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a b s t r a c t
Arsenic is a potential carcinogenic element and found in groundwater worldwide in concentra-
tion higher than the permissible limits for drinking. A low-cost solution for removal of arsenic 
from water was the objective of this study. A new adsorbent, that is, cotton linter cellulose (CLC) 
magnesium aluminum layered double hydroxide (LDH) bio-nanocomposite (CLC-Mg|Al LDH) 
was synthesized. The adsorbent and CLC were characterized using XRD and FTIR to identify dif-
ference in mixed phase of successful synthesis. Adsorbent was also characterized using BET, SEM, 
TEM and AFM techniques. XRD analysis showed that adsorbent was crystalline, TEM analysis 
showed that structure of adsorbent was sheet like having size range in nanometers. SEM analysis 
indicated that adsorbent had rough and porous surface while AFM results showed that adsor-
bent had good agglomeration of particles. After characterization optimization studies for various 
parameters was performed for arsenic removal. Optimum arsenic removal was achieved at pH, 
contact time, dose and temperature of 7, 25 min, 0.67 g/L and 25°C, respectively. Kinetic studies 
revealed adsorption followed pseudo-second-order model. Adsorption capacity of adsorbent was 
found to be 1.46 mg/g with 99.3% removal at 150 ppb initial arsenic concentration. Thermodynamic 
studies showed that adsorption process was spontaneous and exothermic. The cost of treatment 
came out to be USD 0.15/m3 of treated water.
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1. Introduction

Presence of higher arsenic (As) in groundwater in 
concentrations above permissible limits of World Health 
Organization (WHO) is of concern in areas where ground-
water is used for drinking purposes. WHO allowed max-
imum permissible limit of 10 ppb in drinking water [1]. 
Mostly occurring arsenic species in natural waters include 
H3AsO4, H2AsO4

−, HAsO4
2−, and AsO4

3− (oxidation state V) 
and arsenite ions, H3AsO3, H2AsO3

− and HAsO3
2− (oxidation 

state III) [2]. As is toxic and carcinogenic [3] and is found 
as As(III) or As(V) oxidation states. Arsenic is responsible 

for liver, kidney, lung and bladder cancer [4]. It also causes 
neurological changes, muscle weakness, skin pigmenta-
tion and loss of appetite [5]. Despite deleterious effects, 
people of many regions of the world are forced to drink 
arsenic contaminated water.

Many countries are facing the problem of high arse-
nic concentration in groundwater. These include China, 
Chili, Bangladesh, Mexico, USA and Pakistan. In differ-
ent regions of India, arsenic concentration varies from 10 
to 3,700 ppb. Therefore, arsenic related health issues were 
observed in 4.5% of the children and 10% of the adults in 
arsenic affected areas [6]. Similarly, many areas of Pakistan 
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including Tarbela, Chashma, Karachi, Lahore, Qasur, 
Vehari, Muzaffargarh, Bahawalpur and Rahimyar Khan 
have objectionable arsenic levels in groundwater [7,8]. 
Studies in Jehlum [9], Muzaffargarh [10], and Nagarparkar 
also revealed arsenic levels exceeding WHO guidelines 
(10 ppb) and lying in a range of 0–500,000 ppb [11,12].

Studies for removal of arsenic have been conducted 
using different methods viz. ion exchange, precipitation, 
electrochemical treatment, membrane separation and 
adsorption [13–17]. The above-mentioned technologies are 
not considered to be cost effective. In addition, these can-
not meet the stringent standards [15,18]. Membrane system, 
affected by fouling, cannot be considered as cost-effective 
[19]. Ion exchange is affected by competing ions concen-
trations [20]. Electrochemical process was found to be pH 
dependent [21]. Chemical precipitation involves high oper-
ational costs and sludge handling issue [22]. Studies showed 
that among all technologies, adsorption is cost effective in 
removing specific contaminant [23].

Many adsorbents were employed for arsenic uptake 
from water and wastewater including activated carbon, crop 
residues, biomass, zeolite, iron, manganese, zirconium and 
many metal oxide nanoparticles [24–27]. Among these iron 
oxide based nanoparticles proved to be efficient [28]. With 
respect to arsenic, adsorption is regarded better than the 
other technologies. It is sludge free process, cost-effective 
and handled easily [29]. Thus, nanotechnology including 
nanoparticles and nanocomposite are the focus of recent 
research.

