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Nitrophenol is one of the most highly
toxic heavy pollutants in the environment.
It has a slow degradation rate, and is
harmful to humans even at low concentra-
tions. Therefore, it is crucial to detect ni-
trophenol quickly, easily, and accurately.
In this study, the nitrophenol isomers
(o-nitrophenol, m-nitrophenol, and p-ni-
trophenol), in solid and liquid phases with
methanol or acetone as the solvent, were
investigated using Raman spectroscopy.
The characteristic Raman peaks of nitro-
phenol isomers were observed. In addi-
tion, the intensities of the corresponding
Raman peaks for nitrophenol isomers
in the liquid phase with methanol or ac-
etone as solvent at different concentra-
tions (0.3%, 0.6%,1.2%, 1.8%, 2.4%, 3.0%,
and 3.6%) were analyzed. It revealed
that the intensities increased when the
concentrations increased, and the four
corresponding linear correlation coeffi-
cients between intensities and concen-
trations were greater than 0.99. Further-
more, the fitted linear relationships were
verified by nitrophenol isomers in the
liquid phase with methanol or acetone
as the solvent at known concentrations
(0.9%, 1.5%, 2.1%, 2.7%, and 3.3%),
and the average deviations between
the measured data and the known
values were 4.94%, 2.69%, 4.37%,
and 1.86%, respectively.
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itrophenol isomers (o-nitrophe-

nol, m-nitrophenol, p-nitrophenol)

are widely used as analytical re-
agents or intermediates for a variety of
chemicals (for example, in pesticides, med-
icines, and dyes). Hence, a large amount
of nitrophenol isomers in wastewater and
gas is discharged into rivers and the atmo-
sphere. Because nitrophenol isomers are
highly toxic and have a slow degradation
rate (1,2), they are listed as priority control
pollutants by the United States Environ-
mental Protection Agency (EPA), and their
concentrations in natural water bodies
should be controlled (3). Therefore, devel-
oping simple and reliable determination
methods for nitrophenol isomers is crucial
to protecting people and the environment.
Alot of research has been carried out to
investigate nitrophenol isomers. Hofmann
and others (4) qualitatively determined p-
nitrophenol and 2,4-dinitrophenol in cloud
water at low concentrations by high per-
formance liquid chromatography-mass
spectrometry (HPLC-MS). Dou and oth-
ers (5) measured p-nitrophenol and other
nitrobenzene compounds by combining
dispersive solid-phase extraction (SPE)
and HPLC, but these techniques are both
complex and expensive. Rahman and oth-
ers (6) detected p-nitrophenol in a phos-
phate buffer phase with an electrochemi-
cal sensor. Li and others (7) measured
o- and p-nitrophenol in aqueous samples
by preparing reduced graphene oxide-
cyclodextrin-chitosan (RGO-CD-CS) sen-

sors, but the fabrication requirements of
these sensors are very strict. Xu and others
(8) developed a fluorescence sensor with
hybrid magnetic cadmium telluride to de-
tect p-nitrophenol, and a linear relationship
between relative fluorescence intensities
and concentrations of p-nitrophenol was
obtained. However, the measurement
accuracy of the sensor was influenced by
fluorescence quenching. Manuvesh and
others (9) determined that the wide ab-
sorption band of nitrophenol was at 345
nm, and the absorption cross sections
of nitrophenol were obtained within the
range of 295~400 nm by cavity attenua-
tion spectroscopy, but qualitative analysis
of nitrophenol cannot be achieved.
Because each molecule has an unique
Raman spectrum, Raman spectroscopy
in recent years has been widely applied
in the fields of medicine, food safety, and
environmental pollution monitoring (10-12)
owing to the advantages of its noninvasive,
real-time, label-free, and fast response. Chi
(13) investigated the molecular vibration
modes of 2,4-dinitrophenol in polycrystal-
line phase by Fourier transform (FT)-Ra-
man spectroscopy. Zhang and others (14)
compared the Raman scattering enhance-
ment effects of trinitrophenol by synthesiz-
ing different types of nanoparticles. In this
study, the nitrophenol isomers in both the
solid and liquid phase with methanol or
acetone as the solvents were investigated
using Raman spectroscopy. In addition, the
relationships between the intensities and
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FIGURE 1: Self-built Raman spectrometer, using 785 nm
diode laser excitation.

concentrations of the corresponding Raman peaks for nitrophenol
isomers in liquid phase were explored.

Experimental Results and Discussion

Experimental Setup and Sample Preparation

The self-built Raman spectrometer (15) (Figure 1) developed
in our previous work was employed here. A diode laser at 785
nm excitation was employed as the light source, and its out-
put power was 50 m\W. The spectral resolution of spectrometer
(iIHR320) was 0.8 cm™. The detected spectra were recorded with a
1200 g/mm grating. The operating temperature of the charged-
coupled detector (CCD) detector (Horiba) was 203 K. To improve
the signal-to-noise ratio (S/N) of the spectrometer, the integra-
tion time was set at 10 s, with the number of accumulations set
to four times. Each sample was measured for five replicate times,
and the average spectra were processed for subsequent analy-
sis. The spectrometer was calibrated with anhydrous ethanol
before each experiment.

