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a b s t r a c t
In this study, Pinus roxburghii cones were used for the removal of arsenite from aqueous solutions. 
Activated carbon was prepared from these cones with further activation of it with H3PO4 (1:1), KOH 
(1:3) and 0.5 M FeSO4. Preliminary experiments show that no significant removal of arsenite took 
place by using raw carbon and its activation with H3PO4 and KOH while activated carbon modified 
with 0.5 M FeSO4 gives maximum removal of arsenite (99%). So further experiments were carried 
out by using activated carbon with 0.5 M FeSO4 (Fe-GAC). Its surface properties were investigated 
in terms of surface area, particle size, moisture, ash contents, cation exchange capacity, pHPZC, and 
elemental analysis through. The removal experiments of arsenite were carried out by the sorption 
technique in a batch system. Competitive sorption of arsenite in the presence of various metals like 
V, Cr, Co, Cu, Se, Cd, Ba, Tl, Be, Pb, and Ni was also investigated with an adsorbent dosage range 
of 0.2–1.5 g. Hydride generation-atomic fluorescence spectrometry and inductively coupled plas-
ma-mass spectrometry technique was used for the analysis of arsenite and other metals in aqueous 
solutions. The adsorption of arsenite was pH-dependent. The kinetics of adsorption was examined 
in terms of the pseudo-first-order and pseudo-second-order. The adsorption data were applied to 
the well-known Langmuir, Freundlich, and Temkin isotherm models. Thermodynamic parameters 
(∆H°, ∆S°, and ∆G°) were calculated from the slope and intercept of plots of lnKD vs. 1/T at different 
temperatures of 298, 313 and 323 K.
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1. Introduction

Arsenic is a natural component of the earth’s crust and 
is widely distributed throughout the environment in the 
air, water, and land in both inorganic and organic forms. 
However, inorganic arsenic is considered to be the most 
toxic form of the element as the organic arsenic detoxifies 
through methylation [1]. Naturally occurring inorganic 
arsenic is stable in oxidation states of –III as in arsine gas 
(AsH3), 0 as in crystalline arsenic, +III as in arsenite, and +V 
as in arsenate. In the relatively pristine natural groundwater 

environment, arsenic(III) and arsenic(V) are typically the 
dominant forms of arsenic. Among these As(III) is more 
toxic than As(V) [2].

Chronic exposure to low levels of arsenic has long been 
linked to adverse health effects in humans. Long-term expo-
sure to arsenic can cause bladder, lungs, skin, kidney, liver, 
and prostate cancer [3]. Considering the high toxicity of 
arsenic, the World Health Organization (WHO) and the U.S. 
Environmental Protection Agency set the maximum accept-
able level of arsenic in drinking water at 10 μg/L [4,5].

Various techniques reported for the removal of arsenic 
included precipitation [6], reverse osmosis [7], pre-oxidation 



197N. Rauf et al. / Desalination and Water Treatment 185 (2020) 196–208

processes [8] and ion-exchange [9]. However, disadvantages 
associated with precipitation include higher operating 
and chemical costs, and the formation of by-products [10] 
requiring large containment and settling beds, as well as 
the handling and final disposal of the contaminant-laden 
sludge, which can be expensive. Disadvantages with mem-
brane process including high operating costs, the high cost 
of membrane replacement, the need for pretreatments of the 
influent to prevent membrane fouling, and handling and 
disposal of the toxic-laden waste can make these systems 
expensive and impractical [9,10]. In reverse osmosis, as with 
other arsenic removal methods, pretreatment may be neces-
sary to prevent fouling of the ion exchange resin [7].

Among various remediation technologies, adsorption is 
considered as one of the more effective and efficient ways 
for the removal of arsenic from water. In recent years acti-
vated carbons prove to be very efficient adsorbent for the 
removal of toxics from water and wastewater due to its high 
surface area and porosity. However, the cost associated with 
the production and import of it is relatively very high for 
developing countries. In the past few years, production of 
activated carbon-based on biomass from agriculture waste/
by-products has gained significant importance and can be 
used as cheap and effective sorbents in their natural as well 
as physically or chemically modified forms such as olive 
stones [11], coconut shell [12–14], pine sawdust [15], almond 
and pecan shells [16], eucalyptus wood chars [17], peanut 
hulls [18] and oat hulls [19] has been used successfully in 
the preparation of activated carbons.

Pinecone derived activated carbon was used previously 
for the removal of methyl orange [20], congo red [21], lead 
[22], remazol brilliant blue R [23], methylene blue [24], 
phenol, and Cr-VI [25]. The use of surface- modified adsor-
bents has to gain particular attention in the last few years. 
Previously the potential of a raw pine cone and its modified 
form with zinc loading was evaluated for the removal of 
As(III) from the aqueous solution [26]. Iron oxides, oxyhy-
droxides, and hydroxides, including amorphous hydrous 
ferric oxide (FeO–H), goethite (–FeO–OH) and hematite  
(–Fe2O3), are promising adsorbents for removing both 
arsenite and arsenate from the water. However, most iron 
oxides are fine powders that are difficult to separate from 
the solution after adsorption. Adsorption onto iron-tailored 
activated carbon is considered to be one of the most promis-
ing technologies because it is economical and easy to set up, 
and because the skeletal structure of the activated carbon is 
strong, whereas granular iron media are fragile.

