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a b s t r a c t
Batch and fixed-bed column studies were carried out to investigate the potential of an economic 
and eco-friendly adsorbent (iron impregnated Azadirachta indica roots (AIR)), for the remediation of 
arsenate. Maximum adsorption of 96.811% (qe,exp = 10.586 μg/g) was obtained at an initial arsenate 
concentration of 100 μg/L, pH of 6.0, adsorbent dose of 1 g/L and contact time of 30 min. The pres-
ence of co-existing anions like PO4

3–, SiO3
2– decreases the adsorption capacity whereas cation does 

not have any effect on the same. Kinetics, isotherms, and thermodynamic studies were also con-
ducted for understating the adsorption process in a better way. The adsorption data fitted best in the 
Langmuir model (R2 = 0.9918 and qmax = 29.82 μg/g), which reveals the removal takes place as mono-
layer adsorption with homogenous energy levels. Adsorption kinetics study reveals that the pseudo-
second-order kinetics (R2 = 0.9966, qe = 10.2832) controls the adsorption process. Thermodynamics 
studies show exothermic and spontaneous adsorption of arsenate on Fe-AIR. In fixed-bed column 
operations, effects of various operating parameters like bed height, the influent concentration of 
As(V), flow rate, column diameter were investigated to evaluate the removal efficiency. At optimum 
experimental conditions (Ci = 1,000 μg/L, bed height = 9 cm, flow rate = 3 mL/min, column diame-
ter = 3 cm and pH 7.0), maximum uptake (qe = 93.3 μg/g) with maximum breakthrough (450 min) was 
achieved. Breakthrough curves were used to analyze the effect of operating parameters on adsorp-
tion. Thomas model was used to determine the saturated concentration and the Yoon–Nelson model 
was applied to determine the required time for 50% adsorbate breakthrough. The present system 
developed for arsenate remediation is rapid, economic, and reproducible and can be applied to any 
resource of arsenic-contaminated water. The Fe-AIR fixed column can be regenerated and reused 
many times. The adsorption capacity decreases to 31.5% after 5 cycles.
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1. Introduction

Arsenic in drinking water is considered as a potential 
threat to human health. It is ranked as the number one 
carcinogenic substance and listed as number five among 
potentially toxic elements according to the Comprehensive 
Environmental Response, Compensation, and Liability act 
act [1]. More than 70 countries, including the United States, 

Southeast Asian countries, China, Hungary, Chile, etc. were 
affected by arsenic contamination [2]. Due to highly toxic 
nature towards human health, the maximum allowable 
Arsenic concentration in drinking water has been reduced 
to 10 from 50  μg/L by the World Health Organization 
(WHO) [3]. Under different redox situations and pH, arse-
nic is present in various oxidation states (–3, 0, 3, and 5) in 
the aquatic system and its chemistry is complicated. Under 
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oxidizing conditions and in the pH range of 5–7, As(V) is 
dominating species in the form of HAsO4

–2, HAsO4
–1, and 

HAsO4 while under mild reducing conditions, As(III) pre-
dominates and exists as H3AsO3

–2, H3AsO3
–1, or H3AsO3 [4]. 

In human bodies, Arsenate readily reduces to arsenite at 
low dosages. It is important to treat the total arsenic rather 
than the distribution of arsenate and arsenite from the 
contaminated water [5]. Only the conversion of arsenite to 
arsenate does not reduce arsenic toxicity. Thus it is neces-
sary to develop efficient As(V) removal technologies after 
pre-oxidation of contaminated water. There are various 
methods including coagulation and flocculation, membrane 
filtration, ion exchange, electrochemical precipitation, and 
adsorption were proposed for the Arsenic remediation from 
drinking water [6]. It has been reported that along with 
technical barriers, economic hurdles are also very promi-
nent in arsenic remediation as arsenic-containing ground-
water mostly found in developing countries. Therefore, 
cheaper and technically good methods are required for 
the treatment of arsenic-contaminated water. Out of the 
mentioned methods, electrochemical precipitation has the 
problem of disposal of waste, membrane filtration, and ion 
exchange technique are less cost-efficient methods [7]. The 
wide use of the adsorption process is in comparison to other 
arsenic remediation techniques is due to its simplicity in 
operation, low cost of operation, and availability [8].

In the recent past, the demand for biosorption and 
agro-based adsorption processes increased. This hike in 
the demand can be attributed to the fact that they are rela-
tively very cheap, their bulk abundance, easy regeneration, 
and generation of minimum sludge. Moreover, this class 
of adsorbent also tends to form the metal complex of their 
functional group with metal ions which in turn result in high 
affinity [9]. Lignin, hydrocarbons of water, hemicellulose, 
proteins, functional groups of starch are the essential com-
ponents derived from agro-waste that are responsible for 
forming a metal complex, which results in sequestering [10].

The powdered form of roots of the Azadirachta indica tree 
is a very good example of non-conventional bio-adsorbent. In 
the recent past, adsorbents synthesized from bark and leaves 
of Azadirachta indica tree draw the attention of researchers, 
due to its easy availability across the globe. 90% of As(III) 
removal at pH 5 was reported using zinc oxide nanoparticle 
entrenched on leaf extract of Azadirachta indica [11]. At 6 pH 
and 100 µg/L arsenic concentration, 79% of arsenic removal 
from the groundwater reported using modified bark pow-
der of Azadirachta indica [12]. Under optimized experimental 
conditions (0–500 µg/L, pH of 6.5), 89% of As(III) removal 
achieved using powdered bark of Azadirachta indica [13]. 
Remediation of other pollutants including Zn(II) [14], Cd(II) 
[15], Cr(VI) [16] and dyes [17] from aqueous solution also 
investigated using Azadirachta indica powder. Earlier the 
roots of water hyacinth plant (81% arsenic removal at 6.0 pH 
and 10 mg/L concentration [18], eucalyptus (94% removal at 
pH = 6.0, t  = 47.5 min, C0  = 2.75 mg/L and m  = 1.5 mg/L)), 
ribwort plantain, lichens, mosses, Chinese brake fern, 
crowberry, Tamarix and many more plants were used for 
arsenic removal still, not a single research has reported 
removal of As(V) using roots of Azadirachta indica tree.

