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a b s t r a c t

Granular iron-impregnated attapulgite adsorbents (Fe-ATP) were developed for effective removal 
of arsenic from groundwater. Fe-ATP with an iron content of 15% and calcinated at temperature 
of 200°C showed the best adsorption performance for both arsenite and arsenate. The adsorption 
data of arsenite onto Fe-ATP fitted both Langmuir and Freundlich isotherms well, while Langmuir 
described the adsorption of arsenate onto Fe-ATP better than Freundlich isotherm. Both arsenite 
and arsenate adsorption onto Fe-ATP followed pseudo-second-order kinetics model. The removal 
efficiency of arsenite by Fe-ATP was insensitive to pH in a wide pH range of 3–11, however, Fe-ATP 
exhibited better removal performance for arsenate in the pH < 7 conditions. Co-existing anions did 
not evidently inhibit arsenic removal by Fe-ATP. In column tests using lab-prepared arsenic con-
taining water as influent, about 4900, 1500 and 550 (1320, 520 and 260) bed volumes (BVs) of water 
with 200 μg/L arsenite (arsenate) were treated before breakthrough (10 μg/L, WHO standard) was 
reached under flowing rates of 200, 600 and 1000 mL/h, respectively. While the influent contami-
nant concentration was 303 μg/L from real groundwater and the flowing rate was 200 mL/h, break-
through BVs at the WHO provisional guideline value of 10 μg/L were 1300. 

Keywords: Arsenite; Arsenate; Adsorption; Iron; Attapulgite

1. Introduction

Attapulgite (ATP) is a crystalline hydrated magnesium 
aluminum silicate with unique three-dimensional struc-
tures and has a fibrous morphology [1–4]. ATP, abundant 
in nature, is cheap and easily available. One of the distinc-
tive features of ATP is its good adsorption property for 
many chemical substances, which derives mainly from its 
high specific surface area, abundant silanol groups on its 
surfaces and cation exchange capacity [1–3]. ATP has per-

manent negative charges on its surface, which enable it to 
adsorb cationic contaminants. In last decades, ATP has been 
intensively investigated as adsorbent in the removal of cat-
ionic organic contaminants, heavy metal ions and radionu-
clide from the water [1,3,5,6]. However, a few investigators 
have conducted research on the adsorption of anions by 
ATP-based adsorbents [7,8], since natural ATP with perma-
nent negative charges repulses anions.

Arsenic has been ranked as a high priority top 20 haz-
ardous substances by the Agency for Toxic Substances and 
Disease Registry (ATSDR) [9,10]. Among the various forms 
of arsenic, As(III) and As(V) are responsible for groundwa-
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ter contamination, and As(III) has greater toxicity and more 
mobility compared to As(V) [10–12]. Long-term ingestion 
of high levels of arsenic-contaminated drinking water, over 
the maximum contaminant level (MCL) of 0.01 mg/L set by 
the World Health Organization (WHO) causes dermal prob-
lems, headaches, vomiting, cancers in different organs and, 
even death [13–16]. Studies have revealed that iron(III) has a 
high affinity toward inorganic arsenic species, and it is very 
selective to arsenic in the adsorption process [8,11,16,17]. 
Considering the affinity of arsenic toward iron, various 
iron-based adsorbents have been developed and effectively 
used for removing both As(III) and As(V) from contami-
nated water [14,17,18]. Since the fine powdery form of iron 
oxides hinders their separation from the aqueous solution, 
iron has been impregnated or loaded into various porous 
carriers such as activated carbon, diatomite, polymer, and so 
on [11,15,16,19–21]. However, to the best of our knowledge, 
ATP has rarely been used as carrier for iron impregnation in 
removal of arsenic. On the other hand, most reported adsor-
bents exhibited poor adsorption performance for As(III) 
which is more prevalent and toxic than As(V) in groundwa-
ter. Some pretreatment processes including the oxidation of 
As(III) to As(V) are needed which results not only in higher 
run cost but also in more complex operation. 

In this work, Fe(III) was loaded into ATP using the 
wet impregnation process. Fe-ATP adsorbents with differ-
ent iron content and calcinated at different temperatures 
were prepared. Arsenic removal potential of the Fe-ATP 
adsorbent was systematically investigated under various 
operating conditions such as initial arsenic concentration, 
pH, contact time and co-existing anions. Fe-ATP showed 
excellent removal performance for both As(III) and As(V). 
Furthermore, arsenic removal performance of Fe-ATP was 
evaluated for lab-prepared arsenic-containing water and 
real arsenic-contaminated groundwater samples using col-
umn tests. 

