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Present study deals with the simulation of the Fenton’s process for the removal of phenol using ASPEN-Plus. The effect
of phenol concentration, catalyst loading, mole ratio of H,0, to iron ion, and temperature on the phenol degradation rate has
been studied using the developed process flow diagram. The result shows higher flow rate of hydrogen peroxide (4.2
kmol/h) favours phenol degradation (98%) since the hydroxyl radical availability rises. Increase in catalyst loading (186 g)
and rise in mole ratio of hydrogen peroxide to iron ion (~1) improves the removal of phenol (~97%) from wastewater since
the hydroxyl radical formation improves and thus affect the mechanism and chemical kinetics of Fenton reaction. Increase in
temperature improves the degradation, however high temperature above optimum condition (32.5°C) does not favour the

degradation of phenol.
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The wastewater pollution due to industrial effluents has
become a very serious issue and requires attention
everywhere. Among the variety of pollutants released
from different industries, phenol/phenolic compounds
are generally regarded as one of the most toxic organic
pollutants'?. Teratogenic and carcinogenic effect of
phenol and phenolic compound demands the immediate
treatment prior to discharge’. Wastewater containing
phenol and phenolic compounds are discharged without
further treatment into the waterbodies by industries like
oil and gas industries, coal industries, petrochemical
industries, smelting and metallurgical operations,
polymer industries, paint and dye industries, fiberglass
plants, and pharmaceutical industries*’. Phenol being a
critical intermediate in various industrial products, many
researchers have carried out study of its removal from
wastewater. In the last two decades, removal of phenolic
compounds from wastewater has received global
attention because of their endocrine disrupting properties
and toxicity effects®®

A number of processes are studied to remove
phenol and phenolic compounds from wastewater.
Existing methods for the removal of these compounds
from wastewater include adsorption, chemical oxidation,
solvent extraction, and biological degradation’".
Biological/microbial degradation is often the most

economical and environmentally friendly method.
Still their application is restricted at high concentrations
of phenol since microorganisms get deactivated.
Further interaction of phenol compounds with
microorganism, organic and inorganic compound
produces substituted compounds or moieties that are
also toxic. Generally, microbial degradation requires a
large land area and longer time; it is therefore
considered as less flexible in design and operation'?.

Conventional wastewater treatment methods are
effective but they only transfer the contaminants from
one medium to another. They are not suitable for
wastewater with higher concentrations of the organic
contaminants and results in operational difficulties™".
Over the years, Advanced Oxidation Process (AOP)
have shown better results for the wastewater treatment,
since the process involves generation of hydroxyl
radicals”. Generally, hydroxyl radicals are strong
oxidants because of their high oxidation potential, and
thus they can oxidize and mineralize organic
molecules in pollutants into less toxic inorganic ions
and CO,. Hydroxyl radicals are capable of oxidizing
and mineralizing harmful organic pollutants into less
harmful CO, and inorganic ions®.

Photocatalysis is an AOP, where light absorption on a
semiconductor material generates strong oxidation and
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reductants in valence and conduction band, respectively.
Examples for heterogeneous photocatalyst includes,
TiO,, CuO, ZnS, ZnO, CdS, MOF'®, Z-scheme based
hybrids'’, metal free graphite carbon nitride'®, bismuth
oxyhalide", and also Fe;0,'°. Similarly, Fenton process
is widely used Advanced Oxidation Process (AOP)
having extensive application in industries for organic
pollutant degradation at moderate concentrations, shows
high performance and simple to adopt with oxidation of
organics by reduction of H,O, with Fe*" and produce
environmentally safe species like H,O and O,. Fenton
process is adopted to treat pharmaceutical effluents,
textile effluents and effluent containing phenols.
Heterogeneous catalyst usage can overcome the
drawbacks of the reaction such as small pH range,
higher H,O, consumption and ferric sludge
accumulation that affects the efficiency of the
process'. During the Fenton process, reactive
hydroxyl radicals *OH are generated through interaction
of iron ions (Fe*'/Fe’™) with hydrogen peroxide. The
Fenton reaction in the presence of Fe?'/H,0, is shown
below in Eq. (1) - (3)*

Fe*' + H,0,— Fe’" + "OH + OH~ .1
Fe*'+ H,0, » Fe* + O,H + H' (2
Fe’'+ O,H — Fe* + O,+ H" ..(3)

Out of these reactions, Eq. (2) is the rate limiting step
with the lowest rate constant (9.1 x 107 L/mol.s) in
comparison with other two steps. Thus, the overall rate
of the reaction is determined by Eq. (2) that necessitates
a large amount of H,O, and catalyst in order to generate
sufficient quantities of OH**. The objective of this
work is to simulate the phenol degradation reaction by
Fenton reaction using ASPEN plus and understand the
influence of different parameters on the degradation
efficiency.

