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a b s t r a c t 
Considerable effort has been directed toward the removal of arsenic from an aqueous media, such 
as groundwater. For this purpose, used tea impregnated with iron oxide (magnetite, Fe3O4) particles 
(Fe-UT) have been tried for the removal of As(III). Different analytical techniques such as X-ray 
diffractometry, scanning electron microscopy/energy dispersive X-ray spectroscopy, Fourier transform 
infrared spectroscopy, thermogravimetric analysis (TG)/differential thermal analysis and surface area 
analyzer were used for the characterization of UT and Fe-UT. The average crystallite size of mag-
netite nanoparticles impregnated on used tea was found to be 70 nm. The removal of As(III) from 
aqueous solution onto the Fe-UT was carried out as a function of pH, concentration, contact time and 
temperature. Maximum adsorption occurred at pH 7 and 8 and then started decreasing with further 
increase in pH. The result of present study indicates that adsorption of As(III) on Fe-UT at pH 8 is in 
good agreement with WHO acceptable pH range of potable water (6.5–8.5). The adsorption capacities 
of the Fe-UT was substantially increased by increasing concentration while a decrease in the As(III) 
uptake was observed with increasing temperature of the system. The adsorption capacity for Fe-UT 
was found to be 3.34 mg g–1. The mean free energy calculated from Dubinin–Radushkevich model 
confirmed the adsorption to be chemisorption and followed ligand exchange mechanism.

Keywords:  As(III); Iron impregnated used tea; Ligand exchange; Isotherms; Kinetics; Thermodynamic 
parameters

1. Introduction

Arsenic due to its mobility and high toxicity at insignifi-
cant concentrations is considered to be the world’s most haz-
ardous contaminant and arsenic pollution has been recorded 
as first priority issue by World Health Organization. Arsenic 
enters the water both by natural (such as weathering reac-
tions, volcanic emissions and biological activities) and 
anthropogenic sources (smelting of metal ores, use of arsen-
ical insecticides, fertilizers, wood preservatives, electronics, 
glass and ceramic manufacturing industries) [1,2]. Arsenic 

exists in organic as well as inorganic forms. Toxicity of 
inorganic As which exists as arsenite [As(III)] and arsenate 
[As(V)] is more than organic form. As(III) is estimated to be 
25–60 times more toxic than As(V) [3,4]. At natural pH, As(III) 
exists as H3AsO3 and H2AsO3

– and As(V) as H3AsO4, H2AsO4
–, 

HAsO4
– and AsO4

3–. As(V) is dominant and stable under oxi-
dizing conditions in surface water, while As(III) predomi-
nates under reducing conditions in groundwater [5,6]. The 
most common pathway for human exposure to arsenic is 
through drinking water. The toxicity of arsenic is mostly due 
to its ability to interact with sulphydryl groups of the pro-
teins and enzymes and thus stop the action of thiol group 
of enzymes [7]. As it causes toxic effects at low concentra-
tions, the US Environmental Protection Agency has recently 
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reduced the maximum contaminant limit (MCL) standard 
from 50 to 10 µg L–1, which is also the WHO drinking water 
quality guideline for arsenic [5,8].

Arsenic due to its high toxicity is considered to be top of 
pollutant list and is carcinogenic, mutagenic and teratogenic 
[9]. The long-term exposure of arsenic causes cancer of liver, 
lungs, kidneys, skin, nasal passage and prostate. Arsenic poi-
soning causes neurological and endocrine disorders, diabetes, 
loss of appetite, muscular weakness, skin lesions, gastrointes-
tinal and cardiovascular diseases [10–12]. Naturally occurring 
arsenic in drinking water threatens the health and lives of peo-
ple in many countries including Canada, Chile, Japan, China, 
Greece, Hungary, Taiwan, Iran, Argentina, Mexico, Ghana, 
Vietnam, Poland, India, Bangladesh and even in Pakistan 
[9]. In Pakistan, drinking water of Multan, Rahimyar Khan, 
Jhang, Dera Ghazi Khan, Mirpur Khas, Shikarpur, Larkhana, 
Thatta, Dadu, Mardan and Abbottabad is badly affected by 
arsenic with concentration exceeding the MCL [13,14].

Arsenic removal from groundwater is a challenging task 
due to large variation in physiochemical forms at different 
conditions. Presently, numerous techniques such as ion 
exchange, membrane separation, precipitation–coagulation, 
oxidation, reverse osmosis, nanofiltration and adsorption 
have been proposed to remove arsenic from water [6,15]. 
However, the adsorption technique appears to be the most 
applicable because it is cost effective, easy to handle, versa-
tile and has the ability to regenerate the adsorbent for re-use 
[16,17]. Considerable effort has been directed toward the 
removal of arsenic, for this purpose, several adsorbents such 
as oxides (zirconium oxide, iron oxides, manganese oxide, 
titanium dioxide, clay, activated alumina, mixed oxides, etc.), 
hydroxides (iron hydroxide, aluminium hydroxide, lantha-
num hydroxide, etc.), metal phosphates (iron phosphate, 
etc.), agricultural and industrial wastes (rice husk, pecan 
nut shell, sugarcane bagasse, tea waste, hazelnut and coco-
nut shell, peels of various fruits, calcined bauxite, red mud, 
etc.), polymer resins (Amberlite IRC-718, amberlite XAD-7, 
PolyHIPE, etc.), biosorbents (coconut shell, mango leaf, 
orange peel, rice polish, banana peel, etc.) and activated car-
bon have been tested by different researchers for the removal 
of arsenic from aqueous solution [10,11,18–20].