In the work, o-nitrophenol (purity: 99%), m-nitrophenol (pu-
rity: 99%), and p-nitrophenol (purity: 99.5%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Methanol (purity: 99.9%) and acetone (purity: 99.5%) were from
Sinopharm Chemical Reagent Co., Ltd. and Shanghai Ling-
feng Chemical Reagent Co., Ltd., respectively. Because of the
limitation of current experimental conditions in the laboratory,
nitrophenol isomers in the gas phase were not investigated in
this study. They will be examined in a future study by using near-
infrared (IR) laser absorption spectroscopy (16).

System Calibration and Stability

The self-built Raman spectrometer was calibrated daily with
anhydrous ethanol (purity: 99.6%). The Raman peak at 873
cm was attributed to the stretching vibration of C-C-O.
Figure 2 shows the Raman spectra of anhydrous ethanol for
six continuous days (D1-Dé). The overlayed spectra of anhy-
drous ethanol reveals that the spectrometer employed here
possessed good stability.
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FIGURE 2: The overlayed spectra of anhydrous ethanol
detected over six continuous days (D1-D6).
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FIGURE 3: Raman spectra of nitrophenol isomers in the
solid phase. O-nitrophenol (red), m-nitrophenol (green),
and p-nitrophenol (blue).
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FIGURE 4: (@) Raman spectra of methanol (black), metha-
nol and o-nitrophenol (red), methanol and m-nitrophenol
(green), and methanol and p-nitrophenol (blue). (b) A mixture
of 0-, m-, and p-nitrophenol with methanol as the solvent.
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FIGURE 5: (@) Raman spectra of ac-
etone (black), acetone and o-nitrophe-
nol (red), acetone and m-nitrophenol
(green), and acetone and p-nitrophenol
(blue). (b) Mixture of o-, m-, and p-nitro-
phenol with acetone as the solvent.

Nitrophenol Isomers in Solid Phase

O-, m-, and p-nitrophenol in the solid
phase were first detected by the Raman
spectrometer. The Raman spectrum
of the nitrophenol isomers in the solid
phase in the range of 1120~1500 cm"!
are shown in Figure 3. Previous research
(14,17) showed that the Raman peaks at
1134, 1167,1232, 1268, and 1279 cm™ were
attributed to the deformation of C-H.
The Raman peaks at 1333 and 1343 cm”’
were caused by the asymmetric stretch-
ing vibration of the nitro group, and the
Raman peak at 1430 cm™ was attributed to
the symmetric stretching vibration of the
nitro group. The study revealed that the
Raman peaks at 1134 and 1232 cm™ were
found in the spectrum of o-nitrophenol.
The Raman peaks at 1268 and 1343 cm”’
were obtained in the spectrum of m-nitro-
phenol, and the Raman peaks at 1167, 1279,
1333, and 1430 cm™ were determined in
the spectrum of p-nitrophenol. Based on
these characteristic Raman peaks, nitro-

phenol isomers in the solid phase can
be identified.
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FIGURE 6: (a) Raman spectra of m-nitrophenol in the liquid phase with methanol as
the solvent, and (b) linear fit between Raman intensities and concentrations. (¢c) Ra-
man spectra of p-nitrophenol in the liquid phase with methanol as the solvent, and (d)
linear fit between Raman intensities and concentrations. (e) Raman spectra of o-ni-
trophenol in liquid phase with acetone as solvent, and (f) linear fit between Raman in-
tensities and concentrations. (g) Raman spectra of p-nitrophenol in liquid phase with

acetone as solvent, and (h) linear fit between Raman intensities and concentrations.
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Nitrophenol Isomers in Liquid
Phase with Methanol as the Solvent
O-, m-, and p-nitrophenol in the liquid
phase with methanol as the solvent at a
mass fraction of 0.3% were separately in-
vestigated. As shown in Figure 4a, a Raman
peak at 1343 cm™' was observed in the
Raman spectrum of m-nitrophenol in the
liquid phase, and it was consistent with
the peak shown in Figure 3. The Raman
peak at 1333 cm™ was also found in the
Raman spectrum of p-nitrophenol in the
liquid phase, and it also matched well
with the Raman peak in the solid phase.
Furthermore, the mixture of o-nitrophe-
nol, m-nitrophenol, and p-nitrophenol
with methanol at a mass fraction of 0.9%
was measured. As shown in Figure 4b,
the Raman peaks at 1343 and 1333 cm"'
attributed to m-nitrophenol and p-nitro-
phenol were also observed and aligned
with the results shown in Figure 4a.

Nitrophenol Isomers in Liquid
Phase with Acetone as Solvent

O-, m- and p-nitrophenol in the liquid
phase with acetone as the solvent at a
mass fraction of 0.3% were separately
investigated. As shown in Figure 5a, the
Raman peak at 1134 cm™" was observed
in the Raman spectrum of o-nitrophe-
nol in the liquid phase, and it was
consistent with the Raman peak in the
solid phase shown in Figure 3. Raman
peak at 1333 cm™' was observed in the
Raman spectrum of p-nitrophenol in
the liquid phase, and it matched well
with the Raman peak shown in Figure 3.
Meanwhile, the mixture of o-nitrophe-
nol, m-nitrophenol, and p-nitrophenol
with acetone at a mass fraction of 0.9%
was measured. As shown in Figure 5b,
the Raman peaks at 1134 cm™ and 1333
cm! attributed to o-nitrophenol and
p-nitrophenol were observed, and it
matched well with the results shown in
Figure 5a.

