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ABSTRACT

Magnetic activated carbons from almond shells were prepared, characterized, and used to remove
nitrate from aqueous environments. The magnetic carbon was prepared by mixing of activated carbon
in aqueous suspensions with an aqueous Fe*/Fe*" solution followed by treatment with sodium hydrox-
ide. The morphologies and surface chemistries of magnetic activated carbon were studied by Fourier
transform infrared spectroscopy, field emission scanning electron microscopy, energy dispersive X-ray
microanalysis, pH_ , and Brunauer-Emmett-Teller (BET) analyses. The BET area of magnetic activated
carbon was 105.480 m?/g. The effects of adsorbent dosage, the pH of the solution, initial nitrate ion
concentration, and contact time on the removal process were investigated. The amount of remaining
nitrate ion was measured by spectrophotometer UV-Vis after filtration. At optimum pH of 4 and equi-
librium time of 20 min, adsorption efficiency increased with both increasing of absorbent concentration
to 1 g/L and reduction of initial concentration of nitrate ions (76.29%). The equilibrium adsorption was
best described by the Langmuir isotherm model (R?=0.924). The almond shell activated with magnetic
nanoparticles has a good ability to remove nitrate ions from aqueous solutions. Therefore, the use of

this relatively easy and simple technology is an effective step in removing nitrate from water.

Keywords: Adsorption; Activated carbon; Almond; Magnetite nanoparticles; Nitrate

1. Introduction

One of the most important environmental problems in
some regions of the world is contamination of underground
waters by nitrate. Currently, nitrate is known as one of the
world’s most common chemical pollutants. Indiscriminate
use of chemical fertilizers in agriculture, population growth,
over-harvesting of groundwater aquifers and industry growth
have led to increase in nitrate concentrations in groundwater
[1,2]. Water sources have been highly polluted with nitrog-
enous compounds such as nitrate, nitrite, and ammonium,

* Corresponding author.

which could result in severe environmental problems includ-
ing eutrophication and infectious diseases. Increased nitrate
concentrations in drinking water may lead to diseases such
as methemoglobin in children, gastric cancer, miscarriage,
and hypertension and thyroid disorders [3,4].

Nitrate ion is relatively non-toxic, but when reduced to
nitrite, it endangers public health. Nitrite is combined with
hemoglobin in infants, younger than 6 months, and produces
methemoglobin, which is unable to transport oxygen to the tis-
sues and causes the blue color of the blood. This condition is
known as blue baby syndrome [1,5]. Nitrates may also react
with second and third type amines and forms a carcinogenic
form [6]. According to the US Environmental Protection
Agency (EPA) and the World Health Organization (WHO)
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guidelines, the maximum allowable concentration of nitrate is
10 mg/L as nitrogen and 50 mg/L as nitrate for public water
supply system [7].

The Iran Regulations of Quality (Standard No. 1053)
authorized limit for nitrate in drinking water is 50 mg/L
[8]. Several methods have been reported for nitrate removal
from water, in which most common are biological, chemi-
cal, and physical processes [9]. The most important, accept-
able technique to treat the high concentrations of nitrate is
use of biological reactors; therefore, it is done mainly for
sewage treatment and is not desired for water treatment
due to organic substrates as well as the need for careful
maintenance [3]. Conventional physical and chemical pro-
cesses for the removal of nitrate are ion exchange, reverse
osmosis, electrodialysis, chemical reduction, and surface
adsorption [9].

All the above techniques, in addition to adverse effects
on water, require a large initial investment, high operational
and utilization costs, and even lead to producing secondary
contaminated effluent and are not economically viable at large
scale [3,10]. Today, the use of nanotechnology and adsorp-
tion process for the removal of some contaminants such as
nitrate ions from water is increasing [5,11]. Use of coconut and
almond shells, sugar beet and bagasse and wheat husk for
nitrate removal from aqueous solutions has been of great inter-
est to researchers as these are inexpensive and natural absor-
bents [11]. Adsorption is a suitable method of choice to remove
some contaminants such as nitrate because of the simplicity of
design, material cost, ease of removal, and no need for final
treatment [12].

