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a b s t r a c t
Arsenic is ubiquitous in many natural systems and poses great risk to human health. Coal fly ash is a 
waste by-product of thermal power plants that may cause serious environmental problems. To reduce 
environmental hazards and realize high-value utilization of coal fly ash, it was characterized using 
the scanning electron microscopy, Brunauer–Emmet–Teller, and powder X-ray diffraction methods, 
and the arsenate (As(V)) and arsenite (As(III)) removal performance of coal fly ash used as an adsor-
bent from aqueous solutions was investigated using batch experiments. Adsorption kinetics study 
revealed that the adsorption of As(V) and As(III) by fly ash was fast in the first 4 h and equilibrium 
was achieved within 48 h at pH 5.0 with an initial arsenic concentration of 1 mg/L and an adsorbent 
dose of 4 g/L. The adsorption kinetics are well described by the pseudo-second-order rate equation 
model, with high coefficients of determination (R2) of 0.9991 and 0.9925 for As(V) and As(III) adsorp-
tion, respectively. The Langmuir adsorption isotherms of arsenic adsorption indicated that the highest 
adsorption capacities of As(V) and As(III) at pH 5.0 were 666.67 and 232.56 mg/kg, respectively. The 
results of the arsenic adsorption edges conducted at different pH values from 3 to 11 with initial arse-
nic concentration of 1 mg/L and adsorbent dose of 4 g/L revealed that the removal of As(V) was obvi-
ously more than that of As(III) under the same conditions, with respect to the same pH. Different from 
the sharp maximum adsorption at pH around 5.0 on the As(V) adsorption edge, the As(III) adsorption 
maximum is broad, occurred in the pH range of approximately 5.0 to 7.0. The significant differences in 
the adsorption of As(V) and As(III) on fly ash could be due to the discrepant electrostatic interaction 
between Al-based hydroxyl groups on the surface of fly ash and arsenic species in aqueous solution. 
Furthermore, this approach provides a possible method for treating arsenic wastewater and potential 
application for the reuse of coal fly ash generated by other industrial activities.
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1. Introduction

Arsenic (As), one of the most toxic and carcinogenic 
chemical elements, is present in virtually every part of the 
environment, including the atmosphere, soil, rocks, water, 
and food, and has become a worldwide problem for human 
health [1–7]. Long-term exposure to arsenic-contaminated 
drinking water can lead to lung, liver, skin, kidney, and 
bladder cancers as well as hypertension and cardiovascular 
disease [8]. Due to its high toxicity and accumulation, the 
World Health Organization (WHO) and many countries, 
such as the United States and China, have set a guideline 
limit of 10 μg∙L‒1 for the arsenic content in public drinking 
water, leading to an urgent need to develop an improved 
arsenic removal processes in water treatment systems in 
order to meet the stringent drinking water standards [9].

To date, various treatment technologies for arsenic removal, 
such as adsorption, chemical coagulation-precipitation, 
electrodialysis, reverse osmosis, ion-exchange, membrane 
separation, and biological treatments, have been developed 
and compared [2,10–24]. Among these methods, adsorption 
is usually considered to be the most attractive technology 
because of its relatively low cost, high efficiency and con-
venient operation [20,25–28]. Fe- or Al- oxyhydroxides have 
been systematically studied and widely used as adsorbents 
for arsenic removal due to their abundance in the environ-
ment, high affinity for arsenic species and low operating 
costs [10,12,29–41]. Macroscopic and spectroscopic tech-
niques, such as synchrotron X-ray absorption and ATR-FTIR 
spectroscopies, have been employed extensively to investi-
gate the molecular-scale adsorption mechanisms of arsenate 
and arsenite on a range of natural and synthetic minerals 
(such as goethite and 6-L ferrihydrite) [33–35,42]. According 
to these studies, both As(V) and As(III) are strongly adsorbed 
on metal oxyhydroxide surfaces, forming predominantly 
inner-sphere surface complexes by ligand exchange reactions 
and resulting in either monodentate or binuclear bidentate 
complexes depending on the surface arsenic loading and 
solution chemistry.