These findings attributed to great interest in analyz-
ing the possibility for application of [19] powdered roots 

of Azadirachta indica tree in the remediation of As(V) from 
aqueous solution. Since the unmodified barks or leaves of 
Azadirachta indica tree has proven to be reasonably signifi-
cant adsorbents for the removal of As(III) and other pollut-
ants, it is essential to modify the properties of adsorbents 
to achieve better efficiencies for As(V) removal. Various 
researches show that iron and its compounds are very effec-
tive adsorbents for the remediation of arsenic from water, 
but due to their fragile nature and the high cost, they can-
not be used alone. Many Fe based adsorbents are used for 
As(III) removal [19–23] but very few such adsorbents were 
used for As(V) remediation [24,25]. In the present study, sur-
face modification of Azadirachta indica root (AIR) carbon is 
carried out using the impregnation of Fe.

The present study aimed at (i) evaluation of equilibrium 
adsorption and kinetics using iron impregnated Azadirachta 
indica carbon (new adsorbent) in batch and fixed-bed col-
umn operations, (ii) to find the optimum flow velocity, bed 
height, maximum uptake capacity through the fixed bed 
column operations to bring the Arsenic concentration in the 
prescribed domain as per WHO limits. Vast studies carried 
out where removal of Arsenic is done through different 
activated carbons using the static batch runs [26]. Very few 
experiments were conducted in the past using column-based 
dynamic operations. The novelty of the work is the per-
formance evaluation of Azadirachta indica roots derived 
activated carbon, followed by its impregnation using iron 
metal. The column experiment which was performed has 
direct relevance with the large scale industrial operations.

2. Materials and methods

2.1. Apparatus and reagents

Chemicals of analytical grade procured from Merck 
India limited and used without further purification. Acid 
washing of glassware followed by rinsing with double dis-
tilled water and subjected to oven drying at every stage. 
Double distilled water was used to prepare reagents. 
NaOH and HCL having molarity 0.1 were used to maintain 
the pH.

2.2. Instruments used

Agilent (Laos) inductively coupled mass spectrophoto
meter (ICPMS)-7900 used to find the concentration of arse-
nate. The pH of the sample was measured by Hanna (Rhode 
Island, United States) edge multi parameter pH meter-HI2020. 
For the study of morphology and Fe-distribution of impreg-
nated iron, Fe-ACs was fractured for exposing internal 
structure using energy-dispersive X-ray spectroscopy (EDX) 
coupled with a scanning electron microscope (Carl Zeiss 
EVO 50, Germany). On the exposed region, no further pol-
ishing was done to avoid the spoliation of the surface char-
acteristics of Fe-AIR. Determination of Fe-species was done 
through X-ray diffraction (XRD) analysis by using Bruker 
D8 focus (United States) X-ray diffractometer having Cu-Kα 
X-radiation source and λ  =  1.5418  Å. Brunauer–Emmett–
Teller (BET) multipoint technique (Autosorb iQ) was used to 
evaluate the surface area of impregnated and non-impreg-
nated AIR at 77 K.
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2.3. Preparation of arsenic(V) solution

Sodium arsenate (NaHAsO4·7H2O) used to prepare the 
stock solution of arsenate. Then after, by the dilution of stock 
solution, required concentrations were obtained. NaOH or 
H2SO4 solution used to control the pH.

2.4. Collection and preparation of adsorbent

The adsorbents which are used in the present work is 
activated carbon derived from roots of Azadirachta indica 
(Neem) tree, which are further modified by the impregna-
tion procedure with iron salt. The alteration in the structure 
of pore of activated carbon and enhancement in its surface 
area is achieved by the impregnation process [27]. More 
quantity of iron was preferred in the Iron impregnation as 
the active phase is recognized by the impregnated Iron 
which is responsible for enhancing adsorption capacity [28].

AIR was purchased from a local timber house. Repeated 
washing of roots with distilled water was done to remove 
dust and other impurities, followed by oven drying at 
65°C for 30–36 h. After the removal of moisture, the roots 
were grounded to obtain powder form. The product thus 
obtained was sieved. The dried mixture was placed in a 
muffle furnace at 750°C for 6  h. Washing of the product 
(activated carbon) thus produced was done with distilled 
water [29]. The washed activated carbon was dried in a hot 
air oven at 90°C for 6 h. Desiccators are used to store pro-
duced activated carbon.

2.4.1. Iron impregnation on the adsorbent

The iron salt solution which is used in the current study 
for the impregnation, of the activated carbon was obtained 
by dissolving the ferrous chloride salt in the distilled water. 
The impregnation method involving thermochemical reac-
tions by ferrous chloride solution was used to coat the acti-
vated carbon. The pH of the slurry was maintained at 8 by 
use of NaOH that enhances the negative charge abundance 
of activated carbon which in turn enhances the impregna-
tion process [30]. Fifty grams of AC was added to a 500 mL 
glass beaker filled with a 0.5  M FeCl2 solution. To prevent 
precipitation and ferrous oxidation, no headspace was pro-
vided. A magnetic stirrer was used for through stirring of 
AC in the ferrous salt solution. The suspension tempera-
ture was controlled and maintained at 70°C. After stirring 
24 h, the suspension was collected and filtered by using fil-
ter paper. Oven drying at 100°C for 6 h was done to obtain 
the required solid phase. After complete drying of the solid 
phase, the product was cooled and washed thoroughly until 
a clear supernatant was obtained. Post-treatment of the thus 
obtained product with 1 N NaOH provides the stabilization 
step in the development of the iron impregnated activated 
carbon [31].

2.5. Experimental setup

2.5.1. Batch experiments

In the batch experiments, different parameters like time 
of contact (15–75  min), a dose of adsorbent (0.25–1.25  g), 
pH (2–10), initial As(V) concentration (50–250 µ g/L) and 

operating temperature (313–328 K) were studied to analyze 
their effects on As(V) adsorption. In the experimental pro-
cedure, a known quantity of Fe-AIR was added to a 250 mL 
Erlenmeyer flask filled with a 100  mL solution of sodium 
arsenate (NaHAsO4·7H2O), after pH adjustment. The mag-
netic stirring of the suspension, thus formed was done till 
the equilibrium conditions were achieved. After stirring, 
the suspension was allowed to settle down and filtered 
using a 0.22 μm syringe filter. The obtained filtrate was col-
lected, and the arsenic concentrations were recorded using 
ICPMS. The following equation [32] was used to calculate 
adsorption (removal) efficiency:

Adsorption removal  efficiency ( ) =
−

×
( )C C
C
i e

i

100 	 (1)

where Ci and Ce are the arsenate concentration before and 
after treatment in the sample solution.

