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PRODUCTION OF L-LACTIC ACID FROM
CASSAVA PEEL WASTES USING SINGLE
AND MIXED CULTURES OF Rhizopus
oligosporus AND Lactobacillus plantarum
Article Highlights
• Production of reducing sugar from Cassava peels was highest when acid was used to
hydrolyze the peels
• Lactic acid production was highest in acid hydrolyzed peels than in alkali hydrolysate
• Mixed cultures produced the best lactic acid yield than single cultures in both acid and
alkali hydrolysate
Abstract

Production of L-lactic acid using cultures of Rhizopus oligosporus and Lactobacillus plantarum was investigated. Cassava peels were hydrolyzed by boiling
for 1 h in either NaOH or HCl solutions followed by neutralization to a pH of
6.2. Reducing sugar produced from the hydrolysates increased with increasing
concentrations of alkali or acid. Samples hydrolyzed with HCl produced a maximum reducing sugar concentration of 402 mg/g substrate while alkali hydrolyzed samples produced a maximum reducing sugar concentration of 213 mg/g
substrate. Hydrolysates were amended with 0.5% ammonium sulphate solution and inoculated with either single or mixed cultures of R. oligosporus and L.
plantarum and incubated for 48 h for lactic acid production. The best lactic acid
production of 50.2 g/100 g substrate was observed in a mixed culture fermentation of acid hydrolyzed peels. Mixed culture fermentation of alkali hydrolyzed
peels produced a maximum lactic acid concentration of 36.4 g/100g substrate.
Unhydrolyzed Cassava peels inoculated with a mixed culture of the microorganisms produced only 4.6 g/100g substrate. This work reports an efficient use
of cassava peels for bio-product formation through microbial fermentation.
Keywords: Cassava peels, Rhizopus oligosporus, Lactobacillus plantarum, hydrolysis methods.

Lactic acid (CH3CHOHCOOH) is among the
most widely utilized organic acids in the food, pharmaceutical, cosmetics and chemical industries. Its production is currently attracting a great deal of research
and development. Microbial fermentation of starch
and sugar is an important method for lactic acid production. The cost of raw materials such as sugar or
starch may hinder commercial production of lactic
acid [1]. Utilization of cheap agricultural substrates
and wastes in bioprocess provide a cheaper alternative for lactic acid production. Lactic acid has been
produced from renewable cheap substrates in the
Correspondence: E-mail: ogb883@yahoo.com
Paper received: 25 March, 2013
Paper revised: 4 June, 2013
Paper accepted: 22 July, 2013

form of agricultural wastes such as: corn starch [2],
date juice extract [3], alfalfa fiber [4], potato waste [5],
wheat bran [6], cassava residue [7] and barley starch
[8]. Previous studies have exploited the production of
lactic acid from lignocellulose substrates by Rhizopus
species. Wood was hydrolyzed with 0.5% (w/V) sulphuric acid followed by steam explosion with a steam
gun before fermentation with Rhizopus oryzae NRRL
395 [9]. Park et al. [10] used the same strain to investigate lactic acid production from waste office
paper, which was hydrolyzed by the addition of Acremonium cellulose prior to fermentation. Corn cobs,
which are rich in cellulose and hemicellulose, were
used to produce lactic acid by Rhizopus oryzae NRRL
395 [11] and Rhizopus sp MK–96–1196 [12] after pretreatment with 0.1 M NaOH solution.
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The widely used substrates for lactic acid production are refined sugars, which are expensive [13].
Polysaccharides such as starch or cellulose can be
utilized to reduce the cost of lactic acid production but
it is necessary that they are pretreated to release fermentable carbohydrates. The use of mild acid or alkali hydrolysis of cellulose materials prior to microbial
fermentation has been reported by many researchers
[14,15].
Cassava tubers are normally peeled and the
peels are discarded and often contribute to environmental pollution. Cassava peels make up to 10% of
the wet weight of the roots and therefore constitute an
important potential resource if properly processed in a
bio-system [16]. Cassava peels and cassava powder
have been used to produce lactic acid [17]. Cassava
tubers are rich in starch while cassava peels contain
high amounts of cellulose [18].
Nitrogen sources have been added into the fermentation media for lactic acid production from agricultural products [2]. In an economic analysis of the
use of nitrogen sources for lactic acid production, the
largest contributors were found to be yeast extract
and peptone accounting to a very high cost of the production media [19]. There is need for investigation of
the possibility of replacing yeast extract and peptone
with cheaper nitrogen sources.
Rhizopus species are important microorganisms
that metabolize carbohydrate substrates to L-lactic
acid [20]. Lactobacilli have been used for L-lactic acid
production from cellulose materials [6,21]. This work
reports the fermentative production of L-lactic acid
from hydrolyzed cassava peels using microorganisms.

Isolation of microorganisms

MATERIALS AND METHODS

Analyses

Collection of Cassava tuber samples
Cassava tubers (TMS 0581) were collected from
the International Institute of Tropical Agriculture (IITA)
Ibadan, Nigeria. About 2 kg of the peels were dried in
an oven at 105 °C for 24 h, after which it was ground
with a grater (Corona Mill, Mendellin, Columbia) to a
size of approximately 0.5 mm. Samples (100 g each)
contained in conical flasks were hydrolyzed with
either 400 ml of 0.5% HCl or 400 ml of 0.5% NaOH by
boiling in a thermostatic water bath (Kotterman, Bremen, Germany). The pH of the slurry was adjusted to
6.2 with either sterile lactic acid for alkali hydrolysate
or NaOH for acid hydrolysate. Hydrolyzed samples
were loaded into sterile conical flasks and amended
with 20 ml of 0.5% ammonium sulphate solution.
Unhydrolyzed samples were separately prepared.
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About 10 g of decomposing cassava peels were
collected from a refuse dump near a cassava processing mill. The sample was ground with a pestle and
mortar containing 5 ml of sterile distilled water. Serially diluted samples were plated in three replicates on
MRS agar (Oxoid, UK) for the isolation of lactic acid
bacteria or on potato dextrose agar (Oxoid, UK) containing 0.1% chloramphenicol for the isolation of
fungi. Plating was done in triplicates. Lactobacillus
plantarum and Rhizopus oligosporus gave the highest
counts and were selected and identified. Identification
of L. plantarum was done using the taxonomic schemes given in Bergey’s Manual of Determinative Bacteriology [22]. The carbohydrate fermentation patterns
of the bacterium were determined by using API 50
CHL test kit. Bio Merieux online software (www.apiweb.biomerieux.com) was used to identify the isolate.
R. oligosporus was identified based on the taxonomic
schemes described by Pitt and Hocking [23].
Each conical flask containing the hydrolysates
and the control was either inoculated with 20 ml each
of 107 colony forming units (CFU)/ml of L. plantarum
or 20 ml each of 107 spores/mL of R. oligosporus.
Mixed culture media contained 10 ml of 107 spores/ml
of R. oligosporus and 10 ml of 107 cfu/ml of L.
plantarum. A control treatment containing unhydrolyzed Cassava peels was separately inoculated. The
peels were incubated under static condition at room
temperature (28±2 °C). After 48 h incubation, the contents in each flask was filtered with a Muslin cloth and
re-filtered with Whatman No. 1 filter. The filtrate was
tested for lactic acid.

The pH was determined using a glass electrode
pH meter (PYE Unicam, England). Reducing sugar
concentrations were determined by the dinitrosalicylic
acid (DNS) method of Miller [24] using 50–200 µg glucose as the standard. Lactic acid was converted to
acetaldehyde by heating with 0.8 M H2SO4 and colour
was developed by treatment in the acid solution with
p-hydroxydiphenyl in the presence of 20% CuSO4⋅5H2O.
Lactic acid concentration was estimated according to
the colorimetric method of Barker and Summerson
[25]. Stereospecificity of lactic acid was determined
using D- and L-lactate assay kit from Megazyme International, Ireland.
RESULTS AND DISCUSSION
The hydrolysis methods produced different reducing sugar concentrations as these sugars are used
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by microorganisms for lactic acid production. Maximum reducing sugar yields increased with acid or
alkali strengths. Results in Table 1 shows reducing
sugar yields in the range of 89 to 402 mg/g substrate
were obtained with acid strengths in the range of 0.1–
–1%, whereas a concentration range of 42–242 mg/g
substrate was produced with 0.1–1% NaOH. Acid hydrolysates generally produced more reducing sugars
from cassava peels than alkali hydrolysates.
Table 1. Release of reducing sugar from hydrolyzed cassava
peels (mg carbohydrate/g substrate); unhydrolyzed control sample
released 38 mg carbohydrate/g substrate
Concentration, %

HCl

NaOH

0.1

89

42

Chem. Ind. Chem. Eng. Q. 20 (4) 457−461 (2014)

R. arrhizus. Among the tested nitrogen sources,
NH4NO3 resulted in the highest increase in lactic acid
production, which corresponded to a 90.6% yield.
R. oligosporus was used as a single culture for
lactic acid production and a maximum L-lactic acid
concentration of 32 g/100 g substrate was produced
with 1% HCl hydrolysate (Table 2). When the fungus
was grown in NaOH hydrolysate, the lactic acid concentration produced was 22.5 g/100 g substrate
(Table 2).
Table 2. Production of L-lactic acid from alkali and acid hydrolyzed cassava peels using a culture of Rhizopus oligosporus
Concentration, %

Lactic acid concentration
g/100 g

Yield, g lactic
acid/g substrate

NaOH

0.2

98

48

0.3

107

69

0.1

89

42

0.4

214

92

0.2

98

48

0.5

312

142

0.3

107

69

0.6

324

176

0.4

214

92

0.7

349

198

0.5

312

142

0.8

358

206

0.6

324

176

0.9

396

213

0.7

349

198

1.0

402

242

0.8

358

206

0.9

396

213

1.0

402

242

0.1

17.2

0.172

0.2

17.5

0.175

0.3

19.6

0.196

0.4

20.1

0.201

0.5

22.2

0.222

0.6

22.1

0.221

0.7

28.6

0.286

0.8

28.6

0.286

0.9

30.1

0.301

1.0

32.0

0.320

Control

3.5

0.035

Rhizopus oligosporus and Lactobacillus plantarum were tested for their ability to produce

L – lactic
acid from cassava peels. Appropriate culture conditions for the growth of the microorganisms in the
peels and their levels of lactic acid production were
investigated. The peels were ground to approximately
0.5 mm size and hydrolyzed for 1 h either in HCl or in
NaOH solutions after which the pH of the hydrolysate
was adjusted to 6.2 and amended with 0.5% ammonium sulphate solution.
High yields of lactic acid are reported from the
fermentation of cellulose substrates; however, these
processes required additional nutrient supplementation [26,27]. Ammonium sulphate is the most widely
used nitrogen source for lactic acid production [28,29].
Ammonium sulphate was found more suitable than
ammonium nitrate, urea, yeast extract, peptone and
corn steep liquor for lactic acid production [30]. Yin et
al. [2] compared the impact of various nitrogen
sources on the production of lactic acid by Rhizopus
arrhizus NRRL 395. Corn steep liquor, yeast extract,
polypeptone, and ammonium sulphate, were found to
be the most suitable nitrogen source for lactic acid
production by the microorganism. In contrast, Zhang
et al. [31] used three organic nitrogen sources,
namely CO(NH2)2, yeast extract and peptone and two
inorganic nitrogen sources (NH4)2SO4 and NH4NO3
for lactic acid production from waste potato starch by

HCl

Maximum lactic concentration of 28.5 g/100 g
substrate was produced in HCl hydrolysate when L.
plantarum was used in single culture fermentation
(Table 3), whereas a maximum concentration of 19.8
g/100 g substrate was produced when the bacterium
was grown in NaOH hydrolysate (Table 3).
Best lactic acid production was observed when
R. oligosporus and L. plantarum were used in mixed
culture fermentation. Lactic acid concentration of 50.2
g/100 g substrate was produced in 1% HCl hydrolysate (Table 4) while a concentration of 36.4 g/100 g
substrate was produced in 1% NaOH hydrolysate
(Table 4).
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Table 3. Production of L-lactic acid from alkali and acid hydrolyzed Cassava peels using a culture of Lactobacillus plantarum
Concentration, %

Lactic acid concentration
g/100 g

Yield, g lactic
acid/g substrate

Chem. Ind. Chem. Eng. Q. 20 (4) 457−461 (2014)

Table 4. Production of L-lactic acid from alkali and acid hydrolyzed Cassava peels using mixed cultures of Rhizopus oligosporus and Lactobacillus plantarum
Concentration, %

NaOH

Lactic acid concentration
g/100 g

Yield, g lactic
acid/g substrate

NaOH

0.1

13.6

0.136

0.1

15.2

0.152

0.2

13.3

0.133

0.2

18.6

0.186

0.3

14.2

0.142

0.3

22.4

0.224

0.4

14.8

0.148

0.4

28.9

0.289

0.5

15.6

0.156

0.5

30.4

0.304

0.6

16.3

0.163

0.6

30.6

0.306

0.7

16.1

0.161

0.7

32.8

0.328

0.8

17.0

0.170

0.8

32.7

0.327

0.9

17.7

0.177

0.9

34.2

0.342

1.0

19.8

0.198

1.0

36.4

0.364

HCl

HCl

0.1

16.2

0.162

0.1

17.9

0.179

0.2

16.9

0.169

0.2

19.2

0.192

0.3

18.2

0.182

0.3

22.6

0.226

0.4

18.2

0.182

0.4

29.3

0.293

0.5

20.9

0.209

0.5

33.5

0.335

0.6

21.2

0.212

0.6

38.4

0.384

0.7

21.6

0.216

0.7

40.2

0.402

0.8

25.7

0.257

0.8

41.0

0.410

0.9

26.2

0.262

0.9

42.5

0.425

1.0

28.5

0.285

1.0

50.2

0.502

Control

2.3

0.023

Control

4.6

0.046

The production of lactic acid from this study is
lower than the amount reported by Wang et al. [32]
who obtained a yield of 0.71 g/g on cassava powder
supplemented with yeast extract using Lactobacillus
rhamnosus strain CASL. Linko and Javanainen [8]
produced lactic acid yields of 0.87g/g on barley starch
supplemented with yeast extract and peptone using
Lactobacillus casei NRRL B-441. John et al. [33] reported a lactic acid yield of 0.96 g/g through the fermentation of cassava bagasse by L. casei NCIMB
3254 using ammonium chloride and yeast extract as
nitrogen sources. Lower lactic acid productivity was
reported by Ray et al. [34] who obtained a maximum
lactic acid yield of 0.2985 g/g from cassava fibrous
residue using L. plantarum MTCC 1407. The use organic nitrogen sources such as yeast extract and peptone for lactic acid production through microbial fermentation makes the processes less economical and
costly. The results presented in this work highlight the
potential of using R. oligosporus and L. plantarum to
produce high concentrations of L-lactic acid from Cassava peels taking into account that no optimization of
culture conditions was performed in this study.
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CONCLUSION
Mixed cultures of Rhizopus oligosporus and
Lactobacillus plantarum produced the highest yield of
L-lactic acid from acid hydrolyzed Cassava peels.

Single cultures of the microorganisms produced lower
yields of L-lactic acid from alkali and acid hydrolyzed
peels. Lowest yield of lactic acid was observed in
unhydrolyzed samples inoculated with the microorganisms. This work proposes an economic method of
lactic acid production from cassava waste material.
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NAUČNI RAD

PRODUKCIJA L-MLEČNE KISELINE IZ OTPADAKA
KORE MANIOKE POMOĆU POJEDINAČNIH I
MEŠOVITIH KULTURA Rhizopus oligosporus I

Lactobacillus plantarum

U radu je proučavana produkcija L-mlečne kiseline pomoću pojedinačnih i mešovitih
kultura Rhizopus oligosporus i Lactobacillus plantarum. Otpaci kore manioke su hidrolizovani u toku jednog sata na temperaturi ključanja pomoću rastvora NaOH ili HCl, a
zatim je hidrolizat neutralizovan na pH 6,2. Koncentracija redukujućih šećera dobijenih
hidrolizom se povećava sa povećanjem koncentracije alkalije i kiseline. Uzorci kiselinskih, odnosno baznih hidrolizata sadrže maksimalnu koncentraciju šećera od 402,
odnosno 213 mg/g supstrata. Hidrolizatima je dodat 0,5% rastvor amonijum-sulfata, a
zatim su zasejani pojedinačnim ili mešovitim kulturama R. oligosporus i L. plantarum i
držani 48 sati radi produkcije mlečne kiseline. Najveći prinos mlečne kiseline od 50,2
g/100 g supstrata je zapažen kod fermentacije kiselinskog hidrolizata sa mešovitom kulturom. Fermentacijom alkalnog hidrolizata mešvotom kulturom ostvaren je maksimalni
prinos mlečne kiseline od 36,4 g/100 g supstrata. Na nehidrolizovanim otpacima kora
manioke zasejanih mešovitom kulturom ostvaren je prinos od samo 4,6 g/100 g supstrata. Rad pokazuje efikasnu upotrebu kore manioke za dobijanje bioproizvoda mikrobnom fermentacijom.
Ključne reči: kora manioke, Rhizopus oligosporus, Lactobacillus plantarum,
metode hidrolize
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THE SYNERGETIC EFFECT OF
α-HYDROXYCARBONYLS MIXTURES USED
AS GREEN REDUCING AGENT ON THE
INDIGO DYEING PROCESS
Article Highlights
• Development of a clean process for indigo dyeing
• Substitution of conventional sodium dithionite by green alternatives in reducing indigo
• Study of synergy effect of mixture α-hydroxycarbonyls in reducing indigo
• Determination of the optimum mixture of α-hydroxycarbonyls for reducing indigo
Abstract

Textile industries use different chemicals in dyeing processes, consuming
large quantities of water and producing large volumes of wastewater. For the
particular case of indigo dyeing processes, its reduction is performed chemically by the addition of sodium dithionite. However, this is considered environmentally unfavorable because of the resulting contaminated wastewaters.
Therefore, it is important to replace sodium dithionite with other alternatives in
order to achieve cleaner processes. α-hydroxycarbonyls have been suggested
as possible environmentally friendly alternatives to reduce indigo. However,
each one applied alone is unable to attain the dyeing performances offered by
the conventional reductant. Thus, the study of the synergy of some selected αhydroxycarbonyls was proposed. In this paper, a mixture design of experimental (DOE) methods was used to determine the optimum combination of α-hydroxycarbonyls to be applied in the indigo reduction process. Based on the
design expert software, quadratic models were established as functions of
α-hydroxycarbonyls ratios. The diagnostics of models were investigated by
using mixture contour plots. Finally, a model was proposed to predict the optimum conditions leading to dyeing performances exceeding those obtained
from the reduction of indigo by the conventional sodium dithionite.
Keywords: green reducing agent, α-hydroxycarbonyls, synergetic effect,
mixture design, clean process.

As a vat dye, indigo is considered the oldest dye
known to man. It is an organic compound with a
distinctive blue color. Historically, it was naturally
extracted from plants, and this was important economically because blue dyes were rare. Nearly all indigo
dyes produced today – several thousand tons each
year – are synthetic. Indigo and other vat dyes consumption reaches about 33×106 kg annually [1]. This
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situation is expected to stay unchanged in the near
future mainly due to the high performances of this dye
group [1,2]. The use of indigo in textile dyeing
requires its reduction to water-soluble leuco form
before being absorbed by fibers. Chemically, indigo is
a conjugated dicarbonyl system, which is reduced
with a change in conjugation. The reduction is a twoelectron change and the resultant reduced form
(leuco-indigo) can then be easily reoxidized [3,4]. The
process of reducing indigo to leuco-indigo is used on
a large scale worldwide [5]. It is performed using
sodium dithionite as a reducing agent [6], and is
applied to all vat dyes at temperatures above 30 °C
[7]. The use of sodium dithionite is known to offer an
effective reduction of indigo, as well as other vat

463

M. BEN TICHA et al.: THE SYNERGETIC EFFECT OF α-HYDROXYCARBONYLS… Chem. Ind. Chem. Eng. Q. 20 (4) 463−470 (2014)

dyes, and it enables very short fixing times in various
dyeing methods [2]. Nevertheless, sodium dithionite
has many issues such as low stability, it is easily
oxidized by atmospheric oxygen [8], and risks of fire
and health hazards during storage. Besides, the stability of its alkaline solutions decreases with the increase of temperature, even in the absence of oxygen.
Hence, large amounts of dithionite and sodium hydroxide are needed over the stoichiometric requirements of the reduction process. Furthermore, the oxidation of byproducts causes various problems with
wastewater disposal. In fact, sulphate, sulphite, and
thiosulphate ions resulting from the oxidation of
sodium dithionite during the reducing process have
harmful effect on the environment due to their toxicity,
as well as their corrosive effect on the waste lines. In
addition, sodium dithionite affects the aerobic processes in wastewater treatments and toxic hydrogen
sulphide can be generated anaerobically from the sulphate present in wastewaters [2,7]. The improvement
of this type of process by eliminating or minimizing
the production of inorganic waste from chemical reducing agents, can be made by many methods, such
as the use of iron (II) complexes (gluconic acid complexes) [9], organic reducing agents [10], biological
reduction [11], and electrochemical reduction [1,2,5].
However, most of these methods are not deemed
satisfactory because of technical and economic limitations.
Recently, the reduction of indigo with α-hydroxycarbonyls has been studied as possible environmentally friendly reducing agents [12,13]. In a previous
study [14], reduction of indigo was achieved by the
eco-friendly α-hydroxycarbonyls, the oxidation products of which are biodegradable [15], but it is also
known that applying α-hydroxycarbonyl alone in the
reducing indigo process would not achieve the same
dyeing performances offered by the conventional reduction processe. Therefore, we propose the use of a
mixture of only some selected α-hydroxycarbonyls
and to study their synergy effect in order to optimize
conditions and, if possible, attain the conventional
reducing power and dyeing performances. We use a
mixture design via Minitab 15 [16]. The α-hydroxycarbonyls compounds used in this study are: acetol,
acetoin and glucose.
MATERIALS AND METHODS
Chemicals and materials used
Indigo (Bezema AG, Switzerland), glucose
(Sigma, France), acetol (Fluka, Germany), acetoin
(SAFC, USA) and sodium hydroxide (CDM, Germany)
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were used for the reduction without further purification. Commercially bleached but unfinished cotton
fabric with the following specifications was supplied
from Sitex, Tunisia; plain weave; ends per inch,
33.02; picks per inch, 38.1; warp count, 10.5 Open
End; weft count, 15 Open End; weight, 204 g m-2.
The process in the absence of indigo (white bath)
A solution containing 12 g L-1 of sodium hydroxide and 0.055 mol of the studied reducing agent
were prepared by adding them to 200 ml of distilled
water. This solution was brought up to the appropriate
temperature (50, 70 or 90 °C) for 120 min. The reaction was carried out in the laboratory autoclave machine (Ahiba Datacolour International, USA) where the
duration and temperature of the reduction were programmed ahead of time. The redox potentials and the
pH of the medium were recorded at the end of the
process. All the redox potential measurements were
given in mV (vs. Ag/AgCl, 3 mol L-1 KCl) [17].
The reduction process of indigo
The same procedures previously used were
repeated here but in the presence of 2 g L-1 of indigo.
The reduction reaction was carried out in the laboratory autoclave machine (Ahiba Datacolour International, USA), the redox potential and pH measurements were taken at the end of process. The redox
potentials of the medium were recorded at the end of
the process. All the redox potential measurements
were given in mV (vs. Ag/AgCl, 3 mol L-1 KCl).
Continuous dyeing process
The reaction medium obtained from the reduction process was used as a dyeing bath after the decrease of the medium temperature to 25 °C (this step
lasted about 10 min before the beginning of the dyeing process). The dyeing process was continuous; it
consisted mainly of “6-dip-6-nip” in order to achieve
deep shades. After that, the dyed samples were hand
washed with hot water for 5 min at 70 °C, followed by
a cold rinsing, and finally drying at room temperature.
Conventional indigo dyeing process
In the conventional process of dyeing cotton by
indigo, basic dyebath formulations include generally 2
g L-1 of indigo, 4 g L-1 of sodium hydroxide with a
reduction temperature around 50 °C. The dyeing process is carried out using a 6-dip-6-nip padding operation at 25 °C. A complete 1-dip-1-nip cycle consists
of dipping fabric in dye liquor for 1 min then airing it
for 2 min. After that, the dyed samples were subjected
to a hand washing with hot water for 5 min at 70 °C,
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followed by a cold rinsing, and drying at room temperature [18,19].
Dyeing quality evaluation
The dyeing quality was evaluated using a colour
yield parameter (K/S). The reflectance of the dyed
samples was measured at 660 nm on a SpectroFlash
SF300 spectrophotometer with dataMaster 2.3 software (Datacolor International, USA). Then, K/S value
was determined according to the Kubelka-Munk
equation [20]:

K

S

=

(1− R )2 (1− R0 )2
−
2R
2R0

where R is the decimal fraction of the reflectance of
dyed fabric, R0 is the decimal fraction of the reflectance of undyed fabric, K is the absorption coefficient
and S is the scattering coefficient.
Fastness testing
The dyed samples were tested according to ISO
standard methods. The specific tests were for colour
fastness to washing ISO 105-C06: 2010, colour fastness to rubbing ISO 105-F09:2009 and colour fastness to light ISO 105-B02:1999.
Mixture design model (DOE)
A three component constrained simplex lattice
mixture design was used. The mixture consisted of
acetol (A), acetoin (B) and glucose (C). Component
proportions were expressed as fractions of the mixture with a sum (A + B + C) equal to one. The mixture
plan was accomplished and statistical analyses of
data was achieved using commercial software (Minitab, version 15, State College, PA, USA).
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RESULTS AND DISCUSSION
The effect of temperature on the reducing power of
α-hydroxycarbonyls mixtures

The effect of the reducing temperature on the redox
potential in absence and in presence of the indigo dye
The purpose of this part is to study the reducing
power of different mixtures of α-hydroxycarbonyls
reducing agents according to an increase of the reducing temperature and to the presence or absence of
the indigo dye in the medium [17] in order to compare
them to the reducing power of the conventional reduction process. The studied reduction mixtures and
their symbols are described in Table 1.
Based on Figures 1 and 2, it is observed that the
reducing power obtained in the medium in the absence or presence of indigo are similar, whereas when
the reducing temperature is increased, the reducing
power generated by the reducing mixture in the
medium is ameliorated. Thus, the best results are
obtained when the reduction of indigo is achieved at
90 °C. It can also be seen that the reducing power
obtained when using each reducing agent alone is
lower than the reducing power obtained when using a
mixture of reducing agents.
Compared to the conventional reducing agent,
using α-hydroxycarbonyls at a reducing temperature
of 50 and 70 °C is not enough to obtain a reducing
power similar to the conventional one. When just increasing temperature at 90 °C, the reducing power of a
mixture of α-hydroxycarbonyls could attain and exceed
even the reducing power of the conventional reducer
without altering the uniformity of the dyed samples
(for three points at the same dyed sample, ΔE < 1).

Table 1. The studied compound proportion reducing agents
Reducing α-hydroxycarbonyls, %

Conventional reducing agent

Symbol

Sodium dithionite

Acetol

Acetoin

Glucose

0

66.7

16.7

16.7

RM1

0

16.7

16.7

66.7

RM2

0

33.4

33.4

33.4

RM3

0

16.7

66.7

16.7

RM4

0

0

100

0

RM5

0

50

50

0

RM6

0

50

0

50

RM7

0

100

0

0

RM8

0

0

0

100

RM9

0

0

50

50

RM10

100

0

D
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-772

70°C
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-830

-825

-844

-821

-837

-818

-815

-808

-812

90°C

-936

-956

-942

-965
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-901
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-887
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RM10

Figure 1. Effect of reducing temperature on the reducing power of α-hydroxycarbonyl mixtures analyzed in a reducing medium in
absence of indigo in comparison with that using sodium dithionite as conventional reducing agent (see Table 1 for description of
different symbols).
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-843

-863

-839
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-837

-828
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-994
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Figure 2. Effect of reducing temperature on the reducing power of α-hydroxycarbonyl mixtures analyzed in a reducing medium in
presence of indigo in comparison with the conventional reducing agent.

The effect of the reducing temperature on the dyeing
quality
At a reducing temperature of about 50 °C, when
comparing conventional dyeing qualities and those
resulting from reducing indigo by a α-hydroxycarbonyls mixture, it is clear that the conventional one is
the best. For α-hydroxycarbonyls mixture reducing
indigo, when increasing the temperature to 90 °C, the
best dyeing quality is achieved even in comparison
with conventional dyeing. However, when observing
the results obtained for a reducing temperature of
about 70 °C, it could be deduced that acting under
this condition is enough to achieve better results than
conventional dyeing (see Figure 3). Besides, at 70 °C,
the resulting fastness is similar to these obtained with
conventional dyeing (see Table 2).
Modeling and optimisation of a mixture design
Based on the previous study (see Section “The
effect of temperature on the reducing power of α-hyd-
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roxycarbonyls mixtures”), it is deduced that acting at a
reduction temperature of 70 °C is enough to reach
and exceed the dyeing quality offered by conventional
reducers. So, it would be interesting to model and
optimize mixed α-hydroxycarbonyls reducing agents
at these conditions via a mixture design plan (see
Table 3).

Mixture design plan
Mixture experiments are a special class of response surface experiments in which the product
under investigation is made up of several components
or ingredients. Designs for these experiments are
useful because many product design and development activities in industrial situations involve formulations or mixtures. In these situations, the response is
a function of the proportions of the different ingredients in the mixture [21].
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25
20

K/S

15
10
5
0

D

RM1

RM2

RM3

RM4

RM5

RM6

RM7

RM8

RM9

16,66

15,7

14,82

14,47

15,25

14,39

15,13

14,09

13,58

12,67

12,97

70°C

19,97

18,59

17,86

19,85

17,79

19,69

17,75

16,31

15,22

16,02

90°C

23,24

22,03

21,93

22,41

21,81

22,11

19,83

18,72

17,75

18,55

50°C

RM10

Figure 3. Effect of reducing temperature on the dyeing quality resulted from indigo continuous dyeing reduced by the different αhydroxycarbonyl mixtures analyzed in comparison with the conventional dyeing.
Table 2. The fastness properties for the dyed samples with both the continuous dyeing resulting from a reducing process at 70 °C and a
conventional dyeing process
Wash

Reducing agent, %

Process

Symbol

Rubbing

ISO 105-C06

ISO 105-B02

RM1

4

RM2

4

33.4

RM3

66.7

16.7

Acetol

Acetoin

Glucose

66.7

16.7

16.7

16.7

16.7

66.7

33.4

33.4

16.7

Continuous dyeing

Light

ISO 105-F09
Dry

Wet

5

4

1-2

5

4

1-2

4

5

4

1-2

RM4

4

5

4

1-2

0

100

0

RM5

4

5

4

1-2

50

50

0

RM6

4

5

4

1-2

50

0

50

RM7

4

5

4

1-2

100

0

0

RM8

4

5

4

1-2

0

0

100

RM9

4

5

4

1-2

0

50

50

RM10

4

5

4

1-2

D

4

5

Conventional dyeing

Sodium dithionite

4

1-2

Table 3. Composition of reducing agents mixture in a simplex mixture design for a reducing temperature of about 70 °C
Mixture

Reducing agents proportions, %

Responses

Acetol

Acetoin

Glucose

PR WB 70, mV

PR BB 70, mV

K /S

1

66.7

16.7

16.7

-862

-879

19,97

2

16.7

16.7

66.7

-830

-851

18,59

3

33.4

33.4

33.4

-825

-843

17,86

4

16.7

66.7

16.7

-844

-863

19,85

5

0

100

0

-821

-839

17,79

6

50

50

0

-837

-858

19,69

7

50

0

50

-818

-837

17,75

8

100

0

0

-815

-828

16,31

9

0

0

100

-808

-809

15,22

10

0

50

50

-812

-815

16,02
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Establishing models

Mixture contour and surface plot

Regression quadratic analysis was used to
investigate and model the relationship between the
three continuous components in the mixture design.
The most appropriate mixture regression models
found for redox potential measured in a medium in
the absence or presence of indigo and for the colour
yield (K/S) parameter are as follows:

The mixture contour plot shows how each response considered relates to the three continuous
design variables, while holding the other compounds
in the model at specific proportions. The contour plot
allows for an area of compromise among the various
responses. The lines of the contour plots predict the
value of each response at different proportions of
acetol, acetoin and glucose. These values are similar
to the experimental values. Proportions of reducing αhydroxycarbonyls leading to the best reducing power
in a medium with and without indigo (WRP and BRP)
are described in Figure 4.
The dyeing performances determined by the
colour yield parameter (K/S) are shown by four different colours in Figure 5. Each colour corresponds to a
level of dyeing quality.

WRP (mV) = −817A − 823B − 810C − 84AB − 34AC +
+2BC − 1783AABC + 161ABBC + 521ABCC
R2 = 67%
(1)
BRP (mV) = −830A − 841B − 811C − 107AB − 83AC +
+27BC − 1196AABC + 136ABBC − 404ABCC
R2 = 74%
(2)
K

S = −16.47A + 17.95B + 15.38C + 11.21AB +
+8.596AC − 1.284BC + 12.08AABC +
+8.121ABBC + 34.401ABCC
R2 = 78%

Response optimization
(3)

where WRP (mV) is the redox potential measured in a
reducing medium in the absence of indigo, BRP (mV)
is the redox potential measured in a reducing medium
in the presence of indigo, K/S is the colour yield parameter, A (%) is the acetol, B (%) is the acetoin), C (%)
is the glucose and R2 (%) is the square of the multiple
correlation coefficient.
R2 is the proportion of the variability in the response that is fitted by the model. In fact, if a model
has perfect predictability, R2 = 1 (100%), whereas if a
model has no predictive capability, R2 = 0. Thus, it
could be deduced that models of the colour yield
(K/S) and the redox potentials measured in a medium
with and without indigo, have acceptable predictability
(going from 67 to 78%). The regression mixture of the
colour yield (K/S) has the value of R2 = 78%, and is
hence the most predictable model.
Mixture Contour Plot of RP (mV) measured in absence of indigo
Acetol
1

1
Acetoin

Validation of the model
Results obtained when applying the optimal
combination offered by the response optimization via
Minitab 15 in the previous part (3.3.7) is in agreement
with the theoretical result. Indeed, an experimental
value of 20.02 was obtained versus a theoretical
value of 20.06 for the colour yield parameter K/S (see
Table 4). Thus, the model suggested in this paper is
confirmed.
Mixture Contour Plot of RP (mV) measured in presence of indigo
Acetol

RP (mV)
< -840
-840 – -832
-832 – -816
> -816

Acetol = 0,534892
Acetoin = 0,299777
Glucose = 0,165331
RP (mV) = -855,803

0

Many designed experiments involve determining
optimal conditions that will produce the “best” value
for the response. The response optimizer provides an
optimal solution for the input variable combinations.
According to Figure 6, it could be deduced that
the best dyeing quality is obtained after a reduction
process comprised of 43% acetol and 57% acetoin,
as a reducing mixture agent of indigo. The colour
yield could attain in this case a value of 20.06 with a
desirability of 99%.

1
Acetol = 0,502239
Acetoin = 0,308023
Glucose = 0,189738
RP (mV) = -871,748

0

0

0

1
Glucose

RP (mV)
< -860,0
-860,0 – -850,0
-850,0 – -830,0
> -830,0

1
Acetoin

0

0

1
Glucose

Figure 4. Mixture Contour Plot for redox potential measured in a reducing medium with and without indigo
at a reducing temperature of about 70 °C.
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Mixture Contour Plot of K/S
Acetol
1

18,00
Acetol = 0,464921
Acetoin = 0,356086
Glucose = 0,178993
K/S = 19,7311

16,66
18,00
19,00
19,00

Acetol = 0,278333
Acetoin = 0,0453981
Glucose = 0,676269
K/S = 17,7553

0

0

K/S
<
16,66 –
18,00 –
>

Acetol = 0,338974
Acetoin = 0,160511
Glucose = 0,500515
K/S = 18,7477

Acetol = 0,0450976
Acetoin = 0,0812195
Glucose = 0,873683
K/S = 16,0308

19,
00
19,00
16,66

0

1
Acetoin

1
Glucose

Figure 5. Mixture Contour Plot for the dyeing quality resulted from reducing indigo by α-hydroxycarbonyls mixture.
Optimal
High
D
Cur
0,99674 Low

[ ]:Acetoin
1,0
[0,5657]
0,0

[ ]:Acetol
1,0
[0,4343]
0,0

[ ]:Glucose
1,0
[0,0]
0,0

Composite
Desirability
0,99674

K/S
Maximum
y = 20,0671
d = 0,99674

Figure 6. Response Mixture Optimization for dyeing quality resulted from reducing indigo by α-hydroxycarbonyls mixture.
Table 4. Validation of the optimizer response
Reducing agent

Proportion, %

Acetol

43

Acetoin

57

Glucose

0

K /S
20.02

CONCLUSION
The results of the present study showed that
synergy between α-hydroxycarbonyls leads to a
better reducing power then when using each one
alone. Thus, such mixture would have great importance on improving the reducing process, and the
synergy attained, and even to exceed the dyeing performances offered by conventional reduction methods
without altering the uniformity of the dyed samples.

Statistically, optimal mixture design is shown to
be effective and reliable in finding the optimal proportion of components in the reducing medium. The
best dyeing performance was attained when the
mixed proportions of acetol, acetoin and glucose were
43, 57 and 0%, respectively. We then conclude that
the method used in this study is reliable and efficient.
The optimal ecological mixture obtained in this paper
could be expected to substitute the conventional
environmentally unfavorable sodium dithionite.
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SINERGISTIČKO DELOVANJE SMEŠA
α-HIDROKSIKARBONILA KAO ZELENOG
REDUKUJEĆEG AGENSA U PROCESU
INDIGO BOJENJAU tekstilnoj industriji se koriste različite vrste hemikalija u
postupcima bojenja, troše ogromne količine vode i stvaraju otpadne vode. U konkretnom
slučaju indigo bojenja, redukcija se hemijski vrši dodavanjem natrijum-ditionita.
Međutim, ovakav postupak se smatra ekološki nepovoljnim zbog nastajanja zagađenih
otpadnih voda. Stoga je važno zameniti natrijum-ditionit alternativnim sredstvima u cilju
postizanja čistijih procesa. Kao moguća ekološki prihvatljiva alternativa redukciji indiga
predloženi su α-hidroksikarbonili. Međutim, svaki od njih upotrebljen sam za sebe
omogućuje da se postignu isti efekti bojenja kao sa konvencionalnim redukcionim
sredstvom. Stoga je u ovom radu predloženo sinergističko delovanje odabranih αhidroksikarbonila. U ovom radu korišćen je eksperimentalni dizajn (DOE) radi
određivanja optimalne kombinacije α-hidroksikarbonila koja se može primeniti u procesu
redukcije indiga. Premenom ekspertskog softvera, definisani su kvadratni modeli kao
funkcije odnosa α-hidroksikarbonila. Model je dijagnosticiran grafički. Konačno, ovakav
model je predložen kako bi se definisali optimalni uslovi koji dovode boljih performansi
bojenja α-hidroksikarbonilima u odnosu na redukciju indiga pomoću konvencionalnog
natrijum-ditionita.zeleni redukujući agens, α-hidroksikarbonili, sinergeistički efekat.
dizajniranje smeša, čist proces.
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MODELLING THE EFFECTS OF
TRANSGLUTAMINASE AND L-ASCORBIC
ACID ON SUBSTANDARD QUALITY WHEAT
FLOUR BY RESPONSE SURFACE
METHODOLOGY
Article Highlights
• Dough and bread quality of substandard flour can be improved by using TG and L-AA
• RSM was applied in the analysis of the individual and interactive effect of TG and
L-AA
• TG has more linear effect in the fermentation process, on the crumb quality than L-AA
• L-AA has a much greater effect on the specific volume of bread than TG
• Desirability function defines optimum dose of TG and L-AA for sample of flour substandard quality
Abstract

Over the past decade, extreme variations in climatic conditions have been
observed, which in combination with inadequate agro techniques lead to decreased quality of mercantile wheat, i.e. flour. The application of improvers can
optimise the quality of substandard wheat flour. This paper focuses on systematic analysis of individual and interaction effects of ascorbic acid and transglutaminase as dough strengthening improvers. The effects were investigated
using response surface methodology. Transglutaminase had much higher
linear effect on the rheological and fermentative properties of dough from substandard flour than L-ascorbic acid. Both transglutaminase and L-ascorbic acid
additions had a significant linear effect on the increase of bread specific
volume. Effects of transglutaminase and ascorbic acid are dependent on the
applied concentrations and it is necessary to determine the optimal concentration in order to achieve the maximum quality of the dough and bread. Optimal levels of tested improvers were determined using appropriate statistical
techniques, which applied the desirability function. It was found that the combination of 30 mg/kg of transglutaminase and 75.8 mg/kg of L-ascorbic acid
achieved positive synergistic effects on rheological and fermentative wheat
dough properties, as well on textural properties and specific volume of bread
made from substandard quality flour.
Keywords: substandard quality flour, transglutaminase, L-ascorbic acid,
optimization.

