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a b s t r a c t
An effective adsorbent for arsenate removal from aqueous system was synthesized by loading 
activated red mud on porcelain sand (ARPS). The loading was accomplished via chemical pro-
cesses and thermal coating techniques. Several kinds of techniques which include scanning electron 
microscopy analysis, Brunauer–Emmett–Teller method were used to study the physic-chemical char-
acteristics of the ARPS adsorbent. Adsorption of As(V) on the ARPS adsorbent was studied as a func-
tion of time, pH, and coexisting ion. The surface morphology of the ARPS was examined and the 
loading mechanisms were discussed in detail. Results from the batch experiments, conducted at an 
initial concentration of 0.2 ppm of arsenate, Langmuir and Freundlich isotherms equation were used 
to fit the adsorption isotherms. The adsorption kinetic curve for the As(V) fits well with the Langmuir 
adsorptive equation. The maximum equilibrium saturated adsorption capacity of ARPS on arsenate 
was 4.424 and 0.989 mg/g respectively at pH 6 and 9. Under acidic conditions, the adsorption rate of 
As(V) is higher, and the adsorption decreases obviously with the increase of pH. The leaching liquid 
by ARPS adsorbent after toxic characteristic leaching process test can reach the national standards 
of GB 5749-2006. So the ARPS adsorbent is safe when application. Accordingly, it is believed that the 
ARPS developed in this study is environmentally acceptable and industrially applicable to water 
treatment.
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1. Introduction

Red mud is the fine-grained residue of alumina pro-
duction from the Bayer process for extracting alumina from 
bauxite [1–5]. The application of red mud in environmen-
tal management and remediation has been investigated. 
It is widely available in large quantities and is expected 
to have a good affinity for arsenate, as it is rich in Fe and 

Al oxides and hydroxides. The RM used in the study was 
obtained from Shandong Aluminum Corporation, China 
and the chemical composition (wt.%) is shown in Table 1. 
According to previous studies, modified red mud and acti-
vated red mud (ARM) are promising effective adsorptive 
materials for As(V) removal from water [6,7]. ARM has the 
highest adsorption capability and it has the highest surface 
area [8,9].
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The porcelain sand (PS) is widely used in water sup-
ply and sewage treatment as filter material [10]. The PS 
used in the study was obtained from JiangXi Filter Material 
Corporation, China. It has the following chemical compo-
sition (wt.%) listed in Table 2 and it shows that PS is pri-
marily a mixture of Si and Al oxides. Therefore it has the 
potential for arsenate removal from aqueous system [11]. 
The single-point N2 Brunauer–Emmett–Teller (BET) method 
indicated that the specific surface area of a typical PS sam-
ple was about 1.56  m2/g. In a preliminary study, the PS 
was directly used for arsenate removal from water [12], but 
the removal capability was low, hence it is not applicable in 
industrial waste-water treatment.

ARM is only available as fine powders and is difficult to 
be separated from aqueous solution after adsorption activ-
ity. United States Environmental Protection Agency has 
proposed iron oxide-coated sand filtration as an emerging 
technology for arsenate removal from small water facilities 
[13]. The problem of the solid–liquid separation for powder 
adsorbent can be resolved.

In this study, we attempted to load ARM on the surface 
of PS via chemical processes and high-temperature coat-
ing techniques. The loading of ARM on PS is supposed to 
be easily separated from aqueous systems. Furthermore, 
silica contained in the PS may perform as a binding agent 
which could increase the physical strength of the adsorbent 
[14]. Additionally, metallic elements such as silica initially 
contained in the PS could precipitate and coagulate with 
anionic arsenic irons, an ARM with high specific surface 
area and surface charge adsorb of arsenate, phosphorus, and 
other anions easily. The key point of the technique was the 
simultaneous generation of ARM and silica sol in-situ and 
eventually led to the formation of Fe–Si surface complexes 
which combined the iron oxide with the porcelain sand 
tightly.

2. Materials and methods

2.1. Materials

All glassware and sample bottles were soaked in diluted 
HCl solution for 24 h and washed three times with deion-
ized water. All experiments were conducted in duplicate and 
the mean values were considered. Solutions were prepared 
from Na2HAsO4·7H2O for As(V). A 1 g/L As(V) stock solu-
tion was prepared by dissolving 4.057  g Na2HAsO4·7H2O 
in 1 L of distilled water. As(V)-bearing water was prepared 
by diluting As(V) stock solution to given As concentrations 
with deionized water. The pH of the solutions was adjusted 
with either HCl or NaOH solution.

