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IN-SITU NITRATE REMEDIATION
USING NANO IRON/NICKEL PARTICLES

Originally, the application of nano zero valent iron/nickel (nZVI/Ni) particles for nitrate removal
in porous media was studied. nZVI/Ni was prepared and employed in batch and continuous modes.
Based on batch experiments, the reaction kinetics was consistent with the adsorption model by the
order of 1-1.5. The variation of the kinetics order depends on pH and nickel content. So that highest
reactivity was observed for nZVI with 10% of Ni at pH < 3. Nitrate remediation in a continuous sys-
tem was mostly influenced by seepage velocity, quantity and freshness of nZVI/Ni and particle size
of porous media. In a batch mode, the maximum nitrate removal was 99% while in a continuous
mode it did not exceed 85%.

1. INTRODUCTION

Recently, nano materials have found increasing applications in environmental
technologies, including water and wastewater treatment, groundwater and soil remedi-
ation [1]. Among remediation agents, nano zero valent iron (nZVI) has received the
most attention for effective removal of a wide spectrum of contaminants. The higher
reactivity of nZVI is the result of greater total surface area, higher density of reactive
sites on the particle surface, and/or more intrinsic reactivity of the surface sites [2].
Iron nano particles have been extensively studied to remediate pollutants such as chlo-
rinated compounds and metal ions [3], nitrates [4], lead [5], carbon tetrachloride, and
benzoquinone [6], metalloids such as arsenic [7] and organic compounds [8].

Nitrates are likely the most ubiquitous groundwater contaminants and can occur
naturally or originate from artificial sources. Nitrates are very soluble and do not bind
to soils; therefore, they have a high potential to migrate to groundwater sources. Using
nitrate contaminated groundwater as drinking water may cause serious health prob-
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lems [9]. Ion exchange and reverse osmosis (RO) are the most frequently used treat-
ment technologies for nitrate removal which are expensive ex-Situ techniques. Recent-
ly, in-situ technologies like permeable reactive barriers (PRB) have become promising
alternatives to ex-situ methods owing to their lower operational costs [10].

This study consists of four steps: (1) synthesis of the surface modified nano zero
valent iron/nickel (nZVI/Ni) particles; (2) determination of kinetics of NO; removal

by nZVI and evaluation of the factors affecting this reaction; (3) study of the effects of
flow characteristics on the nitrate removal; (4) the bench-scale modeling of nitrate
remediation from groundwater.

2. MATERIALS AND METHODS

nZVI/Ni preparation. Fe/Ni nano particles were prepared in situ to prevent more
oxidation of nZVI surface. To synthesize the nZVI particles, 1.5 M NaBH, solution
was added slowly at the rate of 1-2 cm’/min into 1.0 M FeCls-6H,O aqueous solution
at ambient temperature and vigorously stirred at 400 rpm [11]. During this reaction,
ferric ions are reduced into black particles with sodium borohydride as shown in the
following reaction [12]:

4Fe*

o +3BH, +9H,0 — 4Fe{ +3H,BO, + 12H], + 6H,, T (1)

(aq) 2(2)

The second metal, nickel (Ni), was deposited on the nZVI by immersing the
membrane in a NiCl,-6H,0 solution of ethanol/water (90:10 vol. % mixture) under
vigorous shaking. This process created core-shell iron nano particles with nickel coat-
ing. The deposition occurred via the following reaction [13]:

Ni2+

b +Fe—Ni |+ Fell )

(aq)

The black precipitates were filtered by vacuum filtration through filter papers and
then washed with distilled water and ethanol three times. To characterize the synthe-
sized Fe/Ni nanoparticles, XRD, SEM and DLS were recorded as shown in Fig. 1.
X-ray powder diffraction of nano Fe/Ni particles were obtained using a D8 Advanced
Bruker diffractometer. A S4160 FE-SEM was used for scanning electron microscopy
(SEM) of Fe/Ni particles. Also, dynamic light scattering (DLS) of these nano particles
has been achieved by a NanoS(red Badge) model ZEN1600.