Over the past decade, an appreciable stagnation of quality and yield of mercantile wheat at the
global, regional and local levels has occurred [1-4].
This phenomenon is the consequence of more
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Serbia.
E-mail: olivera.simurina@fins.uns.ac.rs
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expressed climate changes that are manifested in
different ways [5]. Unfavourable climate conditions
and inadequate agro-techniques decrease the level of
usability of wheat genetic potential. The processing
industry is faced with the fact that in certain production years the quality of mercantile wheat is below
average required values. Wheat flour produced from
wheat of low technological quality is also of substandard quality.
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Flour quality can be improved by chemical,
enzymatic or physical treatment [6]. The most frequently applied method of protein modification in
wheat processing industry is protein cross-linking.
Nowadays, it is common practice to add improving
agents to wheat flour to overcome quality deficiencies
[7]. The investigations showed that L-ascorbic acid (L-AA) and transglutaminase (TG) have important role
in wheat protein cross-linking.
L-AA changes the spatial structure of gluten by
oxidation of the sulfhydryl group of the cysteine
residue forming inter- and intra-molecular disulfide
bridges [8]. L-AA increases dough strength, reduces
dough stickiness [9] and gives greater tolerance to
excessive addition [10] than other oxidants, as supplementation beyond the optimal concentration does
not decrease loaf volume [7]. L-AA has the greatest
effect in weak flours, and added in the quantity of 50
to 100 mg/kg achieves bread volume increase even
up to 18% [11,12]. TG (EC 2.3.2.13, protein-glutamine γ-glutamyltransferase) catalyzes reaction of
transfer of acyl group between γ-carboxamide group
from protein bound glutamine residue (acyl donors)
and different primary amines (acyl acceptors). Acyl
acceptors are most frequently ε-amino groups of
lysine residues in a protein or peptide. As a result of
the reaction, inter- or intra-molecular covalent crosslinking occurs [13,14]. In the case of gluten, this
enzyme induced the formation of high molecular
weight polymers despite the low lysine content in gluten proteins. The formation of these polymers results
in strengthening of the gluten network [14]. The investigations showed that TG can improve dough elasticity and may produce beneficial effects during
breadmaking that are similar to oxidizing improvers
[13]. Tseng and Lai [15] have investigated and compared the effects of TG and L-AA in three flours with
different compositions and rheological properties;
however, no study has investigated the combined
effects of these two ingredients in substandard wheat
flour. The innovative character of this study lies in the
fact that so far there has been no research examining
the effects of ascorbic acid and transglutaminase both

Chem. Ind. Chem. Eng. Q. 20 (4) 471−480 (2014)

separately and combined in flour of substandard
quality. This paper features experiments applied to
low quality flour and defines optimum doses of these
two dough strengtheners in order to achieve the set
goals. These goals are related to increasing the maximum height of gaseous release (H'm), specific
volume of bread and crumb resilience.
By applying response surface methodology
(RSM) it is possible to analyze all the effects of independent or combined factors. Many researchers apply
RSM as a mathematical modelling tool in bioprocess
optimization [16,17]. By using RSM, process variables
could be controlled together to result in maximum product properties with desired characteristics [18,19].
The purposes of this paper were the following:
1) The analysis of individual and interaction
effects of TG and L-AA on rheological and fermentative properties of dough and bread quality produced
from substandard wheat flour.
2) The analysis of the adequacy of regression
models, i.e., establishing whether the suggested
models are in accordance with the data (through
values of coefficient determination R2 and lack of fit
importance), as well as whether there is sufficient
precision of models in predictions (through F-test).
3) The optimization of the concentration of TG
and L-AA by the application of desirability function
with the aim of improving certain rheological and fermentative properties of dough, as well as bread quality.
EXPERIMENT
Materials and methods
In this study we used commercial refined soft
wheat flour. As displayed in Table 1, quality parameters of flour were well below the optimum value
required for bread making [20-22]. Therefore, the
tested flour could be graded as substandard quality
flour.
Protein content of the tested wheat flour
(Nx6.25) was analysed using a Kjeldahl procedure
(ICC Standard No 105/2) [23] and gluten index values
were determined using the Glutamatic 2200 system

Table 1. The criteria of optimal wheat flour quality for bread production [26-28] and the characteristics of the tested wheat flour
Optimal quality of the refined wheat flour for
bread production

Quality parameter
Protein, % dry weight
Gluten index, %
2

Quality characteristic of the tested
wheat flour

11.5-13.5

10.7

60-90

52.0

>75

30.0

200-400

120.0

Alveograph, W×10 , J

160-200

140.0

Alveograph ratio, P/L

<0.6

1.1

Extensograph area, cm

Resistence of extension, BU
-4
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(ICC Standard No 155) [24]. Rheological properties
were determined using a Brabender extensograph
(ICC Standard No 114/1) [25] and a Chopin alveograph (ICC Standard No 121) [26].
The applied TG was a commercial preparation
Veron TG containing 100 transglutaminase units per g,
manufactured by ABF Ingredients Company, Germany. The recommended dosage was 10–30 mg/kg. In
the experiment the applied doses of enzyme were 15
and 30 mg/kg of flour. L-AA was also a commercial
preparation produced by BASF, Germany, and was
applied in a dose of 50 and 100 mg/kg of flour, based
on the results of previous investigations [27]. Enzyme
and acid were added according to the experimental
design presented in Table 2.
Uniaxial extension test
A texture analyzer (Texture Technologies, Stable
Micro Systems, Surrey, UK) equipped with a Kieffer
dough and gluten extensibility rig was used to perform
a small scale uniaxial extension test. Dough samples
were prepared in a farinograph mixing bowl using 300
g flour, 6 g salt and water according to the design
given in Table 2. For all samples, dough consistency
was 450 B.U. A piece of dough (25 g) was placed to
rest in a thermostat at controlled temperature (30±1
°C) and relative humidity (85%) for 20 min. The
sample was then rolled by hand into a cylindrical
shape, placed in the standard Kieffer mold and compressed with a lubricated top plate. The sample was
rested for 40 min in the thermostat under the same
conditions. Before the start of the test, the sample
was clamped between the plates of the Kieffer rig.
The setting values were the following: pre-test speed
of 2.0 mm/s, test speed of 3.3 mm/s, post-test speed
of 10.0 mm/s, distance between 100 mm, and an
automatic trigger force of 5 g by using a 5 kg load cell.
The parameters recorded were the resistance to extension (Rmax) and extensibility until dough rupture (E).
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The results shown are the mean values of at least
seven measurements.
Dough development and gas retention tests
The Chopin rheofermentometer F3 (Villeneuvela-Garenne, France) was used to measure several
parameters of dough development: maximum height
of gaseous release (H'm, mm), and volume of CO2
retention (ml). Dough was prepared in a high-speed
Diosna mixer (Dierks & Söhne Maschinenfabrik,
Osnabrück, Germany) with low speed of 85 rpm for 1
min and high speed of 120 rpm for 7 min. Dough was
prepared with compressed yeast (4% flour weight
basis), salt (2% flour weight basis), the amounts of
TG and L-AA were added according to the experimental design (Table 2). The dough weight 315±1 g
was placed in the removable basket of the gasometer
and with the load weight of 2000 g directly on the
dough. The cover was fitted with an optical sensor
and the test was run for 3 h at 30±1 °C. All the experiments were replicated three times.
Bread preparation
The bread dough formula was: flour (100 g),
compressed yeast (4 g/100 g flour), salt (2.0 g/100 g
flour), vegetable fat (1 g/100 g), enzyme TG (dose:
0–30 mg/kg flour, according to Table 2) and L-AA
(dose: 0–100 mg/kg, according to Table 2). The
amounts of added water were adapted for each treatment point to keep dough consistency at 450 BU.
Dough was mixed for 1 min at low speed of 85
rpm and for 7 min at high speed of 120 rpm in a
laboratory Diosna mixer. Bulk proofing was conducted
for 45 min at 85% relative humidity and 30±1 °C.
Dough was scaled to 350±1 g and manually rounded,
rolled, and put into tin pans. Baking was done as
described by Filipčev et al. [28]. All the experiments
were replicated three times.

Table 2. Results of experimental design for quality properties of wheat dough and bread made from substandard wheat flour; Rmax,
resistance to extension; E, extensibility until dough rupture; H'm, maximum height of gaseous release; SV, specific volume
TG, mg/kg

L-AA, mg/kg

Rmax / g

E / mm

H'm / mm

CO2 retention, ml

Resilience,%

Firmness, g

SV / ml g–1

0 (-1)

0 (-1)

23.6

38.3

64.8

1289

33.6

672.3

4.1

15 (0)

0 (-1)

26.2

27.8

70.9

1331

33.9

638.8

4.4

30 (1)

0 (-1)

27.0

25.3

68.8

1424

37.0

473.4

4.5

0 (-1)

50 (0)

30.4

24.6

64.8

1362

33.8

539.7

4.5

0 (-1)

100 (1)

40.7

22.2

67.0

1441

34.9

522.7

4.6

15 (0)

50 (0)

29.2

19.6

73.7

1485

34.2

519.0

4.8

15 (0)

50 (0)

28.8

19.8

73.8

1484

34.8

519.1

4.8

15 (0)

100 (1)

40.7

17.9

80.2

1568

35.0

510.8

5.1

30 (1)

50 (0)

32.6

18.4

83.6

1520

38.4

340.5

5.2

30 (1)

100 (1)

34.9

25.0

84.2

1662

36.9

502.2

5.3
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Bread evaluation
Quality analysis of bread samples was carried
out by measuring weight, volume and instrumental
textural properties. Bread volume was determined by
seed displacement method 2 h after baking. Specific
volume (ml/g) of bread was calculated from loaf
volume and weight. Three breads from each batch
were measured and the results were averaged. Bread
samples were then packed in plastic bags and stored
for 24 h at room temperature until evaluation for bread
instrumental textural attributes. Crumb firmness and
resilience were evaluated using the Texture Analyzer
TA-XT2i (Stable Micro Systems, Surrey, UK), according to a modified AACC method 74-10A, described by
Filipčev et al. [28].
Statistical analysis
Experimental data was processed using DesignExpert 8.1 software (Stat-Ease Corporation, Minneapolis, MN, USA). The experiment was conducted as
a full factorial design 32 with two replicates at a central point (Table 2).
The effects of TG and L-AA on the investigated
response functions were established in the model in
the form of polynominal equations (1):

Y = b0 + b1TG + b2L–AA + b11TG2 + b22L-AA2 +
b12TG×L-AA

(1)

where Y is the response function of the experimental
data, TG and L-AA are the independent variables,
and the b parameters are the coefficients. The adequacy of all the models was tested by dispersive
analysis, and the parameters that describe the adequacy are the following: the coefficient of determination R2, F values of model and P values of lack-of-fit.
Aiming at the determination of optimal TG and
L-AA concentrations in order to improve dough properties and quality of bread made from substandard
flour, a desirability function was applied. The desirability function was used because of its additional
benefits – user flexibility in selecting optimum conditions for analysis of a variety of samples and more
effective use of resources [19,29].
RESULTS AND DISCUSSION
Models of effects of transglutaminase and L-ascorbic
acid on the rheological and fermentative properties of
dough and on the quality of bread from substandard
flour
Rheological properties according to Kieffer extensibility dough/gluten rig (TA) relating to the maximum resistance to extension (Rmax) and extensibility
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from start until dough rupture (E) are shown in Table
2. Minimum value for Rmax (23.6 g) was achieved in
non-treated wheat dough, while treatment with 100
mg/kg L-AA or 15 mg/kg TG and 100 mg/kg L-AA had
identical values, which were also the highest ones
(40.7 g) for Rmax. By the addition of L-AA and TG,
dough extensibility decreased and ranged from 38.3
mm in the control sample to 17.9 mm in the sample
that underwent treatment with 15 mg/kg TG and 100
mg/kg L-AA.
Dough parameters (H'm, CO2 retention) during
fermentation are presented in Table 2. The treatments with TG and L-AA and their mixtures increased
the maximum height of gaseous release (H'm) and
the volume of CO2 retention was achieved at maximum concentrations of TG and L-AA.
Experimental values for firmness, resilience and
specific volume of bread obtained by the application
of treatments are also presented in Table 2. Bread
without any additions had the highest value for firmness (672.3 g). The lowest firmness (340.5 g) was
registered in bread with the application of 30 mg/kg of
transglutaminase and 50 mg/kg of ascorbic acid. The
same treatment also influenced resilience improvement. The highest specific volume (5.3 ml/g) was
determined for bread sample with maximum TG dose
(30 mg/kg) and maximum L-AA dose (100 mg/kg).
Effects of models obtained by RSM analysis,
after removing outliers and terms with insignificant
coefficients, are presented in Table 3. Models take
into consideration the directions and intensity of the
individual and interactive effects of TG and L-AA on
the rheological and fermentative properties of dough
and textural properties and specific volume of bread
from substandard wheat flour.
According to the results given in Table 3, TG
and L-AA exhibited significant effects (P < 0.05) on all
the analysed rheological and fermentative parameters
of dough. TG exerted significant linear effect on the
decrease of extensibility values, whereas all the other
dough properties were increased. This effect is the
consequence of the influence of TG on protein chains
networking and strengthening of protein dough structure. The dough improves its elasticity characteristics
and decreases its viscosity characteristics. Extensibility is a criterion of dough viscosity and it decreases with TG addition, whereas resistance is a criterion of its elasticity and increases with TG addition.
The increased dough elasticity improves its characteristics during fermentation, which affects the increase
of the values of the investigated parameters (H'm and
CO2 ret). Generally speaking, a positive effect of TG
to dough is also transferred to bread, which leads to
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Table 3. Models of the effects of TG and L-AA on quality properties of wheat dough and bread made from substandard flour and assessment of their adequacy
Model of response

ANOVA for each model of responses
2

R

F cal. value of model

F tab. value of model

Rmax = 3.41+0.15TG+0.18L-AA+3.11×10-3TG×L-AA

0.92

23.48

4.76

P value of lack of fit
0.027 (s)

E = 5.13-0.59TG-0.26L-AA-1.67×10-3TG×L-AA

0.99

176.67

19.30

0.631 (ns)
0.194 (ns)

H'm = 10.14+0.36TG+0.02L-АА+4.73×10-3TG×L-AA

0.98

82.27

6.56

CO2 ret. = 17.97+5.03TG+2.29L-AA

0.98

126.09

5.14

0.023 (s)

R = 18.56+1.04TG

0.95

10.74

4.74

0.593 (ns)

F = 7.23+4.90TG-3.35L-AA-0.38TG2+0.02L-AA2+

0.98

31.40

9.01

0.811 (ns)

0.99

213.35

5.14

0.999 (ns)

-4

+3.34×10 TG×L-AA

SV = 15.14+0.02TG+9.98L-AA+5.43TG×L-AA

the increase of volume, elasticity and crumb stability.
Based on the results given in Table 3, it can be stated
that TG had a much higher linear effect on the rheological properties of dough from substandard flour
than L-AA. Such an expressed TG effect is the consequence of dough strengthening due to inter- and
intra-molecular cross-linking of protein by covalent
bonds and the formation of polymers [14]. However,
with square increase of the concentration, neither
addition had significant effect on the dough parameters at all. This could be explained by the fact that
the polymerization degree depends on the number of
available reactive glutamine and cysteine residues
located on the molecule surface [30]. At initial TG and
L-AA doses, reactions are intensive and exert considerable effects on dough properties. With square
increase of TG and L-AA doses, significant effects are
missing due to limited number of accessible reactive
residues. Besides, saturation of protein component in
dough may occur, and, as a consequence, increasing

TG and L-AA doses would neither increase polymerization degree in dough nor affect the rheological and
fermentative properties of dough [31].
During fermentation, both improvers showed
similar effects. They increased maximum height of
gaseous release (H'm) and CO2 retention. It is in
accordance with previous investigations, which state
that TG enzyme has similar effect on the properties of
dough as well as oxidizing improvers [13]. The experimental results showed that the linear effect of TG on
fermentative properties of dough is several orders of
magnitude higher than the L-AA effect in the tested
doses. This trend can be seen in the perturbation
graph of the maximum height of gaseous release H'm
(Figure 1).
As a linear term, TG and L-AA had twice as
strong effect on CO2 retention volume in relation to
L-AA. Further increase of TG and L-AA concentrations had no significant effect on either of the investigated fermentative dough properties.

Figure 1. The perturbation graph showing the effect of TG and L-AA on the maximum height of gaseous release (H'm).
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The presented results led us to the conclusion
that TG and L-AA exhibit a dough strengthening
effect, but the intensity of their effect is different and
dose-dependent. The effect of TG was higher than
L-AA, but it lost its significance with square increase
of the dose. TG catalyses the formation of inter- and
intra-molecular ε-(γ-glutamyl) lysine cross-links (G-L
bonds) and has longer time action due to cumulative
effect, in contrast to L-AA which is a mediator in an
oxidative process in dough by forming of S-S bonds
within a relatively short period [13,32].
TG and L-AA had a significant (P < 0.05) synergistic effect of on the increase of maximum resistance, decrease of dough extensibility and increase of
maximum height of gaseous release. This synergistic
effect will have a significant impact on bread attributes, especially on firmness and specific volume
(discussed further below).
After analyzing the models of regression regarding the effect on textural properties and specific volume of bread, it was noted that TG significantly influenced these parameters (P < 0.05). The significant
and positive linear effect of TG was noted on bread
crumb resilience, in contrast to L-AA which showed
no statistically significant effect on the change of this
parameter. The perturbation diagram clearly shows
the passivity of L-AA to bread crumb resilience, as
well as significant contribution of TG to its improvement (Figure 2).
TG had a significant (P < 0.05) linear effect on
the increase of bread crumb firmness, which can be
considered as a positive property which contributes to

Chem. Ind. Chem. Eng. Q. 20 (4) 471−480 (2014)

crumb strength. Crumb strength is a measure of the
ability of sliced bread to withstand handling. In some
countries, lack of crumb strength is a common complaint amongst consumers [13,33]. However, by square
increase of TG concentration, crumb firmness of bread
is significantly (P < 0.05) decreased. On the other
hand, L-AA had a significant linear effect (P < 0.05) to
the decrease of crumb firmness, but with square increase of concentration, crumb firmness of bread was
significantly (P < 0.05) increased, but to a lesser extent. TG and L-AA affected bread crumb firmness in
opposite directions, depending on the applied concentration, which can be clearly seen in the perturbation diagram (Figure 3). The effect of TG and
L-AA on bread firmness increase was significant (P <
< 0.05). This could be the result of the synergistic
effect of TG and L-AA on the increase of dough resilience which stabilized bread crumb.
Both TG and L-AA additions had a significant
(P < 0.05) linear effect on the increase of bread specific volume, with L-AA exerting higher effect in comparison to TG (Table 3). However, the increasing
levels of enzyme did not cause significant improving
effects on bread specific volume values, which is in
accordance with previous investigations [34]. There
was a significant interaction (P < 0.05) between TG
and L-AA on the increase of bread specific volume
(Figure 4).
Relatively high values of determination coefficient (R2) point to an adequate fitting of the experimental results with the proposed method. Calculated
F-values are higher than tabulated values [35] in all

Figure 2. The perturbation graph showing the varying intensity effect of TG and L-AA on the resilience of crumb bread
made from substandard flour.
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Figure 3. The perturbation graph showing the opposite effect of TG and L-AA on the firmness of crumb bread
made from substandard flour.

Figura 4. Three-dimensional graph showing the effect of TG and L-AA concentration on specific volume of bread
made from substandard flour.

the responses, from which it is possible to conclude
that the proposed model provides a good prediction of
the experimental data. For some responses (Rmax,
CO2 retention) the models have P value of lack of fit
<0.05, therefore the lack of fit was significant. It is
considered that in such cases the models are not
opposed to the data (high R2 values and Fcalc. > Ftab.),

but do not fulfill all the diagnostic measures of adequacy and all the predictions obtained by such
models will have great variations [36]. The statistical
analysis indicates that the proposed models referring
to dough extensibility (E) and maximum height of
gaseous release (H'm) in dough during fermentation
were adequate to high R2 values and no significant
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lack of fit. Models constructed for textural properties
and bread specific volume have also insignificant lack
of fit, which indicated that they are adequate and
important. Therefore, these the models were further
implemented into the optimization process.
The optimization of TG and L-AA concentration by the
application of desirability function
The intensity and direction of individual and
interactive effects of the TG and L-AA in the investigated range depends on the applied dosage. Desirability function approach was used to locate the optimal doses of TG and L-AA that produce adequate
responses regarding the quality of dough and bread
made from substandard flour. The proposition of the
criteria necessary for the determination of optimal
experimental conditions was based upon preliminary
experiments and the literature data and it is shown in
Table 4. The solutions for the proposed criteria in the
optimization of the TG and L-AA doses are also
shown in Table 4.
Following optimization, four solutions (A, B, C
and D) were obtained with predicted values for E
(21.23–-23.94 mm) and H'm (84.52–88.42 mm) of
dough and for R (37.99–38.17 %), F (410.88–463.18
g), and SV (5.31–5.51 ml/g) of bread (Table 4). To
obtain the given ranges of the observed responses, it
was necessary that TG doses reach 30 mg/kg and
L-AA doses range from 75.8 to 98.9 mg/kg. Having in
mind the fact that the variation coefficient is for each
solution below 10% (Table 4), the dispersion of the
results is within limits. This means that by the application of each of the proposed solutions it would be
possible to achieve the optimal quality of dough and
bread made from the tested substandard flour. Despite lower calculated desirability in comparison to sol-
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utions A and B, the solutions C seems to be the best
one particularly judging from the point of view of economic justification. Therefore, this solution was subsequently analyzed to compare the predicted responses with measured values in a new experiment
with optimal TG (30 mg/kg) and L-AA (75.8 mg/kg)
doses. The results of comparison are also given in
Table 4.
The predicted results (21.64 mm, 84.52 mm,
37.99%, 410.88 g and 5.31 ml/g) for E, H'm, R, F and
SV, respectively, obtained under the optimum conditions were close to the experimental results (22.41
mm, 86.01 mm, 412.56 g, 38.34% and 5.45 ml/g).
Tests performed for each response showed low values
of relative error (less than 10%), indicating that the
models were adequate to predict these responses.
CONCLUSION
Response surface methodology was successfully applied for the analysis of individual and interactive effects of transglutaminase and L-ascorbic acid
on rheological and fermentative dough properties and
quality of bread produced of substandard flour. The
linear effect of transglutaminase on dough extensibility established by Kieffer dough and gluten extensibility rig was higher than that of L-ascorbic acid.
Similarly, higher effect of transglutaminase than
L-ascorbic acid was recorded on the properties of
dough during fermentation, especially on the maximum height of gaseous release and CO2 retention.
The transglutaminase had significant and positive
linear effect on crumb resilience, whereas L-ascorbic
acid did not significantly affect this parameter. With
square increase of both improver doses, the effect on
the tested responses was either reduced or lost. Significant interactive effect of transglutaminase and

Table 4. Optimization solutions of TG and L-AA concentration for the set requirements of dough and bread quality and verification of the
selected solution; R, resilience of crumb; F, firmness of crumb; SV, specific volume of bread; D, desirability value
Factors
Goals

Responses

TG, mg/kg

L-AA, mg/kg

E, mm

H'm, mm

R,%

F, g

S V, ml/g

In range

In range

In range

Max

Max

In range

Max

Solutions of the factors

D

Prediction values of the responses

A

30.0

82.8

21.40

85.70

38.05

423.36

5.37

0.849

B

30.0

81.4

21.23

85.46

38.04

420.59

5.36

0.847

C

30.0

75.8

21.64

84.52

37.99

410.88

5.31

0.839

D

30.0

98.9

23.94

88.42

38.17

463.18

5.51

0.835

5.75

1.95

5.37

0.20

1.55

–

Variation coefficient, %
Selected solution
C

30.0

Experimental values of the solution C
75.8

Relative error between predicted and
experimental values, %
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22.41

86.01

412.56

38,34

5.45

0.836

7.32

8.54

9.12

7.15

1.03

–
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L-ascorbic acid contributed to the increase of maxi-

mum resistance and decrease of dough extensibility
in that way, improving dough elasticity from substandard flour. It is also important their synergistic effect
on bread specific volume increase. Since single and
interaction effects of transglutaminase and L-ascorbic
acid on rheological and fermentative properties and
bread textural properties were dose-dependent, the
improver doses were optimized in order to maximise
the quality of dough and bread. Mixture of transglutaminase in 30 mg/kg dose and L-ascorbic acid in 75.8
mg/kg dose yielded better dough properties, as well
as higher quality of bread made from substandard
wheat flour compared to dough and bread without
these additives.
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MODELOVANJE EFEKATA TRANSGLUTAMINAZE I
L-ASKORBINSKE KISELINE NA BRAŠNO
SUBSTANDARDNOG KVALITETA METODOM
ODZIVNE POVRŠINE
U poslednjoj deceniji uočene su ekstremne varijacije klimatskih uslova, koje u kombinaciji
sa neadekvatnim agrotehničkim merama uzrokuju smanjenje kvaliteta merkantilne
pšenice, odnosno pšeničnog brašna. Ova pojava u pojedinim proizvodnim godinama
poprima regionalni karakter. U tom slučaju, brašno substandardnog kvaliteta treba tretirati
poboljšivačima, koji imaju potencijal da njegov kvalitet podignu do optimalnog nivoa
pogodnog za preradu. Ovaj rad se fokusira na sistematskoj analizi individualnih i interaktivnih efekata L-askorbinske kiseline i transglutaminaze kao ojačivača testa. Efekti su
utvrđeni primenom metode odzivne površine. Transglutaminaza postiže veći linearni
efekat od L-askorbinske kiseline na reološke i fermentativne osobine testa od brašna
substandardnog kvaliteta. Oba dodatka imaju značajan linearni efekat na povećanje
specifične zapremine hleba. Utvrđeno je da se primenom kombinacije od 30 mg/kg transglutaminaze i 75,8 mg/kg L-askorbinske kiseline postiže pozitivan sinergistički efekat na
reološke i fermentativne osobine pšeničnog testa, kao i dobra teksturalna svojstva i specifična zapremina hleba od brašna substandardnog kvaliteta.
Ključne reči: brašno substandardnog kvaliteta, transglutaminaza, L-askorbinska
kiselina, optimizacija.
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SIMULATION OF A MULTI-STAGE ADIABATIC
REACTOR WITH INTER-STAGE QUENCHING
FOR DIMETHYL ETHER SYNTHESIS
Article Highlights
• Modeling of adiabatic fixed-bed reactor for dimethyl ether synthesis
• Three-stage quench type adiabatic fixed-bed used in the reactor
• The reactor model is validated against the actual data from the industrial production
device
• The optimal operating conditions were obtained and the behavior of the adiabatic
fixed-bed reactor is discussed
Abstract

Adiabatic fixed-bed reactors have proven commercially successful in large-scale catalytic dehydration of methanol to dimethyl ether. A one-dimensional
pseudo-homogeneous model of an industrial reactor of dimethyl ether synthesis has been established. To verify the proposed model, the simulation
results have been compared to available data from an industrial reactor, showing good agreement. The distribution of the catalyst bed temperature and concentration of each component was obtained under conditions of inlet temperature 260 °C, reaction pressure 1.2 MPa and gaseous hourly space velocity
950.7 h-1. With inlet catalyst bed temperature 240–280 °C, operating pressure
0.6–1.8 MPa and gaseous hourly space velocity 831.8–1069.5 h-1, the influence
of these reaction conditions on temperature distribution of the reactor catalytic
bed, outlet methanol conversion and the dimethyl ether yield were calculated.
The results show that, with the rise of inlet temperature (240–280 °C) and
operating pressure (0.6–1.8 MPa), the outlet conversion of methanol, the hot
spot temperature and the DME yield increased. The increase of gaseous
hourly space velocity (831.8–1069.5 h-1) lead to a decrease in the hot spot
temperature of catalytic bed and the outlet conversion of methanol, but the
DME yield increased initially and then decreased.
Keywords: methanol, dimethyl ether, adiabatic reactor, mathematical
simulations.

Since coal is China’s primary energy source, the
economic situation will experience a remarkable
change in the near future with increasing oil prices
and crises facing climate change [1]. It is imperative
to exploit innovative clean energy, especially from
coal resources. Dimethyl ether (DME), due to its clean-
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ness, non-toxicity, higher cetane number, handling
properties, easy liquefaction, excellent combustion
characteristics and low-toxic combustion products,
has drawn great attention as a clean alternative engine fuel and liquefied petroleum gas (LPG) in recent
years [2-5]. Compared to Freon, high levels of DME
are more widely used in environmentally friendly
aerosol spray, green refrigerant and effective solvent
because of its easy compression, condensation, vaporization, higher solubility of non-polar and polar substances and zero ozone depletion potential [6]. Moreover, as an important chemical raw material of some
chemical products, DME can be programmed to develop downstream products, for instance, synthetic gas-
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oline and low carbon olefins [7-8]. The commercially
proven technology for DME production is through
dehydration of pure methanol in an adiabatic fixedbed reactor [9]. Advantages of this approach include
its high efficiency, without any pollution and operational simplicity, low capital and maintenance costs,
and lower energy consumption.
Modeling and simulation of fixed-bed reactors
have been done for many industrial and pilot scales
reactors of this process. For instance, Farsi et al.
simulated an industrial reactor of DME synthesis with
the proposed model, consisting of a set of algebraic
and partial differential equations. Good agreement
has been found between the simulation and plant
data [10]. The four stages quench type adiabatic
axial-flow reactor was adopted by ICI’s industrial
methanol process [11]. Through a specially designed
diamond distribution system, the cold shock gas was
injected into the middle of the bed to get rid of reaction heat. It can meet the tendency of large-size of
reactor. A model was developed by Nasehi et al. to
simulate an industrial adiabatic fixed-bed reactor for
DME production from methanol dehydration at steady
state condition [12], and showed that the difference
between one- and two-dimensional models is negligible. Fazlollahnejad et al. [13] developed a one-dimensional heterogeneous plug flow model in an
adiabatic fixed-bed reactor for the catalytic dehydration of methanol to dimethyl ether and investigated
the effect of reaction conditions on conversion.
In our previous work [14], the macroscopic
kinetics of reaction on the dehydration of methanol to
DME is investigated as pressure of 0.1–2.0 MPa and
temperature of 240-340 °C over industrial solid acidic
catalysts in an integral isothermal reactor, and a new
process for DME production including the reactor has
been applied for an invention patent. In this work, a
three-stage quench type DME synthesis reactor was
proposed based on the analysis of the characteristics
of existing reactor in industrial production. A one-dimensional pseudo-homogeneous model was established, according to the features of methanol dehydration to DME reaction. The reactor model was verified by the available industrial data. Simulation results
demonstrate that it can be used for the application of
a new type fixed-bed reactor. The performance of this
new type fixed-bed reactor was investigated under
different conditions. This multi-stage adiabatic fixedbed reactor had high productivity and good operational flexibility.
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ADIABATIC REACTOR MODEL
Model assumptions
In this study, a one-dimensional pseudo-homogeneous model was considered for steady state simulation of the process. The commercial catalyst filling
in the adiabatic fixed-bed reactor can be thought
uniform, and ignoring the transfer resistance between
catalyst particles and fluid, the whole bed can be considered a pseudo-homogeneous phase. Therefore,
the mathematical model for adiabatic fixed-bed reactor is proposed based on the following assumptions:
1) radial velocity distribution and axial gas mixing can
be ignored and 2) the concentration and temperature
difference inside the particle between the gas and the
outer surface of the particle is included in the correction coefficient.
Reaction kinetics
The reaction equation of DME synthesis from
dehydrogenation of methanol is:

2CH3OH  CH3OCH3 +H2O

(1)

From experimental measurements, the rate expressions have been selected from the intrinsic kinetics
model proposed by Li et al. [14]. The commercial
domestic γ-Al2O3 catalyst provided by a DME production factory was used in methanol dehydration due
to its good catalytic activity:

f D fW
 78072.55  0.55
)
 f M (1 −
2
RT
K


f fM

rM = 1457.024 exp  −

rD =

rM
2

(2)

(3)

Reaction model
The basic structure of the model is composed of
heat and mass conservation equations coupled with
thermodynamic and kinetic relations as well as auxiliary correlations for prediction of physical properties.
In Eq. (4), W is the weight of the catalyst. The mass
balances for the reaction can be expressed with the
correction coefficient, COR:

rD =

dN D NT 0dy D
=
dW
A ρb d l

d y D A ρb
=
C r
dl
NT 0 OR D

(4)

(5)

In practice, it is impossible to have complete
thermal insulation in an adiabatic fixed-bed reactor.
Thus, heat losses on the catalyst bed will be taken
into consideration. Base on our study of the industrial
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reactor, the heat losses on the catalyst bed were simplified as a constant value of 1 °C/m in our calculation.
The catalyst bed temperature distribution can be
calculated from the following equation:
dTb ( −ΔH R ) dy D
=
− Loss
C pb
dl
dl

(6)

The initial condition of the ordinary differential
equation is: l = 0, yD = yD,in, Tb = Tb,in.
REACTOR STRUCTURE ANALYSIS
Industrial reactor introduction
The design capacity of the industrial DME production device from a factory is 210,000 t/a. A fivesection adiabatic fixed-bed reactor is adopted in the
industrial production device. The gaseous hourly
space velocity (GHSV) is 1090 h-1 and the internal
diameter of the reactor is 2.8 m. The operating pressure of the catalyst bed is 1.2 MPa, and inlet temperature of the reactor is 260 °C. The height of the
catalyst bed is 6.13 m and the bed layer volume is
35.0 m3.
The raw gas is used for removing the heat
through the coil pipe set in the section in order to
keep the bulk temperature of the reactor stable. The
device mainly includes a methanol washing tower,
DME reactors, heat exchangers, separator, compressor and pump.
The domestic γ-Al2O3 catalyst is used in the
technological method because of the special specific
surface area and pore volume. It has a longer catalyst
life cycle and high activity. The conversion of meth-
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anol and selectivity of DME is 80 and 99.5%, respectively, under practical reaction conditions.
Model validation
The model of the industry fixed-bed reactor is
five-stage adiabatic indirect heat exchanging (Figure
1). The content of components in the entrance of the
next stage catalyst bed and the export of upper stage
catalyst bed is identical. The required input temperature of the subsections can be obtained through the
heat balance, and the mathematical models of adiabatic reactor can be calculated.
The equations of inter-stage indirect heat
exchange are shown below:

Q = U Δt m = U

(T1 − t 2 ) − (T2 − t 1)
T −t
ln 1 2
T2 − t 1

(7)

Q = C ph N h (T1 −T2 ) = C pc N c (t 2 − t 1)

(8)

1
T −t
(t 2 + 1 2 −T1a )
1− a
exp(b )

(9)

T2 =

t 1 = t 2 − a (T1 −T2 )
a=

(10)

C ph N h
U
, b=
(1 − a )
C pc N c
C ph N h

(11)

where Δt m is the countercurrent mean temperature
difference, t1 is the inlet temperature of the cold
stream, t2 is the outlet temperature of the cold stream,
T1 is inlet temperature of hot stream, T2 is outlet temperature of hot stream, Nh and Nc are the molar flow
rates of the hot and cold stream, respectively.

Ⅰ

Nc, t1

Nh,T1

Nc, t2

Nh,T2

To Separation

Ⅰ

Feed Gas
N0

Figure 1. Five-stage adiabatic fixed-bed reactor with indirect heat exchanging.
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In order to simplify the calculation, the method
for calculating K is only discussed among calculation
methods. U is defined as the product of its moment of
the overall heat transfer coefficient, K, the total heattransfer area, F, and temperature difference correct
factor, φ△t. By solving the ordinary differential equations consist of Eq. (5), (6), (10) and (11), the concentration and temperature profiles in the axial directions
are obtained, which are compared with the factory
data.
Figure 2 shows the comparison between practical and calculated values of the temperature of the
catalytic bed. The mole fraction of methanol and DME
at different catalyst beds was received by calculation.
In the calculation, the outlet mole fraction of DME yD
and mole fraction of yM in the reactor are 0.3794 and
0.2411. They are very close to the actual values
0.3750 and 0.2500. The calculated outlet methanol
conversion xM is 0.759, which is also close to the
practical value 0.750. It can be seen that the calculated values of outlet gas composition, the catalyst
bed temperature, and methanol conversion are in
good agreement with the actual values.
It is evident that the calculated results are close
to the practical values. Thus, the one-dimensional
pseudohomogeneous mathematical model of the adiabatic fixed-bed reactor is reasonable and reliable. It
can be used in the simulation of multi-stage adiabatic
fixed-bed reactor.

production the five-stage adiabatic fixed-bed reactor
with indirect heat exchanging has the disadvantage of
difficult temperature control and inconvenient catalyst
filling.
The three-stage quench type adiabatic fixed-bed
reactor has the advantage of temperature easy control and convenience for catalyst load and unloads
compared with the industry adiabatic fixed-bed reactor. So the three-stage quench type DME synthesis
reactor is more specifically suited to the scale-up design.
DME production system consists of an adiabatic
fixed-bed reactor as well as a heat exchanger as
depicted in Figure 3. The feed gas to the reactor is
preheated in the heat exchanger through heat transfer with the outlet products from the reactor. The reactor product is transferred to DME separation unit, and
DME is separated from water and methanol. The
unreacted methanol is recycled to the reactor. The
industrial catalyst is divided into three loading sections in the reactor. The main form of heat transfer is
inter-stage quenching. Cold raw materials were introduced to the inter-stage mixing chamber in the middle
of the reactor, and methanol feed gas was used to
cool down the reactor.
The mass and energy balances for the outlet of
the first adiabatic catalyst bed are expressed by the
following equations:

Three-stage quench type DME synthesis reactor

N 1,out y D 1,out =N 2,in y D 2,in N 1,out y M 1,out +

N 1,out + δ1N 0 =N 2,in

(12)

+δ1N 0 =N 2,in y M 2,in

Due to simplicity and lower costs, adiabatic
fixed-bed reactors can be the first choice for catalytic
processes having low or intermediate heat of reactions. The multistage adiabatic reactor with interstage quenching is the ideal reactor, but in practical

N 1,out C p 1dt =δ1N 0C pc dt ,
T2,in



T1 out

N 1,out C p 1dt =

T2,in



TC

δ1N 0C pc dt

330
320
310

T/℃

300
290
280

actual temperature
calculated temperature

270
260

0

1

2

3

4

5

6

L/m

Figure 2. The calculated bed temperature profile of the catalytic bed.
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Ⅰ

Ⅰ

N1,out,T1,out
δ1N0, Tc

N2,in,T2,in

To separation

Feed gas
N0

Figure 3. Three-section adiabatic fixed-bed reactor with inter-stage quenching.

By solving Eqs. (12)-(14), N2,in, yD2,in, T2,in for the
input of the second adiabatic catalyst bed are
obtained. Similarly, N3,in, yD3,in, T3,in for the input of the
third adiabatic catalyst bed also can be calculated.
The adiabatic fixed-bed mathematics model is built by
these ordinary differential equations.
Numerical method
According to the above selected reactor design
and model parameters, the amount of methanol consumed and catalyst bed temperature distribution in
the axial directions of the reactor (Eqs. (5) and (6))
were performed by 4th-order Runge-Kutta [15]. Then,
by solving the detailed material balance, the product
distribution of the DME synthesis reaction is derived.

RESULTS AND DISCUSSION
Calculation results of the reactor
In this section, calculation results of the DME
reactor have been presented. Modeling validation is
done through comparing the results. To ensure 1 million t/a DME production, the required gaseous hourly
space velocity must be no less than 950.7 h-1. The
internal diameter of the reactor was set at 5 m. The
operating pressure of the catalyst bed is 1.2 MPa, and
inlet temperature of the reactor is 260 °C. The calculated results show that the height of the catalyst bed is
9.6 m and bed layer volume is 188.5 m3. The three
sections of the adiabatic bed are 2.5, 3.3 and 3.8 m,
and the two quenching ratios between the three sections of bed are 0.245 and 0.251. Figures 4 and 5

80
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XM / %
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40
30
20
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0

0

2

4

L/m

6

8

10

Figure 4. Methanol conversion at different heights of the catalytic bed.
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Figure 5. Temperature profile of the catalytic bed.

show the relationship of bed height, l, to methanol
conversion, xM, and bed temperature, T, in axial reactor.
It can be seen that the reaction and temperature
increase rates in the three sections of the adiabatic
bed are distinctly different. The methanol conversion
and temperature increase rate improved with increasing bed height, but the increase of the rate decreases
gradually. This is because the mixture of reaction gas
and raw material gas results in changes in proportion
of the reactants and the resultants, lowering the methanol conversion and reaction temperature.
The raw material gas cold shock has also lead
to inter-stage partial back mixing, which further caused
reaction and temperature rising rate decrease. Thus,
if higher methanol conversion is expected, more catalyst is needed, which is reflected in the increase of
the catalytic height (Figure 4). One feature in Figure 5
is that adiabatic temperature rising is approximately
identical, for the initial composition of cold shock gas
and feed gas is the same.

The results indicate that the methanol conversion increased with the increasing of inlet temperature. Both the product yield and the DME concentration increased. When the inlet temperature is lower
than 260 °C, relatively large changes are observed.
When the inlet temperature is over 260 °C, the trend
of the methanol conversion, the product yield and the
DME concentration are reduced.
As shown in Figure 6, the outlet temperature of
each section grows with the increasing of inlet temperatures. The temperature distribution of the catalytic bed is flatter at lower inlet temperatures, but this
trend changed greatly with inlet temperatures rising.
The difference between Tb1,in and Tb1,out was typically
about 120 °C with the inlet temperature 270 and 280
°C, respectively. It is difficult to control the reaction
temperature, and the catalyst is easy to deactivate.
Therefore, taking 260 °C as an inlet temperature is
appropriate.

The influence of inlet temperature

Under the same conditions of inlet temperature
260 °C and inlet GHSV 950.7 h-1, the influence of inlet
pressure on the temperature profile of the catalytic
bed was discussed. The results shown in Table 2 and
Figure 7 illustrate the temperature profile of the catalytic bed.

Under the inlet pressure 1.2 MPa and GHSV
950.7 h-1, the influence of inlet temperature on the
temperature profile of the catalytic bed was calculated. The results shown in Table 1 and Figure 6 illustrate the temperature profile of the catalytic bed.

The influence of different operating pressure

Table 1. Influence of inlet temperature (°C) on the dehydration of methanol
Tb,in

Tb1,out

Tb2,in

Tb2,out

Tb3,in

Tb3,out

xM / %

yD,out

Y / kt·a-1

240

273.64

239.49

264.48

231.47

243.22

31.57

0.1577

418.5

250

293.00

255.80

294.12

260.24

288.57

54.12

0.2706

718.1

260

334.59

278.62

342.32

297.79

334.87

84.16

0.4208

1116.7

270

387.02

311.93

357.94

306.61

338.30

85.08

0.4254

1128.9

280

399.90

314.20

360.46

312.55

341.85

85.18

0.4259

1130.2
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Table 2. Influence of pressure on the dehydration of methanol
p / MPa

Tb1,out

Tb2,in

Tb2,out

Tb3,in

Tb3,out

°C

xM / %

yD,out

Y / kt·a-1

1.0

322.25

272.34

325.71

283.42

321.04

74.34

0.3717

986.4

1.1

329.57

275.62

334.99

290.94

330.30

81.12

0.4056

1076.4

1.2

334.59

278.62

342.32

297.79

334.87

84.16

0.4208

1116.7

1.3

338.06

281.64

348.21

303.51

336.84

85.20

0.4257

1128.6

1.4

342.91

284.51

351.25

306.94

337.38

85.62

0.4272

1132.6

400
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250℃
260℃
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Figure 6. Influence of inlet temperature on the temperature profile of the catalytic bed.
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Figure 7. Influence of pressure on the temperature profile of the catalytic bed.

