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Determination of phenol degradation in chloride
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method in combination with on-line mass
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The degradation of phenol in Cl™-rich water by Fe(v) was investigated using both chromatographic
methods (HPLC and IC) and an on-line direct mass spectrometry (MS) analysis technique. Participation of
Cl™ during phenol degradation was observed through the formation of p-chlorophenol and coupled
species with phenol. Though only a small concentration of Cl™ was involved in the reaction, the
presence of Cl” could affect the behavior of phenol substantially. With the increase of the Cl™
concentration, generation of p-benzoquinone and p-chlorophenol was increased. Meanwhile, phenol in

the bulk solution displayed a sharp decline followed by a gradual increase. The developed on-line MS
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Accepted 21st August 2019 analysis facilitated real-time monitoring of phenol changes in the reaction system. The results showed

that phenol degradation by Fe(vi) with the presence of a high concentration of Cl™ followed a second-
order reaction process. The degradation pathway of phenol was also identified, with p-chlorophenol, p-
benzoquinone, maleic acid and formic acid as the main byproducts.
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1 Introduction

As one of the common organic pollutants, phenolic compounds
are listed as priority pollutants by the United States Environ-
mental Protection Agency (USEPA). A high concentration of
phenol and its derivatives has caused severe environmental
problems due to their toxicity and persistence in the environ-
ment." To date, many techniques have been investigated to
solve the problem, including physical adsorption, chemical
coagulation and biological treatment.>® However, some of these
methods still exhibit limitations and drawbacks. Chemical
treatments, such as chlorination and ozonation, have been
widely used for phenol removal. However, chlorination may
result in the formation of chlorinated phenols and non-
biodegradable byproducts. Ozonation may cause the forma-
tion of carcinogenic bromate in bromide rich media.® In
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addition, the presence of a high concentration of Cl” in aquatic
environments further increases the complexity of efficient
removal of phenolic contaminants. Previous studies have
shown that the presence of a high concentration of ClI~ had
a significantly inhibitory effect on degradation of organic
compounds when using microbial treatment, due to the fact
that high salinity could lower the effectiveness of aerobic and
anaerobic microorganisms by disrupting microbial growth.
Fenton treatment and ozone catalytic oxidation are based on in
situ generation of highly reactive hydroxyl radicals (‘OH).
However, a previous study showed that the presence of Cl™
could potentially decrease the degradation efficiency of organic
contaminants by capturing reactive ‘OH.”

The tetra-oxy iron(vi) compound of ferrate (Fe(vi)) is thought
to be a sustainable green oxidant due to its high oxidation
ability and disinfection properties in a single dose. Fe(vi) is
a powerful oxidizing agent throughout the entire pH range,
from 2.20 V in acidic environments to 0.72 V in basic environ-
ments. The reactions between Fe(vi) and contaminants mainly
occur through (i) generation of Fe(v) or Fe(wv) through 1-e™ or 2-
e transfer and (ii) further reactions of Fe(v) or Fe(wv) with
contaminants.® The decomposition of Fe(vi), Fe(v) and Fe(w)
results in the formation of Fe(ur), an efficient coagulant for
heavy metals and phosphate.”® Fe(vi) has been studied for
treatment of a variety of organic contaminants™ ¢ and a minor
range of heavy metals.””"* Pilot-scale drinking water treatment
using Fe(vi) has been evaluated with a dosage of 0.1 mg L™,
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without further pH neutralization. The results showed that, in
comparison with ozonation and FeCl; coagulation, Fe(vi) could
not only remove metformin, benzotriazole, and acesulfame
from raw water, but also avoid the formation of bromate.?®

