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  CLEAN PRINTING PROCESS OF COTTON 
WITH NATURAL DYES: EFFECT OF PASTE 
FORMULATION COMPONENTS ON PRINTING 
PERFORMANCES 

Article Highlights 
• Corchorus olitorius L. was tested in printing paste formulation as natural dye 
• The printing pastes were applied on cotton fabric using screen printing process 
• The resulting color shades varied from green to brown 
• The effects of various print formulation components on printing quality were inves-

tigated 
 
Abstract 

A novel natural dye Corchorus olitorius L. was investigated in the preparation 
of printing pastes for screen printing of cotton fabric. To ensure ecological 
printing, greener thickeners were used such as: sodium alginate, carboxy-
methyl cellulose and Ceratonia siliqua L. flour. The nature and concentration of 
thickener, dyestuff and urea concentrations, mordant type and fixation method 
were explored. Printed cotton fabric qualities were evaluated by determining 
different parameters: color strength, penetration percentage, printing fast-
nesses and mechanical properties, whereas print paste quality was evaluated 
by measuring its apparent viscosity. The higher dye concentration used in the 
printing paste led to better apparent viscosity and color strength levels. The 
increase of urea concentration improved the color strength, but reduced the 
apparent viscosity of printing paste. Best results of viscosity and color strength 
parameters were obtained using ferrous sulfate as a mordant and sodium algi-
nate as a thickener, the results being 1346.67 mPa s-1 and 4.90, respectively. 
The resulting color shades varied from green to brown and very good color 
fastnesses was achieved, but depended mainly on the used experimental 
conditions. 

Keywords: natural dyes, cleaner printing process, cotton fabrics, past 
formulation components, components effect, printing qualities. 

 
 

Textile screen printing is a stencil technique of 
printmaking, in which a design is imposed on a poly-
ester or polyamide screen of fine mesh, with blank 
areas coated with an impermeable substance. The 
printing paste is forced into the mesh openings by the 
pushing operation of a squeegee to reach finally the 
textile surface [1,2]. For the textile printing industry, 
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the most used dyes include acid, direct, vat, reactive, 
pigment and disperse dyes [1,2]. These dyes ensure 
generally acceptable to very good fastness properties 
but may have hazardous effects on consumers, 
workers and the environment [3-5]. Such crucial dis-
advantage is noticeable even at very low concentrat-
ions. To deal with the ecological problems associated 
with coloration processes using synthetic dyes as well 
as their undesirable auxiliaries, several studies have 
been directed. Studies proposed the minimization and 
the optimization of classic auxiliaries and dye con-
sumptions [6,7], the substitution by other less toxic 
compounds [8,9], the development of novel gener-
ations of eco-friendly dyes and auxiliaries [10-15], the 
use of new greener and recyclable solvents instead of 
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water [16-18], and the creation of innovated pro-
cesses [19,20]. 

Many environmental programs have been also 
established [20-24]. In this context, the application of 
bio-sourced compounds such as natural dyes in tex-
tile coloration processes have been increasingly 
attracting more attention [25]. The use of natural dyes 
in the dyeing process was established to be very pro-
mising. Many successful applications of bio-sourced 
pigments and dyes were proposed in the dyeing field 
[26-32]. Several industrial applications were also 
noted. However, until now, only few studies have rep-
orted the application of natural dyes in printing pro-
cesses. In fact, compared to the dyeing field, the lite-
rature described that only some dyes extracted from 
known plants, such as madder, curcuma, rhubarb, 
pomegranate, orange tree leaves, alkanet roots, etc., 
have been tested for printing processes of natural and 
synthetic fibers, in the presence of metallic mordants 
[33-39], chitosan [40-42] and bio-mordants [33,34,37- 
–39,43-44]. 

In this study, Corchorus olitorius L. presented in 
Figure 1 was chosen as a natural source to develop 
printing experiments on bleached cotton fabrics. Cur-
rently, C. olitorius L. belongs to the Tiliaceae family 
and originates from India and Africa, but nowadays, it 
is found especially throughout the tropics. It was culti-
vated to provide bark for the production of fibers (jute) 
and its mucilaginous leaves are used as a vegetable 
[45]. The leaves of C. olitorius L. are very rich in many 
components such as vitamins (vitamin A, ascorbic 
acid, etc.), proteins, lipids, fibers, etc. [46]. In addition, 
these leaves contain secondary metabolites such as 
polyphenols, flavonoids, tannins, steroids, etc. [47]. 
The leaves of this plant were not used previously 
either in dyeing or printing of textile materials. The 
color and the mucilaginous characteristic of C. oli-
torius L. leaves inspired us to explore this plant as a 
green dye in textile printing processes. The presence 
of the mucilage is the first parameter that allows us to 
use this dye. This metabolite in some way ensures 

the viscosity of the printing paste. So, this natural dye 
was applied for the first time in this study on bleached 
cotton fabric by the screen printing process at semi-
industrial scale. Two fixation methods were emp-
loyed, steaming and thermofixation.  

The effects of the thickener type, the dyestuff 
and urea concentrations according to thickener con-
centration, and the mordant type were investigated. 
The apparent viscosity of printing paste, the color, 
fastness and mechanical properties of printed fabric 
were analyzed and discussed. 

EXPERIMENTAL  

Textile material and chemicals used 

Commercially bleached cotton fabric was sup-
plied from (Ayed Company of Textile Trade, Tunisia). 
Technical features of the selected fabric were: twill 
weave; warp count, 16 ends per cm; weft count, 32 
picks per cm; area density, 385.2 g m-1; tensile 
strength through warp direction, 494.09 N m-2; tensile 
strength through weft direction, 213.06 N m-2. 

Commercial grade Corchorus olitorius L. powder 
was used in this work as a natural dye for cotton print-
ing. It was purchased from a local market in Tunisia.  

Alum ([KAl (SO4)2], Fluka), ferrous sulfate 
(FeSO4·7H2O, Fluka), urea (CH4N2O, MOPCO, Egypt) 
and sodium bicarbonate (NaHCO3, Fluka) were labor-
atory grade reagents and were used as received. 

Sodium alginate (Bezema, Switzerland), carbo-
xymethyl cellulose (CMC) (Jeniuschem, Italy) and 
commercial local Ceratonia siliqua L. flour were used 
as green thickeners. Tubicide TDM (Bezema, Switz-
erland) was used as an antifungal agent free of form-
aldehyde for printing pastes. 

Preparation of printing paste  

The stock paste of each thickener was prepared 
by slow sprinkling of 7% of natural thickener powder 
with distilled water under continuous stirring during 2 
h in order to prevent lump formation. 

For the preparation of the printing paste, 357.1 g 
of the thickening paste prepared previously was taken 
to add 20 g of the natural dye, 30 g of the mordant, 50 
g of urea and 25 g of sodium bicarbonate with 4 g of 
the antifungal agent. Distilled water was added to this 
mixture until a total amount of 1 kg was reached. The 
preparation of the paste was carried out by an electric 
stirrer in a uniform manner. The paste was kept next 
to it and was ready for printing. 

Apparent viscosity measurements 

Apparent viscosity measurements of the printing 
pastes were carried out at 25 °C using a rheometer 

 
Figure 1. Corchorus olitorius L. 
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(Rheotec RC30, France) equipped with the coaxial 
cylinder system CC14 DIN. This parameter is one of 
the key factors that can extremely affect the printing 
quality. Each experiment was performed in triplicate 
and results were given in terms of the mean value. 

Cotton printing process 

The prepared printing paste was applied to 
cotton fabric by using a semi-industrial scale table for 
screen printing processes (SILKB 480 Mathis AG, 
Switzerland). Then, after drying, two fixation methods 
were tested. In fact, the printed samples were treated 
either at 130 °C for 5 min by thermofixation method or 
at 102 °C for 30 min by steaming method. Next, the 
printed samples were washed with cold water at 40 
°C for 10 min and then hot water at 60 °C for 5 min in 
order to remove the residual unfixed paste. Finally, 
they were rinsed well and air-dried at room tempe-
rature. 

Color evaluation 

Color evaluations of printed samples were 
based on the following colorimetric parameters: color 
strength (K/S), parameter Integ(K/S) and the penet-
ration percentage PP (%). 

Color measurements of printed samples were 
carried out by a SpectraFlash SF300 colorimeter 
equipped with a DataMaster 2.3 software (Datacolor 
International, USA), using D65 light source and a 
viewing angle of 10°. 

The color strength (K/S) values were calculated 
using the Kubelka-Munk equation [48,49]: 

−=
2(1 )

/
2

RK S
R

 (1) 

where: R is decimal fraction of a reflectance of printed 
fabric; K is absorption coefficient; S is scattering coef-
ficient. 

Integ(K/S) can provide an efficient colorimetric 
evaluation when the shades of printed fabrics vary 
according to experimental parameters. Integ(K/S) is 
given by the following equation [50]: 

( )λ λ λ λ
λ

 = + + 
 ( / )

KInteg K S E x y z
S

 (2) 

where Eλ is the spectral energy distribution of the light 
source (D65/10°); (K/S)λ is the color strength of the 
printed fabric; λ λ λ, ,x y z  are the CIE standard obs-
erver color matching functions. 

The penetration percentage PP (%) was used to 
evaluate the depth of the dye across the textile sur-
face. The penetration percentage value PP (%) of the 

printing paste was determined by using the following 
equation [51-53]: 

=
+

( / )
(%) 100

0.5( ( / ) ( / ) )
b

f b

Integ K SPP
Integ K S Integ K S

 (3) 

Where(K/S)f and (K/S)b are the color strength 
values of the front and back side of the printed fabric, 
respectively. 

For all color measurements, each experiment 
was performed in triplicate and results were given in 
terms of the mean value. 

Fastness testing  

Fastness properties of printed fabrics were con-
trolled with ISO standard methods. The specific tests 
concern colorfastness to washing (ISO 105-C02, 
2010), colorfastness to light (ISO 105-B01, 2015) and 
colorfastness to rubbing (ISO 105-X12, 2016). In 
order to verify the reproducibility of results, each exp-
eriment related to fastnesses testing was performed 
in triplicate. 

For washing fastness, the results were evalu-
ated using the relation between the CIELAB color 
difference Δ *

abE  and the gray scale fastness grade 
GSC (Table 1), reported in ISO 105-A05 (1996) [54]. 
Δ *

abE was calculated between the washed and 
unwashed samples using the following CIELAB color 
difference equation [55]: 

Δ = Δ + Δ + Δ* *2 *2 *2
abE L a b  (4) 

Table 1. Relation between CIELAB color difference Δ *
abE and 

the grey scale fastness grade GSC (ISO105-A05 (1996)) 

CIELAB color difference 
Δ *

abE  
Grey scale fastness 

grade GSC 

Δ *
abE <0.40 5 

0.40 ≤ Δ *
abE < 1.25 4.5 

1.25 ≤ Δ *
abE < 2.10 4 

2.10≤ Δ *
abE < 2.95 3.5 

2.95 ≤ Δ *
abE < 4.10 3 

4.10 ≤ Δ *
abE < 5.80 2.5 

5.80 ≤ Δ *
abE < 8.20 2 

8.20 ≤ Δ *
abE < 11.60 1.5 

Δ *
abE ≥ 11.60 1 

Mechanical properties evaluation  

Mechanical properties of printed cotton fabrics 
were appreciated through the determination of the 
maximum force using the grab method. Before pro-
ceeding to mechanical evaluation, samples were 
stored under standard relative atmospheric conditions 
T = 20±2 °C, Hr = 65±4% for 24 h after washing. 
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Thus, the tensile strength levels of printed samples 
were measured according to ISO 13934-2, 1999(F), 
using tensile testing machine (LR5K, USA), with a 
crosshead speed of 100 mm min-1 and a load of 2.00 
N. All experiments were performed in triplicate. The 
presented results were the mean values of the three 
experiments for each weft and warp direction. 

RESULTS AND DISCUSSION 

The nature and concentration of thickener, dye-
stuff and urea concentrations, the mordant type as 
well as the type of fixation method are the main oper-
ating conditions influencing the screen printing pro-
cess. First, the effects of these parameters were stu-
died on the print paste quality by measuring its appar-
ent viscosity, then on the printed cotton fabrics per-
formances by evaluating their color, fastness and 
mechanical properties. 

Effect of the nature of thickener on printing quality 

Effect on the apparent viscosity of print pastes 
The main purpose of the thickener is to increase 

the viscosity of the printing paste. Consequently, the 
printing paste could be applied on the textile surface 
without bleeding or spreading and be capable of 
maintaining the design outlines. In this work, sodium 
alginate, carboxymethyl cellulose and Ceratonia sil-
iqua L. flour were mixed with Corchorus olitorius L. 
powder as a natural dye, in the presence of alum or 
ferrous sulfate as mordants. First, the apparent vis-
cosity of the printing pastes was measured. Results 
are mentioned in Figure 2. 

In Figure 2, it was found that sodium alginate is 
the thickener that offers the most important values of 
apparent viscosity. In addition, apparent viscosity 
becomes more important, especially in the case of 

ferrous sulfate as a mordant (1346.67 mPa s-1). How-
ever, C. siliqua L. flour gave poor values of apparent 
viscosity for both cases of mordant. In terms of thick-
ening quality, the studied thickeners could be clas-
sified in the following order: sodium alginate > carbo-
xymethyl cellulose > C. siliqua L. flour. 

The obtained result can be explained by the 
important ability of sodium alginate to absorb a great 
amount of water and swell significantly in comparison 
to other thickening agents. However, Ceratonia sil-
iqua L. flour is the thickener that presents the lowest 
swelling capacity.  

Effect on the color and fastness properties of printed 
fabrics 

In the screen printing process, the thickener 
may also improve the color strength and fastness pro-
perties of printed fabrics. So, the effect of thickener 
type on color properties and printing fastnesses were 
also investigated in this work. Likewise, using natural 
dyes, the mordant often fixes the dye and prevents 
discoloration of the surface of the textile material. In 
fact, mordant has the power to improve the fastness 
properties of printed samples. Besides, using different 
kinds of mordants with natural dyes, a variety of 
colors can be obtained [35]. In this study, color pro-
perties were appreciated by determining both the 
color strength and penetration percentage, whereas 
printing fastnesses were measured according to 
washing, rubbing and light. All the obtained results 
are summarized in Table 2 for both the steaming and 
thermofixation methods.  

Table 2 shows that the color strength values 
obtained with sodium alginate are clearly higher for 
the two fixation methods. Moreover, the combination 
of sodium alginate with ferrous sulfate gave the high-
est color strength value compared to other results 

 
Figure 2. Effect of the type of thickener on apparent viscosity. 
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obtained with alum. All samples treated with alum 
underlined color strength values less than 1. It causes 
this mordant to be poorly suited using C. olitorius L., 
whatever the thickener studied. 

Color strength also shows a big dependency on 
the used fixation method. Printed fabrics fixed by 
steaming showed a slight improvement of color 
strength. Indeed, steaming of natural dye prints is a 
process involving dyestuff penetration [56]. The con-
densed water vapor accelerates the penetration of the 
dye molecules into the textile surface, from where an 
increase in the color strength of the printed fabrics 
fixed by the steaming is observed, compared to those 
fixed by the thermofixation method [33]. As can be 
shown in Figure 3, the steaming process introduces 
hot vapor to the cellulosic micro-vacuums leading to a 
swelling phenomenon. Swelled cellulose allows better 
interactions with the paste. By swelling, the cellulose 
conformation becomes more regular and leading to a 
better deposition of the paste. In this study, the penet-
ration percentage evolution in function of thickener 
type or mordant type shows a reversed behavior since 
this parameter decreases for higher color strength. 

Besides, results indicate that washing fastness 
depends directly on the type of thickener and mor-
dant, but the influence of the fixation method is more 
remarkable. In fact, washing fastness results are 
closely related to the interactions that could be 
created after printing. These interactions are ensured 

by mordant which may act as mediator between 
natural dye and hydroxyl groups of the cellulosic mat-
erial. The selected fixation method is also crucial in 
this case. For all experiments, the fixation by steam-
ing showed better washing fastness results. As pre-
sented in Figure 3, this may be attributed to the easier 
penetration of natural dyestuff into cotton vacuums, 
which became more accessible after swelling by 
steaming treatment [33]. 

 
Figure 3. Influence of the fixation process (steaming or 

thermofixation) on the behavior of paste fixation. 

Carboxymethyl cellulose demonstrated the high-
est washing fastness compared to the other two thick-
eners studied. These results are acceptable. Like-

Table 2. Effect of thickener type on Integ color strength, penetration percentage and fastness properties of printed cotton fabrics 

Fixation method Thickener Mordant type 
Integ. color 

strength 
Penetration

% 

Washing 
fastness 

(ISO 105-C02) 

Rubbing fastness 
(ISO 105-X12) 

Light fastness
(ISO 105-B01)

Dry Wet 

Steaming CMC Without mordant 0.43±0.07 14.61±0.083 1.5 2-3 2 4 

Alum 0.89 ±0.065 28±0.8 2.5 4-5 4-5 5 

Ferrous sulfate (II) 4.08±0.167 13±0.4 3.5 4-5 4 7 

Sodium 
alginate 

Without Mordant 0.29 ±0.064 39.93±0.34 1 2-3 2 4 

Alum 0.97±0.045 27±0.3 1.5 4-5 3-4 3 

Ferrous sulfate (II) 4.90±0.104 11±0.07 1 4-5 3 6 

Ceratonia 
siliqua L. 

Without mordant 0.59 ±0.059 21.64±0.09 1.5 3 2 2 

Alum 0.81±0.030 36±0.5 1 4-5 3-4 2 

Ferrous sulfate (II) 1.79±0.025 23±0.1 2.5 4-5 4 5 

Thermofixation CMC Without mordant 0.20±0.11 34.94±0.37 1 2 2 3 

Alum 0.87±0.031 20±0.2 2 4-5 4 4 

Ferrous sulfate (II) 3.78±0.118 11±0.2 2 3-4 3 6 

Sodium 
alginate 

Without mordant 0.26 ±0.037 67.83±0.134 1 2 1-2 3 

Alum 0.64±0.043 29±0.7 1 4 3-4 3 

Ferrous sulfate (II) 4.37±0.126 10±0.2 2 3-4 2-3 5 

Ceratonia 
siliqua L. 

Without mordant 0.62±0.04 24.87±0.34 1 2-3 2 2 

Alum 0.81±0.030 35±0.6 1 4 3 4 

Ferrous sulfate (II) 2.27±0.203 15±1.2 1.5 4 3-4 6 
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wise, the sample treated with ferrous sulfate and 
steaming possessed the most interesting washing 
fastness which is of the order of 3.5. From these 
results, it can be concluded that the selection of suit-
able thickener depends on the type of mordant used 
in the printing paste and the selected fixation method. 

Although sodium alginate is widely used in the 
industry, results obtained with carboxymethyl cellu-
lose as thickener allow a slight improvement in rub-
bing and light fastness as presented in Table 2. 
Results indicate also that dry rubbing fastness could 
be as high as grade 4, while wet rubbing fastness is in 
the range of 3 to 4-5 for alum regardless of method of 
fixation used. For ferrous sulfate experiments, the 
results show that dry rubbing fastness could be as 
high as grade 3-4, while wet rubbing fastness is in the 
range of grade 2-3 to 4. This implies that the type of 
thickener and mordant have a slight effect on rubbing 
fastness. For light fastness, the obtained grades are 
given in Table 2 which should be considered with 
great importance because natural dyes are well 
known by their insufficient light fastness levels [57]. 
This presents one of the most important limitations of 
natural dyes in dyeing processes. Surprisingly, in our 
case, printing with C. olitorius L. gives good results. 

This may be attributed to the synergistic effect of 
paste components. In fact, the interactions between 
the components of the printing paste and the inter-
actions between these components and cotton cellu-
lose may create a printed surface which is more 
stable towards light than the natural dye when the 
latter is applied alone on textile fabric. 

Taking into account the evolution of the color 
strength and the fastness properties, the results pre-
sented in Table 2 show that the depth of the printing 
paste on the textile material is related to the type of 
the thickening agent in terms of chemical compo-
sition, rheological properties and molecular weight 
[58]. It can also be noted that fastness results could 
be considered as sufficient if only washing and rub-
bing fastness values are higher than 3-4. For light 
fastness, the value should be higher than 5. All these 
interpretations were deduced from printing factories 
and they are appropriate only for the clothing sector.  

Effect on the tensile strength of printed fabrics 
Following the determination of color strength 

and fastness properties, the tensile strength through 
the weft and warp directions of printed cotton fabrics 
was also studied. The obtained values are reported in 
Figure 4a and b, respectively. 

 

 
Figure 4. Effect of the type of thickener on fabric tensile strength: a) warp direction; b) weft direction. 



A.B. FADHEL et al.: CLEAN PRINTING PROCESS OF COTTON… Chem. Ind. Chem. Eng. Q. 27 (1) 1−13 (2021) 

 

 7

From these figures, it can be observed that 
printed fabrics with sodium alginate and CMC empha-
size generally remarkable tensile strength values 
compared to those of C. siliqua L. flour. Taking into 
account that the initial tensile strength through the 
warp direction is equal to 494.09 N m-2 and the initial 
tensile strength through the weft direction is equal to 
213.6 N m-2, the tensile strength decreases generally 
for many fabrics printed with C. olitorius L. according 
to the tensile strength of unprinted fabric. For 
example, in the warp direction, and in the presence of 
alum, sodium alginate showed a decrease of about 
17% for both fixation methods. Similarly, for the weft 
direction, sodium alginate (alum, thermofixation 
method) and CMC (alum, steaming method) caused 
fabric degradations of 17 and 16%, respectively. 

However, an increase of the tensile strength is 
observed in some cases, especially with sodium algi-
nate, irrespective of the fixation method (ferrous sul-
fate, weft direction). 

Related to all printing qualities investigated until 
now, results with CMC and ferrous sulfate were the 
most encouraging which will be considered for the 
next printing experiments.  

Effect of dye concentration on printing quality 

The amount of natural dye was varied from 0, 5, 
10, 20, 30 and 40 g Kg-1 in the tested printing pastes. 
The apparent viscosity, color strength, penetration 
factor, fastness properties and mechanical properties 
(tensile strength) were the evaluation parameters of 
printing quality. 

Effect on the apparent viscosity of print pastes 
The results of apparent viscosity are plotted in 

Figure 5. This figure shows that as the dye amount 
increases, the apparent viscosity decreases for all 
tested mordants. This result seems obvious since the 
amount of dye was varied according to the amount of 

thickener, i.e., when the amount of dye increases, the 
amount of thickener decreases. Consequently, the 
apparent viscosity decreases too. On the other hand, 
the values of the apparent viscosity of the printing 
pastes containing ferrous sulfate are slightly higher 
than those of alum. The results described elsewhere, 
showed also that the use of ferrous sulfate allows 
more stable conditions [59]. 

Effect on the color and fastness properties of printed 
fabrics 

Table 3 shows the effect of dye concentration on 
the color strength, penetration percentage and fast-
ness properties of printed cotton fabrics for both 
steaming and thermofixation methods. The Integ(K/S) 
values presented in Table 3 note that as the dye con-
centration increases in the printing paste, the amount 
of dye entering into the fiber increases and conse-
quently, the color strength increases too. Generally, 
the increase of dye concentration is related to the 
increase of the availability of dye molecules in the 
printing paste. Thus, the fixed dye on the surface of 
textile support rises and the color strength becomes 
more important [60]. The Integ(K/S) values increase 
rapidly as the concentration of natural dyestuff inc-
reases from 0 to 20 g kg-1 of the weight of printing 
paste regardless of the type of mordant or the fixation 
method. For dye concentrations higher than 20 g kg-1, 
the Integ(K/S) values decrease, because there was 
an significant loss of dye during washing of the 
printed samples.  

Results of washing fastness are also given in 
Table 3 which show that generally higher dye concen-
trations made washing fastness lower. This is pro-
bably because of the lack of accessible sites on the 
surface of textile support. In addition, and as found 
before, the steaming fixation method allowed better 
fastness results. The same observation is noted for 
rubbing fastness. However, light fastness results 

 
Figure 5. Effect of the dye concentration on apparent viscosity. 
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reach 7 for high dye concentrations (20 and 30 g kg-1) 
and with ferrous sulfate. As noted above, the samples 
printed in the presence of ferrous sulfate, showed 
significant fastness properties compared to those 
printed with alum. This may be explained by iron, 
which is able to form a rigid complex with both cellu-
lose cotton fiber and natural dye. It seems that this 
complex is more stable towards light than that of 
aluminum.  

Effect on the tensile strength of printed fabrics 
Otherwise, the tensile strength of printed 

samples was performed in order to evaluate the effect 
of variation of dye amount through the thermofixation 
and steaming methods on the fabric structure. The 
results obtained for this parameter are presented in 
Figure 6. 

From Figure 6, it can be seen that the tensile 
strength values of different printing samples are 
around 409 and 511 N m-2 in the warp direction, what-
ever the fixation method used. In this direction, the 
dye amount of 40 g kg-1 presents the most important 
fabric degradation in the case of alum and with the 

thermofixation method. This fabric degradation is of 
the order of 17%. Likewise, the tensile strength stu-
died in the weft direction showed slight decrease, with 
the exception of the dye amounts of 20 and 40 g kg-1. 
In fact, the fabric degradation is of the order of 16% 
for 20 g kg-1 for alum using the thermofixation 
method. The amount of dye of 40 g kg-1 underlines 
fabric degradations of the order of 23% in the steam-
ing method and a second one of the order of 36% in 
the heat setting. 

Effect of the urea amount on printing quality 

Urea is an essential auxiliary in the printing 
paste formulations. It can increase the dye solubility 
in water and so enhance the color brightness and 
color intensity [34]. Indeed, the fibers will swell, 
thanks to the action of this auxiliary, making easier 
the capillarity penetration of pastes [34]. For these 
reasons, the effect of the urea amount was also 
studied by varying its concentration from 0 to 150 g 
kg-1 of the weight of printing paste. 

Table 3. Effect of dye concentration on Integ color strength, penetration percentage and fastness properties of printed cotton fabrics 

Fixation method 
Dye concentration 

g kg-1 
Mordant type 

Integ. color 
strength 

Penetration 
% 

Washing fastness
(ISO 105-C02) 

Rubbing fastness 
(ISO 105-X12) 

Light fastness
(ISO 105-B01)

Dry Wet 

Steaming 0 Alum 0.51±0.049 31±3.9 4.5 4-5 4 2 

Ferrous sulfate (II) 2.35±0.282 26±3.7 3 4-5 4 3 

5 Alum 0.54±0.053 30±2.9 2.5 4-5 4-5 3 

Ferrous sulfate (II) 2.64±0.109 18±0.8 3 4-5 4 6 

10 Alum 0.57± 0.069 28±2.9 2 5 5 3 

Ferrous sulfate (II) 3.66±0.243 17±0.3 2.5 4-5 4 4 

20 Alum 0.89±0.065 28±0.8 2.5 4-5 4-5 5 

Ferrous sulfate (II) 4.08± 0.167 13±0.4 3.5 4-5 4 7 

30 Alum 0.84±0.049 25±2.6 2 4-5 4 5 

Ferrous sulfate (II) 3.98±0.129 13±0.4 3.5 4 3 7 

40 Alum 0.65±0.076 28±3.1 1.5 4 3 2 

Ferrous sulfate (II) 3.12±0.279 14±1.3 3.5 3-4 3 6 

Thermofixation 0 Alum 0.21±0.043 60±8.9 1.5 5 5 2 

Ferrous sulfate (II) 1.19±0.123 28±2.5 1 4 3 3 

5 Alum 0.23±0.017 50±3 1.5 4-5 4 2 

Ferrous sulfate (II) 1.65±0.055 25±1.3 2.5 4 3-4 5 

10 Alum 0.46±0.041 33 ±3 2 4-5 4 2 

Ferrous sulfate (II) 3.18±0.266 15±1.3 2 4-5 4 3 

20 Alum 0.87± 0.031 20±0.2 2 4-5 4 4 

Ferrous sulfate (II) 3.78± 0.118 11±0.2 2 3-4 3 6 

30 Alum 0.81±0.039 23±1.4 2 4-5 4 3 

Ferrous sulfate (II) 3.50±0.095 13±0.6 2 4 3 6 

40 Alum 0.53±0.019 38±3.2 1 4 3 3 

Ferrous sulfate (II) 2.73±0.118 13±0.5 1.5 3 2-3 5 
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Effect on the apparent viscosity of print pastes 
Figure 7 shows the effect of the urea concen-

tration on apparent viscosity. It was observed that the 
apparent viscosity values increase rapidly as the urea 
amount in the printing paste increases from 0 to 150 g 
kg-1 of the weight of printing paste. This result is also 
expected since the amount of urea was varied 
according to the amount of water. 

 
 

Effect on the color and fastness properties of printed 
fabrics 

From Table 4, it can be seen that for both mor-
dants, ferrous sulfate and alum, when the urea 
amount increases from 0 to 50 g kg-1, the color 
strength and wash fastness increase, but the penet-
ration percentage decreases. This behavior becomes 
much more important in the case of experiments done 
with ferrous sulfate and fixed by steaming. This result 
may be attributed to the role of urea, which is a 

 

 
Figure 6. Effect of the dye concentration on fabric tensile strength: (a) warp direction; (b) weft direction. 

 
Figure 7. Effect of the urea concentration on apparent viscosity. 
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humectant agent. Indeed, urea can create a eutectic 
mixture with water. The increase of the urea amount 
enhanced the swelling of cotton fibers, especially 
during steaming fixation and so increased the dye sol-
ubility. Moreover, using a urea concentration between 
50 and 75 g kg-1, the highest color strength and con-
sequently the lowest penetration percentage values 
are reached with both ferrous sulfate and alum, for 
the two methods of fixation. After that, a decline of 
color yield can be observed for higher urea concen-
trations. This can be attributed to the difficult spread-
ing of paste due to the hygroscopic behavior of urea, 
making slower the solubility of the whole paste. So, 
this may make the diffusion of dye molecules more 
difficult.  

Best washing fastness results (Table 4) are also 
noted for this interval of urea concentration regardless 
of the fixation process or the mordant type used. 
However, the influence of these parameters on rub-
bing fastness is not clear. For light fastness results, 
an significant influence of mordants can be noticed. 

With ferrous sulfate, light fastness reached higher 
performances. 

Effect on the tensile strength of printed fabrics 
A comparison of the tensile strength values of 

fabrics printed with C. olitorius L. in both warp and 
weft directions according to the variation of the urea 
amount is shown in Figure 8. The fabric degradation 
through the warp direction is not important, except for 
the urea quantity of 150 g kg-1. This urea amount 
underlines fabric degradation in the case of alum with 
a percentage of 17% for the steaming method and 
24% for the thermofixation method. However, the fab-
ric degradation through the weft direction is extremely 
important. For 75 g kg-1 of urea, the tensile strength of 
cotton fabric printed with ferrous sulfate and using the 
steaming method decreased by a percentage of 35%. 
Using an amount of urea equal to 100 g kg-1 and in 
the presence of alum as a mordant, the fabric degrad-
ation reached 38 and 22% for the steaming and ther-
mofixation methods, respectively. It also reached 17% 
for ferrous sulfate in the case of the thermofixation 
method. 

Table 4. Effect of urea concentration on Integ color strength, penetration percentage and fastness properties of printed cotton fabrics 

Fixation method 
Urea concentration 

g kg-1 
Mordant type 

Integ. color 
strength 

Penetration 
% 

Washing 
fastness 

(ISO 105-C02)

Rubbing fastness 
(ISO 105-X12) 

Light fastness
(ISO 105-B01)

Dry Wet 

Steaming 0 Alum 0.44±0.041 43±1.9 2 4 3-4 3 

Ferrous sulfate (II) 0.98±0.040 21±0.7 3 4 3-4 5 

25 Alum 0.76±0.037 28±5.6 1 4 4 2 

Ferrous sulfate (II) 1.493±0.144 13±1.3 2.5 4-5 4 6 

50 Alum 0.89±0.065 28.5±0.8 2.5 4-5 4-5 5 

Ferrous sulfate (II) 4.08± 0.167 13±0.4 3.5 4-5 4 7 

75 Alum 0.99±0.065 15±0.5 3 4 4 2 

Ferrous sulfate (II) 1.74±0.055 19±0.6 3 4-5 3-4 7 

100 Alum 0.80±0.039 19±0.8 1.5 4 4 3 

Ferrous sulfate (II) 0.71±0.051 23±2.2 2 4-5 4 7 

150 Alum 0.70±0.034 21±1.1 1.5 4 3-4 4 

Ferrous sulfate (II) 0.67±0.065 22±1.9 2 4 3 6 

Thermofixation 0 Alum 0.44±0.010 43±2 1 3-4 3 2 

Ferrous sulfate (II) 0.84±0.051 43±1.4 2.5 4 3 4 

25 Alum 0.62±0.013 14±2 1.5 4-5 4-5 2 

Ferrous sulfate (II) 1.42±0.082 34±0.7 1.5 4 3 5 

50 Alum 0.87± 0.031 0.20±0.002 2 4-5 4 4 

Ferrous sulfate (II) 3.78± 0.118 11± 0.2 2 3-4 3 6 

75 Alum 0.62±0.060 12±2 2.5 4 4 3 

Ferrous sulfate (II) 1.50±0.035 23±0.3 2.5 4 3-4 5 

100 Alum 0.44 ±0.050 27±3 1 4-5 3 2 

Ferrous sulfate (II) 0.59±0.050 31±2 1.5 4 3-4 6 

150 Alum 0.31±0.021 35±2.3 1.5 3-4 3 2 

Ferrous sulfate (II) 0.39±0.035 42±3.2 2 3-4 3-4 5 
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CONCLUSION 

In this study, the potential application of a new 
natural dye Corchorus olitorius L. leaves in the screen 
printing process of cotton fabrics was investigated in 
order to solve ecological and toxicological problems 
related to some of synthetic dyestuffs. For this aim, 
thickener type, dye and urea concentration, mordant 
type and fixation method were varied and studied. 

Printing results showed a big dependency on 
the thickener type, the dye and urea concentrations. 
Among all the tested greener thickeners, carboxy-
methyl cellulose exhibited generally better results in 
terms of color strength, penetration percentage, fast-
ness properties and mechanical properties. 

The most stable prepared printing paste leading 
to the best apparent viscosity was obtained with 
sodium alginate. According to the obtained color 
strength values, 20 g kg-1 of dye and 50 g kg-1 of urea 
was selected as the optimum concentration of printing 
paste.  

Results also showed that the samples printed 
and fixed by steaming method gave higher color 
strength. Fastness properties of samples printed have 

been good. A remarkable light fastness can reach the 
order of 7 for some conditions, especially with ferrous 
sulfate. 

All theses discussed, using the new proposed 
natural dye, were confirmed on a semi-industrial 
scale. 
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NAUČNI RAD 

  ČIST PROCES ŠTAMPANJA PAMUKA PRIRODNIM 
BOJIMA: UTICAJ KOMPONENTA PASTE NA 
PERFORMANSE ŠTAMPE 

Nova prirodna boja dobijena iz Corchorus olitorius L. korišćena je u pripremi štampar-
skih pasta za sitoštampu pamučnih tkanina. Da bi se obezbedilo ekološko štampanje, 
korišćena su” zelenija” sredstva za zgušnjavanje, kao što su: natrijum-alginat, karboksi-
metil celuloza i brašno Ceratonia silikua L. Istražena je priroda i koncentracija zgušnji-
vača, koncentracije bojila i uree, tip močila i način fiksiranja. Kvalitet štampanog pamuč-
nog platna ocenjen je određivanjem različitih parametara: jačine boje, procenta prodira-
nja, brzine štampe i mehaničkih svojstava, dok je kvalitet paste za štampu ocenjen 
merenjem njene prividne viskoznosti. Veća koncentracija boje koja se koristi u štampar-
skoj pasti dovela je do bolje prividne viskoznosti i jačine boje. Povećanje koncentracije 
uree poboljšalo je jačinu boje, ali smanjilo prividnu viskoznost štamparske paste. Naj-
bolji rezultati viskoznosti (1347 mPa s) i čvrstoće boje (4,90) dobijeni su upotrebom 
gvožđe(II)-sulfata kao močila i natrijum-alginata kao zgušnjivača. Dobijene nijanse boja 
varirale su od zelene do smeđe. Postignuta je dobra postojanost boja, ali je to zavisilo 
od primenjenih eksperimentalnih uslova. 

Ključne reči: prirodne boje, čistiji postupak štampe, pamučne tkanine, kompo-
nente paste, efekat komponenata, kvalitet štampe. 
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  EXPERIMENTAL HEAT TRANSFER STUDIES 
ON COPPER NANOFLUIDS IN A PLATE 
HEAT EXCHANGER 

Article Highlights 
• Copper/ethylene glycol/propylene glycol/water mixed nanofluids were prepared 
• The heat transfer performance of the copper suspended base fluid was studied 
• Obtained Nusselt number was compared with base fluids at different temperatures 
• Effect of copper nanoparticle concentration on the heat transfer coefficient was also 

studied 
 
Abstract 

The objective of the present work is to study the influence of copper nano-
particle concentration on heat transfer performance of a mixed base fluid. In 
the present study, the performance of copper nanoparticles in ethylene glycol 
(eg) + propylene glycol (pg) + water (W) base fluid was analyzed in the chev-
ron-type plate heat exchanger. The sol-gel method was used to prepare cop-
per nanoparticles (100 nm), dispersed in two different mixed base fluids of 
volume fractions 5%EG + 5%PG + 90%W and 15%EG + 5%PG + 80%W. 
Experiments were performed by varying the nanoparticle concentration from 
0.2 to 1.0 vol.%. Three different hot fluid inlet temperatures were used (55, 65 
and 75 °C). It is revealed from the study that the rate of heat transfer increased 
significantly with the mixed base fluid. Result shows that at 75 °C, 9 and 14.9% 
enhancement in the Nusselt number is obtained for 5%EG + 5%PG + 90%W 
and 15%EG + 5%PG + 80%W base fluid, respectively, for the nanoparticle 
concentration of 1%. 

Keywords: heat transfer, nanofluid, plate heat exchanger. 
 
