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ABSTRACT: To minimize the use of the chemicals that have traditionally
been needed to treat toxic organic compounds, a WO3 electron exchange
matrix (EEMWO3), which requires fewer chemical solvents in line with green
chemistry engineering principles, was developed for waste degradation. The
EEMWO3 was tested for its ability to remove 4-nitrophenol and 2-nitrophenol,
which were chosen as models for common oxidizing toxic compounds. The
nitrophenol was added in an initial amount of 7.19 × 10−5 mol, which is a
larger concentration than that reported to cause health problems. The
conversion values were ∼(10−50)%, depending on the type of EEMWO3 and
on the substrate used. Ca. 10% of the WO3 units in the matrix were observed to
be reduced by BH4

− to W(V), a value that is orders of magnitude better than
that previously reported for EEM. The results indicate that the structure and
the surface area of the EEMWO3 are important parameters in the degradation
process. The monoclinic hydrotungstite (WO2(OH)2·H2O) was the reactive species. The same parameters also affected the
recyclability of the process, and three cycles were possible with the commercial WO3. The tungsten oxide functioned as an active
EEM without an entrapped redox species and as a skeleton, indicating that one does not have to worry about the number of active
species that can be entrapped in the matrix. It can be concluded that EEMWO3 is an efficient treatment method for toxic, oxidizing
organic compounds and that it is a greener method whose use requires fewer chemicals than conventional methods.

1. INTRODUCTION
The electron exchange columns (EECs) introduced in the
1950s by Cassidy1 comprised a solid packing matrix with a
bound redox agent that can oxidize or reduce one or more
substrates that flow through the column without releasing the
entrapped redox moiety to the solution.1−4 Although the redox
system designed by Cassidy was fundamentally unstable, the
entrapment behavior exhibited by EECs can facilitate the
heterogenization and performance under a flow condition of
useful redox reactions that are relevant to a broad range of
industrial and environmental remediation processes.2−5 The
development of highly active but stable EECs for heteroge-
neous redox reactions will streamline several industrial
processes, thus bringing them in line with the green chemistry
principles of reductions in the amount of energy needed to
drive the process and in the reliance on solvents. In addition, it
will also enable flexible chemical manufacturing based on
customer demand, an emerging feature of the new chemical
industry. The chemical industry could produce many environ-
mental pollutants such as heavy metals,6−8 spilled oils,6 and
organic compounds.9−14 Halogenated organic com-
pounds,15−21 nitroaromatic compounds,22−30 azo
dyes,22,31−36 and inorganic pollutants such as bromate,4,37,38

nitrate39−42 and nitrophenols43−46 can be treated by photo-

catalytic degradation and redox reactions to obtain environ-
mentally safe products.
Ideally suited to the field of green chemistry, EECs exploit

redox reagents that are immobilized within the columns, and as
such, they do not contaminate the redox product. They
eliminate the need for the typically used, energy-intensive
separation processes; in some cases, no solvents are
required.2−5,47,48 The heterogeneous electron transfer process
will thus enable pollutant degradation without any need for a
separation step. Efficient EECs could thus treat pollutants via
an environmentally benign process that does not generate
secondary pollutants and that meets the requirements of a
green treatment.4,47 Recently, Cohen et al.47 found that the
sol−gel electron exchange matrix (EEM, i.e., the solid packing
matrix of the EEC) plays a dual role as the host of the redox
species and as an oxidant species itself that is involved in the

Received: September 14, 2024
Revised: February 26, 2025
Accepted: March 3, 2025
Published: March 13, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

10878
https://doi.org/10.1021/acsomega.4c08455

ACS Omega 2025, 10, 10878−10890

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lior+Carmel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiran+Aharon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Meyerstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yael+Albo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lonia+Friedlander"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dror+Shamir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariela+Burg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ariela+Burg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c08455&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/11?ref=pdf
https://pubs.acs.org/toc/acsodf/10/11?ref=pdf
https://pubs.acs.org/toc/acsodf/10/11?ref=pdf
https://pubs.acs.org/toc/acsodf/10/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c08455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


oxidation process of para chloro aniline to reduce its
concentrations in wastewater streams.47