2. Materials and methods 

2.1. Materials

All the chemicals used in this study were purchased 
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, 
China with analytical reagent grade. ATP was purchased 
from Mingguang Xingxin Mineral Co., Ltd., China. The 
ATP was first washed with distilled water for several times 
and then dried at 105°C for 12 h to eliminate the free water. 
As(III) and As(V) stock solutions were prepared by dissolv-
ing Na3AsO3 and Na3AsO4, respectively, in distilled water. 

2.2. Granular Fe-ATP adsorbent preparation

The granular Fe-ATP adsorbent was prepared in a two-
step process. (1) Powder preparation: Positive ferric ions 
were loaded on the ATP surface by coordination reactions 
between ferric ions and silanol/aluminol groups using 
the wet impregnation method. Briefly, 100 g dried ATP 
was first added into 1 L doubly distilled water to obtain a 
homogeneous suspension. Then, a certain quality ratio of 
Fe(NO3)3 was added into the suspension. After stirring for 
two hours, the mixture was mixed with a certain amount 

of NaOH under vigorous stirring until the pH was stabi-
lized at 7.5. Stirring for another 2 h, the resulting suspen-
sions were washed repeatedly with doubly distilled water 
until the supernatant pH was neutral. Next, the suspension 
was filtrated and dried at 80°C for 24 h. (2) Granulation: The 
Fe-ATP powder was adequately blended in a dispersion 
kneader and then transferred into an extrusion machine to 
obtain strip-like adsorbent under a pressure of about 6 MPa. 
These strips were then calcinated at 200, 250, and 300°C for 
2 h in a muffle furnace. Finally, the calcinated strips were 
manually broken into desired lengths.

2.3. Adsorbent characterizations and chemical analysis

The X-ray diffraction (XRD) patterns of the adsorbents 
were performed on a D/MaxIIIA X-ray diffractometer 
(Rigaku Co., Japan), using Cu Kα (λKα1 = 1.5418 Å) as the 
radiation source in the range of 5–80°. Scanning electron 
microscopy (SEM) image of the adsorbent was obtained 
with a FEI Quanta 200 FEG field emission scanning electron 
microscope. The energy dispersive spectrum (EDS) and ele-
mental mapping were performed on a Zeiss Auriga micro-
scope equipped with an Oxford Inca X-Max 50 detector. The 
Fourier transform infrared (FT-IR) spectra of the adsorbents 
before and after adsorption were recorded with a NEXUS-
870 FT-IR spectrometer in the range of 4000–400 cm−1. The 
Brunauer, Emmett, and Teller (BET) specific surface area 
and pore volume of the adsorbent were determined by 
BET N2 adsorption-desorption analysis using a Micromer-
itics ASAP2000 surface area analyzer (Norcross, USA). 
The As(III) and As(V) concentrations were determined in 
the liquid phase using inductively coupled plasma mass 
spectrometry (ICP-MS, Thermo Fisher Scientific model 
iCAPRQ). The zeta potentials were measured by zeta poten-
tiometer (microtrac model zetacheck).

2.4. Batch adsorption experiments

Batch adsorption experiments were carried out in a ther-
mostatic shaker at room temperature and shaking speed of 
150 rpm. After a period of adsorption was carried out, the 
adsorbents were filtrated and the solution was collected for 
arsenic measurement. 

The adsorption isotherm studies were carried out 
by varying initial concentrations of arsenic under a fixed 
Fe-ATP dose of 2.5 g/L, with a total volume of 20 mL in 
50 mL polyethylene bottles. The pH was adjusted by add-
ing aqueous solutions of 0.1 M HCl or 0.1 M NaOH. After 
a period of 24 h, residual arsenic in the solution was ana-
lyzed. In the study of pH effect on arsenic adsorption, 50 
mg of Fe-ATP was added into 20 mL of arsenic solution 
with a concentration of 5 mg/L and the pH was adjusted 
and maintained at a specified value in the range of 3–11. 
The adsorption kinetics was determined by an analysis of 
the adsorption capacity at different time intervals. In kinet-
ics study, 150 mg of Fe-ATP were added to 150 mL of arse-
nic solution with a concentration of 1 mg/L at neutral pH. 
At predetermined time intervals, stirring was interrupted 
while 6 mL of supernatant solutions were pipetted and fil-
trated for the determination of the remaining arsenic con-
centrations. The effects of co-existing anions (HCO3

–, SO4
2–, 
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PO4
3–, Cl– and NO3

–) on arsenic adsorption were also inves-
tigated. The pH was fixed at neutral and the Fe-ATP dose 
was 2.5 g/L. 

