFe sample.

it can be seen that the dominant exchangeable ions in
NZ were Ca2+ and Mg2+, while in ZFe, besides these
ions, there was a significant amount of K+, introduced
during the sample synthesis.
Table 1. Cation exchange capacity and percentage content of
some exchangeable ions (% of CEC) in NZ and ZFe samples
CEC / mmol M+ g-1
Ion

ZFe

2+

68.0

45.4

2+

19.6

10.5

6.3

43.7

+

5.1

0.4

3+

∼0

∼0

Mg
+

Na
Fe

1.20

NZ
Ca
K

1.38

The results of determination of points of zero
charge of NZ and ZFe samples are illustrated in
Figure 4a.
Figure 4a shows that the position of the plateau
on the pHf vs. pHi plot for both samples was independent of the ionic strength of the KNO3, indicating
that the used electrolyte was indifferent, i.e., that
there was no specific sorption of K+ and NO3– onto the
NZ and ZFe surface. In the case of NZ sample, the
plateau pH value, which remained constant even with
change in solid:liquid ratio, was 7.5±0.1, which is
actually the point of zero charge of the untreated
zeolite. This value is in accordance with the results
obtained by Alvarez-Azuso and coworkers [2]. In the
case of the ZFe sample, the position of the plateau
was to some extent dependent on the solid:liquid
ratio. On increasing the ratio from 0.05 g:25 cm3
(1:500) to 0.10 g:25 cm3 (1:250), the plateau shifted
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by ≈0.2 pH units, from 9.3±0.1 to 9.5±0.1. This
dependence of the plateau position, i.e., the point of
zero charge, on the solid:liquid ratio can be explained
by incomplete rinsing of the ZFe sample after synthesis, resulting in small amounts of KOH being
retained in the sample, which led to a shift in plateau
pH towards higher values.
The higher point of zero charge value of the ZFe
in relation to the NZ sample indicates increased alkalinity of the zeolite surface caused by modification,
i.e., the alkalinity of the groups formed by modification
on the zeolite surface was greater than the alkalinity
of the functional groups on the surface of untreated
zeolite. It is important to note that both samples had a
high buffer capacity, i.e., over a wide initial pH range,
the final pH value was equal to the value of the point
of zero charge.
According to the value of pHpzc of pure goethite
(pHpzc 9.4±0.1) [36], it can be assumed that a phase
similar to goethite, but not crystalline, was formed on
the whole zeolite surface. Recently synthesized Fe(III)-zeolite [29] has significantly lower pHpzc (7.5±0.1),
which indicates lower coverage of zeolite surface by
Fe(III)-phases.
Adsorption of Pb2+, Cd2+ and Zn2+ ions on NZ and ZFe
The removal of metal cations from water by an
adsorbent can include: ion exchange, specific adsorption, metal hydroxide precipitation, dissolution–precipitation, etc. [1,2,4,5]. Ion exchange is the basic
mechanism for removal of metal cations by zeolites
owing to their high cation exchange capacities. However, metal hydroxide precipitation at higher pH
values and the formation of complexes with surface

M.T. MIHAJLOVIĆ et al.: A COMPARATIVE STUDY OF THE REMOVAL…

a)

functional groups (specific adsorption) followed by
changes in pH can also contribute greatly to the total
adsorbent capacity. Bearing in mind that many
adsorption mechanisms, as well as the form of ions in
water are pH dependent, the adsorption capacity of a
given adsorbent is greatly affected by pH. When studying the adsorption capacity of an adsorbent as a
function of pH, the initial pH is usually changed, but
not sufficient attention has been paid to the changes
in solution pHs during adsorption, which are the result
of interactions of the adsorbent surface functional
groups with water and ionic species present in the
water. Therefore, in this study, attention was focused
on specific adsorption and pH changes during
adsorption in order to explain the adsorption mechanisms and differences between the adsorption capacities of the NZ and ZFe samples.
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Figure 4. a) Determination of the pHpzc of the NZ (black
symbols) and ZFe (open symbols) samples in KNO3 solutions of
different concentrations and solid:liquid ration 1:250 and 1:500,
b) pHf vs. pHi and c) pHf vs. pHi during the equilibration of 0.05 g
NZ with 25 cm3 of 0.01 mol dm–3 solutions of Pb(NO3)2,
Cd(NO3)2 and Zn(NO3)2.

The specific adsorption of lead, cadmium and
zinc ions onto NZ and ZFe samples was studied
based on the shifts in the points of zero charge.
Generally, specific adsorption of cations shifts the
point of zero charge towards lower, while the specific
adsorption of anions towards higher pH values
[34,35]. This fact was exploited to examine the affinity
of NZ and ZFe for lead, cadmium and zinc ions
because the shift in the point of zero charge caused
by specific adsorption is proportional to the number of
specifically adsorbed ions.
To determine whether specific adsorption of cations onto NZ and ZFe occurs, lead nitrate, cadmium
nitrate and zinc nitrate solutions were used in the
experiments. As already confirmed in the determination of the point of zero charge, there was no specific
adsorption of NO3– onto the surface of the zeolites.
Dependences of pHf on pHi during the equilibration of
0.05 g NZ, or ZFe, with solutions of investigated metal
ions at a concentration of 0.01 mol dm–3 are shown in
Figure 4b and c.
As can be seen in Figures 4b and c, there was a
shift in the position of the point of zero charge in Pb2+,
Cd2+ and Zn2+ solutions towards lower pH values from
that determined at a given solid:liquid ratio in the
indifferent electrolyte (KNO3) solution. The obtained
results confirmed specific adsorption of the investigated ions onto NZ and ZFe. The shift in pHpzc, for
both samples, was the most pronounced in the case
of Pb2+, then Cd2+, and the least pronounced in the
case of Zn2+. In addition, for all three investigated
ions, the shift in the point of zero charge was more
significant for the ZFe than NZ sample, confirming the
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2+