With the increased electric power consumption, a great 
amount of coal fly ash (a by-product of coal fired electricity 
generation) has been produced in recent decades [43,44]. 
Despite a large fraction of the volume of the generated 
coal fly ash has been reused, benefiting applications such 
as cement manufacturing, structural fillers, and waste sta-
bilization, amount representing millions of tons are stored 
in ash impoundments. This fly ash not only wastes a large 
amount of land but also contaminates the environment [45]. 
Specially, the failure of ash impoundment structures and 
the toxic chemicals of the fly ash have highlighted the risk to 
environmental systems and drinking water sources [46,47]. 
In order to protect and optimize the consumption of natural 
resources, coal fly ash and modified coal fly ash have been 
studied for decades as sorbents for removing heavy metals 
and organic pollutant from wastewater [48–55]. Up to now, 
to the best of our knowledge, these studies have focused on 
the arsenate adsorption characteristics and removal mech-
anisms of arsenic by fly ash and/or modified coal [56–60]. 
However, even though both As(V) and As(III) species are 
usually present in wastewater and groundwater, studies of 
As(III) adsorption performance by fly ash are lacking [1,2].

Therefore, the main objectives of this study were (1) to 
characterize the coal fly ash using powder X-ray diffrac-
tion (p-XRD) patterns, N2 adsorption–desorption isotherms 
(Brunauer–Emmet–Teller [BET]) and scanning electron 
microscopy (SEM), and (2) to investigate its performance 
in the removal of As(V) and As(III) species using batch 
experiments.

2. Material and methods

2.1. Materials

All of the chemicals used in this work were of analytical 
or guarantee reagent grade, were purchased from commer-
cial sources and were used without further purification. 
As2O5, As2O3 Fe(NO3)3∙9H2O and NaOH were of analyti-
cal grade, HCl and HNO3 were of guarantee grade, and all 
were purchased from Sigma-Aldrich. As2O5 dissolves eas-
ily in water and alcohol, but this process takes a long time. 
However, As2O3 is lower soluble in pure water, but has higher 
solubility and a faster dissolution rate in NaOH solution. 
All solutions except for the As2O3 solution were prepared in 
deionized water. All of the volumetric flasks and vessels were 
cleaned by soaking in 5% HNO3 for at least 12 h and were 
rinsed several times with distilled water prior to the tests. 
The artificial stock solutions of As(III) and As(V) for batch 
studies were made by dissolving As2O3 in NaOH solution 
and As2O5 in deionized (DI) water, respectively. The concen-
trations of the arsenic stock solutions were determined using 
a hydride-generation atomic fluorescence spectrophotometer 
(AFS-3100, Haiguang Corp., Beijing) prior to adsorption 
experiments. The arsenic working solutions were freshly pre-
pared by diluting the stock arsenate solutions with deionized 
water.

The commercial coal fly ash used in this study was 
obtained from Jining Hengzhi New building materials, Ltd. 
(Jining, China) and had the typical chemical composition of 
fly ash, as summarized in Table 1. Prior to the experiments, 
the fly ash was washed by soaking in 6 M HNO3 solution at 
room temperature for 24 h, then was separated by centrifu-
gation, washed several times by distilled water, and dried in 
an oven at 60°C overnight.

2.2. Batch adsorption experiments

Arsenic removal by the fly ash was conducted by addi-
tion of the solid to the arsenic solutions at room temperature 
(25°C ± 1°C). The solution pH was adjusted to the target value 

Table 1
Most probable oxide calculation for the fly ash in this study, 
performed using mineral recalculation software

Element as oxide Percentage (wt %)

SiO2 45.85
Al2O3 27.52
CaO 6.78
Fe2O3 5.71
K2O 2.65
TiO2 1.49
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by addition of NaOH and/or HCl solution before the addi-
tion of the adsorbent. All batch experiments were performed 
in duplicate, and the mean values were used to analyze the 
results of the study. The uptake of arsenic by the fly ash was 
determined based on the difference between the initial and 
final arsenic concentrations in the solution divided by the 
weight of the adsorbent.