The bed temperature increased with the increasing of inlet pressure, and the methanol conversion
rate, the product yield and the DME concentration increased slightly (Table 2), meaning that the equilibrium
conversion of the reaction increased with the increase
of inlet pressure. The bed temperature profile of the

first section grows significantly with increasing inlet
pressure (Figure 7), while the bed temperature profiles of the second and the third section show relatively minor changes. When the inlet pressure exceeds
1.2 MPa, the tail end of the bed temperature profile of
the third section is almost horizontal, and the growing
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version rate and yD,out reduced. Overall, the results
showed that as the space velocity increased, the
intensity of production and DME production increased. When the space velocity increased further
(more than 950.7 h-1), too much gas flow took more
heat, decreasing the temperature of the catalyst bed
and reducing the activity of catalysts. The conversion
of methanol was greatly reduced, the declining yD,out
playing a major role in the yield calculation formula.
Thus, the producing capacity of DME was reduced.
In Figure 8, the outlet temperature of each section falls with the increasing of inlet space velocity.
With respect to methanol conversion and the product
yield, the suitable operational condition of inlet space
velocity is 950.7 h-1.

trend of the methanol conversion, the product yield
and the DME concentration are not significant. It
reveals that the reaction is close to equilibrium. In
consideration of the range of catalyst activity temperature, taking 1.2 MPa as an inlet pressure is the right
choice.
The influence of different inlet space velocity
Under the same conditions of inlet temperature
260 ºC and inlet pressure 1.2 MPa, the influence of
space velocity on the temperature profile of the
catalytic bed was explored. The results shown in
Table 3 and Figure 8 illustrate the temperature profile
of the catalytic bed.
Methanol conversion was reduced with the
increase of inlet space velocity (Table 3). This is due
to the reduced residence time caused by the increase
of inlet space velocity. But the product yield increases
first and then decreases. The yield calculation formula
Y = GHSV(Vcat/22.4)yD,outT is a more intuitive and
convenient approach to explain this phenomenon. It
can be found that Y relates to two characteristics:
GHSV and yD,out. With increasing space velocity, the
contact time between gas and catalyst was reduced,
and the bed temperature dropped. The methanol con-

CONCLUSION
For the catalytic dehydration of methanol in the
gas phase reaction system, a one-dimensional pseudo-homogeneous model was developed to simulate the
adiabatic fixed-bed reactor. The reactor model was
validated against the actual data from the industrial
production device, and satisfactory agreements were
found between them. The established model could

Table 3. Influence of inlet space velocity on the dehydration of methanol
GHSV / h-1

Tb1,out

Tb2,in

Tb2,out

Tb3,in

Tb3,out

°C

xM / %

yD,out

Y / kt·a-1

831.8

360.42

296.47

353.73

306.11

336.43

85.46

0.4273

992.2

891.2

342.85

284.47

350.99

306.73

337.19

85.32

0.4266

1061.3

950.7

334.59

278.62

342.32

297.79

334.87

84.16

0.4208

1116.7

1010.1

321.93

271.28

322.81

284.34

323.95

75.76

0.3788

1068.1

1069.5

313.95

263.75

299.44

264.37

284.51

65.16

0.3258

972.7
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Figure 8. Influence of space velocity on the temperature profile of the catalytic bed.
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provide a theory basis to simulate the three-stage
quench type reactor. The results showed that the
optimal inlet operating conditions of the fixed-bed
reactor were temperature 260 °C, pressure 1.2 MPa
and space velocity 950.7 h-1. At these conditions, the
outlet conversion was 84.16%, the hot spot temperature was 342.32 °C, and the DME yield was 1116.7
kt/a. The behaviors of the fixed-bed reactor were discussed with inlet catalyst bed temperature 240–280
°C, operating pressure 1.0–1.4 MPa and inlet space
velocity 831.8–1069.5 h-1. The results of the discussion have shown that the rise of inlet temperature and
operating pressure could increase DME yield. The hot
spot temperature was also increased, and the temperature range fluctuated significantly. The outlet conversion of methanol, the hot spot temperature and the
proportion of DME in the reaction product were reduced with the raising of inlet space velocity, but the
DME yield first increased and then decreased.
Nomenclature

A
C OR
CP

bed cross-sectional area, m2
activeness correction coefficient
heat capacity under constant pressure, kJ

kmol-1 K-1
f
fugacity, MPa
−ΔH R reaction heat, kJ·kmol-1
Kf
equilibrium constant
Loss heat loss, °C/m
l
height of catalyst bed, m
N
molar flow rate, kmol·h-1
R
universal gas constant, J mol-1 K-1
r
macroscopic reaction rate, mol g-1 h-1
x
conversion
T
temperature, K
Δt m
countercurrent mean temperature difference,
°C
W
the weight of the catalyst, kg
y
mole fraction

h
i
in
M
out
W

ρb

inter-stage quenching ratio
bed bulk density, kg·m-3

Subscripts
1,2
b
c
D

stage number
catalyst bed
cold fluid
dimethyl ether

hot fluid
component
inlet
methanol
outlet
water
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SIMULACIJA VIŠESTEPENOG ADIJABATSKOG
REAKTORA SA MEĐUSTEPENIM KALJENJEM U
SINTEZI DIMETIL-ETRA
Adijabastki reaktor sa pakovanim slojem je komercijalno uspešan u industrijskoj katalitičkoj
dehidrataciji metanola u dimetil-etar. Postavljen je jednodimenzionalan pseudo-homogeni
model industrijskog reaktora za u sintezu dimetil-etra. Radi verifikacije razvijenog modela,
rezultati simulacije su poređeni sa raspoloživim podacima iz industrijskog reaktora, pri
čemu je utvrđeno dobro slaganje između njih. Raspodela temperature u sloju katalizatora i
koncentracija svake komponente je dobijena pod uslovima ulazne temperature 260 °C,
pritiska 1,2 MPa i prostorne brzine gasa 950,7 h-1. Uticaj reakcionih uslova na raspodelu
temperature u sloju katalizatora, izlaznu konverziju metanola i prinos dimetil-etra je
izračunat pri ulaznoj temperaturi 240-280 °C, radnom pritisku 0,6-1,8 MPa i prostornoj
brzini gasa 831,8-1069,5 h-1. Rezultati pokazuju da se izlazna konverzija metanola,
najveća temperatura sloja katalizatora i prinos dimetil-etra katalizatora povećavaju sa
porastom ulazne temperature i radnog pritiska. Povećanje prostorne brzine gasa vodi
smanjenju temperature sloja katalizatora i izlazne konverzije metanola. Međutim, prinos
dimetil-etra se najpre povećava, a zatim smanjuje.
Ključne reči: metanol, dimetil etar, adijabastki reaktor, matematička simulacija.
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IMPROVEMENT ON FILTERABILITY
IN THE AEROBIC TREATMENT OF
CARBOXYMETHYL CELLULOSE (CMC)
WASTEWATER
Article Highlights
• The aerobic treatment of saline CMC wastewater is discussed for the first time
• For the aerobic treatment of CMC wastewater, the filterability of mixed liquid is much
worse during exponential and stationary phases, and much better during death and
lag phases
• For the aerobic treatment of CMC wastewater, the filterability of mixed liquid is
effectively improved by mixing filtered natural water with the wastewater. The filtered
natural water is simulating distilled water with proper micronutrients dosed
• For the treatment of CMC wastewater with CAS, the F/M to maintain biomass is
approximately 0.4 kg COD/kg MLSS
Abstract

CMC is chemically modified from natural cellulose and widely applied in
various industries. CMC wastewater consists mainly of sodium glycolate,
sodium chloride and water. With extremely high COD and salinity, high concentration CMC wastewater cannot be biologically treated, but with COD and
salinity around 15000 and 30000 mg/L respectively, low concentration CMC
wastewater can be aerobically treated. In a CMC factory, the treatment of low
concentration wastewater with aerobic MBR was successful except for one
serious problem: poor filterability. Two trial solutions: adding micronutrients
and applying MBBR were expected to improve the filterability. In the experiment, adding micronutrients was achieved by mixing filtered natural water into
the wastewater, rather than dosing chemicals into it. The treatment efficiency
of both solutions was close, but adding micronutrients showed distinguished
performance in improving filterability, which includes higher filtration flux and
slighter membrane fouling. Adding micronutrients also effectively improved the
filterability under severe salinity shock.
Keywords: carboxymethyl cellulose, filterability, membrane fouling, micronutrients, saline wastewater.

What is CMC?
CMC is chemically modified from natural cellulose. It is a cellulose derivative with carboxymethyl
groups substituting hydroxyl groups. Natural cellulose
is not soluble in water, but most CMCs dissolve
rapidly in cold or hot water, forming a viscous, smooth,
flavourless, odorless, nontoxic, transparent and neutCorrespondence: P.Y. Qing, College of Environmental Science
and Engineering, Donghua University No. 2999, North Renmin
Road, Songjiang District, Shanghai 201620, P. R. China.
E-mail: reinhard@mail.dhu.edu.cn
Paper received: 27 February, 2013
Paper revised: 6 July, 2013
Paper accepted:3 September, 2013

ral solution. With such property, CMCs have various
functions of bulking, firming, gelling, thickening, glazing, lubricating, emulsifying, humidifying, water-holding, colloid-holding and so on, and have various applications in food, daily chemical, pharmaceutical, oil,
and many other industries. In fact, they are nowadays
the most abundantly produced and the most widely
applied cellulose products globally. Incidentally, CMCs
are mostly applied as sodium salt – sodium carboxymethyl cellulose.
CMC production and CMC wastewater
CMC is synthesized through two reaction steps
[1]. The first is alkalization reaction, which generates
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alkali cellulose; the second is etherification, which
generates CMC:
[C6H7O2(OH)3]n + nNaOH →
→ [C6H7O2(OH)2ONa]n + nH2O

(1)

[C6H7O2(OH)2ONa]n + nClCH2COONa →
→ [C6H7O2(OH)2OCH2COONa]n + nNaCl

(2)

Meanwhile, there is one side reaction step that
generates the byproduct, sodium glycolate:
ClCH2COONa + NaOH → HOCH2COONa + NaCl (3)
The reaction medium can be water or organic
solvent. The former is for low-grade products, while
the latter is for top-grade products. Ethanol is a most
commonly utilized organic solvent.
Consequently, CMC wastewater is composed of
water, sodium glycolate (HOCH2COONa), sodium
chloride as the majority, and cellulose, sodium hydroxide, ethanol, CMC as the minority. The relation
between the water quality parameters and the wastewater composition is established: the SCOD is mostly
attributed to sodium glycolate; the salinity is attributed
to sodium chloride; the SS is attributed to the raw
material – natural cellulose and some impurities. Sodium glycolate is a readily biodegradable; natural cellulose is slowly biodegradable; sodium chloride is the
greatest obstacle to biological treatment, as saline
wastewater is a hypertonic solution, in which cells
undergo plasmolysis.
The concentration of CMC wastewater is highly
variable among different product lines. The COD and
salinity of high concentration CMC wastewater is up
to around 70000 and 140000 mg/L, respectively; the
COD and salinity of low concentration CMC wastewater is down to around 15000 and 30000 mg/L, respectively.
CMC wastewater treatment and its problems
Biological treatment is economical and practicable nowadays. However, high concentration CMC
wastewater is far too saline for microorganism to
treat. Only physicochemical treatment, such as distillation, incineration and filtration is supposed to be
able to treat high concentration CMC wastewater, but
at high operation costs.
The concern of this paper is the biological treatment of low concentration CMC wastewater, whose
salinity is hopefully tolerable for microorganisms.
However, there is regretfully little or no reference to
this field. Given that sodium glycolate is biodegradable and sodium chloride is the inhibitor of bacteria,
studies in biological treatment of saline wastewater
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can enlighten the biological treatment of CMC wastewater.
Regarding the biological aspect, inoculating
halotolerant or halophilic strains into oligohalobic activated sludge [2-5] and acclimatizing oligohalobic activated sludge to the salinity [6] have been applied
separately or combinedly to abate the retarding effect
of salinity on microorganisms. In general, the acclimation strategy may work when the wastewater Salinity is below 30000 mg/L, while the inoculation strategy is applied when the wastewater salinity is above
30000 mg/L [7].
Regarding the operational aspect, the biofilm
processes, which can provide a dual biological treatment system, and the membrane technique, which
can provide longer HRT and SRT, have been applied
to improve the efficiency of treating saline wastewater
[7-9].
In addition to the known inhibiting effect on microorganism, salinity can also cause poor oxygen
transfer, turbidity, viscosity and salt precipitation during
biological treatment. Furthermore, salinity can reduce
the flux and exacerbate the fouling during membrane
filtration [7].
There is one case of CMC wastewater biological
treatment – in a specialty chemicals factory located in
Jiangsu, China, low concentration CMC wastewater
has been treated with acclimation strategy and MBR
process. Under an average salinity about 30000
mg/L, the average influent COD is about 15000 mg/L
and the effluent COD is mostly below 500 mg/L,
which is compliant with the Grade III (effluent discharged to sewage treatment plants for further treatment) of the Chinese National Standard “Integrated
wastewater discharge Standard” [10]. By applying the
acclimation strategy and membrane technique, the
biological treatment was basically successful, except
for a serious problem: the poor filterability of the
mixed liquid. In the membrane tank, there were 120
DOW® FLEXELL-20 hanging-floating hollow fiber
ultrafiltration membrane units immersing in the mixed
liquid. The membrane is made of PVDF, with a nominal pore size of 0.1 μm. The design membrane flux is
6–8 L/(m2·h) by means of vacuum filtration, so the
design flow rate is supposed to be 14.4–19.2 m3/h,
while the real flow rate was around 10 m3/h. According to the operational manual tailored for this type of
wastewater by the membrane manufacturer, a two-min
water-air backwash and scouring is conducted every
30 min, and a chemical wash is conducted every two
months. Actually, the water-air backwash and scouring was poorly effective on mitigating the membrane
fouling, while the chemical wash had an immediate
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but fugitive effect. Right after a chemical wash, the
filtration capacity had been recovered to above 25
m3/h, but just after one week, it dropped back to
around 10 m3/h. The problem had been unexposed
during the acclimation period, but as the influent Salinity became high during the operation period, the problem became much more obvious and serious.
As the maximum wastewater production capacity of this factory is 16.7 m3/h, the in-plant wastewater treatment plant was always overshadowed by
insufficient wastewater treatment capacity. Actually,
on a global scale, CMC wastewater treatment plants
that apply membrane technique have been facing the
same problem. The objective of this study is to seek a
solution to this problem.
THEORETICAL
Micronutrients
Industrial wastewaters are always lacking in
numerous nutrients that are essential for microbial
metabolism. The macronutrients required are carbon,
oxygen, hydrogen, nitrogen, phosphor and sulphur;
the micronutrients required include a wide range of
elements and vitamins. Adequate micronutrients are
necessary for all the genera present in activated
sludge, so as to maximize population diversity and to
enhance co-metabolism function. Abnormal activated
sludge status, such as bulking, foaming, poor flocculation, poor settleability and so forth are associated
with an unbalanced community, which is further ascribable to micronutrition deficiency [11-13].
Even so, micronutrients dosing is still very
uncommon, unlike the prevalence of nitrogen and
phosphor dosing, probably because there is still no
acknowledged formula for the micronutrients required
for activated sludge, and an excessive dosage might
even backfire. As municipal sewage or natural water
contains sufficient micronutrients, it is supposed to
improve the performance of activated sludge by mixing it with industrial wastewater.
Given the composition of CMC wastewater analyzed in the previous chapter, it is easy to conclude
that part of macronutrients and most of micronutrients
are lacking in CMC wastewater. As nitrogen and
phosphor have been regularly dosed at an appropriate C-N-P mass ratio during the treatment, adding
micronutrients is expected to be one trial solution to
the problem of poor filterability.
MBBR
MBBR is an ideal alternative process in addition
to CAS. The process is based on “floating” biofilm
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carriers, which distinguish MBBR from traditional
fixed-medium biofilm processes. MBBR carriers are
normally made of various plastic materials, and their
densities are designed to be slightly lower than that of
water [14]. By applying this kind of biofilm carriers, a
moving hotbed of microorganism can be formed in the
wastewater, and because of the low densities of
these carriers, MBBR consumes far less energy than
other moving-medium biofilm processes, such as RBC
and FBR, to drive the medium bed to move all over
the reactor [15].
The filtration resistance of mixed liquid is to a
certain degree related to the MLSS concentration.
That is to say, lower MLSS concentration may lead to
smoother membrane filtration. Biofilms grow better in
low MLSS concentration and produce less suspended
biomass [16], so applying MBBR is expected to be
another solution to the problem of poor filterability.
EXPERIMENTAL
Influent quality
As the feed water in the experiment, the low
concentration CMC wastewater was acquired from
the specialty chemicals factory mentioned in the last
chapter. However, for transport convenience, the raw
wastewater had been condensed in the factory, and it
had to be diluted back before the experiment. The
condensed wastewater was close to high concentration CMC wastewater in property. Table 1 shows
the quality of the condensed CMC wastewater.
Table 1. The quality of the condensed CMC wastewater
Item

Unit

Value

SCOD

mg/L

70000

Chloride

mg/L

140000

SS

mg/L

3500

Nitrogen

mg/L

0

Phosphor

mg/L

0

–

8

°C

50

pH
Temperature

Pilot devices

Part one – Basic research
In part one, the two trial solutions – adding micronutrients and applying MBBR were compared upon
filterability. Note that in the experiment, adding micronutrients was achieved by mixing filtered natural
water into CMC wastewater instead of dosing soluble
chemical agents into it. This is because: firstly, the
proper formula for micronutrients dosing is unknown;
secondly, the filtered natural water can be considered
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as the solution of soluble micronutrients and pure
water; thirdly, the variety and quantity of micronutrients in the natural water is believed to be ideal to the
organism.
The experiment was conducted in three parallel
aerobic SBRs. The dimension of each reactor was
300 mm×200 mm×300 mm, and the reaction volume
was 12 L. Each reactor was aerated by an electromagnetic air pump with the blowing capacity 100 L/min,
which can definitely meet the demand for aerobic
respiration and complete stirring.
Reactor #1 was the control reactor, where distilled water was utilized to dilute condensed wastewater, and CAS process was applied. In Reactor #2,
natural water was utilized, and CAS process was
applied. The natural water had been collected from
the Mirror Moon Lake, an ecological scenic water in
Donghua University, and then was filtrated by 0.45
μm pore size membrane. In Reactor #3, distilled
water was utilized, and MBBR process was applied.
The biofilm carriers are made of PP, with the specific
gravity of 0.92, the total surface area of 500 m2/m3.
The filling fraction of biofilm carriers was 40% [17].
In order to ensure the control experiment precise, all the other experimental settings were adjusted
to being as uniform as possible among the three reactors. The bacteria had been inoculated from the wastewater treatment plant of the specialty chemicals factory mentioned in the last chapter, and the starting
MLSS was 1000 mg/L in each reactor. The sludge/
/biofilm culture period lasted for one month, and then
the operation period lasted for two months. During
both periods, the SCOD concentrations were almost
uniform among all reactors at the start of a treatment
batch, and a treatment batch ended when the SCOD
concentration was below 500 mg/L in all reactors.
Carbamide and potassium dihydrogen phosphate were
dosed to adjust the C-N-P mass ratio to 100:5:1 at the
beginning of a treatment batch. During the whole
course of part one, the reactors were running in a
non-shock status.

Part two – Applied research
If filtered natural water showed ideal performance in part one, theoretically this would prove that
the soluble micronutrients in the natrual water help to
improve the filterability of the mixed liquid in CMC
aerobic treatment. However, the utilization of natural
water in wastewater treatment is practically illegal, so
in part two, it would be quite significant to investigate
the performance of municipal sewage, which is also
believed to contain abundant micronutrients.
The experiment would be conducted in the three
parallel aerobic SBRs same as in part one. Reactor
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#1 was the control reactor, where distilled water was
utilized to dilute condensed wastewater; in Reactor
#2, natural water was utilized for dilution; in Reactor
#3, municipal sewage was utilized for dilution. All the
other experimental settings would remain consistent
with in part one. Table 2 shows the experimental
settings of the two experiment parts.
Table 2. The experimental settings of the two experiment parts
Settings

Reactor #1

Reactor #2

Reactor #3

Dilution

Distilled water

Natural water

Distilled water

Process

CAS

CAS

MBBR

Part one

Sanility

Uniform
Part two

Dilution

Distilled water

Process

CAS

Sanility

Natural water

Sewage

CAS

CAS

Uniform
General

Aeration

Consistently uniform

pH

Consistently uniform

Temperature

Consistently uniform

Analysis methods
SCOD, MLSS and DO concentrations were
determined every day; chloride concentration was
determined every batch. Dichromate method has
been used to determine COD concentrations [18];
Gravimetric method has been used to determine SS
concentrations [19]; silver nitrate titration method has
been used to determine chloride concentration [20].
DO concentration was measured with a WTW oxi
330i portable dissolved oxygen meter. SCOD concentrations were obtained through two steps: 1) filtering
the mixed liquid with 0.45 μm-pore-size membrane; 2)
determining the COD concentrations of the filtrate.
When analyzing the filterability, filtration time was
recorded every day. CST has widely been adopted to
characterize the filterability of activated sludge [21].
The method is to measure the time of a certain filtrate
travelling a fixed distance on a specific filter paper.
However, in this study, a dead-end vacuum filtration
device was designed to simulate the actual working
condition on site, as shown in Figure 1. The time of
acquiring 50 mL filtrate from total 500 mL mixed liquid
was recorded. Note that the volume was converted
from the mass by the density of filtrate.
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Figure 1. The schematic of the dead-end vacuum filtration device.

RESULTS AND DISCUSSION
Treatment and biomass
During operation period of part one, the treatment efficiency was very close among the three
reactors. It took nearly same days for each reactor to
degrade SCOD to below 500 mg/L.
For the two CAS reactors (#1 and #2), within a
treatment batch, the organic loading kept decreasing
along the treatment progress, while the MLSS increased in the early stage and decreased in the late
stage. The inflection points of MLSS curve occurred
when the organic loading decreased to around 0.4
kgCOD/kgMLSS. That is to say, the biomass increased when the organic loading was above 0.4
kgCOD/kgMLSS, and the biomass decreased when
the organic loading was below 0.4 kgCOD/kgMLSS.
The fact proves that the minimum F/M that can maintain biomass is approximately 0.4 kgCOD/kgMLSS.
Filtration time record
One treatment batch was picked out from the
operation period of part one for analyzing the filter-

ability. Figure 2 shows the daily filtration time record
of the three reactors within this treatment batch. Obviously, the mixed liquid with filtered natural water
added (Reactor #2) had the best filterability with a
great advantage/margin, while the MBBR (Reactor
#3) was far worse than the two CAS reactors in filterability.
Normally, a mixed liquid with less suspended
solid will have less filtration resistance, but the finding
reveals that the filterability of MBBR mixed liquid is
much poorer than that of CAS, regardless that the
MLSS in MBBR is far less than in the CAS reactor. It
is inferable that the difference in structure of suspended solid between suspended sludge (in CAS
reactor) and flaking biofilm (in MBBR) caused the
widely different performance in filterability.
It is also noted that the daily filtration time experienced a nearly synchronous rise and fall for all the
three reactors within this treatment batch. Figure 3
shows the relation between MLSS and filtration time.
For the two CAS reactors, the filtration time went up
with the increase of MLSS and went down with the
decrease of MLSS, while for the MBBR, the rise and

Figure 2. The daily filtration time record in part one.
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Figure 3. The relationship between MLSS and filtration time: a) Reactor #1, b) Reactor #2 and c) Reactor #3.

fall of filtration time had no relationship with MLSS. It
is inferable that the microbial activity has a more
decisive impact on the filterability than the biomass.
That is to say, the mixed liquid has a large filtering
resistance in the exponential and stationary phases
because the bacteria are much active and are growing at a high speed, while the mixed liquid has a small
filtering resistance in the death and lag phases
because the bacteria are decaying in activity and are
deceasing more than growing.
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Filtration resistance
As a parameter which characterizes the filterability of mixed liquid, filtration time is intuitive, but not
scientific. Hence, filtration resistance is introduced
and Darcy’s law, which describes the flow of a fluid
through a porous medium is quoted and modified:

Q 1 ΔP
=
t A μR

(4)
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where Q is the cumulative flux (m3), t is the filtration
time (s), A is the membrane surface area (m2), ΔP is
the TMP (Pa), μ is the permeate viscosity (Pa·s) and
R is the filtration resistance (1/m). Then, through derivation, the instantaneous flux can be calculated:

q=

 A ΔP  A ΔP
dQ
= d
=
μr
dt
 μR 

(5)

where q is the instantaneous flux rate (m3/s), r is the
instantaneous filtration resistance (1/m). Finally, just
by simple operations, the instantaneous filtration
resistance is obtained:

r =

A ΔP
μq

(6)

Still within this treatment batch, on the last day,
the curves of filtration time – cumulative flux within an
hour were recorded, as shown in Figure 4a. After
further calculation, the curves of filtration time – instantaneous filtration resistance within an hour were
obtained, as shown in Figure 4b.
The lasting rise of filtration resistance was due
to the lasting exacerbation of membrane fouling,
which is caused by the deposition of soluble and particulate materials into and onto the membrane during
filtration [22]. The membrane fouling is composed of
reversible, irreversible and permanent membrane fouling. Reversible membrane fouling is considered as a
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loose adherence of fouling substances to the membrane, which can be removed by physical means;
irreversible membrane fouling is considered as a
strong adherence, which can only be removed by
chemical means [23]; permanent membrane fouling
cannot be removed even after physical and chemical
wash. So, the total filtration resistance can be divided
into four parts:

R = Rm + Rr + Rir + Rp

(7)

where Rm is the filtration resistance of membrane, Rr
is the filtration resistance of reversible membrane
fouling, Rir is the filtration resistance of irreversible
membrane fouling, and Rp is the filtration resistance
of permanent membrane fouling.
On the last day of this treatment batch, the four
parts of filtration resistance were determined. In the
determination, the filtered liquid was deionized water,
which wouldn’t affect the fouling layer and could uniformly permeate the fouling layer and the membrane.
The filtration flux of deionized water was recorded at
four successive time points: first, when the membrane
was new; second, after the membrane had filtered
mixed liquid; third, after the membrane had been
physically washed (water rinse); fourth, after the
membrane had been chemically washed (10% NaClO
bath). The four parts of filtration resistance could be
calculated with filtration flux and Eq. (6), as shown in
Table 3.

Figure 4. Curves of filtration time: a) cumulative flux within an hour; b) instantaneous filtration resistance within an hour.
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Table 3. The four parts of filtration resistance; ∆P = 87 kPa; A = 41.854 m2; μ28 = 0.8937 mPa s
q / m3 s–1

Mixed liquid
Reactor #1

3.546×10

Membrane

1.149×10

11

1.144×10

-8

Total

3.561×10

13

P-washed

3.817×10

-7

Reversible

3.454×10

13

C-washed

1.316×10

-6

Irreversible

7.578×10

11

Permanent

1.948×10

11

3.125×10

-6

Membrane

1.304×10

11

Filtered

5.537×10

-8

Total

7.358×10

12

P-washed

7.353×10

-7

Reversible

6.804×10

12

2.778×10

-6

Irreversible

4.074×10

11

Permanent

1.630×10

10

New

3.676×10

-6

Membrane

1.108×10

11

Filtered

4.967×10

-9

Total

8.203×10

13

3.968×10

-7

Reversible

8.100×10

13

1.351×10

-6

Irreversible

7.252×10

11

Permanent

1.907×10

11

New
Filtered

Reactor #2

New

C-washed
Reactor #3

R / m–1
-6

P-washed
C-washed

It is observed by Table 3 that the mixed liquid in
Reactor #2 not only had the least filtration resistance,
but also caused the slightest membrane fouling.
There are parameters not present in Table 3 but should
be noticed: the sum of irreversible and permanent
membrane fouling, which indicate to what extent the
membrane flux can be restored after a physical wash.
The parameters are significant because the physical
wash is most regular and simple way to restore the
membrane flux. It is calculated that the sum of ireversible and permanent membrane fouling was
9.526×1011 1/m for Reactor #1, 4.237×1011 1/m for
Reactor #2 and 9.159×1011 1/m for Reactor #3.
Moreover, the mixed liquid in Reactor #2 caused
slightest permanent membrane fouling, which can
also be revealed by SEM photographs of permanent
membrane fouling shown in Figure 5. The surface of
membrane #2 (for Reactor #2) is pretty clear and its
pores are basically open (Figure 5b), while the surface of membrane #1 (for Reactor #1) and membrane
#3 (for Reactor #3) is evidently covered and its pores
are largely blocked (Figure 5a and c).

Applied research
Since mixing natural water with CMC wastewater had shown ideal performance in part one, the
performance of mixing municipal sewage was investigated in part two. As diluent, distilled water was not
contaminated but municipal sewage was, and the COD
was approximately 400 mg/L, so the treatment efficiency is not comparable among the three reactors.
The focus is still the filterability, which is reflected by
the filtration time of the mixed liquid in the three reactors.
Figure 6 shows the daily filtration time record of
the three reactors within one treatment batch of part
two. It is observed that the mixed liquid with filtered
natural water added (#2) cost the shortest filtration
time; the mixed liquid with municipal sewage added
(#3) cost a bit longer filtration time, but still shorter
than the filtration time of the mixed liquid from the
control reactor (#1). It was proved that the municipal
sewage can also improve the filterability of the mixed
liquid in CMC aerobic treatment. Moreover, it is infer-

Figure 5. SEM Photographs of permanent membrane fouling: a) the membrane for Reactor #1, b) the membrane for Reactor #2
and c) the membrane for Reactor #3.
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Figure 6. The daily filtration time record in part two.

able that the contaminants (solid and soluble) in the
municipal sewage made its performance inferior to filtered natural water.

fouling. However, the treatment efficiency was almost
unchanged.
2. Although MBBR produced far less MLSS
than CAS did, the filterability of the MBBR mixed
liquid was still far poorer than that of CAS in CMC
wastewater aerobic treatment. Meanwhile, the treatment efficiency was almost the same.
3. The filtration resistance of mixed liquid was
rather great when the aerobic treatment was in-process, and was pretty weak when the aerobic treat-

Micronutrient analysis of natural water
Since the filtered natural water showed an ideal
effect on improving the filterability of mixed liquid in
CMC wastewater aerobic treatment, it is significant to
analyze its micronutrient composition. A PerkinElmer
Optima 8300 ICP-OES spectrometer was used for the
determination. Table 4 shows the results obtained.

Table 4. The soluble micronutrient composition of the natural water utilized in the experiment
Element

Concentration

Unit

Element

Concentration

Unit

Al

12.8

μg/L

Ba

71.7

μg/L

Na

110.0

mg/L

Ni

8.28

Ca

52.5

μg/L

mg/L

Pb

0.132

μg/L

Cd
Co

0.012

μg/L

Rb

9.8

μg/L

0.306

μg/L

Sb

3.65

μg/L

Cr

0.308

μg/L

Se

0.351

μg/L

Cu

2.99

μg/L

Sr

342.3

μg/L

Fe

16.4

μg/L

Tl

0.010

μg/L

Hg

0.011

μg/L

V

0.312

μg/L

K

10.9

mg/L

W

1.11

μg/L

Li

10.8

μg/L

Zn

4.8

μg/L

Mg

16.5

μg/L

As

4.63

μg/L

Mn

75.3

mg/L

Br

110.5

μg/L

Mo

5.75

μg/L

Cl

230.0

mg/L

CONCLUSIONS
1. By mixing adequate natural water with CMC
wastewater, the filterability of mixed liquid was largely
improved. The improvement was manifested in maintaining the filtration flux and retarding the membrane

ment was towards the end. Thus, the membrane filtration posterior to the biodegradation completion is significant for CMC wastewater aerobic treatment.
4. Salinity shock increased the filtration resistance of mixed liquid, especially when the aerobic
treatment was in-progress. Mixing natural water with
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CMC wastewater was again effective on improving
the filterability.
5. For the treatment of CMC wastewater with
CAS, the minimum F/M that can maintain biomass is
approximately 0.4 kg COD/kg MLSS.
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Nomenclature
CAS
CMC
COD
CST
DO
FBR
F/M
HRT
ICP-OES
MBR
MBBR
MLSS
PP
PVDF
RBC
SBR
SCOD
SEM
SRT
SS
TMP

Conventional Activated Sludge
Carboxymethyl Cellulose
Chemical Oxygen Demand
Capillary Suction Time
Dissolved Oxygen
Fluidized Bed Reactor
Food to Microorganism ratio
Hydraulic Retention Time
Inductive Coupled Plasma – Atomic Optical
Spectroscopy
Membrane Biological Reactor
Moving Bed Biofilm Reactor
Mixed Liquid Suspended Solid
Polypropylene
Polyvinylidene Fluoride
Biological Rotating Contactor
Sequence Batch Reactor
Soluble Chemical Oxygen Demand
Scanning Electron Microscopy
Sludge Retention Time
Suspended Solid
Trans-membrane Pressure
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POBOLJŠANJE FILTRIRANJA POSLE AEROBNOG
TRETMANA OTPADNE VODE SA
KARBOKSIMETILCELULOZOM
Karboksimetilceluloza (CMC) je hemijski modifikovana prirodna celuloza koja se široko
primenjuje u različitim industrijama. Otpadna voda sa CMC sastoji se uglavnom od
natrijum-glikolata, natrijum-hlorida i vode. Otpadna voda sa izuzetno velikom HPK i
salinitetom ne može se biološki tretirati, ali ona sa HPK oko 15000 mg/L i salinitetom oko
30000 mg/L može se aerobno tretirati. Tretman otpadne vode sa malim koncentracijama
CMC u aerobnom membranskom bioreaktoru (MBR) je uspešna, ali se suočava sa
ozbiljnim problemom otežane filtracije. Očekuje se da se filtrabilnost može poboljšati
dodatkom mikronutrijenata i primenom reaktora sa pokretnim slojem sa biofilmom (MBBR).
Dodatak mikronutrijenata je postignut mešanjem filtrirane prirodne vode sa otpadnom
vodom da bi se izbeglo dodavanje hemikalija u otpadnu vodu. Efikasnost tretamana u oba
slučaja je skoro isti, ali dodavanjem mikronutrijenata se znatno poboljšava filtrabilnost koja
uključuje veći filtracioni fluks i manje onečišćenje membrana. Dodatkom mikronutrijenata
se takođe efektivno poboljšava filtrabilnost pri velikim povećanjima saliniteta.
Ključne reči: karboksimetilceluloza, filtrabilnost, onečišćenje membrane, mikronutrijenti, slane otpadne vode.
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CHARACTERISTICS OF WHEY PROTEIN
HYDROLYSATES FROM CHEESE WHEY,
FAVORS ON VARIOUS FOOD APPLICATION
Article Highlights
• HMF showed no specific pattern with the increment of hydrolysis time of WPH-35. Only
alcalase samples showed a gradual increment
• All hydrolysates in alkaline media exhibited more than 50% solubility. pH 4 showed
the lowest solubility of whey protein hydrolysate
• The highest degree of hydrolysis was exhibited by protease M hydrolysates while
alcalase hydrolysates exhibited the least response
• A remarkable increase of NPN level within the first 30 min hydrolysis in each enzyme
type is reported
• The highest overall acceptability resulted from protease M and alcalase by sensory
evaluation
Abstract

This study was conducted to investigate the production of whey protein hydrolysates, examining the physiochemical properties with five enzyme types
named alcalase, protease S, protease M, trypsin, and pepsin. Whey protein
concentrate was adjusted by ultrafiltration, increasing the whey content to
135% that of initial levels. The hydrolysates have been shown to improve the
characteristics of a number of food products, and the type of enzyme has a
considerable influence on the end result of hydrolysates production. Bulk
density, solubility, NPN, foaming capacity, and the degree of hydrolysis were
increased with hydrolysis time. Maximum bulk density was shown by protease
S. Pepsin and alcalase gradually increased the foaming capacity, resulting in a
comparatively lower pH and a lower degree of hydrolysis. The highest degree
of hydrolysis was shown by protease M. The highest NPN value was provided
by pepsin, which was much greater than that of other enzymes. There was no
significant difference in NPN according to the enzyme type applied. All hydrolysates in alkaline media were shown more than 50% solubility. HMF contents
were also shown an obvious difference with the enzyme type.
Keywords: whey protein, enzyme hydrolysates, functionality.

Whey is regarded as a valuable by-product of
cheese making. It contains proteins that have a high
nutritional value and are an important source of bioactive sequences [1]. Whey protein technology has
been developed for strengthening the functional protein in the food industry [2]. Whey contains approximately 20% milk proteins, and about 50% β-lacto
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globulin (β-Lg), 22% α-lactalbumin (α-La), and numerous other proteins [3].
Modification of proteins based on enzymatic
hydrolysis has a broad potential for designing protein
functionality for specific applications [4]. The properties of the hydrolysates are dependent on the type
of enzyme used, the degree of hydrolysis, and the
substrate pretreatment [5]. Enzymes from different
origins may vary in their capacity to hydrolyze whey
proteins, and thus, may influence the physical/chemical characteristics of the hydrolysates [6].
Whey protein concentrates (WPC) provide an
excellent food resource because of their relatively
high protein concentration, excellent nutritional quality
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and exceptional functional characteristics. The functional characteristics of whey proteins are highly
valued in the food industry by food formulators, due to
their wide range of functional benefits. Generally,
whey protein hydrolysates for application to the food
industry should have high solubility, low viscosity, as
well as suitable foaming, gelling and emulsifying properties over those of native proteins, depending on
the application [7].
This experiment is based on the proven features
of WPC hydrolysates and their functionalities which
can be utilized in various industries. The industry continues to innovate, while at the same time focusing on
finding new uses and new markets for these valueadded ingredients.
MATERIAL AND METHODS
Sample preparation
Fresh cheddar cheese whey was clarified and
subjected to heat treatment in a vat pasteurizer to 70
°C/5 min after adjusting the pH value to 7, followed by
cooling to 50 °C. Ultrafiltration was carried out at 50
°C at 6 and 2 bar inlet and outlet pressures, respectively. The membrane module (supplied by Danish
Separation Systems AS, Denmark) was equipped
with flat sheet ultrafiltration membranes of GR-60-PP
made of polysulphone. The molecular weight cut-off
range was 10,000 Da. The experiment was carried
out in a spiral wound type module (DSS LabUnit M20,
Alfa Laval Nakskov, Denmark). The total effective surface area of membranes was 0.036 m2. After the first
filtration, the permeate was removed and the retentate was further subjected to spray drying using a Mini
spray dryer B-191 (BUCHI, Switzerland) to obtain
dried WPC resulting in a protein content of approximately 35%. Inlet and outlet air temperatures were
175 and 75 °C, respectively [8].
General compositional analysis of WPC-35
Protein content was measured by the Kjeldahl
method and fat by the Röse-Gottlieb method [9-10].
Ash and lactose contents were also determined
according to the method of AOAC [11-12].
WPC-35 hydrolysates preparation
WPC-35 hydrolysates were produced according
to the method of Abubakar [13]. The enzymes were
added to the WPC 10% solution at a mass ratio of
1:25 at 37 °C in a shaking incubator (VS-8480S,
Vision). It was separated into hydrolyzed periods for
0.5, 1, 2, 3, 4 and 5 h, while shaking in response to
180RPM, using each enzyme. It was then put in a 95
°C water bath for 10 min to inactivate the enzymes
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and was cooled to room temperature. The mixture
was then centrifuged at 3000 rpm (Combi-514R,
Hanil, Korea) for 30 min, and the upper solution was
dried completely using a freeze dryer (FDU-1200,
EYELA) approximately for 24 h. The dried powder
was then sealed and refrigerated.
Commercially available enzymes were used: alcalase 2.4 LFG (Novozymes, Denmark, EC. 3.4.21.62),
derived from Bacillus licheniformis, protease M “Amano” G (Amano Enzyme, Japan, lot no. PRG0152301MG), protease S “Amano” 2G (Amano Enzyme,
Japan, lot no. PRG0250850SG), derived from Aspergillus oryzae and Bacillus stearothermophilus, respectively. Also, trypsin (Novozymes, Denmark,
EC3.4.21.4), was derived from bovine pancreases,
and pepsin was obtained from porcine stomach mucosa (Wako Pure Chemical Industries. Ltd, Japan, EC
3.4.23.1).
Functional characteristics analysis
Bulk density was measured from 5 g weight
samples. Bulk density was determined by measuring
the volume of 5 g of powder in a 15 ml deposable
conical tube after exposure to compaction by 100
times at roughly 50 taps/min hand tapping [14]. Foam
expansion was determined by a slight modification of
Lawhon method [15]. 5 g sample and 50 ml distilled
water were blended at room temperature for 5 min in
an 80 ml beaker using an agitator (NZ-1000, EYELA)
at 2000 rpm speed, and the pH was adjusted to 7.
The foam expansion ratio was calculated based on
the initial volume and the final volume. Solubility was
measured in the pH range of 2 to 10 using the method
of Butler [16]. The samples were centrifuged at 3000
rpm (MICRO-12, Hanil, Korea) and solubility was
determined based on absorbance, using a spectrophotometer (Optizen 2120UV, Mecasys) at 280 nm.
Maximum values were compared and calculate the
solubility. According to method of Keeney [17] 5-hydroxymethyl-2-furfural (HMF) was calculated. Degree
of protein hydrolysis was measured according to the
method of Adler-Nissen [18]. For non-protein nitrogen
(NPN), the method of Lowry [19] was followed.
Sensory test
Overall acceptability, taste and odor were evaluated using a five-point hedonic scale ranging from
“dislike extremely” to “like extremely”. And also bitterness was evaluated by using a seven-point scale of
bitterness as 1 - threshold, 2 - very slight, 3 - slight, 4 slight moderate, 5 - moderate, 6 - moderate strong
and 7 - strong. Sensory testing was performed by ten
trained personnel at Konkuk University [20].
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Statistical analysis
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All experiments were performed at least three
times under each experimental condition and mean
values were determined. The experimental results
were analyzed using Statistical Analysis System [21].
Duncan’s multiple range test was used to determine
differences between treatment means.

from 0.38 to 0.46 g/ml for 30 min to 5 h. During
protein hydrolysis, amide bonds are cleaved and,
after addition of a water molecule, peptides and/or
free amino acids are released. The newly formed
peptides can be new substrates for the enzyme [23].
The proteolytic activity of the enzymes on β-Lg and
α-La proteins basically influences of the bulk density
differences on each hydrolysates.

RESULTS AND DISCUSSION

Foam expansion

General components of WPC-35
The following nutritional parameters were determined for the general composition of the whey protein. The contents were resulted as protein 34.94%,
lactose 53.32%, fat 3.50% and ash 3.24%.
Characteristic of WPC-35 hydrolysates

Bulk density
Bulk density is a considerable factor for whey
when used as a seasoning and in textural applications of food. In the case of drying methods, such
as processed, after hydrolysis, the density becomes
different. The high bulk density of the spray dried
WPC after enzyme hydrolysis can be due to smaller
particles fill the spaces between the larger particles.
Bulk density was significantly increased after
hydrolysis (Figure 1), and increased with hydrolysis
time. Bulk density either remained unchanged or just
slightly changed in 1 to 3 h. But in alcalase, it gradually increased from 0.36 to 0.43 g/ml until 4 h. Pepsin hydrolysates showed a lesser value of bulk density increase from 0.32 to 0.38 g/ml during 4 h. Protease M and protease S resulted in increase from
0.42 to 0.47 g/ml, and 0.37 to 0.48 g/ml, respectively,
for 30 min to 5 h hydrolysis. There was a significant
difference with different enzymes reported in literature
as well. Bulk density of whey proteins was shown to
range from 0.2 to 0.4 g/ml [22], but in WPH it ranged

All the samples exhibited increasing foam expansion capacity with hydrolyzed time regardless the
enzyme type (Figure 2). However, protease M was
unchanged in terms of their foam expansion capacity
150% for 30 min to 2 h. Protease S also unchanged
its foaming expansion capacity 162.5% for 1 to 3 h.
Comparatively, pepsin hydrolysates increased rapidly
with the hydrolysis time. Alcalase resulted in the highest foaming expansion capacity of 287.5% after 5 h.

Figure 2. The change of foaming expansion ability in WPC-35
(AL, alcalase; PM, protease M; PS, protease S;
TR, trypsin; PE, pepsin).

Figure 1. The change of bulk density in WPC-35 (AL, alcalase; PM, protease M; PS, protease S; TR, trypsin; PE, pepsin).
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Hydrolysis of proteins results in a reduction of
molecular weight, which might promote foam formation due to the faster diffusion of molecules to the
interface. On the other hand, peptides formed during
hydrolysis might destabilize protein foams by displacement of proteins, or by disturbing protein interactions [24]. Furthermore, hydrolysis leads to increased charge density, which might negatively influence foam stability, because foam stability has been
shown to improve when the electrostatic repulsion of
proteins is minimal [25]. Foam formation is influenced
by the ability of the foaming agents to quickly migrate
to, and adsorb on, the air/water interface, as well as
their ability to reduce the surface tension of the solution. The flexibility of proteins is an important factor
in the reduction of surface tension [26]. Under certain
conditions, it is possible to obtain peptides with the
same structure and distribution of polar and hydrophobic residues, which result in better emulsifying
properties than intact protein [27]. The same results
were applicable in WPC-35.
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2 to 4 h hydrolysis samples. There was significant
difference according to the type of enzyme used.
Excessive production of HMF can lead to changes in
taste.

Solubility
It can be identified, according to the results, that
the samples that maintained a pH of 4, have the
lowest solubility level of each hydrolysates, and this is
not dependent on the type of the enzyme used. The
solubility at the isoelectric point of proteins increases
with hydrolysis, which is mainly the result of a reduction in molecular, weight and an increase in the number of polar groups [29].
Solubility in the isoelectric range increased from
75 to 86.1% for WPC and its hydrolysates, respectively. The solubility was gradually increased along
with pH level in enzyme hydrolysates. In a previous
study, the solubility of the WPC varied significantly
according to the exposed hydrophobic amino acids
used [30]. The maximum solubility was laid determined between pH 6–10. Also, the duration of hydrolysis increases the solubility level. Samples hydrolyzed for 5 h showed higher solubility levels for every
enzyme. More extensive hydrolysis has been shown
to increase solubility [31] which is in agreement with
the results of this experiment.