Our aim was to develop an adsorbent from the cones of 
Pinus roxburghii that is cheaper, simple and environmentally 
friendly and then its activation onto its active sites in such 
a manner that much of the arsenite can be removed on to 
this adsorbent. The finding of this study can be useful in the 
development of economical and easy to use treatment sys-
tem for arsenic from drinking water, especially in developing 
countries.

2. Experimental procedure

2.1. Preparation of activated carbon from Pinus roxburghii

The cones of Pinus roxburghii were collected around 
the Margalla Hills from the city of Islamabad, Pakistan. 

These were brought into the laboratory and were washed 
several times with distilled water to remove any dust and 
surface impurities and were dried in the air for several days. 
These were heated in an electric oven for 60 min at 448 K. 
After cooling, the burned cones were crushed into powdered 
form to get a uniform particle size and were then stored in 
an airtight container.

For chemical activation, a known quantity of the stored 
raw carbon was mixed with H3PO4 (H-GAC) in the impreg-
nation ratio of 1:1. It was kept in an oven at 423 K for 48 h. 
After impregnation, the sample was washed with distilled 
water until there was no change in its pH. The washed acti-
vated carbon was dried at 383 K for 2 h in an electric oven 
and was stored in desiccators for further use. In another pro-
cess of activation, raw carbon was impregnated with KOH 
(K-GAC) in the ratio of 1:3 and was heated at 343 K for until 
the remaining solution evaporated. The sample was washed 
several times with distilled water until there was no change 
in pH. For iron loading, FeSO4 was used instead of FeCl3 
due to better intraparticle diffusion of Fe(II) as compared 
to Fe(III). It has been reported earlier that Fe(III) can easily 
hydrolyze to form large metal particle clusters which cannot 
diffuse easily into the internal pores of the activated carbon 
due to its precipitation. For iron loading, 10.0 g of the raw 
carbon was placed in 125 mL Nalgene bottles with 50 mL 
of 0.5 M FeSO4. It was shaken on a reciprocating shaker 
at 125 rpm for 48 h at constant temperature (298 ± 1 K). 
Following the decanting of the supernatant, solids were 
washed with distilled water until there was no detection of 
greenish color in the filtrate and no detection of sulfate [27]. 
The washed activated carbon was then dried at 383 K for 2 h 
in an electric oven and was stored in a desiccator for further 
use. The schematic diagram of the preparation of activated 
carbon from pinus cones and its activation is illustrated in 
Fig. 1.

2.2. Characterization of iron loaded activated carbon (Fe-GAC)

The Fe-GAC was characterized for pH, moisture con-
tent, ash, cation exchange capacity (CEC), pHPZC, surface 
area, particle size, and elemental analysis. The CEC was 
determined by the BaCl2 compulsive exchange method [28]. 
pH, moisture, CEC, ash, and pHPZC were determined by the 
methods reported by Shrestha et al. [29]. The specific sur-
face area of Fe-GAC was estimated using Sears’ method [30]. 
Elemental analysis for C, H, N, and S was performed on a 
CHNS Analyzer (Elementar Vario EL III). X-ray diffraction 
(XRD) measurement of the Fe-GAC was made by using CuKα 
radiation (40 KV, 30 mA) over the 2θ range of 10°–70° onto 
PANalytical X’Pert PRO XRD spectrometer by using powder 
diffraction procedure. The Brunauer–Emmett–Teller (BET) 
surface area of the activated carbon was measured using a 
BET Quantasorb Sorption System, Model No. QS-11.

2.3. Preparation of arsenite solutions and its estimation by 
atomic fluorescence spectrometry

All of the reagents and chemicals used were of analyt-
ical grade and solutions were prepared by using Milli-Q 
water (Barnstead Nanopure Diamond with a resistivity of 
18.2 MΩ cm). NaAsO2 was purchased from Sigma-Aldrich 
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Fig. 1. Schematic diagram for the preparation of activated carbon from the cones of Pinus roxburghii.
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having a purity of 98%. A stock solution of 1,000 mg/L of 
arsenite was prepared by dissolving accurately weighed the 
amount of NaAsO2 in 5% HNO3 and kept at 4°C. The experi-
mental solutions were obtained by diluting the stock solution 
in accurate proportions to the desired initial concentra-
tions. The concentration of arsenite was measured by using 
hydride generation-atomic fluorescence spectrophotometer 
(HG-AFS) (P S Analytical, PSA 10.055 Millennium Excalibur) 
and inductively coupled plasma coupled with mass spec-
trophotometer (ICP-MS) (Perkin-Elmer ELAN, DRC-e). The 
other instrumental and experimental conditions used are 
given in Table 1.

