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a b s t r a c t 
Nitrate is one of the most frequent pollutants of groundwater, and in some areas, nitrate pollution is 
becoming a serious problem. While graphene has been widely used in the processing of heavy metal 
ions in aqueous solution, its role in nitrate removal remains largely unexplored. In this study, we 
loaded micro-sized graphene with nanoscale iron particles (G-Fe) by liquid-phase reduction. The char-
acteristics of nitrate reduction by nanoscale zero-valent iron and G-Fe composites were determined 
under different conditions using static experiments, to reveal the reaction mechanism in removing 
nitrates. Under the same reaction conditions and dosing level, G-Fe achieved higher reaction rate 
and removal efficiency of nitrates, with a lower production rate of ammonia. Results show that the 
optimal load ratio of graphene with nanoscale iron is 5:1. Lower initial pH improves nitrate removal 
efficiency (NRE) to varying degrees and 100% removal is obtained at pH 2.15. Dissolved oxygen has 
no effect on NRE. The effect of coexisting anions on NRE descends as follows: PO4

3–, SO4
2–, and Cl–. 

Kinetic studies show that the reaction order between G-Fe and nitrate is about 0.45, indicating that the 
reaction involves complex redox reactions and adsorption/desorption processes, other than a simple 
first-order reaction. This study demonstrates the effectiveness of G-Fe composites in nitrate removal 
and establishes an advanced technology for groundwater remediation.

Keywords:  Micro-sized graphene; Nanoscale zero-valent iron; Groundwater; Nitrate removal; Kinetic 
reaction mechanism

1. Introduction

Groundwater is an important water body in a close 
relationship with human society. Owing to high levels of 
urbanization, increased population growth, and industrial 
development, surface water pollution is becoming a growing 
issue worldwide. This has led to an increase in the num-
ber of people depending on groundwater for domestic and 
drinking water [1–3]. However, excessive nitrogen use in 
agriculture, unreasonable nitrogen emission from residential 
and industrial wastewater, and extreme treatment and dis-
charge of livestock farm wastewater, have all led to nitrates 

polluting groundwater, which can seriously influence both 
groundwater environment and human health. 

The literature reports that in more than 100 sites of 
Wales in England, groundwater nitrate concentrations were 
significantly higher than drinking water standards, directly 
affecting an area of more than 1,800,000 people [4]. According 
to a groundwater quality survey by the US environmental 
protection department in 1992, about three million residents, 
including more than 43,500 children, exceeded nitrate concen-
trations in their drinking water. Moreover, nitrate has become 
a major groundwater contaminant in the USA, with the aver-
age annual growth of groundwater nitrate levels in many 
areas being 0.8 mg/L [5,6]. In France, Russia, and Netherlands, 
nitrate groundwater concentrations have been recorded at 
40–50 mg/L, sometimes even up to 500–700 mg/L [7]. 
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Nitrates have been frequently present in drinking water 
and various types of agricultural, domestic, and industrial 
wastewater [8,9]. Their presence has been linked to several 
environmental problems. For example, nitrates can stimu-
late eutrophication where pollution is caused in waterways 
by heavy algal growth, as nitrogen is a rate-limiting nutri-
ent for the process. Additionally, nitrate contaminated water 
supplies have been linked to outbreaks of infectious disease 
[10]. While, high concentration of nitrates in drinking water 
can lead to the formation of nitrosoamine, which is related 
to cancer and increased risk of diseases such as methemo-
globinemia in newborn infants [8,11–13]. Rapid population 
growth and increased demand for food have caused water 
nitrate pollution to become a global scope for serious envi-
ronmental problems [2,14]. Hence, research into the theories 
and methods of nitrate pollution control in groundwater is of 
important theoretical value and practical significance.

Since 1960s, there has been extensive focus placed on 
researching groundwater nitrate pollution and remediation 
technology. Existing technologies for the remediation of 
nitrate contaminated groundwater can be roughly divided 
into three types: bioremediation (e.g., biological denitrifi-
cation [15]), physical and chemical remediation (e.g., ion 
exchange method [16,17]), and chemical remediation (e.g., 
catalytic reduction [18] and including electrochemical reduc-
tion method [19]). The chemical method is generally better 
than the commonly used biological and physical methods 
for removing nitrates. Advantages of the chemical method 
include no secondary pollution, high efficiency, simple pro-
cessing facilities, and small size [20]. In particular, the active 
metal reduction method has features including being a metal 
reducing agent, inexpensive, and exhibiting high removal 
efficiency [18]. As such, it has acquired universal attention by 
researchers in recent years. 

Metal iron has become one of the most studied reducing 
agents. Li et al. [21] previously used reducing iron powder to 
remove nitrates from groundwater. They showed that while 
at pH 2 the removal efficiency was more than 90%, under 
neutral conditions the reduced iron powder did not react 
with nitrates. Nanoscale zero-valent iron (NZVI), with its 
great surface area and strong activity, has unique advantages 
and good application prospects in groundwater pollution 
remediation. Li et al. [22] demonstrated nitrate removal with 
NZVI prepared by liquid-phase reduction, with removal rate 
reaching 90% (at Fe/N ratio of 50:1). However, the dosing 
amount of NZVI is large and the initial rate of nitrate reduc-
tion reaction (NRR) is not high. Moreover, NZVI does not 
adapt well to the high concentrations of nitrate pollution 
remediation [7]. Alternatively, NZVI can be fixed onto cer-
tain carriers to effectively prevent the agglomeration of par-
ticles, thereby improving the reaction activity and selectivity 
of nitrogen [23]. 

