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Studies on the Adsorption of 2-Chlorophenol  
onto Rice Straw Activated Carbon from  
Aqueous Solution and its Regeneration
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For this study a low-cost adsorbent, rice straw activated carbon (RSAC) was pre-
pared via thermochemical routes after being impregnated with ZnCl2. Characterization 
studies performed on RSAC have revealed that RSAC is a mesoporous adsorbent with 
significant affinity towards 2-chlorophenol (2-CP). The optimal values for process pa-
rameters were investigated via experimental runs. The optimal values of process param-
eters such as RSAC dose, pH of 2-CP solution, contact time, and temperature were found 
to be; 1.25 g L–1, 8, 125 min, and 303 K, respectively. The Langmuir isotherm and pseu-
do-first-order kinetics models were found to be in good agreement with the experimental 
data for this adsorption system. The adsorption thermodynamics studies have revealed 
that the adsorption of 2-CP onto RSAC is exothermic and spontaneous. Regeneration 
studies of RSAC using hydrogen peroxide have revealed that RSAC was effectively re-
generated for four consecutive cycles. This research has proved the potential of RSAC 
for abating 2-CP from aqueous solutions.
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Introduction

Pollution has a devastating effect on every sub-
division of the ecosystem. In the current era, the 
absolute necessities for the human race like dyes 
and paints, medicines, various pesticides, germi-
cides, defoliants, disinfectants, etc., have become 
harmful for the ecosystem. Among pollutants, halo-
genated aromatic compounds are highly stable. Ha-
logenated aromatics have carcinogenic and muta-
genic properties and can cause incurable diseases.1

2-Chlorophenol (2-CP) is a halogenated aroma-
tic compound and has been proactively used in 
many industrial sectors such as pesticides, polymer, 
pharma, petroleum, assorted chemicals, etc.2 United 
States Environmental Protection Agency (USEPA) 
has cla  ssified 2-CP as a priority organic pollutant 
and enacted a permissible limit of 0.1 ppb for drink-
ing water.3 2-CP makes its way into the ecosystem 
via industrial effluents, agricultural run-offs, and 
leachates from contaminated places and landfills.4 
2-CP has the tendency to biomagnify owing to its 
poor biodegradability. As a potent mutagenic and 
carcinogenic agent, 2-CP has devastating effects on 
the aquatic ecosystem.5 Hence, the abatement of 

2-CP is an essential activity in environmental pro-
tection.

Diverse methods have been deployed to abate 
2-CP from wastewater like chemically induced pre-
cipitation, reverse osmosis (RO), oxidation-reduc-
tion, and adsorption.6-8 Among these techniques, 
adsorption has evolved as the most reported tech-
nique owing to its cost-effectiveness and high effi-
ciency in effluent treatment. The quest for the de-
velopment of cheaper adsorbents as the replacement 
for costly synthetic adsorbents has escalated in re-
cent years. Adsorbents prepared from waste bio-
masses are gaining attention as potential adsorbents 
for removing hazardous pollutants, including 
2-CP.8,9

Several researchers have studied activated car-
bon prepared from rice straw (RS). However, in this 
research, the RSAC was prepared using ZnCl2, and 
applied for the abatement of 2-CP. Moreover, there 
is no literature supporting both cases, i.e., RSAC 
pre  paration as per the protocol reported here and its 
application for 2-CP abatement, which is the novelty 
of this research.

The advantage of RSAC over other adsorbents 
comes from its three distinctive features; cost-effec-
tive adsorbent, rejuvenation ability, and alternative 
fuel usability potential. Rice straw is a renewable 
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agricultural biomass and is widely available. It can 
be purchased at very low prices, making the whole 
adsorption process cheaper by preparing cost-effec-
tive adsorbents. The rejuvenation study in this re-
search has proven the reusability potential of RSAC. 
The reusability potential will reduce the cost of the 
wastewater treatment process. Elemental analysis 
studies have confirmed the abundance of carbon 
content in RSAC, thus making it a potential candi-
date for afterlife usage as a solid fuel alternative to 
coal.10

This study carried out the detailed procedure of 
RSAC preparation and its characterization. Parame-
ter optimization was carried out for achieving the 
highest abatement on pH, adsorbent dose, adsor-
bate-adsorbent contact time, adsorbate concentra-
tion, and adsorption system temperature. The exper-
imental data were modeled with various models 
pertaining to adsorption equilibrium, kinetics, and 
thermodynamics in order to enunciate the character-
istic of 2-CP adsorption onto the RSAC. The regen-
eration potential of RSAC was also evaluated.

Materials and methods

Rice straw activated carbon (RSAC) preparation

The decisive criteria such as low cost, higher 
carbon content, and abundance play a crucial role in 
finalizing any potential raw material for activated 
carbon preparation.8,11 In this research work, a 
cheaper adsorbent from rice straw was prepared in 
the laboratory, and then subjected to the evaluation 
of 2-CP adsorption capabilities. The rice straw was 
procured from the local farmers near Rourkela city. 
The rice straw was then thoroughly washed under 
tap water to remove dirt and soil. The rice straw 
was then thoroughly dried using a hot air oven, and 
subsequently, the dried rice straw was chopped into 
about 1-cm long strands to make the further proce-
ssing steps easier. The rice straw was then subjected 
to chemical activation by agitation with CaO, ZnCl2, 
and RS in the (w/w) percentage ratio of 12 %, 36 %, 
and 52 %, respectively, along with distilled water 
for 50 min. After chemical treatment, the rice straw 
was dried and subsequently carbonized in a muffle 
furnace at the activation temperature of 623 K for 1 
h in an inert environment. The respective values re-
ported for impregnation ratio, impregnation time, 
and activation temperatures have resulted in the 
highest yield of RSAC (detailed optimization study 
of RSAC preparation has been communicated else-
where for publication). Liang et al. reported a simi-
lar analysis of activated carbon (AC) preparation 
based on impregnation ratio, activation temperature, 
and AC yield.12