Adsorption experiments were carried out in duplicate 
and the average data were used to evaluate the adsorption 
performance. Adsorption capacity was calculated from the 
relationship:

q
C C V

me
e=

−( )0  
 (1)

where qe (mg/g) is the equilibrium adsorption capacity, C0 
and Ce represent the initial and equilibrium arsenic concen-
trations (mg/L), V (L) is the volume of solution and m (g) is 
the weight of the adsorbent.

Experimental data for arsenic adsorption isotherm 
studies were fitted with a Langmuir or a Freundlich model 
as expressed by Eqs. (2) and (3), respectively. 
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where qm and KL are Langmuir constants, representing the 
maximum adsorption capacity of adsorbents (mg/g) and 
the energy of adsorption, respectively. KF and n are Freun-
dlich constants related to adsorption capacity and adsorp-
tion intensity, respectively.

Experimental data for the arsenic kinetics adsorption 
studies were fitted with a pseudo second order kinetic 
model as expressed by Eq. (4).
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where qe and qt are the amount of arsenic adsorbed at equi-
librium and at time t, respectively. k2 is the rate constant of 
the pseudo-second-order model of adsorption (g/mg/min).

2.5. Column experiments

Fixed bed column study was conducted using boro-
silicate glass columns of 4 cm internal diameter. The col-
umn was packed with Fe-ATP of 15 cm length between 
two supporting layers of glass wool (~3 cm) to prevent 
the adsorbent floating from the outlet. Two kinds of water, 
lab-prepared arsenic-containing water and arsenic-contam-
inated groundwater, were used as the feed solution. The 
columns were operated at influent arsenic flowing rates of 
200, 600, and 1000 mL/h,and the corresponding empty bed 
contact time (EBCT) were 56.5, 18.8, and 11.3 min, respec-
tively. The effluent was collected at regular intervals and 
the concentrations of arsenic were measured.

Results and discussions

3.1. Characterization of Fe-ATP

Fig. 1 shows the photograph and SEM image of Fe-ATP 
with iron loading of 15% and calcinated at 200°C. The pre-
pared Fe-ATP granular adsorbents are 1.2–1.6 mm in diame-
ter and 2–6 mm in length, as shown in Fig. 1a. Fig. 1b reveals 
that the adsorbent is the aggregation of some nanoscale 
materials and the surface of it is porous. This kind of struc-
tural properties is expected to result in a high adsorption 
performance for toxic anions. To examine the iron oxide 
phase impregnated into ATP, all the samples were detected 
by XRD. The XRD patterns of typical unmodified ATP and 
Fe-impregnated ATP calcinated at 200°C with a Fe content 
of 15% are shown in Fig. 2. It can be seen from Fig. 2 that 
the diffraction peaks of ATP still exist after Fe impregna-
tion indicating that the ATP structure was not destroyed in 
the synthesis of Fe-ATP. The XRD pattern of Fe-ATP reveals 
a hematite phase indicated by peaks at 2θ = 56.7°. Quartz, 
montmorillonite and aluminum oxide were also identified 
in the XRD pattern and have been marked in Fig. 2. A sharp 
peak for aluminum oxide become obvious after Fe loading 
and calcination at 2θ = 45.7°.

Fig. 1. (a) Photograph of granular Fe-ATP adsorbent; (b) SEM image of the surface of the Fe-ATP. (Fe loading: 15%; calcination tem-
perature: 200°C).
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The EDS spectrum and elemental mapping images of 
Fe-ATP are shown in Fig. 3. In Fig. 3a, the signals of Fe, 
Al, Si and O can be observed, indicating that iron has been 
loaded onto the Fe-ATP. Moreover, the elemental mapping 
images of Fe, Al, Si and O demonstrate that each element 
is homogeneously distributed within the Fe-ATP. Fig. 3b 
shows the selected scan area of Fe-ATP in the elemental 
mapping.

3.2. Adsorption isotherms

To investigate the adsorption capacity of Fe-ATP, the 
arsenic adsorption isotherms for different samples were 
studied (Fig. 4). The equilibrium data were fitted using 
Langmuir and Freundlich isotherm models (Figs. 5 and 6) 
and the corresponding fitting results are shown in Table 1. 
Figs. 4a,c show the adsorption isotherms of arsenite and 
arsenate on Fe-ATP calcinated at different temperatures at 
pH 7.0. In this case, the iron loading was maintained at 15%. 
For arsenite, the adsorption data fitted both Langmuir and 
Freundlich isotherms well (R2 > 0.97). With the increase of 
post-treatment temperature, the adsorption performance 
of the samples for both arsenite and arsenate became poor. 
As the calcination temperature increased from 200 to 300°C, 
the maximum adsorption capacity for arsenite decreased 
from 23.47 to 16.42 mg/g. For arsenate, the adsorption data 
fitted Langmuir isotherm better than Freundlich isotherm. 
Also, when the post-treatment temperature increased the 
adsorption capacities for arsenate decreased (Table 1). Next, 
we investigate the influence of different iron loadings on 
the performance of arsenite and arsenate adsorption. The 
adsorption isotherms of arsenite and arsenate on Fe-ATP 
with different iron loadings at pH 7.0 are shown in Figs. 
4b,d. The linear fitting curves and fitting results can be 
found in Fig. 6 and Table 1. We found that the adsorption 
capacity of the samples for arsenic was not proportional 
to the loading of iron. For both arsenite and arsenate, the 
adsorption performance first increased and then decreased 
as the iron loading increased from 5 to 50%. And the best 
adsorption performance for both arsenite and arsenate was 
the iron loading of 15%. For all the iron loadings, arsenite 
adsorption data fitted both Langmuir and Freundlich iso-

