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ab s t r ac t
Electrocoagulation treated coking wastewater was subjected to further treatment using adsorption 
in batch mode. A commercial powder activated carbon (PAC) was used as an adsorbent. Effects of 
pH, adsorbent dose, phenol concentration, adsorption temperature and contact time were studied on 
removal of phenol and chemical oxygen demand (COD). First- and second-order kinetics models were 
tested, conforming second-order to fitted well. Adsorption was found to decrease slightly with increase 
in temperature. Sorption performances were also evaluated using Freundlich, Langmuir and Temkin 
isotherm models. All the models were fitted well with similar accuracy (maximum deviation 5%). The 
thermodynamic study shows the process to be exothermic. Adsorption at best condition: pH = 6, PAC 
load = 3 kg/m3 and contact time = 4 h; phenol, COD and ammonia–N removal were found to 99%, 
33.5% and 91%, respectively, from 272 mg/dm3 phenol, 793 mg/dm3 COD and 65.9 mg/dm3 ammonia–N. 
Pareto analysis of variance (ANOVA) showed a high coefficient of determination values for phenol 
removal (R2 = 0.9766) between the experimental values and predicted values in a second-order regres-
sion model. Treated effluent can be recycled for quenching of hot coke of coke oven.
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1. Introduction

Coke is a major component to fulfil energy required in 
manufacturing of steel. It is produced by the pyrolysis of coal 
in coke oven. After pyrolysis, coke is quenched with water. The 
wastewater generated from coke oven consists of many pol-
lutants such as ammonia–N, phenol, cyanide and other inor-
ganic and organic compounds [1]. Common treatment method 
applied to treat coking wastewater (CWW) is coagulation fol-
lowed by biological process. In biological treatment specific 
microorganisms are needed to reduce phenol and cyanides. To 
alive these microorganisms specific operating condition like 
pH, temperature and concentration of pollutants need, oth-
erwise, treatment efficiency decreases. Combined processes 
are not able to reduce chemical oxygen demand (COD) below 
1,000 mg/dm3 and color still has dark brown. The biological 
treatment process opted in Bhilai Steel Plant, India, is pre-
sented in Fig. 1. Many works have been reported to treat CWW 

by biological process and by physical and chemical processes. 
In a process CWW was treated by adsorption on activated 
coke. COD and color removal was studied. COD and color 
removal was good but adsorbent dose was high [2]. In another 
study, coagulation and zero-valent iron process was found to 
be not much effective for its treatment as <50% COD removal 
obtained [3]. Application of heat using vacuum distillation 
was performed to remove COD and NH3N of CWW, which 
was found to an effective process for removal of COD [4]. A 
two step process, nanofiltration (NF) combined with steam 
stripping was used to treat CWW. In this process, wastewaters 
were fractionated by NF into an ammonium concentrate and 
an ion-containing permeate stream. The concentrates were 
further fractionated in the steam stripping column [5]. Pulsed 
corona discharge to treat CWW gave good degradation of cya-
nide, but, degradation of phenol was poor [6]. Electrochemical 
oxidation was also performed to remove pollutants of CWW; 
this process has been approved to effective one for treatment 
of industrial effluents [7]. CWW exposed to UV radiation able 
to reduce polycyclic aromatic hydrocarbons only up to 50% 
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by photodegradation [8]. Integrated hybrid systems that com-
bined coagulation, ultrafiltration and reverse osmosis gave 
good results in the treatment of CWW [9]. In a study ultra-
filtration membranes were not found suitable to remove high 
level of pollutants, but pollutants were removed efficiently 
by reverse osmosis process [10]. Most of the physicochemical 
method discussed above did not remove phenol efficiently. In 
our laboratory CWW was first treated by electrocoagulation 
(EC), which was further treated by adsorption using powder 
activated carbon (PAC; present study). These combined meth-
ods gives significant reduction of pollutant contained in CWW.

