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a b s t r a c t

Chloride contamination of water from climate change and salty waste water is known as a serious 
issue of water and wastewater treatment. In this study, Ag/ARHA (activated rice husk ash) mate-
rial was designed and fabricated as a novel adsorbent for chloride removal in aqueous solution. 
The deposition of Ag on ARHA material was done by a facile precipitation method using AgNO3 as 
precursor and NaBH4 as reductant. The material was then characterized by Fourier transform infra-
red spectroscopy, X-ray diffraction, transmission electron microscopy, and Brunauer–Emmett–Teller 
analyses. In chloride removal test, the Ag/ARHA adsorbent showed high chloride capacity of 7.9 
mgCl–/g Ag with good durability after at least ten cycles of adsorption–desorption. This high capac-
ity could be due to the strong interaction between the ARHA support and Ag metal as well as the 
chemical adsorption of chloride onto silver nanoparticle surface on ARHA support with high surface 
area. Additionally, H2O2was proven as an effective solution for regeneration of the used Ag/ARHA 
adsorbent. Since the selectivity of Ag/ARHA for chloride removal was very high and seemly not 
affected by other anions, this novel adsorbent has a great potential for chloride contaminated water 
and wastewater treatment applications.
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1. Introduction

The presence of chloride in water environment (e.g., 
surface water, underground water, and wastewater) as total 
dissolved solid is still one of the big challenge of water treat-
ment processes. For example, low or lost efficiency of water 
treatment in Fenton system was observed by high concen-
tration of chloride due to the reaction of hydroxyl radical 
and chloride (OH* + Cl– → ClOH*–; k = 4.30 × 109 L·mol–1·s–1)
[1,2]. Thus, wastewater with high chloride concentration 
must be diluted before further primary treatment although 
this is not a sustainable technology. On the other hand, the 
scarcity of clean water for human activities is being seri-

ous during the dry season at Mekong Delta (Vietnam) due 
to salt intrusion. Although many engineering approaches 
were proposed such as traditional water distillation, mem-
brane [3], and anion resin exchange [4], the disadvantages 
of these technologies were observed for surface water and 
wastewater treatments with high salt concentration. These 
obstacles include high cost [3], complex operation and short 
lifetime of membrane (e.g. high suspension solid), and the 
low chloride selectivity for the anion resin exchange (e.g. 
sulfate, nitrate, and phosphate) [4].

For chloride removal by adsorption and ion exchange, 
some new materials have been developed for removal of 
chloride in water such as carbon xerogels [5], using mod-
ified hydrotalcite or hydrotalcite-like compounds [6,7], 
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layered double hydroxides [8]. Since the synthesis of these 
new materials are complicated and costly, the ion exchange 
resin are still the most popular material which is studied 
and applied for chloride removal. Li et al. [9] studied on the 
modification of anion exchange to improve its ability, such 
as for removal of Tl (Thallium) and Cl– in wastewater with 
high salinity. Liu et al. [10] combined anion exchange and 
ozone to remove chloride from wastewater of zinc produc-
tion. Iakovleva et al. [11] employed limestones, iron sand, 
and waste from pulp and paper for adsorption of chloride 
and sulfate from mine process water. Dron and Dodi [4]
used Amberlite® IRN 9766 (a macroporous resin) to com-
pare the models for adsorption of anions, including chlo-
ride. Although many materials were studied and applied 
for chloride removal in aqueous phase, the issue for enhanc-
ing selective chloride adsorption have not still solved yet.

On the other hand, rice husk, a by-product of rice pro-
cessing industry, is abundant in agricultural countries such 
as Vietnam and Thailand. Previously, rice husk is just simply 
dumped into the soil or water environment as a solid waste. 
Recently, rice husk is used as fuel in boiler, dryer, brick kiln 
and other combustion equipment and rice husk ash (as both 
bottom and collected fly ash) become a waste that need to 
be properly disposed. Several studies have been done on 
the management and utilization of rice husk ash [12–14]. 
Although the use of rice husk ash as silica source for nano-
material fabrication and environmental application, there 
has been no work on the use of rice husk ash for chloride 
adsorption.

In this study, Ag/ARHA (activated rice husk ash) mate-
rial was synthesized and applied as a novel adsorbent 
with high selectivity for chloride removal in solution. This 
suggests a new solution for chloride removal from surface 
water and wastewater or insecticide (i.e. chloramine chemi-
cals) removal from treated surface water.