Graphene, a two-dimensional carbon nanomaterial and 
the fundamental building block of graphite, provides a large 
surface area (2,630 m2/g), with excellent electrical, thermal, 
and mechanical properties [24,25]. It can be easily prepared 
from cheap natural graphite [24], and has demonstrated to be 
a promising adsorbent in removing heavy metals from aque-
ous solution, for example, uranium [26,27], chromium [28], 
thorium [29], and antimony [30]. Additionally, graphene 
exhibits exciting adsorption abilities for removing hazardous 

cationic dyes such as methylene blue and safranin T from 
contaminated water [27,30]. Graphene oxide (G) can be also 
easily prepared by several classical methods from cheap 
natural graphite, introducing oxygen-containing functional 
groups such as carboxyl and hydroxyl groups into carbon 
sheets [25–27]. While graphene has been widely used in the 
processing of heavy metal ions in aqueous solution, its role in 
nitrate removal remains largely unexplored. 

In this study, we conducted static experiments of remov-
ing nitrates using graphene loaded with iron nanoparticles 
(G-Fe). The objectives of the study were to: (1) assess the 
effects of graphene load, initial concentrations of NO3

–, pH, 
dissolved oxygen (DO), and coexisting anions on the nitrate 
removal efficiency (NRE); and (2) reveal the reaction mech-
anisms involved in G-Fe composites removing nitrates. The 
results provide reference data for engineering application of 
nitrate removal technology in the water.

2. Materials and methods

2.1. Materials

We purchased graphene oxide (G) from the Chinese 
Academy of Sciences, Chengdu Institute of Organic Chemistry 
Co. Ltd. (Chengdu, China); potassium borohydride (KBH4) 
and polyethylene glycol (PEG 4000) from Tianjin Kermel 
Chemical Reagent Co. Ltd. (Tianjin, China); anhydrous eth-
anol from Tianjin Fuyu Chemical Co. Ltd. (Tianjin, China); 
and ferrous sulfate heptahydrate (FeSO4•7H2O) from Xi’an 
Chemical Reagent Factory (Xi’an, China). All chemicals were 
analytically pure and prepared in deoxygenated distilled 
water for all experiments.

2.2. Preparation of composites 

2.2.1. Preparation of NZVI

NZVI was prepared by liquid-phase reduction. Briefly, 
FeSO4•7H2O and PEG 4000 were dissolved in 10 mL of dis-
tilled water under nitrogen protection. When the chemicals 
were completely dissolved, followed by addition of 20 mL 
of anhydrous ethanol. With vigorous stirring under nitro-
gen protection, 20 mL of 1 mol/L KBH4 solution was slowly 
added dropwise. After 30 min of reaction, the materials were 
washed three times with distilled water, before rewashing 
three times with anhydrous ethanol. NZVI prepared was 
stored in anhydrous ethanol until used (Fig. 1).

Fig. 1. Schematic diagram of the device to prepare graphene 
loaded with iron nanoparticles.
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2.2.2. Preparation of G-Fe composites

G-Fe was prepared by liquid-phase reduction [22]. Briefly, 
FeSO4•7H2O and PEG 4000 were dissolved in 10 mL of dis-
tilled water under nitrogen protection. When the chemicals 
were completely dissolved, graphene was added with con-
tinuous stirring, followed by addition of 20 mL of anhydrous 
ethanol. With vigorous stirring under nitrogen protection, 
20 mL of 1 mol/L KBH4 solution was slowly added dropwise. 
After 30 min of reaction, the materials were washed three 
times with distilled water, before rewashing three times with 
anhydrous ethanol. These composites were stored in anhy-
drous ethanol until used (Fig. 1).

2.2.3. Preparation of nitrate solution

All the glassware used in the experiment was soaked 
overnight in a 10 mg/L of NO3

– solution to minimize the 
possibility of NO3

– being adsorbed on glass surface during 
experimental work. Then, the glassware used is washed sev-
eral times with distilled water. KNO3 is used as a source of 
nitrate. Stock solution of NO3

– was prepared by dissolving 
KNO3 in double distilled water having NO3

–. Also, the analy-
ses were performed in duplicate.

2.3. Nitrate removal experiments 

Nitrate removal experiments were carried out in a 
250-mL airtight custom-made reaction vessel (Fig. 2). The 
reaction temperature was 25°C and the oscillation strength 
was 150 rpm. A parallel experiment was conducted using 
NZVI or G-Fe, respectively, with the initial NO3

– concentra-
tion of 50 mg/L. The removal experiment was carried out at 
25°C ± 0.1°C. Water samples were obtained at different time 
points through a 10-mL syringe inserted to the plug of reac-
tion vessels. At the given time intervals, 3.5 mL of solution 
sample were withdrawn and filtered through a 0.22 µm 
membrane and stored in 25-mL colorimetric tubes before 
testing. Water samples were collected at regular intervals to 
measure nitrate, nitrite, and ammonia concentrations.