In the current study, to develop greener EEMs that require
significantly fewer chemicals for their operation, thereby
meeting green chemistry engineering principles, we prepared
sol−gel matrices based on tungsten oxides (WO3), which have
attracted increased attention for their applicability in organic
synthesis, photocatalysis, and electrochemistry.49−52 In most
cases, WO3 has been widely used as a catalyst in photocatalytic
applications53−55 (a band gap of 2.5−2.8 eV56). However, the
structure and synthesis of WO3 catalysts are complex due in
part to the need to combine the WO3 in composite materials in
the final catalytic structure to increase its catalytic activity. For
example, WO3/Ag2CO3,

57 WO3/TiO2 nanofibers,58 and
ZIF67/N,P-WO3

53 were used to degrade rhodamine B,
methylene blue, and levofloxacin, respectively.
WO3 was chosen as the basis for the EEM to develop

cheaper and more efficient EEMs. Our results indicate that the
n(electrons)/n(WO3) ratio is orders of magnitude larger than
those previously reported in works that used POM
([PW12O40]3−)3 entrapped in silica sol−gel matrices. The
synthesis process of EEMWO3 is simple (it can also be easily
commercialized), and because it can be reduced to its lower
oxidation states, it is suitable for use as a reducing EEM besides
entrapping an expensive active species that are not commercial,
like EEMPOMs.3 WO3 is also known to be stable in acidic and
oxidizing environments,59 an important feature for catalytic
degradation processes. The finding that tungsten oxide can
function as an active EEM in the absence of entrapped redox
species, therefore, is significant and can be exploited to
markedly streamline the degradation process, in which the
tungsten oxide plays a dual role both as a skeleton and as the
redox species. This feature confers WO3, a marked advantage
that distinguishes it from other EEMs, in which a limited
amount of active species can be entrapped in the matrix. In the
case of WO3, however, which plays a dual role in the EEM as
both a matrix and also as a redox species, this may increase the
electronic yield and, therefore, the efficiency of the treatment
process.
Therefore, for such efficient EEMs a pure material that has a

stable reduced or oxidized oxidation state and can be
synthesized with a large surface area is needed. WO3 is
known to have a blue-reduced stable oxidation state.60 Also, it
is known that a sol−gel matrix features can be easily controlled
according to the needs;48 therefore, the sol−gel process was
chosen for the EEEWO3 synthesis (the process involves the
hydrolysis and condensation of metal alkoxide precursors to
produce a porous matrix,7,31,61,62 which forms porous matrices
with a large surface area.48,62 In principle, one also could use
for the reduction is MoO3 particles, but its reduced form is a
weaker reducing agent than the reduced form of WO3.
Therefore, we have chosen WO3 for this study. The matrix was
then reduced with NaBH4 to obtain the reduced form of the
matrix, after which the substrate, 4-nitrophenol (PNP) or 2-
nitrophenol (ONP), was added to the system. Nitrophenols
were chosen because they are common toxins in waste (0.002
mg/L of PNP in drinking water causes severe health problems;
because of their toxicity, nitrophenols have been listed as
among the worst industrial pollutants by the US Environ-
mental Protection Agency).43−46 Moreover, their stable
structure renders them difficult to degrade, even at low
concentrations. According to a report by the National Bureau
of Statistics, 5432.25 tons per 70 billion tons of industrial

wastewater in China have been polluted by phenol
compounds, among which nitrophenols are included.43

Therefore, the development of different methods to treat
them in industrial settings, before they reach water sources, is
important.63−65 Most such methods in use today rely on
heterogeneous catalysts, whose synthesis is complex. The use
of the easily synthesized WO3 as an EEM, therefore, could
streamline the process. The results of this study indicate that
certain features of the WO3, especially its structure, affect the
PNP and the ONP degradation processes.
The main objective of the current study was to apply, in

practice, green engineering principles and to exploit the unique
features of EEMWO3 to develop an efficient, cheap, and simple
treatment technique for toxic compounds, such as nitro-
phenols, that meets the standards of green engineering. The
study’s outcomes can contribute to the green engineering field,
especially in the treatment of toxic compounds, as our initial
results with nitrophenols indicate. Moreover, our treatment
method can be applied to treat toxic industrial wastewater
before it leaves the factory.