Due to growth of agricultural and industrial activities in
the last decade, leading to increased disposal of treated and
untreated wastewater to the environment, nitrate concentra-
tions in groundwater resources have exceeded in many urban
and rural areas [13,14]. Unfortunately, the main problem in
the use of activated carbon powder or the absorbents with
nanosize or nanoparticles is their separation from the solu-
tion due to the small size of particles. Thus, the distribution
and production of secondary pollution are the fundamental
problems of these systems [15,16].

Magnetic nanoparticles have been of great interest
to researchers due to unique magnetic properties [17].
Therefore, these absorbents” magnetism could be an appro-
priate strategy to eliminate many of these problems [18].

According to the conducted studies, almond shell char-
coal and magnetic nanoparticles have very good ability to
remove organic compounds and toxic heavy metals from
aqueous solutions [14,18,19]. Almond is abundantly pro-
duced and harvested in Iran. For this reason, the use of
activated carbon made from almond shell as an absorbent
is justifiable due to low price, large quantity available, and
simple preparation and operation [20]. Therefore, this study
is conducted to investigate the use of the processed carbon
absorbent activated with iron nanoparticles from almond
shell to remove nitrate in aqueous environments.

2. Materials and methods

In this experimental study, the use of almond shell
activated with magnetic nanoparticles to remove nitrate in
aqueous environments was investigated.

2.1. Absorbent preparation

The type of almond used was Mamaei almond purchased
from the stores in Shahrekord, Chaharmahal-o-Bakhtiari.
After being separated and washed with distilled water,
almond shell was ground using grinding mill. The ground
samples were placed in phosphoric acid at room tempera-
ture and 1:1 ratio with weight percentage of 50% for 24 h to
reduce alkaline property and to eliminate impurities (such as
calcium carbonate). Then, they were rinsed twice with dis-
tilled water and dried in an oven at 100°C for 24 h [20-22]. For
heating activation, samples were placed in an oven at 700°C
for 1h [23]. So that, in this case, the adsorption and absorbent
porosity increased greatly. The activated sample was pulver-
ized in a porcelain mortar and passed through a sieve with
standard mesh 30 (500 um) and 100 (150 pum) so that a uni-
form powder was obtained [22].

2.2. Activation of absorbent with iron magnetic nanoparticles

Activated carbon (50 g) was mixed with 500 mL of
distilled water. To prepare ferric chloride (FeCl, > 96%) solu-
tion, 18 g of ferric chloride was mixed with 1,300 mL of dis-
tilled water (it should be prepared at the time of testing).
To prepare ferrous sulfate (FeSO,, 99.5%) solution, 20 g of
ferrous sulfate was mixed with 150 mL of distilled water.
Then, ferric chloride and ferrous sulfate solutions were
mixed together and stirred at a temperature of 60°C-70°C
very quickly. The solution obtained was combined with a
solution of activated carbon and gently stirred at room tem-
perature for 30 min. The solution of 10 M sodium hydroxide
(NaOH) was added to the suspension drop by drop until
the pH reached 10-11. After 60 min of stirring, the suspen-
sion was maintained for 24 h at room temperature and then
washed several times with distilled water and then with
ethanol. The obtained suspension was vacuum-filtered and
dried overnight in an oven at 50°C. Hence, the activated
carbon with magnetic nanoparticles was prepared [18,24].
All chemicals used in the preparation of nanoparticles were
purchased from Merck & Co., Germany.

2.3. Measurement of zero point charge

For measurement of zero point charge (pH_,) of the
magnetic activated carbons, 100 mL of nitrate solution with
concentration of 25 mg/L was used. pH_  was measured
using normal sulfuric acid 0.1 and/or normal sodium hydrox-
ide 0.1 at pH 2, 4, 6, 8, and 0.5 g/mL where magnetic activated
almond shell was added to each solution and was stirred
for 24 h. The supernatant was then decanted and its pH was
measured using digital pH meter (METTLER, model Mp230).
The curve of initial pH vs. secondary pH was drawn and con-
fluence point of two curves was presented as isothermic pH
point [18].