In the present study, black tea (Camellia sinensis) leaves 
are used as an adsorbent as it is the most popular and exten-
sively consumed non-alcoholic beverage worldwide after 
water. Pakistan is a major tea-consuming country, annually 
240,000 tons of tea are consumed in Pakistan, placing it as the 
seventh largest tea-consuming country in the world. It is con-
sumed in thousands of tons every year and its proper disposal 
after use is a serious problem. The use of such environment 
friendly starting material as an adsorbent may reduce solid 
waste pollution and also cost of raw material for the adsorp-
tion process. Moreover, the structure of tea shows that cell 
walls of tea leaves are made of tannins, cellulose, lignin and 
hemicelluloses. These possess different functional groups 
such as oxyl, phenolic hydroxyl, carboxylate and aromatic 
carboxylate that act as metal scavengers and are responsible 
for adsorption of heavy metals on tea [21]. Therefore using 
this waste as an adsorbent will not only remove arsenic from 
water but also resolve the issue of waste management.

Tea waste, spent tea leaves, green tea leaves, industry tea 
waste or tea waste biochar have been used as an adsorbent 

for the removal of various contaminants such as dyes, phe-
nols and heavy metals from aqueous solutions [22–26]. 
However, to increase the efficiency of tea waste as an adsor-
bent, pre-treatment with some chemicals such as alkalis, 
detergents and activation has been carried out [23,26,27]. 
Hence, further research on its modification is gaining impor-
tance to enhance affinity of tea waste for removal of various 
kinds of pollutants from waste water.

Iron oxides (either in bulk form or nanoparticles) due to 
their low cost, non-toxicity and higher affinity for arsenic are 
mostly used as an adsorbent for removal of arsenic. The appli-
cation of iron oxide nanoparticles due to their large surface 
area and strong adsorption characteristics in contaminant 
remediation has enhanced the adsorption process [28,29]. 
Recently, magnetic (Fe3O4) materials have attracted special 
attention in water treatment due to their strong adsorption 
affinities and the properties of being easily separated and 
reused by an external magnetic field [5].

To the best of our knowledge, no former work has 
reported modified used tea (household) for the selective 
removal of arsenic As(III). The present work aims to investi-
gate the possible use of abundantly available tea waste (UT) 
for the adsorption of As(III) from aqueous solution. Moreover, 
UT was impregnated with iron oxide (magnetite) particles 
to increase the adsorption capacity of As(III). The structural, 
morphological and spectral properties of adsorbents were 
investigated through different techniques. The effect of var-
ious factors such as contact time, initial metal ion concentra-
tion, pH and temperature on adsorption was systematically 
examined. The equilibrium study will provide information 
regarding the affinity between the adsorbate and adsorbent. 
Equilibrium and kinetic studies were carried out at different 
temperatures. The experimental data were fitted with different 
models in order to determine whether the adsorption process 
was physisorption or chemisorption. Additionally, several 
thermodynamic parameters such as the enthalpy, entropy 
and Gibbs free energy were calculated. Moreover, the adsorp-
tion capacity of Fe-UT was tested and compared with various 
other adsorbents already used for the removal of As(III).

2. Experimental design

2.1. Chemicals and reagents

Throughout the research work, all chemicals used were 
of analytical reagent grade and were used without further 
purification. All the chemicals including ferric chloride hexa-
hydrate, ferrous sulphate heptahydrate, ammonium hydrox-
ide, hydrochloric acid, sodium hydroxide, nitric acid and 
sodium nitrate were purchased from Scharlau (Spain). All 
the stock and working solutions were prepared in distilled 
deionized water. Prior to the experiment, glassware used 
was first washed with tap water, followed by 10% nitric acid 
solution and finally rinsed with deionized water. Arsenic 
standards for atomic absorption spectrophotometer were 
purchased from Scharlau Company.

2.2. Preparation of adsorbents 

Used black tea (UT) of Lipton brand collected from 
domestic source was boiled with deionized water at 80°C for 
1 h to remove its color, caffeine and tannins. It was further 
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washed several times with double distilled water until col-
orless filtrate was obtained. It was then dried in an oven at 
105°C for 24 h. The dried material was crushed and sieved to 
120 mesh sizes.

Modification of the used tea (UT) was carried out 
by impregnating with iron oxide (Fe3O4) fine particles. 
Synthesis of magnetite fine particles (Fe3O4) was carried 
out by the homogenous precipitation method reported by 
Panneerselvam et al. [30]. In this process, 3.1 g of FeCl3 
.6H2O and 2.1 g of FeSO4.7H2O were dissolved in 80 mL of 
deionized water under inert atmosphere with vigorous stir-
ring. The solution was heated to 80°C, when the required 
temperature was achieved; 10 mL of NH4OH solution (25%) 
was drop wise added to obtain the formation of black pre-
cipitates of Fe3O4 fine particles. These were then mixed 
with 10 g of adsorbent (UT) and heated at 80°C for half an 
hour under vigorous stirring. The resulting suspension was 
cooled down to room temperature and then washed sev-
eral times with deionized water to remove impurities. The 
reaction involved during UT impregnation is represented 
by Eq. (2):

FeS O4·7H2O + 2FeCl3·6H2O+8NH4OH → Fe3O4 + 
6NH4Cl + (NH4)2SO4 + 17H2O (1)

Fe3O4 + UT → UT-Fe3O4 (2)

The iron oxide impregnated used tea (UT-Fe3O4) was 
dried in an oven for 24 h at 110°C and will be onwards 
referred to as Fe-UT.

