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Abstract

This work presents a systematic study of nitrate removal using amine grafted activated rice husk ash by batch adsorption. The
effects of solution pH, adsorption time, amount of adsorbent, adsorption temperature, and initial nitrate concentration were
investigated. Various adsorption models, such as Langmuir, Freundlich, Tempkin, Redlich-Peterson, and Dubinin-
Radushkevich, were applied to determine the adsorption nature of this system. The most suitable model was found to be the
Redlich-Peterson model for describing this adsorption process. Moreover, the adsorption process was endothermic and
spontaneous, as shown by the obtained thermodynamic parameters. Finally, the competitive effect of inorganic anions was
also evaluated and their effect was found to be in the descending order of PO4% > SO42 > HCOs > CI~.
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1. Introduction

Nitrate pollution of water sources is becoming a serious
problem globally due to the use of nitrogenous fertilizer in
agriculture and discharge of untreated nitrogen-rich
wastewater effluents [1]. In the human body, nitrate ions can
be reduced to nitrite in combination with hemoglobin to form
methahemoglobin, which adversely affects human health
and causes death at high levels [2-3]. The highest allowable
concentration of nitrates in drinking water recommended by
the World Health Organization is 50 mgNOs/L
(~11.3 mgNOs™-N/L).

Current techniques of removing nitrate still have certain
limitations. For example, bio-denitrification processes need
strictly controlled operating condition in terms of pH,
temperature, and additional organic matter [4]. Reverse
osmosis and membrane filtration techniques are costly [5].
Heterogeneous catalytic processes can produce secondary
pollution while ion exchange resins are often unstable at high
temperature and inefficient at low temperature [6]. Recently,
nitrate adsorption using materials derived from agricultural
by-products have attracted much attention. This is due to
simplicity, high efficiency, low cost, and environmental-
friendly components, which simultaneously solve many
pollution issues [7-9]. Orlando et al. [10)] incorporated
epoxy/amines into bagasse, rice husks, and pure cellulose
and applied them for nitrate removal. Maximal nitrate
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adsorption capacity of ~ 87.42 mg/g and ~ 81.84 mg/g was
achieved using bagasse and rice husks, respectively. This is
comparable to using pure cellulose, ~83.08 mg/g. Wheat
straw modified with epichlorohydrin and dimethylamine was
used for nitrate removal with maximal nitrate adsorption of
128.96 mg/g [11]. Additionally, other materials such as corn
stalks, sugar beet pulp, and modified wheat residues were
utilized and modified for nitrate adsorption [12-14]. The
amount of available waste rice husks is high countries such
as Vietnam. Currently rice husks are used as fuel in various
industrial processes such as providing heat for brick kilns or
drying agricultural products. As a result, large amount of rice
husk ash (RHA) generated and an effective solution for reuse
of this waste has not yet been found. Therefore, use of rice
husk ash for nitrate removal from water is quite attractive. In
a recent publication [15], we reported successful synthesis of
triamine grafted activated RHA with a higher nitrate
adsorption capacity (163.4 mg/g) than a commercial anion
exchange resin (Akualite A420). However, that work only
focused on material synthesis and characterization. The
nature and mechanism of nitrate adsorption on the material
surface was not systematically studied.

The current study is a detailed investigation of the effect
of experimental conditions such as pH, adsorption time,
amount of adsorbent, nitrate concentration, and temperature
on adsorption capacity. The adsorption Kinetics, isothermal
behavior, and thermodynamics were studied to explore the
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nature of the adsorption process. Anion competition testing
was conducted to determine the effect of common anions in
actual water environment on the adsorption of nitrate.

2. Materials and methodology
2.1 Preparation and characterization of adsorbent materials

In this study, the adsorbent material used was triamine-
bearing activated rice husk ash (TRI-ARHA) synthesized
from rice husk ash generated from brick kilns in An Giang
Province, Vietnam [15]. Characteristics of chemical
composition on the surface of TRI-ARHA before and after
nitrate ion adsorption was determined using Fourier
Transform Infrared Spectrometry (FTIR) (Alpha-Bruker,
Germany) over the spectrum from 500 to 4000 cm2.