2. 4. Experimental design

All experiments were performed in a batch reactor (flask).
To prepare a solution of water and nitrate at concentrations
of interest, we used its mineral resource, namely potassium
nitrate.
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The 100 mL of initial nitrate standard solutions (25, 50, 100,
200, and 400 mg/L) was poured into 250 mL flask and a deter-
mined amount of magnetic nanoparticles activated absorbent
(0.25,0.3,0.4, 0.5, and 1 g/L) was added to it. Sample pH val-
ues were adjusted by adding a few drops of normal sulfuric
acid 0.1 and/or normal sodium hydroxide 0.1 at 4, 5, 6, 7, and
8 values using digital pH meter (METTLER, model Mp230)
[4,18]. These experiments were done at 120 rpm mixer speed
and detention time of 20, 40, 60, 80, and 100 min. Then, for
absorbent separation, solutions were passed through 0.45-pm
cellulose-acetate filter paper. The filtered solution was poured
into the sampling containers (Falcon PVC), which were previ-
ously washed with ultrapure water and within less than 24 h,
the absorbance of samples was read by a spectrophotometer
(model UV-2100) at 296-nm wavelength [25].

The amount of absorbed nitrate was calculated from dif-
ference between the initial concentration of nitrate and the
concentration after contact with absorbent. The obtained
equilibrium concentrations were used to calculate the equi-
librium capacity of nitrate ion adsorption per Eq. (1) [9,25]:

g= : )

where C, (mg/L), the equilibrium concentration of absorbate;
C, (mg/L), the initial concentration; V' (L), the solution vol-
ume; and M (g), absorbent mass.

The prepared absorbent was characterized by Brunauer—
Emmett-Teller (BET) experiment. For determination of func-
tional groups of synthesized absorbent, Fourier transform
infrared spectroscopy (FTIR) was used. In addition, mor-
phology, shape, and particle size distribution of the micro-
structures were checked in the images taken by field emission
scanning electron microscopy (FESEM) [18,21].

In this study, the experiments were designed and the data
were analyzed by response surface method, statistical model-
ing method of full factorial design was done by Design Expert
version 07, and one-way analysis of variance (ANOVA) was
used for results interpretation. P value <0.05 was considered
as the level of significance. In this study, pH, contact time,
and adsorbent dose were considered as independent vari-
ables and nitrate removal efficiency as response variable.

3. Results and discussion
3.1. Absorbents characteristics

The results of BET experiment are shown in Table 1.
Functional groups of absorbent formation per FTIR analysis
are shown in Fig. 1.

Fig. 1 illustrates the FTIR spectrum of almond coal acti-
vated with magnetic nanoparticles. The observed peak at
3,179 cm™ wavelength was obtained for the OH functional
group on the surface of iron particles. At 1,699 and 1,133 cm™
wavelengths, functional groups of carbonyl C=O and ester
C-O, respectively, are seen. The observed peaks at 473, 739,
and 1027 cm™ wavelengths were obtained for silicate phases.
In addition, the observed peak at 584 cm™ wavelength was
obtained for iron bonds Fe-O.

Table 1
Results of BET experiment

Type of absorbents Specific surface area (m?/g)
Almond shell carbon 54.254
Almond shell carbon activated  105.480

with magnetic nanoparticles
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Fig. 1. FTIR result of activated almond shell carbon.

Both FESEM and energy dispersive X-ray microanal-
ysis (EDX) images of synthesized absorbent are shown in
Figs. 2 and 3. By the analyses, the main elements of syn-
thesized absorbent are carbon, oxygen, and iron (Table 2).
The size of synthesized absorbent is illustrated in Fig. 2(a).
Fig. 2(b) depicts the nanometry particles in the absor-
bent. Besides them, large and blade particles can be seen
as well, probably related to the carbon particles of the
almond shell.

