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The potential of natural (N) and magnetized (M) forms of different rocks (calcite and dolomite) and clays 
(bentonite, kaolinite, and hematite) were evaluated for the removal of As(III) from aqueous solutions, in 
order to optimize and scrutinize the most suitable adsorbent. The order observed for efficiency of As(III) 
removal was N-calcite > N-dolomite > M-calcite > M-dolomite > N-bentonite > M-bentonite > M-kaolinite > 
N-kaolinite > M-hematite > N-hematite. On the basis of this analysis, natural calcite was further selected for 
in-depth analysis of various adsorption parameters such as time, pH, temperature, dosage, and concentration 
of As(III) ions. An excellent adsorption capacity of 19.05 mg·g-1 was displayed by calcite for As(III), which was 
significantly higher than that previously reported for other studies. The characterization of adsorbent calcite 
was performed by various analytical techniques: XRD, XRF, FTIR, SEM-EDS, TG/DTA and PZC. The kinetic 
investigation revealed that the adsorbent successfully removed over 98% of As(III) from aqueous solution 
after 160 minutes of equilibration time. The adsorption data was well fitted to the Freundlich isotherm model 
and fairly described by the pseudo-second-order mechanism. The mean energy of adsorption (E) determined 
from the Dubinin-Radushkevich (D-R) model was less than 8 kJ·mol-1, which indicates a physical adsorption 
process. The calculated thermodynamic parameters revealed that the adsorption of As(III) by calcite is 
endothermic, favourable and spontaneous.
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INTRODUCTION

Arsenic (As) is considered one of the extremely toxic heavy metals in drinking water and industrial 
wastewaters. High and prolonged exposure to As could lead to many genetic complications, 
arsenicosis and other dangerous diseases in humans and many other organisms and. Also, the 
presence of As severely impacts the quality of water, air and soil. Therefore, the World Health 
Organization (WHO) and United States Environmental Protection Agency (USEPA) have 
recommended a maximum permissible limit of As in drinking water of 10 µg..L-1 (Hernandez et 
al., 2018; Jeon et al., 2018). In the current scenario, many areas of the world are facing a major 
environmental problem due to As contamination of water bodies (Hao et al., 2018). Many countries 
in the world are badly affected by As pollution, with consumption of As-rich drinking water and 
food (Aredes et al., 2012; Ramos et al., 2009). In Pakistan, particularly in the highly contaminated 
cities of Punjab and Sindh provinces, the As level has been observed to exceed the permissible limit  
(>50 µg.L-1) which is an alarming and risky situation for the communities living in these regions 
(Sanjrani et al., 2017).

In the aquatic system, As mainly occurs in two soluble stable oxidation forms, trivalent arsenite 
As(III) and pentavalent arsenate As(V) (Aredes et al., 2012; Liu et al., 2015). In comparison to As(V), 
As(III) is considered to be a more injurious, mutagenic, and carcinogenic species in nature (Amer 
et al., 2018). Therefore, it is necessary to remove both forms of arsenic to improve water quality and 
avoid degradation of water resources. In the current study, our main focus was to investigate an 
economically viable potential adsorbent for the removal of As(III), because of its acute toxicity and 
the greater difficulty in removing it from water solutions than As(V). To remove As from aqueous 
solution and attain a concentration below the permissible limit, several technologies have been 
adopted, including electrochemical treatment, membrane processes, photocatalysis, precipitation, 
ion exchange and adsorption. Among all these techniques, adsorption has is considered to be the 
most economical, simple, and easy to operate, as in this technique the regeneration of adsorbent and 
adsorbate is possible (Lin et al., 2018; Sadri et al., 2018). Since the performance of the adsorption 
technique is highly dependent on the quality and cost-effectiveness of the adsorbent material, the 
selection of a suitable adsorbent is an important decision.

Recently, the application of natural clays and their chemically modified forms as adsorbents has 
received a lot of attention from researchers, due to the good adsorption capability of clays, stripping 
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toxins from aqueous solutions in a short time (Alshameria et al., 
2018; Gan et al., 2019; Momina et al., 2019). However, various 
publications also report that the modifications to natural clays 
decrease the overall adsorption potential due to the  partial 
occupation of adsorption sites at the surface by chemicals involved 
in modification (Siddiqui et al., 2017; Vilardi et al., 2018; Yu et al., 
2018). Moreover, modification of natural clays can increase the 
synthesis cost, result in difficulties in separating the adsorbent 
from water, and also results in the production of huge amount of 
sludge after adsorption.

