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a b s t r a c t
The nitrate reduction velocity by sulfate green rust via the intervention of copper and aluminum 
(GR–SO4

2–(Cu–Al)) can be controlled. The experiment was performed using a batch of reactor systems. 
First, the results indicated that the addition of Cu(II) to GR–SO4

2– improved the nitrate reduction rate 
by a maximum of 3.5 times compared with GR–SO4

2. Second, Al substitution enabled a gradual trans-
formation from nitrate to nitrite instead of a rapid transformation from nitrate to ammonium. When 
nitrite accumulated in the solution, it might generate other possible intermediate products, such as 
NO, N2O, and N2 formation. The results indicated that a maximum total nitrogen removal efficiency 
of nearly 25% was obtained at pH = 9 using GR–SO4

2– doping with 3% Cu2+ and Al3+/trivalent metal 
(M3+)  =  20%. And the results of experiments were compared by conducting a first-order kinetics. 
Additionally, the results obtained using X-ray diffraction indicated that magnetite and goethite were 
produced in the process of nitrate and GR–SO4

2–(Cu–Al).
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1. Introduction

The presence of water source contamination with nitro-
gen-containing compounds has become a serious concern 
due to intensive agricultural activities [1] and industrial and 
domestic disposal [2]. High nitrate (NO3

–) concentrations in 
water sources cause a potential risk to the environment and 
public health [3,4]. Conventionally, nitrate removal proceeds 
via biological denitrification [5,6] and physicochemical tech-
nologies [7]. To remove nitrate from water, chemical reduc-
tion methods have gained the interest of researchers because 

they can degrade nitrate faster than biological methods and 
are more cost effective than physicochemical methods [8].

Previous studies have investigated nitrate reduction 
by zerovalent iron (Fe0) [9] or other iron-bearing minerals 
[10,11]. However, in the nitrate reduction process with Fe0, 
ammonium is the only product, and the reaction is sig-
nificantly influenced by the solution pH [12]. In addition, 
structural Fe2+ is more reactive than dissolved Fe2+ [13]. 
Among these Fe(II)-bearing minerals, green rusts (GR) com-
prise layered Fe(II)–Fe(III) hydroxide that is composed of 
alternating positively charged layers and negatively charged 
interlayers that contain water molecules and anion [14]. 
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They have been investigated for several years as the chemical 
reductant for nitrate reduction [15]. Hansen et al. [16] have 
analyzed nitrate reduction by GR. Due to the low rate of the 
reaction for GR with nitrate, Choi et al. [11] have enhanced 
the nitrate reduction rate of nitrate by GR with the addi-
tion of nine different trace metals. Nitrate was converted to 
ammonium completely in a previous study, although GR can 
rapidly reduce nitrate. Nitrogen remained in the solution as 
ammonium, which did not achieve the goal of reducing total 
nitrogen (TN). In our previous study [17], we reduced TN 
and NO2

– with GR by adjusting the initial Eh, which controlled 
the generation of different reduction products (N2O, N2, and 
NH4

+) in the process. Vorlop et al. [18,19] demonstrated that 
supported bimetallic catalyst can reduce nitrate to harm-
less nitrogen gas. Consequently, GR modified by bimetal 
may improve nitrogen removal by controlling the reaction 
efficiency and selectivity.

In this study, two metals (copper and aluminum) were 
doped into sulfate green rust (GR–SO4

2–).The rate and direction 
of reaction between nitrate and GR–SO4

2– via the intervention 
of copper and aluminum (GR–SO4

2–(Cu–Al)) can be regulated. 
The effects of each metal and their amounts were investi-
gated in a solution of 40 mg N L–1. The oxidation-reduction 
potential (ORP) and pH have been investigated to achieve 
real-time control of nitrate removal [20]. The ORP and pH 
were monitored in real time. The most effective combina-
tions were selected based on both the reaction rate constant 
and the removal of TN. The influence of GR substituted by 
two metals on the efficiency of nitrate reduction has not been 
reported.

Therefore, the objective of this study was to explore the 
relationship between removal efficiency of nitrate or TN and 
GR–SO4

2–(Cu–Al). Meanwhile, it was investigated that ORP 
may underlie the improvement of the removal rate.

