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ABSTRACT

p-nitrophenol (4-NP) is a common raw material in the industrial production of many valuable sub-
stances. With the rapid development of chemical industry, the production of 4-NP has increased sub-
stantially. However, due to its characteristic toxicity, p-nitrophenol inevitably causes pollution to the
environment during its synthesis and usage. In this paper, sodium borohydride (NaBH,) and fer-
ric chloride (FeCl,-6H,O) were used as raw materials to prepare iron nanoparticles by liquid phase
reduction technique, and their performance in 4-NP pollutant degradation was investigated. The
experimental results showed that the iron nanoparticles presented excellent degradation perfor-
mance for 4-NP. When the concentration of 4-NP was 15 mg/L, only 0.25 g/L of iron nanoparticles

degraded more than 74% of 4-NPin 1 h.
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1. Introduction

In the past few decades, the excessive emission of
CO, has caused greenhouse effect responsible for global
warming, rise in global temperature, energy crisis, and
serious pollution of the environment and water resources.
Environmental pollution is increasingly becoming a global
problem that may cause greater harm to nature and human
health, ecosystems, and sustainable development of society,
so there is an urgent need to remove harmful pollutants
from ecosystems [1-6]. The main causes of environmental
pollution have been the printing and dyeing industry, the
textile industry, the pharmaceutical industry, municipal
effluents, hospitals, and slaughterhouse wastes. Among
these, bio-toxic pesticides such as dichlorvos [7], aromatic
hydrocarbon pollutants [8], phenols and halophenols [9],
insecticides, herbicides, and other harmful organic pol-
lutants are all frequently detected in various water bod-
ies such as rivers, lakes, surface water, and underground
environments. At present, adsorption and degradation are
frequently used to deal with harmful organic pollutants
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and ultimately achieve environmental remediation. Many
authors have employed adsorption [10-14], photocatalysis
[15-17], sonocatalysis [18], etc techniques to remove harm-
ful pollutants. p-nitrophenol (4-NP) is one of the most com-
mon aromatic organic pollutants and mainly comes from
pharmaceutical, plastic, dye, and other industries, in which
hydroxyl and nitro groups are directly linked with the
benzene ring. It is soluble in water with enormous toxicity
and is extremely harmful to human body, such as confu-
sion, skin and eye irritation, loss of consciousness, and even
potential carcinoma. It is a biologically active, chemically
stable, bio-accumulative, persistent, and highly toxic pollut-
ant that is not easily degraded under ordinary conditions
[19,20]. It is particularly difficult to eradicate through natu-
ral biodegradation [21]. In addition, 4-NP is a protoplasmic
poison that can enter the blood circulation through human
epidermal cells, and if exposed to it for a long time even
in low concentrations, it is very likely to lead to abnormal
hemoglobin, liver, and kidney damage, and carcinogenic
and mutagenic [22,23] lesions. Also, 4-NP discharged into
the water system can cause the death of aquatic organisms.
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Since it poses a great threat to human development and
ecosystem stability, it is classified as a priority pollut-
ant by the U.S. Environmental Protection Agency (EPA),
specifying a maximum concentration of 20 mg/L in indus-
trial wastewater. Keeping in view its hazardous effects,
there is an urgent need to find cost-effective methods and
materials to remove 4-NP from wastewater. However, it is
one of the major challenges faced by environmental engi-
neers today. Therefore, this important issue has presently
inspired a great deal of research for the removal of haz-
ardous substances for environmental remediation [24].

