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PREPARATIVE SEPARATION OF THREE
ISOQUINOLINE ALKALOIDS FROM
Berberidis radix BY pH-ZONE-REFINING
COUNTERCURRENT CHROMATOGRAPHY
Article Highlights
• The combination of ultrasonic extraction and pH-zone-refining CCC is used in the present study
• Three isoquinoline alkaloids with high purities are obtained in a single run
• Optimizing the concentration of retainer and eluter is an important aspect in pH-zone-refining CCC
Abstract

Berberidis radix, as a traditional Chinese herbal medicine, is well known as the
main source of berberine. This herbal medicine has been used for the treatment
of many diseases and alkaloids including jatrorrhizine, palmatine, and berberine
are major bioactive constituents. Few literatures report the preparative separation of these alkaloids from Berberidis radix. In the present study, the combinative application of ultrasonic extraction and pH-zone-refining countercurrent
chromatography was used to extract and purify these alkaloids. The PZRCCC
separation was performed in a two-phase solvent system composed of chloroform–methanol–water (4:3:3 volume ratio), where 40 mM HCl was added in the
upper aqueous stationary phase as a retainer and 10 mM triethylamine was
added in the lower organic mobile phase as an eluter. From a crude sample of
1.5 g, palmatine (251.6 mg), berberine (392.5 mg), and jatrorrhizine (412.6 mg)
were obtained in a single run with purities of all being over 93.0%, analyzed by
HPLC. The chemical structures of the separated alkaloids were identified by
electrospray ionization–mass spectrometry (ESI-MS), 1H-NMR and 13C-NMR.
Keywords: separation; palmatine; berberine; jatrorrhizine; Berberidis
radix; pH-zone-refining countercurrent chromatography.

Berberidis radix is one of the popular traditional
Chinese medicines (TCM) and is officially listed in the
Chinese Pharmacopoeia [1]. This traditional Chinese
herbal medicine has anti-sepsis, anti-inflammation,
heat-clearing, detoxifying, anti-hypertension, cholagogue and “dampness”-eliminating effects. It has
been wildly used in the treatment of bacterial dysentery, gastroenteritis, paratyphoid and bronchopneu-
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monia. The major bioactive constituents are jatrorrhizine, palmatine, and berberine, as shown in Figure
1, which belong to isoquinoline alkaloids and are very
similar in chemical structure, polarity, and alkalinity.
Berberine, as one of the important major components,
has strong anti-inflammatory and antimicrobial activities [2,3]. Recently, cholesterol-lowering and antidiabetic effects of berberine have been proved [4,5].
Palmatine, another major component, has anti-infectious effects and has been used for the treatment of
infections caused by bacteria, fungi, and viruses.
Given the aforementioned, establishing an efficient
and rapid separation method is deemed helpful to
research pharmacological effects and develop a standard of quality. Many scholars have attempted to
study these isoquinoline alkaloids using traditional
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column chromatography, which is time and solvent
consuming [6,7]. Although high-performance centrifugal partition chromatography (HPCPC) and countercurrent chromatography (CCC) have been employed for the separation of these polar alkaloids, the
process usually needs several steps and the loading
capacity is not large enough [8-10].
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triethylamine (TEA), dimethyl sulfoxide (DMSO) and
tetramethylsilane (TMS) used in PZRCCC separation
and NMR analysis were of analytical grade (Shanghai
SSS Reagent Co., Ltd., Shanghai, China). Methanol
(MeOH) and acetic acid (AC) used for HPLC analysis
were of chromatographic grade (Shandong Tongcheng Medicine Technology Co., Ltd., Shandong,
China). The double-distilled water (H2O) (Wuhan Zhi
Precision Instrument Co., Ltd., Wuhan, China) was
applied in preparation of all dilutions and solutions.
Berberidis radix was collected in Sichuan Province. The species was identified by Professor Jia Li
(Shandong University of TCM, Jinan, China).
Apparatus

Figure 1. Chemical structures of alkaloids from Berberidis radix.

Compared with the above separation methods,
PZRCCC is developed from countercurrent chromatography (CCC). As a liquid–liquid partition chromatography technique without a solid support matrix,
PZRCCC enables the separation of organic acids and
alkaloids into a succession of highly concentrated
rectangular peaks that elute according to their pKa
values and hydrophobicities [11,12]. PZRCCC has
many advantages, including large sample loading
capacity, high concentration, and high purity of targeted components. Besides, it detects samples by
their pH values, which is helpful if there is no ultraviolet absorbance [13]. In the past decade, it has
been successfully used for the separation of natural
and synthetic products [14-25]. In the present study,
the crude sample (1.5 g) was separated using
PZRCCC with the selected solvent system chloroform–methanol–water. Three isoquinoline alkaloids,
each at the purity of over 93.0% were obtained. We
herein report the combinative application of ultrasonic
extraction and of PZRCCC for the isolation and purification of three isoquinoline alkaloids from B. radix.
EXPERIMENTAL
Reagents and materials
Petroleum ether (Pet, b.p. 60-90 °C), ethyl
acetate (EtOAc), methanol (MeOH), ethyl alcohol
(EtOH), chloroform (CHCl3), hydrochloric acid (HCl),

2

In the present work, a TBE-300A HSCCC apparatus (Tauto Biotech, Shanghai, China) is used and
the column is three preparative coils connected in
series (the diameter: 2.6 mm; the total volume: 300
mL) and the volume of the quantitative loop is 20 mL.
The revolution radius (R), or the distance between the
holder axis and the central axis of the centrifuge, is 5
cm, and the β values of the multilayer coil range from
0.47 at the interior to 0.73 at the exterior (β = r/R,
where r is the rotation radius or the distance from the
coil to the holder shaft). The rotation of the column is
controlled by a speed controller in the range of 1 to
1000 rpm. A DCW-0506 constant temperature circulator (Shanghai Baidian Instrument Co., Ltd., Shanghai, China) set at 25 °C is applied to keep the temperature of the HSCCC instrument constant. And a
TBP1002 constant flow pump (Tauto Biotech, Shanghai, China) is used to pump solvent. The detection of
effluent is carried out using an 8823B-UV detector
(Beijing Tianchenwode Biotech Co., Ltd., Beijing,
China) working at the wavelength of 254 nm and a
PHS-3C pH meter (Wuhan Jisi Instruments Equipments Co., Ltd., Wuhan, China). The description of
the PZRCCC chromatogram is achieved by a model
STR1001 recorder (Jiangsu Shun Tong Instrument
Co., Ltd., Jiangsu, China).
The crude sample and purified alkaloids are
analyzed by the Waters Alliance liquid chromatography system where a 2695 pump, a 2998 photodiode array detection (PAD) system, a 2695 system
controller, a 2695 multi-solvent delivery system, and
an Empower 3 work-station (Waters, Milford, MA,
USA) are used.
Preparation of crude sample
The crude sample was obtained by ultrasonic
extraction method [26]. The steps were as follows: 1)
Air-dried Berberidis radix (1.0 kg) was pulverized to a
powder fine enough to pass the 40-mesh and the
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powder was extracted by an ultrasonic device with 2 L
95% EtOH for 20 min, and the process was repeated
two more times; 2) the filtrate was collected and concentrated on a rotavapor at 60 °C. Finally, 45 g of
crude sample was obtained and stored in a refrigerator (4 °C) for further PZRCCC separation.
Determination of the partition coefficient (KD)
The primary election of solvent system was
based on the partition coefficient (KD) of the target
components abiding by the principle introduced by Ito
[27]. The KD values were determined using HPLC
analysis as follows: 1) volumes (1 mL) of the upper
and lower phases were placed into a 2-mL test tube;
(2) a suitable amount of crude sample was also
added into the test tube, as was 5 μL of HCl (Kacid) or
TEA (Kbase); 3) the solution was then shaken to distribute crude sample between the upper and lower
phases; 4) let the solution standing for about 30 s
before a biphase solution was obtained; 5) volumes
(200 μL) of the upper phase were placed into another
test tube and dried with a steam of nitrogen; 6) the
residues were diluted to 200 μL with MeOH and analyzed by HPLC; 7) the lower phase were also prepared and analyzed as above; 8) the KD value was
defined as the peak area of target compound in the
upper phase divided by that in the lower phase [11].
Preparation of biphase solvent system and sample
solution
Two liters of a biphasic solvent system CHCl3–
-MeOH–H2O (4:3:3 volume ratio) were equilibrated in
a separator funnel and separated before use. The
upper aqueous phase (the stationary phase) was
acidified with HCl to the concentration of 40 mM and
the lower organic phase (the mobile phase) was alkalized with TEA, establishing a 10-mM solution. The
above phases were degassed by sonication before
being pumped into the connected coils.
The sample solution was prepared by dissolving
crude sample (1.5 g) in 20 mL of the above solvent
system (10 mL of upper phase with HCl and 10 mL of
lower phase without TEA).
PZRCCC separation
The separation procedure of PZRCCC began
with the upper phase (stationary phase) pumped into
the multilayer-coiled column at a flow rate of 15
mL/min and then sample solution was injected. After
the rotation speed of the column was set and controlled at 800 rpm, the lower phase (mobile phase)
was pumped into the column at a flow rate of 2.0
mL/min in head to tail elution mode. The effluent was
continuously monitored by an UV monitor and the
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wavelength was set at 254 nm. Each 10 mL manual
collection was placed into a test tube. Simultaneously,
the pH values of every collection were determined by
a pH meter and the chromatogram was described by
a portable recorder. When the separation process
was completed, the apparatus was shut down and the
column contents were forced out into a graduated
cylinder with pressurized nitrogen. The retention rate
of the stationary phase was defined as the volume of
the stationary phase retained in the column divided by
the total volume of the column. After calculation, the
percentage of retained stationary phase in the column
was 53.3%.
Analysis and identification of PZRCCC fractions
The purified fractions by PZRCCC and crude
extract were analyzed by HPLC with an Agilent
Zorbax SB-C18 column (250 mm×4.6 mm id, 5 μm)
and the column temperature was set at 25 °C. The
mobile phase was MeOH-H2O (2.0% AcOH and 0.1%
TEA, 28:72, volume ratio). The flow rate was set at
0.7 mL/min and the effluent was monitored by a PAD
at the wavelength of 345 nm.
The identification of purified compounds was
performed by a Pentium 4 computer with mass selective detector Productivity Chemstation Software
and electrospray ionization–mass spectrometry (ESI-MS) with an Agilent 5973N mass selective detector
(MSD). The ionization current was 150 mA and mass
spectrometer scanned between the range 29–400 mat
scan 1 s with an ionizing voltage of 70 eV. The NMR
spectrum was recorded with a Varian-400 spectrometer (Varian, Palo Alto, CA, USA) with DMSO as
solvent and TMS as internal standard.
RESULTS AND DISCUSSION
Optimization of the two-solvent system
A successful separation by PZRCCC requires a
suitable two-phase solvent system which provides
ideal KD values in both acidic (Kacid << 1) and basic
(Kbase >> 1) conditions as well as good solubility of the
crude sample [11]. According to existing literature
about separation by PZRCCC, two solvent systems
composed of MtBE–CH3CN–H2O and Pet–EtOAc–
-MeOH–H2O, each with different volume ratios were
first investigated. Although several volume ratios of
these two solvent systems provided suitable KD
values for the main compounds, none of them could
be used for the separation of this crude sample
because of the poor solubility of less than 0.3 g in
both phases. Considering the high polarity of quaternary ammonium alkaloids, the crude sample might
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have good solubility in chloroform, which is often used
for the extraction of alkaloids and the solvent system
CHCl3–MeOH–H2O was examined. The KD values of
this two-phase solvent system at the volume ratio of
4:3:3 were evaluated. When 10 mM HCl was added
into the upper phase and 10 mM TEA into the lower
phase, the resolution of target quaternary ammonium
alkaloids and impurities improved. However, the resolution of the target quaternary ammonium alkaloids
was also not perfect and the crude sample was not
separated completely. Based on the above experiments, it was thought that increasing the concentration of retainer acid could enhance the resolution [27].
The concentration of retainer in stationary phase
mainly determined the concentration and retention
time (RT) of analyte as well as the retention rate of
stationary phase. In order to achieve efficient resolution of the target compounds, a proper amount of the
retainer should be added to aqueous stationary
phase. Although compounds 2 and 3 were separated
with high purity when 30 mM HCl was added into the
upper phase, compound 1 and part of compound 3
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were eluted as a mixture, as shown in Figure 2. The
resolution was greatly improved and three fractions
were clearly observed when the aqueous phase with
40 mM HCl and the organic phase with 10 mM TEA
as shown in Figure 3. The detection of pH values also
revealed three flat pH-zones, indicating a successful
separation of the three target isoquinoline alkaloids.
Thus, the two-phase solvent system CHCl3–MeOH–
-H2O (4:3:3 volume ratio) with 40 mM HCl in the
aqueous stationary phase and 10 mM TEA in the organic mobile phase was selected for the separation of
the crude alkaloids. Although the solvent system
CHCl3–MeOH–H2O (2:1:1 volume ratio) with 10 mM
HCl in the aqueous stationary phase and 10 mM TEA
in the organic mobile phase has been reported, the
pretreatment of the crude sample is complicated and
only two quaternary ammonium alkaloids are separated from Corydalis yanhusuo W.T. Wang by
PZRCCC [28].
In present study, palmatine (251.6 mg, RT: 3.4-4.1 h) with the purity of 98.1%, berberine (392.5 mg,
RT: 4.2-5.6 h) with the purity of 93.1% and jatror-

Figure 2. PZRCCC chromatograms for the separation of the crude extract from Berberidis radix. Experimental conditions: solvent
system: CHCl3–MeOH–H2O (4:3:3 volume ratio); 30 mM HCl in aqueous stationary phase and 10 mM TEA in organic mobile phase;
revolution speed: 800 rpm; flow-rate: 2 mL/min; sample size: 1.5 g; UV detection wavelength: 254 nm.

Figure 3. PZRCCC chromatograms for the separation of the crude extract from Berberidis radix. Experimental conditions: solvent
system: CHCl3–MeOH–H2O (4:3:3 volume ratio); 40 mM HCl in aqueous stationary phase and 10 mM TEA in organic mobile phase;
revolution speed: 800 rpm; flow-rate: 2 mL/min; sample size: 1.5 g; UV detection wavelength: 254 nm.
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rhizine (412.6 mg, RT: 6.1-7.7 h) with the purity of
95.7% were obtained in a single run with purities of all
being over 93.0 % from 1.5 g of crude sample using
the selected conditions as shown in Figure 4b-d.
Figure 4a shows the HPLC chromatogram of the
crude extracts, which mainly presented three peaks
(1, 2 and 3) corresponding to jatrorrhizine, palmatine
and berberine in sequence, based on the peak area
normalization method at the optimized detective
wavelength of 345 nm.
Structure identification
Identification of the alkaloids purified by
PZRCCC was carried out by UV, ESI-MS, 1H-NMR
and 13C-NMR. The results for each alkaloid were as
follows.
Compound 1 (peak 1 in Fig. 4): light red spiculas
in chloroform; UV (λmax, MeOH): 264 and 345 nm;
Positive ESI-MS, m/z 338 [M+H]+; 1H-NMR (DMSO-d6, 400 MHz, δ / ppm): 9.56 (1H, s, H-8), 8.57 (1H, s,
H-13), 8.02 (1H, d, J = 8.0 Hz, H-11), 7.84 (1H, d, J =
= 8.0 Hz, H-12), 7.34 (1H, s, H-1), 6.36 (1H, s, H-4),
4.77 (2H, s, H-6), 4.05 (3H, s, 10-OCH3), 4.01 (3H, s,
9-OCH3), 3.80 (3H, s, 2-OCH3), 2.98 (2H, s, H-5); 13C-NMR (DMSO-d6, 400 MHz, δ / ppm): 151.1 (C-9),
150.7 (C-2), 148.9 (C-3), 144.0 (C-8), 143.6 (C-10),
141.2 (C-13a), 134.9 (C-12a), 130.7 (C-4a), 127.3
(C-12), 123.2 (C-11), 121.4 (C-13b), 120.4 (C-13),
117.1 (C-8a), 116.6 (C-4), 109.6 (C-1), 62.2
(9-OCH3), 57.6 (10-OCH3), 56.3 (2-OCH3), 55.8 (C-6),
26.9 (C-5).
The chemical data displayed above were consistent with jateorhizine. These findings confirmed
that the compound is jateorhizine [29].
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Compound 2 (peak 2 in Fig. 4): yellowish-brown
pillars in chloroform; UV (λmax, MeOH): 272 and 345
nm; Positive ESI-MS, m/z 352 [M+H]+; 1H-NMR
(DMSO-d6, 400 MHz, δ / ppm): 9.91 (1H, s, H-8), 9.12
(1H, s, H-13), 8.21 (1H, d, J = 8.0 Hz, H-11), 8.05
(1H, d, J = 8.0 Hz, H-12), 7.74 (1H, s, H-1), 7.10 (1H,
s, H-4), 4.97 (2H, s, H-6), 4.11 (3H, s, 10-OCH3), 4.07
(3H, s, 9-OCH3), 3.95 (3H, s, 2-OCH3), 3.87 (3H, s,
3-OCH3), 3.23 (2H, s, H-5); 13C-NMR (DMSO-d6, 400
MHz, δ / ppm): 152.0 (C-3), 150.7 (C-10), 149.2 (C-2),
145.9 (C-8), 144.1 (C-9), 138.2 (C-13a), 133.6 (C-12a),
129.1 (C-4a), 127.2 (C-12), 123.9 (C-11), 121.8
(C-13b), 120.5 (C-13), 119.4 (C-8a), 111.8 (C-4),
109.3 (C-1), 62.4 (9-OCH3), 57.5 (10-OCH3), 56.7
(2-OCH3), 56.4 (3-OCH3), 55.8 (C-6), 26.5 (C-5).
The chemical data displayed above were consistent with palmatine. These findings confirmed that
the compound is palmatine [29,30].
Compound 3 (peak 3 in Fig. 4): yellow pillars in
chloroform; UV (λmax, MeOH): 263 and 346 nm; Positive ESI-MS, m/z 336 [M+H]+; 1H-NMR (DMSO-d6, 400
MHz, δ / ppm): 9.90 (1H, s, H-8), 8.96 (1H, s, H-13),
8.21 (1H, d, J = 8.0 Hz, H-11), 8.01 (1H, d, J = 8.0 Hz,
H-12), 7.81 (1H, s, H-1), 7.09 (1H, s, H-4), 6.18 (2H,
s, 2, 3-OCH2O), 4.94 (2H, s, H-6), 4.10 (3H, s,
10-OCH3), 4.07 (3H, s, 9-OCH3), 3.21 (2H, s, H-5);
13
C-NMR (DMSO-d6, 400 MHz, δ / ppm): 150.9 (C-3),
150.3 (C-10), 148.2 (C-2), 146.0 (C-8), 144.2 (C-9),
138.0 (C-13a), 133.5 (C-12a), 131.2 (C-4a), 127.3 (C11), 124.0 (C-12), 121.9 (C-8a), 120.9 (C-13b), 120.7
(C-13), 108.9 (C-4), 105.9 (C-1), 102.6 (OCH2O), 62.4
(9-OCH3), 57.6 (10-OCH3), 55.7 (C-6), 26.8 (C-5).

Figure 4. HPLC chromatograms of the crude sample and the purified alkaloids from Berberidis radix. Experimental conditions: Agilent
ZORBAX SB-C18 column (250 mm×4.6 mm id, 5 μm); mobile phase: MeOH-H2O (2.0% AcOH and 0.1% TEA, 28:72 volume ratio);
column temperature: 25 °C; flow-rate: 0.7 mL/min; UV detection wavelength: 345 nm; injection volume: 10 μL.
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The chemical data displayed above were consistent with berberine. These findings confirmed that
the compound is berberine [29,30].
CONCLUSIONS
In the present paper, a rapid and efficient
method for preparative separation and purification of
alkaloids from Berberidis radix by PZRCCC has been
established. Three isoquinoline alkaloids including jateorhizine (412.6 mg), palmatine (251.6 mg) and berberine (392.5 mg), with purities of all being over
93.0%, were successfully obtained in a single run.
The results of the present study clearly demonstrate
that the combinative application of ultrasonic extraction and PZRCCC is an efficient and unique technique
in the separation of alkaloids from TCM.
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NAUČNI RAD

Chem. Ind. Chem. Eng. Q. 24 (1) 1−7 (2018)

PREPARATIVNO ODVAJANJE TRI IZOHINOLINSKA
ALKALOIDA IZ Berberidis radix pH-ZONSKOM
PROTIV STRUJNOM HROMATOGRAFIJOM
Koren šimširike (Berberidis radix), tradicionalni kineski biljni lek, je dobro poznat kao
glavni izvor berberina. Ovaj biljni lek, koji se koristi za lečenje mnogih bolesti, sadrži kao
glavne bioaktivne sastojke alkaloide: jatrorizin, palmatin i berberin. U literaturi je malo
opisano preparativno odvajanje ovih alkaloida iz korena šimširike. U ovom radu je razrađena metoda ekstrakcije i prečišćavanja ovih alkaloida primenom ultrazvučne ekstrakcije i pH zonske protiv strujne hromatografije (PZRCCC). Odvajanje PZRCCC metodom vršeno je u dvofaznom sistemu rastvarača hloroform-metanol-voda (zapr. odnos
4:3:3), pri čemu je u gornjoj stacionarnoj vodenoj fazi dodata HCl (40 mM), a u donjoj
organskoj mobilnoj fazi trietilamin (10 mM). Od 1,5 g sirovog uzorka dobijeno je 251,6
mg palmitina, 392,5 mg berberina i 412,6 mg jatrorizina sa čistoćom većom od 93%
određenom pomoću HPLC metode. Hemijske strukture odvojenih alkaloida identifikovane su elektrosprej jonizacionom masenom spektrometrijom (ESI-MS), 1H-NMR i
13
C-NMR.
Ključne reči: separacija; palmatin; berberin; jatrorizin; Berberidis radix; pH zonska
protiv strujna hromatografija.
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The manganese carbonate catalyst, prepared by precipitation method, was used
in transesterification of soybean oil under subcritical condition of methanol.
Catalyst samples were characterized by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS). The triacylglycerol (TAG) conversion and
fatty acid methyl esters (FAME) yield were determined using high performance
liquid chromatography (HPLC). The transesterification was realized for 1 h using
various working conditions: 0-3 wt.% of catalyst (based on the mass of oil), the
mole ratio of methanol to oil from 13:1 to 27:1 and temperature ranging from 393
to 473 K. A maximum TAG conversion of 98.1% could be obtained at the optimal
reaction conditions: 2 wt.% of catalyst, methanol/oil mole ratio of 21:1, for 1 h in a
batch reactor at 453 K. Kinetic analysis showed that the model based on mass
transfer and chemical reaction at the catalyst surface confirmed the experimental
data. Using that kinetic expression, the effect of continuous transesterification
was proposed and verified by a 360-h long realized experiment in a laboratory
packed-bed reactor (PBR). Slow deactivation of the catalyst was caused by
leaching of Mn in both biodiesel and glycerol phases and by blocking the active
sites of the catalyst with organic compounds.

1

SCIENTIFIC PAPER
UDC 662.756.3:544.47:544.344:546.711

Abstract
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Over the last few decades, great attention has
been paid to the development of an active, stable and
inexpensive solid catalyst, which will successfully replace the homogeneous catalyst, today most commonly used in commercial biodiesel production processes. A large number of solid catalysts such as
single, supported or mixed metal oxides, Al–Mg hydrotalcites, zeolites etc. have been thoroughly studied in
transesterification of different vegetable oils into a
mixture of fatty acid methyl esters (FAME, or biodiesel). However, the search for the solid catalyst that
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will make the heterogeneously catalyzed process
competitive with the homogeneous one is still a challenge.
Manganese in oxide form or in a complex mixture with some other metals has been reported to be
a promising catalyst for vegetable oil transesterification [1-10]. In all these studies, high conversions of
TAG were obtained with different oils, both edible and
low grade feedstock with high fatty acid contents [4-6]. Although low temperature synthesis of biodiesel
was applied in a few studies [2,5], it can be noticed
that in all these cases, catalysts which contained Ca
and Mn, showed activity at lower temperatures [11],
while in all other studies high pressure and high temperature were necessary. The MnCO3/ZnO catalyst
exhibited high catalytic activity and maintained it after
being reused for 17 cycles without any regeneration
during the transesterification of soybean oil with methanol [9], while MnCO3 mixed with zinc glycerolate
could be reused 13 times [10]. A group of authors rep-
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orted that pure MnCO3 was active in transesterification of different oils at 333 K with 80–95% conversion
achieved [12,13]. However, it must be pointed out that
the authors did not specify the characteristics of the
used MnCO3 and they noted only the name of company which produces the technical MnCO3, with purity
of 90%, thus leading to the conclusion that the inclusion of some other compound may be responsible
for such high activity of MnCO3 under mild reaction
conditions. MnCO3 was also tested at high temperature transesterification, showing very good catalytic
efficiency, although slightly lower than that of MnCO3/
/ZnO at the defined conditions [9]. This paper aims to
investigate the possibility of improvement of MnCO3
efficiency by optimization of reaction conditions, considering that MnCO3 is naturally abundant, thus relatively cheap and commercially available, and also
environmentally friendly, making it promising for commercial application as a low cost catalyst for biodiesel
production.
Kinetics of transesterification at high temperature
Various models used to describe the kinetics of
heterogeneously catalyzed transesterification, including the most commonly used simple pseudo-first
order model [14-16], second-order [17,18] and more
complex models based on the Eley-Rideal or Langmuir-Hinshelwood reaction mechanisms, were analyzed [19,20]. The kinetic models proposed by Miladinović et al. [21] and Lukić et al. [22,23] deserve the
greatest attention, predicting correctly the reaction
rate of the transesterification process at low temperature (LTT). It was shown that both of them are suitable for describing the kinetics of transesterification
over various calcium-based catalysts [24,25]. Furthermore, the recently reported study verified their capability to successfully describe the kinetics of trancesterification at high temperature (HTT) using different
catalysts (La/Mn, Ce/Mn, Sr/cinder, Fe–Zn double-metal cyanide complex or La2O3/ZrO2) [26]. In the
present study, the kinetic model proposed by Miladinović et al. [21] (MM model), the model developed by
Lukić et al. [22,23] (IL model) and, the most widely
used, simple pseudo-first order reaction model were
applied to define the kinetics of transesterification of
soybean oil using MnCO3 catalyst at high temperature. The model that showed the best agreement with
experimental results was further used for a continuous transesterification process simulation.
Continuous transesterification
To better describe the activity and life of the
specific catalyst suitable for the transesterification
process, different techniques could be applied. The
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repeated use of the same amount of catalyst for
transesterification in a batch process is one of them,
but the most important techniques that always give
valuable information about catalyst activity, are tests
performed in the continuous transesterification process. Many of these reports could be also divided in
three different groups according to the temperature
used for analyzing continuous transesterification processes: a) at lower temperature (<373 K, the continuous low temperature transesterification; c-LTT)
[27,28]; b) at average temperature (373 K < T < 423
K; c-MTT) [29] and c) at high temperature (>423 K;
c-HTT) [4,30-34]. Characteristic of c-LTT processes is
the application of base oxide in which Ca is a common active component, while different active species
were tested in c-HTT mainly based on metal oxides
[4,31,34] or mixed Zn with Al, La or Fe [32,33]. A
tubular reactor was packed with various particle sizes
of catalyst and in several cases mixed by inert glass
beads. Different type of oils (palm, soybean, coconut,
rapeseed, sunflower, rubber seed) or a model mixture
of pure triacylglycerols (e.g., triolein) and free fatty
acids (e.g., oleic acid) were tested for biodiesel synthesis. The main objective of all experiments of continuous transesterification is to define the change of
catalyst activity after varied time of continuous operation. Processes of c-HTT were usually realized in
less than 300 h, and only two reports gave the results
of catalyst activity during 70 and 150 days, respectively [31,32].
According to the above analysis, the main goal
of this study was to define: a) activity of MnCO3 at different working conditions; b) a kinetic model which
might be used for presenting conversion of triacylglycerols at optimal working condition in a batch reactor;
c) activity of MnCO3 during long term c-HTT and d)
conversion of TAG during c-HTT by using determined
kinetic models.
EXPERIMENTAL
Materials
Raw soybean oil was purchased from Baifu Oils
& Fat Co. Limited (Wuhan, China). Methanol and
acetone of HPLC grade were purchased from Tedia
Company Inc. (Fairfield, OH, USA) and Mallinckrodt
Baker, Inc. (Phillipsburg, NJ, USA), respectively. The
reagents K2CO3 (99%), methanol (99.5%), MnCl2
(99%) and HNO3 (68%), are of analytical grade, and
were purchased from Aopu Chemical Company
(Wuhan, China).
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Catalyst preparation
The catalyst was prepared according to the precipitation method. K2CO3 was used as a precipitant to
deposit the aqueous solution of MnCl2. For a typical
catalyst preparation, 100 mL 1.25 M MnCl2 was
slowly added into 600 mL 0.25 M K2CO3 aqueous
solution under vigorous stirring at 333 K. The mixture
was then aged at room temperature for 2 h. The solid
product was recovered by filtration, followed by
thorough washing with deionized water and drying in
an oven at 323 K overnight. The dried solid was calcinated in a muffle furnace at 573 K for 0.5 h, and was
stored in a desiccator.
Catalyst characterization
XRD was performed on a D/MAX-RB powder
X-ray diffractometer (Rigaku Corporation, Japan) at
room temperature. CuKα radiation (λ = 0.15418 nm),
with a step size of 0.02° in the 2θ range from 5 to 65°,
was used in all samples. The data was processed
with the X’Pert HighScore Plus software. The peaks
were identified using the Powder Diffraction File
(PDF) database created by the International Centre
for Diffraction Data (ICDD).
FTIR spectra were recorded on a Nicolet FT-IR
5700 spectrometer (Thermo Electron Corporation,
USA）over the wave number range of 4000–500 cm-1,
with 2 cm-1 resolution. The KBr pellet technique was
applied in order to prepare samples. All measurements were conducted at room temperature.
Sample morphology and elemental chemical
analysis at chosen points of the samples were characterized at room temperature by a Quanta 200 SEM
system equipped with EDS detector (FEI Company,
Netherlands). The accelerating voltage was 20 kV.
Batch experiment of transesterification reaction
For catalytic tests a 500 mL stainless steel autoclave containing a stirrer, an internal cooling pipe, a
temperature sensor and an external heating jacket
was used (PCF0.5-10 JianBang Chemical Machinery
Co. Limited, China). The maximum working pressure
and temperature of the autoclave are 10 MPa and
573 K, respectively. The following procedure of the
transesteriﬁcation process in a batch reactor was
applied: soybean oil with 0.12 wt.% of water and 0.2
mgKOH/g acid values [35], methanol, and catalyst
were placed into the autoclave and then heated to the
pre-set temperature and stirred at a constant speed of
200 rpm. The reaction time was counted when the
temperature in autoclave reached the pre-set value at
the controller. The reaction pressure (1.8–3.2 MPa) in
the reactor was measured by a pressure sensor. After
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the expected reaction time, the transesteriﬁcation of
soybean oil was stopped by the tap water flowing
through the internal cooling pipe. Then, the autoclave
was opened and the product was analyzed to determine TAG conversion and FAME yield.
Continuous process of biodiesel synthesis
Methanol and oil in mole ratio 21:1 were stirred
in a container and 0.2 cm3 min-1 of the mixture was
pumped to a packed-bed reactor (PBR; inside diameter of 0.78 cm and a length of 30 cm) using an
HPLC pump. The reactor and inlet line (1.6 mm tube)
were placed in the oven at 453 K.
The fixed-bed reactor was packed with prepared
MnCO3 catalyst (mcat = 14.6 g). The mass flow rate of
the reaction mixture into reactor was mrm = 0.17 g
min-1. The mass of the catalyst and its bulk density
was used to calculate the volume of the reactor
occupied by the catalyst. The void fraction in the reactor was determined on the basis of the mass of methanol (and its density) used to fill the PBR. The residence time of the reaction mixture in the reactor and
the weight hourly space velocity (WHSV = mrm/mcat)
were 0.92 h and 1.43 h-1, respectively.
The reaction mixture, taken from the batch
reactor or collected at the outlet of PBR, was separated into ester and glycerol phases. A sample of the
ester phase was analyzed by HPLC to determine the
content of triacylglycerols (TAG), diacylglycerols
(DAG), monoacylglycerols (MAG) and fatty acid
methyl esters (FAME). The results of HPLC analysis
were used for TAG conversion and FAME yield calculation, respectively.
The content of Mn in the samples of glycerol and
ester phases was also determined using atomic absorption spectrophotometer (AAS).
Analysis of the ester phase
Collected samples were diluted with isopropanol–hexane and filtered through a membrane (0.45 μm
pore) and the concentrations of TAG, DAG, MAG and
FAME were determined by HPLC analysis using Agilent 1100 series with a C18 column (40 °C, particle
size 5 µm, 200 mm×4.6 mm I.D.) with UV/Visible
detection at 205 nm. A linear gradient from 100%
methanol to 50% methanol + 50% isopropanol–hexane (5:5 volume ratio) in 25 min was employed.
Calculation of TAG conversion and FAME yield
The ester phase contains products of trancesterification (FAME, MAG and DAG) and TAG and it was
analyzed to determine the peak areas (Ai, i = TAG or
FAME) of the HPLC chromatogram. Calculation of
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TAG conversion and FAME yield was done using the
following equations:

X TAG = 100

ATAG,0 − ATAG
ATAG,0

FAME = 100

(1)

AFAME ,f − AFAME
AFAME ,f

where ATAG,0 is the peak area of TAG in the soybean
oil sample, and AFAME,f is the peak area of FAME in
the sample of the ester phase containing only FAME
(TAG was completely converted into FAME; MAG and
DAG were not detected).
RESULTS AND DISCUSSION
Analysis of transesteriﬁcation realized at different
working conditions

Influence of the catalyst amount used for
transesterification
TAG conversion and FAME yield were increased when a higher amount of MnCO3 catalyst was
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used at 453 K and methanol to oil mole ratio of 21:1,
as shown in Figure 1a. It was detected that without
the presence of a catalyst, the TAG conversion and
FAME yield were 72.3 and 55% after 60 min, measuring time from the moment when the reaction mixture in the batch reactor reached 453 K. Knowing that
55 min was necessary for heating to 453 K (non-isothermal process), it means that the total reaction time
in the batch reactor was 115 min. TAG conversion
and FAME yields obtained in this study are higher
than those reported by other authors that analyzed
non-catalytic biodiesel synthesis at subcritical condition of methanol [36].
TAG conversion of 97.8% and FAME yield of
80.2% were obtained after 115 min (55 min of non-isothermal + 60 min of isothermal process) with 2
wt.% of catalyst. They did not increase when a larger
amount of catalyst (3 wt.%) was used. On the basis of
these results, the influence of other parameters of the
transesterification process was analyzed using 2 wt.%
of catalyst.