2.2 Nitrate adsorption isotherms

The adsorption capability of the synthesized materials
was evaluated using a batch nitrate adsorption test. A mass
of absorbent, 0.005 - 0.100 g, was mixed with 50 mL of an
aqueous nitrate solution (pH 3 — 10, nitrate concentration of
50 — 600 mgNOs™-N/L) and the mixture was shaken at
120 rpm and 15 — 45 °C in a thermostatic water-bath shaker.
After 1 — 20 min, the adsorbent was separated by
centrifugation at 10,000 rpm and nitrate concentration of the
supernatant ~ was  determined  using  UV-visible
spectrophotometry (SPECORD 210 Plus, Analytik Jena,
Germany) with a sodium salicylate reagent at a wavelength
of 410 nm. All experiments were replicated three times and
the nitrate adsorption capacity was calculated using
Equation 1.

Adsorption isotherms are preferred for their ease of
modeling experimental adsorption data. Langmuir and
Freundlich models are generally used because they are
simple and applicable over a wide range of concentrations.
Homogeneous adsorption is assumed according to Langmuir
theory, or a single molecular layer is formed when adsorption
takes place with no other adsorption in that position [12]. For
adsorption processes that occur on heterogonous surfaces or
for multi-layer adsorption, the Freundlich isotherm is more
applicable since its expression defines exponential
distribution of active sites, their energies and the nature of
surface heterogeneity [16]. For the Redlich-Peterson
isotherm, the main factors contributing to the Langmuir and
Freundlich models are combined to form this empirical
isotherm. Therefore, the ideal monolayer adsorption theory
does not completely dominate this model. Alternatively,
adsorbent—adsorbate interactions are assumed in the Temkin
isotherm model. Heat of sorption decreases linearly with
these interactions. Then the binding energy is uniformly
distributed and increases to a maximum value. Contrary to
the implications of the Freundlich equation that the
relationship of reduced-adsorption heat is logarithmic, the
linear form assumes a derivation of the Temkin isotherm.
Finally, for adsorption mechanisms with Gaussian energy
distributions onto heterogeneous surfaces [17], the Dubinin-
Radushkevich isotherm model is usually applied to
distinguish physical and chemical adsorption based on mean
adsorption energy E [16].

The nonlinear forms of Langmuir, Freundlich, Temkin,
Redlich-Peterson, and Dubinin-Radushkevich isotherms are
represented in Equation 2, 3, 4, 5, and 6, respectively. The
mean free energy, E, of the Dubinin-Radushkevich model
can be expressed as Equation 7 [17].
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where Co and Ce (mg/L) are nitrate concentrations at initial
and equilibrium states, respectively. V (50 mL) and m (mg)
are the volume of the experimental solution and adsorbent
amount, respectively. Qe (mg/g) is the quantity of nitrate ions
adsorbed and Qmax (mg/g) is the maximum adsorption
capacity. Ki (L/mg) is the Langmuir constant obtained at
equilibrium time and is closely related to adsorption energy.
Kr (L/mg) and n are Freundlich constants. br (J/mol) and ar
are Temkin constants while R (8.314 J/mol.K) and T (K) are
the ideal gas constant and absolute temperature, respectively.
a (L/g) and Kre (L/mg) are Redlich-Peterson constants while
S (mol?/kJ?) and E (kJ/mol) are the Dubinin-Radushkevich
constant and mean adsorption energy, respectively.

In parallel with the calculation of adsorption parameters
using the above equations, it is necessary to determine their
deviations to evaluate the compatibility of these models. The
smaller the value of 42, the less the difference between the
Qmax value obtained from the model and the experiment data,
or in other words, the model's compatibility with
experimental data increases. The chi-square model has been
applied in this case as the mathematical function expressed
as follows: [12]

2
){2 _ Z (Qmax,exp - Qmax,cal) ®)
Qmax,cal
where Qmaxcal (Mg/g) and Qmaxexp (MY/g) are the maximum
adsorption capacity obtained from the linear regression of the
isotherm model and the experiment data.