Many nanoparticles (as adsorbents) were designed, pre-
pared and investigated for arsenic uptake. These include 
magnetite nanoparticles (MNP) [30], electrochemical cell 
of aluminum and iron [31], CuO-Fe3O4 material using 
a combination of photo-oxidation of arsenic and subse-
quent adsorption, ZrO2-Fe3O4 magnetic nanoparticles 
along with oxidation of arsenic(V) to arsenic(III) with light 
[30,32], Fe-Ce bimetal adsorbent [30], iron-cerium alkoxide 
(NH-ICA) [33] etc. Other nanoparticle include black carbon 
with modified surface, iron and aluminum hydroxides [34]. 
Nanoparticles have high regeneration capacity. However, 
focus is shifting to synthesize cost-effective bio-nanocom-
posite adsorbents using cellulose (CL) from different materi-
als, that is, pectic, xanthan gum, aginate and k-carrageen etc.

CL, as renewable biomass, is present on earth in bulk 
quantities. It may be converted to CL-nanocomposite mate-
rial for application in adsorption of toxic material, that is, 
arsenic. Examples of such materials include; CL-Au, CL-Ag, 
CL-CdS, CL-ZnO, CL-Fe2O3, CL-TiO2, CL-SiO2, CL-Mg-LDH 
nanocomposite, CL-Hydroxyapatite and CL-CaCO3 [33,35]. 
Researchers are working to find CL based adsorbents with 
large surface areas, that is, layered doubled hydroxides 
(LDHs).

LDH, generally named as bi-dimensional anionic clays, 
have similar layered structure as brucite [36]. Main property 
of LDHs is that they show excess positive charge because 
of divalent ions are substituted with trivalent ions. Due 
to excess positive charge, various anions get attached in 
between the layers. LDHs are used for different purposes 
such as catalytic agents, antacids, inorganic and anion 
replacements etc. Different pollutants having organic or 
inorganic nature are treated with LDHs. Different organic 

and inorganic nature substrates can be modified with LDHs 
as binding materials for synthesis of nanocomposite adsor-
bents [36,37].

Ion exchange, co-precipitation, and reformation of cal-
cined LDH, in the presence of organic polymer are being 
used for synthesis of organic-LDH intercalations [37]. 
Different organic polymers, that is, pectic, xanthan gum, agi-
nate, k-carrageen etc. had been used in synthesis of organic 
LDHs. Wide application of these synthesized organic LDHs 
has been witnessed including medical diagnosis, diet 
analysis and water quality check [38]. Many LDHs have 
been applied for removal of arsenic from water including 
Mg|Al-Chloride, Mg|Al-NO3, Mg|Al-CO3

2, Ca|Al-Chloride, 
Ca|Al-NO3, Fe|Mn-CO3, Fe|Mn-NO3, Zn|Fe LDH etc. show-
ing good arsenic removal from water [39–41]. However, use 
of organic LDHs for the uptake of heavy metals and other 
contaminants needs to be investigated.

The main factors affecting arsenic removal from water 
are cost, applicability, removal efficiency, health effects of 
the material used, availability of materials used in adsorbent 
synthesis in bulk and recyclability [42]. Different variables 
affecting arsenic removal by an adsorbent are pH, tem-
perature, turbidity, physical and chemical characteristics 
and flow of the water. Cost of treatment using adsorbents 
directly increase with increase in arsenic concentration in 
water sample.

Raw material available for adsorbent synthesis is also 
directly linked with application in the field. Adsorbent with 
higher cost has limited scope, especially for developing coun-
tries [43]. Materials with high surface areas and active sites 
with high desorption power, regeneration and recyclability 
are needed. Researchers could not provide the cost benefit 
analysis of many newly synthesized adsorbents. There is 
a need of finding feasibility, cost effectiveness and design 
procedures for proper application of new adsorbents [12].

In summary, numerous treatment methods were 
employed for arsenic removal. Among all only adsorption 
is considered most reliable and cost-effective. In this study 
a new bio-nanocomposite adsorbent was prepared using 
CLC. The purpose was to determine its capacity for the 
removal of arsenic from water. Its success may introduce a 
low-cost adsorbent for arsenic uptake in large scale water 
supplies.