Figure 1. Influence of: a) catalyst amount (reaction conditions: molae ratio of methanol to soybean oil, 21:1; reaction temperature, 453 K;
reaction time, 115 min (55 min heating to 453 K and 60 min of isothermal operation); b) mole ratio of methanol to soybean oil (reaction
condition: 453 K; 2% of catalyst and reaction time, 115 min (55 min heating to 453 K and 60 min of isothermal operation); c) temperature
(reaction conditions: catalyst amount, 2%; mole ratio of methanol to oil, 21:1; reaction time, 60 min of transesterification at isothermal
temperature and various time necessary for heating to isothermal temperature) on TAG conversion of soybean oil and FAME yield.
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Influence of methanol to oil mole ratio
The transesterification reaction consists of three
reversible reactions where TAG is transformed into
FAME, glycerol and the intermediate products (DAG
and MAG). The mole ratio of methanol to oil is an
important parameter that mainly affects the possible
equilibrium conditions of reversible reactions between
DAG and methanol and MAG and methanol, followed
by formation of FAME:
TAG + MeOH  DAG + FAME
DAG + MeOH  MAG + FAME
MAG + MeOH  Glycerol + FAME
Figure 1b represents the effect of methanol to oil
mole ratio, showing TAG conversion and FAME yield
increase to 98.1 and 80% with the increase of this
parameter to 21:1. However, further increase of methanol to oil mole ratio to 27:1 used for transesterification at 453 K and 2 wt.% of MnCO3 catalyst exhibited only a small effect on TAG conversion and
FAME yield. Therefore, knowing that the total cost of
biodiesel production also depends on the excess of
alcohol used and its recovery, the methanol to oil
mole ratio of 21:1 was considered to be optimal for
transesterification of soybean oil with methanol.

Chem. Ind. Chem. Eng. Q. 24 (1) 9−22 (2018)

while only a small increase in FAME yield could be
expected. For that reason, the above analysis and
optimization of other working parameters were performed at 453 K, which is defined as the optimal
temperature for soybean oil transesterification in the
presence of MnCO3 catalyst.
The optimal kinetic models (explained in the
Appendix), which might be successfully used for representing the rate of HTT in the presence of MnCO3
catalyst, were determined on the basis of TAG conversion at different temperatures [26]. Briefly, using
first order kinetics, the apparent reaction rate constant, kapp, at different temperatures was calculated.
The activation energy (E) and the pre-exponential
factor (A) were estimated from the Arrhenius plot of
ln kapp versus 1/T (Figure 2).

Influence of reaction temperature
Temperature is a very important parameter
which strongly defines and increases the rate of either
non-catalyzed [36,37] or catalyzed transesterification
of TAG. For the temperature and pressure close to, or
slightly above, the critical temperature and pressure
of methanol, and for the conditions of a large excess
of supercritical methanol (mole ratio of methanol and
oil >42:1), the reaction mixture (oil and methanol)
could be in one phase [37]. In such “supercritical
condition” for methanol the rate of transesterification
is very fast [38]. However, such extreme conditions of
transesterification, necessary to obtain the reaction
mixture of oil and methanol in one phase, could be
avoided by transesterification of oil with methanol in
the presence of a solid catalyst under subcritical condition of methanol, as shown and realized in this study.
The influence of reaction temperature between
393 and 473 K (pressure from 0.5 to 1.5 MPa) on
TAG conversion and FAME yield were analyzed using
2 wt.% of catalyst and mole ratio of methanol to oil
21:1. Experimental data are shown in Figure 1c. TAG
conversion increased from 20 to 98% and FAME yield
from 7.1 to 80%.
It is evident that for transesterification realized at
higher temperature (> 453 K), TAG conversion is
complete and the same as that determined at 453 K,

Figure 2. The temperature dependency of the reaction rate
constant determined by applying the first-order irreversible
reaction as kinetic model.

However, time for heating the reaction mixture in
the batch autoclave is required to reach desired isothermal conditions. That time must be taken into
account for the analysis of experimental data of TAG
conversion vs. time during isothermal transesterification. The duration of the non-isothermal period of
heating is different for specific isothermal temperature; it is longer for higher isothermal temperature
used for transesterification, as shown in Table 1.
The time at which the TAG conversion was
determined, thus, represents the sum of the non-isothermal and isothermal periods of transesterification.
During that period, the miscibility of oil in methanol, as
well as the formation of DAG, MAG and FAME have a
large influence on mass transfer of TAG to the active
centers of the catalyst. It was important to verify that
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Table 1. Modeling of non-isothermal and isothermal HTT performed in a batch autoclave with 2 wt.% of catalyst and mole ratio of methanol to soybean oil 21:1
Reaction temperature, K, and time of non-isothermal and
isothermal transesterification

TAG Exp., %

TAG Calcd., %
I order

MM model

IL model

393 (34+60 = 94 min)

19.9

23.3

12.9

22.7

413 (41+60 = 101 min)

42.8

48.1

32.8

46.5

433 (48+60 = 108 min)

92.3

77.6

69.8

75.8

453 (55+60 = 115 min)

98.1

95.8

96.9

95.1

473 (62+60 = 122 min)

98.5

99.8

99.9

99.8

9.73

17.12

8.89

MRPD / %

the resistance to mass transfer is much lower compared to the resistance to the chemical reaction on
the active center of the catalyst, even at the smallest
mixing intensity. For that reason, the calculation of
mass transfer resistance for different mixing intensities (500 and 900 rpm) was done and is shown in
the appendix. The results of these calculations proved
that the mass transfer of TAG to the active centers of
the catalyst had a smaller influence on the overall rate
of HTT with MnCO3 catalyst.
Information about the influence of mass transfer
resistance indicated that the temperature dependency
of the reaction rate constant is what determined the
apparent reaction rate constant (Figure 2) and could
also be applied for more complex IL and MM models
(Appendix). Other MM and IL models parameters
were tested with the goal to minimize the mean relative percent deviation (MRPD) between experimentally determined and calculated TAG conversion
(Table 1). The best agreement between calculated
and experimentally determined TAG conversions at
different temperatures was achieved with IL model
(MRPD 8.9%). The prediction of TAG conversion was
also acceptable assuming the first order reaction
model (MRPD 9.7%), while the largest deviation was
obtained with MM model (17.1%). A similar conclusion was reported in literature by other researchers
analyzing various catalysts which contain Mn (Ce/Mn
and La/Mn) [26]. The simulation of TAG conversion at
different temperatures for La/Mn catalyzed transesterification of soybean oil was best with the IL kinetic
model, while the first order reaction and IL model
gave similar results when the Ce/Mn catalyst was
used [26].
Kinetics of the transesterification process
The effect of reaction time at 453 K and 21:1
mole ratio of methanol to oil was investigated as well.
After 55 min of heating, the temperature in the batch
reactor reached 453 K (Table 1). Then the isothermal
transesterification started and that moment is defined
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as t = 0, when the first sample was also withdrawn
from the reactor and TAG conversion and FAME yield
were determined. Next samples were analyzed after
30, 40, 50, 60 and 70 min counted from t = 0 and the
results are shown in Figure 3.
Near equilibrium TAG conversion was observed
to be 98.1% with a FAME yield of 80.0% after 60 min
of isothermal process at 453 K. After that time, there
was no obvious impact on the transesterification
efficiency at 453 K. According to these results, the
optimal reaction time of 60 min during isothermal operation at 453 K was selected to be the most appropriate.
In summary, the optimal reaction conditions for
batch process of biodiesel production using 2 wt.% of
MnCO3 could be defined as: mole ratio of methanol
and oil 21:1, and reaction time of 60 min after 453 K
was reached in the batch reactor.
The TAG conversion at various reaction times
was calculated using corresponding parameters shown
in Table 2 (the first order order, MM and IL models).
The values of MRPD between experimental and
calculated TAG conversion were 2.34, 1.68 and
1.62% for I order, MM and IL model, respectively. The
more complex MM and IL models gave slightly better
simulations of isothermal operations, which is also
consistent with previously reported results [26]. The
MM kinetic model is based on the changing reaction
mechanism, i.e., the reaction rate from zero to the first
order, while the IL model takes into account mass
transfer of TAG from the oil phase to active sites of
the catalyst and the chemical reaction between
methanol and TAG. The physical meaning of IL model
parameters appears to be more realistic. Taking into
account results of simulation of TAG conversion in the
batch autoclave at different temperatures (Table 1)
and at isothermal conditions (Figure 3), the IL model
was chosen for the prediction of TAG conversion
during c-HTT process.
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Figure 3. Comparison of experimentally determined and calculated TAG conversion applying various kinetic models.
Reaction conditions: 2 wt.% of catalyst, 453 K, mole ratio of methanol and oil 21:1.

According to the IL model, the rate of TAG conversion could be proposed by equation:
( −rTAG ) = k app (1 − X TAG )

(3)

where:

k app =

3.5
1.66k mt,0 (1 − 55X TAG
)
dX TAG
(1 − X TAG ) (4a)
=
3.5
dmcat
5.611.66 + k mt,0 (1 − 55 X TAG
)

kk mt
k + k mt

(3a)

β
k mt = k mt,0 (1 + α X TAG
)

(3b)

Simulation of the continuous process
Assuming the plug flow of the reaction mixture in
PBR, the mass balance of TAG is defined by equation:
( −rTAG )dm cat = m TAG,0dX TAG

(4)

where (-rTAG) is the rate of TAG conversion defined by
Eq. (3), mTAG,0 = 5.61 g h-1 is the mass flow rate of
soybean oil at inlet of PBR defined knowing the mass
flow rate of the reaction mixture into the reactor (10.2
g h-1) and oil (TAG) mass fraction (55%), and mcat is
the mass of the catalyst.
Using Eq. (4), the mass balance for calculation
of the TAG conversion at reactor exit is:

The initial value of the mass transfer coefficient
(kmt,0) in a packed-bed reactor was calculated (30 h-1)
on the basis of physical characteristics of the reaction
mixture and hydrodynamic conditions in the reactor,
as shown in the appendix. Using that value of kmt,o in
Eq. (4a), XTAG = 98.6% was calculated at the reactor
exit, i.e., for mcat = 14.6 g.
Stability of the catalyst
The experiment of continuous transesterification
of soybean oil was realized during 17 days. Analysis
of TAG and FAME contents in the samples of ester
phases collected at the exit from PBR (Figure 4a) was
performed every day.
As might be seen from the presented calculation
of TAG conversion on the basis of the derived and
accepted IL model, the activity of the catalyst would
not change after 370 h of continuous operation. A
high catalytic activity, which enabled the average
TAG conversion of 99.3%, was sustained during the
17 days of continuous transesterification. It is only a
0.7% difference between the calculated by Eq. (4a)
and the experimentally determined TAG conversion.

Table 2. Determined parameters for IL and MM kinetic models used for simulation of the transesterification process; k = Aexp(-E/T)
MM model

k / min-1
A / min

-1

86682

IL model

k / min-1

CR0 / mol dm−3 K / mol dm−3
E/K
6776

A / min
1.05

1.72

-1

86682

kmt,0 / min-1

α

β

0.085

55

3.5

E/K
6776
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Figure 4. a) TAG conversion of soybean oil, FAME yield and pressure in PBR at 453 K during c-HTT; b) Mn content in biodiesel phase
and glycerol phase collected during c-HTT at 453 K.

The pressure in the PBR was gradually increased from the 3rd to the 17th day of c-HTT (29-34
MPa). The first day of c-HTT was necessary for
reaching steady state operation and for approaching
good liquid-solid contact in the reactor [31].
FAME yield started to decrease after one week
of c-HTT. Taking into account determined values of
FAME yield, for the whole period of c-HTT, the simple
linear relationship between FAME yield and time was
proposed:

FAME (%) = 85.1 − 0.0376t

(5)

where t is time of c-HTT in h.
That calculation indicated, that although TAG
conversion was almost complete (>99%), and constant during 17 days of the activity test performed in
PBR, the distribution of final products between FAME,
MAG and DAG was changed indicating that selectivity
toward FAME formation was decreased by 3.76%
after each 100 h of continuous use of MnCO3 catalyst.
This may be caused by transformation of the catalyst
structure in contact with methanol and formed glycerol at high temperature and pressure and by blocking
the active sites of the catalyst with different organic
compounds (DAG, MAG and glycerol).
The leaching of manganese during continuous
transesterification reaction in biodiesel and glycerol
phases is shown in Figure 4b. Detected content of Mn
in biodiesel and glycerol phases was higher only after
the first day of unsteady-state continuous operation.
The highest Mn content in the glycerol phase (737
ppm) was almost two times higher than that in the
biodiesel phase (393 ppm). After the first day of
c-HTT, when steady state of process was attained,
the content of Mn in both phases began to decrease
(<5 ppm in biodiesel and <40 ppm in glycerol phase).
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The Mn content in the glycerol phase was obviously
higher than that in the biodiesel phase, indicating that
the Mn was leached more easily in the glycerol-methanol phase. Other authors also reported that Mn content of 15 ppm was found in the biodiesel phase and
much more (525 ppm) in the glycerol phase during
the continuous transesterification with MnO as the
catalyst [4]. That evidence also indicates that MnO is
more soluble in the reaction mixture (FAME, glycerol
and methanol), and thus less stable, compared to
MnCO3.
Catalyst characterization
X-ray analysis of the fresh MnCO3 catalyst and
the sample of catalyst withdrawn from PBR after its
use in the continuous process were studied with the
goal to determine the change in catalyst structure. As
shown in Figure 5a, the fresh MnCO3 catalyst had the
typical diffraction peaks at 2θ of 24.3, 31.5, 37.7,
41.6, 45.5 and 52.1°, which were attributed to the
crystals of MnCO3. The XRD pattern of the used catalyst obviously changed, some of the peaks which
correspond to MnCO3 crystals at 2θ of 45.5 and 52.1°
disappeared and several new peaks which are close,
but not the same as those corresponding to the main
peaks of MnO2 (JCPDS 65-2821 and 71-0071)
appeared. According to XRD and TG/DSC of a fresh
sample, it is not possible that MnCO3 crystals could
be transformed during c-HTT of soybean oil into
MnO2 or some other manganese oxide structure
(MnO, Mn2O3 and Mn3O4). Namely, decomposition of
MnCO3, according to TG/DSC analysis, could be observed at temperatures above 700 K. That fact implies
that the sample of used catalyst probably contained
adsorbed organic compounds on active sites of the
MnCO3 catalyst.
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Figure 5. a) X-ray diffraction patterns and b) FTIR spectra of fresh catalyst, and catalyst removed from PBR after 370 h of
c-HTT process at 453 K.

FTIR spectroscopy (Figure 5b) was used to investigate the functional groups of the catalysts and to
prove the above assumption. A broad band at around
3440 cm−1 and a weak band at 1631 cm−1 were attributed to O–H bands caused by the water adsorbed
from the air onto the surface of the catalyst. The
peaks at 1449, 1409 and 862 cm−1 are corresponding
to the bending vibration of CO 3 2− in MnCO3
[3,4,39,40]. FTIR spectrum of the used MnCO3 catalyst implied a similar conclusion as XRD analysis.
Some new bending vibration was observed and attributed to C–H bands (at 2925 and 2852 cm−1), C=O
bands (at 1745 cm−1) and C–O bands (at 1116 cm−1)
[41-43] indicating that different organic compounds
present in the reaction mixture were adsorbed onto
the catalyst surfaces. Bands at 2925 and 2852 cm−1
could be attributed to symmetric and asymmetric
stretching vibration of C–H bands from CH2 groups of
alkyl chains of FAME [44], but they might also be related to the presence of methoxide [45,46] or diglyceroxide species [46].
SEM analysis showed the spherical structure of
MnCO3 crystal sub-particles, with smooth surface

areas and average diameters about 1 μm (Figure 6)
[47].
Although the structure of the catalyst used in
c-HTT also showed existence of spherical sub-particles, their sizes were unevenly distributed and it
might be characterized as a rough surface, different
from the fresh catalyst (Figure 6). That observation
supports the previous assumption that organic compounds were adsorbed on active sites of MnCO3 catalyst, proposed after examination of the results of
XRD and FTIR analysis.
Several typical points on the surface of samples
were selected for EDS analysis in order to determine
the content of Mn, C, and O. At points A, B and C,
marked in Figure 6b (sample of used catalyst), as well
as at points A and B shown in Figure 6a (sample of
fresh catalyst), the Mn, C and O atomic composition
were determined and shown in Table 3. The atomic
percentage of Mn is lower, while those corresponding
to C and O are higher in used samples, compared to
fresh samples of catalyst. These data also indicate
that during c-HTT certain amounts of organic compounds were adsorbed on the catalyst surfaces.

Figure 6. SEM of: a) fresh catalyst and b) catalyst removed from PBR after c-HTT process performed for 370 h at 453 K.
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Table 3. EDS analysis of the surface points of fresh catalysts
and catalyst removed from PBR after 370 h of c-HTT at 453 K
Element content, at.%

Test point
a)
b)

Mn

C

O

A

20.50

34.21

45.29

B

21.73

31.29

46.97

A

6.60

63.96

29.44

B

7.87

60.38

31.76

C

8.02

62.30

29.68

Summarizing the results of catalyst characterization, it might be concluded that the MnCO3 crystal
structure is the main constituent of the fresh and used
catalysts. The temperature for c-HTT (453 K) of soybean oil is much below the temperature necessary for
MnCO3 decomposition (705 K) and, thus, formation of
some Mn oxide structures is less probable. It seems
that the 370 h-long test of MnCO3 catalyst activity,
during the continuous process of soybean oil transesterification, only led to the adsorption of organic
compounds (mainly DAG, MAG, FAME and glycerol)
on the active sites of the catalyst. Blocking of the
active sites of the catalyst led to a continuous increase in pressure drop in the packed bed and change
of catalyst selectivity, i.e., decrease of FAME yield.
CONCLUSION
Through this study, it was proven that MnCO3
used as the catalyst in high temperature transesterification of soybean oil with subcritical methanol possessed a high activity and good stability. The
achieved triacylglycerol conversion of soybean oil
was 98.1% after 60 min at 453 K of the transesterification process in a batch autoclave (2 wt.% of catalyst,
21:1 methanol/oil mole ratio). Activity and selectivity
of the MnCO3 catalyst was tested in continuous transesterification and it was shown that it could maintain
an almost complete triacylglycerol conversion during
17 days on stream, and that change of catalyst selectivity leads to a linear decrease in FAME yield
(3.8%/100 h of continuous operation).
According to experiments performed in a batch
autoclave and in a packed-bed tubular reactor
(c-HTT), it was shown that the kinetic model which
might be effectively used to predict TAG conversion is
either the first order irreversible or complex model
based on the decrease of mass transfer resistance
during the transesterification process. The results of
simulations performed using both models are very
similar, indicating that the main resistance to the
transesterification process is caused by the chemical
reaction at the catalyst surface and that only several
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percent in the overall resistance is caused by the
resistance to mass transfer of TAG to the active sites
of the catalyst.
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APPENDIX
I. Kinetic models of HTT process

Ia. The pseudo-first order kinetic model:
−

dc TAG
= kc TAG and k = k app
dt

(A.1)

where k is the apparent reaction rate constant for the first order irreversible kinetic model and cTAG is TAG
concentration, which is related to the TAG conversion degree, XTAG, as follows:

c TAG = c TAG,0 (1 − X TAG )

(A.2)

Eq. (A1) can be transformed into:
dX TAG
= k (1 − X TAG )
dt

(A.3)

Ib. The MM kinetic model [21]
Model proposed by Miladinović et al. [21] is based on the changing reaction mechanism and assumes that
the reaction rate with respect to TAG is of zero order in the initial reaction period (at high TAG concentrations) and
of the first order in the later period of the reaction (at low TAG concentrations). It is expressed as follows:
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(1 − X TAG )(c R0 + 3c TAG,0 X TAG )
dXTAG
= km
K + c TAG,0 (1 − X TAG )
dt
where km is the apparent reaction rate constant, cR0 is the hypothetic initial FAME concentration corresponding to
the initial available active catalyst surface, cTAG,0 is the initial TAG concentration, and K is the model parameter
defining the TAG affinity for the catalyst active sites.

Ic. Model based on analysis of mass transfer (IL model) [22,23]
According to the IL kinetic model, developed by Lukić et al. [22,23], the rate of transesterification may be
presented as an irreversible pseudo-first order reaction with the variable apparent rate constant, kapp, which takes
into account mass transfer of TAG from oil to the active sites of the catalyst through the overall volumetric mass
transfer coefficient, kmtTAG, and the chemical reaction between methanol and TAG defined by pseudo first-order
reaction rate constant, k:
β 
kk mtTAG,0 1+ α X TAG
dX TAG
kk mtTAG
 (1 − X
= k app (1 − X TAG ) =
(1 − X TAG ) =
TAG )
β 

dt
k + k mtTAG
k + k mtTAG,0 1 + α X TAG 

(A.5)

where kmtTAG,0, the overall volumetric mass transfer coefficient at the beginning of the process, depends on a0
interfacial area between the oil and methanol, and α and β are fitting parameters. The interfacial area changes with
the TAG conversion according to the proposed correlation:

a
β
= 1 + α X TAG
a0

(A.6)

Since:

k mtTAG,0 a 0
=
k mtTAG
a

(A.7)

then kmtTAG, which defines the rate of mass transfer, depends on the interfacial area and the proposed correlation
assumes that it is also a function of TG conversion:
β
k mtTAG = k mtTAG,0 (1 + α X TAG
)

(A.8)

II. Physical characteristics of soybean oil and methanol
Table A1. Physical characteristics of soybean oil and methanol at 453 K
Parameter

Soybean oil

Density, ρ / kg m

-3
-1

Viscosity, μ / kg m s

-1

D, diffusion coefficient of TAG, m2 s-1

Methanol

800

666

0.00331

0.000142

4.3×10

−10

2.84×10

ρmix = φρd + (1 − φ )ρc
μmix = μc (1 − 2.5φ

μd + 0.4 μc
)
μd + μc

φ = 0.47
T = 453 K

Parameter

ρmix / kg m-3

737

μmix / kg m-1 s-1

0.000166

III. Calculation of the mass transfer coefficient for the process performed in a batch autoclave [23]:
a.
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The mass transfer coefficient in the continuous phase [23]:

−9
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 P μc 
k c = 1.3 × 10−3 
2
V c ρc 

 μE 


 D ρc 
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−2/3

(A.9)

The factor P is defined by equation:

P = ψρmixn 3Di5

(A.9.1)

ψ = 1.5 (the agitator power consumption number); n = 200, 500 and 900 rpm; Di = 0.04 m; Vc = 2.24×10–4 m3.
b.

The mass transfer coefficient in the disperse phase [23]:

2π 2D
3d 32

kd =

(A.10)

The Sauter mean drop diameter, d32, was calculated from the correlation given by Kolmogorov’s theory of
homogeneous isotropic turbulence and according to the equation proposed by Stamenkovic et al. [48]:

d 32 = 4782n −1.825
c.

D
dp

ks =

(A.10.1)

The mass transfer coefficient near the solid surface [23]:


d p3 g ( ρp − ρ c ) 
2 + 0.31

μcD



(A.11)

dp = 3×10-5 m; g = 9.81 m2 s−1; ρp = 3700 kg m−3.
d.

1

k mtTAG

=

The overall volumetric mass transfer coefficient:


1 1
1
a
1
+
+

=
s
a  k cTAG m TAGk dTAG a sm TAGk sTAG  ak mtTAG

(A.12)

At the beginning of the process:
1

k mtTAG,0
a0 =

=

1

(A.12.1)

s
a 0k mtTAG

a m
6φ
; am = 1 m2/g; as = m cat
V
d 32

Used values for the calculation of the mass transfer of TAG to active site of the catalyst: distribution
coefficient for TAG in methanol at 180 °C: mTAG = 0.05; φ = 0.47; as = 8368 m–1; mole ratio of methanol and oil 21:1;
mcat = 2 wt.%; ks = 0.155 m min−1 and k(453 K) = 0.0286 min-1.
Table A2. Calculated values of kmt for various mixing intensity
Calculated parameter

d32 / mm
a0 / m

–1

200 rpm

500 rpm

0.302

0.0568

900 rpm
0.0194

9338

49648

145361

kc / m min−1

2.95x10

-6

5.86x10

-6

9.1x10

kd / m min−1

3.71x10

-3

1.98x10

-2

5.78x10

1

-6
-2

36.3

3.43

0.756

0.577

0.02

0.0024

0.0154

0.0154

0.0154

kmtTAG,0 / min–1

0.027

0.289

1.29

kmtTAG / min–1

0.707

7.568

33.781

Rmt / min

1.414

0.132

0.030

a 0k cTAG
1

a 0m TAGk dTAG
1

a sm TAGk sTAG
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The overall resistance of transesterification process is Rtotr = 1/kapp = 1/0.0286 = 34.965 min, and thus, the
resistance which includes the resistance of chemical reaction for 200 rpm intensity of mixing is Rcr = 34.965-1.414
= 33.551 min-1. This calculation showed that the resistance to TAG mass transfer rate contributes with 4% in the
total resistance which was governing the rate of transesterification. It will be even smaller for 500 and 900 rpm
mixing intensity (less than 0.4 and 0.1%, respectively).
IV. Calculation of the mass transfer coefficient for the process performed in a packed bed reactor
Superficial velocity of the reaction mixture: u = 0.25 m/h = 6.98×10-5 m s-1; dp = 0.03 mm = 3×10-5 m
Re =

ρmixud p
= 9.2 × 10−4 for dp = 0.04 mm
μmix

and for dp = 0.03 mm, Re = 1.23×10-3
Sc =

μmix
= 793
ρmixD

Sh = 0.99Re1/3 Sc1/3 = 0.891

k sTAG =

ShD

dp

(A.13)

= 8.43 × 10−5 m s-1 or 0.303 m h-1

(A.14)

k mtTAG = a sk sTAG
a s = am

(A.15)

m cat
= 102 m-1; am = 1 cm2 g-1
V

k mtTAG = 0.0083 s-1 or 30 h-1
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NAUČNI RAD

(A.16)

TRANSESTERIFIKACIJA ULJA SOJE SA
METANOLOM NA VISOKOJ TEMPERATURI
KORIŠĆENJEM MANGAN-KARBONATA KAO
KATALIZATORA
Mangan-karbonat katalizator, pripremljen taložnom metodom, korišćen je u transesterifikaciji ulja soje u subkritičnim uslovima metanola. Karakterizacija katalizatora izvršena je
metodama rendgenske difrakcije (XRD), infracrvene spektroskopije (FTIR), skenirajuće
elektronske mikroskopije (SEM) i energetske disperzione spektroskopije (EDS). Konverzija triacilglicerola (TAG) i prinos metil-estara masnih kiselina (FAME) određeni su
korišćenjem tečne hromatografije visokih performansi (HPLC). Transesterifikacija je
realizovana u vremenu od 1 h pri različitim reakcionim uslovima: 0-3 mas.% katalizatora
(računato u odnosu na masu ulja), pri molarnom odnosu metanola i ulja od 13:1 do 27:1
i temperaturi od 393 do 473 K. Maksimalna konverzija TAG od 98,1% može se ostvariti
pri optimalnim reakcionim uslovima: 2 mas.% katalizatora, molskom odnosu metanol/
/ulje od 21:1, 1 h u šaržnom reaktoru na 453 K. Analiza kinetike pokazala je da model
zasnovan na prenosu mase i hemijskoj reakciji na površini katalizatora potvrđuje eksperimentalne podatke. Korišćenjem tog kinetičkog izraza predložen je efekat kontinualne transesterifikacije i verifikovan eksperimentom realizovanim u laboratorijskom reaktoru sa pakovanim slojem (PBR) u trajanju od 360 h. Spora deaktivacija katalizatora je
posledica izluživanja Mn u obe faze, biodizel i glicerol, kao i blokiranja aktivnih centara
katalizatora organskim jedinjenjima.
Ključne reči: biodizel, kontinualni proces, heterogeni katalizator, kinetika, mangan
karbonat, subkritični uslovi.
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INFLUENCE OF ACID TREATMENT AND
CARBONATION ON THE PROPERTIES OF
RECYCLED CONCRETE AGGREGATE
Article Highlights
• Two methods to enhance coarse recycled concrete aggregate quality are used (HCl and
CO2 treatment)
• Carbonation process has positive effects on improving physical and mechanical properties of RCA
• HCl treatment caused the increase in chloride content and the reduction of sulfate
content in RCA
• If RCA is obtained from high-quality concrete, quality improving procedures are not
necessary
Abstract

Recycled concrete aggregate (RCA), obtained by crushing of original (old)
concrete, consists of natural aggregate grains and a cement mortar matrix. The
presence of old adhered cement mortar, which has higher porosity than natural
aggregate, causes unfavourable properties of RCA. The research conducted in
order to improve the quality of RCA and to enable its greater application in the
construction industry is presented in this paper. Therefore, RCA was subjected
to quality improvement treatments with hydrochloric acid and carbon dioxide
(accelerated carbonation). The first procedure was aimed at partially removing
the adhered cement mortar and the second at reinforcing the cement matrix. The
physical, mechanical and chemical properties of all three types of RCA were
tested. After the pre-soaking acid treatment (0.1 mol/dm3 HCl), RCA showed
reduced water absorption (up to 3%); the process of accelerated carbonation
also led to reduced water absorption (13–20%) as well as to improved mechanical properties (∼10%). A scanning electron microscopy investigation revealed
that the carbonation process, as expected, significantly reduces porosity of RCA.
The overall results show that if RCA is obtained by crushing of compact, high-quality concrete, the procedures of aggregate quality improvement are not necessary.
Keywords: accelerated carbonation, pre-soaking in acid, recycled concrete aggregate.