The resultant RSAC was then washed with 10 % 
HCl solution to remove Zn. Subsequently, the 
RSAC was powdered using a mixer grinder, and the 
powdered RSAC was sieved using mesh number 
30. The sieved RSAC was washed thoroughly with 
deionized double distilled water until the superna-
tant returned neutral pH. Following washing, the 
RSAC was oven-dried at 353 K for 20 h and then 
stored in airtight containers until further applica-
tion. The schematic representation of RSAC prepa-
ration is presented in Fig. 1.

Characterization of RSAC

The composition analysis of RSAC was carried 
out by proximate, ultimate, and EDX analyses. 
Proximate analysis was done to determine the 
weight percentages of moisture (ASTM D2867 – 
09), volatile matter (ASTM D5832 – 98), ash 
(ASTM D2866 – 94), fixed carbon content (differ-
ential) using standard protocols. Egbosiuba et al. 
reported the usage of standard protocols for the 
proximate analysis. The fixed carbon content was 
determined by using Eq. 1. The elemental composi-
tion analysis for carbon, hydrogen, nitrogen, and 
sulfur was determined the ultimate analysis using a 
CHNS analyzer (Elementar Vario EL III, Germany). 
The oxygen composition was evaluated using Eq. 
2.13 The EDX analysis was carried out using an en-
ergy dispersive X-ray analyzer coupled with a scan-
ning electron microscope (JSM-6480LV, JEOL, Ja-
pan).
 FC(wt%) = [100 – (MC(wt%) + 
 + VM(wt%) + Ash(wt%)]  

(1)

 Oxygen(wt%) = [100 – (carbon(wt%) + nitrogen  
 (wt%) + hydrogen(wt%) + sulfur(wt%)] (2)

Adsorbent surface charge determination is an 
essential characterization study since; it helps in un-
derstanding the adsorption mechanism. In this 
study, the salt addition method was employed to an-
alyze the surface charge of RSAC, including the 
point of zero charge (pHpzc) following the protocol 
reported by Mahmood et al. The pH values in this 
analysis were measured using a pH meter (µ pH 
system 361, Systronics, India). The plot between 
ΔpH against pHi gives the value of the pHpzc (where 
the curve bisects the x-axis).14

The functional groups on the RSAC surface 
were detected via Fourier-transform infrared (FTIR) 
analysis in attenuated total reflection (ATR) mode 
using the FTIR analyzer (Bruker α alpha-E, USA). 
The surface morphology of RSAC was analyzed us-
ing a scanning electron microscope (JSM-6480LV, 
JEOL, Japan). The surface area of the RSAC, 
pore-volume, and pore diameters were evaluated by 
Brunauer-Emmett-Teller (BET) analysis (TriStar 
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3000, Micromeritics Instrumentation Corporation, 
USA). Table 1 presents the results of the aforemen-
tioned analyses.

Adsorbate

The synthetic stock solution of 2-CP at an ini-
tial concentration of 500 mg L–1 was prepared by 
dissolving the requisite amount of 2-CP in deion-
ized double-distilled water. Experimental samples 
with appropriate concentrations were made from 
the stock solution by appropriate dilution. The pH 
of the sample solutions was maintained using 0.1 N 
HCl and 0.1 N NaOH as per need. The 2-CP (purity 
97 %) was of analytical grade and procured from 
Loba Chemie, India. The analytical grade inorganic 
chemicals were procured from Fisher Scientific, In-
dia.

Batch adsorption experiments

For the batch adsorption studies, 50 mL of 
2-CP of requisite concentration at desired pH were 
placed in 150-mL screw-capped conical flasks along 
with an appropriate amount of the RSAC. This en-
tire setup was allowed for thorough agitation using 
an incubator shaker (Naanolab, India) at 120 rpm. 
After the experimental run, three-milliliter superna-
tant was sampled for each sampling. The supernatant 
was then subjected to centrifugation at 7000 rpm 
for 10 min in a temperature-controlled centrifuge 
(Biotechnologies Inc., India) for separating adsor-
bent particles. The centrifuged samples were then 
analyzed using a UV-Vis spectrophotometer. The 
2-CP adsorption efficiency and capacities of RSAC 

were evaluated by calculating removal percentage 
and equilibrium uptake capacities, using equations 
3 and 4, respectively.

Removal percentage,  o

o

% 100 tX XR
X

 −
=  

 
  (3)

where Xo (mg L–1) = 2-CP concentration before ad-
sorption
Xt(mg L–1) = 2-CP concentration after adsorption at 
time t.
The adsorption capacity of RSAC was estimated us-
ing Eq. 4:

Adsorption capacity, o( )
w

e
e

X X Vq −
=  (4)

where qe (mg g–1) is the quantity of 2-CP adsorbed 
by RSAC at equilibrium, Xo and Xe(mg L–1) are 
2-CP concentrations before adsorption and at equi-
librium, respectively.
V (L) is the initial volume of 2-CP.
w (g) is the amount of RSAC.

Following this procedure, the optimal condi-
tions for several factors affecting the adsorption of 
2-CP, such as contact time, pH, 2-CP concentration, 
RSAC dose, and adsorption system temperatures, 
were evaluated. Subsequently, the adsorption equi-
librium and kinetics studies were performed using 
the optimal conditions of the aforementioned pa-
rameters.