2. EXPERIMENTAL SECTION
2.1. Materials. Analytical grade reagents were purchased

from Sigma-Aldrich: nitric acid, sodium tungstate dihydrate,
citric acid mono hydrate, sodium phosphate, anhydrous
sodium phosphate dibasic, hydrochloric acid, sodium hydrox-
ide, 4-nitrophenol (PNP), 4-aminophenol (PAP), 2-nitro-
phenol (ONP), 2-aminophenol (OAP), sodium borohydride,
acetonitrile, formic acid. Argon was purchased from Maxima.
Commercial WO3 was purchased from Apollo Scientific.
All solutions were prepared using deionized water that was

purified by filtering it through a Milli-Q Millipore setup with a
final resistivity >10 MΩ̇·cm.

2.2. Stages of the Study. (1) WO3 particles (symbolized:
EEMWO3) were synthesized according to a sol−gel
procedure66 (Figure 1a). The full description of the synthesis
is in Section S1. (2) 2.16 × 10−3 mol EEMWO3 was mixed
with water under Ar atmosphere for 10 min (at pH 3 or 10,
Figure 1b). (3) 7.93 × 10−4 mol NaBH4 was then added to the
mixture to obtain the reduced form of the matrix during
mixing. The NaBH4/EEEMWO3 ratio equals 0.37, and
considering the number of the electrons which NaHB4 could
give, it equals 2.9 ((NaBH4/EEEMWO3)X8). Therefore, there
is an excess of reductive material. Next, the vile was
surrounded by ice (in order to decrease the rate of the water
reduction) and deaerated with Ar for 2 h, during which the
color of the matrix changed from yellow to blue (Figure 1c).
(4) The reduced matrices were mixed for 24 h with PNP (7.19
× 10−5 mol) or ONP (7.19 × 10−5 mol) solution (at room
temperature), and the color of the mixture changed again from
blue to yellow (Figure 1d). (5) Lastly, the matrices were
separated from the reaction solutions by filtration, and the
filtrates were injected into a high-performance liquid
chromatograph (HPLC). The experiments were done with
WO3, which was synthesized EEMWO3, and with a
commercial WO3 (symbolized: EEMWO3-Com). The degra-
dation process was done in a close vile that was not opened
between the stages but only between the cycles.
The synthesized and the commercial EEMWO3 particles

were characterized before and after the process by scanning
electron microscopy (SEM), X-ray diffractometry (XRD), X-
ray photoelectron spectroscopy (XPS), and Brunauer−
Emmett−Teller (BET) analysis.
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2.3. Scanning Electron Microscopy (SEM). SEM FEI,
Thermo Fisher Scientific (various 460L, 161 Hillsboro,
Oregon, United States), and energy-dispersive X-ray spectros-
copy (EDS) X-MaxN 80 (Oxford Instruments, Oxford,
Britain) instruments were used to characterize the morpho-
logical surfaces of EEMWO3 before and after its reactions with
NaBH4 and after its reaction with substrate.

2.4. X-Ray Diffractometry (XRD). Samples were charac-
terized by the X-ray powder diffraction method by using a
Panalytical Empyrean II multipurpose diffractometer (Pan-
alytical B.V., Almelo, The Netherlands) equipped with a
position sensitive X’Celerator detector. Data were collected in
Bragg−Brentano (θ/2θ) geometry using a Cu Kα radiation (λ
= 1.54178 Å) source at 40 kV and 30 mA. Crystallographic
structural and phase identification analysis of WO3 and related

hydrated phases was performed using the Match! crystallo-
graphic analysis software (version 2.1.1) and coupled with the
International Center for Diffraction Data (ICDD) Powder
Diffraction File (PDF-4+) database (2022). The PowderCell
program suite (version 2.4) was then used to perform Rietveld
structure refinement and to produce unit cell diagrams. The
synthesized and the commercial WO3 were characterized, and
their structures were shown to fit those published in the
literature.67,68

2.5. X-Ray Photoelectron Spectroscopy (XPS). An X-
ray photoelectron spectrometer ESCALAB -Xi+ ultrahigh
vacuum (1 × 10−9 bar) apparatus with an Al Kα X-ray source
and a monochromator was used to collect XPS data. The X-ray
beam size was 500 μm, and survey spectra were recorded with
a pass energy (PE) of 150 eV, and high energy resolution