2. Materials and methods

2.1. Preparation of GR–SO4
2– doped with Cu(II) and Al(III)

For this study, GR–SO4
2– was synthesized by a co-

precipitation method with bubbling helium gas (He) [21,22]. 
A mixture of FeSO4·7H2O (0.02  mol Fe2+), Fe2(SO4)3·5H2O, 
and Al2(SO4)3·18H2O [m(Fe3+) + n(Al3+), m + n = 0.01 mol] was 
dissolved in 100 mL of double-distilled water that was ade-
quately purged with He in a 500-mL flask with the ratio of 
n(Al3+)/n(M3+) = 0%~40%. The addition of Cu(II) with the ratio 
of n(Cu2+)/n(M) = 0%~5% was achieved by contacting the sus-
pension with CuSO4·5H2O using fast magnetic stirring. Then, 
NaOH solution (1 M) was continuously added to the solu-
tion under the condition of magnetic stirring until the pH of 
the suspension was 7. The samples were aged for 20 h at an 
approximate temperature of 25°C, which dried in a vacuum 
freeze drier after being filtered through a 0.45-μm filter mem-
brane. All chemicals employed in this study were purchased 
from Sinopharm Chemical Reagents (Shanghai, China) and 
were of analytical grade.

2.2. Experiments for nitrate removal

A batch of experimental instruments were composed of 
a 500-mL boiling flask-4-neck, pH electrode, ORP electrode, 

and thick butyl rubber stopper accompanied by magnetic 
stirring. The reaction began by spiking 100  mL of sodium 
nitrate solution with initial NO3

––N concentrations of 
40 mg L–1 (C0) into a GR–SO4

2– suspension. In the course of 
the reaction, the values of the ORP and pH were also moni-
tored. At regular time intervals, the samples were collected 
and filtered using a 0.22  μm filter membrane. The nitrate 
concentration of NO3

––N (Ct) at sampling time was deter-
mined. The removal efficiency was calculated as removal 
efficiency (%) = (C0 – Ct)/C0 × 100.

2.3. Analysis

X-ray diffractometer (XRD) patterns of the samples were 
recorded on a Rigaku D/max RBX XRD with Cu-Kα radiation 
(λ = 0.154 nm). The scanning rate was 8°min–1 in the 2θ range 
of 5°–80°.

Continuous monitoring of pH and Eh were detected using 
a pH electrode (PHS-3C) and an ORP electrode (501 ORP, 
Shanghai INESA Science Instrument CO, LTD) [23]. NO2

–, 
NO3

–, NH4
+, and TN in the sample supernatant were measured 

by spectrophotometry (UNICO, UV-2100) [24].

3. Results and discussion

3.1. Characterization of GR

In this study, a co-precipitation method was adopted 
to prepare GR–SO4

2–, GR–SO4
2–(Cu), and GR–SO4

2–(Cu–Al). 
The dried samples were dark green. The wide-angle XRD 
patterns of GR–SO4

2– exhibited the main diffraction plane at 
(001), (002), and (003) (Fig. 1(a)) and were similar to the pre-
viously reported data for GR–SO4

2– [21]. The XRD patterns of 
the samples with different Al3+/M3+ ratios are also observed in 
the same peaks (Fig. 1(c)), which represented the (001), (002), 
and (003) crystal plane diffraction angle as a multiple rela-
tion. The weak reflection (Fig. 1(b)) at 21.2° and 33.2° (2θ) 
is assigned to the oxidation products of GR and goethite. 
No significant shift of the (001) lines is indicated in Fig. 1. 
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Fig. 1. XRD patterns of GR samples. (a) GR–SO4
2– alone, (b) GR–SO4

2– 
added with Cu(II), Cu2+/M  =  3%, and (c) GR–SO4

2– added with 
Cu(II) and Al(III), Al3+/M3+ = 20%, goethite (α–FeOOH).
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Therefore, the presence of Cu2+ and Al3+ did not destroy the 
structure of the interlayer distance along the (001) direction 
(d  =  1.09  nm) [22], which was primarily governed by the 
nature of the intercalated anion SO4

2–. All samples belonged 
to the “GR-type layered doubled hydroxides” [25].

Inductively coupled plasma-atomic emission spectrome-
try was introduced to detect the metallic elements, such as 
Cu, Al, and Fe, in the filtrate. The results indicated that Cu 
and Al were below the detection limit, which indicated that 
Cu2+ and Al3+ had been successfully converted to the solid 
phase in the GR–SO4

2– samples. According to the solubility 
product (Ksp) of Fe(OH)3, Al(OH)3, Cu(OH)2, and Fe(OH)2, 
the co-adsorption of soluble Al(III), Cu(II), and Fe(II) onto 
the initially precipitated ferric oxyhydroxides may serve a 
primary role during the formation of GR–SO4

2–(Cu–Al).