To summarize the findings, it was
found that corresponding Raman
peaks can be observed for m-nitro-
phenol and p-nitrophenol in the liquid
phase with methanol as the solvent,
and o-nitrophenol and p-nitrophenol
in the liquid phase with acetone as the
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solvent, respectively. These four char-
acteristic Raman peaks (1343 cm™' of
m-nitrophenol with methanol as sol-
vent, 1333 cm™" of p-nitrophenol with
methanol as solvent, 1134 cm™ of o-
nitrophenol with acetone as solvent,
and 1333 cm™ of p-nitrophenol with
acetone as solvent at 1333 cm™") were
used for subsequent analysis.

Relationship Between Intensities

of Corresponding Raman

Peaks and Concentrations for
Nitrophenol Isomers in Liquid Phase
The intensity of Raman scattering, |
can be expressed as:

Raman’

I = EON”

Raman

do-Raman
T dQu

where E is the incident light intensity;
N is the concentration; 7 is the optical
efficiency of the measurement system;
dog,..../dQ is the differential scattering

cross sections; dQ) ., is the receiving solid
angle; and Vis the volume. Here, when
the external environment remains stable
and the volume is fixed, the intensity of
Raman scattering is linearly dependent on
the concentration.

M- and p-nitrophenol in liquid phase
with methanol as the solvent at different
concentrations (0.3%, 0.6%, 1.2%, 1.8%,
2.4%, 3.0%, and 3.6%), and o- and p-ni-
trophenol in the liquid phase with acetone
as the solvent at different concentrations
(0.3%, 0.6%, 1.2%, 1.8%, 2.4%, 3.0%, and
3.6%) were measured. As shown in Figure
ba-h, the intensities of corresponding
Raman peaks (1343, 1333, 1134, and 1333
cm) increased along with the increasing
concentrations. The linear relationships
between the intensities and concentra-
tions were found, the corresponding lin-
ear correlation coefficients were 0.9965,
09971, 0.9933, and 09971, respectively.
The detection limits of concentrations
for m-nitrophenol and p-nitrophenol in
the liquid phase with methanol as the
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solvent, and o-nitrophenol and p-nitro-
phenol in the liquid phase with acetone
as the solvent were 0.10%, 0.03%, 0.07%,
and 0.20%, respectively.

Validation

To verify the accuracy of four fitted linear
relationships between Raman intensities
and concentrations, nitrophenol isomers
in the liquid phase with methanol or ac-
etone as the solvent at known concentra-
tions (0.9%, 1.5%, 2.1%, 2.7%, and 3.3%)
were investigated, and the measured
concentrations calculated by the fitted
linear relationships were compared with
the known concentrations. As observed
in Figure 7a—d, the circle symbol repre-
sents the known values of concentra-
tions, and the triangle symbol represents
the measured values of concentrations. It
revealed that these measured values of
concentration were in good agreement
with the known values, and average de-
viations were 4.94%, 2.69%, 4.37%, and
1.86%, respectively.
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FIGURE 7: Comparison of known values and measured data of concentrations
of nitrophenol isomers in liquid phase. (a) m-nitrophenol with methanol as
solvent; (b) p-nitrophenol with methanol as solvent; (¢) o-nitrophenol with
acetone as solvent; and (d) p-nitrophenol with acetone as solvent. The blue
triangle is measured value (%), and the black square is the known value (%).

Conclusions

In this paper, the nitrophenol isomers
in solid phase and in liquid phase with
methanol or acetone as solvent were
investigated by Raman spectroscopy.
It showed that several Raman peaks of
nitrophenol isomers, except o-nitrophe-
nol with methanol as the solvent and m-
nitrophenol with acetone as the solvent,
can be obtained. Meanwhile, m-nitro-
phenol and p-nitrophenol in the liquid
phase with methanol as the solvent,
and o-nitrophenol and p-nitrophenolin
in liquid phase with acetone as the sol-
vent at different concentrations (0.3%,
0.6%, 1.2%, 1.8%, 2.4%, 3.0%, and 3.6%)
were investigated. It revealed that the
intensities of four corresponding Raman
peaks increased with the increasing
concentrations linearly, and the four
linear correlation coefficients between
intensities and concentrations were
greater than 0.99. In addition, the fitted
linear relationships were verified by ni-
trophenol isomers in liquid phase with
methanol and acetone as the solvent at
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known concentrations (0.9%, 1.5%, 2.1%,
2.7%, and 3.3%), and it was found that
the measured concentrations aligned
with the known values, and average
deviations between the measured
data and the known values were 4.94%,
2.69%, 4.37%, and 1.86%, respectively.
This study provides a foundation for
determining nitrophenol isomers in
environmental monitoring.
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