For chemical analysis, nitrate was determined by UV 
spectrophotometry [7,21] and ammonia determined by 
Nessler’s reagent spectrophotometry [22,23]. And N-(1-nky)-
ethylenediamine spectrophotometric method was used to 
determine nitrite nitrogen [23]. The NRE (%) was calculated 
using the following equation:

η =
−

×
C C

C
0

0

100%  (1)

where C0 is the initial NO3
– (NH4

+) concentration and C is 
the constant NO3

– (NH4
+) concentration.

2.4. Characterization 

The morphology of G-Fe was observed before and after 
reaction (0, 30, and 90 min). The samples were cleaned multi-
ple times with anhydrous ethanol and air-dried under nitro-
gen. A small amount of samples was examined by scanning 
electron microscopy (SEM) [31]. X-ray diffraction (XRD) was 
carried out on a Bruker D8 Advance X-ray diffraction instru-
ment with a step size of 0.02°, and the diffraction angle (2θ) 
from 5° to 90° was scanned [27]. The BET data of graphene, 
NZVI and G-Fe such as porosity and surface area was 
acquired by specific surface area analyzer (KUBO-1108).

2.5. Kinetic studies

The reaction kinetics as a function of nitrate concentra-
tion can be represented as [32]: 

r dC
dt

k Fe Cn=
−

=    (2)

A nitrate concentration curve was plotted against time 
(the kinetic curve) and then used to calculate dC/dt of dif-
ferent reaction times. Because iron is a solid phase, k[Fe] can 
be thought of as a constant, kobs; the resulting equation is as 
follows:

r dC
dt

k Cn=
−

= obs ·  (3)

where r (mg NO3
–-N/L min) is the NRR, k [(mg-N/L)1–n• 

L/m2 min] is the NRR constant, kobs [(mg-N/L)1–n/min] is the 
apparent NRR constant; C (mg-N/L) is the nitrate concentra-
tion, t (min) is the reaction time, and n is the reaction order. 

Taking the logarithm of both sides of the upper formula 
was:

ln lnobsr dC
dt

k n C=
−







 = +ln ln ·  (4)

Plots were established with lnC as the abscissa and lnkobs as 
the ordinate. The experimental data were fitted to the equation 
using Origin 8.0 (OriginLab Corp., Northampton, MA, USA). 
The obtained reaction order n, apparent rate constant kobs, and 
correlation coefficient R2 were used for kinetic analysis.

3. Results and discussion

3.1. Nitrate removal by NZVI

3.1.1. Removal effect of NZVI and product analysis

The results show that NRE in simulated groundwater 
reached 86% after 90 min of reaction with NZVI at pH 2  

Fig. 2. Schematic diagram of custom-made reaction vessel for 
nitrate removal experiments.
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(Fig. 3(A)). As can be seen, NZVI has a strong capacity for 
nitrate reduction under acidic conditions. Owing to its high 
reduction activity, NZVI can reduce nitrates into ammonium, 
nitrogen, and nitrite at the cost of oxidizing itself to ferrous 
iron [7]. Ammonium is the major product of nitrate reduc-
tion and its production rate ultimately reached 95% in the 
experiment (Fig. 3(B)). Nitrite is only a transient intermediate 
produced during the reduction reaction. It has been reported 
that nitrite concentrations first increased to the peak level 
with extended time of reaction, and then followed a decreas-
ing trend thereafter; no nitrite was detected in the aqueous 
solution at the end of the reaction. 

Research indicates that the reaction of nitrate removal 
by NZVI follows first-order reaction within the range of 
30–120 mg/L initial NO3

– [7]. We fitted the kinetic equation 
using the experiment data and found that the reaction of 
nitrate removal was conformed to pseudo-first-order reac-
tion at 50 mg/L initial NO3

–. With increasing dose of NZVI, 
the kobs value became increasingly greater (Table 1). Under the 
same conditions of initial NO3

– concentration and reaction 
volume, an increased dose of NZVI results in a higher mass 
ratio between NZVI and nitrate ions. Thus, a higher level of 
excess NZVI results in a greater kobs value [7,21].

In addition, to test the effect of NZVI dosage on nitrate 
removal, we prepared NZVI and nitrate at different mass 

ratios (5:1, 10:1, 20:1, 40:1, and 60:1) and monitored their reac-
tion with nitrate for 1 h. When the initial concentration of NO3

– 
was 50 mg/L and pH = 2. Research indicates that the optimal 
mass ratio of NZVI and nitrate was 40:1. Therefore, we chose 
it as the optimal condition in the following experiments.