2.3 Adsorption thermodynamics

Adsorption thermodynamics were studied by preforming
the adsorptions at various temperatures. The values of AG
(Gibbs free energy), AH® (change in enthalpy), and AS°
(change in entropy) were calculated as follows [18]:

AG = —RT InK ©)
mg=%_2 (10)
R RT

where AG (kJ/mol) and T (K) are the free energy change and
absolute temperature, respectively. R = 8.314 J/mol.K and K
= Kv from Equation 2.
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Figure 1 FTIR results of fresh and nitrate adsorbed TRI-ARHA

2.4 Adsorption kinetics

A Kinetics study was conducted with four models
(pseudo-first-order, modified-pseudo-first-order, pseudo-
second-order and intra-particle diffusion, expressed as
Equation 11 — 14, respectively). Then, they were employed
for describing the experimental kinetic data [12].

ln(Qe - Qt) =In Qe - klt (ll)
E+In(Qe ~ Q) =InQ. — Kyt (12)
t 1 t

e« mate (13)
Qe = kipt®s (14)

where Qe and Q: (both in mg/g) are adsorption capacity of
TRI-ARHA at the time of equilibrium and at time t (min),
respectively. ki (1/min), K1 (1/min), k2 (g/mg.min), and kip
(mg/g.min) are the rate constants of their corresponding
models.

3. Results and discussion
3.1 FTIR results of adsorbent material

The FTIR spectra in Figure 1 demonstrate the specific
change in the structure of the TRI-ARHA as a result of nitrate
ion adsorption on TRI-ARHA surfaces. The -NHz and -OH
groups stretching vibrations are identified by the presence of
a peak at 3424 cml. Typical fluctuations of silica
composition in RHA structure are confirmed by Si-O-Si and
Si-H bonds, which are indicated by the peaks at 1091 and
620-912 cm respectively [19]. The peak at 1382 cm
represents N-O stretching [20] and its sharp appearance
displays the effectiveness of nitrate ion adsorption.
Stretching vibrations of C=0, C-N, and C-O were observed
with peaks at 1625, 1458, and 1118 cm™, respectively, which

show the presence of a protonated form of triamine groups
[21]. The C-N peak (1458 cm?) strongly shifted toward the
peak of N-O stretching (1382 cm!) after adsorption. This
evidence reveals the efficiency of nitrate adsorption carried
out through the ion exchange mechanism at the amine groups
[12].

3.2 Effect of initial solution pH and material dosage on
nitrate adsorption

Preliminary investigation of the effects of pH and
adsorbent dosage were first performed since they are usually
factors that greatly affect the ion adsorption capacity. The
adsorption tests were run at solution pH values in the range
of 3 — 10 and a nitrate concentration of 50 mg/L. As
presented in Figure 2, nitrate adsorption capacity of
TRI-ARHA was higher than 16 mg/g in pH range from 3 to
8. At pH 7, it reached the highest capacity of 31.35 mg/g and
then decreased rapidly with the further increase of pH from
7 to 10. This may be due to the effect of solution pH on both
the adsorbent surface and nitrate speciation [22]. It is
generally true that an increase in pH results in the surfaces
becoming negatively charged, which create an unfavorable
condition for nitrate adsorption due to electrostatic repulsion
[20]. In an acidic environment (e.g. pH < 5), nitrate ions may
have been protonated and the electrostatic interaction
between these nitrate ions and the adsorption centers
on the TRI-ARHA surface are weakened. In an
alkaline environment (pH > 8), an adsorption competition
between OH- ions with nitrate ions appears.

Figure 3 shows the significant effect of TRI-ARHA
dosage on nitrate adsorption. The degree of nitrate ion uptake
in TRI-ARHA reached its highest value of 71.83 mg/g at the
lowest adsorbent amount of 0.1 g/L, but decreased to
24.62 mg/g at the highest amount of 2.0 g/L. This showed
that the TRI-ARHA material can be applied for nitrate
removal. The amount of TRI-ARHA needed for the efficient
nitrate adsorption is 0.6 mg/L in terms of both treatment
efficiency and adsorption capacity.
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Figure 3 Nitrate removal using various amounts of adsorbent

(Conditions: temperature: 25 £+ 0.5 °C, pH 7, nitrate: 50 mg/L, time: 10 min)