Although, adsorption [25], advanced oxidation and
reduction process [26-29], photo/electrocatalytic removal
[30], and biochemical methods [31] etc. have been employed
to eliminate p-aminophenol including, but the disad-
vantages of these methods are sophisticated, expensive
equipment’s and high energy consumption. Therefore, it
is particularly important to seek an efficient and environ-
mentally friendly technology to remove p-nitrophenol.
Among them, direct reduction method can reduce 4-NP
to p-aminophenol, its application as photographic devel-
oping agent, corrosion inhibitor, dyeing agent, and active
intermediate for the synthesis of paracetamol, phenacetin
drugs and its toxicity is reduced by about 500 times [32,33].
Fe nanoparticles as a potential alternative source of Fe?
have been successfully used to activate hydrogen peroxide
to degrade various pollutants [34]. Fe NP can be coupled
with other elements, like noble metals (e.g., Pd, Ag, Cu, Ni,
etc.), also in nanoparticle form, or carbonaceous material
[35]. Studies have shown that Fe NP has significant adsorp-
tion and degradation efficiency for several heavy metals
and different organic pollutants [36-39]. In recent years,
research on nanomaterials has increased by many folds, and
therefore investigation of the preparation methods (devel-
opment of new reactions/reaction conditions), microstruc-
ture (adjustment of topography and surface defects), and
reaction dynamics has emerged as breakthroughs in nano-
technology [40-43]. Zhu et al. [44] prepared Fe/Ni bimetal-
lic nanoparticles by the liquid phase reduction method for
the treatment of hexavalent chromium ions in soil leachate,
and the removal rate for hexavalent chromium could reach
99.8% under the condition of pH =5 at 30°C. Kim et al. [45]
used Na,5,0, and NaBH, to prepare sulfide-covered Fe NPs.
Under synthetic and real groundwater conditions, the syn-
thesized FeS-covered Fe NPs showed great advantages in
the removal reaction of trichloroethylene. Dutta et al. [46]
prepared Fe NPs with better stability by improving the
preparation method, which was used to remove azo dyes
in textile wastewater, and the removal efficiency was good,
up to 97%. At present, the synthesis method of Fe NPs can
be roughly divided into physical or chemical methods. The
required Fe NP is prepared by chemical methods. Among
them, the liquid phase reduction method uses chemical
substances with strong reducing properties such as KBH,,
NaBH,, or organic metal reduction agents in the liquid
phase system to reduce Fe*" and Fe’" to form nanometer iron
particles. This synthesis route is not complicated but is fast
response, low cost, and simple operation, and the required
equipment and reaction conditions are easy to implement,
so that which is one of the most common preparation
methods for Fe NPs.

In this study, iron nanoparticles were prepared by lig-
uid phase reduction method. The highlight of this work
is that 74% of 15 mol/L p-nitrophenol was degraded by Fe
within 60 min without external conditions such as light
source. When doped with low concentration of Cu®, the
degradation efficiency of 4-NP reaches 84%, which has bet-
ter degradation effect than other degradation technologies.
The aim of this study is to provide a new way to remove
dyes and effectively carry out environmental remediation.

2. Experimental part
2.1. Reagent

All the reagents used in this study were analytical grade
and used without further purification. p-nitrophenol (4-NP)
was purchased from Kamishor Biotechnology Co., Ltd.,
(China). Sodium borohydride, FeCl,-6H,0, CuSO,-5H,0,
MnSO,H,0 and ZnSO,'7H,0 were purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd., (China). Absolute
ethanol (C,H,OH) was purchased from Yunnan Yanglin
Industrial Development Zone Shandian Pharmaceutical Co.,
Ltd., (China). Nickel nitrate hexahydrate (Ni(NO,),-6H,0)
was purchased from Chengdu Chemical Reagent Factory.
Deionized water (conductivity 18.25 uS/cm) was homemade
in the laboratory.

2.2. Preparation of Fe NPs

In this work, the liquid phase reduction method was
used to prepare Fe NPs. Accurately weighed 6.0 g NaBH,
powder was dissolved in 400 mL distilled water. 3.0 g solid
FeCl,-6H,O was completely dissolved in 1,000 mL distilled
water, and NaBH, solution was added to the FeCl, solu-
tion dropwise with a rubber tip dropper under stirring for
10 min. The mixture was placed in a cool place protected
from light and aged for 2.5 h. After aging, the supernatant
was removed, the remaining mixture was filtered in a Brinell
funnel and washed with 100 mL deionized water and 100 mL
C,H,OH. The black residue was put in a small beaker and
dried under an infrared lamp for 2.5 h under argon gas.
During that time, the solid was mashed every 30-60 min.
Finally, the cooled product was obtained as Fe NPs.

2.3. Preparation of experimental solution

Accurately weighed 75 mg solid 4-NP was dissolved
in deionized water and diluted with more deionized water
in a 250 mL volumetric flask under shaking. The obtained
stock solution of 4-NP had a concentration of 300 mg/L and
was placed in a cool and dry place. From the stock solution,
a 500 mL 4-NP solution of 15 mg/L was prepared through
the dilution technique with deionized water for the deg-
radation experiment. Other solutions of 4-NP with dif-
ferent concentrations were also prepared.

2.4. Characterization

Bruker X-ray diffraction (Germany) examined the crystal
structure of the prepared sample. X-ray photoelectron spec-
troscopy (XPS) studies were performed on the samples using
Escalab 250Xi rays produced by Thermo Fisher Scientific
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(America). High-resolution transmission electron microscopy
and scanning electron microscopy (SEM) images were obtained
using the Talos F200X (America) and JSM-7500F (Japan).

