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ABSTRACT

Precursor was prepared from rice husk under different carbonization temperatures. Then,
activated carbon (AC) was synthesized by NaOH activation. The specific surface area of car-
bon increased with temperature rise up to 600°C, but decreased rapidly over 600°C. So, the
AC obtained at 600°C possessed the outstanding surface area of 2,802m?/g. And, its adsorp-
tion activity of nitrate was carried out at initial concentration of 50-400mg/L. The results
showed that the maximum adsorption capacity and removal percentage of NO; were
70.2mg/g and 70.6%, respectively. Besides, the experimental data were evaluated by Lang-
muir, Freundlich, and Redlich-Peterson isotherms. In kinetic studies, it was observed that
the results were well explained by the pseudo second-order model. In addition, the Gibbs
free energy change of —17.0kJ/mol indicated that the adsorption process was spontaneous.
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1. Introduction

Nowadays, industrial and agricultural productions
have generated large amounts of pollutants such as
organic compounds, inorganic anions, and heavy met-
als. Among them, nitrate (NO;3) could change into the
carcinogenic nitrite (NO5), increasing the risk of can-
cer for humans [1]. Thus, there are some methods to
remove NO; [1,2], including chemical denitrification,
ion exchange, reverse osmosis, adsorption, and biolog-
ical treatment. Of these, adsorption with activated car-
bon (AC) is a convenient and efficient technology.

*Corresponding author.

As a porous material, AC is widely used in water
treatment. Due to the wide availability, the date pit
[3], coconut [4], bamboo [5], wood [6], and other
wastes have been used as raw materials of ACs,
recently. Further, China is the largest rice producer
with annual output of 200 million tons. So rice husk is
an ideal choice for preparing AC [7-11]. However, the
specific surface area of AC was usually low because
the high ash content (silica) in rice husk obstructed
the pore development [12]. But, traditional activators
like H3PO, or ZnCl, [13] cannot remove SiO,. Kalderis
et al. [7] and Teker et al. [10] reported that AC
prepared from rice husk by ZnCl, activation exhibited

1944-3994/1944-3986 © 2013 Balaban Desalination Publications. All rights reserved.



4936

the surface area of 811 and 319m?/g. Taking into
account the reaction, NaOH was selected as the acti-
vator (2NaOH + SiO, — Na,SiOz + H,O). The solid
NaOH was mixed directly with the precursor for acti-
vation, without solution impregnation in the previous
works [13,14]. The reaction mechanism was 6NaOH +
2C —2Na + 2N32CO3 + 3H2 [14]

In general, the production of AC included carbon-
ization and activation, and preparation conditions
showed significant influences on the properties of
ACs [13]. Although there were many reports on the
reaction parameters such as activation temperature or
activator ratio [2,7,8], very few studies have been
focused on the carbonization process. Moreover, there
are only a few studies about the adsorption for NOj
onto ACs [1].

The objective of the present work is to prepare
ACs with high specific surface area from rice husk by
NaOH and to investigate its adsorption performance
for the nitrate. So batch adsorption experiments had
been carried out at room temperature. The experimen-
tal data had been estimated by three adsorption iso-
therms. Furthermore, kinetic and thermodynamic
studies were also undertaken.

2. Experimental
2.1. Preparation of activated carbons

Rice husk was obtained from Changsha. Its ash
and fixed carbon contents were 12.5 and 22.5wt. %,
respectively. Chemical reagents were all of analytical
grade.

Firstly, the rice husk was carbonized under N,
atmosphere at 500, 600, or 700°C for 2h. Then, the
solid NaOH was mixed with the carbonized rice husk
at mass ratio for the NaOH/precursor of three [14].
Subsequently, reactants were heated up to 800°C for
2h. At last, the product was washed and dried. Addi-
tionally, the samples carbonized at 500, 600, and 700°
C were labeled as AC500, AC600, and AC700.

2.2. Characterizations of activated carbons

Thermal analysis was investigated by a thermo
gravimetric—derivative thermo gravimetric (TG-DTG)
analyzer (STA449c, NETZSCH). Rice husk was heated
at a rate of 10°C/min from room temperature up to
1,000°C in argon atmosphere.

Specific surface area (S,) was obtained by the
Brunauer-Emmett-Teller (BET) method using N,
adsorption data at 77K with a gas sorption analyzer
(Autosorb-1, Quantachrome). The pore size distribution
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was estimated using the density functional theory
(DFT) [15]. Total pore volume (V) was calculated at rel-
ative pressure P/P;=0.99 and the average pore diame-
ter (d,) was evaluated by: d,=2000V/S,. Besides, the
Dubinin—-Radushkevich (DR) model was used to evalu-
ate micropore surface area (Sy,) and volume (V) [16].