Methods. Potassium nitrate (KNOs) was used as the source of NO; in all experi-

ments. The concentrations of NO;, NO, and NH, were measured with a UV-VIS

spectrophotometer (DR-5000, HACH). KNO;, FeCl;-6H,O, NaBH,, and all other
reagents were purchased from the Merck, Germany. In each experiment, predeter-
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mined quantities of surface modified nZVI/Ni were added into solution and dispersed
by ultrasonic device. The batch experiments were conducted in 200 cm® flasks. The
continuous mode experiments were done also in two following systems:

e transparent column 55 mm in diameter and 650 mm long filled with glass beads
(Fig. 2),

e bench-scale apparatus incorporating two PVC columns 300 mm in diameter and
1250 mm high filled with packed sand (Fig. 3).

Prior to the tests, in the first system, glass beads were soaked with hydrogen peroxide
solution for 10 h, washed with deionized water, dried at 105 °C for 24 h, and finally sieved
to 1.8-2.2 mm (medium I), 2.8-3.2 mm (medium II) [14]. For the second continuous sys-
tem, sands were prepared by heating at 500 °C for 24 h to eliminate adsorbed organic
matter and sieved to 0.4—0.7 mm (medium III) and to 1-2 mm (medium IV).
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Fig. 1. Characteristics of synthesized nano Fe/Ni particles with Wy;/Wg, = 10%:
a) preparation stages, b) SEM image, ¢) XRD diagram, d) DLS results
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Fig. 2. Photograph and scheme of the laboratory transparent column filled with glass beads

Fig. 3. Photograph of the bench-scale model

3. RESULTS AND DISCUSSION

Batch experiments were conducted to investigate the effect of main parameters,
including nickel coating percentage, pH and temperature of the solution. In continuous
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tests, lab and bench-scale models were used to simulate in Situ nitrate reduction in
porous media. Details of the experiments are presented in Table 1. At the start of each
experiment, adequate distilled water was transmitted through columns to improve
packing homogeneity. Influent flow was adjusted with a peristaltic pump. All experi-
ments were performed in triplicate, and the obtained data are expressed as the mean
+ standard deviation of three duplicated runs.

Table 1
Experimental design in the present study
Exp esré?lqenal Variable parameter Controlled conditions®
nZVI/Ni 50 mg, C,
2 1-1 |controlled pH 2 3 4 5 7 — 100 mg/dm’, 20 °C, 10% Ni
= 8 -
S E nZVI/Ni 50 mg, C,
g g 1-2 |temperature 5 10 15 20 30 — 100 mg/dm?’, pH 4, 10% Ni
5 . . nZVI/Ni 50 mg, C
© - 0, s 0
1-3 |Ni coating, % 0 5 10 15 20 30 | 100 mg/dm’, pH 4, 20 °C
Co= 100 mg/dm’,
= -
g 2-1 InZVldose, g ! 2 > 10 pore velocity 10 m/d, vertical{
is) Initial nitrate, nZVI/Ni 5 g,
Ng *; 22 mg/dm’ S0 100 115071 200 | 300 pore velocity 10 m/d, verticalf
5| © . ’
g = _ |pore velocity, nZVI/Ni 5 g,
5 ? 2-3 m/d > 107120140 80 Co= 100 mg/dm’, vertical}
= s . — 3
8| & | 2-4 |flow direction | horizontal vertical| | verticalt nZVINi S'g, Co=100 mg/dm,
2 pore velocity 10 m/d
=) . B B
= Initial nitrate, nZVI/Ni 8 g,
£ = 3 mg/dm’ 501100 1501200 | 300 pore velocity 10 m/d, vertical]
sl 2 Co = 100 mg/dm’
&) g R 0= m, m-,
§ 3-2 |nZVldose, g 2 > 15 20 pore velocity 10 m/d, verticalf
Q . .
m _ |pore velocity, nZVI/Ni 5 g,
3-3 m/d > 10 20 40 80 Co = 100 mg/dm’, verticalt

"With the exception of set 1-2, all experiments were conducted at ambient temperature, varying from 20 °C.
’In all the continuous experiments pH equalled 4 and Wy;/Wy, coating = 10%.
3C, is the initial nitrate concentration.