HMF (5-hydroxymethyl-2-furfural)
HMF has been identified in a wide variety of
heat-processed foods, including milk. It is created
during storage [28]. The reaction occurs in the presence of amino acids and reducing sugars together in
a long-term storage. In addition, the higher the temperature, moisture content, pH, alkaline, lysine, arginine,
and the same basic amino acids, the faster the reaction.
HMF contents of the samples of the trypsin and
pepsin hydrolysates decreased from 117.69 to 93.15,
and 91.2 µmol/l, respectively, after 30 min hydrolysis,
while that of the other enzyme samples increased
(Table 1). The pepsin hydrolysates were lower than
the intact HMF contents and the maximum was
shown at 3 h hydrolysis, as 114.92 µmol/l. A gradual
increment was recognized only in alcalase samples.
In Pepsin and Trypsin hydrolysates, the HMF content
was decreased and then increased within the first 30
min. However, in the other enzymes, it was increased
with hydrolysis time without a gradual pattern. The
highest values of HMF content were determined after

Degree of protein hydrolysis
The degree of protein hydrolysis is defined as
the percentage of the total number of peptide bonds
in a protein that have been cleaved during hydrolysis
[32]. According to the TNBS level, the degree of protein hydrolysis is shown in Figure 3, and it can be
seen that it increased with hydrolysis time. The values
were sharply increased within the first 30 min, and
were then more gradually increased. The best response was shown by protease M hydrolysates, which
increased from 9.22 to 11.78%, and there was no significant difference according to the enzyme type which
was used. The degree of hydrolysis was increased
twice from the intact value of 4.65% within the first 30
min, when the enzymes protease M and protease S
were applied, and the values were 9.22 and 9.96%,

Table 1. The change of HMF (µmol/l) in WPC-35 during hydrolysis by proteases
Enzyme
Alcalase
Protease M
Protease S
Trypsin
Pepsin
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Hydrolyzed time, h
0

0.5

1

117.69±10.89

e

117.69±10.89

e

117.69±10.89

e

117.69±10.89

e

93.15±7.32

117.69±10.89

e

c

127.58±0.99

de

179.00±11.96
177.27±3.98
91.2±6.77

c

ba

d

2

136.94±3.59

dc

245.14±0.93

a

183.54±15.87

ba

112.02±10.51
98.48±5.14

dc

bac

198.41±0.18

3
a

177.89±2.35
211.40±49.6

c

a

122.66±11.04
114.92±9.27

bc

a

4

212.58±0.68

a

194.52±11.14

cb

200.79±12.64
158.54±5.9
112.2±9.92

a

ba

a

5

178.14±10.38

b

152.2±10.83

c

210.79±2.72

b

250.92±9.58

a

228.29±5.4

ba

125.1±4.61

bc

bac

94.21±5.25

bc

139.82±13.63
104.67±3.59

182.32±10.51
a

c
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respectively. For alcalase 4 h was needed to increase
two-fold the degree of hydrolysis from the starting
point, and alcalase showed the least response among
the selected enzymes comparatively which the values
were appeared from 7.94 to 9.48%, from 30 min to 4
h. The changes in functional properties of whey proteins are related to peptides produced by enzymatic
hydrolysis, which are mainly characterized by a lower
molecular weight, exposure of hydrophobic groups,
and by an increased number of ionic groups [33].

Figure 4. The change of NPN in WPC-35 (AL, alcalase; PM,
protease M; PS, protease S; TR, trypsin; PE, pepsin).

Sensory test

Figure 3. The change of degree of protein hydrolysis in WPC-35
(AL, alcalase; PM, protease M; PS, protease S; TR, trypsin; PE,
pepsin; DH, degree of protein hydrolysis).

Non-protein nitrogen (NPN)
NPN contains many effective components having
a physiological activity, such as a variety of watersoluble amino acids and low-molecular peptides.
Suido et al. mentioned that the NPN contained in
whey is physiologically nutritional, but most of it is cationic and is therefore removed by desalting together
with minerals; hence, it could not be utilized at all [34].
On the other hand the NPN content is a factor responsible for bitterness due to its hydrophobic characteristics [35].
According to the analysis (Figure 4), the NPN
level increased with hydrolysis time. The highest
values were given by trypsin, which was at its maximum (1.643) at 3 h and pepsin (1.923) at 3 h hydrolysates. Similarly, WPC hydrolysates in different
protein concentrations in previous studies also reported
higher NPN contents [36]. There was a huge increase
of NPN level within the first 30 min in each enzyme
type. Protease M had a lower response compared
with other enzymes. The values were 1.168 to 1.434.

The highest overall acceptability resulted from
protease M hydrolyzed samples and next was alcalase hydrolyzed samples. The scores were 4.7 and 4.4
respectively. The lowest favorable taste resulted from
Pepsin hydrolyzed samples as 2.6. The favorability of
the taste reduced along with hydrolysis in every
sample. The odor was favorable in whey hydrolysates
in every enzyme type, but a lower score was recorded
for protease S samples as 3.6.
Bitterness is a negative attribute associated with
most food protein hydrolysates. Therefore, special
attention of this experiment focused on bitterness. Bitterness of hydrolysates is more complex, and it is
considered to be mainly caused by small hydrophobic
peptides in the hydrolysates [37]. Hydrolysates manufacturing conditions may also effect bitterness development. Practical solutions to hydrolysates debittering are likely to involve a judicious choice of enzymatic processing conditions in conjunction with the
use of peptidase activities having targeted hydrolytic
specificity [38]. Bitterness scores are shown in Figure
5. After hydrolysis, bitterness was increased in every
sample along with hydrolysis time. It was shown that
pepsin hydrolysates have an obvious and distinct bitter taste, which showed the highest NPN level, than
the other experimental enzymes (Figure 4).
CONCLUSIONS
The protein content of the first retentate from the
ultrafiltration of cheese whey is easily adjustable in to
35% WP. These results indicate that structural changes
of the production of hydrolysates in whey proteins,
and the selection of specific enzyme and proper hydrolysis conditions, are important factors for specific
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Figure 5. The change of bitterness in WPC-35 (AL, alcalase;
PM, protease M; PS, protease S; TR, trypsin; PE, pepsin).

food applications. These characteristics of hydrolysates can be beneficially utilized for the development
of various food products, and can be developed using
first filtration retentate of ultrafiltration, after spray drying and treating with the preferable enzyme. Out of
the experimental enzymes, Protease M is the most
suitable enzyme to use in WPC hydrolysis in food
applications due to the best performances in bulk
density, degree of hydrolysis and sensory preferences
and also in comparatively better functional characteristics.
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KARAKTERISTIKE HIDROLIZATA PROTEINA IZ
SURUTKE: UTICAJ NA RAZLIČITE PRIMENE U
PREHRAMBENIM PROIZVODIMA
U ovom radu su izvršena istraživanja dobijanja hidrolizata proteina surutke korišćenjem pet
vrsta enzima: alkalaza, proteaza S, proteaza M, tripsin i pepsin i fizičkohemijske karakteristike hidrolizata. Koncentrat proteina surutke je podešen ultrafiltracijom, pri čemu se
povećava sadržaj proteina do 135% u odnosu na početne nivoe. Pokazano je da hidrolizati
poboljšavaju karakteristike brojnih prehrambenih proizvoda. Takođe, tip enzima ima
znatan uticaj na karakteristike hidrolizata. Gustina, rastvorljivost, neproteinski azot (NPN),
stvaranje pene i stepen hidrolize se povećavaju sa povećanjem vremena hidrolize. Maksimalnu gustinu ima hidrolizat dobijen sa proteazom S. Pepsin i alkalaza postepeno
povećavaju stvaranje pene, što dovodi do niže pH vrednosti i manjeg stepena hidrolize.
Najveći stepen hidrolize je dobijen sa proteazom M. Sa pepsinom je postignuta najveća
NPN vrednost, koja je znatno veća u odnosu na ostale enzime. Nije bilo značajne razlike u
NPN vrednostima prema vrsti primenjenog enzima. Svi hidrolizati su pokazali više od 50%
rastvorljivosti u alkalnoj sredini. Sadržaj hidroksimetilfurfurola (HMF) takođe zavisi od tipa
enzima.
Ključne reči: protein surutke, enzimski hidrolizati, funkcionalnost.
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• Paper goal - Application of energy and exergy analysis of hot water boiler
• The obtained results: largest energy loss - flame pipe, largest exergy - leaving flue
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• Investigation of possibilities of design modification to increase reliability and availability
• Proposing and analyzing more reliable solution
Abstract

In engineering practice, exergy can be used for technical and economic optimization of energy conversion processes. The problem of increasing energy
consumption suggests that heating plants, i.e., hot water boilers, as energy
suppliers for household heating should be subjected to exergy and energy
analysis. Heating plants are typically designed to meet energy demands,
without the distinguished difference between quality and quantity of the produced heat. In this paper, the energy and exergy analysis of a gas fired hot
water boiler is conducted. Energy analysis gives only quantitative results, while
exergy analysis provides an insight into the actually available useful energy
with respect to the system environment. The hot water boiler was decomposed
into control volumes with respect to its functional components. Energy and
exergy of the created physical model of the hot water boiler is performed and
destruction of exergy and energy loss in each of the components is calculated.
The paper describes the current state of energy and exergy efficiency of the
hot water boiler. The obtained results are analyzed and used to investigate
possibilities for improvement of availability and reliability of the boiler. A comparison between the actual and the proposed more reliable solution is made.
Keywords: hot water boiler, exergy, energy, availability, reliability.

Improving energy efficiency as well as energy
saving represents one of the major problems of modern developed countries worldwide. Hot water boilers,
common in district heating systems, should be subjected to reliability, safety and efficiency research [1].
The efficiency of a hot water boiler has a large impact
on thermal performance in district heating systems. In
order to improve efficiency, heat transfer from flue
gases to water is increased to reduce energy losses
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of hot water boilers. In order to optimize the processes in hot water boilers, it is necessary to pinpoint
areas with the greatest losses [2]. Since hot water
boilers operate in conditions of high temperature and
pressure, in addition to their efficiency, it is necessary
to consider safety and reliability issues as well, so as
to avoid the major disruption and downtime in operation [3].
The first law of thermodynamics is mainly used
for the analysis of energy utilization, but it possesses
the inability to analyze qualitative aspects of used or
consumed energy. In these cases the exergy analysis
becomes relevant. Exergy represents the consequence of the second law of thermodynamics. The
concept of exergy defines the maximum available
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work of a body or system, with clearly defined control
volumes. Exergy can also be seen as a measure of
deviation between the current state of a system and
its equilibrium with the environment. Exergy analysis
appears in modern thermodynamics as a very important tool, especially for technical thermodynamics [4].
The complete analysis of thermodynamic characteristics of the process usually requires using both energy
and exergy analysis, since they provide different information about the characteristics of the process. Such
comprehensive analysis represents a suitable approach
to determining the performance of the system and
finding ways to improve the process [5]. A substantial
number of papers can be found in the literature
dealing with energy and exergy analysis of power
plants, i.e., steam boilers using solid fuel. A study that
presented a comparative analysis of steam boilers in
Turkey [6] has used this comparison of energy and
exergy analysis. The performance of a power plant in
Jordan has been determined by modelling certain
parts of the plant and a detailed analysis of energy
and exergy losses considering the functionality of the
power plant [7]. A detailed exergy analysis of steam
blocks has been performed, decomposing the plant
into several areas, considered independently [8]. The
analysis of these steam boilers also included the
measurement of boiler losses, as well as the turbine
plant [9]. The power plants are affected by environmental conditions, such as ambient temperature,
atmospheric pressure and humidity of air. In the analysis of the thermal plants in Mexico that use air as the
working fluid, the energy and exergy method have
been applied to humid air considering the ambient
variables [10].
This kind of analysis may be also applied in different heating technologies as well as in systems with
renewable energy sources, such as desiccant cooling
systems [11,12]. A specific impact of exergy calculation on moist air in each system component is taken
into consideration in order to identify and quantify the
places where the exergy destruction occurs [11]. Specific attention is paid to the exergy method of air quality and comfort as one of the most demanding air conditioning processes [12]. In this study, an appropriate
decomposition of the system to its subcomponents is
done in order to determine the locations of exergy
destruction.
Energy and exergy studies of systems with
renewable energy sources are essential when it
comes to the effective utilization of energy. Detailed
exergy analysis of solar thermal power system, as
well as wind and geothermal power systems is presented in [13]. This work also includes a comparison
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of renewable and non-renewable energy sources. In
addition to this renewable energy sources, the exergy
method can be applied to systems with a photovoltaic
solar collector as well in system that use biomass as
fuel. Exergetic aspects of these systems are comprehensively presented in [14] as well as the comparison
of the obtained results.
Cogeneration plants are as equally significant
for energy savings as systems with renewable sources.
The application of exergy analysis in the micro-combined heat and power unit is presented in [15], where
the evaluation of energy and exergy efficiencies is
done for performance assessment.
Exergy and energy analysis is used in the cycles
that use natural gas. The impact on the exergy efficiency has been observed in relation to the input
parameters of pressure and temperature of the gas
turbine in the combined cycle natural gas fired power
plants [16]. The simplified method of exergy analysis
based on the second law of thermodynamics has
been used to analyze the useful output of Rankin
cycle, with respect to the parameters of exergy analysis of a gas turbine [17].
As previously stated, the comprehensive analysis of energy balance, as well as a detailed exergy
analysis could provide a better insight into the process and identify new solutions to improve the process. Understanding energy and exergy efficiency is
crucial for designing, analyzing, optimizing and improving the energy systems through variety of measures and strategies for sustainable development
[18]. Exergy analysis is intended to determine the
maximum work ability of the system as well as to
identify the places where losses of “useful energy”
occur, i.e., exergy. Identifying the locations where the
exergy losses occur, where destruction of exergy
takes place, the cause of its destruction, and the real
scale of exergy losses represent the directions for
future potential improvements of the system and its
components [19]. According to the previously discussed examples from the literature, it is clear that
exergy analysis is essential for energy planning, resource optimization and global reduction of harmful
emissions of greenhouse gases.
In this study, the energy and exergy balance of a
gas fired hot water boiler is presented. A model of an
actual operating boiler is created. The boiler is subjected to failure issues due to thermo-mechanical
strain and stress of the piping on the back of the flue
gas diverter chamber. Decomposition of the boiler is
done by determining control volumes corresponding
to the functional units of the boiler, thus creating a
physical model of the boiler. The analysis presents
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energy and exergy efficiency of each part of the hot
water boiler, as well as the destruction of exergy and
energy losses in these components. In this way, the
paper describes the properties of energy efficiency of
the hot water boiler component-wise, identifies the
areas with the major energy and exergy losses, and
proposes the modified technical solution regarding
exchange surfaces of the boiler. The obtained results
are used to address the reliability and availability
issues of this type of boilers, caused by severe thermal stress in the piping of the flue gas distribution
chamber. A modified physical model of the boiler that
should insure an improvement in terms of boiler
reliability and availability is analyzed using the same
methodology and the results are compared to the
actual state model of the boiler. The performance of
the boiler without the cooling pipes is analyzed, and
efficiencies are compared to the original model performance.
ENERGY AND EXERGY ANALYSIS METHODOLOGY
The term exergy was first mentioned at the conference in Lindau in 1953 by Z. Rant. The term exergy
originates from the prefix “ex” before the root “ergy”,
and the meaning of from and work, and characterizes
the work that can be obtained from the system [20].
This indicates that exergy represents the maximum
amount of work that can be extracted from the system
in the process of establishing equilibrium with its
environment.
It is an opportunity to acquire work from the process whenever there is pressure, temperature, concentration, speed and elevation gradient between the
system and the surrounding area. As the system
changes the state in the direction of the environment,
the availability of work decreases, ceasing to exist
when equilibrium is achieved. The referent state is
defined as the state of mechanical, thermal and chemical equilibrium between the system and its surroundings. In addition, the relative speed and elevation of the system in relation to the environment are
equal to zero. Under these conditions there is no possibility of spontaneous changes within the system or
the environment, or there is no possibility to have any
interaction between them. The second type of equilibrium state between the system and the environment
can also be identified. This is the limited form of equilibrium, where only the conditions of mechanical and
thermal equilibrium are satisfied, and it is called the
limited referent state.
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Energy analysis is one of the most important
aspects of engineering analysis. Energy can be transformed from one form to another and can be transferred from one system to another, but the total
amount of energy remains constant [21]. The general
balance of the system can be written as:
INLET + CREATION – OUTLET – CONSUMPTION =
= ACCUMULATION
Inlet and outlet are related to the quantities that
go in and out of the system boundaries. General
equations of equilibrium can be written for the mass
and energy balance [22]:

 m −  m
in

i

out

=0

(1)

i

 m h −  m
in in

i

h

out out

−Win + Qin = 0

(2)

j

The total exergy of the system can be represented as the total amount of physical exergy, ΨPH ,
kinetic exergy, Ψ KN , potential exergy, ΨPT , and chemical exergy Ψ CH [23]:
Ψ = Ψ PH + Ψ KN + ΨPT + Ψ CH

(3)

Similarly, the total exergy of the system can be
expressed in the specific value of exergy, e:

e = ePH + eKN + ePT + e CH

(4)

Physical exergy of the closed system is given:

ePH = (u − u 0 ) + p 0 (v −v 0 ) −T0 (s − s 0 )

(5)

or:

ePH = ( h − h0 ) −T0 (s − s 0 )

(6)

Kinetic and potential exergy are given:

e

KN =

1 2
Υ
2

ePT = gz

(7)
(8)

Typically, kinetic and potential exergy are ignored
in exergy analysis.
The chemical exergy of the system represents
the measure of the distance of the observed chemical
composition from the composition of the system environment. Standard chemical exergy is based on the
standard value of environmental temperature T0 and
pressure p0, for example T0 = 298.15 K (25 °C) and
p0 =1 atm. The other significant parameter is the
molar composition of the atmospheric air. The molar
share of nitrogen (N2) is 77.48% in ambient air, oxy-
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gen (O2) 20.59%, carbon-dioxide (CO2) 0.03% and
water vapor (H2O(g)) 1.9% [24].
In order to determine the chemical exergy of the
fuel it is necessary to know all the mutual relations of
chemical elements in the fuel. However, in thermodynamic practice there is no need to have high accuracy, hence semi-empirical formulas are commonly
used to determine the approximate fuel exergy. Rant
proposed to determine chemical exergy of fuel
through relations e fuel H LV . The Rant method of
determining chemical exergy of liquid and gaseous
fuels is used in this paper [25].
Exergy of gaseous hydrocarbons can be expressed by the Rant method and by using the approximate equations for gas hydrocarbons [26]:

e fuel
H
1
= 1.0334 + 0.0183 − 0.0694
H LV
C
C

(9)

where: H/C – the ratio of number of atoms of hydrogen
and carbon in the molecule and 1/C – the reciprocal
value of the number of carbon atoms in the molecule
of fuel.
In the process of fuel combustion, the necessary
quantity of oxygen for combustion is provided by
bringing the right amount of air. The air, with respect
to pressure and temperature, possesses certain exergy,
or its exergy is assumed zero if its state is in equilibrium with the environment. Exergy of air can be calculated from the general expression of the exergy [27]:

e = h − h0 −T0 (s − s 0 )

(10)

In hot water boiler thermal plants the following
processes can be distinguished: fuel combustion and
heat exchange with the working fluid, i.e., water. In
combustion processes, chemical energy is converted
into thermal energy of combustion products. A combustion process is, as well as many other processes,
irreversible in nature. On the one hand, this is caused
by irreversible mixing of reaction components and, on
the other, by a low medium temperature of combustion. Irreversibility leads to significant portions of
input fuel exergy of the combustion process to degenerate into useless energy – anergy. The energy in
the combustion process, just as in any other process,
remains constant while the exergy decreases transforming into anergy from which work cannot be
achieved. Calculating exergy of combustion products
is quite complex and can be also calculated according
to the general form of exergy (Eq. (10)).
Exergy losses are significant in the process of
combustion. It is necessary to introduce an indicator
that will directly or indirectly represent their value. If
the values of fuel exergy e fuel and exergy of com-
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bustion products e cp are known, the exergy efficiency
of the combustion process can be determined as the
ratio of exergy of combustion products and fuel exergy:
c
ηex
=

e cp
e fuel

(11)

The exergy efficiency, ηex , is a dimensionless
quantity that indicates which part of the fuel exergy
appears to be useful after the combustion process,
i.e., the quantity, 1 − ηex , defines the exergy losses in
the process.
Besides combustion, the most common is the
process of heat transfer from hot gases to the water in
the boiler. Components of a hot water boiler, where
the process of heat transfer takes place, can be considered as cross heat exchangers. The process in a
heat exchanger is complex because it two different
processes run simultaneously, heat transfer and fluid
flow. Since ideal working bodies (fluids) cannot be
related to natural (real) processes, there are real
gases and liquids instead. During the process of fluid
flow exergy losses will occur inevitably as a consequence of friction in the fluid and between the fluid
and the surface of heat exchangers [28]. Another
source of exergy losses in the heat exchanger occurs
due to finite temperature differences during heat
transfer. For calculating energy and exergy losses,
standard equations for exergy (Eq. (10)) and general
equations for mass and energy balance (Eqs. (1) and
(2)) are used in this paper. As for exergy efficiency in
heat exchangers, the so-called conventional exergy
efficiency is used. Conventional exergy efficiency
represents the simplest form of exergy efficiency, and
its formulation is based on the exergy balance of
incoming and outgoing flows. It represents the ratio of
total output and input of exergy flow:
 =Ψ
 − I
Ψ
in
out

(12)

where I reflects the irreversibility of the process, and
other forms of exergy in the control volume are included with incoming and outgoing exergy.
Conventional exergy efficiency can be written in
the form of:

Ψ

ηex =  out
Ψ

(13)

in

COMBUSTION PROCESS
As mentioned, the process where energy and
exergy losses are likely to occur is the combustion
process. It is very important to give a detailed insight
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into the process. The stoichiometric equation for the
calculation of combustion of gaseous hydrocarbons is:

n
n

Cm Hn +  m +  O2 → mCO2 + H2O
4
2


(14)

Based on the previous equations, one can calculate the minimum required amount of oxygen for
the combustion of fuel components:

1 
0.5 ( CO + H2 ) +
100 
[mn3O2/mn3]
Omin =



n

  m + 4  C H
m

n


− O2 

(15)

It is necessary to identify the volume of combustion products. Theoretical (minimum) volume,
λ = 1, of combustion products can be represented as:

V cpt =V CO2 −V Nt2 [mn3/mn3]

(16)

From the stoichiometric equation, one can obtain
the following volumes of combustion products:
– Volume of CO2:

V CO2 =

1 
CO2 + CO +
100 

 mC H  [m
m

n

n

3

/mn3]

(17)

– Volume of N2:

V Nt 2 = 3.76Omin + 0.01V Lmin [mn3/mn3]

(18)

The actual volume of combustion product,
where λ > 1, is determined by the following equation:

V cp =V cpt + ( λ − 1)V Lmin [mn3/mn3]

(19)

For energy and exergy calculation, it is also
necessary to determine the enthalpy of combustion
products. Enthalpy of combustion products at temperature t c can be calculated based on the equation:
t
hcp = hcp
+ ( λ − 1) hLmin [kJ/kg, kJ/mn3]

(20)

Enthalpy of the theoretical amount of combustion products ( λ = 1) at t c is defined as the sum
of the enthalpy of dry three-atom gases, the theoretical volume of nitrogen and theoretical volume of
water vapour:

(

)

t
t
hcp
= V CO
c
+V Nt 2 c pN2 +V Ht 2 Oc pH2O t c
2 pCO2
3

[kJ/kg, kJ/mn ]

(21)

where hLmin represents the enthalpy of theoretical
amount of air:

hLmin =V Lminc pLt c [kJ/kg, kJ/mn3]

(22)

where c pL represents the average specific heat capacity at constant pressure.
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The values of average specific heat capacity
and enthalpy of gases are mostly given as tabular
values and can be found in [29].
Heating value is defined as the amount of heat
that is released with complete combustion by fuel unit
mass (1 kg of solid or liquid fuel) or unit volume (1 mn3
of dry gas) fuel. One can differentiate between the
higher heating value (H HV ) and the lower heating
value (H LV ) . The connection between these two
values is given by:

 9H +W 
=
 100 

H HV = H LV + 2500 

= H LV + 25 ( 9H +W

)

[kJ/kg, kJ/mn3]

(23)

Heating value of gaseous fuel, when the contents of the fuel components are known, can be
determined using the following equation:

1
(H LV,H2 H 2 + H LV,COCO +
100
+H LV,CH4 CH4 + H LV,C2H5 C2H5 + ...) [kJ/mn3]

H LV =

(24)

where H2 , CO, CH4 , C2H5 .... % are the volume contents of fuel component and H LV,H2 ,H LV,CO , H LV,CH4 ,
H LV,C2H5 ,... [kJ/mn3] are the lower heating values of fuel
components.
The basic characteristics of the gases that are
part of the gaseous fuel (higher heating value, lower
heating value) can also be found in literature [29].
GENERAL DESCRIPTION OF THE HOT WATER
PLANT
Thermal plant “Technical faculties“ in Niš, with
the total capacity of 25.7 MW, uses a natural gas fired
hot water boiler type “TE110V”, manufactured by
“Minel – kotlogradnja“. Basic technical specifications
of this hot water boiler are [30]:
- boiler type: TE 110V;
- capacity: 8700 kW;
- efficiency: 0.91;
- furnace resistance: 10.7 mbar;
- mass: 41000 kg;
- boiler length: 8060 mm;
- water temperature level: 130/70 °C;
- maximum allowed overpressure: 12 bar;
- operating pressure: 6 bar;
- total surface for heat transfer: 351 m2;
- water content in boiler: 27.8 m3.
The boiler is shaped as a cylindrical tube, closed
with chambers on both sides and thermally insulated
all over the volume (Figure 1). The boiler has three
pressurized gas channels. The flame pipe (first pass),
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Figure 1. Schematic overview of the hot water boiler “Minel – kotlogradnja”.

located in the pressurized water body, is heated by
thermal energy generated by combustion of natural
gas. After combustion, exhaust gasses pass through
a diverter chamber coated by water piping, and go
into the second pass gas piping (II pass gas pipes),
placed above the flame tube. On the front side of the
boiler is a frontal diverting chamber that redirects the
exhaust gasses and leads them into the third pass
gas piping, located on the sides of the boiler (III pass
gas pipes). After leaving III pass gas pipes, exhaust
gasses splash the water-cooled front of the diverting
chamber, passing through the deflection chamber and
then leaving the chamber through the chimney.
During operations hot water boilers are normally completely filled with water. As for the water flow, the
boiler is being filled with water on its bottom side,
below the flame tube. After filling the boiler, the portion of the water goes into the water-cooled front of
reversing chamber, while the remaining volume of
water is heated by radiation and convection passing
through flue pipes (flame tube, gas pipes II and III

pass). This water flow at the exit of the boiler is mixed
with the water from the water-cooled front of diverting
chamber and is then pumped to the consumers.
Gas and water flow of the boiler can be distinguished, as shown below. The simplified view of
the gas flow of the boiler is shown in Figure 2a.
While the boiler volume is full of water, the water
flow of the boiler cannot be precisely distinguished,
because there are no clearly defined boundaries of
the boiler components. For further analysis, the only
logical arrangement of the components of the water
flow is adopted, which follows the arrangement of the
components of the gas flow where the water flows. So
the adopted arrangement of components of water
flow is presented in Figure 2b.
For the nominal operation mode and for each of
the components of the hot water boiler, shown in
Figures 2 and 3, such as control volume, the quantity
of the irreversibility of the process (exergy loss) and
exergy efficiency (Table 1) can be defined. Exergy
efficiency of the total cycle can be defined in different

Figure 2. Hot water boiler decomposition. Gas flow (a) and water flow (b) through the hot water boiler.
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Figure 3. Comparative graphical review of energy and exergy analysis of the hot water boiler.

ways. Table 1 represents the irreversibility of the process of heat transfer from the combustion products to
the hot water, and the destruction of exergy during the
combustion of natural gas and internal friction of the
fluid flow (water and gas), as well as the exergy loss
with flue gas leaving the boiler [31].
Energy analysis for each component of the hot
water boiler and defined quantities can be represented as in Table 2.

RESULTS
When the analytical results are obtained, the
following assumptions are adopted:
1. Water and gas temperature fields are uniform
on the control boundaries of each component of the
hot water boiler.
2. The air temperature on the control surface is
equal to the ambient temperature, so its exergy value
is zero.

Table 1. Exergy analysis of the components of the hot water boiler
Component

Exergy loss
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Table 2. Energy analysis of the components of the hot water boiler
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Flame tube

Energy loss
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3. The entire amount of thermal energy in the
flame tube and in the irradiated chamber is transferred by radiation.
4. As the gas speed is quite great compared to
the size of the front diverter chamber, it is considered
that there is no heat transfer between the gas and
water in the front chamber.
The calculation is performed in line with the previous method and assumptions. The total energy efficiency for the complete hot water boiler is 89.9%,
while the exergy efficiency is only 60.97%, and the
entire system suffers the destruction of exergy of
39.03%, which is irreversibly lost to the environment.
The calculation results for each component are given
in Table 3. In order to make the representation of
results more clearly and to see what is going on in the
system, it is necessary to consider energy and exergy
losses in relation to the system in general.
Based on the given results of energy and exergy
analysis, it can be concluded that the greatest exergy
loss occurs in the flame tube of the hot water boiler,
while the largest energy loss of the system takes
place in the area where the gases leave the boiler.
The exergy loss through each of the components of
the gas flow of the hot water boiler can be traced.
Exergy loss, obtained analytically, amounts to 73.06%
in the flame tube, 16.11% in the water-cooled front of
the reversing chamber, 5.85% in the gas pipes II
pass, 2.01% in the gas pipes III pass, while the
exergy loss of flue gases leaving the boiler through
the chimney is 2.97%. The major exergy loss occurs
in the flame tube, which was expected, because of
the chemically irreversible process of fuel combustion. Exergy of exhaust gasses depends on the
temperature at which the combustion heat is transferred to the flue gases. Due to the large temperature
difference of combustion products in the flame pipe at
high temperatures (1350–1450 °C) and hot water
heated to 90–100 °C, and heat transfer done by radiation, the greatest exergy destruction can be related
to the flame pipe.
It may also be noted that, following the gas flow
of the boiler, the reduction of exergy losses and
increase in exergy efficiency take place. Based on the
obtained results, it can be seen that the trend of inc-
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reasing exergy efficiency is not present in the watercooled front, which can be explained by a different
type of heat exchangers. Namely, II and III pass gas
pipes are associated with cross-section exchangers,
where water flows around the pipes, while in the
water-cooled front of reversing chamber water flows
along the pipes, while exhaust gasses flow around
the pipes, directed by diverter chamber. Analytic analysis of energy and exergy balance shows that the
greatest potential for increasing overall efficiency of
the plant is actually in the flame tube of the hot water
boiler. Figure 3 graphically represents the distribution
of energy and exergy loss for each of the components
of the hot water boiler.
Proposed improvement
The water-cooled pipes on the back of the flue
gas diverter chamber are exposed to high temperature strain, which results in the damage of this part
of the diverter chamber and drop outs of the boiler.
This fact reduces the availability and reliability of the
boiler. In this paper, the effect of modification of this
part of the construction of the boiler was investigated
and its impact on the overall efficiency of the boiler by
means of exergy and energy analysis. The proposed
solution analyzed in this paper is a retrofit design of
the diverter chamber, by omitting the piping from the
walls of the chamber. In this case, the complete volume flow of the water would flow over the flame pipe,
and II and III pass gas pipes in the main body of the
boiler. It is assumed that an equal amount of energy
and exergy is delivered with the fuel and air to the
boiler. In the case of modified contraction, due to the
lack of the water-cooled pipes on the walls of the
diverter chamber, the available heat is transferred
completely to the main body of the water, and the flue
gasses, after leaving the III pass gas pipes, are redirected through the deflection chamber through the
chimney. Although the same amount of energy and
exergy is assumed to be transferred to the water
body, in the modified case scenario, the exhaust
gasses leave the boiler at a higher temperature level,
since their heat is not rejected to the water flowing
through the reflection chamber wall piping. This
results in slightly higher energy and exergy losses for

Table 3. The results of calculations for each of the components of the hot water boiler in relation to the entire system
Component

Energy loss, kJ/s

Energy loss, %

Flame tube

Exergy loss, kJ/s

Exergy loss, %

126.495

12.57

5497.087

73.06

Water-cooled front of the reversing chamber

8.674

0.86

1212.384

16.11

Gas pipes II pass

34.993

3.48

440.308

5.85

Gas pipes III pass
Flue gases leaving the boiler
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5.456

0.54

151.565

2.01

830.752

82.55

223.157

2.97
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the analyzed retrofit boiler model. The results of
calculation of the proposed scenario are given in
Table 4. The total energy efficiency for the complete
hot water boiler is 89.93%, while the exergy efficiency
is now 57.27% and the destruction of exergy is
42.73%, which represents the amount of energy that
is irreversibly lost in the environment.
DISCUSION
The results presented in Table 3 and Table 4
are summarized in Figures 3 and 4, respectively. By
comparing these results, it is clear that the distribution
of component specific energy loss and exergy destruction remains the same in the proposed boiler construction compared to the actual state. However,
energy and exergy leaving the boiler through the
chimney have now increased, since the temperature
of the flue gasses is higher in the proposed model
than in the actual state model. Energy efficiency of
the proposed boiler model has changed slightly, from
89.895% for the actual state mode to 89.93% for the
proposed boiler model. The total boiler exergy destruction has changed from 39.03% for the actual state
model, to 42.73% for the proposed model. The greatest difference of exergy loss between the two models
is found in the flame pipe, which has changed from
73.06% for the actual state model to 80.44% for the
proposed state model, compared to the total exergy
loss of the system. Additionally, the output of the
boiler has changed for the proposed model as a
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consequence of reduced heat transfer to the water in
the piping on the back of the flue gas diverter chamber by flue gasses flowing along the piping after
leaving the III pass gas pipes on the way to the chimney. Hence, the consequence of the proposed boiler
modification is twofold: energy loss has increased in
the flame pipe, and decreased in the part where flue
gasses are leaving the boiler. The exergy loss of the
proposed modified model is slightly higher in the
flame pipe, while exergy losses in the II and III pas
gas pipes are redistributed in a new way.
CONCLUSION
The performed analysis shows that energy and
exergy analysis can be used to pinpoint energy and
exergy loss and exergy destruction in the structure of
hot water boiler plants. In order to pinpoint the locations of these losses, it is necessary to create a
physical model of the boiler, by applying the decomposition of the boiler with respect to the function of
each of its components. The major exergy loss in the
flame tube is the consequence of an irreversible chemical combustion process on the one hand, and a
large temperature gradient between combustion products and hot water heated by radiation, on the other.
Significant energy losses are found in the chimney,
since the flue gasses leave the boiler at a high temperature level.
The obtained results are used to investigate
possibilities of design modification to address reli-

Table 4. The results of calculations for each of the components of the hot water boiler without water-cooled pipes in relation to the entire
system
Component

Energy loss, kJ/s

Energy loss, %

Exergy loss, kJ/s

Flame tube

145.438

14.93

5740.507

80.44

Gas pipes II pass

34.993

3.59

1345.974

18.86

5.456

0.56

27.751

0.39

788.549

80.92

21.75

0.30

Gas pipes III pass
Flue gases leaving the boiler

Exergy loss, %

Figure 4. Comparative graphical review of energy and exergy analysis of the hot water boiler without water-cooled pipes
of the reversing chamber
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ability and availability issues, caused by regular damage of water-cooled pipes in the gas diverter chamber. The proposed case model was analyzed by
means of exergy and energy analysis, to determine
the impact of omitting this part from the diverter chamber contraction to the boiler efficiencies. However,
exergo-economic optimization should be addressed
to these issues to further investigate the viability and
profitability of the proposed solution and help in
decision-making.
Nomenclature

c
e
E
g
h
H
I
m
p
Q
s
T
u
V
W
z

average specific heat capacity, kJ/(kg K), kJ/kgmn3
specific exergy, kJ/s
total energy rate, kJ/s
Earth’s standard acceleration due to gravity, m/s2
specific enthalpy, J/kg
heating value rate of fuel, kJ/kg, kJ/mn3
exergy loss rate, kJ/s
mass flow rate, kg/s
pressure, Pa
heat transfer rate to the system, kJ/kg
specific entropy, J/kgK
temperature, K
thermal energy, W
total volume, m3
work rate or power done by the system, W
distance, m

Greek Letters
λ
v
Y
η

excess air ratio, specific volume, m3
velocity, m/s
efficiency, Ψ total exergy rate, kJ/kg

Subscripts
0
CH
cp
ex
fuel
jp
gp
HV
i
in
KN
L
loss
LV

dead state conditions
chemical exergy
combustion product
exergy factor
fuel
flame pipe
gas pipes with convection heating surface
higher heating value
energy factor
inlet
kinetic exergy
air
losses in the process
lower heating value
m number of carbon atoms
min minimal value
n
number of hydrogen atoms
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out

outlet
process of constant pressure
PH
physical exergy
PT
potential exergy
wcrc water-cooled front hot gas reversing chamber
total total

p

Superscripts
c
g
t
w

combustion process
gas
theoretical value
water
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PRIMENA ENERGETSKE I EKSERGETSKE
ANALIZE ZA POBOLJŠANJE EFIKASNOSTI
VRELOVODNOG KOTLA
U inženjerskoj praksi se eksergetska analiza može koristiti za tehničku i ekonomsku
optimizaciju energetskih procesa. Problem sve većeg korišćenja energije nalaže da
toplane, tj. vrelodoni kotlovi, kao energetski isporučioci toplote za domaćinstva, budu
analizirani u eksergetskom i energetskom smislu. Toplane su uglavnom projektovane kako
bi ispunile energetske zahteve, ne praveći pri tom razliku između kvaliteta i kvaniteta
proizvedene toplote. U ovom radu izvršena je energetska i eksergetska analiza vrelovodnog kotla na prirodni gas. Energetska analiza daje samo kvantitativne rezultate, dok
eksergetska analiza omogućava uvid u stvarno raspoloživu korisnu energiju u odnosu na
okolinu. U ovom radu, izvršena je dekompozicija vrelovodnog kotla na kontrolne zapremine, poštujući funkcionalnost svake od komponenata ponaosob. Izvedena je energetska i
eksergetska analiza formiranog fizičkog modela vrelovodnog kotla sa proračunom destrukcije eksergije i energetskih gubitaka u svakoj od komponenata. U ovom radu opisano
je trenutno stanje energetskog i eksergetskog stepena korisnosti vrelovodnog kotla.
Dobijeni rezultati su analizirani i korišćeni za ispitivanje mogućnosti poboljšanja raspoloživosti i pouzdanosti kotla. Predstavljeno je poređenje rezultataizmeđu sadašnjeg i
predloženog pouzdanijeg rešenja.
Ključne reči: vrelovodni kotao, eksergija, energija, raspoloživost, pouzdanost.
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CHARACTERISTICS OF MASS TRANSFER
BETWEEN GAS-LIQUID PHASES IN A HIGEE
REACTOR
Article Highlights
• Reasonable assumptions of math method were introduced
• The diffusion-reaction mass transfer model predicted the absorption process in higee
reactor well
• The dynamic mass transfer coefficient was appropriated to liquid lifetime
Abstract

In the absorption process of gas-liquid phases in rotating packed bed (RPB),
the liquid flow on packing was assumed to be film-flow. Based on Higbie’s
penetration theory, the diffusion-reaction model in RPB was introduced to
calculate the rate of gas absorption. Taking CO2 (10%) + N2 (90%) gas mixture
and N-methyldiethanolamine (MDEA) aqueous solution as objects, the experiments of gas absorption were carried out at different gas flow rates, rotating
speeds, temperatures, liquid flow rates and MDEA mass concentrations. The
experimental data were compared with calculation results to found a good
agreement in the rotating speed range of 400–1100 r/min. In this range, the
rate of decarburization was in direct proportion to rotating speed, temperature
and liquid flow rate, and inversely proportion to gas flow rate and MEDA mass
concentration. The maximum deviation between experimental data and calculation results was 10%. Beyond the rotating speed of 1100 r/min, the rate of
decarburization was dependent on the dynamic balance of gas-liquid system.
In this area, the rate of decarburization was inversely proportion to rotating
speed.
Keywords: lifetime of liquid film, concentration gradient, dynamic-state
mass transfer, HiGee reactor.

The HiGee reactor is a new-type mixing and
contact device, which has the characteristics of short
residence time, homogeneous micromixing, and high
mass-transfer coefficient. The gas-liquid mass transfer is intensified when the two phases contacting
count-current in the packing. The height of mass
transfer unit in RPB could be 1-2 order of magnitudes
less than classical packed column [1-3].
Many researches have been done on the mass
transfer process in higee reactor [4-10]. It was generally received that the huge effective mass transfer
superficial area in higee reactor resulted in its high
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mass transfer efficiency and the reactions accompanying the mass transfer were often taken as irreversible ones. Based on analysis of fluid flow velocity on
the packing, reasonable assumptions and quantitative
calculations on mass transfer, it was clarified that the
high mass transfer efficiency of HiGee reactor was
reflected in the high gas-liquid mass transfer coefficient. However, few studies of reversible reactions in
HiGee reactors have been published. Thus, the gasliquid mass transfer phenomena accompanied with
reversible reaction in a HiGee reactor has been waiting to be discussed.
The reaction of liquid-film-controlled accompanied with reversible reaction was experimented in
HiGee reactor. The different mechanisms for gasliquid mass transfer under different flow conditions
were discussed. On the strength of classical theories,
the mathematic model was built to predict absorption
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performance and facilitation of mass transfer in higee
reactor. The absorption of CO2 by N-methyldiethanolamine (MDEA) was carried out in higee reactor. The
mole fractions of CO2 in the exit of HiGee reactor
under different operation conditions were measured
by gas chromatography. The experimental results
showed the effective range of different model calculations.
EXPERIMENTAL
Figure 1 shows the schematic of the HiGee
reactor. The packing was made of multi-layer stainless steel wire and had an inner diameter of 42 mm,
outer diameter of 146 mm, and height of 20 mm. The
stainless steel wire had a specific surface area of 500
m2/m3 and voidage of 97%. The aqueous MDEA was
sprayed onto the inner edge of the HiGee reactor via
a distributor. The liquid was passed through the packing by centrifugal force and collected by the enclosure
of the HiGee reactor. The gas mixture consisted of
10% CO2 and 90% N2. The gas mixture was pushed
from outer edge into the packing by gas pressure.
The gas mixture was dissolved and reacted with
MDEA while the gas and liquid contacted countercurrently in HiGee reactor. The extra gas was released to atmosphere. The amount of CO2 in gas mixtures of entrance and exit were measured separately
by gas chromatograph-mass spectrometer on line.
The capacity of CO2 in MEDA was tested by titration.
In the experiments, the gas flow range was 200–
–1100 L/h, the liquid flow range was 6–10 L/h, the
liquid mass concentration range was 10–30%, the
rotating speed range was 600–1300 r/min, and the
operation temperature range was 293–313 K. In the
HiGee reactor, aqueous MDEA was stroke and cut up
by high-speed rotating packing. Since the interphase
contact updated quickly, the lifetime of liquid film on
the packing was short. The liquid film was replaced
before CO2 permeated completely into the liquid film.
Owing to the gas-liquid system was far from steady
mass transfer in liquid film, there was a high instantaneous concentration gradient on the new interphase.
Therefore, the mass transfer was extremely intensified by the HiGee reactor.
Model development and solution

Model assumption
1) Most of the liquid contact and mass transfer
with gas in film form. Previous studies have clarified
that the liquid flow in HiGee reactor could be treated
as laminar flow [11-13]. The average flow velocity of
liquid film on the packing was about 0.2 m/s [13].
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Figure 1. Schematic of higee reactor.