At equilibrium, the As(V) uptake capacity of Fe-AIR was 
estimated by the following equation [33]:

q
C C
M

Ve
i euptake capacity( ) = −

×
( )

	 (2)

where M is the mass of the adsorbent and V is the volume of 
the solution.

The effect of co-existing ions on the adsorption of As(V) 
was observed at room temperature. The As(V) solution was 
further spiked with the salts of competing ion, including 
phosphate (PO4

3–), sulfate (SO4
2–), silicate (SiO3

2–), and nitrate 
(NO3

–). At optimum pH and adsorbent dose, the co-existing 
ion salt solutions were added to 100  ml Erlenmeyer flask, 
which was already filled with As(V) solution. The sus-
pension thus obtained was subjected to stirring for 10  h. 
The suspension was filtered through a syringe filter and 
the resulting concentration was observed as before.

2.5.2. Column experiments

Two experimental setups were constructed for analyz-
ing the adsorptive behavior of As(V) in packed bed reac-
tors. The D.I water spiked with 100 µ g/L As(V) at pH of 
6 was circulated through the empty column to test the 
As(V) adsorption in constituents of setup (tubing and col-
umn). A little adsorption in the column at the very initial 
stage was observed, which was vanished off after 3 h, and 
no adsorption was observed in tubes. Each experimental 
setup comprise of heat resistant borosilicate glass column 
(Reactor 1: I.D = 2 cm; H = 30 cm and Reactor 2: I.D = 3 cm; 
H = 30 cm). Both columns were rinsed using 15% nitric acid 
followed by washing with deionized water at 6 pH for 8 h. 
Then after, Fe-AIR adsorbent was loaded into the columns. 
To obtain different bed heights (3, 6, and 9  cm), varying 
amounts of Fe-AIR (4.17, 10.98, and 17.81 g) were used to 
pack the column. Layers of glass wool (1  cm) at the ends 
were used to avoid floating. After loading is done, As(V) 
spiked water was circulated into the columns by peristal-
tic pumps with different flow rates (3, 6, and 9  mL/min). 
The effluents from the column were collected through 
the weir. Adjustment of optimum pH was done to ensure 
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the maximum Arsenic uptake for desired concentration 
and pumped in down-flow mode was used to maintain 
the desired flow rate. When the concentration of effluent 
exceeds the value of 99% initial arsenic concentration, the 
operation was stopped. The hydraulic head of 6 inches was 
maintained. All samples were collected and refrigerated 
until their analysis.

Under identical conditions, the blank control test was 
performed. The amount of As(V) lost during the test was 
subtracted from the experimental results. All the experiments 
were performed in triplicate at room 25°C (room tempera-
ture). The average experimental values were reported, and 
the standard deviation was represented using error bars. 
The relative experimental error was within ±5%.

3. Result and discussion

3.1. Characterization

The scanning electron microscopy (SEM) images (25 kV; 
20 µm) of uncarbonized AIR and Fe-AIR at 5000 magnifica-
tion are shown in Figs. 1 and 2, respectively. SEM images 
of virgin AIR show smooth and non-porous morphology 
whereas, SEM image of Fe-AIR reveals the presence of 
rough, porous, heterogenous, and non-uniform surface. The 
cavities and heterogeneity of adsorbent support the high 
adsorption capacity[34]. EDX determined the presence of Fe 
and Cl, which are known to be good binding agents [35].

The BET surface areas, pore-volume, and pore width of 
Fe-AIR and virgin AIR are given in Table 2. A reduction in 

Fig. 2. SEM micrograph and EDX image of Fe-AIR.

Fig. 1. SEM micrograph and EDX image of AIR.



G.M. Sawood, S.K. Gupta / Desalination and Water Treatment 203 (2020) 292–308296

the surface area of Fe-AIR was observed when compared 
to the surface area of virgin AC. This reduction in surface 
area can be attributed to the awning of the AIR surface 
during the impregnation process by iron oxide particles 
[36]. The pore volume and pore width also decrease in the 
same fashion as that of BET surface areas from virgin AC to 
Fe-AC [37]. The pore width of the Fe-AIR lies in the range 
of 5–15  Å, which suggests the microporous nature of the 
adsorbent used in the present study.

Fig. 3 shows the XRD pattern of virgin AIR and Fe-AIR. 
The XRD plot analysis revealed that the basic structure of 
AIR carbon is amorphous. Broder peaks were obtained in a 
2θ range of 10°–35°. The peaks of Fe-AIR can be attributed 
to oxides of iron [38]. The marked peaks of the Fe-AIR plot 
show the face-cantered cubic structure of Fe(II) oxide.

Comparing d values and plot pattern of Fe-AIR with 
magnetite, it was observed that the peaks of the plots cor-
respond to magnetite which was adsorbed on to the surface 
of Fe-AIR. No peak corresponds to any other form of Fe was 
observed. Crystalline nature of adsorbent results from the 
loading of iron. The absence of a sharp peak in the remain-
ing part of the plot shows porosity and amorphous nature. 
The appreciable adsorption capacity of Fe-AIR towards 
arsenic is due to the crystalline, amorphous structure [39].

The electronic state and elemental composition of Fe-AIR 
in the present study were determined by X-ray photoelec-
tron spectroscopy (XPS) scan. The distribution of the ele-
ments on the Fe-AIR was analyzed using the survey scan. 
Then the concentration of C, O, N, and Fe in the Fe-AIR 
were measured using utility scans. Fig. 4 shows various 
positions of peaks of Fe, C, O, and N determined by XPS 
scan of Fe-AIR. From Fig. 4, it can be seen that the carbon-1s 
peak was detected at 224.0 eV. The N-1s peak of Fe-AIR was 
observed at 342.0 eV, which may be due to R-NH2 (amino) 
groups in AIR carbon [40]. Strong Fe peaks were observed 
which can be attributed to effective impregnation of Fe 
on to AIR. A primary band of Fe at 681.0 eV was observed 
along with its secondary band at 723.0 eV. The Satellite band 
of Fe at 698.0  eV can be due to the oxidation state of Fe3+ 
[41]. The presence of Fe3+ in Fe-AIR the sample reveals that  
iron(III) oxide, iron(III) oxide, or residual iron(III) chloride 
was present on the surface of the sample [42]. No zero-valent 
Fe was observed on to the Fe-AIR surface in the Fe-2p spectra.