The surface modification of natural clays with magnetic oxide 
nanoparticles (Fe3O4) is considered very promising because of 
several advantages, such as ease of recovery, green synthesis, 
cost-effectiveness and good handling through successive surface 
functionalization. The separation of adsorbent after the adsorption 
process using an external magnetic field is highly feasible, to 
avoid adsorbent dispersion in the aqueous phase. This makes 
magnetized clays an excellent and novel candidate for combining 
good adsorption characteristics with easy phase separation.

In the present investigation, natural and magnetic forms of 
different carbonate rocks (calcite, dolomite and hematite) and 
clays (bentonite and kaolinite) were tested for the removal 
of As(III), to assess their adsorption capabilities in order to 
select the most appropriate and promising adsorbent. Based on 
preliminary adsorption experiments, natural calcite was chosen 
as the best option and was selected for further detailed studies, 
including characterization and adsorption potential under 
different experimental conditions for temperature, pH, time, 
concentration, and adsorbent dosage. It is necessary to mention 
that the current study represents the first attempt to compare the 
As(III) adsorption potential of natural calcite with other popular 
clay and rock-based adsorbents in native and magnetic forms. 
This paper is also offers useful information for the application of 
natural Pakistani calcite in the environmental engineering field 
and provides recommendations for utilizing this adsorbent in 
future water treatment research.

MATERIALS AND METHODS

Chemicals and reagents

All chemicals used were of analytical grade and high purity, and 
were used without any further purification. Hydrochloric acid 
(HCl), nitric acid (HNO3), sodium chloride (NaCl), sodium 
hydroxide (NaOH) and arsenic trioxide (As2O3) were obtained 
from Daejung Company (South Korea). Different adsorbents in 
natural forms – calcite, dolomite, hematite, bentonite and kaolinite 
–were collected as a raw material from Khyber Pakthunkhawa 
(KPK)  province, northern Pakistan. The working and standard 
solutions of As(III) were synthesized with triply de-ionized water 
during the adsorption experiments. A stock solution of As(III)  
(1 000 mg.L−1) was prepared by dissolving 1.32 g As2O3 in 25 mL 
of NaOH (1M) solution. The mixture was then diluted to 100 mL 
with de-ionized water. Then 50 mL of HCl (1M) solution was 
added until the solution became neutral. The neutral solution 
was transferred into a 1 000 mL volumetric flask and made up to 
the mark with de-ionized water. The standard As(III) solutions  
(10–2 500 μg.L-1) were prepared by appropriate dilution of stock 
solution using de-ionized water. The pH of solutions was adjusted 
by 0.01 M sodium hydroxide and hydrochloric acid solutions.

Preparation of adsorbents

For adsorbent preparation, first natural adsorbents (calcite, 
dolomite, bentonite and kaolinite) were washed with highly 
pure acetone for complete removal of dust particles and other 

impurities. The adsorbents were then powdered by metal file 
and crushed in a mortar to further reduce the particle size. Fine 
powdered adsorbent was then washed with deionized water and 
dried at 102°C for 24 h. For magnetization of adsorbents, first 
magnetic oxide (Fe3O4) was prepared by reacting FeSO4·7H2O  
(2.1 g) and FeCl3·6H2O (3.1  g), each dissolved in 80  mL of 
deionized water under an inert atmosphere. The mixed solution 
was heated at 80°C and 10 mL NH4OH (25%) was added dropwise 
until the appearance of black precipitate. The natural adsorbents 
(10 g) were then mixed with reaction mixture separately at 
80°C for 1 h in order to grow magnetic oxide nanoparticles 
on the surface of adsorbents. After settling the suspension, the 
magnetized adsorbents were washed, dried and separated for 
further investigation (Anneerselvam et al., 2011; Shah et al., 2018).