3.1.2. Effect of initial NO3
– concentration on NRE

Effect of initial NO3
– concentration (30, 50, 80, and 

120 mg/L) on removal of nitrate by NZVI is shown in Fig. 4. 
As revealed, it was shown similar reaction trends that dif-
ferent initial concentrations of nitrate solution reacted with 
NZVI. In the experimental condition, the removal rate of 
the nitrate was decreased with the increasing of initial NO3

– 
concentration. With the increase of reaction time, the cor-
responding removal rate showed a significant downward 
trend. This is because the removal of nitrate is accompanied 
by the formation of iron oxide and hydroxide, resulting in 
the passivation of NZVI surface and reducing the rate of 
reaction [13]. Meantime, the nanoparticles could reunited in 
the reaction process, which led to reduce the activity of the 
reaction. Therefore, as the reaction progressed, the reaction 
rate decreased, and the removal rate of the corresponding 
time reduced. NZVI removal mechanism was used to adsorb 
the nitrate, and then chemical reaction on its surface. Which 
lead to that nitrate had been converted into nitrogenous 
nitrogen, ammonia nitrogen, and some nitrogen. When the 
nitrate concentration is low, NZVI is relatively excess, and the 
nitrate could be fully adsorbed and reacted [11]. However, 
when the nitrate concentration is high, the adsorption capac-
ity of NZVI is relatively insufficient, and the removal rate of 
nitrate is also low [13]. 

(a)

(b)

Fig. 3. Nitrate removal efficiency (A) and ammonia production 
rate (B) by nanoiron in simulated groundwater. (A) Initial nitrate 
concentration = 50 mg/L, pH = 2.0, and NZVI (1.33 g/L Fe). (B) 
Initial nitrate concentration = 80 mg/L, pH = 2.0, and NZVI 
(1.33 g/L Fe).

Table 1
Fitting of kinetic equations for reaction between NZVI and 
nitrate in simulated groundwater

NZVI (g) kobs (min–1) Rate equation

0.20 0.015 ln(C/C0) = –0.015 × t
0.25 0.019 ln(C/C0) = –0.019 × t
0.50 0.036 ln(C/C0) = –0.036 × t

Fig. 4. Reaction of NZVI with different initial concentration NO3
– 

solution.
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3.1.3. Effect of pH on NRE

The pH value was an important factor affecting NZVI 
reduction of nitrate. To examine the effect of pH on the NRE 
of NZVI, we conducted batch experiments at a wide range of 
pH value (pH = 2, 4, 6, 7, 8, and 10), the mass ratio of NZVI 
and nitrate was 40:1, and the initial concentration of NO3

– was 
50 mg/L. The reaction concentration was measured at differ-
ent reaction times. As revealed in Fig. 5, when the pH value of 
the solution was 2.0, the removal effect was the best. With the 
increasing pH, the removal rate gradually decreased. When 
the pH value of the solution was 10.0, the maximum removal 
rate of nitrate solution was only about 20% after reaction 
equilibrium. This indicated that the reduction of nitrate by 
NZVI had been an acidic driving reaction [13]. The lower the 
pH value of groundwater, the more favorable the reaction of 
elemental iron and nitrate. This is due to that zero-valent iron 
had easily converted into iron ions in the reaction [6,7]. As 
depicted in the follow equation:

Fe0 + 2H2O → Fe2+ + H2 + 2OH– (5)

Simultaneously, zero-valence iron also has a reaction 
with nitrate:

5Fe0 + 2NO3
– + 6H2O → 5Fe2+ + N2 + 12OH– (6)

Under the acidic conditions, nitrate can be reduced by 
zero-valent iron, the reaction equation is as follows:

Fe0 + NO3
– + 2H+ → Fe2+ + H2O + NO2

– (7)

In the alkaline environment, zero-valent iron is easy to 
generate Fe(OH)2 and Fe(OH)3. Zero-valent iron is also likely 
to generate some ferrous hydroxide complex ions such as 
[Fe(OH)]+, [Fe(OH)3]–, [Fe(OH)4]2–, and [Fe(OH)4]2+ [6]. It will 
reduce the reactant concentration. There are double effects of 
adsorption and reduction in the experiment of NZVI removal 
of nitrate and therefore the pH value of the solution has a 
great effect on the reaction [7,13].

3.1.4. Effect of DO on NRE

The removal efficiency of nitrate was investigated under 
aerobic and anaerobic situation, respectively. The results are 
illustrated in Fig. 6. As revealed, for NZVI treatment, 67.2% of 
nitrate was reduced in the anaerobic system, but the removed 

percentage accounted for only 39.7% in the aerobic system 
within 3 h. When DO is contained in solution, the removal 
rate of nitrate is reduced. However, after 3 h, there was no 
significant difference in the removal rate of nitrate under 
the two conditions. This may be due to aerobic conditions, 
the oxide formed on the surface of iron powder has a certain 
inhibiting effect on the reaction process [19]. The DO played 
a role of electron acceptor and competed with nitrate in the 
reaction, as depicted in the follow equation:

2Fe0 + 2H2O + O2 → 2Fe2+ + 4OH– (8)

With the progress of the reaction, the oxygen in the solu-
tion gradually had been consumed, therefore, the two groups 
of tests on NRE tends to be the same after 3 h. The presence of 
oxygen easily formed an oxide film on the iron surface, which 
made the iron particles passivated [23,27]. However, NZVI had 
a strong ability to supply electrons. In the actual experiment, 
the effect of DO on the removal rate is not significant [19].