Analysis methodology

The remnants of 2-CP in the synthetic solution 
were evaluated via UV-Vis spectrophotometer (UV-

F i g .  1  – Schematic representation of RSAC synthesis
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1800, Shimadzu, Japan) analysis. The samples were 
analyzed at the wavelength for the maximum absor-
bance of 2-CP, i.e., λmax = 273 nm. The standard 
cali bration curve was plotted using the absorbance 
against the respective 2-CP concentration. The stra-
ight-line equation of the calibration plot was used to 
evaluate the unknown remnant values of 2-CP.

Regeneration studies of RSAC

Adsorbent reusability aims to reduce the cost 
of 2-CP abatement operation and simultaneously 
enhance the efficiency of the adsorbent being used. 
In this research, the RSAC was regenerated by agi-
tating the 2-CP loaded RSAC in eluents like 4 % 

(v/v) hydrogen peroxide (H2O2) solution at 305 K 
for 90 min followed by 7 % (w/v) NaOH solution at 
318 K for 50 min. After treatment with eluents, the 
adsorbents were collected by filtration. Subsequent-
ly, they were subjected to thorough washing and 
drying, and reused for further adsorption runs. Ma-
hapatra and Kumar, used a similar approach to re-
generate neem seed activated carbons.15

Results and discussion

Characterization of RSAC

The composition of RSAC was analyzed via 
proximate and ultimate analyses, and the results are 
given in Table 1. The surface charge analysis stud-
ies revealed that the RSAC surface had pHpzc= 7.5 
represented by Fig. 2(a), implying that below and 
beyond this value the surface will be positively and 
negatively charged, respectively.

Ta b l e  1  – Characterization of RSAC

Proximate analysis

Components (wt%)

Fixed carbon content 56.33

Ash content 4.28

Moisture content 3.11

Volatile matter content 36.27

Ultimate analysis

Components (wt%)

Carbon 55.48

Hydrogen 6.78

Nitrogen 3.07

Sulfur 1.15

Oxygen 33.52

EDX analysis

Components (wt%)

Carbon 66.38

Oxygen 27.96

Potassium 0.69

Aluminium 0.83

Silicon 1.97

Chlorine 2.17

Point of zero charge (pHpzc) 7.5

Surface area, pore volume, and pore diameter analysis

Surface area of pores (m2 g–1)

Brunauer-Emmett-Teller 239

Barrett-Joyner-Halenda cumulative 
volume of pore (cm3 g–1)

Single point total 0.186

Average pore width Ǻ 

Brunauer-Emmett-Teller 25.62 F i g .  2  – (a) Point of zero charge for RSAC, (b) BET hystere-
sis and pore characteristics of RSAC

(a)

(b)

Relative pressure (p/pO)
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m
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The surface area and pore properties of RSAC 
were investigated with the help of nitrogen adsorp-
tion and desorption cycles by the BET isotherm 
model. From Fig. 2(b), it can be concluded that the 
hysteresis profile has represented type-IV isotherm. 
The distinctive hysteresis loop has depicted the 
presence of mesopores in RSAC. Furthermore, it 
was observed that the inflection with the isotherm 
was in the range of 0.4–1.0 of the relative pressure 
ratio, which provides evidence for capillary conden-
sation characteristics.16 From BET analysis, the sur-
face area, total pore volume, and average pore di-
ameter were found to be 239 m2 g–1, 0.186 cm3 g–1, 
and 25.62 

o
A , respectively.

The FTIR spectra (Fig. 3) have revealed the 
characteristic vibrational frequencies of different 
functional groups present on the surface of RSAC. 
Alcoholic O–H bond stretching vibrations were 
found at 3173 and 3069 cm–1. Conjugated anhydride 
carbonyl (C=O) groups were found at 1730 cm–1. 
Stretching vibrations from sulfinyl S=O group, of 
sulfoxides, were observed at 1032 cm–1. Hydroxyl 
groups (O–H) with bending vibrations from pheno-
lic compounds were observed at 1373 cm–1. Car-
bonyl groups (O=C=O) with strong stretching vi-
brations depicting carbon dioxide were observed at 
2324 and 2326 cm–1. Strong sulfinyl groups (S=O) 
were observed from sulfates at 1414 cm–1. Strong 
carbonyl groups (C=O) with stretching vibrations 
were observed at 1699 cm–1 belonged to the conju-
gated aldehydes. Strong alkyl halide groups con-

F i g .  3  – FTIR spectra of RSAC before and after adsorption 
of 2-CP

taining chlorine atom (C–Cl) pertaining to the halo-
genated compounds were observed at 675 and 720 
cm–1. Carbonyl groups (C=O) from conjugated acid 
halides were observed at 1797 cm–1.17–19

From the SEM and EDX micrographs present-
ed in Fig. 4(a), 4(b), 4(c), and 4(d), it is evident that 
the surface of RSAC is full of very shallow cavities 
and hollow tubular structures. Moreover, inside 
those cavities and tubular structures were distinct 
pores with varying sizes that may have formed due 
to chemical impregnation and further high-tempera-
ture carbonization could be observed. The larger 
pores on RSAC collectively represented a net-like 
structural formation (Fig. 4(c)). The EDX analysis 
revealed that carbon and oxygen were predominant-
ly present in the activated carbon along with alumi-
num, potassium, silicon, and chlorine in minor 
quantities. RSAC’s high carbon content makes it a 
suitable candidate for chlorophenol adsorption.20