 

Improvement in the rate of heat transfer in ind-
ustrial processes may save energy consumption and 
utilization significantly. From the energy point of view, 
it is important to reduce the energy consumption by 
modifying the production method or upgrading the 
equipment used for the above purpose. The develop-
ment of miniaturized technology, mini- and micro- 
-components, has been introduced as one of the heat 
transfer enhancement techniques. Shell and tube 
heat exchangers are used in many process indus-
tries. The plate heat exchanger is an alternative heat 
exchanger for shell and tube exchangers and is used 
even at a moderate temperature and pressure. Plate 
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heat exchangers are used in the diary, food and 
process industries. The advantages of plate heat 
exchangers include their higher efficiency, compact-
ness and lower weight when compared to conven-
tional heat exchangers of the same capacity. 

Over the years, several studies focusing on heat 
transfer enhancements using nanoparticles have 
been published. For instance, Lee et al. [1] and Das 
et al. [2] measured thermal conductivity of Al2O3 and 
CuO nanoparticles suspended in ethylene glycol and 
water (EG/W) using a transient hot wire method. They 
found that a 4% volume concentration of CuO nano-
particles increased the thermal conductivity by 20%. 
They determined that thermal conductivity increased 
linearly with volume concentration. 

Similar studies conducted by Eastman et al. [3] 
show the enhancement of thermal conductivity up to 
41% with copper nanoparticles. The experiments per-
formed with less than 100 nm of copper nanoparticles 
by Li and Xuan [4,5] gave a larger heat transfer coef-
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ficient than that calculated from the experimental 
data. Garg et al. [6] reported that thermal conductivity 
of larger size copper nanoparticle dispersed nano-
fluids showed moderate increase in thermal conduct-
ivity with increasing of the copper nanoparticle con-
centration. They have used 200 nm copper nano-
particles. Li et al. [7] investigated convective heat 
transfer and flow characteristics of copper-water 
nanofluid and observed considerable improvement in 
rate of heat transfer. In the last few decades, large 
number of investigations were reported which mainly 
focused on the preparation, characterization and 
measurement of thermo-physical properties of nano-
fluids and were summarized by Ghadimi et al. [8]. 
Researchers widely employed EG and its aqueous 
mixtures as base fluids for nanofluids and research 
showed that the heat transfer performances of these 
nanofluids are significantly higher than those of base 
EG and EG/W [9-12]. Only a few heat transfer studies 
have been reported on EG based CuO nanofluids, 
even though copper has higher thermal conductivity. 

Also, the works with respect to mixed base fluids is 
lacking in the literature.  

The main objective of this present study is to 
investigate the heat transfer performance in the plate 
heat exchanger by suspending copper nanoparticles 
in the two different mixed base fluids of volume frac-
tions with 5%EG + 5%PG + 90%W and 15%EG + 
5%PG + 80%W. The result obtained from the expe-
rimental studies is compared with the McCabe and 
Kim model selected from literature. 

MATERIALS AND METHODS  

Experimental setup 

The plate heat exchanger consists of corrugated 
plates assembled into a frame. The hot fluid flows in 
one direction in alternating chambers while the cold 
fluid flows in true counter-current flow in the other 
alternating chambers [13]. 

The schematic diagram and photographic view 
of the experimental setup (plate heat exchanger) of 
the present study is shown in Figure 1. 

 
Figure 1. Schematic diagram and photographic view of the experimental setup. 
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The experimental setup consists of a cold fluid 
container with a temperature controller, a hot fluid 
container with a temperature controller, two flow 
meters for controlling hot and cold fluid flows, two 
pumps along with the corrugated plate heat exchanger. 
The cold fluid was pumped into the chevron PHE, 
passing through a rotameter, and returned to the 
reservoir. Hot water used as a hot fluid passes 
through a control valve and a rotameter and then 
enters the PHE in a counter flow direction. The flow 
rate was monitored and controlled by the flow meters 
[14,15]. The inlet and outlet temperatures of the fluid 
were measured by four K-type thermocouples ins-
erted additionally within the PHE. The PHE provided 
by Alfa Laval consists of 13 stainless-steel corrugated 
plates, creating 7 flow channels for the hot fluid and 6 
flow channels for the cold fluid. The corrugation angle 
is 60°, which is the angle between the corrugation 
and the axis parallel to the plate length. The plate 
length is 0.154 m and the thickness of the plate is 
0.25 mm. 

Nanofluid preparation 

Nanofluid is prepared by two step sol-gel 
method [16]. First the copper nanoparticle is prepared 
then dissolved in two different mixed base fluids of 
volume fractions of 15%EG + 5%PG + 80%W, and 
5%EG + 5%PG + 90%W and used in the PHE as cold 
fluid. The SEM image of prepared copper nanopar-
ticle is shown in Figure 2. 

 
Figure 2. SEM image of copper nanoparticles. 

Formulas used in heat transfer studies 

Determination of experimental Nusselt number. 
Eqs. (1)–(6) are used to evaluate the Nusselt number 
of the nanofluid experimentally: 
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For all the calculations, the fluid properties such 
as thermal conductivity, viscosity, density, specific 
heat capacity, as well as the Reynolds number and 
Prandtl number, are evaluated at bulk mean tempe-
ratures of hot and cold fluids [17-20].  

Determination of Nusselt number using models. 
Eqs. (7) and (8) are used to evaluate the Nusselt 
number of the nanofluid using the McCabe model [13] 
and the Kim model [21], respectively.  

( ) ( )= 0.67 0.33
0.37 Re PrNu N N  (7) 

( ) ( ) β
 Π = −  
  

0.64 0.320.295 Re Pr
2

Nu N N  (8) 

RESULTS AND DISCUSSION 

Effect of copper nanoparticle concentration on 
Nusselt number of mixed base fluid of 5% EG + 
5% PG + 90%W at different hot fluid temperatures 

The Nusselt number is the significant factor in 
evaluating heat transfer performance of nanofluids. In 
order to study the heat transfer performance of the 
copper nanoparticle, the Nusselt number was deter-
mined by observing the effect of nanoparticle volume 
fraction (0.2, 0.4, 0.6, 0.8 and 1.0%), hot fluid inlet 
temperature (55, 65 and 75 °C) for the proposed base 
fluid concentrations and the results are presented in 
Figures 3–5. The obtained experimental Nusselt num-
ber enhancement results were validated with theor-
etical models proposed by Mc Cabe et al. and Kim et 
al. The experiments were repeated by arbitrarily sel-
ecting nanoparticle concentration to ensure repro-
ducibility of the results and observed that the devi-
ation is negligible. 

From Figure 3, it is observed that the Nusselt 
number increases significantly at a hot fluid inlet tem-
perature of 55 °C, with the increase in nanoparticle 
concentration. The percentage increases of the Nus-
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selt number are 4, 5.2, 6, 6.5 and 7 for the hot fluid 
inlet temperatures of 55 °C at the nanofluid concen-
trations of 0.2, 0.4, 0.6, 0.8 and 1.0 vol.%, respect-
ively. This may be due to the thermal conductivity 
enhancement with increasing volume concentration 
[22,23]. 

 
Figure 3. Effect of copper nanoparticle concentration on Nusselt 

number enhancement for a mixed base fluid of 5% EG + 
5% PG + 90% W at a hot fluid inlet temperature of 55 °C. 

 
Figure 4. Effect of copper nanoparticle concentration on Nusselt 
number enhancement for a mixed base fluid of 5% EG + 5% PG 

+ 90% W at a hot fluid inlet temperature of 65 °C. 

It is evidenced from Figure 4 that, at the vari-
ation of hot fluid inlet temperature at 65 °C, the base 
fluid exhibits linear increase in the Nusselt number 
with increasing concentration and temperature. 

The effect of copper nanoparticle addition on 
further increase in the hot fluid inlet temperature to 75 
°C is reported in Figure 5. It was noted that the Nus-

selt number increases further with increasing tempe-
rature and nanoparticle concentration and maximum 
Nusselt number enhancement of 9.0% was observed 
at 1.0 vol.% of nanoparticle concentration. Enhance-
ment in the Nusselt number is due to the inclusion of 
high thermal conductivity copper nanoparticle. 

 
Figure 5. Effect of copper nanoparticle concentration on Nusselt 
number enhancement for a mixed base fluid of 5% EG + 5% PG 

+ 90% W at a hot fluid inlet temperature of 75 °C. 

Effect of copper nanoparticle concentration on the 
Nusselt number of mixed base fluid of 15% EG + 
5% PG + 80%W at different hot fluid temperatures 

Figures 6–8 show the effect of copper nanopar-
ticle on the Nusselt number for a base fluid of 15%EG 
+ 5%PG + 80%W at a hot fluid inlet temperature of 
55, 65 and 75 °C, respectively.  

 
Figure 6. Effect of copper nanoparticle concentration on Nusselt 

number enhancement for a mixed base fluid of 15% EG + 
5% PG + 80% W at a hot fluid inlet temperature of 55 °C. 
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Figure 7. Effect of copper nanoparticle concentration on Nusselt 

number enhancement for a mixed base fluid of 15% EG + 
5% PG + 80% W at a hot fluid inlet temperature of 65 °C. 

 
Figure 8. Effect of copper nanoparticle concentration on Nusselt 

number enhancement for a mixed base fluid of 15% EG + 
5% PG + 80% W at a hot fluid inlet temperature of 75 °C. 

From Figures 6–8, the similar trend of effect is 
observed, i.e., increasing the nanoparticle concen-
tration increases the Nusselt number and a 10.2, 12.4 
and 14.9% increase in the Nusselt number for the 
nanoparticle concentration of 1.0 vol.% and hot fluid 
inlet temperatures of 55, 65 and 75 °C, respectively, 
is observed. There is good agreement between the 
results calculated from these experimental values and 
the correlation. It was noticed that the calculated Nus-
selt number falls within ±6% deviation with experi-
mental results for 5%EG + 5%PG + 90%W nanofluids 
and ±8% deviation for 15%EG + 5%PG + 80%W 
nanofluids. Hence, there exists better agreement 

between the correlation results and experimental 
results, which shows the accuracy of the results of the 
experiment. 

CONCLUSION 

The present study focused on the benefits of 
using copper nanoparticles in a plate heat exchanger. 
The following were the conclusions that were drawn 
from heat transfer studies of a mixed base fluid by 
adding copper nanoparticle: 

i. 1.0 vol.% of copper nanoparticle has inc-
reased the Nusselt number by 9% and 14.9% for the 
base fluid 5%EG + 5%PG + 90%W and 15%EG + 
5%PG + 80%W, respectively. 

ii. Among the three operating temperatures 
selected, the Nusselt number enhancement was high 
at a hot fluid inlet temperature of 75 °C. 

iii. The experimental result of the Nusselt num-
ber was validated with McCabe et al. and Kim et al. 
models. A good agreement between the measured 
values with selected models at all mixed base fluid 
concentrations was obtained. 

iv. The employed mixed base fluid could be 
easily recovered and reused for the process. Hence, 
the mixed base fluid can be used as an energy effi-
cient heat transfer fluid. 

Nomenclature 

U Overall heat transfer coefficient, W/m2K 
h Convective heat transfer coefficient, W/m2K 
Cp Specific heat capacity, J/(kg K) 
Q Heat flux, W/m2 
A Heat transfer area, m2 
LMTD Logarithmic Mean Temperature Difference  
m Mass of fluid, kg 
T Temperature, K 
N Number of channels, dimensionless 
L Plate width, m 
Re Reynolds number, dimensionless 
Pr Prandtl number, dimensionless 
DH Hydraulic radius, m 

Greek symbols 
κ Thermal conductivity, W/(m K) 
μ Viscosity, Pa s 
ρ Density, kg/m3 
β Corrugation angle 

Subscripts 
nano Nanofluid 
p Particle 
in Inlet 
out Outlet 
cold Cold fluid 
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hot Hot fluid 
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NAUČNI RAD 

  EKSPERIMENTALNO PROUČAVANJE PRENOSA 
TOPLOTE U NANOFLUIDIMA NA BAZI BAKRA U 
PLOČASTOM RAZMENJIVAČU TOPLOTE 

Cilj ovog rada je proučavanje uticaja koncentracije nanočestica bakra na performanse 
prenosa toplote u smešama osnovnih tečnosti: etilen glikol (EG), propilen glikol (PG) + 
voda (V), u pločastom razmenjivaču toplote tipa ševron. Za pripremu nanočestica (100 
nm) korišćena je sol-gel metoda; one su dispergovane u dve različite mešavine osnov-
nih tečnosti (vol. %): a) 5% EG + 5% PG + 90% V i b) 15% EG + 5% PG + 80% V. 
Eksperimenti su izvedeni promenom koncentracije nanočestica u opsegu 0,2-1,0 vol.%. 
Korišćene su tri različite ulazne temperature tečnosti (55, 65 i 75 °C). Utvrđeno je da se 
brzina prenosa toplote u smeši osnovnih tečnosti znatno povećava. Rezultat pokazuje 
da se na 75 °C postiže 9%, odnosno 14,9% poboljšanje Nuseltovog broja za smešu 5% 
EG, 5% PG i 90% V, odnosno 15% EG, 5% PG i 80% V, pri koncentraciji nanočestica 
od 1%. 

Ključne reči: prenos toplote, nanofluid, pločasti razmenjivač toplote. 
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  BIOSORPTION OF LEAD IONS FROM 
AQUEOUS SOLUTIONS BY BEECH 
SAWDUST AND WHEAT STRAW 

Article Highlights 
• Beech sawdust and wheat straw can be successfully used for the sorption of lead ions 
• During the sorption process the pH changes with time 
• Kinetics of metal ions sorption is reasonably fast 
• The Temkin isotherm model has shown the best fit with the experimental data 
• Maximum sorption capacity for lead ions on the used adsorbents was almost 10 mg g-1 
 
Abstract 

This paper presents the results of the Pb2+ adsorption from synthetic Pb(NO3)2 

solutions, using the beech sawdust and wheat straw as adsorbents. Physico-
chemical characterization of the adsorbents included the specific surface area, 
pHpzc, SEM-EDS and FTIR analysis. Adsorption kinetics and isotherms, as well 
as changes in the pH solution during the process, were monitored and ana-
lyzed. The results showed that the adsorption is well explained by the pseudo-
second order kinetic model for both adsorbents. Adsorption of the Pb2+ on 
sawdust and straw is well described by the Temkin isotherm, which is con-
firmed by the high values of the regression coefficient R2. The maximum ads-
orption capacity of lead ions on the beech sawdust and wheat straw was 9.9 
and 9.7 mg g-1, respectively. The obtained results have indicated that the 
beech sawdust and wheat straw are suitable adsorbents for the adsorption of 
lead ions from dilute aqueous solutions. 

Keywords: biosorption, Pb2+, beech sawdust, wheat straw, adsorption 
isotherms. 

 
 

Discharging the industrial, mining and metal-
lurgical effluents, containing various heavy metal ions 
into the surface water streams, represents a signific-
ant concern for the society and a great threat to the 
environment due to their toxicity, which could cause 
severe problems to the organisms living in the waters. 
As a result of uncontrolled wastewater discharge, the 
pollution level of the environment has particularly inc-
reased during the first half of the 20th century. In order 
to respond to the pollution of surface and ground-
water, the scientists and industry have faced a great 
challenge to try to improve or even completely rep-
lace the industrial processes with new cleaner tech-
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nologies that have to reduce or completely eliminate 
the harmful effects of industrial or mining operations 
on the environment. This particularly took place 
during the last three decades of the past century and 
continues until today [1,2]. There are still the industrial 
and mining areas affecting the environment, less in 
developed, but much more in developing countries. 
The main causes of the water pollution by heavy 
metals are wastewaters from urban areas; water ori-
ginating from active or abandoned mines; effluents 
from ferrous and non-ferrous metallurgy [3,4]; waters 
from the textile and leather processing industry; from 
electronics; and, especially, from agricultural activities 
using various phytochemicals, which partly penetrate 
into the ground by rain, or otherwise fall and remain 
there for a long time, affecting ground pollution and 
the underground waters, or rivers and creeks flowing 
through the agricultural areas [1,5,6].  

Heavy metal ions are as a rule toxic and some 
of them make organo-metallic cancerous substances, 
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which enter living organisms through the food chain 
[2]. In this view, the lead ions and their various com-
pounds are particularly harmful in general for the 
living world. The increased lead level, for example, 
accumulated in a human body, can cause severe 
renal and other impairments, such as: hepatitis, ane-
mia, infertility in women, as well as nerve diseases. 
According to the physico-chemical properties of lead, 
Pb2+ can easily replace Ca2+ in calcified tissues 
(bones and teeth), but can also form a variety of sol-
uble complexes with bioligands in biological fluids and 
tissues. Plants can also adsorb and accumulate lead, 
either from ground or water containing lead com-
pounds, into their roots, stalks, fruits or leaves, dep-
ending on the plant species [4,8]. Wastewater from 
the smelters and foundries of lead, glass and ceramic 
production, lead battery industry, weapon and ammu-
nition industry contain a substantial amount of lead, 
approximately around 100 ppm or less [3]. In mine 
waters the lead concentration is usually less than 1 
ppm. Elimination of lead from such wastewater prior 
to its discharge into the environment is a great chal-
lenge for researchers working in various disciplines, 
due to its extremely harmful effect on organisms.  

Various methods for heavy metals removal from 
industrial effluents can be successfully applied today 
for this purpose. One of the new approaches that can 
be efficient in the removal of lead ions from waste-
water is adsorption - a technique that can eliminate 
metal ions to very low concentrations [7]. Biosorption 
is a new direction within adsorption, in which, instead 
of classical adsorbents, different living materials are 
used. 

Biosorption 

The adsorption process of metal ions can take 
place on various plant materials, and such a pheno-
menon is named in the relevant literature as biosorp-
tion, while the plant material itself is called biosorbent 
[9,10]. Biosorption is a process for heavy metal ions 
removal from the wastewater that has induced a great 
interest of researchers all over the world. Intensive 
investigations have been carried out using various 
combinations of biosorbents and heavy metal ions, for 
now, at a laboratory scale, in order to form a new 
technological process, integrating the adsorption of 
metal ions on biomass with its combustion after 
loading for the green energy production [11,12]. The 
basic advantage of biosorption, over other methods of 
wastewater treatment, is that the biosorbents can effi-
ciently purify those industrial solutions having lower 
concentration of pollutants, reaching the close output 

concentration, or even lower than the MAC is, for a 
considered ion [10]. 

Extensive research has shown that many agri-
cultural by-products, as well as the other waste mat-
erials from food or wood industries, can be used as 
biosorbents for the adsorption of heavy metal ions 
from wastewater [13,40,41]. Materials that were 
tested as potentially possible low-cost sorbents were: 
walnut and nut shell, spent grain, olive stones, peanut 
skins, onion and orange peels, rice husks, leaves, 
coffee and tea waste, tree fern and other similar plant 
waste materials [7]. 

Special attention has been focused on the lingo-
cellulose biosorbents, such as bark, leaves, or the 
wooden mass of various trees. Sawdust, which has 
exhibited a significant potential as biosorbent, has 
particularly attracted the attention of researchers 
working in the wastewater purification area [9,10].  

Besides sawdust of various sorts of trees, the 
straw of different crops has also been proved as a 
potentially effective biosorbent for the adsorption of 
metal ions from aqueous solutions [14,10]. Straw and 
sawdust are mainly composed of cellulose, hemicel-
luloses, lignin, saccharine and other compounds. 
Straw contains different functional groups, such as 
hydroxyl-, carboxyl-, sulfhydryl-, amino- and amide- 
-groups, which can be potentially active sites for 
attracting and bonding of metal ions [15]. Wheat-, 
rise-, oats- or barley-straw is particularly convenient 
to be used in such research due to their widespread 
presence and easy accessibility, as well as for a mas-
sive worldwide production. 

The main objective of this work is to designate 
the adsorption ability of beech sawdust and wheat 
straw towards lead ions, as well as to determine the 
effect of various parameters on the adsorption pro-
cess and to get an insight on the adsorption kinetics 
and mechanism of lead ions attracting to the used 
biosorbents. The process equilibrium via adsorption 
isotherms will also be considered. Synthetic solutions 
of different concentration of lead ions will serve as a 
model system in this study. 

EXPERIMENTAL 

Materials 

Synthetic salt solutions of Pb(NO3)2 (MERCK), 
were used for the adsorption of lead ions. The parent 
solution with a concentration of 0.2 g dm-3 having the 
initial pH value of 5.65.  

Wheat straw was collected from the local fields 
in the vicinity of Bor (Eastern Serbia), while beech 
sawdust was taken from a local saw mill. A mono-
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sized sieve fraction (-1 + 0.4) mm of both biosorbents 
was used in the adsorption experiments.  

Methods 

Characterization of the biosorbents 
Specific surface area. The specific surface area 

of beech sawdust and wheat straw of the chosen 
sieve fraction (-1 + 0.4) mm, was determined by the 
adsorption method using a solution of methylene 
blue, as follows in the reference [16]. UV-Vis spectro-
photometer (PU 8620 UV/Vis) was used to determine 
methylene blue concentration. 

Point of zero charge (pHpzc). The point of zero 
charge (pHpzc) is the pH value of solution, where the 
surface charge density is equal to zero, i.e., at that 
point the number of positively charged sites is equal 
to the number of negatively charged sites [17] 

SEM and EDS measurements 
Morphology of beech sawdust and wheat straw 

was analyzed, before and after the adsorption of Pb2+, 
using a scanning electron microscope (JSM IT 300LV 
JEOL) with an integrated energy-dispersive X-ray det-
ector (X-max SDD 170 mm2, Oxford Instruments). 
Both samples of biosorbents before scanning were 
steamed with a thin layer of gold in a sputter coater 
(JOEL JFC-1300) making them conductive. The pre-
pared samples were then transferred into a micro-
scope chamber and micro photos were taken at volt-
age of 20 kV. The EDS analysis was done by rec-
ording several points on the surface of samples in 
order to better detect a heterogeneous distribution of 
elements. 

FTIR 
Infrared spectra of the investigated samples 

were recorded using a Bomem MB-100 (Hartmann & 
Braun, Canada) FTIR spectrometer, in a range of 
4000–400 cm−1, at the resolution of 2 cm−1 and with 16 
scans. Prior the analysis, the samples were compres-
sed in potassium bromide (KBr) to form tablets. The 
obtained FTIR spectra were then analyzed using Win 
Bomem Easy software. 

Adsorption of lead ions on the beech sawdust and 
wheat straw 

The adsorption experiments were carried out in 
laboratory beakers, each equipped with a magnetic 
stirrer, in order to keep the biosorbent in suspension. 
Stirring rate was kept constant in all experiments, and 
was 300 min-1. Prior the adsorption experiments, the 
biosorbents were washed with 200 cm3 of distilled 
water and afterwards dried. Two series of adsorption 

experiments were carried out to study the adsorption 
kinetics and adsorption equilibrium. 

Synthetic solution of Pb2+, concentration of 0.2 g 
dm-3, was used as an aqueous phase for the kinetic 
experiments. Mass of 1 g of previously washed and 
dried biosorbent (beech sawdust or wheat straw) was 
brought into contact with 50 cm3 of synthetic Pb(NO3)2 

solution flora for different contact time. After a certain 
time, the suspension was filtered and the filtrate was 
analyzed on the Pb2+ content. In parallel with this, the 
concentration of alkali and alkaline earth metal ions 
was determined with the aim of trying to describe the 
mechanism of the adsorption process, as well as to 
determine the cation exchange capacity. 

Concentrations of lead ions, as well as alkali 
and alkaline earth metal ions, were determined using 
the atomic absorption spectrophotometer (Perkin- 
-Elmer 403 AAS). 

The adsorption capacity of biosorbent qt is def-
ined as a mass of ions adsorbed on the unit mass of 
biosorbent, at constant temperature [18,19]. The ads-
orption capacity, as well as its change with the ads-
orption time, was determined from the mass balance, 
according to the following equation: 

−= i t
t

c cq V
m

 (1) 

where: qt is the mass of adsorbed metal per unit mass 
of adsorbent (mg g−1) at time t; ci and ct are the initial 
and actual concentrations of metal ions at time t (mg 
dm-3); V - volume of treated solution (dm3); m - mass 
of adsorbent (g). The adsorption degree (AD) is def-
ined as the percentage of adsorbed metal ions, des-
cribed by the following relationship: 

= −100 1( )/t iAD c c  (2) 

It represents an ability of how many metal ions 
can be removed from a solution by a particular 
biosorbent. AD is also an indicator of the adsorbent 
saturation, as well as the solution depletion, i.e., of 
the process completion.  

During the adsorption, a change of the solution 
pH value was also monitored with time. All experi-
ments were carried out at the ambient temperature. 

A series of experiments was carried out contact-
ing a constant mass of adsorbent (1 g) with the equal 
volume of solution (0.05 dm3), which contained differ-
ent initial concentrations of metal ions in a range from 
0.005 to 0.2 g dm-3. The phases were kept in suspen-
sion with a magnetic stirrer for a period of 60 min, 
considering that this contact is long enough to 
achieve equilibrium between phases [7,20]. After-
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wards, the suspension was filtered, and filtrate ana-
lyzed for the residual content of lead ions. 

Pseudo-first- and pseudo-second order reaction 
kinetic models 

For modeling the adsorption process rate, two 
kinetic models were tested, i.e., the pseudo-first- and 
pseudo-second order kinetic model, and compared 
with the experimental data. The pseudo-first order 
kinetic model can be expressed by the following dif-
ferential equation [31]: 

( )= −1
d
d

t
e t

q k q q
t

 (3) 

or, in its integral form, as a linear equation in a system 
with semi-logarithmic coordinates: 

− = − 1log( ) log
2.303e t e

kq q q t  (4) 

where: qe - is the adsorption capacity at equilibrium 
(mg g-1); qt - is the adsorption capacity at the process 
time t (mg g-1); k1 - is the constant rate of the pseudo-
first reaction order (min−1); and t - is the process time 
(min). 

The differential equation, describing the pseudo-
second reaction order kinetics may be presented as: 

( )= − 2
2

d
d

t
e t

q k q q
t

 (5) 

The integral form of Eq. (5) will be: 

( ) = +
− 2
1 1

e t e

k t
q q q

 (6) 

Rearranging Eq. (6) to get it in a linear form, 
leads to the following equation: 

= +2
2

1

t ee

t t
q qk q

 (7) 

where k2 is the adsorption rate constant for the 
pseudo-second reaction order (g mg-1 min-1). 

RESULTS AND DISCUSSION 

Physical, chemical and physicochemical 
characteristics of the biosorbents 

The beech sawdust moisture was 8.5%, while 
the wheat straw was 7.23%, both calculated on the 

initial biosorbent weight. It can be said that there is no 
significant moisture difference between the used bio-
sorbents due to their similar way of storage, i.e., both 
were packed in paper bags and stored in a laboratory 
chamber under the same humidity. 

The fraction of sawdust ash was 2.06%, based 
on the initial weight of dried sawdust, while the ash 
fraction from straw was almost three times higher and 
amounted to 6.2%, calculated on dry straw. Chemical 
composition of both ashes is shown in Table 1. 

Obviously, with the exception of MgO, SiO2 and 
MnO content, which are almost equal in both ashes, 
there is a strong difference in the chemical compo-
sition between ashes of these two biosorbents. It can 
be seen, from Table 1, that the beech sawdust ash 
has a dominant CaO content, which is approximately 
three times higher than the one in the wheat straw 
ash. Unlike the beech sawdust, the wheat straw con-
tained much more alkali metals than the beech saw-
dust. So, the K2O content in the wheat straw ash was 
more than 6 times higher than in the sawdust ash, 
while Na2O was about 2.5-3 times higher. Special 
attention was paid here to the content of alkali and 
alkaline earth metals in the straw and sawdust, due to 
their impact, particularly calcium and potassium, on 
the adsorption process, which will be considered 
through further text. Physical and physicochemical 
properties of the considered biosorbents are sum-
marized and presented in Table 2. 

Table 2. Physical and physicochemical properties of the bio-
sorbents 

Biosorbent property Beech sawdust Wheat straw 

Specific surface area, m2 g-1 

Moisture, % 
COD, mg O2 dm-3 

CEC / mmol Mez+ g-1 

Point of the zero charge, pHpzc

1.08 [3,7,17] 
8.5 
0.8 

1.45 
7.4 [3,7,17] 

1.54 [3,7,17] 
7.23 
18 

1.86 
6.7 [3,7,17] 

The content of organic substances in water from 
straw washing, expressed as a chemical oxygen 
demand (COD), is about 22.5 times higher than the 
content of organic substances in water from sawdust 
washing [17]. It means that the content of soluble 
organic substances, which could be transferred from 
the biosorbents into the aqueous phase, is much 
higher in the case of wheat straw than in the case of 

Table 1. Chemical composition (mass%) of beech sawdust and wheat straw ash 

Material Na2O K2O MgO CaO Fe2O3 SiO2 SO3 Al2O3 P2O5 TiO2 MnO Others 

Sawdust 1.51 4.56 3.32 22.39 3.00 34.08 24.7 4.73 1.17 0.18 0.13 0.17 

Straw 4.14 28.62 3.25 6.83 0.55 36.36 16.12 0.29 3.0 0.017 0.11 0.173 
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beech sawdust. This issue must be taken into con-
sideration, in particular how to treat water from wash-
ing the wheat straw before its discharging, or to use it 
as a fertilizer for watering a plantation, for example. 

Based on the results shown in Table 2, the total 
cation exchange capacity (CEC), expressed as a sum 
of alkali and alkaline earth ions, transferred from the 
solid to the aqueous phase, is slightly higher for the 
wheat straw. 

As shown in Table 2, the corresponding pHpzc 
values for the wheat straw and beech sawdust are 
close to each other, and were 6.7 and 7.4, respect-
ively. It means that at pH <6.7 for wheat straw, or 
<7.4 for beech sawdust, the surface area of the cor-
responding adsorbent is positively charged, while at 
pH >6.7 for straw, or >7.4 for sawdust, the surface 
area of the adsorbent will be negatively charged. 

Rinsing of the biosorbents 

Rinsing of both sawdust and straw was carried 
out from two reasons: 

• in order to remove physically entrained org-
anic and inorganic dirtiness, as fine particles of the 
biosorbents and earth;  

• in order to get an insight on the amount of 
alkali and alkaline earth metals that will be leached 
out from the biosorbents at rinsing, as well as to see 
whether and how the rinsing itself affects the adsorp-
tion capacity of the used biosorbents; 

The procedure of the rinsing experiments was 
described in detail elsewhere [12]. After each portion 
of distilled water passing through a filter, the filtrate 
was sampled and analyzed on the content of Na+, K+, 
Ca2+ and Mg2+. Prior the analysis, the pH and con-
ductivity values of filtrate were both measured as well. 

Adsorption 

Change of alkali and alkaline earth metals 
concentration at rinsing the biosorbents and 
after the completion adsorption of Pb2+ 

Contact between a biosorbent and water sol-
ution containing adsorbate, has a twofold effect. Alkali 
and alkaline earth metals from biosorbents will partly 
be leached out by water, while a portion of them 
(mainly calcium and magnesium) will take part in the 

ion exchange process with heavy metal ions present 
in the solution [10]. To get evidence on the amount of 
these metals, which will be rinsed from biosorbents 
and how much will be replaced by heavy metal ions 
from water solution, a series of experiments was car-
ried out, as described earlier.  

Table 3 presents the concentrations of alkali and 
alkaline earth metal ions in filtrate, measured after 
rinsing the biosorbents with water and after the ads-
orption of Pb2+. 

After rinsing the sawdust and wheat straw 
(Table 3), the potassium ions have been leached for 
the most part of the molecular structure of adsorb-
ents. Also, it can be seen that after the adsorption of 
Pb2+ on the sawdust and straw, the Ca2+ have been 
leached for the most part where it is assumed that 
these ions are largely involved in the process of ion 
exchange. 

Change of the solution pH value with time, during the 
adsorption of Pb2+ 

It was remarked in our earlier works [7,9,17] that 
the pH of solution changes sharply with the adsorp-
tion time, particularly in the first few minutes of the 
process, indicating an interaction between the solid 
and aqueous phase. In some cases, this change was 
significant, as it was during the adsorption of Pb2+ on 
the sawdust and straw, which is illustrated in Figure 1. 

 
Figure 1. Change of the pH value with time at the adsorption of 

Pb2+ on beech sawdust  and wheat straw. 

Monitoring the pH value change, in the first few 
minutes of adsorption (see Figure 1), a sudden drop 
was observed in the pH at very beginning of the 

Table 3. Concentration of alkali and alkaline earth metal ions in the filtrate ( mmol g-1), measured upon the rinsing with distilled water 
and after adsorption of Pb2+ 

Procedure Na+ K+ Ca2+ Mg2+ 

Rinsing of sawdust with distilled water 0.0056 0.0177 0.011 0.003 

Rinsing of wheat straw with distilled water 0.0026 0.061 0.011 0.005 

Adsorption of Pb2+onto sawdust 0.0018 0.0017 0.00625 0.002 

Adsorption of Pb2+ onto wheat straw 0.002 0.0058 0.0073 0.005 



D. BOŽIĆ et al.: BIOSORPTION OF LEAD IONS…  Chem. Ind. Chem. Eng. Q. 27 (1) 21−34 (2021) 

 

26 

process, and then an increase during the rest of pro-
cess, reaching approximately the constant pH value 
at the end of the experiment. Here, a significant differ-
ence in pH behavior was found between the biosorb-
ents. Wheat straw could not achieve the starting pH 
value of 5.65, approaching steadily to a value of 5.45, 
while, in case of the sawdust, the pH value reached 
the initial value within the first 20 min, tending to 
reach even pH ≈ 6 at the end of the process. All these 
pH changes were taking place during the first 60 min 
from the start of the process. A dramatic drop, fol-
lowed with a sudden increase in the pH change, cor-
responds to the first 20 min of the adsorption process, 
when the fastest adsorption rate takes place, which is 
presented in Figure 1. It was assumed that a sudden 
decrease in the pH value, during the initial stage of 
the process, is a consequence of a rapid replacement 
between the Pb2+ and hydrogen atoms from the func-
tional groups contained in a molecular structure of 
biosorbents. Further adsorption is carried out by a 
substitution of calcium atoms from biosorbent struc-
ture with Pb2+ and, in parallel with the ion exchange 
reactions between the Pb2+ and H+ from hydroxylic 
and phenolic functional groups from the cellulose 
structure [17], leading to a further increase in the pH 
of the aqueous phase for almost 0.7 in the case of 
sawdust, while in the case of wheat straw, a smaller 
increment of the pH appeared of approximately 0.3. 

SEM-EDS analysis of beech sawdust and wheat 
straw 

Based on the SEM analysis, the structure of the 
adsorbents’ surface was visually examined. A certain 
difference in the structure between the untreated 
beech sawdust and wheat straw were observed, and 
the corresponding ones after the adsorption of lead 
ions. The SEM images of the surface morphology of 
the beech sawdust and wheat straw, before and after 
the adsorption of lead ions are shown in Figure 2a-d. 

Figure 2a and c presents the micrographs of the 
surface of untreated beech sawdust and wheat straw. 
The macro-pores and cavities of larger dimensions 
inside the particles can be seen. The presence of 
macro-pores and cavities facilitates an easier move-
ment of the aqueous phase through the structure of 
adsorbents, causing an easy transfer of metal ions 
through the internal particles structure and reaching 
the active sites at the internal surface to be adsorbed 
on [21,22]. 

After the adsorption of lead ions onto beech 
sawdust and wheat straw, the SEM images have also 
been taken - Figure 2b and d, in which a modified 
surface morphology of the adsorbents, compared to 
the untreated one, can be observed. A relatively com-
pact and uniformly ordered lamellar structure of the 
particles is observed after the adsorption of lead ions 

 
Figure 2. SEM images of beech sawdust and wheat straw: a) beech sawdust after rinsing with distilled water (1000x magnification); b) 

beech sawdust after adsorption of lead ions (1000x magnification); c) wheat straw after rinsing with distilled water (500x magnification); 
d) wheat straw after adsorption of lead ions (1000x magnification). 
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on them. In relation to the morphology of untreated 
adsorbents, Figure 2a and c, a change in the morpho-
logy is evident in Figure 2b and d, which is mani-
fested by a compact cellulose structure, as a result of 
incorporation of the lead ions into the molecular struc-
ture. These changes in the morphology suggest that 
the biosorption of lead ions is associated with the 
chemical changes in the surface of adsorbents, what 
was confirmed by the FTIR analysis and will be dis-
cussed through the next subtitle. 

The EDS analysis of beech sawdust and wheat 
straw was done by selection several points on the 
surface of samples to detect a heterogeneous distri-
bution of elements. The peaks for C, O and Ca can be 
observed in Figure 3a, spectrum 44, for the untreated 
beech sawdust. After adsorption of lead ions (Figure 
3b, spectrum 13), the peaks for Ca disappeared while 
the peaks for Pb occur. This indicates that calcium 
was replaced by lead in the ion exchange process. 

The peaks for C, O, Si, Ca, K and Mg can be 
observed on the EDS spectrum of untreated wheat 
straw, (Figure 3c, spectrum 90). After adsorption of 
lead ions (Figure 3d, spectrum 34), the peaks for Si, 
Ca, K and Mg disappeared, while several peaks for 
Pb occurred, which clearly indicates that besides Ca, 
K and Mg also take part in the ion exchange process 
with lead ions. 

FTIR analysis of beech sawdust and wheat straw 

The lignocelluloses materials have a complex 
chemical composition. Therefore, the FTIR spectro-

scopy is mainly used to compare the FTIR spectra of 
biosorbents before and after the adsorption process, 
in order to identify the functional groups responsible 
for the adsorption of metal ions. The adsorption 
bands in the range from 1300 to 1000 cm-1 corres-
pond to ─OH, C─OH, and ─O─C─O vibrations of the 
glycoside cellulose groups. The adsorption bands cor-
responding to a deformation of CH─ groups appear in 
the range from 1000 to 700 cm-1 [23–26]. 

Bands from 1730 to 1260 cm-1 originate from the 
─C─OH, CH─, ─CH2 and C=O vibrations, and are 
typical for hemicelluloses. Bands from 1600 to 1260 
cm-1 correspond to the C=C and ─OCH3 vibrations, 
typical for lignin. At the low-frequency area of the 
spectra, from 600 to 400 cm-1, the bands from valent 
─O─M vibrations are expected, indicating a metal 
interaction with biosorbent. At the high frequency area 
of the spectra, around 3400 cm-1, bands of the valent 
─OH (alcohols and phenols), as well as the =NH vib-
rations are expected [27]. Figures 4 and 5 present a 
set of the FTIR spectra of rinsed adsorbents and 
those after the adsorption of Pb2+. 