2. Materials and methods

2.1. Chemical reagents

Laboratory grade magnesium chloride (MgCl2·6H2O), 
aluminum chloride (AlCl3·6H2O), cotton linter cellu-
lose (CLC), sodium arsenite (NaAsO2), sodium arsenate 
(NaHAsO4), urea (NH)2CO, sodium hydroxide (NaOH), 
ethyl alcohol (C2H5O) and sodium chloride (NaCl) were 
bought from Sigma-Aldrich.

2.2. Synthesis of adsorbent

Adsorbent was synthesized using coprecipitation 
method. The schematic diagram of adsorbent synthesis 
procedure is given in Fig. 1. For this purpose, a solution of 
NaOH, urea and H2O with mass ratios of 7, 12 and 81 g was 
prepared. This solution was precooled to –12°C to dissolve 
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CLC using salt-ice bath [44]. Later, CLC was added under 
vigorous stirring. It resulted in a thick and clear solution con-
firming that CLC was completely dissolved. It is referred as 
solution A. Another solution having Mg2+ and Al3+ elemen-
tal molar ratios of 3:1 was prepared by adding 0.25 moles 
of AlCl3·6H2O and 0.75 moles of MgCl2·6H2O and in 50 mL 
deionized water. It is referred as solution B.

Solution A was filled in a 500 mL flask and adjusted on 
magnetic stirrer. Later solution B was added dropwise at 
300 rpm by adjusting pH of solution A at 10. NaOH and HCl 
were used to adjust pH. Soon after addition of solution B in 
solution A, white colored precipitates were formed which 
were aged for 18 h at room temperature. Precipitates filtra-
tion was done with filter paper size of 0.2 µm and washed 
with 30% solution of ethyl alcohol in water. After washing 
all precipitates were kept in microwave oven (Thermaks) 
at 30°C for whole day and ground to fine powder using a 
ceramic pedestal.

2.3. Characterization of CLC and the adsorbent

The CLC and synthesized adsorbent were characterized 
using XRD (X-Ray Diffraction) PANalytical X-ray diffrac-
tometer, FTIR (Fourier transform infrared spectroscopy) 
using Bruker Vertex 70 model and BET (Brunauer-Emmet-
Teller) using BET and BJP models. The adsorbent was also 
characterized using TEM (transmission electron micros-
copy) using Hitachi H-7600 model, SEM (Scanning electron 
microscopy) using Hitachi S-4800 scanning, AFM (atomic 
force microscopy) using Park Systems NX10 model, and zeta 
potential using pH drift method.

2.4. Adsorption studies

A 1,000 ppm solution of arsenic(III) was prepared as 
stock solution by adding calculated quantity of NaAsO2 
in 1 L deionized water. Different solutions of desired con-
centrations were prepared using this stock solution. All 
trials were conducted using 100 mL glass reactor hav-
ing 50 mL of arsenic solution having concentration of 
150 ppb. Flask was stirred magnetically at 150 rpm for 
varying experimental conditions of pH, adsorbent dose, 
temperature, and contact time. After stirring, solution, 
0.2 µm PTFE membrane filters were used for filtration. 
Filtrate was examined for residual arsenic concentration 
on ICP-ES Shamarzoo-9000. Optimum values of pH, reac-
tion time, temperature and initial adsorbent dose were 
investigated for maximum removal of arsenic. Initial pH 
adjustment was done using 0.1 M HCl and NaOH. The 
pH was examined in a range of 4–8. The adsorbent dose 
was varied from 0.13 to 1.33 g/L to determine the optimum 
dose. Isotherm and thermodynamic studies were also con-
ducted. For these, initial concentration ranged from 100 
to 1,500 ppb, temperature from 20°C to 40°C. For kinetic 
studies the reaction time was selected from 2 to 40 min.

3. Results and discussions

3.1. Characterization of CLC and the adsorbent

XRD plots of CLC and the adsorbent are given in 
Fig. 2a and b, respectively. The figures show that the peaks 
at different 2θ values for CLC were different than that of the 
peaks of the adsorbent. This comparison revealed that peaks 

 
Fig. 1. Schematic diagram of adsorbent synthesis.