Effect of various factors on adsorption studies

Effect of RSAC dose

For investigating the optimal dose of RSAC, 
the weight of RSAC was varied from 0.2 to 6 g per 
liter of 2-CP solution with an initial 2-CP concen-
tration of 100 mg L–1 (Fig. 5(a)). From the plot, it 
was observed that an increase in RSAC dose result-
ed in a decrease of 2-CP uptake capacity. On the 
contrary, the removal percentage has showed an in-
creasing trend. The corresponding RSAC dose at 
the point of intersection of two curves mentioned 
above was considered the optimal value of the 
RSAC dose, which was 1.25 g L–1. A decrease in 
RSAC’s uptake capacity was observed with a corre-
sponding increase in dose owing to the absence of 
sufficient 2-CP species.21–23

Effect of adsorbate solution pH

The pH plays a crucial role in the entire 2-CP-
RSAC adsorption process and significantly affects 
the adsorption capacity of RSAC. The experimental 
runs were made for different pH in the bracket of 
2–12, keeping the other factors constant. From Fig. 
5(b), it is evident that 2-CP adsorption capacity was 
favored by pH increment. At pH = 8, the highest 
uptake capacity of 22 mg g–1 was observed. A fur-
ther increase in pH followed a declining trend in 
2-CP adsorption. The varying trend of pH-depen-
dent adsorption capacity is supported by the con-
cepts of the acid dissociation constant (pKa) of 
2-CP. The pKa value of 2-CP is 8.56, meaning that 
when pH < pKa, the 2-CP remains neutral in the 
aqueous solution, but when pH > pKa, the 2-CP is 
found in anionic form as 2-chlorophenolate ions. 
The highest removal of 2-CP by RSAC was regis-
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F i g .  4  – Micrographs of SEM analysis for RSAC (a) 500x magnification, (b) 500x magnification, (c) 1500x magni-
fication, (d) EDX spectrum of RSAC

F i g .  5  – Effects of parameters for 2-CP adsorption onto RSAC (a) Effect of RSAC dose, (b) Effect of pH, (c) Effect 
of initial concentration and contact time, (d) Effect of temperature

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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tered at pH = 8. Hence, it can be concluded that the 
maximum adsorption of 2-CP was observed below 
its acid dissociation constant value.24

Since the highest adsorption occurred when the 
2-CP was in its neutral form, it would not be appro-
priate to explain the pH effect behavior based on 
the point of zero charges of RSAC. Instead, this ad-
sorption system can be satisfactorily explained with 
an electron donor-acceptor complex mechanism. In 
such mechanism, the aromatic ring of 2-CP acts as 
the electron acceptor, and the carbonyl oxygen on 
the RSAC surface acts as the electron donor. Due to 
this electron donor-acceptor complexation, an in-
crease in the adsorption of 2-CP was registered up 
to the pH value of 8. After that, the adsorption effi-
ciency reduced, since beyond the pKa value, the 
2-CP becomes anionic and is repelled by the nega-
tively charged RSAC surface (pH > pHpzc, the pHpzc 
RSAC was found to be 7.5), resulting in decreased 
adsorption.25

Effect of adsorbate-adsorbent contact time  
and 2-CP concentration variation

The optimal contact time for the highest ad-
sorption of 2-CP onto RSAC was evaluated via ex-
perimental runs carried out with varying time peri-
ods in the range of 15 and 360 min at pH = 8 and 
adsorbent dose = 1.25 g L–1 with an initial 2-CP 
concentration (Xo) varying from 50–150 mg L–1. 
Fig. 5(c) depicts the trend of the 2-CP uptake (qe, 
mg g–1) at different time intervals for the different 
initial concentrations of 2-CP.

From Fig. 5(c), it is evident that the extent of 
2-CP adsorbed, qe (mg g–1) followed an increasing 
trend with the increase in contact time for all the 
initial 2-CP concentrations. Moreover, the 2-CP ad-
sorption was observed to follow an increasing pat-
tern upon the increase in initial 2-CP concentration. 
Rapid adsorption of 2-CP onto RSAC was observed 
for an initial 70 min, and the rate gradually slowed 
down, and equilibrium was attained at about 125 min. 
The uptake capacity of 2-CP was obtained between 
~9.48 to ~48.1 mg g–1 for the corresponding incre-
ment of Xo, from 50 to 150 mg L–1. The fast adsorp-
tion rate for the initial 70 min period can be related 
to the vacancy of more adsorption sites at the initial 
stage, resulting in a higher concentration difference 
between the adsorbate in the solution and those on 
the adsorbent.26 The reduction in concentration dif-
ference at later stages resulted in reduced uptake 
capacity rate and the onset of equilibrium. A similar 
trend for adsorption was seen for all the initial ad-
sorbate concentrations. Following the equilibrium 
attainment timing, the adsorbate-adsorbent interac-
tion duration of 125 min was considered the opti-
mal contact time for the 2-CP-RSAC system.

Temperature effect on 2-CP adsorption

For studying the temperature effect on 2-CP 
adsorption, adsorptive runs were made at three 
 different temperatures, 303, 313, and 323 K. The 
optimal values of other factors were RSAC dose,  
= 1.25 g L–1, pH = 8, while the 2-CP concentration 
was maintained at 100 mg L–1 over all the tempera-
tures. It was confirmed from Fig. 5(d) that the up-
take capacity of RSAC for 2-CP decreased with the 
increase in temperature.