3.2. Statistical analysis

As mentioned, in this study, method of full factorial
design and one-way ANOVA were used for results interpre-
tation of independent variables effects on response variable
(nitrate removal efficiency). In Table 3 independent variables
are depicted.

According to P values (Table 4), the effect and coefficients
obtained for each factor, the regression equation of nitrate ion
adsorption was obtained as Eq. (2). As P value is less than
0.05, so the studied model is significant.

Y= 43.92+7.08A,+257A, +0.44A, —3.05A, +0.72B, +0.19B,
+0.58B, —1.35B, —1.48C, +1.49C, +0.69C, +1.96C, +26.05D,  (2)
+10.94D, —4.53D, -9.58D,

3.3. Effect of contact time

The effect of contact time on nitrate removal efficiency
is shown in Fig. 4. According to this figure the most nitrate
removal efficiency was obtained at first 20 min and it is equal
to 76.29%.

Removal efficiency reaches an almost constant trend after
20 min, which could be considered the equilibrium retention
time. Since giving further time to the system for adsorption
after the actual time leads to no positive changes in nitrate
adsorption efficiency; thus, 20 min could be considered as



M. Arbabi et al. | Desalination and Water Treatment 80 (2017) 344-351

optimal contact time. Janos et al. [26] showed that nitrate
adsorption in the initial minutes occurred at high speed and
then declined over time. In the study by Bhatnagar et al. [10],
the maximum nitrate removal was achieved in the first 15 min
of contact time. Ozmen et al. [27], regarding the removal of
metal ions from aqueous solution using magnetite nanopar-
ticles, concluded that very fast rate of adsorption and equi-
librium adsorption can be achieved for all metals within few
minutes. They attributed fast equalization within a short
time to lack of resistance to internal diffusion. According to
Li et al. [28], the maximum nitrate removal was achieved in
initial contact time.

Locvitond

View fiald: 1.38 pm Det: InBaam SE 200 nm
SEM MAG: 150 kx  Date{midly): 0210115
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SEM HV: 15.0 kV WD: 8.98 mm
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SEM MAG: 75.0 kx  Date{midly): 0201/15
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Fig. 2. FESEM images from almond shell carbon activated with
magnetic nanoparticles: (a) size of synthesized absorbent and
(b) nanometry particles in the absorbent.
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3.4. Determining of optimum pH

Fig. 5 shows nitrate removal efficiency by changing the
initial pH. As it is understood from this figure, by increas-
ing the pH from 4 to 8, the removal efficiency of nitrate from
75.57% to 61.44% decreased and pH value of 4 was deter-
mined as an optimal pH.

In the present study, pH was demonstrated to highly
contribute to achieving the maximum removal rate. As such,
the efficiency of nitrate removal is maximal at pH 4. Linearly,
with increase in pH, the efficiency of nitrate removal
decreases. The increase in H* ions in the environment and
decrease in OH™ ions could be the reason for increase in
nitrate removal at pH 4. The adsorption rates of anions are
higher at low pH and in the presence of H' ions. The rea-
son for decreased efficiency of nitrate adsorption in alkaline
pH is due to the increasing concentration of hydroxide ion
in the solution and its replacement with nitrate ion at sur-
face adsorption sites [29]. Our findings are consistent with
Bhatnagar et al. [10].
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Fig. 3. EDX micrograph of almond shell carbon activated with
magnetic nanoparticles.

Table 2
Percentage of main elements of synthesized absorbent

Elements Weight percentage (%)
C 44.42
@] 32.77
Na 0.7
S 0.64
Fe 19.66
Table 3
Levels and values of independent variables
Variables Symbols Agent levels
1 2 3 4 5
pH 4 5 6 7 8

20 40 60 80 100
025 03 04 05 1
25 50 100 200 400

A
Contact time (min) B
Absorbent dose (g/L) C
Initial concentration D
of NO, (mg/L)
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Table 4
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Analysis of variance for nitrate adsorption (classical sum of squares — Type II)

Source Sum of squares Df

Mean square

F value P value

Model

A, pH

B, Time

C, Absorbent concentration

60,188.78 16
4,323.28 4
105.81 4
457.81 4
54,353.21 4
15,248.48 173
75,437.26 189