Initial screening of adsorbents for removal of As(III)

In preliminary investigations, five different types of natural and 
widely available adsorbent (calcite, dolomite, bentonite, kaolinite 
and hematite) in native and magnetic forms were selected to 
screen out the best adsorbent for As(III) removal. The batch 
adsorption technique was used, setting the experimental conditions 
viz. dosage as 0.02 g in 40 mL of 1 mg.L−1 As(III) solution, at 
a temperature of 298 K, pH of 6.5, contact time 240 min and  
200 r.min−1 agitation speed. The basis for selecting the best adsorbent 
was the per cent removal of As(III) from aqueous solution.

Characterization

In order to examine the surface morphology and study the 
chemical composition of natural calcite adsorbent, a scanning 
electron microscope (JEOL JSM5910 SEM-EDS, Japan) coupled 
with energy dispersive X-ray spectroscopy (EDS INCA200, 
Oxford Instruments, UK) was used. For phase identification and 
crystal structure, X-ray diffraction patterns were obtained using 
Bruker D8 advance X-ray diffractometer with Cu Kα radiation 
(λ = 0.1542 nm) operating at 40 kV and 40 mA, whereas the 
determination of the chemical composition of the adsorbent 
in powdered form was performed using energy dispersive 
X-ray fluorescence spectrometry (XRF). Thermal stabilities 
were explored using simultaneous thermo-gravimetric and 
differential analysis (TG/DTA) machine (PerkinElmer, USA) in 
a N2-gas dynamic atmosphere (20 mL.min−1) at a heating rate of  
10°C.min−1 and temperature range 30–1 200°C. To assess the 
presence of different functional groups and reaction sites in 
the  adsorbent, Fourier transform infra-red (FT-IR) analysis 
was performed in the range of 4 000–400 cm−1 using a FTIR 
spectrophotometer (Shimadzu 8202PC, Kyoto Japan). The point 
of zero charge (pHpzc) of calcite adsorbent was determined by the 
well-known salt addition method (Shah et al., 2018). To each flask 
of a series of 50 mL conical flasks, 0.1 g of adsorbent was poured 
into 40  mL solution of 0.01  M NaNO3 background electrolyte 
solution. The pH of solution was maintained by using standardized 
0.01 M HNO3 and 0.01 M NaOH to obtain a required range of 
pH values (2–11). The pH values of the suspension in each flask 
were recorded as initial pH (pHi) using pH meter model BOECO  
BT-600 (Germany). After closing the conical flasks, the suspension 
were shaken for about 4 h using a thermostatic shaker bath at 
200 r.min−1. The final pH (pHf) values of the suspension in each 
flask were measured using a pH meter. The difference between pHi 
and pHf (ΔpH) was plotted against pHi; the point of intersection 
equals the PZC of the adsorbent.

Adsorption studies

The adsorption experiments were performed in a batch 
adsorption system. To conduct the kinetic investigation, 0.02 g of 
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adsorbent was mixed with 100 mL of As(III) solution (1 mg.L−1) 
at different temperatures (298–333K). After regular time intervals  
(15–180 min), 1 mL amounts of the suspensions were taken and 
subjected to As(III) determination. To examine the influence 
of pH, 0.02 g of adsorbent was poured into a 40 mL solution of 
As(III) having a concentration of 1 mg.L−1 in the range of pH 2–12 
at 298 K. Likewise, to observe the effect of dosage on adsorption, 
adsorbent dosages were varied from 5 to 40 mg using As(III) 
concentration (1 mg.L−1) for 160 min. To examine the influence 
of temperature on adsorption, 0.02 g of adsorbent was contacted 
with 2–10 mg.L−1 of As(III) solution (40 mL) at an initial pH of 7. 
The suspensions were agitated in a thermostatic shaker bath for 
160 min at 200 r.min−1 in the temperature range of 298–333 K. 
The pH of the solution was maintained using hydrochloric acid or 
sodium hydroxide solutions. The residual As(III) concentration 
in solution was determined by the method given in literature 
using a UV-Vis spectrophotometer (UV-759S, Jinghua, China) 
(Cherian and Narayana, 2005). All the adsorption experiments 
were performed in triplicate and results obtained were the average 
of three concordant readings.

The percentage removal (%) of adsorbent and maximum 
adsorption capacity (X) per unit mass, respectively, were 
calculated using the following equations:

% Removal efficiency = -  100i e

i

C C
C

×                       (1)

X
V C C

�
� �( )i e

m1000
                                       (2)

where Ci is  initial concentration  (mg.L−1) and Ce is equilibrium 
concentration (mg.L−1) of As(III) solution. X is the amount of 
As(III) ion adsorbed (mg.g−1), m is the weight (g) of adsorbent 
while V is the volume of solution (mL).