Adsorption kinetics study

Adsorption kinetics is crucial in investigating 
the optimal operating conditions for designing ad-
sorption systems based on the uptake ability of ad-
sorbent. Two reaction-based adsorption kinetics 
models, namely pseudo-first-order and pseudo-sec-
ond-order, were chosen to fit the experimental 
data.27,28 These models also provide information re-
garding the adsorbate uptake rate by adsorbent. In 
this study, the nonlinear regression analysis was 
carried out for the kinetics model fitting of experi-
mental data. Moreover, Marquardt’s percentage 
standard deviation error function was used for eval-
uating the appropriate model fit. The nonlinear 
model equations and the error function equation are 
represented by Eqs. 5–8.

  (5)

 
tqk

tqkq
es

es
t +
=

1

2

 (6)

The constant ks is used for determining the ini-
tial rate of adsorption ‘h’ at time t→0 using the fol-
lowing equation. h is in unit mg g–1 min–1.
 2

esqkh =  (7)

 ( ) 2

,exp ,calc

1 ,exp

1MPSD 100
n

e e

j e

q q
n p q=

 −
 =
 −  

∑  (8) 

where qe = 2-CP uptake capacity of RSAC at equi-
librium (mg g–1)
qt = 2-CP uptake capacity of RSAC at time, t (mg g–1)
kf = pseudo-first-order kinetic rate constant, (min–1)
ks = pseudo-second-order kinetic rate constant,  
(g mg–1 min–1).

The pseudo-first- and second-order kinetic 
models were fitted with the experimental data by 
nonlinear regression technique. The highest-fit val-
ues of h, ks, qe and kf along with the R2 for both the 
kinetics models for the 2-CP-RSAC adsorption pro-
cess are presented in Table 2. The regression cor-
relation coefficients (R2) were considered to evaluate 
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the best-fit model. Mo re  over, the calculated values 
of uptake capacity for pseudo-first-order kinetics 
models were close to those of experimental values. 
Referring to Table 2, it is evi  dent that the experi-
mental data are in good agree ment with the pseu-
do-first-order kinetics model.

Adsorption dynamics study

Adsorption dynamics studies were carried out 
to evaluate the mechanism of the 2-CP-RSAC ad-
sorption. The research data were processed by Boyd 
kinetic model, as represented by Eq. 9.

 0.4977 ln(1 )tB F= − − −  (9)

where F represents the fraction of 2-CP adsorbed at 
time interval t to that at equilibrium and can be ex-
pressed as F = qt/qe, qt is the quantity of 2-CP ad-
sorbed in time t, and qe is the equilibrium amount of 
adsorbed 2-CP.

The linear plot between Bt versus t presented in 
Fig. 6(a) confirms that 2-CP adsorption onto RSAC 
followed the film diffusion or external mass trans-
port mechanism (since the linear plot did not pass 
through the origin) and was also the adsorption 
rate-limiting step.29

The effective diffusivity De (cm2 s–1) was eval-
uated employing Eq. 10, using the Bt values ob-
tained from Eq. 330

 
2

2
e

t
 DB
r

π
=  (10)

where r represents the radius of adsorbent particles 
(assumed as spheres), and is estimated by sieve 
analysis.

With all the different adsorbent concentrations, 
the average value of De was 4.16∙10–13 m2 s–1 for the 
2-CP-RSAC adsorption system.

The adsorption mass transfer anomaly was in-
vestigated using Eq. 11

 o

1

ln[( / 1)/(1 w )]
ln[w /(1 w )] [(1 w )/w ]

t

s

X X K
K K K K S t

− + =

+ − + b
 (11)

where Xo (mg L–1) and Xt (mg L–1) are the 2-CP con-
centrations at the beginning and at time t, respec-
tively;
w (g) = weight of adsorbent
K (L g–1) = Langmuir constant
β1 (cm s–1) = coefficient of mass transfer
Ss (L cm–1) = ratio of unit volume to the external 
surface of the adsorbent.

The linear graph of ln[(Xt /
 Xo) – (1 / (1+wK))] 

against t resulted in a straight line (Fig. 6(b)). The 
mass transfer coefficient value (β1) was evaluated 

Ta b l e  2  – Kinetics modelling of experimental data for  
2-CP-RSAC adsorption system 

Concentration 
(mg L–1) 50 75 100 150

qe,exp (mg g–1) 14.5536 22.3972 31.8341 53.4611

Pseudo-first-order 

qe, calc (mg g–1) 14.7411 22.8415 31.8923 53.58

kf (min–1) 0.0192 0.0275 0.0369 0.0398

R2 0.9854 0.9892 0.9912 0.9729

MPSD 14.52 9.83 11.79 10.66

Pseudo-second-order 

qe, calc (mg g–1) 18.2703 26.49 31.37 54.53

h (mg g–1 min–1) 0.2698 0.6528 2.3123 5.4551

ks (g mg–1 min–1) 0.0023 0.019 0.0017 0.0106

R2 0.9623 0.9701 0.9759 0.9865

MPSD 25.74 11.48 11.79 10.86

F i g .  6  – (a) Boyd plot for the abatement of 2-CP using RSAC, 
(b) External mass transfer plot for 2-CP-RSAC sorption sys-
tem; with the parametric conditions as (Xo = 50–150 mg L–1;  
t = 125 min; w = 1.25 g L–1; pH = 8)

(a)

(b)
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from the graph’s intercept and slope of the resulting 
straight-line equation.