An adsorption band around 1735 cm-1 can be 
observed on both spectra. It corresponds to a C=O 
group of aldehydes and ketones, the position of which 
is shifted to the lower frequencies, and whose inten-
sity is decreased significantly after the adsorption 
process, indicating that this functional group is 
involved in the capturing of lead ions. Bands in the 
area under 600 cm-1 (marked by the arrows on both 

 
Figure 3. EDS spectra of beech sawdust and wheat straw: a) raw beech sawdust; b) beech sawdust after adsorption of lead ions; 

c) raw wheat straw; d) wheat straw after adsorption of lead ions. 
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spectra) correspond to the valent O─Pb vibrations. It 
was observed that the number of bands decreases for 
beech sawdust in a domain of valent vibrations of the 
unsaturated groups of aromatic type (1650 cm-1), 
while the frequency gets slightly lower after the ads-
orption of Pb2+. Changes in the valent ─OH groups 
are observed, indicating that in addition to the C=O 
group, the ─OH and aromatic groups are also res-
ponsible for the adsorption of Pb2+ [28]. 

Rate of the Pb2+ adsorption 

Kinetics of the Pb2+ adsorption was investigated 
with the aim of obtaining an insight in the overall 
adsorption rate and adsorption reaction order, as well 
as to derive the reaction rate constants for the used 
biosorbents, also, to get data on the amount of ads-
orbed metal ion exchange with time, as well as the 
process time required to achieve the adsorption equi-
librium between the aqueous and solid phase for 
given experimental conditions. The process time was 
kept constant and was 90 min in all experiments. The 

process time is an important parameter affecting the 
adsorption process rate [29], which changes gradually 
in such a way that the rate is high at the process 
beginning and then decreases, approaching almost a 
zero value at equilibrium. Here, the adsorption cap-
acity change with time is presented in Figure 6.  

 
Figure 6. Change in the adsorption capacity of the Pb2+ with 

time: on beech sawdust  and wheat straw. 

Looking at the curves shape, three periods of 
the process rate are easily recognizable. In the I 

 
Figure 4. FTIR spectra of beech sawdust: a) after rinsing with distilled water; b) after adsorption of Pb2+. 

 
Figure 5. FTIR spectra of wheat straw: a) after rinsing with distilled water; b) after adsorption of Pb2+. 
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period, the adsorption capacity of Pb2+ rises rapidly 
up within the first 10-15 min, meaning a fast occupat-
ion of free sites on the easily accessible surface by 
the Pb2+ and their adsorption on them. After the fast I 
period, the process entered in the II period, when Pb2+ 
must penetrate into the internal structure of biosor-
bent particles to find vacant active sites to be adsor-
bed on. It is assumed that, during the II period, with a 
slower adsorption rate, the adsorption is limited by a 
diffusion transport of Pb2+ through the adsorbent inter-
nal structure, consisting from the macro- and micro- 
-pores and counter-current flux of the exchanged ions 
outwards [7,30]. The rate of q rises more slowly with 
time, approaching an equilibrium value, which was 
achieved after 30 min of the process, when an incre-
ment in the adsorption capacity against time became 
almost negligible (III period of the process). In the III 
period of the adsorption, one may consider that 
almost all active sites were occupied by the Pb2+, and 
the process equilibrium is achieved at given experi-
mental conditions. During study of the adsorption 
kinetics, the maximum achieved adsorption capacity 
of Pb2+ on beech sawdust was 9.6 mg g-1, while it was 
9.3 mg g-1 for wheat straw. It could be assumed that 
the adsorption capacities are rather modest than high, 
and are close to those values obtained for the same 
or similar biosorbents [9]. The important fact is that 
the achieved adsorption capacities are almost equal 
within an interval of ±3%. An engineering significance 
is that both biosorbents could be used with the same 
efficiency, either in mixture or replacing one with 
another. By then, the achieved AD, for wheat straw 
was 96.4%, while for sawdust it has reached almost 
99.5%. Both values are encouraging in consideration 
of the biosorbents use for their potential implement-
ation at the industrial scale. Knowing either maximum 
achieved adsorption capacity q, or AD at a given 
process time, a compromise has to be made between 
these properties and the process time, allowing us to 
determine a residence time in the adsorber, operating 
in a batch mode. 

Testing of the kinetic models 
From Eq. (4), it is possible to evaluate the 

values of k1 from the corresponding graph slopes, 
while qe can be calculated from the corresponding 
intercepts of the graphs log (qe − qt) vs. t, as it is 

presented in Figure 7, in which the linearized form of 
the experimental results from Figure 6 are plotted. 

The obtained experimental values of qe and 
those calculated using Eq. (4), as well as the obtained 
values of the correlation coefficient (R2), are sum-
marized and presented in Table 4. It can be seen that 
the pseudo-first order kinetic model does not describe 
fairly well the adsorption process. Significant discre-
pancy, particularly between the computed and experi-
mental qe values, as well as not so high R2 values, 
eliminates the pseudo-first reaction order model from 
further consideration. 

 
Figure 7. Pseudo-first reaction order model for the lead ions 

adsorption: on beech sawdust and wheat straw. 

A non-linear shape of the curves presented in 
Figure 6, strongly indicates the biosorption process 
nature, which follows the pseudo-second reaction 
order kinetic model, which was pointed out through 
our earlier works and confirmed by other scientists, 
working on the metal ions biosorption on various 
biosorbents [9,10].  

A linearized form, given by Eq. (7), is presented 
in Figure 8, expressed as t/q(t) against the process 
time t. Obviously, a linear dependence is obtained in 

Table 4. Kinetic parameters of the Pb2+ adsorption on beech sawdust and wheat straw 

Adsorbent Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

k1 / min-1 qe,exp / mg g-1 qe,cal / mg g-1 R2 k2 / g mg-1min-1 qe,exp / mg g-1 qe,cal / mg g-1 R2 

Beech sawdust 0.076 9.6 3.258 0.892 0.125 9.6 12.82 0.999 

Wheat straw 0.053 9.3 2.63 0.781 0.152 9.3 11.90 0.999 

Figure 8. Linearized form of the pseudo-second order reaction 
for the Pb2+ adsorption: on beech sawdust and wheat straw. 
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both considered cases and the experimental data fits 
well with Eq. (7). Based on the linear dependence, 
the reciprocal values of qe were evaluated from the 
corresponding slopes, while the rate constants k2 
were calculated from the corresponding intercepts for 
both biosorbents. The obtained experimental values 
for qe and those calculated from Eq. (5), as well as the 
corresponding rate constants and correlation coeffici-
ents (R2) are summarized in Table 4. 

Kinetic parameters, obtained using the linear 
regression analysis for the tested models, as well as 
the corresponding correlation coefficients R2, have 
shown better fitting with the pseudo-second reaction 
order kinetic model than with the pseudo-first one for 
both considered biosorbents. Namely, the adsorption 
capacity values, calculated using Eq. (4), significantly 
differ from those experimentally obtained. Experimen-
tal values of the adsorption capacity showed a good 
agreement with those ones calculated using Eq. (6). 
The obtained correlation coefficients R2 are also very 
high in case of the pseudo-second order reaction 
model in comparison with the pseudo-first one. It 
means that the adsorption kinetics can be fairly 
modeled with the pseudo-second reaction order model. 
The same findings were already reported by us, as 
well as by other scientists, for some other metal ions 
and other biosorbents [7,17]. 

Adsorption isotherms 

An adsorption isotherm is a relationship between 
the concentrations of adsorbed species on the ads-
orbent surface, qe, in contact with the same species in 
the aqueous phase, Ce, at equilibrium at given tempe-
rature. Three frequently used relationships of ads-
orption isotherms are the Langmuir, Freundlich and 
Temkin isotherm model [15], which were tested with 
the experimental results obtained in this study in a 
way described in the experimental part. Experimental 
data for qe plotted against the corresponding Ce, for 
beech sawdust and wheat straw are presented in 
Figure 9. 

Each of the mentioned isotherm model will be 
tested with the experimental data in order to 
determine how they fit to each other. 

Langmuir isotherm 
This model of isotherm could be described by 

Eq. (8) [32]: 

=
+1
m L e

e
L e

q K Cq
K C

 (8) 

where: Ce - equilibrium concentration of metal ions 
(mg dm-3); qe - mass of adsorbed Pb2+ per unit of the 
biosorbent mass at equilibrium (mg g-1); qm – maxi-
mum adsorption capacity (mg g-1); KL - the Langmuir 
constant (dm3 mg-1). 

Linearization of Eq. (8) leads to the following 
relationship: 

= +1 1e
e

e L m m

C C
q K q q

 (9) 

Figure 10 presents the linearized form of the 
Langmuir isotherm given by Eq. (9) for beech saw-
dust (Figure 10a) and wheat straw (Figure 10b) and 
compared with the experimental data derived from 
Figure 9. The ratio of Ce/qe as a function of Ce is a 
straight line with a slope of 1/qm, while the intercept is 
1/qmKL. The parameters qm, KL and regression coef-
ficient R2 are summarized in Table 5. 

Evidently, there is a significant discrepancy 
between the experimental data and theoretical lines, 
so that the Langmuir model cannot be applied for 
describing the adsorption equilibrium of the con-
sidered systems. 

Freundlich isotherm 
The Freundlich isotherm is used as an empirical 

model describing the adsorption from the solution 
over the surface heterogeneity and exponential 
distribution the active sorbent sites of the sorption 
material [33]. The Freundlich isotherm is expressed 

 
Figure 9. Adsorption isotherms for beech sawdust and wheat straw. 
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by the following equation [2]: 

=
1

 n
e F eq K C  (10) 

Linearization of the relationship (10), leads to 
the following expression: 

= + 1
log log loge F eq K C

n
 (11) 

where: KF - Freundlich constant related to the ads-
orption capacity (dm3g-1); n - adsorption intensity. 

 
Figure 10. Linearized form of the Langmuir isotherm for beech 

sawdust (a) and wheat straw (b). 

Figure 11 presents the linearized form of the 
Freundlich isotherm in the log–log coordinate system, 
together with the corresponding experimental data for 
sawdust (Figure 11a) and straw (Figure 11b). Log qe 

vs. a function of log Ce should give a straight line with 
a slope of 1/n and intercept log KF. Parameter 1/n 
relates to the adsorption intensity and varies with mat-
erial heterogeneity [32]. Parameters n, KF and R2 are 

also given in Table 5, together with the ones eva-
luated for the Langmuir adsorption isotherm model. 

Here, there is a certain matching between the 
theory and experimental data for both biosorbents. 

Тemkin isotherm 
The Temkin adsorption isotherm model assumes 

a uniform distribution of the binding energy to a maxi-
mum energy, wherein the interaction between ads-
orbent-adsorbate, the heat of adsorption of all adsorb-
ates decreases linearly with a degree of surface cov-
erage [8]. The Temkin model is developed to be valid 
on the whole external and internal surface, including 
pore walls [34]. 

The Temkin isotherm is given by the following 
expression: 

( )= ln  Te eBq K C  (12) 

It can be developed to the linear form giving the 
following relationship: 

= +ln  ln  Te eq B K B C  (13) 

where: B - constant, relating to the adsorption heat (B 
= RT/b) (dm3 m-1); b - variable adsorption energy, J 
mol-1; KT - the Temkin isotherm constant (dm3 mg-1). 

Figure 12 presents the Temkin isotherm in a 
semi-logarithmic coordinate system, according to Eq. 
(12), for beech sawdust (Figure 12a) and wheat straw 
(Figure 12b). Linear dependence of qe and ln Ce 
allows determining values of the constant B, from the 
corresponding slopes, as well as values of the cons-
tant KT from the corresponding intercepts. Constant 
KT corresponds to the maximum energy of binding, 
while constant B relates to the heat of adsorption. The 
Temkin isotherm constants B and KT, as well as the 
correlation coefficients (R2), are also given in Table 5. 

 
The adsorption equilibrium of Pb2+ on biosorb-

ents is well represented by the Temkin adsorption iso-
therm model in relation to the Langmuir and Freund-
lich model, having the highest value of R2 for both 
biosorbents (0.971 for beech sawdust and 0.969 for 
wheat straw), as shown in Figure 12 and Table 5. 
Similar results were published by other researchers, 
using the same kind of biosorbents and ions [35-39]. 

Table 5. Equilibrium parameters of the adsorption isotherm 

Adsorbent 

Model 

Langmuir Freundlich Temkin 

KL / dm3 mg-1
 qm / mg g-1 qexp / mg g-1 R2 KF / dm3 g-1

 n R2 KT B / dm3 m-1 R2 

Sawdust 0.66 16.95 9.9 0.84 190546 0.66 0.847 24.9 2.832 0.97 

Wheat straw 128.35 25.97 9.7 0.82 1600 1.12 0.689 24.47 2.77 0.97 
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Figure 11. Linearized form of the Freundlich isotherms for beech sawdust (a) and wheat straw (b). 

 
Figure 12. Linearized form of the Temkin isotherms for beech sawdust (a) and wheat straw (b). 
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CONCLUSION 

Based on the analysis of the obtained results, 
the following conclusions can be derived. 

On the SEM micrographs of beech sawdust and 
wheat straw macro-pores and cavities of larger dim-
ensions can be seen. It is assumed that the lead ions 
easily penetrate through these pores and cavities into 
the adsorbents’ structure to be adsorbed at the inter-
nal active sites. The EDS analysis of used adsorbents 
was done by recording several points on the surface 
of samples to detect a heterogeneous distribution of 
elements. For beech sawdust, calcium could be 
exchanged with lead during the adsorption process, 
while for wheat straw Ca, K and Mg were exchanged 
with lead during the adsorption process. 

Based on the FTIR analysis, the C=O group of 
aldehydes and ketones, ─OH and aromatic groups 
may be responsible for the adsorption of Pb2+. 

The adsorption kinetics is well described by the 
pseudo-second-order kinetic model, whereby the 
chemisorption is a possible way of adsorbate bonding 
on the surface of the biosorbents. 

The Temkin isotherm model has shown the best 
fit with the experimental data. Maximum achieved 
adsorption capacity for the adsorption of lead ions 
was 9.9 mg g-1 for beech sawdust, while it was 9.7 mg 
g-1 for wheat straw. 
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NAUČNI RAD 

  BIOSORPCIJA JONA OLOVA IZ VODENIH 
RASTVORA PILJEVINOM BUKVE I PŠENIČNE 
SLAME 

Ovaj rad predstavlja rezultate adsorpcije jona Pb2+ iz sintetičkih rastvora Pb(NO3)2, 
koristeći piljevinu bukve i pšeničnu slamu kao adsorbense. Fizičko-hemijska karakteri-
zacija adsorbensa obuhvatala je specifičnu površinu, pHpzc, SEM-EDS i FTIR analizu. 
Kinetika i izoterme adsorpcije, kao i promene pH rastvora tokom procesa, su praćene i 
analizirane. Rezultati su pokazali da je adsorpcija dobro objašnjena kinetičkim modelom 
pseudo-drugog reda za oba adsorbensa. Adsorpciju jona Pb2+ na piljevini i slami dobro 
opisuje izoterma Temkin, što potvrđuju visoke vrednosti koeficijenta regresije R2. Maksi-
malni adsorpcioni kapacitet jona olova na piljevini bukve i pšeničnoj slami bio je 9,9, 
odnosno 9,7 mg g-1. Dobijeni rezultati su pokazali da su piljevina bukve i pšenična slama 
pogodni adsorbenti za adsorpciju  jona olova iz razblaženih vodenih rastvora. 

Ključne reči: biosorpcija Pb2+, piljevina bukve, pšenična slama, adsorpcione 
izoterme. 
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  CELLULOSE ACETATE BUTYRATE 
GRAPHENE OXIDE NANOCOMPOSITE 
MEMBRANE: FABRICATION, 
CHARACTERIZATION AND PERFORMANCE 

Article Highlights 
• CAB/GO membrane exhibited improved properties and performance 
• The results revealed an improvement of 450% in water flux 
• Improved rejection of 144 and 93% for NaCl and Na2SO4, respectively 
• Higher performance stability, thermal and antifouling properties 
 
Abstract 

In this study, the effects of graphene oxide (GO) nanosheets on the physico-
chemical properties and performances of cellulose acetate butyrate (CAB) 
membranes were investigated. Nanocomposite membranes were fabricated 
using CAB and a small amount of GO in the range of 0 to 0.07 wt.%, using a 
conventional phase-inversion method. Membranes were characterized by dif-
ferent methods and their performances were tested using a dead-end filtration 
system. Compared with pristine CAB membrane, experimental results demon-
strated an improvement in features such as hydrophilicity, permeability, salt 
rejection, antifouling, and stability. The results proved an increase in the poro-
sity and pore sizes of membranes with GO addition. Furthermore, the mem-
brane containing 0.07 wt.% of GO exhibited a low contact angle of 37° and a 
dramatic improvement in water flux of about 450% (from 2 to 11 L/(m2 h)). 
Moreover, it demonstrated a salt rejection of 39% for NaCl and 87% for 
Na2SO4, corresponding to improvements of about 144 and 93%, respectively. 
Furthermore, the results revealed a higher antifouling property with an 86% 
improvement in flux recovery and higher stability in terms of performance and 
thermal properties compared to CAB. 

Keywords: cellulose acetate butyrate, graphene oxide, nanocomposite, 
membrane, salt rejection. 

 
 

Although synthetic polymer-based membranes 
are broadly used and have a huge market, complicat-
ions associated with highly hydrophobic polymer 
backbones make them vulnerable to fouling [1]. In 
order to overcome this disadvantage, several 
methods have been employed to enhance fouling 
resistance, mostly by increasing the hydrophilicity [2- 
–5]. Among these methods is the incorporation of dif-
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ferent types of nanoparticles into membranes [6-10]. 
From this point of view, materials such as cellulose 
esters are known for their outstanding hydrophilicity 
and low fouling tendency in addition to their significant 
roles in industry and pharmaceutical technologies 
[11,12]. Consequently, they can be considered as 
promising in membrane technology. They also offer 
the benefit of biocompatibility and have a relatively 
low cost. However, the lack of reactive functional 
groups on the polymer chains limits their applications. 

In order to enhance their properties, hydroxyl 
groups of cellulose can be chemically modified to 
form materials of different physical and chemical pro-
perties that could be appropriate for diverse applic-
ations [13]. To further enhance membrane perform-
ance, polymer blending is also one of the effective 
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methods that has provided a desirable way to fulfill 
the expectation of new polymeric materials properties. 
For example, the cellulose acetate (CA) membrane 
has often been modified by blending with other mat-
erials, such as hydrous manganese dioxide nanopar-
ticles, GO and molybdenum disulfide to gain imp-
roved performance, such as higher flux and better 
selectivity [14,15]. Likewise, the blending of carboxy-
methyl cellulose acetate and CA also resulted in 
membranes with enhanced contact angles, morpho-
logy, permeability, and antifouling properties [16]. 

Nowadays, among the nanomaterials that have 
been incorporated into membranes is graphene oxide 
(GO). Due to its rich oxygen-containing hydrophilic 
functional groups, unique two-dimensional structure, 
large specific surface area, and good mechanical pro-
perties [17,18], this material has attracted consider-
able interest and has been exploited for various mem-
brane applications. In fact, the incorporation of GO 
has proven to enhance membrane performance in 
terms of permeate flux, salt rejection, fouling pro-
perties, hydrophilicity and surface charges of mem-
branes [19-23]. For example, improved hydrophilicity, 
permeability, and antifouling performances were obs-
erved by incorporating GO and PVDF [24]. Moreover, 
the work of Zinadini et al. also revealed a significant 
improvement in PES membrane fouling resistance 
and surface hydrophilicity by blending with GO [25]. 
Likewise, incorporation of GO has also resulted in 
improved PSF membrane performance [26]. In parti-
cular, the incorporation of GO within CA has been 
widely investigated and demonstrated outstanding 
properties. For example, incorporating GO and CA 
has been investigated recently and it has resulted in 
increased salt rejection, improved mechanical strength 
and thermal stability [27,28].  

Nevertheless, there have been few reports on 
cellulose acetate butyrate (CAB)-based membrane 
applications. This might be due to CAB’s low perme-
ability and the fact that it is more hydrophobic than 
CA. In fact, CAB has a composition of butyryl and 
acetyl functional groups that can effectively develop 
the properties of the cellulose [29-32]. In addition, 
CAB matches the CA membrane in many charac-
teristics but has additional features such as being 
tougher than CA, having great film formation, and 
demonstrating good solubility in organic solvents. 
However, in order to compete with other membranes, 
further modification of the CAB-based membrane is 
still required.  

Based on these considerations and in addition 
to the fact that the CAB/GO composite membrane has 
not been investigated previously, this study was car-

ried out to examine the influence of GO nanosheets 
on the CAB membrane’s characteristics and perform-
ance and to address the feasibility of the nanocom-
posite membrane for application in salt separation. It 
is proposed that the use of GO could further facilitate 
interactions with polymers and salts and hence inc-
rease membrane stability and salt rejection during 
filtration [33]. Also, the use of GO could provide dif-
fusion pathways for water transportation and thereby 
increase the overall flux rate during filtration; this is in 
addition to its effects on membrane reinforcement, 
fouling resistance, and antibacterial activity [34]. 

EXPERIMENTAL 

Materials 

Cellulose acetate butyrate (CAB), with an aver-
age molecular weight of 30000 Da and 49% butyryl, 
was obtained from Sigma-Aldrich and used as rec-
eived without further purification. Polyvinylpyrrolidone 
(PVP) powder (MW = 25,000 g/mol), NaCl and 
Na2SO4 were purchased from Sigma-Aldrich. N,N-di-
methylformamide (DMF) with 99.5% purity was sup-
plied by Acros Organics. Graphene oxide (GO) nano-
sheets (flakes) with carbon content of 42-52% were 
purchased from Sigma-Aldrich and employed as 
inorganic nano-modifiers. 

Fabrication of nanocomposite membrane  

The nanocomposite membranes were fabricated 
by the casting-solution and the phase-inversion 
methods. The preparation was performed in a glass 
reactor by dissolving a fixed amount of CAB (20 wt.%) 
and PVP (1 wt.%) in DMF and stirring the polymeric 
solution for more than 1 h via a mechanical stirrer 
until complete dissolution (solution A). GO/formamide 
solution was prepared by dispersion of GO powders 
in formamide (30 wt.%) with different concentrations, 
and the solutions were sonicated for 1 h until forming 
homogeneous GO/formamide suspensions (solution 
B). The membrane casting-solutions with varied GO 
concentrations were prepared by mixing solution A 
with solution B as presented in Table 1. For better dis-
persion of GO, the casting-solutions were sonicated 
for 30 min via an ultrasonic bath. Next, the prepared 
homogeneous casting-solutions were casted onto 
glass plates by means of a casting knife with a cons-
tant thickness of 0.3 mm. Subsequently, the mem-
branes were immersed into deionized water immedi-
ately without prior evaporation time. After the 
exchanging process of solvent and non-solvent, the 
membranes were reserved in a container filled with 
deionized water for 24 h to remove any soluble com-
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ponents in the membrane structure. Afterward, the 
membranes were dried between two filter paper 
sheets at room temperature (25±2 °C) for 24 h.  

Table 1. Composition of the prepared casting-solutions used 
for membranes fabrication; CAB wt.%: 20.00, PVP wt.%: 1.00 

Membrane GO wt. % DMF wt. % 

1 0 79.00 

2 0.01 78.99 

3 0.04 78.96 

4 0.07 78.93 

Membrane characterization 

The hydrophilicity of membranes was studied 
via the water contact angle analysis using deionized 
water. Field emission scanning electron microscopy 
(SEM) was used for analyzing the surface morpho-
logy. Images were obtained using a Jeol Model 6360 
LV SEM (USA). Fourier transform infrared (FTIR) 
spectra for the prepared membranes were obtained 
using Nicolet 6700 FT-IR from Thermo Scientific. The 
spectra of the samples were analyzed in the infrared 
(IR) region between 4000 and 400 cm–1.  

Membrane porosity was measured using the 
volume fraction process. In this process, the prepared 
membranes were soaked in deionized water for at 
least 24 h. The wet membranes were then taken out 
and the excess water was softly removed from the 
membranes’ surfaces by the aid of tissue paper. After 
that, the wet membranes were weighed and then 
dried in a vacuum oven at 70 °C for 24 h and weighed 
again after drying. The porosity percentage of the 
membranes (ε) and the water uptake were deter-
mined by employing Eqs. (1) and (2), respectively [35]: 

100  s d

water

W W
Alρ

−=   (1) 

Water uptake, % 1 00  s d

d

W W
W

−=  (2) 

In these equations, Ws and Wd (g) are the 
weights of the swollen and dry membranes, respect-
ively; ρwater (g/cm3) is the water density; A (cm2) is the 
membrane area; and l (cm) is the membrane thick-
ness. The membrane surface pore diameter (a) could 
be calculated using Eq. (3) [36]: 

8(2.9 1.75 ) wlQa
A P

ε μ
ε

−=
Δ

 (3) 

where a (m) is the mean pore diameter; Qw (m3/s) is 
the volume of permeated water per unit time; A (m2) is 
the membrane effective area; and l (m) is the mem-

brane thickness. μ (Pa s) is the water viscosity at 25 
°C; ΔP (Pa) is the trans-membrane pressure; and ε is 
the porosity percentage. 

Membrane performance  

The performance of the prepared membranes 
was investigated using a laboratory designed dead-
end filtration system. The salt solutions were pre-
pared separately by dissolving the required amount of 
salts (Na2SO4 and NaCl) in deionized water. Various 
concentrations of salts in the range of 1 to 2 g/L were 
prepared. The water flux (Jw) was acquired by deter-
mining the amount of water that passed through the 
membranes in terms of L/m2 h at a fixed pressure of 
1.4 bar (20 psi) and calculated using Eq. (4) [37]: 

w
QJ

A t
=

Δ
 (4) 

In Eq. (4), Q (L), A (m2), and Δt (h) are expressed as 
the volume of permeated water, the membrane area, 
and the sampling time, respectively. For salt rejection 
percentage calculations, Eq. (5) was employed [37]: 

Rejection ,% 100 1  p

f

C
C

 
= − 

 
 (5) 

where Cp and Cf are salt concentrations in permeate 
and feed, respectively, which were measured by a 
conductivity meter.  

With regard to the antifouling study, the mem-
branes were first tested using a pure water flux (Jw,1). 
The membranes then were subjected to the sodium 
alginate (SA) solution as a model of an organic foul-
ing material. SA solution with a concentration of 20 
mg/L was applied as feed solution until obtaining a 
stable flux. After the SA permeation experiment, the 
membranes were washed with deionized water and 
the second pure water flux (Jw,2) was then deter-
mined. The flux recovery ratio (FR%) was calculated 
using Eq. (6), where the higher value of FR% reflects 
good antifouling behavior for the membranes: 

,2

,1

 % 100 w

w

J
FR

J
 

=   
 

 (6) 

RESULTS AND DISCUSSION 

Membrane characterization 

The FTIR spectra of the CAB, GO and CAB/GO 
are presented in Figure 1. The spectrum of GO shows 
peaks at 1620, 1738 and 3420 cm−1 that could be 
assigned to C=C, C=O and OH bonds, respectively. 
The peak at 1050 cm−1 may be assigned to the epoxy 
group. The spectra were consistent with the literature 
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[38,39]. Moreover, the presence of the carboxylic acid 
OH can be confirmed by the broad band between 
2500 and 3300 cm−1. 

 
Figure 1. FTIR spectra of GO, CAB, and CAB/GO 

nanocomposite. 

In comparison, the FTIR spectrum of CAB 
showed a band at 1750 cm−1 due to the carbonyl 
ester group. The peak at 1246 cm−1 could be 
assigned to the asymmetric stretching of C-C-O of the 
ester group; the band appeared at 1049 cm−1 as the 
result of asymmetric O-C-C stretching attached to the 
carbonyl carbon. The peak at 1375 cm−1 was due to 
methyl groups in acetate moiety. The absence of 
vibrations peaks of GO could be an indication of its 
complete incorporation in the polymer matrix due to 
its very low content [40]. Also, the overlapping of the 
peaks at 3630 and 3410 cm−1 may suggest the likely 
formation of hydroxyl hydrogen bonding. 

With regard to thermal stability, the prepared 
CAB and CAB/0.07% GO composite membranes 
were studied by analyzing the thermal degradation of 
the samples. The results in Figure 2 showed that the 
thermal degradation of CAB occurred in three steps. 
The first step started between 90 and 200 °C with a 
weight loss of 31%, which involves the evaporation of 
bound water and the starting of cellulose degradation, 
yielding aliphatic char and volatile. The remaining two 
steps appeared between 240 and 450 °C with a total 
weight loss of 69%. These steps involve the conver-
sion of some aliphatic char to aromatic and gaseous 
components [41]. The thermogram of CAB/0.07% GO 
shows one major step between 250 to 450 °C with a 
total weight loss of 94.5%. This step includes the 
evaporation of bonding water and thermal degrad-
ation of the cellulose skeleton. The presence of GO 
appeared to enhance thermal property of the CAB 

and delayed the thermal degradation of the cellulosic 
materials. This finding could be due to the increased 
surface area in the presence of GO, which decreased 
the heat release rate and mass loss rate as well. Also, 
the GO accumulated on the surface or within the melt 
polymer layer, acting as a thermal insulation layer and 
delaying the cellulose degradation. 

 
Figure 2. TGA thermograms of CAB and the prepared CAB/0.07 

wt.% GO composite, under N2 atmosphere (10 mL/min) at a 
heating rate of 10 °C/min. 

Furthermore, the effect of GO nanosheets on 
the morphological surface characteristics of the mem-
brane samples was studied using SEM (Figure 3). 
The SEM micrographs revealed a porous surface 
layer with  a more sponge-like appearance than those 
on the CAB membrane [42]. The SEM results clearly 
showed that GO has a significant effect on the mem-
brane. This could be attributed to the influence that 
GO, as a hydrophilic material, has on the dynamic 
stability of the casting solution and hence the phase-
inversion process [43]. The addition of GO caused a 
fast phase separation during the phase-inversion pro-
cess, which can also lead to higher porosity and the 
formation of larger pores in the membrane’s surface. 
This outcome might be related to GO functional groups, 
small amount, and the carbon-based structure of the 
CAB polymer and GO. In addition, no agglomeration 
of GO nanomaterials was observed. This could be the 
result of better dispersion of GO particles due to their 
functionality, small amount, and a result of the sonic-
ation process that was used, which was set at 30 min 
for verifying optimal dispersion.  

The membrane sample’s hydrophilicity was 
measured by determining the contact angle using 
water drops on the membrane surfaces. The results in 
Table 2 show variations of membrane-water contact 
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angles at different concentrations of GO. The mem-
brane water contact angle for CAB was found to be 
around 79°, which is consistent with the literature [44]. 
Furthermore, it was found that the contact angle sig-
nificantly decreased with increasing GO concentrat-
ions, i.e., the contact angle decreased from 79 to 37°. 
These results reflect a significant effect of GO on the 
hydrophilicity of membrane surfaces, even with a very 
small amount, improving the membranes’ hydrophil-
icity with the GO incorporation within the range of 0 to 
0.07 wt.%. This finding may be attributed to the hyd-
rophilic nature of GO and the formation of bigger 
pores as well. 

 
Figure 3. SEM images of: A) the pristine CAB; B) CAB/0.07 

wt.% GO composite. 

Table 2. CAB/GO nanocomposite membranes characterizeat-
ions; membrane thickness: 0.3 mm 

GO 
wt.% 

Contact angle 
°  

Porosity 
%  

Mean pore diameter 
nm  

Water uptake
% 

0 79 54.3 13.4 11.2 

0.01 60 65.6 25.2 15.6 

0.04 53 76.7 28.3 18.5 

0.07 37 84.6 32.1 22.6 

0.10 47 71.7 23.12 16.7 

In terms of the membranes’ porosity and mean 
pore sizes, it is clear from the results presented in 
Table 2 that the porosity and mean pore diameter 
effectively increased with increasing GO content 
ratios. A small addition of 0.07 wt.% of GO resulted in 
a considerable increase of around 55 and 140% in 
porosity and mean pore diameter, respectively. For 
water uptake percentage, the results also displayed a 
significant increase in water uptake with an increasing 
GO content ratio. This may be attributed to the GO 
inclusion into the membrane surface and within the 
membrane body that could lead to an increase in both 
the –OH and –COOH hydrogen bonds, effectively 
enhancing the hydrophilic property of the membrane 
and increasing the water absorption, in agreement 
with the contact angle results. To the contrary, the 
membrane sample with 0.1 wt.% showed no signific-
ant increase in the porosity. 

Though the presence of well-dispersed GO 
could obviously improve the morphology, porous 
structure and pore size, using larger amounts of GO 
could negatively affect the nature and type of the 
pores that are formed [43]. With a higher amount of 
GO nanomaterials (>0.07 wt.%), the membrane pro-
perties exhibited contradictory effects [26]. This might 
be attributed to GO’s ability to migrate through the 
membrane layer toward the surface when the phase-
inversion process take place. This could cause sig-
nificant changes in the membrane’s surface pores 
and hydrophilicity, decreasing water passage and 
adsorption of water on the membrane’s surface [45]. 

Membrane performance  

Water flux 
The pure water flux of the prepared nanocom-

posite membranes was investigated. The results are 
shown in Figure 4. The results demonstrated an obvi-
ous increase in water flux with GO content, up to 0.07 
wt.%. The membrane containing 0.07 wt.% of GO 
exhibited a water flux of 7.9 L/(m2 h bar), correspond-
ing to an improvement of about 450% in water flux. 
This result is comparable to what was obtained for the 
carbon nanotube membrane/GO [46] and the result is 
higher than what was found for other GO-incorpor-
ated, polymer-based membranes, as shown in Table 
3. This finding could be related to the increase in 
membrane hydrophilicity, which is known to enhance 
the water flux [47], and which is in agreement with 
contact angle measurements. Furthermore, the inc-
rease of the water flux is consistent with SEM images 
and the obtained increase in porosity and pore size 
measurements. This enabled migration of more water 
molecules through the membrane layer and it imp-
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roved the water flux [48,49]. It has been reported that 
improvements in hydrophilicity significantly enhance 
membrane flux as a result of the adsorption of water 
molecules on the membrane’s surface through hyd-
rogen bonding and/or electrostatic interactions [50]. 
The addition effects of GO on porosity and pore size 
could further influence membrane permeability. 
Nevertheless, any further increase in GO content 
could have decreased the water flux, as the high con-
centration of nanoparticles could have caused pore 
blocking, which would have hindered the water trans-
fer [51,52]. On the other hand, bad nanoparticle dis-
persion or a nanoparticle agglomeration in the mem-
brane interlayer could also have reduced water flux, 
which would have resulted in poor membrane per-
formance [53]. 

 
Figure 4. Effect of GO content on the water flux, carried out at a 

pressure of 1.4 bar. 

Salt rejection 
The salt rejection efficiency of the prepared 

membranes was investigated using NaCl and Na2SO4 
solutions. The results (shown in Figure 5) illustrated 
an obvious increase in salts rejection with increasing 
GO content. The results demonstrated a salt rejection 

of 39% for NaCl and 87% for Na2SO4 obtained with 
0.07 wt.% of GO, which corresponded to  improve-
ments of about 144 and 93% in salt rejection, res-
pectively. Comparisons of performance with other 
similar GO membranes are shown in Table 3. The 
nanocomposite membranes of CAB/0.07 wt.% GO 
illustrated comparable ionic rejection results for NaCl 
and better results for Na2SO4. These results may be 
explained on the basis of the adsorption properties of 
the GO nanomaterials, which enhanced the interact-
ions between ions and the membrane matrix, both on 
the surface and within the pores. Also, such behavior 
might be related to the possible produced surface 
charges, which could promote the cation exchange 
processes. Although this would appear to oppose the 
trade-off effect that existed between the flux and 
rejection, a similar observation was reported and 
proved by Ganesh et al. [54]. 

 
Figure 5. Effect of GO content on the salt rejection efficiency, 

carried out at a pressure of 1.4 bar. 

Effect of permeate volume on the salt rejection 
The salt rejection efficiency was also studied 

against the permeation volume; results are shown in 
Figure 6. The results clarified that the composite 

Table 3. Comparison of flux and salt rejection of different GO-incorporated membranes 

Membrane Water flux, L/(m2 h bar) 
Salt rejection (1000 ppm) 

Ref. 
NaCl Na2SO4 

GO  4.76 59% 95.1% [46] 

Carbon nanotube / GO (1:8 mass ratio)  8.02 51.4% 80.0% [46] 

PSF / (1000ppm GO) 2.5 ~ 43% ~ 65% [54] 

PSF / (2000ppm GO) 2.5 ~ 58% 72% [54] 

CA / (0.005wt.%GO) 0.5 80% (2000ppm) - [43] 

PES / (0.1wt.%GO) 3.3 - - [25] 

CAB / (0.07wt.%GO) 7.9 39% 87% Present work 
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membranes containing GO showed a higher stable 
salt rejection with permeate volume, reflecting a 
higher stability of nanocomposite membrane than the 
pure CAB membrane. This was observed for both 
NaCl and Na2SO4 solutions. Moreover, the results 
showed a slight effect on the stability of the nanocom-
posite membrane with 0.07 wt.% of GO than that of 
0.04 wt.% GO. This observation leads to the expect-
ation that increasing GO concentrations of more than 
0.07% could provide bad dispersion within the poly-
meric moiety and lead to lowering the membrane 
stability. The results obtained regarding this concern 
showed that the optimal GO concentration to be used 
in the nanocomposite membrane is 0.07 wt.%. 

 
Figure 6. Effect of permeation volume on the salt rejection 

efficiency: A) for NaCl; B) for Na2SO4, using a feed 
concentration of 1 g/L. 