T. Ahmed et al. / Desalination and Water Treatment 253 (2022) 145–157148

at 34.5° and 26.5° had different intensities confirming suc-
cessful modification of CLC surface with the attachment of 
metals. The presence of CLC was confirmed because of dif-
fraction peaks at 2θ = 34.5° [45]. Peaks representing planes 
(1 1 0), (0 0 6), (0 0 9) and (0 1 8) are assigned to Mg|Al 
LDH as shown in Fig. 2b. Peaks showing good dispersion 
of metal ions in layers of LDH corresponds to planes (0 1 
8), (1 1 0) and (1 1 3) [45]. The sharpness and symmetry of 
peaks showed high crystalline phase LDH as confirmed 
from emergence of intense reflection peaks at 13.37°, 26.5°, 
34.5° and 40.5° [17,35].

FTIR plot of CLC and adsorbent are given in Fig. 2c and 
d, respectively. Peaks in the ranges of 3,000–3,500, 1,000–
1,500 and from 400 to 800 are identical in both the plots 
confirming presence of functional groups of CLC in adsor-
bent. Broad peak around 3,452.50 in Fig. 2c indicates OH– 
group. Fig. 2d shows that broad peak for OH– was shifted to 
3,350.39 cm–1 and small peak at 1,623.59 cm–1, which shows 
carboxilic group. CLC presence was indicated by small peak 
around 1,363.5 cm–1 in both plots [46,47]. Tension and vibra-
tion of C–H bond in pyronose ring were due to emergence 
of medium peak at 2,902.66 cm–1 while this peak was negli-
gible in case of CLC indicating the influence of NaOH and 
urea solution. Presence of CLC was also confirmed from 
intense peak at 1,026.63 cm–1, weak peaks at 1,156.04 and 
877.89 cm–1 [48]. Glucosidic bonds C–O–C are confirmed 
from the presence of smallest peak at 1,156.04 cm–1 [26]. 

M–O and O–M–O bonds where M can be Al or Mg2+ were 
confirmed from emergence of peaks below 800 cm–1 [45]. 
FTIR results confirmed the formation of required bonds in 
adsrbent. A clear difference of modification in CLC surface 
after application of Mg and Al metals can be seen from dif-
ferences in peaks of both materials. Shift in peaks intensity 
and location confirmed successful synthesis of required 
adsorbent.

TEM results are shown in Fig. 3. It may be seen in Fig. 3a 
and b that size of nanoparticles ranged from 17 to 25.5 nm; 
it did not exceed 100 nm, hence confirming that particles 
were nano sized. The aggregation of particles was con-
firmed from AFM as shown in Fig. 3c and d. From both the 
TEM and AFM images sheet like structure of particles were 
confirmed. The peak height of the materials ranged from 
10 to 50 nm which confirmed that material was nanocom-
posite [45]. Comparison of TEM images with similar stud-
ies showed that nanostructures were reinforced and evenly 
distributed in CLC medium [35]. Fig. 3e and f show SEM 
images of the adsorbent. In all magnified images rough and 
porous structure of the adsorbent could be observed. TEM 
and SEM showed similar results as that of XRD findings [35].

Fig. 4a shows spectrum of adsorbent obtained as a result 
of EDS analysis which showed presence of carbon (C), Mg, 
Al, oxygen (O), nitrogen (N) and chloride (Cl–). The elements 
were found to be in right composition resulting in the syn-
thesis of the adsorbent. From the results, it can be predicted 
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Fig. 2. Comparison of CLC and adsorbent XRD (a), XRD of adsorbent (b), FTIR of CLC (c) and FTIR of adsorbent (d).
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that urea, NaOH and CLC mixed solvent has major role in 
the synthesis of the adsorbent [35].

BET and BJH results showed that volume, size and 
surface area of pores and BJH desorption pore width of 
adsorbent were 0.054 cm³/g, 126.0632 Å, 17.0684 m²/g and 
190.57 Å respectively. BET and BJH results for CLC showed 
that volume, size and surface area of pores and BJH desorp-
tion pore width were 0.002377 cm³/g, 65.2054 Å, 1.4580 m²/g 
and 100.326 Å respectively. Comparison of BET and BJP 
results for CLC and adsorbent showed that after application 
of Al and Mg metals on CLC in the presence of NaOH and 
urea, surface area and pore volume increased. It confirmed 
successful synthesis of adsorbent leading to more adsorp-
tion capacity.