3. 1. BATCH EXPERIMENTS

Batch experiments were performed by addition of 50 mg synthesized nZVI/Ni to
glass bottles filled with 125 cm® buffered nitrate solution. Then the bottles were placed
in a thermostatic shaker bath at 20+0.5 °C. At given time intervals, 2 cm’® of a sample

was withdrawn and filtered through a membrane and concentrations of NO;, NO,

and NH; were measured. This amount of nZVI/Ni provides a stoichiometric Fe/N
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ratio of 17.71. Yang and Lee [4] used the ratios of 7.36 and 14.72 (Fe/N) to reduce
solution of 150 mg/dm’ of NO;™ in batch experiments. They reported that applying the
ratio of 14.72 could reduce nitrates from solution after 45 min [4].

Effect of nickel coating on nitrate reduction. The results of microscopic studies
suggest that nZVI in aqueous environment mainly consists of zero valent iron and
a surface layer of iron oxide [15]. The oxide layer is thought to consist of mixed
Fe(Il)/Fe(I1l) oxides near the interface with Fe and mostly Fe(Ill) oxide near the ox-
ide/water interface [16]. Furthermore, coating nZVI, using other metals such as Ag,
Pd, Pt, Ni and Cu is an efficient approach which has been used for degrading various
contaminants. The rate of reduction with bimetallic particles is significantly faster than
those observed for nZVI alone. The mechanism responsible for this reactivity is relat-
ed to catalytic hydrogenation and electrochemical effect [17].

In this study, nickel was selected as the surface modifier for nZVI. Mechanisms of
nitrate reduction by core/shell nZVI/Ni particles can be described by a general concep-

tual model presented in Fig. 4. In the figure, aqueous nitrate (NO;,, ) is transferred to

the boundary layer at the interface of oxidized film and adsorbed later to it as

NO; 4y)- Then, it is diffused along the boundary and produces complexes such as
NH, ., NOj,,, and NHj , by delivering electrons originating from the core Fe.

Reduction of H,O in the boundary results in production of H. The products in the
boundary layer can be resorbed and diffused away from the surface to the solution
[18].

Fe/Ni particle
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Fig. 4. Schematic representation of nitrate reduction by nZVI/Ni particles [19]

To investigate the effect of nickel coating, solutions of 0.4 g/dm® nZVI/Ni of vari-
ous nickel contents were used for nitrate reduction. The residual concentration of ni-
trate as a function of reaction time is shown in Fig. 5a.
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Fig. 5. Time dependences of nitrate reduction rate,batch experiments: effect of coating percentage of
nZVI by Ni (a), effect of pH (b) and temperature (c) on the nitrate removal; column experiments: removal
of nitrates at various iron injection doses (d), and initial concentrations, and effect of seepage velocity (e)

Determined coefficients of the kinetic equation

_d[No;]zk

dt

[NO; |

(1)

are given in Table 2. They refer to the following conditions: nZVI/Ni — 50 mg,
Co= 100 mg/dm’, T =20 °C, pH = 4. The catalyst coating of nZVI was found to sig-
nificantly affect the nitrate reduction. Moreover, the results indicate that the best load-
ing of nickel on the nZVI is 10% (Wyxi/Wazv1).
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Table 2

Parameters of kinetic equation (Eq. (1) for nitrate reduction with
nZVI/Ni for various Ni coating percentages

Wii/Wre [%] k [min'] n R
0 0.03 1.33 0.94
5 0.02 1.56 0.99
10 0.10 1.23 0.97
15 0.04 1.31 0.96
20 0.91 1.14 0.91
30 0.07 1.03 0.80

'Controlled conditions: nZVI/Ni — 50 mg, C, = 100 mg/dm’,
T=20°C, 10% Ni.