Effect of feed solution concentration on membrane 
performance  

The salt rejection and permeation flux levels of 
the prepared nanocomposite membranes were also 

studied at a range of feed concentrations up to 2 g/L. 
As shown in Figure 7, the results revealed that 
Na2SO4 and NaCl concentrations had a clear effect 
on membrane performance. A decrease in both salt 
rejection and permeation flux was noted as feed con-
centration increased. In terms of salt rejection per-
formance (Figure 7A), a decrease in salt rejection 
efficiency of about 14% for Na2SO4 and 20% for NaCl 
was attained. This could be attributed to the effect of 
the Donnan exclusion of co-ions, which could influ-
ence the diffusion transport of ions through the mem-
brane [55]. In addition, the effect of high concentrat-
ions on the polarization and possible weakening of 
electrostatic interaction between the ions in the aque-
ous solution and the charges on the membrane’s sur-
face may consequently lead to an increase in ions 
permeation and therefore decrease rejection effici-
ency [56]. 

 
Figure 7. ffect of feed solution concentration of NaCl and 

Na2SO4 on: A) salt rejection efficiency; B) permeation flux rate 
employing 0.04 wt.% GO nanocomposite membrane at 2.8 bar. 
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Feed concentration had a more significant effect 
on permeation flux, with flux reduction of around 49 
and 58% for Na2SO4 and NaCl solutions, respectively. 
These results could be explained as follows: as salt 
concentration increases, there are more ions com-
peting to be adsorbed onto the membrane surfaces; 
the presence of more ions could decrease pore size 
and therefore decrease permeation. This finding 
could also be attributed to concentration polarization, 
where a denser boundary layer may lead to a dec-
rease in water flux. In addition to the polarization 
effect, in a high electrolytic solution, the membrane 
material could shrink and pore size could decrease, 
causing flux to decrease when feed concentration is 
higher [57,58]. 

Antifouling study 

The fouling could be considered as the form-
ation of a gel-like layer on the membrane surface as a 
result of adsorption or the deposition of organic mat-
ter within the pores or the surface of the membrane. 
The improvement of antifouling behavior of the mem-
brane depends on the membrane’s hydrophilicity, 
which could be enhanced by inclusion of hydrophilic 
groups like –OH and/or –COOH on the membrane 
surface [59,60]. The CAB/GO composite membranes 
were highly hydrophilic when compared with pure 
CAB membranes due to the enhanced water affinity 
by the presence of GO. The increased water affinity 
decreased hydrophobic adsorption/deposition of SA 
on the nanocomposite membrane surface or within 
the pores. The results presented in Figure 8 represent 
the water flux of CAB and CAB/GO composite mem-
branes with different GO content ratios. These results 
show a clear improvement in flux recovery ratio with 
increasing GO content ratio. This improvement could 

be attributed to the enhanced hydrophilicity, sup-
ported by the change in water contact angle (Table 2). 
In addition, the presence of GO within the membrane 
material could create strong electrostatic forces, 
creating an energetic barrier for the adsorption of SA 
[61]. Also, the hydroxyl/carboxyl groups of GO could 
interact with water molecules via Van der Waals 
forces and hydrogen bonding and forming a mole-
cular layer of water on the membrane surface, which 
prevents the deposition and/or adsorption of SA [62]. 
It could be concluded that the presence of GO has an 
important role in improving antifouling performance of 
the composite membrane with content up to 0.07 wt.%. 

CONCLUSIONS 

The results of this work demonstrated charac-
terization and application of a new synthesized mem-
brane nanocomposite of CAB/GO. Based on the 
results, the nanocomposite membrane proved its sig-
nificance in terms of improvements in flux, salt reject-
ion, fouling resistance, and stability. As compared to 
pristine CAB, an increase in the porosity and the pore 
sizes of membranes with GO content ratios were 
demonstrated. This resulted in a dramatic improve-
ment in water flux of about 450%, along with 144 and 
93% for NaCl and Na2SO4 rejection, respectively. Fur-
thermore, the results showed high stability of the 
nanocomposite membrane toward feed concentration 
with the separation and flux rate, in addition to higher 
antifouling and thermal stability properties. 

Nomenclature 

Symbols 
ε Membrane porosity 
Ws Weight for swollen membrane 
Wd Weight for dry membrane 
ρw Density of water 
r Radius of membrane 
Q Volume of permeated water 
l Thickness of membrane 
a Mean pore diameter 
μ Viscosity of water 
Qw Volume of permeated water per unit time 
A Filtration area 
ΔP Transmembrane pressure 
V Volume of permeate 
t Time interval 
Cf Concentration of the feed 
Cp Concentration of the permeate 
FR% Flux recovery ratio 
Jw Pure water flux 
Jw,1 Pure water flux before fouling Figure 8. Effect of GO content on the flux recovery ratio of the 

nanocomposite membranes. 



M.M. ALGHAMDI, A.A. EL-ZAHHAR: CELLULOSE ACETATE BUTYRATE… Chem. Ind. Chem. Eng. Q. 27 (1) 35−44 (2021) 

 

 43

Jw,2 Pure water flux after fouling 
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NAUČNI RAD 

  NANOKOMPOZITNA MEMBRANA NA BAZI CELU-
LOZNOG ACETO-BUTIRATA I GRAFEN-OKSIDA: 
IZRADA, KARAKTERIZACIJA I PERFORMANSE 

U ovoj radu, istraživani su efekti nanopropusnih listova grafen oksida (GO) na fizičko-
-hemijska svojstva i performanse membrana na bazi celuloznog aceto-butirata (CAB). 
Nanokompozitne membrane su proizvedene korišćenjem CAB i male količine GO u 
opsegu 0-0,07% primenom konvencionalne metode fazne inverzije. Membrane su oka-
rakterisane različitim metodama, a njihove performanse su testirane pomoću sistema za 
filtraciju sa proticanjem normalno na membranu. U poređenju sa tradicionalnom CAB 
membranom, eksperimentalni rezultati su pokazali poboljšanje karakteristika, kao što su 
hidrofilnost, propustljivost, izdvajanje soli, protiv-obrastanje i stabilnost. Rezultati su 
dokazali povećanje poroznosti i veličine pora membrana uz dodatak GO. Dalje, mem-
brana koja sadrži 0,07% GO pokazala je nizak kontaktni ugao od 37° i dramatično 
poboljšanje vodenog fluksa od oko 450% (od 2 do 11 L/(m2/h)). Štaviše, pokazalo je 
izbacivanje soli od 39% za NaCl i 87% za Na2SO4, što odgovara poboljšanjima od oko 
144, odnosno 93%. Dalje, rezultati su pokazali veće svojstvo protiv-obrastanja sa 86% 
poboljšanjem fluksa i većom stabilnošću u pogledu performansi i termičkih svojstava u 
poređenju sa CAB. 

Ključne reči: celulozni acetate-butirat, grafen-oksid, nanokompozit, membrana, 
izdvajanje soli. 
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• Performance evaluation of heat transfer fluids by steady-state simulation of a hot oil 

system 
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Abstract 

This paper aims to analyze the thermal performance of four different heat 
transfer fluids in a hot oil system located in a paraffin hydrotreatment and 
fractionation plant of a petroleum refinery. The software Petro-SIM® (KBC-
-Yokogawa) was employed to elaborate steady-state simulations intended to 
compare the heat transfer fluid currently used (eutectic of biphenyl and diphe-
nyl oxide) and three fluids proposed as substitutes: paraffin oil (namely n-C13

+) 
produced in the same industrial unit, a nanofluid of eutectic of biphenyl and 
diphenyl oxide and copper at a 6% volume fraction, and a CuO/polydimethyl-
siloxane nanofluid at a 6% volume fraction. The results showed that n-C13

+ was 
the only heat transfer fluid that could replace the eutectic diphenyl oxide/bi-
phenyl in the system under analysis since it absorbed the heat duty of 13.79 
Gcal/h, which exceeded the thermal energy of 10.57 Gcal/h absorbed by the 
heat transfer fluid currently used at the same operating parameters. The 
Cu/eutectic of biphenyl and diphenyl oxide and CuO/polydimethylsiloxane 
nanofluids presented lower heat duty than the energy needed for the operation 
of the hot oil system, which was 8.31 and 8.51 Gcal/h, respectively. 

Keywords: heat transfer, heat transfer fluid, hot oil, nanofluids, simul-
ation. 

 
 

Heat transfer fluids, also known as hot oils, are 
used for heating or cooling in industrial and house-
hold applications. They are of great importance to the 
world's energy demand as more than 70% of all 
energy consumed is produced by heat transfer [1].  
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In industrial processes, heat transfer fluids are 
employed as either vapor or liquid or phase equilib-
rium of both. Besides water and steam, other sub-
stances such as mercury, sodium, potassium, molten 
salts, and synthetic oils are used for both heating and 
cooling, each one possessing suitable characteristics 
for the different application fields according to the 
desired temperature range [2]. Figure 1 presents the 
categories discussed by Álvarez [1] as the most com-
monly used heat transfer fluids in industrial pro-
cesses.  

The oils mentioned in this work belong to the 
categories of thermal oils and nanofluids. These heat 
transfer fluids are represented in the figure below as 
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the mineral paraffin oil n-C13
+, the synthetic oil eutec-

tic of biphenyl and diphenyl oxide, the silicon oil poly-
dimethylsiloxane, the nanofluid of copper/eutectic of 
biphenyl and diphenyl oxide, and the nanofluid of 
polydimethylsiloxane with copper oxide particles. 

Synthetic oils such as Malotherm® TH, Syl-
therm® 800, Therminol® VP-1, Dowtherm® A and San-
dotherm® 59 are commonly used in closed indirect 
heating systems of industrial processes in general [3]. 
Besides their application in petroleum plants, petro-
chemical plants, and refineries, these thermal oils are 
currently employed in solar power plants, which are 
considered promising sources of alternative and 
renewable energy. The fluid acts as a medium for 
transferring and storing the heat captured by the solar 
parabolic trough collectors for later conversion into 
electrical energy [4]. 

The selection of the most suitable type of hot oil 
is of great importance to minimize costs and obtain 
the maximum performance from industrial facilities 
[1]. Requirements include low reactivity, long-term 
stability, and low freezing point. Proper characterizat-
ion of the physical-chemical properties of the fluid is 
paramount for the design and monitoring of the oper-
ation of the industrial unit. The most significant para-
meters in the evaluation of heat transfer are density, 
heat capacity, viscosity, and thermal conductivity [5]. 

The heat transfer fluids currently used have 
maximum working temperatures of about 400 °C [3]. 
Molten salts can be used in applications where the 
temperature can reach 500 °C. However, corrosion 

and erosion of piping and equipment should be previ-
ously evaluated [6]. Liquid metals, such as pure, bin-
ary, and eutectic mixtures are suitable for high-tem-
perature operation, above 1000 °C, because their boil-
ing temperature can reach 1300 °C, approximately [6]. 

An alternative way to increase the allowable 
operating range for these heat transfer fluids is the 
addition of nanoparticles of up to 100 nm, which turns 
them into nanofluids [7].  

Research related to nanofluids began in the 
1990s, when this nomenclature was used by Choi 
and Eastman [8] to categorize heat transfer fluids 
containing nanoparticles in suspension in order to 
increase their thermal conductivity. 

Solid nanoparticles incorporated at low concen-
trations into conventional heat transfer fluids are gen-
erally metals, metal oxides, and carbon-based struc-
tures (including nanotubes). This modification of the 
base substance results in better heat and mass trans-
fer performance by changing the physical-chemical 
properties of the fluid [9]. 

Studies in this field of application have been 
developed looking for novel heat transfer fluids that 
could provide higher thermal conductivity and thermal 
stability, which could result in a better thermal per-
formance of the nanofluids. Some of these studies 
are discussed below. 

Kumar et al. [7] performed an experimental 
study with aluminum oxide nanofluids at 0.02, 0.04, 
0.06 and 0.08% volume fractions using water, ethyl-
ene-glycol and paraffin oil as base fluids. Improve-

 
Figure 1. Most commonly used heat transfer fluids. Adapted from Alvarez [1]. 
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ment in the convection heat transfer coefficient was 
observed in all nanofluids evaluated, influenced by 
the nanoparticle concentration and higher turbulence. 

Using the eutectic mixture of biphenyl and 
diphenyl oxide as base fluid, Navas et al. [10] 
obtained an 11% increase in the convection heat 
transfer coefficient by adding copper nanoparticles at 
a concentration of 5 ppm. Yasinskiy et al. [4] docum-
ented a 35.4% improvement for the same coefficient 
in a nanofluid containing 2.44 vol.% of titanium oxide. 

Mwesigye et al. [11] evaluated the thermal and 
thermodynamic performance of Cu-Therminol® VP-1 
at a high concentration ratio parabolic solar trough 
collector by means of a numerical study. The authors 
were able to enhance the heat transfer by 32% with 
the nanoparticle volume fraction of 6% in the nano-
fluid. 

Bellos and Tzivanidis [12] analyzed different 
fluids aiming to optimize a solar-driven trigeneration 
system that featured the organic Rankine cycle 
(ORC), an absorption heat pump and parabolic trough 
solar collectors operating with nanofluids. The study 
investigated nanofluids of polydimethylsiloxane added 
with CuO and Al2O3 in the solar field loop of the tri-
generation system. The optimum combination found 
was with the use of toluene in the ORC and CuO nano-
fluid at 4.35% in the parabolic trough collectors, which 
led to the maximum energy efficiency of 24.66%. 

Sarafraz et al. [13] experimentally evaluated the 
flow boiling heat transfer coefficient, pressure drop, 
and fouling resistance of an MgO/Therminol® 66 
nanofluid. The authors observed that the nanofluid, at 
0.1, 0.2 and 0.3% mass fractions, caused an improve-
ment of the characteristics under evaluation com-
pared to pure Therminol® 66. The lowest concentrat-
ion nanofluid led to the highest enhancement (about 
23.7%) of the heat transfer coefficient. 

Sarafraz and Arjomandi [14] experimentally 
examined the use of gallium and aluminum oxide 
nano-suspensions to replace water as the heat trans-
fer fluid of a microchannel solar thermal receiver. The 
nanofluids were prepared at 5, 10 and 15% mass 
fractions and the authors observed that the nano-
suspension at 10% mass fraction presented the best 
thermal performance to that application. Sarafraz et 
al. [15] experimentally studied gallium and copper 
oxide nano-suspensions using the same methodology 
as Sarafraz and Arjomandi [14] and found that the 
CuO nanofluid at 10% mass fraction had the best 
performance in heat transfer. Sarafraz and Arjomandi 
[16] experimentally assessed the thermal perform-
ance, pressure drop, and friction factor of a CuO/In 
nanofluid in microchannel heat exchanging systems 

as a plausible coolant to be used in solar thermal 
receivers. The authors’ investigation showed that the 
studied nanofluid had great potential for applications 
in the temperature range from 170 to 300 °C. 

Jalali et al. [17] numerically examined the lam-
inar heat transfer of oil and multi-wall carbon nano-
tubes (MWCNT) nanofluids varying from 0 to 4% vol-
ume fractions to be used as cooling fluid jet. The 
authors observed that the enhancement in the con-
ductivity provided by the increase in the nanoparticle 
concentration had positive effects in the heat transfer 
and promoted a better performance of the cooling 
fluid jet. 

In this paper, a closed indirect heating system is 
analyzed, similar to that shown in Figure 2, concern-
ing the thermal performance of hot oils and nano-
fluids. The objective is to verify if the oils under inves-
tigation can replace Dowtherm® A (fluid currently 
used), considering the operating conditions of the ind-
ustrial unit, ensuring that the temperatures required 
by the four heat exchangers of the system are met. 

 
Figure 2. Typical hot oil system. Adapted from Bahadori [2]. 

In order to check how well the hot oils and nano-
fluids studied in this work suit the application of inter-
est concerning heat transfer performance, the Petro- 
-SIM® process simulator version 6.2 (KBC-Yokogawa) 
was employed. This tool has the key feature of pro-
viding thermodynamic packages to characterize hyd-
rocarbons and substances present in petroleum refin-
ing processes in general. This allows the prediction of 
the properties of these compounds under different 
pressure, temperature, and concentration conditions 
through robust and reliable calculations [18]. 

Petro-SIM® provides information to determine 
whether the proposed heat transfer fluid suits the pro-
cess by using operating and design data of the ind-
ustrial plant analyzed in this study. 
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The fluids evaluated in this work are the eutectic 
mixture of biphenyl and diphenyl oxide (commercially 
known as Dowtherm® A or Therminol VP-1) [19,20], 
the paraffin fluid n-C13

+, the nanofluids made of Dow-
therm® A and copper particles, and Syltherm® 800 
(polydimethylsiloxane) [21] containing copper oxide 
particles. 

METHODOLOGY 

Designing the simulations 

The hot oil system studied in this paper was 
designed to use a eutectic mixture of diphenyl and 
biphenyl oxide as an indirect heat transfer medium 
into four heat exchangers, namely HT-01, HT-02, 
HT-03 and HT-04. The system provides thermal 
energy to a paraffin hydrotreatment and fractionation 
plant in a range from C8 to C18. Exchangers HT-01 
and HT-02 preheat the process streams that feed a 
reactor, whereas HT-03, HT-04 are distillation column 
reboilers. 

The heating process occurs as discussed by 
Bahadori [2] and Couto [22]. The oil is pumped and 
heated in a furnace (or some other heat source that 
forms the very process, such as steam exhausted from 
a turbine, for instance). The temperature of the heat 
transfer fluid typically rises from 11 to 55 °C at the fur-
nace outlet and is distributed to the heat exchangers 
to meet the heat transfer requirements of the process. 
After that, the oil returns to an expansion vessel from 
where it is pumped again, restarting the cycle. 

The first piece of information to be provided to 
Petro-SIM® in assembling simulation is the thermo-
dynamic model that will represent the substances 
involved. The method for calculating the density of 
liquid substances should also be chosen in this step 
of the simulation setting.  

The Peng-Robinson equation of state (1976), 
presented in Eq. (1), was chosen because it is a 
system primarily composed of nonpolar organic mole-
cules, especially hydrocarbons in the liquid and gas 
phase at low-pressure conditions: 

( ) ( ) ( )= −
− + + −

RT aP
v b v v b b v b

 (1) 

The density of the liquid substances was calcul-
ated by the software according to Eqs. (2)–(5), which 
represent the correspondent state correlation 
(COSTALD), published in 1979 by Hankinson and 
Thompson, and which exhibits good reliability for 
gases in general as well as saturated and subcooled 
liquids [23]: 
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In the hydrotreatment and fractionation process, 
the paraffin heated by the hot oil consist of mixtures 
whose compositions are complex and variable within 
ranges considered suitable as specifications. There-
fore, some simplifications were made to design the 
simulations. Table 1 shows which compounds and 
substances were considered cold fluids in each of the 
heat exchangers of the hot oil system. 

Table 1. Cold fluid of each heat exchanger in the hot oil system 

Heat exchanger Cold fluid 

HT-01 n-C8 to n-C18 

HT-02 Hydrogen 

HT-03 n-C9 to n-C18 

HT-04 n-C13 to n-C18 

For an easier characterization of the compo-
sition of each of the hydrocarbon streams present in 
the exchangers HT-01, HT-03 and HT-04, only linear 
paraffins were assumed to be part of their compo-
sitions, as these alkanes represent more than 90% in 
mass of the streams mentioned. 

The present work employed a simulation of the 
paraffin fractionation distillation columns T-01 and 
T-02, whose reboilers are HT-03 and HT-04, respect-
ively. For this step, shown in Figure 3, it was needed 
to obtain the composition of these exchangers’ par-
affin streams as only the linear paraffin feed stream 
for T-01 is characterized by routine laboratory ana-
lyses. Table 2 contains the standardized feed stream 
composition of T-01 considered in this study. 

Figure 3 contains the distillation columns T-01 
and T-02 and the process streams, which are called 
FEED (n-paraffins C8 to C18), N-C10-, GAS-C10-, 
N-C10C13, N-C13+. The energy streams to reboiler 
were labeled E-HT-03 and E-HT-04. The other 
streams of this kind were represented E-n, (where n is 
a two-digit number from 05 to 08). 

By analyzing the datasheets and technical doc-
umentation of the equipment that makes up this sec-
tion of the industrial plant, it was possible to obtain 
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the flow rate, pressure, temperature, pressure drop, 
and heat transfer area that constitute the design basis 
of each piece of equipment. Tables 3 and 4 show the 
data used as inputs to represent these operating 
conditions in Petro-SIM®. 

Table 2. Composition of feed stream to T-01 

Component Feed stream to T-01, mass% 

C8H18 1.65 

C9H20 3.86 

C10H22 10.98 

C11H24 21.20 

C12H26 21.71 

C13H28 20.54 

C14H30 14.09 

C15H32 5.08 

C16H34 0.79 

C17H36 0.09 

C18H38 0.01 

Table 3. Input data for pump, furnace, expansion vessel and 
control valve of the hot oil system 

Parameter P-01 F-01 V-01 PV-01 

Flow rate, m³/h 533.0 - - - 

Inlet pressure, MPa g 1.11 2.30 - 1.52 

Outlet pressure, MPa g 2.82 1.57 1.11 1.12 

Inlet temperature, °C 350.0 350.0 - 350.0 

Outlet temperature, °C - 385.0 - - 

The simulator calculated the heat exchangers by 
the steady state rating, which assesses steady-state 
heat transfer for shell-and-tube-type heat exchangers, 
considering the stream arrangement, the heat transfer 
resistance by deposits, and its construction model [24]. 

The convergence criterion in the exchanger’s 
heat transfer calculation is informed to satisfy the 
degrees of freedom to the system of equations. The 
standard configuration of the equipment block in the 
simulator recommends using the energy balance for 
hot and cold fluid (Eq. (6)) and the heat transfer 
equation (Eq. (7)) [24]: 

Δ − Δ =  0hot p hot hot cold pcold coldm C T m C T  (6) 

= Δ
t mlQ UAf T  (7) 

Based on all the information obtained and 
assumptions made, the hot oil system was repre-
sented in the simulations as shown in Figure 4. Con-
sidering the substitute heat transfer fluids proposed in 
this work, the system was represented in four differ-
ent operating conditions, where the first one was 
exactly as foreseen in the design and the others 
modifying only the heat transfer fluid that circulates 
through the system. 

The devices P-01, F-01, V-01, and the control 
valve PV-01, were tagged in Figure 4. Heat losses 
and pressure drops were represented using the terms 
HLOSS and PDROP, respectively. All the energy 

 
Figure 3. Simulation on Petro-SIM® for fractionation system which contains the reboilers HT-03 and HT-04. 

Table 4. Input data for heat exchangers of the hot oil system 

Parameter HT-01 HT-02 HT-03 HT-04 

Shell Tubes Shell Tubes Shell Tubes Shell Tubes 

Flow rate, m³/h 22.01 46.08 6.66 6.08 77.67 23.78 562.60 237.80 

Inlet pressure, MPa g 10.79 1.57 10.79 1.51 0.14 1.52 0.14 1.51 

Pressure drop, MPa 0.05 0.02 0.01 0.01 0.00 0.16 0.00 0.18 

Inlet temperature, °C 203.0 370.0 38.0 370.0 385.0 255.0 385.0 302.1 
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streams were labeled E-n, (where n is a two-digit 
number from 01 to 04), and the process streams as 
N-P (for n-paraffins), H2, C10+ and C13+. 

The validation of the first simulation was neces-
sary to guarantee that Petro-SIM® reliably repre-
sented the cases where the thermal oil is not the 
eutectic mixture of biphenyl and diphenyl oxide. 

The first option was the paraffin oil obtained at 
the bottom stream of tower T-02. As it is a by-product 
of the industrial unit where the hot oil system is 
located, there would be no additional costs for the 
production of the replacement fluid. In fact, the costs 
would be reduced since an inventory of synthetic oil 
from the current heat transfer fluid manufacturer 
would become unnecessary. 

Nanofluid 1 (Cu + eutectic of diphenyl oxide and 
biphenyl) was selected as a possible substitute as it 
showed a 12.5% increase in heat transfer efficiency in 
parabolic solar collectors compared to the base ther-
mal oil reported by Mwesigye et al. [11]. This case 
was simulated to evaluate if the modification of the 
thermophysical properties of the current working fluid 
with the addition of copper particles (6 vol.%) could 
represent a possible increase in productivity gains for 
the industrial unit due to the more efficient heat transfer. 

Nanofluid 2 (composed of CuO + polydimethyl-
siloxane) was chosen because it achieved a maxi-
mum efficiency increase of 24.66% when applied to a 
trigeneration system as discussed by Bellos and Tzi-
vanidis [12]. Thus, a simulation of the hot oil system 
was elaborated for this case, aiming to check the per-
formance of this nanofluid at a concentration of 6.0% 
so as to find positive results, similar to those reported 
by those authors. 

Inclusion of hypothetical components for the 
evaluation of nanofluids 

The addition of nanometer-sized particles in 
conventional heat transfer fluids causes the enhance-
ment of thermophysical properties, which in turn leads 
to greater efficiency in heat transfer processes [11]. 

The nanofluids selected for performance simul-
ations in the studied system were polydimethylsil-
oxane with CuO (6 vol.%) and a eutectic mixture of 
biphenyl and diphenyl oxide containing Cu (6 vol.%) 
developed by Bellos and Tzivanidis [12] and Mwes-
igye et al. [11], respectively. 

Since nanofluids are not present in the simulator 
database, it was necessary to characterize each stu-
died nanofluid as a pure hypothetical component 
whose density, viscosity, thermal conductivity, and 
heat capacity properties could be adjusted by data 
regression so that there was an agreement with the 
data presented in above cited studies. 

Petro-SIM® uses the UNIFAC method to cons-
truct the hypothetical component molecule and, 
based on the contributions of the subgroups added to 
the structure, calculates the thermodynamic para-
meters to the new substance [24]. 

Considering that the base fluids are, respect-
ively, a siloxane-type polymer and a eutectic mixture 
of aromatic compounds, specific strategies to con-
figure each of them as hypothetical components were 
needed. 

The eutectic mixture of biphenyl and diphenyl 
oxide was represented by counting the subgroups 
that constitute both molecules. After this procedure, 
the proportionality of the mixture was applied accord-
ing to Table 5 [5], where the sum of the results repre-
sents the number of subgroups that were supplied to 

 
Figure 4. Petro-SIM® simulation for the hot oil system. 
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the simulator for the hypothetical molecule, according 
to Table 6. 

Table 5. Eutectic mixture of biphenyl and diphenyl oxide 

Component Content, mol% 

Biphenyl 26.5 

Diphenyl oxide 73.5 

Table 6. Composition and subgroups for eutectic of biphenyl 
and diphenyl oxide and hypothetical compound configured on 
Petro-SIM® 

Subgroup Eutectic mixture Hypothetical compound 

Biphenyl Diphenyl oxide Hypothetical molecule 

Content, mol% 

26.50 73.50 100.00 

ACH 5.00 10.00 10.00 

AC 1.00 1.00 1.26 

CHO - 1.00 0.74 

The adherence of the proposed component to 
the characteristics of the actual eutectic mixture was 
verified by comparing the critical properties and 
molecular mass calculated by the simulator with the 
values reported by the manufacturer according to 
Table 7. 

Table 7. Comparison of critical properties and molecular weight 
for eutectic of biphenyl and diphenyl oxide and hypothetical 
compound 

Property 
Eutectic of 

biphenyl and 
diphenyl oxide 

Hypothetical 
compound 

Error
% 

Molecular weight, g/mol 166.0 162.0 2.41

Critical temperature, °C 497.0 497.1 0.02

Critical pressure, MPa g 3.13 3.50 11.64

Critical volume, L/mol 0.526 0.449 14.65

In order to construct a representative structure 
of polydimethylsiloxane (commercially known as Syl-
therm® 800), the subgroups present in Figure 5 [21] 
were identified, and their quantity estimated according 
to Table 8 so that the critical properties were as close 
as possible to the information in the manufacturer’s 
catalog. Table 9 contains the results obtained with the 
percentage error associated with each parameter. 

 
Figure 5. Polydimethylsiloxane polymeric structure. Adapted 

from Syltherm® 800 Heat Transfer Fluid [21]. 

Table 8. Representative (hypothetical) structure for polydi-
methylsiloxane 

Subgroup Structure 

SiO 9 

CH3 33 

Table 9. Comparison of critical properties and molecular weight 
for polydimethylsiloxane and hypothetical compound 

Property 
Polydimethyl-

siloxane 
Hypothetical 
compound 

Error
% 

Molecular weight, g/mol - 980.2 - 

Critical temperature, °C 367.0 367.9 0.25

Critical pressure, MPa g 1.09 1.06 3.21

Critical volume, L/mol 3.22 2.93 9.00

Adjustment of the thermophysical properties of the 
nanofluids 

The characterization of the density, viscosity, 
thermal conductivity, and specific heat of nanofluids is 
crucial to evaluate their efficiency in the heat transfer 
phenomena involved in industrial applications [10]. 

Mwesigye et al. [11] calculated the thermo-
physical properties for the suspension of copper 
nanoparticles in the eutectic mixture of biphenyl and 
diphenyl oxide by means of three sets of equations: 
one for the base fluid, one for the nanoparticles, and 
another one for the nanofluid.  

The polynomials obtained for the base fluid as a 
function of the temperature (Eqs. (8)-(12)) were der-
ived considering values between 285.15 to 698.15 K 
based on the data provided by the manufacturer in 
the product catalog. Eqs. (13)-(15), for copper par-
ticles, can be found in the property tables of Incropera 
et al. (2006) [11,25]: 

( )
ρ −

−

= × − + × −

− ×

3 3 2

6 3

1.4386 10 1.8711 2.737 10

2.3793 10 kg / m³

T T
T

 (8) 

( )
− −

−

= + × − × +

+ ×

5 7 2

11 3

0.14644 2.0353 10 1.9367 10

1.0614 10 W / m K

k T T
T

 (9) 

( )− −

= × − + −

− × + ×

3 2

5 3 8 4

2.125 10 11.017 0.0499

7.766 10 4.394 10 J / kg K
pC T T

T T
 (10) 

( )
μ −

−

= − + × −

− ×

3 2

6 3

366.1 3.0154 8.3409 10

7.723 10 mPa s

T T
T

 (11) 

( )≤ ≤285.15 K 373.15 KT   

( )
μ −

− −

= − + × −

− × + ×

4 2

7 3 10 4

23.165 0.1476 3.617 10

3.984 10 1.654 10 mPa. s

T T
T T

 (12) 

( )≤ ≤373.15 K 698.15 KT   
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ρ = 38993.0 kg/mCu          

( )
−

−

= − + × −

− ×

4 2

8 3

441.6 0.17119 1.5446 10

7.2917 10 W / m K
Cuk T T

T
 (14) 

( )

−

−

= + − × −

− ×

4 2

7 3

258.8 0.44631 5.2054 10

2.3958 10 J / kg K
pCuC T T

T
 (15) 

The calculation of nanofluid properties (nf index) 
considers the base fluid (bf index), nanoparticles (np 
index), and volume concentration of particles (φ) in 
Eqs. (16)-(20) [11]: 

( )ρ ϕ ρ ϕρ= − +1nf bf np  (16) 

( ) ( )ϕ ϕ = − + − + Δ 0.25 3 1 2 3bf np bfk k k  (17) 

( ) ( )ϕ ϕ Δ = − + − + 
2

3 1 2 3 8np bf bf npk k k k  (18) 

( )
( )

ϕ ρ ϕ ρ
ϕ ρ ϕρ

− +
=

− +
1

1
p bf bf p np np

p nf
bf np

C C
C  (19) 

( )μ μ ϕ ϕ= + +2123 7.3 1nf bf  (20) 

Bellos and Tzivanidis [12] characterized the 
thermophysical properties of a polydimethylsiloxane 
nanofluid containing copper oxide particles. Base fluid 
parameters are temperature dependent and were 
obtained from data provided by the manufacturer's 
catalog. The properties of the nanofluids are calcul-
ated through Eqs. (16) and (21)–(23) [12]: 

( ) ( )
( ) ( )

β ϕ

β ϕ

+ + − −
=

+ − − −

3

3

2 2 1

2 1

np bf np bf
nf bf

np bf np bf

k k k k
k k

k k k k
 

( )β = 0.1  (21) 

( ) ρ ϕρ ϕ
ρ ρ

−
= +

1 npbf
p nf p bf p np

nf nf

C C C  (22) 

( )μ μ ϕ ϕ= + + 21 2.5 6.5nf bf  (23) 

Copper oxide nanoparticles are present in the 
nanofluid at a concentration (φ) of 6.0% by volume 
and were characterized with a density (ρnp) of 6320.0 
kg/m³, thermal conductivity (knp) of 77.0 W/(m K) and 
specific heat (Cp np) of 532.0 J/(kg K) [12]. 

With all the mathematical framework presented, 
data was regressed in Petro-SIM® in the temperature 
range from 303.15 to 653.15 K. Thus, each of the 
configured hypothetical compounds well represented 
the thermophysical properties of the respective nano-
fluids in the elaborated steady-state simulations. 

RESULTS AND DISCUSSION 

Representation of design conditions  

The representation of the design parameters in 
the simulation was validated based on two main cri-
teria: the heat duty associated with each heat 
exchanger and the comparison between the tempera-
ture at the beginning of the cycle (suction of pump 
P-01) and at the end of the cycle (liquid stream from 
the expansion vessel V-01). 

Table 10 presents the percentage difference 
between the simulated heat duty values and those 
reported in the datasheets of each one of the 
exchangers that make up the hot oil system. 

Table 10. Percentage Error, comparing heat exchanger duty 
simulated and from the equipment datasheet 

Heat exchanger Error, % 

HT-01 0.00 

HT-02 +3.58 

HT-03 +8.00 

HT-04 -1.48 

All the heat exchangers showed satisfactory 
adherence, with the largest deviation being 8.0% for 
reboiler HT-03. This result can be justified by the lack 
of data on the composition of the n-paraffin streams 
used as a cold fluid for HT-03 and HT-04, and there-
fore it was necessary to obtain them from previous 
simulations of the fractionation towers T-01 and T-02, 
illustrated in Figure 3. 

The T-01 feed stream was considered to be an 
average mass composition based on various results 
of routine laboratory analysis. The greater number of 
uncertainties associated with these exchangers may 
have caused a higher percentage error for HT-03, 
although it was still possible to obtain good adjust-
ment for HT-04. 

The temperature found for the liquid stream of 
the expansion vessel was exactly 2.0% higher than 
the suction temperature of pump P-01. Since these 
streams are actually only one and as the present 
study deals with a closed-loop system, this result indi-
cates a good representation of the cycle, and the 
deviation can be explained by heat losses to the envi-
ronment that were not represented in the simulation. 

The heat duty supplied by furnace F-01 to the 
hot oil was 10.57 Gcal/h and served as a parameter 
for comparison with the other fluids evaluated in this 
paper because this energy demand is directly linked 
to the heat that is transferred from the heat 
exchangers to the process streams, considering Eq. 
(24) when losses to the environment are negligible: 
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− − − − −= + + +01 01 02 03 04F HT HT HT HTQ Q Q Q Q  (24) 

Since the simulation of design basis in Petro- 
-SIM® presented satisfactory representativeness, it 
was possible to develop, with good reliability, the fol-
lowing topic in which possible substitutes for the 
eutectic mixture of biphenyl and diphenyl oxide are 
analyzed. 

Performance evaluation of proposed heat transfer 
fluids 

In this section, the term “paraffin fluid” refers to 
the n-C13

+ stream. The eutectic mixture of biphenyl 
and diphenyl oxide with 6 vol.% copper nanoparticles 
was labeled “Nanofluid 1”, and the mixture composed 
of polydimethylsiloxane and 6 vol.% copper oxide 
nanoparticles was labeled “Nanofluid 2” in the tables 
presented. 

According to the methodology used for the elab-
oration of the simulations of this study, the initial and 
final temperatures of the cycle for each of the pro-
posed fluids were analyzed first. 

It was observed that all substances had a lower 
end-cycle temperature compared to the eutectic mix-
ture of biphenyl and diphenyl oxide. To adjust the 
simulation, the beginning of the cycle was equalized 
with the lowest temperature conditions so that there 
was a new convergence of the equipment blocks. 

This change in temperature represents an inc-
rease in heat duty transferred to the hot oil in furnace 
F-01; however, as they are substances with different 
thermophysical properties, it does not necessarily 
mean that the absorbed heat will be greater than it 
would be with the eutectic mixture of biphenyl and 
diphenyl oxide. 

The percentage difference between the pump 
P-01’s suction temperature of each simulated heat 
transfer fluid and the design condition with the eutec-
tic mixture of biphenyl and diphenyl oxide was calcul-
ated through Eq. (25): 

− −
−

−

−
Δ = 01 01

01
01

100 V simulated P design
suctionP

P design

T T
T

T
 (25) 

To be a suitable replacement, the fluid under 
evaluation must be able to meet or exceed the 
design’s heat duty value for each of the system’s heat 
exchangers. Based on this criterion, the percentage 
gain in heat duty was defined by Eq. (26): 

−
=% 100 FTsubstitute design

design

Q Q
GainQ

Q
 (26) 

It was considered that the heat duty of the 
exchanger was met without operating clearance for 
percentage gains between -5 and +5%, attributing this 
margin of error to the approximations and assump-
tions made during the whole process of elaboration 
and convergence of the simulation calculations. 

The summary of the compared criteria for the 
n-C13

+, the proposed nanofluids, and the simulation of 
design conditions are represented in Table 11. 

As previously shown, paraffin oil has demon-
strated to be a promising substitute candidate for the 
eutectic mixture of biphenyl and diphenyl oxide, even 
providing a higher heat duty than that of the design for 
reboilers HT-03 and HT-04. 

In this case, the heat duty transferred to the fluid 
by the furnace, in order to reach the same outlet 
temperature, was higher than for the thermal oil cur-
rently used, which justifies the higher heat availability 
for the heat exchangers and operating clearance. 

Nanofluid 1 presented 1.37% lower temperature 
at the beginning of the cycle, and the heat duty 
supplied by F-01 is 21.4% lower than in the design 
condition. 

The results presented showed that the same 
behavior observed by the Cu nanofluid + the eutectic 
mixture of biphenyl and diphenyl oxide occurred for 
Nanofluid 2; the suction temperature of the pump 
P-01 is 8.14% lower, and the heat duty provided by 
the furnace is 20.88% below expected. 