Experimental Section

Simulation Set-up
The simulation setup for the phenol degradation in
ASPEN Plus is shown in Fig. 1. The input stream

VALVE-1

MIXER

consists of wastewater (WASTEH,0) stream
containing phenol to be removed and hydrogen
peroxide (H,O,). Both the input streams are sent to
MIXER, and then they are sent (as a single stream) to
the packed bed reactor (PBR). PUMP is used (for
lifting the fluid) after the reaction from packed bed
reactor. VALVE-1, VALVE-2 and VALVE-3 are the
valves that are used to maintain the flow rates of all
the input and output streams. The final PRODUCT
stream, after the VALVE-3 is the product stream
contains CO, and H,O.

Selection of components

In this process, the wastewater contains the toxic
pollutant phenol. For degradation of phenol, iron ion
is used as a catalyst (heterogeneous catalyst). Thus, in
ASPEN, for component selection it has been selected
as a solid component. All the other components
involved in the process like H,O, H,0,, CcsHsOH
(phenol), and CO,, are the conventional components
of the ASPEN data book.

Chemical kinetics

The specific chemistry used to understand the
behaviour of packed bed reactor and demonstrate the
use of Aspen Plus is the reaction of Phenol (P) with
Hydrogen peroxide (H) to form the product treated
water (W) and carbon dioxide (CD). The reactions in
the liquid and gas phase are assumed to be
irreversible. Eq. (4) shows the phenol degradation
reaction®’,

CcHO + 14H,0, > 17H,0 + 6C0, (4

According to the literature, the Fenton reaction is
irreversible and elementary, thus, the apparent order
of the reaction is taken as second-order™?°. As the
main reaction for the process is the Fenton reaction,
the values of rate constant and activation energy has
been taken accordingly from the literature. The rate
constant of the Fenton reaction is 0.01 M™'s™ ' and the
apparent activation energy is 79.5 kJ/mol*’. The
reactions involving the peroxyl and oxyl radicals have
PBR VALVE-3

[Propuer ]
PUMP L

Fig. 1 — Schematic representation of the packed bed reactor
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highest rate constants whereas the oxidation-reduction
reactions of iron and organic compounds involved
lower rate constants values.

Results and Discussion

Simulation study was carried out for a number of
parameters like molar flow rate of hydrogen peroxide,
mole fraction of components in product stream,
temperature, catalyst loading, mole ratio of hydrogen
peroxide to iron and degradation efficiency. Percentage
degradation of phenol has been chosen as the parameter
for evaluation in the present study. The effect of above-
mentioned parameters on the percentage degradation of
phenol was investigated. The initial values of the
parameters related to the study are given in Table 1%,

Effect of hydrogen peroxide (H,0,)

Effect of molar flow rate of H,0, (feed) on molar flow rate of
phenol, H;0, CO; and H,0 (product)

The effect of molar flow of hydrogen peroxide in
the feed stream on the molar flow of unreacted
phenol, hydrogen peroxide, carbon dioxide and water
in the product stream was studied (Fig. 2). The initial
molar flow of phenol was kept constant at0.026
kmol/h. The molar flow of phenol in the product
stream decreases continuously upon increasing the
molar flow rate of hydrogen peroxide and reaches
almost zero at 4.62 kmol/h flow rate of H,O,. Similar
observation of decrease in amount of phenol at higher