EC treatment of CWW using stainless steel 304 electrode 
was already conducted in laboratory by authors. Removal effi-
ciency of COD, cyanide, ammonia–N and phenol was 90.5%, 
82.7%, 63.8% and 57.14%, respectively, from initial concentra-
tion of COD 9,000 mg/dm3, cyanide 10.4 mg/dm3, ammonia–N 
166 mg/dm3 and phenol 420 mg/dm3. Since phenol is a neu-
tral species, its removal by EC process is very less (57.14%). 
Therefore, further treatment was required. Treatment of phe-
nolic wastewater using active carbon adsorbent is considered 
to be an effective method because of its large surface area, 
microporous nature, high adsorption capacity, high purity 
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and easy availability. Several investigators have studied the 
adsorption of phenol and phenolic compounds on active 
carbons [11–15]. Therefore, in the present study removal 
efficiency of phenol and other pollutants from supernatant 
obtained from EC treated CWW was taken by using PAC. PAC 
has been selected in present study because it is commercially 
available adsorbent. Generally, other adsorbents are prepared 
from biomass, thus, preparation part not needed to perform. 
Apart from this it is widely used adsorbent in industries as its 
performance is found to be very good to remove various pol-
lutants from wastewater. Fly ash of coal-based thermal power 
plant was also used to compare the performance of adsorbents. 
In present experimental study performance of PAC is found 
much better than fly ash. So far adsorptive treatment of EC 
treated CWW in second stage is not found in open literature. 

2. Experimental setup

2.1. Materials and methods

The CWW was arranged from coke-oven section of Bhilai 
Steel Plant, Bhilai, Chhattisgarh, India. Laboratory and ana-
lytical grade chemicals made of Merck Limited, India and 
Germany were used in experiments and for analysis. COD, 
phenol, ammonia–N, cyanide, chloride and phosphate were 
determined by standard method prescribed by American 
Public Health Association (APHA) [16]. COD was determined 
by close reflux method. Wastewater samples were digested 
in COD digester (Merck, Germany) at 140°C for 2 h, after 
that, absorbance was determined in a UV spectrophotometer 
(Shimadzu, Japan) at 620 nm. Phenol was determined 
by direct photometric method, cyanide and ammonia–N 
were determined using selective electrodes (Orion, Korea). 
Chloride was determined by titrimetric method. Phosphate 
was determined by colorimetric method. Sulfate was deter-
mined by precipitation method using BaCl2. The quality of 
CWW, supernatant after EC and after adsorption is presented 
in Table 1. Morphology and composition of PAC was done 
using scanning electron microscope (SEM; ZEISS, model 
EVO18, Germany) and energy-dispersive X-ray spectroscopy 
(EDX; X-Max, Oxford Instrument). 

Adsorptive treatment of EC treated CWW (phenol = 
272 mg/dm3) was carried out in a shaker in batch mode. 50 mL 
of EC treated CWW (at optimum condition) was taken in 
100 mL conical flask. The required amount of adsorbent was 
added and kept for shaking. About 5 mL samples were taken 
at certain time interval and phenol content was determined. 
Effect of pH, adsorbent dose (m), pollutant concentration, 
temperature and contact (shaking) time on phenol removal 
was estimated. COD, ammonia–N, cyanide and color were 
also determined at end of the experiment. The phenol and 
other parameters removal efficiency after adsorption were 
estimated using:

R
C C
C
o t

o

% =
−

×100 � (1) 

where R% is percentage removal efficiency, C0 is the ini-
tial concentration (mg/dm3), Ct is the concentration after 
time t (mg/dm3). All measurements of samples were 
repeated whenever required. Optimum condition for EC 

treatment of CWW using SS-304 electrode was pH = 10.5, 
current density = 16.66 A/m2, electrolyte NaCl concentration 
= 100 mg/dm3 and electrode gap = 17.5 mm. At this oper-
ating condition removal efficiency of cyanide, ammonia–N, 
phenol and COD was 82.7%, 63.8%, 36.25% and 91%, respec-
tively, from their corresponding initial values of 10.4, 166, 
420 and 9,000 mg/dm3. The data are presented in Table 1.

3. Results and discussion

3.1. Characterization of PAC adsorbent 

The PAC (Merck) was used as an adsorbent. It was char-
acterized for SEM and EDX. Fig. 2 shows the SEM of PAC 
before the adsorption and after the adsorption experiments. 
After adsorption PAC was found to hazy, which is due to 
occupying of adsorbent surfaces by pollutants. The EDX 
analysis results are shown in Table 2. After adsorption of pol-
lutants in PAC, amount of carbon decreased while nitrogen 
and oxygen increased. Reason for increasing nitrogen in PAC 
is the attachment of ammonia–N in PAC. Oxygen increased 
due to adsorption of phenol. Fluoride and sulfur was also 
found to increase. Carbon percentage decreased because 
increase in other components in PAC. 

