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ABSTRACT

In the present work, nitrate adsorption onto the Fe,O,/diatomite was conducted in different opera-
tional parameters, such as initial nitrate concentration, amount of adsorbent, pH, and contact time.
The prepared adsorbents were characterized by field emission scanning electron microscope, X-ray
diffraction, Fourier transform infrared, and X-ray fluorescence spectroscopy. Kinetic and isotherm
studies were also conducted. Experimental results indicated that the maximum nitrate removal could
be attained at a solution pH of 4.5. For the entire adsorbent dose, the removal efficiency increased with
an increase in the contact time. Furthermore, the adsorption of nitrate increased with an increase in
the adsorbent concentration. The optimum FeZOS/diatomite content was determined as 5 g/L.. Removal
amount of nitrate after 100 min was 93%, 85%, and 79% for initial nitrate concentration of 20, 60, and
100 mg/L, respectively. Pseudo-second-order and Freundlich models were the best fitted kinetic and
isotherm models, respectively, for describing nitrate adsorption process.
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1. Introduction

The rapid population growth and industrial development
have led to increase of contaminants in water bodies in
many countries all around the world. One of the most
important pollutants that can’t be removed easily in conven-
tional wastewater treatment plants is nutrients like nitro-
gen. The maximum concentration level for nitrate set by
Environmental Protection Agency (EPA) and World Health
Organization (WHO) is 45 and 50 mg/L NO,-, respectively.
High concentrations of nitrogen compounds can deteriorate
the aquatic environmental quality and threaten human health.

* Corresponding author.

It can also be harmful for aquatic environment. Therefore, there
is an urgent need to develop and improve low-cost technolo-
gies for treatment of wastewater containing high concentra-
tion of nitrogen compounds. The main methods for removal of
nitrate from aqueous media include physicochemical and bio-
chemical processes. Common methods include ion exchange
[1], electro deionization [2], electrodialysis [3], and reverse
osmosis [4]. Adsorption is a promising method because of its
simplicity and efficiency. Different kinds of adsorbents have
been used for nitrate removal. The most common adsorbents
include activated carbon [5], agricultural waste [6], natural
clays [7], AI-MCM-41 [8], bamboo powder [9], fly ash [10], and
zeolite [11]. Diatomite has recently been known as a promising
adsorbent because of its unique physicochemical properties
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such as: 80%-90% pore spaces, numerous fine microscopic
pores, cavities and channels, high porosity (35%-65%), good
sorption ability, low density, high permeability, high spe-
cific surface area, and active hydroxyl groups. In addition,
diatomite is cheaper than activated carbon [12].

Acid treatment increases the specific surface area and
adsorption capacity of diatomite [13]. It is known that iron
salts play a critical role in adsorption of anions from water.
Moreover, the attractive forces between the adsorbent and
adsorbate depend on the modifier.

Nowadays, most of the ongoing research tries to focus
on modification using nanoparticle. Among the different
types of nanoparticles tested over the past decade, nanosized
iron oxides have larger specific surface area, which leads
to enhanced adsorption capacity [14]. Moreover, magnetic
Fe,O, nanoparticles can be easily separated from the water
medium using a magnetic process [15].

Most of the old research has been addressed on the adsorp-
tion of anions from aqueous solution using different modified
adsorbent. Modification of adsorbent is carried out to improve
the capacity of adsorption process. It has been reported that
modification of activated carbon enhances the removal effi-
ciency [5]. Diatomite has been applied for the adsorption of
different pollutants including dye [16], Cd [17] Pb(II) [17,18],
arsenate [19], BTEX, MTBE, and TAME [13], and zinc(II) [17,20].
However, modified diatomite using Fe O, nanoparticles has
not been reported as adsorbent for nitrate removal from water.
The aim of this study is to investigate the performance of the
modified diatomite as a low-cost bio-adsorbent for nitrate
adsorption from aqueous solution. Field emission scanning
electron microscope (FESEM), X-ray diffraction (XRD), X-ray
fluorescence (XRF), and Fourier transform infrared (FTIR)
spectroscopy were used, and point of zero charge (pH,_ ) was
determined to characterize the sorbent surface. The effects of
different parameters, including initial nitrate concentration,
adsorbent dosage, pH, and contact time, on NO," adsorption
on the Fe,O, nanoparticles were studied. Kinetic and isotherm
studies were also conducted.