Effect of pH on nitrate reduction. Alkaline conditions are not favorable to chemi-
cal reduction of nitrate with nZVI because iron hydroxide precipitates at high pH val-
ues [20]. Hence, in this study, only low pH values, ranging from 2 to 7 were selected.
As shown in Fig. 5b, pH played an important role in chemical reduction of nitrates. At
pH 5, after 90 min, ca. 85% of nitrate was degraded, while a complete removal of
nitrate was obtained after 45 min at pH 4 and even lower. At the beginning, nitrate
concentration was rapidly decreased but no more reduction was obtained after 60 min.
As seen in Table 3, the order of this reaction was around 1.1. Furthermore, the rate
coefficients for pH 2—5 were estimated as 0.67, 0.35, 0.1 and 0.09 min "', respectively.

Table 3

Parameters of kinetic equation (Eq. (1))
for nitrate reduction with nZVI/Ni at various pH

pH k [min™"] n R?
2 0.67 1.00 0.90
3 0.35 1.06 0.93
4 0.10 1.23 0.99
5 0.09 1.88 0.93
7 0.001 1.05 0.80

'Controlled conditions: nZVI/Ni — 50 mg, Cy = 100 mg/dm’,
T=20"°C, 10% Ni.

Effect of temperature on nitrate reduction. The kinetic energy and molecule veloc-
ity increases with temperature and for endothermic reactions, the rate of reaction in-
creases with temperature. The rate of nitrate reduction with nZVI/Ni was measured at
various temperatures. The results are shown in Fig. 5c. and Table 4. The reduction rate
at 5 °C was 0.09 min ', and it took 40 min to remove ca. 90% of the initial nitrate,
whereas the reduction rate at 30 °C was 0.1 min_' and 90% of nitrates were reduced
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after 30 min. Therefore, it seems that the temperature ranging from 5 to 30 °C has no
significant effects on the removal efficiency and after ca. 90 min, similar nitrate con-
centrations for all samples were observed.

Table 4

Parameters of kinetic equation (Eq. (1))
for nitrate reduction with nZVI/Ni at various temperatures '

T[°C] k [min™"] n R?
5 0.09 121 0.94
10 0.10 1.18 0.97
15 0.10 1.22 0.96
20 0.10 1.23 0.97
30 0.10 1.25 0.95

'Controlled conditions: nZVI/Ni — 50 mg, Cy = 100 mg/dm’,
10% Ni, pH = 4.

3.2. CONTINUOUS EXPERIMENTS

Lab model (transparent column). As given in Table 1, effects of nZVI/Ni injection
dose, nitrate initial concentration and seepage velocity have been evaluated in a trans-
parent column. pH of solutions was adjusted by adding 0.1 M HCI.

The effect of various dosages of nZVI/Ni (1, 2, 5 and 10 g) was investigated.
These values were selected according to batch experiment, previous studies and some
pre-tests. Other parameters such as initial concentration of NO; and seepage velocity

were fixed as 100 mg/dm’ and 10 m/d, respectively. As seen in Fig. 5d., the more
nZVI/Ni injected, the more nitrate removed. Furthermore, for Fe/Ni injection of 5 g,
the maximum nitrate removal rates at P1, P2 and P3 (located at the distances of 100,
300 and 450 mm from the beginning of the column) have been measured as 12%, 79%
and 86%, respectively. Thus, it seems that the shorter contact time leads to lower ni-
trate reduction.