3.2. Effect of initial pH (pHi) of the solution 

The dependence of phenol adsorption at different solu-
tion pH (4.0, 6.0, 8.0, 10.0 and 12.0) was examined using 
3 kg/m3 PAC for 3 h. After adsorption PAC was allowed to 
settle and supernatant was analyzed for phenol and COD. 
Results are shown in Fig. 3. At various pH, i.e., 4.0, 6.0, 8.0, 

Table 1
Analysis of treated and untreated CWW

Parameters CWW pH 10.5 After 
adsorption

COD 9,000 793 515
Phenol 420 272 3

Cyanide 10.4 2.2 2.1

Ammonia–N 166 65.9 5.5

TDS (mg/dm3) 642.8 347 –

TSS (mg/dm3) 19 5 Nil

TS residue (mg/dm3) 661.8 352 –

Chlorine (Cl–) 4,700 2,300 2,400

Phosphate (PO4
2–) 25 5 3

Sulfate (SO4
2–) 2.5 2.1 1.5

Total hardness 210 160 150

Color Dark 
brown

Light 
yellow

Nil

Absorbance at (475 nm) 0.185 0.06 0.035

% Color removal – 67.56 92.53

pH 10.5 11.74 6

Note: Except pH all values are in mg/dm3. TDS = total dissolved 
solid; TSS = total suspended solid; and TS= total solid.
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10.0 and 12.0, respectively, removal efficiency of phenol was 
98.35%, 98.83%, 98.54%, 97.76% and 94.17%; and COD was 
36.31%, 33.50%, 14.5%, 14.09% and 13.29%. This informa-
tion implies, removal efficiency by active carbon adsorption 
system is better at pH 6. In most cases, removal of pollut-
ants from an aqueous media by adsorption is highly depen-
dent on the solution pH, which affects the surface charge 
of the adsorbent and degree of ionization of the adsorbate. 
In present study, phenol removal capacities of PAC were 
moderately affected by pH maybe due to phenol has neutral 
charge. COD removal was found to highly pH dependent. 
Difference in adsorption capacity of PAC at different pH may 
be due to difference in concentration of H+ and OH– in the 
solution. Adsorbent particles (PAC) have a slight electropos-
itive charge that helps it to attract negatively charged species 
[17]. The H+ ion within low pH environment can neutralize 

those negative particles, reduces the hindrance of pollutants 
ions and consequently increase the chances of their adsorp-
tion. High pH environment led to high concentration of OH-, 
which can increase the hindrance to diffusions of pollutant 
ion and thus reduces the chances of their adsorption [18]. 
It has been reported that colloidal particles and number of 
functional groups and ligands, especially polar molecules, 
and oxygen containing functional groups like hydroxyl, phe-
nolic and carboxylic group have local negative charge [19]. 
These are responsible for COD of wastewater [19].

3.3. Effect of adsorbent dose (m)

At optimum pH 6 and temperature 30°C, m was varied 
and the results of phenol removal are presented in Fig. 4. 
With 1.15, 2.25, 3.0 and 4.0 kg/m3 PAC, respectively, phenol 
removal was 57.72%, 66.17%, 77.20% and 79.41% in 30 min and 
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Fig. 2. SEM of powder activated carbon: (a) before adsorption 
and (b) after adsorption.

Table 2
Weight percentage composition of activated carbon before and after adsorption

Elements C N O F Mg Al S Cl Ca

PAC 91.969 0.250 6.9756 0.060 0.01 0.01 0.12 0.49 0.27
PAC after adsorption 85.71 1.76 10.18 0.44 – 0.01 0.67 0.50 0.1

0

20

40

60

80

100

120

4 6 8 10 12

ph
en

ol
 r

em
ov

al
 (%

) 

pH 

Phenol COD 

Fig. 3. Removal of phenol and COD in treatment time 4 h, 
CODi = 793 mg/dm3, phenol = 272 mg/dm3, m = 3 mg/dm3.
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87.5%, 95.2%, 98.89% and 99.26% in 4 h. The phenol removal 
was increased rapidly with an increase in m up to 3 kg/m3 and 
remained almost unaffected at m > 3 kg/m3. Therefore, 3 kg/m3 
PAC can be considered as optimum dose. Increase in phe-
nol adsorption with increase in m is due to increase in mes-
oporous surface area available for adsorption, and hence, the 
availability of more adsorption sites. However, unit adsorp-
tion per unit mass of adsorbent decreases with increase in m is 
because of fact that an increase in m at constant concentration 
and volume of adsorbate leads to the saturation of sorption 
sites [18,20]. Apart from this, the particle–particle interaction 
such as aggression at higher m causes decrease in the availabil-
ity of total surface area for the sorbent [21,22].