BET and BJH results confirmed that adsorbent falls 
in the category of mesoporous materials. Surface area of 

the adsorbent was greater than CL-Zn|Al LDH which was 
reported earlier [45]. From IUPAC classification of 1985, 
the current curve (Fig. 4b) resembled the Type-III with H3 
hysteresis loop. Type-III isotherms confirmed that there is 
no identifiable monolayer formation present in adsorbent. 
It revealed weak adsorbent and adsorbate interactions [49].

The graph of initial pH of adsorbent and NaCl solution 
and its final pH is shown in Fig. 4c. The black line shows 
final pH after adsorbent addition while the red line shows 
initial pH. The point of zero charge pHzpc of the adsorbent 
was found to be 8.4 which revealed that the adsorbent has 
surplus positive charge as compared to CLC material pHzpc 
6.0 ± 0.05 [50]. The change in the pHzpc of adsorbent from 
CLC’s pHzpc indicated that CLC was modified during adsor-
bent preparation and loaded with Mg and Al metals. Hence, 
it confirmed that adsorbent was successfully synthesized.

 

  

  

  

Fig. 3. TEM images (a and b), AFM Images (c and d) and SEM images (e and f) of adsorbent.



T. Ahmed et al. / Desalination and Water Treatment 253 (2022) 145–157150

3.2. Optimization studies

3.2.1. Initial pH effect on arsenic adsorption

Both the arsenic ions dissociation in water and the spe-
ciation of active functional sites on adsorbent surface are pH 
dependent. Removal efficiency increased linearly from 86% 
to 99% when pH is raised from 4 to 7. After pH 7, the arsenic 
removal decreased (83%) as shown in Fig. 4d. At pH higher 
than 7, arsenic(III) starts adopting negative charge which 
hinders the adsorption of arsenic. It is because arsenic(III) 
has to compete with OH- ions for active sites [40,51].

At pH < 7, attachment of lone pair of electrons on 
functional group and H+ compete with arsenic ions for 
adsorption sites, reducing arsenic removal [45,52]. The 
maximum adsorption of arsenic ions on adsorbent was 
observed at 7 pH.

3.2.2. Dose effect on arsenic removal

From Fig. 5a it may be noted that arsenic removal had 
direct relationship with the adsorbent dose. The results 
show that the removal increased significantly with the dose. 
The removal reached approx. 98% at a dose of 0.67 g/L. 
Further increase in dose beyond 0.67 g/L did not signifi-
cantly increase the arsenic removal. Hence, the optimum 
dose of adsorbent was concluded to be 0.67 g/L.

3.2.3. Effect of reaction time

Fig. 5b shows faster arsenic uptake by adsorbent. 
Optimum contact time for arsenic removal was selected 
to be 25 min at which 99% arsenic removal was obtained.

3.2.4. Effects of initial arsenic concentration

Arsenic uptake decreased with increasing initial concen-
tration of arsenic as shown in Fig. 5c due to same number 
of active sites for a specific dose [45].

3.2.5. Temperature optimization

With the increase in temperature the removal effi-
ciency of arsenic increased slightly and 25°C was the 
optimum temperature as shown in Fig. 5d. Possible rea-
sons for increase in removal with increase in temperature 
were swelling effect, expansion of atoms and increase in 
molecular vibrations leading more interaction between 
adsorbate and adsorbent [52,53].

3.3. Study of adsorption mechanism

3.3.1. Adsorption kinetics

Adsorption kinetics and mechanism were evaluated 
using pseudo-first [Eq. (1)] and second-order [Eq. (2)] rate 
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equations in adsorption processes. Where qt and qe are 
adsorption capacities calculated at any time interval and 
at equilibrium respectively. K1 and K2 are rate constants 
for pseudo-first-order and pseudo-second-order reaction 
kinetics respectively. Units of K1 and K2 are (g/mg-min).

log log
.

q q q
K

te t e�� � � � �1

2 303
 (1)

t
q K q q

t
t e e

� � �
1 1

2
2  (2)

R2 values and constants for all kinetic models are listed 
in Table 1. Arsenic removal using adsorbent fitted well 
for pseudo-second-order kinetic model having R2 value 
of 0.998 (Fig. 6b) while it was 0.927 for pseudo-first-order 
kinetics (Fig. 6a). It was revealed that adsorption of arsenic 
supports the assumptions of chemisorption process [54]. 
Previous studies conducted on LDHs showed similar cor-
relation of data with second-order reaction kinetics [45,55].