2.4. Sorption experiments

Sorption measurements were made in triplicate by the 
batch technique at room temperature (298 ± 2 K) except 
where specified. The percent removal and sorption capac-
ity of arsenite were calculated as done previously [31]. For 
kinetic studies of arsenite onto Fe-GAC, solutions contain-
ing 100 μg/L of As(III) were separately shaken with 1.0 g of 
the adsorbent for different time intervals ranging from 5 to 
120 min. The temperature studies were carried out at differ-
ent concentrations of 150, 200, 250 and 300 μg/L of arsenite 
at 298, 313 and 323 K and were separately shaken with 1.2 g 
of Fe-GAC for 1 h. The experiment for the effect of pH on the 
adsorption was carried out at pH values ranging from 2.6–
12 and was controlled by the addition of dilute HCl/NaOH 
solutions. The pH of the solution was measured with a pH 
meter (Fischer Scientific AR-15). For pH determination of 
the solutions, the pH meter was calibrated every time with 
buffers of pH 4.0 and 10.0. Isothermal studies of arsenite 
were conducted with an adsorbent quantity of 1.2 g having 

arsenite concentrations in the range of 100–350 μg/L in iden-
tical conical flasks. A blank was maintained to determine 
the effect of arsenite sorption on the conical flasks. After the 
addition of adsorbent (Fe-GAC), the reaction mixtures were 
agitated in the shaker at 200 rpm for 1 h (estimated equilib-
rium time) at different temperatures of 298, 313 and 323 K.

The samples were withdrawn from the flasks and adsor-
bent was separated from the solution by centrifugation at 
10,000 rpm for 10 min. The samples were diluted with 30% 
HCl and 2% HNO3 before analysis by using HG-AFS and 
ICP-MS respectively in order to achieve results in the desired 
calibration range of 5–50 μg/L of As(III) standards.

2.5. Arsenite sorption in presence of various metal ions

Competitive sorption experiment of arsenite was con-
ducted in the presence of various metal ions. For this purpose 
metals like V, Cr, Co, Cu, Se, Cd, Ba, Tl, Be, Pb, and Ni having 
a concentration of 100 μg/L each was shaken with the already 
optimized conditions for arsenite, that.is 1.2 g of Fe-GAC 
for 1 h. After 1 h of equilibration time, the concentration of 
arsenite and other metals in the supernatant was measured 
by using an ICP-MS (Perkin-Elmer ELAN, DRC-e) and the 
sorption capacity was calculated.

3. Results and discussion

3.1. Characterization of FeSO4 modified activated carbon 
obtained from Pinus roxburghii cones

Four series of activated carbon was prepared from the 
cones of Pinus roxburghii. These include the raw carbon sim-
ply obtained by heating and the other three by chemical 

Table 1
Instrumental and chemical conditions for arsenic and other metals using hydride generation-atomic fluorescence spectrophotometer 
(HG-AFS) and inductively coupled plasma-mass spectrophotometer (ICP-MS)

HG-AFS

Reagent blank 30% v/v HCl, 50% KI, 10% ascorbic acid
Reductant 0.7% m/v sodium borohydride (NaBH4) in 0.1 mol/L sodium hydroxide (NaOH)
Sample 30% v/v HCl, 50% KI, 10% ascorbic acid
Carrier gas, argon (gas–liquid separator) 300 ml/min of flow rate
Nitrogen (dryer gas) 2.5 L/min of flow rate
Reductant (NaBH4) flow rate 4.5 ml/min
Sample flow rate 9.0 ml/min
Primary current 27.5 mA
Boost current 35.0 mA
ICP-MS
Sample 2% HNO3, 40 μL of Yttrium (40 ppb)
Standard 2% HNO3, 20 μL of Yttrium (20 ppb)
Blank 2% HNO3, 40 μL of Yttrium (40 ppb)
Plasma gas flow 14 L/min
Nebulizer gas flow 0.89 L/min
Auxilliary gas flow 1.2 L/min
Sample uptake rate 40.0 rpm
RF power 1,400 W



N. Rauf et al. / Desalination and Water Treatment 185 (2020) 196–208200

activation with KOH, H3PO4, and FeSO4. FeSO4 treated car-
bon was characterized in terms of specific and BET surface 
area, particle size, ash content, moisture, pH, and other 
parameters reported in Table 2. The prepared GAC exhib-
ited low moisture content of 2.1% (Table 2). Generally, the 
recommended moisture content for the storage of activated 
carbon is less than 3% [32] as higher moisture content can 
lower the storage and shelf-life of activated carbon due to 
more susceptibility to fungal growth. Its ash contents were 
3.78%. In general, the percentage of ash in a commercial 
activated carbon is higher than 10% [33]. The ash content 
is directly related to the pH of GAC and the measured pH 
value was 4.77.