Table 1 — Parameters for phenol before simulation®®

Parameter Value
Overall volume of solution (L) 3
Temperature (°C) 30
pH 3.0
Initial concentration of phenol (mol L") 12.1x107
Initial concentration of H,0, (mol L) 6
5 0.020 - 83.85
y—u—u [0.16
0.018 u .
—"_o—" L 83.80
4-0.016 Lo.14
0.014 1 L8375
Lo0.12
340.012- | 8370
0.010 L0.10
24 0,008 1 83.65
-a-Phenol in product stream (kmol/h)
0.006 -0-Hydrogen peroxide in product (kmol/h) [~ 0.08 I 83.60
-u- Carbon dioxide in product (kmol/h) .
1+ 0.004 /u -0-Water in product (kmol/h)
o N 006 | 8355
00024 n—_
q I\.\.
0- 0.000 r . . —2—8 | 0.04 L8350
0 1 2 3 4 5

Hydrogen peroxide in feed (kmol/h)

Fig. 2 — Effect of molar flow rate of hydrogen peroxide in the
feed with the molar flow rate of phenol, hydrogen peroxide,
carbon dioxide and water in the product

hydrogen peroxide was reported in the literature’. It
indicates that hydroxyl radicals (‘OH) are in sufficient
amount to degrade phenol at tested conditions of
simulations. Continuous decrease of phenol in the
product stream with the addition of H,O, indicates the
effect of the Fenton reaction and its degradation in the
treated water.

As evident in the graph, the molar flow of hydrogen
peroxide in the product kept on increasing when
hydrogen peroxide in the feed was increased. This is due
to the small and constant molar flow rate of phenol in
the feed (0.026 kmol/h) as some of the hydrogen
peroxide is utilized for the oxidation of phenol. Because
the amount of hydrogen peroxide in the feed is
increasing, some unutilized amount of hydrogen
peroxide will come out in the product stream. A higher
initial concentration means a higher amount of residuals
of hydrogen peroxide which needs to be removed prior
to final discharge®.

The molar flow of carbon dioxide is changing
within a very small range as seen in Fig. 2. As the
molar flow of phenol is constant, availability of
phenol for the chemical reaction with hydrogen
peroxide is also small. Thus, molar flow of carbon
dioxide was observed as smaller in the product stream
even when the hydrogen peroxide was increased. The
variation in molar flow of water in the product stream
is also varying under certain range (Fig.2). As the
formation of water is also dependent on chemical
reaction of phenol and hydrogen peroxide and
because phenol molar flow is constant, similar effect
was observed in case of carbon dioxide. The initial
values of molar flow rates were selected for
simulation study after model validation.

Effect of molar flow of hydrogen peroxide on the percentage
degradation of phenol

The effect of molar flow of hydrogen peroxide on
the percentage degradation of phenol was studied. As
the molar flow of hydrogen peroxide was increased,
continuous increase in percentage degradation was
observed (Fig. 3). Initially, when hydrogen peroxide
is present in small amount, no degradation in phenol
was observed. At 1 kmol/h of hydrogen peroxide,
about 60% degradation was reported. Upon further
increase in hydrogen peroxide (slightly greater than 4
kmol/h) percentage degradation kept increasing
continuously. Almost 98% of phenol degradation is
obtained with the hydrogen peroxide flow rate in the
feed is around 4.2 kmol/h. According to the research
reported in the literature, the increase in hydrogen
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Fig. 3 — Effect of molar flow rate of hydrogen peroxide with the
percentage degradation

peroxide results in increase in removal rate of
phenol’.

When hydrogen peroxide was increased further,
above 4.2 kmol/h not much change in percentage
degradation could be reported. It indicates that
percentage degradation can’t be improved above this
point. This is due to the fact that when hydrogen
peroxide is present in excess amount, it starts to react
with hydroxyl radicals. This reaction generates HO,*
(hydro peroxy) radicals, which are less reactive than
initially present hydroxyl radicals. Thus, percentage
degradation was not affected significantly. Similar
results were obtained during the degradation study of
phenol using Fenton-like process™. HO,* is a weak
oxidant and the electrode potential of the HO,* is less
than that of OH* thus, less percentage degradation was
reported at higher hydrogen peroxide concentration® %
No change in percentage degradation was observed at
higher flow rate. Thus, a molar flow of 4.2 kmol’h
hydrogen peroxide can be suggested as an optimum
molar flow for phenol degradation based on the
conditions used in the simulation study.