2.2.1. Adsorption kinetics

The rate of arsenic adsorption is an important factor for 
arsenic removal. Batch experiments were performed to deter-
mine the reaction time necessary to reach the adsorption 
equilibrium; 1.0 g fly ash adsorbent was added to the con-
ical flasks containing 250 mL of 1.0 mg/L arsenic solution. 
The initial pH of the solution was adjusted to 5.0 ± 0.2 with 
0.1 M HCl or 0.1 M NaOH and was maintained at the same 
pH value throughout the adsorption process. Then, the mix-
ture was shaken on a platform shaker with an agitation speed 
of 180 rpm at the temperature of 25°C ± 1°C. Approximately, 
3 mL aliquots were taken from the vessel at selected reaction 
time intervals as follows: 0.083, 0.25, 0.5, 1, 3, 6, 8, 12, 24, 30, 
36, and 48 h. The samples were immediately filtered through 
a 0.22 μm membrane filter (Millipore) for the analysis of 
aqueous arsenic concentration.

2.2.2. Arsenic adsorption edges

To investigate the influence of pH on arsenic adsorption 
by fly ash, batch experiments were carried out by adding 
0.4 g of the adsorbent sample into 100 mL of 1.0 mg/L arsenic 
solution for 48 h. The vessels were shaken in an orbit shaker 
at 180 rpm for 48 h at 25°C ± 1°C. The pH of the system was 
kept constant at the target value by addition of NaOH and/
or HCl solution. At the end of the experiments, the mixtures 
were allowed to settle, and the supernatant was passed 
through a 0.22 μm membrane (Millipore) with a syringe filter 
to determine the residual arsenic concentrations in the super-
natant solutions.

2.2.3. Arsenic adsorption isotherms

Adsorption isotherms were measured to estimate the 
maximum adsorption density. To obtain adsorption iso-
therms, the initial As(V) or As(III) concentrations were 1.0, 
2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 mg/L, respectively, and 
the pH of the solution was adjusted to 5.0 ± 0.2 by the addi-
tion of 0.1 M HCl or NaOH. Then, 0.4 g absorbent was added 
to each solution. Afterwards, the suspensions were shaken on 
an orbit shaker at 180 rpm for 48 h. The slurries were main-
tained at pH 5.0 ± 0.2 by the addition of 0.1 M HCl or NaOH. 
Finally, the supernatant was filtered through a 0.22 μm mem-
brane filter after the solutions were mixed for 48 h.

2.3. Analytical methods

The concentrations of As(V) and As(III) in solution were 
measured using a hydride-generation atomic fluorescence 
spectrophotometer (AFS-3100, Haiguang Corp., Beijing) 
with a detection limit of 0.1 μg/L, and duplicate analyzes 
agreed within 5%, according to previously reported 

procedures [61,62]. The samples were pretreated with an 
ascorbic acid/thiourea reducing agent (5 g of thiourea and 
5 g of ascorbic acid in 100 mL of H2O) to reduce all arsenic 
to As(III) prior to hydride generation. The borohydride solu-
tion was prepared by dissolving 10 g of KBH4 in 500 mL of 
0.5% (w/v) NaOH solution and was used as the reducing 
agent for AsH3 generation. A 5% HCl solution was used as 
the carrier solution. All samples were analyzed within 24 h 
of collection, and an appropriate dilution had been made for 
higher As concentrations using the 5% HCl solution before 
As concentrations in solution were analyzed.

The morphological structures and elemental composi-
tions of the coal fly ash before or after the arsenic adsorption 
were examined by SEM (S-3400N, Hitachi, Japan). p-XRD 
patterns were recorded with a Rigaku Miniflex II diffrac-
tometer using CuK𝛼 radiation to determine the probable 
oxide components of the fly ash used in this investigation. 
The powder diffraction data of quartz (SiO2) and mullite 
(3Al2O3∙2SiO2) was obtained from the RRUFF Project website 
via <http://rruff.info/>, with RRUFF R141101 for mullite and 
RRUFF R110108 for quartz. The BET specific surface area, 
pore size distribution and pore volume of the fly ash were 
determined by the N2 adsorption–desorption isotherm using 
a NOVA 3000 BET analyzer (ASAP 2010M, Micrometritics, 
USA), which are given in Table 2. The laser particle size (LPS) 
technology was used to analyze the particle size distribution 
of the material using a laser particle sizer (Nano ZS, UK). 