2) The packing surface is regarded as a gas-liquid mass transfer surface. The effective interfacial
area equals to the packing surface area.
3) The packing is made of multi-layer stainless
steel wire. Liquid film is renewed every time it passes
through one layer. The mean lifetime of liquid film in
each layer is constant. This constant is determined by
liquid residence time and total number of packing
layers.

Reaction mechanism
The process of CO2 absorbed by MDEA
consisted of several equilibrium reactions:
k 2 ,MDEA,K 1
⎯⎯⎯⎯⎯
→ R3NH+ + HCO3−
CO2 + R3N + H2O ←⎯⎯⎯⎯
⎯

(1)

K2
⎯⎯
⎯
→ R3NH+
R3N + H+ ←⎯⎯
⎯

(2)

K

⎯⎯3⎯
→ HCO3− + H+
CO2 + H2O ←⎯⎯
⎯

(3)

K4
⎯⎯
⎯
→ H+ + CO32 −
HCO3− ←⎯⎯
⎯

(4)

k

,K
OH− 5

⎯⎯⎯⎯
→ HCO3−
CO2 + OH− ←⎯⎯⎯
⎯

(5)

K6
⎯⎯
⎯
→ H+ + OH−
H2O ←⎯⎯
⎯

(6)
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Only reactions (1), (3) and (5) affected the CO2
absorption. Since the reaction rate of reaction (3)
could be ignored [14], reactions (1) and (5) were
treated as control steps of the absorption. Based on
the literatures, reaction (1) was following the base
catalysis mechanism [15], while reaction (5) was following the zwitterions mechanism [16].
The partial differential equations were built based
on the Higbie penetration model to describe the diffusion and reaction mass transfer. All reactions in the
mass transfer process were treated as reversible
reactions. To be concise, the concrete modeling and
solving process were referred to reference [17-20].

Enhancement factor and liquid mass transfer
coefficient for absorption in HiGee reactor
In HiGee reactor, liquid film is renewed every
time it passes through one layer. The refresh rate of
liquid film was:

S =u

N2
R1 − R 2

(7)

The mean radial flow rate on stainless steel wire
was [21]:

u = 0.02107L0.2279 (ωR )0.5448

(8)

The mean lifetime of liquid film in packing was:

t =

1

(9)

S

Based on the percolation model, liquid mass
transfer coefficient of CO2 physical absorption was:

k L0,CO2 = 2

DCO2

(10)

πt

For the reaction of CO2 absorbing by MDEA, the
average mass transfer rate on each unit of phase
interface area was:

N CO2 =



t

0

− DCO2

∂c CO2
∂x

1
x =0

t

dt

The thermodynamic mass transfer coefficient
could be simulated in wetted wall column by two-film
theory. The aqueous MDEA flow was gravity flow on
wetted wall. Since the residence time of liquid film
was longer than 1 s, a steady concentration gradient
which independent on time could be built. The mass
transfer coefficient was expressed as [14]:

k L′ = k OVDCO2

N CO2
0
*
0
− c CO
k L,CO2 (c CO
)
2
2

(12)

The liquid mass transfer coefficient of CO2 absorbing by MDEA in HiGee reactor was:

N CO2
*
0
c CO2 − c CO
2

(13)

(14)

Combining the mass transfer model and Eq.
(13), the dynamic mass transfer coefficient and its
quantitative relation with liquid film period was
achieved. Comparing the dynamic mass transfer
coefficient with thermodynamic mass transfer coefficient, it was found that these two numbers agreed
when the liquid film period greater than 0.6 s.
Figure 2 shows the concentrations of CO2 and
MDEA at the interface with penetrating depth at different liquid film lifetimes. The CO2 concentration at the
interface decreased with increasing penetrating depth,
while the MDEA concentration showed the opposite
behavior.
Before the steady concentration gradient was
built, liquid film was cut up by stainless steel wire
packing. For CO2, the depth of penetration was shallow and the concentration distribution was steep. The
mass transfer process was tremendously intensified.
In the experimental HiGee reactor, at a temperature
of 293.15 K and packing rotating speed of 1100
rounds/s, the liquid film lifetime was 0.014 s and the
depth of penetration was 2×10–5 m.

Radial material balances in HiGee reactor
The radial equilibrium concentration of CO2 could
be deduced by Eqs. (2) and (3):

(11)

The enhancement factor of chemical absorption

k L,CO2 = E CO2 k L0,CO2 =

Quantitative relation of mass transfer coefficient and
liquid film lifetime

c CO2 ,eq =

was:

E CO2 =
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1

(c R3N,total − c R3N )c HCO−

K 2K 3

c R3N

3

(15)

Material balance of CO2 was calculated in the
infinitesimal with radius of r, length of dr, and height of
h:
(c R3N,total − c R3N )c HCO− 
3
×
P K 2K 3
c R3N


 y 
×2π hRdR = GN2 d 

 1− y 


k yα y −

H CO2

1

(16)

The component material balance of HCO3- and
R3N were:
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Figure 2. CO2 concentration at interface variations with liquid film lifetime and MDEA concentration: a) 10% MDEA; b) 50% MDEA;
c) 0.1 s liquid film lifetime; d) 0.6 s liquid film lifetime.

k Lα

RESULT AND DISCUSSION

P
×
H CO2


H CO2 1 (c R3N,total − c R3N )c HCO3−
× y −
P K 2K 3
c R3N

×2π hRdR = Qdc HCO−


×


(17)


×


(18)

3

−k Lα

P
×
H CO2


H CO2 1 (c R3N,total − c R3N )c HCO3−
× y −
P K 2K 3
c R3N

×2π hRdR = Qdc R3N
where k y = 0.082Tk LP / H .

The liquid flow rate was treated as constant in
calculation. Simultaneous differential Eqs. (16)–(18)
were solved by the Runge-Kutta method to gain the
radial CO2 concentration distribution on packing.
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The CO2 absorption by MDEA was carried out at
different experimental conditions and the data were
gained by measured by gas chromatograph-mass
spectrometer. The investigation factors included gas
flow rate, rotating speed, temperature, liquid flow rate,
and MDEA mass concentration. All experimental data
were compared with model simulation. To distinguish
them, the experimental data were expressed in point
form and the model simulations were expressed in
line form in all the figures in later work.
To express the degree of decarburization more
directly, the rate of decarburization was introduced
as:
Δy = 1 −

y out
y in

(19)

In the model assumption, the process of CO2
absorption by MDEA was described as liquid-filmcontrol. Keep the MDEA concentration of 10%, the
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temperature of 293 K, and the liquid flow rate of 6 L/h.
To verify the theory, experiments were carried out in a
wide gas flow range. The experimental results and
calculations are compared in Figure 3.
It can be observed from Figure 3 that the experimental results and calculation data agreed well at
different rotating speed. The rate of decarburization
decreased with the gas flow rate increasing. Since the
liquid film lifetime decreased with rotating speed increasing, the absorption effect was better at high rotating speed. The model calculation fit the experimental data well in a wide gas flow rate range. The experimental results verified that the CO2 absorption in this
research was liquid-film-control, and the model
assumption was reasonable. Due to inevitable imperfection in experiments, all experimental data were
below the calculation results. It also could be seen in
Figure 3, at gas flow rates higher than 800 L/h, the
rate of decarburization approached a constant value
at all experimental conditions. To investigate the
effect factors in the absorption process, the gas flow
rate was set at 1100 L/h in later experiments.
In the previous model, the rate of decarburization was in direct proportional to liquid flow rate.
The experiments were carried out at temperature of
293 K and liquid flow rate of 6 L/h under three MEDA
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concentrations to test the model calculation at different rotating speeds. The experimental results are
shown in Figure 4.
The calculation curve in Figure 4 shows the rate
of decarburization is in direct proportion to rotating
speed. However, the experimental data shows different variation trend. The rate of decarburization grows
with rotating speed under 1100 rpm. In this rotating
speed range, the experimental data agree with calculation results. When the rotating speed is higher
than 1100 rpm, the rate of decarburization is inversely
proportional to the rotating speed. The experimental
results indicate that the previous model is appropriate
in the rotating speed range of ω < 1100 rpm.
Physical absorption plays an important role in
the experimental process. At high rotating speed, the
liquid turbulence was strengthened. According to the
literature [22], high turbulent degree was adverse to
physical absorption limitation.
Experiments under different rotating speed clarified that the obverse model has not considered the
end effect area and the cavity area in RPB. When the
rotating speed ω < 1100 rpm, the CO2 absorption in
end effect area and cavity area did not reach the dynamic equilibrium [22]. In this condition, the rate of
decarburization only related to the refresh rate of

Figure 3. Rate of decarburization deviations with gas flow rate: a) 500; b) 700; c) 900; d) 1100 rpm.
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Figure 4. Rate of decarburization deviations with rotating speed at different MDEA concentrations.

liquid film which depended on packing type, liquid
flow rate and rotating speed. As a result, the model
calculation fit the experimental data well at the rotating speed range of 600–1100 rpm. At the inflection
point of experimental curve the rotating speed was
1100 rpm. In other words, the absorption process
approached to its limitation in end effect area and
cavity area after rotating speed of 1100 rpm. The calculation method was probable only at rotating speeds
before the inflection point. In this way, the following
experiments were all carried out at the rotating speed
of 1100 rpm.
Keeping the MDEA concentration of 10%, the
experiments were taken at different liquid flow rates
and temperatures. The experimental results are given
in Figure 5.

burization is more sensitive to temperature than liquid
flow rate.
Due to the reaction mechanism, low concentration of MEDA was benefit for the target absorption. At
the constant gas flow rate of 1100 L/h and rotating
speed of 1100 rpm, the experimental temperature
was set as 303 K and liquid flow rate as 6 L/h to
investigate the effect of MDEA concentration. The
experimental data are given in Figure 6.

Figure 6. Rate of decarburization deviations with MDEA
concentration.

Figure 5. Rate of decarburization deviations with temperature at
different liquid flow rate.

Figure 5 shows that the calculation agrees with
experimental result. However, the rate of decar-
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It can be seen in Figure 6 that the rate of decarburization decreases with the MDEA concentration
increasing. When the mass concentration of MEDA is
larger than 30%, the rate of decarburization goes
approach to a constant. Over-high concentration of
MDEA is not available for the CO2 absorption in the
RPB.
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Nomenclature

D
GN2
H
h
K
kL
k OH−
kOV

diffusion coefficient, m2/s
volume flow rate, m3/s
Henry’s coefficient, Pa/(m3·mol)
height of packing, m
equilibrium constant
liquid mass transfer coefficient, m/s
CO2 hydration reaction rate constant, m3/(kmol·s)
total constant of pseudo-first-order reaction

rate, s-1
k2,MDEA second order reaction rate constant, m3/(kmol·s)
L
liquid flux, m/s
N CO2 mean mass transfer rate of CO2 on unit
interfacial area, kmol /(m2·s)
PCO2 partial pressure of CO2 in gas, kPa
Q
liquid volume flux, m3/s
R
geometric mean radius, m
r
reaction rate, kmol /(m3·s)
T
temperature, K
t
mean liquid film lifetime, s
y CO2 mole fraction of CO2
rate of decarburization
Δy
α
specific surface area, m2/m3
ω
rotating speed, rpm
REFERENCES
[1]

H.H. Tung, R.S.H. Mah, Chem. Eng. Commun. 39 (1985)
147-153

529

Z. ZHENZHEN et al.: CHARACTERISTICS OF MASS TRANSFER…

ZHANG ZHENZHEN1
GUO KAI1
LUO HUIJUAN1
SONG JUNNAN1
QIAN ZHI2
1

Research Center of the Ministry of
Education for High Gravity Engineering
and Technology, Beijing University of
Chemical Technology, Chao Yang
District, Beijing, P.R. China
2
University of Chinese Academy of
Sciences, Shi Jingshan District, Beijing,
P.R. China
NAUČNI RAD

Chem. Ind. Chem. Eng. Q. 20 (4) 523−530 (2014)

KARAKTERISTIKE PRENOSA MASE IZMEĐU
GASNE I TEČNE FAZE U HIGEE REAKTORU
U procesu apsorpcije gasne u tečnu fazu u rotirajućem pakovanom sloju (RPS),
pretpostavljeno je da je strujanje tečnosti preko pakovanja filmsko strujanje. Zasovan na
Higbijevoj penetracionoj teoriji, difuziono-reakcioni model je korišćen za RPS da bi se
izračunala brzina apsorpcije gasa. Apsorpcija gasa u sistemu gasne smeše CO2 (10%) i
azota (90%) i vodenog rastvora N-metildietanolamina (MDEA) proučavana je pri različitim
protocima gasa, brzinama obrtanja, temperature, protocima tečnosti i koncentracijama
MDEA. Poređenje eksperimentalnih i izračunatih rezultata je pokazalo dobro slaganje u
opsegu brzine obrtanja 400 do 1100 min-1. U ovom opsegu, brzina razugljeničenja je bila
direktno proporcionalna brzini obrtanja, temperaturi i protoku tečnosti, a obrnuto
proporcionalna protoku gasa i koncentraciji MDEA. Maksimalno odstupanje između
eksperimentalnih i izračunatih rezultata je bilo 10%. Pri većim brzinama od 1100 min-1
brzina razugljeničenja je zavisila od dinamičke ravnoteže sistema gas-tečnost. U ovoj
oblasti je brzina razugljeničenja bila obrnuto proporcionalna brzini obrtanja.
Ključne reči: životni vek tečnog filma, gradijent koncentracije, prenos mase u
dinamičkom stanju, HiGee reaktor.
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ACID HYDROLYSIS OF CORN STOVER
USING HYDROCHLORIC ACID: KINETIC
MODELING AND STATISTICAL
OPTIMIZATION
Article Highlights
• Kinetic parameters of models for predicting xylose, glucose, furfural, acetic acid were
obtained
• The corn stover during hydrolysis was characterized by FTIR, XRD and SEM
techniques
3
• A 2 five-level Central Composite Design was used for optimization
• The validation of the statistical model indicates good agreement
Abstract

The hydrolysis of corn stover using hydrochloric acid was studied. The kinetic
parameters of the mathematical models for predicting the yields of xylose,
glucose, furfural and acetic acid were obtained, and the corresponding xylose
generation activation energy of 100 kJ/mol was determined. The characterization of corn stover using different techniques during hydrolysis indicated an
effective removal of xylan and slight alterations of the structures of cellulose
and lignin. A 23 five-level central composite design (CCD) was used to develop
a statistical model for the optimization of process variables including acid
concentration, pretreatment temperature and time. The optimum conditions
determined by this model were found to be 108 °C for 80 min with acid concentration of 5.8%. Under these conditions, the maximised results were the
following: xylose 19.93 g/L, glucose 1.2 g/L, furfural 1.5 g/L and acetic acid 1.3
g/L. The validation of the model indicated good agreement between the experimental results and the predicted values.
Keywords: hydrochloric acid, corn stover, kinetics, statistical modeling.

Corn is the third most widely planted crop in
China. The corresponding by-product, corn stover, is
produced in large quantities annually [1]. One of the
most widely adopted approaches for the utilization of
corn stover in China is to produce livestock feed [2].
With the depletion of fossil resources and for the sake
of national security and environmental protection that
come with the exploration and consumption of fossil
resources, attention is being paid to the development
of alternative solutions of using renewable biomass
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such as corn stover as feedstock for fuel and chemical production [3].
Acid hydrolysis is widely used to treat lingocellulosic materials to obtain mono-sugars. This pretreatment usually yields solutions rich in hemicellulosesderived sugars. Among these mono-sugars, pentose
(D-xylose) and hexose (glucose) are predominant,
and a large number of microorganisms have been
proven to possess the capability to ferment pentose
and hexoses into value-added products such as fuel
ethanol and organic acid [4]. The hemicellulosic hydrolysis of different lignocellulosic materials, such as
rice straw, sugarcane bagasse, silage, Eucaliptus
wood etc. [5-7], has been reported. It is widely
accepted that the optimum conditions for minimum
monosaccharide decomposition to furans and degradation of cellulose is highly dependent upon the type of
raw materials and operational conditions. There are

531

Y. SUN et al.: ACID HYDROLYSIS OF CORN STOVER…

some studies of parametric investigation of using traditional method of one factor at a time for dilute hydrochloric acid hydrolysis of corn stover [8]. However,
comprehensive studies of kinetic modeling of dilute
hydrochloric acid hydrolysis of corn stover followed by
using statistical tools for optimization of multiple factors by combining experimental designs with interpolation by second-degree polynomial equations, to our
best knowledge, has rarely been reported before. In
addition, one of the main disadvantages of using hydrochloric acid as catalyst for hydrolysis is its high
expense for transport. In the case of biomass utilization, the process will be more cost-effective when the
site for the production of hydrochloric acid is close to
the biomass processing site [9]. Recently, we have
developed a novel acid-base coupled production process, which employed boron salts as the recycling
intermediate for the conversion of KCl together with
the steam into the alkaline (K2CO3) and acid (HCl)
[10]. According to our economical analysis upon current process parameters, the cost-effective availability
of hydrochloric acid on-site is achievable, especially
for the small or medium scale plant. It is believed that
this process will be very suitable for on-site pretreatment and utilization of biomass on a small scale [11].
This is another initiative of this work.
EXPERIMENTAL
Materials
The corn stover was harvested from Hebei province, China and was milled to approximately 5 cm in
length. The major compositions of obtained corn stover are shown in Table 1.
Table 1. Main composition of corn stover
Component

Content, wt.%

Cellulose

35

Xylan

20

Lignin

10

Ash

4

Protein

9

Wax

3
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Dilute acid hydrolysis
The experiment was conducted in a 1.5 L automatic mechanical stirring titanium autoclave system
using heating transfer oil bath. In this study, the reactor was loaded with 100 g of dry corn stover and 1 L
hydrochloric acid solution. The acid concentration,
pretreatment temperature, and time range were 2–7%,
95–125 °C and 25–240 min, respectively.
Characterization of the raw material, hydrolyzate
The raw material was analyzed by the following
methods. For cellulose and hemicelluloses, the standard Van Soest method was applied. The lignin content was analyzed by the Klason method.
After hydrolysis, the solid was separated and pH
was adjusted by adding Ca(OH)2. The resulting hydrolysis solutions was centrifuged and filtered, then was
injected into HPLC with 10 times dilution 1/10 V/V.
FT-IR Analysis. The Spectrum GX (Perkin-Elmer
USA 2003) infrared spectrometer was used for the
study of the surface functional groups. Disc was prepared by mixing 0.5 mg sample with 200 mg of KBr
(Merck, for spectroscopy) in an agate mortar and then
pressing the result mixture at 2 MPa for 1 min. The
samples were scanned in the spectra range of 4000–
–370 cm-1.
X-Ray diffraction (XRD) analysis. XRD patterns
were obtained with a Philips X’pert diffractometer
using CuKα radiation at a wavelength of λ = 1.5406 Å,
the thin powder sample was placed onto an oriented
monocrystalline quartz plate and scanned from 10 to
90°.
SEM morphology. Surface morphology was
examined using a Hitachi S-450 scanning electron
microscope.
The high performance liquid chromatography
(HPLC) for xylose, glucose, acetic acid were performed using Agilent 1100 HPLC with transgenomic
ION-300 column (oven temperature maintained at 45
°C at a flow rate of 0.4 ml/min, mobile phase 0.005 N
sulfuric acid and RID detector.
The furfural was analyzed using UV-Vis spectroscopy by a LabTech UV1000 spectrometer at 280 nm.
Experimental design and statistical analysis

The result shows a typical grass type precursor
with relatively larger amount of hemicellulose content.
The hydrochloric acid was obtained from the acidbase coupled process with a concentration of 20 wt.%.
It was diluted to concentrations for experimental purposes.
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A central composite design (CCD) with three
independent variables was investigated to study the
response pattern and to determine the optimum combination of acid concentration, pretreatment temperature, and pretreatment time to maximise sugar recovery. The design with three independent variables at
five different levels, six axial points and six central
points (total 20 runs) was adopted to find offset,
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linear, quadratic and interaction terms of the following
equation:
3

3

3

i =1

i =1

i < j , j =2

Y = b0 +  bi X i +  bii X i 2 +  bij X i X j

(1)

The range and levels of variables optimized are
shown in Table 2.
Table 2. Range and levels of independent process variables
used for CDD
-1

0

1

β

Temperature, °C

X1

95

105

110

120

125

Acid concentration, %

X2

2

4

6

6.5

7

Time, min

X3

20

60

120

180

240

Independent variable

Symbol -β

The statistical significance of regression terms
was checked by analysis of variance, ANOVA.
Kinetic models
The kinetic experiment was conducted with 2%
hydrochloric acid as catalyst at different temperatures
from 105–125 °C. The liquid solid ratio was kept at 10.
At 20, 40, 60, 180, 240 and 300 min, the hydrolyzates
were taken from the reaction media and analyzed.
In this paper we adopted the widely accepted
model, which was first introduced to model cellulose
hydrolysis [12]:
k1
k2
Xylan ⎯⎯
→ Xylose ⎯⎯→
Decomposites

The concentrations of xylose (Y), glucose (G),
furfural (F) and acetic acid (Ac) as functions of time
can be expressed as:

Y =

k 1[Ym 0 ] −k1t
(e
− e −k 2t )
k 2 − k1

(2)

G = G0 (1 − e −k 3t )

(3)

F = F0 (1 − e −k 4t )

(4)

Ac = Ac 0 (1 − e −k 4t )

(5)

where Ym0 is the maximum potential xylans in corn
stover (in this study, we fixed it at 21 g/L), k1–k5 are
kinetic parameters, and G0, F0, Ac0 are the potential
concentrations of glucose, furfural and acetic acid,
respectively. The detailed derivation of the models of
each compound can be found in the literature [13].
The nonlinear regression analysis was performed in
MATLAB using a generic algorithm in regional and
global optimization.

RESULTS AND DISCUSSION
Kinetic modeling during hydrolysis
The concentrations of xylose, glucose, furfural
and acetic acid released at different temperatures and
times are shown in Figure 1. The corresponding
obtained kinetic parameters are shown in Table 3.
The kinetics of xylose concentrations at different
temperature behaves differently when compared with
glucose. The concentrations of xylose will reach a
plateau (around 20 g/L) and then experience a progressive decrease. This was due to decomposition
and subsequent side reaction that occurrs as hydrolysis continues [14]. This also indicates that a relatively shorter hydrolysis duration around 60 min is
favorable for the maximum generation of xylose and
minimum concentrations of degradation byproducts
when reaction temperature is over 115 °C. While for
the concentration of glucose, furfural and acetic acid,
the concentration increases progressively reaching
about 6, 6 and 2 g/L, respectively, at 300 min at 125
°C. By fitting experimental data into Eqs. (2)-(5), we
obtained the model constants consequently. Table 3
lists the kinetic parameters of individual compounds.
By comparing the values of k1 and k2, the generation
of xylose was more accelerated with the increase of
the hydrolysis temperature comparing that with the
rate of xylose decomposition. However, since the
temperature of reaction triggers both the generation
and degradation of xylose, the secondary degradation
reaction could be intensified substantially with a
further increase of temperature, which results in the
decrease of final yield of pentose. By applying Arrhenius power law, the corresponding activation energy
(100 kJ/mol) of generation of xylose was obtained.
This value is often lower than the activation energy of
wood-based materials such as birch wood and hardwood [15-16] and comparable to the activation energy
of using sugar cane as substrate [17]. This also indicates that the corn stover is an easy processed raw
material for xylose production. In terms of glucose
yield, the values of both G0 and k3 increase with temperature. At relative low temperature, the obtained
glucose (3–4 g/L) mainly comes from glucan, which is
susceptible to the hydrolysis. As temperature increases and reaction continues, the degradation of cellulose will begin to contribute to the generation of glucose. The selectivity of hydrochloric acid hydrolysis,
of which the xylose concentration is relatively high
while leaving most cellulose and lignin in solid phase,
is comparable to the results in literature [18]. For the
kinetics of furfural, the F0 and k4 increase with temperature. At relative low hydrolysis temperature, the
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Figure 1. Kinetic model fit for products produced during hydrolysis at different temperatures.
Table 3. Kinetic and statistical parameters for xylose, glucose, furfural and acetic acid concentration
Temperature, °C

k1 / min-1

k2×103 / min-1

r2

Xylose
105

0.028

0.510

0.9668

115

0.069

0.631

0.9567

125

0.093

0.780

0.9277

Glucose

k3 / min-1

G0 / g L

105

0.0101

3.88

0.9438

115

0.0124

4.02

0.9261

125

0.0231

5.13

0.9399

–1

Furfural

k4 / min-1

F0 / g L

105

0.008

2.95

0.9472

115

0.007

4.20

0.9455

125

0.003

–1

9.90

0.8981

Acetic acid
k5 / min

-1

Ac0 / g L–1

105

0.031

2.41

0.9522

115

0.043

2.88

0.9675

125

0.050

3.42

0.9184
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lower values of F0 and k4 are obtained. Since furfural
is an inhibitor of the growth of microbes for the downstream fermentation, the condition that minimizes the
generation of furfural is favorable. For the kinetics of
acetic acid production, the range of Ac0 varies narrowly from 1.5–2 g/L. At relative low hydrolysis temperature, the lower value of Ac0 and k5 is obtained, indicating the relatively lower hydrolysis temperature
favors the condition that minimizes the acetic acid in
hydrolysate. For all the models, r2 was higher than
90%, indicating good agreement between experimental data and predicted data. These kinetic experiments, which were carried out under different variable
conditions such as pretreatment temperature and
time, can also be employed for defining the levels of
independent process variables to be used for process
optimization.

vibration within plane of pentose. As reaction continues, the intensity of those bands decreases, indicating the generation of xylose from hemicellulose
composite during the reaction. The band of out plane
vibration of glucose hexo-ring at 1400 and 900 cm-1
were slightly changed as reaction continues indicating
that the structure of cellulose was also affected during
reaction. The spectra of solid present bands at 1630,
1140 and 835 cm-1, which are the characteristic of
HGS grass lignin [20]. As the reaction continues, the
intensity of those bands begins to decrease indicating
the lignin librating during hydrolysis. This also agrees
with the observation of hydrolysates that solution of
hydrolysate becomes brown as hydrolysis continues.
The XRD spectroscopy of the corn stover solid at different duration times at 115 °C is shown in Figure 3.
The crystalline degree of the cellulose was crystallographically characterized by means of X-ray diffraction using the following equation:

Characterization of the solid residues during reaction
In this paper, we chose 110 °C as the characterization temperature, because it is a relatively less
severe condition to hemicelluloses and cellulose
during hydrolysis. The FT-IR spectroscopy of the corn
stover solid at different duration times at 110 °C is
shown in Figure 2.
The spectra of solid at different reaction duration
time presents a band at 1250 cm-1, which represents
the characteristic band of C-H bending vibration
within plane of hemicellulose [19]. As reaction coninues, the intensity of those bands decreases, indicating the removal of hemicellulose composite during
the reaction. The spectra of solid at different reaction
duration presents bands at 1050 and 890 cm-1, which
represent the characteristic bands of C-H bending

C =

Ic
Ic + Ia

× 100

(6)

where Ic is the intensity of cellulose crystallite in the
(002) plane, while Ia is the intensity at 2θ = 19°. As the
reaction continues, the crystalline degree of the cellulose slightly changes, indicating the cellulosic crystallite was not significantly affected during the reaction. This also agrees well with the HPLC analysis
that using hydrochloric acid as catalyst for hydrolysis
shows good selectivity for xylose generation and less
destructive degradation of cellulose. The XRD pattern
of corn stover also provides sharp bands from 40 to
80°, which indicates the existence of plant ash such
as Si, Al and Ca bound with organic tissues in corn

CS

% Transmittance

300min
120min
80min
50min
30min
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2500 2000 1500
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Figure 2. FTIR Spectra of corn stover during hydrolysis at different duration at 110 °C, where CS represents the raw corn stover.
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Figure 3. XRD Spectra of corn stover during hydrolysis at different duration at 110 °C, where CS represents the raw corn stover.

stover. The SEM morphologies of corn stover before
and after reaction (300 min) are illustrated in Figure 4.
The surface of corn stover is more rigid, smooth
and compact before reaction (Figure 4a). After the
hydrolysis for 300 min, the surface becomes more
irregular and rough (Figure 4b) due to the removal of
hemicelluloses and slightly exposure of lignin and
cellulose. This indicates that the acid pretreatment
makes more accessible sites to the downstream process, such as cellulase treatment, biological delignification, etc. In order to further validate the characterization results, analysis of composition of hemicelluloses, lignin and cellulose after dilute acid treatment
were performed. Comparing the results with the original composition from Table 1 indicated that more
than 90% xylan was effectively removed, while about
90% lignin and 95% cellulose still remained in the
solid residue after acid hydrolysis. All these characterization results together with the HPLC results indicate
that hemicellulose was effectively removed, while the
lignin and cellulose mostly remained structurally
unchanged during dilute acid hydrolysis. This implies

(a)

that dilute hydrochloric acid is an effective catalyst for
selectively generation of xylose while keeping by-products such as glucose and furfural at reasonable low
level.
Statistical analysis and process optimization
The experimental results associated with interactions between each independent variable are shown
in Table 4.
Equation (1) was applied to the set data for multiple linear regressions to determine the optimum conditions for dilute hydrochloric acid hydrolysis of corn
stover that results in the maximum value of xylose. By
applying multiple regression analysis to experimental
data, the following second degree polynomial was
found to represent relationship between xylose and
acid concentration, pretreatment time and temperature:

Y = 62 − 1.01X 1 + 1.42 X 2 + 0.41X 3 + 0.02 X 1X 2 −
−0.001X 1X 3 + 0.04 X 2 X 3 + 0.003 X 12 −
2

−1.5 X 2 − 0.0001X 3

2

(b)

Figure 4. SEM Morphology of corn stover at 115 °C; a) before reaction; b) after 300 min.
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Table 4. Three factor central composite design with response of dependent variables
Run

Code values

Response

X1

X2

X3

1

0

0

-β

2

-1

-1

+1

19.42

3

0

0

0

19.52

10.25

4

-1

+1

-1

14.82

5

+1

+1

-1

16.12
17.56

6

0

-β

0

7

0

+β

0

20.21

8

-1

+1

+1

20.88

9

+1

-1

+1

17.98

10

+β

0

0

20.92

11

+1

+1

+1

21.12

12

-1

-1

-1

9.88

13

+1

-1

-1

20.13

14

0

0

+β

20.81

15

-β

0

0

17.18

16

0

0

0

19.11

17

0

0

0

13.68

18

0

0

0

14.01

19

0

0

0

15.78

20

0

0

0

15.06

Analysis of variance (ANOVA) was carried out to
assess the significance of the fit of the second order
polynomial for the concentration of xylose (Supplemental Table, available from the author upon request).
A model F-value of 16.87 and a very low probability
value ((Prob>F) less than 0.0001) imply significant
model fit. In addition, the model did not show lack of
fit and present high determination coefficients R2 =
= 0.952 indicating that 95.2% of the variability was
explained by the model. The Supplemental Table presents the results obtained after carrying out ANOVA.
The values of probability less than 0.05 indicate that
the model terms are significant. Values greater than
0.1 indicate model terms are not significant. From
regression model of xylose concentration, the model
terms X1, X2, X3, X12, X22 and X32 were also significant
with probability >95%. X1X2 are also significant indicating the interaction between reaction temperature
and acid concentration is important. However, the
values of probability for interaction between X1X3 and
X2X3 are over 0.1 indicating those interactions are not
significant to xylose concentration, which means
these insignificances only apply to this specific experimental conditions. The “Lack of Fit F-value” of 0.64
implies that there is insignificant lack of fit.
To obtain the optimum conditions for hydrochloric acid hydrolysis of corn stover, the regression

coefficients were used to generate the response surface plots from the model in Figure 5.
In Figure 5a, with increase of acid concentration
from 1 to 6% while reaction temperature was fixed at
110 °C, the maximum xylose concentration (20 g/L)
was achieved at concentration around 5.5%. In Figure
5b shows the interaction between reaction temperature and duration at a fixed acid concentration of 4%.
It can be observed that the xylose concentration generally increases with increasing the reaction temperature. In terms of the influence of reaction time, at
lower reaction temperature, xylose concentration increases as reaction continues. With further increase of
temperature, this trend begins to change, and xylose
concentration profile begins to drop as reaction duration reaches 60 min. The maximum xylose concentration (20.8 g/L) was achieved at 105 °C for 150 min.
Figure 5c shows the interaction between reaction
temperature and acid concentration at fixed reaction
duration of 120 min, with the increase of temperature
and acid concentration, the xylose concentration increases. The maximum xylose concentration was
obtained for the acid concentration of 7% and reaction
temperature 110 °C.
To find the critical value, the partial differential
was done according to Eq. (7). The optimum condition was obtained at the following value: 108 °C for
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(b)

(c)

Figure 5. Response surface and contour plots of modeled xylose concentration as a function of: a) reaction time and acid concentration
at fixed temperature of 110 °C; b) reaction time and reaction temperature at fixed acid concentration of 4%; c) acid concentration and
reaction temperature at fixed reaction time of 120 min.

80 min with acid concentration of 5.8%. In order to
validate the developed statistical model, experiments
were duplicated at the obtained optimum condition.
The obtained analytical results are the following: xylose 19.93 g/L, glucose 1.2 g/L, furfural 1.5 g/L, acetic
acid 1.3 g/L. These values agree well with the values
predicted from models. The result hydrolysate indicates low concentration of toxic substances (fufural
and acetic acid are all less than 1.5 g/L) and provides
high quality of substrate for the subsequent biochemical processing.

funds of institute of processes engineering of Chinese
Academy of Sciences (No: 062702) is also appreciated.
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NAUČNI RAD

KISELA HIDROLIZA KUKURUZOVINE POMOĆU
HLOROVODONIČNE KISELINE: KINETIČKO
MODELOVANJE I STATISTIČKA OPTIMIZACIJA
U radu je proučavana hidroliza kukuruzovine pomoću hlorovodonične kiseline. Dobiveni su
kinetički parametri matematičkih modela za predviđanje prinosa ksiloze, glukoze, furfurala i
sirćetne kiseline. Takođe, određena je energija aktivacije stvaranja ksiloze od 100 kJ/mol.
Karakterizacija kukuruzovine različitim tehnikama tokom hidrolize ukazuje na efikasno
uklanjanje ksilana i male promene struktura celuloze i lignina. Za razvoj statističkog
modela za optimizaciju procesnih promenljivih, kao što su koncentracija kiseline, temperatura predtretmana i vreme hidrolize, korišćen je centralni kompozitni dizajn 23 sa 5 nivoa.
Optimalni uslovi utvrđeni ovim modelom su: 108 °C, 80 min i koncentracija kiseline od
5,8%. Pod ovim uslovima, dobijaju se sledeći maksimalni rezultati: ksiloza 19,93 g/L,
glukoza 1,2 g/L, furfural 1,5 g/L i sirćetna kiselina 1,3 g/L. Validacija modela pokazuje
dobro slaganje između eksperimentalnih rezultata i predviđenih vrednosti.
Ključne reči: hlorovodonična kiselina, kukuruzovina, kinetika, statističko modelovanje.
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NATTOKINASE PRODUCTION: MEDIUM
COMPONENTS AND FEEDING STRATEGY
STUDIES
Article Highlights
• The highest nattokinase activity of 587 U/mL was obtained in the fermenter
• Maximum nattokinase activity was resulted when 3% fed-batch glycerol was added
• Results demonstrate a 25-fold increase of nattokinase activity
Abstract

In the present study, the effect of nutrients on nattokinase activity during the
fermentation of Bacillus subtilis natto was investigated. The highest nattokinase activity of 587 U/mL was obtained in fermenter for a media consisting of
yeast extract (6%), soy peptone (1.2%) and glycerol (6%). The second order
polynomial equation was fitted to the results by using central composite face
design. The polynomial model fitted the experimental data well with R2 = 0.939
and R2(Adj) = 0.861. In addition, contribution of fed-batch glycerol addition on
the nattokinase production pathway was further investigated. Maximum nattokinase activity was resulted when 3% glycerol was added to the fermentation
media during the cell growth phase. The results demonstrate a 25-fold increase of nattokinase activity compared to the batch and not optimized culture.
This study provides valuable data on the key nutrients and feeding strategy for
further investigations and scale up of nattokinase production process.
Keywords: nattokinase, Bacillus subtilis natto, fermentation, fed-batch
glycerol.

Nattokinase is an enzyme considered to be a
promising remedy for thrombosis healing due to its
potent fibrinolytic activity [1]. Due to its presence in
food and relatively robust fibrinolytic activity, nattokinase has benefits over other available commercially
used drugs in prophylactic and extended effects, particularly due to stability in the GI tract and comfortable
oral administration [1]. Oral administration of nattokinase could diminish plasma levels of fibrinogen, factor VIII, and factor VII which may be useful as a nutraceutical for cardiovascular disease [2-4]. In adults suffering hypercholesterolemia, nattokinase was well
endured and had decreasing effects on the serum
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cholesterol level together with low cholesterol diet.
Intravenous administration of fibrinolytic drugs such
as tissue plasminogen activator (tPA) and urokinase
has been extensively used in clinical platform for
thrombolytic treatment [5]. In this regard, due to the
costly prices and the detrimental side effects, microbial fibrinolytic enzymes such as nattokinase have
now pulled toward much more consideration than current thrombolytic drugs [4].
Nattokinase is traditionally produced by fermentation of various microorganisms, among which the
genus Bacillus subtilis natto is the preeminent nattokinase producer [1,6-8]. In biotechnology-based processes, the formulation of culture media (mainly carbon and nitrogen sources) is of critical importance; its
composition affects the product concentration, yield,
and volumetric productivity. To date, several medium
optimization studies have been carried out to improve
nattokinase production [9-12]. However, lack of knowledge about the sophisticated interactions among various factors and fermentation operating conditions
usually results in the complexities and uncertainties in
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locating the optimum condition. Moreover, feeding
limiting nutrients to the culture media may also offer
the possibility to enhance the target product concentration [13]. Fed-batch nutrient supplementation protocols can also significantly contribute to enhance the
target product concentration and developing the scale
up strategies. The aims of this study, therefore, were
to investigate and develop an efficient medium and
feeding strategy to increase nattokinase production
while gaining a better understanding on the process
behavior.
MATERIALS AND METHODS
Microorganism and inoculum preparation

Bacillus subtilis natto [9] was cultivated in the
media composed of 0.5% peptone, 0.05% yeast extract and 0.5% glucose. Cells were scrapped from
tryptic soy agar plates after 5 days and harvested
cells were suspended in a 0.9% sodium chloride solution. The spore suspension was kept in water bath at
80 °C for 30 min to inactivate the residues of vegetative cells, centrifuged at 3000 rpm for 10 min to
remove the cell debris, diluted with 0.9% sodium chloride solution to obtain the standard solution of
(5.2±0.5)×1010 spores/mL.
Materials
Chromogenic substrate N-succnyl-Ala-Ala-Pro-Phep-nitroanilide (S-7388) and p-nitroaniline were
procured from Sigma-Aldich. Yeast extract was purchased from BD (USA). Glycerol was purchased from
Chem-Supply (Australia). Acetic acid was obtained
from Sigma-Aldrich (USA) and soy peptone was purchased from Oxoid (UK).
Fermentation
Each media was inoculated with the B. subtilis
natto spore solution (5.2±0.5×1010 spores/ml) using
an inoculum size of 2 vol.%. Fermentation was conducted aerobically at 40 °C in an incubator (Thermoline Scientific, Australia) in round bottles (25 ml) at
180 rpm. In each experiment the whole fermentation
culturing media was extracted to avoid any sampling
errors. The concentrations of 1 to 5% glycerol were
used to study the most favourable concentration on
nattokinase production. Additionally, a 3-L fermenter
(BioFlo/CelliGen 115, New Brunswick Scientific Co.,
USA) was used to validate the optimized conditions
acquired from the small scale studies on nattokinase
activity. Temperature, agitation and aeration rates were
maintained constant at 40 °C, 600 rpm, and 2 vvm,
respectively.
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Cell lysis
The B. subtilis natto cells were harvested from
the fermentation media via centrifugation (6,000g) for
15 min at 4 °C and then resuspended in phosphate
buffered saline (PBS). B. subtilis natto lysis was
carried out by sonication on ice (6 times with 1-min
intervals, at the 50 W). The sonicated cell suspension
was centrifuged at 10,000g for 15 min at 4 °C to
remove cellular debris. The supernatant (enzyme
solution) was used for activity assay [14].
Nattokinase activity measurement
The enzyme activity was quantified by cleavage
of the synthetic substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, as determined by absorbance of
product (p-nitroaniline) at 405 nm. The reaction mixture containing 0.5 mL of 1 mM synthetic substrate,
0.5 mL of PBS buffter, and 0.5 mL of the enzyme solution was incubated at 37 °C for 10 min. The reaction
was then stopped by adding 0.5 mL of 0.2 M acetic
acid. The absorbance of released p-nitroaniline was
measured at 405 nm. One unit of amidolytic activity
was expressed as nmol of p-nitroaniline released due
to substrate hydrolysis/min/mL by the enzyme [14-16].
Glycerol concentration measurement
The concentration of glycerol was determined
enzymatically using a free glycerol determination kit
(Sigma-Aldrich Co., USA) following its own procedure. Briefly, 800 μL of the glycerol free reagent was
inoculated with 10 μL of fermentation media and then
incubated for 5 min at 37 °C. The UV-absorbance of
resulting solution was measured at 540 nm using the
absorbance of water as the reference.
Experimental design
Experimental methods are finding increasing
use in manufacturing to optimize the production process. Specifically, the advantage of these methods is
to identify the optimum condition for the different factors that can affect the production process. The major
classes of designs that are used in industrial experimentation are consist of central composite face (or
response surface) design [13]. It is also often adventageous to explore the experimental region of interest
at particular points that are not represented by a factorial designs. The central composite design analysis
options do not make any assumptions about the number of different factor values or their combinations
across the experiment runs. Hence, these options can
be used to analyze any type of design to fit to the data
of the general model. In this study, Central Composite
Face design strategy was employed to optimize the
levels of the effective factors on nattokinase activity.
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Response surface methodology was used for analyzing the results. The experimental values were
scaled factors and the response was described by the
quadratic equation. MODDE software version 9
(Umetrics, Sweden) was used to create design matrixes, develop a model and determine optimum concentration of each nutrient. The quality of fit for the
regression model equation was expressed as R2 and
the statistical significant was determined by analysis
of variance (ANOVA) test. Statistical significance was
accepted at p < 0.05.
RESULTS AND DISCUSSION
Media optimization studies
Our preliminary studies have demonstrated that
yeast extract, soy peptone and glycerol are good
sources of amino acids and carbon for enhancing
Bacillus subtilis natto growth rate [9]. In this study,
therefore, we investigated the effects of these nutrients on nattokinase production. The CCF design
matrix with the actual levels of the nutrient and the
results of experimental studies are presented in Table
1. The polynomial model was regressed (Eq. (1)) for
the prediction of nattokinase activity as a function of
yeast extract, soy peptone and glycerol concentrations:

Y = 384 + 33.8 X 1 + 65.47 X 2 + 61.27 X 3 −
−47.39 X 1X 2 − 28.63 X 1X 3 − 93.89 X 2 X 3 +
2
1

2
2

+30.32 X − 63.57 X −26.19 X

(1)

2
3

where X1: yeast extract, X2: soy peptone X3: glycerol
and Y: nattokinase activity. The coefficients for the
model are listed in Table 1, which includes all the
linear, quadratic and interaction terms. According to
the regression analysis of the experimental design, all
single factors showed a significant effect (p < 0.05) on
nattokinase activity. Interactive model terms X1X2 and

X2X3 with p-values less than 0.05 and quadratic
model term X22 were significant combinations on
nattokinase activity.
An R2 value of 0.939 and an adjusted R2 value
of 0.861 confirmed the good model fit. The comparisons between predicted versus observed results
demonstrate a good correlation of the model with the
experimental data, as shown in Table 2.
The ANOVA test (Table 3) showed the goodness of the model fit as the standard deviation of the
regression was much larger than standard deviation
of the residuals. The F-value was very high compared
to the upper critical value of the F-distribution at 5%
significant level. Figure 1 shows the contour plots of
nattokinase activity for each pair of variables by keeping the other constant at middle level. These data
demonstrate that increasing the glycerol concentration up to 6% resulted in higher nattokinase activity.
At high levels of glycerol concentration, a further
increase in soy peptone value (<4%) resulted in decrease in nattokinase activity. There was a high level
of interaction between glycerol and yeast extract as
shown in Figure 1b. The optimal levels for nattokinase
activity were calculated by solving the regression
equation inside the region of the experiments. Finally,
the highest nattokinase activity of 477 U/mL was predicted by model for the conditions using 6% yeast
extract, 1.2% soy peptone and 6% glycerol. The
experimental result achieved at this condition was
488 U/mL, which resulted in higher activity with only
3% error as compared to the predicted value.
Nattokinase production was significantly enhanced by the addition of glycerol to the fermentation
media. Glycerol also found to be the noteworthy carbon source on promoting cell density during the fermentation of B. subtilis natto. Soy peptone, yeast extract and their mixture were used as potent nitrogen

Table 1. Statistical analysis from the central composite face design experiments; X1 = yeast extract; X2 = soy peptone; X3 = glycerol;
R2 = 0.939, R2(Adj) = 0.861, R2(Pred) = 0.792, Adeq Precision = 6.442; significance code: P < 0.05
Term

Coefficient

Standard Error

P-value

Constant

384.684

18.6881

1.6027e-007

X1

33.8083

13.8109

0.0442403

X2

65.4792

13.8109

0.00210512

X3

0.00302077

61.2708

13.8109

2
1

30.3233

26.6818

0.293161

X22

-63.5725

26.6818

0.0486947

X32

-26.1975

26.6818

0.358885

X1X2

-47.3906

15.4411

0.0180896

X1X3

-28.6302

15.4411

0.106117

X2X3

-93.8906

15.4411

0.000500579

X
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Table 2. Experimental conditions of the central composite face design and responses showing both original and scaled factors
Run

Yeast extract, % Glycerol, %

1

Soy peptone, %

Nattokinase activity observed, U/mL

Nattokinase activity predicted, U/mL

0.1 (-1)

12.1667

-5.23206

0.1 (-1)

0.1 (-1)

2

6 (+1)

0.1 (-1)

0.1 (-1)

179.5

214.426

3

0.1 (-1)

6 (+1)

0.1 (-1)

410.333

408.289

4

6 (+1)

6 (+1)

0.1 (-1)

462.5

438.385

5

0.1 (-1)

0.1 (-1)

6 (+1)

339.667

362.351

6

6 (+1)

0.1 (-1)

6 (+1)

466.875

467.489

7

0.1 (-1)

6 (+1)

6 (+1)

436.667

400.31

8

6 (+1)

6 (+1)

6 (+1)

299.917

315.885

9

0.1 (-1)

3 (0)

3 (0)

348.083

381.199

10

6 (+1)

3 (0)

3 (0)

476.208

448.816

11

3 (0)

0.1 (-1)

3 (0)

296.458

255.633

12

3 (0)

6 (+1)

3 (0)

340.042

386.591

13

3 (0)

3 (0)

0.1 (-1)

288.583

297.216

14

3 (0)

3 (0)

6 (+1)

422.667

419.758

15

3 (0)

3 (0)

3 (0)

424.667

384.684

16

3 (0)

3 (0)

3 (0)

344.125

384.684

17

3 (0)

3 (0)

3 (0)

396.708

384.684

Table 3. Analysis of variance for quadratic model; DF: degree of freedom; SS: sum of squares; MS: mean sum of squares; SD: standard
deviation
Source of variation

DF

SS

MS

SD

F-value

Total Corrected

16

219025

13689

117

-

P-value
-

Regression

9

205673

22852.5

151.171

11.9809

0.002

Residual

7

13351.9

1907.41

43.6739

-

-

sources. The presence of soy peptone and yeast extract mixture significantly improved the nattokinase
biosynthesis (Figure 1). This synergistic effect is
mainly due to providing a broad range of required
amino acids that are crucial for cell metabolism and
enzyme production. The results show that a stronger
correlation existed between nattokinase biosynthesis
and cell density.

concentration in the media was decreased significantly and it was almost completely consumed by the
end of fermentation. These data underlined that glycerol may play a key role in the production of nattokinase. Fed-batch supplementation of glycerol can be
further investigated for possible increase on the nattokinase production.