2. Materials and methods
2.1. Chemicals and materials

All chemicals used in present study were of analytical
grade purchased from Merck except Fe,O, nanoparticles,
which was obtained from Nano Pars Co., Iran. Diatomite
was obtained from the Bojnourd mine in Iran. The diatomite
was washed with tap water to remove impurities, and then
dried in an oven at 105°C for 24 h. The dried diatomite was
sieved to a uniform size of 0.8-1 mm. The acid treatment of
diatomite was done using 6 M H,SO, under reflux conditions
(at 100°C for 4 h). Hot distilled water was used for washing
and rinsing until the residual acid and impurities completely
removed. The coating of Fe,O, nanoparticles into the pores of
diatomite, using wet impregnation method (WIM), was car-
ried out according to the protocol previously described [21].
Briefly, the required amount of commercial Fe,O, nanopar-
ticles placed into 200 mL deionized water under sonication
condition in ultrasound bath for 20 min at room temperature
and after that 20 g of diatomite was added to the above solu-
tion under continuous stirring for 3 h at room temperature,

filtered, and dried at 105°C for 24 h. Finally, dried samples
were calcined at 300°C for 3 h. Sodium nitrate was used to
prepare standard stock solution of nitrate. Nitrate concen-
tration was determined based on standard methods for the
examination of water and wastewater [22]. pH adjustment to
the desirable values was carried out using 0.1 M NaOH and
0.1 M HCL

2.2. Instrumentation

In order to determine crystal structure of the adsorbents,
XRD analysis was performed using Philips equipment with
Cu Ka radiation at 40 kV and 30 mA in a scanning range of
5°-80° (20). Elemental analysis of raw diatomite was deter-
mined by XRF technique. Surface morphology of raw and
modified diatomite were characterized by means of FESEM
(Philips: XL 30, the Netherlands). FTIR spectroscopy (Tensor
27, Bruker, Germany) was applied to examine the chemical
bounds and functional groups. The nitrate concentration was
determined by a spectrophotometer (Unico-UV 2100). The
pH was measured with a pH electrode Jenway part number
924 050.

2.3. Experimental procedure

In order to investigate the effect of various operational
parameters (adsorbent dosage, reaction time, pH of solution,
and initial nitrate concentration) on the nitrate adsorption
efficiency, the batch experimental studies were carried out in
100 ml Erlenmeyer flasks. The quantity of adsorbed nitrate
onto the adsorbent was determined using Eq. (1):

q=(C, =C)xV)/m @™

where g, C, and C are the amount of adsorbed nitrate (mg g™),
the initial, and final concentration of nitrate in the solution
(mg L), respectively. Moreover, V and m are volume of the
solution (L) and the adsorbent weight (g), respectively.

Experimental procedure began with different pretest to
determine the experimental runs and conditions. In order to
determine adsorption capacity of Fe,O,/diatomite, experi-
mental analyses were tested at different conditions.

The pHZpC of adsorbent was determined according to
the pH drift method [23]. Briefly, 0.01 M NaCl solution was
made, and the pH of the solution was adjusted in the range
of 2-12 using HCl or NaOH. Then, 150 mg of diatomite was
added and kept for shaking for 24 h at 200 rpm at 25°C. Then,
the final pH of the solution was measured, and graph was
plotted between final pH and initial pH. The point where ini-
tial pH is equal to final pH has been recorded as pH, _of the
diatomite.

2.4. Kinetic and isotherm studies

The adsorption kinetics of adsorption of nitrate were
investigated by different models including pseudo first
order, pseudo second order, Bangham, and intraparticle dif-
fusion. Moreover, adsorption isotherms were studied using
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
model. Table 1 presents the studied models for kinetic and
isotherm.
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Table 1
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Kinetic and isotherm models used in this study

Models Equations Plot Calculated coefficients ~ Eq. No. Nomenclature References
Kinetics models
Lagergren log(g,— 4, = log(q,-q,) q,= 10mtereert; 2 g, equilibrium sorption [24]
pseudo- log(g,) - K, - vs. t k;=-2.303 x slope capacity (mg.g™);
first-order t/2.303 k., pseudo-first-order rate
constant (min')
Pseudo- t/g,=(/kg?+  t/gvs.t q,=1/slope; 3 g, equilibrium sorption
second-order (1/q) x t k,= slope?*/intercept capacity (mg.g™);
k, pseudo-second-order rate
constant (g.mg".min"")
Bangham log(log[C,/ log(log[C,/ o = slope; 4) C, the initial metal
(C,—gqm)] = (Cy—gm)]) vs. K =10 x 2,303 V/m concentration (mg.L™);
log(k,m = logt m, the adsorbent mass used
2:303 V)) per liter of solution (g.L™?);
+alogt V, is the volume of the
solution (mL);
a (<1) and k, (mL.g".L™),
Bangham constants
Intraparticle  g,=kt*+C q,vs. 1 k.= slope; ) k, the intraparticle diffusion
diffusion C = intercept rate constant (mg.g™.min?);
C, boundary layer diffusion
Equilibrium isotherm models
Langmuir C./a.=VUK.q,+ q/q9,vs.q, K, = slope/intercept; (6) q,..v Maximum sorption [25]
C/, q, = 1/slope capacity (mg.g™);
K,, Langmuir constant
(Lmg™)
Freundlich logg,=1logK+ logg,vs.loggq, n=1/slope; (7) K,, Freundlich constant
1/n logcg Kf= 1(intercept (mg(l—lln))'Ll/n.g—l);
n, Freundlich exponent
Dubinin- logg, = Ing, vs. & e=RTIn(1+1/C); (8) g, adsorption capacity
Radushkevich logg, - e’ g, = exp(intercept); (mol.g™);
(D-R) [3 =slope q,, maximum adsorption