Fig. 2. XRD patterns of (a) un-modified and (b) iron-impregnat-
ed ATP.

Fig. 3. The EDS spectrum and elemental mapping images of Fe-ATP.
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Fig. 4. Adsorption isotherms of (a) arsenite and (c) arsenate on Fe-ATP calcinated at different temperatures, (b) arsenite and (d) 
arsenate on Fe-ATP with different iron loadings. 

Fig. 5. Linear Langmuir and Freundlich fitted curves of As(III) (a, b) and As(V) (c, d) adsorption onto Fe-ATP prepared calcinated 
at different temperatures.
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therms reasonably well (R2 > 0.96) and arsenate adsorption 
data fitted Langmuir isotherm better than Freundlich iso-
therm. So the calcination temperature of 200°C and the iron 
loading of 15% are the optimized parameters in our system. 
It is known that the solute adsorption depends on the sur-
face area and the surface functional groups of the porous 
adsorbent. So, further BET surface area and FT-IR measure-
ments (in powder form) were performed to investigate the 
reason for the difference in adsorption capacity of different 

samples (Figs. 7, 8). And the corresponding parameters are 
given in Tables 2 and 3. The BET surface areas of the Fe-im-
pregnated ATP are shown in Fig. 7. The surface areas were 
significantly affected by the calcination temperature and 
iron content. As the calcination temperature increased the 
BET surface areas first decreased from 137.6 to 128.8 cm2/g 
and then increased to 137.8 cm2/g and the total volume and 
average pore size did not change a lot. With the increas-
ing of Fe content, both the surface areas and total volumes 

Fig. 6. Linear Langmuir and Freundlich fitted curves of As(III) (a, b) and As(V) (c, d) adsorption onto Fe-ATP with different iron 
contents.

Table 1
Isotherm fitting for arsenic adsorption onto Fe-ATP with different iron loadings and calcinated at different temperatures

As species KL Langmuir Freundlich

qm R2 KF
n R2

Arsenite Temperaturea

(°C)
200 0.14 23.47 0.98 3.28 2.36 0.99
250 0.13 21.54 0.98 3.13 2.28 0.97
300 0.15 16.42 0.98 2.19 2.23 0.97

Fe contentb

(%)
5 0.11 18.55 0.98 2.44 2.34 0.99
50 0.08 16.80 0.97 1.53 1.97 0.98

Arsenate Temperaturea

(°C)
200 0.48 6.74 0.97 1.31 2.87 0.97
250 0.25 6.10 0.98 1.49 2.89 0.95
300 0.32 5.49 0.99 2.17 3.43 0.82

Fe contentb

(%)
5 0.32 5.12 0.99 1.13 2.67 0.93
50 0.27 4.24 0.99 0.85 2.50 0.92

a, the content of Fe is 15%; b, the calcination temperature is 200°C.
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first increased and then decreased. It also appears that with 
the more iron impregnated, an increasing fraction of pores 
in the ATP was blocked. Furthermore, the FT-IR measure-
ments reveal that the –OH group intensity of the sample 
post-treated at 200°C with an iron content of 15% is superior 
to other samples (Fig. 8). As the sample calcinated at 200°C 
with an iron content of 15% has higher BET surface area 
and more functional groups, it has better adsorption perfor-
mance than that of the samples calcinated at 250 and 300°C 
and with an iron content of 5 and 50%. In the following 
static adsorption and column studies the adsorbents used 
were those calcinated at 200°C with an iron loading of 15%.