The lack of good-quality natural aggregate in
urban areas and increased distance between the
sources of natural aggregate and construction sites,
as well as the problem of removal and disposal of
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large quantities of demolished concrete waste, represent significant problems in contemporary civil engineering. Natural coarse aggregate (particle size > 4
mm) constitutes a major part of concrete and, consequently, the annual global demand for construction
aggregate today exceeds 26 billion t [1]. A possible
solution for the aforementioned problems could be
recycling of construction and demolition (C&D) waste
materials, primarily concrete. In the Republic of Serbia, appropriate mechanisms and regulations for the
management of industrial and construction waste,

https://doi.org/10.2298/CICEQ161202014R
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based on numerous studies of waste materials, were
introduced [2].
Recycled concrete aggregate (RCA), obtained
by crushing of original concrete, consists of natural
aggregate grains and cement mortar matrix. So far,
RCA has been used for the production of new concrete and soil stabilization, as well as for materials for
road pavement construction, primarily for unbound
base and sub-base layers [3,4]. The presence of old
cement mortar, which has higher porosity than natural
aggregate, causes unfavourable properties of RCA:
lower strength, higher water absorption and lower
density [5,6], as well as a higher Los Angeles (LA)
coefficient and fine particles content [7]. The strength
of the original concrete, the crushing process and the
particle size of RCA have a significant impact on the
quantity of old adhered mortar, which may reach 20–
-70% by weight of RCA [8,9]. This is important, since
the quality and the amount of adhered mortar are the
main factors influencing the physical and mechanical
properties of RCA. The tiny cracks that appear during
the crushing process and weak adhesion between
adhered mortar and aggregate are also very important factors [10].
Therefore, extensive research has been carried
out worldwide with the aim of improving recycling
technologies and obtaining RCA with properties similar to natural aggregate. Removing [5,11–18] and
strengthening [19–32] the adhered mortar are two
common methods for improving RCA properties. The
most common method for the removal of adhered
mortar is pre-soaking in acid [33–35]. The usual types
of applied acids are hydrochloric acid (HCl), sulfuric
acid (H2SO4) and phosphoric acid (H3PO4). Since all
the reaction products with HCl can be dissolved in
water, some reaction products with H2SO4 tend to
crystallize and the products with H3PO4 are unstable,
HCl was chosen as the most effective acid [5,8,32].
The amount of adhered mortar loss is greatly influenced by the molarity of the acid [28]. Tam et al.
investigated RCA soaking in three different strong
acid solutions: HCl, H2SO4 and H3PO4 at a low concentration of 0.1 mol/dm3 at 20 °C for 24 h [5]. The
obtained results indicated that there was a considerable decrease in water absorption, improved mechanical properties and there was no adverse influence
from chloride and sulfate ions on RCA. In all the
aforementioned papers [5–35] only coarse RCA was
investigated.
Carbonation increases the density and reduces
both the water absorption and the crushing value of
RCA [36,37]. Carbonation treatment of RCA improves
the original interface transition zone (ITZ) of RCA, as
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well as the newly formed ITZ in the RCA mortar.
When using the carbonation process to treat RCA,
CO2 can be stored, which reduces the global greenhouse effect [36]. The experimental results confirmed
that the CO2 curing process can densify the mortar
adhered to RCA. Owing to the large specific surface
area, RCA with smaller particles is more easily carbonated [37]. It was also noted that during the carbonation process, the pH value of RCA inevitably
decreases [38]. During the cement hydration process,
Ca(OH)2 reacts with CO2 to form CaCO3, which is
mainly responsible for carbonation. Apart from these
components, the presence of other hydration products like calcium silicate hydrate (C-S-H), calcium
hydroxide (C-H) and ettringite, highly influences the
chemical process of carbonation [39].
The reaction product CaCO3 precipitates in the
pore space of the system and densifies the whole
microstructure. According to reactions (1) and (2),
after carbonation the solid volume may be increased
by 11.8% based on reaction (1) and about 23% based
on reaction (2) [40]:

Ca ( OH)2 + CO2 → CaCO3 + H2O

(1)

C − S − H + CO2 → CaCO3 + SiO2 ⋅ nH2O

(2)

The objective of this research was the investigation of the influence of different quality improvement treatments on the properties of RCA. Two treatments were applied: accelerated carbonation and presoaking in HCl. The physical, mechanical and chemical properties of untreated and treated RCA were
compared and the results were analysed.
EXPERIMENTAL
The RCA used in the experiment was obtained
from original concrete which served as a base structure for tram tracks; hence, it was not subjected to
harmful conditions. The results obtained by testing of
core specimens, showed that this concrete had a
compressive strength class of C35/45 according to
EN 206:2013. The original concrete was crushed in
order to produce RCA with a maximum aggregate
size of 22.4 mm. Regarding its composition, the RCA
consisted of original concrete (98%), asphalt (1.2%)
and brick debris (0.8%).
The RCA, obtained in the aforementioned manner, was classified into four fractions: 0/4, 4/8, 8/16
and 16/22.4 mm, using the standard sieving method
(according to EN 933-1:2012). Numerous studies
have shown that the use of fine RCA (0/4 mm) is not
recommended for concrete production, due to the
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°C and relative air humidity 55% (in accordance with
the pre-standard prCEN/TS 12390-12). During the
whole process, the change in mass of the RCA
samples was measured every 72 h. The accelerated
carbonation of RCA was performed until mass stabilization (reached after 21 days of treatment) [42]. The
period of laboratory testing approximately corresponded to one year of carbonation in natural conditions in urban areas (CO2 concentration up to 0.3%
[43]). This was calculated using the following relation
[44,45]:

large specific surface area of grains, which requires
an increased amount of water [1,13,24,41]. Also, it is
estimated that more than 80% of concrete produced
in Serbia today is made using aggregates with a
nominal grain size of 16 mm. Consequently, it was
decided to carry out tests only on coarse RCA (fractions 4/8 and 8/16 mm) whose particle size distribution is shown in Figure 1.
The chemical composition (major and minor
chemical elements) of a representative sample of
RCA, obtained by mass spectrometry, is shown in
Table 1. Measurements were conducted on both
macrostructural elements of RCA: natural aggregate
and adhered cement mortar. These results show that
the natural aggregate used for production of the original concrete consisted mainly of silicate-based
(SiO2) grains.
In order to improve the quality of the recycled
aggregate, which would enable its greater application
in the construction industry, RCA was subjected to
treatments with HCl and CO2. The first procedure was
aimed at partially removing the adhered cement mortar and the second at reinforcing the cement matrix.
During the pre-soaking treatment with HCl, RCA
was immersed in a 0.1 mol/dm3 solution for 24 h, in
accordance with previous investigations [13]. After
this procedure, the aggregate was washed in distilled
water and oven-dried at 100 °C. Another sample of
RCA was exposed to the process of accelerated carbonation in a Memmert ICH 260 C chamber, at constant conditions: CO2 content was 4%, temperature 20

CO2  ACT
4
= 280 days ≈ 1 year (3)
t NCT = 
t ACT = 21
CO2 NCT

0.3

where tACT is the exposure time during the accelerated
test [days], tNCT is the exposure time for specimens
subjected to a natural concentration of CO2 [days],
[CO2]ACT is the concentration of CO2 during the accelerated test [%], and [CO2]NCT is the concentration of
CO2 under natural conditions (%).
On all aggregate samples – untreated RCA, RCA
treated with HCl (RCA(HCl)) and carbonated RCA
(RCA(CO2)), the following aggregate properties were
tested: apparent particle density, as well as the density of saturated and oven-dried aggregate (EN 1097-6:2007), water absorption (EN 1097-6:2013), resistance to fragmentation by the Los Angeles method
(EN 1097-2:2013), changes in weight after treatment,
pH value (EN 16192:2011/EN 12457 (1-4):2002),
sulfate and chloride concentration (EN 16192/EPA

Figure 1. Particle size distribution of RCA.
Table 1. Chemical composition of a representative sample of RCA
Location

Composition, %
O

Mg

Al

Si

K

Ca

Fe

Natural aggregate

67.64

-

-

31.88

-

0.48

-

Adhered cement mortar

67.88

0.40

0.72

2.17

0.21

28.25

0.37
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9056:2007) and microstructure, using scanning electron microscopy (SEM).
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water absorption, regardless of the applied treatments. Trends of water absorption reduction are similar for both fractions.

RESULTS AND DISCUSSION
For the purposes of this research, the physical
and mechanical properties of all three types of RCA
(untreated, acid-treated, and carbonated) were determined. The results are shown in Table 2.
Regarding the physical properties of RCA, the
results obtained after HCl treatment showed that
water absorption was reduced by 3.33 and 2.50%, for
fractions 4/8 and 8/16 mm, respectively. At the same
time, the density of RCA was higher compared with
the untreated aggregate; for example, ρrd increased
by 1.65% for fraction 4/8 mm and by 0.80% for fraction 8/16 mm. Thereby, the mass loss of the aggregate after HCl treatment, was 4.30 (for fraction 4/8
mm) and 2.90% (for fraction 8/16 mm) which corresponded with the results from study [46]. An inverse
dependence was observed between water absorption
and aggregate density, as a result of the partial removal of the porous cement mortar. This was also confirmed by other researchers [8,13,25,36,37].
Significantly better results were achieved after
the carbonation process: a decrease in water absorption by 13.3 (fraction 4/8 mm) and 20% (fraction 8/16
mm), which is in accordance with results obtained by
[40]. Also, the increase in the oven-dried density in
the amount of 1.40 (fraction 4/8 mm) and 0.40%
(fraction 8/16 mm) was discovered. After the carbonation process was completed, the total aggregate
mass was increased by 0.90 (fraction 4/8 mm) and
1.40% (fraction 8/16 mm). These properties of RCA
are the result of the formation of carbonation products
in the micro-cracks of the cement mortar.
In Figure 2 the correlation between water absorption and RCA density, depending on the applied
treatment, is shown. It can be concluded that the
larger aggregate fraction is characterized by higher

Figure 2. Trends of water absorption change as a function of
RCA density.

Results of the mechanical properties testing of
RCA, based on the measurement of resistance to
fragmentation, show that all three types of RCA have
a satisfactory quality (Los Angeles coefficient lower or
approximately equal to 30%). At the same time, there
was no significant difference between the untreated
and acid-treated aggregate, which indicates a very
good relationship (adhesion) between the grains of
the natural aggregate and the old cement mortar. In
the case of carbonated RCA, there was an increase in
the aggregate resistance to fragmentation, amounting
to approximately 10 %, compared with untreated RCA.
The chemical properties of RCA, before and
after the treatment, were determined. The results are
shown in Table 3.
The concentrations of sulfates and chlorides, as
potentially harmful compounds that can cause deterioration of concrete, i.e., corrosion of steel reinforcement, was also controlled. The results showed
that HCl treatment significantly increased the concentration of chlorides in the aggregate, by 20.9% for

Table 2. Physical and mechanical properties of untreated and treated RCA; ρa – apparent particle density, ρssd – saturated and surfacedried particle density, ρrd – oven-dried particle density, WA – water absorption, LA – Los Angeles coefficient, Δm1 – percentage of change
in mass after treatment (acid or carbonation); Δm2 – percentage of change in mass after treatment and sieving
Parameter

ρa / kg m–3
ρssd / kg m

–3

ρrd / kg m–3
WA / %

RCA

RCA(CO2)

RCA(HCl)

4/8 mm

8/16 mm

4/8 mm

8/16 mm

4/8 mm

8/16 mm

2618

2699

2681

2654

2667

2657

2499

2530

2547

2525

2522

2523

2426

2431

2466

2448

2435

2441

4.1

2.9

4.0

2.6

3.0

LA / %

31.5

32.0

3.3
28.4

Δm1 / %

-

-

–2.3

–2.2

0.9

1.4

Δm2 / %

-

-

–4.3

–2.9

0.9

1.4
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Table 3. Chemical properties of untreated and treated RCA
RCA

Parameter
pH value
24

Concentration of SO
-

(mg/kg)

Concentration of Cl (mg/kg)

RCA(HCl)

RCA(CO2)

4/8 mm

8/16 mm

4/8 mm

8/16 mm

4/8 mm

8/16 mm

10.7

11.8

10.6

11.5

9.5

9.8

1212

605

514

330

1008

576

177

242

214

533

175

271

fraction 4/8 mm and by 120.2% for fraction 8/16 mm,
which was expected. At the same time, the concentration of sulfates significantly decreased after this
treatment (about 50%), which can be explained by the
dissolution and removal of the old cement mortar; this
was also confirmed by other researchers [5]. On the
other hand, the carbonation process practically had
no effect on the change of concentrations of chlorides
or sulfates in RCA. As expected, during the HCl treatment the pH value did not change significantly, while
after the carbonation process, it decreased from 10.7
to 9.5 for fraction 4/8 mm and from 11.8 to 9.8 for
fraction 8/16 mm.
The microstructure of untreated and treated
RCA was analysed using SEM, model JEOL JSM-6610LV. The SEM images were taken by changing

the magnification from 5 to 100 μm. The accelerating
voltage was 20 kV. Characteristic SEM images are
shown in Figures 3–5.
The morphology of untreated RCA was rough
and irregular with a highly porous structure where
adhered mortar was widely spread at different thicknesses causing surface heterogeneity. SEM images
clearly indicate the presence of many various voids
and particles without specific shape and size. The
remains of acid-eroded old cement mortar with numerous voids of irregular shape, whose length reaches
up to 20 μm are shown in Figure 4. On the other
hand, the carbonation process has significantly reduced the porosity of RCA (pore sizes up to 2 μm, see
Figure 5), which is in accordance with other obtained
results related to physical and mechanical properties.

Figure 3. a) Surface microstructure views of RCA grain without treatment and b) magnified detail.

Figure 4. a) Surface microstructure views of RCA grain after HCl treatment and b) magnified detail.
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Figure 5. a) Surface microstructure views of RCA grain after CO2 treatment and b) magnified detail.

CONCLUSIONS
In the study, the physical, mechanical and
chemical properties of three types of coarse RCA
were tested: untreated RCA, RCA subjected to a presoaking treatment in HCl and RCA subjected to
accelerated carbonation. The first treatment was
aimed at partially removing adhered cement mortar
and the second at reinforcing the cement matrix. After
the acid treatment with HCl (0.1 mol/dm3), coarse
RCA showed reduced water absorption by 2–3%
(compared with untreated RCA), while its density was
increased by 1%. At the same time, mechanical properties practically did not change. A chemical analysis
showed that HCl treatment caused an increase of
chloride concentration and a reduction of sulfate concentration, while the pH value remained the same.
SEM images of aggregate after acid treatment clearly
indicated the presence of many various voids with different sizes (5–23 μm), which were approximately
three times higher compared with untreated RCA.
After the process of accelerated carbonation,
better results were achieved, in terms of reducing
water absorption (13–20% compared with untreated
RCA) and improving mechanical properties (∼10%),
while density was increased by less than 1%. As
expected, accelerated carbonation led to a decrease
of the pH value, while it did not affect the chloride and
sulfate concentrations in the aggregate. The microscopic analysis performed by SEM confirmed the
obtained results of the experimental study. SEM
images showed that voids in RCA after carbonation
did not exceed 2 μm.
The correlation between water absorption and
RCA density showed that the larger aggregate fraction (8/16 mm) was characterized by higher water
absorption than the smaller fraction (4/8 mm), regardless of the applied treatment. The established trend
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lines of water absorption reduction were similar for
both RCA fractions.
It should be noted that the coarse RCA used in
this study was obtained by crushing of relatively high-quality concrete (compressive strength class C35/45),
which was also verified by water absorption and Los
Angeles coefficient values. It has been found that
when using this type of RCA, quality improvement
procedures are not necessary. Therefore, such RCA
can be successfully used for making cement or
asphalt concrete, without any prior treatment.
As for the ecological contribution, the aim of the
study was to improve the quality of RCA and to
enable its greater application in the construction industry. In Serbia, as well as in other European
countries, there is a growing pressure to increase the
use of alternative materials in construction applications. Utilization of RCA may have many ecological
benefits, such as saving natural resources, reducing
the demand for greater landfill capacities, storing CO2
and decreasing its emission, as well as having an
aesthetic influence on the environment.
The future investigation will be extended with
research on newly prepared concrete, based on
untreated and treated RCA. This research will also
include testing of Hg porosimetry and XRD analysis of
three types of RCA. In that manner, the research shall
be complemented with the results indicating possible
influence of RCA on the mechanical, mineralogical
and textural properties of the new concrete.
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UTICAJ DELOVANJA KISELINE I
KARBONATIZACIJE NA SVOJSTVA
AGREGATA OD RECIKLIRANOG BETONA
Agregat od recikliranog betona (RCA), dobijen drobljenjem originalnog (starog) betona,
sastoji se od zrna prirodnog agregata i cementne matrice. Prisustvo zaostalog cementnog maltera, koji ima veću poroznost od prirodnog agregata, prouzrokuje nepovoljna
svojstva RCA. U ovom radu je prikazano istraživanje koje je obavljeno u cilju poboljšanja kvaliteta RCA i omogućavanja njegove šire primene u građevinskoj industriji. U
tom smislu, RCA je izložen tretmanima za poboljšanje kvaliteta na bazi hlorovodonične
kiseline i ugljendioksida (ubrzana karbonatizacija). Prvi tretman je imao za cilj uklanjanje
zaostalog cementnog maltera, a drugi ojačanje cementne matrice. Ispitivana su fizička,
mehanička i hemijska svojstva sva tri tipa RCA (tretiranih i netretiranih). Nakon prethodnog potapanja u kiselinu (0,1 mol/dm3 HCl), RCA je pokazao smanjeno upijanje vode
(do 3%); postupak ubrzane karbonatizacije je takođe doveo do smanjenja upijanja vode
(13-20%), kao i do poboljšanja mehaničkih svojstava (∼10%). SEM (Scanning Electron
Microscopy) analiza je pokazala da proces karbonatizacije, kao što je bilo očekivano,
značajno smanjuje poroznost RCA. Generalno, rezultati ispitivanja pokazuju da, u slučaju RCA dobijenog drobljenjem kompaktnog betona visokog kvaliteta, nije neophodno
sprovođenje tretmana za poboljšanje kvaliteta agregata.
Ključne reči: ubrzana karbonatizacija, prethodno potapanje u kiselinu, agregat od
recikliranog betona.
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EFFECT OF IR INTENSITY AND AIR
TEMPERATURE ON EXERGY AND ENERGY
AT HYBRID INFRARED-HOT AIR DRYER
Article Highlights
• Increasing IR radiation intensity caused improvement in energy and exergy efficiencies
• Highest energy and exergy efficiency values were 13.50 and 62.26%, respectively
• The lowest energy and exergy efficiencies were 3.95% and 20.37%, respectively
Abstract
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The present study analyses energy and exergy consumption for drying dog-rose
flowers using a hybrid infrared and hot-air dryer at three IR (Infrared) radiation
levels, three airflow velocities, and three drying temperatures. Results showed
that energy and exergy efficiencies sharply increased at the beginning of the
drying process. Energy loss, exergy destruction and exergy loss increased with
increasing IR radiation, rise in the incoming air's temperature, and decrease of
the airflow velocity. The average of lowest energy and exergy efficiencies were
5.76 and 3.98%, respectively, observed at the air temperature of 40 °C using an
IR radiation of 0.22 W/cm2 and an airflow velocity of 1 m/s. The average of
highest energy and exergy efficiency values were 49.92 and 23.65%, respectively, observed at the beginning of the drying process at 60 °C using 0.49 W/cm2
IR radiation and an airflow velocity of 0.4 m/s.
Keywords: dog-rose, air temperature, IR intensity, exergy, energy,
drying.

Today, most developed countries are conducting extensive research on identifying their own flora
and the medicinal plants used in other countries. Due
to the rapid growth of fungal and bacterial populations
in plant tissues, keeping fresh medicinal plants for
long periods is a challenging task. By evaporating
moisture content to a specific threshold, drying process could extend the shelf-life of medicinal plants
while maintaining their active ingredients. Research
shows that using hot airflow is extensively applied as
a drying practice for agricultural products and medicinal plants. This method is accompanied by limitations such as high energy consumption, long drying
time, and high drying temperature. Research on
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energy consumption of hot-air dryers showed that
medium value was 6000 kJ/kg for evaporating moisture in food products [1,2]. Besides high energy consumption throughout the process, applied methods
and equipment suffer from low efficiency. Therefore, it
is essential to shift towards using dryers with higher
productivity and energy efficiency. The hybrid IR-hot-air (IRHA) technique is a method that both maintains
product quality and brings about the high energy efficiency and low energy consumption [3,4]. The hybrid
IRHA dryers can be used for both delicate and nondelicate products using controls for IR radiation and
incoming air temperature. The hybrid IRHA technique
accelerates the drying process, increases product
quality and improves drying efficiency [5]. Most agricultural products have been successfully dried using
this system including mushroom slices [3], blackberry
leaves [6], jujube slices [7], onion slices [8], apple
slices [9], peas [10], stale breads [11], and potato
slices [12]. Lutovska et al. [13] and Zhu and Jiang [14]
performed their research on drying of peas and sweet
potatoes, respectively. Also, Motevali and Minae [15]
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investigated the effects of microwave pretreatment on
the energy and exergy utilization in thin-layer drying
of sour pomegranate arils and the obtained results
showed that energy utilization and energy utilization
ratio increased with time, while exergy efficiency decreased. Energy utilization and drying time decreased
considerably with microwave pretreatment of pomegranate arils and the minimum values of exergy loss
and exergy efficiency were obtained for 200 W microwave output power.
In this study a hybrid IRHA dryer was used to
assess drying properties and quality of dried products
by altering the effects of radiation distance and
intensity, airflow velocity and temperature, and size of
products. Results showed that, by increasing IR
radiation intensity, increasing inflow temperature and
reducing inflow velocity, products lost moisture faster
thus reducing the drying time.
The study of drying kinetics for agricultural products is not sufficient in order to get a complete
insight about a dryer unit. Therefore, thermodynamic
analyses (particularly energy and exergy analyses)
are required for designing, analysing and optimizing a
heating and drying system [16]. Energy and exergy
analyses allow for a more precise study on energy
variations and quality in a dryer system. The first law
of thermodynamics was used to analyse energy consumption and energy efficiency of industrial dryers.
An energy analysis provides no information about the
energy quality, thus it is useless for designing an optimized system. One of the main purposes of designing
and optimizing industrial drying processes is to consume the least amount of energy possible for removing moisture before reaching desired moisture conditions. Thermodynamically, exergy is defined as the
maximum useful work generated by a system [17-19].
The purpose of such analyses is to understand and
improve the entire system and applied equipment
[20,21].
Aghbashlo [22] developed a simulated model for
analyzing the exergy of a continuous-flow IR dryer. It
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was shown that exergy increases by raising the temperature of the IR source, and also exergy decreases
by increasing the airflow velocity. Results showed that
exergy destruction also increased by increasing the
temperature of the IR source. Energy and exergy analyses of red pepper slices showed that higher temperatures increased energy consumption, whereas both
energy consumption and energy consumption ratio
decreased over time. Exergy losses increased with
increasing temperature, and exergy efficiency follows
no specific trend [23]. Darvishi et al. [24] analysed
energy and exergy of white mulberry using a fixed-bed microwave dryer. They reported that the specific
energy consumption (SEC) was increased with increase in the the microwave power. They also showed
that SEC ranged between 3.97 and 6.73 MJ/kg. Motevali et al. [4] studied SEC, energy efficiency and drying efficiency of hot-air, infrared, and hybrid IRHA
dryers. They reported improved energy and exergy
efficiencies for the hybrid dryer. In their study, the
maximum energy efficiency (16.15%) occurred when
using 0.49 W/cm2 IR radiation at 40 °C and airflow
velocity of 0.5 m/s. The minimum reported energy efficiency (3.37%) occurred when using 0.22 W/cm2 IR
radiation at 40 °C and airflow velocity of 1.5 m/s.
Literature review showed that there is no practical study on the exergy and energy analyses of hybrid infrared-hot air dryers. Therefore, here presented
study analysed energy and exergy of the drying process for dog-rose flowers using a hybrid IRHA dryer.
MATERIALS AND METHODS
In this study, a hybrid infrared-hot-air dryer was
used (Figure 1). Experiments were conducted at three
radiation levels (0.22, 0.31 and 0.49 W/cm2), three
temperatures (40, 50 and 60 °C), and three airflow
velocities (0.4, 0.7 and 1 m/s). Dog-rose flowers were
picked from Chaharmahal and Bakhtiari highlands. In
order to determine the initial moisture content (MC),
samples were placed inside the oven, and using weight

Figure 1. Schematic of the hybrid IRHA dryer.
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changing the initial moisture content of samples was
determined 0.85 (w.b.). In order to determine the IR
radiation intensity, the distance between the emitter
and the sample was changed. Distances between IR
lamp and samples were 30, 20 and 10 cm for 0.22,
0.31 and 0.49 W/cm2, respectively. Samples were laid
on a 10 cm by 10 cm surface.
During drying experiments, mean range of ambient temperature variation was 28-32 °C and mean
relative humidity was 24-31%. Air parameters were
adjusted by measuring temperature and velocity
using a thermometer (Lutron, Taiwan), anemometer
(Anemometer, Lutron-YK, Taiwan) and humidity meter
(Testo 650, 05366501, Germany). A digital balance
(AND, model EK600i, Japan, 0.01 g) was used for
weighing the samples. Also pressure gauge (PVR
0606A81, Italy) was used to measure the inner air
pressure at dryer.

Qabs =

(

σ TIR4 −TM4
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Total consumed energy for drying and the
energy efficiency of dryer are determined using the
equations shown below [4]:

Q total = E mec + E term

(5)

QM = WdCM (TM2 −TM1)

(6)

Q eva + QM
Q total

(7)

ηen =

Analysis of energy absorption by the samples
When IR waves collide with the surface, their
energy is distributed in several forms. A portion of
their energy passes through the sample, another
portion is absorbed by the sample, and the rest is
reflected from the surface depending on the type of
the sample (Figure 2).
The portion of the IR energy that is absorbed by
the sample can be determined by Eq. (8) [25]:

)

(8)

1 − ε IR
1
1− εM
+
+
AIR × ε IR (1/ AIR × FIR −M ) + 1/ ((1/ AIR × FIR −DC ) + (1/ AM × FM−DC )) AM × ε M

Energy consumption
The employed hybrid dryer consisted of three
energy sources: IR emitter, heaters (thermal energy),
and blowers (mechanical energy). The total thermal
energy consumed by heaters and IR emitters during
the drying process can be determined using Eq. (1)
[4]:

En term = ( ADCv ρ aC a ΔT + Lp ) t × 60

(1)

For Eq. (1), air density and air specific heat capacity can be obtained from Eqs. (2) and (3), respectively [22]:

ρa = 3 × 10−8 (Ta − 273.15 ) −
3

−2 × 10−5 (Ta − 273.15 ) −
2

−5.6 × 10

−3

(Ta − 273.15 ) + 1.2996

(Ta − 273.15 ) +
2
+7 × 10 (Ta − 273.15 ) −
−7 × 10−6 (Ta − 273.15 ) + 1.0042

C a = −7 × 10

(2)

−10

−7

Figure 2. IR energy distribution in collision with a sample.