3.2. Batch operations results

3.2.1. Effect of initial arsenate concentration

The influence of initial As(V) concentration on the 
adsorption of arsenate onto Fe-AIR and AIR, in the con-
centration range of 50–250 µ g/L is shown in Fig. 5. It can 
be seen that with increasing concentration of Arsenate, the 
percentage of removal decreases for both adsorbents. In the 

Table 2
BET results of virgin AIR and Fe-AIR

Fe-AC Virgin AC

Surface area (m²/g) 358.916 631.355
Pore volume (cc/g) 0.159 0.198
Pore width (Å) 5.996 23.878

Table 1
Physiochemical properties of Fe-AIR

Analysis Value

Moisture content 11.18%
pHzpc 6.91
pHslurry 6.17
Specific gravity 0.216
Porosity 78%
Particle size 238 μm

Fig. 3. XRD pattern of Fe-AIR.
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case of Fe-AIR, removal percentage increases from 90.30% 
at 250 µg/L to 95.48% at 100 µg/L. Though the adsorption 
capacity of AIR is comparatively low, the removal percent-
age increases from 51.11% at 250 µg/L to 72.11% at 100 µg/L, 
in the same pattern as that in the case of Fe-AIR. The same 
trend was observed earlier for the adsorption of As(V) with 
varying initial concentrations [43]. At low As(V) concen-
tration, the adsorption capacity increases due to signifi-
cant interaction of As(V) ions with the active binding sites 
and, decrement at high concentration can be attributed to 
less availability of highly energized binding sites onto the 
surface of adsorbents [44]. But the amount of Arsenate 
adsorbed per unit mass of Fe-AIR increases with increasing 
arsenate concentration in the test solution. This increment 
can be attributed to reduced solute uptake from solution 
with an increase in arsenate concentration [45].

3.2.2. Effect of pH on zeta potential and As(V) adsorption

The influence of pH on the As(V) adsorption at AIR 
and Fe-AIR surface was investigated with an initial As(V) 

concentration of 100 µg/L. To each test solution, 1 g of AIR 
and Fe-AIR was added and equilibrated for 75  min, then 
after pH and As(V) uptake was recorded. Although adsorp-
tion capacity of AIR is very low, maximum As(V) adsorption 
(73%) onto AIR obtained at pH 4. The adsorption of arsenate 
is more prominent at acidic conditions. In the pH range of 
2–10, anionic behavior is exhibited by As(V) and is replaced 
by AsO4

3–, HAsO4
2– and H2AsO4

2–. Under acidic conditions, 
the surface is positively charged and the accompanying ions 
balance the positive charge. In this way, ion exchange can 
take place with anionic species that are already there in a 
test solution. [46]. It can be seen from Fig. 6 that maximum 
removal is achieved at pH 5.0–6.0. The isoelectric point (IEP) 
of Fe-AIR was observed at 6.3, below which Fe-AIR particles 
are positively charged. The optimum removal of 96.811% 
(17.7 µg/g) by the Fe-AIR was achieved at a pH of 6.0, which 
is very close to the IEP point. The following equation will 
give the surface reaction:

≡ − + → ≡+ +Fe OH  H  FeOH2 	 (3)

Fig. 4. XPS scans for Fe-AIR.
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≡ − → ≡ − +− +Fe OH  Fe O  H 	 (4)

It can be seen from Fig. 7 that the zeta potential values 
decrease with increasing pH. This can be attributed to dec-
rement in negative charge on to the surface with increas-
ing pH values. The decrease in negative charge species of 
As (H2AsO4

2− and HAsO4
−) is due to the dominance over the 

adsorption mechanism by electrostatic repulsive forces 
[47]. After adsorption of As(V) on Fe-AIR, the value of zeta 
potential decreases. The reason behind this decrement may 
be the adsorption process resulting from chemisorption 
and electrostatic attraction (due to inner and outer surface 
complexation). The final pH of the suspension was lower 
than the initial pH when the pHs values are greater than 
6. This trend can be attributed to the liberation of H+ ions 
by Fe-AIR and adsorption of OH– ions on to the surface at 
high pHs [48].

There exists one more factor which depends on pH and 
influences the arsenate adsorption efficiency: pHpzc (point of 
zero charge) of the adsorbent. The surface charges are more 
active in acidic conditions which result in a more positive 
surface charge of Fe-AIR, and hence the attraction towards 
arsenate is more. The charge on to the surface gets nega-
tive when the value of pH exceeds the point of zero charge 
value due to electrostatic effect (repulsive) and hence the 

adsorption capacity of Fe-AIR towards arsenate reduces 
under basic conditions. The influence of pH on adsorption 
capacity reported at 5–6  pH values shows the maximum 
adsorption as these values are less than the point of zero 
charge (6.9).

3.2.3. Effect of adsorbent dose

The effect of the dose of AIR and Fe-AIR on adsorption 
of As(V) is illustrated in Fig. 8. The adsorption experiment 
carried out at an optimum pH of 6 and 100 µ g/L initial 
As(V) concentration. The percentage removal of As(V) was 
increased from 19.725% to 95.88% as the dose of Fe-AIR 
increases from 0.25  to 1  g. likewise for AIR removal per
centage increases from 23.42% to 67.6% for the same dos-
ages. The increase in adsorption capacities of AIR and 
Fe-AIR may be due to an increase in surface area, which 
in turn provides a higher number of active adsorption sites 
[49]. But above a dose of 1.0 g, the removal of As(V) was 
negligible for both the adsorbents. This can be attributed 
to achieving maximum adsorption at a dose of 1.0 g, and 
hence even with further addition in adsorbent dose, the 
number of ions will remain unchanged. Similarly, 10 g/L of 
Fe loaded zeolites shows 98% As(V) removal for 100 μg/L 
of arsenate concentration [50]. Besides, percent removal 
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of As(V) increases from 20% to 92% using 25–500  mg/L 
Fe-zeolite [51]. Also, 1 g/L of Fe impregnated bamboo char-
coal yields 89% arsenate removal under controlled exper-
imental conditions [52]. More than 97% removal capacity 
using Fe-biomass carbon (1.5 g/L) was achieved for a test 
solution containing 10 mg/L of As(V) [53]. Therefore current 
study shows that a lesser amount of Fe-AIR brings down 
the As(V) concentration to the prescribed limits. The resid-
ual Fe concentrations were also measured after adsorption, 
and it was observed that at the optimum adsorbent dose the 
amount of Fe in spent Fe-AIR was 0.152  mg/L. The spent 
amount was under the maximum permissible limit of Fe 
(0.2 mg/L) in drinking water by WHO and Fe-AIR can be 
used as a safe and efficient adsorbent for arsenate removal.