CEC is about the relative number of negatively charged 
binding sites on the surfaces of a substance attracting and 
binding positively charged ions. The CEC was 2.78 meq/g. 
The reported value of CEC in literature is 2.42 and 2.33 
for activated carbon prepared from Olive-waste cakes and 
coconut shell respectively [34,35]. The specific surface 
area pHPZC determined was 999 m2/g and 2.6 respectively. 
Activated carbons are usually classified as powdered acti-
vated carbons (PAC) with fine granules whose size is less 
than 1.0 mm, granulated activated carbon (GAC) whose 
size is between 0.425–2.36 mm. The activated carbon pro-
duced was GAC with a particle size of 2.0 mm. PAC is not 
generally used for adsorption purposes because of their 
high-pressure loss in applications and also PAC requires 
subsequent separation by coagulation/sedimentation/filtra-
tion and regeneration is difficult. Granular activated carbon 
is used for deodorization, water treatment and separation 
of components in a flow system and can also be used for 
gas/vapor phase applications. GAC requires less carbon, no 
subsequent separation is needed, beds are easier to mon-
itor with respect to performance and can be regenerated. 
Elemental analysis on CHNS shows that it contains 57.59% 
of carbon as the major constituent of it.

Fig. 2 represents the XRD pattern of the raw and the 
activated carbon-supported FeSO4. Fig. 2a presents the XRD 
pattern with peak at 2θ = 21°–23°, which can be ascribed to 
the amorphous morphology of the activated carbon heated 

at 423 K, while the XRD pattern of the activated carbon 
impregnated with FeSO4 (Fe-GAC, Fig. 2b) shows a number 
of sharp peaks which are compatible with the presence of 
activated carbon impregnated with FeSO4.

3.2. Arsenite removal onto raw, H3PO4, KOH and FeSO4 
treated carbon obtained from Pinus roxburghii cones

The removal of arsenite onto raw, H3PO4, KOH and 
FeSO4 treated carbon is shown in Fig. 3. The results show 
that the maximum removal of arsenite, that is >70% has 
been achieved by using activated carbon modified with 
FeSO4 with 1.0 g of dosage while it was 19.51%, 17.60%, and 
23.78% by using H3PO4, KOH, and raw carbon respectively. 
The removal of arsenite was in the order of Fe-GAC > Raw 
carbon > H3PO4 > KOH. Keeping in view the higher 
efficiency of Fe-GAC for arsenite removal, further experi-
ments were carried out by using Fe-GAC.

3.3. Adsorption isotherms

In the present studies, equilibrium sorption data of 
arsenite onto Fe-GAC was applied to three well known 
and widely applicable different isotherm equation namely 
Langmuir, Freundlich, and Temkin.

The Langmuir adsorption isotherm describes quantita-
tively the buildup of a layer of molecules on an adsorbent 
surface as a function of the concentration of the adsorbed 
material in the liquid in which it is in contact. In a modified 
form it can also describe a bi-layer deposition.

The linear form of the Langmuir isotherm equation is 
represented in the equation [36].

C
q bX

C
X

e

m

e

m

= +
1

 (1)

Xm and b are the Langmuir constants related to adsorption 
capacity and energy of adsorption. The values of Xm (mg/g) 
and b (dm3/mg) were calculated from slope and intercept of 
the linear plots of Ce/q vs. Ce respectively (Fig. 4). The values 
of Xm (mg/g) and b (dm3/mg) are shown in Table 3 for arsenite 
at different temperatures of 298, 313 and 323 K.

To determine if the adsorption process is favorable or 
unfavorable, for the Langmuir-type adsorption process, the 
isotherm shape can be classified by the term ‘RL’ a dimen-
sionless constant separation factor, which is defined as 
below [37].

R
bCL = +( ) 1

1 0

 (2)

where RL is a dimensionless separation factor, C0 is initial 
arsenite concentration (mg/dm3) and b is Langmuir constant 
(dm3/mg). The isotherm is unfavorable when RL > 1, the iso-
therm is linear when RL = 1, the isotherm is favorable when 
0 < RL < 1 and the isotherm is irreversible when RL = 0. The 
values of RL for adsorption of arsenite onto Fe-GAC at stud-
ied different concentrations were between 0 and 1 (Table 3), 
which indicates favorable adsorption.

Table 2
Physico-chemical characteristics of Fe-GAC

Parameter Value

pH 4.77
pHPZC 2.6
Cation exchange capacity (CEC), (meq/g) 2.78
Moisture content (%) 2.1
Ash (%) 3.78
Particle size (mm) 2.0
Specific surface area (m2/g) 999
BET surface area (m2/g) 1,122
CHNS analysis
Carbon as C (%) 57.59
Nitrogen as N (%) 0.50
Sulphur as S (%) 0.83
Hydrogen as H (%) 2.75
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Another common isotherm model is the Freundlich, 
which is suitable for use with heterogeneous surfaces but can 
describe adsorption data over a restricted range only [38]. 
It can be written in a linear form as:

log log logq K
n

Ce( ) 







= +

1  (3)

by plotting logq against logCe, the slope is 1/n and inter-
cept are logK (Fig. 5). The Freundlich constant, 1/n ranging 
between 0 and 1 is a measure of adsorption intensity or 
surface heterogeneity, becoming more heterogeneous as its 
value gets closer to zero. Values of K and 1/n are provided 
in Table 3.