3

(3)

Moreover, the amount of mechanical energy
consumed by the blower is determined using the
following Eq. (4):

Enmec = ΔPVairt × 60

(4)

Exergy balance and exergy ratio equations
Exergy balance equation for an IRHA dryer is as
follows [22]:

W d (ex m,out − ex m,in )
Δt









= Ex a,in − Ex a,out +




+ Ex IR,rad − Ex IR,ref − Ex IR,emit − Ex IR,trans +




(9)



+ Ex ev − Ex loss − Ex des
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Eq. (9) is briefed as follows [22]:

W d (ex M,out − ex M,in )
Δt







(10)





− Ex a,out + Ex abs + Ex ev − Ex loss − Ex des
The specific exergy of the product being dried is
determined using Eq. 10 [24]:



 T0  

TM  

ex M =CM (TM −T0 ) −T0 Ln 


(11)

The exergy rate of air is also determined using
the following relation [26]:




 Ta  
 
T0  

Ex a = M aC a (Ta −T0 ) −T0 Ln 


(12)

Since the velocities of air inflow and outflow and
dryer section area were kept constant during the
experiments, the air flow rates at inlet and outlet were
equal:

M a,in = M a,out = M a

(13)

Exergy flux from an IR emitter with an emission
intensity εIR at a given temperature of the IR lamp was
determined using Eq. (14) [27]:

Ex IR

4

1  T  4ε 0.75T0 
 (14)
= σTIR4 ε IR +  0  − IR
3 TIR 
3TIR 




Additionally, Eq. (15) was used for determining
energy flux:

EnIR = εIRσTIR4

(15)

In order to analyse exergy of a system for
obtaining more reliable results, there should be a
relation between its energy and exergy. Therefore,
the quality factor β was employed [22]:



(16)

(17)

Exergy transfer rate from evaporation in the
drying chamber was determined based on the following equation [24]:




Ex eva =  1 −


T0  
m λ
TM  eva

(18)

In addition, the amount of exergy loss was
determined using the following equation [22]:
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T0 
UA (T −T )
TM  DC DC 0

(19)

The dryer housing wall temperature was given
as follows:

TDC =

Ta,in +Ta,out

(20)

2

The exergy efficiency (ηex) of the hybrid IRHA
dryer was calculated as the ratio of the exergy
consumed for drying products to the exergy entering
the apparatus, which consisted of hot-air exergy plus
exergy absorbed by the products. It was shown using
the following equation:


ηex =

Ex eva


(21)



Ex abs + Ex a,in

Some parameters which are constant
mentioned equations are given in Table 1.

in

Table 1. Data and parameters which used in energy and exergy
equations
Parameter

Unit

ADC

m

2

AIR

m

2

AM

m

2

FIR-DC

--

Value
0.04
0.061575
0.01
0.75

FIR-M

--

0.25

FM-DC

--

0.95

T0

K

U

kW/m K

304.65
2

0.0079

εIR

--

0.85

εM

--

0.72

ρa

kg/m
2

3

σ

kW/m K

LP

kW

1.04552
4

5.67×10

-8

0.25

Experimental uncertainty

4

4T0
1  T0 
β = 1+

 −
3ε IR TIR  3ε IR0.25TIR

Ex abs = βQabs





Ex loss =  1 −



= Ex a,in −
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The analysis of uncertainties in experimental
measurements is a powerful tool, particularly when it
is used in the planning and the design of experiments.
Uncertainties analysis is given in Eq. (22) [28]:
 δR

δR
δR
WR = (
W1)2 + (
W 2 )2 + …+ (
W 3 )n 
δX2
δXn
 δ X1


1
2

(22)

During the experiments, total uncertainties of
measured parameters and calculated experimental
parameters were presented in Table 2.
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Table 2. Uncertainties of the parameters drying experiment
Parameter

Unit

Value

Uncertainty of the measurement of relative
humidity of air

RH

±0.1

Uncertainty in measurement of moisture
quantity

g

±0.001

Uncertainty of the measurement of ambient
air temperature

°C

±0.21

Inlet temperature

°C

±0.21

Outlet temperature

°C

±0.21

Ambient air temperature

°C

±0.21

Air velocity

m/s

±0.33

g

±0.5

Mass loss measurement

RESULTS AND DISCUSSION
Energy analysis
In Figure 3 are shown energy efficiency variations against time for the IR-HA dryer at 40 °C using
different IR radiation levels and airflow velocities. The
highest energy efficiency (54.89%) was achieved for
that temperature using IR radiation intensity of 0.49

Chem. Ind. Chem. Eng. Q. 24 (1) 31−42 (2018)

W/cm2 and airflow velocity of 0.4 m/s; whereas its
lowest level (3.02%) was recorded when using IR
radiation intensity of 0.22 W/cm2 and airflow velocity
of 1 m/s. Nowak and Lewicki [29] showed that increasing air velocity caused decrease of evaporation
temperature during the drying process.
In Figure 4 are plotted energy efficiency variations and energy losses against time for the IRHA
dryer at 50 °C using different IR radiation levels and
airflow velocities. The highest energy efficiency
(53.56%) was achieved at 50 °C using IR radiation
intensity of 0.49 W/cm2 and airflow velocity of 0.4 m/s;
whereas the lowest level (3.04%) was recorded for IR
radiation intensity of 0.22 W/cm2 and airflow velocity
of 1 m/s.
As shown in Figure 5, the highest energy efficiency (92.21%) was achieved at 50 °C using IR
radiation intensity of 0.49 W/cm2 and airflow velocity
of 0.4 m/s; whereas its lowest level (3.2%) was recorded when using IR radiation intensity of 0.22 W/cm2
and airflow velocity of 1 m/s.
Results from Figs. 3–5 showed that the high MC
at the beginning of the drying process led to more

Figure 3. Energy efficiency variations against time at different IR radiation levels and airflow velocities (40 °C).
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Figure 4. Energy efficiency variations against time at different IR radiation levels and airflow velocities (50 °C).

energy absorption and more evaporation. Thus the
energy efficiency had a steep initial increase. However, moisture loss levels were negligible during following time intervals, which in turn considerably dropped the energy efficiency during the drying time. At
the same time, energy efficiency increased with increase in the IR radiation, incoming air temperature
and reduced airflow velocity. On the other hand, it

36

decreased with the decrease in IR radiation and air
temperature while at the same time increased the
airflow velocity. Faster airflow velocities at the inlet
made the sample surface cooler, which in turn led to
slower evaporation from the surface and reduced the
evaporation rate. Özdemir et al. [30] have shown that
IRHA enhanced the drying process due to the fact
that the heat transfer was simultaneously achieved by
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Figure 5. Energy efficiency variations against time at different IR radiation levels and airflow velocities (60 °C).

both radiation and convection. As a result, moisture
variations with respect to energy consumption decreased with increase in the airflow velocity at the inlet.
Since a part of energy transfer to the samples is consumed for heating them at the beginning of the process, energy efficiency is lowest at low temperatures
and low IR radiation levels. Since a large portion of
the energy input is spent on initial heating of the

samples it took a long time to reach the evaporation
phase. On the contrary, samples could be quickly
heated up using high radiation and temperature
levels, resulting in quick evaporation and higher
energy efficiency. Effective moisture diffusion increased with decreased MC in the samples. This is
due to the increase in sample temperature as a result
of heat generation inside the sample. As the radiation
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level and incoming air temperature were increased,
the rate of effective moisture diffusion increased and
the drying time decreased. As a result, energy efficiency was increased. Higher levels of radiation and
incoming air temperature accelerated the evaporation
rate for moisture molecules for the studied samples.
This, in turn, led to a faster reduction in the sample
MC and thus an increase in energy efficiency Pathare
and Sharma [31]; Reyes et al. [32]; Darvishi et al.

Chem. Ind. Chem. Eng. Q. 24 (1) 31−42 (2018)

[24]. The mean largest energy efficiency (9.11%) was
achieved at 60 °C using airflow velocity of 0.4 m/s
and radiation level of W/cm2. Results are in good
agreement with those reported by Motevali et al. [3,4],
Sarker et al. [26] and El-Mesery and Mwithiga [8].
Exergy analysis
In Figure 6 shown are variations in exergy efficiency and exergy destruction against drying time at

Figure 6. Exergy efficiency and exergy destruction variations against time at different IR radiation levels and airflow velocities (40 °C).
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40 °C using different radiation and airflow velocity
levels. Results revealed that, by increasing radiation
and decreasing inflow velocity, the exergy efficiency
was increased. Moreover, as the drying time passed
and the energy losses increased, the exergy efficiency followed a falling trend whereas the exergy
destruction took a rising one. The highest exergy efficiency (7.90%) was achieved at the temperature of 40
°C using IR radiation intensity of 0.49 W/cm2 and
airflow velocity of 0.4 m/s; whereas its lowest level
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(3.98 %) was recorded when using IR radiation
intensity of 0.22 W/cm2 and airflow velocity of 1 m/s.
In addition, for the same temperature, the highest
exergy destruction (0.47 kJ/s) occurred when IR
radiation intensity of 0.22 W/cm2 and airflow velocity
of 1 m/s were used; whereas its lowest value (0.25
kJ/s) was recorded for IR radiation intensity of 0.49
W/cm2 and airflow velocity of 0.4 m/s.
According to Figure 7, exergy destruction at 50
°C increased with a milder slope than at 40 °C. At the

Figure 7. Exergy efficiency and exergy destruction variations against time at different IR radiation levels and airflow velocities (50 °C).
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same time, the exergy efficiency maintained its falling
trend during the drying time and finally approximated
zero. The sample MC almost reached zero value
when energy absorption was very low and more
energy was spent on heating the surface area of the
sample. Accordingly, the exergy efficiency also
approached zero. The highest exergy efficiency
(12.58%) was achieved at this temperature (50 °C)
using IR radiation intensity of 0.49 W/cm2 and airflow
velocity of 0.4 m/s; whereas its lowest level (5.09%)
was recorded when using IR radiation intensity of
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0.22 W/cm2 and airflow velocity of 1 m/s. In addition,
at the same temperature, the highest exergy destruction (0.40 kJ/s) occurred when IR radiation intensity of 0.22 W/cm2 and airflow velocity of 1 m/s were
used; whereas its lowest value (0.17 kJ/s) was recorded for IR radiation intensity of 0.49 W/cm2 and airflow velocity of 0.4 m/s.
In Figure 8 variations in exergy and exergy destruction at 60 °C are presented. The highest exergy
efficiency (23.65%) was achieved at 60 °C using IR
radiation intensity of 0.49 W/cm2 and airflow velocity

Figure 8. Exergy efficiency and exergy destruction variations against time at different IR radiation levels and airflow velocities (60 °C).
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of 0.4 m/s; whereas its lowest level (4.39%) was
recorded when using IR radiation intensity of 0.22
W/cm2 and airflow velocity of 1 m/s. At the same temperature, the highest exergy destruction (0.36 kJ/s)
also occurred when using IR radiation intensity of
0.22 W/cm2 and airflow velocity of 1 m/s; whereas its
lowest amount (0.09 kJ/s) was recorded for IR radiation intensity of 0.49 W/cm2 and airflow velocity of
0.4 m/s.
According to the results shown in Figs. 6-8, the
exergy efficiency value decreased and approached
zero as the drying time passed. Results revealed that
more energy was absorbed by samples for increasing
IR radiation intensity and raising incoming air temperature. This, in turn, accelerated heat and mass
transfers inside samples. In other words, higher IR
radiation and air temperature levels led to increased
sample surface temperature, higher moisture pressure, and increased moisture diffusion inside and on
the surface of the samples. The same effect caused
the evaporation exergy to rise and, as shown in Eq.
(18), the exergy efficiency was improved. Furthermore, higher incoming air velocity reduced the exergy
efficiency under all conditions due to higher levels of
airflow velocity cooled down the sample surface, leading to decreased variations in its MC. As shown in
Figs. 6-8, the exergy destruction level, unlike exergy
efficiency, was increased over time when energy absorption decreased. Accordingly, as the exergy efficiency approached zero, the exergy destruction
moved towards its maximum value. Results showed
that exergy destruction had an inverse relationship
with IR radiation and incoming air temperature levels.
It also increased when using higher airflow velocities,
as its largest level (0.471 kJ/s) occurred at 40 °C
using IR radiation of 0.22 W/cm2 and airflow velocity
of 1 m/s. The lowest exergy destruction level was
0.085 kJ/s for IR radiation of 0.49 W/cm2 and airflow
velocity of 0.4 m/s at 60 °C. Results are in agreement
with those reported by Darvishi et al. [24], Aghbashlo
[22], Erbay and Icier [33], Ranjbaran and Zare [34]
and Acevedo [18].

• Energy and exergy efficiencies for the drying
process follow a rising trend at the early stages;
however, they approach zero by the end of the process. On the contrary, as the drying time passes,
there is an increase in energy loss, exergy destruction
and exergy loss.
• Results also revealed that increasing the IR
radiation intensity and the incoming air temperature
not only reduced the drying time, but also improved
energy and exergy efficiencies. According to this conclusion, the best drying performance occurred for
highest inlet air temperature and IR intensity that
were 60 °C and 0.49 W/cm2, respectively.
• Increasing the airflow velocity had an inverse
effect on energy efficiency and exergy efficiency.
Accordingly, by increasing the airflow velocity, energy
and exergy efficiencies decreased. As mentioned
before, by changing velocity from 0.4 to 1 m/s surface
of the samples would cool down. Thus, the best air
velocity for drying in this dryer was 0.4 m/s. Note, the
air velocity cannot be zero because evaporated water
should be extracted from the inside of dryer chamber.
The general conclusion from this research is
that a minimum airflow velocity was required to remove moisture and prevent from ambient moisture saturation. The best conditions for achieving the maximum energy and exergy efficiencies consisted of IR
radiation intensity of 0.49 W/cm2, air temperature of
60 °C, and airflow velocity of 0.4 m/s. It seems that
this conclusion can be extended for other wet product
similar to dog-rose. Other agricultural products could
be dried using this method and under the conditions
resulted from this study.
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NAUČNI RAD

UTICAJ IR INTENZITETA I TEMPERATURE
VAZDUHA NA EKSERGIJU I ENERGIJU
HIBRIDNE INFRACRVENE SUŠARE
Ovaj rad analizira potrošnju energije i eksergije za sušenje cveta ruže pomoću hibridne
infracrvene i konvektivne sušare na tri intenziteta infracrvenog (IR) zračenja, tri brzine
protoka vazduha i tri temperature sušenja. Rezultati pokazuju da su efikasnosti energije
i eksergije povećane naročito na početku sušenja. Gubici energije, ireverzibilnost i gubitak eksergije rastu sa povećanjem IR intenziteta, porastom temperature vazduha i smanjenjem protoka vazduha. Prosečno najniže energetske i eksergijske efikasnosti bile su
5,76 i 3,98%, redom, posmatrano na temperaturi vazduha od 40 °C, pri intenzitetu IR
zračenja od 0,22 W/cm2 i protoku vazduha od 1 m/s. Prosečne vrednosti najviših vrednosti energije i eksergije bila su 49,92 i 23,65% na početku procesa sušenja na 60 °C
pri intenzitetu IR zračenja od 0,49 V/cm2 i protoku vazduha od 0,4 m/s.
Ključne reči: ruža, temperatura vazduha, IR intenzitet, eksergija, energija, sušenje.
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• Effect of feed flow rate and steam pressure on the heat transfer coefficient is investigated
• Optimum operating parameters are determined for the concentration of sugar cane juice
• Correlation is proposed for predicting the heat transfer coefficient in a climbing film
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Abstract

A climbing film evaporator is similar to a vertical tube heat exchanger, where a
hot fluid, such as steam is introduced in shell side and a cold fluid such as sugar
syrup is fed in tube side. In this work, variation of the overall heat transfer
coefficient due to changes in process variables was investigated experimentally
for concentration of cane-sugar syrup in a pilot scale climbing film evaporator. A
full two-level factorial experiment was performed and significant factors were
determined using Analysis of Variance. The factors investigated in this work
were feed flow rate, re-circulation ratio, steam pressure, and feed temperature.
The selected process response was the overall heat transfer coefficient for the
climbing film evaporator. Feed flow rate and steam pressure were found to have
a significant influence on the overall heat transfer coefficient.
Keywords: climbing film evaporator; statistical experimental design;
heat transfer coefficient; factorial experiment.

A climbing film evaporator is a plate heat
exchanger or a tubular heat exchanger consisting of
tubes inside a shell, and a vapour-liquid separator at
the top [1]. Steam usually flows in shell side, whereas
liquid flows inside the tubes. The feed enters the
bottom of the tube and starts moving upward. At the
entry point, the flow is highly turbulent and film begins
to form on the surface of the tube wall accelerating
heat transfer rate. Climbing film evaporators are
widely employed in various chemical industries to
obtain a concentrated product from a dilute aqueous
solution [1]. In climbing film evaporators, a high heat
transfer coefficient (W/(m2 K)) may be obtained, res-
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ulting in a relatively small heat transfer area requirement with low initial capital investment.
Climbing film evaporators are employed in various chemical industries such as fertilizer, pulp and
paper, textile industries and wastewater treatment
plants. Multistage evaporators have been employed
in sugar industries since the first commercial implementation in 1844 in the USA [2]. In sugar industries,
multiple effect climbing film evaporators are employed, where the operating temperature and pressure
are higher in the first effect and lowest in the last
effect [3]. Pakistan, with more than 70 sugar mills,
produced 5.139 million t of cane-sugar in 2014-15 [4].
An overwhelming majority of sugar mills in Pakistan
employ climbing film evaporators with shell-and-tube
configuration with multiple effects for concentration of
cane-sugar syrup.
Performance of climbing/falling film evaporators
Climbing/falling film evaporators have been studied previously by various researchers and perform-

https://doi.org/10.2298/CICEQ160613017A
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ance of such evaporators is reported in open literature in terms of rate of heat transfer. The rate of heat
transfer is a function of tube size, and operating temperature difference. White [5] observed that there
should be an optimum length to diameter ratio, and
optimum results were obtained for a ratio of 100.
Furthermore, a critical temperature difference needs
to be maintained between the heating surface and the
liquid that is being vaporized [5].
In a climbing film evaporator, the evaporator
tube length is divided in to three main sections [6].
The first section is called the sensible heating section,
where the cold fluid is heated to boiling point. The
length of the sensible heating section is a function of
feed temperature. The second section is the foaming
section, and the length of this section lies in between
the first bubble formed and the well-defined film
formed on the tube wall. The length of this section is a
function of feed flow rate and the physical properties
of the liquid. This length is independent of feed temperature. The last section of the evaporator is the
evaporating section, i.e., the above foaming section.
The length of this section is mainly a function of feed
flow rate [6]. In climbing film evaporators, high heat
transfer rate is obtained without the need for high
temperature and long contact time, for obtaining
concentrated product from a very weak liquor. Liquor
is re-circulated to the evaporator, which increases the
heat transfer coefficient and ultimately concentrates
the product [7]. In climbing film evaporators, the temperature of the entering fluid is an important parameter. Feed temperature affects the surface film temperature. The height of the evaporator increases with
the decrease in feed temperature, so it is useful to
pre-heat the fluid entering the evaporator tube.
Another advantage of pre-heating is that it reduces
the risk of splashing [8].
Climbing film evaporators are also used in desalination plants, where brine solution enters tube side
and hot fluid enters shell side. Uche et al. [9] developed a correlation for the overall heat transfer coefficient as a function of mass velocity. The overall heat
transfer coefficient increased directly with increase in
mass velocity. The predicted results with their proposed correlation were very similar to those obtained
from experimental data [9]. Zaidi and Alam [10] observed that, with increase in heat flux, as the liquid
moved up in the evaporator, the temperature of the
liquid increased along the wall of the evaporator. The
temperature increased very rapidly at the start, thereby
increasing the heat transfer coefficient. However,
once the fluid reached saturation temperature, all heat
was utilized in vaporizing the liquid. At the exit, the
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quality of liquid was at a maximum corresponding to a
decrease of the heat transfer coefficient [10].
The performance of climbing film evaporators is
affected by various factors, among them the height of
feed water inside the vertical tube, and the range of
temperature difference between the hot and cold
fluids are important factors to be taken into account.
Yang et al. [11] showed that a high heat transfer rate
is obtained for a height ratio of feed water at 0.3. Any
further increase or decrease from 0.3 sharply reduces
the heat transfer coefficient. Similarly, the temperature difference should be more than a critical value of
5 °C, because if the temperature difference is less
than 5 °C then upward drag force is unable to bring
the film to the top of the tube resulting in a decrease
of the heat transfer coefficient [11].
Shah [12] investigated the influence of feed flow
rate, re-circulation ratio, steam pressure, and feed
temperature on the overall heat transfer coefficient in
a pilot scale climbing film evaporator in which water
was evaporated with steam as the heating medium.
Shah [12] reported that the overall heat transfer coefficient increased from 1000 to 3000 W/(m2 K) for an
increase in Reynolds number from 800 to 1300. The
overall heat transfer coefficient was found to increase
with re-circulation ratio, ratio of volumetric flow rate of
the recycle and feed, with a maximum corresponding
to R = 0.8. Any further increase in the re-circulation
ratio was reported to result in a decrease in U (W/(m2
K)). The U value increased linearly from 1900 to 2300
W/(m2 K) for an increase in feed temperature from 20
to 70 °C. The reason attributed for the increase with
temperature was that less heat was consumed in a
sensible heat transfer and more heat was utilized in
vaporization. Increasing steam pressure was also
reported to increase the overall heat transfer coefficient as with the increase in steam pressure, the temperature of steam also rises and the temperature difference between the heating surface and the feed increases, resulting in higher U values, i.e., 2000 to 3000
W/(m2 K).
Modelling and optimization of climbing/falling film
evaporators
Gupta and Holland [6] studied heat transfer in a
climbing film evaporator considering it as a lumped-parameter system, i.e., the average values for process variables were taken into account for the experimental apparatus. The model proposed by Bourgois
and Le Maguer [7] may be considered as an important milestone in modelling of climbing/falling film
evaporators. However, it was based on a number of
simplifying assumptions. For example, the rate of
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evaporation is assumed to be constant along the tube
lengths.
Peacock and Starzak [13] developed a model to
predict the performance of climbing film evaporators
for concentration of cane-sugar syrup for various
operating conditions. This model, based on the work
of Zinemanas et al. [14] employed heat, mass, and
momentum balance to predict the performance of a
climbing film evaporator caused by changes in steam
pressure, feed flow rate, and feed temperature. The
proposed model was used to simulate efficiency of a
pilot plant (Felixton mill, South Africa) for which experimental data was obtained through a factorial experiment by Walthew and Whitelaw [15].
Recent literature presents both experimental
investigation of heat transfer as well as modelling of
evaporators [16-19]. Fazel and Hosseyni [16] experimentally investigated the boiling heat transfer coefficient with water and ethanol as boiling liquids. Prost
et al. [17] proposed a model for calculating the liquid
side heat transfer coefficient as a function of Reynolds and Prandtl number. Chen et al. [18] measured
the thickness of falling film for evaporation of pure
water and seawater in a horizontal tube falling film
evaporator using laser-induced fluorescence technology. Ribeiro and Andrade [19] demonstrated a simulation of climbing film plate evaporators for concentration of milk using a steady-state heat transfer model.
Various studies on optimization of climbing/falling film evaporators have also been reported [20-22].
Bhagrava et al. [20] developed a non-linear model for
analyzing six different flow sequences of feed for concentrating weak black liquor used in the paper industry. They reported that the model may be employed
for determining the optimal feed flow sequence with a
maximum error of 2%. Khademi et al. [21] studied
optimization of a multiple-effect evaporator having six
effects in a desalination plant. The effect of operating
parameters such as feed flow rate and condenser
pressure was determined and simulations were performed with a maximum error of 5%. Sharma et al.
[22] developed an MS Excel based multi-objective
optimization program for optimizing design of a falling-film evaporator for concentration of milk. The
optimization algorithm employed in their program is
the elite non-dominated sorting genetic algorithm
(NSGA-II).
It is worthwhile to mention here that studies reporting heat transfer in climbing film evaporators are
relatively not too abundant compared to other heat
transfer devices for concentration of fluids in food processing in general, and concentration of cane-sugar
syrup in particular. A review of current literature leads
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to the conclusion that prediction of the boiling heat
transfer coefficient is difficult for fluids whose viscosity
increases with concentration [23]. Pacheco and Frioni
[24] investigated variation of the overall heat transfer
coefficient with respect to increasing concentration of
cane-sugar syrup in climbing/falling film plate evaporator.
Statistical analysis of experimental data
Design of experiments (DoE) is a suitable technique to plan experiments for collecting data efficiently, and then to analyze results using statistical
methods. Design of experiments (DoE) has numerous
applications in the field of Engineering such as [25]:
• Improving the performance of a manufacturing
process by helping in selecting proper raw materials,
machines, and measurement techniques.
• Determination of significant factors for a chemical process plant. Screening experiments are performed for this purpose, in order to determine the
factors that affect the response to a greater extent.
• Reducing the number of experimental runs and
taking into account interactions between factors, i.e.,
process variables, is efficiently done through factorial
designs compared to conventional approach of performing experiments, i.e., one-factor-at-a-time approach.
The 2k factorial design of experiments has been
employed previously by Ahmad and co-workers for
optimizing operating parameters for reaction and
separation systems [26,27].
In this paper a systematic approach is presented
to study variation of the overall heat transfer coefficient as a function of process parameters in a climbing film evaporator. The 2k factorial design of experiments is chosen to study the main and interaction
effects of process parameters for concentration of
industrial cane-sugar syrup. Results presented here
may be helpful in future studies on modelling and
optimization of heat transfer in climbing film evaporators.
MATERIALS AND METHOD
Materials
The cane-sugar syrup used during experiments
was obtained from Khazana Sugar Mill, Peshawar,
Pakistan, having physical properties as shown in
Table. 1.
The cane-sugar syrup fed into the evaporator of
the Khazana sugar mill typically has a concentration
of about 15 to 15.5 °Bx. This syrup has pH in range of
7 to 7.5. The temperature of the syrup before entering
the evaporator is usually around 65 to 70 °C.

45

M.I. AHMAD et al.: CONCENTRATION OF CANE-SUGAR SYRUP…

Table 1. Physical properties of industrial cane-sugar syrup
No

Parameter

Value

1

Viscosity

0.0036 N s/m

2

Specific heat (Cp) at 70 °C

3890 J/kg·K

3

Density

1094.1 kg/m

2

3

4

pH

7.0-7.5

5

Concentration

15.0-15.5 °Bx

Experimental setup
A climbing film evaporator, model number UOP
20 X STM, was employed for the experimental work.
The evaporator employed was a double effect evaporation unit but it was operated as single effect
climbing film evaporator. The schematic of the equipment is shown in Figure 1.

Figure 1. Schematic diagram of UOP20-PHW evaporator
(www.armfield.co.uk).

It may be observed from Figure 1 that the equipment comprises of two peristaltic pumps, feed tanks,
a condenser, condensate vessels, and a steam production unit.
Experimental procedure
The general procedure that was used to investigate process response consisted of the following
steps:
• Steam was produced in the steam generator at
the required pressure.
• Feed tank was filled with cane-sugar syrup to
the desired level.
• Steam flow rate was adjusted to the desired
pressure.
• Speed of feed pump, and re-circulation pump
to the evaporator was adjusted.
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• Cooling water flow rate in the condenser was
adjusted.
• Evaporator operations were allowed to stabilize for 15 min during each experimental run before
readings were noted.
• Measurements of process variables (temperature, pressure and flow rates) were noted at an interval of one minute, mean values of three readings
are reported in this paper for each variable.
The factors that affect process response, i.e. the
heat transfer coefficient (U, W/(m2 K)) to a greater
extent were taken into account. These are feed flow
rate, re-circulation ratio, steam pressure and feed
temperature. Feed flow rate selected during experiments ranged from 80 to 170 ml/min. The re-circulation ratio, defined as the ratio of volumetric flow rate
of recycle to volumetric flow of feed, was varied from
0.2 to 0.8. Steam produced inside steam generator
was introduced in the shell side with a pressure
ranging from 0.2 to 0.5 bar. The feed was heated by
means of the feed pre-heater. Feed temperature was
varied from 60 °C to 80 °C.
A full two level factorial experiment was employed for this purpose. In the 2k factorial design
method there are two levels of each factor, i.e., the
maximum and minimum value, and the power k represents the number of factors [25]. Three centre point
runs, i.e., process variables at average values, were
performed to augment the two-level factorial design.
Centre point runs provide information about random
errors, i.e., variations in the overall heat transfer coefficient due to uncontrollable factors. As there are four
factors, so according to the 2k factorial design number
of runs will be 16, i.e., 24 = 16. With additional three
centre point runs, the total experimental runs performed were 19.
Calculation of the overall heat transfer coefficient
First the overall heat flow was calculated:

Q = mCp(Tout – Tin) + mvλ

(1)

where m = mass flow rate of feed entering tube side
of the evaporator, kg/s, Cp = specific heat capacity of
feed, J/((kg·K), Tin = Inlet temperature of feed, °C, Tout
= Outlet temperature of feed, °C, mv = mass flow rate
of condensate, kg/s and λ = Latent heat of
vaporization of feed, J/kg.
It is worthwhile to note here that cane-sugar
syrup may be considered as a three-component mixture of water, sucrose, and non-sucrose dissolved
solids [13]. The latent heat of vaporization of feed,
i.e., cane-sugar syrup can, therefore, be approximated with latent heat of vaporization of water. Latent
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heat of vaporization of water was taken to be 2258
kJ/kg [28].
The overall heat transfer coefficient (U) is calculated [1]:

Q = UAΔTlm

(2)

where A = surface area = 0.256 m2, ΔTlm = log mean
temperature difference, °C and Q = overall heat
transfer rate, W.
Uncertainty in calculation of the heat transfer
coefficient
Calculation of the overall heat transfer coefficient for concentration of cane-sugar syrup in a
single-effect climbing film evaporator was based on
the state variables measured at the inlet and the
outlet of the shell-and-tube configuration. The variables measured were temperature, pressure, and
flow rates. Temperatures were measured using K-type thermocouples with an uncertainty of ±2.2 °C (or
±0.75% of the reading). Flow rates were measured
using the variable area flow meters. The uncertainty
in pressure and flow measurements is ±1% of the
reading.
The value of specific heat capacity, employed in
calculations, was measured at 70 °C, i.e., the average
temperature of cane-sugar syrup entering the evaporator tube. The use of average Cp value of feed and λ
of water also contributes to the uncertainty in calculations. Therefore, the calculated overall heat transfer
coefficient may be expected to have an uncertainty
within ±5%.
RESULTS AND DISCUSSION
Industrial cane-sugar syrup was evaporated in a
pilot scale multiple effect evaporator, employing only
a single stage, for collecting data on variation of the
overall heat transfer coefficient as a function of process parameters. The screening experiment was performed to determine significant factors for variation of
the overall heat transfer coefficient. The results are
shown in Table 2.
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It may be observed from Table 2 that the overall
heat transfer coefficient varies in the range of 1300 to
9300 W/(m2 K). Higher feed flow rate and feed temperature result in higher values of U (W/(m2 K)). The
maximum value of U (9326 W/(m2 K)) corresponds to
the maximum feed flow rate and feed temperature,
but the minimum re-circulation ratio and steam pressure. While the minimum value of U (1330 W/(m2 K))
corresponds to the minimum feed flow rate and feed
temperature. These results are in confirmation with
previously reported trends on the increase in the
overall heat transfer coefficient with increase in mass
velocity, i.e., feed flow rate [9,12].
Table 2. Experimental results for concentration of cane-sugar
syrup in a climbing film evaporator
Steam
Feed temp.
Feed flow Re-circulation
U
2
pressure, bar
°C
rate, ml/min
ratio (R)
W/(m K)
80

0.2

0.2

60

3510.4

170

0.2

0.2

60

7386.9

80

0.8

0.2

60

2565.7

170

0.8

0.2

60

8720.7

80

0.2

0.5

60

1330.2

170

0.2

0.5

60

4511.3

80

0.8

0.5

60

1565.5

170

0.8

0.5

60

7446.5

80

0.2

0.2

80

2239.8

170

0.2

0.2

80

9326.2

80

0.8

0.2

80

2763.2

170

0.8

0.2

80

8983.9

80

0.2

0.5

80

2132.4

170

0.2

0.5

80

6434.5

80

0.8

0.5

80

1892.7

170

0.8

0.5

80

6703.4

125

0.5

0.35

75

5588.9

125

0.5

0.35

75

4804.8

125

0.5

0.35

75

5288.5

Design Expert Trial version 9.0.6 was used to
find the contribution of each factor, i.e., process variables, on process response (overall heat transfer
coefficient). Analysis of Variance (ANOVA) was performed to determine significant factors (operating
parameters) as shown in Table 3.