2.3. Characterization 

The prepared adsorbents (UT and Fe-UT) were 
characterized by using various analytical techniques. Surface 
area analyzer (NOVA 1200e, Quantachrome, USA) was used 
to determine the surface areas (SBET) of the adsorbents by 
nitrogen adsorption/desorption method. The morphologies 
of adsorbents were examined by scanning electron micros-
copy (SEM; JSM-6490, JEOL, Japan) at 20 keV and elemental 
composition of the adsorbents was determined by energy 
dispersive X-ray analyzer (EDX Inca-200). FTIR analyses of 
the adsorbents were carried out in the wavelength range 
of 400–4,000 cm–1 using an infrared spectrophotometer 
(8201PC, Shimadzu, Japan). The X-ray diffraction patterns 
of the samples were recorded in the 2θ range from 10° to 80° 

using JEOL X-ray diffractometer (model JDX-3532) with Mn 
filtered Cu-Kα radiations. The batch experiments were per-
formed by taking 40 mL of 0.1 N NaNO3 solutions in 100 mL 
titration flasks and the initial pH (pHi) of the solution was 
adjusted in the range 2–10 with either NaOH or HNO3 solu-
tions, using a pH meter (model BOECO BT-600 [Germany]). 
Afterwards, 0.1 g of adsorbent was added to each flask and 
shaken on a shaking bath (model WSB-30) at 298 ± 0.1 K for 
24 h. After equilibration, the final pH (pHf) of the solution 
was noted. The difference between the final and initial pH 
values (ΔpH) were plotted against the initial pH values 
(pHi) to get the point of zero charge (PZC) of each of the 
adsorbent. Moreover, to determine the stability of Fe-UT, 
after equilibration the aqueous filtrates were analyzed for 
the release of Fe from the Fe-UT.

2.4. Adsorption studies

Batch adsorption experiments were conducted to exam-
ine the effect of concentration, pH and temperature on the 
adsorption of As(III) onto Fe-UT. The working solutions of 
As(III) were prepared from 1,000 mg L–1 standard solution of 
As(III). Detailed adsorption studies were carried out for the 
adsorption of As(III) onto Fe-UT to probe into the mechanism 
of the adsorption process. For each experiment, 0.1 g of the 
adsorbent was added to 40 mL of As(III) solution of different 
concentrations (5–100 mg L–1). The initial pH of each solution 
was adjusted to 8 using either hydrochloric acid or sodium 
hydroxide solution. The samples were placed in shaker at a 
shaking speed of 120 rpm at 298 K for 24 h. After equilibra-
tion, the final pH of each solution was noted. All the solutions 
were then filtered and the filtrates were analyzed for As(III) 
and iron released from the iron impregnated used tea using 
atomic absorption spectrophotometer (AAS 800). The amount 
of As(III) adsorbed (X) was determined from the difference of 
the initial and the equilibrium concentration of the As(III) in 
aqueous solution by using the following expression:

X
V C C

m
i e=

( )−
1000

 (3)

where V refers to the volume of the solution (mL), m is the 
mass of the adsorbent (g), and Ci and Ce are the initial and 
equilibrium concentrations (mol L–1) of As(III), respectively.

Adsorption studies of arsenite onto UT were also con-
ducted for comparison with Fe-UT at pH 8 and 298 K. The 
effect of pH was examined at various pH values (3–12) at 
298 K with different concentrations of As(III) solutions for 
the removal of As(III) by Fe-UT. Temperature studies were 
carried out at 298–328 K at pH 8 with different concentra-
tions of As(III) solutions. Adsorption kinetics experiments for 
25 mg L–1As(III) were carried out at pH 8 at different tem-
peratures (298–318 K) and various time intervals (5 min to 
24 h). Adsorption studies of arsenite onto UT were also con-
ducted for comparison with Fe-UT at pH 8 and 298 K.

3. Results and discussion

3.1. Characterization

3.1.1. Surface area and pore size distribution

The Brunauer–Emmett–Teller (BET) surface areas of UT 
and Fe-UT are given in Table 1. The BET surface area for the 
UT and Fe-UT was 80 and 66 m2 g–1. This decrease in sur-
face area can be attributed to the covering of UT surface by 
iron oxide particles during impregnation which was also 
confirmed later by the SEM results. These iron particles have 
small surface area and microporous volume, which block the 
pores of the adsorbent surface and thus results in the reduc-
tion of surface area and pore size [31]. Decrease in surface 
area was also observed by Liu et al. [32] while impregnating 
bamboo charcoal with iron oxide.

The pore diameter and pore volume of UT were found to 
be 118 Å and 1.68 cc g–1, respectively. These values decrease 
to 76 Å and 0.11 cc g–1 for Fe-UT. The average pore diame-
ters of all the adsorbents lie in the range of 20–500 Å. This 
pore size distribution suggests that the adsorbents used in 
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this study are mesoporous in nature according to the pore 
classification of the International Union of Pure and Applied 
Chemistry [33].