3.3 Adsorption isotherms

The effectiveness of adsorption modelling is generally
confirmed by evaluating its correlation coefficient (r?). The
Redlich-Peterson model has been shown the most suitable
owing to its highest r? value (0.9991) and lowest y? (0.7353)
(Table 1 and Figure 4). These results are in agreement with
a previous study in which the Redlich-Peterson equation was
used to improve the fitting of the Langmuir or Freundlich
equations [23]. The empirical Freundlich equation is
commonly applied for multilayer adsorption on an absorbent
with heterogeneous surfaces [24-25]. Adsorption is more
favorable when n is larger than 1. Table 1 shows that the n
value (~2.66) is much larger than 1 and the Freundlich model
has a much lower y? value than the Langmuir model. Thus,

the Freundlich model is considered a better fitting model
than the Langmuir equation. Additionally, the mechanism of
adsorption of nitrate ions on TRI-ARHA material is more
likely to be a multilayer type. Moreover, the gmax values in
this study are 4.0-fold (~117.4/29.2) to 12.6-fold
(~117.4/9.3) higher than previous reported for various
activated carbons [26]. Additionally, the Temkin model
accounts for the reduction in heat of adsorption according to
a linear trend. Its adsorption nature is also evaluated based
on the Freundlich (Kr) and Temkin constants (br) [27]. These
constants both increase with temperature, suggesting that
process of nitrate adsorption on this adsorbent is endothermic
[20].

In Dubinin-Radushkevich isotherms, the nature of
adsorption can be determined using the calculated mean
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Table 1 Adsorption parameters of isotherm models at various temperatures

Isotherm model Adsorption parameters

Adsorption temperature (K)

288 298 308 318
Langmuir Qmax (M@/g) 132.40 117.39 103.64 84.062
KL (L/mg) 0.0102 0.0114 0.0131 0.0182
R? 0.9784 0.9780 0.9771 0.9790
a 18.797 14.692 11.340 5.9591
Freundlich Kr ((ma/g)(L/mg)") 11.219 11.417 12.087 14.429
n 2.6632 2.8093 3.0344 3.6658
R? 0.9926 0.9904 0.9877 0.9595
2 6.4439 6.4157 6.0871 11.510
Tempkin ar (L/g) 0.1163 0.1294 0.1584 0.2732
bt (I/mol) 86.929 101.84 122.24 167.49
R? 0.9919 0.9955 0.9960 0.9853
Y 7.0699 3.0002 1.9901 4.1671
Redlich-Peterson a (L/g) 3.1510 2.8935 2.8450 2.2329
Kre (L/mg) 0.1241 0.1084 0.1028 0.0526
n 0.7462 0.7713 0.7954 0.8930
R? 0.9991 0.9989 0.9977 0.9854
a 0.7734 0.7353 1.1321 4.1578
Dubinin-Radushkevich  Qmax (Mg/g) 98.441 89.846 81.478 70.099
B (mol?/kJ?) 2.258 10 2.009*10* 1.640*10* 1.229*10*
E (kJ/mol) 47.056 49.893 55.223 63.784
R? 0.6757 0.7021 0.6907 0.7162
120
100 I e

Q, (mg/g)

e Redlich-Peterson

200

0 100

Figure 4 Isotherm curves of the Redlich-Peterson model
(Conditions: dosage: 0.6 g/L, pH 7, contact time: 10 min)
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phenomenon occurs because of nitrate adsorption

adsorption energy E. Generally, the process is more likely to
be chemical in nature with E values higher than 8-16 kJ/mol.
Otherwise, it involves physical adsorption [17, 28]. The
calculated experimental value of E from in this study was in
range of 47.1-63.8 kJ/mol (Table 1), possibly due to
chemical adsorption of nitrate ions on the surface of
TRI-ARHA.