3.4. Effect of adsorbent dose and temperature

Variation of m (1.15–4 kg/m3) and temperature (30°C–60°C) 
was also studied on uptake of phenol at optimum pH 6. The 
results are presented in Fig. 5. Phenol removal was increased 
considerably with increase in adsorbent dose, while decreased 
moderately with increase in temperature. For all the tempera-
ture and m the phenol removal pattern with time is similar 
(Fig. 5). Phenol concentration in solution in 4 h reached to val-
ues 34, 13, 3 and 2 mg/dm3 at 30°C; 32, 16, 5 and 2 mg/dm3 at 
40°C; 38, 15, 8 and 4 mg/dm3 at 50°C; 50, 18, 12 and 8 mg/dm3 at 
60°C and at m 1.15, 2.25, 3.0 and 4.0 kg/m3. Decrease in phenol 
removal with increase in temperature indicates its removal to 
exothermic. Increase in phenol removal with decrease in tem-
perature was also observed by Yan et al. [14].

3.5. Effect of initial concentration and temperature

The equilibrium uptake, thus, removal of phenol by 
adsorbent is affected by initial concentration and tempera-
ture. Fig. 6 shows the effect of phenol initial concentration 
(phenoli; 136, 181 and 272 mg/dm3) and temperature 30°C and 
50°C, on phenol removal at their optimum pH 6. At tempera-
ture 30°C, phenoli of 272, 181 and 136 mg/dm3 reached to 62, 
56 and 38 mg/dm3 in 30 min and 3, 2 and 1 mg/dm3 in 4 h. At 
50°C, phenol concentration dropped to 84, 72 and 66 mg/dm3 
in 30 min and 8, 5 and 3 mg/dm3 in 4 h. The percentage phe-
nol removal was more at its higher initial concentration and 
removal decreased with decrease in initial concentration. It 
should be also noted that variation in concentration of phenol 
in solution is up to 25 mg/dm3 in 30 min, which reached to 
5 mg/dm3 in 4 h. Increase in percentage removal of picoline 
with increase in its initial concentration was also observed by 
Lataye et al. [22] in adsorptive removal process using PAC. 
The increase in amount adsorbed with high initial concentra-
tion is attributed to the increase in the mass transfer driving 
force due to high concentration of adsorbate. 

3.6. Effect of contact time

Increase in contact time increased the phenol removal at 
all operating conditions. Effect of contact time on removal of 
phenol at optimum pH 6, temperature 30°C and PAC loading 
(1.15–4 mg/dm3) is presented in Fig. 7. At optimum pH 6, with 
PAC 1.15, 2.25, 3.0 and 4 kg/m3, respectively, phenol removal 

Fig. 5. Removal of phenol at different adsorbent dose: (a) 30°C, (b) 40°C, (c) 50°C and (d) 60°C.
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of 57.72%, 66.10%, 77.20% and 79.41% after 0.5 h; 67%, 76%, 
86% and 88.0% after 1 h; 76%, 83%, 93% and 93% after 2 h; 
83%, 92%, 96.7% and 97.8% after 3 h; and 87.5%, 95.2%, 98.9% 
and 99.26% after 4 h were observed. Phenol removal was also 
tested at pH 6 and PAC loading of 3 kg/m3. Its removal of 22%, 
38% and 55% was achieved in 5, 10 and 15 min, respectively. 
Initial adsorption was high because availability of much 

adsorptive sites, which decreased with time proceeds. These 
information implies that best condition for removing phenol 
by PAC adsorption system as a secondary treatment after 
electro chemical treatment (ECT) is pH = 6.0, m = 4 kg/m3, con-
tact time = 3 h or pH = 6, m = 3 kg/m3, contact time 4 h. At these 
conditions, researchers found 99% phenol removal. Similar 
extent of phenol removal was found by other researchers, but, 
they have used synthetic phenolic wastewater [15]. In our case 
industrial CWW was used.

3.7. Regeneration and reuse study of spent adsorbent

Chemical process for regeneration of spent PAC was per-
formed as per literature [23]. To regenerate the spent PAC, 
3 g spent PAC was taken in 100 mL Erlenmeyer flask contain-
ing 75 mL of 0.1 N H2SO4 at room temperature (~27°C) for 6 h. 
After this, the PAC was washed with deionized water many 
times till its pH reached ~7 and then dried at 120°C for 12 h. 
With fresh PAC, phenol removal of 96.7% obtained decreased 
to 85.9% in first regeneration and 76.6% in second regener-
ation. The decrease in adsorption is because of changes in 
morphology of regenerated PAC.