Figure 1. (a) EEMWO3 powder, (b) 1.08 × 10−3 mol EEMWO3 with water, (c) 1.08 × 10−3 mol EEMWO3 after addition of 2.64 × 10−4 mol
NaBH4, (d) 1.08 × 10−3 mol EEMWO3 after addition of 2.64 × 10−4 mol NaBH4 and mixing 24 h with 7.19 × 10−6 mol PNP at pH 3. Photograph
courtesy of Lior Carmel.

Figure 2. Chromatographs of solutions before and after treatment. (a) 1.0 × 10−4 M PNP, 4.0 × 10−4 M PAP, PNP at pH 3 after treatment. The
treatment included mixing 2.64 × 10−4 mol NaBH4 with 1.08 × 10−3 mol EEMWO3 and 1.0 × 10−4 M PNP at pH 3. (b) 9.0 × 10−5 M ONP, 9.0 ×
10−5 M OAP, ONP after treatment, which included mixing 2.64 × 10−4 mol NaBH4 with 1.08 × 10−3 mol EEMWO3 and 9.0 × 10−5 M ONP at pH
3.
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spectra were recorded with a PE of 20 eV. To correct for
charging effects, all spectra were calibrated relative to a carbon
C 1s peak positioned at 284.8 eV. The atomic ratios were
calculated from the peak intensity ratios and the reported
atomic sensitivity factors.

2.6. BET (Brunauer−Emmett−Teller) Analysis. The
tested matrices underwent surface area analyses by using a
Quantachrome NOVAtouch LX3 surface analyzer (N2 at 77

K). The measurements were carried out using nitrogen gas
(99.999% pure, from Maxima), and the specific surface areas
were calculated according to the BET curve.

2.7. High Performance Liquid Chromatography
(HPLC). The reactants and the products concentration were
measured by HPLC (Jasco XLC-3059AS) with a C18 4E
column. The mobile phase contains 50% acetonitrile, 50%
deionized water and 0.1% formic acid. The HPLC injection

Figure 3. Conversion, % decrease of PNP/ONP concentration, and electronic yield of PNP and ONP. (a) and (b) 2.16 × 10−3 mol EEMWO3 was
mixed for 2 h with 7.93 × 10−4 mol NaBH4 ((NaBH4/EEMWO3)X8 = 2.9) and then mixed for 24 h with 7.19 × 10−5 mol PNP/ONP at pH 3 or
10. (c) and (d) 2.16 × 10−3 mol EEMWO3-Com was mixed for 2 h with 7.93 × 10−4 mol NaBH4 ((NaBH4/EEMWO3)X8 = 2.9) and then mixed
for 24 h with 7.19 × 10−5 mol PNP/ONP at pH 3 and 10.

Figure 4. BET measurements of EEMWO3 and EEMWO3-Com.
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conditions were 40 μL sample volume and a flow rate of 1 mL/
min. The HPLC measurements were done at 280 nm, which

was determined by the spectra of PNP, PAP, ONP, and OAP
(Figure S1).

Figure 5. XPS results − the experiments were done with 1.08 × 10−3 mol EEMWO3, 2.64 × 10−4 mol NaBH4, 1.80 × 10−6 mol PNP/ONP at pH
3. (a) EEMWO3, (b) EEMncWO3 after NaBH4 addition, (c) EEMWO3 after NaBH4 and PNP addition, (d) EEMWO3 after NaBH4 and ONP
addition. It is important to note that each XPS measurement is a different EEMWO3 sample (the sample was not measured from the beginning of
the process to the end with the same dose of EEMWO3). The energy values of the peaks fit those that are reported in the literature.

77,78

Figure 6. XPS results−the experiments were done with 1.08 × 10−3 mol EEMWO3-Com, 2.64 × 10−4 mol NaBH4, 1.80 × 10−6 mol PNP/ONP at
pH 3. (a) EEMWO3-Com, (b) EEMWO3-Com after NaBH4 addition, (c) EEMWO3-Com after NaBH4 and PNP addition, (d) EEMWO3-Com
after NaBH4 and ONP addition. The energy values of the peaks fit those that are reported in the literature.