3.1.5. Effect of coexisting anions on NRE

A large number of ions are present in groundwater, 
including K+, Ca2+, Mg2+, Na+, Cl–, SO4

2–, and PO4
3–. Cations 

(e.g., K+, Ca2+, Mg2+, and Na+) have no effect on nitrate 
removal, while anions (e.g., Cl–, SO4

2–, and PO4
3–) can affect 

NRE to varying degrees [22,33]. In this study, batch experi-
ments were conducted to assess the effect of anions on NRE. 
In real systems several other ions are present which can com-
pete with nitrate. The effects of presence of chloride, sulfate, 
and phosphate ions on nitrate removal were studied. As 
can be seen in Fig. 7, Cl–, SO4

2–, and PO4
3– had a significant 

effect on nitrate removal, especially sulfate and phosphate 
ions. This may be because these two anions are involved in 
the corrosion reaction of NZVI, competing with NO3

––N for 
the reaction sites. Which inhibited the removal of nitrate in 
groundwater to some extent [13,19]. 

3.2. Nitrate removal by G-Fe

3.2.1. Effect of graphene dosage on NRE

The carrier dosage of G-Fe may affect the activity of the 
composites and the products of nitrate reduction [7]. To test 

Fig. 5. Influent of different pH values on NRE by NZVI.
Fig. 6. Effects of DO on NRE by NZVI under anaerobic and 
aerobic situation.
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the effect of graphene dosage on nitrate removal, we pre-
pared G-Fe at different load ratios (2.5:1, 5:1, 7.5:1, and 15:1) 
and monitored their reaction with nitrate for 30 min. 

Fig. 8(A) shows that when the load ratio was greater 
than 7.5:1, there was an obvious decline in NRE. At higher 
load ratios, the reunion of graphene possibly coats the NZVI 
inside the aggregate, affecting the reduction reaction [22]. 
When the load ratio of graphene and NZVI was 5:1 or lower, 
more than 90% nitrate was removed within 30 min. At this 
point, both the dispersion and quantity of NZVI on the sur-
face of the graphene may be satisfactory, resulting in the fast-
est reduction of nitrate. 

Additionally, an increased dosage of graphene resulted 
in a decreased production of ammonia nitrogen (Fig. 8(B)), 
while the NRE decreased from 95.6% to 65.3% (Fig. 8(A)). 
Taking into consideration the nitrate removal and ammonia 
production, we chose the load ratio of graphene and NZVI 
at 5:1 as the optimal condition in the following experiments. 

3.2.2. Effect of initial NO3
– concentration on NRE

Since groundwater pollution with nitrate may occur at vary-
ing levels, we determined the NRE of G-Fe at different initial 
concentrations of NO3

–. Fig. 9 demonstrates that when the ini-
tial concentration of NO3

– was 50 mg/L or lower, G-Fe removed 
100% of nitrates within 90 min of reaction. It can be seen when 
the mass ratio of iron and nitrogen is 30:1, G-Fe achieve the 
highest NRE. Moreover, nitrate removal by G-Fe (1.5 g/L Fe) 
resulted in a much less production of ammonium (67.1%) com-
pared with that from nitrate removal by NZVI (3.33 g/L, 96.1%).

Under the experimental conditions, there was excess 
G-Fe in the reaction system. Within the same reaction time, 
NRE decreased with increasing initial concentration of NO3

–. 
On the other hand, the removal rate followed a markedly 
decreasing trend with increasing reaction time. The pro-
cess of nitrate removal is associated with production of iron 
oxides and hydroxides, leading to surface passivation of the 
composite material [22,32]. This mechanism reduces the reac-
tion activity of the material and thus decreases the removal 
rate over time or NRE within the same reaction time.

3.2.3. Effect of pH on NRE

Research indicates that ordinary iron powder easily 
removes nitrate under acidic conditions, while under neutral 

Fig. 7. Effects of coexisting anions on NRE by NZVI.

(a)

(b)

Fig. 8. Effect of load ratio of graphene and iron nanoparticles 
on nitrate removal efficiency (A) and ammonia production 
rate (B) in simulated groundwater. (A) Initial nitrate 
concentration = 50 mg/L, pH = 2.0, and G-Fe (1.5 g/L Fe). (B) Initial 
nitrate concentration = 50 mg/L, pH = 2.0, and G-Fe (1.5 g/L Fe).

Fig. 9. Effect of initial NO3
– concentration on removal efficiency of 

nitrates by graphene loaded with iron nanoparticles in simulated 
groundwater.
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conditions, the reaction is slow [21]. To examine the effect of 
pH on the NRE of G-Fe, we conducted batch experiments at 
a wide range of pH (2.15–11.31).

As can be seen in Fig. 10, when the pH was 2.15, NRE 
reached 100%. At pH 5.92, 7.03, and 8.90, respectively, the 
NRE values were all above 80%. Even at pH 11.31, NRE 
remained at 75.4%. Clearly, the NRE of G-Fe decreases 
with increasing pH in simulated groundwater. The results 
suggest that the reduction reaction of nitrates by G-Fe is 
acid responsive. Similarly, as observed on NZVI, the NRE 
declined from 57.3% to 31.5% while pH increased from 
4 to 6 [34]. 