3.8. Kinetic study

Adsorption kinetics experiments of known phenol con-
centrations 136, 181 and 272 mg/dm3 and known dose of PAC 
1.15, 2.25, 3.0 and 4.0 kg/m3 was carried out at temperature 
30°C, 40°C, 50°C and 60°C. Some data were also taken as 
PAC dose 1.5 kg/m3 for response surface mythology (RSM) 
studies. Samples were taken at interval of 0.5, 1, 2, 3 and 4 h. 
Pseudo-first-order and pseudo-second-order kinetics studies 
are given below.

3.8.1. Pseudo-first-order 

Experimental data were tested for pseudo-first-order 
kinetics. For this, the Lagergren’s rate equation [24] was 
tested. The equation is given as:

log( ) log
.

q q q
K

te t e
F− =

2 303
� (2)

where qe and qt are the amount of phenol adsorbed (mg/kg) 
at equilibrium and at time t, respectively, and KF is the pseu-
do-first-order rate constant. Fig. 8(a) shows a plot between 
Ce/qe and Ce of Eq. (1) at temperature 30°C, 40°C, 50°C and 
60°C. The plot was found to linear with good correlation 
coefficient (R2) which varied from 0.875 to 0.963. The data 
evaluated are presented in Table 3.

3.8.2. Pseudo-second-order

Phenol removal data were also tested for following equa-
tion [25]:

t
q K q q

t
t s e e

= +
1 1

2 � (3)

Fig. 6. Phenol removal at different phenol concentration: (a) 30°C 
and (b) 50°C.
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where Ks is the pseudo-second-order rate constant. The 
plots between t/qt vs. t were drawn and shown in Fig. 8(b). 
Correlation coefficient (R2) for the pseudo-second-order 
kinetic model were 0.998, 0.999, 0.999 and 0.999 at 30°C, 40°C, 
50°C and 60°C, respectively. This suggests that the present 
adsorption system described by pseudo-second-order pro-
cess. Between the kinetic model, pseudo-second-order fitted 
better to pseudo-first-order.

3.9. Adsorption isotherm

Adsorption isotherm models are used to describe the 
relation between adsorption capacity and equilibrium con-
centration. Langmuir [26], Freundlich [27] and Temkin [28] 
isotherm are widely used for this.

The linear Langmuir equation has the following form:

C
q

C
q K q

e

e

e

m L m

= +
1

� (4)

where qm is the monolayer adsorption capacity (mg/kg adsor-
bent) and KL is the Langmuir constant related to energy of 
adsorption (dm3/mg).

A plot between Ce/qe and Ce for the adsorption of phenol is 
shown in Fig. 9(a). The value qm and KL have been evaluated 
from the intercept and slop of these plots, which are given in 
Table 4. A perusal of Table 4 shows that monolayer capacity 
(qm) of the adsorbent of phenol is comparable with the max-
imum adsorption obtained from adsorption isotherm. The 
essential feature of Langmuir isotherm can be expressed in 
terms of RL, a dimensionless constant referred to as separa-
tion factor or equilibrium parameters. RL is calculated using 
the following equation:

R
K CL
L i

=
+
1

1
� (5)

The value of ‘RL’ calculated as per above equation is pre-
sented in Table 4. As the RL value lies between 0 and 1, the 
Langmuir adsorption isotherm is favorable. Ci is initial con-
centration of phenol.

The Freundlich equation is given as:

ln ln lnq K
n

Ce F e= +










1 � (6)

where KF (mg/dm3)1/n is a Freundlich constant which indicates 
the sorption capacity of the adsorbent (mg/kg adsorbent), 
and 1/n is a constant which gives the intensity of adsorption. 
These constants were evaluated by plotting between logqe 
and logCe (Fig. 9(b)). The values obtained are presented in 
Table 4. This model was fitted well with R2 0.980–0.988.

The Temkin isotherm equation is given as:

qe = B1ln(KT) + B1ln(Ce)� (7)

where B1 = RT/b is a constant related to heat of adsorption, b 
is variation of adsorption energy (J/mol), KT is Temkin con-
stant which accounts the interaction between the adsorbate 
and adsorbent (dm3/mg). To evaluate the constants, a plot 
between qe and lnCe is made (Fig. 9(c)) and values are pre-
sented in Table 4. The model fitted well with R2 0.92–0.95.

3.10. Thermodynamics study

The thermodynamic parameters, namely, the standard 
Gibbs energy change (ΔG°), enthalpy change (ΔH°) and 

Fig. 8. Kinetic studies for removal of phenol by PAC: 
(a) pseudo-first-order and (b) pseudo-second-order.