77,78

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08455
ACS Omega 2025, 10, 10878−10890

10882

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08455/suppl_file/ao4c08455_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. RESULTS AND DISCUSSION
Two common toxic compounds that are soluble in water were
chosen to develop an EEM for a toxin degradation process: p-
nitrophenol (PNP) and o-nitrophenol (ONP). After mixing
the reagents as described in the Materials and Methods
section, the mixture was filtered at the end of the degradation
process, and the filtrate was injected into the HPLC. The
results show that after the degradation process, the amount of
PNP/ONP decreased, and product peaks appeared (Figure 2).
Control experiments indicated that neither PNP nor ONP
reacted with either WO3 or BH4

−, as each is alone in the
solution (Figure 2). According to previously published
work69,70 and the HPLC result of this study, the products
for PNP degradation were 4-aminophenol (PAP) and
acetaminophen, while for ONP degradation, the product was
2-aminophenol (OAP).
The conversion and electronic yield of the degradation

processes of PNP and ONP at the two pH values that were

studied (pH 3 and 10) are similar (Figure 3). The conversion
and the electronic yield are defined in Section S2. Photo-
activation and electrochemistry methods are common ways to
achieve WO3 activation.

71 In the current study, the reduction
of EEMWO3 was done by NaBH4. WO3 is a known catalyst for
water reduction by NaBH4,

60 which could be a parallel and
competitive reaction with PNP/ONP reduction.
The occurrence of this parallel but competitive reaction may

at least partially explain the obtained conversion results of
around 10−50%, depending on the EEMWO3 type (synthe-
sized/commercial) and the substrate (PNP/ONP). The
conversion values of catalytic processes reported in the
literature are higher,43,72−75 Table S1. It is important to note
that the present study is focused on EEM, and the published
studies are catalytic systems. Also, each EEM’s capacity
depends on the amount of material used to build the EEM,
Figure S2.

Figure 7. XRD of the EEM materials before and after the addition of the selected toxins (substrates). (a) Phase changes of the synthesized
EEMWO3. (b) Phase changes of the EEMWO3-Com. The experiments were done with 1.08 × 10−3 mol EEMWO3/EEMWO3-Com, 2.64 × 10−4

mol NaBH4, 1.80 × 10−6 mol PNP/ONP at pH 3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08455
ACS Omega 2025, 10, 10878−10890

10883

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08455/suppl_file/ao4c08455_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08455/suppl_file/ao4c08455_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08455/suppl_file/ao4c08455_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08455?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, the results indicate that this system enables a
much larger ratio of electrons per mole WO3 (the ratio is
defined in Section S2 of) compared to that in EEMPOM
systems, i.e., 0.1 and (0.0005−0.003) for EEMWO3 and
EEMPOM, respectively. This value was calculated without the
assumption that the reaction occurs only on the surface of the
EEMWO3, which is assumed to be the case, and as such, not all
of the tungsten participates in the process. Thus, the electrons
per mole WO3 ratio, an important parameter in degradation
processes that occur during redox processes, is relatively high.
The degradation of PNP was expected to be higher76

because of the steric hindrance in ONP, but that was not the
case. The higher degradation observed instead for ONP may
be due to the less positive electronic density of the ONP
nitrogen, thus rendering it more attractive to the WO3 for
electron transfer and causing it to bind more strongly to the
WO3 surface.
Although the synthesis of EEMWO3 is simple,66 a

EEMWO3−Com reagent was also studied as a potential
EEMWO3 for comparison. The results of the comparison show
that the conversion with the synthesized EEMWO3 was larger
than that with EEMWO3−Com.
Recent results indicate that the conversion process may be

affected by the structure of WO3 in a manner similar to that
observed in recent work, wherein the hydrated WO3 exhibited
more efficiency than its nonhydrated form as a catalyst in water
reduction.60 SEM, XPS, and XRD analyses were therefore done
before and after the EEMWO3 and EEMWO3-Com were
mixed with NaBH4 and PNP/ONP.
BET analysis results indicate that the average surface area of