3.2.4. Effect of contact time

The rate of adsorption of As(V) on AIR and Fe-AIR 
was studied in the time range of 15–75 min Fig. 9 adsorption 
of As(V) on Fe-AIR is quite rapid, with 94.747% removal of 
the initial amount within 30 min of operation, and attained 
equilibrium after approximately 60  min. This behavior is 
common for As(V) adsorption and has been reported earlier 
in the literature [40,54]. Larger concentration gradient and 

availability of higher adsorption sites attribute to the quick 
adsorption in the initial stage [54]. After 30 min, no remark-
able changes in adsorption capacity were found. Though, 
the time of contact of 75  min was chosen for maximum 
removal to take place for the sake of optimization of other 
process parameters. The adsorption capacity of Fe-AIR was 
95.887% at equilibrium (t = 60 min).

3.2.5. Influence of the coexisting ions

The results of batch experiments were analyzed by 
taking As(V) alone as the adsorbate in the test solution. 
However, in actual practice, several other ions may also be 
present in contaminated water which can affect the adsorp-
tion of As(V) ions. The influence of the presence of other 
ions including PO4

3–, SO4
2–, SiO3

2– and NO3
– on the adsorption 

capacity of Fe-AIR was investigated in a representative test. 
The percentage removal of As(V) in the absence and pres-
ence of competing ions is given in Fig. 10. It was observed 
that the adsorption capacity of As(V) on Fe-AIR reduced 
by in the presence of phosphate (PO4

3–) anions. Remarkable 
reduction in removal percentage was also observed in the 
presence of SO4

2– anions. The high interference in As(V) 
adsorption in the presence of phosphates and silicates ions 
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may be attributed to the strong adsorption of these anions 
onto the Fe oxide surface due to inner core complexation. 
PO4

3– and SiO3
2– get adsorb by Iron oxide when Complex 

on the surface is formed with a surface R–OH group [55]. 
Also, it can be concluded that phosphates and silicates ions 
possess the same chemical properties as that of arsenate in 
aqueous solution. Similar results were reported earlier for 
the removal of As(V) in test solution using the same nature 
of adsorbents [56,57].

The presence SO4
2– and NO3

– anion does not possess a 
remarkable impact on the adsorption of As(V) ions. The 
adsorption of these anions can be due to outer and inner 
surface complexation. Moreover, their binding ability with 
oxides of metals is very less when compared to arsenate 
[58]. The presence of cations does not interfere with the 
adsorption of As(V).

3.3. Equilibrium adsorption isotherm study for batch process

Isotherm study gives the relationship between the 
adsorbent and adsorbate. In the current study Langmuir, 

Freundlich, Dubinin–Radushkevich (D-R) and, Temkin iso-
therms equations were used to quantify the removal capac-
ity of Fe-AIR for the adsorption of Arsenate. Langmuir, 
Freundlich, Temkin models are very significant for chemisorp-
tion although the Langmuir and Freundlich isotherm mod-
els are equally important for physisorption. Analysis of the 
physical adsorption of gases and vapors on porous adsorbent 
is done by D-R isotherm. The assumption of the Langmuir 
model is based on the fact that adsorbate molecules are 
bound as a monolayer on to specific sites of the adsorbent 
surface [59]. Multilayer and heterogeneous adsorption on 
the adsorbent surface is given by the empirical equation 
of the Freundlich model. This model takes the assumption 
that there is an uneven allocation of adsorption sites on the 
heterogeneous surface [43]. Temkin model gives a corrected 
adsorption theory involving adsorbate–adsorbent and adsor-
bate–adsorbate interactions. In the adsorption layer, with 
an increase in coverage, there is a decrement in the heat of 
adsorption of all molecules. By taking into account, all the 
reactions in adsorbate–adsorbent and adsorbate–adsorbate 
interactions, the adsorption theory was corrected [60]. D-R 

Fig. 10. Effect of co-existing ions on the adsorption of As(V). (Experiment conditions: initial As(V) concentration 100 μg/L; adsorbent 
dosage 1.0 g/L; solution pH 6.0; agitation speed 60 rpm).

Table 3
Isotherm data for sorption of arsenate by Fe-AIR

Adsorption isotherm Equation Parameters Values R2

Langmuir isotherm 1 1 1
q q K C qe L e

= +
max max

� (5)
qmax (μg/g) 29.82393 0.9918
KL (L/μg) 0.102678

Freundlich isotherm
log loq logq K

n
Ce F e= +

1 � (6)
KF (μg/g) 2.5661 0.9899
1/n 0.5086

Temkin isotherm
q RT

b
A Ce

T
T e= +( )ln ln � (7)

AT (L/μg) 0.720396 0.9829
bT (J/mol) 324.2599
B 7.6232

D-R isotherm

ln ln lnmaxq q
E

RT
Ce
e

= +





















−

1
2

1 1
2

2

� (8)

qmax (μg/g) 20.05692 0.8728
E (J/mol) 7.8991
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isotherm uses Gaussian energy distribution over a heteroge-
neous surface to express the mechanism of adsorption. D-R 
isotherm model is temperature dependent, which is a unique 
feature on its own [61].

Various correlation coefficients and constants of four 
adsorption isotherms are evaluated and shown in Table 3. 
It can be seen from the table, the correlation coefficient for 
the Langmuir (R2 = 0.9918) model is highest among all four 
models which shows that the Langmuir model is most rel-
evant to express the equilibrium adsorption of As(V) on 
Fe-AIR. The removal takes place as monolayer adsorption 
with homogenous energy levels. Since the separation factor 
(RL) value is between 0 and 1, we can say that the adsorp-
tion process is favorable. The degree of heterogeneity is 
given by Freundlich constant (KF) and another constant n. 
A graph between log(qe) vs. log(Ce) yields the KF and 1/n 
values. The value of 1/n is coming out to be 0.5086 (1/n 
value lying between 0 and 1) which shows that adsorption 
is favorable [62]. Temkin isotherm analysis reveals that the 
value of heat of adsorption related Temkin constant (B) is 
7.6232 which is less than the typical bonding energy range 
of ion exchange process. The low R2 value for Temkin iso-
therm suggests that removal of As(V) by Fe-AIR does not 
closely follow the isotherm [63]. The E value calculated from 
the D-R isotherm model equation comes out to be smaller 
than the typical bonding energy range (8–16  kJ  g) for the 
process of ion exchange. Thus E value suggests that the 
adsorption process onto the surface of Fe-AIR may not be 
only ion exchange mechanism or chemisorption. Thus for 
adsorption of As(V) by Fe-AIR, pore filling can also be a fea-
sible process [64].