At initial adsorbate concentration of Xo =  
100 mg L–1, the mass transfer coefficient values (β1) 
values for the different temperatures such as 303, 313, 
and 323 K were found to be 3.39∙10–7, 2.84∙10–7, 
and 2.49∙10–7 cm s–1, respectively. The mass transfer 
coefficient values (β1) have signaled that the trans-
fer of 2-CP ions from the bulk solution to the adsor-
bent surface was swift and provided affirmative ev-
idence for RSAC as potent adsorbent for 2-CP 
abatement. Mondal et al. have reported a similar 
finding for adsorption mass transfer investigation 
study for orange G adsorption using hematite.31

Adsorption equilibrium studies

Adsorption equilibrium provides necessary in-
formation about the relationship between the adsor-
bate concentration on the adsorbent surface and the 
bulk solution. This information obtained through 
adsorption equilibrium studies helps thoroughly un-
derstand the adsorption process mechanism, and as-
sists effectively the design of adsorption systems.20,32 
In this study, four different isotherm models were 
used for fitting the experimental data over a tempe-
rature range of 303–333 K. Langmuir, Freundlich, 
and Temkin models were used among two-parameter 
equilibrium models. Whereas, the Redlich-Peterson 
model was the only model used among three-para-
meter models. Eqs. 12–14 represent the aforemen-
tioned equilibrium models, respectively. The non-
linear form of each model was used for the study. 
Apart from the model fitting studies, error analysis 
study was also carried out using Marquardt’s per-
cent standard deviation (MPSD) error function rep-
resented by Eq. 8 used.
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e XK
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+

=
1
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+

=
1

 (15)

where Xe = equilibrium concentration of 2-CP (mg L–1)
qe = 2-CP uptake capacity of RSAC at equilibrium, 
(mg g–1)
qm = complete monolayer uptake capacity of RSAC, 
(mg g–1)
KL = Langmuir constant related to binding site af-
finities, (L mg–1)
KF = Freundlich constant related to adsorption ca-
pacity, (mg g–1)

KT = Temkin constant, (L g–1)
n = Freundlich constant related to the adsorption in-
tensity, (L mg–1)
R = universal gas constant, (8.314∙10–3 kJ mol–1 K–1)
T = absolute temperature, (K)
bT = Temkin constant related to heat of adsorption, 
(kJ mol–1)
KR = Redlich-Peterson constant, (L g–1)
aR = Redlich-Peterson constant, (L mg–1)
β = Redlich–Peterson exponent and is a dimension-
less entity, where the value is ≤1. This equation be-
comes linear at a low surface coverage, i.e., g = 0, 
and at g = 1, the equation converges to a Langmuir 
isotherm.

The adsorption equilibrium plot is presented in 
Fig. 7. Calculated values of all the constants in-
volved with different isotherm models and their re-
spective correlation coefficients (R2) at different 
temperatures are given in Table 3. Based on R2 val-
ues (higher for better fitting), the experimental data 
showed good agreement for fitting to the isotherm 
models in the order (of highest preferred to the low-
est one) Langmuir >R-P>Temkin>Freundlich. As 
evident from Table 3, the Langmuir isotherm model 
was found to be the best fit model for experimental 
data. The maximum adsorption capacities as eva-
luated by this model were in the range of ~38 to 
~42 mg g–1 for the aforementioned temperature range.

For the Temkin isotherm model, it was found 
that the bond energy of the ion-exchange process 
for all the temperatures fell in the bracket of 8–9  
kJ mol–1, which confirmed the physiosorption pro-
cess, for which the criterion is that adsorption ener-
gies are < 40 kJ mol–1.33 The variation in the values 
of BT (8.54 to 8.71 kJ mol–1) over a minimal range 

F i g .  7  – Adsorption equilibrium plot for 2-CP-RSAC adsorp-
tion system (Xo = 50–150 mg L–1; t = 125 min; w = 
1.25 g L–1; pH = 8; T =303 K)

Xe (mg L-1)

q e (
m

g 
g-1

)
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for this work indicated the involvement of che mi-
sorption to a certain extent.34 Moreover, it was ob-
served that the adsorption intensity ‘n’ value was  
< 1 for all the temperatures in the Freundlich mo-
del, confirming that the 2-CP-RSAC adsorption was 
favorable.

Thermodynamics of the 2-CP-RSAC  
adsorption process

The evaluation of thermodynamic parameters 
is crucial for investigating the nature, spontaneity, 
and feasibility of the adsorption process at the se-
lected study temperature.35

The free energy of adsorption (ΔGº) was eval-
uated by Eq. 1636

 ΔGº = –RTlnK (16)
where, K (L mol–1) = equilibrium constant, derived 
from Langmuir isotherm model,
R = universal gas constant, (8.314 J mol–1 K–1)
T = temperature (absolute).

The adsorption enthalpy change (ΔHº) and en-
tropy change (ΔSº) were calculated by the Eqs. 17 
and 18, respectively37

 o 1 2 2

1 2 1

lnTT KH R
T T K
 

∆ =  − 
 (17)

 
o o

o H GS
T

∆ − ∆
∆ =  (18)

where, K1 and K2 are the equilibrium constants at 
corresponding temperatures of T1 and T2, respec-
tively.

The calculated values of ΔHº, ΔGº and ΔSº us-
ing the previous equations are given in Table 4. The 
positive entropy change (ΔSº) values confirmed an 
increase in randomness with the increase in adsor-
bate molecules on the adsorbent surface for the ad-
sorption of 2-CP on RSAC. The negative values of 
ΔGº proved the spontaneity of the 2-CP adsorption 
process. According to Liu and Zhang, ΔGº values 
<−10 kJ mol–1 suggests a multilayer adsorption pro-
cess. The ΔGº values given in Table 4 thus con-
firmed the existence of multilayer adsorption.38,39 
The heat of adsorption (ΔHº) values in the range of 
0 and –20 kJ mol–1 are very often considered as the 
indicator for physiosorption.40

Isosteric heat of adsorption

The Clausius-Clapeyron (C-C) equation was 
implemented for the evaluation of isosteric heat of 
adsorption (ΔHst,a) at the condition of fixed surface 
fouling (considering only the equilibrium uptake 
capacity values of each experimental run).41 The 
mathematical expression for evaluating isosteric 
heat of adsorption is represented by Eq. 19.