Microstructure was examined by using a FEI
Quantn-200 scanning electron microscopy (SEM) with
the accelerated voltage of 20kV.

Ash content was determined by heating the
sample at 600°C for 2h until the weight remained
constant.

2.3. Adsorption of nitrate

KNO3; was used as the adsorbate and the concen-
tration of NO; was determined by an ultraviolet spec-
trophotometer (SP-756P, Spectrum) at a wavelength of
220nm. Absorbance values were determined with a
series of known concentrations to depict the concen-
tration-absorbance line. In adsorption tests, 0.2g of
AC was added into 100mL of NOj solution (50, 100,
200, 300, and 400mg/L) at 20°C. The adsorption
capacity g. (mg/g) and removal percentage of NOj
(%) were calculated by the following equations:

(Co—Co)-V

e —T (1)

CO - Ce

Removal (%)

where Cy and C. are initial and equilibrium NOj
concentrations (mg/L), respectively; V is volume of
solution (L) and M is mass of AC (g).

3. Results and discussion
3.1. Properties of activated carbons

Fig. 1 shows the TG-DTG curves of rice husk.
Evaporation of water took place at temperatures rang-
ing from 30 to 150°C. In the DTG curve, a significant
weight loss peak between 150 and 500°C was ascribed
to the pyrolysis of abundant celluloses [17]. Above
500°C, the reaction was nearly completed and the resi-
due was just carbon and ash (silica). The main pur-
pose of carbonization was to remove moisture and
volatile organic compounds. Thus, the carbonization
temperature was selected from 500 to 700°C.

The adsorption—-desorption isotherms of N, and
DFT pore size distributions for ACs are presented in
Fig. 2(a) and (b). And, the pore texture parameters are
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Fig. 1. TG-DTG curves of rice husk.

listed in Table 1. It could be seen that three samples
exhibited type I isotherms corresponding to microp-
ores. Meanwhile, they all displayed a hysteresis loop
of type H4 for narrow slit-like mesopores [18]. Since
high carbonization temperature accelerated the pyro-
lysis of material to form pore structure [19], the sam-
ple of AC600 presented greater adsorption volume of
N, compared with AC500. And, its larger hysteresis
loop indicated the further development of mesopores.
But, the isotherm of AC700 changed considerably,
with minor N, adsorption volume and larger hystere-
sis loop. One possible reason was that numerous
micropores combined into mesopores at 700°C [19], as
shown in Fig. 2(b). Moreover, the S, increased accord-
ing to the following order: AC600>AC500>AC700,
and this complied with the above discussion. As a
result, the AC600 was microporous with the maxi-
mum S, of 2,802m?/g and then it was used for
adsorption experiments.
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The morphology of AC600 is elucidated in Fig. 3.
It was found that the sample showed irregular shape
with fragmentary structure of particles, exhibiting the
pyrolysis of material during preparation [12]. And,
micrograph images showed that the carbon presented
a porous structure with some macropores and mesop-
ores randomly distributed on the surface.

As can be seen from Table 1, the ash contents of
ACs were all less than the high value of 12.5wt.% in
rice husk. During the preparation, NaOH reacted with
SiO, to open the blocking pore structure, leaving the
low ash carbon skeleton [12]. It indicated that NaOH
could effectively remove ash and improve the surface
area of carbon.

Table 2 provides a summary of the activation
condition and surface area S, of AC for this study and
other researches. It was found that compared with the
AC sample prepared by ZnCl,, the AC obtained by
NaOH activation showed the low ash content due to
the reaction between NaOH and SiO, [12,13]. In this
case, the sample exhibited an excellent S, of 2,802 m?/ g.
According to these results, the preparation process in
this study was an effective method to obtain ACs with
high S, and low ash content.

3.2. Adsorption equilibrium

Fig. 4 exhibits the adsorption capacities and
removal percentages of NO; on AC600. Adsorption
capacities were found to increase as concentrations of
NO; increase from 50 to 400mg/L. The adsorption
capacity of NO; was only 17.7mg/g for 50mg/L of
NOj solution. And, the maximum adsorption amount,
up to 70.2mg/g, was obtained by adsorbing 400 mg/L
of NO;. In addition, the maximum removal percent-
age for NOj (70.6%) was gained for the concentration
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Fig. 2. Adsorption-desorption isotherms of N, (a) and DFT pore size distribution (b) for ACs.
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Table 1

Porous properties and ash contents of ACs under different
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carbonization temperatures

Samples AC500 AC600 AC700
S, (m*/g) 2,526 2,802 1,857
Sm (m?/g) 2,152 2,373 1,242
Vi (cm®/g) 1.517 1.690 1.389
Vi (cm?/g) 0.765 0.843 0.432
d, (nm) 1.20 1.21 1.50
Ash (wt.%) 3.94 3.52 3.23

Fig. 3. SEM image of surface for AC600.

of 50mg/L. Under certain amount of AC, the higher
concentration of NO; led the larger adsorption capac-
ity. On the other hand, the remaining concentration of
NO; in solution was also higher, naturally giving the
low removal percentage [20].