3.1.2. SEM/EDX and FTIR analysis

The SEM images (Figs. 1(a)–(c)) helps to observe the 
surface morphology of adsorbents on micron levels and it is 
widely used to observe the arrangement of particles on the 
surface of adsorbents. In the present study, the SEM image 
(Fig. 1(a)) illustrates an irregular shape of UT with hetero-
geneous pores. The porous nature of UT suggests the avail-
ability of more surface area for adsorption of molecules. The 
decrease in porosity in the case of Fe-UT was observed as 
compared with its precursor UT (Fig. 1(b)) which is most 

Table 1
Surface area, pore size distribution and elemental composition 
of UT and Fe-UT

Adsorbent UT Fe-UT

Surface area (m2 g–1) 80 66
Pore diameter (Å) 118.5 75.69
Pore volume (cc g–1) 1.68 0.11
Elemental composition % weight
C 63 33
O 12.8 29
B 23 –
Ca 1.2 1
Fe – 37
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Fig. 1. SEM/EDX images of (a) UT, (b) Fe-UT and (c) Fe-UT after adsorption.
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probably due to the blockage of pores of UT by iron oxide 
particles [34]. Thus, it is suggested that impregnation of 
UT by iron oxide has been done effectively. SEM image of 
Fe-UT after adsorption (Fig. 1(c)) shows an obvious change 
in morphology, indicating that arsenic was adsorbed on 
Fe-UT. Irem et al. [13] also reported changes in morphology 
of orange waste after arsenic adsorption.

Energy dispersive X-ray spectroscopy (EDX) was used for 
elemental analysis of the samples. EDX patterns are shown in 
Figs. 1(d)–(f) and data in Table 1. EDX data of UT showed 
weight % composition of carbon, boron, oxygen and calcium 
to be 63%, 23%, 12.8% and 1.2%, respectively. While Fe-UT 
consists of carbon (33%), oxygen (29%), calcium (1%) and 
iron (37%). EDX of Fe-UT signified a considerable amount 
of Fe in the sample, thus suggesting the presence of iron in 
Fe-UT which strongly supports the impregnation of UT with 
iron oxide. However, no arsenic peak was observed in the 
EDX spectrum of Fe-UT after As(III) adsorption, due to low 
concentration of arsenic adsorbed.

The IR spectra of UT and Fe-UT are given in Fig. 2. The 
IR spectrum of UT (Fig. 2(a)) shows a number of absorption 
peaks, signifying the intricate nature of adsorbent. A broad 
band was observed at 3,392 cm–1, which was assigned to 
‒OH group, while the weak bands observed at about 2,980 
and 2,180 cm–1 were ascribed to the C–H stretching [13]. The 
peak observed at 1,691 cm–1 was due to C=O stretching, while 
the small peak appeared at 1,100 cm–1 could be assigned to 
–SO3 and –C–O stretching of the ether group, respectively, as 
reported by Zuorro et al. [26] for spent tea leaves. The spec-
tra of UT and Fe-UT are almost similar. Furthermore, the 
appearance of a new band at 581 cm–1 in the case of Fe-UT 
(Fig. 2(b)) was assigned to the stretching and torsional 
vibration of Fe–O. The appearance of a band at ~580–620 cm–1 
corresponding to Fe–O stretching confirmed the loading of 
Fe oxide onto UT [35]. Similarly, Karaagac et al. [36] observed 
a broad band at 560–580 cm–1 which was associated with the 
vibrations of Fe–O bond.

3.1.3. XRD and thermogravimetric analysis

The XRD spectra of UT (Fig. 3(a)) indicated their 
amorphous nature. However, the XRD pattern of Fe-UT 
(Fig. 3(b)) showed that it is crystalline, having peaks at 
2θ (30.2°, 35.5°, 43.1°, 53.6°, 57° and 62.7°) which are the 
characteristic peaks of inverse-spinel structure of Fe3O4 
matching with the international centre for diffraction data 
(card No. 110614). This indicated that impregnation with iron 
oxide has been done effectively resulting in crystalline Fe-UT, 
consistent with those reported elsewhere [34,37]. The crystal-
lite size was calculated using the Debye-Scherrer equation:

d k
cos

=
λ

β θ
 (4)

where k is the Debye-Scherrer constant (0.89), β is the full 
width at half maximum, λ is the wavelength (1.54 Å) and θ 
is the Bragg’s angle. The average crystallite size of the three 
intense peaks at 2θ (35.5°, 57° and 62°) was found to be 70 nm.
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Fig. 2. FTIR spectra of (a) UT and (b) Fe-UT.
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Thermogravimetric analysis (TGA) and differential ther-
mal analysis (DTA) of Fe-UT was carried out up to 1,000°C. 
The TG and DTA curves of Fe-UT are shown in Fig. 4(a). 
There was a small amount of weight loss (4.78%) below 100°C 
which is attributed to desorption of the physisorbed water. In 
the second step, the TGA curve showed a weight loss of 7.72% 
up to 240°C, which may be due to the pyrolysis of organic 
matter and some light gases such as CO2 and CO and volatile 
components may also be released as reported by Mahmood 
et al. [38]. The third step showed the gradual weight loss of 
40.3% at 380°C, which may be due to the thermal decompo-
sition of cellulose, hemicelluloses and lignin as reported by 
Yagmur et al. [39] which is also evident from the exothermic 
DTA peaks observed in this temperature range. The fourth 
weight loss of 35.7% was calculated in the temperature range 
of 380°C–900°C which may be due to degradation of lignin. 
Beyond this temperature, the weight loss of Fe-UT gradually 
slows down and then becomes stable.

3.1.4. Point of zero charge

The point of zero charge is an important property and 
is defined as the pH where the net surface charges are zero, 
that is, it indicates the electrical neutrality of the adsorbent 
and the surface. The plots of ΔpH vs. pHi yield the PZC at a 

pH where ΔpH is zero. The PZC of the UT and Fe-UT was 
observed to be at pH 6.0 and 6.30 ± 0.1 and are shown in 
Fig. 4(b). The PZC of Fe-UT was found to be slightly higher 
than UT. The PZC values are in agreement to ones reported 
in the literature [30,40].