However, though Fe(v1) could potentially be used for removal
of phenol and some metal(loid)s, the degradation mechanism
of phenol or phenolic compounds with the presence of a high
concentration of ClI~ has only scarcely been reported.”***
Conventional analytical methods normally require tedious
manipulation procedures, including sampling, quenching,
preservation, dilution and so on. Also, the determination of
various analytes may be easily influenced by complex matrices.
Therefore, robust analytical methods which enable sensitive
analysis of various analytes without tedious sample preparation
are urgently necessary. Extractive electrospray ionization (EESI)
is a novel and representative ionization technique for direct and
sensitive analysis of various components, such as human
breath,* native proteins* and radioactive elements.” In EESI,
a spray of charged droplets is formed by infusing a solvent
mixture into a conventional ESI source. Another sprayer was
used to nebulize the sample solution. Collision between
charged droplets and sample aerosol particles occurred and the
analytes were then efficiently extracted. Therefore, EESI can
tolerate highly complex matrices and can be directly applied
under ambient conditions. Based on this, the objectives of the
present study were to (1) develop an on-line EESI-MS method for
monitoring phenol degradation; (2) evaluate the influence of
Cl” on phenol removal.

2 Experimental
2.1 Materials

All reagents used were of analytical grade, and all solutions were
prepared with double deionized (DDI) water obtained from
a Millipore water purification system (MilliQ Advantage A10, 18
MQ cm). Phenol (=99%, Aladdin), p-benzoquinone (=99%,
Adamas), p-chlorophenol (=99%, Adamas), formic acid (99%,
Energy), maleic acid (=99%, for HPLC, Macklin), oxalic acid
(99%, Aladdin), succinic acid (99.5%, Aladdin), catechol (99.5%,
Macklin), hydroquinone (99.5%, Macklin), acetic acid (=99.7%,
Aladdin) and methanol (99.9%, for HPLC, Sigma-Aldrich) were
dissolved in water to obtain their stock solutions (1000 mg L™%).
These stock solutions were kept at 4 °C in the dark. Standards of
lower concentrations were prepared daily by appropriate dilution
with water. Potassium ferrate (K,FeO,4) with high purity (95%)
was prepared in the laboratory by a previously reported method.>

2.2 Experimental procedure

Batch experiments were conducted in a 250 mL conical flask
containing 100 mL of a mixed solution (0.1 mM phenol and
0.05 M C17). The flask was placed in a thermostatic shaker bath
(20 °C) with a rotation speed of 400 rpm at atmospheric pres-
sure. Aliquots of the reaction solution were periodically taken
from the container on a predetermined time scale, and the
samples were immediately adjusted to a pH of 2.0 with phos-
phoric acid to quench the further reaction between Fe(vi) and
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phenol. To study the influence of C1I”~ on phenol degradation,
a series of mixed solutions containing 0.1 mM phenol and
various concentrations of Cl~ (from 0 to 0.5 M) were prepared
and then reacted with Fe(vi) at pHs of 6.5 and 9.0. All experi-
ments were conducted in triplicate. All samples were filtered
using a syringe filter with a pore size of 0.25 pm. On-line anal-
ysis of phenol degradation was carried out using extractive
electrospray ionization mass spectrometry (EESI-MS), as illus-
trated in Fig. 1.

2.3 Analytical methods

The concentrations of phenol, p-benzoquinone, catechol and p-
chlorophenol were measured by high-performance liquid
chromatography (HPLC, Agilent 1260) coupled with diode array
detection (DAD). Chromatographic separation was performed
using an Eclipse Plus C18 column (3.5 um, 4.6 x 100 mm). A
mixture of methanol and water (50 : 50, v/v) with a flow rate of
0.5 mL min~ " was used as the eluent. Phenol, p-benzoquinone,
catechol and p-chlorophenol, detected at wavelengths of 270,
245, 275 and 227 nm, were eluted out at 4.4, 2.8, 3.0 and
9.7 min, respectively. The detection limits for phenol, p-ben-
zoquinone, catechol and p-chlorophenol were 0.05, 0.05, 0.1
and 0.08 mg L, respectively. The concentrations of C1~, formic
acid and maleic acid were detected on an ion chromatograph
(IC, ICS600, Thermo Fisher), equipped with an AS23 anion
exchange column. A combination of Na,CO; (4.5 mM) and
NaHCO; (0.8 mM) was used as the mobile phase, with a flow
rate of 1.0 mL min . Dissolved organic carbon during phenol
removal was determined using a total organic carbon analyzer
(TOC, Shimadzu TOC-L CPH).