Table 3. Analysis of Variance for experimental results for concentration of cane-sugar syrup in a climbing film evaporator
Source of variation
Model

Sum of squares

df

Mean square

F

p-Value

1.191E+008

2

5.953E+007

88.60

<0.0001

Feed flowrate

1.077E+008

1

1.077E+008

160.31

<0.0001

Steam pressure

1.136E+007

1

1.136E+007

16.90

0.0009

Curvature

3.702E+005

1

3.702E+005

0.55

0.4994

Residual

1.008E+007

15

6.719E+005

Pure Error

3.130E+005

2

1.565E+005

Total

1.295E+008

18
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The correlation developed using Design Expert
is a regression model:

U = 4905.03 + 2594.60 A − 842.51B

(3)

where A = coded value of feed flow rate, i.e., “-1”
corresponding to minimum feed flow rate of 80 ml/min
and “+1” corresponding to maximum flow rate of 170
ml/min; B = coded value of steam pessure, i.e., “-1”
corresponding to minimum steam pressure of 0.2 bar
and ”+1” corresponding to a maximum steam pressure of 0.5 bar.
Design Expert typically presents regression
models in terms of coded values for variables. The
constant term, i.e., first term in Eq. (3), is mean value
of the overall heat transfer coefficient in all experimental runs. Eq. (3) can be alternatively represented
in terms of the actual values of feed flow rate and
steam pressure:

U = −336.3 + 57.6F − 5616.7PSteam

(4)

where F = feed flowrate (ml/min), PSteam = steam
pressure (bar).
It may be observed from Table 3 that the model
F-value of 88.60 implies that the model, i.e., empirical
correlation (Eq. (3)), was significant since there is
only a 0.01% chance that a "Model F-Value" this large
could occur due to noise. The R2 for this correlation is
0.909, meaning that 91% of variability in U is explained by this correlation for experimental data. The
column showing p-value is an indicator of significant
factors. The p-value “<0.0001” for feed flow rate and
steam pressure indicate that these two factors have a
significant influence on variation of the overall heat
transfer coefficient.
Furthermore, the validity of the empirical model
was checked by graphical analysis of residuals.
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The normal probability plot, as shown in Figure
2, shows that all the residuals except one lie close to
the diagonal, confirming the validity of the model.

Figure 2. Normal Probability Plot for concentration of
cane-sugar syrup.

It may be observed from Figure 3 that two
factors: feed flow rate and steam pressure are
significant based on t-values. Thus the correlation
presented in Eqs. (3) and (4) is developed in terms of
these two process variables. Response surface contours are shown in Figure 4 showing the overall heat
transfer coefficient as a function of significant factors
(feed flow rate and steam pressure).
It may be observed from Figure 4 that increasing
the feed flow rate results in an increase in U as the
top left corner of the response surface contour plot
corresponds to ≈ 8000 W/(m2 K) compared to the
bottom right corner corresponding to ≈ 2000 W/(m2
K). It may be worthwhile to note here that -1 and +1
correspond to the minimum and maximum values of
process variables consistent with the notation generally adopted in literature on factorial design of experiments and analysis of variance [25].

Figure 3. Pareto chart of significant factors in concentration of cane-sugar syrup.
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Figure 3. Pareto chart of significant factors in concentration of cane-sugar syrup.
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KONCENTRISANJE SIRUPA ŠEĆERNE TRSKE U
POLUINDUSTRIJSKOM UZLAZNOM FILMSKOM
ISPARIVAČU
Uzlazni isparivač je sličan vertikalnom izmenjivaču toplote, pri čemu se grejni fluid, para,
uvodi u omotač, dok se hladna tečnost, šećerni sirup, svodi u cevi. U ovom radu eksperimentalno je istraživan ukupni koeficijent prenosa toplote u poluindustrijskom uzlaznom
filmskom isparivaču pri koncentrisanju sirupa šećerne trske u različitim procesnim uslovima. Primenjen je potpun faktorijelni eksperimentalni plan na dva nivoa i utvrđeni su
značajni faktori korišćenjem analize varijanse. Faktori koji su istraživani u ovom radu su
bili protoka sirupa, odnos recirkulacije, pritisak pare i temperatura ulaznog sirupa, dok je
odgovor bio ukupni koeficijent prenosa toplote. Utvrđeno je da protok sirupa i pritisak
pare značajno utiču na ukupni koeficijent prenosa toplote.
Ključne reči: uzlazni filmski isparivač, statistički eksperimentalni dizajn; koeficijent
prenosa toplote; faktorski eksperiment.
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EXPERIMENTAL AND STATISTICAL STUDY
OF LEACHING OF NIOBIUM PENTOXIDE
FROM PAKISTANI ORE
Article Highlights
• Review of various processes for extraction of niobium from its ores
• Selection of a sustainable and energy efficient process for extraction of niobium products
• Experimental investigation of leaching of niobium pentoxide from a pyrochlore ore
• Determination and statistical analysis of significant process parameters
• Normal vs. residual plot demonstrates the noise factor and outliers in the experimental data
Abstract

The growing demand for niobium pentoxide, based on its use in separation processes, established its prominent significance as a leading candidate in the field
of separation science and technology. This study reports the extraction of
niobium pentoxide from pyrochlore ore occurring in Sillai Patai, KPK, Pakistan. It
is difficult to recover niobium pentoxide from Pakistani ore due to its low concentration. Niobium pentoxide is an important material used in manufacturing industries for different purposes. Most of the commercially employed extraction
processes are associated with serious environmental impacts and are not efficient in extracting niobium pentoxide from low concentration pyrochlore. Alkali
potash has been used for separation and purification of niobium pentoxide
because it is efficient and an environmentally friendly process. The leaching of
niobium pentoxide is carried out in a batch reactor using alkali potash as a
leachant. Various process parameters, including ore particle size, reaction temperature, reaction time and alkali to ore mass ratio, were examined statistically
during the leaching process. It was observed that reaction temperature and ore
particle size were more significant compared to other parameters. The maximum
percent recovery of niobium pentoxide (95%) was obtained at 280 °C in 90 min,
while keeping the ore particle size 44 μm and alkali to ore mass ratio of 7:1.
Keywords: pyrochlore ore; process selection; statistical studies; process
optimization.

Niobium is a transition metal that has a metallic
grey color in its natural solid state and belongs to the
fifth group of the periodic table. Niobium is mostly
commercially available in the form of niobium pentoxide. Niobium pentoxide is widely used in metallurCorrespondence: M. Irfan, Department of Chemical Engineering,
University of Engineering and Technology, 25000, Peshawar,
Pakistan.
E-mail: muhammad.irfan@uetpeshawar.edu.pk
Paper received: 18 May, 2016
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gical and nuclear industries. It is also employed in
stainless steel to enhance its strength at elevated
temperatures. Niobium pentoxide is typically used in
various components of automobiles, capacitors, lithium niobate and optical glasses [1]. Niobium pentoxide alloys are used in aerospace applications due
to their low density and good workability. The superconductivity of niobium-tin and niobium-titanium
alloys is very high [2]. Niobium pentoxide is also used
in the form of super alloys in gas turbines, turbocharger systems, combustion equipment and rocket
subassemblies [3]. In Pakistan, niobium was discovered in the form of a pyrochlore mineral in a small
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village of Arondu. Arondu is located along the upper
Basha valley [4]. Kazmi and Abbas [5] reported the
occurrence of niobium in the form of different minerals
in Pakistan. The expanding market and numerous
applications of niobium attracted academic researchers from various industries to develop new processes for the recovery of niobium from indigenous
ores and concentrates. Recently, the extraction of
niobium pentoxide from pyrochlore has drawn great
attention due to their promising properties such as
strength, conductivity, and unreactivity. Complicated
factors such as low-grade, complex mineral composition, and fine-grained dissemination are the major
challenges encountered in niobium pentoxide extraction processes.
Worldwide, several mining companies have established various processes to extract niobium and its
product from the ore. The objective of these methods
was to fulfill the growing demand of the niobium products for their potential applications and financial
encouragement of industries. It is quite strange that
niobium is usually associated with tantalum and thus
various methods are reported for the separation of
these metals. However, the lack of appropriate
methods for niobium extraction from pyrochlore in
existing literature and the nature of low-grade Pakistani ore took us closer to the process selection [6-9].
Toromanoff and Habashi [10] have worked on
niobium oxide production from pyrochlore concentrates by using 10 M HCl at 200 °C in a pressure
reactor for 4 h. Yang et al. demonstrated over 98%
leaching of niobium with sulphuric acid under pressure using oxygen [11]. These processes mainly used
highly toxic acids (HCl as well as H2SO4), which are
dangerous to human health, processing vessels and
ecosystems. Over the past years, the conventional
hydrometallurgical processes have been extensively
used for the extraction and purification of niobium and
tantalum. Niobium and tantalum were extracted from
ferrocolumbite by using hydrofluoric acid pressure
leaching process [12]. Processing of niobium ores
was mostly carried out by employing hydrofluoric acid
(HF) [13]. The alkaline solution with pressure dissolution has been proposed as a promising process for
leaching of niobium [14,15], and the use of a combination of H2SO4 and HF was also developed [16]. In
order to produce the niobium products, the Marigniac
process was totally replaced by solvent extraction processes [17,18]. Bhattacharyya and Ganguly in their
review article discussed the extraction of niobium and
tantalum from niobium-tantalum ore by various reagents [19]. A more recent review was presented by Zhu
and Cheng, focusing on methyl isobutyl ketone
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(MIBK), and other extractants for extraction of niobium and tantalum [20]. Most of the above methods
use acid or a hazardous solvent for extraction. These
methods and solvents are dangerous, nonsustainable, hazardous for human health, less energy
efficient and difficult to handle during the process.
Recently, the alkaline processes have received
attention for niobium and tantalum recovery from ore,
because of high solubility of these metals in KOH and
NaOH. These processes were proved to have lower
environmental impacts compared to processes involving fluoride [21,22]. Zhou and Zheng proposed the
leaching of niobium in a molten alkali hydroxide solution [23]. Eramet et al. purified niobium and tantalum
concentrates by using concentrated NaOH, followed
by water leaching [24]. The product was recovered
and separated from impurities such as iron, tantalum
and magnesium. Deblonde et al. extracted niobium
and tantalum from low-grade industrial concentrate by
using NaOH (aq) at atmospheric pressure [25]. The
selective dissolution of sodium hexaniobates was carried out, and finally the niobium and tantalum were
obtained in the form of hydrous oxides by acidification
of the precursor solution. During this process, 65%
yield of Nb and Ta were obtained from industrial concentrate ore. Many of these processes contain minerals that are significantly enriched in niobium and
tantalum. Our suggested mineral (pyrochlore) is quite
different from the aforementioned minerals such as
columbite–tantalite, low-grade concentrates and industrial grade concentrate. The ores used in these processes contained more niobium, but the percent extraction efficiency of niobium was still quite low due to
the presence of the associated metal (Ta).
This work mainly focuses on the alkali potash
process. The feasible process selection for niobium
pentoxide extraction from low-grade Pakistani ore can
provide clues for further developments. The effect
and percent contribution of process parameters on
niobium pentoxide extraction can provide a novel
trend for future applications. The aim of this study is
to evaluate the extraction of niobium pentoxide from
Pakistani ore by using the selected process and the
experimental results are statistically analyzed and
interpreted with that objective in mind. Moreover, the
optimal operational conditions are investigated for the
recovery of niobium pentoxide from pyrochlore ore.
EXPERIMENTAL
Material
Potassium hydroxide of analytical grade, deionized water and concentrated sulphuric acid (98%)
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were purchased from Haq Chemicals. The pyrochlore
ore samples were collected from Sillai Patai, located
in KPK, Pakistan. The solid phase was dried at 100
°C, crushed and grinded. The niobium concentration
in the ore was increased before the experiments by a
magnetic separator as denoted by concentrate, and
its elemental compositions were as follows (in
mass%): Nb 10.34, C 8.11, O 38.87, Mg 0.97, P 1.25,
Ca 27.80 and Fe 12.63. The elemental compositions
were determined through EDX (energy dispersive
X-ray) analysis. An analytical sieve shaker was used
to obtain the various size fractions (125-500, 63-125
and 38-63 μm) of the concentrate (Table 1).
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which the reacting mixture was cooled. Deionized
water was added to wash the residue and to obtain
the desired product in soluble form. The obtained
solution was filtered in order to get the leached solution. The resultant solution then underwent evaporation to increase the concentration of the desired
solid components in the leached solution. Finally, the
solid crystals were formed by crystallization from the
leached solution. The product, niobium pentoxide,
was obtained after a phase transformation process
during which a sulphuric acid solution (10%) was
added. The whole process flow sheet is shown in
Figure 1b.

Table 1. Elemental analysis (mass%) of different size fractions
of niobium concentrate
Element

38-63 µm

63-125 µm

125-500 µm

C

7.81

7.98

8.54

O

39.13

37.87

39.61

Mg

0.91

0.89

1.13

P

0.72

1.24

1.79

Ca

28.17

28.15

27.10

Fe

13.10

12.97

11.84

Nb

10.15

10.89

9.98

Experimental setup
The reaction was performed in a batch reactor
as shown in Figure 1a. The experimental setup consisted of a hot plate with a magnetic stirrer, glass
reactor, silicon oil bath, and reflux condenser. During
the reaction, the temperature was controlled manually
by adjusting the heating rate of the hot plate and
cross-checked with the temperature inside the reactor. It was observed that the heating rate remained
constant throughout the reaction, as silicon oil acts as
a uniform heating medium. The reaction temperature
was maintained within ±10 °C of the desired temperature. The muffle furnace was used for drying of the
residue, and a heated water bath was used for filtrate
evaporation.

(a)

Experimental procedure
Initially, the ore samples were dried, crushed
and grinded up to the desired size. Niobium is a paramagnetic material, so its concentration in the ore was
increased by processing the crushed ore in a magnetic separator. The resultant concentrate was
screened into various fractions. Typically, about 8 g of
concentrate was treated with different amounts of
KOH solution (84%) at various temperatures in a
batch reactor with a controlled heating system, a
mechanical stirrer and a reflux condenser. The reaction was carried out for a specific period of time, after

(b)

Figure 1. a) Experimental setup created for leaching of niobium
pentoxide; b) process flow diagram for leaching of niobium
pentoxide.

To conduct statistical analysis, four process
parameters were selected: reaction temperature,
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reaction time, ore particle size, and alkali to ore mass
ratio. Two levels were chosen for each factor, as
shown in Table 2.
Table 2. Natural and codified values for each factor (process
parameter)
Factor
Temperature, °C

Natural values

Codified values

Min

Max

Min

Max

140

280

-1

+1
+1

Time, min

30

90

-1

KOH:ore mass ratio

3:1

7:1

-1

+1

Particle size, µm

44

230

-1

+1

The fractional factorial (2k – 1) was chosen as
the experimental design for statistical analysis. This
k −1
test required only (2( ) = 23 = 8) eight experimental
runs. Additional three central runs were performed at
the same conditions to investigate the effect of replication on product recovery. Hence, the total number
of experiments for the design matrix was eleven, as
shown in Table 3. The percent leaching of niobium
pentoxide obtained during the experiments is considered to be the response of process parameters
and the results are shown in Table 3. The process
parameters were statistically analyzed using Design
Expert 8.0.6 trial version.
RESULTS AND DISCUSSION
Analysis of experiments
The extraction of niobium pentoxide is affected
by the concentration of the KOH solution. The recovery of niobium pentoxide was increased with the
increase in concentration of the KOH solution. The
increase in solution concentration above 84 wt.% decreased the extraction [23]. Therefore, 84 wt.% of KOH
solution was used for each experimental run. The
leaching of niobium pentoxide was also affected by
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the agitation speed. In the case of fine solids, the
leaching rate can be increased by agitation in order to
decrease the solid and liquid film resistance during
the leaching process [26]. Furthermore, niobium pentoxide recovery was increased when increasing the
stirring speed. It was observed that the leaching rate
was almost independent of the agitation rate when
the stirring speed was higher than 1100 rpm [23]. The
stirring speed during the reaction was therefore kept
constant at 1300 rpm throughout the experiments.
Moreover, when the reaction temperature was increased, the rate of the reaction also increased. This
causes the formation of soluble K8[(Ta,Nb)6O19 nH2O]
during the reaction [27-29]. In addition, the particle
size also had a significant effect on niobium pentoxide
extraction. When the ore particle size was decreased,
the surface area of the ore was increased. This increase in surface area increased the contact surface of
particles that results in the enhancement of reactivity
and recovery of niobium pentoxide. It was also observed that alkali to ore mass ratio makes a significant
contribution to niobium pentoxide extraction. The increase in alkali to ore mass ratio increased the amount
of KOH solution for the extraction of the desired component from the specific amount of ore. Thus, the
solid film resistance decreased and enhanced the
leaching rate of niobium pentoxide. Additionally, the
effect of reaction time on the extraction was also
studied. It was observed that the extraction of niobium
pentoxide increased in the first 60 min and then
remained constant afterwards. The reaction kinetics
were such that during the reaction, 90% extraction
occurred in the first 30 min [23]. Statistical analysis
was conducted to investigate the effects of process
parameters using Design-Expert 8.0.6 trial version.
The results indicate that temperature and particle size
were more significant in niobium pentoxide extraction
than the other two parameters.

Table 3. Fractional factorial experimental design matrix
Run
1

Temperature, °C

Time, min

KOH:ore mass ratio

Particle size, µm

Nb2O5 leached, %

Niobium content, %

140

30

3:1

44

63.62

44.4701

2

280

30

3:1

230

81.24

56.7864

3

140

90

3:1

230

55.03

38.46572

4

280

90

3:1

44

89.85

62.80475

5

140

30

7:1

230

58.64

40.9891

6

280

30

7:1

44

95.15

66.50942

7

140

90

7:1

44

71.27

49.81741

8

280

90

7:1

230

86.36

60.36525

9

210

60

5:1

137

73.71

51.52296

10

210

60

5:1

137

72.23

50.48845

11

210

60

5:1

137

72.87

50.9358
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Effect of process parameters
The interaction effect of the two main factors
(reaction temperature and ore particle size) was
studied from the contour plot, as shown in Figure 2A.
It was observed from the contour plot that percent
leaching of niobium pentoxide was increased with
increases in reaction temperature. Meanwhile, the
recovery of niobium pentoxide showed a reverse
trend in the case of ore particle size. It is worth to
mention that the increase in temperature enhanced
the kinetic rate, and a decrease in particle size
reduced solid film resistance during extraction.
Figure 2B shows the interaction effect of reaction temperature and reaction time. The contour plot
shows that leaching of niobium pentoxide was increased with the increase of reaction temperature,
while reaction time had a negligible effect. This is due
to approximately 90% of the reaction occurring in the
first 30 min [23]. In addition, the effects of ore particle
size and alkali to ore mass ratio have been studied
from the contour plot as shown in Figure 2C. The
contour plot showed that the percent leaching of
niobium pentoxide was increased with the increase in
alkali to ore mass ratio and decrease in ore particle
size. This increase in alkali to ore mass ratio
enhanced the extraction chances for alkali to extract

Chem. Ind. Chem. Eng. Q. 24 (1) 51−58 (2018)

niobium oxides from its ore. Furthermore, the effect of
alkali to ore mass ratio on the extraction process was
also studied with respect to reaction time as shown in
Figure 2D. The percent leaching of niobium pentoxide
was increased with the increase in alkali to ore mass
ratio and reaction time. Overall, reaction time made a
small contribution to the extraction process compared
to alkali to ore mass ratio.
Morphology of the ore and the product
Morphological investigations of the ore and the
product are presented in Figure 3, where (A) and (B)
show the surface of ore and surface of product,
respectively. It can be observed from the SEM micrograph, that the surface of unreacted ore was compact and flat, and some agglomeration was present
on the surface. This agglomeration was due to the
various organic and inorganic metals present in the
ore. On the other hand, the SEM image of the product
showed that the surface of the leached product was
rough and porous, indicating the confirmation of the
leached product.
Statistical analysis of process parameters
Based on the regression analysis in terms of
codified values of process parameters, a correlation
was developed and is given by the following equation:

Figure 2. A) Contour plot for temperature and particle size effects on leaching of niobium pentoxide; B) contour plot for temperature and
reaction time effects on leaching of niobium pentoxide; C) contour plot for particle size and alkali to ore mass ratio effects on leaching of
niobium pentoxide; D) contour plot for alkali to ore mass ratio and reaction time effects on leaching of niobium pentoxide.
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%LNb2O5 = 6.37 + 0.181A + 0.0156B +
+1.32C − 0.053D

Chem. Ind. Chem. Eng. Q. 24 (1) 51−58 (2018)

(1)

where A, B, C and D are the temperature, time, alkali
to ore mass ratio, and ore particle size, respectively.
The R2 value of this correlation is 0.9980, showing the
strength and consistency of the developed correlation. Moreover, the normal plot for process parameters is shown in Figure 4A. The normal plot illustrates that factor D (ore particle size) lies on the left
side of normal plot, showing a negative effect of the
specified factor on percent recovery of niobium pentoxide. Hence, the percent leaching of niobium pentoxide decreased with the increase in ore particle size.
The reaction temperature factor (A) lies far from the
normal plot showing its maximum effect on the percent recovery of niobium pentoxide compared to other
two factors (alkali to ore mass ratio and reaction
time). Furthermore, the outliers and variability in the
experimental data were investigated from the normal
plot of residuals as shown in Figure 4B. The plot
showed that all the experimental data lies on the
diagonal or near the diagonal and is not too scattered.
This observation concludes that there are less noise
factors and outliers in the experimental results, suggesting consistence of the data.

Figure 3. SEM pictures of: A) unreacted ore and B) product.

The contribution of the process parameters was
evaluated by a Pareto chart in terms of t-values, as
shown in Figure 4C. The chart showed that temperature makes the maximum contribution to the recovery of niobium pentoxide, while ore particle size is
the second highest contributor and has the reverse
effect on niobium pentoxide extraction among the pro-

Figure 4. A) Normal plot for fractional factorial design; B) normal plot of residuals for fractional factorial design; C) pareto chart for
experimental design matrix; D) response cube for experimental results of leaching of niobium.
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cess parameters. In addition, the responses of process parameters at different levels were showed
using a response cube plot, as shown in Figure 4D.
The percent recovery of niobium pentoxide is shown
under the effect of significant process parameters including reaction temperature, reaction time and alkali
to ore mass ratio simultaneously. Keeping in view the
response plot, the maximum percent leaching of niobium pentoxide (95%) was obtained at 280 °C, in 90
min, while keeping the ore particle size 44 μm and
alkali to ore mass ratio of 7:1. The results proved that
the recovery of niobium pentoxide from pyrochlore by
alkali is the promising candidate for future applications.
CONCLUSIONS
The recovery and purification of niobium pentoxide from pyrochlore ore was investigated. An efficient and sustainable process was adopted to selectively extract niobium pentoxide from pyrochlore.
The process is based on the formation of potassium
hexaniobate by the reaction between pyrochlore and
a concentrate solution of KOH at atmospheric pressure. The effect of various process parameters such
as reaction temperature, reaction time, ore particle
size, and alkali to ore mass ratio were investigated. It
was found that leaching of niobium pentoxide increased with increase in reaction temperature, reaction
time and alkali to ore mass ratio. In contrast, the
reverse trend has been observed in the case of particle size. The percent leached of niobium pentoxide
decreased with increase in particle size due to the
availability of small surface area and less contact
surface. It was observed that the effect of reaction
temperature and ore particle size on niobium pentoxide recovery was much greater than that of the
other two factors. The fractional factorial design and
statistical analysis were performed for the experimental results to investigate the effects and to optimize the process parameters. The results proved promising and can provide clues for further developments and future applications for the recovery of
niobium pentoxide from pyrochlore ore.
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EKSPERIMENTALNA I STATISTIČKA ANALIZA
IZLUŽIVANJA NIOBIUM PENTOKSIDA IZ
PAKISTANSKE RUDE
Sve veća potražnja za niobijum-pentoksidom dobijenog separacionim procesima učvrstila je njegov istaknuti naučni i tehnološki značaj. U ovom radu predstavljena je ekstrakcija niobijum-pentoksida iz rude pirohlor iz oblasti Siillai Patai, KPK, u Pakistanu. Niobijum-pentoksid, čija niska koncentracija u pakistanskoj rudi otežava njegovo izdvajanje,
predstavlja važan materijal za mnoge namene u proizvodnoj industriji. Većina komercijalnih procesa ekstrakcije ima ozbiljne uticaje na životnu sredinu, a neefikasna je u izdvajanju niobijum pentoksida iz pirohlora sa malim sadržajem. Za razdvajanje i prečišćavanje niobijum-pentoksida korišćena je alkalna potaša, kao efikasna i ekološki prihvatljiva. Izluživanje niobijum-pentoksida pomoću alkalne potaše je vršeno u šaržnom
reaktoru. Statistički su istraženi različiti parametri procesa luženja, kao što su veličina
čestice rude, temperatura, vreme reakcije i maseni odnos potaše i rude. Uočeno je da
se temperatura reakcije i veličina čestice rude značajnije u poređenju sa drugim parametrima. Maksimalni stepen ekstrakcije niobijum-pentoksida (95%) je dobijen na 280 °C
tokom 90 min, iz čestica rude veličine 44 μm pri masenom odnos potaše i rude 7:1.
Ključne reči: pyrochlore ore, process selection, statistical studies, process optimization.
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SOLID–LIQUID EQUILIBRIUM IN LIQUID
COMPOUND FERTILIZERS
Article Highlights
+
+
3• After KCl and NH4H2PO4 conversion in the liquid phase, K , NH4 , Cl and PO4
concentrations were determined
• The solid–liquid equilibrium in the liquid phase after conversion was determined
• N content in the liquid phase increased and crystallization temperature decreased
with adding of NH4NO3(s)
• Basic properties of liquid compound fertilizers were determined
• The liquid phase after conversion can be used as a liquid compound fertilizer during
the summer
Abstract

Liquid compound fertilizers (LCF) are aqueous salt solutions which nourish the
soil. They contain nitrogen, phosphorus, potassium, sometimes calcium, magnesium and micronutrients. An LCF solution has practically no insoluble residue
and contains the elements in a fully digestible form and is a high-speed, highly
effective fertilizer. It is important to assess the equilibrium in the solid-liquid
system when creating liquid compound fertilizers, since their basic properties,
concentration and crystallization temperature, depend on it. The aim of the study
was to determine properties of a liquid multicomponent (K+, NH4+, Cl- and PO43-)
system. This liquid multicomponent system, which was obtained as a by-product
in the conversion of KCl and NH4H2PO4, can be used as a liquid fertilizer. This
work investigates liquid fertilizers’ chemical composition and their physicochemical properties, such as crystallization temperature, pH, density, viscosity and
corrosivity. In order to increase nitrogen concentration, ammonium nitrate was
added. Composition of the solid phase obtained by crystallization was identified
by methods of chemical and instrumental analysis (radiography, infrared molecular absorption spectroscopy and optical microscopy). The results show that all
properties of liquid fertilizers are best when the concentration of NH4NO3 in liquid
solutions equals 8%.
Keywords: solubility, equilibrium, solid, liquid, conversion, fertilizers.