When initial nitrate concentration varied in the range of 50-300 mg/dm’, nitrate
degradation with nZVI/Ni was evaluated. The nZVI/Ni dosage and seepage velocity
were fixed at 5 g and 10 m/day, respectively. The results (Fig. 5Se), indicate that for
initial concentration of 200mg/dm’, the maximum nitrate removal rates at P1, P2 and
P3 were 16%, 85% and 91%, respectively. Also, for initial nitrate concentration of
300 mg/dm’, removal rates were 16%, 90% and 94%, respectively. These can be
summarized as: increasing initial nitrate concentration improved the reduction effi-
ciency.

The seepage velocities were adjusted to 5, 10, 20, 40 and 80 m/day. These values
have been chosen in order to have better conformity of experimental setup with
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groundwater flow based on the Reynolds criterion. It was observed (Fig. 5f) that seep-
age velocity of 10 m/d yielded the maximum removal rate. Any variation, increasing
or decreasing of the seepage velocity, had a negative effect on the nitrate removal.
Apparently, higher seepage velocities enhance the mobility of nano particles through
media and reduce the contact time and thus, reduce the remediation.

Bench-scale model. The bench-scale model was designed based on the batch and
transparent column consequences. The nZVI/Ni injected in the bottom center of the
column form a permeable reactive zone which reduced inlet nitrate. This configuration
is fit to study the effect of groundwater ionic strength, porous media type, seepage
velocity, initial nitrate concentration and nZVI/Ni dosage.

The results revealed that nitrate reduction through sand materials is lower than
glass beads. In addition, increasing seepage velocity has a negative impact on the ni-
trate remediation. Also, increasing the amount of nZVI/Ni and initial NO; concentra-

tion enhances nitrate removal. In all of bench-scale runs, the best nitrate remediation
efficiency was about 65%.

4. CONCLUSIONS

The application of Fe/Ni nano particles for NO; remediation was studied in the

batch mode, transparent column and Bench-scale model. Our findings suggest that
nitrate can be successfully reduced by these nano particles. Therefore, nZVI/Ni has
a good feasibility for in situ NO; remediation.

Batch experiments indicated that pH is an important parameter. Increasing of the
pH value within the solution reduced nitrate removal rate, while in acidic conditions,
kinetics coefficients were directly related to pH with R? > 0.90. However, solution
temperature within the range of 5-30 °C had a minor effect on the removal rate. In
addition, the catalyst coating of nZVI was found significantly affecting the removal
efficiency. Indeed, nickel coating on the nZVI as 10% (Wxi/W,zvi) yielded the highest
reactivity. Furthermore, it seems that nitrate reduction by nZVI/Ni could be described
by the first or pseudo-first order kinetic model. Several previous studies reported that
chemical reduction of nitrates with iron particles could be described by the similar
order kinetics [21]. The final products of this reaction could be N,, NO, and NH;.

The product percentage is a function of nZVI dosage as well as its quality, contact
time, and rate of mixing. By increasing the aforementioned parameters, the percentage
of NO, ions could be reduced below 5% and the major final product would be inert
N, which is emitted to the atmosphere. In addition, NO, ions are unstable, mostly

converted to stable NO;.
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Transparent column tests revealed that increasing the seepage velocity through po-
rous media had a negative effect on the removal efficiency. Increasing the amount of
nano particles dosage that injected through the column increased the efficiency of

NO; reduction.

In the Bench-scale model, natural water with similar conditions to the groundwa-
ter flow was used that outcomes confirmed the results of experiments in a batch and
transparent column but with lower efficiency. Nitrate removal efficiencies in ground-
water were probably lower than under laboratory conditions, larger nZVI/Ni dosage
and more time were required to achieve the acceptable remediation. Therefore, it can
be recommended that for real remediation projects with nZVI, an initial bench-scale
modeling by natural water and sand material are necessary. Finally in this work, high
performance of the joint use of bench-scale modeling and batch system for groundwa-
ter remediation has been confirmed.
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