Monitoring nattokinase activity in 3-L fermenter

The aim of this study was to investigate the
effect of glycerol feeding strategies to optimize the
nattokinase production. The Fed-batch glycerol (1
and 3%, of the total fermentation volume) were added
to the fermentor media namely at 2, 4, 6, 8, 10 and 12 h
after the fermentation startup. Different timings were
used to cover the whole B. subtilis growth stages
during the nattokinase production. Based on the
results, addition of glycerol after 10 h of fermentation
showed a positive effect on the cell growth and nattokinase production. Addition of glycerol at different cell
growth stages can significantly influence the phospholipids composition of cell membrane [12], consequently, cell growth and nattokinase production. The
fed-batch addition of glycerol after 10 h of fer-

The bacterial growth, pH, nattokinase activity,
glycerol and dissolved oxygen levels were measured
in a 3-liter fermenter to acquire a better understanding
on production pattern and governing factors on nattokinase activity. These results show that there is a correlation between nattokinase production and growth
rate of bacteria (Figure 2a). Nattokinase activity was
significantly increased within the exponential cell
growth and steadily approached to a maximum of 587
U/mL after 24 h. In addition, as it was anticipated
while bacteria growth rate was increased steadily, the
concentration of glycerol and dissolved oxygen in the
media were decreased during the fermentation. Additionally, over the first 10 h of fermentation the glycerol
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Figure 1. Response surface plot of nattokinase activity showing
the effect of: a) glycerol and soy peptone; b) yeast extract and
glycerol; c) yeast extract and soy peptone.
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mentation was, therefore, selected as the optimum
time for enhancing the nattokinase production in the
fermentation process.
The effect of addition of various concentrations
of glycerol was further investigated to evaluate the
optimum concentration on nattokinase production. As
depicted in Figure 3, the highest nattokinase activity
was resulted when 3% fed-batch glycerol was added
to the fermenter which was ∼12% higher than the batch
culture (p < 0.05). Glycerol consumption, pH, bacterial growth and nattokinase production at optimized
fed-batch condition are summarized in Figure 2b.
Fed-batch glycerol addition resulted in increasing both nattokinase activity and cell growth as compared to the control media. Upon addition of 3%
glycerol in a fed-batch mode, the cell growth was increased 1.6 fold as compared to control media; the
nattokinase activity was increased from 587 to 654
U/mL. Fed-batch glycerol addition into the fermentation media may decrease the viscosity, enhances
the diffusion of oxygen and consequently the growth
rate of B. subtilis natto [17-19]. Unrean et al. reported
the successful production of nattokinase using B. subtilis K-C3 while keeping a specific growth rate constant [20]. Authors have used different strategies, operating conditions and nutrients to investigate the role of
fed-batch glycerol addition. However, the results of
the present study are in-line with the previous report
that shows the efficiency of the designed feed strategy used for fed-batch process. After addition of different glycerol concentrations the respective pH
values of cultures were varied between 6.8 and 6.2.
Fed-batch process resulted in high yield, high titer
and high productivity of nattokinase by B. subtilis
natto as summarized in Table 4.
These data demonstrates that glycerol has a
key role on nattokinase production in Bacillus subtilis

Figure 2. Changes in bacterial growth at 600 nm, glycerol concentration, nattokinase activity, pH and dissolved oxygen during the time
course of fermentation for batch (a) and fed-batch (b) optimized conditions at 600 rpm, 2 vvm at 40 °C.
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Figure 3. Effect of glycerol concentration on nattokinase activity.
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CONCLUSIONS
In this study, nattokinase was successfully produced in batch and fed-batch fermentation of B. subtilis natto. Yeast extract, soy peptone and glycerol
were found to be the most effective nutrients for
enhancing nattokinase production. Moreover, the fedbatch addition of glycerol during cell growth stage
resulted in significant increase on nattokinase production as compared to the batch fermentation. The
results of this study demonstrate the significant contribution of adjusting the concentration and feeding
strategy of essential nutrients on enhancing
nattokinase production.
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PRODUKCIJA NATOKINAZE: PROUČAVANJE
SASTAVA HRANLJIVE PODLOGE
I STRATEGIJE DOLIVANJA
U ovom radu je istraživan uticaj nutrienata na aktivnost natokinaze tokom fermentacije
pomoću mikroorganizma Bacillus subtilis natto. Najveća aktivnost natokinaze od 587 U/mL
je dobijena u fermentoru sa hranljivom podlogom na bazi ekstrakta kvasca (6%), soja
peptona (1,2%) i glicerola (6%). Fitovanje podataka pomoću polinomne jednačine drugog
reda je izvršeno pomoću ka centru orijentisanog centralnog compositnog dizajna. Polinomni model fituje eksperimentalne podatake koeficijentom determinacije R2 = 0,939 i
podešenim koeficijentom determinacije R2(Adj) = 0,861. Pored toga, uticaj dolivanja glicerola na put produkcije natokinaze je dodatno istraživan. Maksimalna aktivnost natokinaze
je postignuta kada je dodato 3% glicerola fermentacionom medijumu tokom faze rasta
ćelija. Rezultati pokazuju da se aktivnost natokinaze povećava 25 puta u odnosu na
šaržnu i neoptimizovanu kulturu. Ovo istraživanje daje dragocenei podatke o ključnim
komponentama hranljive podloge i strategiji dolivanjae za dalja istraživanja i povećanja
razmere procesa produkcije natokinaze.
Ključne reči: natokinaza, Bacillus subtilis natto, fermentacija, polušaržno dodavanje glicerola.
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FROM OPTIMIZATION OF SYNBIOTIC
MICROPARTICLES PREPARED BY
SPRAY-DRYING TO DEVELOPMENT OF
NEW FUNCTIONAL CARROT JUICE
Article Highlights
• A spray-drying method was successfully applied to obtain synbiotic microparticles
• Optimal formulation ensures high viability of encapsulated Lactobacillus casei
• Microparticles effectively preserved the cells at the upper intestine and during cold
storage
• High viability was maintained during storage of carrot juice enriched with encapsulated cells
• Synbiotic juice with encapsulated cells may be health drink suitable for all population
groups
Abstract

Lactobacillus casei loaded chitosan-Ca-alginate microparticles enriched with
the prebiotic fructooligosaccharide were prepared using a spray-drying method
associated with polymer complexation and cross-linking with calcium. The concentrations of the formulation factors of alginate, chitosan and CaCl2 were
optimized using 23 full factorial design. Experiments showed that microparticles with favorable physicochemical properties and high probiotic viability
during preparation and storage could be obtained when 40 mg/g sodium alginate, 5 mg/g chitosan and 50 mg/g CaCl2 is used. Stability of L. casei during
microencapsulation was identified by FTIR spectroscopy. The viability of the
probiotic in the optimal formulation of synbiotic microparticles remained above
the therapeutic minimum during incubation of 24 h in simulated gastrointestinal
conditions (7.67±0.4 log cfu/g) as well as after 3 months of cold storage
(8.1±0.6 log cfu/g). High viability of L. casei was maintained during 6 weeks of
cold storage when carrot juice was enriched with encapsulated cells. The
effective preservation of L. casei into synbiotic microparticles provided production of new non-dairy functional food as an alternative of the population
who is at risk of lactose intolerance.
Keywords: Lactobacillus casei, fructooligosaccharide, chitosan-Ca-alginate microparticles, spray-drying, synbiotic carrot juice.

Probiotics are live microorganisms which, when
administered in adequate amounts, confer a health
benefit on the host [1]. They mainly include species
belonging to the genera Lactobacillus, Bifidobacterium, Streptococcus, Enterococcus, Leuconostoc
and Pediococcus, which are normal constituents of
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the human gastrointestinal flora. With respect to safe
administration, the most utilized are the strains of
Lactobacillus and Bifidobacterium [2].
Prebiotics have been defined as “non-digestible
food ingredients that, when consumed in sufficient
amounts, selectively stimulate the growth and activity
of one or a limited number of bacteria in the colon
resulting in documented health benefits” [3]. In addition, they may potentially be useful for enhancing probiotic survival during processing [4]. The term synbiotic refers to a product containing both probiotic and
prebiotic and as a result of its consumption, synergistic effect is expected. Prebiotic carbohydrates pro-
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mote the growth of lactobacilli and bifidobacteria in
the colon followed by short chain fatty acid production
[5], mainly butyrate which serves as a source of
energy for colonocytes, interfering with apoptosis, proliferation and differentiation of transformed cells [6].
Because of already perceived health effects of
the probiotics, they have been incorporated alone or
as synbiotics into a range of food and pharmaceutical
products. However, the benefit from the probiotics
strongly depends on their ability to survive and multiply in the host. There are certain factors that decrease
their viability during processing, storage and administration (e.g., temperature, moisture, oxygen, pressure,
gastric acid, bile salts, etc.). In order to enhance the
viability in these conditions and provide targeted and
controlled delivery of the probiotics in the GIT, microencapsulation of probiotics using various techniques
(e.g., extrusion, emulsion, spray-drying, spray-coating)
may be utilized [7]. There are evidences that spray-drying method for microencapsulation of the probiotic
bacteria results in production of stable microparticles,
with low diameters and homogenous size distribution
[8-10]. In addition, different biopolymers as coating
materials (e.g., alginate, chitosan, gelatin, pectin, carrageenan) are successfully utilized to provide safe
transit of active probiotic cells through the upper GIT
[11]. From the functionality point of view, encapsulating materials have to provide mild conditions for
encapsulation, be biocompatible, non-toxic to the
cells and host, impermeable for antibody-sized molecules, have sufficient membrane permeability and ability to overcome the acidic and enzymatic environment of the stomach and to increase adherence capacity and residence time of the probiotics in certain
segments of the GIT as are the terminal ileum and
colon. Because one material could not possess all
these properties, usually, combinations of biocompatible materials with different properties are used.
Combination of chitosan and alginate for microencapsulation of probiotics is frequently used due to the
possibility for forming semi-permeable membrane
between the positively charged chitosan and negatively charged alginate, which could not be dissolved
in the presence of Ca2+ chelators or antigelling agents
[12,13]. Although the coating of alginate beads with
polycations and their functionality have been extensively studied, the search for optimal composition
model for the encapsulating materials and method for
microencapsulation continues in order ability of the
microparticulate systems to control and target the
delivery of the probiotics to be improved and probiotic
viability enhanced. Further, microparticulate systems
that contain live probiotic cells are convenient for
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incorporation in food products, thus improving their
functional value. The increased interest of fruit juices
as probiotic carriers can be explained by the lack of
dairy allergens and cholesterol [14] and their pleasant
taste profile and refreshing characteristics. Carrot
juice is an interesting medium to prepare a functional
product due to the carotenoids and different compounds with antioxidative properties, i.e., vitamins
and minerals which may have an important role as
inhibitors of free radicals production and subsequent
oxidative processes related to the onset of cardiovascular diseases or cancer. However, survival of probiotics is a problem due to various factors of the environment including effects of acidic pH of fruit juices in
storage conditions. Once ingested, probiotics are
additionally exposed to unfavorable acidic conditions
in the upper gastrointestinal tract and antimicrobial
effects of bile salts solutions. Even some authors
have reported that carrot juice containing Bifidobacterium strains [15] and cashew apple juice enriched
with Lactobacillus casei [16] allowed probiotic cells to
grow in fruit juices and to maintain the viability for
determined time period, it was demonstrated that sensory off-flavors are not well accepted [17].
Considering all the above-mentioned, the
objective of the study was to evaluate the influence of
the formulation factors, i.e., concentrations of coating
materials on viability of the microencapsulated L.
casei during microencapsulation by spray-drying
method and GI exposure. A set of experiments was
designed and carried out using 23 full factorial design.
Response surface methodology (RSM) was used to
determine the optimal ratio of the formulation factors
with respect to the physicochemical and functional
properties of the synbiotic microparticles. In the preliminary investigations, in which the concentrations of
the encapsulation materials, cross-linking agent, FOS
and initial cell count were varied as well as the preparation variables, it was found that the concentrations of encapsulating materials, alginate and chitosan, and the concentration of the cross-linking agent
were the most significant factors affecting the physicochemical properties of the microparticles and viability of L. casei during preparation and in simulated
GI conditions. Further, an attempt to obtain synbiotic
juice with enhanced viability and metabolic activity of
the probiotic L. casei by adding of the synbiotic microparticles to the carrot juice has been also made. For
this purpose, carrot juice was inoculated with free probiotic cells of L. casei or synbiotic microparticles
loaded with L. casei to compare the survival rate of
the probiotic and the production of lactic and acetic
acid as in vivo promoters of probiotic’s growth during
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fermentation and storage of the fermented and non-fermented beverages at 4 °C for 6 weeks.

microparticles were freeze-dried at 0.070 mbar and
–50 °C for 24 h (FreeZone Freeze Dry System, Labconco, Kansas City, MO, USA).

MATERIALS AND METHODS

Experimental design

Materials

In order to obtain the optimal formulation of synbiotic microparticles, 23 full factorial design was used
to create a set of experiments. Two levels for the factors, upper (“+”) and lower (“–“) level were defined and
a zero level (center), in which all variables are fixed at
their mean value, was included in order to minimize
the risk of missing non-linear relationships. However,
the zero level experiment was not included in the
calculation of the coefficients. Screening experiments
were carried out with three independent variables that
affect the experimental responses, sodium alginate in
concentration limits of 10 and 40 mg/g (x1), chitosan
in concentration limits of 1 and 5 mg/g (x2) and CaCl2
in concentration limits of 5 and 50 mg/g (x3), Table 1.
All modeling analyses were performed using experimental design software program MODDE 8.0 (software for design of experiments and optimization,
Umetrics, Umea, Sweden). Regression analysis was
performed on the basis of experimental results to construct mathematical models. The coefficients of the
model were obtained using response surface methodology to fit the experimental data to polynomial
equation and to define the optimal formulation. The
applied linear mathematical model for measuring the
response of the investigated factors was:

As an encapsulating agent for manufacturing of
synbiotic microparticles, sodium alginate (Protanal LF
10/60 LS, fG 35–45%), which was kindly donated by
IMCD, FMC BioPolymer (Ayrshire, UK), was used.
Chitosan with deacetylation degree ≥85% and low
viscosity 342 (viscosity of 10 mg/g solution in acetic
acid 20–100 mPa s, Mw 150 kDa (France Chitine,
Marseille, France) was used for coating of spray-dried
microparticles, while the cross-linking procedure was
performed with CaCl2 (Merck, KGaA, Darmstadt, Germany) in previously prepared solution of chitosan and
CaCl2 in acetic acid (Merck, KGaA, Darmstadt, Germany). Freeze-dried probiotic culture of Lactobacillus
casei-01 was purchased from Chr. Hansen, Hoersholm, Denmark. FOS was supplied from Sigma-Aldrich, St. Louis, MO, USA. Bile salts (Ox bile dried
pure) used for preparation of simulated intestinal
juice, de Man Rogosa Sharpe (MRS) broth, MRS agar
and peptone water were supplied from Merck, KGaA,
Darmstadt, Germany. All the reagents were of analytical grade.
Methods

Preparation of synbiotic microparticles
Synbiotic microparticles were prepared by
spray-drying method stabilized with subsequent
freeze-drying [13]. Shortly, freeze-dried probiotic culture L. casei-01 was inoculated into 5 ml MRS broth
and incubated at 37 °C for 24 h under aerobic conditions. The cells were harvested by centrifugation at
1500g for 10 min and washed with sterile peptone
solution (1 g/L). An aqueous suspension of L. casei
with a cell load ca. 12 log cfu/g, FOS (15 mg/g) and
alginate was infused into a spray-dryer (Büchi Mini
Spray Dryer B-290, Flawil, Switzerland) to obtain microparticles. The conditions of the spray-drying process were: nozzle diameter 0.7 mm, aspirator pressure 90%, atomizer pressure 600 Nl h–1, flow rate 6
ml/min, inlet temperature 120 °C and outlet temperature 60 °C. Spray-dried microparticles were collected in sterile containers and then slowly added into
previously prepared solution of CaCl2 and chitosan in
10 mg/g acetic acid under continuous stirring using a
magnetic stirrer for at least 3 h at room temperature.
The hardened microparticles were separated by centrifugation at 1500g for 10 min, washed with sterile
saline solution and frozen at –20 °C. Afterwards, the

y = b0 + b1x 1 + b2 x 2 + b3 x 3 + b12 x 1x 2 +
+b13 x 1x 3 + b23 x 2 x 3

(1)

where y presents the estimated response, b0 is intercept of the linear model showing the average experimental response, coefficients b1, b2 and b3 are the
estimated experimental responses of the factors
showing the main effects, while the coefficients b12,
b13 and b23 are showing two-factor interactions. The
response surface plots illustrate the relationship
between the factors and the responses by holding
constant one of the three independent factors.

Microparticle characterization
The comparison in morphology of the mechanically untreated and grounded particles, both coated
with chromium was performed using high vacuum
SEM technique (Leo 1450 VP, Oberkochen, Germany) at an accelerating voltage of 30 kV. Size
distribution of the chitosan-Ca-alginate microparticles
was measured by laser light scattering (Mastersizer
Hydro 2000G, Malvern Instruments Ltd., Worcestershire, UK) and the mean particle size was expressed
as d50. The zeta potential of the suspended micro-
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Table 1. Experimental matrix for the series of synbiotic microparticles with L. Casei-01 enriched with FOS; independent factors and
experimental responses
Experimental matrix
Exp.
no.

Experimental responses

Independent factors

X1

X2

X3

Alginate Chitosan CaCl2
mg/g
mg/g
mg/g

Viability of encapsulated L. casei (log cfu/g)

Physicochemical properties

Particle size
Viability in
Viability in
Viability after Viability in
simulated colon
simulated
simulated
freezed50
conditions
gastric juice intestinal juice
-drying
μm
after 24 h
after 6 h
after 3 h

Zeta
potential
mV

2+

Ca content
mg/10 mg
particles

1

10

1

5

7.26

4.32

2.27

0

8.74

-20.8

0.43

2

40

1

5

9.67

7.15

4.49

3.89

9.22

-21.71

0.49

3

10

5

5

7.94

6.06

4.94

4.81

6.70

25.42

0.51

4

40

5

5

8.60

6.50

4.82

4.18

12.47

24.6

0.35

5

10

1

50

10.73

7.85

7.01

7.06

6.86

–18.54

1.01

6

40

1

50

10.79

8.66

7.22

7.14

6.68

–8.86

1.07

7

10

5

50

10.24

8.49

6.64

6.69

6.68

16.81

1.22

8

40

5

50

11.30

9.62

8.46

7.67

8.77

21.56

0.94

9

25

3

27.5

10.98

8.64

8.04

8.31

8.26

13.90

0.88

10

25

3

27.5

10.90

8.66

8.07

8.26

8.29

15.10

0.84

11

25

3

27.5

10.96

8.75

8.02

8.24

8.18

15.00

0.87

particles in 0.1 mM phosphate buffer (pH 6.8) was
recorded using Zeta-sizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The calcium content
of the microparticles was determined by inductively
coupled plasma atomic emission spectroscopy, ICP-AES (Varian, Palo Alto, CA, USA) after degradation
of the microparticles with HNO3 (2.5 mg/ml) [13,18].

Stability assay of L. casei during microencapsulation
Fourier transform infrared spectroscopy (FTIR)
was used to determine the stability of the probiotic L.
casei during microencapsulation. FTIR-ATR spectra
were recorded at room temperature using a Zinc
Selenide crystal and Golden GateTM ATR attachment
(Perkin Elmer System 2000 FTIR, ATR-IR Golden
Gate, Waltham, MA, USA), in frequency range of
4000-400 cm–1. In order to determine possible molecular changes of the probiotic structure during the
microencapsulation process, the spectra of nonencapsulated L. casei and released from the microparticles were compared.

Viability assay of encapsulated L. casei
Viability of the encapsulated L. casei cells was
determined using plate-count method. Namely, the
microparticles were dispersed in phosphate buffer
solution (pH 6.9) until complete release of the probiotic cells. Then, L. casei was plated in triplicate on
selective MRS agar, incubated at 37 °C under aerobic
conditions for 72 h and enumerated. The average of
the results was expressed as colony-forming units per
gram of sample (cfu/g). For viability tests in simulated
gastrointestinal juices, method of Mokarram et al. [19]
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was used with slight modifications of the simulated
gastric juice as Gbassi and Vandamme [20] suggested the presence of enzyme in its composition.
Thus, the microparticles were incubated in simulated
gastric juice (0.08 M HCl with 2 g/L NaCl and 3 g/L
pepsin, pH 1.5) using a shaking water bath at 75
strikes/min (Haake, SWB 25, Burlandingen, Germany)
for 3 h and in bile salts solution (0.05 M KH2PO4; pH
6.8, with 10 g/L filter sterilized bile salts) for additional
3 h. Washed microparticles were transferred in simulated colon medium (0.1 M KH2PO4; pH 7.4) [21] and
incubated up to 24 h.

Swelling studies
Swelling properties of the optimal formulation of
microparticles were evaluated by measurement of the
particle size in simulated gastrointestinal fluids with
different pH values. Given amount of microparticles
(30–40 mg) was suspended in 5 ml of acetate buffer
(pH 1.5) and phosphate buffer solutions with pH 6.8
and 7.4, respectively. An exchange method was used
to carry out the swelling test during stirring by magnetic stirrer at 300 rpm and temperature of 37 °C. At
determined time intervals, the samples were removed
from the swelling medium and assayed for particle
size by Mastersizer (Hydro 2000G, Malvern Instruments Ltd., Worcestershire, UK). Percent swelling
value was calculated according to:

(Dt − D0 ) D0  × 100

(2)
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where Dt and D0 are the mean volume diameters of
the microparticles at time t and in the dry state, respectively [22].

Synbiotic carrot juices preparation and evaluation of
viable cell counts during fermentation and storage
Carrot juice was prepared by extraction of
washed and peeled carrots purchased at the local
supermarket, with no added water, preservatives or
any other nutrient. Then, the juice was pasteurized at
80 °C for 20 min. The initial cell concentration of
7.4±0.1 log cfu/ml was applied to ferment the carrot
juice using L. casei and FOS or synbiotic microparticles. This concentration was chosen according to
the recommendations of International Dairy Federation for minimum counts of 7.0 log cfu per g or ml of
probiotic food to exert beneficial effects [23]. One
sample of the carrot juice inoculated with free cells
and one sample containing microparticles were firstly
submitted to fermentation at 37 °C for 24 h and then
stored at 4 °C. The cell population of non-fermented
samples with free and encapsulated L. casei was
adjusted to 10.5±0.2 log cfu/ml. Another two samples
were inoculated with free cells of L. casei or L. casei
loaded microparticles, respectively, and then stored in
refrigerated conditions for 6 weeks. In the juices containing non-encapsulated L. casei, the prebiotic FOS
was added simultaneously with the probiotic cells. All
samples of synbiotic carrot juices were packed into
sterile Erlenmeyers flasks closed with cotton plugs.
The viability of L. casei in all experiments was
determined periodically during 24 h fermentation and
then on a weekly basis for 6 weeks of storage. When
enumeration of bacteria was performed, 1 ml of the
sample was mixed with 9.0 ml of peptone water, vortexes for 15 s, then serially diluted with peptone water
and the viable count was determined as it was described in a previous section. The same procedure
was performed for samples with added microparticles,
after removing the particles from the juice by filtration
[24]. Viability assay for non-fermented samples was
performed at the preparation step and then once a
week during cold storage. The pH of synbiotic carrot
juices were also examined simultaneously with the
viability assays (pH meter PB–11 Sartorius, Goettingen, Germany).

Chemical analysis of short chain organic acids
The amount of short chain organic acids was
determined temporary during fermentation and then
once a week in a storage conditions by high-performance liquid chromatography using a HPLC system
apparatus equipped with an ultraviolet detector (Agilent Technologies 1200 series, Palo Alto, CA, USA).
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The method used by Wang et al. [25] was applied
with certain modifications. Shortly, to determine the
concentrations of lactic and acetic acid, 2 ml of 0.5 M
H2SO4 were added to a 2 ml aliquot of the sample,
thoroughly mixed for 30 s and centrifuged (12000g for
15 min). The obtained supernatants were filtered
through 0.45 μm membrane (Minisart RC 25, Sartorius Stedim Biotech, GmbH, Goettingen, Germany).
Samples were loaded onto a thermostatically controlled reverse phase column (Discovery HS C 18,
250 mm×4.6 mm, 5 μm, Supelco Park, Bellefonte, PA,
USA) set at 40 °С and eluted with 0.005 M H2SO4 at
flow rate of 1 ml/min. According to the method
applied, a detection wavelength was 210 nm, while
identification of lactic and acetic acids was done using
their respective standards.
RESULTS AND DISCUSSION
Optimization of the formulation of the synbiotic
microparticles
With reference to the aim of this study, to obtain
functional food product with high probiotic viability
using microparticulated carriers, the choice of the
polymers was limited to food-grade materials. Our
previous investigations [13] have suggested that the
chitosan-Ca-alginate system is convenient to preserve viability of the probiotic L. casei during spraydrying and in simulated GI conditions. Optimization of
the concentrations of the formulation factors was performed to obtain synbiotic microparticles with
enhanced viability of L. casei and adequate release
profile in different regions of the GIT that were further
used to obtain synbiotic carrot juice. Although several
responses were monitored to select the optimal
values of the formulation factors, the main concern
was given to the viability of L. casei in simulated gastric juice. This implication is accounted on the fact that
the probiotics must first survive the deleterious effect
of the gastric pH in order to reach the intestine where
the bioadhesive properties of the delivery system are
among the key factors for achieving prolonged residence time and effective colonization of the probiotic.
The primary response, viability of the encapsulated L.
casei in simulated gastric conditions, pointed to the
formulation factor with the lowest influence, i.e., chitosan. In this respect and in conjunction with the other
experimental responses as well, it was concluded that
the optimal formulation of synbiotic chitosan-Ca-alginate microparticles should be prepared of 40 mg/g
alginate, 5 mg/g chitosan and 50 mg/g CaCl2. This
suggestion was deduced on the basis of narrow concentration range of chitosan (4-5 mg/g) needed to
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produce microparticles with favorable zeta potential,
i.e., mucoadhesive properties, minimal concentration
of 46.4 mg/g for CaCl2 to protect the probiotic cells in
the acidic environment of the gastric juice and increased viability of the probiotic during microencapsulation, freeze-drying and in simulated gastric and intestinal juices with higher alginate concentration.
Namely, when chitosan in concentration of 1 mg/g
was applied, negative values for the zeta potential of
the microparticles were obtained (Table 1), which
might lead to repulsive interactions with the negatively
charged mucus glycoprotein. Therefore, a compromise was imperative and it was assumed that with
decreasing chitosan concentration below 4 mg/g, the
viability of L. casei in simulated gastric conditions
would not be affected, but the surface characteristics
of the microparticles would lead to decreased
potential for interaction with the mucus glycoprotein.
The high CaCl2 concentration as a dominant factor in
providing probiotic viability during preparation of synbiotic microparticles and their exposure to simulated
GI conditions is required for efficient cross-linking of
microparticles, i.e., mechanical stability of the microparticles. On the other hand, CaCl2 concentration
showed no significant influence on the zeta potential
of the microparticles. In addition, positive values for
zeta potential were obtained within the experimental
range of alginate (10–40 mg/g), pointing to no significant influence of the alginate concentration on this
response. The experimental responses obtained for
particle size and Ca-content of the microparticles was
also monitored to confirm the favorable physicochemical properties of the optimized formulation.
Particle size of the synbiotic microparticles
Particle size is an important factor affecting the
survival rate and colonization of encapsulated probiotics, sensory properties of the probiotic food products and quality and stability of the pharmaceutical
products. Depending on the method of microencapsulation, the size of the produced microparticles
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ranges in wide interval, usually from 5 μm to 3 mm.
The large particles can negatively affect the textural
and sensorial properties of the food products in which
they are added [11,24]. Small and controlled size
particles are more convenient for incorporation into
food products due to the easier managing and higher
stability [26]. Furthermore, smaller particles are better
for achieving successful adhesion and colonization in
the gut, while large particles move faster through the
colon and come rapidly in the descending colon prior
defecation [27]. In this study, the response for particle
size was analyzed in conjunction with the minimal
value required to successful encapsulation of the
probiotic cells, usually 1 to 5 μm [11], and the recommendation for smaller size of particles in order most
foods to keep mouth feel characteristics [28]. The
method of spray-drying used in our study allowed
production of stable microparticles with mean volume
diameter ranging from 6.7 to 12.5 μm within all experimental series (Table 1). Considering the values of
the regression coefficients (Table 2), it can be concluded that the most significant effect on the particle
size had alginate concentration (x1), than CaCl2 concentration (x3) and afterwards, chitosan concentration
(x2). With increasing alginate concentration, particle
size increases and it decreases with increasing CaCl2
concentration. In our experimental system, the particle size was optimized with respect to minimal CaCl2
and chitosan concentrations required to achieve increased probiotic viability and favorable interaction of
the particles with the intestinal mucosa, 46.4 and 4
mg/g, respectively. Therefore, the minimal particle size
that fulfils the mentioned criteria was the value of 8.19
μm (Table 1).
Zeta potential of the synbiotic microparticles
Another factor that implies adherence property
of the particles to the epithelial support of the intestine
is the particle charge. There are literature data showing that probiotic cells are in general negatively
charged [29]. Our measurements of the zeta potential

Table 2. Regression coefficients of the experimental model
Experimental response

Regression coefficients

b0

b1

b2

b3

b12

b13

b23

Viability of L. casei after freeze-drying

9.834

0.599

0.121

1.274

-0.019

-0.319

0.126

Viability of L. casei (pH 1.5, 3h)

7.695

0.651

0.336

1.323

-0.258

-0.166

0.064

Viability of L. casei (pH 6.8, 6h)

6.240

0.499

0.466

1.619

-0.074

-0.026

-0.284

Viability of L. casei (pH 7.4, 10h)

5.353

0.431

0.711

1.926

-0.426

-0.196

-0.591

Viability of L. casei (pH 7.4, 24h)

5.781

0.540

0.658

1.960

-0.453

-0.275

-0.618

Zeta potential of microparticles, mV

4.748

1.588

19.788

0.433

-0.605

2.020

-3.345

Ca content in the particles

0.774

-0.040

0.003

0.308

-0.070

-0.015

0.018

Particle size, μm

8.267

1.021

0.389

-1.017

0.944

-0.544

0.086
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at pH 6.8 pointed that free cells of the probiotic L.
casei were also negatively charged (–16.4±0.7 mV).
As various polymers able to interact with mucus improving the residence time of the microparticulated
delivery systems, we optimized the concentration of
positively charged carrier, chitosan, to provide favorable interaction with the negatively charged glycoprotein from the mucus, to increase the mucoadhesion
capacity and thus, to prolong the residence time of
the encapsulated probiotic cells in the lower intestine.
With measurements of the zeta potential for the
series of microparticles generated with the experimental design, values ranging from –21.71 to 25.42
mV were obtained (Table 1). The values of the regression coefficients, b1, b2 and b3 (Table 2) indicate
that the surface charge of the synbiotic microparticles
is dominantly affected by the chitosan concentration
(x2), while the effects of the alginate (x1) and CaCl2
concentration (x3) are significantly lower, with the lowest influence of the concentration of CaCl2. The contour diagrams in Figure 1 present the zeta potential
values as a function of alginate (x1) and chitosan
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concentration (x2), while the CaCl2 concentration (x3)
is kept constant at 5 (Figure 1a), 27.5 (Figure 1b) and
50 mg/g (Figure 1c). Although, the best response for
zeta potential of 26.3 mV at CaCl2 concentration of 5
mg/g was obtained, high CaCl2 concentration was
used due to its effect on the primary response, i.e.,
viability of the probiotic cells in the acidic gastric conditions. At the optimum point for viability in simulated
gastric medium (Figure 1c), the zeta potential was
predicted to be at least 14.3 mV that satisfies the
postulated surface properties of the prepared particles. The positive charge can be attributed to the chitosan coating on the surface of the particles. The
dominant localization of chitosan in the particle wall
was observed by imaging the chitosan-Ca-alginate
particles with FITC-labeled chitosan using confocal
laser scanning microscopy [18,30].
Calcium content of the synbiotic microparticles
Calcium content of the synbiotic microparticles
was used as a measure for mechanical and chemical
stability of the obtained particles. Ca-content in the
chitosan-Ca-alginate microparticles of different series

Figure 1. A contour diagrams for zeta potential of the microparticles as a function of alginate and chitosan concentrations
at constant CaCl2 concentration: a) 5, b) 27.5 and c) 50 mg/g.
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ranged from 0.43–1.22 mg Ca2+/10 mg particles
(Table 1). In the experimental system, this response
was analyzed similarly as the particle size in conjunction with CaCl2 and chitosan concentrations required to provide high probiotic viability in gastric juice
and desirable zeta potential. The value of the regression coefficient b3 points that the Ca-content is mostly
affected by the CaCl2 concentration, while the value
of the coefficient b1 indicates lower, but also significant effect of alginate concentration (x1). The concentration of chitosan (x2) does not affect the Ca-content of the microparticles significantly (Table 2). Increase in CaCl2 concentration in the cross-linking medium increased the Ca-content, while with increase in
the alginate concentration, the Ca-content decreased.
The best response for Ca-content was obtained at
chitosan concentration 5 mg/g in the experimental
range of alginate 10–20 mg/g and CaCl2 44–50 mg/g.
However, the findings that alginate concentration
above 25 mg/g is needed to provide sufficient probiotic viability in gastric pH and increase in alginate
concentration from 10 to 40 mg/g provides higher survival rate during microencapsulation were the main
reason for accepting the lower value as an optimum
(0.94 mg Ca2+/10 mg particles was obtained vs. the
predicted 1.04 mg Ca2+/10 mg particles).
Viability of L. casei after preparation of synbiotic
microparticles
Simultaneous microencapsulation of prebiotics
and probiotics results in synbiosis that may provide
enhanced protection during preparation, storage and
exposure to GI conditions. In our previous study [13],
higher survival for 4 logs was observed when L. casei
was spray-dried in the presence of alginate and FOS
in comparison with the survival of the spray-dried L.
casei alone. There are other research data points to
increased viability of L. casei in a presence of FOSs
with different degrees of polymerization [31,32].
Having these in regard, the medium intended for
spray-drying as well as the free cells juice was supplied with the prebiotic FOS, in addition to the probiotic.
In this research, the yield of the spray-drying
process was 46.5±9.7, with viability of the probiotic
after spray-drying from 7.78 to 11.76 log cfu/g within
the different series of the experimental plan. In comparison with the spray-drying process, the loss of viability during freeze-drying was insignificant for all experimental series and viability of the probiotic in the
microparticles after freeze-drying was between 7.26
and 11.30 log cfu/g (Table 1). This response was
used as a key one for optimization of the formulation
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variables during the preparation of the microparticles.
According to the values of regression coefficients, b1,
b2 and b3 (Table 2), the viability of L. casei in microparticles obtained after freeze-drying was mostly
affected by the alginate (x1) and CaCl2 concentration
(x3), while the chitosan concentration had the lowest
influence on this response. The best response for the
probiotic viability was obtained at chitosan concentration of 1 mg/g in the concentration range of alginate 18.7–40 mg/g and CaCl2 38.5–50 mg/g, however,
with no significant effect on the probiotic viability
when increased chitosan concentration up to 5 mg/g
was used.
Viability of L. casei in simulated gastrointestinal
conditions
To estimate the influence of the formulation factors on the stability of the probiotic in gastrointestinal
conditions, the viability of the microencapsulated L.
casei during incubation in simulated gastric and bile
salt solutions was determined. Formulations generated with the experimental design demonstrated significantly different values for the viability of the encapsulated L. casei in a range of 4.32–9.62 log cfu/g
during incubation of the microparticles in simulated
gastric juice with pH 1.5 (Table 1). The values of the
coefficient b1 and especially of b3 (Table 2) demonstrate that the viability of the microencapsulated L.
casei in simulated gastric juice is dominantly affected
by the alginate (x1) and CaCl2 concentration (x3), with
the latest factor as the most significant. The influence
of the chitosan concentration was not significant and,
in addition, no major interactions were found. We also
observed that further increase in CaCl2 concentration
improves the probiotic viability in acidic pH, probably
as a consequence of the increased degree of ionic
cross-linking. The contour diagrams at Figure 2 present the viability of the microencapsulated L. casei in
simulated gastric juice as a function of alginate (x1)
and CaCl2 concentration (x3), while the concentration
of chitosan (x2) was kept constant at 1 (Figure 2a), 3
(Figure 2b) and 5 mg/g (Figure 2c). One can notice
that the probiotic viability of at least 9.1 log cfu/g is
predicted when alginate in concentration range of
26.4–40 mg/g and CaCl2 in concentration range of
46.4–50 mg/g were used, with the concentration of
chitosan maintained at 5 mg/g (Figure 2c), thus it was
considered as an optimal response.
Further, it is well known that the viability of the
probiotics is adversely affected by the bile salts in the
lower intestine. The antimicrobial activity of the bile
due to the dissolution of bacterial membranes disrupts the integrity of the cells. The protective effect of
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Figure 2. A contour diagrams of the viability of microencapsulated L. casei in simulated gastric juice with pH 1.5 as a function of alginate
and CaCl2 concentrations at constant chitosan concentration: a) 1, b) 3 and c) 5 mg/g.