2. Materials and experiment

2.1. Chemicals and materials

Analytical grade HF (40 vol.%), AgNO3, and standard 
chloride solution were purchased from Sigma Aldrich and 
Merck through chemical companies in Vietnam and used 
without further purification. Rice husk ash (RHA) material 
was collected from a furnace for brick production in An 
Giang Province, Vietnam.

2.2. Material synthesis

The novel support from RHA with high surface area 
was generated by a simple HF corrosion method reported 
in our previous work [15]. In a typical procedure, 20 mg of 
dried RHA was added into 80 mL of 10% (v/v) HF solu-
tion in plastic containers. After 30 min of stirring at ambient 
condition (i.e., 1 atm and room temperature), the activated 
RHA(ARHA) was collected after several times of washing 
with deionized (DI) water and centrifugation. The material 
was then dried in a vacuum oven at 80°C overnight.

Silver nanoparticles was deposited onto the surface of 
ARHA support by reducing silver ion with NaBH4 reduc-
tant in aqueous solution. In a typical procedure, NaBH4 was 

directly added into a mixture of ARHA and AgNO3 solution 
under constant stirring. The reducing reaction of silver ion 
was carried out at room temperature for 30 min, followed 
by washing with DI water and centrifugation several times. 
The black powder obtained after drying in an oven at 100°C 
overnight was denoted as x%Ag/ARHA with x is the theo-
retical weight percentage of Ag (i.e. 5% and 10%).

2.3. Material characterizations

Wide angle X-ray diffraction (WAXRD) patterns were 
recorded on a D2 Phaser XRD 300 W diffractometer using 
CuKα radiation (λ = 1.5406 Ǻ) with a step size of 0.05° 
and step time of 30 s. The morphology and particle size 
of ARHA and Ag/ARHA were evaluated using scanning 
electron microscopy (SEM) with energy-dispersive X-ray 
spectroscopy (EDS) and transmission electron microscopy 
(TEM) on a Philips Tecnai G2 F20 TEM microscope operated 
at 40 kV. The specimens were prepared by ultrasonically 
suspending the materials in ethanol and the suspension 
was then applied to a copper grid and dried in an oven. 
Brunauer–Emmett–Teller (BET) surface area and pore size 
of the materials were determined from N2 adsorption/
desorption isotherms at 77 K using a sorptiometer (Porous 
Materials, BET-202A). Before BET measurement, the mate-
rials were degassed at 150°C for 4 h to completely remove 
residual water from the oxide meso-/micropores. Accord-
ingly, the BET data correspond to the annealed samples. 
The Ag loading on the ARHA support was determined 
using inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). 

2.4. Chloride removal experiment

Aqueous chloride removal tests were performed at 
ambient conditions. In a typical experiment, 20 mg of Ag/
ARHA powder was added into the 50 mL of 300 ppm NaCl 
solution. After chloride adsorption, the material was sep-
arated by centrifugation at 10.000 rpm for 10 min and the 
supernatant was collected for chloride analysis. Chloride 
concentration in the solution was determined by ionic chro-
matography method. The chloride adsorption capacity q 
(mg/g) of materials was calculated as following:

q
C C

m
o=

( )
×

−
50 � (1)

where Co and C are chloride concentrations in the solutions 
before and after adsorption (mg Cl–/L) and m is amount of 
Ag in adsorbent (mg).

3. Results and discussion

3.1. Materials synthesis and characterizations

Figs. 1 and 2 display the FTIR and XRD results, respec-
tively, of as-prepared and Ag-deposited ARHA materials. 
As seen in Fig. 1, FTIR patterns of ARHA material were char-
acterized by oscillations of Si-O-Si (1100 cm–1), C=C (1600 
cm–1), C=O (1730 cm–1), and –OH (3450 cm–1) [16]. Addi-
tionally, XRD patterns also showed that C and SiO2 are the 
two main compositions of fresh ARHA material while AgCl 
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peak was found for 5%Ag/ARHA after chloride adsorption 
(Fig. 2). Furthermore, amorphous structure was obtained 
for SiO2 component in the ARHA support, which is similar 
to previous study [17]. After activated by HF, the obtained 
ARHA showed very high surface area of 416 m2/g (Table 
1), which was ca. 22 times higher than that of raw RHA (19 
m2/g). This much higher surface area would be attributed 
to the huge amount of pores observed in ARHA material 
(Fig. 3C) as compared to RHA (Fig. 3A). Notably, the EDS 
results showed that C/Si ratio significantly increased from 
0.09 for RHA to 4.52 for ARHA samples (Figs. 3B and 3D). 
This proves the successful corrosion of HF chemical for sil-
ica composition in RHA [15], which made the porous struc-
ture of ARHA material.