2.5. Setting of experimental systems

4-NP solutions with different concentrations were pre-
pared and their absorbances at the maximum absorption
wavelength of 317 nm were measured with a dual-beam
UV-Vis spectrophotometer. When the concentration of 4-NP
solution was 15 mg/L, the degradation volume was 200 mL,
and the amount of Fe NPs was 50 mg. After 4 h, the absor-
bance at 317 nm was 1.008, which conformed the precision
range (absorbance < 1.2) of a dual-beam UV-Vis spectropho-
tometer. The effect of the different time of Fe NPs on the deg-
radation of (15 mg/L) 4-NP solution was investigated and
the degradation rate of 4-NP with nano-iron was measured
using the equation: D(%) = C, — C/C, x 100, where D is the
degradation rate of 4-NP, C, is the initial concentration and
C is the concentration after degradation for a certain period.

2.6. Effects of oxygen-deficient and oxygen-rich water on the
degradation of pollutants

The reaction pathway of organic pollutants degraded
with Fe NPs can be divided into two types: indirect oxida-
tion and direct reduction. Indirect oxidation is a heteroge-
neous Fenton reaction for advanced oxidation degradation
of organic pollutants by Fe NP, just as it is a high-level pro-
cess under the condition of dissolved oxygen while the direct
reduction takes place in the absence of oxygen in which Fe
NP acts as a reducing agent and loses electrons to the con-
taminants, so that toxic pollutants may be converted into
non-toxic or less toxic substances. To understand whether
the mechanism of degradation of 4-NP by Fe NP belongs
to indirect oxidation or direct reduction, we simulated oxy-
gen-enriched water and oxygen-deficient water by exposing
the mixture to air and argon gas, respectively.

2.7. Effects of coexisting different metal ions

When another metal with a higher reduction potential
is added to the surface of the Fe NPs, a bimetallic system

Z. Wu et al. | Desalination and Water Treatment 316 (2023) 290-298

is made. This makes the nano-iron work better. To explore
this phenomenon, we measured the degradation rates in
the presence of different metal ions at a concentration of
3 mmol/L.

3. Results and discussion
3.1. X-ray diffraction

It can be observed from Fig. 1 that the prepared samples
produce a strong diffraction peak at 44.67°. As can be seen
from the JCPDF (06-0696) standard card, this characteris-
tic peak belongs to the diffraction peak of the Fe element,
so the Fe NP sample with high purity and crystallinity was
successfully prepared by liquid phase reduction.

3.2. X-ray photoelectron spectroscopy

Analysis of different elements in Fe NP by XPS shows
no impurity peaks for other elements except for C, O, and
Fe. In XPS survey spectra, carbon remains intact, but oxy-
gen is only present because it is present as an oxide coating
on the outermost layer of the iron nanoparticles. A small
peak at about 56.08 eV can be observed from Fig. 2a which
belongs to the binding energy peak of Fe 2p,,. From the
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Fig. 1. X-ray diffraction atlas of the Fe nanoparticle sample.
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Fig. 2. Full X-ray photoelectron spectrum of Fe NP sample (a), high-resolution X-ray photoelectron spectra of elemental Fe (b).
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high-resolution XPS spectra in Fig. 2b, it can be observed
that the 2p,, and 2p,, binding energies of Fe are located
at about 710.9 and 725.63 eV, respectively indicating that
the valence state of iron in Fe NP is zero which further
confirms that the prepared sample is zero-valent iron
nanoparticles.

3.3. Morphology

The SEM image of the freshly prepared Fe NP sample
by liquid phase reduction method is shown in Fig. 3. From
Fig. 3a and b, it can be observed that the freshly prepared
Fe NPs are spherical. It is found that the particles have dif-
ferent degrees of adhesion. The freshly prepared Fe NPs
are agglomerated in a chain-like manner, and their aver-
age diameter is 25-150 nm. From the transmission electron
microscopy image in Fig. 3c and d, it can be observed that
the surface of Fe NP is smooth and spherical, and the parti-
cles are agglomerated in a chain-like manner with less uni-
form size and an average particle size of about 30-230 nm.