Temkin and Pyzhev [39] considered the effects of some 
indirect adsorbate/adsorbate interactions on adsorption iso-
therms. They suggested that, because of these interactions 
and ignoring very low and very large values of concen-
tration, the heat of adsorption of all molecules in the layer 

would decrease linearly with coverage. The derivation of the 
Temkin isotherm assumes that the fall in the heat of sorption 
is linear rather than logarithmic, as implied by the Freundlich 
equation. The Temkin isotherm has generally been applied in 
the following form:

q B A B Ce e= +ln ln  (4)

where B = (RT/b), qe (mg/g) and Ce (mg/dm3) are the amounts 
adsorbed at equilibrium and the equilibrium concentration, 
respectively. Also, T the absolute temperature in K and R is 
the universal gas constant, 8.3143 J/mol K. The constant b 
is related to the heat of adsorption. A and B are constants 
related to adsorption capacity and intensity of adsorption. 
Plots of lnCe against qe are given in Fig. 6 and the constants 
A and B are listed in Table 3.

Examination of the linear isotherm plots suggested 
that the Langmuir model yielded a much better fit than the 
other isotherm models. Overall, the Langmuir isotherm has 

 

 

 

 

(a)

(b)

Fig. 2. XRD pattern of the raw and the activated carbon-supported FeSO4.
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the highest R2 values (0.999), whereas the Freundlich and 
Temkin values are lower. So, the linearized forms of the 
Langmuir isotherms are found to be linear over the whole 
concentration range studied, and the correlation coefficients 
were extremely high, confirming the monolayer coverage of 
arsenite onto particles and also the homogenous distribution 
of active sites on the material since the model presupposes 
that the surface is homogenous. The Xm values also showed 
that the adsorption capacity decreased with increasing 
temperature (Table 3), may be due to weak adsorption interac-
tion between Fe-GAC surface and the arsenite, which sup-
ports physisorption. At high temperature, the thickness of 
the boundary layer decreases, due to the increased tendency 
of the metal ion to escape from the activated carbon surface 
to the solution phase, which results in a decrease in adsorp-
tion as temperature increases. The same type of behavior 
has been reported previously, where the adsorption of 
As(III) onto thioglycolate sugarcane carbon decreased with 
increasing temperature from 35°C to 45°C [40].

The adsorption capacities of various activated carbons 
that are already reported in the literature for the removal 

arsenite (As-III) are summarized in Table 4. Direct com-
parison of the adsorption capacities is very difficult due to 
different experimental conditions like pHs, temperatures, 
concentration ranges, adsorbent doses, and medium. Table 4 
summarizes the sorption capacities of activated carbons from 
different sources calculated from the Langmuir isotherm 
model in an aqueous medium. It is evident that the adsor-
bent used in our case has the highest adsorption capacity of 
4.63 mg/g for arsenite removal from aqueous solutions as 
compared to other adsorbents used [1,11,22,27,41].

3.4. Thermodynamics for the removal of arsenite onto 
Fe-GAC surfaces

Fig. 7 shows the effect of temperature on the removal of 
arsenite onto Fe-GAC. The results show that with the increase 
in temperature the removal efficiency of arsenite decreases, 
which is an indication of the exothermic nature of the adsorp-
tion process. Mondal et al. [42] has also reported the same 
type of observation for arsenate and arsenite removal with 
the suggestion that with the increase in temperature the 
mobility of ions will increase as a result surface precipitation 

� 0.5M FeSO4 

� 1:1 H3PO4 

 

� Raw Carbon 

Fig. 3. % removal of arsenite using raw, 0.5 M FeSO4, H3PO4 and 
KOH.

Fig. 4. Langmuir isotherms for the sorption of arsenite onto 
Fe-GAC at different temperatures.

Table 3
Isothermal parameters obtained for the adsorption of arsenite onto Fe-AC

Isotherm model Temperature/K Estimated isotherm parameters

Xm (mg/g) b (dm3/mg) R2 RL

Langmuir 298 4.630 0.0085 0.999 0.0004–0.0011
313 4.310 0.0165 0.999 0.0002–0.0005
323 3.984 0.0213 0.996 0.0002–0.0006

Freundlich K (mg/g) 1/n R2

298 2.508 0.1108 0.991
313 1.679 0.1659 0.991
323 1.487 0.9847 0.985

Temkin isotherm A (dm3/mg) B R2

298 0.117 0.0023 0.990
313 0.369 0.0017 0.992
323 474 0.0018 0.973
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will decrease and also the stability of the bonds between the 
active sites of GAC and arsenic moiety decreases with the 
increase in temperature.

Sorption may occur as a result of two types of forces: 
enthalpy-related and entropy-related forces [43]. The 
enthalpy and entropy of the system were calculated from the 
Van’t Hoff plots of lnKD vs. 1/T for different temperatures of 
298, 313 and 323 K, in which the slope of the plot is –ΔH°/R 
and the intercept of the plot is ΔS°/R (Fig. 8).

ln  K H
RT

S
RD = −

°
+

°∆ ∆  (5)

where ΔH° and ΔS° are the enthalpy and entropy change 
respectively, R = gas constant (8.314 J/mol K), T = thermody-
namic temperature (K).