3.4. Kinetic study

The adsorption mechanism, the description of ways of 
adsorbate molecule transfer and dependency of reaction 
rate on different variables were studied using kinetics of 
adsorption. In the present study, to investigate the adsorp-
tion mechanism on Fe-AIR at pH 7, 1 g adsorbent at a con-
centration of 100 µ g/L at 298  K temperature, the pseudo-
first-order, pseudo-second-order and, intraparticle diffusion 
models were used. The assumption in the first-order model 
states that the solute withdrawal rate is proportional to the 
quantity of adsorbent withdrawal and contrast of concentra-
tion at saturation. The rate equation of pseudo-first-order is 
given by equation [65]:

log   logq q q
k

te t e) (
.

−{ } =( ) { } − 1

2 303 	 (9)

where the quantity of As(V) adsorbed after time t and at 
equilibrium (μg/g) is denoted by qt and qe respectively. k1 is 
the rate constant for first-order model.

Pseudo-second-order kinetic model assumes that the 
adsorption process is controlled by chemical adsorption. 
The rate equation of the second-order model is given by 
equation [66]:

t
q k q

t
qt e e( ) = ( )( )

+ ( )
1

2

2 	 (10)

where k2 is the rate constant for the second-order model. qt 
is the arsenate adsorbed after time t and qe is the arsenate 
adsorbed on Fe-AIR at equilibrium.

The interphase diffusion plot gives the mechanism of the 
adsorption process. The Weber–Morris intraparticle model is 
given by equation [67]:

q k t Ct = +pi
0 5. 	 (11)

where qt is arsenic adsorbed on Fe-AIR after time t, kpi is the 
intraparticle diffusion rate constant, and constant C gives the 
thickness of the boundary layer.

Different kinetic model parameters are given in Table 4. 
The determination coefficient (R2) will provide the good-
ness of fit in different models. Higher the value of R2, the 
better will be a description of the kinetics of As(V) adsorp-
tion by Fe-AIR. For the entire As(V) concentration range, 
the first-order model does not give a great fit to experi-
mental data due to the lower determination coefficient. 
Moreover, adsorption capacity at equilibrium predicted 
by the first-order model was not in good agreement with 
the experimental values of qe. Hence the pseudo-first-order 
kinetic model was not found suitable for the prediction of 
the sorption kinetics of As(V) on to Fe-AIR. According to 
the intraparticle diffusion model, the uptake plot ought to 
be linear if in the adsorption process, diffusion is twisted 
and the intraparticle diffusion model is rate-controlling step 
if the lines originate through the origin. Due to lower R2 
values, the intraparticle diffusion model failed to get fitted 

Table 4
Kinetic parameters for adsorption of arsenate by Fe-AIR

Kinetic model Equation Parameters Values R2

Pseudo-first-order log   logq q q
k

te t e) (
.

− =( ){ } { } − 1

2 303

qe 1.7155 0.9017
k1 0.001317

Pseudo-second-order
t
q k q

t
qt e e( ) = ( )( )

+ ( )
1

2

2

qe 10.2832 0.9966
k2 0.020992

Intraparticle diffusion q k t Ct = +pi
0 5. kpi 1.214 0.8815

C 5.081
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with kinetic data and suggests that the rate-controlling step 
was not intraparticle diffusion for the sorption of Arsenate 
on to Fe-AIR. Furthermore, the value of the determination 
coefficient of the pseudo-second-order model was reported 
as 0.996, which was much higher in comparison to the 
other models. Also, it was observed that the gap between 
the experimentally obtained adsorption capacity and the 
equilibrium adsorption capacity is very narrow for the var-
ious concentrations of arsenate which suggest that arsenate 
on to Fe-AIR follows pseudo-second-order kinetics.

3.5. Thermodynamic studies

Thermodynamics studies provide insight into the nature 
of the reaction (endothermic or exothermic), entropy, and 
enthalpy changes resulting from adsorption and change 
in Gibb’s energy. Thermodynamic parameters including 
change in Gibbs free energy (ΔG°), change in enthalpy 
(ΔH°), and change in entropy (ΔS°) can be evaluated using 
equations provided in Table 5 [68]. The negative value 
of ΔG° reveals that the adsorption is feasible and sponta-
neous, maybe resulting from columbic attraction. Also, 
decrement in ΔG° values with increment in temperature 
propound that adsorption of As(V) on Fe-AIR is even more 
favorable at elevated temperatures. The positive value of 
ΔH° (5.33092 × 10–3) reveals that the adsorption of As(V) on 
Fe-AIR is an endothermic process [69]. The degree of ran-
domness of the system has been defined as entropy. A posi-
tive value of entropy change confers the structural changes 
that occurred on the surface of adsorbent during the adsorp-
tion process and randomness increases in the adsorption 
system at solid-liquid interphase [70].

3.6. Column operations results

3.6.1. Effect of bed height

The bed depth of the adsorbent in the column is a key 
parameter for adsorption as segregation of metal ions is 
dependent on the amount of adsorbent inside the column. 
The influence of bed depth on breakthrough was analyzed 
by carrying out adsorption experiments in bed height rang-
ing from 3–9 cm, at optimum pH, constant influent Arsenate 
concentration (1,000 µ g/L) and, flow rate (3.0  mL/min). 
Breakthrough curves for adsorption of As(V) on Fe-AIR 
are shown in Fig. 11. The effect of bed height can be eval-
uated from the shape of the breakthrough and time needed 

to attain a breakthrough point. Larger bed heights result in 
the availability of more time for interaction of Fe-AIR with 
As(V), which in turn enhances the diffusion of As(V) ions 
into the Fe-AIR and adsorption capacity of Fe-AIR increases 
with increasing bed height [71]. Similar results showing the 
increment in exhaustion time with increasing bed height 
were reported earlier in literature [72,73].