The point of zero charge (pHPZC) of the fly ash was esti-
mated according to the method described by Yu et al. [13]. In 
detail, the fly ash was first suspended in 0.01 M NaCl until 
the pH no longer changed appreciably. Then, the pH of the 
suspension was adjusted to a series of pH values between 3 
and 11 by adding NaOH or HCl. After equilibration for 2 h, 
the initial pH was recorded. Then, 1.5 g NaCl was added into 
each suspension and the final pH was measured after addi-
tional 3 h. The pHPZC was identified as the point at which the 
ΔpH is equal to 0 in the curve of ΔpH vs. the final pH. ΔpH 
was calculated as the difference between the final pH and the 
initial pH.

3. Results and discussion

3.1. Characterization of the adsorbent

The powder X-ray diffraction pattern of the fly ash is illus-
trated in Fig. 1(a). The main peaks of fly ash were assigned to 
quartz (SiO2) and mullite (3Al2O3∙2SiO2). The wide diffraction 
peak between 15° and 30° reveals that a large amount of the 
amorphous phase is present in fly ash. Fig. 1(b) illustrates 
the nitrogen adsorption–desorption isotherm of the fly ash. 
The curve is close to the x-axis at relatively low pressures, 
indicating that the adsorption isotherms followed the type 

Table 2
BET specific surface area, pore size, pore volume, and average 
particle size of the fly ash

Specific surface area (m2/g) 12.32
Pore size (nm) 4.17
Pore volume (cm3/g) 0.032
Average particle size (μm) 5.75
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III isotherm based on the BDDT classification. This result 
indicated the presence of a weak interaction between the N2 
and fly ash during the multilayer adsorption. Additionally, 
according to the BET method, fly ash showed a specific sur-
face area of 12.32 m2/g, a pore volume of 0.032 cm3/g, and a 
mean pore diameter of 4.17 Å, as shown in Table 2. LPS anal-
ysis shows that the mean particle size of fly ash is 5.75 μm. 
The morphology of the fly ash was examined by SEM. As 
shown in Fig. 2, the fly ash was composed of spherical par-
ticles and the main particle size of fly ash is in the range of 
1.5‒8 μm, which is comparable to the results of LPS analysis.

3.2. Adsorption kinetics

Kinetic experiments were performed to determine the rate 
of arsenic removal from water by the adsorbent. The kinetics 
of As(V) and As(III) removal by the fly ash were conducted 
by adding 4.0 g/L fly ash to a solution of 1.0 mg/L arsenic at 
pH 5.0 at room temperature and pressure and the results are 
shown in Fig. 3(a). It is clear that the arsenic adsorption pro-
cess can be divided into two steps: the first relatively rapid 

(a)

(b)

Fig. 1. (a) Powder X-ray diffraction pattern of the fly ash, 
compared with the powder diffraction patterns of quartz (SiO2) 
and mullite (3Al2O3∙2SiO2) obtained from the RRUFF Project 
website. The RRUFF IDs for quartz and mullite are R110108 
and R141101, respectively. (b) Nitrogen adsorption–desorption 
isotherm of fly ash.

Fig. 2. SEM micrograph (´5,000) of fly ash.
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Fig. 3. Adsorption kinetics of As(III) and As(V) by fly ash (a) and 
their fit with a pseudo second-order rate model (b). Experimental 
conditions: pH 5.0 ± 0.1, adsorbent dose = 4.0 g/L, initial arsenic 
concentrations C0 = 1.0 mg/L, and equilibration time, 48 h.
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adsorption step, and followed by a slower adsorption pro-
cess. For the As(V) adsorption kinetics, the arsenic removal 
in solution was extremely fast during the initial 4 h, and over 
80% of the equilibrium adsorption capacity was removed. In 
the following adsorption step, surface precipitation and intra-
particle diffusion dominate the arsenic adsorption kinetics 
[32,35,63]. Therefore, the adsorption rate decreased and the 
system reached an equilibrium state within 36 h. Thus, for all 
other batch experiments, the equilibration time of 48 h that 
was higher than the equilibrium time of 36 h was applied to 
ensure complete adsorption. Similar trends, but with lower 
adsorption capacities, were observed for the uptake of As(III) 
by fly ash. Such analogous adsorption kinetics by Fe-, Mn-, 
and Al- oxyhydroxides have also been reported previous in 
the literature [10,12,29,33,34]. The pseudo-second-order rate 
equation model was applied to describe the As adsorption 
kinetic data in order to investigate the mechanism of As 
adsorption on fly ash. The adsorption constant (KC, kg/(mg∙h)) 
can be calculated using the following equation:

t
q K q

t
qt c e e

= +
1

2

 

(1) 

where qt (mg/kg) is the amount of adsorption at time t 
and qe (mg/kg) is the amount of adsorption at equilibrium [64].