Sorption of a chemical on a solid sorbent occurs when the 
free energy of the sorptive exchange is negative [43] and it 
can be calculated from the following equation:

∆ ∆ ∆G H T S° = ° − °  (6)

where ΔG° is the change of the Gibbs free energy (kJ/mol); 
ΔH° is the change in enthalpy (kJ/mol), and ΔS° is the change 
in entropy (kJ/mol K). ΔH° represents the difference in bind-
ing energies between the sorbent and the sorbate (solute) 
and between the solvent and the solute.

Fig. 5. Freundlich isotherms for the sorption of arsenite onto 
Fe-GAC at different temperatures.

Fig. 6. Temkin isotherms for the sorption of arsenite onto Fe-GAC 
at different temperatures.

Table 4
Comparative evaluation of sorption capacity of arsenite (As-III) onto different types of activated carbon-based on Langmuir isotherm 
model from aqueous solution

Adsorbent pH Concentration 
range

Surface 
area (m2/g)

Temperature, 
K

Adsorption 
capacity (mg/g)

Reference

AC from pine cone coated with FeSO4 7.26 100 μg/L – 298 4.63 Present work
AC from olive pulp and olive stone, carbon A 7.0 5–20 mg/L 1,030 298 1.393 [11]
AC from olive pulp and olive stone, carbon B 7.0 5–20 mg/L 1,850 298 0.8555 [11]
AC from olive pulp and olive stone, carbon C 7.0 5–20 mg/L 1,610 298 0.738 [11]
AC from olive pulp and olive stone, carbon D 7.0 5–20 mg/L 732 298 0.210 [11]
Pine wood char 3.5 10–100 μg/L 2.73 298 0.0012 [22]
Oak wood char 3.5 10–100 μg/L 2.04 298 0.006
Oak bar char 3.5 10–100 μg/L 25.4 298 0.0074 [22]
Pine bark char 3.5 10–100 μg/L 1.88 298 12 [22]
Coaly AC 3.7 5.0 mg/L >1,000 303 0.026 [1]
Activated carbon from rice hull 4.5 1–10 mg/L 298 1.28 ± 0.03 [41]
Activated carbon from areca nut 4.5 1–10 mg/L 298 0.87 ± 0.04 [41]
Manganese coated activated carbon from  
 rice hull

4.5 1–10 mg/L 298 1.52 ± 0.05 [41]

Manganese coated activated carbon from  
 areca nut

4.5 1–10 mg/L 298 1.24 ± 0.04 [41]

Activated carbon, RFe modified 7–11 50 μg/L 1,200 321 1.606 [27]
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The thermodynamic parameters calculated according to 
Eqs. (5) and (6) are listed in Table 5. The negative values of 
ΔG° at all temperatures indicate the spontaneous nature of 
the adsorption of arsenite onto Fe-GAC surfaces. Moreover, 
the negative values of Gibbs free energy change indicate that 
all the solutes are favored to stay in the stationary phase 
rather than in the mobile phase. The solute transfer from 
the mobile to the stationary phase is enthalpically favor-
able (negative value) and entropically unfavorable (negative 
value), and the enthalpic contribution is predominant com-
pared to the entropic contribution. The negative values of 
entropy change (ΔS°) correspond to a decrease in the degree 
of freedom of the adsorbed species while the negative val-
ues of the change in enthalpy indicate that the adsorption is 
physical in nature involving weak forces of attraction and is 
also exothermic, thereby demonstrating that the process is 
stable energetically.

3.5. Adsorption kinetic

The time-dependent adsorption behavior was measured 
by varying the equilibrium time between adsorbate and 
adsorbent in the range of 5–120 min. The percentage adsorp-
tion of arsenite as a function of contact time indicates that the 
equilibrium between the arsenite and Fe-GAC was attained 
within 60 min (Fig. 9).

Pseudo-first-order and pseudo-second-order kinetic model 
was applied to the arsenite sorption onto Fe-GAC. First, the 

kinetics of sorption was analyzed by the pseudo-first-order 
equation given by Lagergren [45] as,

log log q q q
k

te t e− =( ) −








1

2 303.
 (7)

where qe and qt are the amounts of solute adsorbed per gram 
at equilibrium and at time t (min), respectively, and k1 (/min) 

Fig. 7. Effect of temperature of the adsorption of arsenite onto 
Fe-GAC at different temperatures.

Fig. 9. Effect of shaking time on the sorption of arsenite onto 
Fe-GAC.

Fig. 8. Van’t Hoff plots for the sorption of arsenite onto Fe-GAC 
at different concentrations.

Table 5
Thermodynamic parameters for the adsorption of arsenite onto Fe-GAC

Concentration of  
arsenite (μg/dm3)

–ΔH°  
(kJ/mol)

–ΔS°  
(kJ/K mol)

–ΔG° (KJ/mol)
298 K 313 K 323 K

150 18.167 25.770 10.048 10.101 9.843
200 14.841 18.390 9.361 9.085 8.901
250 10.580 7.287 8.408 8.299 8.226
300 9.321 5.067 7.811 7.735 7.684
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is the rate constant for adsorption. Values of k1 and qe were 
calculated from the slope and intercept of the plot of log 
(qe − qt) vs. t (Fig. 10).