2+

2+

Adsorption isotherms of Pb , Cd and Zn onto NZ
and ZFe at 25 °C
The amounts of adsorbed lead, cadmium and
zinc ions as a function of their equilibrium concentrations in solutions (adsorption isotherms) onto NZ and
ZFe at 25 °C are shown in Figure 5a. It can be seen
that the adsorption capacities of the modified zeolite
for all three investigated ions were significantly higher
than those of the untreated zeolite.
The adsorption isotherms of Pb2+ onto NZ and
ZFe samples show a rapid increase in adsorption at
lower concentrations, followed by a moderate increase
to a plateau, which corresponds to the maximum
adsorption, i.e., the adsorption capacity. The adsorption capacity of NZ for Pb2+ was ≈ 0.30 mmol g–1,
while that of the ZFe sample was more than three
times higher, ≈ 1.0 mmol g–1. Based on the adsorption
isotherms of Cd2+ onto NZ and ZFe, it is obvious that
the adsorption capacity of the untreated zeolite of
≈0.05 mmol g–1 for Cd2+ was considerably lower in
relation to that for Pb2+. However, the adsorption
capacity of the modified zeolite for Cd2+ adsorption
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was considerably higher (over 10 times) than that for
the unmodified zeolite, attaining a value of ≈0.60
mmol g–1. The adsorption capacity of the NZ sample
for Zn2+ ions was ≈0.23 mmol g–1. This value is lower
than that for Pb2+ but higher than that for Cd2+. As in
the case of Pb2+and Cd2+, the adsorption capacity of
ZFe for Zn2+ was considerably higher than that of NZ
and amounted to 0.74 mmol g–1.
a) 1.2
2+
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more pronounced specific adsorption onto the modified than onto the natural zeolite. The results indicated the presence of a large number of functional
groups on the surface of the modified zeolite capable
of forming complexes with the studied ions (−M−O−Me,
where M ≡ Fe, Al or Si and Me ≡ Pb, Cd or Zn) or that
the functional groups formed on the ZFe surface
exhibited greater affinity for the studied ions. Obviously, the formed, amorphous iron oxide layer, with a
high surface area, provides a large number of functional groups capable of participating in specific
adsorption.
The quantity of specifically adsorbed ions on the
surface of solids [35,37,38] is strongly dependent on
electric charge, hydrated ion radii, hydration energy,
metal electronegativity, etc. The electric charge of
Pb2+, Cd2+, Zn2+ is the same, but there are differences
in the other parameters. The hydrated cation radii
increase in the following sequence: r(Pb2+) = 0.401
nm < r(Cd2+) = 0.426 nm < r(Zn2+) = 0.430 nm, as well
as the hydration energy Eh(Pb2+) = –1481 kJ mol–1 <
< Eh(Cd2+) = –1807 kJ mol–1 < Eh (Zn2+) = –2046 kJ mol–1,
while the metal electronegativity decreases as
follows: 1.9 (Pb) > 1.7 (Cd2+) > 1.6 (Zn2+) [2,35,39].
Decreases in hydrated cation radii and hydration
energy, and increases in metal electronegativity lead
to a growing tendency of the ion for specific adsorption [35,37,38]. The specific adsorption was, therefore, the highest with Pb2+, then Cd2+, and the lowest
with Zn2+.
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Figure 5. a) Adsorption isotherms for Pb2+, Cd2+ and Zn2+ onto
NZ (black symbols) and ZFe (open symbols) at 25 °C;
b) dependence of final pH values after equilibration of NZ (black
symbols) and ZFe (open symbols) with ion solutions at pHi 5.5
and 25 °C, on initial concentrations of Pb2+ , Cd2+ and Zn2+.

The dependences of the final pH values after
equilibration of the NZ and ZFe samples with solutions of the metal ions (pHi 5.5) on the initial Pb2+,
Cd2+ and Zn2+ concentrations in solution are presented in Figure 5b. For NZ and ZFe samples equilibrated with an inert electrolyte (KNO3) solution, the
final pH values were independent of the ion concen-
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tration (Figure 4a), and at an initial pH value of 5.5,
they were 7.5 (NZ sample) and 9.3 (ZFe sample),
which correspond to the point of zero charge values
of the given samples. However, after equilibration of
NZ and ZFe with solutions of Pb2+, Cd2+ and Zn2+, the
final pH values decreased with increasing initial ion
concentration, i.e., with increasing amount of adsorbed
ions. The change in final pH values with the change in
the ion concentrations is a further proof of specific
adsorption of the ions. The greatest change in the
final pH in relation to pHpzc for both samples was
observed in the case of Pb2+, then Cd2+, and the
smallest in the case of Zn2+, which is in agreement
with the shift in the point of zero charge, i.e., the
adsorbents affinity for specific adsorption decreased
in the sequence: Pb2+ > Cd2+ > Zn2+. The changes in
final pH values in relation to pHpzc were greater for
ZFe than for NZ sample, indicating removal of greater
amount of ions from the solution by specific adsorption onto the ZFe sample than onto the NZ sample,
which is one of the reasons that the adsorption capacity of ZFe was higher than that of the NZ sample.
In addition, other reasons exist for the higher
adsorption capacity of ZFe in relation to that of NZ.
The higher point of zero charge of ZFe compared to
NZ causes higher final pH values at lower ion concentrations (when the amount of specifically adsorbed
ions is small), which facilitates precipitation of metal
hydroxides. At higher ion concentrations, the specific
adsorption is more pronounced, so that the pH values
are lower and the contribution of hydroxide precipitation to the total adsorption capacity is negligible. As
already stated, the specific adsorption of Zn2+ was the
least pronounced, and therefore the decrease in pH
was the lowest, i.e., the final pH was the highest
(Figure 5b). Bearing in mind that Zn(OH)2 is the least
soluble of the metal hydroxides, the contribution of
hydroxide precipitation to the total adsorption capacity
was the greatest in the case of Zn2+. This could be
one of the reasons for higher adsorption capacity of
both zeolite samples for Zn2+ than for Cd2+, for which
specific adsorption was more pronounced.
The adsorption capacity of NZ was the highest
for Pb2+ (≈0.30 mmol g–1), but even in this case, it was
lower than the cation exchange capacity (1.38 mmol
M+ g–1 = 0.69 mmol M2+ g–1). On the contrary, the
adsorption capacity of ZFe for Pb2+ was higher (1.0
mmol g–1) than the CEC (1.20 mmol M+ g–1 = 0.60
mmol M2+ g–1). In the NZ sample, most of the exchangeable ions were Ca2+ and Mg2+, while K+ were dominant in ZFe (Table 1). During equilibration of the zeolite samples with Pb2+, Cd2+ and Zn2+ solutions, low
charge ions participate in ion exchange much easier;
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hence the ion exchange will be more pronounced
when the exchangeable ion is K+ than when the
exchangeable ions are Ca2+ and Mg2+. It was shown
(data not presented) that ion exchange as a mechanism of removal of Pb2+, Cd2+ and Zn2+ from solutions
is more effective in the case of ZFe than in the case
of NZ sample, contributing to the increase in the
adsorption capacity of ZFe. Similar results were
obtained for the adsorption of Zn2+ [26] and Pb2+ [29]
ions on natural and Fe(III)-modified zeolite. After
equilibration with ZFe, iron was not detected in the
solutions, which confirms that neither iron oxide layer
dissolution nor ion exchange of the studied ions with
possibly present exchangeable iron ions occurred.
Among the investigated ions, the ion exchange of
Pb2+ was the highest, because the hydrated ion radii
and the hydration energy of Pb2+ are the smallest
[7,35,39]. On the contrary, the least exchangeable
were Zn2+, because these hydrated ions are the
largest and the hydration energy is the highest, and
therefore it is difficult to remove the hydrated layer to
enable the ions to enter the zeolite channels.
Bearing in mind the discussed adsorption
mechanisms, it can be said that ZFe and NZ exhibited
the highest affinity for Pb2+, because of the highest
ion exchange and specific adsorption and approximately to the same degree as other ions of hydroxide
precipitation. The higher adsorption capacity for Zn2+
than for Cd2+, despite their lower specific adsorption
and ion exchange, is probably the result of higher
hydroxide precipitation due to the higher pH value
arising from their lower specific adsorption.
Effect of temperature on the adsorption of Pb2+, Cd2+
and Zn2+
The adsorption isotherms of Pb2+, Cd2+ and Zn2+
onto NZ and ZFe at different temperatures are shown
in Figure 6.
The adsorption capacity of both samples for all
three investigated ions increased with increasing temperature, but differently. In the case of the NZ sample,
the temperature affects strongly its adsorption capacity, especially for Cd2+ (≈0.05 mmol g–1 at 25 °C;
≈0.20 mmol g–1 at 70 °C), then Pb2+ (≈0.30 mmol g–1 at
25 °C; ≈0.62 mmol g–1 at 70 °C) and finally for Zn2+
(≈0.23 mmol g–1 at 25 °C; ≈0.40 mmol g–1 at 70 °C).
The effect of temperature on the ion adsorption onto
ZFe was smaller, especially for Pb2+.
The increase in adsorption capacity with temperature may be attributed to either an increase in the
number of active surface sites available for adsorption
on the adsorbent or a decrease in the thickness of the
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a)