Determined from the Langmuir equation, the maximum 
adsorption capacity for arsenite and arsenate by Fe-ATP 
was 23.47 and 6.74 mg/g at pH 7.0, respectively. The higher 
adsorption capacity for arsenite than for arsenate was also 
reported by other studies using iron oxides-based adsor-
bents [22,23]. Arsenic exists mostly in the form of As(III) 
under reducing conditions in groundwater [10]. The typi-
cal proportion of As(III) appears to be between 50–60% of 
the total arsenic in Bangladesh which is one of the most 
serious arsenic contaminated countries [22]. In addition, 
most of the reported adsorbents were not effective in As(III) 
removal compared with As(V), and the pre-oxidation of 

Fig. 7. (a) Nitrogen adsorption-desorption isotherms and (b) pore-size distribution of Fe-ATP prepared at different calcination 
temperatures, (c) nitrogen adsorption-desorption isotherms and (d) pore-size distribution of Fe-ATP with different iron contents.

Fig. 8. FT-IR spectra of Fe-ATP prepared at different calcination temperature (a) and Fe-ATP with different iron contents (b). 
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As(III) to As(V) was usually needed. So, Fe-ATP is very 
favorable to treat groundwater without the need of pre-ox-
idation. In consideration of the adsorption capacity of arse-
nic, Fe-ATP appears to be much superior to most of other 
iron oxide-based adsorbents (Table 4) [24–30]. The higher 
arsenic adsorption capacity than the commonly reported 
adsorbents could be attributed to the high specific surface 
area of ATP clay and the high loading of iron.

3.3. Effects of pH on arsenic adsorption

The character of arsenic removal responding to pH 
variation has great significance in application. In addition, 
as the arsenic species and the surface charge of Fe-ATP 
in liquid phase depend on pH, the uptake of arsenic as a 
function of pH was investigated. Adsorption of arsenic in 
the pH range of 3–11 is shown in Fig. 9a. The removal effi-

ciency of arsenate was higher than 99% in the pH range of 
3–7. However, the percent removal of arsenate by Fe-ATP 
was reduced from 99.32% to 52.94% as the pH shifted from 
7 to 11. In a wide pH range of 3–11, the removal efficiency 
of arsenite by Fe-ATP was higher than that of arsenate, 
which was in accordance with the results of adsorption 
isotherms. The percent removal of arsenite by Fe-ATP 
was above 93% except for pH 11. Although optimal As(V) 
removal was found in pH < 7 conditions, high removal 
performance was still observed near the neutral pH at a 
high initial concentration of As(V). As the pH value of nat-
ural water is in the range of 6–8.5, the pH pre-adjustment 
is not needed for the contaminated groundwater, consid-
ering the excellent performance of Fe-ATP in both As(III) 
and As(V) removal. 

Fig. 9b presents the influence of the pH (3–11) on the 
zeta potentials of the adsorbent. The point of zero charge 
(pHPZC) of the Fe-ATP is at about pH 8.45, which is in 
agreement with the iron oxides typically have PZCs in 
the range of 7–9 [22]. The surface of Fe-ATP is positively 
charged when the equilibrium pH values are below its 
pHPZC. And the positively charged sites will be decreased 
with the increase of pH in solution. When the equilibrium 
pH increases to the value above pHPZC of Fe-ATP, it will be 
negatively charged. The speciation of As(V) is pH depen-
dent. H3AsO4 is the predominant species at pH below 2; 
H2AsO4

– exists in the pH range of 2–7; HAsO4
2– exists in 

the pH range of 7–11; and AsO4
3– is the major species at pH 

above 12. As the pH increased from 3 to 7, the main species 
of As(V) is monovalent H2AsO4

– and multivalent HAsO4
2–. 

And the mount of multivalent HAsO4
2– increased with 

the pH increased from 3–7. Although the pH was close to 
the pHPZC of Fe-ATP, the multivalent HAsO4

2– increased 
either, and then the removal efficiency did not decrease 
in this case. As the equilibrium pH exceeded the pHPZC of 
Fe-ATP, the surface sites were negatively charged which 
led to an increased repulsion to the negatively charged 
As(V) species. As a result, the adsorbed anionic As(V) spe-
cies decreased on Fe-ATP at pH > pHPZC. It is known that 
As(III) is stable as neutral H3AsO3 at pH < 9, while AsO3

3–, 
HAsO3

2–, and H2AsO3
2– are the dominant species in the pH 

range of > 13, 12–13, and 9–12, respectively. Since the As(III) 
species have less negative charge character compared 
with As(V), As(III) was preferably adsorbed by Fe-ATP in 
a wide pH range. At lower pH values, the adsorption of 
neutral As(III) species and positively charged Fe-ATP can 

Table 3
FTIR band positions and assignments for the samples

Frequency (cm–1) Description

3614 υ(Mg, Al)OH
3545 υ(Fe3+, Mg)OH
3411 Hydroxyl stretching vibration of 

coordinated water
1646 OH2 bending vibration
1030 Si-O-Si stretching band
983 Si-O-Si stretching band
478 Si-O-Si deformation vibration

Table 4
Comparison on the As(III) and As(V) adsorption properties of various adsorbents

Adsorbents As(V) Adsorption 
capacity (mg/g)

As(III) Adsorption 
capacity (mg/g)

Ref.