RESULTS AND DISCUSSION

Initial screening of adsorbents for removal of As(III)

The adsorbents selected for preliminary investigation, viz. 
calcite, dolomite, bentonite, kaolinite and hematite in native 
and magnetic forms, were applied in a batch adsorption 
technique for As(III) removal. The results are shown in Fig. 1,  
which indicates the performance of these adsorbents in 

terms of per cent removal of As(III). It is clear from Fig. 1 
that natural calcite exhibited the best efficiency for As(III) 
removal compared to its counterparts. Thus, natural calcite 
adsorbent was selected for further detailed investigation, 
characterization, and adsorption studies for As(III) removal  
under different experimental conditions for pH, contact time,  
temperature, dosage amount and initial metal ion concentration.

XRD phase analysis

The  XRD patterns  of calcite adsorbent are shown in Fig. 2a. It 
can be clearly seen that most of the XRD diffraction peaks and 
their corresponding intensities match the calcite phase, indicating 
its dominance in the studied sample. The most prominent peaks 
for the calcite phase were observed at 2θ = 29.47° and 47.6°, 
corresponding to d-spacing of 3.03 and 1.91 Å and hkl values 
of 104 and 024, respectively. A few low intensity peaks were 
also observed indicating the presence of quartz (2θ = 20.8°, 
26.6° and 50.2°) and dolomite as minor phases (2θ = 60.7°)  
(Fahad et al., 2016; Fahad et al., 2018).

XRF chemical analysis

The chemical composition of calcite adsorbent, determined by 
XRF, is presented in Table 1. The table shows that calcite adsorbent 
contains CaO (45.7%) in the highest amount, followed by SiO2 
(~18%) indicating their presence as major elements; however, 
traces of Na2O, Al2O3, MgO, K2O and Fe2O3 were also detected 
in the sample.

TG/DTA analysis

TG/DTA characterizations were used for studying thermal 
stabilities and quantitative analysis of calcite adsorbent (Fig. 2b). 
The net weight loss of adsorbent was noted to be 34.6 wt.% 
following the temperature range 25–1 200°C. The TG curve 
revealed two significant weight loss regions. The weight loss from 
200–600°C temperature region was found to be not more than 
0.60 wt.%. Within the same region at about < 200°C, the observed 
weight loss was 0.15 wt.% due to the dehydration of the sample. 
The most rapid weight loss was observed in the 700–800°C 
temperature range which is indicative of calcite decomposition 
(CaCO3(s) → CaO(s) + CO2(g)) (Fahad and Iqbal, 2014).

Figure 1. Comparison of the As(III) adsorption efficiencies of various adsorbents 

Table 1. Chemical composition of the selected natural calcite adsorbent (% by weight)

Sample Cao SiO2 Na2O Al2O3 MgO K2O Fe2O3 L.O.I

Calcite 45.7 18.0 3.0 1.23 1.0 0.27 0.20 30.0

L.O.I: loss on ignition
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In the DTA curve, the only exothermic peak observed was at 468°C, 
associated with pyrite oxidation. A small endothermic dip observed 
at 583°C was due to the conversion of α-quartz to ß-quartz, 
confirming the XRF results which detected silica in substantial 
amounts. Furthermore, the clearly resolved endothermic peak 
on the DTA curve at the decomposition temperature confirm the 
crystallinity of the carbonate phase, agreeing well with the XRD 
result.

Point of zero charge

The magnitude of the point of zero charge (pHPZC) is helpful to 
predict the electrical charge produced on the surface due to the 
phenomena of protonation and deprotonation of the adsorbent. It 
is the pH at which the net surface charges on the adsorbent surface 
is zero. When pH values become greater than pHPZC then the 
surface gains negative charge and cations are selectively adsorbed. 
However, when pH values become lower than pHPZC, the surface 
attains a positive charge and anions are specifically adsorbed 
(Shah et al., 2019). The pHPZC of calcite was determined to be pH 8  
(Fig. 2c). A similar pHPZC value was also reported for bentonite 
clay adsorbent in our previous publication (Shah et al., 2018).