The setup of the on-line MS detection device is shown in
Fig. 1. A 50 mL round bottom flask was used as the reactor and
was loaded with the phenol and Cl~ mixture (0.1 mol L™*
phenol and 0.125 mol L' CI"). A gas flowmeter (0.15-1.5
L min~") (Changzhou Edkorx Instrument co., LTD.) and a glass
rotameter (LZB-3WB) were used to adjust the flow of the carrier
gas (N,) (0.3 MPa, 0.8 L min~"). The gas pressure for the elec-
trospray was 1.0 MPa, also with N, as the carrier gas. Generally,
N, was introduced into the reaction vessel through glass tubes.
A PEEK tube was used to transport the analytes to the mass
spectrometer. After introduction of N,, bubbles were continu-
ously generated in the flask. A micro spray was then formed by
the fine droplets resulting from bubble bursting,”** exactly
reflecting the components of the bulk solution. The formed

Y

>
1

N, D \capillary tube
l' analytes containing N\
glass rotameter bubbles )
reactor I
solvent

CH40H/H,0, 1:1

Fig. 1 The experimental setup of on-line EESI-MS for real-time
monitoring of phenol degradation.
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micro spray then interacted with the droplets of the electrospray
solvent (methanol and water mixture). The angle between the
two sprayers of the EESI instrument was about 38°, and the tips
of the sprayers were about 5 mm away from the inlet capillary of
the mass spectrometer. An LTQ-XL linear ion trap spectrometer
(Finnigan, San Jose, CA) was used as the detector for on line
analysis. Negative ion detection mode was used. The ionization
voltage was set at —4.5 kV accordingly, and the capillary
temperature was set at 350 °C. Mass spectra were recorded in
the mass range of m/z 25-200 with a maximum ion injection
time of 100 ms. Collision induced dissociation (CID) experi-
ments were performed by applying 30% collision energy for 30
ms to the precursor ions. Other parameters were set by default
for LTQ-MS.

3 Results and discussion

3.1 Intermediates produced during phenol degradation

Although the toxicity and carcinogenicity have been widely
identified, the degradation mechanism of phenol is still
disputable, probably due to the fact that the degradation
intermediates and pathways varied significantly depending on
reaction conditions,**" e.g. pH, oxidants and matrices. In
addition, the lack of robust analytical methods which allow
efficient chromatographic separation and accurate detection of
intermediate products at trace levels also posed a great chal-
lenge to further investigation. In this study, chromatographic
methods (HPLC and IC) in combination with an on-line direct
MS technique were used to investigate the mechanism of
phenol removal in ClI™ rich water samples. Chromatographic
methods were developed for measurement of possible byprod-
ucts like p-chlorophenol, p-benzoquinone, hydroquinone,
catechol, formate, maleic acid, oxalate, succinic acid and acetic
acid. These byproducts were then identified by comparing their
elution times with those of the standards (Fig. S1 and S2+t). The
results were then compared with those of on-line MS analysis.
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Fig. 2 Concentration evolution of p-benzoquinone (p-BQ), p-chlor-
ophenol (p-CP), maleic acid (MA), formic acid (FA) and residual phenol,