3.2. Adsorption kinetics

The kinetics of As(III) adsorption onto Fe-UT was stud-
ied to investigate the adsorption behavior of the system. The 
adsorption of As(III) on Fe-UT at different time intervals 
(5 min – 24 h) and pH 8 is shown in Fig. 5(a). The figure shows 
a rapid uptake of As(III) in the first 240 min, followed by a 
steady and slower uptake until an equilibrium is attained in 
360 min. The rapid uptake of As(III) in the beginning can be 
attributed to the presence of a large number of vacant sites 
on the surface of Fe-UT. However, the adsorbent surface gets 
saturated after certain time period, equilibrium is established 
in the system and no further adsorption of As(III) occurs. 
Similar equilibrium time for As(III) adsorption by α-Fe2O3 
impregnated chitosan beads has been reported by Liu et al. 
[41]. It is obvious from the figure that the adsorption curves 
of arsenite are smooth and continuous leading to saturation, 
suggesting the probability of monolayer coverage of the 
surface. 

Temperature has a significant effect on the kinetics of 
arsenite adsorption onto Fe-UT, and the uptake of arse-
nite decreases with the rise of temperature from 298–318 K 
(Fig. 5(a)). The decrease in arsenite adsorption with increase in 
temperature indicates that the adsorption process is exother-
mic. However, the equilibrium time for the arsenite adsorp-
tion remained the same with an increase in temperature and 
thus is independent of temperature. Similar behavior of arse-
nite adsorption has been reported by Ranjan et al. [42].

3.3. Kinetic modeling

In order to explain the kinetics mechanism for the As(III) 
adsorption on Fe-UT, different kinetics models such as 
pseudo-first order, pseudo-second order, Elovich, Weber and 
Morris, and Richenberg models were applied to the current 
data.

3.3.1. Pseudo-first order and pseudo-second order model

The linear form of pseudo-first order kinetic model is 
given as:

ln( )X X ln X k te t e− = − 1  (5) 

where Xt is the amount adsorbed at time t, Xe is the amount 
adsorbed at equilibrium time and k1 is the rate constant. By 
plotting ln (Xe – Xt) vs. t, straight lines were obtained and are 
shown in Fig. 5(b). The amount adsorbed (Xe) and rate con-
stant (k1) were calculated from intercepts and slopes of the 
plots and are summarized in Table 2. The pseudo-first order 
model failed to explain the current data due to the poor R2 

values and difference between experimental and theoretical 
values. Similar results have been reported by Mahmood et al. 
[43] for arsenate adsorption onto iron hydroxide.
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The pseudo-second order kinetic model in its linear form 
is given as:

t
X k X X

t
t e e

= +
1 1

2
2  (6)

where Xe and Xt are the amount of arsenite adsorbed at equi-
librium and at time t, respectively, and k2 is the pseudo-second 
order rate constant. A straight line was obtained from the 
plot of t/Xt vs. t with R2 > 0.99 (Fig. 5(c)). The values of rate 
constant (k2) and amount adsorbed (Xe) were calculated from 
intercept and slope, respectively (Table 2). The amount of 
As(III) adsorbed (Xe) calculated theoretically from the pseu-
do-second order model is comparable in magnitude with its 
experimental value. This suggests that the current experi-
mental data follow the pseudo-second order model. A similar 
decrease in the rate constant values with increase in tempera-
ture has been reported by Ranjan et al. [42] for biosorption of 
arsenite using agricultural residue rice polish.

Both the k2 and Xe values decrease with increase in tem-
perature, which indicates the exothermic nature of the 

process. The application of the pseudo-second order equa-
tion suggests that chemisorption is the possible route of 
As(III) adsorption onto Fe-UT.

3.3.2. Elovich model

The Elovich equation can be written in the following 
form:

X = +
ln( )αβ

β β
lnt

 (7)

where α and β are constants representing the rate of 
chemisorption at zero coverage and the extent of surface 
coverage and activation energy for chemisorption. These 
constants were calculated from the intercept and slope of the 
plots of X vs. ln t (Fig. 5(d)) which showed good linear rela-
tionships with R2 values greater than 0.9 at all temperatures 
and are represented in Table 3. This suggests that the adsorp-
tion of As(III) onto Fe-UT followed the pseudo-second order 
kinetic model based on the assumption that chemisorption 
may be the rate determining step.

Fig. 5. (a) Effect of contact time, Plots of (b) Pseudo first order, (c) Pseudo second order and (d) Elovich model for As(III) adsorption 
onto Fe-UT at pH 8.
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3.3.3. Weber and Morris model

The Weber–Morris model was applied to the kinetic 
data to explore the possibility of intraparticle diffusion as 
the rate limiting step. It is an empirical equation and can be 
mathematically written as:

X k t Cid= +0 5.  (8)

where C is the intercept, a constant representing boundary 
layer effect and Kid (mol g–1 min–0.5) is the intraparticle diffu-
sion rate constant obtained from the slope of plots of X vs. 
t0.5 (Fig. 6(a)). The values of Kid at different temperatures are 
given in Table 3.