capacity (mol.g™?);

(3, the activity coefficient
related to mean adsorption
energy (mol2J?);

¢, the Polanyi potential

3. Result and discussion
3.1. Characterization of adsorbent

Fig. 1 shows the XRD pattern of raw diatomite (a) and
Fe,O,/diatomite (b). As illustrated in this figure, cristobalite
and quartz are the main crystal phases of diatomite. It can
be seen that after coating of nanoparticles of Fe,O, over the
diatomite, the relevant hematite peaks appeared.

Elemental analysis of the row diatomite obtained by
means of XRF technique is presented in Table 2. The analysis
shows that SiO, is the main component (86%) and the metal
oxides (Na,O, ALO,, P,O,, and Fe O,) are the main minor
elements.

Fig. 2 shows the FESEM photographs of raw diatomite
(a, b, and c) and FeO,/diatomite (d). As shown in Fig. 2, the
raw diatomite has a porous structure, while after coating, the
surface of diatomite was covered by Fe,O, nanoparticles.

In order to investigate how functional groups and changes
in vibration of functional groups are presented on the surface
of adsorbent, FTIR spectra of diatomite was examined. The
identification of IR absorption bands related to vibration is
given in Table 3.

The FTIR spectra of raw diatomite, Fe,O,/diatomite
before adsorption, and Fe,O,/diatomite after adsorption are
shown in Fig. 3 and depict the presence of various functional
groups on the surface of adsorbent.
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Fig. 1. XRD pattern of raw diatomite (a) and Fe,O,/diatomite (b).

Table 2
The elemental analysis of pure diatomite by means of XRF

Component Content (%)
SiO, 86

Fe,0O, 1.37

MgO 0.25

K,O 0.31

ALO, 2.7

CaO 0.93

Na,O 2.8

PO, 1.8

TiO. 0.8

2

It can be seen that there are two broad adsorption peaks
at 1,633 and 3,450 cm™, which were assigned to the twist-
ing vibration and adsorption of —OH stretching vibration,
respectively [18]. The absorption peak at 1,098 cm™ was due
to the asymmetric stretching vibration mode of Si—O—Si
bond in the diatomite [24]. The absorption peak at 798 cm™
is assigned to Si—O—Al bonding that is because of impu-
rity in the diatomite. The peak at 549 cm™ was due to the
Fe—OH stretching vibration. It has been shown that the peak
of the a-Fe,O, had higher intensity at higher pH, indicat-
ing more amount of OH". The additional peak at 1,119 cm™
corresponded to bending modes of nitrate.

3.2.pH

zpc
pH, . or point of zero charge (pzc) is the pH value at which
an adsorbent exhibits zero net electrical charge on the surface.
When the solution pH is above the pH, , the adsorbent surface
has a negative charge, while at pH values lower than pH_,
it has a positive charge. The result of pH is presented in
Fig. 4. As shown, the value of pH, pe for diatomite is 5.6. pH
of adsorbent (Fe,O,/diatomite) was found 6.1 (the data are not
presented), indicating that adsorbent’s surface is uncharged at
solution pH of 6.1; when the solution pH is above the 6.1, the
adsorbent surface has a negative charge, while at pH lower
than 6.1, it has a positive charge.

3.3. Effect of pH

pH value of the solution is a critical parameter involved
in the adsorption, which affects the surface chemistry of

20 (degree)

the adsorbent. The effect of solution’s pH ranging from 3.5
to 9 was examined on the adsorption of nitrate. The result
of experiments is presented in Fig. 5. As seen in this figure,
the adsorption of nitrate onto the diatomite depends on the
pH. The optimum pH at which maximum nitrate adsorption
obtained was 4.5, as can be seen in Fig. 5.