D, NO, concentration
Residual
Corrected total

3,761.80
1,080.82
26.45
114.45
13,588.30
88.14 - -

42.68
12.26
0.30
1.30
154.16

<0.0001
<0.0001
0.8776
0.2725
<0.0001

Demiral et al. [4] studied the removal of nitrate from
aqueous solution by activated carbon, and maximum
nitrate removal (41.2%) was obtained at pH 3. According to
Chatterjee et al. [5] the highest nitrate removal efficiency of
99% was observed at pH 5.6.

In the study by Hamoudi et al. [30], the optimal pH for
nitrate adsorption was derived 6, which is much higher com-
pared with the activated almond carbon.

The result of present study is similar with that of
research conducted by Liou et al. [31], their study showed
that at pH 4, nitrate removal by zerovalent iron nanoparti-
cles reached 95%.

pH, . determines the type of absorbent surface charge.
At the pH level of less than pH, , absorbent surface charge
is positive and at pH higher than pH, ., adsorbent surface
charge is negative (Fig. 6).

3.5. Determining of optimum absorbent dose

The effect of initial dose of adsorbent on nitrate removal
efficiency was investigated by changing the initial dose of
adsorbent (0.25, 0.3, 0.4, 0.5, and 1 g/L). Fig. 7 depicts the
effect of initial dose of adsorbent on nitrate removal effi-
ciency. It can be seen that the highest nitrate removal effi-
ciency (51%/61%) was obtained in the amount of 0.5 g/L of
adsorbent. In this study, with an increase in the absorbent
dose, there was no significant increase in nitrate removal
efficiency. Therefore, the absorbent dose in nitrate removal is
not significant. Lioy et al. [31] reported that nitrate removal
rate increases with increasing amount of adsorbent. Similar
results were reported by Xing et al. [32].

3.6. Effect of initial concentration of nitrate

The effect of initial concentration of nitrate on removal
efficiency is shown in Fig. 8. As seen, with increasing initial
concentration of nitrate, removal efficiency was reduced.
Hence, with increasing nitrate initial concentration from 25
to 400 mg/L, removal efficiency was decreased from 77%/76%
to 28%/83%.

At low concentration of nitrate, specific surface area was
high and therefore, adsorption efficiency has been increased.
Indeed, by increasing the initial concentration of nitrate,
anions amount in competing for replacement in adsorption
sites increases and active sites of absorbent are saturated [31].
In the study by Xing et al. [32], reduction in the adsorption of
nitrate at high concentrations due to lack of active sites has

Fig.
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Fig. 6. Determination of adsorbent surface charge.
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Fig. 7. Effect of absorbent dose on nitrate removal efficiency.
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Fig. 8. Effect of nitrate initial concentration on removal efficiency.

been reported. Fernandez-Olmo et al. have reported similar
findings as well [33].

The level of significance (P value) was considered 0.05.
The significance of the studied model is aimed to explain
the adsorption of nitrate ion by synthesized adsorbent
and is expressed by F value. This variable was derived
42.68 in the present study and P value was less than 0.05
(P < 0.0001). Therefore, the above model is significant for
nitrate ion adsorption. In this study, R* and adjusted R* (R? ;)
were derived 79% and 77%, respectively. The adequate preci-
sion value represents the difference between the model’s pre-
dicted response and the mean predicted error. If this differ-
ence exceeds 4, as with the obtained result 24 in the present
study, the model is considered appropriate.