1.2

boundary layer surrounding the adsorbent with temperature [40], resulting in a decrease in the mass
transfer resistance of adsorbate in the boundary
layer. The increase in adsorption capacity of the
zeolites with increasing temperature implies that the
adsorption of Pb2+, Cd2+ and Zn2+ onto the zeolites
was endothermic. The explanation of the endothermicity of adsorption is the well-known fact that ions,
such as Pb2+, Cd2+ and Zn2+, are well hydrated. In
order to be adsorbed, these ions have to some extent
been denuded of their hydration sheath [1,4]. The
removal of water from ions is essentially an endothermic process, and it appears that the endothermicity of
the dehydration process exceeds that of the enthalpy
of adsorption by a considerable extent. With increasing temperature, more hydrate water could be shelved
and ion adsorption increased. The total thermal effect
of adsorption depends not only on the nature of ions,
but also on the nature of the adsorbent used.
Obviously, the enthalpy of adsorption of a Pb2+ onto
ZFe sample is approximately the same as the
enthalpy of dehydration of a hydrated Pb2+; therefore,
the influence of temperature on the adsorption of this
ion on ZFe was negligible. The same is valid for a
Cd2+, but the somewhat greater influence of temperature on the adsorption of a Zn2+ indicates either a
lower enthalpy of adsorption or a higher enthalpy of
dehydration. As has already been stated, the energy
of hydration, i.e., dehydration of Zn2+ is the highest of
the studied ions. The different nature of NZ from that
of ZFe is the cause of the different temperature influences on their adsorption capacities for Pb2+, Cd2+
and Zn2+.

25 °C
40 °C
55 °C
70 °C

qe (mmol Pb2+ ⋅ g–1)

1.0
0.8
0.6
0.4
0.2
0.0

0

1

2

3

4

ce (mmol Pb2+⋅ dm-3)

b)

qe (mmol Cd2+ ⋅ g–1)

0.8

25°C
40°C
55°C
70°C

0.6

0.4

0.2

0.0
0

1

2

3
2+

c)

ce (mmol Cd ⋅

4

dm-3)

1.0

25 °C
40 °C
55 °C
70 °C

qe (mmol Zn2+ ⋅ g–1)

0.8

Equilibrium data modeling

0.6

0.4

0.2

0.0

0

1

2

3

4

5

6

7

8

9

ce (mmol Zn2+⋅ dm-3)
Figure 6. Adsorption isotherms of Pb2+ (a), Cd2+ (b) and Zn2+ (c)
onto NZ (black symbols) and ZFe (open symbols)
at different temperatures.
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The obtained experimental results were analyzed using the linear forms of the Langmuir, Freundlich, and Dubinin–Radushkevich (DR) models with the
quality of the fit assessed using the correlation coefficient, R2. Correlation coefficient values were highest
for the Langmuir model, for all investigated ions at all
investigated temperatures, on both adsorbents (Table
2). In addition, there is a good agreement between
the maximum adsorption capacity values obtained
from the plateau of the dependence qe = f(ce) and the
values obtained applying the Langmuir equation. The
adsorption capacities for both adsorbents are in the
order: Pb2+ > Zn2+ > Cd2+ and 70 > 55 > 40 > 25 °C.
The validity of the Langmuir isotherm, according
to Stumm and Morgan [41], is regulated by the following rules: 1) the equilibrium is obtained when there
is a formation of a monolayer on the adsorbent; 2) all
the adsorption sites are equivalent and the surface is
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Table 2. Adsorption parameters (Langmuir constant, KL / mmol-1, and maximum adsorption capacity, qm / mmol g-1) and correlation
coefficients (R2) according to the Langmuir model for the adsorption of Pb2+, Cd2+ and Zn2+ onto NZ and ZFe at 25, 40, 55 and 70 °C
Ion
Pb

2+

Cd
Zn

2+

2+

T = 25 °C

Adsorbent

T = 40 °C
2

T = 55 °C
2

KL

qm

R

KL

qm

R

T = 70 °C
2

KL

qm

R

KL

qm

R2

NZ

7.77

0.287

0.998

6.23

0.305

0.996

3.01

0.377

0.995

0.366

0.600

0.998

ZFe

51.7

1.03

0.997

55.4

1.05

0.995

181.2

1.09

0.998

552.5

1.11

0.999

NZ

0.044

0.036

0.983

0.03

0.060

0.999

0.010

0.100

0.664

0.060

0.305

0.874

ZFe

73.7

0.589

0.999

158.7

0.640

0.999

326.4

0.653

0.999

84.5

0.676

0.999

NZ

0.136

0.25

0.994

0.25

0.749

0.99

0.420

0.354

0.982

1.48

0.369

0.978

ZFe

9.27

0.75

0.999

18.4

0.844

0.998

46.1

0.876

0.999

19.9

0.935

0.994

uniform; 3) the capacity of an adsorbate to be adsorbed on a specific site is independent of the occupation of the other near sites. However, this isotherm
is only accurate when the ionic force, the pH and the
ligands concentrations of the media are constant. It
also assumes that there is only one type of adsorption
site, which is not always the case [41–43]. Although
the application of the Langmuir model is limited by
conditions, which were not fulfilled in our adsorption
experiments, the experimental results were best fitted
with this equation, i.e., the Langmuir isotherm can be
used for mathematical modeling of the equilibrium
data. There are many examples in the literature that
Langmuir model fits equilibrium data of metal ions
adsorption onto zeolites better than other theoretical
models [1,2,4,5,9,15,16]. Considering the assumptions
of the Langmuir model, it can be supposed that
adsorption sites on the surface of NZ and ZFe are
equivalent and Pb2+, Zn2+ and Cd2+ form monolayer at
the surface of the adsorbents.
CONCLUSIONS
The changes that occurred by loading the surface of natural zeolite with Fe(III) species were
observed by XRD, SEM and TEM, and differences
based on the specific surface area, point of zero
charge and the cation exchange capacity were determined.
Metal ion adsorption onto both natural and
Fe(III)-modified zeolite at an initial pH of 5.5 and at
25, 40, 55, 70 °C increased in the following order:
Cd2+ < Zn2+ < Pb2+. The adsorption capacity of the
modified zeolite was much higher than that of natural
zeolite for all the investigated ions, owing to higher
specific adsorption resulting from the new functional
groups on the surface, ion exchange due to the presence of easily exchangeable ions, and hydroxide
precipitation caused by the higher point of zero
charge of the Fe(III)-modified zeolite compared to
natural zeolite.