The deposition of silver metal nanoparticles onto the 
surface of ARHA support was examined by FTIR (Fig. 1), 
XRD (Fig. 2), TEM (Fig. 4),and BET (Table 1) analysis. For 
FTIR result, the peak intensity for Si-O-Si oscillation at 1100 
cm–1 [16] of Ag/ARHA was lower than that of ARHA sup-
port due to the covering of Ag nanoparticles on SiO2 surface 

sites. For XRD result, the peaks at 2θ of 38, 44, 64, 77, and 82o 
are known to be the characteristic peaks of silver nanopar-
ticles [18,19]. TEM images in Fig. 4 also show that the sil-
ver nanoparticle size of 5%Ag/ARHA (actual Ag loading 
of 4.82 wt.% by ICP-AES) was less than 10 nm while that 
of 10%Ag/ARHA (actual loading of 9.91 wt.%) was greater 
than 12 nm, respectively. The smaller size of silver nanopar-
ticles in 5%Ag/ARHA sample was consistent with XRD 
result (Fig. 2) because of its lower Ag loading. From Table 1, 
BET surface area of 5%Ag/ARHA (408 m2/g)was slightly 
lower than that of ARHA. This is possibly due to the depo-
sition and covering of Ag nanoparticles onto the surface and 
pores of ARHA material. Moreover, the surface area of silver 
is much lower than that of ARHA. As a result, the surface 
area of Ag/ARHA was slightly lower than that of ARHA.

3.2. Adsorption of chloride into Ag/ARHA nanomaterial

The chloride removal using Ag/ARHA adsorbent was 
investigated under various conditions of adsorption time, 
temperature, and pH value. Fig. 5 presents the effect of pH 
on the adsorption of chloride using 5%Ag/ARHA adsor-
bent. It can be concluded that pH from 5 to 8 is the optimum 
range for chloride adsorption. Additionally, the lower chlo-
ride adsorption capacities were observed in both conditions 
of acidic and basic environments, which can be due to the 
unfavorable charge on the silver surface and/or silver spe-
cies for chloride adsorption under these conditions.

Fig. 6 illustrates the effects of adsorption time (Fig. 
6A) and temperature (Fig. 6B) on the chloride adsorption. 
In Fig.  6A, a fast equilibrium was obtained after short 
adsorption time of around 20 min for Ag/ARHA materials, 
proving that it is a promising adsorbent for environmental 
applications. This can be attributed to the chemical adsorp-
tion and the strong interaction support metal (SISM) with 
charged silver surface[20,21]. As known, the SISM is created 
from the interaction between metal and support (e.g. oxide 
supports) which significantly contribute to the interfacial 
and transport phenomena as well as charge redistribution 
[22–25]. The SISM had three effects on the material, includ-
ing electronic, geometric, and bifunctional effects [23]. 
Although further in-depth studies are required, it is possi-
ble that the SISM formed from Ag nanoparticles and silica 
(in ARHA) could change the electronic property of electron 
on the surface of Ag nanoparticles. 

Additionally, Fig. 6A also shows that, while chloride 
adsorption was not observed for ARHA material, the chlo-
ride capacity of 5%Ag/ARHA adsorbent reached 7.9 mg Cl–/
gAg. It is noticeable that the surface area of 5%Ag/ARHA 
is smaller than that of ARHA, suggesting that Ag nanopar-
ticles are the major adsorption sites for chloride adsorption 
while ARHA material plays a role as carrier or supporting 

Fig. 1. FTIR patterns of (1) ARHA, (2) 5%Ag/ARHA, and (3) 
5%Ag/ARHA (after chloride adsorption).

Fig. 2. XRD patterns of (1) ARHA, (2) 5%Ag/ARHA, (3) 10%Ag/
ARHA, and (4) chloride saturated 5%Ag/ARHA materials.

Table 1
Surface area of materials

Sample BET surface area (m2/g)

RHA 19
ARHA 416
5%Ag/ARHA 408
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material. The temperature effect was investigated from 30 
to 50°C, which is the temperature range of water and waste-
water in practical applications. As observed in Fig. 6B, the 
chloride adsorption capacities using Ag/ARHA adsorbents 
increased with the increase of temperature while no effect 
was found for ARHA material. The linear relationship of 
temperature and adsorption capacity was obtained for 
10%Ag/ARHA but non-linear relationship was found for 
5%Ag/ARHA. This difference can be explained by the dif-
ferent adsorption kinetic between these two samples with 
different loadings and SISM [21,24,25]. For high Ag loading 
with large Ag nanoparticles, the decrease of SISM between 
Ag and ARHA (e.g. electronic property) lead to a decrease 
in chloride adsorption on the surface of silver nanoparticles 
(with the same Ag dose). Generally, this result confirms that 
the adsorption of chloride onto surface of silver nanoparti-
cles is chemical adsorption.