3.2. Comparison of different types of GR–SO4
2– on 

nitrate reduction

Fig. 2 indicates the results of nitrate reduction by 
GR–SO4

2–, GR–SO4
2–(Cu), and GR–SO4

2–(Cu–Al) with a pH 
value of 9.0 ± 0.2 at room temperature. In Fig. 2(a), no signifi-
cant nitrate loss occurred with GR–SO4

2– during 150 min, and 
ammonium increases as the final product of nitrate reduc-
tion without any by-products being detected. The average 
rate of nitrate reduction was 2.67  mg  L–1  h–1. Hansen et al. 
[26] investigated nitrate reduction by GR–SO4

2–; the reaction 
rate of nitrate reduced with GR–SO4

2– was very slow, and the 
average rate of nitrate reduction was 0.32 mg L–1 h–1.

As shown in Fig. 2(b), the nitrate reduced by GR–SO4
2– 

modified by Cu. The average rate of nitrate reduction by 
GR–SO4

2–(Cu) was 9.35  mg  L–1  h–1, which was enhanced 
by a factor of 3.5 compared with GR–SO4. Previous stud-
ies have shown that the addition of Cu(II) to GR–SO4

2– 
increased the rate of carbon tetrachloride reduction [27]. 
These results demonstrated that the addition of Cu to GR 
enhanced the reaction rate. The initial concentration of 
nitrate rapidly decreased within 30  min but nitrite simul-
taneously increased. In the subsequent hour, nitrite slowly 
decreased. Ammonium was the main product, and TN did 
not distinctly reduce. These results are consistent with the 
findings of Choi et al. [28], who suggested that Cu enhances 
the rate of reduction and all nitrates were transformed to 
ammonium. In addition, Hansen et al. have confirmed that 
sulfate GR materials did not absorb nitrate or nitrite or 
ammonium [29].

Fig. 2(c) shows the results of the nitrate reduction by 
GR–SO4

2–(Cu–Al). These results demonstrated that Al substi-
tution in GR–SO4

2–(Cu) yielded the same faster rate of nitrate 
removal as GR–SO4

2–(Cu), whereas modified GR had a four 
times faster reaction rate than GR. Nitrite was increased in 
reaction processes for 90 min. Nitrite gradually disappeared 
in the reaction with GR–SO4

2–(Cu–Al) system. The concentra-
tion of ammonium with GR–SO4

2–(Cu–Al) was lower than the 
concentration of ammonium with GR–SO4

2–(Cu).
The decreased percentages of TN were 10.8% and 23.4% 

in the reaction with GR–SO4
2–(Cu) and GR–SO4

2–(Cu–Al), 
respectively. In the process of reaction, no ammonia gas 
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Fig. 2. Various curves with time of nitrate, nitrite, and ammonium during a batch test of nitrate reduction by (a) GR–SO4
2–, (b) GR–SO4

2–

(Cu), and (c) GR–SO4
2–(Cu–Al). The initial nitrate concentration was approximately 40 mg N L–1. The Cu(II) addition was 3% of all 

metals. The Al3+/M3+ ratio was 20%.
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was detected. The results indicated that GR–SO4
2–(Cu–Al) 

exhibited higher efficiency than GR–SO4
2–(Cu) to reduce TN.

3.3. Rate controlling for nitrate reduction with Cu(II) dosage

Fig. 3 shows the effect of different Cu(II) addition on 
nitrate reduction by GR–SO4

2–(Cu) at pH 9.0 ± 0.2. The effect 
on nitrate reduction of the addition of Cu(II) to GR–SO4

2– was 
investigated for the range of 0%–5% for all metals (Cu2+/M). 
With an increase in Cu(II) addition, a distinct increase in the 
nitrate removal efficiency was observed. In addition, 3% addi-
tion of Cu(II) gained the highest removal efficiency of 80%. 
However, 5% addition of Cu(II) decreased the reduction effi-
ciency. An appropriate addition of Cu(II) accelerated the rate 
of nitrate reduction by Fe(II) sorbed onto ferric iron oxy-hy-
droxides [30]. Similar results were obtained while enhancing 
dechlorination of the chlorinated hydrocarbons by GR–Cl–

(Cu) [31]. These studies depicted that Cu(II) added to GR was 
reduced to a zerovalent form of Cu, which catalytically served 
an important role in electron transfer from Fe(II) on the GR 
surface to the contaminant. A possible equation is Eq. (1).