Agriculture is a sector of the economy that plays
a crucial role in the world as a producer of food and
as an employer of millions of people. Agriculture has
been growing steadily since the end of the 18th
century when intensification of agricultural production
became possible due to the use of high yielding vari-
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eties, irrigation and mechanization as well as to soil
feeding with mineral fertilizers and crop protection
with the use of pesticides. Consumption of these
agrochemicals has drastically increased in the last
fifty years, which resulted not only in the growth of
agricultural production, but also in the pollution of the
natural environment [1].
The major types of fluid fertilizers are suspension fertilizers and solution fertilizers. Solution or
liquid compound (LCF) fertilizers are dissolved completely in water. Suspension fertilizers are partially
dissolved in water, but some of the nutrients, particularly potash, are suspended in water in the same
way mud is suspended in water [2].
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Liquid compound fertilizers are popular because
of the ease of handling and use. As they can be
sprayed by a pump they are usually easier to handle
and can be applied to soil without any manual labor,
which significantly reduces the costs. LCFs are nottoxic, non-flammable and non-explosive. Some pesticides can be injected into the fluid, saving trips across
the field. Fertilizers custom blended to specifications
are available. Properly applied, liquid fertilizers are no
more or less efficient than dry fertilizers. Most liquid
fertilizers contain the same basic ingredients as dry
fertilizers. The only difference is that liquid fertilizers
are dissolved in water, and dry fertilizers are not. The
efficiency of liquid fertilizers is determined by the way
they are applied [3].
Thus, LCF can be applied not only in spring but
also in late summer (under a winter crop) and in the
autumn (under the following year’s spring crop).
Plants can absorb liquid fertilizers through both their
roots and through leaf pores. Foliar feeding can supply nutrients when they are lacking or unavailable in
the soil, or when roots are stressed. It is especially
effective on fast-growing plants like vegetables, giving
an extra boost during the growing season. Therefore,
knowledge of chemical and physical properties of fertilizers in aqueous solutions is becoming increasingly
important [4–6].
Viscosity, density, pH, corrosivity and crystallization temperature are important characteristics of
liquid fertilizer solutions. Viscosities and densities of
liquid mixtures are required in many engineering
applications involving mass and heat transfer processes. Accurate viscosity and density data are
needed for the design of most liquid flow equipment.
It is very important to measure the density of the
solution in order to calculate the dosage of fertilizers.
Solid fertilizers are sold and invoiced by weight.
Therefore, all commercial quantities are quoted in
kilograms or in metric tons. Liquid fertilizers, however,
are metered/applied by density (in liters per area
unit). Therefore, it is important to know the density of
each liquid fertilizer source [7].
When selecting both liquid fertilizers and equipment employed for its application, its pH must be
taken into consideration. Solutions used in fertigation
through drip, micro-jet and micro-sprinklers (made
wholly of plastic materials and no metallic components) may have a low pH, which aids in impeding the
clogging of emitters with calcium and magnesium carbonates that settle out whenever the irrigation water
has a high pH and a high carbonate content. Even if
the irrigation water is maintained in pH range of 5.5–6.5, the pH of the fertilizer solution does not have a

60

Chem. Ind. Chem. Eng. Q. 24 (1) 59−68 (2018)

long-term effect on the soil’s pH, due to the soil’s
buffering capacity. In order to avoid corrosion of
fertigation equipment with metallic components (such
as sprinklers, pivots, etc.) or of liquid fertilizer
sprayers and injectors, only fertilizer solutions with a
pH above 6 should be used. Corrosivity is a characteristic that expresses the degree to which the fertilizer solution attacks various metals. Corrosivity solutions are classified as:
a) very corrosive solutions (with a pH below
3.5); they corrode all metals, including stainless steel;
b) weakly corrosive solutions (with a pH in the
range from 3.5 to 6.0); they corrode iron and steel but
do not attack stainless steel;
c) non-corrosive solutions (with a pH above
6.0); they do not corrode metals such as iron, steel,
stainless-steel, aluminum, bronze, etc.
The composition of a fertilizer solution determines its corrosivity. As a general rule, a strongly
acidic solution with a pH below 3.5 is considered to
be very corrosive. Solutions with a pH above 3.5 are
generally weakly corrosive or non-corrosive. Most fertilizer solutions containing phosphorous are corrosive,
except for those specially prepared at the client’s
request as non-acidic. Acidic fertilizer solutions containing chlorides are considered to be very corrosive;
these solutions are prepared with potassium chloride.
However, the most important characteristic of
liquid fertilizers is their crystallization temperature,
which can be determined by the equilibria between
liquid and solid phase in the system [8].
The equilibria between the solid phase and the
liquid phase are the thermodynamics of all crystallization processes from the melt and the solution and
thus of fundamental importance for the design of industrial crystallization processes. The informative
value of SLE data of a particular substance, and thus
of phase diagrams as their graphical representation,
is miscellaneous. Beside the general questions, for
example whether a given separation task is feasible
by crystallization techniques, much more detailed
questions such as the maximum (hypothetical) yield,
the purity achievable, and the occurrence of more
solid phases (e.g., polymorphs) can be answered.
Finally, a crystallization procedure facilitating the separation of the target compound can be derived, which
in combination with kinetic data allows for systematic
process design [9].
Different phase equilibrium studies are often a
part of various research works in chemical engineering. The phase diagrams of the CH3CH2OH + Cs2SO4
+ H2O system were determined at 10, 30, and 50 °C
and samples of the solid phase analyzed by thermo-
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gravimetric analysis showed that it was an anhydrous
salt [10]. A systematic scheme for the experimental
determination of isobaric solid–liquid equilibrium
phase diagrams at atmospheric pressure is presented. To illustrate the execution of this scheme, the
isobaric SLE phase diagrams of two organic systems
were measured [11]. Liquid–liquid and solid–liquid
equilibrium data are presented for the PEG 4000 +
Na2SO4 + water system at 298.15 K. Six equilibrium
regions were found. Densities and refractive indices
were determined for the solutions in equilibrium.
Samples of the solid phase analyzed by X-ray diffraction showed it consisted of anhydrous Na2SO4 [12].
EXPERIMENTAL
Apparatus and reagents
Chemically pure substances of potassium chloride (KCl, 99–100.5%, Sigma-Aldrich), ammonium
dihydrophosphate (NH4H2PO4, 99.0%, Fluka Analytical), ammonium nitrate (NH4NO3, 98.0%, Sigma–Aldrich) and distilled water were used in this work.
The conversion reaction between potassium
chloride and ammonium dihydrophosphate at different
temperatures was analyzed by determination of balance between liquid and solid phases. The conversion reaction was carried out with the use of a temperature-controlled glass reactor (Figure 1). The temperature of the reaction zone was controlled with a
universal measuring instrument, Almemo 2450-1L.
Initial aqueous solutions (saturated solutions) of these
salts were prepared by dissolving starting materials,
namely potassium chloride and ammonium dihydrophosphate, in mole ratio 0.8:0.2. In each experiment,
a total amount of salt was 5.5 mol and 200 cm3 of
distilled water was used.
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lysis: concentration of ammonium nitrogen (NH4+) by
the Kjeldahl method (Vapodest 45s) [13]; concentration of phosphorus (P2O5) by photocolorimetric
method (T70/T80 UV–Vis); concentration of chlorine
(Cl-) by potentiometric method, with the use of silver
nitrate (TitroLine alpha plus) [14]; concentration of
potassium (K2O) by marginal solutions method using
the flame photometer PFP–7 [15].
Diffraction analysis of roentgen rays was performed with a DRON–6 X–ray diffractometer with CuKα
radiation where a nickel filter was used. The movement step of the detector was 0.02°, the duration of
intensity measurement in the step 0.5 s, the voltage
30 kV, the current 20 mA, the rotation angle 2θ, from
3 to 70°. The substances were identified by PDF–2
software.
FTIR analysis was performed with a Perkin Elmer FTIR system spectrometer. A tablet pressed in
tablet form was used for the analysis (1 mg of substance mixed with 200 mg KBr). The analysis was
implemented in the main range of the IR spectrum
from 400 to 4000 cm-1 [16].
The optical microphotographs were taken on a
Leica DM500 optical-biological microscope. One
gram of the crystalline solid phase was placed on a
glass plate, onto which drops of water were dripped.
Density is an important characteristic of LCF. It
represents the weight of the fertilizer solution in
g/cm³. 1 g/cm³ = 1 metric ton/m³. The two most common means to determine the density of a fertilizer
solution are:
a) the hydrometer: an easy to use instrument, it
is immersed in the fertilizer solution and the density is
read directly on its scale in units of g/cm³;
b) by laboratory analysis with three replicates:
the average weight of 10 cm³ of the fertilizer solution
determined on an exact scale.
Densities in the present study were measured
by using method b in the same conditions for each
liquid solution. Other properties (viscosity, pH, corrosivity) of the liquid solutions were measured by
standard physicochemical methods [17], using a
capillary Ostwald viscometer tube VPZ-2 (capillary
section size 1.31 mm) and a HANNA instruments pH
211 pH meter with a HI1131B glass electrode.
Experimental procedure

Figure 1. Temperature-controlled glass reactor: 1 – circulation
thermostat; 2 – contact thermometer; 3 – thermocouple;
4 – electric mixer; 5 – glass reactor; 6 – stand.

The chemical composition of the crystalline solid
phase was analyzed by methods of chemical ana-

The solid phase has been obtained carrying out
a conversion reaction between potassium chloride
and ammonium dihydrophosphate:

⎯⎯
→ KH2PO4(s) + NH4Cl(aq)
KCl(aq) + NH4H2PO4(aq) ←⎯
⎯
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at temperatures of 20, 40, 60 and 80 °C. The reaction
was carried out for 8 h at different temperatures in
both saturated salt solutions (according to their
solubility at 20 °C) and the refractive index values
were investigated (Figure 2). It was judged that equilibrium was reached after 5 h, as after that the refractive index of the liquid fraction reached final value and
ceased changing. The solid phase (crystalline potassium dihydrophosphate) was obtained by filtering the
mixture through a vacuum glass filter and drying it in
a drying oven. The liquid phase, consisted of K+,
NH4+, Cl- and PO43-, was separated from reaction products. After separation of crystalline potassium dihydrophosphate, it was appropriate to investigate how
the liquid phase may be used as LCF. The chemical
composition of the liquid phase, determined by chemical methods, is presented in Table 1. To increase
nitrogen concentration in liquid solutions, ammonium
nitrate, urea and sodium hydroxide were used. The
crystallization temperature was determined by cryoscopy–polythermal method. Solubility in the temperature range from 5 to 25 °C was investigated, as the
solutions were cooled until crystallization occurred
and then heated very slowly with continuous stirring,
until the last crystal dissolved. A series of solutions of
different concentrations of NH4NO3(s), CO(NH2)2(s) and
NH4OH(aq) were cooled, and a certain number of crystals formed in each solution as a result. With adding

of NH4OH(aq) to the solution, the temperature of crystallization increased and the solutions were cloudy
and not stable, even at room temperature. Therefore,
CO(NH2)2 was used and better results were obtained.
The influence of CO(NH2)2 on all properties (pH, density, viscosity and crystallization temperature) of liquid
solutions was presented in the International conference of Lithuanian Society of Chemistry [18]. This
work was continued with NH4NO3 in order to get even
better results.
RESULTS AND DISCUSSION
As shown in Table 1, after the separation of
KH2PO4(s), the concentration of nitrogen in the liquid is
very low, remains somewhat the same (varies from
1.19 to 1.45%) and increases with an increase in conversion temperature. The concentration of other elements does not depend on conversion temperature
and varies: P2O5 – from 1.96 to 2.93%; K2O – 14.15 to
16.02% and Cl – from 13.42 to 15.71%. The data
shows that concentration of potassium and chlorine is
the highest. Variation of plant nutrients in the liquid
phase depends on the composition of the crystalized
solid phase under those conditions. The results indicate that the composition of the solid phase is not
greatly influenced by temperature. The equilibrium
between solid and liquid phases and their composi-

Figure 2. Dependence of the refractive index on the reaction time at 0.8:0.2 molar ratio of starting materials at different temperatures.
Table 1. Chemical composition of the liquid phase, obtained during conversion
a

t / °C

Nutrient concentrations in the liquid phase , %
N

P

P2O5

20

1.19

1.11

40

1.26

1.28

60

1.39

1.14

80

1.45

0.83

a

b

b

c

K

K2O

Cl

2.55

13.29

16.02

13.52

2.93

12.84

15.46

13.42

2.61

12.41

14.96

15.71

1.91

11.75

14.15

13.63
c

Up to 100% other elements present in the liquid phase (O, H); P recalculated into P2O5 according to the fertilizer regulations; K recalculated into K2O
according to the fertilizer regulations
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tions after conversion reaction depends on the ratio of
the initial materials, conversion temperature and solubility of salts. The solid phase can be composed of
potassium dihydrogen phosphate, potassium hydrogen phosphate, potassium chloride, ammonium chloride, ammonium phosphate or mixtures of these salts.
With increased temperature, the solid phase composition varied as follows: concentration of phosphorus
(21.66–20.19%) and potassium (33.40–27.14%) increased, while concentration of nitrogen (0.58–1.89%)
and chlorine decreased, when the mole ratio of potassium chloride to ammonium dihydrophosphate was
0.8:0.2. A part of data obtained from the study of solid
phase concentration was published in our articles
[19,20].
For solutions to be used as LCF, it is necessary
to determine their crystallization temperature. Because
the concentration of nitrogen was very low, and this
element is very important for plants, a nitrogen component, ammonium nitrate, was added. The crystallization polytherm of the liquid solutions, obtained during
conversion reactions at temperatures of 20, 40, 60
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and 80 °C with different concentrations of ammonium
nitrate, was investigated (Figure 3). In the liquid system, interaction takes place between K+, NH4+, Cl- and
PO43- and with decreasing temperature a different
solid phase crystallizes. As it is shown in Figure 3, all
polytherms are in standard form and different salts
crystallize in different parts of the curves. They have
only one eutectic (breaking) point, which meets the
lowest temperature of crystallization and the biggest
concentration of NH4NO3 in these systems.
The temperature of crystallization is lowest (4
°C) at 7% of NH4NO3 concentration, as shown in
Figure 3a. Accordingly, crystallization temperature is
6 °C and the concentration of NH4NO3 is 8% in Figure
3b, 5 °C and 8.3% in Figure 3c and 5 °C and 7% in
Figure 3d. In each part of the polytherm, before and
after the eutectic point, a different solid phase crystallized, whose chemical composition was investigated. The solid phase with 2 and 14% ammonium
nitrate obtained during crystallization was analyzed
using chemical and instrumental methods of analysis
(Table 2).

Figure 3. The crystallization polytherm of the liquid solutions, obtained during conversion reaction at temperatures of: a) 20, b) 40, c) 60
and d) 80 °C. Optical microscopic image of powder solid phase.
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Table 2. Chemical composition of the solid phase with 2 and
14% ammonium nitrate obtained at crystallization
t / °C

Composition of the solid phase, %
N

K

Cl

Before breaking point (with 2 % NH4NO3)
20

1.08

45.20

40.67

40

1.34

49.68

45.05

60

1.38

43.87

43.86

80

1.71

41.67

45.06

After breaking point (with 14 % NH4NO3)
20

11.14

32.17

0.71

40

11.47

35.67

0.58

60

12.18

37.32

0.59

80

12.68

42.32

1.17

The results indicate that the composition of the
solid phase is not dependent on conversion temperature, but dependent on ammonium nitrate concentration. The data in Table 2 shows that the chemical
composition (especially K and Cl) of the obtained
solid phase with 2% NH4NO3 is very different from the
solid phase with 14% NH4NO3. It can be consequently
stated that the solid phase with 2% ammonium nitrate
is very close to the composition of potassium chloride.
The solid phase with 14% NH4NO3 is the closest to
the composition of potassium nitrate. Optical microscopic images have confirmed different chemical
compositions of the solid phase (Figure 3). As we can
see in Figure 3, the crystals before the eutectic point
contain KCl and in all cases the crystals after breaking point contain KNO3.
On the basis of the data acquired by X-ray
analysis (Figure 4, I), it is safe to claim that all compositions of the solid phase are closest to ammonium
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nitrate, not dependent on conversion temperature.
X-ray images presented below show most of the
peaks that are characteristic of ammonium (interplanar spacings – d: 0.5309, 0.3383, 0.3055, 0.2639 and
0.2369 nm).
In accordance with the data in literature [21], in
our opinion, the X-ray diffraction pattern of a fertilizer
show that with addition of ammonium nitrate at 14%
in Figure 4, II, all compositions of the solid phase can
be attributed to the potassium nitrate. The X–ray
images below show most of the peaks that are characteristic to potassium nitrate (interplanar spacings –
d: 0.5309, 0.3383, 0.3055, 0.2639 and 0.2369 nm).
Image (Figure 4, I) shows that one peak of low
intensity (0.3149 nm) has been identified that can be
related to potassium chloride. Identification of this
reacting material supports the results of the chemical
analysis showing a certain amount of Cl- found in the
solid phase. In the case of different temperatures
(Figure 4, I, II), identical compounds have been identified in the X-ray pictures, with varying peak intensities.
IR spectra (Figure 5) have been created in order
to analyze the crystallized solid phases in more detail.
IR spectra in Figure 5 (I) show absorption bands in
the 3134.10 – 3141.58 cm-1 part, and these bands can
be related to valence vibrations of the NH4+ functional
group [22]. These groups confirm the presence of
inorganic salts (e.g., NH4NO3) in the crystallized solid
phase.
In accordance with data in literature [23], in our
opinion, the vibrations in the spectrum part 1661.58–
–1665.99 cm-1 can be attributed to the NO3- group.
Considering the studies presented in the same scientific paper, it can be stated that the peaks of abs-

Figure 4. The XRD analysis curves of the solid–crystalline phase, crystallized from liquid solutions: I – with 2% NH4NO3; II – with 14%
NH4NO3, obtained during conversion reaction at temperatures (°C): a) 20; b) 40, c) 60 and d) 80. A – NH4NO3; B – KCl; C – KNO3.
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Figure 5. IR spectrums of the solid–crystalline phase, crystallized from liquid solutions: I – with 2% NH4NO3; II – with 14% NH4NO3,
obtained during conversion reaction at temperatures (°C): a) 20; b) 40, c) 60 and d) 80. I(a) – pure NH4NO3; II(a) – pure KNO3.

orption bands in the 1415.47–1437.81 cm-1 and
1334.62–1334.76 cm-1 parts are specific to valence
vibrations of the NH4+ and NO3- functional groups.
Absorption bands in the 825.36–828.48 cm-1 part
of all spectra can be attributed to valence vibrations of
the NO3- functional group [23]. It can be seen that in
all cases the spikes of the absorption bands do not
change their position. These vibrations infer the
presence of inorganic salt (NH4NO3) in the obtained
solid phases.
IR spectra in Figure 5 (II) show absorption
bands in the 3210.47–3215.59 cm-1 part, and these
bands can be related to valence vibrations of the N–H
functional group [22].
In addition, peaks of absorption bands beside
the 2347.56–2404.39 cm-1 part of spectrum can be
attributed to valence vibrations of NH3+ and this
agrees with the published data [24]. In accordance
with data in the previously mentioned publications,
the spectrum parts 1334.57–1338.62 cm-1 and 825.19–
–825.35 cm-1 can be attributed to the NO3- groups.

These groups confirm the presence of inorganic
saline (e.g., KNO3) in the crystallized solid phase.
Viscosity and density values are very important
in selecting equipment for LCF production and use
(Figure 6). Therefore, the viscosity and density of
liquid solutions obtained during the conversion reaction at different temperatures, with added NH4NO3,
was determined. It can be stated that with increased
concentration of NH4NO3, the viscosity and density
also increased.
The pH of liquid compound solutions, obtained
during the conversion reaction at different temperatures with NH4NO3 was also determined (Table 3). It
can be stated that with increased concentration of
NH4NO3, pH is changing independently of conversion
temperature and varies in values from 3.34 to 4.31.
Such solutions are classified as weakly corrosive
solutions and can corrode iron and steel but do not
corrode stainless steel.
The most important characteristic of liquid fertilizers is their chemical composition, which can be
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Figure 6. Viscosity (a) and density (b) of liquid solutions, obtained during conversion reaction at different temperatures (°C): ♦ 20; ■ 40,
▲ 60; ● 80 with adding NH4NO3.

determined with an isotherm at temperatures of 0 or
10 °C (depending on the weather conditions of production and use). Other investigated physicochemical
properties of the liquid phase with added NH4NO3
such as pH, viscosity and density, do not differ much
than when the liquid phase was without NH4NO3.
Therefore, according to the available data in the
investigated system, the LCF composition with the
lowest crystallization temperature (5 °C), which corresponds to 8% NH4NO3, was selected (Figure 3c).

includes 8% of NH4NO3 is the most appropriate liquid
solution to be used for the production of LCF. Corrosivity studies were performed using this liquid and
using carbon and stainless steels (Figure 7). The measurements were obtained measuring mass change.

Table 3. pH of liquid solutions, obtained during conversion
reaction at different temperatures with NH4NO3
Concentration of
NH4NO3, %

Temperature of conversion, °C
20

40

60

80

1

4.02

3.80

3.77

4.15

2

4.08

3.65

3.43

4.04

3

4.08

3.82

3.43

3.93

4

3.98

4.01

3.50

4.12

5

3.91

3.76

3.44

3.94

6

3.90

3.75

3.72

3.89

7

4.02

3.92

3.46

3.87

8

3.96

3.93

3.94

3.88

9

3.90

3.75

3.79

3.86

10

3.85

3.73

3.48

3.84

11

3.86

3.68

3.43

3.81

12

4.25

3.68

3.38

4.31

13

3.85

3.67

3.37

3.82

14

3.69

3.79

3.35

3.97

15

3.79

3.69

3.34

4.07

Assessment of all properties (chemical composition, temperature of crystallization, pH, density and
viscosity) led to the conclusion that the solution which
remains after conversion at temperature of 60 °C and
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Figure 7. The corrosivity of the steels in the liquid solutions,
obtained during conversion reaction at 60 °C temperature with
8% NH4NO3: ■ – carbon steel (ST3); ● – stainless steel
(35S22099).

It was determined that the carbon steel corroded
and stainless steel did not and that confirmed the
data in the literature [8] about the influence of LCF’s
pH on steel. The highest corrosion rate on carbon
steel was during the first 300 h and then the corrosion
rate stabilized. Maximum mass change in 760 h in
carbon steel was 1.7%.
CONCLUSIONS
Chemical analysis methods determined that
after KCl and NH4H2PO4 conversion, there were K+,
NH4+, Cl- and PO43- in the liquid phase. The crystallization temperature was determined and the cryoscopy–polythermal method established that in all
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cases after conversion the crystallization temperature
of the solutions was above 0 °C. When NH4NO3(s) was
added, the crystallization temperature was the lowest,
but still positive. The crystallization temperature (8.3
°C) corresponds to a higher concentration (8%) of
NH4NO3. Such solutions can be used to produce
liquid fertilizers to be used during the summer for
cereal crops. Basic properties (pH, density, viscosity
and corrosivity) of liquid fertilizer were determined.
They were all very similar in all cases and varied in
the following way: pH – from 3.34 to 4.31; density –
from 1.17 to 1.24 g/cm3 and viscosity – 1.03 to 1.107
mm2/s. It was determined that liquid fertilizer is corrosive to carbon steel and not corrosive to stainless
steel.
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RAVNOTEŽA ČVRSTO-TEČNO U TEČNIM
ĐUBRIVIMA
Tečna đubriva su vodeni rastvori soli kojim se hrani zemljište, koja sadrže azot, fosfor,
kalijum i ponekad kalcijum, magnezijum i mikronutritiente. Ovaj rastvor praktično nema
nerastvornih ostataka, sadrži elemente u potpuno iskoristljivim oblicima i predstavlja
veoma brzo i visoko efikasno đubrivo. Za formiranje tečnih đubriva važno je proceniti
ravnotežu u sistemu čvrsto-tečno, jer njihova osnovna svojstva – koncentracija i temperatura kristalizacije - zavise od nje. Cilj ovog rada je bio da se odrede svojstva tečnog
viškomponentnog sistema (K+, NH4+, Cl-, PO43-). Ovaj tečni viškomponentni sistem, koji
je dobijen kao nusproizvod u konverziji KCl i NH4H2PO4, može se koristiti kao tečno
đubrivo. U radu su istraženi za hemijski sastav i fizičko-hemijska svojstva tečnih đubriva, kao što su temperatura kristalizacije, pH, gustina, viskozitet i korozivnost. U cilju
povećanja koncentracije azota dodat je i amonijum nitrat. Sastav čvrste faze dobijene
kristalizacijom identifikovan je metodama hemijske i instrumentalne analize (radiografija,
infracrvena molekularna apsorpciona spektroskopija i optička mikroskopija). Rezultati
pokazuju da su sva svojstva tečnih đubriva najbolja kada je koncentracija NH4NO3 u
tečnim rastvorima 8%.
Ključne reči: rastvorljivost, ravnoteža, čvrsto, tečno, konverzija, đubriva.
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REMOVAL OF RESIDUAL CARCINOGENIC
DYES FROM INDUSTRIAL WASTEWATER
USING FLOCCULATION TECHNIQUE
Article Highlights
• A novel combination of coagulant (FeCl3) and bioflocculant (potato starch) was used for
dye removal
• Experiments were conducted according to factorial design (L16) using a jar test
apparatus
• Residual dye concentration was depicted by the reduction in absorbance at each set
of conditions
• An adequate level of dye reduction, i.e. 85 % was observed under the best conditions
of study
• The dosage of flocculant, potato starch, was found to be the most significant
parameter
Abstract

Due to inefficient dyeing procedures in a typical dye industry, a large quantity of
dye spills out into the wastewater, polluting it and causing serious harm to the
environment. Consequently, special attention was focused on the use of a novel
combination of a coagulant and a flocculant. As potato starch has already proved
its strength as a bioflocculant, a combination of potato starch with iron(III)
chloride as a coagulant was tested in order to achieve favorable results of dye
reduction in simulated wastewater. The effect of various parameters on dye
removal was investigated, like dosage of flocculant, temperature of treatment
and flocculation time. Batch experimentation mode was adopted for the
flocculation process, using a jar test apparatus. A mixed level parametric design
(L16) was employed for experimentation. The orthogonal tests revealed that the
best operating parameters were: 2% of potato starch, 60 °C and 20 min of
flocculation time. Furthermore, the significant factor test was performed using
Minitab-17 from where the dosage of potato starch was proven to be the most
significant factor. The study successfully raised dye removal efficiency up to 85%
using a novel coagulant-flocculant combination. Finally, the results were compared with existing literature.
Keywords: ANOVA, iron chloride, potato starch, residual reactive dye,
significance factor.

Industries such as textile, food and cosmetic
industries use dyes and pigments to color their products. Due to low fixation of dyes, 15-20% of the dyes
used in these industries are lost in the dyeing process
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[1]. As a result, textile wastewater is opulent in dyes,
chemicals and heavy metals that are non-biodegradable and pose severe threats to aquatic environment
and public health, if not treated appropriately [2]. The
existence of dyes in wastewater is not only aesthetically unpleasant but also hinders light penetration,
disturbing the aquatic ecosystem. Moreover, if any
water containing dye is spilled on land, it reduces soil
fertility. It is worth noting that the microbial metabolism of dyes is responsible for originating carcinogens, i.e., benzidine and other aromatic compounds.

https://doi.org/10.2298/CICEQ160429024Z
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It is also observed that azo- and nitro- based dyes
reduce to toxic amines. Subsequently, the handling
and treatment of dye effluents becomes more complicated and leads to serious environmental concern.
Furthermore, it is hard to decompose dyes due to
their complex aromatic and molecular structure that
provide stability to dyes. In addition, dyes are synthesized to resist fading by exposure to soaps, detergents, sunlight or oxidizing agents [3]. Consequently,
eradication of residual dyes from textile runoffs has
become vital and has gained more consideration than
that of soluble colorless organic substances. In past,
researchers focused on dye removal through ozonation, advanced oxidation, chemical precipitation and
immersion that can be both expensive and cause
further secondary pollution. Catalytic degradation and
photochemical oxidation have also been utilized
[1,4,5] but such oxidation processes can originate
hazardous products, so that the treated wastewater
becomes more hazardous than it originally was [6].
Biological treatments are also considered in combination with sorption processes for dye eradication from
effluent streams [7,8]. However, various researchers
have the opinion that the coagulation process proved
to be the most efficient in comparison to other processes like anaerobic reduction, oxidation and adsorption [9].
A coagulant comparison study has been reported by Bidhendi and coworkers. They used lime,
alum, FeCl3, FeSO4 and MgCl2 in dye removal. The
results revealed that only lime eliminates color and
COD successfully but FeSO4 was found to be optimal
in dye removal owing to its lowest dosage, minimum
sludge volume and maximum decoloration [10]. Recently, Guendy et al. performed a coagulation process
in combination with adsorption for dye eradication and
reported promising results. They further report that
the dye removal was 71% at 6-8 pH and 53.7% at 4-6
pH when alum and FeCl3 were utilized, respectively
[11]. In contrary, Mitrovic et al. suggested the use of
natural coagulants obtained from seeds of Moringa
oleifera, Strychnos potatorum, extracts of cacti
(Opuntia ficus-indica and Cactus latifaria) and different leguminous species such as Cassia angustifolia
and Phaseolus vulgaris instead of chemical coagulants because of their biodegradability and environmentally friendly nature [12]. Subsequently, plantbased coagulants were also used for dye removal
owing to their cost-effectiveness and environmental
benefits [13]. For instance, the coagulation studies
carried out by the use of coagulant extracted from the
seeds of Moringa oleifera, Strychnos potatorum and
other leguminous species provided a relatively low-
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cost solution to the problem [12]. Furthermore, the
studies conducted on the usage of guar, locust bean
[14].
Regarding the use of plant-based bioflocculants,
it has been investigated that potato starch can be
effectively utilized to reduce the concentration of dye
from its solution. The results of the experimental
investigations revealed that the dye removal was 37%
in an acidic environment, i.e., at pH 3 [15]. Victor and
coworkers investigated the usage of Moringa oleifera
seed oil in combination with metallic salts, i.e., NaCl
and FeCl3, for reactive dye removal. They reported
that dye removal with NaCl (as a coagulant) is better
than that of FeCl3. Further, the coagulation process is
independent of pH but depends upon the chemical
structure and the number of sulfonic groups present
on the dye molecule [16]. Hence, contemporary
studies focus on the use of FeCl3 as a coagulant and
potato starch as a bioflocculant. During the experiments, the pH of the solution was maintained at 3 by
using FeCl3, which also served as coagulant. A robust
statistical experimental design (L16) was used to vary
the process parameters, i.e., flocculant dosage, temperature and flocculation time.
The design of experiments (DOE) was utilized
as it proved to be a sturdy experimental design system that can analyse the significant factorial effects
and conditions in the current manufacturing industry.
The orthogonal arrays were utilized to arrange the
factors that affect the process and the extent of their
fluctuations [17,18]. Finally, the significant extent of
the variables for the dye removal was deduced using
nearly the 95% confidence level of the ANOVA. The
variance analysis (ANOVA) has been extensively
used in the interpretation of experimental data [19].
For this purpose, the latest version of available Minitab Software was utilized, as this software ensured
the accuracy of numerous statistical calculations and
provided improved quality calculation in the fields of
engineering, statistics & mathematics.
EXPERIMENTAL
Materials
Analytical grade iron(III) chloride was purchased
from Merck, Germany, to coagulate reactive dye.
Reagent grade flocculant, i.e., potato starch was purchased from DaeJung, Korea. A yellow reactive dye
with color index Y-145A was provided by Sandal Dye
and Dyestuff Industries Limited, Faisalabad, Pakistan.
It is worth noting that the aforementioned yellow dye
is a single azo bi-functional dye that contains two
functional groups, i.e., monochlorotriazine (MCT) and
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vinyl sulfone (VS). The chemical structure of the dye
is shown in Figure 1. In order to minimize disturbances and to compare the results with existing published literature, a synthetic stock solution of dye was
prepared using reverse osmosis (RO) water available
at University of Engineering & Technology,
Faisalabad Campus, Pakistan.
SO3Na
SO2CH2CH2OSO3Na

N N

H
N

N
H

SO3Na

Figure 2. Calibration curve of absorbance vs. dye concentration.

N
N

N

NaO3S

Experimentation

NHCONH2

Cl

Figure 1. Structure of Y-145A yellow dye SDC.