Kinetic and thermodynamic study of adsorption is 
usually performed for better understanding the physico 

Fig. 3. SEM images and EDS results of RHA (A and B) and ARHA (C and D) materials, respectively.

Fig. 5. Effect of pH on chloride adsorption using 5%Ag/ARHA ad-
sorbent. (Condition: 60 min adsorption time, room temperature).

Fig. 4. TEM images of (A) 5%Ag/ARHA and (B) 10%Ag/ARHA materials.
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-chemical properties of the adsorption as well as to find the 
suitable condition for high adsorption capacity. There are 
four kinetic models which are popular for describing the 
adsorption process, as followings. 

Pseudo-first-order model:

ln lnQ Q Q k te t e−( ) = − 1 � (2)

Modified-pseudo-first-order model:

Q
Q

Q
Q

Q Q Q K tt

e

t

e
e t e+ + −( ) = −ln ln ln 1 � (3)

Pseudo-second-order model:

t
Q k Q

t
Qt e e

= +
1

2
2

� (4)

Intra-particle diffusion model:

Q k tt ip= 0 5. � (5)

where Qe (mg/g) and Qt (mg/g) were adsorption capacity 
of material at equilibrium and time t (min), respectively. 
k1 (min−1), K1 (min−1), k2 (g/mg·min), and kip (mg/g·min) 
were the rate constants of pseudo-first-order model, mod-
ified-pseudo-first-order model, pseudo-second-order 
model, and intra-particle diffusion model, respectively.

The kinetic study results for chloride adsorption using 
ARHA, 5%Ag/ARHA, and 10%Ag/ARHA are presented 
in Table 1. The suitability of a model was evaluated based 
on the R2 (correlation coefficient), Qe,cal, (capacity calculated 
from model), and Qe,exp (capacity obtained from experiment) 
values. In this study, the pseudo-second-order model with 
R2 = 0.9918–0.9976 and Qe,cal = 0.0941–8.1900 mg/g is the 
most fitted model that can be used to describe the adsorp-
tion process of chloride on the material Ag/ARHA surface. 
This also implies that the adsorption rate was controlled by 
the chemical adsorption. 

Thermodynamic study was also done for adsorption 
of chloride using 5%Ag/ARHA material. The temperature 
range was 30–50°C (303–323 K). Thermodynamic parame-
ters and free energy change were calculated using following 
equations:

ln K
S

R
H

RTd = −
∆ ∆

� (6)

∆G = ∆H – T∆S� (7)

where Kd is thermodynamic equilibrium constants. ∆H 
(kJ·mol–1) and ∆S (J·mol–1·K–1) are calculated from plot of 
lnKd and 1/T (Fig. 7). ∆G (kJ·mol–1) is the free energy change.

The thermodynamic parameters are summarized in 
Table 3. The positive value of ∆H prove that adsorption of 
chloride on 5%Ag/ARHA is an endothermic process. At 
the same time, the positive value of ∆S indicates that the 
randomness of solid–liquid interface increases after adsorp-
tion, which implies the high affinity of 5%Ag/ARHA for 
chloride adsorption. Moreover, the lower value of ∆G at 
higher temperature showed that the adsorption is more fea-
sible and spontaneous at lower temperature.

3.3. Stability test of Ag/ARHA adsorbent 

The stability test result of 5%Ag/ARHA nanomaterial 
during 10 cycles of chloride adsorption–regeneration is pre-
sented in Fig. 8. It was found that the durability of the mate-
rial strongly depended on the method of regeneration. In 
this study, the adsorbent was regenerated by dipping 20 mg 
of used Ag/ARHA in 20 mL solution of 3% (v/v) H2O2 or 0.5 
M NaOH for 2 h. As seen in Fig. 8, the adsorption capacity 
of Ag/ARHA adsorbent was remarkably stable when reac-
tivation with H2O2 solution. On the other hand, it drastically 
declined when using NaOH solution, proven that H2O2 is a 
more suitable solution for adsorbent reactivation.