2.2. Adsorbent preparation

The details of activated red mud on porcelain sand 
(ARPS) are as follows. First 300 g of PS is placed in a bea-
ker, the raw RM was sieved and the particles below 177 μm 
were used for activation, 50 g of powder was added to 1 L 
of 1 M FeCl3·6H2O in a beaker containing PS, magnetically 
stirred for 1 h and aged for 24 h. Then 1 M NaOH solution 
was added dropwise to the mixture while stirring until 
the pH of the slurry was around 7.0. The slurry was con-
tinuously stirred by a magnetic stirrer for 2 h and aged for 
24  h. The mixture was centrifuged and the obtained solid 
was washed with deionized water three times. The obtained 
solid was dried at 105°C. The diagram of ARPS adsorbent 
preparation is depicted in Fig. 1. The micro-graphs of ARPS 
and PS adsorbent are shown in Fig. 2.

PS is prepared with kaolin as the main raw material, 
filled with special conditioner, mixed evenly and prepared 
into PS with a rough surface, large specific surface area, 
high porosity, and hard appearance, to facilitate the load 
of ARPS adsorbent. The production process of PS is shown 
in Fig. 3.

The main methods of powder forming include com-
pacting, extrusion molding and disc forming. The speed of 
the disc pelletizer used in this experiment is 20~30  r/min 
and the disc angle is 45°. The weight ratio of several raw 
materials was mixed evenly. Start the pelletizer and spray 
water by manual control. When the diameter of the pellet 
is about 0.5  mm, the machine was turned off. The pellets 
were taken out of the pelletizer and placed at room tempera-
ture for 24 h. They were roasted in a muffle furnace for 12 h.

In the granulation process, the temperature of calci-
nation is the most important link. The PS strength is not 
enough and easy to become loose in the water when the 
temperature is low. The surface of PS is smooth and ARM is 
easy to fall off after loaded when the temperature is higher. 
The temperature of calcination was determined to be 800°C 
after the experiments. The prepared PS has a large specific 
surface area, surface roughness, and satisfies the require-
ment of the load. The influence of different temperatures of 
calcination on PS is shown in Table 3. The physical proper-
ties of the PS filter material prepared are shown in Table 4.

2.3. Analysis

All chemicals were of analytical grade and used with-
out further purification. Arsenate was analyzed on the 

Table 1
Composition and properties of RM (%)

Constituent % (w/w)

SiO2 9.80
Al2O3 10.4
Fe2O3 25.02
MgO 1.70
CaO 10.08
Na2O 4.80

Table 2
Composition and properties of PS used

Constituent % (w/w)

SiO2 68–74
Al2O3 14–20
Fe2O3 <0.7
MgO <0.7
CaO 0.5
Na2O 0.4
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atomic fluorescence spectrometer (AF-610A) [15]. The spe-
cific surface area of the samples was determined by the 
BET nitrogen gas adsorption method using a Micromeritics 
ASAP2000V (Micromeritics, Norcross, GA) accelerated sur-
face area and porosimetry [16]. The micro-graphs and micro- 
analysis of the samples were determined using a 30  kV 
HITACHI S-3000N (Hitachi, Tokyo, Japan) scanning electron 
microscopy (SEM).

2.4. Adsorption experiments

The batch adsorption experiments were conducted 
for the study of the adsorptive performance by the ARPS 
adsorbent. Adsorption studies were carried out by shaking 
Na2HASO4·7H2O solution at 400 rpm in the bottles for 12 h at 
20°C, and a background electrolyte of 0.01 M NaCl was used 
for all batch experiments. After equilibrium, the solutions 
were centrifuged at 5,000 rpm for 10 min and the supernatant 
was taken and analyzed for arsenate. Arsenate adsorbed was 
calculated as follows:

q
C C V
m

t=
−( )0 	 (1)

where q is the concentration of the arsenate adsorbed 
(mg/g), C0 and Ct are the initial and final concentrations of 

the arsenate in solution (mg/L), respectively. V is the solu-
tion volume (L) and m is the mass of adsorbent (g).

2.5. Leaching experiments

Referring to the standard leaching method notification 
No. 46 of the Ministry of Environment (Japan), the leach-
ing amount of selected elements at different pH was exam-
ined. The solid/liquid ratio was 1:10, and the pH values of 
the extracting solvents were adjusted to 1–13, then vibrated 
for 6 h at 20°C and filtrated. Element concentrations in the 
filtrate were determined by inductively coupled plasma–
atomic emission spectrometry [17,18].