along with the solution TOC. [phenol] = 0.1 mM, [Cl"] = 0.05 M,
Fe(vi) : phenol (molar ratio) =5: 1, pH =9.0.
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At a pH of 9, with an Fe(vi) : phenol molar ratio of 5 : 1, four
byproducts were successfully quantified: p-chlorophenol, p-
benzoquinone, and formic and maleic acids (Fig. 2). p-Chlor-
ophenol and p-benzoquinone emerged in the beginning of
reaction and then decreased gradually with increasing reaction
time and eventually disappeared. The ring-opening products
maleic acid and formic acid were detected as well, which
subsequently reached equilibrium and remained constant in
solution. The concentrations of both phenol and TOC
decreased as a function of reaction time, indicating partial
mineralization of the parent compound. In addition, trace
levels of catechol, succinic acid and oxalic acid were also
observed by HPLC or ion chromatography (Fig. S3 and S47);
however their peaks were too weak for accurate quantification
(see the ESIt). With an Fe(vi) : phenol molar ratio of up to 20 : 1,
neither p-benzoquinone nor p-chlorophenol was detected,
probably due to the even faster reaction between Fe(vi) and
phenol. Under these conditions, the formed formic acid and
maleic acid, however, were significantly elevated (by 4.1 mg L™"
and 3.1 mg L™, respectively) (Fig. S51). Generally, p-benzoqui-
none was the main intermediate during phenol degradation,>**>
and maleic acid and formic acid were the main ring-cleavage
products.®
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Fig. 3 (a) Degradation of phenol as a function of Cl™ concentration

(0.0-0.5 M); (b) the behavior of Cl= (0.05 M) during the phenol
degradation process. [phenol] = 0.1 mM, Fe(v) : phenol (molar ratio) =
10:1, pH =9.0.
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3.2 Influence of co-existing CI~ on phenol degradation

The removal of phenol as a function of Cl™ concentration and
the behavior of Cl” during phenol removal are shown in
Fig. 3(a) and (b). Generally, phenol removal remained more or
less stable with increasing concentrations of CI~ from 0 to
0.5 M. Continuous monitoring of Cl~ on a time scale of 50 min
also suggested that Cl~ generally remained constant (0.05 M)
during the whole removal process. This was in agreement with
a previous study that Cl” impurities resulting from the
synthesis of sulfatoferrate(vi) had no obvious negative impact
on phenol removal and mineralization by sulfatoferrate(vi).>
However, in our study, a small concentration of p-chlorophenol
(<0.5 mg L") was detected at 1 min, and it subsequently
decreased gradually (Fig. 2), indicating that participation of Cl™
during phenol removal did occur. Therefore, the behavior of CI™

was further investigated by measuring produced p-
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Fig. 4 Behaviors of p-chlorophenol (p-CP), p-benzoquinone (p-BQ)
and residual phenol in solutions with different Cl™ concentrations
during the phenol degradation process. [phenol] = 0.1 mM, Fe(v) : -
phenol (molar ratio) =5 : 1, pH = 6.5.
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chlorophenol at different CI™ concentrations under neutral
conditions. It can be seen in Fig. 4 that residual phenol in
solution after removal generally increased slightly with the
increase of ClI™ from 0 to 0.25 M. These results indicated that
the removal percentage of phenol with the presence of a high
Cl™ concentration was relatively lower than that with a low CI™
concentration, probably due to the fact that higher Cl™
concentrations resulted in more production of p-chlorophenol
which could not facilitate the degradation of phenol. Without
Cl7, phenol in solution showed a sharp decline followed by
a mild decrease. Considering that the reaction between phenol
and Fe(vi) was a rapid process, the sharp decline was ascribed to
degradation by Fe(vi), which accounted for about 89% of
removed phenol. On the other hand, the mild decrease (about
11% of removed phenol) was probably due to adsorption by the
formed precipitate, since decomposition of Fe(vi) could result in
the production of Fe(m) which was able to sequester various
contaminants by forming Fe(ui)-(oxy)hydroxide. With elevated
Cl™ concentrations (e.g. CI- = 0.25 M), however, phenol in
solution was regenerated partially after an even stronger drop,
which was probably due to the formation of a reversible state of
phenol, e.g. dimers or trimers, since a previous study has
revealed that a substantial amount of radical coupled products
for phenol could be formed during oxidation by Fe(vi).** On the
other hand, the yields of p-benzoquinone and p-chlorophenol
were also elevated with the increasing Cl~ concentration. The
behaviors of phenol, p-benzoquinone and p-chlorophenol sug-
gested that a higher concentration of Cl” in water could
promote the formation of p-benzoquinone and p-chlorophenol
during phenol degradation by Fe(vi). Although only a small
concentration of ClI~ was involved, it could influence the
behavior of phenol notably during degradation by Fe(vi).