SEM-EDS analysis

The SEM in conjunction with the EDS spectrum was used for 
studying the surface morphology and for elemental analysis 
of the calcite adsorbent. The structure observed under SEM is 
moderately smooth and flat (Fig. 2d). The EDS spectrum recorded 
on the surface of the sample showed the presence of calcium (Ca), 
silica (Si) and magnesium (Mg) in varying amounts (Fig. 2e). 
The EDS data showed the percentage composition of calcium as 
63%, silicon as 33% and magnesium as ~1% by weight, which was 
consistent with the XRF and XRD results. The prominent silver 
(Ag) peak that appeared in the EDS spectrum is because the 
sample was silver coated in order to avoid it becoming charged 
priorto SEM analysis.

FTIR analysis

The results for FT-IR analysis before and after adsorption of 
As(III) onto calcite are presented in Fig. 2f. The characteristic  
FT-IR peaks of calcite (black) at 1  430 cm−1 correspond to 
asymmetric stretching vibrations, whereas the peaks at 877 and 720 
cm−1 are associated with the asymmetric and symmetric bending 
vibrations of carbonate groups (CO3

2−), respectively (Dabbas et al., 
2014; Gunasekaran et al., 2006). After As(III) adsorption on calcite, 
the peak intensities at 1 430, 877 and 720 cm−1 clearly decreased, 
indicating the interaction of As(III) with carbonates in calcite. 
In addition, a new band at 800 cm−1 appeared after adsorption, 
which indicates the stretching vibration of As–O, confirming the 
adsorption of As(III) on calcite (Miller and Wilkins, 1952; Huang 
et al., 2017). The IR results in the current investigations agree well 
with the previous results reported in literature (Zuo et al., 2017). 
Moreover, other IR peaks did not change remarkably after As(III) 
adsorption, which implies that the adsorption process was mainly 
controlled by CO3

2− sites at the calcite surface.

Effect of contact time and temperature

Kinetic experiments were performed to study the effect of contact 
time on As(III) removal by calcite at four different temperatures 
(Fig. 3a). It is clear from Fig. 3a that the rate of As(III) removal by 
calcite increases with increasing temperature and time, verifying 
the significant effect of temperature and time on the adsorption 
process. Furthermore, the adsorption of As(III) gradually 
and steadily increases up to 160 min (equilibrium time), with 
maximum uptake of 98%. After attainment of equilibrium, 
the availability of vacant active sites on the adsorbent surface 
is exhausted and no further increase in the uptake of As(III) 
happens. Thus, 160 min was selected as an optimum reaction 
time required for successful adsorption. It is clear from Fig. 3a 
that temperature has a profound effect on the uptake of As(III) 
ions and the per cent removal of As(III) was increased from 
84.2 to 98.1% by increasing the temperature from 298 to 333K, 

Figure 2. Structural characterizations: (a) XRD pattern of the calcite sample (b) TG/DTA plot for the calcite, (c) PZC plot for calcite at 298 K,  
(d) secondary electron SEM image, (e) EDS spectrum for calcite, and (f) FT-IR spectra of calcite before and after As(III) adsorption
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respectively, suggesting the endothermic nature of adsorption; 
however, the equilibrium time (160 min) remained independent 
of temperature during adsorption of As(III) on calcite.

Application of kinetic models

The pseudo-first-order and pseudo-second-order kinetic models 
were used to explain the kinetic data, which can be expressed in 
linear form as follows:

ln = lne eq q q k tt-� � � 1                                   (3)

t
q k q

t
qt

=
2 e e

1
2 +                                        (4)

where k1 and k2 are pseudo-first and pseudo-second-order rate 
constants (min-1) and (g.µg-1.min) respectively, qt and qe (µg.g-1) are 
the amount of As(III) ions adsorbed per unit time of adsorbent at 
time t and equilibrium, respectively. The pseudo first- and second-
order plots are shown separately in Fig. 3b and Fig. 3c, indicating 
that the pseudo-second-order model could be better fitted to the 
kinetic data of As(III) adsorption compared to the pseudo-first-
order model, as also shown in Table 2. This indicates an advantage 
of the pseudo-second-order model over the pseudo-first-order 
model for better explanation and evaluation of the kinetic data.