The pseudo-second-order rate expression was used to 
describe chemisorption involving valence forces through 
the sharing or exchange of electrons between the adsorbent 
and adsorbate as covalent forces. The advantage of using 
this model is that there is no need to know the equilibrium 
capacity from the experiments, as it can be calculated from 
the model. In addition, the initial adsorption rate can also be 
obtained from the model. The rate of pseudo-second-order 
reaction may be dependent on the amount of solute sorbed 
on the surface of the adsorbent and the amount sorbed at 
equilibrium. The pseudo-second-order kinetic model [46] is 
expressed as:

t
q k q q

t
t e e

= +




















1 1

2
2  (8)

where k2 (g/mg min) is the rate constant of second-order 
adsorbent. The values of qe and k2 were calculated from the 
slope and intercept of the linear plot of t/qt vs. t respectively 
(Fig. 11). The initial sorption rate (h) was calculated from 
the following relation:

h k qe=  2
2  (9)

where h is the initial sorption rate (mg/g min).
The validity of the kinetic models is tested by the 

magnitude of the regression coefficient R2, given in Table 
6. The R2 value obtained for pseudo-first-order kinetics was 
0.617. In contrast, the application of a pseudo-second-or-
der model leads to a much better regression coefficient 
(R2 = 0.999). Table 6 provides pseudo-first-order rate con-
stants k1, and pseudo-second-order rate constants k2, h.

3.6. Competitive sorption of arsenite in the presence of 
other heavy metal ions

Compared to the literature for arsenite adsorption alone, 
relatively few data are available for the multi-component 
metal ions adsorption. It has been reported in the literature 

that generally the sorption capacity for metals increased or 
decreased when more than one metal ion is present in the 
solution. The sorption of arsenite in the presence of various 
metal ions by varying the amount of Fe-GAC (0.2–1.5 g) is 
shown in Fig. 12. The result shows maximum removal effi-
ciency for selenium (>90%) followed by arsenic (>80%) by 
using 1.2 g of adsorbent. However, the other studied metal 
ions have shown no significant removal efficiency onto 
Fe-GAC. Also, these added metal ions have shown no sig-
nificant effect on the reduction of sorption capacity of arse-
nite when present in the solution at the same concentration 
level. The sorption of other metals onto Fe-GAC was negli-
gible and found to be less than 30% as compared to arsenic 
and selenium. This may be due to the fact that arsenite has a 
higher affinity for the sorption sites of Fe-GAC as compared 
to other metal ions except for selenium. This may be due to 
the fact that metal with higher electronegativity will show 
a higher adsorption capacity [47]. Also, the adsorption of 
heavy metal with a larger ionic radius is greater than those 
with a smaller radius [48]. The electronegativity of selenium 
and arsenic is 2.55 and 2.18 respectively, while its ionic 
radius is 64 and 58 respectively. Selenium having higher 
electronegativity and ionic radius shows greater adsorption 
capacity than arsenic and other metals in the solution.

3.7. Point of zero charges, effect of pH and mechanism for 
arsenite sorption onto Fe-GAC

The pH at which the sorbent surface charge takes a zero 
value is defined as the point of zero charges (pHpzc). At this 

Fig. 11. Pseudo-second-order rate plot for arsenite onto Fe-GAC.

Fig. 10. Pseudo-first-order rate plot for arsenite onto Fe-GAC.

Table 6
Comparison of the pseudo-first-order and pseudo-second-order 
model for arsenite sorption onto Fe-GAC

Kinetic rate equation Estimated kinetic parameters

Pseudo-first-order 
kinetics

k1 (min) qe,exp (mg/g) R2

0.0173 5.07 0.617
Pseudo-second-order 
kinetics

k2 (g/mg/min) h (mg/g/min) R2

0.1094 9.11 0.999
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pH, the charge of the positive surface sites is equal to that of 
the negative ones. The pHpzc was calculated from the plot of 
change in solution pH (∆pH) vs. initial pH (pHi) [49] which 
shows that with increasing initial solution pH, the pH 
change became more negative and the zero value of ∆pH 
was reached at pHi value of 2.5, which is considered as the 
pHPZC of the Fe-GAC (activated carbon with 0.5 M FeSO4). 
It has been reported that at pH values of solution higher 
than pHpzc, the sorbent surface is negatively charged and 
could better interact with metal positive species while at 
pH values lower than pHpzc, the solid surface is positively 
charged and could interact with negative species [50].

pH is one of the most important parameters that have a 
significant role in the removal of arsenite by sorption. Fig. 13 
shows that the adsorption of arsenite increase from 9.7% to 
99.8% as the pH of the solution increased from 2.6 to 7.2. The 
maximum adsorption occurs at a pH of 7.2 (99.8%), followed 
by a decrease in sorption as the pH increases from 7.2 to 12.4. 
Having a pHpzc of 2.5 clearly indicates that the surface of 
the Fe-GAC is predominantly negatively charged under the 
experimental pH range (2.6–12.4).