3.3 On-line analysis of phenol degradation with direct mass
spectrometry analysis

It can be seen in Fig. 2 that phenol degradation by ferrate was
a rapid process. Therefore, tedious conventional analytical
methods were not adequate to evaluate the degradation
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Fig.5 EIC of phenol (m/z = 93) obtained by on-line EESI-MS. The EIC of phenol for t = 0-1.16 min before addition of Fe(v)) and t = 1.16-1.37 min
for the duration of Fe(vi) addition. [phenol] = 0.1 M, [Cl"] = 0.25 M, Fe(vi) = 0.5 M, pH = 6.5.
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behavior of phenol, particularly the study of its reaction
kinetics. Based on this, an on-line analysis device was built to
help monitor the reaction using an ambient mass spectrometry
technique which allowed direct analysis of various analytes
without sample preparation.**** As a representative newly
emerging ambient mass spectrometry analysis technique, EESI-
MS has the advantages of high sensitivity, fast analysis and
avoidance of matrix influences.>*>>*%3® Therefore, it is ideal for
real-time monitoring of the phenol degradation process without
being influenced by extremely high concentrations of chloride.
The EESI instrument has two separate sprayers, one to nebulize

Analytical Methods

the sample solution and the other to produce charged micro-
droplets of the solvent (Fig. 1). The reactants and intermediates
generated during phenol degradation were carried to the MS
inlet and sprayed out of a capillary using N,(g). The analytes
were then extracted using solvent microdroplets for further MS
analysis (Fig. 1). It can be seen from the extracted ion chro-
matograms (EICs) of phenol (Fig. 5) that, before addition of
Fe(vi) (0-1.16 min), only a high abundance of phenol (m/z 93)
could be observed as deprotonated [M-H] ™ (Fig. S61). The stable
signal intensity of m/z 93 indicated stable formation of the
micro spray and efficient ionization of analytes. Phenol
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4.84 min. (a) Total ion chromatography (TIC); (b)—(f) the extracted ion chromatograms of phenol (IM-H]~, m/z = 93), p-benzoquinone ([M']~, m/
z=108), catechol (IM-H]~, m/z =109), oxalic acid (IM—-HI~, m/z = 89) and formic acid (IM-H]~, m/z = 45). [phenoll = 0.1 M, [Cl"] = 0.25 M, Fe(v1)

=05M, pH = 6.5.