The larger the value of C, the greater is the boundary layer 
effect. If the plot of X vs. t0.5 is linear and passes through the 
origin with no intercept, intraparticle diffusion is the rate 
determining step. In the present study, linear plots of X vs. t0.5 
do not pass through the origin, which means that intraparticle 
diffusion is not the only rate determining step. The adsorp-
tion process may be controlled by more than one mechanism 
with the initial curved portions of the plots (Fig. 6(a)) suggest-
ing film diffusion (boundary layer) and the linear portions 
representing intraparticle diffusion. The present findings are 
in agreement with the data reported in literature [32].

3.3.4. Richenberg model

The Richenberg model which differentiates between film 
and intraparticle diffusion is given as follows:

F
m

m B
m t= − −∑1 6 1

2

1

2
2

π
exp( )  (9)

where F is the fractional attainment of equilibrium at time t, 
and is obtained by the following expression:

Table 2
Pseudo first and second order parameters for As(III) adsorption onto Fe-UT at pH 8 and different temperatures

Pseudo-first order Pseudo-second order
Temperature (K) Experimental 

Xe × 105 (mol g–1)
Theoretical 
Xe × 105 (mol g–1)

k1 × 103 

(min–1)
R2 Theoretical 

Xe × 105 (mol g–1)
k2 × 10-3 
(g min–1mol–1)

R2

298 4.08 3.73 12.5 0.93 4.36 0.69 0.99
308 3.55 3.35 12.5 0.95 3.83 0.68 0.99
318 3.19 2.89 11.5 0.93 3.49 0.66 0.99

Table 3
Weber Morris and Elovich model parameters for As(III) adsorption onto Fe-UT at pH 8 and different temperatures

Weber–Morris model Elovich model
Temperature (K) Kid × 106 (mol g–1 min–0.5) C R2 β × 105 (g mol–1) α × 10–5 (mol g–1 min–1) R2

298 1.96 1.34 0.78 0.82 1.04 0.94
308 1.90 1.04 0.77 0.78 0.74 0.95
318 1.88 0.62 0.85 0.76 0.49 0.98

Fig. 6. (a) Weber Morris and (b) Richenberg plots for As(III) 
adsorption onto Fe-UT.
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F
X
X
t

e

=  (10) 

Bt is a mathematical function of X which can be evaluated 
from the equation given below:

F values < 0.85

B Ft = − −0 4977 1. ln( )−  (11)

and for
F values > 0.85

Bt = − −( )π π
π2

2

3
F

 (12)

The plots of Bt vs. t at different temperatures are shown in 
Fig. 6(b). If a plot of Bt vs. t is linear passing through the ori-
gin, then the rate determining step is particle diffusion, oth-
erwise, it is followed by film diffusion. In the present study, 
the plots are straight lines, but do not pass through the ori-
gin. Hence, it is concluded that film diffusion is the main rate 
limiting step for the adsorption of arsenite by Fe-UT.

3.4. Equilibrium adsorption studies

3.4.1. Effect of arsenite concentration and temperature

The effect of arsenite concentration on its adsorption 
onto UT and Fe-UT at 298 K is given in Fig. 7(a). An increase 
in arsenite concentration led to increase in the adsorption 
capacities (mol g–1) which may be due to the availability 
of more arsenite ions in solution. The probability of colli-
sion between arsenite ions and adsorbent increases, which 
results in the increased adsorption. Arsenite adsorption by 
Fe-UT (4.46 × 10–5 mol g–1) is almost three times greater than 
UT (1.43 × 10–5 mol g–1). The higher adsorption capacity of 
Fe-UT as compared with UT can be attributed to the higher 
affinity of iron oxide for As(III).

Arsenite adsorption onto Fe-UT was studied at 298–328 K. 
It is obvious from Fig. 7(b) that temperature has a significant 
effect on the As(III) adsorption by Fe-UT. The uptake of arse-
nite onto Fe-UT was found to be maximum at 298 K and min-
imum at 328 K. The decrease in adsorption of arsenite onto 
Fe-UT indicates that the adsorption phenomenon is exother-
mic in nature. By increasing temperature, the attractive forces 
between adsorbent surface and metal ions are weakened and 
therefore adsorption decreases. Similar temperature effect 
has been reported by others [44,45].

3.4.2. Effect of pH

The pH is usually an essential factor affecting the adsorp-
tion process as it influences the surface charge of the adsor-
bent. The pH studies for As(III) adsorption onto Fe-UT were 
carried out in the range 3–12 at 298 K (Fig. 8(a)). The pH has 
a little effect on As(III) adsorption and maximum adsorption 
is observed at pH 7 and 8 that is in good agreement with 
a WHO acceptable pH range of potable water (6.5–8.5). 

Keeping in view the normal pH range of potable water, pH 8 
was selected for further studies. This adsorption behavior of 
arsenite at different pH may be due to different oxyanionic 
forms of As(III). As, As(III) exists in non-ionic (H3AsO3) form 
below pH 7 and weak van der Waals forces most probably 
exist between H3AsO3 and the surface of adsorbent. But as 
the pH approaches 7, a small percentage of H3AsO3 dissoci-
ates into anionic species (H2AsO3

– and HAsO3
2–) and higher 

arsenic uptake by adsorbent (Fe-UT) is expected due to more 
specific binding [46]. Maximum adsorption for As(III) at pH 
8 has been reported by Bibi et al. [8] for potato peel and rice 
husk, Vieira et al. [47] for iron-coated seaweeds and Kocabas 
and Yurum [48] for ferric ion loaded red mud. However, fur-
ther increase in pH adsorption decreases. The decrease in 
As(III) adsorption at pH 9–12 may be due to the electrostatic 
repulsions between H2AsO3

– and HAsO3
2– and the negatively 

charged surface. Another reason for reduced adsorption may 
be the competition between hydroxyl ions and arsenite anions 
for the same sites on the adsorbent surface [32,49]. Usually, 
the pH increase (beyond the pH PZC of an adsorbent, in this 
case 6.3) causes a lower adsorption of negative adsorbates, 

Fig. 7. (a) Effect of As(III) concentration onto UT and Fe-UT 
and (b) Effect of temperature on As(III) adsorption onto Fe-UT 
at pH 8.
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due to the creation of a negative charge on the solid surface. 
This type of pattern has not been observed here for As(III). 
This means that the electrostatic attraction is not the pre-
dominant As(III) uptake mechanism and specific adsorption 
on iron sites is based on the formation of monodentate and 
bidentate species.