Preparation of the stock solution and characterization
The synthetic solution of reactive yellow dye
was prepared by dissolving 150 mg of dye in 1000 ml
RO water. The solution was heated to 60 °C after
adding 10 g of sodium carbonate. The pH of the solution was adjusted to 10 by adding 1 M sodium hydroxide solution. The solution was stirred at a high
temperature of 60 °C for 60 min. The solution was
then cooled to room temperature and stored in an
airtight container in order to avoid any nucleophilic
reactions. The procedure of preparing the stock solution was described in Blackburn’s study [20]. The
synthetic solution of dye was used during experimental runs to minimize the external disturbances
produced by a typical dye house. Further, 150 ppm of
reactive dye concentration was considered the
highest in the wastewater [15].
The initial and final dye concentration was determined by estimating the true color of the solution,
before and after treatment. Filtration was carried out
using Whatman filter paper no. 42 and the filtrate was
examined using a ZAR/HEC-1830/UV-2800 spectrophotometer at maximum absorption wavelength (λmax.)
of 436 nm, as a reference. The calibration curve of
absorbance vs. dye concentration was formulated
(Figure 2) and the linear equation (Eq. (1)) of the
calibration plot, y = mx + c (y = absorbance; m =
gradient; x = concentration; c = 0), was used to calculate the concentration of the residual solution from
the absorbency tests.

y = 0.0019 x + 0.175

(1)

The coagulation-flocculation experimental trial
was carried out in a jar test apparatus. 250 ml of stock
solution was placed in a beaker and 3.2 g of iron(III)
chloride was added to the solution, which not only
reduced the pH from 10 to 3 but also served as coagulant. The solution was stirred at the rate of 100 rpm
for 5 min to speed up the coagulation process. Then
stirring was reduced to 40 rpm and potato starch (bioflocculant) was added. Further, the stirring was carried out for 20 min and the flocculation time was up to
50 min to study the effect of flocculation time. Afterwards, the stirring was stopped and sediments were
allowed to settle down for 1 h. In addition, the experimental procedure was repeated by altering the flocculant dosage, solution temperature and flocculation
time according to Table 1, to determine the parametric effects. It is also worth noting that the dye concentration, pH, coagulant dosage, coagulation time, flocculation speed and coagulation stirring was kept constant at 150 ppm, 3, 3.2 g per 250 ml, 5 min, 40 and
100 rpm, respectively. All experiments were carried
out as shown in Table 2. The supernatant was filtered
after sedimentation and the residual dye concentration of filtrate was determined by a UV-visible spectrophotometer. The removal efficiency of the reactive
dye was calculated according to Eq. (2):

η = 100

C0 − Ce
C0

(2)

where η is the percentage removal efficiency, C0 is
the initial concentration of dye at the start of experimentation and Ce is the final concentration of dye
after experimentation at flocculation time t. The experimental data used in the study was the average of
threefold determination. The relative standard error of
the data was less than 5%.
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Table 1. Parameters and their values corresponding to their levels
Symbol

Parameter level

Parameter

1

2

3

4

A

Flocculant dosage, %

0.25

0.5

1

2

B

Temperature of wastewater, °C

25

40

50

60

C

Flocculation time, min

20

30

40

50

Table 2. Experimental design and results of conducted experiments corresponding to L16 OA experimental plan
Exp. # Parametric
level

Absorbance/percentage absorbance reduction
II

III

Concentration (ppm)/percentage reduction in
concentration
I

II

III

Conc.
reduction,
mean (%)

A

B

C

I

1

1

1

1

0.65/56

0.639/57

0.645/57

250/63.7

244/64.6

247/64.1

64.1

2

3

3

1

0.8/46

0.799/46

0.799/46

329/52.3

328/52.3

328/52.3

52.3

3

2

2

1

0.542/64

0.544/63

0.539/64

193/72

194/71.8

192/72.2

72

4

3

1

3

0.53/64

0.529/64

0.53/64

187/72.9

186/73

187/72.9

72.9

5

3

2

4

0.42/72

0.418/72

0.411/72

129/81.3

128/81.4

124/82

81.6

6

3

4

2

0.44/70

0.438/71

0.433/71

139/79.8

138/79.9

136/80.3

80

7

4

4

1

0.391/74

0.389/74

0.355/76

114/83.5

113/83.7

95/86.3

84.5

8

2

4

3

1.953/-43.1

1.93-41,4

1.943/-42.3

936/-49.5

924/-47.6

931/-48.6

-48.6

9

2

3

4

1.963/-43.8

1.965/-44

1.961/-43.7

941/-50.3

942/-50.5

940/-50.2

-50.3

10

4

1

4

1.946/-42.6

1.958/-43.4

1.962/-43.7

932/-48.9

938/-49.9

941/-50.2

-49.7

11

4

2

3

1.965/-44

1.968/-44.2

1.964/-43.9

942/-50.5

944/-50.7

942/-50.4

-50.6

12

4

3

2

1.95/-42.9

1.94/-42.1

1.941/-42.2

934/-49.2

929/-48.4

929/-48.5

-48.7

13

2

1

2

1.965/-44

1.986/-45.5

1.969/-44.2

942/-50.5

953/-52.3

944/-50.8

-51.2

14

1

3

3

1.963/-43.8

1.961/-43.7

1.958/-43.4

941/-50.3

940/-50.2

938/-49.9

-50.1

15

1

4

4

1.995/-46.2

2.001/-46.6

2.003/-43.3

958/-53

961/-53.5

962/-53.7

-53.4

16

1

2

2

1.956/-43.3

1.974/-44.6

1.958/-43.4

937/-49.7

947/-51.3

938/-49.9

-50.3

RESULTS AND DISCUSSION
In this study, a novel combination of iron(III)
chloride as a coagulant and potato starch as a flocculant, was tested to remove reactive yellow dye from
its solution. The effects of the flocculant dose (%),
temperature (°C) and flocculation time (min) on dye
removal was examined in accordance to the L16
robust design. The results are described, statistically
supported and graphically explained in the subsequent section.
Effect of flocculant dosage on dye removal
It has already been reported that flocculant dosage is a crucial parameter in the removal efficiency of
dye from wastewater, as inadequate dosage may
result in performance reduction [21]. Therefore, the
impact of flocculant dosage was analyzed in the
range 0.25 to 2 wt.%. It is evident, from Figure 3, that
the dye removal percentage increased drastically with
an increase in the flocculant dose up to the concentration of 1 wt.%. The behavior was the same as
observed during the performance evaluation of other
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plant-based biopolymers. This sudden increase in
performance is due to the increase in charge density
when increasing dosage, resulting in the availability of
extended surface area [22]. According to coagulation
theory, the charge on the dye molecule is neutralized
by the polymer and it bounds to the polymer surface
by weak forces like van der Waals forces. This floc
combines with other flocs to form a high-density floc.
The phenomena are modelled in Figure 4a. In contrast, the dye removal percentage decreases sharply
to the negative values with further increase in the
amount of the flocculant and the reason can be best
explained on the basis of the phenomenon of producing restabilized colloids on excessive polymer
dosage [22]. The potato starch ionizes in water, producing polymer ions which are bonded to one another
with van der Waals forces, so the excess dosage
always results in an agglomeration of particles, producing restabilized colloids. This phenomenon is
modelled in Figure 4b, where excess polymer dosage
resulted in the formation of restabilized colloids. As a
result, the high concentration of potato starch causes
damping the active sites which results in the decrease
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45

100

Conc. Reduction (%)

75
50
25
0
-25
-50
0

1

2

Dosage(%w/v)

20

Flocculation time (min)

40

60

Temperature (degree C)

Figure 3. Matrix plot for the effect of various parameters on dye removal.

of dye removal percentage. As a matter of fact, the
coagulant neutralizes the charge on dye molecules in
water so that the flocculant may work effectively.
Hence, very low and very high flocculant dosages will
fail to produce restablized colloids, which would result
in the increase in the haziness of the solution.

molecular chains tend to disintegrate resulting in
small size flocs which are not dense enough to settle
in the wastewater causing the sample to be turbid
again [23]. This phenomenon was observed in Figure
3 which showed rather negative values for the dye
removal at longer flocculation time. Hence, it can be
concluded that longer flocculation time will lead to an
increase in floc disintegration due to prolonged interaction, therefore decreasing the flocculation rate.
Modelled in Figure 5b, longer flocculation time will
incease the temperature of the system and will result
in the breakdown of developed flocs.

Figure 4. Flocculation process. a) Attachment of the dye
molecule at adequate polymer dosage. b) Formation of
restabilized colloids at high polymer dosage.

Effect of flocculation time on dye removal
The effect of flocculation time on dye removal
was investigated and is presented in Figure 3. It is
evident that there is a sharp decrease in dye removal
when prolonging the experiment and the trend is
leveled off after 40 min of flocculation time. In a flocculation process, the flocculant adsorbs on the particle surface, making inter-particle bridging and development of flocs possible, which helps in the agglomeration of particles (Figure 5a). Hence, the density
is increased and the colloids settled down in the form
of sludge. If the flocculation is given more time the

Figure 5. Formation and rupturing of flocs. (a): Max. formation of
flocs. (b): Rupturing of flocs at prolonged flocculation time.

Effect of temperature on dye removal
The effect of temperature on dye removal was
investigated in the range of 25-60 °C and the results
are presented in Figure 3. It can be deduced that
adequate levels of dye removal were observed at
high and low temperatures, i.e., 20 and 60 °C. The
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elevated temperature favors dye removal as it helps
to break the inter- and intra-molecular hydrogen
bonds between the polymer molecules. As a matter of
fact, potato starch, similar in its structure with cellulose, requires high energy to break the hydrogen
bonds between polymer chains, in order to allow
formation of hydrogen bonds with the dye molecule
for its removal. When the polymer is subjected to
elevated temperatures, all the polymer chains (11
hydrogen bond collectors) will be unlocked, enriching
the surface with negative charge. This allows hydrogen bonding and van der Waals interactions during
its contact with positively charged functional groups of
the reactive yellow dye [20]. On the other hand, adequate levels of dye removal were observed at a low
temperature, and this increase in dye removal may be
due to electrostatic forces. At low temperatures, active sites are not fully available, with the positive
charge dominating on the surface of potato starch
due to the low pH and hydrogen bond donors. This
results in a sensible elimination of dye with the interaction of potato starch with hydrophobic sites of the
dye, stabilizing the negative charge by electrostatic
forces. In conclusion, low temperature is also successful in giving reasonable dye removal rates, but in
combination with low pH as electrostatic forces prove
to be significant only at low pH [6].

Chem. Ind. Chem. Eng. Q. 24 (1) 69−76 (2018)

results of ANOVA are illustrated in Table 3 and the
resulting regression equation is Eq. (3). It can be
inferred that the most critical and sensitive parameter
for the coagulation process is the dosage percentage,
whose maximum f value is 5.78. The removal of
reactive dyes with potato starch is less sensitive to
the effects of temperature. The p-value was also calculated from ANOVA, concluding that the null hypothesis is true as p-value is less than the significance
level. To verify to what extent the given model fits the
data, goodness of fit statistics were examined for the
presented model and are presented in Table 3. The
standard deviation ‘S’ was evaluated in the units of
the response variable which represents the deviation
to the extent at which the data values fall from the
fixed values. For the model, 62% of data lies within
the standard deviation from the mean. Further, R2
was estimated as it is the percentage of variation in
the response that is clarified by the model. The model
shows a good R2 value of 85.6%.

η = 3.41D1 − 22.9D 2 + 68.3D3 − 19.5D 4 + 5.6T1 +
+9.8T2 − 27.6T3 + 12.24 + 64.8F1 −
−21F2 − 22.5F3 − 21.4F4

(3)

where D1 is dosage of 0.25%; D2 is dosage of 0.50%;
D3 is dosage of 1%; D4 is dosage of 2%; T1 is
temperature of 25 °C; T2 is temperature of 40 °C; T3 is
temperature of 50 °C; T4 is temperature of 60 °C; F1 is
flocculation time of 20 min; F2 is flocculation time of
30 min; F3 is flocculation time of 40 min; F4 is flocculation time of 50 min, while η is the percentage

ANOVA results
To determine the effect of each factor on percentage reduction in dye concentration, variance analysis was applied. Statistical significance of the model
equation and model terms was evaluated by the
significant factor (f) test and ANOVA. To simplify and
standardize experimental design and to minimize the
number of factor combinations required to test the
factor effects, a special design of orthogonal arrays
(L16) was employed. In this study, Minitab-17 computer software package was used to establish the
experimental matrix according to parameters and
their levels, and for the evaluation by analysis of variance (ANOVA) analysis of the obtained results. The

removal efficiency.
Comparison of results
The results were compared with existing literature regarding the removal of carcinogenic dye from
aqueous waste. Kim and co-workers studied the coagulation process for the removal of Reactive Blue 49
and Reactive Yellow 84 dyes and reported that the
concentration of the dyestuff was reduced to an
acceptable percentage of 60.9 and 70.3% respect-

Table 3. The results of variance analysis (ANOVA); DF: degree of freedom, Adj.SS: adjusted sum of squares, Adj.MS: adjusted mean of
squares, S: standard deviation, R-sq.: regression coefficient (squared)
Source
Coagulant Dosage (% w/v)
◦

DF

Adj. SS

Adj. MS

f-Value

p-Value

3

24954

8318

5.78

0.033

Temperature ( C)

3

4154

1385

0.96

0.472

Flocculation time (min)

3

22413

7471

5.19

0.042

Error

6

8642

1440

–

–

Total

15

60163

–

–

–

Model summary

S
37.9516

74

R-sq.
85.64 %

R-sq. (adjusted)

R-sq. (predicted)

64.09 %

0.00 %
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ively. The rates were obtained at the optimum coagulation conditions of pH 7 and 1.85 mmol/L of FeCl3 for
Reactive blue 49 and pH 6 and 2.78 mmol/L of FeCl3
for Reactive blue 49. Iron(III) chloride successfully
neutralized the charge on dye molecules which
resulted in the form of dye eradication via sludge formation [24]. Most recently, the same class of dye
(reactive) was eradicated from its synthetic solution
via a plant-based biopolymer, i.e., potato starch. The
studies tested this novel polysaccharide on the removal of Reactive Yellow 145 and reported that the potato starch behaves both as a coagulant and a flocculant when varying the mixing rate. However, the
removal of dye concentration was only 41.3%, but the
sludge formation was minimized to the lowest level of
0.06%, which was the main novelty of the process.
Moreover, it was reported that the 41.3% reduction
was observed at pH 3 [15].
This study successfully raised dye removal efficiency using a novel coagulant-flocculant combination. The process utilized potato starch as the bioflocculant, while fixing the pH of the synthetic solution
at 3. Iron(III) chloride was used as a pH depressant
as well as the coagulant. As a result, 85% reduction in
dye concentration was observed at flocculant dosage
of 2%, temperature of 60 °C and 20 min flocculation
time. The comparison of studies is well illustrated in
Figure 6, along with the literature cited. In addition,
Figure 6 also shows the comparison in terms of percentage reduction in absorbance. In conclusion, the
study successfully uplifted the study of dye removal
using a novel coagulant-flocculant combination.
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CONCLUSIONS
The study focused on the coagulation-flocculation process for the elimination of Reactive Yellow
145 dye from its synthetic solution. The process successfully eradicated the dye using a novel coagulantflocculant combination. Based on the results of the
current investigation on the use of FeCl3 as a coagulant and potato starch as a bioflocculant, it was
observed that the above combination provided promising results during the initial investigation and reduced the concentration of dye up to 85%. Hence, the
combination proved its worth regarding the pre-treatment process of wastewater containing dye. Among
the parameters investigated, the dosage of potato
starch has proved to be the most significant parameter having the most weighted significance, i.e.,
5.78. Further, the best operating conditions came to
be: flocculant dosage: 2%, temperature: 60 °C and
flocculation time: 20 min. Finally, the results were
compared with the latest existing literature and the
combination proves its novelty. The current combination of sorbents increased the eradication of dye by
50% as compared to the most recent published literature. In conclusion, the combination can be effectively utilized as a pre-treatment step for the treatment
of textile effluents. The treated wastewater will not
pose considerable harm to microorganisms and, if
drained into open water channels, will pose less harm
to the ecosystem.
Future scope. Very limited work has been carried out on the desorption of dyes to study the exact
mechanism of dye removal. It would help to study the
regeneration of exhausted adsorbents and dye in

Figure 6. Comparison with existing literature. a) In terms of percentage reduction in dye concentration. b) In terms of percentage
reduction in absorbance.
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order to make the adsorption process more economical. Conducting more research into coagulantflocculant combinations which are capable of eradicating the dyes even in the presence of various interfering agents of textile wastewaters is also needed. In
addition, the effectiveness of a greater number of natural coagulants needs to be assessed at a wide variation of pH.
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NAUČNI RAD

UKLANJANJE REZIDUALNIH KARCINOGENIH
BOJA IZ INDUSTRIJSKIH OTPADNIH VODA
FLOKULACIJOM
Zbog neefikasnih postupaka bojenja u tipičnoj industriji boja, velika količina boje se
ispušta sa otpadnom vodom izazivajući ozbiljne negativne uticaje na okolinu. Shodno
tome, posebna pažnja se poklanja upotrebi novih kombinacija koagulanata i flokulanata.
Pošto se skrob iz krompira već pokazao kao pogodan bio-flokulant, testirano je njegova
kombinacija sa gvožđe-hloridom kao koagulantom je testirane kako bi se postigli povoljni rezultati redukcije boje u modelima otpadnih voda. Analiziran je uticaj različitih
parametara, kao što su doziranje flokulanta, temperatura tretmana i vreme flokulacije,
na uklanjanje boje. Proces flokulacije je izvođen šaržno eksperimenata koristeći Jar
aparat. Korišćen je eksperimentalni plan (L16) sa mešanim nivoima parametara.
Ortogonalni testovi su pokazali da su 2 vol.% skroba krompira, temperatura 60 °C i
vreme flokulacije 20 min najbolji operativni uslovi. Takođe, test značajnosti faktora je
izvršen pomoću Minitab-17, pri čemu je pokazano da je doza skroba krompira najznačajniji faktor. Rezultati pokazuju da je korišćenjem kombinacije koagulant-flokulant
ostvarena efikasnost uklanjanja boje do 85%. Rezultati su upoređeni i sa literaturnim
podacima.
Ključne reči: ANOVA;,gvožđe-hlorid, skrob krompira, rezidualna reakvtivna boja,
značajni factor.
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MONOAMMONIUM PHOSPHATE (MAP)
FERTILIZER DRYING KINETICS IN TRAY
DRYER
Article Highlights
• Drying of monoammonium phosphate is controlled by internal diffusion
• Drying temperature affects the drying rate significantly
• Seven thin-layer drying models adjusted well to the experimental data
Abstract

The drying behaviour of monoammonium phosphate fertilizer was examined in a
static tray dryer, establishing kinetic parameters that may be used to improve the
design of dryers. Drying temperatures ranged from 80 to 95 °C, and surface air
velocity was 0.50 m/s. The material was previously separated into two particle
sizes, between 1.40 and 2.38 mm mean diameter. Drying curves were analysed
qualitatively and seven empirical kinetic thin-layer models were fitted. The drying
kinetic showed to be temperature-dependent: a moisture ratio reduction of 90%
was achieved twice as fast at 95 °C than at 80 °C. On the other hand, particle
size did not exert significant influence on the drying rate. The results showed a
decreasing drying rate throughout the whole process. All studied models
adjusted well to the experimental data: R2 values were all above 0.999. The two-term model generated the lowest RMSE and χ2 values, between 0.00621 and
0.010743 and between 0.000044 and 0.000115, respectively.
Keywords: drying, drying kinetics, drying modelling.

Monoammonium phosphate (NH4H2PO4), also
known by the acronym MAP, is a phosphate fertilizer
derived primarily from the ore apatite, that is used as
a phosphorus soil input. During manufacture, it is
necessary to remove excess moisture from the fertilizer by drying.
Drying is a complex operation at the microscopic
level, for it involves simultaneous multiphase heat and
mass transfer. As energy consumption is of great
concern to the industry, reliable drying kinetic data is
necessary to improve dryer efficiency. However, literature review shows that the drying of fertilizers has
not received much attention from researchers. Among
the few published studies on granular fertilizer drying
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is the work of Garside et al. [1]. They showed that the
transport mechanism was gas-phase diffusion in the
pores of the solid material and surface evaporation
was non-rate limiting. These results were further corroborated by Hallström and Wimmerstedt [2].
When external mass transfer resistance is neglected, drying takes place in the falling rate period
[1,2]. Under these circumstances, the moisture is
bound internally in the particle and moves up to the
surface, where the moisture content is in equilibrium
with the hot air. Many empirical and semi-empirical
models have been applied in particulate thin-layer
drying studies to describe the falling rate period, in
which the moisture transport is controlled by internal
conditions [3-12]. Most of them are derived from
Fick’s second law or from modifications of its simplified forms [13]. Kucuck et al. [13] presented a comprehensive review of thin-layer drying models available in the literature. Based on the assessment they
carried out, Page and Modified Page [8-11,13-16],
two-term [3,8,11,16], Henderson and Pabis [5-
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-9,11,16], Midilli et al. [3,4,6,8,11,16], Verma et al.
[3,6,8,11,16,17] and Aghbashlo et al. [6-8,11] are
among the ones that offer better results.
Rotary dryers are the usual choice for drying
fertilizers [14,15,18-21]. This sort of dryer provides an
intermittent process because the material is periodically exposed to the dry air. Therefore, if the gasparticle contact is somehow improved, a higher productivity is expected. Arruda et al. analysed the
performance of a modified rotary dryer, called rotoaerated dryer, in comparison with a conventional
apparatus [20]. The modified equipment showed a
better performance due to the better gas-particle
contact it provides. Arruda performed an experimental
drying-kinetics study of a fertilizer in a thin layer and
concluded that the best correlation to describe the
drying curves was Page’s equation [12]. He used temperatures between 61.8 and 95 °C and air velocities
between 0.58 and 5.0 m/s. His results were then used
in the work of Silva et al. [14] and Arruda et al. [15],
who performed a parametric sensitivity analysis in
modelling of fertilizer drying in rotary dryers.
The main goal of this work is to contribute to a
more detailed analysis of MAP drying by establishing
the drying curves for a tray dryer, thereby characterizing the limiting resistance to drying and the influence of the main process variables, providing the
basis for further study and improved dryer designs.
The specific objectives of this study are the determination and analysis of MAP fertilizer drying curves,
to be described by thin-layer drying-kinetics models
not yet applied to fertilizer drying.
MATERIALS AND METHODS
MAP Fertilizer
Experiments were performed with monoammonium phosphate provided by Vale Fertilizantes. The
MAP used in the tests was produced in the Piaçaguera industrial complex located in Cubatão, São
Paulo, Brazil.
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The MAP samples collected from the Vale Fertilizantes plant were collected following granulation,
and their properties are shown in Table 1.
Table 1. Properties of MAP
Property

Value

Initial moisture (wet basis, %)
Average final moisture (wet basis, %)
Molar weight

2.5
115.03

3

Particle density (g/cm )

1.803

The fertilizer samples were selected by sieving:
smaller than 2.38 mm and retained on 2.00 mm (average diameter 2.19 mm); smaller than 2.00 mm and
retained on 1.40 mm (average diameter 1.70 mm).
Tray dryer
The drying experiments used an Armfield tray
dryer (Figure 1), installed at the Instituto Mauá de
Tecnologia in São Caetano do Sul, São Paulo, Brazil.
The dryer has a rectangular cross-section and dimensions of 0.3 m×0.3 m×0.4 m, with a metal sheet 1 mm
thick. The wet solids loading capacity is equal to 3 kg,
which may be distributed onto three trays in the drying chamber. Air circulation for drying uses an air
blower (200/220 V, 125 W) and an electric motor
(3000 rpm). The blower is coupled internally to the
dryer and pushes air into the tunnel at speeds of 0.3–
–2.1 m/s. The air speed is varied by means of a frequency inverter. The temperature of the drying air is
controlled by an electric potentiometer. The dryer has
nine electrical resistors (two of 1000 W and seven of
500 W) located just after the air inlet and arranged in
sets of three. The trays are weighed by an analytical
balance (Mettler Toledo PB3002-S) that records variations in sample weight during tests. This balance is
connected to a computer, and an application is used
to register the sample mass values in real time.
Drying experiments
MAP samples of approximately 500 g were distributed on three stainless steel trays of the dryer,

Figure 1. Tray dryer (a: control panel; b: electrical resistors; c: drying chamber, trays; d: balance).
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with a height of 7 mm each. Subsequently, the trays
were covered with a sheet of absorbent paper to
avoid dispersion of fines during drying. The initial
moisture content of the samples was determined by
gravimetric method. In each experiment, three initial
samples of the material were collected then weighed
on an analytical balance and dried at 105 °C for 24 h
until constant mass was achieved. After the samples
were dried, they were placed in desiccators to be
cooled and then their respective masses were determined again, in order to determine the moisture content. The arithmetic average of the moisture content
(X) values in the first three samples gave the initial
moisture content X0, adopted in the experiments.
Before starting the experiments, the dryer was
adjusted to the experimental conditions and then left
for 30 min to reach steady state. The grain sizes were
selected according to the material provided by Vale
Fertilizantes. The mass of the material was monitored
over time at intervals of 3 min, and drying continued
until the curves, representing the asymptote, indicated that the equilibrium moisture content was
achieved. To determine the time required to achieve
equilibrium, exploratory experiments were conducted.
The equilibrium moisture content (XE) was regarded
as the constant moisture content obtained in each run.

The moisture ratio of the sample was calculated
with Eq. (1):

X − XE
X0 − XE

MR =

DR =

d MRpd

R2 =

 (MR − MR
=
 (MR
N

i =1

Table 2. Conditions of drying experiments

80

2.00 < d < 2.38

95

1.40 < d < 2.00

95

2.00 < d < 2.38

expmean,i

exp,i

N

i =1

Particle size, mm
1.40 < d < 2.00

(2)

dt

The experimental drying curves were fitted using
the empirical and semi empirical models shown in
Table 3. Hacihafizoglu et al. [3], who modelled the
thin-layer drying of rice, Nascimento et al. [4], who
modelled the drying curves of seeds in a spouted bed,
Doymaz et al. [6], who studied the effect of infrared
power on drying kinetics of green bean, and several
others [7-11,17], conducted similar studies.
Goodness of fit was evaluated via the coefficient
of correlation, R2, Eq. (3), reduced chi-square, χ2, Eq.
(4) and root mean square error, RMSE, Eq. (5):

Table 2 shows the conditions for each experiment. Each of the experiments shown in Table 2 was
duplicated to verify the reproducibility of the results.

80

(1)

where X, X0 and XE are instantaneous, initial and
equilibrium moisture contents in a dry basis, respectively.
The average moisture ratio values in each experimental condition (MRexp) were used to find a fifth
order polynomial function of moisture ratio predicted
values (MRpd) against time. The derivative of that
function with respect to time (t) was used to calculate
the drying rate (DR), as shown in Eq. (2):

Mathematical modelling

Temperature, °C
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χ2 =

 (MR
i =1

exp,i

− MRpd,i

2

− (MRpd,i − MR exp,i )2 (3)

− MR expmean,i

exp,i

N

)

)

)

2

2

(4)

N −z

Table 3. Mathematical thin-layer models used to fit the drying curves; k, n, k0, k1, a, b, g and k2 are empirical constants and drying
coefficients specific to each equation
Model
Henderson and Pabis

Page
Modified Page
Midilli et al.
Aghbashlo et al.

Two terms
Verma et al.

Equation

References

MR = a exp ( −kt )

[3-11,13,16]

( )
MR = exp ( −(kt ) )
MR = a exp ( −kt ) + bt
MR = exp −kt

n

n

n

 −k 1t
 1 + k 2t

MR = exp 





[3,4,8-11,13-16]
[3,8,11,13,16]
[3,4,6,8,9,13,16]

[6,7,11,13]

MR = a exp ( −k 0t ) + b exp ( −k 1t )

[3,8,11,13,16]

MR = a exp ( −kt ) + (1 − a ) exp ( −gt )

[3,6,8,9,11,13,17]
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1

RMSE = 

 N

N


i =1

2

(MRexp,i − MRpd,i ) 


1/2

(5)

In these equations, MRexp and MRpd represent
the average experimental and predicted values of
moisture ratios, respectively. N is the total number of
observations and z is the number of constants in the
model.
The models were fitted by means of non-linear
regression, using the Excel Solver tool. The objective
of the numerical calculation was to minimize the
RMSE value by changing the model constants and
coefficients. The lower the χ2 and RMSE values and
the higher the R2 value, the better the goodness of fit.
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smaller particles, its effect on the drying rate is irrelevant for a thin-layer static bed such as the one used
in this work. If a fluid bed or another type of moving
bed were applied, different results could arise.
In contrast to the findings for particle size, temperature significantly affects drying. Figure 3 shows
that increasing air temperature favours the removal of
moisture. The moisture content decreased much
faster at 95 °C than at 80 °C. A 90% reduction of
moisture ratio was achieved in approximately 120 min
at 95 °C and in approximately 240 min at 80 °C,
which is twice as much.

RESULTS AND DISCUSSION
When the results of the duplicate experimental
series were plotted (see Figure 2) all assays showed
overlapping curves, thereby confirming the reproducibility of the experimental method.

Figure 3. Average moisture ratio plotted against time.

The drying rate was calculated using Eq. (2) and
the results are shown in Figure 4.

Figure 2. Drying curves at 95 °C, 0.5 m/s and particle size of
1.40–2.00 mm (duplicate series).

In view of the overlap of the curves under the
same experimental conditions, all other curves presented in this paper represent the mean curve
obtained from the two experimental series.
Figure 3 shows the effect of temperature and
particle size on the drying curve. Particle size does
not exert significant influence, both at temperatures of
80 and 95 °C and air velocity of 0.50 m/s. Either at 80
or at 95 °C, the drying curves for both particle sizes
(1.40–2.00 mm and 2.00–2.38 mm) are virtually superposed.
The type of dryer used in the tests explains the
lack of influence of particle size in the drying rate.
Although the specific surface area is greater for

80

Figure 4. Drying rates plotted against moisture ratio.

The drying rate decreases continuously throughout the drying period. That is a typical behaviour of
drying being controlled by internal diffusion. No initial
period of the constant drying rate was observed. From
Figure 4, one comes to the same conclusion taken
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form Figure 3: the drying rate is not affected by particle size but is strongly affected by temperature. The
same kind of positive influence of temperature was
shown by Abbasfard et al. [19], Silva et al. [14] and
Arruda [15,20]. Drying curves obtained by Arruda for
superphosphate fertilizer show that the drying rate
was clearly influenced by temperatures between 75
and 95 °C [15]. The aforementioned studies also
showed that the drying rate was controlled by internal
diffusion, corroborating the conclusions of Garside et

Chem. Ind. Chem. Eng. Q. 24 (1) 77−83 (2018)

al. [1]. Arruda [12,15] and Abbasfard [19] tested different air velocities and have not found any significant
influence of that variable on the drying rate.
In order to express the moisture content as a
function of drying time, the models shown in Table 3
were fitted to the experimental data. The parameters
of the adjusted models are shown in Table 4. All
these models presume a decreasing drying rate
throughout the process, which is in accordance with
the results showed so far. All the adopted models

Table 4. Parameters of adjusted models
Parameter

80 °C
1.40 < d < 2.00

80 °C
2.00 < d < 2.38

95 °C
1.40 < d < 2.00

95 °C
2.00 < d < 2.38

Henderson and
Pabis

k
a
R2
χ2
RMSE

0.010523
0.902663
0.999884
0.000496
0.022271

0.015447
0.876936
0.999582
0.000911
0.030175

0.023240
0.909055
0.999474
0.000703
0.026523

0.020402
0.895163
0.999450
0.000917
0.029978

Page

k
n
R2
χ2
RMSE

0.027021

0.051393

0.060156

0.059265

0.822453
0.999955
0.000193
0.013875

0.753395
0.999925
0.000163
0.012776

0.782387
0.999862
0.000185
0.013587

0.764680
0.999872
0.000214
0.014467

k
n
R2
χ2
RMSE

0.012393

0.019451

0.027526

0.024840

0.822354
0.999955
0.000193
0.013875

0.753405
0.999925
0.168061
0.012776

0.782393
0.999862
0.000185
0.013587

0.764680
0.999872
0.000214
0.014467

Midilli et al.

a
k
n
b
R2
χ2
RMSE

0.996902
0.026569
0.825428
0
0.999955
0.000192
0.013869

1.042871
0.060933
0.722665
0
0.999937
0.000137
0.011709

1.033714
0.066588
0.765659
0.000014
0.999880
0.000160
0.012653

1.042869
0.069677
0.734077
0
0.999889
0.000188
0.013438

Aghbashlo et al.

k1
k2
R2
χ2
RMSE

0.014328

0.023987

0.033170

0.030480

0.001690
0.999898
0.000438
0.020921

0.003810
0.999874
0.000274
0.016550

0.004684
0.999898
0.000137
0.011695

0.004677
0.999882
0.000196
0.013856

a
b
k0
k1
R2
χ2
RMSE

0.234490

0.452769

0.438225

0.438225

0.774426
0.056530
0.009214
0.999973
0.000115
0.010743

0.569200
0.054480
0.010804
0.999980
0.000044
0.006661

0.569048
0.013721
0.052188
0.999950
0.000067
0.008185

0.569048
0.013721
0.052188
0.999950
0.000070
0.008185

a
k
g
R2
χ2
RMSE

0.772671
0.009204
0.053961
0.999973
0.000117
0.010806

0.557785
0.010692
0.050347
0.999976
0.000052
0.007232

0.569421
0.050838
0.013613
0.999949
0.000068
0.008246

0.535075
0.050653
0.012420
0.999958
0.000071
0.008317

Model

Page Modified

Two terms

Verma et al.
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described the drying curves throughout the drying
process well, as they had high values of R2 and low
values of χ2 and RMSE. Table 4 shows that R2 values
were all greater than 0.999. RMSE values were all
lower than 0.03. The highest R2 and lowest RMSE
and χ2 were observed for the two-term model.
Figure 5 shows how the predicted MR fitted the
experimental MR using the two-term model. The
closer the points are to the 45° line, the better the
agreement. The residuals are greater for higher moisture ratios. Although the accuracy was always good,
the fit for 80 °C and the diameter between 1.40 and
2.00 mm was not so good as in the other conditions,
for the residuals are not symmetrically distributed,
which means there is a pattern not predicted by the
model.