 
2

d ln
d

st,ae HX
T RT
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=  (19)

The equilibrium concentration (Xe) values were 
obtained from the adsorption equilibrium data at 
varying temperatures. The slope of the linear plot of 

Ta b l e  3  – Isotherm modeling of experimental data for  
2-CP-RSAC adsorption system

Freundlich

Temp. (K) KF (L mg–1) 1/n R2 MPSD

303 K 7.6332 0.3117 0.9688 7.6123

313 K 9.5392 0.3216 0.9673 12.2803

323 K 4.5291 0.3802 0.9799 3.7338

333 K 7.1363 0.3612 0.9581 4.0676

Langmuir

Temp. (K) qm (mg g–1) KL (L mg–1) R2 MPSD

303 K 41.8321 0.0837 0.9991 2.8441

313 K 39.2334 0.0685 0.9953 2.5463

323 K 38.1573 0.0493 0.9978 1.4834

333 K 39.4642 0.0546 0.9964 4.9569

Temkin

Temp. (K) KT (L mg–1) BT (kJ mol–1) R2 MPSD

303 K 0.8321 8.5396 0.9946 4.7396

313 K 0.6221 8.5678 0.9797 13.1833

323 K 0.4672 8.6935 0.9843 2.5982

333 K 0.3976 8.8261 0.9678 3.2428

Redlich-Peterson

Temp. (K) KR (L g–1) aR (L mg–1) β R2 MPSD

303 K 1.941 0.0242 1.2419 0.9996 3.2445

313 K 1.288 0.0347 1.6235 0.9942 11.5465

323 K 15.164 1.8312 0.6743 0.9963 3.5167

333 K 120.417 19.3006 0.6815 0.9873 4.0545

Ta b l e  4  – Thermodynamic parameters for 2-CP abatement 
by RSAC (Xo = 50–150 mg L–1; t = 125 min; RSAC 
dose = 1.25 g L–1; pHo = 8)

Xo  
(mg L–1)

ΔHo  
(kJ mol–1 K–1)

ΔSo  
(kJ mol–1 K–1)

ΔGo  
(kJ mol–1 K–1)

303 K 313 K 323 K 333 K

50 –34.25 9.64 –16.21 –19.14 –20.19 –23.34

75 –13.33 12.68 –18.52 –18.98 –19.83 –20.06

100 –6.42 35.17 –17.36 –17.56 –18.36 –18.75

125 –4.23 62.39 –16.08 –17.23 –17.54 –17.97

150 –5.82 30.11 –17.29 –17.58 –17.93 –18.33
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Xe against (1/T, gives ΔHst,a value. Fig. 8(a) shows 
the corresponding isosters’ respective equilibrium 
uptake capacities of 2-CP by RSAC at different ad-
sorbate concentrations and time. Fig. 8(b), shows 
that ΔHst,a followed an increasing trend with the in-
crease in equilibrium uptake capacity, thus confirm-
ing the heterogeneity of the RSAC surface.42 The 
ne  gativity of isosteric heat of adsorption values con-
 firmed the exothermic nature of 2-CP adsorption.

Estimation of the thermodynamic parameter by 
statistical thermodynamics

Classical thermodynamics defines the overall 
energy and equilibrium conditions in an adsorption 
process. However, it fails to provide detailed infor-
mation regarding the bulk properties of the adsor-
bate solution and adsorbent at microscopic levels. 
However, statistical thermodynamics enunciates this 

information with ease.43 Only the evaluation of var-
ious parameters involved in the statistical thermo-
dynamics study is provided in this report. The detailed 
statistical thermodynamics study for the 2-CP-RSAC 
system has been communicated elsewhere for pub-
lication.

The value of ΔGº was also estimated using sta-
tistical thermodynamics, as explained by Wang and 
Jiang.44

Since 
o1 lnln G RT Xη

η
 − ∆

= − 
  g g

 (20)

where γ is the distribution modulus, and η is the 
fraction of 2-chlorophenol adsorbed from the bulk 
solution.

The plot of ln[(1–η)/η] against ln X over differ-
ent temperatures studied for 2-CP and RSAC sys-
tem. The value of γ was estimated from the slope of 
the plot, and the ΔGº values were determined from 
the intercept of the straight-line equation. Accord-
ing to eq. values of ΔSº and ΔHº were determined 
from the slope and intercept of ΔGº versus T plot 
(not reported here).

 ΔGº = ΔHº – TΔSº (21)

The values of ΔGº, ΔHº and ΔSº for different 
systems are shown in Table 5. The results given in 
Table 5 satisfactorily describe the spontaneity and 
exothermic nature of the adsorption system with the 
micromolecular viewpoint. The results of the classi-
cal thermodynamics modeling (Table 4) were found 
to be in accordance with those of statistical thermo-
dynamics modeling, indicating that the thermody-
namic modeling of the 2-CP-RSAC adsorption sys-
tem can be performed with any of these two 
approaches.

RSAC regeneration

The results confirmed that the RSAC uptake 
capacity was restored up to 90 % after regeneration 
for four consecutive cycles. The usage of NaOH in 
the regeneration process resulted in the formation of 
easily separable sodium salts of the 2-CP on RSAC, 
thereby making the regeneration operation easier.45 

Fig. 9 represents the RSAC regeneration efficiency 
plot.