Fe Fe OH SO Cu FeOOH + 2Cu SO HII III
4 2 12 4

2 0
4
22 6 6( ) + → + ++ − + 	 (1)

However, the nitrate removal efficiency decreased with 
the addition of 5% Cu(II). Previous studies have reported the 
effect of Cu(II) on the kinetics of nitrate reduction by GR–F–. 
A large amount of Cu(II) may consume too much Fe(II), 
which caused an insufficient amount of Fe(II) to be employed 
for rapid nitrate reduction [32].

3.4. Direction control for nitrate reduction with Al substitution

The Al3+/M3+ ratio in GR–SO4
2–(Cu–Al) can influence 

the direction of nitrate removal. The addition of Cu(II) in 
GR–SO4

2–(Cu–Al) was 3% of all metals in the following exper-
iments: Cu(II) was added to improve the velocity of reaction 
due to the low reactivity of nitrate reduction by GR–SO4

2–. As 
shown in Fig. 4, the substitution of Al (r = n(Al3+)/n(M3+) = 0%, 

10%, 20%, and 30%) was used to evaluate the removal of the 
TN. The influence of the Al3+/M3+ ratio on TN removal exhib-
ited a fluctuation. When the Al3+/M3+ ratio was 20%, the TN 
achieved the maximal removal efficiency of 25%. However, 
nitrogen-containing products remained in the water with the 
maximum capacity of Al.

During nitrate reduction by GR–SO4
2–(Cu–Al), nitrate was 

not adsorbed onto the GR surface, and it was converted to 
nitrite. Al substitution of Fe(III) in GR can effectively reduce 
the reactivity of Fe(II) in GR and decelerate the rate of trans-
formation of NO3

– to NH4
+. Figs. 2(c) and 5(a) both show that 

nitrite accumulated for a relatively long time in the solu-
tion, which provided the possibility of the transformation 
from nitrite to other intermediates. Liou et al. [33] proposed 
that nitrite accumulation occurred in the reaction process 
of relatively high N2 selectivity during nitrate reduction by 
iron-deposited bimetals. Elemental analysis was employed 
to characterize the existence of nitrogen element in solid, 
whereas no nitrogen was detected. According to the nitrogen 
mass balance, the decrease of TN may be reduced to other 
types of gaseous nitrogen species, such as NO, N2O, or N2. Al 
substituted in GR–SO4

2– [34] controlled the reaction pathway 
and effectively reduced the TN.

The wide-angle XRD analyses of GR–SO4
2–(Cu–Al) 

products indicated that magnetite and goethite were the 
main products of the reaction of GR–SO4

2–(Cu–Al) with 
nitrate (Fig. 5(b)). However, weak diffraction peaks are 
observed at 8.1°, 16.1°, and 24.3° (2θ), which indicated that 
part of GR–SO4

2–(Cu–Al) persisted in the reaction. Previous 
studies have documented that Al adsorption and substi-
tution is helpful for protecting ferrihydrite, which may 
impede lepidocrocite formation and magnetite nucleation 
[35]. The excessive content of Al reduced the reduction 
efficiency.

3.5. The kinetic analysis of nitrate reduction

The removal of nitrate by GR was deemed to be a first-
order kinetics or pseudo-first-order kinetics. According 
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to the fitting formula, Eq. (2), the first-order kinetics of the 
reaction of GR–SO4

2–, GR–SO4
2– [34], and GR–SO4

2–(Cu–Al) 
with nitrate were obtained.

k
t

C
C

=










1 0ln 	 (2)

where k is reaction rate constant, t is the reaction time, 
C0 is the initial concentration of nitrate, and C is the con-
centration at moment of t. In the case of pH value at 9 
and 40  mg  L–1 of initial nitrate concentration and other 
parameter stayed the same, the ln(C0/C) – t fitting curves of 
concentration of nitrate for the reaction of various GRs are 
exhibited in Fig. 6.

The apparent rate constants kobs in the processes of the 
removal of nitrate by GRs were calculated from Fig. 6 and 
are listed in the Table 1. As shown in the table, the linear 
relationship of ln(C0/C) – t curves was obvious correspond-
ing to the reaction of nitrate with GR–SO4

2–(Cu) and GR–
SO4

2–(Cu–Al). Meanwhile, the kobs of GR–SO4
2–, GR–SO4

2–(Cu), 

and GR–SO4
2–(Cu–Al) was 0.0016, 0.0549, and 0.0203  min–1, 

respectively. These indicated that the reaction rate of 
GR–SO4

2–(Cu) with nitrate is nearly 40 times higher than 
GR–SO4

2–, and the removal efficiency of nitrate by GR–SO4
2–

(Cu–Al) is 15 times than GR–SO4
2–.