3.6.2. Effect of flow rate

The flow rate is an important parameter that affects the 
adsorption process in a continuous flow column to a great 
extent. In the current study, the influence of flow rate on 
Arsenate adsorption by Fe-AIR was investigated by varying 
the flow rate from 3.0 to 9.0 mL/min and keeping the influ-
ent arsenate concentration (1,000 µg/L), bed height (9.0 cm) 
and pH constant. The breakthrough curve is shown in 
Fig. 12. It was observed that for higher flow rates, a quicker 
breakthrough was achieved. With decreasing flow rates, a 
significant increase in breakthrough time was noted. At a 
low inlet flow rate of As(V), time available for interaction 
with Fe-AIR was more which in turn results in increased 
removal of As(V) ions in the column. Fundamental of 
mass transfer demonstrates the variation in adsorption 
capacity and slope of the breakthrough curve. The expla-
nation is that increased flow rate results in enhanced mass 
transfer rate and the amount of As(V) adsorbed onto mass 
transfer zone (unit bed height) increases, due to which 
faster saturation was achieved [74]. Less residence time 
of As(V) ions in column resulted in reduced adsorption 
capacities at an increased flow rate and solutes leave the 
column before the occurrence of equilibrium. These find-
ings were in good agreement with results referred to the 
previous literature [75,76].

3.6.3. Effect of influent As(V) concentration

The influence of varying As(V) concentration rang-
ing from 1,000–1,500 µg/L with 9 cm of Fe-AIR bed height 
and influent As(V) flow rate of 3  mL/min is shown by 
the breakthrough curve in Fig. 13. As can be seen from 
fig, in the time interval of 400  min, the Ce/Ci values reach 
0.50, 0.67 and 0.89 when influent concentration was 1,000; 
1,250; and 1,500 µg/L respectively. It is observed that with 
increasing influent As(V) concentration, the breakthrough 
time decreases. A slower and dispersed breakthrough 

Table 5
Thermodynamic parameters for adsorption of arsenate by Fe-AIR

Thermodynamics parameters Equation Values

Standard Gibbs free energy ∆G RT KC° = − ln � (12)

Temp. (K) ΔG° (KJ/mol)
313 –1.79076
318 –1.82576
323 –1.85492
328 –1.88409

Standard enthalpy change
log

. .
K S

R
H
RTC =

°
−

°∆ ∆
2 303 2 303

� (13)
ΔH° = 1.58007

Standard entropy change ΔS° = 5.33092 × 10–3
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was analysed at lower concentration and sharper break-
through curves were obtained at higher concentration. 
This can be attributed to slow transport of As(V) ions 
resulted from a decreased diffusion coefficient. The slope 
of the curve became steeper with increasing influent con-
centration. These findings show that the rate of saturation 
and breakthrough time was influenced by the variation of 
concentration gradient which means the process of diffu-
sion is dependent on concentration. The loading rate of 
As(V) ions increases with increasing influent concentration 
along with the increase in driving force and the length of 
the adsorption zone decreases [77]. Similar behaviour was 
observed for As(V) removal by Fe-oxide based adsorbent 
[78], Arsenate adsorption on untreated dolomite powder 
[79]. With increasing influent concentration, the increase in 
adsorption capacity was expected due to enhanced driving 

force facilitated by a higher concentration difference for the 
adsorption process. The largest bed capacity of 90.02 µg/g 
was achieved using 1,000 µ g/L influent As(V) concentra-
tion, 9 cm bed height, and 3 mL/min flow rate. The present 
result is in agreement with fixed bed adsorption operations 
which were reported earlier [80,81].

3.6.4. Effect of the column diameter

The effect of the column diameter (2 and 3 cm) at a fixed 
bed height of 9 cm, a flow rate of 3.0 mL/min, and normal pH 
is shown in Fig. 14. It was observed that maximum removal 
of 92.785% was achieved using a 3 cm diameter column hav-
ing the same height and influent metal concentration like 
that of a 2  cm diameter column. This can be attributed to 
the fact that larger depth is achieved in the column having 
a larger diameter which in turn increases the interaction 
between the As(V) solution and the adsorbent permitting 
better adsorption of As(V) ion at available binding sites of 
Fe-AIR [82].

3.6.5. Thomas model application

One of the most extensively used and general mod-
els for packed column studies is the Thomas model. The 
assumptions used in the Thomas model are that axial dis-
persion is not there and it follows Langmuir adsorption 
kinetics, provided that the second-order kinetics is obeyed 
by rate deriving force. A constant separation factor is also 
assumed but applies to unfavorable or favorable isotherm. 
Thomas model also possesses some disadvantages like its 
derivation is based on second-order kinetics. Interphase 
mass transfer often controls adsorption and is not limited 
by chemical kinetics. Some errors may results from all 
these discrepancies while the adsorption process is being 
modeled using the Thomas model [83]. The model has the 
following linearized form:

C
C K q m

Q
K C t

t

0
0 0

1

1
=

+ −








exp TH TH

	 (14)
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Fig. 11. The breakthrough curve for arsenate adsorption by 
Fe-AIR at different bed height.
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Fig. 13. The breakthrough curve for arsenate adsorption by 
Fe-AIR at different influent concentration.
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where C0 and Ct are As(V) concentrations initially and after 
time t respectively, q0 is As(V) uptake per gram (µg/g) of 
Fe-AIR at equilibrium, m is the mass of As(V) in grams, the 
flow rate is given by Q (mL/min) and KTH is Thomas constant 
(L/µg min). Table 6 shows the values of Thomas constants 
and As(V) uptake capacity at different bed heights, flow 
rates, influent arsenic concentration, and column diameters. 
It can be seen from the table that all the mentioned para
meters affect Thomas constant and As(V) uptake capacity. 
The values of As(V) uptake capacity increase and Thomas 
constant (KTH) reduces with increasing bed height. With 
increasing flow rates, the values of As(V) uptake capacity 
decreases and Thomas constant (KTH) increases. Also, with 
increasing influent arsenic concentration, KTH decreases and 
As(V) uptake capacity increases. Also with an increase in 
column diameter, both KTH and q0 values increases. The same 
trend has been reported earlier [84].