3. Results and discussion

3.1. Characterizations of ARPS

3.1.1. Loading mechanisms and load capacity

The measurement results show that the surface areas 
of both PS and ARPS were about 1.56   and 10.1  m2/g. The 
surface area of ARPS increased by 70% compared to PS, 
because the ARPS adsorbent by loading on the surface of PS 
is larger than the surface area. The weight of ARM on the 
surface of PS was about 15.4 mg/g.

ARPS is a chemical reaction generated by activated 
SiO2 and Al2O3 under the excitation of Ca(OH)2 to generate 
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Fig. 1. Schematic diagram of ARPS adsorbent preparation.

Fig. 2. Micro-graphs of ARPS and PS adsorbent. Left: ARPS and 
Right: PS.

Powder sieving Matching Prilling Drying Roasting 

Fig. 3. Schematic diagram of PS preparation.

Table 3
Effect of different temperature on the character of PS

Calcination 
temperature

Porcelain sand performance

600°C Low mechanical strength, easy to become 
scattered in water

800°C The structure is compact, the surface has 
certain porosity, high mechanical strength, and 
suitable water absorption

1,000°C High mechanical strength, smooth surface, not 
easy to load

Table 4
Physical characters of PS

Project Indicators Note

Compressive strength <0.7
Resistance to temperature >1,000°C
Specific heat 628–837 J/kg, °C
Specific gravity 2.3 g/cm3

Heap than quantity 1.9 g/cm3

Water absorption 5.2%–8.2%
Percentage of damage 1.24%



331S. Zhang et al. / Desalination and Water Treatment 180 (2020) 328–335

hydration products similar to Portland cement (calcium 
silicate hydrate and calcium aluminate hydrate), which is 
conducive to the loading of ARM adsorbent on the surface 
of PS. The chemical [19,20] equations are as follows:

mCa(OH)2 + SiO2 + (n–1)H2O → mCaO SiO2 nH2O	 (2)

mCa(OH)2 + Al2O3 + (n–1)H2O → mCaO Al2O3 nH2O	 (3)

The ARPS prepared are brown-red particles, which 
indicated that the ARPS adsorbent could be well loaded 
on the surface of PS. ARPS has a rougher surface and more 
pores than PS.

3.1.2. SEM and energy-dispersive X-ray 
spectroscopy analysis

SEM showed the effect of ARM on the PS surface erosion 
and collapse. The new surface area generated by acidifica-
tion can be observed through the difference of SEM between 
PS and ARPS samples (Fig. 4). Moreover, it can also be seen 
from Fig. 4 that ARM particles are loaded on the PS particles 
perfectly and big-size composites are formed.

SEM and energy-dispersive X-ray spectroscopy (EDS) 
analysis results of arsenic adsorption by ARPS adsorbent 
are shown in Fig. 5. As can be seen from the figure, a little 
flocculent white precipitate was retained on the surface of 
the adsorbent, indicating that the adsorbed As(V) gener-
ated surface complex precipitate. The presence of As(V) was 
detected by energy spectrum analysis. The results of surface 
complexes are shown in Fig. 6.

3.2. Adsorption of arsenate to ARPS

3.2.1. Effect of pH value on adsorption

pH plays an important role in the adsorption of anions 
on metal oxides, and it is one of the important factors affect-
ing the adsorption effect. The effect of pH value between 
3 and 12 on ARPS adsorption of arsenate (initial arsenate 
concentration 1 mg/L, dosage 20 g/L, adsorption time 10 h) 
was investigated. The results are shown in Fig. 7.

The changing trend of ARPS affected by pH value was 
similar to that of ARPS adsorbent affected by pH value. As 
the pH of the solution increases, the positive charge on the 
surface of the ARPS gradually decreases, which reduces 
the electrostatic attraction of the ARPS to the anions in the 
water and reduces the removal rate. In addition, the increase 
in the pH of the solution reduces the hydrogen bond adhe-
sion of the metal oxides on the ARPS surface, especially at 
the zero charge point pH or higher pH, the deprotonating of 
the metal oxide hydroxyl group makes the hydrogen bond 
adhesion weak.

3.2.2. Effect of different time on adsorption

The effect of ARPS adsorbent on the removal rate of 
As(V) ions (initial concentration of 1 and 2  mg/L) under 
different adsorption time conditions is shown in Fig. 8. 
The results showed that the adsorption of As(V) on ARPS 
adsorbent reached 40% within 3  min, and the adsorption 
increased with the increase of reaction time. As the adsorp-
tion approaches equilibrium, the adsorption quantity gradu-
ally approaches a limit value. Within 10 h, the adsorption of 

 
Fig. 4. SEM micro-graphs of the PS and ARPS.