The simulations have demonstrated that the 
nanofluids under study are not suitable for use under 
the design conditions as they could not provide the 
proper heat duty for three of the four exchangers that 
make up the hot oil system. More severe conditions 
would be required to obtain satisfactory performance, 

Table 11. Performance evaluation for the proposed heat transfer fluids 

Parameter Equipment Current fluid Paraffinic fluid Nanofluid 1 Nanofluid 2 

ΔTsuction P-01, % P-01 - -1.71 -1.37 -8.14 

Heat duty, Gcal/h F-01 10.57 13.79 8.31 8.51 

Gain Q%, % HT-01 0.00 -3.13 +1.84 -3.74 

HT-02 +3.58 0.00 -35.81 -43.65 

HT-03 +8.00 +9.33 -23.10 -26.64 

HT-04 -1.48 +40.05 -25.83 -20.79 
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but this, in turn, would require an assessment of sys-
tem equipment and components to determine 
whether it would be possible to operate under more 
severe operating conditions without damage. 

CONCLUSION  

Thermal performance evaluation by static simul-
ation of the studied hot oil system demonstrated that 
paraffin oil stood out when compared to the nano-
fluids evaluated and the eutectic mixture of biphenyl 
and diphenyl oxide, because the oil reached a heat 
duty of 13.79 Gcal/h, surpassing by 30.46% the ther-
mal energy absorbed by the synthetic oil currently 
used (10.57 Gcal/h). The n-C13+ presented a satis-
factory performance for all heat exchangers, providing 
higher heat duty than expected for HT-03 and HT-04.  

Both nanofluids did not perform satisfactorily at 
the same operating conditions as the system. The 
Cu/eutectic of biphenyl and diphenyl oxide nanofluid 
only enhanced thermal energy in 8.31 Gcal/h and the 
CuO/polydimethylsiloxane nanofluid in 8.51 Gcal/h. 
The operating conditions might have to be modified to 
reach a higher temperature at the furnace outlet so 
that satisfactory thermal performance of these fluids 
could be obtained, but it should be preceded by a 
study on whether the devices and components of the 
system could endure such conditions. 
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NAUČNI RAD 

  EVALUACIJA TERMIČKIH PERFORMANSI TOPLIH 
ULJA I NANOFLUIDA SIMULIRANJEM 
INDIREKTNOG TOPLOTNOG POSTROJENJA 

Ovaj rad analizira termičke performanse četiri različite tečnosti za prenos toplote u sis-
temu sa vrelim uljem postrojenju za hidrotretman i frakcionisanje u rafineriji nafte. Soft-
ver Petro-SIM® (KBC-Iokogava) je korišćen za izradu simulacija stacionarnih stanja 
namenjenih poređenju tečnosti za prenos toplote koje se trenutno koriste (eutektik bife-
nil- i difenil-oksida) i tri tečnosti predložene kao zamene: parafinsko ulje (n-C13+) proizve-
deno industrijski, nanotečnost eutektik bifenil i difenil oksida/bakar (zapreminski udeo 
6%) i nanotečnost CuO/polidimetilsiloksan (zapreminski udeo 6%). Rezultati su pokazali 
da je n-C13+ jedina tečnost za prenos toplote koja može da zameni eutektik difenil oksid/ 
/bifenil u analiziranom sistemu, jer je apsorbovala toplotu od 13,79 Gcal/h, što je prema-
šilo toplotnu energiju od 10,57 Gcal/h koju je apsorbovala tečnost koja se trenutno 
koristi pri istim radnim uslovima. Nanotečnosti Cu/eutektika bifenil- i difenil-oksida i 
CuO/polidimetilsiloksan pokazale su slabije performance u odnosu na vrelo ulje (8,31 i 
8,51 Gcal/h, redom). 

Ključne reči: prenos toplote, tečnost za prenos toplote, vrelo ulje, nanotečnosti, 
simulacija. 
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  THE FLOW AND MASS TRANSFER 
CHARACTERISTICS OF CONCENTRIC 
GAS-LIQUID FLOW IN AN ADVANCED 
STATIC MIXER 

Article Highlights 
• The dynamic characteristics of concentric gas-liquid bubbly flow in the FKSM were 

studied 
• The mass transfer and enhancement characteristics in the FKSM were evaluated 
• The secondary vortexes were distinguished based on the radial holdup and axial 

velocity profiles 
 
Abstract 

The fluid dynamic and mass transfer characteristics of concentric upward gas-
–liquid flow were studied in an industrial static mixer with four equally spaced 
helical inserts (FKSM). The numerical simulations of the gas volume fraction in 
a Kenics mixer was in good agreement with the numerical and experimental 
results provided by Rabha et al. The characteristics of radial gas void fraction 
and local mass transfer coefficients in the FKSM were evaluated under differ-
ent operating conditions. The velocity profiles of the concentric air phase 
accelerated by the bubble forces first became sharp and narrow until z/l =
= -3.27 and then slowly decreased and stabilized at z/l = -1.5 before entering 
the first mixing element. Some extra unimodal profile of radial gas holdup gra-
dually generated near the rectangle cross-sections of the mixing elements. The 
αG gradually enlarged from r/R = 0.2 to r/R = 0.55 and then weakened from
r/R = 0.65 to r/R = 0.874. The air void fractions in the bulk flow region dec-
reased with the increasing initial uniform bubble diameter. The inlet effect of 
the first leading edge enhanced the air phase dispersion and local mass trans-
fer coefficients sharply increased from 2.04 to 3.69 times of that in the inlet. 
The local mass transfer coefficients in each mixing group had unimodal profiles. 

Keywords: static mixer, multi-helical inserts, upward gas-liquid flow, gas 
void fraction, local mass transfer coefficients. 

 
 

Multiphase flows occur in a great variety of nat-
ural phenomena and technical processes [1,2]. Dis-
tribution and dispersion mixing of fluids as important 
unit operations of fine chemical, polymerization pro-
cesses, pharmaceutical industry, bio-chemical and 
other chemical production processes play a very imp-
ortant role in the success or failure of industrial pro-
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cesses [3-6]. It is well known that the bubble column, 
mechanically stirred vessels and static mixers are 
usually employed in multi-phase mixing unit operat-
ions. The dynamic mixing device is typically used in 
an intermittent production process and the static 
mixer is used in a continuous production process. The 
static mixer can complete the mixing task only by 
much lower energy consumption for pressure drop. 
They have a number of advantages over dynamic 
mixers, such as having no moving parts, low cost of 
installation and operation, easy installation, increas-
ing the mass transfer coefficient for gas-liquid mixing. 
It is widely known that a static mixer could be used in 
broad operation conditions including laminar flow, 
creeping flow and turbulent flow [1,6]. Increasing 
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interest in chemical process intensification during the 
past years improves online static mixers as an attract-
ive choice compared to the bubble column and mech-
anically stirred tanks [7]. 

Woven wire meshes have been employed in a 
multitude of flow operations and more sophisticated 
operations as static mixers in multiphase reactors/  
/contactors [8,9]. In chemical reactors/contactors, 
screens have been successfully employed to promote 
multiphase contacting between phases to enhance 
mass transfer and/or reaction operations [10-13]. 
Volumetric mass transfer coefficient and oxygen 
transfer rate in a static mixer with screen-type ele-
ments could be as high as 0.44 s-1 and 4.2 kg/kWh 
when liquid superficial velocity was up to 2.0 m/s and 
gas holdups as high as 0.15 [10]. Azizi and Al Taweel 
[11] used population balance model to predict gas-
liquid contacting in the screen-type static mixers for 
the case of industrial streams where the presence of 
amphiphilic constituents was found to retard coales-
cence and result in average interfacial areas as high 
as 2100 being achieved. Azizi and Al Taweel [12] 
used the screen static mixers to promote gas-liquid 
interphase mass transfer in order to improve the sel-
ectivity and yield of multiphase reactions. The results 
showed that the kLa values that surpassed those of 
most conventional reactors/contactors by an order of 
magnitude. The ability to reach 98% equilibrium 
within residence times of less than 800 ms also 
allowed for the use of static mixing units that were 
several orders of magnitude smaller than conven-
tional mechanically agitated tanks and bubble col-
umns. Azizi and Hweij [13] found that the liquid-phase 
axial dispersion coefficient was consistently lower in 
all cases than that of gas-liquid pipe flows without 
STSMs under the same conditions. 

The single-phase flow and liquid-liquid swirl flow 
in the static mixers have been quite extensively 
investigated by different researchers [1,6,14-19]. 
They offer many advantages over conventional react-
ors (such as packed bed reactors, fluidized bed react-
ors) especially when used for gas/liquid systems. 
Some examples of the application of static mixers for 
dispersive mixing of the gaseous phase into the liquid 
phase are ozonation processes in wastewater treat-
ment process, and scrubbing ammonia or cyanides 
with water and hydrogenation of vegetable oils 
[1,6,7,20]. Tajima and his colleagues [21-23] ana-
lytically and experimentally elucidated the effects of 
flow division, flow reversal and secondary flow ind-
uced by the Kenics static mixer on the formation of 
CO2 hydrate. The liquefied CO2 was transported 
through a pipeline and mixed with seawater in a KSM 

at a depth of 500-1000 m then released into the 
ocean. More experimental results about the interfacial 
mass transfer between liquid CO2 and water had 
been obtained in the horizontal KSM. Rabha et al. 
used ultrafast electron beam X-ray tomography to 
measure the dispersive mixing of upward co-current 
gas-liquid flow and quantitatively analyzed the bubble 
size distribution and gas holdup in a KSM [7]. During 
the past years, the physical scale resolved in a CFD 
simulation has become smaller and smaller because 
of ever-increasing computer power [24]. The develop-
ment of suitable closure models for gaining a full 
understanding of multiphase flows is still an active 
research field owing to the complex physics involved 
and broad range of relevant length scales [2]. Taking 
into account of the mono-disperse bubble sizes 
assumption and the dependency of non-drag forces, 
Zidouni et al. [25] performed an Euler-Euler gas-liquid 
bubbly flow simulation validated by the literature data 
of Rabha et al. to predict the gas phase character-
istics. Kanizawa and Ribatski [26,27] employed a cap-
acitive probe to measure the gas holdup of air-water 
upward external flow across a triangular tube bundle 
and presented a review on predictive methods for gas 
holdup and pressure drop. 

In the past years, many experimental studies 
about turbulent bubbly flows inside the KSM have 
been carried out to enrich the comprehensive data-
bases. The static mixer with four equally spaced heli-
cal inserts (FKSM) as a novel gas-liquid mixing equip-
ment has been successfully applied in the industrial-
ized production of dichloroethane by direct chlorin-
ation of ethylene and propylene oxide by chlorohyd-
rination in tubular reactor dichloride [4,28]. Adequate 
further understanding of intensification mechanism of 
gas-liquid flow in the complex static mixer is indis-
pensable. However, there are not adequate literatures 
on the gas-liquid flow in the FKSM. In this study, the 
characteristics of velocity field, radial gas void fraction 
and local mass transfer coefficients of concentric 
upward gas-liquid flow characteristics in the FKSM 
were investigated, respectively.  

MATHEMATICAL MODEL 

Governing equations 

Computational fluid dynamics (CFD) is con-
sidered the one indispensable tool in resolving prob-
lems that involve mass and heat transfer. A widely 
used approach to model two-phase flows with signific-
ant volume fractions of both phases is the Eulerian 
two-fluid framework of interpenetrating continua 
[2,25]. The numerical cases of the concentric upward 
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gas-liquid bubble flows in the FKSM was implemen-
ted in the ANSYS Fluent V16.1 with multi-fluid Euler- 
-Euler approach. The continuity equation for phase q 
is [29]: 

( ) ( ) ( )α ρ α ρ
=

∂ + ∇ ⋅ = − +
∂ u

1

n

q q q q q pq qp q
p

m m S
t

 (1) 

where αq is the volume fraction of phase q, ρq denotes 
the density of phase q, uq is the velocity of phase q 
and mpq characterizes the mass transfer from the pth 
to the qth phase, and mqp characterizes the mass 
transfer from phase q to phase p [30]. 

The momentum conservation for phase q yields: 
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where qτ  is the q phase stress-strain tensor, μq and 
λq denote the shear and bulk viscosity of phase q, Fq 
is an external body force, Flift,q is a lift force, Fwl,q is a 
wall lubrication force, Fvm,q is a virtual mass force, and 
Ftd,q is a turbulent dispersion force (in the case of 
turbulent flows only) [31,32].  

It is well known that the k-ω turbulence model 
attempts to predict turbulence by two partial differ-
ential equations for the turbulence kinetic energy (k) 
and specific rate of dissipation (ω) [33]. As a result, 
SST k-ω model is employed as a closure for the 
RANS equations of Eulerian mode in multiphase 
turbulent flows. Furthermore, the relative Reynolds 
number for the primary phase q and secondary phase 
p is obtained from [34]: 

ρ
μ
−

= q p q p

q

u u d
Re  (3) 

Bubble forces 
The suitable closure model for adiabatic bubbly 

flow is achieved once the bubble forces have been 
expressed in terms of the average flow parameters by 
means of analytical or empirical correlations [35]. The 
drag forces also describe the momentum exchange in 
flow direction and the non-drag forces including a lift-
force, a wall-force and a turbulent dispersion-force 
play an important role for the development of the flow 
structure in a two fluid approach [36].  

Drag force 
A drag force as the resistance force derives from 

the motion of the bubbles through the surrounding 
water and has the opposite direction of the incoming 
flow. The interfacial drag force acted on a micro-body 
traveling through a fluid is given by [25]: 

( )ρ α= − − −F u u u u3
4drag D L G G L G L

B

C
d

 (4) 

The drag coefficient (CD) is evaluated as sug-
gested by Ishii and Zuber in the following format [37]: 

( )( )= , , ,max ,min ,D D sphere D ellipse D capC C C C  (5) 

where 

( )+
=

0.75

,
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Re
C
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 (6) 

=,
2
3D ellipseC Eo  (7) 

=, 8 3D capC  (8) 

The drag coefficient CD depends strongly on the 
Re and for deformable bubbles also on the Eötvös 
number Eo but turns out to be independent of the 
Morton number Mo [25,38]: 

( )ρ ρ
σ

−
=

2
L G Bgd

Eo  (9) 

( )ρ ρ μ
ρ σ

−
=

4

2 3
L G L

L

g
Mo  (10) 

where σ denotes the surface tension, g represents 
gravity, and dB is the diameter of uniform bubbles.  

Lift forces 
The bubbles in a shear flow are subjected to a 

lift force which is due to velocity gradients and acts 
perpendicular to the direction of bubble motion. From 
Drew and Lahey [39], the lift force acting on a dis-
persed phase in a continuous phase could be 
calculated as: 

( ) ( )ρ α= − − × ∇ ×F u u ulift L L G G L LC  (11) 

For in co-current pipe flow, the lift coefficient CL 
of spherical bubbles is positive which indicates that 
the lift force acts in the opposite direction of the velo-
city gradient of liquid phase. The original Tomiyama 
lift model was lightly modified by Frank et al. as 
follows [40,41]: 
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where 
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Eo⏊ is a modified Eötvös number based on the long 
axis of the deformable bubble, d⏊ [42]: 

( )ρ ρ
σ

⊥
⊥

−
=

2
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⊥ = + 0.757 1 3(1 0.163 )Bd d Eo  (14) 

Wall lubrication force 
In the bubbly upward flow of a vertical pipe, the 

wall lubrication force tends to push the gas phases 
away from walls and results in the dispersed bubbles 
concentrating in a region near, but not immediately 
adjacent to, the wall [43]. Complete neglect of the wall 
force does not give a satisfactory prediction of the 
void fraction profiles. Therefore, the influence of wall 
lubrication forces on the bubbles is necessarily inc-
luded in the gas-liquid bubbly flows in FKSM. The wall 
lubrication force has the general form [25]: 

ρ α= −


F u u 22
wall W L G G L

B

C y
d

 (15) 

The empirical relationship was concluded by 
Tomiyama et al. [44] and Hosokawa et al. [45]. 

Numerical aspects 

Physical model and fluid properties 
It is well known that the classical KSM is usually 

composed of a number of Kenics blades with a twist 
angle of 180° and a staggered angle of 90° relative to 
the previous one [1,7]. The advanced FKSM as pre-
sented in Figure 1 contained four Kenics blades 
which were symmetrically uniformly distributed in the 
mixer cross-section. The FKSM contained 12 element 

groups in the axial direction. The adjacent axial mix-
ing groups have an opposite twist direction and are 
placed at an angle of 45°. As illustrated in Figure 1, 
the geometry models of a multi-swirling static mixer 
with smooth tube entrance and exit sections emp-
loyed in the numerical cases could be obtained by 
Solidworks. The computational flow domain was com-
prised of a vertical static mixer with 40 mm internal 
diameter and 505 mm length. The other detailed infor-
mation has been given in Table 1. 

Table 1. The geometrical parameters of FKSM 

Parameter Value 

Tube diameter, D (m) 0.04 

Twisted plate width, W (m) 0.02 

Aspect ratio, Ar 1.5 

Twisted plate thickness, δ (m) 0.002 

Twisted angle, Θ (°) 180 

Inlet length, li (m) 0.12 

Mixing length, lm (m) 0.36 

Outlet length, lo (m) 0.025 

For the concentric upward gas-liquid flow in the 
FKSM, water was employed as the continuous phase 
and air as the discrete phase. The volume flow of 
water, QL, had a range of 1−4 m3/h and the corres-
ponding Re was in the range from 7547 to 30190. The 
gas was treated as the incompressible fluid according 
to the ideal gas law [25]. All simulations were per-
formed using water as the primary phase (μL = 
= 8.899×10-4 kg/(m·s), ρL = 997.0 kg/m3), gas as the 
secondary phase (μG = 1.831×10-5 kg/(m·s), ρG = 
= 1.185 kg/m3). The surface tension between the two 
phases was set as 0.072 N/m. 

Boundary condition and solution method 
The numerical cases were implemented in 

parallel with 4 processors using an academic version 

 
Figure 1. The schematic diagram for FKSM. 
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of ANSYS Fluent V16.1. A smaller time step size of 
1×10−3 s was used in the numerical solutions in a Dell 
workstation T3600 with Intel Xeon Processor E5-1650 
and 32.0 GB RAM. A pressure-based solver was 
chosen with implicit scheme for transient formulations 
in the static mixers [46]. The pressure-velocity Coup-
ling was achieved based on Phase Coupled SIMPLE 
which had been proven to be robust [47]. The gra-
dients were discretized on the basis of the Green- 
-Gauss cell-based method. The second-order upwind 
scheme was employed to discretize the momentum, 
volume fraction, turbulent kinetic energy and specific 
dissipation rate, respectively. 

The ordinate origin of the Cartesian system was 
set at the cross-section center of the first mixing 
element’s leading edge [5]. The reference pressure 
location was at the outlet center of the mixer [4]. The 
liquid and gas phase inlets were assigned as the 
velocity inlet, and the outflow outlet was specified. 
The average axial velocity of the liquid phase ranged 
from 0.245 to 0.98 m/s in the positive z-direction. The 
gas was injected through a concentric inlet with 12.5 
mm internal diameter. The user-defined functions 
were adopted to obtain the fully-developed profiles for 
each phase. The wake region behind the bubbles with 
a size smaller than the critical bubble diameter dc = 
= 10 mm is not obvious and its effect on collision and 
coalescence could be ignored [37]. In view of the 
comparison with the available experimental data and 
the simplified treatment, mono-disperse approxim-
ation was employed and imposed in all simulations as 
described by Zidouni et al. [25]. The gas phase had 
the initial uniformly dispersed bubbles with a diameter 
dB of 1.0, 3.0, 5.8 and 8 mm, respectively. The 
volume fraction of the gas phase satisfied for αG ≤ 0.3 
so that the resulting flow pattern was in the bubbly 
flow topology [32].  

In order to obtain an initial solution for the prim-
ary phase, the Eulerian multiphase calculation was 
first set up as usual. Secondary, the volume fraction 

in the Equations list in the Equations Dialog Box was 
deselected to compute the flow for the primary phase 
only. At last, the volume fraction equation was turned 
back on and the calculation for all phases continued. 
The residual rules for the mass equation and other 
conservation equation components satisfied with the 
absolute criteria of 10-4 and 10-6, respectively. 

Model validation 
In order to compare the gas volume fraction with 

literature data provided by Rabha et al. [7], the same 
model of KSM was employed: a vertical pipe with an 
inner diameter of 80 mm and 3450 mm length con-
sisted of the only three elements with the aspect ratio 
fixed at 1; the gas inlet injected through a 12.5 mm 
inner diameter was located at 615 mm upward of the 
cross-section of the first mixing element. As experi-
mental working fluid, the de-mineralized water as the 
liquid and air as the gas phase were employed in the 
numerical simulations and the effect of gravity took 
place in the negative z-direction; a typical cross-sect-
ion at z = 75 mm was monitored. The time-averaged 
distribution of cross-sectional gas holdup were evalu-
ated at uG = 0.11 m/s and uL = 0.6 m/s. The numerical 
prediction of two large-scale zones with higher gas 
holdup symmetrically separated by the mixing inserts 
as shown in Figure 2a had a good agreement with the 
numerical result in Figure 2b and experimental result 
in Figure 2c provided by Rabha et al. [7,25]. It is well 
known that the velocity field and flow pattern in the 
KSM is induced by the helical Kenics inserts [6,8,23]. 
The FKSM derived from the basic KSM is identically 
composed of three mixing functions, flow division, flow 
reversal, and radial mixing. As a result, the used com-
putation model as described above is considered to 
be capable of predicting gas-liquid flow in the FKSM. 

Grid independence test 
Because of the complex mixing elements, the 

computational domain was meshed with unstructured 
grids. A 2D face mesh with quadrilateral cells with a 1 

 
Figure 2. Comparison of gas holdup counter among: a) the numerical result, b) the literature numerical and c) the experimental data. 
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mm interval was generated at the cross-sections of 
inlet and outlet, and then a 3D volume mesh with 
tetrahedral cells was generated [46]. The mesh cells 
near the boundary zones included the inlet, outlet, 
tube and tapes walls were refined based on boundary 
adaption [32]. To ensure the accurate prediction of 
the multiphase flow filed which was independent of 
the grid system, five grid systems with about 
1182872, 623954, 491576, 379049, and 346496 cells 
were adopted in the numerical simulations of gas-
liquid flow in the FKSM.  

From Figure 3 under QL = 1 m3/h and αave = 
= 0.15, it is obviously seen that the average z-dir-
ectional velocity of the liquid phase decreased first 
and then increased with the increasing cell numbers. 
It was noted that the minimum of average axial velo-
city of water approached 0.260 m/s with about 
623954 cells. As far as the variable cross-sections is 
concerned, the theoretical average axial velocity with 
a value 0.258 m/s could be obtained from the con-
tinuity equations at the cross-section of z/l = 0 and 
11/2. To our knowledge, the deviation between the 
theoretical and minimum of numerical average axial 
velocity was only 0.775%. 

From the average mesh quality as presented in 
Figure 3, both Equiangle Skew (QEAS) and Equi-
volume Skew of mesh first increased and then dec-
reased with the increasing cell numbers. The mesh 
quality would be much worse when the QEAS was 
higher than 0.75. Furthermore, the average QEAS of 
higher mesh quality system had a value of 0.4 [48]. 
The average QEAS of the grid system with 623954 
cells was closer to 0.4 than that of the other three-
dimensional models. In view of the computational 
accuracy and efficiency, the mesh with a cell number 
of 623954 was chosen for the following numerical 
computation process. 

 
Figure 3. Grid quality test and grid independence test for 

numerical simulation in FKSM. 

RESULTS AND DISCUSSION 

Flow field of water and air phase 

For further evaluation of the water-air two-phase 
flow in the FKSM, it was necessary to investigate the 
velocity profiles of the water and air phases. The pro-
files of area-weighted average air and water velocities 
versus normalized axial position at different cross-
sections are shown in Figure 4a. It could be obviously 
seen that the average air phase velocity profiles 
gradually became much larger before z/l = 0, because 
of the mass transfer from the local high velocity air 
phase with bigger uniform bubble diameter to the sur-
rounding low velocity liquid. Furthermore, the inlet 
length for average air velocity in excess of the primary 
phase was getting shorter from z/l = -0.333 to z/l = 
= -0.733 with the increasing uniform bubble diameter. 
With the increasing axial length, the average air velo-
city was improved from 0.467 to 0.825 m/s and the 
liquid phase reduced slightly from 0.361 to 0.338 m/s. 

 
Figure 4. The profiles of: a) area-weighted average air and water velocities at QL = 1 m3/h and αave = 0.20, and b) pressure drop versus 

normalized axial position at different cross-sections at QL = 1 m3/h and αave = 0.15. 
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The periodic effects of static mixing functions induced 
the average axial air and water velocity had ″W″ pro-
files in each segment. Furthermore, the local maxi-
mum of air phase velocity in each mixing element was 
obtained earlier than that of the water phase. The 
average liquid velocity decreased down to the mini-
mum and the average air velocity increased up to the 
maximum at the transition regions of adjacent mixing 
elements at the same time. In the mixing sections, the 
relative velocities between air and water increased 
from 0.106 to 0.486 m/s with the increasing initial uni-
form bubble diameter. At the last ending edge of the 
mixing group, the average velocities of air and water 
phases first suddenly decreased, and then the pri-
mary phase gradually reduced to the inlet velocity 
because of the larger cross-section and reduced tur-
bulent intensity. 

The profiles of pressure drop of gas-liquid flow 
between the first and end leading edges in the FKSM 
versus dimensional axial position are illustrated in 
Figure 4b. It could be seen that the pressure drops for 
dB 3.0, 5.8 and 8.0 mm had an obvious increasement 
larger by 18.41−30.53%, 29.86−40.83% and 35.61– 
–46.04% than that in the FKSM with dB = 1.0 mm, 
respectively. As a result, a much smaller bubble dia-
meter is necessary and expected for larger interface 
areas and lower energy consumption. 

Radial gas fraction distribution 
The cross-sectional contour and secondary flow 

vector of air velocity in the inlet, mixing and outlet 
wake flow sections are shown in Figure 5. It was 
noted that the air phase injected in the tube center 
was gradually dispersed and transferred to the plate 
wall and tube wall. The secondary flow vectors in 
Figure 5 show that the bubbles flow first transferred to 
the tube wall induced by flow division of the leading 
edge, and then migrated to the tube center with the 
help of radial mixing function and finally moved to the 
surrounding fluid derived from the flow reverse func-

tion of the downstream mixing elements. The longi-
tudinal vortices of the air phase began to generate 
from Δz/l = 0.25 which was derived from the swirling 
flow of the primary phase in each mixing segment. In 
other words, four pairs of longitudinal vortices gener-
ated at the eight helical passages and a much larger 
in scale longitudinal vortex with a diameter of 8 mm 
swirled with the central axis in the cross-sections. The 
number of leading edges in a cross-section at the 
transition was up to 4 times of that in the KSM, which 
may play a much more important role in the gas frac-
tion distributions, as shown in Figure 5. As a result, 
much more uniform distributions of the air phase were 
obtained in the downstream mixing region compared 
with the smooth inlet tube. The homogeneity of the 
gas phase was reduced and the longitudinal vortices 
gradually weakened in the outlet wake region, as 
shown in the flow map at z/l = 38/3.  

It could be clearly seen from Figure 6 that the 
effect of cross-section geometry of mixing groups on 
the radial profiles of the air void fraction was obvi-
ously intensified. The distributions of gas fraction αG 
in the smooth inlet were classical symmetrical uni-
modal profiles, as shown in Figure 6a. The only differ-
ence was that the tails of profiles expanded from r/R =  
= 0.2 to r/R = 0.6 because of local mass transfer 
induced by the bubble forces. In the mixing regions, 
the radial distributions of αG began to shift from the 
tube center to the tube wall by the coupled effect 
between the lift force and secondary flow induced by 
the helical element. The maximum value of αG at z/l =  
= -4.0 began to shift to the central axis at r/R = 0.2, as 
shown in Figures 5 and 6a. The maximum values of 
αG first increased from 0.689 to 0.827 and then dec-
reased down to 0.55. Furthermore, a new unimodal 
profile gradually generated around the rectangle 
cross-sections of mixing elements at z/l in range 0.25- 
-0.75 with dB = 3.0 mm. The air void fractions in the 
bulk flow region decreased with the increasing bubble 

Figure 5. The cross-section velocity contour and second flow vector of air phase at QL = 1 m3/h and αave = 0.20. 
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diameter and radius from r/R = 0.2 to r/R = 0.5. The 
air void fraction αG at the inner side of helical blades 
was gradually enlarged and αG at the tube-wall side 
was gradually weakened with the increasing radial 
positions from r/R = 0.5 to r/R = 0.874. Furthermore, a 
comparison about the gas holdup dispersion distri-
bution could be obtained in the FKSM and KSM, as 
shown in Figure 6b. It is noted that the area weighted 
average air void fractions in the FKSM dramatically 
increased up to 206% by the first four leading edges 
and then the relative enhancement became smaller 
and smaller, from 68.22 to 30.64%, compared to that 
in the KSM with dB = 1.0 mm. 

Figure 7 illustrates the radial and axial velocity 
distributions of the air phase before and after the 
twelve mixing segments. From the radial and axial 
comparison of velocity distributions of the air phase in 
the initial developing inlet sections, as shown in Fig-
ure 7a and b, a relative jet flow of the air phase was 
fully developed with higher velocity. Before entering 
the first mixing element, the velocity profiles of the 
concentric air phase accelerated by bubble forces first 
became sharp and narrow until z/l = -3.27 and then 
slowly decreased and started to stabilize at z/l = -1.5, 
because of the new local mass transfer equilibrium. 
That is to say, some higher turbulent energy of the air 
phase may be used for radial mass transfer. With the 
increasing of dimensionless axial length, the axial uG 
in the near-wall region of r/R > 0.7 gradually dec-
reased and the axial uG in the tube center region of 
r/R ≤ 0.25 increased, as illustrated in Figure 7c. In the 
wake flow regions, as shown in Figure 7c and d, mul-
tiple secondary vortices were induced by static mixing 
segments with four equally spaced helical inserts. 
The existence of two pairs of coupled free vortexes 
after the ending edge of mixing element at z/l = 38/3 
in Figure 5 was proved by the radial profiles of the air 

phase, as presented in Figure 7d. On the one hand, 
the vortex core gradually moved closer to the center 
of the outlet with the increasing weak flow passage. 
On the other hand, the maximum velocity started to 
decrease and the velocity of the center bulk zone inc-
reased. Therefore, two pairs of free vortexes gradu-
ally weakened.  

Axial local mass transfer 
The mass transfer process between air and 

liquid was enhanced by the multi-helical segment as 
shown in Figure 8. On the basis of Higbie’s classical 
permeability theory and Kolmogorov’s isotropic turbu-
lence theory [49], the local mass transfer coefficients, 
kLa, could be defined as: 
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where Df is diffusivity, m2 s-1. 
As shown in Figure 8a, the values of kLa in the 

mixing region became much larger than those in the 
smooth inlet tube with the increasing dimensionless 
axial mixing length. The intensification ability of the 
smooth tube at αave = 0.2 could be easily obtained at 
z/l = -3.5 with the approximate value of kLa = 20.5 s-1 
which indicated that the mass transfer process was 
no longer sensitive to the axial positions. The inlet 
effect induced by the first leading edge of the mixing 
segment played an important role on the distribution 
mixing process, and the intensification of local mass 
transfer coefficient increased sharply, which was 
2.04–3.69 times of that in the inlet tube. In the flow 
passage generated by the first mixing element, the 
local transfer coefficient first declined and then inc-
reased, and finally decreased, which indicated that a 
new equilibrium between air and water may be gradu-
ally obtained.  

 
Figure 6. The radial gas fraction distributions: a) the radial profiles of αG at different cross-sections in the first mixing element and 

b) area weighted average profiles versus axial dimensional mixing length. 
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Periodic varying cross-sections of downstream 
mixing elements, as shown in Figure 5, induced 
stronger coupling among bubble forces, flow division, 
flow reverse and secondary flow functions, and made 
the local mass transfer profile approach one-humped 
distribution in Figure 8. The minimum of average kLa 
were 2.99‒3.51 times of that in the inlet tube, which 
indicated that the temporary equilibrium may be 
broken at the transition of adjacent mixing segments 
induced by the mixing function between flow division 
and flow reverse. Furthermore, the maximum values 
of average kLa in the cross-section of the middle 
mixing element were 3.96‒5.67 times of that in the 
smooth tube which indicated that the radial mixing 

function and lift force made the interface updated 
frequently. On the one hand, the local mass transfer 
may be improved by the increasing primary phase 
velocity for a given αG, as presented in Figure 8a. On 
the other hand, it was noted in Figure 8b that the 
effect of intensification on mass transfer between air 
and water largely weakened with the increase of initial 
uniform bubble diameter from 1.0 mm to 8.0 mm. The 
excellent enhancement ability of local mass transfer 
coefficients could be evaluated between FKSM and 
KSM as shown in Figure 8c. It is clearly seen that the 
local mass transfer coefficients in the FKSM are 
enhanced by 18.41%−30.53% than that in the KSM 
for QL = 1 m3/h with αave=0.2 and dB=1.0 mm. 

 
Figure 7. The radial and axial velocity distribution of air phase before and after the twelve mixing segments. 

Figure 8. The axial profiles of local mass transfer coefficient at different: a) liquid inlet velocity, b) initial uniform bubble diameter and 
c) comparison between FKSM and KSM. 
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CONCLUSION 

The performances of radial gas void fraction and 
local mass transfer coefficients in the industrial FKSM 
were predicted. There is a free vortex near the central 
shaft and five pairs of free vortices nearby the helical 
blades. The local maximum of air phase velocity in 
each mixing element could be attained earlier than 
that of that water phase. The average liquid velocity 
decreased down to the minimum and the average air 
velocity increased up to the maximum at the transition 
regions of adjacent mixing elements. Some extra uni-
modal profile of radial gas holdup gradually generated 
near the rectangle cross-sections of mixing elements. 
The αG at the inner side gradually enlarged and αG at 
the tube-wall side gradually decreased from r/R = 0.2 
to r/R = 0.874. The first leading edge enhanced the 
air phase dispersion from 2.04 to 3.69 times of that in 
the inlet tube. The local mass transfer coefficients in 
each mixing group had unimodal profiles. The maxi-
mum values generated in the middle cross-section 
and the minimum values in the adjacent transition 
regions were 3.96‒5.67 times and 2.99‒3.51 times of 
that in the smooth inlet tube. Two pairs of vortexes 
gradually moved closer to the outlet center and slowly 
weakened in the wake region. A population balance 
model considering the initial bubble size distributions 
would be employed in the further investigations to 
accurately predict the dispersion of the gas phase 
within FKSM. 

Nomenclature 

Ar Aspect ratio 
CD Drag coefficient 
CL Lift coefficient 
CW Wall lubrication force coefficient 
dB Diameter of uniform bubbles, m  
dc Critical bubble diameter, mm 
d⏊ Long axis of the deformable bubble 
D Tube diameter, m 
Df Diffusivity, m2 s-1 
Eo Eötvös number 
Eo⏊  Modified Eötvös number 
F  External body force 
Flift  Lift force 
Ftd Turbulent dispersion force 
Fvm Virtual mass force 
Fwl Wall lubrication force 
g Gravity, m/s2 
kLa Local mass transfer coefficients, s-1 
l Twisted plate length, m 
li Inlet length, m 
lm Mixing length, m 
lo Outlet length, m 

Mo Morton number 
Q Flow rate, m3/h 
QEAS Equiangle skew  
r Radial position  
R Radius of the tube 
Re Reynolds number 
S Source item 
t Time, s 
u Velocity in the x direction, m/s 
W Twisted plate width 
z Section position in z direction, m 

Greek 
α Volume fraction  
δ Twisted plate thickness, m 
Θ Twisted angle, ° 
κ Turbulence kinetic energy, m2/s2 
ρ Density, kg/m3 
μ Dynamic viscosity, kg/(m·s) 
σ Surface tension, N 
τ  Stress-strain tensor  
ω Specific rate of dissipation, m2/s3 

Subscript 
p Primary phase 
q Secondary phase 
L Liquid 
G Gas 

Abbreviations 
CFD Computational Fluid Dynamics 
FKSM Static mixer with four equally spaced helical 

inserts  
ID  Inner Diameter 
KSM Kenics Static Mixer 
SIMPLE Semi-Implicit Method for Pressure Linked 

Equations 
URANS Unsteady Reynolds-Averaged Navier-

Stokes equations 
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  STRUJNE I MASENO-PRENOSNE 
KARAKTERISTIKE KONCENTRNOG 
STRUJANJA GASNO-TEČNO U 
NAPREDNOM STATIČKOM MEŠAČU 

Fluido-dinamičke fluida i maseno-prenosne karakteristike koncentričnog strujanja 
gasno-tečno nagore proučavane su u industrijskom statičkom mešaču sa četiri jednako 
raspoređena spiralna umetka (FKSM). Numeričke simulacije sadržaja gasa u Kenikso-
vom mešaču dobro su se slagale sa numeričkim i eksperimentalnim rezultatima Rabhe i 
sar. Karakteristike radijalne frakcije sadržaja gasa i lokalni koeficijenti prenosa mase u 
FKSM procenjeni su pod različitim radnim uslovima. Profili brzine koncentrične gasne 
faze ubrzane silama mehura prvo su bili oštri i uski sve do z/l = -3,27, a zatim su polako 
opadali i stabilizovali se na z/l = -1,5 pre ulaska u prvi element za mešanje. Neki ekstra 
unimodalni profil radijalnog zadržavanja gasa postepeno se stvara u blizini pravouga-
onih poprečnih preseka elemenata za mešanje. AG se postepeno povećavao sa r/R =
= 0,2 na r/R = 0,55, a zatim je oslabio sa r/R = 0,65 na r/R = 0,874. Udeo vazduhu u 
regionu glavnog toka smanjuju se sa povećanjem početnog uniformnog prečnika mehu-
rića. Ulazni efekat prve vodeće ivice pojačao je disperziju gasne faze i lokalni koeficijenti 
prenosa mase naglo su porasli sa 2,04 na 3,69 puta u odnosu na one na ulazu. Lokalni 
koeficijenti prenosa mase u svakoj grupi mešanja imali su unimodalne profile. 