The mechanism of the adsorption process was studied 
plotting the intraparticle diffusion model and Boyd model 
[Eqs. (3) and (4)] were used to differentiate film or intra-
particle diffusion. Where qt is adsorption capacity at time 
t. k, kf and C are constants and qe is adsorption capacity at 
equilibrium.

q kt Ct � �1 2/  (3)

ln 1�
�

�
��

�

�
�� �

q
q

k tt

e
f  (4)

Linear fitting of data on intraparticle diffusion model 
predicts intraparticle diffusion while in case of deviation 
adsorption process might be controlled by two or three 
steps [56]. Intraparticle diffusion model plotted as shown 
in Fig. 6c clearly indicated that the process was con-
trolled by two or three steps. First linear stage indicated 
the adsorption of arsenic ions on external surface of the 
adsorbent named as diffusion adsorption stage. Second 
linear stage assigned to intraparticle diffusion of arsenic 
ions through the pores of adsorbent. Final linear stage 
where slope becomes flat showed low rate of inter-parti-
cle diffusion because of less concentration of arsenic ions 
left in solution.

If linear form of Boyd model passes through origin, then 
intra-particle adsorption had occurred while opposite is 
considered as film diffusion. From Fig. 6d it can be seen that 
the linear plot of Boyd model did not pass through origin 
which indicated that film diffusion of arsenic particles on 
adsorbent surface had occurred.

3.3.2. Adsorption isotherms

The Langmuir, Freundlich and Temkin isotherms were 
used to find the mechanism of adsorption of arsenic on 

 
Fig. 5. Dose optimization (a) contact time (b), temperature optimization (c), and initial concentration (d).
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the surface of the adsorbent. General and linear forms of 
Langmuir isotherm equation are shown in Eqs. (5) and (6).

q q
K C
K Ce m

e

e

�
�

� �
ads

ads1
 (5)

1 1 1 1
q K q C qe m e m

�
�

�
ads

 (6)

where qe = adsorption capacity at equilibrium (mg/g), 
qm = maximum adsorption capacity (mg/g), Ks = empirical 
Langmuir constant (L/mg), Ce = aqueous concentration of 
adsorbate (mg/L), qm and Kads obtained from linearized form 
as shown in Eq. (6). Separation factor is given in Eq. (7).

R
K CL

o

�
� �

1
1 ads

 (7)

where Co is the initial concentration of the adsorbate and RL 
is the separation factor. Freundlich and linearized Freundlich 
isotherm is given in Eqs. (8) and (9) respectively.

q K Ce f e
n= 1/  (8)

log log logq K
n

Ce f e� �
1  (9)

where kf = Freundlich adsorption, that is, maximum 
adsorption capacity (mass of adsorbate/mass of the adsor-
bent when n = 1) 1/n = Intensity of adsorption which gives 
value of affinity of adsorbent for adsorbate. Strength of 
attraction between adsorbent and adsorbate along with 
bond strength distribution on sites of adsorbent surface 
can be described with kf and n.

Eqs. (10) and (11) are Temkin isotherm equations which 
assumes that heat of adsorption of all particles in a film 
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Fig. 6. Plot of pseudo-first-order (a), pseudo-second-order (b), intraparticle diffusion (c) and Boyd model (d).

Table 1
Kinetics parameters for arsenic adsorption of adsorbent

Pseudo-first-order Pseudo-second-order Intraparticle diffusion Boyd model

qexp (mg/g) qe (mg/g) K1 (min–1) R2 qe (mg/g) K2 (g/mg min) R2 Ki (mg/g min) R2 Kb R2

0.149 0.098 0.017 0.927 0.152 8.260 0.998 0.023 0.84 –0.0743 0.922
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declines linearly with coverage of adsorbent surface with 
adsorbate ions.

q B A B Ce T T T e� �ln ln  (10)

B RT
b

A R T
bT

T
T

T

� �
�&  (11)

where R is real gas constant (8.314 J/Kmol), AT as Temkin 
isotherm equilibrium binding constant (L/g), bT is Temkin 
isotherm constant related to adsorption heat while BT is 
also a constant for adsorption heat (J/mol) which shows 
adsorption as physical or chemical.