EEMWO3-Com particles was smaller than that of the

synthesized EEMWO3 particles (Figure 4), which could
explain the lower conversion obtained for the former.
XPS measurements that analyze only the sample’s surface

indicate that most of the EEMWO3 was not reduced
(maximum ∼30% was reduced) (Figures 5 and 6). This
means that only part of the tungsten present on the EEMWO3
surface was reduced. The surface area of the synthesized
EEMWO3 was larger than that of the commercial variety
(Figure 4), a finding that explains the higher conversion
obtained with the synthesized EEMWO3.
According to published results,60 the structure of EEMWO3

may affect process efficiency. Therefore, XRD measurements
were done to analyze the structural differences between the
WO3-based EEMs (Figures 7 and 8). After the reaction with
synthesized EEMWO3, the dominant phase was monoclinic
hydrotungstite (WO2(OH)2·H2O, Figure 8b), while the
orthorhombic tungstite (WO3·H2O, Figure 8a) reacted and
could not be detected in the sample by XRD (Figure 7a). The
monoclinic hydrotungstite present in the synthesized
EEMWO3 material continued to react, which was evident
due to the changes in unit cell parameters and the broadening
of the XRD peaks (Figure 7, inset). In contrast, both before
and after the reaction with EEMWO3-Com, the dominant
phase was still the unhydrated, monoclinic liguowuite (WO3,
Figure 8c), which exhibited small unit cell parameter shifts that
depended on the additional reagents present (Figure 7b, inset).
The results obtained in this study are consistent with those
presented in earlier works60 in which the hydrated WO3 phases
were suggested to be more reactive and more efficient catalysts
than the nonhydrated WO3 phases. Similarly, the hydrated
synthesized EEMWO3 materials were more reactive, which led

Figure 8. Unit-cell diagrams of the identified W-oxide structures found in the tungsten catalyst samples before and after the degradation process.
(a) orthorhombic tungstite (WO3·H2O), (b) monoclinic hydrotungstite (WO2(OH)2·H2O), (c) monoclinic liguowuite (WO3).
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Figure 9. (a) Conversion, percentage decrease in PNP concentration, and (b) electronic yield of PNP − 2.16 × 10−3 mol EEMWO3 was mixed for
2 h with 7.93 × 10−4 mol NaBH4 and then mixed for 24 h with 7.19 × 10−5 mol PNP at pH 3 and 10.

Figure 10. SEM images − the experiments were done with 1.08 × 10−3 mol EEMWO3, 2.64 × 10−4 mol NaBH4, 8.00 × 10−6 mol PNP/7.19 ×
10−6 mol ONP. (a) EEMWO3, (b) EEMncWO3 after NaBH4 addition, (c) EEMWO3 after NaBH4 and ONP addition, (d) EEMWO3 after NaBH4
and PNP addition.
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to higher conversion rates than those observed for the
unhydrated EEMWO3-Com material. The synthesized
EEMWO3 also had more structural variability, and its tungstite
(orthorhombic) phase was fully converted to hydrotungstite
(monoclinic). Some conversions also happen with the
EEMWO3-Com material. The unit cell parameter shifts
suggested by the small changes to the locations of major
diffraction peaks with different reagents imply that slight
structural changes occurred as a result of the reaction with the
added PNP and ONP. Those results indicate that the
conversion depends on the structure of the active species.
Independent of the type of EEMWO3 used, the pH

decreased after water was added to the EEMWO3 during
stage 2 (Figure 1 and Table S2; see Materials and Methods for
a complete description of the stages of the experiment). This
result is attributed to the zero point of charge of the W−OH
groups on the surfaces of the EEMWO3, which was ∼4,79 i.e., it
is a weak acid.
After the addition of NaBH4 (stage 3 Figure 1), reactions 1

and 2 occurred, and blue tungsten was formed.60 This step
depends on the surface area of the EEMWO3; therefore, not all
of the tungsten was reduced.