Effect of Phenol
Effect of molar flow rate of phenol on the molar flow rate of
H,0,& CO, (product)

The simulation study was carried out to assess the
effect of molar flow of phenol in feed on the molar
flow of hydrogen peroxide and carbon dioxide in
product. Initially, at low molar flow rate of phenol,
sudden decrease in molar flow of hydrogen peroxide
in the product stream was noticed. As the amount of
hydrogen peroxide was kept constant and phenol flow
rate was varied, the behaviour is drastically changed

and very small amount of hydrogen peroxide is found
in the product stream than what was observed
initially. It is due to the fact that when molar flow of
phenol is smaller, the hydrogen peroxide and hence
the hydroxyl radicals are available in excess for
oxidation of trace amount of phenol. Therefore, some
amount of hydrogen peroxide could be utilized for the
degradation of small amount of phenol and large
amount of hydrogen peroxide was found in the
product stream. As the molar flow of phenol (> 0.2
kmol/h) was increased in feed, it could utilize more
amount of hydrogen peroxide; consequently, most of
the hydrogen peroxide is used for the oxidation of
phenol. Hence, small quantity of hydrogen peroxide
was left in the product stream

Since phenol is the only component responsible for
the conversion of carbon into carbon dioxide in the
wastewater, formation of carbon dioxide varies with
respect to the amount of phenol. The curve
representing molar flow of carbon dioxide shows
opposite behaviour than the molar flow of phenol. In
the initial zone of graph, at low molar flow rate of
phenol, sudden increase in the molar flow of carbon
dioxide can be seen. At phenol molar flow rate (> 0.2
kmol/h), molar flow of carbon dioxide was observed
to increase gradually. At higher molar flow rate of
phenol, the change in molar flow of carbon dioxide is
smaller than earlier. As the reaction between phenol
and hydrogen peroxide forms carbon dioxide, it can
be said that more amount of phenol in feed results in
more formation of carbon oxide depending upon the
availability of hydroxyl radicals.

Effect of molar flow rate of phenol on the mole fraction of
H,0; CO;and H,0 (product)

The simulation study was carried out to assess the
effect of molar flow of phenol in feed on the mole
fraction of hydrogen peroxide and carbon dioxide in
the product. Molar flow of hydrogen peroxide in feed
was kept constant (4.32kmol/h). The simulation, using
mole fraction was carried out to analyze the
components in the product stream. The behaviour of
curves in Fig. 4 can be explained in the same way as
explained in the preceding section. The molar flow
rate behaviour of hydrogen peroxide and carbon
dioxide are repeated for mole fraction behaviour.

As seen in Fig.4, mole fraction of water in the
product stream is increasing up to 0.4 kmol/h of
phenol in feed. Above this molar flow, the increase in
mole fraction of water is very small. At higher mole
flow of phenol, it starts to decrease first then becomes
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Fig. 5 — Percentage degradation based on the phenol concentration

constant near 1 kmol/h of phenol. Literature study
suggests that higher the moles of carbon dioxide and
water in product stream, larger the degree of
mineralization®.

Effect of concentration of phenol on the percentage degradation

Initial contaminant (phenol) concentration in
wastewater is important to study the effect of treatment
on the percentage degradation of the pollutants. Thus,
effect of initial phenol concentration was studied in
simulation to determine the degree of degradation of
phenol in the treated water. The study of Fig. 5 suggests
that increase in initial phenol concentration results in
decrease in percentage degradation. Initially, at very low
concentration of phenol, very high degradation was
observed. Later, when the concentration of phenol was
increased, the percentage degradation was observed to
decrease up to about 0.7 mg L of phenol. Similar
behaviour in experiment was reported during the
degradation study of phenol and chlorinated phenols
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Fig. 6 — Percentage degradation based on the mole ratio of H,0,
and Fe?*

using Fenton’s reagent™. When the initial concentration
of phenol was higher in the wastewater, smaller
percentage degradation was achieved. This may be due
to the fact that with the increase in initial concentration
of phenol/phenolic compound, the number of molecules
of phenol/phenolic compound per unit volume also
increases. Thus, lower removal rate is observed.
Degradation study of the phenolic compound bisphenol
by the Fenton advanced oxidation process reports that
when the initial concentration of phenolic compound
(bisphenol) is increased, relatively low removal rate of
bisphenol is obtained®”. Higher concentration of
pollutants (phenol) initially in the wastewater results in
smaller pollutant degradation.