Iron-impregnated biochar 2.16 – [24]
Humic acid coated magnetic iron oxide nanoparticles 12.6 12.2 [25]
Iron coated sand – 0.075 [26]
Iron oxide amended rice husk char 0.95–1.46 – [27]
Iron impregnated biochar 11.5 6.1 [28]
Iron/olivine composite 5.249 2.831 [29]
Iron modified Zeolite 0.05 0.1 [30]
Fe-ATP 6.74 23.47 This study

Table 2
The data of specific surface area and pore size for the samples

Samples SBET (m2/g) Vtotal (cm3/g) Average pore 
size (nm)

200 °C-15% 137.6 0.225 6.54
250 °C-15% 128.8 0.209 6.48
300 °C-15% 137.8 0.217 6.31
200 °C-5% 98.9 0.192 7.75
200 °C-50% 113.5 0.171 6.01
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be attributed to the interaction of As(III) species with the 
surface –OH groups of Fe-ATP. The role of –OH groups in 
adsorption of As(III) by iron oxides have been reported by 
many researchers [31–33]. As pH increased, the amount of 
negatively charged As(III) species increased while the pos-
itively charged surface sites decrease up to pHPZC. So the 
decrease in the adsorption efficiency at higher pH may be 
attributed to the negatively charged surface sites and an 
increase of negatively charged As(III) species. It is needed 
to point out that although the adsorption of As(V) was 
more sensitive to pH than As(III), the electrostatic adsorp-
tion is not the only adsorption mechanism of As(V) onto 
Fe-ATP. The interaction of As(V) with the surface –OH 
groups of iron oxides has also been reported [33]. 

3.4. Effects of contact time

The rate at which arsenic is removed from solution by 
the adsorbent is a significant factor for the utilization of 
the process in the treatment of effluents. The effect of con-
tact time on the removal of arsenic by Fe-ATP is shown in 
Fig. 10a. As seen from Fig. 10a, the adsorption rate of As(III) 
and As(V) by Fe-ATP was very fast. The adsorption of 
As(III) and As(V) onto Fe-ATP was rapid for the first 1 h, 

when the elimination efficiency both reached 90% and then 
slowed down considerably. The adsorption kinetics results 
also showed that the higher removal efficiency of As(III) 
than that of As(V), which was consistent with the adsorp-
tion isotherm and pH tests. At the beginning, the adsorp-
tion rate was fast as arsenic was adsorbed by the exterior 
surface of the Fe-ATP adsorbents. When the adsorptions of 
the exterior surface reached saturation, arsenic entered into 
the pores of the adsorbent particles and was adsorbed by 
the interior surface of the particle. This phenomenon took a 
relatively long contact time. 

The adsorption of a solute by an adsorbent in aqueous 
solution is often a phenomenon with complex kinetics. In 
order to investigate the adsorption processes of arsenic on 
the adsorbents, pseudo-second-order kinetic model was 
studied. The slope and intercept of plot of t/qt vs. t were 
used to calculate the pseudo-second-order rate constant 
k2 (inset in Fig. 10a). The values of pseudo-second-order 
parameters and correlation coefficients are presented in 
Table 5. The correlation coefficients of both examined data 
were found very high (R2 ≥ 0.999). This shows that the 
model can be applied for the entire adsorption process and 
confirms that the adsorption of arsenic on Fe-ATP followed 
the pseudo-second-order kinetic model. Table 5 also indi-

Fig. 9. Effects of pH on arsenic removal (a) and the zeta potential of the adsorbent (b).

Fig. 10. (a) adsorption kinetics of arsenic on Fe-ATP at pH 7.0, inset is the corresponding pseudo-second-order kinetic model fitting. 
(b) Intraparticle diffusion model of arsenic on Fe-ATP at pH 7.0.
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cates that the rate constant k2 of As(III) is 1.6 times that of 
As(V). However, the reason why the adsorption of As(III) 
was faster than As(V) by Fe-ATP is unclear. 