Mechanism of 2-CP adsorption onto RSAC

The adsorption mechanism depends on the ad-
sorbent’s surface properties and the chemistry of 
adsorbate. There are several possible mechanisms 
for the adsorption of 2-CP (aromatic organic pollut-
ant) onto carbonaceous adsorbents, such as; π-π 
bond interaction, hydrogen bonding (H-bonding), 
electron donor-acceptor complexation, and electro-

F i g .  8  – (a) Van’t Hoff plot for the 2-CP-RSAC adsorption 
system (Xo= 50–150 mg L–1; t= 125 min; w = 1.25 g L–1; pH = 8), 
(b) Isosteric heat of adsorption (ΔHst,a) based on surface load-
ing for 2-CP adsorption onto RSAC
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static interaction. However, from the experimental 
study of this 2-CP-RSAC adsorption system, the 
underlying mechanisms can pertain to the hydrogen 
bonding and electron donor-acceptor complexation 
concepts.24,46

The H-bonding was established between the 
hydrogen atom of the hydroxyl group of 2-CP and 
the more electronegative atoms like oxygen and ni-
trogen present on the surface of RSAC. The sche-
matic representation of the H-bonding concept is 
presented in Fig. 10(a). The electron donor-acceptor 
complexation concept involves two entities, such as 

the oxygen atom of the carbonyl group on the 
RSAC surface and the aromatic ring of 2-CP, which 
act as the electron donor and acceptor respectively, 
as shown in Fig. 10(b).

The comparative performances of various 
methods used for 2-CP removal are represented in 
Table 6, and adsorbent performance comparison for 
2-CP removal is provided in Table 7. From Table 6, 
it can be concluded that adsorption is a robust meth-
od for removing 2-CP from aqueous solutions. Ta-
ble 7 has provided evidence for confirming that the 
RSAC is a cheap yet effective adsorbent for the ad-
sorptive removal of 2-CP.

Conclusions

The characterization studies performed on 
RSAC have revealed its characteristic features. 
Proximate, ultimate, and EDX analyses confirmed 
the presence of higher percentages of carbon as 
much as 56.33, 55.48, and 66.38 percent, respec-
tively. The point of zero charge study revealed that 
the RSAC surface is neutral at pH 7.5. BET and 
pore size analyses showed that the RSAC had a sur-
face area of 239 m2 g–1, cumulative pore volume of 
0.186 cm3 g–1, and pore width of 25.62 

o
A , respec-

tively. The SEM analysis revealed mesoporous 
structure formation due to the influence of chemical 
impregnation and high-temperature carbonization. 

Ta b l e  5  – Thermodynamic parameters using classical statistical physics for 2-CP sorption onto RSAC (Xo = 50–150 mg L–1;  
t =125 min; RSAC dose = 1.25 g L–1; pHo = 8)

Xo (mg L–1) ΔHo (kJ mol–1 K–1) ΔSo (kJ mol–1 K–1)
ΔGo (kJ mol–1 K–1)

303 K 313 K 323 K 333 K

50 –33.79 8.35 –17.21 –17.35 –17.82 –20.49

75 –12.75 12.17 –16.96 –17.93 –18.67 –19.26

100 –5.86 33.17 –16.28 –16.50 –17.77 –18.41

125 –3.59 63.15 –17.10 –17.54 –17.86 –18.34

150 –5.34 30.83 –16.89 –17.19 –17.38 –17.78

Ta b l e  6  – Comparative study with other methods 

Method Intricate details Performance Reference

Photocatalytic degradation *InVO4/TiO2 catalyst + visible light 50.5 % degradation achieved 47

Low-pressure reverse osmosis TW30-1812-100 low-pressure membrane 79 % rejection was observed 48

Solvent mediated ozonolysis The solvent used was 
decamethylcyclopentasiloxane 95 % degradation was achieved in ~30 sec 49

Biocatalyst assisted 
ultrasonication Horse radish peroxidase as the biocatalyst ~100 % degradation was achieved in 30 min 50

Activated carbon mediated 
adsorption

Rice straw activated carbon activated with 
ZnCL2

74 % removal was achieved This study

*In = Indium, V = Vanadium, Ti = Titanium. Actual comparison among the methods is impossible since each of the methods listed 
above has its own set of experimental parameters.

F i g .  9  – Regeneration efficiency of RSAC
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FTIR analysis confirmed the presence of hydroxyl, 
sulfinyl, and carbonyl functional groups on the sur-
face of RSAC.

The experimental results revealed the efficacy 
of RSAC for the abatement of 2-CP from water and 
wastewater. The optimal conditions for the parame-
ters affecting adsorption of 2-CP onto RSAC were 
evaluated. The optimal values for parameters RSAC 
dose, pH, contact time, and temperatures were 
found to be 1.25 g L–1, 8, 125 min, and 303 K, re-
spectively. Furthermore, it was observed that the 
adsorption capacity started to decline with the in-
crease in the system temperature. The adsorption 
kinetics data were found to follow the pseu-
do-first-order kinetics model. Adsorption equilibri-
um data for the 2-CP-RSAC system were best fitted 
with Langmuir and Redlich-Peterson isotherm mod-
els suggesting the existence of chemical and physi-
cal adsorption modes. The Boyd plot confirmed that 
the external mass transfer was the slowest step in 
this adsorption study. Thermodynamic studies 
demonstrated that the 2-CP-RSAC adsorption sys-
tem was spontaneous and exothermic by nature. 
The regeneration studies of RSAC revealed that the 
regenerability of RSAC remained intact for four 
consecutive cycles of regeneration.
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