Low pH is advantageous to surface erosion of G-Fe and 
subsequent release of hydrogen, providing more adsorp-
tion sites and thus enhancing nitrate removal [22,34]. Under 
neutral condition, H+ and adsorption sites are relatively few, 
affecting nitrate removal. Under alkaline conditions, exces-
sive OH– may form a passivation film deposited on the sur-
face of the G-Fe composites, which prevents their contact 
with nitrates and thus reduces nitrate removal. Likewise, 
other study reported that the pH effect was significant for 
nitrate removal by zero-valent iron packed columns; the NRE 
decreased with increasing pH [21,22,27].

3.2.4. Effect of DO on NRE

Since NZVI has a strong reducing function, DO in 
groundwater may react with it as electron acceptors, form-
ing the competition with nitrate reduction. Such reactions in 
theory would slow the removal rate of nitrate [35,36]. To find 
out the influence of DO on NRE, we added G-Fe to water 
samples containing different concentrations of DO, and mon-
itored nitrate removal for 90 min.

As illustrated in Fig. 11(A), DO did not seem to greatly 
impact the final NRE, and 100% of nitrates were removed 
after 90 min of reaction. The possible reasons were: (1) The 
NZVI content possibly exceeded the amount required for 
nitrate removal, causing DO to be consumed by the NZVI, 
which would influence minimal nitrate removal [26,33]. 
(2) The removal process of nitrates produced N2, which 

would displace DO [32]. The DO levels produced certain 
effect over the reaction, with the greatest effect at 20 min 
(Fig. 11(B)). The results suggest that low DO levels were 
more conducive to nitrate removal. The NRE remained 
fairly constant at DO concentrations greater than 4.54 mg/L. 
However, previous research on nitrate removal by other 
materials had found that DO strongly affects the NRE. For 
example, when NZVI was applied in the same reaction 
conditions, 62.3% of nitrate was reduced in the anaerobic 
system and the NRE dropped to 22.1% in the aerobic system 
within 120 min of treatment [7]. 

3.2.5. Effect of coexisting anions on NRE

Fig. 12 shows that the effect of different anions on NRE 
can be sorted as follows: Cl– < SO4

2– < PO4
3–. The greatest effect 

of PO4
3– resulted in the lowest NRE being less than 10%. PO4

3– 
possibly formed a complex compound with the NZVI, caus-
ing a reduction in its reactivity and subsequently a dramatic 
loss of NRE. In order to ascertain the effect of PO4

3–, we set 

Fig. 10. Effect of pH on removal efficiency of nitrates by graphene 
loaded with iron nanoparticles in simulated groundwater.

(a)

(b)

Fig. 11. Effect of dissolved oxygen on removal efficiency of 
nitrates by graphene loaded with iron nanoparticles in simulated 
groundwater in 90 min of reaction (A), with the greatest effect at 
20 min (B).
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up parallel experiments of nitrate removal in the presence of 
PO4

3– using graphene and G-Fe, respectively. After 90 min of 
reaction, graphene only adsorbed a small proportion (4.42%) 
of PO4

3–, whereas G-Fe removed most (76.83%) PO4
3– from the 

solution. Graphene only absorbed a small amount of PO4
3– 

and most of PO4
3– was removed by G-Fe. PO4

3– and NZVI 
generated complex, which made NZVI lose its reactivity, 
resulting in nitrate removal rate dropped significantly below 
10%. The results indicate that PO4

3– competes with NO3
– for 

the adsorption sites on the surface of G-Fe, thus reducing 
NRE. Pretreatment of PO4

3–-containing groundwater is nec-
essary before nitrate removal in practice. Obviously, the 
effect of G-Fe removal of nitrate was significantly better than 
NZVI. We selected G-Fe as the study object in the following 
experiments. 

3.3. Characterization study

3.3.1. BET study 

In this study, the specific surface area of the material 
(NZVI, graphene, and G-Fe) was measured by nitrogen 
adsorption–desorption analyses. The samples were degassed 
at 200°C for 12 h, and the temperature of liquid nitrogen was 
77 K. The surface area of NZVI, graphene, and G-Fe was 
35.76, 103.63, and 158.32 m2/g. It can be seen that the compos-
ite adsorbent has a larger specific surface area relative to the 
other two materials. 

3.3.2. XRD study 

XRD pattern is shown in Fig. 13. The characteristic peak 
at 23° was the characteristic diffraction peak of graphene and 
the sharp diffraction peak at 10.6° was characteristic peak of 
graphene oxide. When graphene oxide was reduced, the dif-
fraction peak at 10.6° diminished and eventually disappeared. 
However, the diffraction peak at 23° had become higher. It 
showed that graphene oxide is reduced to grapheme 

3.3.3. SEM study 

In order to explore the reaction mechanisms of nitrate 
reduction, we observed G-Fe samples at 0, 30, and 90 min of 
reaction. SEM analysis revealed the presence of black sheets 
(graphene) up to a few dozen microns in size, and white 
granules (NZVI particles) about 20–80 nm in size, in the 
composite samples before reaction. NZVI was distributed in 
clusters on the surface and within the gaps of the graphene 
sheets (Fig. 14(A)). 