Table 3
Kinetic parameters for phenol removal by PAC

Temperature (°C) Pseudo-first-order Pseudo-second-order

Kad1 R2 Kad2 R2

30 0.019 0.9999 0.00236 0.9999
40 0.014 0.9917 0.00231 0.9997

50 0.015 0.9549 0.00238 0.9997

60 0.013 0.9996 0.00239 0.9996



R.K. Choudhary, P.K. Chaudhari / Desalination and Water Treatment 75 (2017) 45–5752

entropy change (ΔS°) of the adsorption of phenol on acti-
vated carbon were determined by using Eqs. (8)–(10) and the 
values for these parameters are presented in Table 5.

ΔG° = –RTlnKL� (8)

∆H R
T T
T T

KL° =
−( )





















2 1

2 1

2ln
KL1

� (9)

ΔS° = (ΔH° – ΔG°)/T� (10)

where T is the temperature; R is the universal gas constant; KL1 
and KL2 are Langmuir constants at 30°C, 40°C, 50°C and 60°C.

In Table 5, negative values of the Gibbs free energy change 
(∆G°) show the phenol adsorption on PAC is spontaneous 
and thermodynamically feasible in the studied temperatures 
range (303–333 K). The values of ∆G° increased with increase 
in temperature indicate that the sorption is inversely propor-
tional to temperature [29]. In studies adsorption was found 
to decrease with increase in temperature. The ΔH° for phenol 
adsorbed onto PAC was negative (–24.033 kJ/mol), indicating 
that the adsorption process was exothermic [30]. According 
to the ranges of energy of adsorption from different forces 
[14,31] van der Waal forces 4–10 kJ/mol, hydrophobic bond 
forces about 5 kJ/mol, hydrogen bond forces 2–40 kJ/mol, 
coordination exchange about 40 kJ/mol, dipole bond forces 
2–29 kJ/mol, chemical bond forces >60 kJ/mol, it is indicated 
that in present adsorption system all the mechanisms except 
coordination exchange and chemical bond forces are possible. 
The ΔS° for phenol adsorbed onto PAC was –0.0542 kJ/mol. 
The negative value of ΔS° suggested a decrease in degree of 
freedom of the adsorbed phenol [14,32]. It can be also seen 
that the value for ∆H° is <40 kJ/mol which suggests the phys-
ical adsorption is involved in the process [33].

3.11. Removal of pollutants using fly ash

Fly ash of coal-based thermal power plant was also used to 
study its comparative performance with PAC. The powder fly 
ash was grinded with laboratory grinder and its size (<100 μM) 
was selected for adsorption studies. The PAC was washed 
with deionized water and it was kept for drying at 220°C for a 
period of 6 h [34]. Effect of pH keeping constant to fly ash mass 
loading 3 kg/m3 and 3 h contact period was studied to remove 
COD, phenol, CN– and ammonia–N from CWW. The results 
are presented in Table 6. Highest 24% COD and 37% phenol 
removal was seen at pH 8, while, maximum 7% CN– and 34% 
ammonia–N removal obtained at pH 4. It is well known that 
removal of species varies with pH. Removal of all the pollut-
ants was quite below to that obtained with PAC.

3.12. Comparison of results

Experimental results obtained by various investigators are 
presented in Table 7. From the table, it can be seen that in our 
study, initial phenol concentration is highest (272 mg/dm3) 
to that of others. Highest percentage phenol removal (~98%) 
and highest phenol removal per unit mass of adsorbent (PAC) 
obtained (qe = 438.33 × 103 mg/kg adsorbent). Another impor-
tance of present study is that the effluent is industrial effluent 
which contains COD, ammonia–N, cyanide and other cations 
and anions. Other investigators used synthetic phenolic water. 
Further, various physicochemical methods reported to treat 
CWW are not such effective. Wet oxidation is also an effective 
process in which 100% destruction of phenol is possible, but 
at moderate treatment condition phenol oxidized into other 

Fig. 9. Plot for adsorption isotherm for removal of phenol by: 
(a) Langmuir isotherm, (b) Freundlich isotherm and (c) Temkin 
isotherm.
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Table 4 
Isotherm parameters for adsorption of phenol on PAC

Temperature (°C) Langmuir constants Freundlich constants Temkin constants

qm × 103 

(mg/kg)
KL RL R2 n KF 

(m3/kg)
R2 KT  

(m3/kg)
B  
(J/mol)