The mechanism for adsorption of chloride ion and 
desorption by H2O2 is proposed in Fig. 9. Previous results 

Fig. 6. Effects of (A) adsorption time and (B) temperature on chloride adsorption of ARHA, 5Ag/ARHA, and 10Ag/ARHA adsor-
bents. (Condition: pH 7, room temperature (Fig. 6A), 30 min adsorption time (Fig. 6B)).
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indicated that the chloride adsorption of silver nanoparti-
cles followed chemical adsorption as verified by AgCl 2θ 
peak of 32° in XRD results (line 4 of Fig. 2) and was impacted 
under SISM due to the electronic change of Ag nanoparti-
cles at the interfacial of Ag and ARHA [21–25]. As a result, 
the adsorption force of chloride onto silver nanoparticles 
surface is too strong, which would affect the desorption 
method for Ag/ARHA material. The desorption method 
using NaOH is based on the ion exchange between the 
adsorbed chloride on adsorbent surface (Cl–

ads) and OH–, so 
Cl– ions on solid surface is hard to be completely replaced 
by OH– group. On the other hand, reactivation using H2O2 
is facilitated by chemical reactions (1) and (2), which effec-
tively remove chloride from solid surface [26].

H2O2 + Cl– + H3O
+ → HClO + 2H2O� (8)

HClO + Cl– + H3O
+ → Cl2 + 2H2O� (9)

3.4. Effect of co-existing anions

In natural environment, chloride contaminated water 
often contains several other anions such as SO4

2–, NO3
–, and 

PO4
3–. The coexisting anions could compete with chloride 

anion for adsorption sites and, as a result, reduce chloride 
removal efficiency. Therefore, effect of these individual 
anions with different concentrations (i.e., 0, 50, 100, and 
200 mg/L) on the chloride removal efficiency (300 mg/L) 
was carried out. As demonstrated in Fig. 10, all SO4

2–, 

Fig. 7. Thermodynamic plot for adsorption of chloride by 5%Ag/
ARHA material.

Fig. 8. Stability test for 5%Ag/ARHA adsorbent using NaOH 
and H2O2 solutions for regeneration.

Table 3
Thermodynamic parameters of chloride adsorption on 5%Ag/ARHA 

∆H  
(kJ/mol)

∆S  
(J/mol·K)

∆G (kJ/mol) R2

303 K 308 K 313 K 318 K 323 K

31.828 52.581 15.896 15.633 15.370 15.107 14.844 0.9650

Table 2
Parameters for different adsorption kinetics models

Model Parameter Adsorbent

ARHA 5%Ag/ARHA 10%Ag/ARHA

Pseudo-first-order model Qe,cal (mg/g) 0.0241 1.9094 2.7053
k1 (min–1) 0.0059 0.0327 0.0405
R2 0.2251 0.4481 0.8369

Modified-pseudo-first-order model Qe,cal (mg/g) 0.0519 3.7199 4.9774
K1 (min–1) 0.0048 0.0287 0.0357
R2 0.2130 0.4180 0.8340

Pseudo-second-order model Qe,cal (mg/g) 0.0941 8.1900 6.4516
k2 (g·mg–1·min–1) 14.533 0.0292 0.0244
R2 0.9918 0.9961 0.9976

Intra-particle diffusion model kip (mg·g–1·min–1/2) 0.0016 0.4569 0.3987
R2 0.3505 0.6167 0.7349
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NO3
–, and PO4

3– anions had negative effect on the chlo-
ride removal by Ag/ARHA. However, these effects were 
not significant and Ag/ARHA material showed consider-
ably high selectivity for chloride adsorption. As discussed 
previously, the adsorption function of Ag/ARHA was 
based on chemical adsorption. Therefore, other coexist-
ing anions would not intensively affect chloride removal 
by Ag/ARHA material. This makes Ag/ARHA become a 
novel and unique material for chloride removal, which is 
potential for water and wastewater treatment in practical 
applications.

4. Conclusions

In summary, Ag/ARHA material was successfully 
synthesized and characterized with good dispersion of sil-
ver nanoparticles on the ARHA surface support. The Ag/
ARHA material was proven as a novel adsorbent for aque-
ous chloride removal with high adsorption capacity and 

stability due to the strong interaction of support-metal and 
high surface area of ARHA support. The using of 3% (v/v)
H2O2 solution was a preferable method for reactivation of 
used Ag/ARHA material after chloride adsorption. This 
study suggests that Ag/ARHA material has a great poten-
tial for water and wastewater treatment applications since it 
has extremely high selectivity for chloride removal. Future 
works should focus on the effect of environmental factors 
such as initial chloride concentration (and isotherms) and 
adsorption dosage and the application of Ag/ARHA for 
actual water samples.
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