Effect of mole ratio (hydrogen peroxide/iron ion) on the
percentage degradation

The effect of mole ratio of H,O,/Fe*"ion affects the
degradation of pollutants in wastewater containing
phenol, thus simulation study was carried out for the
same and shown in Fig. 6. The literature study
suggests that at low concentration of ferrous ion, if
the OH* radical concentration is low; the chemical
reaction does not proceed significantly. Therefore, at
very low mole ratio, low percentage degradation of
phenol was observed.

Literature study suggests that the mole ratio of
hydrogen peroxide to iron ion affects the removal of
phenol from wastewater according to the mechanism
and chemical kinetics of Fenton reaction. Therefore,
simulation study was carried out to determine the
effect of mole ratio of hydrogen peroxide to iron ion
on the degradation efficiency of phenol. Refer to the
Fig. 6, at initial mole ratio of about 0.375, nearly 69%
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degradation of phenol was observed. Above mole
ratio of 1.0, a sudden improvement in degradation
efficiency was observed (about 97%). Further increase
in mole ratio from 1.13 to 1.88 resulted in gradual
increase in percentage degradation and reached a
constant value after a mole ratio of about 1.88.

On the other hand, when high amount of catalyst is
used, hydroxyl radicals are generated in larger amount
at the start of reaction; consequently, side reactions
are initiated. Subsequently, these reactions result in
decrease of removal of phenol as compared to earlier.
Thus, constant removal efficiency was observed in the
later part of the graph (Fig.6) at higher mole ratios’.
Above mole ratios of 1.88, increase in percentage
degradation is not appreciable. Thus, a mole ratio of
1.88 can be suggested as an optimum value for
maximum degradation of 99.5%.

Effect of catalyst weight on the percentage degradation

The simulation study was carried out to assess the
effect of catalyst weight or catalyst loading on
percentage degradation of phenol. The effect of iron
content on the catalyst activity by varying doses of
iron in the packed bed reactor was studied in
simulation. The study was performed using the iron
catalyst within the weight range of 15-250 g. It can be
seen that when small amount of catalyst (about 16 g)
was used, approximately 25% degradation of phenol
was reported (Fig. 7). A continuous increase was
observed up to about 186 g of catalyst weight that can
be correlated to the increase in hydroxyl radical
formation that leads to better phenol degradation.
Upon further increasing the catalyst load (above 186
g), percentage degradation was nearly constant.

100

—"

i "
90 -—

~
80

70+

60 -

50 - /
40
30 -

20 T T T T
0 50 100 150 200 250

Catalyst Weight (g)

Percentage degradation (%)

Fig. 7 — Percentage degradation based on the weight of catalyst

The amount of catalyst determines the active sites
available for the reaction. With respect to increase in
the catalyst amount, the hydroxyl radicals are
generated more that results in better phenol
degradation. Once the optimum catalyst loading is
reached, further phenol degradation need not be
achieved. This may be due to the increase in catalyst
surface area with the increase in catalyst load.
According to the literature, higher surface area
promotes the generation of reactive radicals which in
turn improves the percentage degradation’®. These
observations can be supported by the research in
which it was suggested that the increase in catalyst
loading results in acceleration of phenol degradation™.
Similar results of increase in percentage degradation
of phenol and its intermediates were observed during
the study of heterogeneous Fenton process™. They
observed improved rate of degradation in case of
higher catalyst loading. At a higher catalyst load
(above 200 g), nearly constant percentage degradation
was observed. No change in degradation at higher
catalyst load may be due to the availability of
excessive iron ion which results in the formation of
iron complexes®. As per an experimental finding,
iron complexes consume some OH*, which results in
lower or unchanged degradation’.

No significant change in percentage degradation of
phenol was observed above 186 g of catalyst load.
Thus, based on the conditions used in the simulation
study, it can be suggested that 186 g catalyst load can
be suggested as an optimum value for maximum
degradation of 96%.