3.4. Standard curve and maximum absorption wavelength
analysis

Drawing of the standard curve: eight volumetric flasks
each of 100 mL volume were taken, solution of different
concentrations (1, 3, 5, 7.5, 8.75, 10, 15, and 20 mg/L) were
prepared, using deionized water as a solvent under shak-
ing. Using distilled water as a reference, the absorbance of
the 4-NP solution at a maximum absorption wavelength of

317 nm was determined by a dual-beam UV-Vis spectro-
photometer model TU-1901. Determination of maximum
absorption wavelength: 100 mg nano-zero-valent iron deg-
radation concentration of 15 mg/L and volume of 200 mL
p-nitrophenol solution were taken and after every 0, 5, 10,
20, 40, and 60 min, their absorbances were measured in the
wavelength range of 250-350 nm. From the data presented
in Fig. 4a, the absorbance and concentration of the 4-NP
solution in the range of 1~20 mg/L are well linearly fitted to
obey the equation of the straight line (y = 0.06796x — 0.00128)
with a correlation coefficient (R?) of 0.9991. Fig. 4b shows the
maximum absorption wavelength change analysis during
the degradation experiment. The absorbance curves after
60 min are not changed much and are actually highly coinci-
dent with each other, so they are not shown. With the exten-
sion of degradation time, the intensity of the peak gradually
decreased, indicating that the nitro group on p-nitrophenol
is effectively reduced during the reaction catalyzed by Fe
NPs. And during the degradation of 4-NP in the presence of
a catalyst of Fe NPs, the absorbance of 4-NP produces a blue
shift phenomenon, that is, its maximum absorption wave-
length of 317 nm before the catalytic degradation changes
to 297 nm after the degradation starts for about 10 min.
The reason for this may be that 4-NP will form intermedi-
ates first during the degradation process after at least 5 min,
therefore the blue shift is not significant until the number
of intermediates produced is dominant after about 10 min.
As the time of reaction increases, the more intermediate
products accumulate, the more pronounced the shift of the
maximum absorption peak to the lower wavelengths.

Fig. 3. Scanning electron microscopy images (a,b) and high-resolution transmission electron microscopy images (c,d) of the pre-

pared Fe NPs.
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3.5. Degradation

The experimental data in Fig. 5a shows the self-degrada-
tion of 4-NP. It can be seen that the absorbance of 4-NP in
4 h is about 1.010 indicating that 4-NP is extremely stable in
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the water environment and is not easy to self-degrade. From
the data, it can be seen that the degradation of 4-NP in the
presence of Fe NPs is completely reactive after 60 min. The
experimental data in Fig. 5b shows the degradation of 4-NP
in the presence of 50 mg nano-iron and the blank control
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Fig. 4. p-nitrophenol standard curve (a) and diagram of the maximum absorption wavelength change of Fe NPs catalyzed degra-

dation of p-nitrophenol (b).
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Fig. 5. The self-degradation chart of p-nitrophenol (a), catalytic degradation of p-nitrophenol by Fe NPs (b), reaction rate plot of Fe

NP degrades p-nitrophenol (c).
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is 4-NP solution without adding Fe NPs. Again, it can be
seen that the self-degradation rate of 4-NP is close to zero
within 4 h indicating that 4-NP does not undergo self-deg-
radation under the experimental condition, and the degra-
dation rate tends to be stable after 60 min, so it can be con-
sidered that the reaction has been complete in this period.
The iron nanoparticles degrade 74% of 15 mg/L p-nitrophe-
nol within 60 min, compared with literature [47,48], it has
a higher degradation rate. This material has great pros-
pects in degrading organic pollution.

The degradation rates of p-nitrophenol in 5, 10, 20, 40,
60, 80, and 100 min are 32%, 44%, 65%, 72%, 74%, 74%, and
75%, respectively. The degradation of 4-NP with Fe NPs is
a solid-liquid interphase reaction. Therefore, the experi-
mental data can be fitted using a first-order reaction model;
In(c/a) = kt, where ¢ and a (mg/L) are the concentrations of
the residual 4-NP solution in the system and the initial con-
centration of the 4-NP solution before the catalytic degrada-
tion in the presence of Fe NPs carried out for time f, and
k is the rate constant. In(c/a) has a linear relationship with
t. When In(c/a) is plotted on the y-axis and time t on the
x-axis, the slope shows the rate constant. It can be seen from
Fig. 5c that the experimental data can be well fitted to the
first-order reaction model, with a correlation R? of 0.9036,
and rate constant k of — 0.01202.
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3.6. Degradation effect analysis of 4-NP under different conditions

Fig. 6a shows that the degradation rate and the final
degradation of 4-NP are much better in oxygen-poor
water. This suggests that the mechanism direct reduction
is involved in the 4-NP breaking with Fe NP rather than
indirect oxidation.