The equilibrium data obtained at all investigated
temperatures for both samples were best described
by the Langmuir adsorption isotherm. The quantity of
adsorbed Pb2+, Cd2+, and Zn2+ onto both zeolites
increased with increasing temperature, indicating the
endothermic nature of the adsorption. A more pronounced increase in adsorption capacity with increasing temperature was observed for the natural than for
the Fe(III)-modified zeolite.
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UPOREDNA ANALIZA UKLANJANJA JONA OLOVA,
KADMIJUMA I CINKA IZ VODENIH RASTVORA
ADSORPCIJOM NA PRIRODNOM I Fe(III)MODIFIKOVANOM ZEOLITU
U ovom radu je ispitivana adsorpcija Pb2+, Zn2+ i Cd2+ iz vodenih rastvora na prirodnom i
Fe(III)-modifikovanom zeolitu u cilju objašnjenja uticaja modifikacije prirodnog zeolita
hidratisanim gvožđe(III)-oksidom na mehanizam adsorpcije i adsorpcioni kapacitet.
Karakterizacija adsorbenata je obuhvatila određivanje faznog sastava, morfologije, specifične površine, kapaciteta izmene katjona i tačke nultog naelektrisanja. Adsorpcioni eksperimenti su izvođeni u šaržnim uslovima, pri konstantnoj pH vrednosti od 5,5±0,1, pri različitim početnim koncentracijama jona i na različitim temperaturama. Adsorpcione izoterme
određene na 25, 40, 55 i 70 °C pokazuju da je afinitet oba adsorbenta u svim slučajevima
najveći za Pb2+, zatim za Zn2+ i najmanji za Cd2+. Adsorpcioni kapaciteti oba adsorbenta za
sva tri jona rastu sa povišenjem temperature. Rezultati adsorpcije se najbolje opisuju
Lengmirovom adsorpcionom izotermom. Rezultati ispitivanja su pokazali da je adsorpcioni
kapacitet Fe(III)-zeolita za Pb2+, Zn2+ i Cd2+ znatno veći od kapaciteta prirodnog zeolita
zahvaljujući: većoj specifičnoj adsorpciji zbog formiranja novih funkcionalnih grupa na
površini zeolita, većoj jonskoj izmeni zbog prisustva jona koji se lakše izmenjuju i većoj
precipitaciji hidroksida usled više tačke nultog naelektrisanja Fe(III)-zeolita.
Ključne reči: Fe(III)-zeolit, adsorpcija, joni metala, mehanizam.
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INVESTIGATION OF FORCED AND TOTAL
DEGRADATION PRODUCTS OF AMLODIPINE
BESYLATE BY LIQUID CHROMATOGRAPHY
AND LIQUID CHROMATOGRAPHY-MASS
SPECTROMETRY
Article Highlights
• Amlodipine besylate stock solutions were subjected to stressed conditions
• Acid and alkali hydrolysis, chemical oxidation and photodegradation were used
• Electrochemical degradation by cyclic voltammetry was also studied
• LCMS was used for the investigation of the degradation products
• Total degradation of amlodipine besylate was achieved in 5 mol/L NaOH at 80 °C for
6h
Abstract

An isocratic, reversed-phase liquid chromatographic method was applied for
the investigation of the degradation products of amlodipine besylate under
stressed conditions in solution. Amlodipine besylate stock solutions were subjected to acid and alkali hydrolysis, chemical oxidation and photodegradation,
as well as to the electrochemical degradation by cyclic voltammetry in 0.05
mol/L NaHCO3 on gold electrode. The total degradation of amlodipine besylate
was achieved in 5 mol/L NaOH at 80 °C for 6 h and the compound with molecular formula C15H16NOCl was identified as a main degradation product. Under
acidic (5 mol/L HCl at 80 °C for 6 h) stress conditions 75.2% of amlodipine
besylate degradation was recorded. Oxidative degradation in a solution of 3%
H2O2:methanol 80:20 at 80 °C for 6 h showed that amlodipine besylate degraded to 80.1%. After 14 days of expose in photostability chamber amlodipine
besylate solution showed degradation of 32.2%. In electrochemical degradation, after 9 h of cyclization the beginning of amlodipine oxidation was shifted
for 200 mV to more negative potentials, with the degradation of 66.5%. Mass
spectrometry analysis confirmed the presence of dehydro amlodipine derivate
with molecular formula C20H23N2O5Cl in oxidative and acidic conditions, while
in electrochemical degradation was detected in traces.
Keywords: amlodipine besylate, forced degradation, reversed phase
liquid chromatography, liquid chromatography-mass spectrometry.

Amlodipine, R,S-2-[(2-aminoethoxy)methyl]-4(2-chlorophenyl)-3-ethoxycarbonyl-5-methoxycarbonyl-6-methyl-1,4-dihydropyridine is a calcium channel
blocking agent with a long duration of action, widely
used against hypertension and angina [1,2]. It was
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originally marketed in tablet form by Pfizer as a besylate salt under the trade name Norvasc [3] and generic amlodipine besylate tablets have been launched
by different manufacturers in Europe over the last ten
years [4]. Amlodipine besylate (Figure 1) belongs to
the one of the most worldwide prescript cardiovascular drugs.
The identification and qualification of degradation products in pharmaceuticals is important since
impurities may cause the undesirable effects on the
patients and on the other hand may have influence on
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quality, safety and efficacy of the drug product. The
International Conference on Harmonization (ICH) has
issued the Guidelines regarding qualification of impurities in drug substance and products as well as stability testing for registration of pharmaceutical for
human use [5-7]. ICH Guidelines [8] also require the
implementation of stress testing procedures for the
identification of degradation products that are potentially occurring in drug substances, which can help to
understand the possible degradation pathway for the
drugs. This is important from the aspect of product
formulation, the choice of packaging material and the
drug product storage conditions.
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three cyclic degradation products all resulting by intramolecular cyclisation reactions [16].
Different analytical methods have been developed for the study of stressed degradation behavior
of pharmaceutical active substances and amlodipine
besylate including spectrophotometric method [17],
HPTLC [18,19], HPLC [20-23], RP-HPLC [24-27],
UPLC [28], CE [29] and LC-2D-NMR/LC-MS [30].
Forced degradation studies show that amlodipine is
degrading slowly under thermal stress conditions [16],
degrading faster under photo stress - more rapidly
under 366 than under 254 nm [10] and even more
under acidic, alkaline and oxidative stress conditions
[21]. The aim of this work is investigation of forced
degradation of amlodipine besylate under the different
stressed conditions in solution in order to achieve the
total degradation of amlodipine besylate.
EXPERIMENTAL
Apparatus

Figure 1. Structure of amlodipine besylate.