Effect of temperature on percentage degradation

The temperature of chemical reaction is an
important parameter kinetically as it affects the rate
constant and eventually the rate of reaction. The
variation in phenol degradation with the change in
reaction temperature is given in Fig. 8. In Fenton
oxidation system, temperature of the reaction medium
is one of the most significant factors which affect the
degradation efficiency’’. Therefore, simulation study
was carried out to assess the effect of temperature on
the removal of phenol from wastewater. Generally,
the rate of reaction with Fenton’s reagent increases
with increase in temperature. As per the Arrhenius
theory for rate constant, the increase in temperature
should lead to higher hydroxyl radical formation.
However, at higher temperature conversion of
hydrogen peroxide into water and oxygen declines the
availability of reactant in Fenton reaction®.
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Fig. 8 — Percentage degradation based on the temperature of
reactor

At temperature below 30°C, linear increase in
percentage degradation of phenol was observed.
Above the temperature the degradation was observed
to improve at a lower rate than earlier. Above 32.5°C
temperature a decrease in percentage degradation was
observed and no further increase thereafter. This
decline in degradation of phenol may be due to either
the low availability of hydrogen peroxide or because
of incomplete utilization. This decrease in degradation
also suggests that at temperature above 32.5°C
decomposition of hydrogen peroxide would have
accelerated into oxygen and water and thus,
significant mineralization was not reported. Also,
high temperature leads to the decomposition of
hydrogen peroxide and increase the loss of iron ion
which does not favour the degradation of phenol’>*’.

Moreover, in case of complex reactions,
temperature not only accelerates the main reaction but
also favours the side reactions. It can be suggested
that in this case, increase in temperature is initially
helpful to activate the radicals. High temperature
results in decomposition of H,O, as follows’.

H,0, > H,0+0.50,

It can also be said that because reaction is
exothermic, increase in temperature is not favourable
for degradation or conversion of original components
or pollutants initially present in the wastewater®. The
maximum degradation was observed at 45°C
temperature, after this value decline in percentage
degradation can be seen in the graph. This
temperature (32.5°C) can be suggested as an optimum
value for maximum degradation of phenol (90%)
under the conditions used in simulation study.

Conclusion

Influence of various parameters including phenol
concentration, hydrogen peroxide concentration, and
catalyst loading on the product concentration and
degradation efficiency is analyzed using simulation of
the Fenton process in Aspen Plus. With the increase
in H,O, concentration in the feed, reactant phenol
concentration is observed to decrease and products
CO,, H,O concentration is increased along with
increase in phenol degradation. Phenol degradation is
improved due to the availability of hydroxyl radical
concentration with the rise in hydrogen peroxide flow.
Similarly, increase in phenol flow rate in the feed
results in increase in the product, CO, and H,0, flow
rate due to improvement in mineralization of phenol
and decrease in phenol degradation. Higher pollutant
concentration lowers the degradation efficiency.
Improvement in phenol degradation is observed with
the H,0,/Fe*" ion and catalyst loading due to better
generation of OH* radical essential for Fenton
reaction. Degradation rate improved with the rise in
temperature that correlates with the Arrhenius law
and further increase in temperature after optimum
value lowers the degradation due to lowering of
mineralization. The optimum percentage degradation
of phenol was attained at around 4.2 kmol/h of H,0,
in the feed, catalyst loading of 186 g, 1.88 mole ratio
of H,0,/Fe**, and 32.5°C temperature. It can be
concluded that the key parameters that influence
the phenol degradation in Fenton reactions are,
H,0, concentration in the feed, catalyst loading,
H,0,/Fe*"and temperature of the reaction.

Acknowledgements

The authors acknowledge the research facility at
Department of Chemical Engineering, National
Institute of Technology, Warangal for conducting the
research

Funding
This research work received no external funding.

Conflicts of interest
The authors declare no conflict of interest.

References

1 Ahmaruzzaman M, Adv Colloid Interface Sci, 143 (2008) 48.

2 SunY, Wang P & Bian X, 2013 International Conference on
Materials for Renewable Energy & Environment (2013)
621.

3 Turascu B, Siminiceanu I, Vione D, Vicente M A & Gil A,
Water Res, 43 (2009) 1313.



428

11
12

13

14

15
16

17

18

19

20

INDIAN J. CHEM. TECHNOL., JULY 2022

Bandyopadhyay K, Das D & Maiti B R, Bioprocess Eng, 18
(1998) 373.

Pan W, Xiu Fang B & Yan Xin L, Chinese Sci Bull, 57
(2012) 33.

Santos A, Yustos P, Quintanilla A, Rodriguez S & Garcia-
Ochoa F, Appl Catal B, 39 (2002) 97.