Ključne reči: statički mešač, multihelikalni umetci, protok gas-tečnost nagore, 
sadržaj gasa, lokalni koeficijenti prenosa mase. 
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  LIGHT OLEFIN PRODUCTION USING THE 
MIXTURE OF HZSM-5/MCM-41 AND γ-Al2O3 
AS CATALYSTS FOR CATALYTIC 
PYROLYSIS OF WASTE TIRES 

Article Highlights 
• The mixtures of γ-Al2O3 and HZSM-5/MCM-41 were used as catalysts 
• The mixed catalysts have micro-, meso- and macropores 
• The catalysts were used to catalyze the pyrolysis of waste tires 
• The selectivity to light olefins was enhanced by the introduction of γ-Al2O3 
 
Abstract 

In this paper, micro-mesoporous HZSM-5/MCM-41 zeolites were prepared by 
a two-step hydrothermal method using commercial HZSM-5 with two different 
silica/alumina ratios (38 and 50) as starting materials. The structures, morpho-
logies and acidity of as-prepared zeolites were analyzed using XRD, FT-IR, 
SEM, N2-adsorption/desorption and NH3-TPD. The HZSM-5/MCM-41 zeolites 
combined the acidity of microporous HZSM-5 with the pore advantages of 
mesoporous MCM-41. Mesopores and microspores of 3.34 and 0.95 nm in dia-
meter were found to be present in HZSM-5/MCM-41 zeolites. When they were 
used to catalyze the pyrolysis of waste tires, the selectivity of light olefins for 
HZSM-5/MCM-41 prepared using HZSM-5 with the silica/alumina ratio of 50 as 
starting materials was 21.42%, higher than 18.43% of HZSM-5/MCM-41 syn-
thesized using HZSM-5 with the silica/alumina ratio of 38. In order to further 
overcome the pore size constraints and mass transfer limitations of HZSM-
-5/MCM-41 zeolites for catalyzing pyrolysis of waste tires, macroporous
γ-Al2O3 were mixed with HZSM-5/MCM-41 and used as catalysts. The select-
ivity to light olefins for the mixture of γ-Al2O3 and HZSM-5/MCM-41 prepared 
using HZSM-5 with the silica/alumina ratio of 50 as starting materials was 
33.65%, which was obviously enhanced by the introduction of γ-Al2O3. 

Keywords: catalytic pyrolysis, HZSM-5, light olefins, MCM-41, waste 
tires, γ-Al2O3. 

 
 

Light olefins (C2-C4 olefins) are important basic 
chemical materials for producing polyolefins, which 
are widely applied in various fields. In recent years, 
the demand for light olefins has been rising and the 
contradiction between supply and demand will also 
become increasingly prominent [1]. At present, the 
source of light olefins is mainly petroleum as well as 
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coal. The gradual depletion of oil and coal reserves 
has aroused people's interest in finding alternative 
sources of energy. At the same time, the number of 
waste tires is growing more and more with the rapid 
development of the automotive industry. It is very 
important to effectively recycle and reuse the waste 
tires [2]. In addition to fuel oil and aromatic com-
pounds, light olefins can also be obtained by catalytic 
cracking of waste tires. In other words, waste tires 
could be a potential resource for the production of 
light olefins. However, most researchers have foc-
used on obtaining oils rather than valuable light ole-
fins by waste tire pyrolysis due to the low selectivity 
and yields of olefins [3-5]. Therefore, it is a key factor 
to find an effective catalyst for pyrolysis of waste tires 
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to produce light olefins with high selectivity and yields 
[6-8]. 

Zeolites are the most commonly used catalysts 
for cracking waste tires. Salmasi et al. [9] studied the 
effect of HZSM-5 zeolites on the pyrolysis of poly-
butadiene rubber, and the yield of olefins was about 
16.8%. Shen et al. [10,11] used USY and ZSM-5 cat-
alysts for catalytic pyrolysis of waste tires, respect-
ively. The concentrations of straight chain and cyclic 
olefins obtained by USY were 3.49 and 0.76%, lower 
than 5.80 and 21.46% of HZSM-5 in the light fract-
ions. Some zeolites such as standard ZSM-5, nano-
crystalline n-ZSM-5 and beta zeolites were proved to 
increase the selectivity towards monocyclic aromatics 
including toluene (up to 19.82%), m/p-xylene (up to 
16.91%) and benzene (up to 10.28%) [12]. 

Commercial HZSM-5 molecular sieves and 
other microporous zeolites have relatively low olefin 
selectivity and relatively high aromatic selectivity due 
to the following reasons. Firsty, long and narrow mic-
ropores are not suitable for the diffusion of light ole-
fins, as obtained light olefins continue to react to pro-
duce aromatics or even carbon deposits [13,14]. Sec-
ondly, the local acid density is so high that the result-
ing light olefins continue to react at strong acid sites 
to produce aromatics or even carbon deposits [15,16]. 

In order to overcome the pore size constraint of 
microporous zeolites, mesoporous zeolites and hier-
archical zeolites with micro- and mesopores are used 
to catalyze the pyrolysis of waste tires. 

Anh et al. [1,17] studied the effect of Ru/MCM- 
-41 and Ru/MCM-48 composite catalysts on tire pyro-
lysis. The yield of light olefins of non-catalyst, Ru/  
/MCM-41 and Ru/MCM-48 catalysts were approxim-
ately 2.5, 4.6 and 7.6%, respectively. The light olefins 
obtained using Ru/MCM-41 and Ru/MCM-48 were 2 
and 4 times as much as non-catalyst-obtained. Addit-
ionally, the mesoporous MCM-48 gave higher select-
ivity of propylene than ethylene.  

Witsarut et al. [18] studied the effect of HY/  
/MCM-41 core-shell composites on waste tire 
pyrolysis. The HY/MCM-41 composite contains micro- 
and mesopores. The yields of olefins of non-catalyst, 
HY, MCM-41 and the HY/MCM-41 core-shell compo-
site were 9.0, 8.1, 10.0 and 12.0%, respectively. 
Compared to microporous HY and mesoporous 
MCM-41, the HY/MCM-41 composite with both micro- 
and mesopores showed an increased yield of olefins. 
HZSM-5/MCM-41 is the most common kind of hier-
archical zeolites with micro- and mesopores. Although 
few investigations of HZSM-5/MCM-41 have been 
reported for catalyzing waste tire pyrolysis, they are 
used as catalysts for pyrolysis of other materials. 

Zhao et al. [19] used hierarchical HZSM-5/MCM-41 
for catalytic pyrolysis of rice husk. The relative 
abundance of olefins for HZSM-5/MCM-41 was 
14.5%, higher than 10.1% of HZSM-5. Sang et al. [20] 
prepared HZSM-5/MCM-41 composite molecular 
sieves for catalytic cracking of n-decane, and the 
maximum selectivity of light olefins was about 21%.  

Herein, hierarchical HZSM-5/MCM-41 catalysts 
with micro- and mesopores were synthesized by a 
two-step hydrothermal method using a commercial 
HZSM-5 zeolite as a starting material and CTAB as a 
template. Considering some characteristics of macro-
porous γ-Al2O3, such as large specific surface area, 
larger pore diameter (pore size distribution of 5-70 
nm), and a certain amount of acid sites, γ-Al2O3 were 
added into HZSM-5/MCM-41 to obtain the mixed cat-
alysts with micro-, meso- and macropores to catalyze 
the pyrolysis of waste tires. The effects of catalyst 
composition on the selectivity of light olefins for the 
catalytic pyrolysis of waste rubber tires were inves-
tigated. 

EXPERIMENTAL 

Materials 

HZSM-5 zeolites (SiO2/Al2O3 ratios of 38 and 
50) were obtained from Nankai University Catalyst 
Plant. Cetyltrimethylammonium bromide (CTAB), hyd-
rochloric acid (HCl, 2 M in water) and quartz sand 
(10-20 mesh and 100-200 mesh) were purchased 
from Sinopharm Chemical Reagent Co., Ltd. Sodium 
hydroxide (NaOH), ammonia chloride (NH4Cl) and 
potassium bromide (KBr) were obtained from Shan-
ghai McLean Biochemical Technology Co., Ltd. γ-Al2O3 
was obtained from Tianjin Kevin Technology Co. Ltd. 
The waste rubber tires used in the experiment are 
black solid powders obtained by pulverizing the waste 
rubber tires of automobiles after removing the fiber 
and the iron wire.  

Preparation of HZSM-5/MCM-41 

A certain amount of commercial HZSM-5 zeo-
lites (SiO2/Al2O3 ratios of 38 and 50, respectively) was 
added into a 1.5 M NaOH solution and treated at 40 
°C for 1 h. The quantitative CTAB templates (the mole 
ratio of SiO2/CTAB is 4.16) were dissolved in deion-
ized water. The fully dissolved CTAB solution was 
added into above alkali-treated HZSM-5 solution and 
stirred at 60 °C for 1 h. Thereafter, the solution was 
transferred into a Teflon®-lined stainless-steel auto-
clave, followed by the first crystallization at 110 °C for 
4 h. The pH value of the obtained suspension was 
then adjusted to be about 8.5 using 2.0 M hydro-
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chloric acid solution. The second crystallization was 
continued at 110 °C for 24 h. During this process, part 
of the dissolved silicon and aluminum sources formed 
MCM-41 structure, which was introduced around the 
undissolved ZSM-5 grains. The precipitates were then 
separated, washed with distilled water and ethanol, 
dried, and calcined at 550 °C for 6 h to obtain Na- 
-ZSM-5/MCM-41. Finally, HZSM-5/MCM-41 was then 
prepared by ion exchange of Na-ZSM-5/MCM-41 
using a 1.0 M ammonium chloride solution. The com-
mercial HZSM-5 with SiO2/Al2O3 ratios of 38 and 50 
were denoted as HZ-38 and HZ-50, respectively. The 
real SiO2/Al2O3 ratios of HZSM-5/MCM-41 synthe-
sized using HZ-38 and HZ-50 as starting materials 
were 36.4 and 39.6, respectively, which were denoted 
as HZM-38 and HZM-50 based on their starting mat-
erials. The decrease of the real SiO2/Al2O3 ratios for 
HZSM-5/MCM-41 was due to the removal of some 
silicon species from HZSM-5 molecular sieves by alk-
ali treatment [21,22]. A diagram of the preparation 
process for HZSM-5/MCM-41 is shown in Figure 1. 

 
Figure 1. A schematic diagram of the preparation process for 

HZSM-5/MCM-41. 

Characterization 

Powder X-ray diffraction (XRD) patterns were 
recorded on an Ultima IV X-ray diffractometer (40 kV, 
40 mA) with a CuKα radiation source at a scanning 
rate of 20° min−1 from 5 to 80°. Fourier infrared spec-
troscopy (FTIR) was carried out on a Shimadzu 
IRAffinity-1s infrared spectrometer in the range of 
4000-400 cm-1; the resolution was 4 cm-1 and the 
number of scans was 10 times. The morphology and 
size of the samples were observed using a JSM- 
-7500F scanning electron microscope (SEM). The N2- 
-adsorption/desorption analysis was carried out on a 
BELSORP-MAX specific surface area and pore struc-
ture analyzer to characterize the pore structure of the 

sample. The DFT pore-size distribution of different 
samples were obtained from the desorption branch. 
NH3 temperature-programmed desorption test of the 
samples was performed on a TP-5076 TPD/TPR dyn-
amic adsorption instrument to characterize the acidity 
and acid strength of the samples. 

Catalytic performance evaluation 

1.00 g waste tire and 0.25 g zeolites were mixed 
evenly and loaded into stainless steel tube, which 
was then put into the batch reactor. After they were 
pretreated at 120 °C for 1 h under N2 atmosphere (30 
mL/min), they were heated at a rate of 10 °C min−1 to 
the final temperature of 500 °C, and kept at 500 °C for 
1 h. When the temperature reached 400 °C for 1 min, 
the product stream was injected into two on-line gas 
chromatographs through two six-port valves and con-
nected by means of a line thermostat at 180 °C to 
avoid the condensation of heavy products. The total 
hydrocarbon distribution in terms of the carbon num-
ber and the content of monocyclic aromatics and 
limonene were detected using GC-2014 gas chroma-
tograph equipped with a DB-5MS column (30 m×0.25 
mm). However, the C1-C4 components could not be 
effectively separated on the DB-5MS capillary col-
umn, so C1-C4 hydrocarbons were detected using 
GC7900 gas chromatograph equipped with a CP7518 
column (50 m×0.53 mm). By integrating the above 
two chromatographic data, a whole component ana-
lysis of the pyrolysis product could be obtained.  

For all the products injected into gas chromato-
graphy, they were artificially divided into C1-C4, C5, 
C6, C7, C8, C9-C10 and C>10 components. The carbon- 
-containing gas phase components (C1-C4) in the 
pyrolysis products would peak in a certain order on 
the CP7518 capillary chromatographic column. The 
retention time of each product was obtained using 
standard substances, so that the corresponding pro-
ducts were qualitatively determined. On the other 
hand, C5-C>10 components such as monocyclic aro-
matics and limonene were qualitatively analyzed by 
obtaining the retention time using the standard sub-
stances on the DB-5MS capillary chromatographic 
column. 

The specific calculation process was as follows. 
First of all, the relative content (Ca(i)) of each com-
ponent of C1-C4 was calculated using the peak area of 
each component in the chromatograph obtained by 
GC7900, as shown in Eq. (1) (where fi is the correct-
ion factor, Aa (i) and Ab (i) are the peak areas of sub-
stances in i on the GC7900 and GC-2014 chromato-
graphs, respectively): 
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Then the relative component content calculated 
by Eq. (1) was used to distribute the peak area of the 
peaks (superimposed peaks) of C1-C4 components in 
the GC-2014 chromatograph, as shown in Eq. (2): 
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Finally, combined with the peak area of C (n > 4) 
components in GC-2014 chromatograph, the content 
of each component was calculated by area normal-
ization method, as shown in Eq. (3): 
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For the products in the system, only the hydro-
carbons were analyzed. Because their properties 
were similar, the correction factor (fi) of each compo-
nent was specified as 1 in the content calculation. 

The industrial analysis of waste tire powders 
proceeded with reference to the industrial analysis 

method of coal [23]. The elemental analysis of waste 
tires was carried out on the elemental analyzer of the 
Elementar Vario MACRO cube. Elemental analysis 
and industrial analysis results of the waste rubber 
tires are shown in Table 1. 

RESULTS AND DISCUSSION 

Structures and morphologies of HZSM-5/MCM-41  

The XRD patterns of HZ-38, HZ-50, HZM-38 
and HZM-50 zeolites are shown in Figure 2. The 
peaks between 7 and 10° and between 22.5 and 25° 
are the characteristic peaks for HZSM-5 molecular 
sieve, corresponding to the (101), (020), (501), (151) 
and (303) crystal planes, respectively. It can be seen 
from Figure 2 that all four samples have five charac-
teristic diffraction peaks of HZSM-5 zeolites. In addit-
ion, the XRD patterns in the 2θ of 1-6° for HZM-38 
and HZM-50 show the typical MCM-41 structure, with 
(100), (110) and (200) diffraction peaks appearing at 
2θ of about 2.2, 4.1 and 4.6°, respectively. It indicates 
that HZM-38 and HZM-50 are all HZSM-5/MCM-41 
composites. The results show that HZSM-5 is partially 
dissolved after alkali treatment, while some silicon 
and aluminum sources dissolved by alkali treatment 
form MCM-41 structure, which is introduced around 
the undissolved HZSM-5 grains [24].  

SEM images of HZ-38, HZ-50, HZM-38, HZM-50 
and γ-Al2O3 are shown in Figure 3. The two kinds of 

Table 1. Elemental analysis and industrial analysis results of waste rubber tires 

Analysis Elemental analysis Industrial analysis 

Component C H N O S Moisture Ash Volatile  Fixed carbon

Content, wt.% 83.0 5.9 0.6 2.4 1.8 0.84 6.17 56.10 36.89 

 

Figure 2. XRD patterns of different zeolites: a) HZ-38; b) HZ-50; c) HZM-38; d) HZM-50. 
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commercial HZSM-5 catalysts exhibit a hexagonal- 
-like morphology with the size of several micrometers. 
Similar sizes and more irregular particles are obs-
erved for two kinds of HZSM-5/MCM-41 catalysts pre-
pared by alkali treatment of HZSM-5. It can also be 
seen that the γ-Al2O3 have a nonuniform particle size 
and an unsmooth surface. 

 

Figure 3. SEM images of different catalysts: a) HZ-38; b) HZ-50; 
c) HZM-38; d) HZM-50; e) γ-Al2O3. 

The FTIR spectra of HZ-38, HZ-50, HZM-38 and 
HZM-50 catalysts are shown in Figure 4. The absorp-
tion peak of 1228 cm-1 belongs to the in-plane anti-
symmetric stretching vibration of the five-membered 

rings. The peaks of 1061 and 793 cm-1 are assigned 
to the out-of-plane antisymmetric stretching vibration 
and the out-of-plane symmetric stretching vibration of 
the tetrahedral Si-O-T (T=Si or Al) bond, respectively. 
The band at 454 cm-1 is representing the internal SiO4 
and AlO4 tetrahedron units [25]. The characteristic 
peak at 544 cm-1 attributed to the vibration peak of 
five-membered ring structure is a typical peak of MFI 
catalysts, indicating that all the four samples have the 
structural units of HZSM-5 catalyst. This is consistent 
with the results of XRD patterns.  

Pore structure and acidity of HZSM-5/MCM-41 

Figure 5 shows the N2 adsorption-desorption 
isotherms of HZ-38, HZ-50, HZM-38 and HZM-50 cat-
alysts. N2 adsorption-desorption isotherms are related 
to pore structures of the catalysts. The isotherms of 
HZ-38 and HZ-50 are type I of typical microporous 
zeolite catalysts [26], while the isotherms of HZM-38 
and HZM-50 show combined characteristics of type I 
and IV isotherms. The type IV isotherm is the most 
common adsorption behavior of mesoporous mole-
cular sieves [27], indicating the coexistence of micro-
pores and mesopores. A broad hysteresis loop at the 
relative pressure of 0.40-0.95 indicates the presence 
of mesopores in HZM-38 and HZM-50. When the rel-
ative pressure is low, the monolayer adsorption of N2 
molecules occurs on the wall of micropores, which 
makes the isotherm rise linearly. With the increase of 
relative pressure, the adsorption of N2 molecules 
occurs in single-layer and multi-layer adsorption in 
mesoporous channels. When the relative pressure is 
increased to 0.40-0.95, the adsorption capacity inc-
reases suddenly and an obvious lag loop appears. 
This is caused by the capillary condensation of N2 
molecules in the mesoporous channels. 

 
Figure 5. N2 adsorption-desorption isotherms of different 

catalysts: a) HZ-38; b) HZ-50; c) HZM-38; d) HZM-50. Figure 4. FTIR spectra of different catalysts: a) HZ-38; b) HZ-50; 
c) HZM-38; d) HZM-50. 
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Figure 6 shows the pore size distribution of HZ- 
-38, HZ-50, HZM-38, HZM-50 and γ-Al2O3 catalysts, 
and Table 2 shows the structural parameters of the 
corresponding samples. Compared to HZ-38 and HZ- 
-50, the pore-size distributions of HZM-38 and HZM- 
-50 indicate the coexistence of mesopores and micro-
pores, confirming the presence of mesopores. It can 
also be seen from Table 2 that the two kinds of 
HZSM-5/MCM-41 catalysts have larger specific sur-
face areas (418.7 and 468.5 m2/g) than the two 
HZSM-5 catalysts (373.2 and 386.6 m2/g) due to the 
introduction of mesoporous MCM-41. In addition to 
the specific surface area, the total pore volume also 
obviously increases for HZM-38 and HZM-50. As 
shown in Figure 6e, both mesopores and macropores 
are found to be present in γ-Al2O3. 

The NH3-TPD profiles of HZ-38, HZ-50, HZM- 
-38, HZM-50 and γ-Al2O3 catalysts are shown in Fig-
ure 7. The peak shape of HZ-38 and HZ-50 is con-
sistent with that of HZSM-5 catalyst reported in the 
literature [28], the peak at 100-310 °C is assigned to 
weak acid site, and the peak at 310-600 °C is assigned 
to strong acid site [29]. γ-Al2O3 is recognized as a 
solid acid catalyst without strong acid sites, therefore 
there is a broad and low desorption peak for the NH3- 
-TPD curve of γ-Al2O3. Compared to HZ-38 and HZ- 
-50, the peaks of strong acid site for HZM-38 and 

HZM-50 decrease obviously. This indicates that the 
strong acid sites of HZM-38 and HZM-50 are less 
than those of HZ-38 and HZ-50. During the process of 
alkali treatment of HZSM-5 molecular sieve, part of Al 
is dissolved from the skeleton structure of HZSM-5 
molecules and participates in the formation of MCM- 
-41, resulting in the conversion of some B acid sites to 
L acid sites [20]. 

 

Figure 7. NH3-TPD profiles of different catalysts: a) HZ-38; 
b) HZ-50; c) HZM-38; d) HZM-50; e) γ-Al2O3. 

For zeolites, the total acid content decreases 
with the increase of SiO2/Al2O3 ratio. As shown in 

 

Figure 6. Pore size distribution of different catalysts: a) HZ-38; b) HZ-50; c) HZM-38; d) HZM-50; e) γ-Al2O3. 

Table 2. Structure parameters of different catalysts 

Sample SBET
a (m2/g) Vtotal

b
 (cm3/g) Dpmicro

c (nm) Dpmeso
d (nm) Dpmacro

e (nm) 

HZ-38 373.2 0.180 0.94 - - 

HZ-50 386.6 0.182 0.96 - - 

HZM-38 418.7 0.388 1.05 3.32 - 

HZM-50 468.5 0.292 1.06 3.35 - 

γ-Al2O3 263 1.28 - 11.81 166.20 
aBET surface area; btotal pore volume; caverage micropore diameter; daverage mesopore diameter; eaverage macropore diameter 
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Table 3, HZ-50 and HZM-50 exhibit the less total acid 
contents than HZ-38 and HZM-38, respectively, due 
to the higher SiO2/Al2O3 ratios [30,31]. However, for 
HZSM-5/MCM-41catalysts, their total acid content is 
much lower than that of HZSM-5 catalyst with the 
same SiO2/Al2O3 ratio. Because of alkali treatment, 
part of the HZSM-5 structure is destroyed, therefore 
the total acid content especially the amount of strong 
acid sites obviously decreases.  

Catalytic performances of different catalysts 

Considering some characteristics of macropor-
ous γ-Al2O3, such as large specific surface area 
(Table 2, 263 m2/g), larger pore diameter (Figure 6, 
pore size distribution of 5-70 nm), and a certain 
amount of acid sites (Figure 7 and Table 2, 131.18 

μmol/g), 0.5 g of γ-Al2O3 were added into 0.25 g of 
HZSM-5/MCM-41 to obtain the mixed catalysts with 
micro-, meso- and macropores to catalyze the pyro-
lysis of waste tires. The mixture of γ-Al2O3 and HZM- 
-38 (or HZM-50) were named as HZM+A-38 (or HZM+  
+A-50). In order to confirm the role of γ-Al2O3, 0.5 g of 
inert SiO2 was mixed with 0.25 g HZM-50 to catalyze 
the pyrolysis of waste tires. The mixture of SiO2 and 
HZM-50 was named as HZM+S-50. 

The catalytic performances of γ-Al2O3, HZM-38, 
HZM-50, HZM+A-38, HZM+A-50 and HZM+S-50 for 
the pyrolysis of waste tires are shown in Figure 8. The 
product selectivities for thermal pyrolysis of waste 
tires is also displayed in Figure 8. As shown in Figure 
8A, the pyrolysis products include different hydrocar-
bons from C1 to C>10. In Figure 8B, the selectivity of 

Table 3. Acid content distribution of different catalysts 

Sample Total acid content, μmol/g Weak acid amount, μmol/g Strong acid amount, μmol/g 

HZ-38 569.10 265.77 303.33 

HZ-50 441.17 204.75 236.42 

HZM-38 286.55 142.10 144.45 

HZM-50 229.26 115.07 114.19 

γ-Al2O3 131.18 72.07 59.11 

 

Figure 8. Effect of different catalysts on the catalytic performances for the pyrolysis of waste tires: a) non-catalysts; b) HZM-38; 
c) HZM-50; d) γ-Al2O3; e) HZM+A-38; f) HZM+A-50; g) HZM+S-50. 
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light olefins without catalysts is the lowest, which is 
17.27%. The selectivities of light olefins for γ-Al2O3, 
HZM-38 and HZM-50 are 19.50, 18.43 and 21.42%, 
respectively. The selectivities of light olefins for HZM+  
+A-38 and HZM+A-50 are 22.74 and 33.65%, res-
pectively, higher than corresponding HZM-38 and 
HZM-50. HZM+A-50, the mixture of γ-Al2O3 and 
higher SiO2/Al2O3 HZSM-5/MCM-41, shows the high-
est light olefin selectivity. This indicates that the sel-
ectivity of light olefins is significantly improved due to 
the introduction of macroporous γ-Al2O3 into hier-
archical HZSM-5/MCM-41 with micro- and meso-
pores. As shown in Figure 8C, the selectivities of 
ethylene are almost the same. The source of ethylene 
may be due to olefin cracking in the range of gasoline. 
Ethylene as the primary product of waste tire cracking 
in the presence of zeolite catalysts is kinetically 
unfavorable because the formation of ethylene 
involves relatively unstable primary carbene ion inter-
mediates, and changes of C2-gases are not always be 
observed by lower levels of catalysts. The selectivity 
of propylene is improved to some extent. The addition 
of catalysts increases the effective cracking/hydrogen 
transfer ratio because it mainly acts on the cracking of 
higher olefins to C3-C5 olefins [32]. In addition, C4 ole-
fins are dominant in the light olefins; this may be attri-
buted to the fact that the main component of the tire is 
styrene-butadiene rubber (SBR) [33]. 

As can be seen from Figure 8B, the selectivities 
of “BTX” (benzene, toluene, xylene) for γ-Al2O3, HZM- 
-38, HZM+A-38, HZM-50 and HZM+A-50 are 12.65, 
13.77, 13.16, 12.26 and 10.96%, respectively. While 
the selectivity of “BTX” is 10.56% in the case of waste 
tire thermal pyrolysis. HZM-50 shows lower “BTX” sel-
ectivity than HZM-38, and HZM+A-50 exhibits lower 
“BTX” selectivity than HZM+A-38. This indicates that 
the catalysts with higher SiO2/Al2O3 ratios do not 

benefit the production of aromatic hydrocarbons due 
to their lower acid density. In addition, the introduction 
of γ-Al2O3 can also decrease the selectivity for “BTX”. 
Compared with the selectivity of light olefins for waste 
tire pyrolysis using different catalysts, higher SiO2/  
/Al2O3 ratio of HZSM-5/MCM-41 and their mixtures 
with γ-Al2O3 show higher light olefin selectivity and 
lower “BTX” selectivity. During the process of waste 
tire pyrolysis, as-produced ethylene and propylene 
are further converted to aromatics at acid sites by aro-
matization and Diels-Alder reaction [34] due to the 
pore size constraint and higher acid density. Because 
the diffusion of light olefins is not easy in the long and 
narrow micropores, as-obtained light olefins continue 
to react at acid sites in the pores to produce aro-
matics [13,14]. Furthermore, the higher acid density 
also makes the resulting light olefins continue to react 
at strong acid sites to produce aromatics [15,16]. 
After macroporous γ-Al2O3 is mixed with HZSM-5/ 
/MCM-41, the acidity and the pore size constraint 
decrease to some extent. Therefore, the light olefin 
selectivity increases and the “BTX” selectivity dec-
reases. In addition, lower SiO2/Al2O3 ratio of HZSM-5/  
/MCM-41 has higher acid density, as-obtained light 
olefins can also react at close acid sites to form aro-
matics. That is why HZM-38 (SiO2/Al2O3: 36.4) show 
lower light olefin selectivity and higher “BTX” select-
ivity than HZM-50 (SiO2/Al2O3: 39.6). Therefore the 
mixture of higher SiO2/Al2O3 ratio of HZSM-5/MCM-41 
and γ-Al2O3 show the highest light olefin selectivity 
and the lowest “BTX” selectivity due to the lower acid 
density as well as improved pore size constraint. 

As can be seen from Table 4, there are some 
reports on HZSM-5/MCM-41 composites used as cat-
alysts for pyrolysis of rice husk and n-decane. Other 
molecular sieves such as HZSM-5, HY and HY/MCM- 
-41 are reported as catalysts for pyrolysis of tire 

Table 4. Light olefin selectivity/yield/concentration/relative abundance of waste tire cracking using different catalysts; S/Y/C/RA: S – 
selectivity; Y – yield; C – concentration; RA – relative abundance 

No. Catalysts Raw material S/Y/C/RA Ref. 

1 HZSM-5/MCM-41 
HZSM-5/MCM-41+γ-Al2O3 

Waste tire Light olefins 21.42%(S) 
Light olefins 33.65%(S) 

This work 

2 HZSM-5 Polybutadiene rubber Olefins 16.8%(Y) [9] 

3 USY 
HZSM-5 

Waste tire Olefins 4.25%(C) 
Olefins 27.26%(C) 

[10,11] 

4 Ru/MCM-41 
Ru/MCM-48 

Tire Light olefins 7.6%(Y) [1,17] 

5 HY/MCM-41 Waste tire Olefins 12.0%(Y) [18] 

6 HZSM-5/MCM-41 Rice husk Olefins 14.5%(RA) [19] 

7 HZSM-5/MCM-41 n-decane Light olefins 21%(S) [20] 

8 nano-HZSM-5/γ-Al2O3 Waste tires Light olefins 29.9%(S) [37] 

9 Used catalyst Waste tire Propene and 1-butene 18.25%(Y) [38] 



R. FU et al.: LIGHT OLEFIN PRODUCTION USING THE MIXTURE… Chem. Ind. Chem. Eng. Q. 27 (1) 69−78 (2021) 

 

 77

wastes. In the catalytic cracking of waste tires or other 
polymers, the mixture of γ-Al2O3 and HZSM-5/MCM- 
-41 in this work shows the highest selectivity of light 
olefins compared with other studies. This may be due 
to the unique composition and micro-, meso- and 
macroporous structure of the catalysts. 

Limonene is the main component of C9-C10. The 
selectivities of limonene for HZM-38, HZM-50, HZM+  
+A-38 and HZM+A-50 are 15.87, 12.37, 6.22 and 
2.85%, respectively. The lowest limonene selectivity 
is obtained using HZM+A-50 catalysts. Unlike other 
reports on pyrolysis and catalytic reforming of volatile 
components [10,11,35], with the presence of HZSM-5 
catalyst, limonene is mainly converted to aromatic 
compounds [36]. The yield of limonene depends on 
the strength and density of acid sites and the pore 
structure of acid catalysts [39]. Compared with 
HZSM-5/MCM-41 composite catalysts, the selectivity 
of light olefins can be improved by adding γ-Al2O3. 
The increase of selectivity of gas products is at the 
cost of reducing the selectivity of liquid products. 
Therefore, it can also be seen from the figure that the 
selectivity of liquid products has been reduced to a 
certain extent, especially the selectivity of limonene, 
which has decreased by about 10%. 

As shown in Figure 8B, the selectivity of light 
olefins for the pyrolysis of waste tires using HZM+A- 
-38 as catalysts can be partially improved with the 
introduction of γ-Al2O3 compared with HZM-38 mole-
cular sieves. However, it is much lower than that of 
HZM+A-50 catalysts. This further illustrates the imp-
ortance of appropriate acid strength and acid content 
for catalytic cracking waste rubber tires to obtain 
higher selectivity of light olefins. Compared with HZM- 
-50 zeolites, the selectivity of light olefins obtained 
using HZM+S-50 nearly does not change, except for 
limonene. In addition, compared with HZM+S-50, the 
selectivity of light olefins for HZM+A-50 is obviously 
higher, indicating that the large pore size, high spe-
cific surface area and suitable acid content of γ-Al2O3 
play an important role in obtaining higher selectivity of 
light olefins. 

CONCLUSIONS 

Compared with HZSM-5 catalyst, the micro-
mesoporous HZSM-5/MCM-41 catalyst has larger 
pore diameter, larger specific surface area and lower 
total acid content. When HZSM-5/MCM-41 is used as 
the catalyst, the selectivity of light olefins for HZM-50 
(21.4%) is higher than that of HZM-38, while the 
HZM-38 can obtain higher selectivity of “BTX”. The 
selectivity of light olefins can be improved by adding 

γ-Al2O3. When HZM+A-50 is used as catalyst, the sel-
ectivity of light olefins is 33.6%, which is much higher 
than that of 21.4% without γ-Al2O3. It is of great prac-
tical significance to use waste tires as the production 
resource of light olefins.  
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NAUČNI RAD 

  PROIZVODNJA LAKIH OLEFINA KORIŠĆENJEM 
SMEŠE HZSM-5/MCM-41 I γ-Al2O3 KAO 
KATALIZATORA ZA KATALITIČKU PIROLIZU 
OTPADNIH GUMA 

U ovom radu, mikro-mezoporozni HZSM-5/MCM-41 zeoliti pripremljeni su dvostepenom 
hidrotermičkom metodom koristeći komercijalni HZSM-5 sa dva različita odnosa silika/ 
/glinica (38 i 50) kao polaznim materijalima. Strukture, morfologije i kiselost priprem-
ljenih zeolita analizirani su korišćenjem KSRD, FT-IR, SEM, N2-adsorpcija/desorpcija i 
NH3-TPD. Zeoliti HZSM-5/MCM-41 kombinovali su kiselost mikroporoznog HZSM-5 sa 
prednostima pora mezoporoznog MCM-41. Utvrđeno je da su mezopore i mikrospore sa 
prečnikom od 3,34 i 0,95 nm prisutne u zeolitima HZSM-5/MCM-41. Kada su korišćeni 
za katalizu pirolize otpadnih guma, selektivnost lakih olefina za HZSM-5/MCM-41 pri-
premljenih korišćenjem HZSM-5 sa odnosom silika /glinice 50 kao početnih materijala 
iznosila je 21,42%, što je više od 18,43% ostvarenog sa HZSM-5 / MCM-41 koji je sin-
tetizovan pomoću HZSM-5 sa odnosom silika/glinica od 38. Da bi se dalje prevazišla 
ograničenja veličine pora i ograničenja prenosa mase zeolita HZSM-5/MCM-41 za kata-
lizu pirolizu otpadnih guma, makroporozni g-Al2O3 je pomešan sa HZSM-5/MCM-41 i 
korišćen kao katalizator. Selektivnost prema lakim olefinima za smešu γ-Al2O3 i HZSM-
–5/MCM-41, koji je pripremljen upotrebom HZSM-5 sa odnosom silika/glinice od 50 kao 
polaznih materijala, iznosila je 33,65%, što je očigledno poboljšannje. 

Ključne reči: katalitička piroliza; HZSM-5; laki olefini; MCM-41; Otpadne gume. 
γ-Al2O3. 
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  PRODUCTION OF BIOPLASTIC MATERIAL 
FROM ALGAL BIOMASS 

Article Highlights 
• Algae-based bioplastic possesses very good mechanical features 
• Biodegradability is comparable to that of the cellulose-based thermoplastic 
• Application of algae biomass for sustainable bioplastic is viable 
 
Abstract 

Bioplastic composite material was developed from polylactic acid used as 
basic polymer and microalgae. Two types of biomaterials were prepared based 
on the proportion of microalgae and polylactic acid. The mass ratios were set 
to 5:95 and 10:90. First, spirulina was chosen as initial material and then a 
mixed culture of microalgae community from the biogas digestate treatment. 
The aim of the research was to study the characteristics of materials in order to 
determine whether the algal biomass community could be used in the product-
ion of bioplastics. It was found out that microalgae do not significantly impact 
the properties of the polylactic acid material. The degree of material crystal-
linity increased, the melting temperature reduced, and the modules of losses 
increased. 

Keywords: PLA, spirulina, calorimetry, biodegradability. 
 
 

Currently, 80% of polymer material is produced 
from fossil fuels and the need for plastic increases. 
Consequently, waste quantity is increasing and the 
environmental impact increases [1]. The main con-
cern is due to their non-biodegradability. Reduction in 
plastic use is an option but has proven difficult to 
regulate internationally [2]. 

Plastics are the major components in municipal 
waste [3]. Particularly concerning is the growing quan-
tity of microplastics. One of the alternatives is pro-
duction of bioplastic from natural biodegradable mat-
erials, made from renewable sources [4]. Potentially 
promising material could be algea [5]. Spirulina and 
chlorella have been incorporated into thermoplastic 
blends with high density polyethylene (HDPE). Spiru-
lina gave better results in final thermoplastic blends’ 
properties. Unlike fossil-based plastics, microalgae-
based bioplastics can be designed for biodegradabil-
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ity in natural as well as industrial composting settings. 
Main classes of currently developed bio-based 
plastics include plastics based on starch, polyhyd-
roxyalkanoates (PHAs), polylactic acid (PLA) and 
celulose [4]. PLA is one of the most studied bioplas-
tics regarding recyclability [6]. Polylactic acid (PLA) is 
a thermoplast which results by condensation of lactic 
acid or ring opening polymerization of lactide [4]. PLA 
provides high mechanical strength and very good 
thermal properties in comparison to other fossil-based 
polymers. The properties of the amorphous PLA glass 
transition, and the mechanisms involved during the 
aging process were investigated [7,8]. The high cool-
ing rates enable reaching the thermodynamic equilib-
rium after a few minutes. Assimilation occurs where 
microorganisms are supplied by necessary carbon, 
energy and nutrient sources from the fragmentation of 
polymers and convert carbon of plastic to CO2, water 
and biomass [9]. Parameters, such as pH, tempera-
ture, moisture and the oxygen content are among the 
most significant environmental factors that must be 
considered in the biodegradation of polymers [10]. 
The aim of this paper was to use the algal biomass 
community form the biogas digestate treatment for 
the production of novel composite biodegradable mat-
erial. For this purpose, PLA was used and blended 
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with algal biomass community from the biogas diges-
tate treatment plant for the first time. The mechanical, 
thermal and rheological properties of the obtained 
materials were characterized by the static tensile test, 
TGA, DSC and DMA analysis. Finally, the biodegrad-
ability of the prepared samples was tested. 