To further study the adsorption kinetics of arsenic on 
Fe-ATP, a simplified intraparticle diffusion model was 
employed to elucidate the adsorption mechanisms. The 
intraparticle diffusion model is expressed by:

q K t ct p= +1 2/  (5)

where kp is the intra-particle diffusion rate constant, in mg/g 
h1/2, and C, in mg/g, is a constant related to the thickness 
of the boundary layer. It is generally found that the plot of 
qt against t1/2 may present a multilinearity, which indicates 
that two or more steps occur in the adsorption process. The 
first sharper portion is external surface adsorption; while 
the second portion is the gradual adsorption stage, where 
the intraparticle diffusion is rate-controlled. The third por-
tion is the final equilibrium stage, where the intraparticle 
diffusion starts to slow down due to the extremely low sol-
ute concentration in solution. Fig. 10b shows the intrapar-
ticle diffusion results of arsenic adsorption on the Fe-ATP, 
which indicates that the As(III) adsorption on the Fe-ATP 
is in two stages. However, the As(V) adsorption on the 
Fe-ATP is in three stages.

3.5. Effect of co-existing anions

Natural groundwater always contains numerous 
aqueous constituents, which can compete for adsorption 
sites and decrease the removal efficiency of the adsorbent. 
Arsenic adsorption in the presence of potential co-exist-
ing anions was investigated, and the results are shown 
in Fig. 11. The removal efficiency for As(III) and As(V) by 
Fe-ATP was 99.5% and 98.1%, respectively, in the control 
adsorption tests with initial arsenic concentrations of 5.5 
and 5.8 mg/L. It was observed that Cl–, SO4

2– and NO3
– and 

HCO3
– with concentrations up to 1 mM did not inhibit both 

As(III) and As(V) adsorption under the investigated con-
ditions. This indicates that Fe-ATP had higher adsorption 
affinity for arsenic than for Cl–, SO4

2– and NO3
– and HCO3

–. 
PO4

3– showed increasing levels of interference at increas-
ing concentrations. As PO4

3– concentrations increased 
from 0.1 to 1 mM, the removal efficiencies of As(III) and 
As(V) decreased from 98.1% and 80.4% to 87.1% and 
14.3%, respectively. It is known that phosphorous and 
arsenic have very similar atomic structures and chemical 
properties. The phosphorous inhibition effects on arsenic 
adsorption have also been reported by others [22,34]. Con-
sidering the typical phosphate ranges in groundwater is 
0–5 mg/L, the arsenic adsorption performance will be not 
influenced by the co-existing anions when Fe-ATP is used 
as adsorbents. 

Table 5
Kinetic parameters for arsenic adsorption onto Fe-ATP

As species qe (mg/g) k2 (g/mg min–1) R2

Arsenite 1.17 0.97 0.999
Arsenate 0.99 0.62 0.999

3.6. Small-scale column study

Column tests were conducted to determine arsenic 
removal efficiencies for both lab-prepared arsenic-contain-
ing water and real groundwater contaminated by arsenic.

3.6.1. Synthetic arsenic-containing water

Fig. 12a shows complete effluent histories for As(III) 
during a fixed bed column run using Fe-ATP. With an 
influent As(III) concentration of 200 μg/L and pH of 7.0, 
about 4900, 1500 and 550 bed volumes (BVs) of lab-pre-
pared water, respectively, corresponding to flowing rates of 
200, 600 and 1000 mL/h, were treated before As(III) in the 
effluent reached 10 μg/L (WHO standard). While 50 μg/L 
(Bangladesh’s arsenic maximum contaminant level (MCL)) 
As(III) breakthrough was observed after about 7300, 2950 
and 1300 BVs when the flowing rate was 200, 600 and 1000 
mL/h, respectively. Fig. 12b shows the As(V) removal 
capacities of Fe-ATP under the same conditions as the arse-
nite tests. For As(V) solution, at a flowing rate of 200 mL/h, 
Fe-ATP treated about 1320 and 2250 BVs and target concen-
trations of 10 and 50 μg/L, respectively. With increasing the 

Fig. 11. Effects of co-existing anions on (a) arsenite and (b) ar-
senate removal.
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flowing rate to 600 mL/h, the As(V) concentration in the 
effluent solution was above 10 μg/L when the effluent vol-
ume reached 520 BVs, and achieved breakthrough at 1280 
BVs when the As(V) effluent concentration was below 50 
μg/L. About 260 and 640 BVs of As(V) solution were treated 
below 10 and 50 μg/L, respectively, by Fe-ATP at a flowing 
rate of 1000 mL/h. In previous adsorption isotherm study 
we have shown that the adsorption capacity of Fe-ATP for 
As(III) was about 3.5 times that for As(V) at neutral pH. 
Furthermore, the effluent concentrations of Fe and Al were 
analyzed in the present column tests. Very low concentra-
tions of Fe (2 μg/L) and Al (5 μg/L) demonstrated that the 
prepared Fe-ATP was stable and safe. Therefore,from the 
column tests we can conclude that Fe-ATP showed higher 
removal performance for As(III) than for As(V), which was 
in accordance with the adsorption isotherm study. With 
higher removal performance for As(III), Fe-ATP is expected 
to be effective in treating groundwater in which As(III) is 
the dominant arsenic species. 