Amlodipine is photosensitive and undergoes an
easy light-induced aromatization to pyridine derivative, as do other 1,4-dihydropyridine compounds
[9,10]. The photostability and stability of amlodipine in
liquid dosage forms have been also reported [11,12].
Regarding the stability and compatibility of amlodipine
besylate in its solid formulations with different drug
excipients, the influence of excipients and storage
conditions on amlodipine besylate stability has been
investigated. The major degradation product is amlodipine besylate glycosyl due to a well-known Maillard
reaction between primary amines (amlodipine) and
lactose as a water-soluble excipient [13]. The structural analysis of the Maillard reaction product was
performed by LC-MS.
Photostability of amlodipine has also been monitored in several pharmaceutical inclusion systems
characterized by plurimolecular aggregation of the
drug and excipients with high molecular weight including cyclodextrins, liposomes and microspheres. Such
matrixes prevent drug oxidation to the aromatic derivative through a number of chemical and physical
barriers. These systems have shown a high degree of
protection with a degradation rate always lower than
in the usual solid drug formulations [14,15]. Thermal
degradation of amlodipine base affords a mixture of
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An Agilent 1100 series HPLC system equipped
with a binary pump, 1200 Diode Array Detector,
column thermostat, thermostatted autosampler and
Spherisorb ODS1 column (250.0 mm×4.0 mm id, 5
µm particle size) was used. The effluents were monitored at 237 nm. Chemstation 32 software was used
for the data acquisition. All the drugs and chemicals
were weighed on a Sartorius AC 121S electronic balance (Sartorius Goettingen, Germany). A UV light
cabinet Camag (Made in Switzerland) for forced degradation at 366 nm was used. Photodegradation processes were performed in a light cabinet type PSC
062 (Weiss Gallenkamp, UK) equipped with both the
cool white fluorescent and near ultraviolet lamp,
according to the ICH Guideline for photostability testing (option 2, ICH Q1B, 1996) [31]. In the present
study, the power was maintained to 0.66 W/m2 and
9.85 kLux during 14 days in order to achieve an overall illumination of not less than 1.2 million Lux h and
200 W h/m2.
Materials and methods
Amlodipine besylate EP7 quality and amlodipine besylate CRS (chemical reference standard),
amlodipine for peak identification, amlodipine impurity
A, impurity B and impurity G were kindly provided
from Zdravlje A.D., Actavis Company (Leskovac, Serbia). HPLC grade of methanol and acetonitrile were
purchased from J.T. Baker. Ammonium acetate, hydrochloric acid, hydrogen peroxide and sodium hydrogen carbonate were purchased from Merck. Sodium
hydroxide was purchased from J.T. Baker. All chemi-
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cal used were of analytical grade. For preparing solution of ammonium acetate purified water was used.
LC Analysis
A Spherisorb ODS1 (octadecylsilyl silica gel)
column (Waters, 250.0 mm×4.0 mm id, 5 µm particle
size) was used, and the mobile phase consisted of
2.3 g/L ammonium acetate solution : methanol (30:70,
V/V). The flow rate was maintained at 1.5 mL/min for
related substances peak identification and 1.0 mL/min
for forced degradation products. The mobile phase
was passed through a 0.45 µm membrane filter (Sartorius Stedim Biotech GmbH, Goettingem, Germany)
and degassed before use. The elution was monitored
with diode array detector at 237 nm. The injection
volume was 20 µl for related substances peak identification and 100 µl for degradation products. The test
was carried out protected from light. All the chromatographic separations were carried out at controlled
room temperature (20–25 °C).
LC-MS Analysis
An Agilent 1100 series HPLC system equipped
with a degasser, autosampler, Waters Spherisorb
ODS1 column (250.0 mm×4.0 mm id, 5 µm particle
size) and DAD detector coupled with 6210 Time-ofFlight LC/MS system (Agilent Technologies) was
used. An isocratic method (the same like was for LC)
and the mobile phase consisted of 2.3 g/L of ammonium acetate solution:methanol (30:70, V/V) was
used. The flow rate was maintained at 1.0 mL/min.
The injection volume was 100 µL and the column
temperature was maintained at 30 °C. The chromatograms were monitored at 237 nm. A personal computer system running MassHunter Workstation
software was used for data acquisition and processing.
The positively charged molecular ions were
obtained with electrospray ionization (ESI) at atmospheric pressure. The eluated compounds were mixed
with nitrogen in the heated nebulizing interface, and
polarity was tuned to positive with the following ESI
parameters: capillary voltage 4.0 kV, gas temperature
350 °C, drying gas flow rate 12 L/min, nebulizer pressure 45 psig (310 Pa), and fragmentor voltage 140 V.
Mass spectra were acquired over an m/z range of
100–2000.
Preparation of stock solution
Accurately weighed 10 mg of amlodipine besylate was transferred to a 10 mL volumetric flask and
dissolved and diluted to the mark with methanol to
obtain a stock solution of 1000 µg/mL. The freshly
prepared stock solution was used.
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Procedure for forced degradation study by HPLC