Langmuir, Freundlich and Temkin plots as shown in Fig. 
7a–c, respectively. Parameters corresponding to relevant 

isotherms are listed in Table 2. The results show that the 
data fitted better with Langmuir isotherm model with R2 
value of 0.99. It shows the adsorbent followed monolayer 
adsorption process. The results obtained from isotherm 
studies highly supported the pseudo-second-order kinetics 
as described in previous section [45].

From Fig. 7a it is found that adsorption process also 
followed Freundlich isotherm which shows that there are 
multiple sites on adsorbent surface having different affin-
ity for arsenic ions while each site followed Langmuir 
isotherm. It is evident from FTIR and pHzpc studies that 
adsorbent surface is composed of different active sites 
including –OH, –O–Mg–OH, –O–Al–OH and neutral CLC 
surface. During adsorption process arsenic ions can be 
attached with all these sites at a time. Al and Mg met-
als formed anion exchange sites therefore, adsorption 
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Fig. 7. Plot of Freundlich isotherm (a), Langmuir isotherm (b), Temkin isotherm (c) and Vant Hoff plot (d).

Table 2
Summary of isotherm parameters

Freundlich isotherm Langmuir isotherm Temkin

qexp (mg/g) N (–) kf (mg/g) R2 qm (mg/g) Kads (g/mg min) R2 A (L/g) B (J/mol) R2

1.375 2.15 0.168 0.939 1.460 8.260 0.999 0.023 0.84 0.982
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occurred on hydroxyl groups of both metals which acted 
as coagulation sites [45].

Adsorption process followed Temkin isotherm which 
showed that heat of adsorption decreased linearly with 
increase in layer of arsenic ions on adsorbent surface rather 
than logarithmic. It confirmed that adsorption process is exo-
thermic in nature because value of Temkin constant B was 
0.84 as shown in Table 2.

The adsorption capacity of the nanocomposite for arse-
nic uptake was 1.46 mg/g calculated using Langmuir iso-
therm. Data presented in Table 2 indicate different constants 
extracted from isotherm models best fit curves.

RL factor was 0.04 which shows that adsorption of arsenic 
removal using adsorbent was highly favorable. Adsorption 
is favorable if separation factor varies between zero and 
one and in case separation factor shows zero value then 
adsorption will be permanent [52].

Adsorption capacity of adsorbent under study was 
compared with other adsorbents for arsenic(III) removal as 
shown in Table 3.

3.3.3. Adsorption thermodynamics

Thermodynamic parameters include change in enthalpy 
(ΔH°), Gibbs free energy change (ΔG°) and entropy of reac-
tion (ΔS°). Gibbs free energy change ΔG° is fundamen-
tal criterion of spontaneity. ΔG°, ΔH° and ΔS° are ther-
modynamic parameters and calculated using Van’t Hoff 
equations expressed in Eqs. (11)–(13).

�G RT Kc� � � ln  (12)

� � �G H T S� � � � �  (13)

K
q
Ca
t

o

=  (14)

where qt = equilibrium adsorption capacity (mg/g), Co = ini-
tial concentration (mg/L), R = universal gas constant 
(J/mol-K), T = absolute temperature (K) is calculated using 
Kc which is obtained from Langmuir model.

Fig. 7d is a plot of logKc against 1/T known as Van’t 
Hoff. ΔH° and ΔS° were obtained using slope and inter-
cept of the plot respectively and ΔG° was calculated from 
these two values using Eq. (12). Table 4 shows data obtained 
from Van’t Hoff plot. The value of ΔH° was –52.84 kJ/mol 
which confirmed that the adsorption process was exo-
thermic which shows characteristics of chemisorption  
process.

Negative values of ΔG° confirmed that adsorption was 
spontaneous, that is, reaction will take place without any 
external assistance if started. Thermodynamic and Temkin 
isotherm studies revealed that reaction showed a shift 
towards exothermic nature. The possible reason was elec-
trostatic force of attraction of arsenic ions towards active 
sites. Increase in negative values of ΔG° by increasing 
temperature, revealed that temperature and spontaneous 
nature were inversely related. Negative values of ΔS° 
showed decrease of randomness at the interface of adsor-
bent and solution during adsorption.