3.6.2. Real arsenic-contaminated groundwater

To further examine the performance of Fe-ATP for a real 
groundwater, we used a real arsenic-contaminated ground-
water from Togtoh Town, Inner Mongolia of China as the 
feeding solution and tested the enhanced arsenic removal 
performance by Fe-ATP. Table 6 shows the chemical analy-
sis of the groundwater sample and the sample had a high 
arsenic concentration of 303 μg/L which is 30 times that 
of the MCL by WHO. Along with arsenic, the groundwa-
ter contains high concentrations of chloride (119.6 mg/L), 
sodium (395.2 mg/L), and TOC (22.23 mg/L). As expected, 
the results presented in Fig. 13 seem attractive for its prac-
tical application. Arsenic can be efficiently sequestrated 
by Fe-ATP within about 1300 BVs at the WHO provi-
sional guideline value of 10 μg/L. According to the MCL 
of 50 μg/L in Bangladesh, breakthrough was observed at 
2500 BVs. The better performance of Fe-ATP toward real 
groundwater can be attributed to the high percentage of 
As(III) (about 70%) in real groundwater. As the pH of the 
real groundwater is 8.52 and there are some interference 
anions and humic acid in it, the column performance was 
slightly poorer than the test for lab-prepared arsenic-con-
taining water. Furthermore, the regeneration was con-

Fig. 13. Column tests of the Fe-ATP adsorbent in the treatment of 
real arsenic-contaminated groundwater for three recycles with-
out adjusting the pH value.

Fig. 12. Column tests of the Fe-ATP adsorbent in the treatment of lab-prepared As(III)-containing water (a) and As(V)-containing 
water (b). (Influent pH 7.0, influent [As] = 200 μg/L).

Table 6
Characteristics of groundwater from Togtoh Town, Inner 
Mongolia, China

Parameter Value

pH 8.52
Total arsenic, mg/L 0.303
Total organic carbon, mg/L 22.23
Total hardness 0.108
Chloride, mg/L 119.6
Nitrate, mg/L 10.76
Sulfite, mg/L 4.74
Sodium, mg/L 395.2
Potassium, mg/L 2.46
Total iron, mg/L 0.25
Manganese, mg/L 0.02
Calcium, mg/L 3.24
Magnesium, mg/L 7.92
Zinc, mg/L 0.02
Alumina, mg/L 0.12
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ducted by shaking the exhausted Fe-ATP adsorbents in 
0.1 M alkaline solution,which volume was about 1.5 times 
of the adsorbent, and the shaking time was 120 min. And 
then the regenerated Fe-ATP was eluted with deionized 
water for several times. After regeneration, more than 90% 
of adsorbed arsenic was removed from the adsorbents. As 
can be seen from Fig. 13, high arsenic removal performance 
was sustained in another two runs. After the first and sec-
ond regeneration, the weights of the adsorbent were about 
99.6% and 99.5% of the original value. A little of mass loss 
may be due to the shaking of the regeneration process and 
the cleaning of deionized water caused a small amount of 
powder flowing away with the water. The real groundwater 
trial demonstrated that the Fe-ATP can be used for treat-
ment of arsenic-contaminated groundwater. 

4. Conclusions

This research demonstrated that ATP is a suitable carrier 
for iron impregnation to create a more favorable iron based 
adsorbent for arsenic removal by controlling the iron content 
and calcination temperature. In batch tests, the maximum 
adsorption capacity for arsenite and arsenate by Fe-ATP was 
23.47 and 6.74 mg/g at pH 7.0, which outperformed many 
other reported iron-impregnated adsorbents. The kinetic 
results revealed that both arsenite and arsenate adsorption 
onto Fe-ATP followed a pseudo-second-order kinetics model. 
In the near neutral pH, Fe-ATP showed higher removal effi-
ciency for both As(III) and As(V). With the exception of PO4

3– 
other co-existing anions had little effect on As(III) and As(V) 
removal by Fe-ATP when considering their typical concen-
tration ranges in real groundwater. In column tests, Fe-ATP 
exhibited excellent performance for both lab-prepared and 
real arsenic-contaminated groundwater. In conclusion, this 
granular Fe-ATP adsorbent showed high application poten-
tial for arsenic removal from real groundwater, due to its high 
removal efficiency for both arsenite and arsenate. Further 
research is underway to evaluate the anti-striking, weight loss 
under flow flushing and backwashing and leaching toxicity of 
Fe-ATP adsorbents in long term column tests operation. 
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