3.4 Adsorption thermodynamics

Table 2 gives free energy, enthalpy, and entropy changes
during the adsorption of nitrate on TRI-ARHA. An
endothermic process is reflected in the positive value of AH.
However, Table 1 shows that decreasing temperature
simultaneously results in more nitrate adsorbed. This

interference caused by CI- ions released after adsorption of
nitrate ions (Figure 5). The positive value of AS suggests that
the system exhibits random behavior [28], and this trend of
entropy change suggests an increase in the randomness of ClI-
ions at the adsorbent surface during adsorption. The strong
movement of Cl- ions with increased temperature hinders the
absorption of nitrate ions onto TRI-ARHA adsorbent.
Therefore, a lower equilibrium nitrate adsorption was
observed with higher temperature, physically involving
weak forces of attraction. Additionally, the adsorption nature
is spontaneous and feasible when AG has a negative value
[22]. The standard free energy was in range of 11.88 to
14.65 kJ/mol (between 8 and 16 kJ/mol), thus ion exchange
is considered to be the major contributor to adsorption



Engineering and Applied Science Research April — June 2020;47(2)

195

Table 2 Thermodynamic parameters of nitrate adsorption on TRI-ARHA at various temperatures (nitrate concentration:

50 mg/L)
AH (kJ/mol) AS (kJ/mol.K) AG (kJ/mol) R?
288 K 298 K 308 K 318 K
14.2 0.09 -11.88 -12.56 -13.34 -14.65 0.9146

Table 3 Kinetic parameters for adsorption of nitrate ions on TRI-ARHA

Model Parameters Initial Concentration
50 ppm 100 ppm 200 ppm
Pseudo-first-order Qe.cal (MQ/Q) 17.972 27.037 22.160
ki (mint) 0.0646 0.1633 0.2409
R? 0.4825 0.6173 0.7802
Modified-pseudo-first-order Qe.cal (MQ/Q) 27.707 41.030 42.798
Kz (min?) 0.0396 0.1275 0.2182
R? 0.4731 0.6134 0.8036
Pseudo-second-order Qecal (MQ/Q) 32.362 65.789 76.336
ka2 (g.mgt.min?) 0.0133 0.0034 0.0107
R? 0.9698 0.9295 0.9915
Intra-particle diffusion Kip (Mg.g2.min"¥2) 5.6224 11.933 10.560
| 7.7275 6.6782 32.577
R? 0.6263 0.7034 0.5632
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Figure 5 Nitrate adsorption mechanism of TRI-ARHA

[17, 29]. Furthermore, the more positive values of AG with
increasing temperature indicates that the adsorption process
tends to proceed more rapidly at low temperatures [30].

3.5 Adsorption kinetics

Figure 6 shows the change in the amount of nitrate
adsorbed on TRI-ARHA over time. A linear regression result
of the pseudo-second-order (PSO) equation (Table 3) has a
correlation coefficient (R?) that is greater than 0.92, and
value of the calculated adsorption capacity (Qe,ca) reached
76.34 mg/g corresponding to 200 ppm of the initial nitrate
concentration. The values of these parameters for the PSO
model are higher than for other models. Hence, in this work,
the best-fitting equation for this nitrate removal is the PSO
model. Moreover, this fit suggests that adsorption takes place
at the surface of the adsorbent, or that the adsorption process
involves an ion exchange mechanism.[12, 30]

e I

. s

3.6 Effect of other anions

In addition to nitrate, other anions such as ClI-, HCOs,
S04%, and PO43> are often present in natural water sources
and wastewater effluents. These anions tend to interact with
adsorbent surfaces and reduce nitrate removal. Hence, the
competitive effect of inorganic anions such as PO4*, SO4%,
HCOs, and CI- on the nitrate adsorption on TRI-ARHA was
considered. The results in Figure 7 show that co-existing
inorganic anions have an effect that reduces nitrate
adsorption by TRI-ARHA materials. The degree of reduction
is proportional to the concentration of competitive ions. This
may be due to the hydration energies of Cl-, HCO3", SO.%,
and PO4* ions and the electrostatic interactions with
adsorption centers of TRI-ARHA materials are much
stronger than that of NOs™ ions [12]. In summary, the degree
of the negative effects of inorganic anions can be arranged in
a descending order as PO4*>> SO42> HCO3™> CI- [12].
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Figure 6 (a) Time changes of the amount of nitrate adsorbed and (b) the linear plot of pseudo-second-order model for nitrate
adsorption (Conditions: dosage: 0.6 g/L, pH 7, temperature: 25 + 0.5 °C)
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Figure 7 Uptake of nitrate by TRI-ARHA with other anions in solution
(Conditions: dosage: 0.6 g/L, pH 7, temperature: 25 £ 0.5 °C, contact time: 10 min)
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