3.4. Effect of Fe,O /diatomite dose

In order to investigate the effect of adsorbent dose on
nitrate adsorption, the adsorption process was examined
in a range of 1-5 g/L. Adsorption of nitrate at different
dose of Fe,O,/diatomite as a function of time is illus-
trated in Fig. 6. As shown in this figure, for the entire
adsorbent dose, the removal efficiency increased with an
increase in the contact time. Furthermore, the adsorption
of nitrate increased with an increase in the adsorbent
concentration. This can be attributed to more adsorption
sites. It was found in the previous studies that differ-
ence iron content has a noticeable effect on adsorption
behavior [19].

3.5. Effect of initial nitrate concentration

The adsorption of 20, 60, and 100 mg/L nitrate concentra-
tion was examined to investigate the effect of initial nitrate
concentration on nitrate removal. As shown in Fig. 7, the
percentage of nitrate removal was 59%, 48%, and 42% after
20 min of contact time for initial nitrate concentration of
20, 60, and 100 mg/L, respectively. Maximum adsorption of
nitrate after 100 min was 93%, 85%, and 79%, respectively.
Accordingly, the increase of initial nitrate concentration
led to a reduction of its adsorption efficiency, which can be
because of adsorption sites reduction.

3.6. Determination of equilibrium time

Variation of adsorbed nitrate as a function of contact time
is illustrated in Fig. 8. As seen, adsorbed nitrate increased
with an increase in time and the equilibrium reached after
150 min.

3.7. Kinetic studies

To predictbatchkinetics and design an adsorption process,
the rate of the adsorption reaction should be determined [25].
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Fig. 2. FESEM of raw diatomite (a, b, and c) and Fe,O,/diatomite (d).

Table 3
Identification of IR adsorption band to specific vibrations [12]

Wavenumber (cm™) Vibrations

3,435 O-H stretching of water

1,635 H,O bending

1,099 and 1,030 Si—O-Si stretching

798 and 780 Intertetrahedral Si-O-Si bending
695 and 470 O-S5i-O bending

533 Si-O-Al bending

Therefore, the adsorption data were fitted to four kinetic
models including pseudo-first-order (Eq. (2)), pseudo second
order (Eq. (3)), Bangham (Eq. (4)), and intraparticle diffusion
(Eq. (5)) (see Table 1).

Plots of kinetic study for the adsorption of NO,
onto Fe,O,/diatomite and calculated parameters for each
are presented in Fig. 9 and Table 3, respectively. According
to Fig. 9(b), the adsorption data are well represented by
pseudo-second-order model. The higher value of R? (0.995)
and closer calculated equilibrium capacities (g, ) and
experimental equilibrium capacity (ge.x) values confirmed
that NO,” adsorption onto the Fe,O,/diatomite fitted the
pseudo-second-order kinetic model, and chemisorption
might be in control of the adsorption process [26]. Similar
results were also obtained for the adsorption kinetics of var-
ious pollutants onto activated carbon cloth [27-30], sepiolite
[31], vermiculite [32], and carbon nanotube [33].

Boundary layer diffusion (external mass transfer) and
intraparticle diffusion (mass transfer through the pores)
are two limiting steps in the ion-exchange process [34].
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Fig. 3. FTIR spectra of: (a) raw diatomite, (b) Fe,O,/diatomite
before adsorption, and (c) Fe,O,/diatomite after adsorption.

The Bangham plot did not show any straight line indicating
both pore, and boundary layer diffusions limit the adsorption
process [35]. K and a in this model are represented in Table 5.

Fig. 9(d) shows that the resulted curve for intraparticle
diffusion is not linear over the studied time range and
includes three portions. According to this plot, the both
surface adsorption and intraparticle diffusion took part in
the adsorption of NO,” on the Fe,O,/diatomite. Boundary
layer diffusion is responsible for the first portion of this plot;

14 -
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4] 2 4 6 8 10 12 14

Initial pH

Fig. 4. Determination of pH, _using pH drift method.
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Fig. 5. Effect of pH solution on nitrate adsorption onto the adsor-
bent (initial nitrate concentration: 20 mg/L, adsorbent dose:
5 g/L, contact time: 100 min, temperature: 25°C).
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Fig. 6. Effect of adsorbent dose on nitrate adsorption as a func-
tion of contact time (conditions: initial nitrate concentration:
20 mg/L, pH: 4.5, temperature: 25°C).

in where, NO," ions in solution diffuse to the external surface
of the Fe,O, /diatomite. Rate-limiting behavior of intraparti-
cle diffusion may be observed from the second portion of the
plot, where slow adsorption of NO,"ions took place. The slope
and intercept of this portion were used to derive K; and C for
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Fig. 8. Variations of adsorbed nitrate concentration vs. time,
pH=4.5, adsorbent dose =5 g/L, nitrate concentration = 60 mg/L,
contact time = 200 min.

intraparticle diffusion and boundary layer diffusion, respec-
tively (Table 4). Final equilibrium was in the third portion,
where the reduction of intraparticle diffusion occurred due to
reduction in NO;™ ions concentration in the solution.