3.4.3. Mechanism of arsenic adsorption on Fe-UT

It is suggested that Fe(III) is adsorbed on UT by releas-
ing protons from the cellulose unit according to a cation 
exchange mechanism. Treatment with iron results in the 
production of adsorption sites of magnetite particles on 
the exterior surface of adsorbent. The adsorbed iron will 
coordinate with hydroxyl ions and neutral water molecules 
that are available in the aqueous medium. The adsorption 
of arsenite on Fe-UT may be termed as a ligand exchange 
mechanism. Ligands involved in such exchange processes 
may be hydroxyl ions or neutral water molecules existing 
in the Fe-coordinated sphere. Thus, the adsorption of arse-
nite may take place by releasing a hydroxyl anion or neutral 
water molecules from its coordinated sphere and hence the 
following mechanism may be responsible for the adsorption 
of arsenite anions:

≡ + ≡ +→FeOH H AsO FeH AsO H O3 3 2 3 2  (13)

≡   + ≡ +→2 23 3 3 2FeOH H AsO FeHAsO Fe H O  (14)

≡ + ≡ +→− −FeOH H AsO FeHAsO H O2 3 3 2  (15)

≡   + ≡ + +→− − +2 22 3 3FeOH H AsO FeHAsO Fe HO H  (16)

where ≡ FeOH refers to the solid surface of Fe-UT. Eqs. (13) 
and (15) represent adsorption of arsenite on the surface of 
Fe-UT through monodentate ligand exchange and Eqs. (14) 
and (16) represent bidentate ligand exchange with hydroxyl 
groups.

As(III) removal at pH > 7 is due to the contribution of 
monovalent arsenite anion whose distribution is significant 
at this pH (Eqs. (13) and (14)). Whereas arsenite adsorption 
taking place at pH < 7 is due to the adsorption of neutral arse-
nite molecules accompanied by the release of water molecules 
according to the reaction mechanism (Eqs. (15) and (16)).

This mechanism is confirmed by its high value of free 
energy (E), that is, 10 kJ mol–1 obtained from Dubinin–
Radushkevich (D–R) isotherm that showed reaction is 
chemisorption in nature. The mechanism is further aug-
mented by the fact that the pH of the solution had increased 
or almost no change had taken place after arsenic adsorp-
tion. Similar mechanism has also been suggested by Vieira 
et al. [47] for arsenic removal by iron coated sea weed and 
Biswas et al. [50] for the removal of As(III) using Zr(IV) 
loaded orange waste.

It is important to mention here that no release of Fe from 
Fe-UT was detected in the pH range 2–12 in the absence of 
As(III). However, in the presence of arsenite, a slight release 
of iron atoms from the Fe-UT was observed (Fig. 8(b)) in the 
pH range 2–3 and 10–12. The release of iron in the presence 
of As(III) indicates that the arsenite anion is dragging iron 
from the Fe-UT to form complexes in the aqueous phase. 
The maximum arsenite adsorption in the pH range 7–8 may, 
therefore, also be correlated with the stability of Fe-UT as no 
release of iron from Fe-UT was observed in this pH range.

3.5. Adsorption models

3.5.1. Langmuir model

The Langmuir model provides useful information 
regarding the maximum adsorption capacity in the form of 
monolayer coverage. The linear form of the conventional 
Langmuir equation may be written as follows:

C Ce

X K X Xb m

e

m

= +
1

 (17) 

where Ce and X are the amounts of arsenic in solution and 
at the solid surface, respectively. The values of maximum 
adsorption capacity (Xm) obtained from Langmuir isotherms 
(Fig. 9(a)) are comparable with the experimental values 
(Table 4). The values of binding energy constant (Kb) are 

a 

Fig. 8. (a) pH effect on arsenite adsorption onto Fe-UT (b) Release 
of iron from Fe-UT and As(III) adsorption at different pH.
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sufficiently high, indicating that strong binding forces are 
involved in the adsorption of arsenite onto Fe-UT. The values 
of Xm and Kb decrease with the rise of temperature (298–328 K), 
which indicate that the process of adsorption is exother-
mic in nature. This further augments the observation made 
in the adsorption isotherm (Fig. 9(a)) where the adsorption 
was found to decrease with increase in temperature. Similar 
decreasing trend for Xm and Kb values with increase in tem-
perature was reported by Ranjan et al. [42].

The feasibility of the adsorption can be predicted in terms 
of dimensionless constant (RL), defined by the following 
expression 

RL =
+

1
1 K Cb i

 (18)

where Kb is the Langmuir binding constant and Ci is the initial 
concentration of arsenite.

RL > 1 unfavorable, RL = 0 irreversible, RL = 1 linear, 
0 < RL < 1 favorable [14].