the prepared synbiotic microparticles with respect to
the viability of L. casei in intestinal juice was evaluated during additional 3 h in simulated intestinal
juice (pH 6.8) with 1% bile salts. Significantly different
values for the viability of encapsulated L. casei in a
range of 2.27–8.46 log cfu/g were observed (Table 1).
Considering the values of the regression coefficients
(Table 2), the probiotic viability in simulated intestinal
juice was significantly affected by the concentration of
CaCl2 (x3), while the two other factors, x1 and x2,
showed almost equal effects. However, the lowest
value of the coefficient b2 indicates the lowest influence of the chitosan concentration on the investigated
response. The values of interaction terms, b12, b13 and
b23 pointed to non-significant interactions between the
formulation factors. At the optimum point of concentrations of the formulation factors (40 mg/g alginate, 5
mg/g chitosan and 50 mg/g CaCl2) high survival rate
of L. casei in intestinal juice above 8 log cfu/g was
obtained (Table 1).
Effective colonization of the colon with viable
and metabolically active probiotic cells is a crucial

prerequisite for providing postulated health effects.
Viability and/or release of microencapsulated L. casei
in simulated colon conditions were monitored in different time intervals up to 24 h of the initial incubation.
Viability of microencapsulated L. casei in simulated
colon conditions (pH 7.4) ranged from non-viable cells
to 8.31 log cfu/g (Table 1). All the investigated factors
increased the probiotic viability in simulated colon
conditions, while the best response for probiotic viability of 7.97 log cfu/g was obtained at alginate concentration (factor with the lowest effect) of 40 mg/g in
the concentration range of chitosan, 1–4.6 mg/g and
CaCl2, 42–50 mg/g.
Considering above-mentioned, the optimal formulation of synbiotic chitosan-Ca-alginate microparticles provides effective protection of the probiotic
during exposure in simulated gastric juice (9.62±0.1
log cfu/g) and relatively high survival rate in intestinal
juice with pH 6.8 (8.46±0.2 log cfu/g). In addition, the
released cell count in colonic pH after 24 h exposure
to simulated GI conditions was 7.67±0.4 log cfu/g. We
also observed that increasing the microencapsulating
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material concentration increased the survival rate of
L. casei and maintained the therapeutic level (at least
6–7 log cfu/g) under storage conditions, thus during 3
months storage of the optimal formulation at 4 °C,
viable probiotic cells of 8.1±0.6 log cfu/g were preserved. In addition, the physicochemical parameters
of the optimal formulation, d50 of 8.77±0.4 μm, zeta
potential of 21.56±1.1 mV and Ca-content of 0.94±
±0.15 mg/10 mg, point to the great potential for effective colonization of the probiotic in the lower intestine.
Physicochemical properties of the optimal formulation
Physicochemical characterization of the optimal
formulation that included morphological analysis
before and after mechanical treatment of the particles
(Figure 3a and b), stability assay of the probiotic
during microencapsulation (Figure 4) and swelling
properties of the prepared microparticles enabled the
potential of the microparticles for successful delivery
of the probiotic in the lower intestine and application
in carrot juice to be further confirmed.
Scanning electron microscopy of the microparticles
The morphological analysis of the freeze-dried
microparticles as we already reported [13] showed
spherical shape with wrinkled surface resulted from
the encapsulated cells and loss of water during sprayand freeze-drying processes. In this study, when
intact microparticles were scanned, the wrinkles were
not observed (Figure 3a). In addition, tendency of the
particles to agglomerate can be noticed, probably as
a result of attractive electrostatic forces between the
polymers. The image obtained after mechanical treatment of the microparticles using high vacuum SEM
clearly shows formation of certain invaginations on
the surface of the microparticles with non-significant
disruptions of the structure (Figure 3b), thus indicating
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that the microparticles may be further processed
and/or applied in different food or pharmaceutical products.
Stability of L. casei during microencapsulation
In a view of the complex structure of the synbiotic chitosan-Ca-alginate microparticles, a rough
assignment of the corrected FTIR-ATR spectra of L.
casei, non-encapsulated and released from the microparticles, has been made (Figure 4). Namely, two
distinctive bands at ∼2845 cm–1 and ∼2929 cm–1 due to
the asymmetric stretching of methyl and methylene
groups, respectively, were detected. These bands are
specific to the fatty acids of the wall of probiotic bacteria [33]. CH3– and CH2– asymmetric and symmetric
deformations of proteins (∼1430 and 1372 cm–1, respectively) [34] were also detected. A band at ∼1730
cm–1 due to the С=О stretching vibration of the ester
groups into the fatty acids and lipids together with
Amide I and Amide II bands at ∼1620 and 1530 cm–1
from proteins were observed. In the IR fingerprint
region, the symmetric and asymmetric stretching from
the phosphodiester component of the nucleic acids at
1030 and 1190 cm–1 were found as well as the C–O–C
deformation vibration from the polysaccharides (900–
–1200 cm–1) bonded to the glycopeptides and lipopolysaccharides of the cell wall [34]. Almost identical FTIR
spectra of L. casei released from the microparticles
and non-encapsulated one suggested preserved stability of the probiotic cells during the microencapsulation process.
Swelling studies
To confirm the targeted and controlled delivery
function of the probiotic loaded chitosan-Ca-alginate
microparticles, the swelling behavior of the optimal
formulation was investigated in mediums with diffe-

Figure 3. SEM of microparticles using high vacuum technique. a) Intact chitosan-Ca-alginate microparticles;
b) L. casei loaded chitosan-Ca-alginate microparticles scanned after mechanical treatment.
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Figure 4. FTIR Spectra of non-encapsulated L. casei (I) and released from the synbiotic chitosan-Ca-alginate microparticles (II).

rent pH values respective to simulated gastrointestinal conditions. An exchange method was used
where particles were firstly placed in medium with pH
1.5 for 3 h, then in pH 6.8 for additional 3 h and
subsequently in pH 7.4 for 4 h. The results point that
synbiotic microparticles have no significant tendency
for swelling, especially in mediums with pH 1.5 and
6.8 where increase in d50 of 12.26 and 31.62%, respectively, was observed. The protection of probiotic
cells encapsulated in chitosan-Ca-alginate microparticles was achieved by chemical cross-linking with Ca2+
able to diffuse into the alginate gel network. Increased
swelling degree of the microparticles in pH 7.4 was
observed, with increase in d50 for 54.89%, probably
due to the exchange of Na+ with Ca2+ when pH moves
towards more alkaline pH and increased porosity and
diffusion of the medium into the vicinity of the particles. Having in regard the morphologic characteristics of the chitosan-Ca-alginate microparticles, i.e.,
low porosity and non-significant increase in particle
size, especially in pH 1.5 and 6.8, one can conclude
that the probiotic will be released in the lower intestine with the degradation of the microparticles as a
dominant release mechanism.
Survival of free and encapsulated L. casei in carrot
juices during fermentation and storage
An optimal formulation of the synbiotic microparticles was used to prepare new functional beverages
(fermented and non-fermented) that were compared
with the properties of the functional juices containing
non-encapsulated L. casei and prebiotic FOS. The

viability of free and encapsulated L. casei in fermented samples after 24 h fermentation was 10.46±
±0.4 log cfu/ml and 9.6±0.3 log cfu/ml, respectively,
from the starting cell count of 7.4±0.1 log cfu/ml (Figure 5a and b). During the fermentation process, free
probiotic cells efficiently utilized carrot juice as an
energy source. Kun et al. [15] reported enormous
increase in viable bifidobacteria in inoculated carrot
juice, but only for the first 12 h of the fermentation
when survival rate started to decline upon the 24th
hour of fermentation, while rapid and continuous
growth of L. casei during 24 h fermentation in cashew
apple juice have been documented by Pereira et al.
[16]. Although, encapsulated L. casei in our fermentation test grew well, however showed slightly lower
cell count compared to the juice containing free cells.
The selective permeability of the chitosan-alginate
membrane [35] may explain the delayed growth of the
encapsulated cells.
At the end of the fermentation period, the pH
value of the juice inoculated with free cells was found
to be lower than that of the microparticles added
juice, 4.26 and 5.45, respectively (Figure 5a). The
reduction of pH in the carrot juice from the initial value
of 6.25±0.1 is expected due to the saccharolytic activity of lactic acid bacteria. Probiotics are known to utilize sugars degraded upon action of the secreted carbohydrase followed by production of lactic acid.
Research data pointed to the conclusion that FOS
with low molecular weight is better utilized by L. casei
followed by pH reduction of the medium to approximately 4, while there are strains which cannot fer-
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Figure 5. Changes in viability (full lines) of free (♦) and microencapsulated L. casei (•) and pH values (dashed lines) of free cells juice
(∆) and juice with encapsulated L. casei (€) during fermentation of carrot juice (a), cold storage of fermented carrot juice (b)
and non-fermented juice (c).

ment FOS and decrease pH slightly below 6 [36].
Having in regard these findings, one can conclude
that FOS as prebiotic is successfully fermented by L.
casei-01 and its utilization as a source of energy for
the growth of free cells is significantly higher comparing to encapsulated cells. In contrast to the observations during the fermentation process, the viable cell
counts of microencapsulated L. casei in fermented
carrot juice was 8.1±0.13 log cfu/ml after 6 weeks of
cold storage at 4 °C, while that of free cells was only
4.89±0.1 log cfu/ml, which confirms the role of the
microencapsulation in improving probiotic viability.
Moreover, the pH values of the synbiotic carrot juice
with free cells were lower than pH values of carrot
juice with microencapsulated cells during all investigation period that might negatively affect the sensory
properties of the product (Figure 5b).
Survival of free and encapsulated L. casei in nonfermented carrot juices
During 6 weeks storage at 4 °C, the viability of

L. casei in non-fermented synbiotic carrot juices with
free and microencapsulated cells was also inves-
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tigated. Microencapsulated cells survive better than
free cells in carrot juice with viable cell counts of
8.52±0.2 and 5.74±0.11 log cfu/ml after storage, respectively (Figure 5c). Ding and Shah [37] have also
found that encapsulated probiotic cells survived in
orange and apple juices throughout the six weeks of
storage, while free cells lost their viability within five
weeks and confirmed that fruit juices containing
microencapsulated probiotic bacteria are more stable
than those containing free cells. On the contrary,
Champagne and Gardner [38] have been reported
viability of L. rhamnosus, L. plantarum, L. reuteri and
L. fermentum incorporated in several commercial fruit
drinks to be above 6 log cfu/ml during 80 days of
storage at 4 °C. In our study, free cells were in therapeutically accepted range upon fifth week of storage,
whereas encapsulated showed better resistance to
the end of the assay. This result confirmed that the
chitosan-Ca-alginate matrix could protect probiotic
cells exposed to acidic environment as pH value
noticed significant reduction in free cells juice (1.56
units) in comparison with the decline of 0.62 units in
synbiotic carrot juice containing encapsulated cells.
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Short chain organic acid profile of synbiotic carrot
juices during fermentation and storage
Probiotic bacteria may have utilized carbohydrates and produced small amounts of organic acids,
thus their metabolic activity can be estimated by the
production of lactic and acetic acid. Capability of probiotic bacteria to ferment carbohydrates available in
the growth medium in general and in this respect in
fruit and vegetable juices depends on the bacterial
strain itself, but also on the type of the nutrients,
growth promoters and inhibitors, osmotic pressure,
inoculum size, fermentation period and storage temperature [39]. The concentrations of lactic and acetic
acid in carrot juice alone were 0.05 and 0.13 mg/ml,
respectively. Figure 6a illustrates the lactic and acetic
acid concentration in carrot juice containing free and
microencapsulated L. casei during fermentation. The
production of lactic and acetic acid tends to increase
during 24 h fermentation with enhanced production in
juice containing encapsulated cells upon 12 h. Further,
it is clearly presented that the production of acetic
acid in juice containing encapsulated cells was
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slightly increased to the end of the fermentation, while
the concentration of lactic acid was dramatically increased in free cells juice after 12 h fermentation. At
the end of fermentation, the respective values for the
concentrations of lactic and acetic acid were 2.75±
±0.03 and 0.27±0.01 mg/ml in free cells juice and
1.66±0.04 and 0.52±0.01 mg/ml for the juice with
encapsulated cells, respectively.
Increased production of lactic and acetic acid
during fermentation is due to the bacterial growth
accompanied with organic acid accumulation. Lactic
acid increases nutritional value of fermented products
by engendering their taste. In addition, it has significant role in maintaining proton moving force of bacterial cells and in absence of carbohydrates, some of
bacteria utilize it as an energy source. Moreover, the
high content of mineral components in carrot juice
may improve the lactic acid fermentation. As the
metabolism pathway of lactic acid bacteria lead to the
production of lactic acid mainly, the high ratio in the
favour of produced lactic acid during the fermentation
of carrot juice with L. casei is reasonable. Increased

Figure 6. Production of lactic acid (•, ∆) and acetic acid (♦, €) during fermentation of carrot juice (a), storage of fermented carrot juice (b)
and non-fermented juice (c) with free cells (full lines) and microencapsulated L. casei (dashed line).
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growth of free L. casei during our fermentation assay
(Figure 5a) explains the higher lactic acid production
compare to the juice containing encapsulated cells.
The significantly lower amount of acetic acid produced is also expected. However, the production of
acetic acid in the juice containing microparticles is
probably stimulated by carboxylic groups of the
alginate that become protonated in the acidic medium
[40]. Although, acetic acid is responsible for the sour
taste of the juice, its antimicrobial properties improve
the functional value of the product.
The amount of acetic acid during 6 weeks of
refrigerated storage of fermented samples containing
free cells as well encapsulated ones was at constant
level albeit certain fluctuations of the concentration
were determined. Thus, the acetic acid content decreased from 0.27 to 0.21 mg/ml in free cells juice,
while in the juice containing encapsulated cells
slightly increased from 0.52 to 0.57 mg/ml. In contrast, the amount of lactic acid tends to increase
during the storage period, especially in the juice containing encapsulated cells with enhancement of the
production of 1.66 to 3.49 mg/ml (Figure 6b). The
increase of the amount of lactic acid in carrot juice
containing microparticles in storage conditions is probably due to the gradual leakage of the encapsulated
cells from the chitosan-Ca-alginate matrix to the
medium and slower utilization of the substrate.
Although, the level of organic acids in the fermented
juice containing free cells remained stable after 6
weeks of cold storage, the progressive cell loss
pointed to the microencapsulation as the effective tool
to preserve metabolically active cells.
Short chain organic acid profile of non-fermented
synbiotic carrot juices during storage
According to the survival rate of L. casei in nonfermented synbiotic carrot juices during 6 weeks of
cold storage, the analysis of organic acids showed
that higher amount was produced in juice containing
synbiotic microparticles, 2.7 and 0.69 mg/ml for lactic
and acetic acid, respectively, while in free cells juice
the respective quantities were 2.1 and 0.37 mg/ml
(Figure 6c). The results indicated that L. casei cells
retained the metabolic activity, even in the cold storage conditions without prior fermentation at 37 °C.
Increased amounts of lactic and acetic acids in juice
containing encapsulated L. casei confirmed the effective preservation of the active probiotic cells by the
microencapsulation method used in this study.
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CONCLUSIONS
Optimization of the formulation variables of alginate, chitosan and CaCl2 have shown that synbiotic
chitosan-Ca-alginate microparticles prepared with 40
mg/g alginate, 5 mg/g chitosan and 50 mg/g CaCl2
provide viability high above the therapeutic minimum
during preparation and incubation in simulated gastric
and intestinal juice with efficient release of viable and
metabolically active cells of L. casei able to grow and
colonize the lower intestine as well as under investigated storage conditions. The viability and metabolic
activity of the cells were also confirmed through production of organic acids when synbiotic microparticles
were incorporated into carrot juice. Regarding the
sensory characteristics of the carrot juice with microparticles, non-significant changes of the textural quality due to the low particle size were observed. Therefore, carrot juice containing synbiotic microparticles
may be a new functional product while the effect of
particles on the consumer acceptance should be
further studied. Moreover, in vivo studies are planned
to confirm the synergistic effect of the prebiotic FOS
on the probiotic viability and the potential of this formulation for its effective delivery in the lower intestine
as well as beneficiary health effects associated with
the consumption of the carrot juice enriched with synbiotic microparticles.
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OD OPTIMIZACIJE SINBIOTISKIH MAKROČESTICA
PRIPREMLJENIH METODOM SUŠENJA
RASPRŠIVANJEM DO RAZVOJA NOVOG
SOKA OD ŠARGAREPE
Korišćenjem metode sušenja raspršivanjem zajedno sa kompleksiranjem polimera i
umrežavanjem pomoću kalcijuma, pripremljene su mikročestice hitozan-Ca-alginata,
obogaćene prebiotskim fruktooligosaharidima, sa imobilisanim ćelijama Lactobacillus
casei. Koncentracije komponenti formulacije alginata, hitozana i CaCl2 su optimizovane
korišćenjem 23 punog faktorijelnog plana. Eksperimenti su pokazali da se mikročestice sa
povoljnim fizičko-hemijskim svojstvima i visoke probiotske održivosti tokom pripreme i
skladištenja mogu dobiti korišćenjem sledećih koncentracija natrijum-alginata, hitozana i
CaCl2: 40, 5 i 50 mg/g, redom. Stabilnost L. casei tokom mikroinkapsulacije je utvrđena
FTIR spektroskopijom. Viabilnost probiotika u optimalnoj formulaciji sinbiotskih mikročestica ostaje iznad terapeuskog minimuma za vreme inkubacije od 24 h u simuliranim
gastrointestinalnim uslovima (7,67 ± 0,4 log cfu/g ), kao i nakon 3 meseca skladištenja u
hladnjači (8,1±0,6 log cfu/g). Velika održivost L. casei se postiže tokom 6 nedelja skladištenja u hladnjači kada je sok šargarepe obogaćen inkapsuliranim ćelijama. Efikasno
čuvanje L. casei u sinbiotskim mikročesticama omogućuje proizvodnju funkcionalne hrane
bez mleka, kao alternative onim ljudima koji su netolerantni na laktozu.
Ključne reči: Lactobacillus casei, fruktooligosaharidi, hitozan-Ca-alginatne mikročestice, sušenje raspršivanjem, sinbiotski sok od šargarepe.
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PREDICTION OF THERMAL CONDUCTIVITY
OF AQUEOUS SOLUTION AT HIGH
PRESSURES BY USING ARTIFICIAL NEURAL
NETWORK
Article Highlights
• Thermal conductivity of aqueous solution is predicted with artificial neural network
• A feed forward artificial neural network with three neurons in its hidden layer is
recommended
• Three inputs were used for this network: temperature, pressure and concentration
Abstract

The objective of this study is to predict thermal conductivity of aqueous solution with artificial neural network (ANN) model with three inputs (pressure,
temperature and concentration). A feed forward artificial neural network with
three neurons in its hidden layer is recommended to predict thermal conductivity. The accuracy of this method evaluated by regression analysis between
the predicted and experimental value shows desired results.
Keywords: neural network, aqueous solution, thermal conductivity.

Thermal conductivity data are required for calculating design parameters, developments and utilization of geothermal and ocean thermal energy, efficient operation of high-temperature energy-generating systems, geology and mineralogy, for hydrothermal synthesis, biological processes of living organisms, and in prediction of heat and mass transfer
coefficients under both laminar and turbulent regimes
[1,2].
Thermal conductivity data for aqueous solutions
are also so important in engineering. They are
needed in many industrial and scientific applications,
such as calculation of flow and heat and mass transfer rates in various pieces of industrial equipment.
Using the artificial neural network (ANN) model
to predict thermal conductivity of aqueous solution is
a new concept in order to achieve desired results.
Many researchers use ANN model in various fields of
chemical engineering.
Loueyan et al. used the artificial neural network
for the prediction of thermal conductivity of pure
gases at atmospheric pressure and a wide range of
Correspondence: A.A. Amooey, Department of Chemical Engineering, University of Mazandaran, Babolsar, Iran.
E-mail: aamooey@umz.ac.ir
Paper received: 29 July, 2013
Paper revised: 6 October, 2013
Paper accepted: 29 November, 2013

temperature based on their critical properties and
molecular weight [3]. Kurt et al. investigated the thermal conductivity of ethylene glycol-water solution by
ANN model with good results [4]. Sablani et al.
suggested an ANN model for the prediction of thermal
conductivity of bakery product based on their temperature and apparent density [5]. Singh et al. estimated
the thermal conductivity of moist porous materials
with ANN approach [6]. Hu et al. derived a model for
the thermal conductivity of unconsolidated porous
medium based on a capillary pressure saturation relation [7]. Zhou et al. calculated the electrical conductivity of recombined milk by artificial neural network,
aiming to establish a nonlinear relationship that
accounts for the effect of milk constituents and temperature on the electrical conductivity of recombined
milk [8].
The aim of this study is to use a neural network
model to predict the thermal conductivity of aqueous
solutions based on experimental values at different
temperature, pressure and concentration. Three
inputs were used for this network: temperature, pressure and concentration and has three layers: input
layer with three inputs, hidden layer with three neurons and output layer with one output that is thermal
conductivity and the coefficient of determination (R²),
was used as a measure to evaluate how the trained
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network estimation is compatible to the experimental
data.

ANNs allow signals to travel one way only, from input
to output, there is no feedback (loops), the output of
any layer does not affect that same layer. Feed forward ANNs tend to be straightforward networks that
associate input with output.

Artificial neural network
An artificial neural network (ANN) is an information processing paradigm that is inspired by the
way biological nervous system, such as the brain and
process information. The key element of this paradigm is the novel structure of the information processing system. It is composed of a large number of
highly interconnected processing elements that called
(neurons) working in unison to solve specific problems. An ANN has the ability to recognize nonlinear
and complex relationships.
The commonest type of artificial neural network
consists of three groups, or layers, of units: a layer of
"input" units is connected to a layer of "hidden" units,
which is connected to a layer of "output" units [9].
• The activity of the input units represents the
raw information that is fed into the network.
• The activity of each hidden unit is determined
by the activities of the input units and the weights on
the connections between the input and the hidden
units.
• The behavior of the output units depends on
the activity of the hidden units and the weights
between the hidden and output units.
The basic structure of the artificial neuron model
is as follows:
There are m+1 inputs with signals x0 through xm
and weights w0 through wm. Usually, the x0 input is
assigned the value +1, which makes it a bias input
with wk0 = bk. This leaves only m actual inputs to the
neuron: from x1 to xm. The output of the kth neuron is:



m



j =0

w


yk = φ 

kj x j
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Application of ANN on the experimental data
In this work, we developed an ANN model to
predict thermal conductivity of three aqueous solution
(BaI2, SrCl2 and Sr(NO3)2). A set of data at different
concentration, temperature and pressure for three
aqueous solutions were collected from open literature
[1,2]. Table 1 shows the characterization of collected
data, i.e., concentration, temperature and pressure
range for these species where the thermal conductivities were given in the literature. Different fractions of each data set were used for training and testing of the neural model for each solution. In general,
each neural model was trained with 80% of total data
and the remaining was used for testing of model.
Details of the selected data set are given in Table 1.
After collecting data (which were normalized
using a simple normalization method in the (0–1)
range), temperature, pressure and concentration
were used as the inputs of ANN model and thermal
conductivity as a output that can be described as a
function of temperature pressure and concentration
as follows:

k = f(T,P,C)

(2)

We have three neurons in the input layer equal
to the number of input parameters and one neuron in
output. After trying different networks we decided that
the optimum number of neurons in hidden layer was
three. Therefore, the developed ANN architecture has
a configuration of 3-3-1 neurons (Figure 1).

(1)

RESULT AND DISCUSSION

where φ is the transfer function.
There are several types of ANNs, such as feed
forward network, radial basis function network, ART
network, auto associative network and recurrent
neural network [10].
Feed forward neural networks are the most
commonly used for the function approximation, that
we have used this type in our work. Feed forward

Figure 2 shows the correlation between the predicted and experimental thermal conductivity test data
of BaI2 aqueous solution. Figure 3 also shows this
comparison for SrCl2 solution and Figure 4 features
the comparison for Sr(NO3)2 with a high degree of
accuracy.

Table 1. Characterization of collected data and different fractions of each data set for training and test of neural model; pressure range:
0.1-100 MPa; temperature range: 293-473 K
Species

Total data

Training data

Testing data

Concentration, %

BaI2

300

240

60

2.5-20

SrCl2

240

192

48

2.5-15

Sr(NO3)2

240

192

48

2.5-15
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Figure. 1. General structure of the neural network.
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Figure. 2. Correlation of experimental data vs. neural network predictions for testing data set for BaI2.
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Figure. 3. Correlation of experimental data vs. neural network predictions for testing data set for SrCl2.
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Figure. 4. Correlation of experimental data vs. neural network predictions for testing data set for Sr(NO3)2.

Regression analysis between the predicted and
experimental values used to evaluate accuracy of this
prediction. The correlation coefficient (R2 value) in
this case was very close to 1, which was about 0.999.
However it should be noted that only the randomly
selected test data from experimental data set were
used in comparison between predicted and experimental values. Also, different neural networks were
compared using their mean square error (MSE) and
mean relative error (MRE).
MSE values for the aqueous solution of BaI2,
SrCl2 and Sr(NO3)2 were 0.0015, 0.0018 and 0.0017,
respectively, while the MRE values for the these
aqueous solutions were 2.6, 2.33 and 2.55, respectively.
CONCLUSION
In this paper we show that an artificial neural
network model can predict the thermal conductivity of
aqueous solution with high degree of accuracy. Input
values that used in this model were temperature,
pressure and concentration with a feed forward structure that has a hidden layer with three neurons (3-3-1
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neuron configuration). The regression coefficient
shows that the ANN model is a good method for
predicting thermal conductivity of aqueous solutions.
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PREDVIĐANJE KOEFICIJENTA TOPLOTNE
PROVODLJIVOSTI VODENOG RASTVORA NA
VISOKIM PRITISCIMA POMOĆU VEŠTAČKE
NEURONSKE MREŽE
Cilj ovog proučavanja je predviđanje koeficijenta toplotne provodljivosti vodenog rastvora
pomoću modela veštačke neuronske mreže sa tri ulazne promenljive (pritisak, temperatura
i koncentracija). Za predviđanje koeficijenta toplotne provodljivosti preporučuje se veštačka
neuronska mreža sa povratnim rasprostiranjem signala unapred sa tri neurona. Tačnost
ove metode je procenjena regresionom korelacijom između predviđenih i eksperimentalnih
vrednosti. Pokazano je dobro slaganje između njih.
Ključne reči: neuronska mreža, vodeni rastvor, koeficijent toplotne provodljivosti.
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METALLIC ION RELEASE FROM
BIOCOMPATIBLE COBALT-BASED ALLOY
Article Highlights
• Metallic ion release from Co-Cr-Mo alloy in artificial saliva is examined
• The concentrations of released ions are determined using ICP-MS
• The effects of artificial saliva pH values and duration of immersion on metallic ion
release are determined
• The released metallic ions concentrations are compared with literature data
Abstract

Metallic biomaterials, which are mainly used for the damaged hard tissue
replacements, are materials with high strength, excellent toughness and good
wear resistance. The disadvantages of metals as implant materials are their
susceptibility to corrosion, the elastic modulus mismatch between metals and
human hard tissues, relatively high density and metallic ion release, which can
cause serious health problems. The aim of this study was to examine metallic
ion release from Co-Cr-Mo alloy in artificial saliva. In that purpose, alloy
samples were immersed into artificial saliva with different pH values (4.0, 5.5
and 7.5). After a certain immersion period (1, 3 and 6 weeks) the concentrations of released ions were determined using inductively coupled plasma-mass
spectrometry (ICP-MS). The research findings were used in order to define the
dependence between the concentration of released metallic ions, artificial
saliva pH values and immersion time. The determined released metallic ions
concentrations were compared with literature data in order to describe and
better understand the phenomenon of metallic ion release from the biocompatible cobalt-based alloy.
Keywords: metallic biomaterials, cobalt-based alloy, ion release, artificial
saliva, pH value.

Biomaterials are synthetic or natural materials
that are used in contact with cells, tissues and/or
body fluids without any negative effect on the human
body [1]. A biomaterial can be defined as any substance or combination of substances that can be used
for any period of time, as a whole or as a part of a
system, which improves or replaces any tissue or
organ in the human body [2-4]. Metallic biomaterials,
which are mainly used for replacing damaged hard
tissues, are materials with high strength, excellent
wear resistance, as well as with good electrical and
thermal conductivity [5-7]. The biocompatibility of the
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most metallic biomaterials is based on a protective
passive oxide layer present on the metal surface [8].
The chemical composition of the passive oxide layers,
their thickness and protection degree depend on the
alloy composition, chemical environment, mechanical
stresses, etc. [9]. In recent period, electrochemically
obtained metallic powders were examined with the
aim to determine the influence of deposition conditions on powder composition and possibilities for biomedical application [10]. The most extensively used
metallic biomaterials are commercially pure (CP) titanium, titanium- and cobalt-based alloys, whilst stainless steels have been abandoned in recent years due
to insufficient corrosion resistance and nickel-induced
hypersensitivity of organism [11]. The implant materials are required to possess appropriate mechanical,
physical, chemical and biological properties [12,13].
In addition to the good combination of mentioned pro-

571

I.D. DIMIĆ et al.: METALLIC ION RELEASE FROM BIOCOMPATIBLE…

perties, corrosion resistance of these materials must
be sufficiently high since the contact between implant
materials and human body fluids results in corrosion
appearance. The disintegration of the implant material
and metallic ion release occur as a direct consequence of the corrosion process [14-16]. The corrosion stability of metallic biomaterials in simulated
body fluids can be determined by electrochemical
tests that measure the amount of released elements
through the flow of the released electrons, static
immersion test and/or tarnish test (cyclic immersion)
that measure the released elements by spectroscopic
methods [17-20]. The corrosion process progression
is related to the material microstructure, surface
roughness, alloy composition, exposure temperature
and pH value of the chemical environment [21-24].
However, it should be mentioned that the amounts of
released metallic ions do not reflect their relative
weight contents in an alloy’s composition [25].
pH value has a considerable influence on the
concentration of released metallic ions from implant
materials. The pH of the average human body fluids
is usually within the range of 7.0–7.35 (although the
pH value may fall to 4.0–5.0 range due to inflammation caused by surgery or injury) [26]. Generally,
changes of pH in the human body are small due to
buffering action of the body fluids. The hard tissues
pH decreases to approximately 5.2 after implantation
process and afterwards recovers to the value of 7.4
[27]. However, pH value changes are most commonly
present in the oral environment due to acidic food
consummation or bacteria metabolic activity and
therefore dental implant materials have been tested in
solutions with different acidity levels [28,29]. Human
saliva pH is slightly acidic (∼5.8). In the oral cavity,
extremely low pH value (2.0-3.0) can occur in the
case of pathological diseases of the oral cavity [30].
These oral diseases should be primarily treated with
dental prosthetic treatment. In addition, diligent and
constant oral hygiene (especially after meals) leads to
the prevention of the spread of bacteriological activity
and pH disbalance in the oral cavity. In healthy population, low pH value cannot be maintained for a long
period because of the buffering action of the human
saliva and such a low pH value was not considered in
this study.
Co-Cr-Mo alloys have been widely applied as
implant materials because of their excellent mechanical properties, corrosion resistance and biocompatibility [31,32]. Chromium, the main alloying element
in Co-Cr-Mo alloys, is added to advance the formation
of a stable passive oxide layer that contributes to corrosion resistance. Molybdenum is also frequently
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added to advance alloy resistance to pitting and crevice corrosion. The composition of Cr and Mo in commercial alloys is within the range of 11–25 mass% and
alloys that contain lower amounts of Cr and Mo are
found to be more susceptible to corrosion [33,34].
Although the metallic biomaterials are considered to
have good corrosion resistance, numerous studies
have shown that metallic ions can be released into
the surrounding environment [35-37]. Consequently,
the contact between Co-Cr-Mo alloys and body fluids
leads to the metallic ion release [38]. Therefore, the
aim of this study was to examine metallic ion release
from Co-Cr-Mo alloy into artificial saliva with different
pH values.
EXPERIMENTAL
The metallic ion release from Co-Cr-Mo alloy
(Wironit® extra-hard produced by Bego, Germany)
into artificial saliva with different pH values was investigated. The Co-Cr-Mo alloy in as cast condition was
selected to be considered in this study since this type
of implant alloy produced by casting is widely used in
dental practice, mostly for manufacturing of crowns,
bridges and denture bases [39,40]. The chemical
composition of the examined alloy is given in Table 1,
while the physicochemical properties of the investigated alloy are shown in Table 2.
Table 1. Chemical composition of the investigated Co-Cr-Mo
alloy
Element

Weight content, %

Co

63.0

Cr

30.0

Mo

5.0

Fe

–

C

max 0.4

Other (Si, Mn)

–

Table 2. Physicochemical properties of the investigated Co-Cr-Mo alloy
Density
Melting interval
Casting temperature
Ductile yield

3

8.2 g/cm

1260-1305 °C
1420 °C
4.1%

Tensile strength Rm

910 MPa

Elongation limit Rp0,2

625 MPa

Modulus of elasticity

211000 MPa

Vickers hardness

375

Commercial Co-Cr-Mo alloy, produced in the
cylindrically shaped pieces with 8.0 mm in diameter
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and 15.8 mm in height, were cut into the disc-shaped
samples (8.0 mm in diameter and 3.2 mm in thickness) and polished. In order to eliminate surface contamination, the samples were cleaned in ultrasonic
bath with ethanol for 10 min. After cleaning treatment,
the samples were washed with distilled water and
dried with sterile gauze. Subsequently, each sample
was placed in a separate glass container with the
testing solution (5 ml) and incubated at 37 °C. During
testing the containers were hermetically closed in
order to prevent the possible contamination and the
evaporation of the testing solution.
The testing solution used in this paper was artificial saliva produced by Helvepharm AG, Switzerland
with initial pH value of 6.8. Composition of the testing
solution is shown in Table 3. The artificial saliva pH
was lowered to a level of 5.5 and 4.0 by adding hydrochloric acid and increased to 7.5 by adding sodium
hydroxide.
Table 3. Chemical composition of the artificial saliva
Component

Content, %
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present in traces can be released in larger quantities
[25]. Similarly, Okazaki and Gotoh [41] showed that
the quantity of released Mo ions from Co-Cr-Mo cast
alloy was higher than the quantity of released Cr ions
in 0.9% NaCl solution, phosphate-buffered saline
(PBS) solution and artificial saliva after 1 week,
although the weight content of Cr in alloy’s composition (28.36 mass%) was higher than the weight content of Mo (6.1 mass%). Conversely, the quantity of
released Mo ion was lower than the quantity of released Cr ion in 1% lactic acid and 1.2% L-cysteine.
Therefore, the metallic ion release depends on the
composition of immersion solution, but does not
depend directly on weight content of this element in
the examined alloy. An early study by Geis-Gerstrorfer et al. [42] showed that Co-Cr-Mo alloys were
more corrosion resistant as compared to Ni-Cr-Mo
alloys, which might be related to the immersion solution, such as cell culture media, artificial saliva, saline solution, diluted acids, etc. Accordingly, it can be
concluded that the composition of immersion solution
has a significant influence on the concentration of
released metallic ions from implant materials. Furthermore, results showed that the pH value decrease
resulted in the released metallic ions concentrations
increase.

0.0844

KCl

0.1200

MgCl2 x 6H2O

0.0052

CaCl2 x 2H2O

0.0146

Sorbitol

0.3000

300

KH2PO4

0.0342

275

Carboxymethylcellulose sodium

0.1000

250

Water

99.3416

225

6.8

200

pH

At the end of the immersion period (1, 3 and 6
weeks) a certain amount of artificial saliva was
removed from the glass container in order to measure
the cobalt, chromium and molybdenum ion concentrations that were released from the alloy. The concentrations of released ions were determined using
an inductively coupled plasma-mass spectrometer
(Agilent ICP MS 7500).
RESULTS AND DISCUSION
The concentrations of ions released from the
investigated Co-Cr-Mo alloy into the artificial saliva
with different pH values after 1 week-long immersion
are shown in Figure 1. Even though the weight content of Mo in the composition of examined alloy is low,
the concentration of Mo ions released into the simulated body fluid was the highest among all investigated after 1 week-long immersion. The results
obtained in the present study are in accordance with
the earlier reported findings that the alloying elements

Concentration [ppb]

NaCl

pH=7.5
pH=5.5
pH=4.0

175
150
125
100
75
50
25
0

Cr

Co

Mo

Figure 1. Concentration of ions released from the Co-Cr-Mo
alloy into artificial saliva with different pH values after 1 week.

The concentrations of released metallic ions
from Co-Cr-Mo alloy into the artificial saliva with different pH values (4.0, 5.5 and 7.5) after 1, 3 and 6
weeks are shown in Figure 2.
As can be seen from the diagrams presented in
Figures 1 and 2, the metallic ion release is dependent
on the pH value of the artificial saliva in which the
alloy was immersed, as well as on the immersion duration. The obtained results indicate that the metallic

573

I.D. DIMIĆ et al.: METALLIC ION RELEASE FROM BIOCOMPATIBLE…

800

pH=4.0
pH=5.5
pH=7.5

Cr ion concentration [ppb]

700
600
500
400
300
200
100
0
1

2

3

4

5

6

5

6

5

6

Immersion time [week]
(a)
550
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Mo ion concentration [ppb]
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1400
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1100
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Figure 2. Concentration of ions released from the Co-Cr-Mo
alloy into artificial saliva with different pH values over different
immersion periods: a) chromium; b) molybdenum;
c) cobalt ions.
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ion release from the examined alloy is directly proportional to the immersion time. Namely, with the increase of time period, during which the alloy was
exposed to artificial saliva, the concentrations of all
released metallic ions were increased. Accordingly,
the increase of the metallic ion release is associated
with the corrosion susceptibility of the Co-Cr-Mo alloy.
As mentioned above, the pH value also has a great
influence on the quantity of released metallic ions.
With the decrease of solution pH value to 4.0, the
concentrations of released metallic ions were proportionally increased (see Figure 1). At pH 4.0 the released ions concentrations were rapidly increased and
these results are in agreement with the literature data.
Namely, Okazaki and Gotoh [41] denoted pH 4.0 as a
critical pH value, obtained by testing multiple biomaterials in several solutions of different acidity levels.
Despite their metallic ion release, the Co-Cr-Mo alloys
can be considered as corrosion resistant. Likewise,
Puškar et al. [43] investigated element release from
Co-based alloy in artificial saliva and concluded that
the concentrations of released metals were far under
the permitted level. Corrosion resistance and inertness of these alloys are above all achieved through
the formation of a protective surface chromium oxide
layer.
The results of the presented examinations indicate that the metallic ion release could be described
by third-degree polynomials, as dependence on the
pH value and the immersion duration. However, it is
rather difficult to estimate and predict a trend with the
data obtained so far, hence the future work will include longer periods of immersion (at least six months)
in order to predict the tendency of metallic ion release
from Co-based alloys.
Generally, the metallic ion release is difficult to
describe and predict by equations, since it depends
on numerous factors such as alloy composition,
sample dimensions, type, composition, temperature,
pH value and volume of testing solution, etc. [21-25,28,29]. Beck et al. [44] analyzed elemental release from Co-Cr alloy containing palladium (Pd) and
concluded that Co-Pd-Cr alloy released a significantly
greater amount of respective ions (Co, Cr, Mo and
total ions) compared to the traditional Co-Cr alloy. A
study by Peter et al. [45] showed that addition of
titanium and zirconium to Co-based alloy had a positive effect on the alloy hardness and metallic ion release. Can et al. [46] emphasized that the release of
metallic ions from dental cast alloys has correlated
with the surrounding environmental conditions and
the surface of dental alloy. The results of the above
mentioned study showed that the release of metallic
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ions from sandblasted alloys was higher than from
polished alloys. Also, artificial saliva intensified element release more than cell-culture medium. Okazaki
[47] pointed out that the metal release depends on the
chloride concentration and pH of the testing solution,
but the effect of chloride concentration on the quantity
of released metallic ions was small. Also, Denizoglu
et al. [48] highlighted pH of the immersion solution as
a very important factor for metallic ion release.
Joseph et al. [49] determined the pH effects on metallic release from the Co-Cr-Mo alloy in three different
conditions: as cast, annealed and hot-forged and concluded that the trends of the pH effect on Co, Cr and
Mo release were nearly the same. Actually, the
results indicated that alloy heat treatment and hot
forging had negligible effect on metallic ion release.
Dependence of the cobalt ion release from CoCr-Mo alloys on the mentioned factors can be properly observed by comparing research findings published in the literature, Figure 3.
Literature data confirm that with decreasing pH
and increasing immersion time, the concentrations of
released metallic ions are increasing [50-52]. Moreover, it can be observed that concentration of rel-
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eased ions from Wironit was significantly higher when
compared to other Co-Cr-Mo alloys.
It should be mentioned that released metallic
ions can accumulate in organs and tissues and cause
local and systemic health problems due to the ions
diffusion through the entire body. Any metal or alloy
implanted in the human body is a potential source of
toxicity [53]. Nevertheless, metallic ions released into
the human body do not always damage the body.
Namely, if released metallic ions are combined with
biomolecules, then they can cause cytotoxicity, allergy
or other harmful effects. However, if metallic ions are
combined with water molecules or anions, then they
will form oxide, hydroxide or inorganic salt [26].
Therefore, the type of the molecules that react with
released ions, as well as type and concentration of
the released ions and their toxicity, must be considered in order to determine the safety of metallic biomaterials.
CONCLUSION
The metallic ion release from Co-Cr-Mo alloy
into artificial saliva with different pH values was

1400
1 day
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1200
1000
800
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400
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0
No.

Author

1

2

3

4

Alloy

5

6

Testing solution

Immersion time

1

L. Multu-Sagesen et al. [50]

2

N. Rinčić et al. [51]

Wironit (64Co, 29Cr, 5Mo, 1Si, 1Mn, Phosphate buffer (pH=6.0) 1, 2, 3, 4, 5, 6, 7, 14, 21,
30 days
0.5C)

3

N. Rinčić et al. [51]
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N. Rinčić et al. [51]

Wironit (64Co, 29Cr, 5Mo, 1Si, 1Mn,
0.5C)

Lactic acid (pH=3.5)
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F. Nejatidanesh et al. [52]
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6
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Wironit (64Co, 28Cr, 5Mo)
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Wirobond C (61Co, 26Cr, 6Mo, 5W, Artificial saliva + lactic acid
1Si, 0.5Fe, 0.5Ce, 0.02C)
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7, 30, 60 days

Figure 3. Cobalt ion release from Co-Cr-Mo alloys [50-52].
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examined in this study and the following conclusions
were drawn:
1. The concentrations of released metallic ions
do not reflect their weight contents in the alloy’s composition.
2. With increasing immersion time the concentrations of released metallic ions were proportionally
increased.
3. Decrease of the pH value lead to the increase of the concentrations of released metallic ions.
4. pH 4.0 is a critical pH value since at this
value the concentrations of released metallic ions
begins to increase rapidly.
5. The metallic ion release is difficult to describe and predict using the mathematical equations,
because this phenomenon depends on many different
factors.
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NAUČNI RAD

OTPUŠTANJE METALNIH JONA IZ
BIOKOMPATIBILNE LEGURE KOBALTA
Metalni biomaterijali, koji se najčešće koriste za zamenu oštećenih čvrstih tkiva u organizmu čoveka, su materijali velike čvrstoće, žilavosti i otpornosti prema habanju. Nedostaci
metala, kao implantnih materijala, su njihova podložnost koroziji, neusklađenost modula
elastičnosti metala i čvrstih ljudskih tkiva, velika gustina i otpuštanje metalnih jona koje
može da izazove ozbiljne zdravstvene probleme. Cilj ovog rada je bio da se ispita
otpuštanje metalnih jona iz Co-Cr-Mo legure u rastvoru veštačke pljuvačke. Uzorci legure
su potopljeni u rastvor veštačke pljuvačke različite pH vrednosti (4,0, 5,5 i 7,5). Nakon
određenog vremena izlaganja legure veštačkoj pljuvačci (1, 3 i 6 nedelja) određene su
koncentracije otpuštenih jona primenom indukcije spregnute plazme sa masenom
spektrometrijom (ICP-MS). Dobijeni rezultati su iskorišćeni u cilju definisanja zavisnosti
između koncentracije otpuštenih jona, pH vrednosti veštačke pljuvačke i dužine potapanja
legure u rastvor veštačke pljuvačke. Osim toga, utvrđene koncentracije otpuštenih metalnih jona iz ispitivane legure su upoređene sa podacima dostupnim u literaturi u cilju što
boljeg opisivanja i razumevanja fenomena otpuštanja metalnih jona iz biokompatibilne
Co-Cr-Mo legure.
Ključne reči: metalni biomaterijali, legure kobalta, otpuštanje jona, veštačka
pljuvačka, pH vrednost.
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OPTIMIZATION OF EXTRACTION
TECHNOLOGY OF POLYSACCHARIDE
FROM FOXTAIL MILLET USING RESPONSE
SURFACE METHODOLOGY
Article Highlights
• Extraction of polysaccharides from millet
• Response surface methodology was used
• Liquid-solid ratio, extraction time and extraction temperature were discussed
• Model was set up to optimization extraction of polysaccharides
-1
• The best extraction methods were liquid-solid ratio 20.7/1 mL·g , 2.0 h and 72.3 °C
Abstract

The experiment of extraction of polysaccharide from foxtail millet was investigated. Response surface methodology (RSM), based on a three-level, threevariable Box-Behnken design (BBD), was employed to obtain the best possible
combination of liquid-solid ratio (X1: 15.0–25.0 mL·g-1), extraction time (X2: 1.5–
2.5 h), and extraction temperature (X3: 65.0–75.0 °C) for maximum polysaccharide yields. The experimental data obtained were fitted to a second-order
polynomial equation using multiple regression analysis and also analyzed by
appropriate statistical methods (ANOVA). The optimum extraction conditions
were as follows: liquid-solid ratio 20.7 mL·g-1, extraction time 2.0 h and
extraction temperature 72.3 °C. Under these conditions, the experimental yield
was 8.08 mg·g-1, which is well in close agreement with the 8.02 mg·g-1
predicted value by the model.
Keywords: foxtail millet, polysaccharides, extraction, response surface
methodology.