EXPERIMENTAL 

Materials 

The biomass was taken from anaerobic biogas 
digestate treatment (BDT). It was air-dried for 24 h at 
29 °C. Dry biomass was grinded. Spirulina was pur-
chased from Algen Company, Slovenia. It was pow-
dered in a glass mortar. The resulting fine blue pow-
der was stored at room temperature until analysis. 

The blends were prepared first from spirulina 
with polylactic acid (PLA) and then from biomass with 
PLA. Polylactic acid type 2003D in pellet form was 
supplied by Nature Works LCC (Minnetonka, MN, 
USA). The density was determined at 1.24 g/cm3. 

5 different granulated samples were prepared: 
• Sample PLA: 100% PLA  
• Sample PLA-A-5: 95% PLA and 5% of algal 

biomass community 
• Sample PLA-A-10: 90% PLA and 10% algal 

biomass community 
• Sample PLA-S-5: 95% PLA and 5% of spirulina 
• Sample PLA-S-10: 90% PLA and 10% of spi-

rulina. 
The dried material blends were placed into a co- 

-rotating twin-screw extruder (Laboratory extruder 
LTE20-44, LabTech, USA). The temperature was set 
to 175 °C. The screw speed was between 20 and 50 
 rpm. 

Blends were granulated in Krauss Maffei CX 50- 
-180 Blue Power machine and stored at room tem-
perature. Dark blends with algal biomass community 
and samples with pure PLA are seen in Figure 1. 

 
Figure 1. Final spirulina blend samples (left) and 100% PLA 

samples (right). 

Methods 

The thermogravimetric analysis (TGA) was per-
formed to record the weight loss as function of tempe-

rature. Samples were heated from 40 to 600 °C at the 
heating rate of 10 °C/min under flow of O2 (20 ml/min) 
and then heated from 600 to 990 °C at the heating 
rate of 10 °C/min under flow of N2 (20 ml/min). 

The tensile test was performed on a Shimadzu 
Ag-X testing machine according to EN-ISO 527:2004. 

Dynamic mechanical analysis (DMA) was per-
formed on a dynamic mechanical analyzer, DMA 
8000 (Perkin Elmer). 

The thermal properties were characterised by 
Differential Scanning Calorimetry (DSC) using TGA/  
/DSC 3+ Instrument (Mettler Toledo, USA). First, the 
samples were conditioned at 20  °C for 2  min. Then, 
measurements were carried out from 20 to 190 °C, at 
a heating rate of 10 °C/min, under a nitrogen atmo-
sphere. 

Biodegradability of composted material samples 
was studied using a respirometer (ECHO, RESEP 2). 
The biological activity of organisms was determined 
by measuring the concentration of carbon dioxide in 
the exhausted air under controled conditions. Cham-
bers were filled with compost and samples. The time 
of composting was set to 45 days. Biodegradability 
was determined for the following samples: 

• Sample PLA: 100% PLA  
• Sample PLA-A-5: 95% PLA and 5% of algal 

biomass community  
• Sample PLA-A-10: 90% PLA and 10% of algal 

biomass community 
• Sample PLA-S-5: 95% PLA and 5% of spirulina 
• Sample PLA-S-10: 90% PLA and 10% of spi-

rulina 
• Sample compost 
• Sample control. 

RESULTS AND DISCUSSION 

Thermogravimetric analyses 

Thermogravimetric analyses for the samples 
with algal biomass community and for the spirulina 
blend are presented in Figure 2. 

The one-stage degradation of microalgae is 
seen from Figure 2a. The degradation peak is seen at 
295 °C. The weight loss due to water loss is at 115 
°C. From 295 to 590 °C degradation took place with 
formation of volatile reaction compounds. The total 
weight loss of 86.9 and 13.1% loss of inorganic rem-
ains were determined. 

Figure 2b represents the two-stage decompo-
sition of spirulina blends. The weight loss due to 
water loss was determined at 91 °C. The material 
degradation peak is seen at 317 °C. From 317 to 590 
°C degradation took place with formation of volatile 
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reaction compounds. The total weight loss of 94.8 
and 5.2% loss of inorganic remains were determined. 

The spirulina blends showed higher degradation 
rates and temperature resistance than algal biomass 
community, and the degradation started at higher 
temperature. The difference in inorganic residue 
quantity probably represents the heavy metals which 

are likely absorbed by algal biomass community [5]. 
The results of tensile tests are given in Table 1. 

Tensile strength, elongation and module of elasticity 
(E module) were determined. 

The results showed higher tensile strength than 
the reported 63.4 MPa [13]. Tensile strength dec-
reases with increasing the share of algal biomass 

 
Figure 2. TGA curves: a) for algal biomass community + PLA; b) spirulina. 

Table 1. Results of mechanical tests 

Composition Tensile strength, MPa Elongation at break, % E-module, GPa 

PLA 95.52 ± 1.93 4.47 ± 0.05 3.31 ± 0.62 

PLA-A-5 81.16 ± 0.48 3.88 ± 0.15 3.28 ± 0.63 

PLA-A-10 69.46 ± 0.98 2.91 ± 0.51 3.31 ± 0.75 

PLA-S-5 62.67 ± 7.26 2.32 ± 0.56 3.32 ± 0.65 

PLA-S-10 77.23 ± 2.78 3.55 ± 0.56 3.37 ± 0.44 
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community. It seemed that algal biomass community 
was not compatible with PLA and the adhesion 
between the polymer matrix and algae seemed to be 
poor. On the other hand, an elongation increment was 
observed in contrast with spirulina blends. 

Modification of bioplastic by adding a plasticizer 
such as epoxidized soybean oil (ESO) could improve 
the tensile strength and elongation properties [11]. 
Condensation reaction between the oxirane rings in 
ESO and the hydroxyl groups (starch) improved 
mechanical properties as well as increase hydro-
phobicity of biocomposite material. 

The E-module does not change much if different 
samples are compared, as seen from Table 1. The 
sample rigidity did not change by adding more algal 
biomass community (see samples PLA-A-10 and 
PLA-S-10) to the blends.  

DMA and DSC analyses 

Dynamic mechanical analysis (DMA) results are 
presented in Table 2. 

The higher the dynamic elastic module the 
higher the degree of crystallinity. With both spirulina 
samples the dynamic module of elasticity (Edm) 
increases with the spirulina share at 30 and 80 °C, 
and vice versa with DTP algal biomass community. 
Therefore, the degree of crystallinity has a decreasing 
tendency with algal biomass community, and the 
amorphosity of the material increases. 

In Table 3, the thermal properties of blends are 
summarized. The value of glass transition tempera-
ture Tg of PLA was measured at 76.8 °C, which is a 
little higher in comparison with the reported data, Tg =  
= 66.2 °C [12] and Tg = 56.1 °C [13]. Tg of blends did 
not change significantly regardless of the algae share. 
All Tg remained in range of 72.2–74.3 °C. PLA melting 
temperature was determined at Tm = 153.3 °C, which 
coincide with the earlier reported value of Tm = 151.6 
°C [13]. The share of spirulina (5 and 10 mass%) did 
not affect the Tm, while Tm of PLA-A-5 decreased for 
4 °C in comparison with pure PLA. The reason could 
be due to the immense increase in the degree of 
crystallinity. It increased from 50% for PLA up to 86% 

in PLA-A-5. Algae act as a nucleation core which 
influences the increase in crystallisation. 

Table 3. The thermal properties of blends 

Sample Tg / °C ΔCp / Jg-1 K-1 
Degree of 

crystallinity, %
Tm / °C 

PLA 76.8 0.228 50.32 153.5 

PLA-A-5 72.2 0.306 86.64 149.5 

PLA-A-10 73.3 0.211 39.61 152.3 

PLA-S-5 74.3 0.106 41.35 153.4 

PLA-S-10 74.3 0.075 55.20 153.3 

Heat capacity step ΔCp is in accordance with 
literature [7], where the value 0.25 J/(g K) was rep-
orted. High cooling rate in PLA/algae samples leads 
to higher enthalpy, and more free volume in the 
blend, and consequently Tg is lower. Thus, the diffus-
ion related to the structural recovery is higher. In blends 
with spirulina, a lower cooling rate was observed. 

As already mentioned, some results of material 
properties could be the consequence of heavy metal 
content in the algal biomass community. Therefore, 
analysis on metals which are most likely present in 
real algal biomass community was performed. The 
results of metal measurements in algal biomass com-
munity (wA), in spirulina (ws) and maximum allowed 
values of first-class compost (wc) are presented in 
Table 4. As seen from Table 4, the concentration of 
metal in algal biomass community is higher compared 
with spirulina. We can accept the suspicion that algae 
absorb metals from water streams. However, for com-
posting, only the concentration of Zn is problematic in 
blended algal biomass community. Zhao [15] found 
out that Zn does not cause any changes in the ger-
mination index. In samples with spirulina, the mea-
sured concentrations are very low. Zhang proposed 
the mixing ratios which were safe for land application 
[14]. In our case, the mixing ratio should be 1:5 between 
algal biomass community (wA) and spirulina (wS).  

A biodegradable material is converted to CO2, 
water, inorganic compounds and biomass [17]. During 
45 days of incubation, most samples reached the 
plateau in producing CO2. Figure 3 represents the 
CO2 production in time dependence. 

Table 2. Results of dynamical mechanical analyses 

Sample Edm at 30 °C, GPa Edm at 80 °C, GPa Module losses at 30 °C, MPa Module losses at 80 °C, MPa 

PLA 3.86 18.33 37.4 11.9 

PLA-A-5 3.06 53.20 75.1 26.3 

PLA-A-10 2.26 36.76 57.2 17.4 

PLA-S-5 2.86 32.61 50.4 18.2 

PLA-S-10 3.55 42.36 61.1 20.3 



M. SIMONIČ, L. FRAS ZEMLJIČ: PRODUCTION OF BIOPLASTIC MATERIAL… Chem. Ind. Chem. Eng. Q. 27 (1) 79−84 (2021) 

 

 83

Table 4. Determination of metal ions concentrations in real 
algal biomass community and in spirulina, in comparison with 
compost 

Metal wA / mg kg-1 wS / mg kg-1 wC / mg kg-1 

Cu 56.5 <2 100 

Zn 2110 14.1 400 

Cd <1 <1 1.5 

Cr 67.6 <2 100 

Ni 43.0 <2 50 

Pb 8.6 <2 120 

The most CO2 was produced by the spirulina 
blend sample PLA-S-10, which contained the highest 
share of spirulina (10%), followed by the sample with 
a little lower share of spirulina (5%). Samples with 
100% PLA also produced a lot of CO2. PLA is suscep-
tible to biodegradation by compost, and isolated soil 
microorganisms were capable of degrading PLA as 
well, such as Amycolatopsis sp. The strain repre-
sented the highest enzyme activity toward the PLA 
and PCL bioplastics [15]. As seen from Figure 3, the 
production of CO2 is fastened by algae addition: the 
higher the share of algal biomass community, the 
faster the digestion. Spirulina speeded up the process 
of CO2 conversion more than algal biomass com-
munity due to certain microorganism strains [16]. The 
CO2 production of samples with WWTP sludge (PLA- 
-A-5 and PLA-A-10) was slower. The result could be 
attributed to the fact that algal biomass community 
contained some metals (see Table 4) which inhibit the 
CO2 production. 

CONCLUSIONS 

Bioplastic composite material was developed 
from polylactic acid (PLA), which represent a basic 

polymer and microalgae. After extraction, the solid 
matrix was dried. 

Algae-based bioplastic possesses very good 
mechanical features, with tensile strength and elong-
ation at break over 81 MPa and over 4% elongation, 
respectively, for 95% PLA and 5% algae sample. 
Based on presented results of the mass loss test, the 
new bioplastic is demonstrated to be totally decom-
posed within 45 days. In terms of the biodegradability 
of this material, data showed that CO2 production was 
comparable to that of cellulose-based thermoplastic. 
These results highlight the possibility to obtain a new 
sustainable bioplastic. Algal biomass community can 
also be easily managed because it does not require 
any separation from other waste. Therefore, the 
application of algal biomass community for bioplastic 
production appears to be realistic. 
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NAUČNI RAD 

  PROIZVODNJA BIOPLASTIČNOG MATERIJALA IZ 
ALGALNE BIOMASE 

Bioplastični kompozitni materijal je razvijen od poli(mlečne kiseline) (PLA), koja se 
koristi kao osnovni polimer, i mikroalgalne biomase. Dve vrste biomaterijala su priprem-
ljene na osnovu udela mikroalgi i PLA. Korišćeni su maseni odnosi 5:95 i 10:90. Najpre 
je korišćenabiomasa spiruline, a zatim mešana kultura mikroalgi iz proizvodnje biogasa. 
Cilj istraživanja bio je proučavanje karakteristika materijala, kako bi se utvrdilo da li se 
biomasa zajednica algi može koristiti u proizvodnji bioplastike. Otkriveno je da mikroalge 
ne utiču značajnije na svojstva materijala PLA. Stepen kristalnosti materijala i moduli 
gubitaka su se povećali, a temperatura topljenja smanjila. 

Ključne reči: PLA, spirulina, kalorimetrija, biorazgradivost. 
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Abstract 

A commercial low-density polyethylene (LDPE) which is produced by the poly-
merization process of ethylene in the presence of initiators in a long tubular 
reactor is the most widely used in polymer industry. The highly exothermic 
nature of the LDPE polymerization process and the heating-cooling prerequi-
site in the tubular reactor can lead to various problems, particularly safety in 
terms of thermal runaway and productivity, i.e., decreasing monomer conver-
sion. Therefore, model-based optimization of an industrial LDPE tubular reac-
tor under thermal safety consideration is required to be implemented. A first 
principle model for this process is developed and validated using industrial 
data. Mass and energy balances have been derived from kinetics of LDPE 
polymerization. Thereafter, an expression of reactor temperature under critical 
condition is developed and incorporated in the reference model for the thermal 
safety study. In order to ensure the process is thermally safe and meets the 
desired product grade, the constrained dynamic optimization is proposed to 
maximize the conversion of the monomer using orthogonal collocation (OC). 
The dynamic optimization result shows that the maximum reaction temperature 
under critical condition constraint can be satisfied by optimizing the reactor 
jacket. Moreover, it is achieved without jeopardizing the monomer conversion 
and the product grade. 

Keywords: low-density polyethylene, tubular reactor, dynamic optimiz-
ation, thermal safety. 
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The robustness quality of LDPE’s properties leads to 
various usages of such a polymer which is considered 
as an exclusive and high demand commodity [1,2]. 
The production and consumption rates of LDPE are 
reported to be 20.31 million tons in 2015 [3]. Market 
study reveals that the projection of LDPE consump-
tion and production rates would continue to increase 
steadily, which justifies its continuous improvement 
for the past 40 years [4,5]. 

LDPE is produced by the polymerization pro-
cess of ethylene in the presence of initiators either in 
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a long tubular reactor, as shown in Figure 1, or in a 
well-stirred autoclave reactor. On an industrial scale, 
most LDPEs are produced in tubular reactors [6]. The 
advantages of using LDPE tubular technology over 
autoclave reactors include better heat removal and 
cheaper organic peroxides that can be used as ini-
tiators. Moreover, there is no need to use α-olefins 
which can cause the formation of side branches in the 
polymer chain that is generated by the radical poly-
merization process itself [7].  

The monomer conversion (XM) in the tubular 
reactor is reported to be very low, which is in the 
range of 20–30% per pass [8]. Considering the 
requirement for high compression power and the exp-
ensive cost of raw materials, the utility cost of LDPE 
production in the tubular reactor is quite high. The XM, 
which is proportional to profits has always been the 
focus for researchers and engineers in this field. 
However, there are several issues that complicate the 
improvement task.  

Ethylene, along with initiators and chain transfer 
agents (CTA), are used to produce LDPE via free 
radical polymerization in extreme conditions, typically 
at pressures of 1,500-3,000 atm and temperatures of 
50-350 °C [9]. Ethylene polymerization is a highly 
exothermic reaction and a rapid process. Once the 
polymerization process occurs, the reaction tempera-
ture would rise rapidly until all the injected initiator is 
exhausted [10]. A sharp increase in temperature and 
of conversion will occur in a short reaction zone sig-
nalling to the development of the ethylene polymer-
isation process. This process occurs rapidly and can 
lead to a thermal runaway if the temperature rise is 
not controlled. Under normal operating conditions, the 
use of maximum temperature limit (Tmax) alone is pro-
bably adequate to ensure the free radical polymer-
ization process runs safely, however, for a reactor 
behaving in an abnormal condition, the use of the Tmax 

value will be an inappropriate indicator of a safety 
process [11]. Thus, maximum temperature under a 
critical condition (Tcmax) constraint must be imposed 
as a constraint to ensure the process is thermally 
safe.  

Heat exchange failure or cooling system break-
down at any spot in this reactor may lead to a run-
away condition and fatal failure. Therefore, it is 
essential to conduct a study to determine the optimal 
condition of operating parameters that can guarantee 
safe operation in the critical condition. However, this 
kind of study presents various challenges, particularly 
when it can lead to a reduction in production output. 
Monomer conversion, which is proportional to profit 
calculation, will most probably be reduced to facilitate 
the optimal condition of this study.  

Numerous optimization studies that consider 
maximum XM have been reported by previous res-
earchers [8,12]. However, none of the studies con-
sider thermal safety constraints. To bridge the gap, 
the dynamic optimization with thermal safety cons-
traint must be carried out. The main objective of this 
work is to carry out dynamic optimization using two 
optimization problems. The first problem is to maxi-
mize the XM under maximum temperature (Tmax) cons-
traint whereas the second problem is to maximize the 
XM under maximum critical temperature (Tcmax). For 
both optimization problems, the reactor jacket (TJ) is 
considered as a control variable. Since the dynamic 
optimization method applied required a reliable model 
of the process, in this work, a mathematical model of 
LDPE polymerization in a tubular reactor that is valid-
ated with industrial data is developed.  

Process modeling of LDPE tubular reactor 

The first principle model which provides the kin-
etic and fundamental theory [13], is selected to des-
cribe the process in detail. The first principle model of 
the LDPE tubular reactor incorporates the conser-

 
Figure 1. Schematic diagram of an industrial LDPE tubular reactor. 
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vation of mass, energy, and momentum balance in 
the reactor.   

Reaction mechanism and kinetic model 

LDPE is produced through a free radical poly-
merization of ethylene at high pressure and tempe-
rature. The main reactions involved in LDPE polymer-
ization are chain initiation by initiator decomposition, 
followed by propagation and termination. Additional 
reaction mechanisms involved are chain transfer to 
monomer, chain transfer to polymer, chain transfer to 
solvent, and backbiting. The main reactions which are 
peroxide initiation, monomer thermal initiation, chain 
propagation, termination by combination, termination 
by disproportionation and thermal degradation are all 
common to free radical polymerization [14]. The main 
reactions of free radical polymerization are sum-
marized in Eqs. (1)–(6) [6]: 

Peroxide initiation: →
,

,   2 (0)
d ik

m iI R  (1) 

Monomer thermal initiation: →3   2 (0)
thk

M R  (2) 

Propagation: ( ) + → + ( 1)
pk

R m M R m  (3) 

Termination by combination: 

+ → +( ) ( )  ( )
tck

R n R m P n m  (4) 

Disproportionation: ( )+ → +( ) ( )  ( )
tdk

R x R y P x P y  (5) 

Thermal degradation: ( ) ( )+ → +1  (0)
thdk

R m P m R  (6) 

In addition to the main reactions which occur in 
all free radical polymerization processes, several side 
reactions are also present. The inter-molecular chain 
transfer, produces long chain branches (LCB) in 
LDPE. The back-biting or intramolecular chain trans-
fer reaction is the major source of short chain 
branches (SCB) in LDPE. Both SCB and LCB are 
important characteristics of LDPE [8]. The content of 
SCB in a typical LDPE is 30 per 1000 CH2, whereas 
the content of LCB is 10-30 per molecule. Meanwhile, 
the formation of vinyl (Vi) and vinylidene (Vid) unsat-
urated groups are closely associated with the scission 
of secondary and tertiary radicals [8]. The reaction 
schemes for the side reactions are summarized in 
Eqs. (7)–(12) [7]. A detailed explanation on the poly-
merization reaction mechanisms and molecular struc-
ture of each component involved in Eqs. (1)–(12) can 
be found in Agrawal’s [8] work: 

Chain transfer to monomer: 

( ) ( )+ → + (0)
tmk

R m M P m R  (7) 

Chain transfer to transfer agent: 

( ) ( )+ → + (0)
tsk

R m S P m R  (8) 

Chain transfer to polymer: 

( ) ( )+ → +( )  ( )
tpk

R n P m P n R m  (9) 

Backbiting: →( )  ( )
bbk

R m R m  (10) 

β-Scission of secondary radical:  

( )
β

→ +( )  (0)
k

R m P m R  (11) 

β1-Scission of tertiary radical: 

( )
β

→ +
1

( )  (0)
k

R m P m R  (12) 

Reactor model equations 

The first principle model is expressed as the 
mass balances of initiator, solvent, monomer, free 
radicals, and dead polymer in conjunction with the 
energy balances at the reaction and jacket sides 
along the reactor. The reactor scheme for this study is 
shown in Figure 1. The model takes into account four 
initiator injection points, variable density, viscosity, 
and velocity of the reaction stream. The derivative of 
axial velocity with respect to axial length in materials 
balance is ignored in the present study as it is con-
sidered negligible [15,16]. The developed model uses 
data from reported industrial production. The mass 
balances with regards to each respective component 
in the LDPE tubular reactor polymerization process 
are given by Eqs. (13)–(18) [7]: 

Peroxide initiator mass balance: 

+ =,2 0i
i i

I
d x d I

dC
v f K C

dz
 (13) 

Monomer mass balance: 

λ λ+ + + =3
0 02 0M

p M th M tm M
dCv K C K C K C
dz

 (14) 

Solvent mass balance: 

λ+ =0 0S
ts S

dCv K C
dz

 (15) 

Methyl group/1000 CH2 mass balance: 

λ+ =0 0Me
bb

dCv K
dz

 (16) 

Vinyl group/1000 CH2 mass balance: 
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β λ+ =1 0 0VidCv K
dz

 (17) 

Vinylidene group/1000 CH2 mass balance: 

β λ+ =0 0ViddCv K
dz

 (18) 

The energy balance for the reaction and cooling 
zones are represented by Eqs. (19) and (20), res-
pectively [7]: 

( )λ
ρ

 −
= −Δ − 

  
0

41
 J

p M
P i

U T TdT HK C
dz C v D

 (19) 

( )
ρ

 −
= − 

  

41
 J

P i

U T TdT
dz C v D

 (20) 

Meanwhile, the pressure profile in the reaction 
mixture is expressed in Eq. (21): 

= −
22 r

in

dP f v
dz D

 (21) 

The expressions for the moments of live radical 
(λj) distribution are defined by Eqs. (22)–(24) [7,15]: 

( )λ λ= + − +3 20
02 2

i id I th M tc td
dv fK C K C K K
dz

 (22) 

( )

( )
( ) ( )

β β

λ λ λ

λ λ λ λ μ λ μ

= + − + −

− + + + + + ×

× − + + −

31
0 1

1

1 0 0 0 2 1 1

2 2
i id I th M tc td

tm M ts S thd bb

p M tp

dv fK C K C K K
dz
K C K C K K K K

K C K

 (23) 

( )

( )
( ) ( )

β β

λ λ λ

λ λ λ λ λ μ λ μ

= + − + −

− + + + + + ×

× − + + + −

32
0 2

1

2 0 0 1 0 3 2 1

2 2

2

i id I th M tc td

tm M ts S thd bb

p M p M trp

dv fK C K C K K
dz
K C K C K K K K

K C K C K

(24) 

The concentration of the radical moments is 
considered to be pseudo-stationary as inferred from 
previous studies [7,15], therefore Eqs. (22)–(24) are 
converted into Eqs (25)–(27): 

( )λ
+

=
+

3

0

2 2
i id I th M

tc td

fK C K C
K K

 (25) 

( )
( ) ( )

β β

β β

λ λ μ λ
λ

λ μ

+ + + + + + + + +
=

+ − + + + + + +

3
0 0 2 1 0

1
0 1 1

2 2
i id I th M p M tp tm M ts S thd bb

tc td tm M ts S thd bb tp

fK C K C K C K K C K C K K K K

K K K C K C K K K K K
 (26) 

( )
( ) ( )

β β

β β

λ λ λ μ λ
λ

λ μ

+ + + + + + + + + +
=

+ − + + + + + +

3
0 1 0 3 1 0

2
0 1 1

2 2 2
i id I th M p M p M tp tm M ts S thd bb

tc td tm M ts S thd bb tp

fK C K C K C K C K K C K C K K K K

K K K C K C K K K K K
 (27) 

The expression of live radical moments, as 
shown in Eqs. (25)–(27) is also implemented as a sol-
ution to molecular weight distribution [15,16]. 

The mass balance on a polymer model based 
on the reaction mechanism is given in the Eqs. (28)–
(30): 

( )β β

μ λ λ

λ

= + +

+ + + + + +

2 20
0 0

1 0

1
2td tc

tm M ts S thd bb

dv K K
dz
K C K C K K K K

 (28) 

( )
( )

β β

μ λ λ λ λ

λ

λ μ λ μ

= + +

+ + + + + + +

+ −

1
0 1 0 1

1 1

1 1 0 2

  td tc

tm M ts S thd bb

tp

dv K K
dz
K C K C K K K K

K

 (29) 

( )
( )

( )
β β

μ λ λ λ λ λ

λ

λ μ λ μ

= + + +

+ + + + + + +

+ −

22
0 2 0 2 1

1 2

2 1 0 3

  td tc

tm M ts S thd bb

tp

dv K K
dz
K C K C K K K K

K

 (30) 

The closure method of the polymer 
moment  is represented by Eq. (31) [17]: 

( )μμ μ μ μ
μ μ

= − 22
3 0 2 1

0 1

2  (31) 

The equations of live radical moments which are 
shown in Eqs. (25)–(27) and the differential equations 
of polymer moments which are shown in Eqs. (28)– 
–(30) are crucial in mass balance as they enable the 
determination of polymer properties which includes 
molecular weight (MW) and melt flow index (MFI). 
The kinetic parameter Kx values are estimated via the 
parameter estimation study. The values of Kx are not 
exposed due to proprietary reasons. The simulated 
data is then validated by using data from an industrial 
company which operates in Malaysia. 

Properties of the mixture 

The density and the specific heat capacity of the 
reaction mixture considered in this study are denoted 
as the composition of pure ethylene. The equations 



A. AZMI et al.: DYNAMIC OPTIMIZATION OF LOW-DENSITY POLYETHYLENE… Chem. Ind. Chem. Eng. Q. 27 (1) 85−97 (2021) 

 

 89

are in the function of pressure and temperature as 
prescribed by Buchelli et al. [18]. The density and the 
specific heat capacity of the reaction mixture are 
approximated by Eqs. (32) and (33), respectively: 

( ) ( )( )( )ρ ρ ρ
−

= + −
1

/ 1 /m e e e peX X  (32) 

( )= + −1m e e e peCp X Cp X Cp  (33) 

Heat properties 

The overall heat transfer coefficient (U) is calcul-
ated directly from the temperature differences and 
heat transferred in the reactor using Eq. (34) [19]: 

( )= Δ( / ) lmU Q A T  (34) 

The value of heat transfer (Q) is calculated from 
the heat rise of the water coolant stream as in Eq. 
(35): 

( )( )= −
, , J J J out J inQ m Cp T T  (35) 

and the log mean temperature ( Δ lmT )is given as in 
Eq. (36): 

( ) ( )( )
( ) ( )( )

− − −
Δ =

− −
, , , ,

, , , ,ln /

P in J out P out J in
lm

P in J out P out J in

T T T T
T

T T T T
 (36) 

Production output  

Eqs. (37)–(39) represent the calculations for 
monomer conversion (XM), weight-average molecular 
weight (MW) [8] and melt flow index (MFI) [20]: 

  
  = −

    0

100 1 M
M

M

CX
C

 (37) 

μ λ
μ λ

 +=  + 
2 2

1 1

28.05MW  (38) 

( ) − −= × 4 7.61(g/10min) 2.75 33 ( 10 )MFI e gMW  (39) 

Assessment criteria for the severity of a runaway 
condition 

The assessment criteria for the severity of a 
runaway condition is based on ΔTad value. This value 
is chosen since it shows the amount of reactor tempe-
rature rise for LDPE polymerization in the tubular 
reactor. A severity criterion of potential for runaway 
condition which is listed in Table 1, is assessed 
according to the Zurich Insurance Company and is 
commonly used in the chemical industry [11]. If the 
assessment occurs on a three-level scale, the upper 
levels for “critical” and “catastrophic” may be con-
sidered one level, “high”.  

Table 1. Assessment criteria for the severity of a runaway con-
dition [11] 

Simplified Extended ΔTad / °C 
Order of magnitude 

of Q’, kJ kg-1 

High Catastrophic >400 >800 

Critical 200–400 400-800 

Medium Medium 50–100 100-400 

Low Negligible <50 and no 
pressure 

<100 

Based on the literature [4,12,21] the tempera-
ture rise due to introduction of the initiator under 
normal operating conditions is observed to be in the 
range of 100-200 °C. The temperature rise has a 
higher possibility to increase even higher from this 
range, especially in the event of a heat exchange fail-
ure. According to the Zurich hazard analysis (ZHA), 
an adiabatic rise of temperature of more than 200 °C 
can be classified as high severity for a runaway react-
ion and requires safety technical measures [11]. For 
this reason, the present study considers a tempera-
ture increase of 200 °C and above to be critical. The 
rise in temperature can be considered as the reaction 
temperature under critical condition. 

Reaction temperature under critical condition (Tc) and 
maximum temperature under critical condition (Tc,max) 

When the heat transfer failure occurs, the 
energy balance in Eq. (19) zones become Eq. (40): 

λ
ρ

 = −Δ 0
1

 c
p M

P

dT HK C
dz C v

 (40) 

Thus, the profile of Tc represents the reaction 
temperature under critical conditions while T in Eq. 
(19) represents the reaction temperature running 
under normal conditions. Both T and Tc have different 
profiles with different maximum temperatures. In the 
reaction temperature running under normal conditions 
(T), its maximum value is directly taken from the plant 
operating manual, while in the case of the reaction 
temperature under critical conditions (Tc), its maxi-
mum value is decided by the sum of Tin  and ΔTad. 

The critical condition scenario is designed at the 
reaction zone only since this is the area where the 
highly exothermic polymerization reaction occurs. 
Therefore, failure or breakdown is most likely to occur 
in this zone rather than in the cooling zone [11].  

Dynamic optimization study 

The dynamic optimization technique applied 
which is based on the direct-discretization method is 
orthogonal collocation (OC). The OC method is exe-
cuted by using the dynopt code package within 



A. AZMI et al.: DYNAMIC OPTIMIZATION OF LOW-DENSITY POLYETHYLENE… Chem. Ind. Chem. Eng. Q. 27 (1) 85−97 (2021) 

 

90 

Matlab R2015a that has been developed by Cizniar 
[22] which utilizes an algorithm developed by Cuthrell 
and Biegler [23]. In this approach, state and control 
variables are parameterized simultaneously by using 
OC on finite elements. The iteration step for differen-
tial equation solver and the optimizer are computed 
simultaneously [24].  

In this study, the orthogonal collocation (OC) on 
finite elements is used to convert the original optimiz-
ation problems into nonlinear programming (NLP) 
problems [25,26]. The resulting NLP problems are 
solved by sequential quadratic programming (SQP). 
The gradients of the objective function, states and the 
constraints required in the SQP are differentiated by 
using Matlab symbolic function. The basic procedure 
followed is: 1) discretize both inputs and states using 
a Lagrange polynomial; 2) discretize the state equat-
ion with their initial conditions for selected interval 
time, i.e., the differential equations are satisfied only 
at a finite number of interval length (via orthogonal 
collocation). These two steps modify the discretized 
optimization problem into a standard nonlinear prog-
ram; 3) specify an initial guess for the decision vari-
ables, number of collocation and interval length; 4) 
calculate for the optimal solution of the specified 
objective function and generate the optimal trajec-
tories by using the SQP method. The basic algorithm 
of OC can be described in Figure 2. 

 
Figure 2. Basic procedure of orthogonal collocation method. 

The Optimization Toolbox with fmincon (find 
minimum of constrained nonlinear multivariable func-
tion) command was used to solve SQP problems 
within the MATLAB® environment. In the search iter-
ation, the convergence criterions which must be pre-
determined are TolX and TolFun. TolX is a minimum 
allowable size of a step. If the SQP acquires a 

searching step that is smaller than TolX, the iterations 
finalized. TolFun is a minimum allowable on the 
change in the value of the objective function during a 
searching step. For those algorithms, if |F(xn) – F(xn+1)| 
< TolFun, the iterations end. TolX and TolFun can be 
specified as 10-6, in order to obtain an accurate 
solution. 

Problem optimization formulation 

Two problem optimization formulations are con-
sidered in this study. The first problem is to maximize 
the XM under maximum temperature (Tmax) constraint 
whereas the second problem is to maximize the XM 
under maximum critical temperature (Tcmax). The only 
different between Problem 1 and Problem 2 is the 
path constraint imposed on each optimization formul-
ation. In Problem 1, the reactor is considered to 
behave normally, whereas in the reactor in Problem 2 
is assumed to run under critical condition. The term-
inal inequality constraint applied for both problems is 
MFI. The reactor jacket (TJ) is considered as a control 
variable. The dynamic optimization formulations for 
the two problems which consist of the objective func-
tion, decision variables, process, bounds and cons-
traints are shown as follows: 

Problem 1 - Maximum conversion with maxi-
mum reactor temperature (Tmax). 

The problem can be described as: 
Given      The fixed final length and

the allowable range of
LDPE’s MFI 

Optimize The reactor jacket tempe-
rature profile 

Searching parameter Monomer, solvent, initia-
tors feed flow rate and
reactor inlet pressure 

So as to maximize The conversion of the
monomer 

Subject to constraints Model equation, bounds
on the feed flow rate,
bounds on the reactor
jacket temperature 

Subject to path 
constraints 

Maximum reactor tempe-
rature (Tmax) 

Mathematically the optimization problem can be 
written as in Eq. (41): 

Problem 1: 
( ), 0  0 , 0  , , , ,

 
M S I i in

MF F F P
Xmax

J iT z
 (41) 

Subject to:  
=( ) ( ( ), ( ), , )Mx z f x z u z p z  (Eqs. (13)–(31)) 

( )
≤ ≤,

,  

0.69 1.69J i

J i ref

T
T

 
(Lower and upper con-
trol variable bound) 
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≤ ≤0 

0 ( ) 

0.96 1.02 
 

M

M ref

F
F

; 

≤ ≤0 

0 ( )

 0.95 1.22S

S ref

F
F

 

(Lower and upper para-
meter bound) 

≤ ≤, 0 

, 0 ( )

0.23 1.27I i

I i ref

F
F

; 

≤ ≤ 

 ( )

0.93 1.03
 

in

in ref

P
P

 

≤0.93 1.03
ref

MFI
MFI

 (Lower and upper MFI 
bound) 

= 1.00f

f ref

z
z

 (Terminal equality cons-
traint) 

≤/ 1.03max max refT T  (Inequality path cons-
traint) 

Problem 2 - Maximum conversion with 
maximum critical reactor temperature (Tcmax). 

The problem can be described as: 
Given The fixed final length and

the allowable range of
LDPE’s MFI 

Optimize The reactor jacket tempera-
ture profile 

Searching parameter Monomer, solvent, initiators
feed flow rate and reactor
inlet pressure 

So as to maximize The conversion of the mono-
mer 

Subject to constraints Model equation, bounds on
the feed flow rate, bounds 
on the reactor jacket tempe-
rature 

Subject to path 
constraints 

Maximum critical reactor
temperature (Tcmax) 

Mathematically the optimization problem can be 
written as in Eq. (42): 

Problem 2: 
( ), 0  0 , 0  , , , ,

 
M S I i in

MF F F P
Xmax

J iT z
 (42) 

Subject to:  
=( ) ( ( ), ( ), , )Mx z f x z u z p z  (Eqs. (13)–(31)) 

( ) 

0.69 1.69J

J ref

T
T

≤ ≤  (Lower and upper con-
trol variable bound) 

0 

0 ( ) 

0.96 1.02 
 

M

M ref

F
F

≤ ≤ ; 

0 

0 ( )

 0.95 1.22S

S ref

F
F

≤ ≤  

(Lower and upper para-
meter bound) 

, 0 

, 0 ( )

0.23 1.27I i

I i ref

F
F

≤ ≤ ; 

 

 ( )

0.93 1.03
 

in

in ref

P
P

≤ ≤  

0.93 1.03
ref

MFI
MFI

≤  (Lower and upper MFI 
bound) 

1.00f

f ref

z
z

=  (Terminal equality con-
straint) 

/ 1.24c max max refT T ≤  (Inequality path cons-
traint) 

The bounds for the variable and parameters in 
Problem 1 and Problem 2 have been chosen based 
on the industrial data. 

RESULTS AND DISCUSSION 

The results of the modeling and optimization are 
presented and discussed in this section. In order to 
quantify the accuracy of the model, the comparison 
between the developed model and industrial data is 
carried out [27]. Then, the R-squared (R2) obtained is 
used to assess the model accuracy and validity. The 
validated model is then used for the safety study. In 
the safety study, the Tc profile obtained is analyzed. In 
the optimization part, the results of the control vari-
able trajectory, optimum parameter values, reactor 
temperature, and monomer conversion are analyzed 
with respect to thermal safety constraint consider-
ation. For clarification, only relative values are dis-
played due to confidentiality reasons.  

Model validation 

Figures 3 and 4 show the model predictions for 
the temperature and the monomer conversion profiles 
versus the industrial data. The end product melt flow 
index (MFI) property obtained from the developed 
model also shows a satisfactory prediction with small 
error, 0.39%. It is observed that the model can predict 
the profiles very well with R-squared (R2) values of 
0.991 and 0.989 obtained for the reactor temperature 
and the monomer conversion (XM) profiles are very 
close to 1.  