After 30 min of reaction, NZVI morphology varied 
from granular to flocculent, and the reaction product 
covered the graphene surface. The adhesion formed 
between graphene sheets and the NZVI particles were dis-
persed on the surface of the graphene sheets, including 
more unreacted granular NZVI (Fig. 14(B)). After 90 min 
of reaction, the graphene sheets were covered completely 
by the floc generated, in the absence of unreacted granu-
lar NZVI (Fig. 14(C)). The prepared G-Fe composites can 
quickly remove nitrate under specific conditions, owing to 
the large specific surface area, strong adsorption, and high 
surface reaction potential [7,26,27].

3.4. Reaction kinetics

The reaction of G-Fe with nitrates involves both reduc-
tion and adsorption processes, making it more complex than 
a simple first-order reaction model. Therefore, we adopted 
kinetics studies on the reaction, simulated a dynamic equa-
tion based on the measured data, and assessed the effects of 
different environmental factors on the NRR. 

As shown in Table 2, lnC and lnr exhibit a good linear 
correlation at different graphene loads, with R2 close to 
or greater than 0.95 at n = 0.38–1.08. When the load ratio 
was greater than 5.0, the kobs value decreased visibly. An 
increase in graphene load also caused the NRR to decrease 
gradually.

In order to examine the effects of the reaction conditions 
on NRR, we used the reaction equation fitting from above 
to carry out kinetic analysis [22,31]. The optimal load ratio 
of graphene and NZVI was 5:1. Thus, we took the reaction 
order n = 0.45 to give the kinetic equation: –dC/dt = kobs × C0.45. 
Integral: C0.55 – C0

0.55 = –0.55 × kobs × t, where C is the nitrate 
concentration at time t, C0 is the initial concentration of NO3

–, 
and kobs is the apparent NRR constant.

Fig. 12. Effect of coexisting anions on removal efficiency of 
nitrates by graphene loaded with iron nanoparticles in simulated 
groundwater (a) 50 mg/L NO3

–, (b) 50 mg/L NO3
– + 200 mg/L 

Cl–, (c) 50 mg/L NO3
– + 200 mg/L SO4

2–, and (d) 50 mg/L 
NO3

– + 50 mg/L PO4
3–.

Fig. 13. XRD patterns.
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3.4.1. Effect of initial NO3
– concentration on NRR 

Table 3 shows that changes to the initial concentration 
of NO3

– cause different NRRs. With increasing NO3
– con-

centrations, the kobs value tends to decrease from 0.20 to 0.12 
(Table 3). Owing to the adsorption function, both reactive 
sites and non-reactive site were present on the surface of G-Fe 
composites during reaction with nitrates [21,28]. Because the 
kobs varied with different initial concentrations of NO3

–, we 
obtained different reaction kinetics (Table 3). This may be 
due to competition between nitrates for the limited number 
of reaction sites on the NZVI surface. Because the process of 
G-Fe removing nitrates included both adsorption and redox 
reactions. Therefore, the reaction kinetics equation was not a 
simple first-order reaction kinetics model. 

3.4.2. Effect of pH on NRR

Table 4 shows that with increasing pH from 5.92 to 11.31, the 
kobs value fluctuates in the range of 0.25–0.27, while at pH 2.15, 
the kobs is elevated more obviously to 0.51. The results indicate 
that low pH level promotes nitrate reduction and denitrifi-
cation reaction, thereby reducing the deposits on the surface 
of G-Fe, and providing fresher reaction sites for the chemical 
reaction. Altogether, these conditions promote the reduction of 
nitrates and improve the NRR [22,34].

3.4.3. Effect of DO on NRR

Table 5 demonstrates that an increase in DO causes minor 
variation in the kobs (0.16–0.18). The kobs value fluctuates in 
the range of 0.16–0.18 with increasing DO from 0.57 to 10.03. 
The result indicates that the effect of DO was negligible for 
the NRR during nitrate removal by G-Fe, which is an advan-
tage of this composite material.

3.4.4. Effect of coexisting anions on NRR

Table 6 reveals that the addition of Cl– or SO4
2– causes 

a decrease in the kobs; the effect of SO4
2– was more obvious 

than Cl–. These results indicate that the presence of coexisting 
anions reduces the NRR of nitrate removal.

3.4.5. Relationship between environmental factors 
and reaction rate constant

Within the ranges of the environmental factors tested, the 
kobs value shows different levels of variation (Table 7). The 
greatest variation (0.26) of kobs is associated with pH change 
(2.15–11.31). The degree to which these environmental factors 
affect the kobs was as follows: pH > initial NO3

– > coexistence 
anions (Cl– and SO4

2–) > DO. 

(a)

(b)

(c)

Fig. 14. SEM images of graphene loaded with iron nanoparticles 
before and after reaction with nitrate in simulated groundwater 
(A) 0 min, (B) 30 min, and (C) 90 min.