Millet is an annual cereal plant. It is widely
grown in the arid areas of Africa and Asia. It is the
main food grain for many people, especially in the dry
areas of India and Srilanka [1]. It is a rich source of
calcium, dietary fiber and polyphenols, and is known
for its health benefits [2-3]. Foxtail millet (Setaria italica) is the one of widely planted species of millet in
most parts of East Asia, especially in northern China.
Polysaccharides play important roles in the growth
and development of living organisms such as promoting blood metabolism, soothing nerves, insomnia
relief, etc. [4]. Therefore, polysaccharides extracted

Correspondence: A.-S. Zhu, School of Biological and Chemical
Engineering, Zhejiang University of Science and Technology,
318 Liuhe Road, Hangzhou 310023, China.
E-mail: zhuaishi86@163.com
Paper received: 26 September, 2013
Paper revised: 30 November, 2013
Paper accepted:11 December, 2013

from plants, epiphyte and animals have drawn the
attention of researchers and consumers.
Response surface methodology (RSM) is an
effective statistical technique for optimizing complex
processes. It is widely used in optimizing the extraction process variables, such as polysaccharides, anthocyanins, vitamin E, phenolic compounds and protein
from varied materials [5-11].
Non-starch polysaccharides extracted with hot
water and polyphenols extracted with suitable solvents from millet have been reported [12-13], whereas
little attention has been devoted to the extraction of
foxtail millet polysaccharides. Therefore, we report
the optimization of extracting parameters for the production of foxtail millet polysaccharides. In this study,
the main objective was to optimize technology conditions for the extraction of polysaccharides from foxtail
millet. Once extracted and with no stirring in the
extraction process, the influence of liquid-solid ratio
(deionized water volume with foxtail millet powder
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mass, 15.0–35.0 mL·g-1), extraction time (0.5–2.5 h),
and extraction temperature (55.0–75.0 °C) on the yield
of polysaccharides were studied. Based on this, response surface methodology was designed to optimize
technology of extraction and to systemically analyze
the effects of extraction parameters on the yields of
polysaccharides from foxtail millet and their interactions.
MATERIALS AND METHODS
Materials and equipment
The foxtail millet was obtained from Chifeng
marine product corporation, Neimenggu, China, 2012
of harvest. It was dried at constant temperature of
60.0 °C in an electrothermal blast oven (DHG-9123A,
Precision Experimental Facilities Co. Ltd., Shanghai,
China) for 4 h to constant mass, and then broken up
to flour using a multifunctional masher (HL-26, Hailin
electric limited company, Shanghai, China). The resultant flour was sieved into a particle size of 20-mesh.
The flour was then packaged in a low density polyethylene bag for later extraction. The temperature
was controlled by thermostatic water bath (DK-S24
Jing Hong Experimental Facilities Co. Ltd., Shanghai,
China). The filtrate was concentrated in a rotary evaporator (RE52CS Yarong Biochemistry Instrument
Plant, Shanghai, China). An electronic balance
(BS124S Sartorius Instrument System Co. Ltd., Beijing, China) was used to weigh. A spectrophotometer
(722E Shanghai Spectrum Instruments Co. Ltd.,
Shanghai, China) was used to examine concentration
of polysaccharides content. All reagents were of analytical grade.
Extraction of polysaccharides
Five grams of dry foxtail millet powder was extracted with deionized water (liquid-solid ratio ranging
from 15.0 to 35.0 mL·g-1), while the temperature of the
water bath was kept steady for a given temperature
(within ±0.1 °C, extraction temperature ranging from
55.0 to 75.0 °C). The mash in a 500 ml three-neck
flask was soaked in the thermostatic water bath with
no stirring for a given time (extraction time ranging
from 0.5 to 2.5 h) during the entire extraction process.
After extraction, the mash was rapidly cooled to room
temperature using water and then vacuum-filtered
through Whatman filters. The millet was extracted
once. The filtrate was concentrated to one-fifth of initial volume using a rotary evaporator at 60.0 °C under
vacuum. The resulting solution was mixed with four
volumes of dehydrated ethanol (ethanol final concentration, 80%). Then the solution was centrifuged at
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4000 rpm/min for 15 min, washed three times with
dehydrated ethanol, and the precipitate was collected
as crude extract. The extract was air-dried at 50 °C
until its weight was constant, and then was weighted
with a balance. The extraction procedure was repeated twice.
Analysis of samples
The content of polysaccharides in extract was
determined by the phenol-sulphuric acid colorimetric
method at 485 nm [14], used glucose as standard,
and the results were then expressed as glucose
equivalents. Then the polysaccharides yield (mg·g-1)
was calculated as:

Y =

XV
×1000
M

(1)

where Y is the yield of polysaccharides, mg·g-1; V is
the total volume of the coarse polysaccharides dissolved after the constant volume, L; M is dosage of
raw material millet, g; X is concentration of polysaccharides in solution, mg·L-1. X was calculated as:

X = 0.0255 A − 0.00006

(2)

where A is the absorbance of polysaccharides solution at 485 nm.
Experimental design
A three-level, four-variable Box-Behnken Factorial Design [15] and Design Expert Software (version
7.1.6, Stat-Ease Inc., Minneapolis, MN) were applied
to determine the best combination of extraction variables for the yields of foxtail millet polysaccharides.
Four extraction variables considered for this research
were, liquid-solid ratio (mL·g-1, X1), extraction time (h,
X2), and extraction temperature (°C, X3) [16] and the
proper range of four variables was determined on the
basis of single-factor experiments. The yield of the
extracted polysaccharides was the dependent variables. The complete design consisted of 17 experimental points (including five replicates of the center
point) and the experiment was carried out in a random
order. Experimental data were fitted to a quadratic
polynomial model and regression coefficients obtained.
The non-linear computer generated quadratic model
used in the response surface was:
3

3

i =1

i =1

Y = β0 +  βi X i +  βii X i2 +

2

3

  βij X i X j

(3)

i ≠ j =1 j =1

where Y is the measured response associated with
each factor level combination; β0, βi, βii and βij are
constant regression coefficients of the model, while X
is the code levels of independent variables. The terms

A.-S. ZHU et al.: OPTIMIZATION OF EXTRACTION TECHNOLOGY…

XiXj and Xi2 represent the interaction and quadratic
terms, respectively. The three-dimensional plots were
drawn by keeping two variables constant at the center
point and varying the other two variables within the
experimental range.
Statistical analyses
The responses obtained from each set of experimental design were subjected to multiple non-linear
regressions by using the Design Expert Software. The
quality of the fit of the polynomial model equation was
expressed by the coefficient of determination R2 and
the significance of the regression coefficient was
checked by F-test and p-value.
RESULTS AND DISCUSSION
Investigation of single factor

Effects of liquid-solid ratio on the yield of
polysaccharides
Different ratio of liquid-solid ratio could significantly affect the extraction yield. If ratio of liquid-solid
ratio is too small, polysaccharides in raw material
cannot be completely extracted up. If the liquid-solid
ratio is too high, it will cause high process cost [17].
The effect of different liquid-solid ratio on the yield of
polysaccharides at extraction time 1.5 h and extraction temperature of 70.0 °C is represented in Figure 1.
The yield of polysaccharides increased significantly
with increasing liquid-solid ratio from 15.0 to 20.0
mL·g-1, the yield reached a maximum at 20.0 mL·g-1,
due to the increase of the driving force for the mass
transfer of the polysaccharides with the increase of
the liquid-solid ratio [18]. However, when the ratio
continued to increase, the yields decreased a little.
These results are in good agreement with the earlier
observations [19,20]. Thus, liquid-solid ratio of 20.0
mL·g-1 was favorable for producing the polysaccharides.

Figure 1. Effects of liquid-solid ratio on extraction yield.
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Effects of extraction time on the yield of
polysaccharides
Extraction was carried out at different time conditions while liquid-solid ratio and extraction temperature were fixed at 20.0 mL·g-1 and 70.0 °C, respectively. Figure 2 shows that the polysaccharides yield
increases with extraction time, and reaches its maximum at 2.0 h. This might be due to the time requirement of the foxtail millet cell-wall to break, and the
liquid to permeate into the dried powdered material,
dissolve the polysaccharides and subsequently diffuse out from the material to the exterior solvent. It
has been reported that a long extraction time favors
the production of polysaccharides [21]. However, the
polysaccharides yield decreased after 2.0 h. It is inferred that long extraction time induced the degradation
of polysaccharides dissolved in solution, and the yield
of polysaccharides decreased [22]. Therefore, extraction time of 2.0 h was considered to be optimal in
the present experiment.

Figure 2. Effects of extraction time on extraction yield.

Effects of extraction temperature on the yield of
polysaccharides
The effect of the extraction temperature on the
yield of polysaccharides is shown in Figure 3. Extraction was carried out at different extraction temperatures of 55.0, 60.0, 65.0, 70.0 and 75.0 °C at a
liquid-solid ratio 20.0 mL·g-1 and extraction time of 2.0
h. As shown in Figure 3, the yield of polysaccharides
significantly increased when extraction temperature
increased from 55.0 to 70.0 °C, and then increased
slowly with increasing extraction temperature; the
maximum yield was observed when extraction temperature was 70.0 °C. It may be that the increase of the
extraction temperature lowers the solvent viscosity,
thereby improving the solvent and solute diffusivity
within the extraction system, which enhanced the solubility of polysaccharides in solution [23]. This tendency is in agreement with reports of other authors in
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extracting polysaccharides [24]. However, too high of
a temperature will make polysaccharide denaturation
and yield reduce. This result is consistent with the
earlier observation [19]. Therefore, extraction temperature of 70.0 °C was considered to be optimal in the
present experiment.

Figure 3. Effects of extraction temperature on extraction yield.

According to the single-parameter study, we
adopted the liquid-solid ratio of 15.0–25.0 mL·g-1, extraction time of 1.5–2.5 h and extraction temperature of
65.0–75.0 °C (Table 1) for RSM experiments.
The results of optimization by response surface
methodology

Model fitting
The codes and levels of factors were chosen on
the basis of single-factor experiments (Table 1). The
experiment design proposal and the yields are shown
in Table 2. The regression analysis results are shown
in Table 3.
A regression analysis (Table 3) was carried out
to fit mathematical models to the experimental data
aiming at an optimal region for the responses studied.
The response value Y for the yield of foxtail millet
polysaccharides can be expressed by the following
second order polynomial equation in terms of actual
values:

Y = −248.685 + 6.249X 1 + 17.900 X 2 + 1.214 X 3 −
−0.055 X 1X 2 + 0.006 X 1X 3 − 0.013 X 2 X 3 −
−0.043 X 12 − 3.345 X 22 − 0.039 X 32

Chem. Ind. Chem. Eng. Q. 20 (4) 579−585 (2014)

Table 2. Experimental design and results
Y / mg·g-1

Test number

X1

X2

X3

1

0

-1

-1

4.60

2

0

-1

1

6.89

3

0

1

-1

5.21

4

0

1

1

6.95

5

-1

0

-1

4.85

6

-1

0

1

6.51

7

1

0

-1

4.77
7.00

8

1

0

1

9

-1

-1

0

5.45

10

-1

1

0

6.00

11

1

-1

0

6.12

12

1

1

0

6.54

13

0

0

0

7.90

14

0

0

0

7.65

15

0

0

0

7.99

16

0

0

0

7.92

17

0

0

0

7.69

The analysis of variance by ANOVA (Table 3)
showed that this regression model was highly significant (p < 0.01) with F value of 92.13. The F value
of 1.38 for lack of fit implies that it is not significant
comparing to the pure error. The fitness of the model
was further confirmed by a satisfactory value of determination coefficient, which was calculated to be
0.9916, indicating that 99.16% of the variability in the
response could be predicted by the model (Table 4).
The value of the adjusted determination coefficient
(adjusted R2 = 0.9809) also confirmed that the model
was highly significant. As shown in Table 3, the variable with the largest effect was the X1, which was extremely significant at p < 0.0001, followed by the other
linear terms of X2 and X3, which were also extremely
significant at p < 0.01. It also can be seen from Table
3 that thequadratic term coefficients (X12, X22 and X32)
were also extremely significant, with small p-values
(p < 0.00001). The other term coefficients were not
significant (p > 0.05) on the yield.

Analysis of response surface
(4)

The relationship between the responses and the
experimental variables can be illustrated graphically
to investigate the interactions of the variables and to

Table 1. Codes and levels of factors chosen
Liquid-solid ratio

Extraction time

Extraction temperature

X1 / mL·g-1

X2 / h

X3 / °C

-1

15.0

1.5

65

0

20.0

2.0

70

1

25.0

2.5

75

Codified value
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Table 3. Analysis of variance for regression equation
Source

Sum of squares

df

Mean square

F Value

p-value, Prob>F

Model

21.83

9

2.43

92.13

< 0.0001

X1

0.33

1

0.33

12.46

0.0096

X2

0.34

1

0.34

12.77

0.0091

X3

7.84

1

7.84

297.81

< 0.0001

X1X2

0.0042

1

0.0042

0.16

0.7007

X1X3

0.081

1

0.081

3.09

0.1224

X2X3

0.076

1

0.076

2.87

0.1339

X1X1

3.93

1

3.93

149.31

< 0.0001

X2X2

2.94

1

2.94

111.84

< 0.0001

X3X3

4.92

1

4.92

186.97

< 0.0001

Residual

0.18

7

0.026

–

–

Lack of Fit

0.094

3

0.031

1.38

0.3702

Pure Error

0.091

4

0.023

–

–

Cor Total

22.02

16

–

–

–

Table 4. Analysis of variance for the fitted quadratic polynomial model
Item
Value

Std. dev.

Mean

C.V., %

Press

R2

0.16

6.47

2.51

1.64

0.9916

determine the optimal level of each variable for the
maximum response by plotting three-dimensional response surface plots [25]. Each plot shows a pair of
factors by keeping the other factor constant at its
middle level. Contour plots and response surface
plots of polysaccharide yield as function of different
conditions are shown in Figure 4.
The 3D plot in Figure 4b shows the effects of
liquid-solid ratio and extraction time on yield. It can be
seen that contributions of liquid-solid ratio and extraction time to the effects on yield were similar, first
showing an increase and then decrease in yield with
increase in liquid-solid ratio and extraction time. Figure 4d showed that the changed trend of yield with
increase in liquid-solid ratio and extraction temperature was first increased and then decreased, but the
influence of extraction temperature was greater for
liquid-solid ratio. The yield was affected by varying
extraction time and extraction temperature (Figure 4f).
It indicated that the yield first increased and then
decreased with increase in extraction time and extraction temperature, and extraction temperature was
the major factor affecting yield. Interestingly, Figure
4d and f commonly demonstrated that extraction temperature was the major factor among the three factors
causing significant effects on yield. This finding was
consistent with the previous literature on polysaccharides [24, 26].
The optimum conditions of extraction of polysaccharides from foxtail millet predicted by regression

model were as follows: liquid-solid ratio 20.7 mL·g-1,
extraction time 2.0 h, and extraction temperature 72.3
°C. Under these conditions, the experimental yield
was 8.08 mg·g-1.

Verification of the models
The optimum conditions were used to do the
experiment of foxtail millet polysaccharides extraction
in order to verify the prediction from the model. The
parallel experiments were carried out three times at
liquid-solid ratio 20.7 mL·g-1, extraction time 2.0 h,
extraction temperature 72.3 °C. The average value of
practical yield of polysaccharide was 8.08±0.13 mg·g-1
(n = 3), the relative error was +0.7% compared with
predicted yield of 8.02 mg·g-1. The results of the analysis confirmed that the response model was adequate
for reflecting the expected optimization and the model
of Eq. (4) was satisfactory and accurate.
CONCLUSION
RSM was used to determine the optimum process parameters that gave a high extraction yield.
ANOVA showed that the effects of all variables (i.e.,
liquid-solid ratio, extraction time and extraction temperature) and their quadratics were extremely significant. The quadratic polynomial mathematical model
had higher correlation and could be employed to optimize polysaccharides extraction from foxtail millet
technology. The optimal extraction conditions were
determined as follows: liquid-solid ratio 20.7 mL·g-1,
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Figure 4. a) Contour plot and b) response surface plot of Y = f(X1,X2) (X3 = 70.0 °C); c) contour plot and d) response surface plot of
Y = f(X1,X3) (X2 = 2.0 h); e) contour plot and f) response surface plot of Y = f(X2,X3) (X1 = 20.0 mL·g-1). X1: liquid-solid ratio (mL·g-1), X2:
extraction time (h), X3: extraction temperature (°C) and Y: yield (mg·g-1).

extraction time 2.0 h, extraction temperature 72.3 °C.
Under the optimum conditions, the predicted yield of
polysaccharides could reach 8.02 mg·g-1, and practical yield was 8.08 mg·g-1, which agreed closely with
the predicted yield value.
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NAUČNI RAD

OPTIMIZACIJA TEHNOLOGIJE EKTRAKCIJE
POLISAHARIDA IZ PROSA KORIŠĆENJEM
METODE ODZIVNE POVRŠINE
U ovom radu je istraživana ekstrakcija polisaharida iz prosa. Metoda odzivnih površina
(RSM), bazirana na Box-Behnken dizajnu sa 3 faktora na 3 nivoa je iskorišćen za određivanje najbolje moguće kombinacije odnosa tečnost-čvrsto (X1: 15,0-25,0 mL·g-1),
vremena ekstrakcije (X2: 1,5–2,5 h) i temperature ekstrakcije (X3: 65,0–75,0 °C) pri kojoj se
postiže maksimalni prinos poloisaharida. Eksperimentalni podaci su fitovani polinomnom
jednačine drugog reda korišćenjem višestruke regresione analize i analizirani
odgovarajućom statističkom metodom (ANOVA). Optimalni uslovi ekstrakcije su sledeći:
odnos tečnost-čvrsto 20,7 mL g -1, vreme 2,0 h i temperature ekstrakcije 72,3 °C. Pri ovim
uslovima, eksperimentalni prinos je bio 8,08 mg·g-1, što je u dobroj korelaciji sa vrednosšću
8,02 mg·g-1 predviđenoj modelom.
Ključne reči: proso, polisaharidi, ekstrakcija, metoda odzivne površine.
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THE ABILITY OF FUNGUS Mucor racemosus
FRESENIUS TO DEGRADE HIGH
CONCENTRATION OF DETERGENT
Article Highlights
• Native isolate of fungus Mucor racemosus Fresenius was tested to high concentration of
detergent
• Influence of detergent on changes of fungal biochemical parameters
• Fungus decomposed 62% of anionic surfactant during 16 days, which confirmed by
MBAS assay
• Detergent at concentration of 0.5% reduced about 60% of fungal alkaline phosphatase activity
Abstract

The ability of fungus Mucor racemosus Fresenius to decompose high concentration of commercial detergent (Merix, Henkel, Serbia) was investigated in
this study. Fungus was cultivated in liquid growth medium by Czapek with
addition of detergent at concentration 0.5% during 16 days. The biochemical
changes of pH, redox potential, amount of free and total organic acids, and
activity of alkaline phosphatase were evaluated by analysis of fermentation
broth. Simultaneously, biodegradation percentage of anionic surfactant of
tested detergent was confirmed by MBAS assay. At the same time, the influence of detergent on fungal growth and total dry weight biomass was determined. Detergent addition at concentration 0.5% resulted in a decrease in pH
value and increase in redox potential as well as increase of free and total
organic acids. Enzyme activity of alkaline phosphatase was reduced by detergent at concentration 0.5%. The fungus was decomposed about 62% of
anionic surfactant during 16 day. Due to the fungus, higher dry weight biomass
(53%) was produced compared to the control.
Keywords: biomass, biodegradation of detergent, enzyme activity, organic acids, pH, redox potential.

For over 2000 years, mankind has used surfaceactive components or their ingredients in the various
aspects of daily life, personal care products, laundry
washing, chemical cleaning and cosmetics. Most of
the surfactants are used in the form of detergent
powders. A modern detergent powder is a
complicated multicomponent mixture consisting of
surfactants, builders, bleach, enzymes and auxiliaries
[1,2]. Usually, a detergent powder contains about 20–
-25% surfactants.
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According to statistics, the annual world production of surfactants is about 12.5 million tons, and in the
EU it is about 2.99 million tons. Approximately 64% of
surfactant is produced in detergents for washing and
cleaning. It is estimated that the rate of surfactant production increases annually by about 0.5 million tons.
Increased usage of detergents in households has led
to their accumulation in wastewater and natural aquatic ecosystems, causing many harmful effects on microbial communities and hydro-bionics [3]. The main
condition for the relatively safe usage of surfactants is
their easy and ultimate biodegradation [4]. Surfactants used in detergent formulation should be degraded at least 80% in terms of primary biodegradation. Detergents as pollutants get into the environment through industrial and municipal wastewater,
pesticide application or deposit of waste activated
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sludge [5]. Discharging of sewage and surfactants in
their final appearance in the sediment, the toxicity to
aquatic organisms and bioaccumulation in the food
chain, along with emissions of CO2, SO2 and NOx, are
the main problem today. Products with high contents
of surfactants, such as detergents, inhibit the growth
of unicellular algae, impede the process of purifying
water creating foam, which makes it difficult to dissolve oxygen that is necessary for living things
breathing and photosynthesis, and cause eutrophication [6]. Due to these facts, the maximal allowable
concentration of detergent in wastewater discharged
into the public sewage is 4 and 0.5 mg L-1 in natural
recipients, according to Legislative acts [7]. Numerous studies have focused on the discovery of new
biosurfactants that would replace the synthetic ones
as well as on the development of new species of
microorganisms that may degrade synthetic surfactants and complex chemical compounds in nature. Filamentous fungi are attractive microorganisms for the
study of biodegradation of organic matter due to their
well-developed defense mechanisms and the structure of the cell wall. Fungi are recognizing for their
superior capability to produce a large variety of extracellular proteins, organic acids and the other metabolites, as a result of adaptation to severe environmental constraints [8]. Many reports have shown that
surfactants change conformation of protein, which
can influence the enzymatic activity, stability and specificity or disrupt the structure of cell membranes,
depending on the concentration of surfactants and
type of microorganism.
Mucor racemosus Fresenius is a dimorphic fungus (genus Mucor) whose growth induced by carbon
dioxide and hexose sugar in the direction of creating
a multipolar bud as in yeast or in the direction of
branched aerial hyphens [9]. When grown on synthetic and organic substrates M. racemosus produces
various enzymes such as invertase, alkaline phosphatase, protease, lipase, which have applications in
biotechnology and bioremediation.
The objective of this study was to evaluate the
ability of fungus M. racemosus Fresenius to degrade
commercial powder detergent (Merix, Henkel, Kruševac, Serbia) at very high concentration (5 g L-1),
which is thousands fold higher than the regulated
concentrations that may be found in sewage water
and natural recipients and lethal for the most microorganisms. Simultaneously, we investigated the influence of detergent on the growth and biochemical
characteristics of fungus.
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EXPERIMENTAL
Isolation of Mucor racemosus Fresenius and
cultivation
The fungus species was isolated from wastewater samples of the Rasina River, downstream
where the industrial wastewaters of factory Henkel,
Serbia, discharge into river. Sample of wastewater
was taken in late May 2010. Sample was taken in a
sterile container and transferred to the microbiology
laboratory where it is disposed of in a refrigerator at 4
°C. Within 24 h, the different dilutions of sample were
transferred on Petri plates with malt agar and streptomycin to prevent bacterial growth. The plates were
then maintained at room temperature for 5 days.
Positive cultures were subcultured on malt agar and
potato dextrose agar for the isolation of a pure, single
colony for identification. The identification of fungus
M. racemosus Fresenius (1976) was based primarily
on the macroscopic and microscopic morphology and
was carried out by systematic keys. The fungus was
maintained on potato-dextrose-agar (PDA) slant
grown at 30 °C, stored at 4±0.5 °C, and subculture
monthly in sterile conditions. During the experiment,
the fungus was cultivated in the sterile modified Czapek Dox liquid medium of the following composition
(g L-1): NaNO3 – 3, K2HPO4 – 1, MgSO4·7H2O – 0.25,
FeSO4·7H2O – 0.01, sucrose – 30, distilled water up to
1000 mL (control-K) and the same medium with additional 5 g of detergent to obtain concentration of 0.5%
(medium D5).
Erlenmeyer flasks with liquid growth medium
were sterilized at 121 °C for 20 min (autoclave pressure, 0.14 MPa). The pH control was adjusted before
sterilization about 4.70 with 1 mol dm-3 HCl.
Inoculation and sampling
The liquid growth media were stored in Erlenmeyer flasks (200 mL of medium in 250 mL flask).
One positive control without detergent with spores,
one test flask with detergent and with spores and one
negative control with detergent but without spores
were used in this experiment. Inoculation of media
occurred with 2 mL spore suspension (5×106 conidia
mL-1). Erlenmeyer flasks in three replicates were
placed on an electric shaker (Kinetor-m, Ljubljana,
Slovenia) thus enabling uniform and constant mixing.
All experiments were carried out at room temperature,
under alternate light and dark for 16 days. Sampling
was started three days after inoculation and repeated
every third day until the end of the experiment. Mycelium was removed by filtration through Whatman filter
paper No. 1 and mycelial dry weight was determined.
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Filtrate was harvested by centrifugation at 10,000g for
10 min (4 °C) and the supernatant was used as crude
enzyme extract.
Measurement of pH and redox potential
pH and redox potential were measured by digital
electric pH meter (PHS-3BW Microprocessor pH/mV/
/Temperaturemeter) type of Bante with glass electrode model 65-1.
Determination of dry weight biomass
The mycelia previously removed from fermentation broth were washed with sterile distilled deionization water several times. Both filter paper and mycelia were then dried in an oven at 80 °C to a constant
weight. The dry weight of the mycelia was determined
by subtracting the initial weight of the filter paper from
the weight of mycelia and filter paper.
Determination of anionic surfactant
Anionic surfactant was determined by spectrophotometric methods using methylene blue. The
concentration of methylene blue-active substance
(MBAS) in the detergents was determined according
to Standard Methods for the Examination of water and
wastewater [10]. Absorbance measurements of the
extracts were done using Perkin-Elmer Lambda 25
UV-Vis spectrophotometer set at 652 nm wavelength
against blank chloroform. The concentrations of the
residual surfactant present in test detergent in terms
of MBAS were calculated using calibration curve with
the SDS as the standard. The percentage of degradation was then calculated using the Eq. (1):

% Degradation = 100 −
−[( A 625 exp - A 625 blank) / A 625 std] × 100

(1)

where A625exp is absorbance of test sample, A625blank
is absorbance of blank sample and A625std is absorbance of standard sample at 625 nm.
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water. 10 mL aliquots of filtrate were sampling for
determination of free organic acids concentration by
titration 0.1 mol dm-3 NaOH. Phenolphthalein (0.1%)
was used as indicator. The residual of sampling (90
mL) was passed through a cationic column (Amberlite
IR-120) previously activated, to the volumetric flask of
250 mL. By washing the column with distilled water
volumetric flask was supplemented to 250 mL. To
determination of concentration the total organic acids,
25 mL aliquots were sampling and titration was carried out as previously described [11]. The results
were presented as a percentage.
Assay of alkaline phosphatase activity (EC 3.1.3.1)
Alkaline phosphatase activity was assayed with
β-glycerophosphate as substrate. The reaction mixture contained an equal volume of 0.05 mol dm-3 glycol buffer (pH 9) with activator (Mg2+), substrate and
fermentation broth. After incubation at 37 °C for 30
min, the reaction was stopped by adding 10% TCA,
and the reaction mixture was stored at ice for 15 min.
NH4-molybdate solution was used for color development and determination of liberated inorganic phosphate (Pi). The absorbance was measured using a
Perkin-Elmer Lambda 25 UV-Vis spectrophotometer
at 660 nm [13]. One unit of enzyme activity (IU) represented the amount of enzyme that released 1 µg of
inorganic phosphate per min under the assay conditions.
Statistical analysis
All experiments were performed in triplicate and
results were expressed as means ± standard deviation. For statistical analysis, were used the following
tests: Mann-Whitney, Kruskal-Wallis and test for correlation coefficient by SPSS (Chicago, IL) statistical
software package (SPSS for Windows, ver. XIII, 2004).
Coefficient of correlation was tested at the level of
significance 0.05 and 0.01.

Determination of free and total organic acids
concentrations

RESULTS AND DISCUSSION

Concentrations of free and total organic acids
were determined by ion exchange chromatography
method. 50 mL of ethanol (70%) was added to 10 mL
of fermentation broth and the reaction mix was incubated at 70 °C in water bath for 1 h. The mixture was
filtered through Whatman filter paper No. 1 and filtrate
was concentrated at 50–60 °C under reduced pressure to final extract volume of 40 mL. Active charcoal
was added to extract following by incubation 30 min in
the water bath at 70 °C. After incubation, the extract
was filtrated to remove active charcoal; the residue
was made up to a volume of 100 mL with distilled

The influence of detergent at 0.5% concentration on the changes of pH, redox potential, the concentration of organic acids, enzyme activity and total
dry weight biomass were examined. At the same
time, fungal ability to degrade anionic surfactants of
tested commercial detergent and utilize degradation
products as carbon and energy sources was tested.
These parameters were monitored during the different
physiological growth phases of fungus M. racemosus
Fresenius. The results are shown in Figures 1–6.
Chemical compositions of growth media and
experimental conditions have influence on fungal
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Figure 1. Display of growth and total dry weight biomass of fungus Mucor racemosus Fresenius cultivated in K (control medium) and D5
(medium with 0.5% detergent) during experimental period.

development and total biomass. Many investigations
showed that the Czapek Dox liquid medium has good
properties for fungal cultivation and high biomass production [14]. Chemical composition of growth media
influenced the growth of M. racemosus Fresenius, as
seen in Figure 1. The fungus cultivated in medium
without detergent (K medium) showed monophasic
exponential growth from inoculation until the stationary phase, which was achieved on the 9th day. After
short stationary phase, autolysis began on 12th day
and it influenced on slightly decreasing of biomass
until the end of experiment. But changes of biomass

weren’t statistically significant in this period. An early
fungal growth phase from inoculation until the 3rd day
before exponential growth (from 3rd to 6th day) was
observed in medium with 0.5% detergent. After the 6th
day, growth was temporary inhibited and a second
exponential growth phase was observed from the 9th
to the 16th day. Detergent at 0.5% concentration stimulated growth and mycelial dry weight biomass in
relation to the control.
Figure 2 shows the percentage of biodegradation of anionic component of tested detergent by
fungus M. racemosus Fresenius. The biodegradation

Figure 2. Percentage of biodegradation of anionic surfactants of detergent measured in fermentation broth of D5 (medium with 0.5%
detergent) in compare to negative control (nkD5).
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was evaluated in liquid medium supplemented with
detergent at concentration of 0.5% (D5 medium) and
with spores of fungus. Also, one negative control with
detergent and without spores (nkD5) was evaluated.
A negative control experiment was carried in order to
exclude any reduction of anionic surfactant concentration caused by non-biological reactions such as
adsorption of surfactants to the bottle wall. Negative
control of detergent showed that anionic component
of tested detergent had chemical stability and minimal
adsorption to the bottles wall in experimental conditions. The tested detergent contained 20% of anionic
surfactant, which was confirmed by MBAS assay.
When concentration of anionic surfactant was expressed in μg mL-1 it was obtained that initial concentration of anionic surfactant was 1000 μg mL-1 in D5
medium. During first 3 days, the fungus decomposed
18% of initial concentration of anionic surfactant in D5
medium. The fungus decomposed the highest percentage of anionic surfactants (56.16%) during exponential growth phase from 3rd to 6th day. In the following ten days, the fungus degraded anionic surfactants
continuously but in a lesser percentage. During the
whole experimental period, the fungus removed 62.2%
of anionic surfactant, i.e., 620 μg mL-1, in relation to
the negative control (nkD5). The highest amount of
removed surfactant the fungus utilized as source for
biomass rebuilt. Due to this fact, a higher dry weight
biomass (about 53%) was measured in medium D5
compared to the control. As seen in Figure 2, there is
a strong linear relationship between the percentage of
biodegradation of anionic surfactant and duration of
experiment. Based on the equation of regression curve
y = 4.119x + 4.691 (Figure 2), it would be predicted
that the fungus would remove 80% of parent anionic
surfactant of tested detergent in these experimental
conditions for 18.28 days. These results indicate that
anionic components of tested detergent satisfying
required the limit of 80% biodegradability. According
to Jerabkova et al. [20], Pseudomonas cultures in
continuous bioreactors decomposed 70% of anionic
surfactant after 20 days. However, Schleheck et al.
[21] revealed that Citrobacter spp. has ability to degrade over 90% of anionic surfactant after 35 h of
growth. Hosseini et al. [22] showed that Acinetobacter
johnsoni strains can utilize 94% of the original SDS
levels after 5 days. The results of these bacterial
strains are far better in compare with our results but
tested concentrations were lower than the applied
concentration in this study. Also, pure anionic components are used for test of biodegradation by mention
bacterial strain, whereas the commercial detergent
used in this study is very complex. However, among
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numerous filamentous fungi species that were isolated from wastewater only the M. racemosus Fresenius had the ability to grow in a medium containing
0.5% detergent. This concentration exhibited a fungicidal effect on all the other tested fungi (unpublished
date). Therefore, the biodegradation process is very
complex and is dependent on numerous factors, such
as type of surfactant and its concentration, microorganisms species, experimental conditions, availability
of oxygen, etc. [23,24].
This study evaluated changes of pH and redox
potential during fungal growth because these parameters are very important for regular growth and
development and affect the morph-physiological characteristics and biochemical properties of microorganisms. The optimum external pH for fungal growth
was under acidic conditions from 4.5 to 5. Fungi generally alter the pH of the medium in which they grow,
due to uptake of anions or cations in the medium
[25,26]. Therefore, the varied changes witnessed in
the pH values of the culture media are a result of the
utilization of nutrients from growth media [27]. Based
on literature data, the fungus does not develop at pH
above 9. This study provides evidence that M. racemosus Fresenius could tolerate wide range of environmental pH, from 4.75 to 9.80. Figure 3 shows that
pH values of fermentation broth were changed during
the growth of fungus from inoculation until the 16th
day. The initial pH values of the media were 4.75 in K
medium and 9.80 in D5 medium before inoculation.
Also, one negative control (nkD5) with detergent but
without spores was tested. The pH values of inoculated growth media were changed in relation to their
composition and growth phases of fungus. pH value
of K medium was increasing from inoculation until 6th
day. During stationary and autolysis phases, the pH
value decreased slightly but these changes were not
statistically significant. In contrast, the pH value of D5
medium was decreased in the exponential growth
phase. The largest decrease of pH value was observed in medium D5 between the 3rd and 6th day (from
9.36 to 6.46 units) which corresponding to primary
exponential growth phase. These changes of pH were
expressed less in the secondary exponential growth
phase. Interestingly, final pH values of different media
were very similar beside the differences between the
initial pH values were very significant.
Figure 4 illustrates that redox potential values of
fermentation broth were changed during the growth of
fungus from inoculation until the 16th day. The initial
redox potential values were 130 mV in K and –148 mV
in D5 media before inoculation. One negative control
(nkD5) with detergent but without spores was also
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Figure 3. pH values of fermentation broth of K (control medium) and D5 (medium with 0.5% detergent) during fungal growth.

tested. The redox potential of K medium decreased
during the exponential growth phase (from inoculation
until 6th day), whereas it slightly increased throughout
stationary and autolysis phases. During the biphasic
exponential growth of fungus in D5 medium, the redox
potential increased more intensively in the primary
than in secondary exponential growth phase. The
decrease in redox potential was measured in D5
medium on the 9th day only.

Figure 4. Redox potential values of fermentation broth K (control
medium) and D5 (medium with 0.5% detergent)
during growth of fungus.
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Organic acids play a key role in alkali tolerance,
especially for intracellular ionic homeostasis. Organic
acids were produced by fungi into the medium can
exist in free (FOA) and in bound form. The sum of
amounts of both free and bound organic acids represents the amount of total organic acids (TOA).
Figure 5 shows concentrations of free organic acids
(FOA) and of total organic acids (TOA) in fermentation broth measured during the fungal growth. Concentration of free organic acids (FOA) in fermentation
broth increased slowly or remarkably with culture age
progression, depending on type of media. Amount of
FOAs in K medium was in range from 0.04 to 0.06%
during exponential phase, but when autolysis began,
the amount of FOAs increased from 0.06 to 0.09%.
Significant deviation of FOAs production was measured in D5 medium in relation to control. The concentration of FOAs increased from 0.02 to 0.06% in
the primary exponential growth phase on the 6th day
but the most significant increase was observed on
12th day in the secondary exponential growth phase
from 0.06 to 0.12%. Maximal concentration of FOAs
in detergent medium was about 50% higher compared to K medium (Figure 5). Concentration of total
organic acids (TOAs) varied depending on the medium type and phases of fungal growth. In the early
phase of fungal growth on 3rd day, concentration of
TOAs was very uniform across the different media.
The differences began manifesting on the 6th day,
when higher amount of TOAs was observed in K
medium (0.625%) than in D5 medium (0.4%). The
concentration of TOAs increased negligibly in K medium whereas the concentration of TOAs decreased

V.D. JAKOVLJEVIĆ et al.: THE ABILITY OF FUNGUS M. racemosus FRESENIUS…

Chem. Ind. Chem. Eng. Q. 20 (4) 587−595 (2014)

Figure 5. The concentrations of free (FOA) and total organic acids (TOA) measured in fermentation broth of K (control medium)
and D5 (medium with 0.5% detergent).

negligibly in medium D5 until 9th day. Very significant
increase in the concentration of TOAs was observed
in D5 medium (from 0.35 to 1.5%) during fungal
growth from the 9th to 16th day. The maximal amount
of TOAs in detergent medium was higher in relation to
the control (Figure 5). Statistical analysis of TOAs
determined significant differences were between K
and D5 media. This result could be explained by
decrease of TOAs concentration in D5 medium from
inoculation until the 9th day and its drastic increase
from 9th to 16th day. The high correlation coefficient
between concentrations of FOAs and TOAs r = 0.771,
p < 0.01 suggests that amount of TOAs changes in
towards increasing of FOAs rather than bound acids
amount. Correlation coefficient between pH and FOAs
r = –0.517, p < 0.05 indicates that strength rather than
quantity of organic acids influence on pH value. There
is a lot of evidence that the primary biodegradation
begins with oxidation of the external methyl group
(ω-oxidation) followed by stepwise shortening of the
alkyl chain via oxidative cleavage of C2 units (β-oxidation). These processes lead to the formation of sulpho-phenyl carboxylic acids (SPACs) [28,29]. Wang
et al. [30] reported that acetic, propionic, iso-valeric
acids are dominant in process waste activated sludge
digestion. The correlation between organic acids and
fungal biomass indicates that some of organic acids
mentioned above originate from detergent degradation (r = 0.600, p < 0.01).
Phosphatases represent a large group of enzymes acting on various phosphate esters. Phospho-

monoesterase, the most studied group of phosphatases, hydrolyzes monoesters of phosphoric acid.
Optimal pH value for activity of these enzymes is 9.
Many alkaline phosphatases have a specific effect on
substrate. This study revealed that M. racemosus
Fresenius. has good capacity to produce alkaline
phosphatase in K medium, as Figure 6 illustrates. The
highest enzyme activity (73.23 IU mL-1) in this
medium was observed during exponential growth
phase on the 6th day and was rapidly decreasing until
the end of experiment. The maximal phosphatase
activity was about 2.5 fold higher than phosphatase
activity in medium with detergent. Because of specific
effect of enzyme on β-glycerophosphate, higher enzyme activity is expected in K medium considering the
composition of growth medium. Also, enzyme easily
hydrolyzed monoesters that originated from carbohydrate metabolism than esters bonds in alkyl chain
of surfactants. According to Koffi et al. [31], SDS display a strong inhibitory effect (about 98%) on phosphatase activity. The maximal value of phosphatase
activity (27.478 IU mL-1) in D5 medium was noted
during autolysis phase. According to observed results,
enzyme activity was inhibited by detergent (about
60%) in relation to the control.
CONCLUSIONS
This study claims that Mucor racemosus Fresenius is effective in biodegradation of anionic surfactant of tested commercial detergent in applied con-
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Figure 6. Profile of alkaline phosphatase activity of Mucor racemosus Fresenius cultivated in K (control medium)
and D5 (medium with 0.5% detergent) during experimental period.

centrations, which is thousands folds higher than the
law regulated concentrations that may be found in
sewage water and natural recipients and lethal for the
most microorganisms. In our opinion, this fungal resistance to the tested detergent could be explained by
fungal morpho-anatomical characteristics as well as
its physiological adaptation on presence of detergent
in its habitat. The fungus could be successful applied
in biological treatment of natural ecosystems as well
as wastewater treatment plants. The results of this
investigation showed that fungal alkaline phosphatase remained about 40% activity in the presence of
detergent due to fungus could be applied in removing
organic phosphates and decreasing eutrophication
aquatic ecosystem.
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NAUČNI RAD

SPOSOBNOST GLJIVE Mucor racemosus
FRESENIUS DA RAZLAŽE DETERGENT
U VELIKOJ KONCENTRACIJI
Sposobnost gljive Mucor racemosus Fresenius da razlaže komercijalni detergent (Merix,
Henkel, Srbija) u velikoj koncentraciji ispitivana je u ovom radu. Gljiva je gajena u tečnoj
hranljivoj podlozi po Čapeku sa dodatkom detergenta 0,5% koncentracije, u vremenskom
periodu od 16 dana. Biohemijske promene: pH, redoks potencijal, količina slobodnih i
ukupnih organskih kiselina i aktivnost alkaline fosfataze, ispitivane su analizom fermentacione tečnosti. Procenat biodegradacije anjonske komponente detergenta određen je
primenom MBAS metode. Istovremeno, analiziran je uticaj detergenta na rast i ukupnu
suvu biomasu gljive. Detergent 0,5% koncentracije uticao je na smanjenje pH vrednosti i
povećanje redoks potencijala, kao i na povećanje količine slobodnih i ukupnih organskih
kiselina. Aktivnost alkaline fosfataze bila je smanjena u podlozi sa 0,5% detergenta. Gljiva
je razgradila oko 62% testiranog detergenta tokom oglednog perioda od 16 dana. Kao
rezultat degradacije detergenta, gljiva je produkovala veću količinu ukupne suve biomase
(53%) u odnosu na kontrolu.
Ključne reči: biomasa, biodegradacija detergenta, enzimska aktivnost, organske
kiseline, pH, redoks potencijal.
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