The plots of t/qt vs. t for both As(III) and As(V) are 
shown in Fig. 3(b) and the parameters obtained from 
the kinetic model are listed in Table 3. Remarkably, the 
data for As(III) and As(V) adsorption are fit well by the 
pseudo-second-order equation model, with high coefficients 
of determination (R2) of 0.9991 and 0.9925 for As(V) and 
As(III) adsorption, respectively. Furthermore, the removal of 
As(III) and As(V) at equilibrium qe values calculated from the 
pseudo-second-order equation model are 203.25 and 101.94 
mg/kg, respectively, which are in good agreement with the 
results from the batch isotherm study (Fig. 5).

3.3. Effect of absorbent dosage

Since the arsenic removal by adsorption is highly affected 
by the adsorbent dosage, the effect of the adsorbent dosage on 
the uptake of As(V) and As(III) by fly ash was studied and the 
results are depicted in Fig. 4. It can be seen that the removal 
efficiency of both As(V) and As(III) increased from approxi-
mately 15.6% and 12.5% to 97.6% and 95.6%, respectively, as 
the adsorbent dosage of fly ash increased from 1.0 to 10.0 g/L, 
respectively. This increase could be attributed to the increase 
in the number of exchangeable sites and the surface area at 
higher concentrations of the absorbent [12,42]. When the con-
centration of fly ash in solution was 4.0 g/L, the adsorption 

capacity of fly ash for As(V) removal was approximately 
81.3%, compared with the adsorption capacity for As(III) 
removal of 40.4%. Therefore, the adsorbent dose of fly ash of 
4.0 g/L was applied in all of the subsequent adsorption tests.

3.4. Adsorption isotherms

Arsenic adsorption isotherms obtained at pH 5.0 were 
used to evaluate the adsorption capacities of fly ash and are 
presented in Fig. 5. It is clear that much more arsenate than 
arsenite was removed by fly ash from the arsenic solution, 
consistent with the arsenic adsorption edges (Fig. 6). The 
Langmuir isotherm model was employed to quantitatively 
describe the effect of increased aqueous As concentrations on 
the surface loadings of As(III) and As(V) on fly ash. The lin-
ear form of Langmuir equation is expressed as follows:

Table 3
Kinetic parameters for arsenate and arsenite adsorption by 
Fe-modified molecular sieves using a pseudo-second-order 
equation model

Parameters qe (mg/kg) Kc (kg/[mg∙h]) R2

As(V) 203.25 8.35 × 10–3 0.9991
As(III) 101.94 4.73 × 10–3 0.9925
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Fig. 4. Effect of the adsorbent dosage on arsenic removal by fly 
ash from As(V) and As(III) solutions, respectively. Experimental 
conditions: initial arsenic concentrations C0 = 1 mg/L, pH 5.0 ± 0.1, 
temperature, 25°C, and equilibration time of 48 h.
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Fig. 5. As(V) and As(III) sorption isotherms for the 
Fe-modified molecular sieves. The solid line is the Langmuir 
fit to the experiment data. Experimental conditions: adsorbent 
dose = 4.0 g/L, pH = 5.0 ± 0.1, and equilibration time of 48 h.
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where qe (mg/kg) is the amount of As adsorption, qmax (mg/kg) 
is the maximum amount of adsorbed As ions per unit weight 
of the adsorbent for a complete monolayer coverage, 
Ce (mg/L) is the equilibrium concentration in the solution 
phase, and b (L/mg) is the equilibrium adsorption constant, 
which represents the free energy of adsorption.