Effect of pH and adsorbent dosage

The effect of initial pH of As(III) solution on adsorption is shown in 
Fig. 4a. It is obvious that the rate of As(III) removal ions increased 
with the increase in pH from 2 to 7, and a maximum removal 
efficiency of 98% was observed. However, the per cent removal 
for As(III) was slightly decreased to 90.84, 90.81 and 90.76% at 
pH 8, 9 and 10, respectively. The difference in removal efficiency 
verses pH of solution can be justified on the basis of the presence 
of various arsenite species and surface charge of the calcite 
adsorbent. At pH < 7, the predominant species of As(III) exists 
as neutrally charged H3AsO3, suggesting the presence of physical 
forces of attraction between H3AsO3 and surface of adsorbent. 

However, when pH rises from 2 to 7, some of the H3AsO3 species 
dissociate into H2AsO3

− and HAsO3
2− anions and more adsorption 

can be expected because of increasing electrostatic force of 
attraction. The reduction in removal efficiency beyond pH 7 can 
be due to the creation of repulsive forces between the negatively 
charged surface of the adsorbent and arsenite species. Another 
reason for decreasing adsorption may be the competition between 
OH- ions and arsenite anions (H2AsO3

− and HAsO3
2−) for the 

same binding sites on the adsorbent surface (Uluozlu et al., 2008; 
Mahmood et al., 2018). Given these results, it can be suggested 
that natural calcite adsorbent can be a promising candidate for 
As(III) removal from contaminated natural water without any pH 
adjustment in the pH range 6–7.

Figure 4b depicts the effect of adsorbent dose on the removal of 
As(III). It can be noted from the figure that percentage removal 
increases by increasing adsorbent dose from 5 to 20 mg which is 
due to the increasing accessibility of available active vacant sites 
on the adsorbent surface for As(III) ion adsorption. Considering 
the trade-off between high adsorption efficiency and dosage 
amount, 20 mg of adsorbent was considered as the optimal dosage 
to use in succeeding adsorption experiments.

Effect of concentration and temperature

The equilibrium adsorption capacities of adsorbent calcite as a 
function of As(III) ion concentration and temperature are presented 
in Fig. 5a. The adsorption isotherm obtained matches the linear 
isotherm type, according to Giles classification for adsorption 
isotherms (Shah et al., 2019). The equilibrium adsorption capacity 
of the adsorbent was increased with increasing initial concentration 
and temperature of the media, indicating the endothermic nature 
of adsorption. An explanation for this behavior is proposed as the 
increase in the arsenite concentration and temperature in aqueous 
phase leading to increasing mass transfer driving forces and 
effective collisions between adsorbate and adsorbent, leading to an 
increase in As(III) adsorption capacity (Alshameria et al., 2018). 
Eventually, the maximum adsorption capacity (19.05 mg.g−1) was 
obtained at the highest temperature (333K).

Figure 3. Kinetic studies of the adsorption of As(III) on natural and magnetically modified clays: (a) effect of contact time (b) pseudo-first-order 
plots and (c) pseudo-second-order plots for As(III) 

Table 2. Pseudo-first and pseudo-second-order parameters for As(III) adsorption on calcite

Temp
(K)

C0

(µg·L-1)
qe(exp)

(µg·g-1)
Pseudo-first-order Pseudo-second-order

K1

(min-1)
qe(cal)

(µg·g-1)
R2 K2

(min-1)
qe(cal)

(µg·g-1)
R2

298 1 000 2 117.33 0.0181 1 798.87 0.9612 55 x 10-5 2 164.50 0.9802

313 1 000 2 232.00 0.0185 1 671.09 0.9774 50 x 10-5 2 398.08 0.9886

323 1 000 2 338.67 0.0183 1 625.57 0.9781 45 x 10-5 2 352.94 0.9901

333 1 000 2 448 0.0182 3 061.96 0.9768 41 x 10-5 2 457.00 0.9938
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Application of adsorption models

The equilibrium data for As(III) adsorption by calcite was 
evaluated by Langmuir (LM), Freundlich (FM) and Dubinin-
Radushkevich (D-R) models. LM, which describes the adsorption 
at a homogeneous surface of the adsorbent and assumes successfull 
monolayer adsorption, can be written as:

C
X

C
X K X

e e

m b m
� �

1                                       (5)

where Xm (mg.g−1) is the maximum adsorption capacity of 
adsorbent and Kb (L.mg−1) is the binding energy constant, 
indicating binding forces responsible for the adsorption of 
adsorbate on adsorbent. The Freundlich adsorption isotherm 
assumes the heterogeneity of the surface with adsorption sites of 
different energy. The linear form of FM can be written as:

ln ln lnX K
n

Cf e� �
1                                    (6)

where Ce (mg.L−1) is the equilibrium concentration and X (mg.g−1) 
is the amount of As(III) adsorbed per unit mass of the adsorbent. 