From Fig. 6b, it is understandable that the activity of Fe
NP increases in the presence of Cu* ions while other three
metals significantly reduce the activity of iron nanoparti-
cles. The reason is that one of the conditions that constitute
the battery is that there are two electrodes with different
activities. Manganese, zinc, and iron are all active metals,
so zinc and manganese are difficult to form electrochemi-
cal micro batteries on the surface of nano-iron, which hin-
der the transfer of electrons, thereby reducing the activity of
iron nanoparticles to degrade 4-NP. In contrast, when Cu? is
added to the system, Fe NP reduces Cu* ions to elemental
copper thereby forming an electrochemical microcell on the
surface of the Fe NP which promotes electron transfer and
improves the activity of Fe NP for the degradation of 4-NP.

As shown in Fig. 6¢, when the doped Cu* concentra-
tion is 3 mmol/L, the degradation rate of 4-NP by Fe NP
is the highest, and the degradation of 4-NP in 4 h reaches
83.55%. When the Cu* concentration is too low or too high,
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Fig. 6. Degradation rate of p-nitrophenol over Fe NP under hypoxic and oxygen-rich conditions (a), in the presence of different

metal ions (b), and at different concentrations of copper ions (c).
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the degradation rate is lower. The reason may be when the
Cu?" concentration is too low, the reduction of copper ions
by Fe NP is too low to form a micro-battery on the surface
of most Fe NPs. This weakens the electron transfer and
reduces the activity of Fe NP to degrade 4-NP. When the
Cu? concentration is too high, too much Fe NP is consumed
resulting in a decrease in the amount of catalyst to slow
down the degradation process.

3.7. Mechanism of Fe NP catalytic reduction of 4-NP

In recent years, the abuse and discharge of organic pollut-
ants have posed a serious threat to the organisms and envi-
ronment. p-nitrophenol, also known as 4-nitrophenol, is an
organic compound with the chemical formula CH,NO,. It
is a colorless to yellowish crystalline powder, soluble in hot
water, ethanol, ether, and chloroform, and mainly used as an
intermediate for fine chemicals such as pesticides, pharma-
ceuticals, dyes, etc. Because of its high stability and difficult
biodegradation, researchers have paid extensive attention to
finding efficient ways to remove 4-NP from water. To resolve
the pollution caused by 4-NP in the water environment
effectively, many chemical methods for degrading antibiot-
ics, such as external current and strong oxidants, began to
appear in the eyes of people, among which the room tem-
perature catalysis technology has been widely explored and
used as an efficient, low-cost, and environment-friendly
organic sewage treatment method. To make full use of cat-
alysts effectively for degrading 4-NP in water, it is urgent to
develop new materials with high catalytic activity that can
be applied in aqueous solutions.

In this work, although argon gas discharges part of the
oxygen, it belongs to the hypoxic state, but there is still oxy-
gen in the solution, Fe NP has strong reducibility, by reduc-
ing dissolved oxygen in the aqueous solution to hydrogen
peroxide that can produce hydroxyl radicals, organic pollut-
ants can be degraded. For acidic 4-NP solution, the following
two possible mechanisms are proposed based on exper-
imental results. First, through double electron transport
in more acidic solutions, dissolved oxygen can be reduced
to hydrogen peroxide (H,O,) by Fe NPs, and the resulting
H,O, can be reduced to water by Fe NPs. Catalyzed by Fe?,
H,0, produces strongly reactive oxidizing substances such
as hydroxyl radicals (*OH). It can effectively catalyze the
degradation of organic contaminant 4-NP [49]. In addition,
elemental iron can also generate iron hydroxides in water,
which have a flocculating effect on pollutants, can adsorb
some pollutants, and achieve the purpose of degrading
4-NP pollutants.

Fe® +0, +2H" —» Fe’" + H,0, )
Fe® + H,0, + 2H" — Fe?* +2H,0 @)
Fe* +H,0, —» Fe’* +*OH+ OH" 3)

4. Conclusion

In this work, Fe NPs with high purity and crystallinity
were successfully prepared by the liquid phase reduction

method. Through experimentation, it was found that the
absorbance and concentration of 4-NP solution in the range
of 1~20 mg/L were well linearly fitted, and the correlation
coefficient was R? = 0.9991. The catalytic degradation results
showed that 4-NP did not degrade itself, and when Fe NP
was added, the degradation of 4-NP reached completion in
60 min with a degradation efficiency of 74%. In addition, this
experiment also explored the degradation rate of 4-NP in dif-
ferent water bodies, in the presence of different interfering
ions at different concentrations and concluded that when
the environment was hypoxic and the doped Cu* concen-
tration was 3 mmol/L, the degradation efficiency of Fe NPs
for 4-NP was the highest, reaching about 84%.
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