Zhou S, Qian Z, Sun T, Xu J & Xia C, Appl! Clay Sci, 53
(2011) 627.

Sable S, Shah K J, Chiang P C & Lo S L, J Taiwan Inst
Chem Eng, 91 (2018) 434.

Turhan K &Uzman S, Desalination, 229 (2008) 257.

Jiang H, Fang Y & Guo Q X, J Hazard Mater B, 10 (2003)
179.

Hameed B H & Rahman A A, J Hazard Mater, 160 (2008) 576.
Kibret M, Somitsch W & Robra K H, Water Res, 34 (2000)
1127.

Pellizzetti E, Macrino V, Minero C, Carlin V, Pramauro E,
Zerbinati O &Tosano M L, Environ Sci Technol, 24 (1990)
1559.

Laoufi N A, Tassalit D & Bentahar F, Global NEST J, 10
(2008) 404.

Jay L & Chirwa, E M N, Chem Eng Trans, 70 (2018) 181.
Patial S, Raizada P, Hasija V, Singh P & Thakur V K, Mater
Today Energy, 19 (2021) 100589.

Nguyen V H, Sharma S, Dutta V, Raizada P, Kumar
Thakur V, Saini A K, Mittal D, Nguyen V H, Ahamad T,
Chien Nguyen C, Young Kim S, Le Q V & Singh P, Mater
Lett, 313 (2022) 131716.

Sharma K, Dutta V, Sharma S, Raizada P, Hosseini-
Bandegharaei A, Thakur P & Singh P, J Ind Eng Chem,78
(2019) 1.

Hasija V, Nguyen V H, Kumar A, Raizada P, Krishnan V,
Khan A A P, Singh P, Lichtfouse E, Wang C & Pham Thi H,
J Hazard Mater, 413 (2021) 125324.

Ikehata K & El-Din M G, J Environ Eng Sci, 5 (2006) 81.

21

22

23

24

25

26

27
28

29

30

31

32

33

34

35

36

37

38

Aneggi E, Cabbai V, Trovarelli A & Goi D, Int J
Photoenergy, 2012 (2012) 8.

Dhakshinamoorthy A, Navalon S, Alvaro M & Garcia H,
Chem Sus Chem, 5 (2012) 46.

Bach A, Shemer H &Semiat R, Desalination, 264 (2010)
188.

Dinarvand M, Sohrabi M, Royee S J & Zeynali V, 4sia-Pac
J Chem Eng, 12 (2017) 631-639.

Zazo ] A, Casas J A, Mohedano A F, Gilarranz M A &
Rodriguez J J, Environ Sci Technol, 39 (2005) 9295.

Kroflic A, Schaefer T, Hus M, Le H P, Otto T &
Herrmann H, Phys Chem Chem Phys, 22(2019) 1324-1332.
Chirita P, Chem Biochem Eng Q, 21 (2007) 257.

Pontes R F F, Moraes J E F, Machulek Jr A & Pinto J] M,
J Hazard Mater, 176 (2010) 402.

Zazo J A, Casas J] A, Molina C B, Quintanilla A &
Rodriguez J J, Environ Sci Technol, 41 (2007) 7164.
Yazdanbakhsh A Z, Daraeci H & Davoodabadi M, fran J
Health Saf Environ, 2 (2015) 325.

Pignatello J J, Oliveros E & MacKey A, Crit Rev Environ Sci
Technol, 36 (2006) 1.

Liao Q, Sun J & Gao L, Colloids Surfaces A: Physicochem
Eng Asp, 345 (2009) 95.

Massa P, Ivorra F, Haure P & Fenoglio R, J Hazard Mater,
190 (2011) 1068.

De A, Dutta B K & Bhattacharjee S, Environ Prog, 25
(2006) 64-71.

Wang M, SuX, Yang S, Li L, Li C, Sun F, Dong J &
Rong Y, E3S Web Conf, 144 (2020) 1.

Herney-Ramirez J, Lampinen M, Vicente M A, Costa C A &
Madeira L M, Ind Eng Chem Res, 47 (2008) 284.
Matavos-Aramyan S & Moussavi M, Int J Environ Sci Nat
Resour, 2 (2017) 0115.

Argun M E & Karatas M, Environ Prog Sustain Energy, 30
(2010) 540-548.