As a result, the maximum adsorption amounts of As(V) 
and As(III) from solution were calculated from the Langmuir 
equation and used as the arsenic adsorption capacity. The 
adsorption constants obtained from the Langmuir isotherm 
model at our experimental conditions are given in Table 4. 
As shown in Table 4, high regression coefficients (R2 > 0.97) 
suggested that the Langmuir model was suitable for describ-
ing the arsenic adsorption behavior of fly ash. The calculated 
As(V) and As(III) adsorption capacities were 666.67 and 
232.56 mg/kg, respectively. This indicates that monolayer 
adsorption plays a key role in arsenic removal. A compari-
son of arsenic adsorption capacities has been performed for 
other reported fly ash-based adsorbents [59,65]. It has been 
reported that the capacity of iron-containing fly ash for arse-
nate adsorption is 19.46 mg/kg [65], which could be ascribed 
to the higher BET specific surface area and/or iron content.

3.5. Adsorption edges

The pH of the solution is one of the most important fac-
tors in the treatment of groundwater for arsenic, for the pH 
could affect the surface charge of the adsorbents and the spe-
ciation of arsenic. Therefore, it is necessary to investigate the 
effect of pH on the arsenic adsorption process. The results of 
the adsorption edges of As(V) and As(III) on fly ash in the 
pH range from 3 to 11 at pH 5.0 with a reaction time of 48 h 
are shown in Fig. 6. As can be seen, the uptake of As(V) by 
fly ash was remarkably higher than that of As(III) under the 
same conditions, with respect to the same pH value, which 

could be due to the differences in the absorbent surface 
properties and adsorption behaviors of As(V) and As(III). It 
has been reported by previous literatures that the adsorp-
tion of As(V) on ferrihydrite and goethite is more favor-
able than that of As(III) under acidic conditions, whereas 
above pH 7–8, As(III) has a higher affinity onto the solids 
[10,12]. Different from arsenic removal by ferrihydrite and 
other iron-based absorbents, the removal efficiency values 
of As(III) by aluminium-based absorbents, such as Friedel’s 
salt (3CaO∙Al2O3∙CaCl2∙10H2O) [66], mesoporous alumina 
[30], coagulant polyaluminium chloride [31], polyaluminium 
granulate [32], and MgAl–CO3–LDH [67], were clearly lower 
than those of As(V) at all pH levels. The discrepancy between 
As(V) and As(III) removal by aluminium-based absorbents 
could be attributed to a weaker affinity between As(III) and 
Al-based hydroxyl groups on the surface of the solids [31,32]. 
In the pH range of the experiments, the uptake of arsenic 
increased with increasing pH until reaching the maximum 
adsorption and then decreased with further increases in pH 
in our experiments, as shown in Fig. 6. For the As(V) adsorp-
tion, there is a sharp maximum adsorption at the pH value of 
approximately 5.0, which is similar to the As(V) adsorption 
on cerium oxide modified activated carbon [13]. However, 
for the As(III) adsorption, the maximum adsorption is 
broad, occurring in the pH range of approximately 5.0–7.0. 
The Al-based hydroxyl groups on the adsorbent may play 
a key role in the arsenic removal via the ligand exchange 
mechanism.

The pH-dependent behavior of arsenic adsorption by 
fly ash could be attributed to the synergistic effects of sev-
eral competing factors that control the adsorption reaction 
between arsenic and the absorbents. Several mechanisms 
of arsenic removal by adsorbents from an aqueous medium 
have been proposed, including: (1) inner-sphere sur-
face complexation, (2) outer-sphere surface complexation 
(i.e., electrostatic interaction), (3) surface precipitation, and 
(4) intercalation by reconstruction of the structure on the 
adsorbent surface [33,63,66,68]. During the formation of 
the surface complexes, electrostatic attraction or repulsion 
of the aqueous arsenate or arsenite species with the surface 
of the adsorbent largely control the migration of oxyanions 
to the surface of the adsorbent, which is the prerequisite of 
the adsorption reaction [69]. Herein, arsenic adsorption on 
the adsorbents was governed by the joint effects of pH of the 
point of zero charge (pHpzc) of the adsorbents and the spe-
ciation of aqueous As(V) and As(III).