Various mechanisms have been reported for the sorption 
of arsenite including van der waals force between arsenite 
and GAC [1], the formation of inner and outer-sphere com-
plexes onto amorphous Fe oxide and outer-sphere com-
plexes onto amorphous Al oxid. Payne and Abdel-Fattah 
[27] suggested that ferric arsenite was produced and the 
mechanism for the removal of arsenic was adsorption on 
iron-modified adsorbents, which refers to the formation of 
surface complexes between soluble arsenic species and the 
surface hydroxyl groups, as arsenic gets into contact with 
the iron sites. Goldberg and Johnston et al. [51] proposed 
the mechanism of arsenic removal as the hybrid material 
was governed by electrostatic attraction and complexation 
between the positively charged surface hydroxyl group 
and arsenite. Mondal et al. [42] reported that GAC contains 
oxides of aluminum, calcium, and silicon, those are respon-
sible for the development of charges on the adsorbent sur-
face when GAC comes in contact with water. At lower pH, 
the As(III) species is present in non-ionic form but GAC 
surface is positively charged and at higher pH As(III) is 
negatively charged but the positive charge intensity onto 

the GAC surface is reduced. As(III) although the negative 
charge increases with the increase of pH the GAC surface 
also reduces positive nature, hence, the As(III) removal is 
also reduced at higher pH. Several factors such as pH of the 
solution, type of adsorbent used, activation process, sur-
face functional groups available for coordination and other 
factors are involved in the sorption mechanism of arsenite.

Our results were also in agreement with the previous 
findings where the adsorption of arsenite was highly depen-
dent on pH of the solution. Redox potential (Eh) and pH 
are the most important factors controlling arsenic and iron 
speciation in water. Arsenite is usually present as H3AsO3 at 
pH < 9, and as H2AsO3 at pH greater than 9 in water [52]. 
Analysis of Eh-pH diagram for Fe2+ results in the following 
species at different pH:

Fe OH FeOH pH2 5+ − ++ = <( )  (10)

Fe OH Fe OH pH2
2

0
2 5+ −+ = >( ) ( )~  (11)

Fe OH Fe OH pH2
3

3 11 14+ − −
+ = −( ) ( )  (12)

Fe OH Fe OH pH2
4

2
4 9 12+ − −

+ = −( ) ( )  (13)

In our experiments, the maximum removal of arse-
nite was observed at pH~7.0–7.2. At this pH H3AsO3 being 
the dominant species of arsenite in aqueous solutions 
forms strong inner-sphere complexes with GAC-FeOH as 
follows:

GAC FeOH H AsO GAC Fe H AsO H O− + → − − +3 3 2 3 2.  (14)

GAC FeOH H AsO GAC Fe HAsO H O H− + → − − + +− +
3 3 3 2

 (15)

GAC FeOH H AsO GAC Fe HAsO H O H− + → − − + +− +
3 3 2

2
2 2   

 (16)

Fig. 12. Sorption of arsenite in the presence of various metal ions. Fig. 13. Effect of pH on the removal of arsenite onto Fe-GAC.
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With continuously increasing pH and OH– quantity at 
pH > 8, the negative charge of ferrous hydroxide increased 
(Eqs. (15) and (16)), and the repel function to HAsO3

– and 
HAsO2

2– was enhanced resulting in the decline in the removal 
efficiency of arsenite at higher pH.

4. Conclusion

The present study shows that the activated carbon pro-
duced from the cones of Pinus roxburghii and its further 
chemical activation with FeSO4 proves to be an effective 
adsorbent for the removal of arsenite from aqueous solu-
tions. In batch studies, the adsorption was dependent on 
initial arsenite concentration, pH, adsorbent dosage, and 
temperature. The pseudo-second-order chemical reaction 
kinetics provide the best correlation of the data (R2 > 0.99). 
The adsorption capacity decreased with increasing tempera-
ture. The sorption process is found to be exothermic in nature 
with a negative value of entropy, ΔS°. The negative value of 
Gibbs free energy, ΔG° indicates that the adsorption occurs 
via a spontaneous process. H3ASO3 being the dominant spe-
cies of arsenite at pH 7.2 is responsible for adsorption onto 
negatively charged Fe-GAC surfaces through inner-sphere 
complexation. Fe-GAC shows the highest sorption efficiency 
for arsenite (>83%) in the presence of V, Cr, Co, Cu, Cd, Ba, 
Tl, Be, Pb and Ni which were found to be less than 30%. Thus, 
when employing iron preloading activated carbon, approxi-
mately 99% of arsenite was successfully removed from aque-
ous solutions. Langmuir Isotherms which were the best fit in 
our studies reveal that this sorbent is quite favorable when 
compared with other activated carbons prepared from differ-
ent materials both in its maximum adsorption capacity and 
removal rate.
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