The temperature profile in Figure 3 shows there 
are eight zones, which consist of four reactions and 
four cooling zones that exist in the LDPE tubular 
reactor. In the reaction zones, a sharp temperature 
peak is observed due to the highly exothermic rise of 
the polymerization reaction which generates a free 
radicals reaction between the feed in the initiator and 
the monomer. Monomer conversion (XM) also indi-
cates a fast escalation, and according to this tempe-
rature peak almost all of the initiator is consumed at 
this point. Due to no reaction occuring, XM stays cons-
tant until another initiator is injected in the next react-
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ion zone. In the second zone, the reaction mixture is 
cooled down to the optimal temperature level for the 
half-life decomposition of the second initiator. Initiator 
disassociation is highly dependent on temperature 
and will be inefficient if the temperature exceeds its 
half-life temperature [16]. This inefficiency will reduce 
the initiation reaction and propagation rate thus 
reducing the monomer conversion value.  

In the cooling zone, the temperature of the 
reaction mixture is cooled down steadily using a 
counter-current heat exchanger. This steady cooling 
process is to decrease the formation rate of a poly-
mer-rich layer on the inner wall of the tubular reactor. 
The second initiator is injected in the third zone to 

aggravate the monomer conversion, as shown in 
Figure 4. This initiator is also exhausted soon after its 
injection into the reactor. The reaction mixture is 
again cooled in the fourth zone to the suitable level 
for the half-life of the third initiator, which generates 
the high efficiency of the initiator. These processes 
are repeated in the subsequent zone until the eighth 
zone where the product will undergo further separ-
ation and treatment processes. 

Reaction temperature under critical condition (Tc) for 
reference model 

The reaction temperature profiles in normal and 
critical operating conditions are shown in Figure 5. 

 
Figure 3. Reactor temperature, T profile of industrial case and model prediction. 

 
Figure 4. Monomer conversion, XM profile of industrial case and model prediction. 

 
Figure 5. Reactor temperature (T) and critical reactor temperature (Tc) profiles of Base Case (reference model) across the tubular reactor. 
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The maximum reaction temperature (Tmax) is used as 
an upper bound for normal conditions whereas the 
maximum critical reaction temperature (Tcmax) is used 
as an upper bound for the process in the event a 
reactive system cannot exchange energy with its 
surroundings (critical condition).  

Here, it is clearly seen that the reactor peak 
temperature under critical condition (Tc) significantly 
rises beyond the operational Tmax limit of 1.03. There-
fore, the use of the Tmax is impractical since the react-
ion temperature already exceeded the limit. In order 
to ensure that the LDPE tubular reactor polymeriz-
ation is thermally safe, a new value for maximum 
reaction temperature under critical condition (Tc,max) 
must be introduced. As shown in Table 1, a process 
can be classified as critical when the adiabatic 
temperature rise (ΔTad) is more than 200 °C, therefore 
Tc,max value is determined by adding up ΔTad of 200 °C 
with reactor inlet temperature (Tin). 

With regards to the reaction process running 
under critical conditions, it can be observed from 
Figure 5 that the reaction critical temperature profile 
(Tc) already exceeds Tc,max thus indicating that the 
present industrial LDPE tubular reactor produces an 
adiabatic temperature rise ΔTad of more than 200 °C 
which is considered as high severity for a runaway 
condition according to the Zurich hazard analysis 
(ZHA) [18]. This approach is a pre-assessment 
method to predict how far the temperature will rise 
adiabatically during the critical condition. 

From Figure 5, it can be observed that the Tc 
profile has a significant trend change from the original 
T profile, as shown in Figure 5. At z/zref. = 0 – 0.042, 
where the first reaction occurs, the T/Tref  peak is 
0.995 while the Tc/Tref peak rises to 1.079 as shown 
in Figure 5. The Tc peak rises even higher in the next 
three reaction zones, located at z/zref. = 0.2738 – 
- 0.2928, z/zref. = 0.5019 – 0.5133 and z/zref. = 0.7300 –  
- 0.7452. The highest Tc/Tref peak observed is 1.2592 
that is obtained at the fourth reaction zone (z/zref. = 
= 0.7300 – 0.7452). This is largely due to the high inlet 
temperature for each of the reaction zones as a result 

of heat exchange absence, thus causing the sharp 
increment in the Tc profile as shown in Figure 5. The 
obvious way to ensure the Tc profile satisfies the Tc,max 
is by reducing the peak T profile in Figure 5, however, 
it will reduce the XM as well since the peak T profile 
and XM  are proportionally related. Consequently, the 
dynamic optimization study has to be carried out so 
that the XM can be either increased or maintained 
while ensuring the Tc profile satisfies theTc,max. 

Optimization 

These studies aim to maximize the monomer 
conversion for the LDPE tubular reactor running 
under maximum reaction temperature (Tmax) and cri-
tical temperature constraints (Tc,max). For Problem 1, 
Tmax constraints with bounds on the decision variables 
are imposed in the optimization problem, while in 
Problem 2, Tc,max constraints with bounds on the 
decision variables are imposed.  

The optimum results consist of the objective 
function (XM), Tmax, Tc,max and MFI values of both 
Problems 1 and 2 are tabulated in Table 2. The melt 
flow index (MFI) is the parameter which is commonly 
practiced in the global LDPE manufacturing industry. 
It acts as an indicator of the molecular weight (Mw) 
and is favoured over other parameters because of its 
rapid and simple determination [20]. The results 
shown in Table 2 are the optimum reactor output 
achieved with optimal parameter values and trajectory 
of TJ as shown in Table 3 and Figure 6, respectively. 
The resulting optimization profiles of XM, T, and Tc are 
shown in Figures 7-9, respectively. From Table 2, it 
can be observed that the XM/XM(ref) in Problem 1 
increases to 1.14. In Problem 1, temperature, T/Tref  
peak is allowed to increase up to the maximum limit 
of 1.03 and this allows for extra monomer conversion 
to occur in the reaction zones.  

From Table 2, it can be seen that the final 
XM/XM(ref) obtained for Problem 2 is 1.10, which is 
higher than the Base Case. Compared to Problem 1, 
the final XM/XM(ref) of Problem 2 is slightly lower than 
the former. In Problem 2, the maximum T/Tref peak 

Table 2. Results for maximize conversion of using different constraints 

Problem Constraint XM/XM(ref) Tmax/Tmax(ref) Tc,max/Tmax(ref) MFI/MFI(ref) 

1 Max. reaction temperature, Tmax 1.14 1.03 1.29 1.00 

2 Max. critical temperature, Tc,max 1.10 1.03 1.25 1.00 

Table 3. Optimal values of parameter variables (px) for maximize conversion with different constraints study 

Problem FM0/FM0(ref) FS0/FS0(ref) FI,10/FI,10(ref) FI,20/FI,20(ref) FI,30/FI,30(ref) FI,40/FI,40(ref) Pin/Pin(ref) 

1 0.98 1.00 1.05 1.00 0.92 0.90 1.00 

2 0.98 1.00 1.05 0.99 0.91 0.70 1.00 
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obtained is 1.0260, which is lower than the maximum 
T/Tref peak obtained in Problem 1. This is because, in 
Problem 2, the maximum reaction critical temperature 
constraint (Tc,max) is imposed, therefore the reduction 
in Problem 2 peak temperature occurs to ensure that 
the trajectory of the reaction critical temperature (Tc) 
satisfies the Tc,max constraint. It is also observed in 
Table 2 that both problems satisfy the MFI grade 

ranges. This is due to the presence of terminal 
inequality constraints at both problem optimization 
formulations. Maintaining polymer product within the 
specified grade is a primary performance indicator in 
LDPE production. 

Figure 9 shows that the maximum peak tempe-
rature of Tc of Problem 1 is 1.29, which is obtained at 
the end of the fourth reaction zone 4R (at z/zref. = 

 
Figure 6. Reactor jacket temperature profiles across the tubular reactor. 

 
Figure 7. Monomer conversion profiles of Base Case, Problem 1 and Problem 2. 

 
Figure 8. Comparison of reactor temperature profiles of Base Case, Problem 1 and Problem 2. 
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= 0.7452). This Tc/Tref value exceeds Tc,max, indicating 
that the process does not compel thermal safety 
constraints. Therefore, adding reaction temperature 
constraint (Tmax) alone would not be sufficient to 
ensure a thermal safety process. Figure 9 shows that 
the reaction temperature under critical condition Tc for 
Problem 2 successfully satisfies the maximum critical 
temperature (Tc,max) imposed on the optimization pro-
blem. However, it comes at the cost of a slightly lower 
conversion percentage. In a different optimization 
study carried out by Srinivasan, Palanki and Bonvin 
[28] using the batch reactor, they reported a similar 
reduction trend in conversion as a result of thermal 
safety constraint. This reduction is obtained in order 
to bring down the peak temperature. For the thermal 
safety constraint study, usually, the maximum peak 
temperature is lowered to facilitate the safety toler-
ance value [19]. For this reason, the monomer con-
version is reduced as well since it is proportionally 
related to reaction temperature [29]. By tracking the 
optimal TJ trajectory obtained in Problem 2, the on-
spec of LDPE grade can be produced within thermal 
safety precautions. 

CONCLUSION 

In the present paper, three main studies have 
been carried out to optimize LDPE production in a 
tubular reactor under thermal safety constraint which 
are process modelling, thermal safety risk assess-
ment and optimization of tubular reactor process 
under thermal safety constraint. For the process mod-
elling, it has been observed that the model can accur-
ately predict the profiles of the reactor temperature 
and the monomer conversion with values of R2 close 
to 1. The comparison of the product properties at the 
reactor end also showed a satisfactory agreement 

where a low percentage of error was observed 
between the model and industrial data.  

On the thermal safety risk assessment aspect, 
the present industrial LDPE tubular reactor has 
produced an adiabatic temperature rise (ΔTad) of more 
than 200 °C, which is considered as high severity for 
a runaway condition. For this reason, an optimal set 
of parameters need to be determined to ensure that 
ΔTad  should not exceed 200 °C in the event of a 
cooling failure.  

The dynamic optimization result has shown that 
an increase in monomer conversion has been 
achieved by both problem optimization formulations. 
The increment was obtained by optimal parameter 
values and trajectory of jacket temperature. Although 
Problem 1 has higher conversion than Problem 2, 
nevertheless the Problem 2 result has satisfied the 
thermal safety constraint Tc,max. These results 
demonstrate that Tc,max constraint must be incorpor-
ated for a thermal safety operation since the Tmax con-
straint is insufficient to protect the reactor,  particularly 
in the event of cooling failure. 

List of symbols  

Ai Inside pipe area, cm2 
Ao Outside pipe area, cm2 
Ax,i Frequency factor of x process with i-th number, 

l/(s cm3/mol·s) 
bb Backbiting, - 
Cx,i Concentration x component with i-th number, 

mol/cm3 
Din Inside diameter of reactor, cm 
De Equivalent diameter, cm 
DJi Inner diameter of jacket wall,cm 
Ex,i Activation energy of x process with i-th 

number, cal/mol 
e Ethylene, - 
Fx Mass flow rate of x component, kg/h 

 
Figure 9. Comparison of reactor critical temperature profiles of Base Case, Problem 1 and Problem 2. 
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fx Initiation efficiency of x-th peroxide, - 
fr Fanning friction factor, - 
Gc Jacket volumetric flux rate, cm3/s 
∆Hp Heat of polymerization, cal/mol  
hi Reactor side heat transfer coefficient, 

cal/(cm2·K) 
ho Outside film heat transfer coefficient, 

cal/(cm2·K) 
hw Heat transfer coefficient of reactor wall, 

cal/(cm2·K) 
Kd,i Rate constant of peroxide initiation with i-th 

number, l/s 
Kth Rate constant of monomer thermal initiation, l/s 
Kp Rate constant of propagation, l/(mol·s) 
Ktd Rate constant of termination by thermal 

degradation, l/(mol·s) 
Kthd Rate constant of termination by 

disproportionation, l/(mol·s) 
Ktrm Rate constant of chain transfer to monomer, 

l/(mol·s) 
Ktrp Rate constant of chain transfer to polymer, 

l/mol·s 
Ktrs Rate constant of chain transfer to solvent, l/s 
Kβ Rate constant of β-scission to secondary 

radical, l/s 
Kβ1 Rate constant of β -scission to tertiary radical, 

l/s 
Km Thermal conductivity of reaction mixture, 

cal/(cm·s·K) 
Kw Thermal conductivity of reactor wall, 

cal/(cm·s·K) 
KJ Thermal conductivity of jacket water, 

cal/(cm·s·K) 
L Length of reactor, m 
I Initiator, - 
M Monomer, - 
m Reaction mixture, - 

 Mass flow rate of x-th component, g/s 
Nu Nusselt number, - 
P Reaction pressure, bar 
pe Polyethylene, - 
Pin Reactor inlet pressure, Bar 
Pr Prandtl number, - 
px Input variable of x component 
P(x) Dead polymer with chain length x, - 
Q Heat transfer, J 
ro Outside radius of tubular reactor area, cm 
ri Inside radius tubular reactor area, cm 
R Ideal gas constant, cal/(mol·K) 
R(x) Live radical with chain length x, - 

Re Reynolds number, - 
Rf Fouling resistance, cm2·s·K/cal 
Rfmax Maximum fouling resistance, cm2·s·K/cal 
S Solvent, - 
∆Tad  Adiabatic temperature rise, °C 
∆Tlm Log mean temperature, - 
Tin Reactor inlet temperature, °C 
TJ Reactor jacket temperature, °C 
Tmax Maximum reaction temperature, °C 
Tc,max Maximum reaction critical temperature
Tcpeak Peak critical temperature, °C 
U Overall heat transfer coefficient, cal/(cm2·s·K) 
ux Control variable of x component,  
v Linear velocity of the reaction mixture in 

reactor, cm/s 
Vi Vinyl group 
Vid Vinylidene group 
Vm Specific volume of monomer, cm3/g 
Vp Specific volume of polymer, cm3/g 
∆Vx,i Activation volume of x component with i-th 

number, l/mol 
XM Monomer conversion, % 
z Axial distance from reactor inlet, cm 

Greek symbols 
λx x-th moment of the live polymer radical, - 
μx x-th moment of dead polymer radical, - 
β Beta scission of secondary radical, - 
β1 Beta scission of tertiary radical, - 
Ø Diameter  
ρ Reaction mixture density, g/cm3 
ηs Viscosity of reactant mixture, P 
ηr Relative viscosity of monomer, P 
ηo Viscosity of monomer, P 
ηs Viscosity of reaction,P 
wm Weight fraction of monomer, - 
wp Weight fraction of polymer, - 
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NAUČNI RAD 

  DINAMIČKA OPTIMIZACIJA PROIZVODNJE 
POLIETILENA NISKE GUSTINE U CEVNOM 
REAKTORU POD OGRANIČENJEM TERMIČKE 
SIGURNOSTI 

Komercijalni polietilen niske gustine (LDPE), koji se proizvodi postupkom polimerizacije 
etilena u prisustvu inicijatora u dugačkom cevnom reaktoru, najčešće se koristi u indus-
triji polimera. Veoma egzotermna priroda procesa polimerizacije LDPE i preduslov gre-
janja i hlađenja u cevnom reaktoru mogu dovesti do različitih problema, posebno sigur-
nosti u pogledu nekontrolisane promene temperature i produktivnosti, tj. smanjenja kon-
verzije monomera. Zbog toga je potrebno primeniti optimizaciju zasnovanu na modelu 
industrijskog cevnog reaktora za proizvodnju LDPE uz razmatranje termičke sigurnosti. 
Prvi osnovni model za ovaj proces je razvijen i potvrđen korišćenjem industrijskih poda-
taka. Bilansi mase i energije izvedeni su iz kinetike polimerizacije LDPE. Nakon toga, 
razvijen je izraz za temperature u reaktoru pod kritičnim uslovima i uključen u referentni 
model za proučavanje toplotne sigurnosti. Da bi se osiguralo da je postupak termički 
bezbedan i da zadovoljava željeni kvalitet proizvoda, pretpostavljena je ograničena din-
amička optimizacija, kako bi se maksimalno povećala konverzija monomera, pomoću 
ortogonalne kolokacije. Rezultati dinamičke optimizacije pokazuju da se maksimalna re-
akciona temperatura pod kritičnim uslovima može zadovoljiti optimizacijom omotača re-
aktora. Štaviše, postiže se bez ugrožavanja konverzije monomera i kvaliteta proizvoda. 

Ključne reči: Polietilen niske gustine, cevni reaktor, dinamička optimizacija, 
toplotna sigurnost. 
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  PHENOL REMOVAL USING PULSATION 
BUBBLE COLUMN WITH INVERSE 
FLUIDIZATION AIRLIFT LOOP REACTOR 

Article Highlights 
• The study is an integrated system of a pulsation bubble column with an inverse fluid-

ization reactor 
• The effectiveness of the present design was tested with one of the chemical contam-

inants, namely phenol 
• The method works for a variety of airflow rates, residence time, and molar ratio of 

phenol to H2O2 
• Results showed that the phenol removal efficiencies are ∼90% 
 
Abstract 

Phenol and phenolic compounds are omnipresent organic contaminants which 
are sent out to water bodies and wastewater systems produced from industrial 
processes, and they require specific attention due to their extraordinary feat-
ures such as high toxicity, carcinogenic characteristics, and ability to accumul-
ate, which affects the health of humans and the environment. In this practical 
study, the integrated system of a pulsation bubble column with an inverse 
fluidization air loop reactor was tested to remove phenol. The test platform was 
made and operated with a bubble column containing at its upper end an elec-
trical solenoid valve engaged via at least two timers, and connected to the air 
loop reactor consisting of an outer rectangular tube and an internal draft tube 
by one-way valve, where the granular activated carbon is put as an adsorbent 
material in the annulus region between the inner and outer tube. The effects of 
various parameters [molar ratio of Phenol to H2O2 (1/10, 1/15 and 1/20), airflow 
rate (5-20 L/min), remediation time (5-60 min), initial phenol concentration (10-
150 mg L-1) have been studied. Removing 90% of the contaminated phenol as 
a result of this study may represent a partial solution to the ecological problem.

Keywords: phenol, pulsation bubble column, inverse fluidization, strip-
ping, oxidation, adsorption. 

 
 

Wastewater remediation via the removal of org-
anic contaminants stills an earnest environmental and 
general problem. Moreover, in the face of tougher 
laws, polluted water has become a major concern and 
a priority for most industrial sectors. Phenolic com-
pounds and its derivatives are usually found in the 
environment as a result of their vast industrial uses 
[1]. Several remediation techniques applied for rem-
oving the chemical, oil, and petrochemical wastes, 
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can be categorized as three types: physical, chemical 
and biological. The choice of the best technology is 
based on many factors, like the chemical nature of the 
waste, the impact of the effective cost, space occu-
pied by equipment, discharge and reusing policy, per-
manent operation and side products. The main 
wastes produced from these categories are com-
posed of hydrocarbon compounds, phenolic com-
pounds, dyes, heavy metals, etc. [2-6]. Most of these 
compounds have pernicious ecological effects and 
may be labeled as serious waste; also, they are 
carcinogenic and have a malignant impact on human 
health. They are the largest contributors to the pollut-
ion of surface and groundwaters [7,8]. Centrifugal 
separation, adsorption, membrane separation, rev-
erse osmosis, nanofiltration, ultrafiltration and micro-
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filtration are particularly physical treatment methods; 
however, these methods have multiple restrictions, 
like producing great volumes of muds, expensive cost 
of equipment, in addition to installation and operation 
costs [9-12]. Air stripping is a technology that uses air 
flow jet for volatile organic contaminate removal from 
wastewater by increasing the contact surface area of 
the polluted water that is exposed to air; an organic 
pollutant which having low Henry’s constant will 
require a much higher air/liquid ratio or steam strip-
ping for efficient removal [13]. In the literature of 
wastewater remedy by adsorption, activated carbon 
adsorbents interact with adsorbates, keeping the ads-
orbate on the adsorbent surface and thus eliminating 
it from the aqueous phase. Adsorption via activated 
carbon is a prevalent wastewater treatment style 
because of its vigourous ability to remove organic 
materials even at low concentrations [14]. Powdered 
activated carbons may be directly used in the waste-
water resource tanks, while granular activated car-
bons can be packed into a bed inside columns 
through which wastewater flows continuously [14]. 
The cheap carbon materials created from a residue 
material – which can noticeably minimize the cost of 
water remedy and supply an evaluation way for varied 
waste streams – have been studied through recent 
decades as another wastewater remedy choice [15- 
-17]. The large consumption of chemicals and the 
costs of operation and maintenance in addition to skil-
led labor make the chemical processes such as oxid-
ation, electrochemical deposition and advanced oxid-
ation processes less economically feasible [18-25]. 
The advanced oxidation processes are characterized 
by the creation of reactive sorts, such as hydroxyl 
radicals (HO•), which are strong oxidation agents [26]. 
AOPs based on the production of HO• have a higher 
oxidation potential than those of ozone and hydrogen 
peroxide, and are responsible for the complete oxid-
ation for organic pollutants [27,28]. Although biolog-
ical treatment processes use multiple types of algae, 
fungi, yeast, genetically modified organisms, and bio-
logically active substances, some problems however, 
such as the difficulty of introducing the above mater-
ials into the reactor containing a filling in addition to 
the bypass phenomenon as a result of channeling, 
have led to limited use of biological treatment. There-
fore, the need to find a new, efficient, inexpensive and 
environmentally friendly design is necessary to red-
uce the negative impact of hazardous pollutants on 
water and to preserve the natural water cycle in the 
environment. The main objective of the current res-
earch is to test the effectiveness of the new design 
that integrates the performance of two devices and 

two techniques, the bubble column having a solenoid 
valve controlling to the pulsation-time of treated water 
and the inverse fluidization loop reactor under the 
effect of three processes of oxidation, stripping and ads-
orption, with various scenarios and operating conditions. 

EXPERIMENTAL 

Materials and methods 

The application of the proposed system required 
a synthetic wastewater model containing phenol as a 
polluting source. The chemical specifications of com-
mercial formula phenol C6H5OH that was imported 
from Sigma-Aldrich which was employed in this study: 
the pureness is more than 99%, molecular weight 
(g/mol) 94.144, molar volume (cm3/mol) 90, solubility 
in water (mg/L) 50-100 at 19 °C. Five synthetic solut-
ions with varied successive concentrations (10, 20, 
50, 100, 150 mg/L) were prepared from the prepared 
stock solution of phenol (1000 mg/L with acidic pH 
3.5-4). 

The experiments were carried out using a com-
mercial granular activated carbon (GAC) (8-20 mesh, 
3-4 mm particle size, specific surface area 1050 m2/g, 
solid density 1.153 (g/ml)) obtained from Sigma-Ald-
rich. The GAC was washed many times by deionized 
water to eliminate the undesired particles, then drying 
in a furnace until reaching 105 °C. The oxidizing 
agent hydrogen peroxide with 35 vol.% concentration 
was obtained from HiMedia Laboratories Pvt. Ltd., 
Sigma Chemical Co. 

Experimental setup 

The proposed design model consists of two 
units (Figure 1). The first is the pulsation bubble col-
umn (PBC) with an effective volume of 4 L that was 
made from diaphanous acrylic that allows us to see 
what’s going on inside. The outside diameter and 
height of the reactor were 5 and 210 cm, respectively. 
At the upper end of the PBC, a solenoid valve was 
placed and worked under the control of two timers 
which control the residence time for the contaminated 
solution, and created a pulsation flow during the 
period of opened and closed valve to transfer the 
treated water to the inverse fluidization air loop reac-
tor (IFALR). The aqueous solution of phenol and hyd-
rogen peroxide solution was premixed before entering 
the PBC via the two dosing pumps (P1 and P2 called 
SECO, chemical dosing type, country of origin: 
China). The compressed air was continuously fed 
through the compressor (C1) to the column with vari-
ous flow rates of 2 and 20 L/min by an air sparger 
placed at 50 cm above the base of the column to 
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vigorously mix the phenol and hydrogen peroxide 
solution for giving sufficient time for the stripping and 
oxidation process to occur. During the opening and 
closing of the solenoid valve, a difference in pressure 
was created between the water in the PBC, and 
IFALR makes the water passes through a one-way 
valve into the loop reactor. The solenoid valve is 
reopened and closed at different times, up to stability 
condition in the water flow, and samples of treated 
water are taken at intervals through the valve model 
No. 1. 

 
Figure 1. The design of the proposed treatment system; 

 – valves, P1, P2 - dosing pumps, T1 - waste water tank, 
F1 - flow meter, R1 – regulator, RE – reactor, C1 – compressor, 

T2 - hydrogen peroxide tank, N2 - nitrogen cylinder, 
D1 – distributor. 

The inner tube for IFALR reactor is fixed in a 
manner that allows for creating empty space under 
the column to allow the water to circulate, in addition 
to its centering in the outer box for any distance ext-
ended above the base of the outer box, by three sup-
ports fixed via screws for each region: top, middle, 
and bottom of the reactor. Each support is comprised 
of 16 punctures, and every hole has a 1 mm diameter; 
these holes permit water to pass and do not allow the 
passage of activated carbon due to their small size (1 
mm) compared to the size of the granulated carbon 
(3-4 mm). Screws participate in the installation of the 
draft tube from one side and loading the granulated 
carbon on the prop on the other. The direction of 
movement of the circulation of dispersed water will be 
from the top of the inner (draft) tube passing through 
the annulars to penetrate the activated carbon layer 
to complete the adsorption process for the remainder 

of the phenol, with the occurrence of synchronization 
of both stripping and oxidation processes. 

Experimental procedure 

The integrated system operates in the following 
sequence. 

The first step is a preparation of a synthetic 
solution contaminated with phenol at a concentration 
of 150 ppm, in the feed tank T1 with acidity ranging 
from 3.5-4. One liter of hydrogen peroxide is added to 
8 L of deionized water in tank T2 to prepare a solution 
of hydrogen peroxide, depending on the molar pro-
portion, as operational condition required 20 mol of 
hydrogen peroxide per 1 mol of phenol. 4.4 cm3 from 
the assigned bed size for the adsorption process is 
filled with 5 kg of granular activated carbon. Instal-
lation of the flow rates for each pump: 0.3 L/min for 
contaminated synthetic wastewater for pump P2, and 
0.2 L/min for hydrogen peroxide solution for pump P1. 
The two pumps operate at a pressure of 2 bar. For 
reaching stability, the system must be operating for 
an hour before conducting the experiments. 

After installing the timer control for operating the 
solenoid valve (at 30 s to open the valve + 5 s to 
close), a sample is taken to test the water treated for 
the first experiment at the sample-taking point No. 1. 

Five samples are taken within thirty minutes 
from the sample-taking point of the treated water No. 
1, at the rate of one sample for every five minutes, to 
check the concentration of phenol via the UV spectro-
photometer (Chrome Tech UV-VV-1100, UEBO9025, 
Japan) at a wavelength of 254 nm. 

As a result of the difference in density of oxid-
ized water due to the dispersion via the flowing air 
between the draft tube and the outer box, the treated 
water passes from PBC to IFALR at the same time 
the water forced to pass and recirculate through 
(GAC) padding at the inverse direction from top to 
bottom, to give full chance for efficient conjunction for 
stripping, oxidation and adsorption processes. 

One sample every six minutes was taken from 
the sample checking point No. 2, to compute the con-
centration of phenol in the treated water. 

The same steps were repeated by changing the 
following parameters. 

A: The residence time ranged for all processes 
from 5 to 60 min; 

B: various timers set the range for opening the 
solenoid valve (40, 50, 60, 120, 180 s), while the 
closed valve period remained 5 s during all experiments; 

C: the rate of airflow ranged from 2 to 20 L/min; 
D: three mole ratios were used in all experi-

ments: 1/10, 1/15, 1/20 phenol to hydrogen peroxide. 
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The efficiency of the integrated system was cal-
culated via the percentage of phenol removal through 
the following equation: 

η
−

= , ,

,

100 ph in ph out

ph in

C C
C

 (1) 

where η is the phenol abstraction efficiency (%), Cph,in 
and Cph,out are the initial and final concentrations of 
phenol in ppm, respectively. 

RESULTS AND DISCUSSION 

The results can be discussed in two stages: the 
results obtained from the pulse bubble column during 
the occurrence of two processes (stripping and oxid-
ation) and the effect of four variables. 

A: The curing time is associated with the open-
ing and closing times of the solenoid valve located 
above the bubble column; 

B: the mole ratio of the pollutant to the oxidizing 
agent; 

C: the rates of airflow; 
D: the pollutant concentration in the feeding 

input; 
The results are based on the models taken from 

the Model No. 1 pull point. 

From Figure 2 it is clear that by increasing the 
shutdown time of the solenoid valve, the contact 
period increases, thus increasing the processing time, 
this giving sufficient time to the •OH free radicals 
resulting from the decomposition of hydrogen perox-
ide to attack the phenol ring with increased capability 
for completely mineralizing the phenol pollutant to 
H2O and CO2 [29]. This is consistent with findings 
(Haroun and Idris, 2009) in that the increase in the 
residence time leads to an increase in the reactor 
performance [30]. At the same time, the process of 
mass transfer of phenol from the liquid phase (water) 
to the gas phase (air) occurs in the stripping process. 
The increase in the removal percentage via increas-
ing the concentration of the pollutant in the feed 
stream is due to the increase in the driving force of 
the mass transfer process generated by partial pres-
sure reduction on the permeate side, in the stripping 
process [31,32]. The percentages of removal of phe-
nol for thirty minutes for 10, 50, 100 and 150 ppm 
were 22.7, 43.2, 60.8 and 63.3%, respectively. 

Figure 3 shows that the mole ratio of hydrogen 
peroxide to phenol is the key to controlling the dis-
sociation rate of phenol in the oxidation reaction, 
based on the literature for oxidation processes in the 
presence of a single oxidizing agent (hydrogen perox-

 
Figure 2. Impact of time curing on the percentage of elimination of phenol, for different concentrations of phenol inputs. 

 
Figure 3. Influence of the remediation period on the percentage of removal, for a different range of molar ratios of phenol to hydrogen 

peroxide in PBC. 
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ide) [33]. Redoubling the molar number of hydrogen 
peroxide approximately twenty times twice the num-
ber of moles of phenol, with a 30 min remediation 
period, showed that the removal rate did not exceed 
63.3%. The increase or decrease in this molar ratio 
caused in both cases a decrease in the dissociation 
rate of phenol, as the increase leads to what is known 
as the sweeping or scavenging the free radicals of 
hydrogen peroxide, where the decrease causes the 
numerical diminution of the free radicals that attack 
phenol and, consequently, the rate of dissociation in 
the oxidation reaction. The increase or decrease 
beyond the optimal concentration leads to decreasing 
the process efficiency due to the scavenging effect of 
the HO• [29]. The ascending order of percentages of 
phenol removal for a treatment period of approxim-
ately 30 min, according to molar ratios 1:10, 1:15 and 
1:20, are 56.4, 54.3 and 63.3%, respectively. 

Figure 4 shows the limited effect of the change 
in the rate of airflow on the percentage of phenol rem-
oval for a 30-min treatment period, where at the flow 
rate of 5 L/min, the percentage of removal was 
approximately 52%, while at 18 L/min the percentage 
for removal was approximately 63%, at the same 
treatment period of 30 min. The difference in removal 
efficiency does not exceed 16%. This confirms the 

limited effect of a relative change in flow rate on the 
percentage of elimination efficiency. The percentage 
of removal for phenol with airflow rates 5, 10 and 18 
L/min within 30 min remediation time was 52.8, 59.7 
and 63.3%, respectively. 

The second stage of the results appears in the 
IFALR reactor that are represented via the samples 
taken from checking point No 2. These results are 
illustrated by the continuous effect of both stripping 
and oxidation processes, in addition to the new imp-
ortant factor represented by the adsorption process, 
with continuous changing in operating conditions 
(treatment period, concentration, airflow rates and the 
molar ratio of the pollutant to the oxidizing agent) [34]. 

From Figure 5 the effect of adsorption on the 
phenol removal rate for different phenol concentrat-
ons in the entering feeding stream appears evident. 
Furthermore, when concentration was 150 ppm, the 
removal rate was 89% for a 30-min treatment period 
in the second stage remedy, occurring in a reverse 
fluidization reactor (IFALR), i.e., with a total period of 
stay in the treatment system of 60 min, with the syn-
ergy of oxidation and stripping processes, in addition 
to the adsorption process which has the main effect in 
the work of the IFALR reactor. The dispersed water in 
the inner column of the reactor (draft) creates a differ-

 
Figure 4. Impact of residence time on the percentage of phenol elimination with various airflow rates in PBC. 

 
Figure 5. Influence of remediation time on the percentage of elimination of phenol with several initial concentrations of phenol, during 

stripping, oxidation, and adsorption processes in IFALR. 
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ence in density between the water treated in the draft 
tube and the water present in the annulars, forcing the 
water to circulate in the direction from the top, pas-
sing through the packed bed padding with activated 
carbon (inverse fluidization), where the adsorption of 
phenol takes place depending on the principle of the 
mass transfer via the concentration difference of phe-
nol between water and carbon, which gives the 
opportunity to increase the efficiency of the process of 
elimination of phenol in the contaminated water. Many 
researchers confirmed that the adsorption process is 
affected by the gas and liquid velocities, particle size, 
and initial static bed height, and the initial phenol 
concentration, flow rate, and bed particle size as well 
[34,35]. The removal rates of phenol in 30 minu for 
10, 50, 100 and 150 ppm were 29.29, 63.6, 77.8 and 
89.09%, respectively. 

The rate of the oxidation reaction depends on 
the optimum ratio between the pollutant and the oxid-
izing agent (hydrogen peroxide). Figure 6 shows that 
the highest removal efficiency of 89.1% was obtained 
in the second stage of the water treatment, which 
occurred in the reverse liquefaction reactor (IFALR) 
when the ratio of hydrogen peroxide to phenol was 
twenty, and this is due to the appropriate number of 
free radicals generated by the dissociation of the 

oxidizing agent, which was not too many that it 
caused the sweep of free radicals and not too few to 
lead to a decrease in the oxidation rate, so as to 
ensure the best and highest efficiency of phenol rem-
oval [29]. It is noticed that the removal percentage of 
phenol at 30 min in the second remedy stage in 
IFALR with a serial molar ratio of 1:10, 1:15 and 1:20, 
and total residence period in the treatment system of 
1 h, was 74.2, 80.1 and 89.09%, respectively. 

Reverse liquefaction reactor (IFALR) used in the 
design of the second stage of the proposed treatment 
system, uses air to disperse and recirculate the 
contaminated water between the two parts of the 
reactor, the riser and downcomer, which leads to 
control of design factors, such as surface area of 
contact, mixing intensity, and residence time. Figure 7 
shows that the airflow rate of 18 L/min and the use of 
5 kg of activated carbon in building the optimum dim-
ensions of the filling bed for getting the highest rate 
for phenol mass transfer from the liquid state (polluted 
water) to the solid (activated carbon) [36], has 
achieved an approximate removal rate of 90% in a 
treatment period of 30 min in a reverse liquefaction 
reactor, and the total remedy time was 1 h in the 
treated system. The removal rates of phenol in 30 min 
for 5 , 10 and 18 L were 80.1, 86.09 and 89.09%, 

 
Figure 6. Impact of the remediation period on the proportion of phenol elimination for different molar ratios of phenol to hydrogen 

peroxide in IFALR. 

 
Figure 7. Effects of treatment time on the proportion of phenol removal for various airflow rates in IFALR. 
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respectively. The difference in efficiency percentage 
does not exceed 0.1%. This confirms the limited 
effect of flow rate on the elimination percentage. 

CONCLUSIONS 

From the results of the research, it is possible to 
conclude the following. 

The success of the design idea based on the 
use of a solenoid valve with a bubble column to det-
ermine the residence time and transport of polluted 
water without the need to use a pump in what is 
known as PBC. 

The success of the idea of combining PBC with 
the inverse fluidization reactor IFALR was achieved in 
one treatment system. 

Three processes were achieved: stripping, 
oxidation, and adsorption.  

Three techniques were implemented: pulsation 
propulsion, inverse fluidization, and use of a single 
oxidizing agent. 

The best operating conditions for the removal 
system were checked. 

The clearance rate of 89% was obtained in the 
following operational conditions: 

A: one hour of total processing time; 
B: 18 L/min airflow rate; 
C: mole ratio of 1/20 of phenol to hydrogen per-

oxide. 
With the successful removal of phenol, the pre-

sent treatment system can be used to remove various 
types of organic pollutants in water. 

The system can be used to reduce the risks of 
organic compounds that have a negative impact on 
the environment. 
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NAUČNI RAD 

  UKLANJANJE FENOLA POMOĆU PULZACIONE 
BARBOTAŽNE KOLONE SA INVERZNIM 
FLUIDIZACIJSKIM AIT-LIFT REAKTOROM SA 
UNUTRAŠNJOM CEVI 

Fenol i fenolna jedinjenja su sveprisutni organski zagađivači, koji se ispuštaju u vodo-
tokove i sisteme otpadnih voda proizvedenih u industrijskim procesima. Ovaj problem 
privlači pažnju zbog karakteristika, kao što su visoka toksičnost, kancerogena svojstva i 
sposobnost sakupljanja koje utiče zdravlje ljudi i životnu sredinu. U ovoj praktičnoj stu-
diji, integrisani sistem pulzacione barbotažne kolone i inverznim fluidizacionim air-lift 
reaktorom sa sa unutrašnjom cevi testiran je za uklanjanje fenola. Probna platforma 
napravljena je tako da je barbotažna kolona sa solenoidnim elektro-ventilom na gornjem 
kraju, koji je uključen preko najmanje dva tajmera, povezana sa air-lift reaktorom parvo-
ugaonog poptrčnog preseka sa unutrašnjom cevi dok je anularni proctor ispunjen zrnas-
tim aktivnim ugljem. Efekat različitih parametara (molski odnos fenola prema H2O2 1/10, 
1/15 i 1/20, protok vazduha 5-20 L/min, vreme tretmana 5-60 min, početna koncentracija 
fenola 10-150 mg/L). Uklanjanje 90% fenola kao rezultat ove studije može predstavljati 
delimično rešenje ovog ekološkog problema. 

Ključne reči: fenol, pulsni stupac mehurića, inverzna fluidizacija, skidanje, oksi-
dacija, adsorpcija. 
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