3.8. Isotherm studies

Adsorption isotherms should also be determined in
designing adsorption systems [25]. In the present study, three
isotherm models including Langmuir, Freundlich, and D-R
were used to study the relationship between adsorbed NO,~
ions on the adsorbent (g,) and unadsorbed NO, ions in the
solution (C)) at equilibrium. Fig. 10 shows linear plots of the
Langmuir, Freundlich, and D-R isotherms. The calculated
parameters obtained from each isotherm model are presented
in Table 5.

The R? values presented in Table 5 indicate that the
Freundlich isotherm fitted the adsorption data well
(R*= 0.993). This isotherm predicts that a non-monolayer
adsorption of NO,” occurs on heterogeneous surface of the
Fe,O,/diatomite [36,37]. The obtained value of n is greater
than 1, which means a favorable adsorption process [25]
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Fig. 9. Kinetic plots of NO, adsorption onto Fe,O,/diatomite
described by: (a) pseudo first order model, (b) pseudo second
order model, (c) Bangham, and (d) intraparticle diffusion.
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Kinetic model parameters for the adsorption of NO,  using

Fe,O,/diatomite adsorbent

Kinetic models

Kinetic parameters value

Pseudo-first-order

Pseudo-second-order

Bangham

Intraparticle diffusion

k (L.g™) 0.028
Doca (mg.g™) 15.09

Dyonp (mg.g™) 11.64

R? 0.944
k, (g mg™.min™) 0.002
9. (Mg.g™") 14.02

Dnp (mg.g™) 11.64

R? 0.995
o 0.823
K, 0.971
R? 0.971
k, (mg.g™ .min™%) 0.627
C 4.140
R? 0.968
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Other researchers have also reported Freundlich as the suit-
able isotherm model for their data [38].

D-R isotherm model was also used to determine the
physical or chemical nature of the NO,  adsorption on the
Fe,O,/diatomite (see Fig. 2(c)). Table 5 represents the calcu-
lated values of D-R parameters. The R? value of 0.983 indi-
cates that the D-R isotherm model also adequately fits to the
equilibrium data for NO,~.

The mean free energy (E) using D-R isotherm may be
calculated via Eq. (9) [26]:
E=1/(-2p)" &)

In fact, E describes the adsorption mechanism as follows:
E values between 8 and 16 kJ/mol express that the adsorption
process is chemical ion exchange; E values less than 8 kJ/mol
indicate that the process is physical in nature; and E values
above 16 kJ/mol imply that the process is chemisorptions [39].
In the present study, E was found to be 12.91 kJ/mol, indicating
that the adsorption of NO," ions is chemical ion exchange.
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Fig. 10. Equilibrium isotherm analysis for adsorption of NO," using Fe,O,/diatomite: (a) Langmuir, (b) Freundlich, and (c) D-R models.

Table 5

Isotherm model parameters for adsorption of NO,” using Fe,O,/diatomite

Langmuir isotherm

Freundlich isotherm

D-R isotherm

T K R? n K, R? T, p R?
(mg-g™) (L/mg) (mg!).(L".g™) (mol.g™)
17.67 0.297 0.951 2.800 5.293 0.993 7.5 x 10 -3x107 0.983
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4. Conclusions

The adsorption of nitrate from aqueous solution
using diatomite-supported ferric oxide nanoparticle
under different operational conditions was investigated.
The adsorbent was prepared by simple WIM. The mod-
ification of diatomite using ferric oxide nanoparticles
was effective for nitrate adsorption. The variation of
adsorption performance of diatomite-supported fer-
ric oxide nanoparticles for nitrate adsorption exhibited
nitrate adsorption of 93% at a solution pH of 4.5 with
5 g/L Fe,O,/diatomite content. The kinetic and isotherm
models were well represented by pseudo-second-order
model and Freundlich, respectively. Based on the exper-
imental results of the present study, Fe,O,/diatomite can
be recommended as a cost-effective adsorbent for nitrate
removal from aqueous media.
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