Figure 5. Comparison of experimental and predicted moisture
ratios using the two-term model.

CONCLUSION
In this study, the drying characteristics of monoammonium phosphate fertilizer were investigated.
The findings indicated that the drying process took
place in the falling rate period. Temperature significantly influenced the drying rate, whereas particle size
showed no influence. A moisture ratio reduction of
90% was obtained twice as fast at 95 °C than at 80
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°C. All empirical models used showed good fit to the
experimental results, with R2 values higher than
0.999. The lowest RMSE and χ2 values were observed using the two-term model: 0.006661 and
0.000044, respectively.
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KINETIKA SUŠENJA MONOAMMONIJUM
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NAUČNI RAD

Priroda sušenja monoamonijum-fosfatnog đubriva ispitana je u sušari sa za statičku
ladicu, uspostavljajući kinetičke parametre koji se mogu koristiti za poboljšanje dizajna
sušara. Temperature sušenja su bile od 80 do 95 °C, a brzina strujanja vazduha bila je
0,50 m/s. Materijal je prethodno bio odvojen u dve frakcije prema veličini čestica (srednji
prečnik) između 1,40 do 2,38 mm. Krive sušenja su analizirane kvalitativno i proverena
su sedam empirijskih kinetičkih modela sušenja u tankom sloju. Pokazano je da kinetika
sušenja zavisi od temperature: smanjenje odnosa vlage od 90% postignuto je dvostruko
brže na 95 nego na 80 °C. Sa druge strane, veličina čestica nije imala značajan uticaj
na brzinu sušenja. Rezultati pokazuju smanjenje brzine sušenja tokom celog procesa.
Svi analizirani modeli dobro su prilagođeni eksperimentalnim podacima: sve R² vrednosti su bile iznad 0,999. Dvodimenzionalni model je generisao najniže vrednosti RMSE
i χ2.
Ključne reči: sušenje, kinetika sušenja, modelovanje sušenja.
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A METHOD FOR DYEING POLYESTER
FIBRES WITH QUINONE DERIVATIVES
AND EVALUATION OF THEIR ANTIOXIDANT
ACTIVITY
Article Highlights
• Ten S,S-disubstituted-1,4-naphthoquinone compounds were synthesized
• The compounds were applied to polyester fibers and their dyeing properties were
investigated
• The staining and rubbing fastnesses of the dyeing were found to be “5”
• The dyes were screened for their antioxidant capacity using the CUPRAC method
Abstract

In this study, a series of bis(thio)substituted-1,4-naphthoquinone compounds
(4a-j) were synthesized via Michael addition reaction and their structures were
determined by infrared spectrometry, 1H and 13C nuclear magnetic resonance
spectroscopy, mass spectrometry and elemental analysis. The synthesized
substances were applied to polyester fibers and the dyeing properties were
investigated. The rubbing fastness, wash fastness and optical properties of
synthesized compounds were also studied. The color change and staining test
results were found to be “4” to “4-5” for the most of the dyed samples. There is
only a small number of previous studies interested with dyeing properties of
synthetic derivatives of heteroatom-substituted-1,4-naphthoquinone compounds
in existing literature. The synthesized dyes were screened for their antioxidant
activity, using the CUPRAC method against trolox (TR) as the standard reference compound at room temperature. The aims of this study were the synthesis of the quinone compounds, the investigation of the capability of dyeing
polyester fibers and the evaluation of their antioxidant capacity, using the
CUPRAC method. The dyed polyester fibers are promising candidates for biologically active fabrics to be used in various ways. We were encouraged to do
this study in order to determine the dying properties and antioxidant activities of
the quinone compounds.
Keywords: 1,4-naphthoquinone dyes, disperse dyestuffs, dyeing,
CUPRAC antioxidant assay.

Some of the pigments related to 1,4-naphthoquinone are found naturally in plant structures such
as henna, walnut shells, taiga or lapachol wood, red
sanders wood and barwood, and were used as col-
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orants in the past [1]. These dyes produce orange,
red, or reddish-brown shades like anthraquinone
dyes. The advantage of the naphthoquinone dyes is
their strong and stable coloring ability [2,3], so they
are extensively used in the cosmetics industry in the
production of cosmetic dyes, especially hair dyes [4].
Synthetic naphthoquinone dyes are mainly
derived from 2,3-dichloro-1,4-naphthoquinone, due to
its availability, inexpensiveness and high chemical
reactivity. Certain types of these dyes are used as
colorants in many areas. For example, mono- and di-(thio) substituted naphthoquinone dyes, which con-
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tain a naphthoquinone group as a chromophore and
sulphur atoms and carbonyl fragments as donor and
acceptor groups, are all-purpose coloring dyes and
they can provide a full range of colors [5]. Fluoro- and
trifluoromethylphenylamino substituted naphthaquinones have been used for coloring wool and polyester.
Heterocyclic naphthoquinone derivatives have been
gaining importance in the manufacturing of dyes and
pigments because of their substantivity to cellulosic
and hydrophobic fibers [1].
In addition, heterocyclic compounds bearing 1,4-naphthoquinones have long been the focus of synthetic chemistry due to their broad spectrum of application in the field of biological, pharmaceutical, and
material sciences [6]. The naphthoquinone scaffold
was an important pharmacophore found in a large
number of biologically active compounds [7]. N-, S-,
O-substituted-1,4-naphthoquinones are also reported
to have good biological properties [8].
Antioxidant activity/capacity is an important
parameter used to analyze the free radical scavenging activity of several compounds. This activity is
related to compounds which are effective in preserving a biological system against the possible destructive effects of oxidative processes. In addition, it is
necessary that the range of novel biological active
dyes is increased for the textile industry. In our previous study of new naphthoquinone derivatives, we
have found that the synthesized S,S- and S,O-substituted 1,4-naphthoquinones exhibited good antioxidant activity [9] and strong color shades [10].
These encouraging results prompted us to extend the
study on other S,S-substituted-1,4-naphthoquinones
derivatives.
In this study, 2,3-substituted-1,4-naphthoquinone dyes synthesized from 2,3-dichloro-1,4-naphthoquinone and aliphatic thiols were used for dyeing
polyester fibers and screened for their antioxidant
capacity using the CUPRAC antioxidant assay. The
synthesis and the spectral properties of these compounds were reported in our previous studies [11,12].
In this work, the properties of dyeing polyester fibers
and the coloristic properties of the dyed materials
were investigated. The synthesis of N,O-, N,S-substituted-1,4-naphthoquinone compounds and their
application in dyeing polyester fabrics have been
recently studied [10]. However, there is no published
information regarding dyeing polyester fiber with S,Sdisubstituted-1,4-naphthoquinone dyes. The synthesized compounds 4a–j were screened for their antioxidant activity using the CUPRAC method [13]
against trolox (TR) as the standard reference compound, at room temperature.
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EXPERIMENTAL
Materials
A series of thio-substituted naphthoquinone
dyes were used in dyeing of 100% woven polyester
fabric (82 g/m2). The preparation method and the
chemical structure of these dyes are given in this
section. All chemicals and solvents were obtained
commercially and used without purification. An ethoxylated dispersing agent (Setalan DFT) was added to
each dyebath. The following chemicals, used for antioxidant capacity measurement, were supplied from
their corresponding sources: copper(II) chloride
(CuCl2) and ammonium acetate (NH4Ac) from Merck
Chemicals (Darmstadt, Germany); neocuproine (Nc)
from Sigma Aldrich Chemicals (Steinheim, Germany).
Preparation of thio-naphthoquinone dyes
Naphthoquinone dyes 4a-j were synthesized
from the reaction of 1,4-naphthoquinone (1) with alkyl
thiols (2 and 3) following the previously reported procedures [11] and confirmed by melting point determination, elemental analysis and IR spectroscopy in
comparison with published data [11,12]. Products
were isolated by column chromatography on SiO2
(Fluka Kieselgel 60, particle size 63–200 μm). TLC
plates: silica 60F254 (Merck, Darmstadt), detection
with ultraviolet light (254 nm). The melting point was
measured on a Büchi B-540 melting point apparatus.
Elemental analysis was performed with a Thermo
Finnigan Flash EA 1112 elemental analyzer. Infrared
(IR) spectra were recorded in KBr pellets in Nujol
mulls on a Perkin Elmer Precisely Spectrum One
FTIR spectrometer.
Equimolar amounts of 2,3-dichloro-1,4-naphthoquinone (1) and S-nucleophile compounds (2 and 3)
in abs. ethanol (50 mL) were stirred at room temperature. The color of the solution quickly changed and
the extent of the reaction was monitored by TLC and
then chloroform (30 mL) was added to the reaction
mixture. Subsequently, the organic layer was separated, washed with water (4×30 mL) and dried with
sodium sulphate (Na2SO4). The resulting solution was
concentrated in vacuo and the residue was subjected
to column chromatography on silica gel using a suitable solvent. The structures of the synthesized (thio)-substituted naphthoquinone dyes 4a-j are shown in
Scheme 1.
4a: m.p. 85-86 °C. C46H78O2S2: Calculated (%):
C, 75.97; H, 10.81; S 8.81; Found (%): C, 74.92; H,
10.67; S, 8.45. IR (KBr), ν / cm-1: 2850, 2919 (C-H);
1656 (C=O); 1590 (C=C).
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Scheme 1. The structures of the synthesized bis(thio)substituted quinone derivatives (4a-j).

4b: m.p. 84-85 °C. C42H70O2S2: Calculated (%):
C 75.16, H 10.51, S 9.55; Found C 75.02, H 10.51, S
9.08. IR (KBr), ν / cm-1: 2918, 2851 (C-H), 1656
(C=O), 1590 (C=C).
4c: m.p. 59-60 °C. C44H74O2S2: Calculated (%):
C, 75.58; H, 10.66; S, 9.17; Found (%): C, 75.62; H,
10.33; S, 8.62. IR (KBr), ν / cm-1: 2848, 2915 (C-H);
1666 (C=O); 1589 (C=C).
4d: m.p. 82-83 °C. C28H42O2S2: Calculated (%):
C 70.83, H 8.92, S 13.50; Found C 71.73, H 8.65, S
14.80. IR (KBr), ν / cm-1: 2950, 2917, 2850 (C-H),
1654 (C=O), 1589 (C=C).
4e: m.p. 83-84 °C. C30H46O2S2: Calculated (%):
C, 71.66; H, 9.22; S 12.75; Found (%): C, 71.79; H,
8.78; S, 12.83. IR (KBr), ν / cm-1: 2850, 2917, 2950
(C-H); 1653 (C=O); 1589 (C=C).
4f: m.p. 48-49 °C. C30H46O2S2: Calculated (%): C
71.66, H 9.22; Found C 71.67, H 9.45. IR (KBr), ν /
cm-1: 2954, 2919, 2850 (C-H), 1662 (C=O), 1591
(C=C).
4g: m.p. 58-59 °C. C32H50O2S2: Calculated (%):
C, 72.40; H, 9.49; Found (%): C, 72.02; H, 9.49. IR
(KBr), ν / cm-1: 2848, 2922, 2954 (C-H); 1666 (C=O);
1591 (C=C).
4h: m.p. 64-65 °C. C31H48O2S2: Calculated (%):
C 72.04, H 9.36, S 12.40; Found (%): C 72.31, H
9.34, S 11.58. IR (KBr), ν / cm-1: 2950, 2917, 2850
(C-H), 1656 (C=O), 1590 (C=C).
4i: m.p. 66-67 °C. C30H46O2S2: Calculated (%): C
71.66, H 9.22; Found (%): C 71.87, H 8.97. IR (KBr),
ν / cm-1: 2950, 2917, 2850 (C-H), 1655 (C=O), 1590
(C=C).
4j: m.p. 68-69 °C. C29H44O2S2: Calculated (%): C
71.26, H 9.07; Found (%): C 71.55, H 9.35. IR (KBr),
ν / cm-1: 2976, 2950 (C-H), 1655 (C=O), 1590 (C=C).

ing machine (Roaches) using a liquor ratio of 40:1. 1
g/L dispersing agent was added to each dyebath. The
dyeing was initiated at 30 °C with pH 4.0-4.5. Acetic
acid was used to adjust the pH of the dyebath. After
10 minutes, the temperature was raised to 130 °C at a
heating rate of 3 °C/min and the dyeing was carried
out at 130 °C for 30 min. The dyebath was then
cooled down at a cooling rate of 2 °C/min. The
samples were taken out from the dyeing tubes and
given a reduction washing with 2 g/L sodium dithionite, 2 g/L NaOH (38°Be) and 2 g/L dispersing agent
at 75 °C for 25 min. Then, the samples were washed
in hot water and rinsed with cold water.

Dyeing

Cupric reducing antioxidant capacity (CUPRAC)
assay

5 g fabric samples were dyed with 0.4% o.m.f.
(% on mass of fibre) of each dye. The exhaust dyeing
process was carried out in a laboratory scale HT dye-

Color measurement
The reflectance values of the undyed, dyed and
reduction cleared samples were measured using a
Datacolor SF 600+ spectrophotometer. The CIELab
values were calculated using Illuminant D65 and 10°
Standard Observer values by Datamatch 3.2 software. The specular component included (SCI) mode
and a large area view (LAV) 30 mm diameter measurement plate were used in the measurements. The
color strength values of the reduction cleared
samples were calculated at the wavelengths of maximum absorption in accordance with Equation 1.

K (1 − R )
=
S
2R

2

(1)

where K and S are absorption and scattering
coefficients at the wavelength of maximum
absorbance of the dyed material, respectively, and R
is reflectance value of the dyed material at the wavelength of maximum absorption in a decimal way
(20%R = 0.20R)

The CUPRAC method, as described by Apak et
al. [13] is based on the reduction of a cupric neocup-
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roine complex (Cu(II)-Nc), using antioxidants, to the
yellow-orange colored cuprous chelate (Cu(I)-Nc). 1
mL of 10 mM CuCl2.2H2O, 1 mL of 7.5 mM Nc, 1 mL
of 1.0 M pH 7 NH4Ac buffer solution and x mL of the
sample solution (1 mM) and (1.1-x) mL DMSO were
added into a test tube, respectively. The mixture with
a total volume of 4.1 mL was incubated for 30 min,
and the absorbance at 450 nm was recorded against
a reagent blank using a Perkin Elmer Lambda 35 UV–
-Vis spectrophotometer using a pair of matched
quartz cuvettes of 1 cm thickness. The calibration
curves (absorbance vs. concentration graphs) of each
compound were constructed under the described conditions, and their trolox equivalent antioxidant capacities (TEAC coefficients) were calculated. All determinations were carried out at least three times and
in triplicate at each separate concentration of the
compounds in order to generate consistent data with
statistical errors.
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RESULTS AND DISCUSSIONS
A series of S,S-substituted-1,4-naphthoquinones 4a-j were synthesized from the reactions of 2,3-dichloro-1,4-naphthoquinone 1 with different thiols (2
and 3) for the investigation of their dyeing capability of
polyester fiber and the evaluation of their antioxidant
capacity. The color analysis of the dyed samples
gave information on the change in color attributed by
each substituent attached to the compound, as shown
in Scheme 1. The reflectance curves and the K/S
graphs of the reduction cleared dyeing are given in
Figures 1 and 2, respectively. The dye concentration
used for each dyeing was low, so that the low K/S
values and the pale shade dyeing were achieved. The
CIELab and tristimulus values of the dyed and reduction cleared samples are summarized in Table 1.
K/S values at λmax of the dyed and reduction
cleared samples were given in Table 2. Among the
dyed samples, three groups appear at three different

100.0
95.0
90.0

% Reflectance

85.0
80.0
75.0
70.0

4a

4b

4c

65.0

4d

4e

4f

60.0

4g

4h

4i

55.0

4j

50.0
45.0
400

450

500

550

600

650

700

Wavelength (nm)

Figure 1. Spectral curves of the dyed and reduction cleared materials.
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Figure 2. Wavelengths vs. K/S values of the dyed and reduction cleared materials.
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Table 1. CIELab and tristimulus values of the dyed and reduction cleared samples
Dye ID
4a
4b
4c
4d
4e
4f
4g
4h
4i
4j

CIELab Values

Sample

Tristimulus values

L*

a*

b*

C*

h°

X

Y

Z

Blank Dyeing

95.27

1.42

0.65

1.56

24.47

84.43

88.26

93.75
88.33

Dyed

94.12

2.13

2.42

3.22

48.59

82.20

85.54

Reduction cleared

95.03

1.94

3.05

3.62

57.51

84.16

87.70

89.68

Dyed

92.95

3.41

2.70

4.35

38.35

80.28

82.86

85.13

Reduction cleared

93.04

3.97

2.98

4.96

36.93

80.77

83.07

84.96
77.71

Dyed

92.14

1.99

6.85

7.13

73.77

77.81

81.03

Reduction cleared

93.18

2.11

5.46

5.86

68.86

80.13

83.39

81.91

Dyed

87.75

12.07

13.59

18.18

48.38

73.48

71.55

60.57

Reduction cleared

86.90

12.68

14.50

19.26

48.82

72.02

69.80

58.0
54.63

Dyed

85.83

13.16

15.87

20.62

50.33

70.09

67.65

Reduction cleared

85.71

14.05

16.44

21.63

49.48

70.26

67.41

53.84

Dyed

87.63

8.09

17.77

19.52

65.52

71.35

71.31

55.88

Reduction cleared

88.07

8.68

18.70

20.62

65.10

72.51

72.20

55.69
60.43

Dyed

89.14

7.14

16.11

17.62

66.09

73.98

74.46

Reduction cleared

88.59

7.29

16.43

17.97

66.07

72.92

73.29

59.05

Dyed

86.61

12.95

14.83

19.69

48.88

71.55

69.21

57.10

Reduction cleared

86.32

12.96

14.66

19.57

48.52

70.98

68.63

56.77
56.27

Dyed

86.40

12.09

15.28

19.48

51.65

70.73

68.79

Reduction cleared

86.36

12.92

15.98

20.55

51.04

71.03

68.70

55.45

Dyed

84.97

15.27

18.67

24.12

50.72

69.34

65.95

50.35

Reduction cleared

85.84

14.49

16.52

21.97

48.75

70.71

67.66

53.98

Table 2. K/S values at λmax of the dyed and reduction cleared samples
Dye

R

1

2

R

Molecular mass of dye, g/mol

K /S

λmax / nm

699.21

0.0545

400

4c

-(CH2)17-CH3

-(CH2)15-CH3

4b

-(CH2)15-CH3

-(CH2)15-CH3

671.15

0.0544

4a

-(CH2)17-CH3

-(CH2)17-CH3

727.20

0.0405

4f

-(CH2)15-CH3

-C(CH3)3

502.80

0.2382

4g

-(CH2)17-CH3

-C(CH3)3

530.88

0.1959

4e

-(CH2)17-CH3

-CH2-CH3

502.82

0.2853

4j

-(CH2)15-CH3

-(CH2)2-CH3

488.30

0.2777

4i

-(CH2)15-CH3

-(CH2)3-CH3

502.82

0.2558

4h

-(CH2)15-CH3

-(CH2)4-CH3

516.85

0.2416

4d

-(CH2)15-CH3

-CH2-CH3

474.7

0.2217

λmax, namely 400, 450 and 480 nm. The samples 4a–c
had a maximum absorbance wavelength of 400 nm
and they have two substituents with long linear chains
and high molecular weights. As expected, they gave
dyeing with low chroma C* values (5.86, 4.96 and
3.62). The samples 4f and g had a maximum absorbance wavelength at 450 nm. The chroma C*
values of these samples were 20.62 and 17.97, respectively. These dyes have two substituents with a
linear long chain and a branched short chain. In terms
of the chroma C* and K/S values, better dyeing was

450
480

obtained in the following order: 4e (21.63) > 4j (21.97)
> 4i (20.55) > 4h (19.57) > 4d (19.26).
The colour coordinates of the samples are given
in Table 1 and in Figure 3. An increase in (+a*)
means the colour is getting reddish and an increase
in (-a*) means the colour is getting greenish. Also, an
increase in (+b*) means the colour is getting yellowish, and an increase in (-b*) the colour is getting
blueish. As shown in Figure 3, the colors of the dyeing
were divided into three groups. The actual shades
obtained with these dyes were pale pink in color. The
first group is the substituted dyes with two long linear
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Figure 3. CIELab a* b* diagram of bis(thio)naphthoquinone dyes and reduction cleared samples.

chains. These gave less reddish and less yellowish
shades than the other dyes. The dyes in the second
group have substituents with one long chain and one
short branched chain. These gave less reddish
shades than the third group but more reddish-yellowish shades than the first group. The third and the
largest group among these dyes are those substituted
with one long and one short linear chain. These are
the most reddish and yellowish in shade.
The total color differences and the hue differences between the dyeings, were calculated in
accordance with CIELab 1976 formulas given in Eqs.
(2) and (3):

ΔE * =

(ΔL *)2 + (Δa *)2 + (Δb *)2

(2)

ΔH * =

(ΔE *)2 − (ΔL *)2 − (ΔC *)2

(3)

where ΔL*, Δa*, Δb* and ΔC* are differences between
the color coordinates of the batch, and the standard.
ΔE* and ΔH* are the total color difference and the hue
difference between the batch and the standard, respectively.
If the total color differences (ΔE*) between the
colors of these groups are calculated, the color
difference, ΔE*(4a,4f), between 4a (batch) and 4f (standard) is 18.4, which is above the tolerance level. This
is due to the high chroma differences between the two
colors. However, the hue difference, ΔH*(4a,4f) is 1.05,
which indicates that there is a slight hue difference
between these colors. Between 4j (batch) and 4a
(standard) colors, ΔE*(4j,4a) is 20.57, and it is a very big
color difference. However, there is only a slight increase in the hue difference, ΔH*(4j,4a), which is 1.39.
An extreme hue difference was found between 4g
(batch) and 4j (standard) colors, where ΔE*(4g,4j) is
7.71, but the hue difference, ΔH/*(4g,4j) is 5.99. This is a
significant hue difference, and the sign of ΔH*(4g,4j) is
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positive, which indicates that the shade becomes
yellowish.
The wash fastness test of the dyed fabrics was
determined using James Heal GyroWash equipment
in accordance with BS EN ISO 105-C06 standard
(Table 3) [14]. The “dry” and “wet” rubbing fastness
test was carried out using a James Heal crockmeter
in accordance with BS EN ISO 105-X12 standard and
the results were very good [15]. The light fastness test
was carried out in a James H. Heal Microsol light
fastness tester by exposing the dyed samples and the
blue scale fabrics to 250 W UV light bulb at 40 °C for
40 h. The washing and rubbing color fastness test
results for the reduction cleared samples are given in
Table 4. The samples did not stain the multifibre at all
and the results for all of the samples were found to be
“5”, in accordance with the gray scale for staining.
However, the color changes were found to be “4” to
“4-5” for most of the dyed samples, except for the
sample 4j, which was “3-4”. The light fastnesses of
these dyes were not good and were found to be “1” in
the blue scale rating.
The synthesized compounds 4a-j were
assessed for their antioxidant capacity using the
CUPRAC methods [13] against trolox as the standard
reference compound at room temperature. The linear
calibration equations of these compounds (as absorbance in a 1 cm cell vs. molar concentration) gave
the molar absorption coefficient as the slope. The
molar absorptivity of the tested antioxidant compound
divided by that of trolox, under the same conditions,
gave the TEAC or TEAC coefficient (unitless) of that
compound tested for antioxidant power (Table 4).
Actually, this corresponds to the number of trolox
equivalents given by a compound in reducing antioxidant capacity assays. Among the synthesized
dyes, 4g showed the maximum antioxidant capacity,
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Table 3. Washing and rubbing fastness test results of the reduction cleared samples; Ac: cellulose acetate; Co: cotton; PA: polyamide;
PES: polyester; PAN: acrylic; Wo: wool
Washing fastness
Dye ID

Colour change

Rubbing fastness

Staining
Ac

Co

PA

PES

PAN

Wo

Dry

Wet

5

5

5

5

5

5

5

5

4a

4-5

4b

4-5

5

5

5

5

5

5

5

5

4c

4

5

5

5

5

5

5

5

5

4d

4

5

5

5

5

5

5

5

5

4e

4

5

5

5

5

5

5

5

5

4f

4

5

5

5

5

5

5

5

5

4g

4

5

5

5

5

5

5

5

5

4h

4

5

5

5

5

5

5

5

5

4i

4-5

5

5

5

5

5

5

5

5

4j

3-4

5

5

5

5

5

5

5

5

Table 4. Calibration equations of synthesized compounds, linear ranges and TEAC coefficients; TEACcompound = εcompound / εTR (TR: trolox);
εTR = 1.59×104 L mol -1cm -1 (in DMSO)
Compound

-1

Calibration equation

Correlation coefficient (r)

CUPRAC-TEAC

-5

Working range, mol L

4a

2.20×10 -1.17×10

-4

y = 4836x + 0.014

0.9932

0.304

4b

1.96×10 -1.21×10

-5

-4

y = 4221x + 0.027

0.9960

0.266

4c

2.26×10 -1.20×10

-5

-4

y = 4426x + 0.020

0.9841

0.278

4d

2.18×10 -1.18×10

-5

-4

y = 4672x + 0.008

0.9890

0.294

-5

4e

3.26×10 -1.53×10

-4

y = 3648x – 0.001

0.9789

0.230

4f

2.55×10 -1.19×10

-5

-4

y = 5246x – 0.014

0.9918

0.330

4g

2.74×10 -1.28×10

-5

-4

y = 7377x – 0.082

0.9816

0.464

4h

2.72×10 -1.25×10

-5

-4

y = 3566x – 0.017

0.9944

0.224

4i

-5

2.47×10 -1.23×10

-4

y = 5697x – 0.031

0.9994

0.328

4j

2.58×10 -1.27×10

-5

-4

y = 4426x + 0.006

0.9868

0.278

and the CUPRAC-TEAC coefficients (in parentheses)
decreased in the following order: 4g (0.464) > 4f
(0.330) > 4i (0.328) > 4a (0.304) > 4d (0.294) > 4c,4j
(0.278) > 4b (0.266) > 4e (0.230) > 4h (0.224). Dyes
4g and 4f showed the highest antioxidant potential,
possibly due to their structures with tert-butylthio
groups (moiety). Seemingly, Prochaska et al. (1985)
found that tert-butylhydroquinone was the most active
chemoprotective (cancer protective) enzyme inducer
[16]. Laguerre et al. (2009) have also reported that
antioxidant activity increases as the alkyl chain is
lengthened [17].
CONCLUSIONS
In this study, ten thio-substituted naphthaquinone dyes were synthesized 4a–j, applied to polyester
fabric and their antioxidant capacity using the
CUPRAC method was evaluated. The dyeing, coloristic and fastness properties of the dyeings to washing, rubbing and light were investigated. The results

obtained from washing and rubbing fastness processes of the dyeings were good. Due to their high
molecular weight, the penetration of the substituted
dyes with two long chain groups gave the worst dyeing. However, the thio-substituted dyes with a short
and non-branched chains gave slightly better dyeing.
According to the evaluation of antioxidant capacity
results, dyes 4g and 4f showed the highest antioxidant potential, possibly due to their structures with
tert-butylthio groups [17]. Antioxidant activity increases as the alkyl chain is lengthened. These dyes
are believed to potentiate the development of some
new multi-purpose antioxidants with enhanced antioxidant activity.
In conclusion, the synthesis of active derivatives
which are produced through simple procedures
should be of increasing interest, as these derivatives
have a potential for future applications due to their
dyeing properties and the colored polyester fibers
could be applied as biologically active fabrics and
used in various ways.
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BOJENJE POLIESTARSKIH VLAKNA POMOĆU
HINONSKIH DERIVATA I ODREĐIVANJE NJIHOVE
ANTIOKSIDATIVNE SPOSOBNOSTI
U ovom radu je prikazana sinteza bis(tio)-supstituisanih 1,4-naftohinonskih jedinjenja
(4a-j) Michael adicijom. Struktura sintetisanih jedinjenja je određena pomođu IR, 1H- i
13
C-NMR spektroskopije, masene spektrometrijom i elementarne mikroanalize. Sintetisana jedinjenja su naneta na poliesterska vlakna pa su proučavane njihove karakteristike kao boja. Takođe, proučavana je njihova postojanost na trljanje, brzina ispiranja i
optička svojstva. Promena boje i test bojenja pokazali su za većinu obojenih uzoraka
vrednosti "4" i "4-5". Mali broj ranijih istraživanja se bavio bojenjem pomoću sintetičkih
derivata heteroatom-supstituisanih-1,4-naftohinonskih jedinjenja. Antioksidativna aktivnost sintetisanih boja je, takođe, testirana pomoću CUPRAC metode, korišćenjem troloksa kao standarda na sobnoj temperaturi. Cilj ovog rada bila je sinteza hinonskih jedinjenja, njihovo testiranje kao boja za poliesterska vlakna i određivanje njihove antioksidativne aktivnosti korišćenjem CUPRAC metodom. Obojena poliesterska vlakna predstavljaju obećavajuća biološki aktivna vlakna raznovrsne primene.
Ključne reči: 1,4-naftohinonske boje, disperzne boje, bojenje, antioksidativna
metoda CUPRAS.
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