Preparation of sample solution
Alkaline degradation. Alkali degradation studies
were carried out by using of 1 mL of stock solution
and 9 mL of 0.1 mol/L NaOH. The solution was kept
at room temperature for a period of 4 h, after which
the solution was neutralized with 0.1 mol/L hydrochloric acid. The solution was diluted to 100 mL with
mobile phase to prepare the solution of 10 µg/mL.
The second experiment was carried out by using
of 1 mL of stock solution and 5 mL of 0.1 mol/L NaOH.
The solution was kept at 80 °C for 6 h, after which the
solution was neutralized with hydrochloric acid. The
solution was diluted to 100 mL with mobile phase to
prepare the solution of 10 µg/mL.
The third experiment was carried out by using of
1 mL of stock solution and 0.2 mL of 5 mol/L NaOH.
The solution was kept at 80 °C for 6 h, after which the
solution was neutralized with hydrochloric acid. The
solution was diluted to 100 mL with mobile phase to
prepare the solution of 10 µg/mL.
Degradation in 0.05 mol/L NaHCO3. The solution of amlodipine besylate was prepared by dissolving 10 mg of the drug into 100 mL volumetric flask
with 0.05 mol/L NaHCO3. The freshly prepared drug
solution was compared with the drug solution, which
was kept at room temperature for 5 h.
The another test solution was prepared by dissolving 10 mg of the drug into a 100 mL volumetric
flask with 0.05 mol/L NaHCO3. The solution was kept
at 80 °C for 5 h (final pH 8.87). The solution was
diluted to 10 mL with mobile phase to prepare the
solution of 10 µg/mL.
Oxidative degradation. For oxidative degradation studies, initially the solution containing 1 mL of
stock solution and 9 mL 3% H2O2 was prepared. The
solution was kept at room temperature for a period of
24 h, after which the solution was diluted to 100 mL
with mobile phase to prepare the solution of 10 µg/mL.
Additionally, two samples for oxidative degradation were prepared. The studies were carried out by
using of 1 mL of stock solution and 9 mL solution of
3% H2O2 : methanol = 80:20 (V/V). The solution was
kept at 80 °C for a period of 2 h and then for 6 h. After
that, the solution was diluted to 100 mL with mobile
phase to prepare the solution of 10 µg/mL.
Photodegradation. The solution of amlodipine
besylate was prepared by dissolving 14.3 mg of the
drug into 100 mL volumetric flask with water.
5 mL of drug solution was exposed to the long
wavelength (366 nm) UV light for 2 h and to photodegradation as per ICH guidelines for a period of 14
days (1.2 million Lux h and 200 W h/m2).
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Procedure for forced degradation study by LC-MS
In LC-MS procedure for investigation of amlodipine degradation products alkaline, acidic, oxidative
and electrochemical degradation in 0.05 mol/L NaHCO3
were included.
Stock solution. Amlodipine besylate at a concentration of 1 mg/mL in methanol was used in degradation study. The stock solution of amlodipine besylate
was subjected to alkali, acidic and oxidative stress
conditions.
Alkali degradation. The studies were carried out
by using of 1 mL of stock solution and 0.2 mL of 5
mol/L NaOH. The solution was kept at 80 °C for 6 h,
after which the solution was neutralized with hydrochloric acid. The solution was diluted to 100 mL with
mobile phase to prepare the solution of 10 µg/mL.
Acidic degradation. The studies were carried out
by using of 1 mL of stock solution and 0.2 mL of 5
mol/L HCl. The solution was kept at 80 °C for 6 h,
after which the solution was neutralized with sodium
hydroxide. The solution was diluted to 100 mL with
mobile phase to prepare the solution of 10 µg/mL.
Oxidative degradation. The studies were carried
out by using of 1 mL of stock solution and 9 mL
solution of 3% H2O2:methanol = 80:20 (V/V). The
solution was kept at 80 °C for 6 h. After that the
solution was diluted to 100 mL with mobile phase to
prepare the solution of 10 µg/mL.
Electrochemical degradation. Electrochemical
degradation of amlodipine besylate (c = 9.9 µg/mL)
was carried out by cyclic voltammetry in 0.05 mol/L
NaHCO3 for 9 h on a gold electrode using equipment
which has been described in detail [32].
RESULTS AND DISCUSSION
Amlodipine besylate is official in European Pharmacopoeia [33]. The objective of this study was to
investigate the amlodipine besylate degradation products under the different stress conditions including
electrochemical degradation.
In our preliminary experiment, the forced degradation study was carried out by subjecting amlodipine besylate to alkali hydrolysis, chemical oxidetion, photodegradation and degradation in 0.05 mol/L
NaHCO3 in order to achieve the complete degradation
of amlodipine besylate. In addition, electrochemical
degradation was also performed. Results are given in
Figures 2 and 3, and Tables 1–4.
Alkali hydrolysis in 0.1 mol/L NaOH performed
at room temperature for 4 h showed that amlodipine
besylate was stable under the applied conditions. No
changes in chromatogram of amlodipine besylate
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were found (Figure 2a). The chromatogram of alkali
degraded sample in 0.1 mol/L NaOH at 80 °C for 6 h
showed degradation product peaks at retention times
(tR) 3.015, 3.538, 4.899 and 5.154 min (Figure 2b). It
was recorded that 42% of amlodipine besylate was
degraded. When alkali hydrolysis of amlodipine besylate was performed in 5 mol/L NaOH at 80 °C for 6 h,
complete degradation of amlodipine besylate was
accomplished, with the main degradation product
peak at retention time 20.878 min (Figure 2c). The
degradation of the molecule is ascribed to the alkali
hydrolysis of the acetyl groups of amlodipine [13].
Amlodipine besylate degradation was performed
in 0.05 mol/L NaHCO3 at room temperature for 5 h
and a degradation of 4.2% in comparison to the
freshly prepared solution of amlodipine besylate was
recorded. When amlodipine besylate was degraded in
0.05 mol/L NaHCO3 at 80 °C for 5 h, 30.7% of amlodipine besylate degradation was recorded. Chromatogram (Figure 2d) showed formation of compounds
with retention times 4.802 and 5.023 min.
Oxidative degradation (3% H2O2) of amlodipine
besylate at room temperature for 24 h showed 5.3%
amlodipine degradation with one degradation product
peak at retention time 14.337 min. Oxidative degradation of amlodipine besylate in the solution of 3%
H2O2:methanol 80:20 (V/V) at 80 °C for 2 h showed
one degradation peak at retention times 14.335 min
(Figure 3a) while oxidative degradation (3% H2O2methanol 80:20) at 80 °C for 6 h showed three degradation products peak at retention times 7.582,
14.902 and 31.920 min (Figure 3b). Amlodipine besylate degradation was increased to 25.9 and 80.1%,
respectively.
Chromatogram of amlodipine besylate photodegradation performed at 366 nm for 2 h showed
three degradation products peaks at retention times
7.516, 10.259 and 14.395 min (Figure 3c) while chromatogram of amlodipine besylate photodegradation
as per ICH guidelines for photostability testing for 14
days showed two degradation products peak at retention times 8.205 and 14.867 min (Figure 3d).
The degradation study thereby indicated that
amlodipine besylate was found to be stable to alkali
hydrolysis in 0.1 mol/L NaOH at room temperature for
4 h, while it was susceptible to degradation in 0.05
mol/L NaHCO3, oxidative and photo stress conditions.
Amlodipine besylate in solution showed a
decrease of 32.2% after 14 days of expose in a
photostability chamber and 14.1% of decrease at 366
nm for 2 h.
According to the literature data [21] amlodipine
decomposed to 25, 10 and 70% under acidic, neutral
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(a)

(b)

(c)

(d)

Figure 2. a) Liquid chromatogram of amlodipine besylate (AMB); chromatograms of alkali treated AMB at 80 °C for 6 h in b) 0.1,
c) 5 mol/L NaOH and d) chromatogram of alkali treated (0.05 mol/L NaHCO3) AMB at 80 °C for 5 h.
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(a)

(b)

(c)

(d)

Figure 3. Chromatogram of oxidative degraded (3% H2O2:methanol = 80:20, V/V) AMB at 80 °C for a) 2 and b) 6 h; c) chromatogram
showing photodegradation of AMB c) at 366 nm for 2 h and d) as per ICH guidelines for a period of 14 days.
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Table 1. Results of LC-MS analysis of amlodipine besylate in alkali degradation (5 mol/L NaOH) at 80 °C for 6 h; Identification for
amlodipine was performed using standard. For other compounds, the proposed molecular formula was determined on the basis of precisely measured masses; (tr) – traces; compounds detected by mass spectrometer
tR / min

Measured molecular mass and measured mass of m/z ions

Molecular formula

1

1.976

348.0823; 349.0895, 100% (351.0851, 30%); 719.1593, 100%
(721.1577, 30%) +
+ 406.1296; 407,1369, 100% (409.11351, 30%)

C11H21O10Cl or C12H17N4O6Cl +
+ C20H23N2O5Cl or C25H23O3Cl

No.