Langmuir and Freundlich isotherms were gener-
ally used to describe the adsorption process. Besides,
the Redlich-Peterson isotherm was an empirical

Table 2
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Fig. 4. Adsorption capacities and removal percentages of
NO; on ACs.

model between them. The Langmuir (3), Freundlich
(4) and Redlich-Peterson (5) equations were given as
follows [21,22]:

_ Qm . KL : Ce
=11 C. (3)
1
qe:KF'C; (4)
KRP'Ce
Trad o

where g, (mg/g) is maximum monolayer adsorption
capacity, K;, (L/mg) is Langmuir isotherm parameter;
Kg is Freundlich constant (mg/g)(mg/L)", and n is
dimensionless heterogeneity factor; Kgp (L/g) and o
L/ mg)ﬁ are Redlich-Peterson constants, and f is the
exponent which lies between 0 and 1 (Langmuir form)
[22]. In addition, the correlation coefficient (R?) was
evaluated by plotting the graph for models.

Summary for S, of ACs from various raw materials under optimal activation condition

Raw material Activator Mass ratio S, (m2/ g) Ash (wt.%) Reference
Rice husk NaOH 3 2,802 3.52 This work
Rice husk ZnCl, 1 811 27.8 [7]

Rice husk ZnCl, 0.022 319 25.35 [10]

Rice husk H3PO, - 451.82 - [8]

Sugar beet bagasse ZnCl, 3 1826 - [2]
Bamboo K,COs 2 2,175 - [5]

Fir sawdust ZnCl, 1 1,079 - [6]
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Fig. 5. Langmuir, Freundlich and Redlich-Peterson

isotherms of NO; adsorption.

Fig. 5 exhibits the plots of three isotherms for
NO; adsorption onto ACs. The parameters of three
isotherms are given in Table 3. For the Langmuir
model, the monolayer adsorption capacity g, was
found to be 86.2mg/g. On the other hand, the favor-
able characteristics of Freundlich model were noted
because of the higher value of n (2.09) and Kg (5.38).
Meanwhile, f in Redlich-Peterson equation was 0.918
(close to 1). In summary, both of Langmuir and Red-
lich—Peterson isotherms were greatly suitable to expli-
cate experimental data due to R* of 0.992 and 0.998.
Therefore, the adsorption of NO; onto ACs was
hybrid with a main component being monolayer
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Fig. 6. Pseudo second-order kinetic model plots for NOj
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where g; is the adsorbed quantity of NO; at time
(mg/g), K; is rate constant of pseudo first-order
sorption (h™Y, tis adsorption time (h), and K, is rate
constant of pseudo second-order sorption (g/(mgh)).

Table 4
Parameters of adsorption kinetics on activated carbons in
NO; solution

Concentration Pseudo first- Pseudo second-

adsorption [21,22]. (mg/L) order model order model

g K R4 K@/ R
3.3. Adsorption kinetics (r)ng/ (h™) (r)ng/ (mgh))

8 8

In kinetic study, the Lagergren model was used to
examine the adsorption. The pseudo first-order (6) 50 6.2 092 094 179 043 1.000
and second-order (7) equations were given as follows 100 137 117 0979 338 021 1.000
[23-25]: 200 143 1.12 095 513 0.24 1.000
300 137 1.04 0946 658 0.19 1.000

g = ge(1— e kit (6) 400 11.5 100 0931 709 0.29 1.000
Table 3
Coefficients of isotherm models for NO; adsorption
Isotherms Parameters R?
Langmuir Ky (L/mg) 0.017 gm (mg/g) 86.2 0.992
Freundlich Kr (mg/g)(mg/L)" 5.38 n 2.09 0.964
Redlich-Peterson Kpr (L/g) 1.656 « (L/mg)” 0.031 £ 0.918 0.998
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The kinetic model plots for NO; adsorption, with
time, are shown in Fig. 6 and the equation parameters
are given in Table 4. It showed that the adsorption
capacities of NOj increased rapidly during the initial
30min and became almost constant after 1h. With the
prolongation of time, most of the adsorption sites had
been occupied thus limiting free sites for NOj ion to
attach on [26].