The degree of protonation of As(V) and As(III) 
anions in an aqueous solution is influenced by the pH. 
At pH < 2, H3AsO4 is the main form of the As(V) species, 
whereas H2AsO4

‒ becomes the dominant species in the pH 
range of 3–6. It is also well known that the adsorbent surface 
is protonated, and the surface change is positive at pH below 
pHPZC. However, the adsorbent surface is deprotonated, and 
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fly ash. Experimental conditions: adsorbent dose = 4.0 g/L, initial 
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Table 4
Langmuir isotherm parameters for arsenate and arsenite 
adsorption on Fe-modified molecular sieves

Parameters qm (mg/kg) b (L/mg) R2

As(V) 666.67 1.071 0.9776
As(III) 232.56 0.768 0.9751
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the surface change could be negative when the solution pH 
is above pHPZC. With the increase of the pH, the change of 
the surface charge not only results in decreased electrostatic 
attraction or increased electrostatic repulsion between the 
adsorbents and anionic arsenic species but also leads to the 
decrease in the mass transfer of arsenic toward the adsor-
bent surface. As shown in Fig. 7, the pHPZC value of fly ash 
is approximately 5.4. Therefore, below the pHPZC of 5.4, the 
surface of the fly ash is positively charged, which is nor-
mally favorable for the adsorption of the negatively charged 
anionic species (H2AsO4

‒ anions in this experiment). On the 
other hand, above the pHPZC 5.4, the surface of the adsorbent 
becomes more negatively charged and the dominant As(V) 
species are HAsO4

2‒ in the pH range of 6–9. Herein, electro-
static repulsion between the adsorbents and anionic arsenic 
species becomes stronger and the rate of the arsenic species 
migration to the adsorbent surface is reduced. As a result of 
above reasons, the arsenate adsorption by fly ash increased 
with increasing pH and have a sharp maximum adsorption 
obtained at the pH of approximately 5.0, followed by the 
decrease in the adsorption upon further increases in pH.

Different from arsenate, the dominant aqueous arsenite 
species are H3AsO3 at pH < ~9 and H2AsO3

‒ at pH 9–12 [1]. 
At pH < ~9, the neutral H3AsO3 molecule is the dominant 
arsenite species. This may be the cause of the difference 
between As(V) and As(III) adsorption on fly ash. Arsenite 
adsorption onto the aluminium hydroxyl surface of fly ash 
through ligand exchange reactions at pH < ~9 is depicted 
schematically below (≡[Al] represents the adsorption sites on 
the surface of fly ash):

≡ + → ≡ +( ) ( ) +[ ]Al OH s H AsO Al O As OH  2H3 3 2− −
−

 
(3)

≡ + → ≡ +( ) +[ ]Al OH s H AsO Al O AsO  3H3 3 2
2− − −

 (4)

Since arsenite is present predominantly as a neutral mol-
ecule at pH < ~9, the electrostatic attraction or repulsion does 
not play an important role, and the deprotonation of H3AsO3 
is the rate-limiting step of the reaction. When pH increases 

from 3 to 7, the deprotonation process of the neutral arsenite 
molecules is promoted and plays a major role in the adsorp-
tion process of arsenite. As a result of the change of adsorbent 
surface charge and improvement of arsenite deprotonation, 
the arsenite adsorption is enhanced and a broad adsorption 
maximum emerges in the pH range of approximately 5.0–7.0. 
At pH > ~7, and the electrostatic repulsion between the neg-
atively charged surface and anionic arsenite species leads to 
decreased adsorption with further increases in the pH.

4. Conclusion

In summary, the performance of coal fly ash for arsenate 
and arsenite removal was investigated by batch experiments 
to reduce environmental hazards and realize high-value uti-
lization of coal fly ash. Langmuir adsorption isotherms indi-
cated that the maximum adsorption capacities of As(V) and 
As(III) at pH 5.0 were 666.67 and 232.56 mg/kg, respectively. 
The uptake of arsenic species was highly affected by solu-
tion pH, and the uptake of As(V) by fly ash was remarkably 
higher than that of As(III) under the same conditions, with 
respect to the same pH. Thus, the use of coal fly ash to treat 
arsenic pollution may be an effective method for industrial 
waste reuse. However, the relatively lower specific surface 
areas and arsenic adsorption capacities likely restrict the 
utilization of coal fly ash on arsenic wastewater treatments. 
Further studies are needed to enhance the adsorption capa-
bility of fly ash by methods such as modification, heat and/or 
acid treatment, and zeolitization.
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