Fig. 5. SEM micro-graph of the ARPS adsorbent after adsorption 
of arsenate.
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As(V) showed rapid adsorption and reached the maximum. 
After that, the adsorption tended to be balanced and stable, 
and the reaction time was prolonged. Studies have shown 
that the adsorption of As(V) on iron oxides includes two 
stages: the fast adsorption stage occurs before 5  min, and 
the slow adsorption stage occurs after 5 min. The adsorption 
efficiency of the slow stage was not determined by the con-
centration of As(V) in the solution, but it was determined by 
the adsorption amount of As(V) in the fast adsorption stage.

3.2.3. Adsorption isotherm

The saturation adsorption capacity of ARPS on arsenate 
was investigated. Arsenic solutions with different concentra-
tions were prepared. 100  mL of solution was added to the 
250 mL conical flask. The dosage of ARPS was 20 g/L to inves-
tigate the distribution of arsenate between solid and liquid 
phases at equilibrium. Langmuir and Freundlich adsorption 
isotherms were used to fit the experimental data. The results 
are shown in Fig. 9.

Fig. 6. EDS report of the ARPS adsorbent after adsorption of 
arsenate.

Fig. 8. Effects of time on arsenate removal capacity.
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Fig. 9. Langmuir and Freundlich isotherm plots for arsenate and phosphate adsorption.

Fig. 7. Effects of pH on arsenate removal capacity.
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The fitting parameters of Langmuir equation and Freun
dlich equation are shown in Table 5. At pH6 and 9, the 
maximum equilibrium saturated adsorption capacity of 
ARPS on arsenate was 4.424 and 0.989 mg/g respectively.

3.2.4. Effect of solution ionic strength on the adsorption

The effect of ionic strength on the arsenate removal 
rate was investigated. It is a method to estimate the effect 
of ionic strength change on adsorption behavior. Hayes and 
they pointed out that the outer-sphere complex formed in 
the macroscopic performance is as follows: the adsorption 
tends to decrease with the increase of solution ionic strength; 
the formation of the inner-sphere complex showed that the 
adsorption did not depend on ionic strength, or the adsorp-
tion increased with the increase of ionic strength. This is 
due to the high activity of available nations in the solution, 
which can compensate for the surface of charge generated by 
the adsorption. 

The effect of ionic strength on the adsorption removal 
rate of As(V) is shown in Fig. 10. The results showed that as the 
electrolyte concentration increased from 0.01 to 0.1 mol/L, the 
removal rate of As(V) remained unchanged. When the ionic 
strength in solution changes, the ions adsorbed by non-char-
acteristic adsorption are more sensitive than adsorbed by 
characteristic adsorption because the electrolyte can form an 
outer-sphere complex through electrostatic interaction. The 

results show that the main mechanism of action except for 
As(V) is characteristic adsorption, and As(V) forms an inner 
surface complex at the solid–liquid interface.

3.2.5. Discussion on adsorption mechanism

Studies have shown that the adsorption process of 
oxygen-containing anions is the surface complex reaction 
between anions, the surface of ≡ MOH, ≡ MOH2

+ and other 
functional groups. Method was extended X-ray absorp-
tion fine structure (EXAFS) [21] from iron, the bond length 
of the coordination number reveals the As(V) is formed 
by force strong inner ring complexes, selective adsorp-
tion to the hydration or hydroxyl iron oxide. The surface 
of the complex model is the main mechanism of arsenate 
removal. The results of transmission Fourier transform 
infrared spectroscopy and attenuated total reflectance 
Fourier transform infrared spectroscopy showed that under 
the condition of high arsenic/iron ratio, arsenic radical and 
arsenate radical replaced two single surface of hydroxyl 
groups respectively and formed the binuclear binate com-
plex Fe–O–AsO(OH)–O–Fe and Fe–O–As(OH)–O–Fe (2C) 
or nonnuclear binate complex (2E). In the case of a low 
As/Fe ratio, it is more conducive to the formation of mono-
nuclear monodentate angular complex (1V).

The adsorption of As(V) by ARPS adsorbent can be 
regarded as the surface of complexation between the sur-
face of the hydroxyl group and As(V) anion. The reaction of 
proton migration takes place on the surface of the hydroxyl 
group, which shows the amphoteric surface of characteristics 
and corresponds to charge changes. The proton migration 
equilibrium can have corresponding constants, namely the 
surface of coordination constant.