2

5.703

472.2546; 473.2619

C21H36N4O8 (tr)

3

7.461

414.2125; 415.2198 + 394.1149; 395.1222 +
+378.1408; 379.1480

C23H30N2O5 (tr) + C21H18N2O6 (tr) +
+C18H22N2O7 (tr)

4

8.835

278.1491; 279.1563; 301.1384; 317.1142

C16H22O4 (tr)

5

15.425

246.2170; 247.2238; 264.2509; 269.2065

C14H30O3 (tr)

6

17.372

290.2436; 291.2507; 308.2772; 313.2332

C16H34O4 (tr)

7

19.418

261.0900; 262.0973, 100 % (264,0948, 30%)

C15H16NOCl

8

25.078

408.1435; 409.1504, 100% (411.1480, 30%); 431.1328, 100%
(433.1313, 30%)

C20H25N2O5Cl (amlodipine) (tr)

and alkaline stress conditions, respectively, and to
80% under oxidative stress conditions.
Beside HPLC analysis of amlodipine besylate
degradation products under stress conditions, LC-MS
study was performed. The LC-MS procedure included
alkaline, acidic, oxidative and electrochemical degradation of amlodipine besylate. Electrochemical degradation of amlodipine besylate was performed in
0.05 mol/L NaHCO3.
Table 1 shows results of LC-MS analysis of
amlodipine besylate in alkali degradation (5 mol/L
NaOH) at 80 °C for 6 h. Forced degradation under
alkali conditions confirmed the complete degradation
of amlodipine besylate, while the compound at
retention time 19.41 min with molecular formula
C15H16NOCl was found as a main degradation product. Molecular mass, found value of m/z ions and
proposed molecular formula of all potential amlodipine besylate degradation products are given in
Tables 1–4.

LC-MS analysis of amlodipine besylate electrochemical degradation by cyclic voltammetry (0.05
mol/L NaHCO3) for 9 h on a gold electrode is given in
Table 2. The electrochemical experiment indicated
degradation because after 9 h of cyclization the
beginning of amlodipine oxidation was shifted for 200
mV to more negative potentials. Based on liquid chromatography results 66.5% of amlodipine besylate
degradation was achieved. Three degradation products were found at (tR) 7.521 min with the proposed
molecular formula C 21 H 18N 2 O 6 , C 23 H 30N 2 O 5 and
C18H22N2O7.
The results of LC-MS analysis of amlodipine
besylate in acid degradation (5 mol/L HCl) at 80 °C
for 6 h are summarized in Table 3. Under acidic
conditions, amlodipine besylate was degraded up to
75.2% (according to the LC results). It was found that
the degradation product with molecular formula
C18H35NO at (tR) 26.84 min is formed at significant
level.

Table 2. Results of LC-MS analysis of amlodipine besylate electrochemical degradation by cyclic voltammetry (0.05 mol/L NaHCO3) for
9 h on gold electrode; Identification for amlodipine was performed using standard. For other compounds, the proposed molecular
formula was determined on the basis of precisely measured masses; (tr) – traces; compounds detected by mass spectrometer
tR / min

Measured molecular mass and measured mass of m/z ions

Molecular formula

1

7.521

394.1146; 395.1219 + 414.2132; 415.2196 +
+ 378.1408; 379.1481

C21H18N2O6 + C23H30N2O5 +
+ C18H22N2O7

2

8.893

278.1494; 279.1566; 301.1387; 317.1138

C16H22O4 (tr)

3

14.511

406.1274; 407.1347, 100% (409.1333, 30%); 429.1172, 100%
(431.1175, 30%)

C20H23N2O5Cl (tr)

4

15.480

246.2175; 247.2242; 264.2514; 269.2071

C14H30O3 (tr)

5

17.430

290.2441; 291.2511; 308.2778; 313.2337; 329.2108 +
+ 348.2971; 349.3044 + 335.3014; 336.3086

C16H34O4 (tr) + C18H40N2O4 (tr) +
+ C19H37N5 (tr)

6

19.858

334.2700; 335.2759; 352.3040; 357.2592

C18H38O5 (tr)

7

25.078

408.1429; 409.1500, 100% (411.1477, 30%); 431.1323, 100%
(433.1305, 30%); 447.1064, 100% (449.1081, 30%)

C20H25N2O5Cl (amlodipine)

No.
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Table 3. Results of LC-MS analysis of amlodipine besylate in acid degradation (5 mol/L HCl) at 80 °C for 6 h ; Identification for amlodipine was performed using standard. For other compounds, the proposed molecular formula was determined on the basis of precisely
measured masses; (tr) – traces; compounds detected by mass spectrometer
tR / min

Measured molecular mass and measured mass of m/z ions

Molecular formula

1

5.683

455.2278; 456.2397; 473.2616 + 351.1200; 352.1272, 100%
(354.1125, 30%); 374.1095, 100% (376.1046, 30%); 390.0830,
100% (392.0822, 30%); 725.2321, 100% (727.2326, 30%);

C21H33N3O8 +
+ C18H22NO4Cl or C13H22N3O6Cl

2

6.648

391.1263; 392.1333, 100% (394.1311, 30%); 414.1159, 100%
(416.1149, 30%); 430.0911, 100% (432.0893, 30%)

C19H22N3O7Cl (tr)

3

7.070

389.0968; 390.1042, 100 % (392.1030, 30 %); 412.0866, 100 %
(414.0851, 30 %); 428.0594, 100 % (430.0579, 30 %); 801.1903,
100 % (803.1884, 30 %)

C15H20N3O7Cl

4

7.452

414.2121; 415.2194 + 394.1143; 395.1216 + 378.1405; 379.1478

C23H30N2O5 + C21H18N2O6 or
C16H18N4O8 + C18H22N2O7

No.