Table 2
Reaction rate equation of nitrate removal by graphene loaded with iron nanoparticles at different load ratios of graphene and iron 
nanoparticles

Load ratio Reaction order (n) kobs (mg-N/L)1–n/min Correlation coefficient (R2) Rate equation

2.5 0.38 0.97 0.9461 –d[NO3
–]/dt = 0.97 × [NO3

–]0.38 
5.0 0.45 0.69 0.9762 –d[NO3

–]/dt = 0.69 × [NO3
–]0.45

7.5 1.08 0.10 0.9672 –d[NO3
–]/dt = 0.10 × [NO3

–]1.08

15 0.69 0.20 0.9506 –d[NO3
–]/dt = 0.20 × [NO3

–]0.69
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4. Conclusions

This study showed that compare with NZVI, G-Fe had 
higher removal efficiency of nitrates in simulate groundwater. 
Under the same reaction conditions and dosing level, G-Fe 
achieved higher reaction rate and removal efficiency of 
nitrates, with a lower production rate of ammonia. The G-Fe 
composites synthesized in this study demonstrated good 
effects in removing of nitrate from simulated groundwater. 
The highest removal efficiency was obtained at the load ratio 
of graphene and NZVI of less than or equal to 5:1 and more 
than 90% nitrate was rapidly removed in 30 min. Irrespective 
of the pH level, G-Fe removed more than 75% nitrates under 

Table 4
Reaction rate equation of nitrate removal by graphene loaded with iron nanoparticles at different pH in simulated groundwater

pH kobs (mg-N/L)1–n/min Correlation coefficient (R2) Rate equation

2.15 0.51 0.8315 –d[NO3
–]/dt = 0.51 × [NO3

–]0.45

5.92 0.26 0.8475 –d[NO3
–]/dt = 0.26 × [NO3

–]0.45

7.03 0.27 0.9411 –d[NO3
–]/dt = 0.27 × [NO3

–]0.45

8.90 0.27 0.8095 –d[NO3
–]/dt = 0.27 × [NO3

–]0.45

11.31 0.25 0.6513 –d[NO3
–]/dt = 0.25 × [NO3

–]0.45

Table 5
Reaction rate equation of nitrate removal by graphene loaded with iron nanoparticles by different concentrations of dissolved oxygen 
in simulated groundwater

DO (mg/L) kobs (mg-N/L)1–n/min Correlation coefficient (R2) Rate equation

0.57 0.18 0.9007 –d[NO3
–]/dt = 0.18 × [NO3

–]0.45

4.54 0.17 0.9494 –d[NO3
–]/dt = 0.17 × [NO3

–]0.45

6.27 0.16 0.8801 –d[NO3
–]/dt = 0.16 × [NO3

–]0.45

10.03 0.17 0.8806 –d[NO3
–]/dt = 0.17 × [NO3

–]0.45

Table 6
Reaction rate equation of nitrate removal by graphene loaded with iron nanoparticles in the presence of coexisting anions in simulated 
groundwater

Coexisting anion kobs (mg-N/L)1–n/min Correlation coefficient (R2) Rate equation

None 0.27 0.7779 –d[NO3
–]/dt = 0.27 × [NO3

–]0.45

Cl– 0.25 0.8089 –d[NO3
–]/dt = 0.25 × [NO3

–]0.45

SO4
2– 0.21 0.8821 –d[NO3

–]/dt = 0.21 × [NO3
–]0.45

Table 7
Variations in the reaction rate of nitrate removal by graphene 
loaded with iron nanoparticles in simulated groundwater due to 
different environmental factors

Factor Range kobs kobs variation 

Initial NO3
– 30–120 mg/L 0.12–0.20 0.08

pH 2.15–11.31 0.25–0.51 0.26

Dissolved oxygen 0.57–10.03 
mg/L

0.16–0.18 0.02

Coexisting anions None, Cl–, SO4
2– 0.21–0.27 0.06

Table 3
Reaction rate equation of nitrate removal by graphene loaded with iron nanoparticles at different initial concentrations of NO3

– in 
simulated groundwater

Initial NO3
– (mg/L) kobs (mg-N/L)1–n/min Correlation coefficient (R2) Rate equation

30 0.20 0.9902 –d[NO3
–]/dt = 0.20 × [NO3

–]0.45

50 0.19 0.9675 –d[NO3
–]/dt = 0.19 × [NO3

–]0.45

80 0.16 0.9450 –d[NO3
–]/dt = 0.16 × [NO3

–]0.45

120 0.12 0.8856 –d[NO3
–]/dt = 0.12 × [NO3

–]0.45
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the experimental conditions. Moreover, the coexisting anion 
PO4

3– exhibited a great impact on the removal efficiency of 
nitrates and pretreatment of high PO4

3– water samples is nec-
essary for application of G-Fe. As the reaction proceeded, the 
nanoparticulate iron was gradually consumed and became 
flocculent. The complex process of nitrate removal involved 
a set of redox reactions and adsorption process. In view of 
these results, G-Fe prove advantageous at removing nitrates 
and offer a great potential to the removal of other contami-
nants in groundwater. This study provides technical support 
for engineering practice of groundwater nitrate pollution 
remediation. It is of scientific significance for exploration into 
new types of composite materials.
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