Kf (mg.g−1) and 1/n (L.mg−1) are the Freundlich constants reflecting 
the saturation capacity of the adsorbent and intensity or strength of 
adsorption, respectively. Compared to LM, FM showed well-fitted 
adsorption data with high R2 values, as shown in Fig. 5b. If 1/n = 1 
and n = 1–10, the adsorption isotherm is linear and adsorption is 
favourable, respectively. In the present study, the value of 1/n ranges 
from 0.625 to 0.705, while n ranges from 1.4 to 1.6, indicating that 
the adsorption of As(III) onto calcite is favourable (Table 3). The 
D-R isotherm model can be used as an approach to distinguish 
between the physical and chemical nature of adsorption processes. 
The linear form of this model is given below:

ln lnXX m� � �� 2                                        (7)

where β (mol2 .J-2) is a D-R constant associated with the mean 
adsorption energy E (kJ.mol-1), which is defined as the amount of 
energy required for transferring 1 mole of adsorbate from infinity 
to the surface of the adsorbent, and ε is the Polanyi adsorption 
potential which can be calculated from the following equation:

� �R ln 1+T
Ce

( )1
                                       (8)

Figure 4. Adsorption studies: (a) effect pf pH, and (b) effect of adsorbent dose

Figure 5. Adsorption isotherms: (a) Effect of temperature (b) Freundlich plots, (c) D-R plots and (d) thermodynamic plots for As(III) removal 
onto calcite
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where R is the general gas constant (J.k−1.mol−1) and T is absolute 
temperature (K). The linear plots (ln X vs. ε2) show a good fit of 
the D-R model, with high R2 values, as shown in Fig. 5c. The mean 
adsorption energy (E), which is related to β, was calculated using 
the following relationship:

E � 1
1
2( )2�

                                            (9)

The magnitude of E was used to determine whether the 
adsorption is physisorption or chemisorption. Generally, when 
the value of E is less than 8 kJ.mol−1 the adsorption is physical, if 
E = 8–16 kJ.mol−1 then adsorption takes place by ion exchange, 
whereas if E is higher than 16 kJ.mol−1 then chemical adsorption 
occurs (Shah et al., 2018). In the current investigation, the values 
of E were observed to be in the range of 0.765–0.815 kJ.mol−1, 
suggesting that physical or weak electrostatic forces are involved 
in adsorption of As(III) on calcite, and that adsorption occurred 
via the outer sphere complexation mechanism (Table 3). Similar 
results were also reported elsewhere for the adsorption of Co(II) 
and Cr(VI) on calcium carbonate (Correa et al., 2013).

Thermodynamic studies

Using the temperature-dependent Kc values, thermodynamic 
parameters of enthalpy (∆H) and entropy changes (∆S) for the 
adsorption process were evaluated using the Von’t Hoff equation:

ln
RcK H

T
S

R
� �
� �                                       (10)

where R is the gas constant (8.314 J.K-1.mol-1), T is absolute 
temperature (K) and Kc is the equilibrium constant which can be 
calculated using the following equation:

K X
Ce

c =                                               (11)

The Von’t Hoff plots are represented in Fig. 5d, and the values of 
ΔH and ΔS were calculated from slope and intercept of ln Kc vs 
1/T curves, respectively. The change in Gibbs free energy (∆G) 
was determined using the following equation:

� � �G H T S� �                                        (12)

The calculated thermodynamic parameters for adsorption of 
As(III) onto calcite are given in Table 4. The positive value of ΔH 
reflects the endothermic nature of the adsorption process, and 
that of ΔS indicates the increasing randomness or disorder of the 
solid/solution interface during adsorption.