3.4. Leaching of metals from adsorbent surface to solution

Concentration of Al3+ in treated effluent was found to 
be 15.54 mg/L while Mg2+ concentration was 0.017 mg/L. 
Leaching of metal ions can be explained using hard and 
soft acids and bases (HSAB) concept known as Pearson 
acid base-base concept [68]. CLC acted as a week base, Al 
as strong acid while Mg2+ forms a weak acid. Therefore, 
Mg2+ acting as weak acid tends to bind strongly with CLC, a 
weak base [69,70]. Same phenomenon was explained using 
variation of charge on metals surface with change in pH. 
At pH 7 Al3+ had no charge on its surface which reduced 
forces of attraction between CLC surface and caused exces-
sive leaching of Al3+ [71]. In contrary Mg2+ occurs in the 
form of Mg+2 at pH 7, therefore, Mg2+ has strong bonding 
and leaching was less [72].

3.5. CLC biodegradation

CLC was coated with bulk concentration of Mg2+ and 
Al metals which act as bacteriocyte. So, growth of bacteria 

Table 4
Thermodynamic coefficients for Van’t Hoff plot

ΔH° ΔS° ΔG° (kJ/mol) Van’t Hoff plot details

kJ/mol J/mol/K 293 K 298 K 308 K 313 K R2

–52.84 –242.02 –18.071 –19.282 –21.702 –22.912 0.83

Table 3
Maximum adsorption capacities of arsenic(III) on different 
adsorbents

Adsorbents Adsorption 
capacity (mg/g)

References

Uncalcined chloride-LDHs 0.086 [57]
Iron oxide coated sand 0.136 [58]
Activated bauxsol 0.541 [59,60]
Activated alumina 0.18 [61]
Nano-scale zero valent Iron 2.47 [62]
Polymetallic sea nodule 0.69 [63]
Manganese ore 0.53 [64]
GAC 0.09 [65]
Olive pulp activated carbon 0.855 [66]
Pine wood char 0.0012 [67]
Oak wood char 0.006
Oak bark char 0.0074
CL-Mg|Al-LDH 1.46 Current 

study
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on CLC surface will be slow until and unless concentration 
of metals on adsorbent surface is low [73].

3.6. Cost estimation of arsenic removal using adsorbent

Using 200 ppb arsenic concentration and adsorption 
capacity of 1.46 mg/g cost of arsenic removal was estimated 
to be US$ 0.15/m3. Similar concentration was used previ-
ously to calculate cost [74]. Comparison of cost with other 
methods is shown in Table 5. Cost of adsorbent was less 
than that of reverse osmosis, activated alumina, alum and 
anionic polymeric flocculants.

3.7. Limitations in research work

This study has some limitations, that is, reuse, recycle 
and desorption studies were not conducted.

4. Conclusions and recommendations

The prepared adsorbent structure was crystalline, 
nanosized with particle diameter ranging from 17 to 
25.5 nm, sheet like and well agglomerated with rough and 
porous surface. Surface area, size and volume of pores 
in the adsorbent were found to be 17.068 m2/g, 126.063 Å 
and 0.053 mm3/g. Surface area and volume of pores 
were greater than that of CLC indicating modification of 
CLC surface with metals in presence of urea and NaOH. 
Optimization studies revealed that adequate removal of 
arsenic was achieved at 25 min, at pH 7, dose of 0.667 g/L 
and 25°C. Isotherm results revealed that adsorption pro-
cess followed Langmuir isotherm along with maximum 
adsorption capacity of 1.46 mg/g. Overall 99.3% removal 
at 150 ppb initial arsenic concentration was achieved with 
effluent concentration of 1 ppb. Kinetic data, isotherm and 
thermodynamic analysis showed that adsorption process 
was chemisorption, exothermic with spontaneous nature. 
Treatment cost was found to be 0.15 US$/m3 of water which 
was less than activated alumina (1.08 US$/m3) and other 
materials previously used for arsenic removal.

It is recommended to

• Synthesize the same adsorbent using different Mg2+ to 
Al3+ ratios and conduct reuse and regeneration studies.

• Apply synthesized adsorbent on real ground water sam-
ples containing arsenic.

• Report the selectivity of the adsorbent towards arsenic 
removal.

• Study of recovery and reusability of the synthesized 
adsorbent along with its stability.
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