R2

30 1,428.57 0.0491 0.069 0.963 1.94 133.5 0.980 161 142.22 0.95

40 1,428.7 0.0362 0.092 0.887 1.61 87.84 0.988 32 150.36 0.95
50 1,666.67 0.0215 0.146 0.875 1.56 69.61 0.986 11 135.34 0.93

60 2,000 0.0105 0.256 0.948 1.38 42.73 0.982 1 127.38 0.92

Table 5
Thermodynamic parameters for adsorption of the phenol

ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol)

30°C 40°C 50°C 60°C

–7.592 –8.636 –10.311 –12.614 –24.033 –0.0542

Table 6
Removal of COD, phenol, CN– and ammonia–N of electrochemical treated CWW by adsorption using fly ash

pH COD (mg/dm3) Phenol (mg/dm3) Cyanide (mg/dm3) Ammonia–N (mg/dm3)

pH 2 21% 31% 5.0% 10%
pH 4 18% 29% 7% 34%
pH 6 20% 30% 5.5% 12%
pH 8 24% 37% 6.5% 19%
pH 10 17% 24% 1% 23%

Note: CODi = 803 mg/dm3, phenoli = 309 mg/dm3, CNi = 2.6 mg/dm3
, ammonia–Ni = 70 mg/dm3.

Table 7
Comparison of results for removal of phenol

S. No. Adsorbent material Dose 
(kg/m3)

Time 
(min)

Initial phenol 
(mg/dm3)

% Removal qe × 10
3 

(mg/kg)
References

1 PAC 3 60 272 77.20 390 Present study
4 60 79.41 298.75

3 180 96.69 438.33

4 180 97.79 332.5

2 Date pit activated carbon 4 180 88 – 11.5 [11]

3 Lignite activated carbon 0.5 60 250 50 225 [12]

4 Cocoa shell-based activated carbon 4 25 – – 167.17 [13]
5 Sheesham sawdust 1 60 25 93.95 344.83 [35]
6 Gemini surfactant modified 

montmorillonite
– 40 10 82 – [36]

7 Luffa cylindrica fibers 3 90 20 70 – [37]
8 Bacillus sp. immobilized onto tea waste 15 120 50 80 7.761 [38]

9 Reduced-charge montmorillonites 
modified by bispyridinium dibromides

– 120 47 69 0.34 [39]

10 Gondwana shale 50 24 475 74 0.34 [40]
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carboxylic acids which are responsible for COD in treated 
water [41]. Thus, adsorptive treatment of EC treated CWW 
using PAC in second step is very effective and industrial appli-
cable. The characteristics of CWW treated by EC process and 
by EC cum adsorption are given in Table 1, in which various 
pollutants removed to significant level. The treated effluent 
can be recycled in coke oven for quenching of coke.

3.13. Statistical analysis and modeling

In a study, it has been found that adsorption kinetics is 
represented by doses of adsorbent, operation temperature 
and time. These are the variables, which considerably affect 
the removal of species in adsorption process. Therefore, sta-
tistical analysis was performed taking these variables. Table 8 
gives the chosen variable and its level. The encoded values 
along with set of data used for statistical analysis and corre-
sponding % COD removal values are given in Table 9, which 
was designed as per earlier report [42]. 

Regression method using ANOVA was used to fit 
second-order polynomial to the experimental data. The rela-
tion obtained in term of uncoated factors for % COD removal 
is given by Eq. (10). The model gave significant of determi-
nation (R2) = 0.9776% and adjusted R2 = 0.9373%. These data 
are quite better to that obtained (R2) = 0.9144 by Thakur 
et al. [43]. Predicted values mentioned in Table 9, which was 
determined from Eq. (11) is very close to experimental values 
also confers validity of model.

% COD removal = �10.8763 + 20.8233A + 1.3256B + 0.1407C 
– 0.5178A2 – 0.0129B2 – 0.0003C2 – 
0.2407AB + 0.0026AC + 0.0011BC 
� (11)

where A is adsorbent mass loading (kg/m3), B is operational 
temperature (°C) and C is adsorption time (min).

The statistical significance of the ratio of mean square 
variation due to regression and mean square residual 
error was tested using analysis of variance (ANOVA). The 
ANOVA for the second-order equation fitted for COD 
removal is presented in Table 10. ANOVA result shows 
F value 24.24 and p value 0.001. Value of F is large, which 
shows most of the variation in response can be explained by 
the regression. The associate p value is used to estimate F. In 
our case value of p is 0.001, which is less than maximum rec-
ommended value 0.05 [44]. This indicates the model is stati-
cally significant. In RSM studies for COD removal, values of 
F and p were 16.55 and 0.0001 [43] and 68.74 and 0.0001 [44], 
respectively. 