3.6.6. Yoon–Nelson model application

Yoon–Nelson model does not concentrate on the nature 
of adsorbent, adsorbate properties, and any physical as 
pects of adsorption bed and it’s a straightforward physical 
assumption. Yoon–Nelson model states that adsorption rate 
decrement is proportional to adsorption of adsorbate and 
adsorbent breakthrough [85]. The following expression is 
used:

ln   YN YN

C
C

K t Kt

0

= − τ 	 (15)

where KYN is velocity constant and τ is the time needed for 
fifty percent adsorbate breakthrough. The values of τ and 
KYN can be obtained from the intercept and slope of the lin-
ear graph of lnCt/C0 and t. The table shows values of T and 
KYN at various bed heights, flow rates, influent arsenic con-
centration, and column diameters. It can be concluded from 
Table 6 that with increasing influent arsenic concentration, 
the KYN values increase. This may be attributed to the fact 
that with increment in initial concentration, vying for the 
binding sites among adsorbate molecules increases which 
results in enhanced uptake capacity of Fe-AIR. The values 
of KYN increases with an increase in bed height and decrease 
with an increase in column diameter.

3.6.7. Regeneration and reuse of Fe-AIR

For a feasible adsorption process, it is important to have 
efficient regeneration and reuse of adsorption medium. 
To test the same, the 9  cm exhausted Fe-AIR media was 
regenerated using NaOH (10%). The recovery profile of 
arsenate through desorption is shown in Fig. 15. It can be 
concluded from the calculations that for 99% arsenate recov-
ery, 12-bed volumes are sufficient. Almost 83.5% of adsorbed 
arsenate was eluted during the first two bed volumes and 
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Fig. 14. The breakthrough curve for arsenic adsorption by 
Fe-AIR at different column diameters.

Table 6
Column operation modeling results onto Fe-AIR column

Process parameters

qexp (μg/g)

Thomas model results Yoon–Nelson model results

Bed height (cm) KTH (mL/min μg) q0 (μg/g) R2 KYN τ

3 70.75 0.017 64.21 0.83 0.010 135.30
6 85.33 0.012 76.52 0.95 0.015 287.17
9 89.15 0.010 90.89 0.93 0.016 388.03
Flow rate (mL/min)
3 89.1541 0.0067 90.8981 0.9339 0.0168 388.0347
6 84.0307 0.0084 81.2042 0.9468 0.0084 187.3247
9 76.2183 0.0104 63.2949 0.9521 0.0157 97.3405
Conc. in (μg/L)
1,000 89.1541 0.0104 90.0222 0.9339 0.0133 388.0347
1,250 90.2231 0.0095 90.8981 0.9245 0.0153 332.2661
1,500 92.6643 0.0088 91.0536 0.9548 0.0168 280.0608
Column dia. (cm)
2 89.1541 0.01045 90.8981 0.9339 0.0168 388.0347
3 93.3372 0.01605 97.4687 0.7455 0.0160 449.6885
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the rest get removed in the next 10 bed volumes. From these 
findings, it can be concluded that the active sites of Fe-AIR 
particles are accessible through the pore network among 
the particles, which suggests that there occurs no clogging 
in pores.

After regeneration, excess NaOH was removed through 
the conditioning process where media was subjected 
to hot water, due to which the pH was decreased. The 
concentration of dissolved iron in the regenerant spent 
was reported as 0.02 mg/L, which is very low in compari-
son to the amount of iron present in the medium. So it was 
assumed that the total amount of Fe in the medium remains 
unaltered. Fig. 16 shows six adsorption cycles. It can be seen 
from the figure that appreciable decrement of 31.4% in the 
removal percentage was observed after 5 cycles. Hence it 
can be concluded from regeneration and reuse analysis that 
Fe-AIR proffers an inexpensive approach to the removal of 
arsenate from water.

3.6.8. Adsorption capacity comparison of different adsorbents 
from the literature for removal of As(V)

The adsorption potential of Fe-AIR needs to be com-
pared with other adsorbents used for the purpose to justify 

its validity. The value of qmax at different operating condi-
tions is listed in Table 7. It is not possible to compare the 
adsorption capacity of Fe-AIB and Fe-AIL directly with other 
adsorbents due to different operating conditions. However, 
the adsorbent used in the present study shows good adsorp-
tion capacity when compared with other adsorbents. The 
variation in adsorption capacity for different adsorbents are 
due to difference in individual properties (functional group, 
surface structure, available surface area) of adsorbents

4. Conclusion

A methodology of Fe impregnation was applied to syn-
thesize a porous cost-effective arsenate adsorbent (Fe-AIR) 
from the Azadirachta indica roots carbon. The adsorption 
capacity and efficiency of Fe-AIR for remediation of arse-
nate from contaminated waters were investigated. Batch 
operations were conducted under various operating condi-
tions to analyze the adsorption capacity of Fe-AIR. The max-
imum removal of arsenate species on Fe-AIR from arsenate 
spiked deionized water is reported to be 96.811%. Analysis 
of the effect of competing ions reveals that the presence 
of phosphate and sulfate anions reduces the adsorption 
capacity whereas the presence of cations does not affect the 
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adsorption process. The batch process was evaluated by var-
ious isotherms and kinetic models. Langmuir isotherm best 
fits the batch operation data. From the results of adsorption 
kinetics, it can be seen that the second-order kinetics controls 
the adsorption. The exothermic nature of adsorption was 
observed. Spontaneous adsorption on Fe-AIR was indicated 
from negative values of ΔG°. To analyze the practical appli-
cability of Fe-AIR in the removal of Arsenate species, col-
umn operations were employed. The experimental data of 
column operations fits well with Thomas model and Yoon–
Nelson model for arsenic influent concentration ranging 
from 1,000–1,500 ppb at a flow rate of 3 mL/min. Following 
adsorption, about 99% of Fe-AIR fixed bed was regenerated 
effectively with 10% sodium hydroxide within 12-bed vol-
umes. Not much depression in efficiency is reported in the 
first five cycles, which makes Fe-AIR responsive to reuse and 
regeneration and thus cost-effective in use. Through arsenic 
incorporation in Portland cement, arsenic solidification is 
possible so there will not be an issue of secondary pollution. 
Moreover, the developed fixed column treatment process is 
easy to handle, reproducible, rapid, and economic so it is a 
suitable and appropriate approach for arsenic remediation 
in local areas.
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