Economic evaluation of calcite

The results of the current study were compared with those of 
previous studies (Table 4). It can be seen from the table that 
As(III) adsorption capacity of natural calcite was higher than for 
many other clay and rock-based adsorbents previously explored 
in literature (Chakravarty et al., 2002; Thirunavukkarasu et 
al., 2003; Gupta et al., 2005; Maji et al., 2008; Thao et al., 2008; 
Tian et al., 2011; Shin et al., 2014; Salameh et al., 2015; Huang 
et al., 2017; Shah et al., 2019; Nguyen et al., 2019). Also, it can 
be noted from the table that calcite was not chemically modified 
to improve the adsorption capacity, suggesting its potential for 
large-scale application in adsorption technology. Thus, it can 
be concluded that natural calcite is a potential eco-friendly and 
economic adsorbent with reasonable adsorption capacity and 
simple application for the treatment of wastewater and As(III) 
contaminated solutions.

Table 3. Freundlich adsorption parameters for As(III) adsorption on calcite

Temp. (K) Kf (mg·g−1) 1/n (L·mg−1) R2

298 1.3703 0.621 0.980

313 1.5109 0.674 0.985

323 1.5680 0.694 0.987

333 1.5954 0.705 0.985

Table 4. Thermodynamic parameters for As(III) adsorption on calcite

Temp. (K) ΔG (kJ·mol−1) ΔH (kJ·mol−1) ΔS (J·K−1·mol−1)

293 −6.96 31.76 129.95

313 −8.91

323 −10.21

333 −11.51

Table 5. Comparison of values of maximum adsorption capacities of calcite with published data on As(III) adsorption

Adsorbent pH Concentration Maximum adsorption capacity (mg·g−1) Reference

Calcite 6.8 2–10 (mg·L−1) 19.05 This work

Manganese ore  
Ferruginous Manganese ore

7
6.3

0.5–40 (mg·L−1) 18.52
0.54

Huang et al., 2017
Chakravarty et al., 2002

Dolomite
Charred dolomite

8
7.2

2–10 (mg·L−1)
50–200 (µg·L−1)

11.57
1.846

Shah et al., 2019
Salameh et al., 2015

Laterite
Laterite
Laterite soil

-
5

7.2

-
2–50 (mg·L−11)

0–0.33 (mg·L−1)

0.17
0.756
1.384

Tian et al., 2011
Thao et al., 2008
Maji et al., 2008

Ban Cuon iron-ore sludge 5.5 0–50 (mg·L−1) 1.113 Nguyen et al., 2019

Red mud
Red mud

7.25
7

33.37–400 (µg·L−1)
0–50 (mg·L−1)

0.663
2.62

Shin et al., 2014

Gibbsite 5.5 10–1 000 (mg·L−1) 3.30 Shin et al., 2014

Zeolite 7 0–50 (mg·L−1) 0.481 Shin et al., 2014

Lime-stone 7 0–50 (mg·L−1) 0.461 Shin et al., 2014

Iron oxide coated sand
Iron oxide coated sand

7.5
7.6

100–800 (µg·L−1)
100 (µg·L−1)

0.029
0.041

Thirunavukkarasu et al., 2003
Gupta et al., 2005
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CONCLUSIONS

From the above discussion, it is suggested that calcite of KPK 
region of Pakistan can be considered as an ideal adsorbent for 
As(III) removal from water, due to its low cost, wide availability, 
and impressive removal efficiency. Calcite showed tremendous 
adsorption capability of 98% in the pH range from 4–7, which can 
make it useful adsorbent for practical application in natural water 
systems (pH 7) containing As(III) traces without any adjustment 
of pH. The comparison of current and previously published data 
showed good maximum adsorption capacity of our adsorbent  
(19.05 mg.g−1) as compared to reported values in the literature 
(Table 5). The adsorption data followed Freundlich and pseudo-
second-order models, respectively. The results also proved that the 
adsorption process is thermodynamically feasible, spontaneous, 
endothermic, and physical in nature. FTIR confirmed the 
adsorption of As(III) on the surface of calcite was due to interaction 
of As(III) ions with CO3

2−. Given the fact that natural calcite requires 
no pretreatment, it is an economic and green adsorbent with a 
satisfying adsorption capacity and could be employed effectively 
for the removal of As(III) at pilot and domestic scale.
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