≡ − + →≡ − ++ +M OH H O M OH H O2 2 3 	 (4)

Ka
s
1

3

2

=
−{ } 

−{ }
+

+

M OH H O

M OH
	 (5)

≡ − + →≡ − +− +M OH H O M O H O2 3 	 (6)

Ka
s
2

3=
−{ } 

−{ }
+ +M O H O

M OH
	 (7)

[] and {} respectively represent the combined concentra-
tion in the solution and the surface of combined concentration.

The surface of hydroxyl groups can form the surface of 
complexes with anions in aqueous solutions.

( 1)M OH A M OA OHZ Z− − − −≡ − + → − + 	 (8)

2 2
2

2≡ −( ) + → ≡ −( ) +− − − −M OH A M O A OHZ Z( ) 	 (9)

It can be seen that the complex equation of adsorption 
of As(V) by ARPS adsorbent is as follows:

Table 5
Langmuir and Freundlich isotherm parameters for adsorption

pH Langmuir equation Freundlich equation

q0 (mg/g) b (L/mg) R2 k n R2

As(V)
6 4.424 0.1003 0.96 0.89386 2.78 0.94
9 0.989 0.2267 0.98 0.27066 3.22 0.93

Fig. 10. Effect of the ionic strength on arsenate removal.
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Fe,Al,Ti,Si OH AsO Fe,Al,Ti,Si O H AsO( ) − + → − 
− −
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2 4
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( ) − + + → ( ) − 
+

− +

−

4
3
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2

	 (15)

3.3. Toxic characteristic leaching process

ARPS adsorbent was tested for the toxic characteris-
tic leaching process (TCLP), an EPA invention commonly 
used to determine the potential for solid materials to release 
chemical toxins in a landfill environment. The leachate was 
analyzed and tested according to the GB5085.3-1996 method. 
The results are shown in Table 6. The results showed that 
the performance of the ARPS adsorbent TCLP test leach-
ing solution completely reached the national GB 5749-2006 
standard for drinking water.

Compared with RM, the TCLP test result of ARPS adsor-
bent is better, and RM is mainly the Al index slightly higher 
than the standard. The results show that the ARPS adsorbent 
has application safety.

4. Conclusions

•	 ARPS adsorbent was loaded on the surface of spherical 
PS filter material, and the spherical PS adsorption filter 

material (ARPS) with ARM on the surface was success-
fully prepared. ARPS not only has the turbidity removal 
efficiency of ordinary ceramsite filter material but also 
has a strong adsorption ability for arsenic anions in water, 
which overcomes the problem that powder adsorbent is 
difficult to separate solid from liquid.

•	 The prepared ARPS adsorbent supported PS filter material 
(ARPS) has uniform particles and stable properties. The 
characterization of results showed that the external surface 
of ARPS was rough and porous. The specific surface area 
increased from 1.56 to 10.1 m2/g. The adsorption dose of 
ARM loaded on the surface of 1 g of PS was about 15.4 mg. 
The results of the strength test show that ARPS adhesion 
strength is high and meets the requirement of a fixed bed.

•	 The ionic strength in the solution had no effect on the 
adsorption and removal rate of As(V). The electrolyte 
concentration increased from 0.01 to 0.1 mol/L, and the 
removal rate of As(V) remained unchanged. The exper-
imental results show that the main mechanism of action 
except for As(V) is characteristic adsorption. As(V) forms 
an inner-sphere surface complex at the solid-liquid 
interface.

•	 At pH 6 and 9, the maximum equilibrium saturated 
adsorption capacity of ARPS for arsenate was 4.424 and 
0.989  mg/g respectively. The results show that ARPS 
adsorbents have good adsorption capacity for As(V) ions. 
The changing trend of ARPS affected by pH value was 
similar to that of ARPS adsorbent affected by pH value.

•	 The results of SEM adsorption of As(V) by ARPS adsor-
bent showed that a small amount of flocculated white 
precipitate remained on the surface of the adsorbent, 
indicating that the surface complex precipitate was pro-
duced after adsorption of As(V). EDS also detected the 
presence of As. The adsorption of arsenate by ARPS 
adsorbent belongs to the reaction mechanism of the sur-
face of complex precipitation, and the adsorption process 
of oxygen-containing anions is the surface of complex 
reaction between anions, the surface of ≡ MOH, ≡ MOH2

+  
and other functional groups.
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TCLP test results and comparison with China standards
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(mg/L)
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Hg
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Pb
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(mg/L)

ARM 0.009 <0.001 0.001 0.62 0.025 0.03
ARPS adsorbent 0.003 <0.001 0.0006 0.0025 0.001 0.01
Standard request 0.1 0.001 0.01 450 1.0
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