A normal distribution diagram was used to confirm the
appropriateness of one-way ANOVA. In Fig. 9(a), the stu-
dentized residual represents normal distribution, goodness
of fit. Ascending diagram of the predicted vs. observed val-
ues confirms or rejects the hypothesis of constant variance.
The high density of the spots around the diagram represents
the constant variance, the correlation among the values,
and the distribution of the observed values around regres-
sion (Fig. 9(b)). The effects of hidden variables on response
variable are investigated by the diagram of residual values
vs. the values of the number of experimental steps. Fig. 9(c)
illustrates that the data distribution is small and the rate of

Normal Plot of Residuals

(2)
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80 —
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30
20
10 =
[

Normal % Probability

1 =

T T T T T
=347 -190 033 124 281
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Predicted vs. Actual

100.00 —

76.00 —

56.00 —
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12,04 3383 5562 74 99.20

Actual

Residuals vs. Run
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023 —
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-3.47 —

T T T T T T
1 el 13 82 109 136 163 190

Run Number

Fig. 9. (a) Normal distribution of residuals, (b) predicted vs.
residual values, and (c) residuals vs. run.

constant variance and error percentage is 10% with regard
to confidence interval (red lines).

3.7. Adsorption isotherms

In this study, to describe the adsorption equilibrium
between the solid and liquid phases, Freundlich and
Langmuir isotherm models were used. Linear form of the
Freundlich is written as Eq. (3) [9]:
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11 1 X
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Linear form of the Freundlich is written as Eq. (4) [9]:
logq, =logk, + 1log C, 4)
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Fig. 10. Langmuir (a) and Freundlich (b) isotherm models on
nitrate removal efficiency.

Table 5
Results for Langmuir and Freundlich isotherms parameters

Parameters of Langmuir and Freundlich isotherms

q, (mg/g) K R

Langmuir 11 1 58.47 0.155 0.924
isotherm 9. 9.kC, 1,
model

1/n R?
Freundlich 1 9.5 0.5624 0.8412
isotherm logg, =logk, + ;10g C,
model

where g, (mg/g) is the amount of absorbate per unit mass
of absorbent; C, (mg/g) is the equilibrium concentration
of the absorbate in solution after adsorption; g, and k, are
Langmuir constants obtained from plotting the diagram
1/q, against the diagram 1/C, [9,34] (Fig. 10(a)); and K and n
are Freundlich constants related to adsorption capacity and
intensity obtained from plotting the diagram logg, against
the diagram logC, (Fig. 10(b)).

Comparison of R? values showed that the adsorp-
tion process matches the Langmuir model due to high
R?(0.924), this means that the nitrate ion adsorption occurs
in certain homogeneous sites and a monolayer adsorption
occurs on the surface of the synthesized absorbent. These
results are consistent with Hashemian et al. [20]. In this
study, the maximum adsorption capacity was obtained
equal to 58.47 mg/g. The obtained value of 1/n Freundlich
models between 0 < 1/n < 1, which represents the adsorp-
tion is desirable. On the other hand, in Langmuir model
R, =0.006 that between 0 and 1, which signifies the optimum
adsorption (Table 5).

4. Conclusion

In this study, the possibility of using almond shell
activated with magnetic nanoparticles as an absorbent
for removal of nitrate ions from aqueous solutions was
studied. EDX analysis and FESEM images indicated that
absorbent was well activated by magnetic nanoparti-
cles. The conducted studies in this regard demonstrated
that solution pH contributed to achieving the maximum
removal. The results of experiments on nitrate ions
adsorption from aqueous solution using almond shell
activated with magnetic nanoparticles showed that, the
best conditions for the removal of nitrate were the concen-
tration of 25 mg/L, absorbed dose of 0.5 g/L, the equilib-
rium time of 20 min and pH 4, with the maximum removal
of 79.73%. Also, with increase in the initial concentra-
tion of nitrate and absorbent, adsorption decreases and
increases, respectively. The mechanism of adsorption pro-
cess follows Langmuir equation (R*=0.924). In view of the
results of this study, the removal of nitrate using almond
shell activated with magnetic nanoparticles is desirable
because of the abundance of almond shell as an agricul-
tural waste, simple system, low cost and high efficiency
removal. Magnetic property of the synthesized absorbent
makes its isolation from the solution easier after adsorp-
tion process, through which an economical, efficient and
reliable approach could be accomplished. Hence, almond
shell activated with magnetic nanoparticles could be a
suitable alternative to the imported, synthetic absorbents
currently used.
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