The RL values for As(III) adsorption onto Fe-UT are lesser 
than unity and greater than zero at all temperatures and con-
centrations (Table 5), suggesting favorable adsorption pro-
cess. The RL values decrease with increase in concentration of 
As(III) but increase with rise in temperature indicating that 
As(III) adsorption onto Fe-UT is more favorable at higher 
concentrations and lower temperature. 

3.5.2. Dubinin–Radushkevich model

The D–R model which is used to determine the energy of 
adsorption as well as to differentiate between chemisorption 
and physisorption is given in its linear form as:

ln lnX X Km= − ε2  (19)

where Xm (molg-1) is a D–R adsorption capacity and is given 
as follows:

ε = +








RTln[ ]1 1

Ce
 (20)

The plots of ln X vs. ε2 at different temperatures (Fig. 9(b)) 
gave a linear relationship with R2 > 0.97 for As(III) adsorption 
onto Fe-UT. The Xm and K values calculated from the slope and 

Table 4
Langmuir, D–R and thermodynamics parameters for As(III) adsorption onto Fe-UT at pH 8 and different temperatures

Langmuir parameters D–R parameters Thermodynamics parameters
Temperature 
(K)

Xm × 105 
(mol g-1)

Kb 

(L mol–1)
R2 Xm × 104 

(mol g–1)
K × 10–9 E 

(kJ mol–1)
R2 ΔG 

(kJ mol–1)
ΔH 
(kJ mol–1)

ΔS 
(J K–1 mol–1)

298 5.49 12,197 0.99 3.48 –5 10 0.97 –32.24
308 5.04 9,464 0.98 3.42 –5 10 0.96 –33.34 –12 108
318 4.58 7,827 0.98 2.06 –4 11 0.92 –34.40
328 3.91 6,980 0.97 1.34 –4 11 0.98 –35.48

Fig. 9. Plots of (a) Langmuir model, (b) D-R model and (c) Van’t 
Hoff for adsorption of As(III) onto Fe-UT.
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intercept of the plots are given in Table 4. The adsorption energy 
was calculated from the following mathematical expression:

E
K

=
−

1
2

 (21) 

The values of the adsorption energy (E) in the range 
8–16 kJ mol–1 indicate chemisorption (ion exchange mecha-
nism) while E values below 8 kJ mol–1 represent physisorp-
tion [2]. In the present study, adsorption energy was found 
to be 10 kJ mol–1, which indicates that anion exchange mech-
anism is responsible for the adsorption of arsenite onto the 
surface of Fe-UT.

3.6. Comparison of adsorption capacity

The direct comparison of the adsorption capacity of 
Fe-UT with other adsorbents is challenging due to dif-
ferences in experimental conditions which are consider-
ably counted for the variation of the adsorption capacities. 
However, for the sake of comparison, the values of maximum 
adsorption capacity (Xm) collected from the literature for 
various adsorbents under the same conditions and the one 
observed for the iron impregnated used tea in the present 
study are considered. The comparison of adsorption capacity 
indicates that the adsorption capacity (3.34 mg g–1) of Fe-UT 
is greater in magnitude than the adsorbents previously stud-
ied [5,14,51–53]. Hence, Fe-UT is a promising material for the 
removal of As(III) under the prescribed conditions as com-
pared with other adsorbents.

3.7. Thermodynamic parameters 

The changes in enthalpy (ΔH), entropy (ΔS) and Gibbs free 
energy (ΔG) for the adsorption of As(III) on Fe-UT at different 
temperatures were determined using the following equations:

lnK
RT Rc = − +
∆ ∆H S

 (22)

∆ ∆ ∆G H T S= −  (23)

where Kc is the equilibrium constant. The ΔH and ΔS values 
were calculated from the slope and intercept, respectively, of 
the plot of ln Kc vs. T–1 (Fig. 9(c)) and are given in Table 4.

The negative ΔH value suggested the exothermic nature 
of the adsorption process as reported by Kundu and Gupta 
[45] for iron oxide coated cement. As can be seen from 
Table 3, the decrease in ΔG value with rise of temperature 
shows that the feasibility of adsorption decreases with the 
rise of temperature, which confirms the exothermic nature of 
the adsorption process [45]. The negative ΔG and positive ΔS 
values confirm the feasibility and spontaneity of the adsorp-
tion process. Furthermore, the positive ΔS value showed 
increasing randomness during the adsorption of As(III) on 
Fe-UT and also reflected the randomness at the solid/liquid 
interface during arsenite adsorption onto Fe-UT.

4. Conclusions

From the overall discussion, it is concluded that UT proved 
to be an inefficient adsorbent for the removal of arsenite from 
aqueous solutions. The impregnation of the UT by iron oxide 
resulted in an increase in the adsorption capacity of the resul-
tant Fe-UT. The adsorption capacity of Fe-UT was almost three 
times of UT. The slight release of iron in the pH range 2–3 and 
10–12 indicated that the arsenite anion is dragging iron from 
the Fe-UT to form complexes in the aqueous phase. Maximum 
adsorption of As(III) in the pH range 7–8 may be correlated 
with the stability of Fe-UT as no release of iron from Fe-UT 
was observed in this pH range. In the present study, adsorp-
tion energy was found to be 10 kJ mol–1, which indicates that 
anion exchange mechanism is responsible for the adsorption 
of arsenite onto the surface of Fe-UT. Thermodynamics stud-
ies showed that the adsorption of As(III) onto Fe-UT is exo-
thermic and spontaneous in nature. Hence the present study 
demonstrated that Fe-UT is a viable material for the treatment 
of arsenic containing aqueous solution.
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