The response surface plot and contour plots for COD 
removal is presented in Fig. 10. Figs. 10(a) and (b) show 
the effect of PAC loading (m) and temperature on phenol 
removal at constant time 120 min. From the figure, it can be 
seen that phenol removal is high at high values of m and low 
temperature. In between 30°C–37°C and m = 3 kg/m3 PAC, 
>92% phenol removal can be seen. Figs. 10(c) and (d) show 
effect of m and adsorption time on phenol removal at con-
stant temperature 40°C. Phenol removal was increased with 
increase in m and adsorption time. In between 160–180 min 
and m = 3.0 kg/m3, >95% phenol removal reflected. Phenol 
removal at constant m = 2.25 kg/m3 and variable temperature 
and adsorption time is mentioned in Figs. 10(e) and (f). The 
removal favored to low temperature and high adsorption 
time. More than 90% removal observed temperature below 
45°C and contact time 180 min. Reason for variations in phe-
nol removal is already discussed in results and discussion 
section.

Table 8
Process parameters and their level for the adsorptive treatment 
using PAC

Variables –1 0 1

PAC dose (m), A 1.5 2.25 3
Temp (°C), B 30 40 50
Time (min), C 60 120 180

Table 9
Design of RSM and its actual and predicted values

Standard order Adsorbent dose (m; mg/dm3) Temperature (°C) Adsorption time (min) % COD removal
Actual Predicted

1 3 30 120 93.08 96.96
2 3 50 120 88.23 86.71
3 3 40 180 95.58 97.12
4 1.5 30 120 74.1 75.26
5 2.25 40 120 84.55 84.37
6 2.25 30 180 91.91 89.62
7 2.25 50 60 71.32 73.07
8 2.25 40 120 84.55 88.69
9 1.5 40 180 83.2 83.11
10 2.25 50 180 89.7 88.61
11 2.25 40 120 84.55 84.37
12 3 40 60 83.08 82.65
13 2.25 30 60 76.1 79.87
14 1.5 50 120 76.47 80.76
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Table 10
ANOVA for analysis of variance for % COD removal quadratic model

Source DF Sum of square Mean square F p

Regression 9 845.006 93.88952 24.24 0.001
Linear 3 821.037 7.7962 2.01 0.231
A 1 378.675 16.3971 4.23 0.095
B 1 11.210 8.4859 2.19 0.199
C 1 431.152 6.6541 1.72 0.247
Square 3 9.233 3.0776 0.79 0.547
A2 1 0.061 0.3132 0.08 0.788
B2 1 5.452 6.1325 1.58 0.264
C2 1 3.720 3.7201 0.96 0.372
Interaction 3 14.736 4.9121 1.27 0.380
AB 1 13.032 13.0321 3.36 0.126
AC 1 0.053 0.0529 0.01 0.912
BC 1 1.651 1.6512 0.43 0.543

Fig. 10. Three-dimensional response surface graphs for COD removal.
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4. Conclusions

Main conclusions drawn from the study are as below:

•	 Activated carbon is found to be good adsorbent for 
removal of phenol from CWW. It performed well for 
removal of phenol at wide range of pH, however, COD 
removal was pH dependent, gave better performance at 
acidic pH. Adsorption of phenol decreases slightly with 
increase in temperature indicating an exothermic process. 
Since pH and temperature dependence is small for phenol 
removal the process can be applied at wide range of pH 
and temperature with little decrease in sorption efficiency.

•	 Phenol adsorption rate fits well at pseudo-second-order 
kinetics model. All the models, i.e., Freundlich, Langmuir 
and Temkin fitted well with low deviation in regression 
coefficient R2 (maximum up to 10%). For all the models R2 

lies between 0.875 and 0.988. 
•	 Using 3 kg/m3 PAC in 4 h and 4 kg/m3 PAC in 3 h, >99% 

of phenol removal was obtained from initial value of 
phenol 272 mg/dm3. Adsorption using PAC can be good 
prospect in second stage of treatment after EC of CWW. 
Combination of ECT and adsorption could be utilized in 
coking/steelmaking industries to bring CWW to recycle 
level.

•	 The quadratic model developed based on RSM statisti-
cal analysis showed a high coefficient of determination 
(R2 = 0.9776) ensuring a good representation of experi-
mental data by regression model. 

•	 Among PAC and fly ash as adsorbent, the performance of 
PAC was found to much better. 
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