5

8.824

278.1492; 279.1564; 301.1382; 317.1139

C16H22O4

6

13.736

406.1274; 407.1346, 100% (409.1328, 30%); 429.1172, 100%
(431.1153, 30%); 445.0905, 100% (447.0906, 30%); 835.2488,
100 % (837.2469, 30%) + 333.1110; 334.1184, 100% (336.1161,
30%); 356.1009, 100% (358.0981, 30%)

C20H23N2O5Cl +
+ C18H20NO3Cl or C13H20N3O5Cl

7

15.367

246.2176; 247.2245; 264.2516; 269.2067

C14H30O3 (tr)

8

17.310

290.2442; 291.2510; 308.2781; 313.2335; 329.2098

C16H34O4 or C17H30N4

9

19.397

261.0899; 262.0972, 100% (264.2516, 30%)

C15H16NOCl (tr)

10

22.271

348.1227; 349.1300; 371.1115

C19H16N4O3 or C18H20O7 or
C24H16N2O (tr)

11

24.868

408.1429; 409.1499, 100% (411.1480, 30%); 431.1323, 100%
(433.1306, 30%); 447.1064, 100% (449.1085, 30%)

C20H25N2O5Cl (amlodipine)

12

26.840

281.2701; 282.2770; 299.3031; 304.2599; 563.5500

C18H35NO

LC-MS analysis of amlodipine besylate oxidative
degradation (3% H2O2 : methanol 80:20) at 80 °C for 6
h is given in Table 4. Forced degradation of amlodipine besylate under oxidative conditions also
showed the presence of compound C18H35NO, as like
as in acid degradation, at (tR) 26.94 min. Mass
spectrometry technique confirmed the presence of

compound with molecular formula C20H23N2O5Cl corresponding to dehydro amlodipine derivate [33–35].
This compound is one of the forced degradation products in oxidative and acidic conditions, while in electrochemical degradation was found in traces.
To complete the MS analysis, LC-NMR preparative isolation of compounds obtained by forced deg-

Table 4. Results of LC-MS analysis of amlodipine besylate in oxidative degradation (3% H2O2:methanol, 80:20) at 80 °°C for 6 h; Identification for amlodipine was performed using standard. For other compounds, the proposed molecular formula was determined on the
basis of precisely measured masses; (tr) – traces; compounds detected by mass spectrometer
tR / min

Measured molecular mass and measured mass of m/z ions

Molecular formula

1

4.275

444.2202; 445.2275

C19H32N4O8

2

5.706

472.2556; 473,2628

C21H36N4O8

3

7.464

414.2130; 415.2203 + 394.1154; 395.1227 + 378.1411; 379.1484

C23H30N2O5 + C21H18N2O6 or
C16H18N4O8 + C18H22N2O7

6

8.843

278.1496; 279.1568; 301.1390; 317.1138

C16H22O4 or C17H18N4

7

13.564

406.1271; 407.1343, 100% (409.1328, 30%); 429.1172, 100%
(431.1155, 30%); 445.0909, 100% (447.0932, 30%)

C20H23N2O5Cl

No.

8

17.282

290.2437; 291.2507; 308.2777; 313.2328; 329.2084

C16H34O4 or C17H30N4

9

21.600

255.2543; 256.2615; 273.2879; 278.2434; 294.2168; 511.5183;
533.5006

C16H33NO

10

24.725

408.1431; 409.1496, 100% (411.1475, 30%); 431.1327, 100%
(433.1301, 30%)

C20H25N2O5Cl (amlodipine)

11

26.988

281.2701; 282.2770; 299.3031; 304.2599; 563.5500

C18H35NO
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radation of amlodipine besylate should be carried out.
This will be the subject of our further investigation.
CONCLUSION
The proposed study describes an isocratic,
reversed-phase liquid chromatographic method for
investigation of degradation products of amlodipine
besylate under the stressed conditions in solution.
Amlodipine-besylate stock solutions were subjected
to acid and alkali hydrolysis, chemical oxidation and
photo degradation as well as to the electrochemical
degradation by cyclic voltammetry in 0.05 mol/L
NaHCO3 on gold electrode. The study showed the
complete degradation of amlodipine besylate in 5
mol/L NaOH at 80 °C for 6 h, whereas moderately
degraded in alkali 0.1 mol/L NaOH at 80 °C for 6 h
(42.0%) and photo UV/Vis for 14 days (32.2%) conditions. Under the acid conditions, amlodipine besylate was degraded up to 75.2%. The drug was highly
degraded in oxidative (80.1%) conditions. By cyclic
voltammetry, 66.5% of amlodipine besylate degradation was achieved. After 9 h of cyclization the voltammogram shows that the beginning of amlodipine
oxidation was shifted for 200 mV to more negative
potentials. In addition, using of mass spectrometry
technique we identified the presence of dehydro
amlodipine derivate C20H23N2O5Cl as one of the
forced degradation products in oxidative and acidic
degradation of amlodipine.
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ISPITIVANJE DEGRADACIONIH PROIZVODA
AMLODIPIN-BEZILATA PRIMENOM TEČNE
HROMATOGRAFIJE I TEČNE HROMATOGRAFIJEMASENE SPEKTROMETRIJE U USLOVIMA
FORSIRANE I POTPUNE DEGRADACIJE
Primenjena je izokratska RP-HPLC metoda za ispitivanje degradacionih proizvoda amlodipin-bezilata u uslovima forsirane degradacije. Osnovni rastvori amlodipin-bezilata su
podvrgnuti kiseloj i alkalnoj hidrolizi, hemijskoj i fotodegradaciji kao i elektrohemijskoj degradaciji primenom ciklične voltametrije u rastvoru 0,05 mol/L NaHCO3 na elektrodi od zlata.
Potpuna degradacija amlodipin-bezilata je postignuta u 5 mol/L NaOH na 80 °C za 6 sati, a
jedinjenje molekulske formule C15H16NOCl je identifikovano kao glavni degradacioni proizvod. Pod uticajem kiseline (5 mol/L HCl) na 80 °C za 6 sati postignuto je 75,2% degradacije amlodipin-bezilata. U uslovima oksidativnog stresa u rastvoru 3% H2O2-metanol
80:20 na 80 °C tokom 6 sati pokazana je degradacija od 80,1%. Nakon 14 dana izlaganja
rastvora amlodipin-bezilata fotodegradaciji u komori za fotostabilnost postignuta je degradacija od 32,2%. Kod elektrohemijske degradacije posle 9 sati ciklizacije početak oksidacije amlodipina se pomerio za 200 mV ka negativnijim potencijalima, sa degradacijom od
66,5%. Masenom spektrometrijom potvrđeno je prisustvo dehidro derivata amlodipina
molekulske formule C20H23N2O5Cl kao proizvoda forsirane degradacije u uslovima oksidacije i degradacije u kiseloj sredini. Pri elektrohemijskoj degradaciji amlodipina ovo jedinjenje nađeno je u tragovima.
Ključne reči: amlodipin-bezilat, forsirana degradacija, reverzno fazna tečna hromatografija, tečna hromatografija-masena spektrometrija.
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