+ + ++BH 3H O H B(OH) /BO 4H4 2 3 2 2 (1)

+ +

+ +

nBH WO H O

blue tungsten B(OH) /BO 2H
4 3 2

3 2 2 (2)

The final pH increased due to the pKa of B(OH)3
80 and to

the C6H4(OH)(NH3
+)81 that formed. The additions of PNP

and ONP lead to the formations of PAP and OAP,
respectively, which are amines whose pKa values are in the
range of 4−5.5,81 and therefore, the pH increased (stage 4,
Figure 1 and Table S2). The blue tungsten reacted via
reactions 3 and 4 with PNP and ONP, respectively.
It is possible that nitrophenols are adsorbed on the matrix,

but as the blue color disappears and aminophenol is formed, a
clear redox process occurs. At pH 3 the product, aminophenol,

is a positively charged amine that will not adsorb to the matrix.
The conversions at the two working pHs are similar, Figure 3,
so also, at pH 10, the formation of the aminophenol does not
hinder the redox process.
The key advantage of heterogeneous EEMs is their

recyclability; therefore, cycle experiments were conducted to
assess EEM reusability (Figure 9). In the first cycle, the
synthesized EEMWO3 had a larger conversion than the
EEMWO3-Com, but that tendency was reversed after the
first cycle, and no PNP degradation occurred in the presence of
the synthesized EEMWO3. Each cycle led to reductions in the
amount of synthesized EEMWO3 because some of the material
was lost during the washing between the cycles. This finding
that material is lost could indicate that the structure of the
synthesized EEMWO3 was altered, thereby causing its
dissolution. The conversion with the commercial EEM was
not changed from cycle to cycle, indicating that its structure
was more stable. According to the SEM measurements, the
particles have a diameter of ca. hundreds of nanometers
(Figures 10 and 11), and the sizes of the EEMWO3 clusters in
both the synthesized and the commercial EEMWO3 were not
changed during the first cycle.

Figure 11. SEM images − the experiments were done with 1.08 × 10−3 mol EEMWO3-Com, 2.64 × 10−4 mol NaBH4, 8.00 × 10−6 mol PNP/7.19
× 10−6 mol ONP. (a) EEMWO3-Com, (b) EEMncWO3 after NaBH4 addition, (c) EEMWO3-Com after NaBH4 and ONP addition, (d)
EEMWO3-Com after NaBH4 and PNP addition.
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4. CONCLUSIONS
The results show that the structure and the surface area of the
EEMWO3 are important parameters in the degradation
processes of PNP and ONP, toxic organic compounds that
are difficult to treat. The hydrated WO3 phase is suggested to
be a more reactive and more efficient catalyst than the
nonhydrated WO3 phase. In the current study, tungsten oxide
had a dual role and functioned both as an active EEM with no
entrapped redox species and as the skeleton. This dual
functionality may confer on the EEMWO3 a significant
advantage in pollutant treatment processes, especially because
it uses minimal amounts of chemicals, thus supporting the
principles of green engineering. In addition, there is no limit to
the amount of active species that can be entrapped in the
matrix, which optimizes the process and increases the redox
capacity. These advantages notwithstanding, the synthesized
EEMWO3 particles dissolve in the solution and cannot be
recycled, and the redox process with the developed EEM
occurs only on its surface. Future work with the EEMWO3,
therefore, should focus on increasing the device’s surface area
and its porosity.
Further studies are also needed to scale up the electron

exchange columns to the industrial or semi-industrial level.
The scaling-up stage of this process, however, is expected to
entail several challenges, including the reproducibility of
synthesizing the EEMWO3 on a large scale, the effects on
the reaction kinetics of performing large-scale reactions in
larger reaction volumes, and the reduction with NaBH4, which
is an exothermic process accompanied by the evolution of
hydrogen. In addition, the scale-up will involve the develop-
ment of larger WO3 particles and a more porous EEMWO3
matrix. Insofar as these and other thermodynamic issues will be
considered during the scale up process, it should be done
gradually.
This study’s results indicate that the EEMWO3 is an

efficient, simple, and cheap method with which to treat
nitrophenols, which are common toxic aromatic compounds
that are ubiquitous in industrial wastewater. Moreover, the
findings reported herein, which show that fewer of the typically
used solvent chemicals are needed to use the EEMWO3, could
promote the development of better, greener treatment
methods that can be used to reduce the toxic compounds in
wastewater.82 Therefore, these results have significant
implications for the field of green engineering in general and
for the treatment of pollutants in particular.
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