The doping of Cu(II) greatly increased the reactivity of 
GR to nitrate. The substitution of Al(III) for Fe(III) reduced 
the reducibility of GR; however, because of the presence of 
Cu(II), the removal rate was still much higher than GR–SO4

2– 
without Cu and Al.

3.6. Reduction product profiles for different initial Eh

To explore the relationship between the reduction prod-
ucts and Eh, the trends of Eh and reaction products are listed 
in Table 2. Since the reactions were performed in an anaerobic 
condition, the value of dissolved oxygen was very low, which 
had minimal impact on the Eh. In a typical experiment at the 
initial pH 9, the fluctuation range of the Eh varied, which 
produced an excellent rate and efficiency for the chemical 
reduction of nitrate by various GR.

A total of 84.81% of the nitrate remained in the system 
with GR–SO4

2–, whereas Eh increased from –626 to –595 mV. 
The addition of Cu significantly changed Eh, 65.27% of 
NO3

––N was reduced by GR–SO4
2–(Cu) when the initial Eh 

ranged from –515 to –442 mV. The Eh value ranged from –515 
to –407 mV with an increase in the Al content. The majority 
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Table 1
The apparent rate constant of nitrate react with GR–SO4

2–, 
GR–SO4

2–(Cu), and GR–SO4
2–(Cu–Al)

GRs kobs (min–1) R2

GR–SO4
2– 0.0016 0.6621

GR–SO4
2–(Cu) 0.0549 0.9644

GR–SO4
2–(Cu–Al) 0.0203 0.9541
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of the nitrate was reduced, and nitrite was detected with 
Al addition to GR–SO4

2–(Cu). Nitrite gradually decreased 
with the addition of 20% Al, and approximately 25% TN 
was reduced. These results indicated that Al substitution 
slightly diminished the reductive environment of the solu-
tion, which was suitable for the transformation from nitrate 
to intermediate products, such as nitrite. With a very strong 
reducing capacity (Eh = –600 mV) without Al, nitrate rapidly 
converted to ammonia without generating any intermediate 
products.

The majority of the reports have indicated NH4
+ as the end 

product of nitrate reduction by GR. NO2
– was not observed 

in the solution, whereas all NO3
– transformed to NH4

+ [29]. In 
this study, Al substitution of Fe(III) in GR–SO4

2– promoted the 
formation of nitrite. Nitrite accumulated in the solution for a 
relatively long time and then disappeared with a decrease in 
TN. Previous studies have shown that strong reducing condi-
tions (low ORP) favored the formation of ammonia, whereas 
gaseous nitrogen (NO, N2O, and N2) formation was favored 
in moderate or low reducing conditions (high ORP) [36]. 
Furthermore, the reduction of nitrite with GR was controlled 
by ORP used of different pH values [18]. Al substitution into 
GR–SO4

2–(Cu) affected the initial Eh, which favored the yield 
of Ng and the removal efficiency of NO2

–. This finding indi-
cated that part of the nitrate was converted to the interme-
diate products, such as NO, N2O, or N2 gas via nitrite and 
escaped from the solution in the experiments. The doping of 
metals (Cu2+ and Al3+) into GR–SO4

2– can significantly enhance 
the reaction rates and control the reduction products, which 
involves changes in the ORP; this finding is consistent with 
the observation by Wu et al. [37].

4. Conclusions

In this study, the GR–SO4
2–(Cu–Al) was synthesized by a 

co-precipitation method that was employed to reduce nitrate 
from solution. The addition of Cu to GR–SO4

2– can enhance 
the reactivity of Fe(II) in GR–SO4

2– and effectively improve 
the reaction rate. Al substitution of Fe(III) in GR–SO4

2– can 
adjust the products and efficiency. A maximum TN removal 
of nearly 25% was obtained at pH = 9 using GR–SO4

2– doping 
with 3% Cu, Al3+/M3+ = 20%. The decrease of TN was observed 
in this study. However, nitrate was completely converted to 
ammonium in a previous study [11,27,29]. Nitrate was partly 
converted to nitrite rather than rapidly converted to ammo-
nium, which enhanced other possible intermediate products, 
such as NO, N2O, and N2 formation. The loss of nitrogen is 
likely attributed to the emission of gaseous nitrogen species.
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