On the other hand, the obtained values of g. and
R? from the pseudo first-order model were not appro-
priate to describe the kinetics for NO; adsorption. On
the contrary, the calculated values of g, for the pseudo
second-order model agreed with experiment data.
Furthermore, the R?> were in between 0.99 and 1 for
pseudo second-order model. Thus, the adsorption
data were well correlated by the pseudo second-order
model [2,20]. This fact suggested that the adsorption
rate for AC was dependent on the availability of
adsorption sites rather than the NO; concentration in
solution [23]. Additionally, the adsorption curves were
single and smooth, indicating the monolayer adsorp-
tion of NO; [23]. Such a finding was in good agree-
ment with the Redlich-Peterson isotherm.

3.4. Adsorption thermodynamics

The thermodynamics was studied to gain an insight
into the temperature behaviors. The famous parameter
of Gibbs free energy change (AG®, kJ]/mol) was deter-
mined according to the following equation [21]:

AG*=-R-T -InK 8)

where K is from K, in Langmuir equation (L/mol), R
is the gas constant (8.314]/molK), and T is the tem-
perature in Kelvin (K).

In this study, K was obtained as 1,054 L/mol from
Ky (0.017 L/mg) at T of 293 K. Thereby, negative AG®
of —17.0kJ/mol was calculated, revealing the sponta-
neous nature of adsorption. In general, the AG® values
were in the range from 0 to —20kJ/mol and —80 to
—400kJ/mol for physical and chemical adsorptions,
respectively [21]. Therefore, the AG® value was in the
range from 0 to —20kJ/mol, indicating that the
adsorption was mainly physical in nature.

Generally, the adsorption activity was closely
related to the specific surface area and pore size distri-
bution of ACs. The sample of AC600 exhibited a high
surface area, S,, of 2,802 m2/ g. Besides, it was micro-
porous with large S, of 2,373 m?/ g and V., of
0.843cm’/g. In this case, nitrate ions could be easily
diffused into micropores [22,23], exhibiting the higher
NOj adsorption capacity of 70.2mg/g than values of
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26 [20] and 27.55mg/g [2] reported in literatures.
Hence, microporous ACs prepared in this study were
very suitable for small molecule adsorption, like NO; .

4. Conclusions

In the present work, ACs prepared from rice husk
with NaOH were used for adsorption of nitrate at
20°C. The surface area was closely related to the
carbonization temperature. As a result, the sample
carbonizing at 600°C presented the optimum S, of
2,802m?/g. Since it has numerous micropores, NO;
could be easily diffused into the pores of AC. At ini-
tial NO; concentration of 400mg/L, the maximum
adsorption capacity was recorded at 70.2mg/g. On
the contrary, the maximum removal percentage up to
70.6% at concentration of 50mg/L. Additionally, the
experimental data were well explained by the Lang-
muir, Redlich-Peterson, and pseudo second-order
models, implying the major monolayer adsorption. In
addition, the AG”° value of —17.0kJ/mol was obtained,
indicating the spontaneous nature of adsorption pro-
cess. Therefore, the results showed that the rice husk
was a good candidate for microporous carbon produc-
tion. And, favorable removal of NOj; exhibited that
the AC could be considered as the low cost and effi-
cient adsorbent for sewage treatment.

Symbols

de — adsorption capacity, mg/g

Cp — initial concentration of NO;, mg/L

Ce — equilibrium concentration of NO;, mg/L

\% — volume of solution, L

M — massof AC, g

gm — monolayer adsorption capacity from Langmuir
equation, mg/g

K; — Langmuir isotherm parameter, L/mg

Kg — Freundlich isotherm parameter, (mg/g)(mg/L)"

n — dimensionless heterogeneity factor in Freundlich
equation

Kgp — Redlich-Peterson isotherm parameter, L/g

o — Redlich-Peterson isotherm parameter, (L/mg)"

p — exponent in Redlich-Peterson equation

gr  — adsorbed capacity of NO; at time, mg/g

t — adsorption time, h

Ky — rate constant of pseudo first-order sorption, h!

K, — rate constant of pseudo second-order sorption,
g/(mgh)

K — adsorption equilibrium constant

R — gas constant, J]/mol K

T — temperature in Kelvin, K

S. — specific surface area of AC, m*/g
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Vi, — total pore volume of AC, cm®/g

d, — average pore diameter, nm

Sm — specific surface area of micropore, m?/g
Vm — pore volume of micropore, cm®/ g
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