This journal is © The Royal Society of Chemistry 2019

Anal. Methods, 2019, 11, 4651-4658 | 4655



Analytical Methods

degradation was then initiated by addition of Fe(vi) (¢t = 1.35
min). The relative abundance of phenol then decreased gradu-
ally as a function of reaction time. It is worth noting that from
6.0 min onwards, the intensity of phenol showed an increasing
tendency (Fig. 5), which was in agreement with the off-line
HPLC analysis that residual phenol in solution displayed
a drastic decrease followed by a gradual increase in Cl~ rich
media. On the other hand, immediately after phenol degrada-
tion started, significant peak intensities at 7/z 108 and 109 were
observed (Fig. 6 and S77). After about 4 min of the reaction, the
peaks at m/z 108 and 109 decreased obviously, and an
enhancement of m/z 89 and m/z 45 was observed (Fig. 6 and
S8+t). Further CID analysis showed that molecular ions at m/z
108 generated fragmentation ions of m/z 80 due to loss of CO
(Fig. S91), while those at m/z 109 generated fragmentation ions
of m/z 81 and 91 due to loss of CO and H,O, respectively
(Fig. S10%). This indicated that the molecular ions at m/z 108
and 109 were p-benzoquinone and catechol. In addition, it can
be seen in the EICs (Fig. 6) of various analytes that each
component behaved similarly to those in previous offline
analysis, e.g. phenol generally showed a gradual decrease in the
first few minutes, and p-benzoquinone increased sharply and
then decreased gradually in solution. Generation of oxalic acid
and formic acid was also observed. Noteworthily, in addition to
the above observed peaks such as m/z 89 and m/z 108, a notable
peak at m/z 219 was also detected (Fig. 7). CID analysis showed
that m/z 219 generated fragment peaks at m/z 203, 191 and 163,
due to loss of O, 20 and 2CO fragments, respectively. Further
CID analysis suggested that fragmentation ions of m/z 203
generated m/z 187 by losing O fragments. Consequently, the
peak at m/z 219 was concluded to be the combination of phenol
and p-chlorophenol as shown in Fig. 7. The temporary forma-
tion of coupled products during the reaction may well explain
the reason why with the presence of higher concentrations of
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Cl™, phenol demonstrated an even stronger decline followed by
a subsequent gradual increase.

On the other hand, direct on-line MS analysis also facilitated
the study of the reaction kinetics of phenol degradation. By
studying the extracted ion chromatogram of phenol, the
concentration changes of phenol as a function of reaction time
could be obtained (Fig. 5 and 6), and therefore the kinetics of
phenol degradation could be evaluated. Fig. 8 shows the kinetic
fitting of phenol degradation with the data obtained from the
EIC of phenol within 5 min from the point when phenol
degradation was initiated. It can be seen that 1/C (phenol, L
mg ') was linearly correlated with ¢ (min), indicated by the high
correlation coefficient (R* = 0.916) (Fig. 8). These results suggest
that phenol degradation in CI™ rich media by ferrate could be
expressed as 1/Cphenot — 1/Cphenol,o = kt, and therefore it fits the
second-order reaction process.

3.4 Degradation pathway of phenol in Cl -rich media

Previous spin-trapping analysis and electron paramagnetic
resonance (EPR) spectroscopy has showed that phenol was
degraded by Fe(vi) through a radical reaction pathway, involving
the formation of phenoxyl radicals in the first step.** Therefore,
the degradation pathway of phenol by Fe(vi) in Cl™-rich media
could be proposed as follows (Fig. 9): (1) reactive phenoxy
radicals (together with another two resonance structures of 2-
hydroxyphenyl and 4-hydroxyphenyl radicals) and Fe(v) were
formed via 1-e™ transfer; (2) phenoxy radicals continued to react
with Fe(v) to form p-benzoquinone and Fe(ur), which was a 2-e~
oxidation process; (3) p-benzoquinone was further decomposed
into maleic acid and a trace amount of succinic acid through
ring cleavage; (4) maleic acid was oxidized to formic acid and
further to carbon dioxide. Meanwhile, succinic acid was
decomposed to oxalic acid. On the other hand, a small
concentration of chlorine free radicals were generated due to
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Fig. 7 The MS spectrum of m/z 219 obtained during phenol degradation by Fe(vi) using on-line EESI-MS.
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Fig. 8 Kinetics of phenol degradation by Fe(vi). Data were obtained by online EESI-MS analysis in the time range between t = 1.35 min (the point

when phenol degradation was initiated) and t = 6 min.

%
+

1€ OH
Tey> Cle + o<:>=o - CIOOH SN

‘ 0

¢l

: o]
o
on : HCOOH
OH E \L
i CO,+ H,0

Fig. 9 Pathway of phenol degradation with the presence of a high concentration of Cl™ by Fe(vi).

the action of Fe(vi) on Cl™, which then reacted with 4-hydrox-
yphenyl radicals to form p-chlorophenol® and further p-ben-
zoquinone. A combined species between phenol and p-
chlorophenol was also formed via radical coupling. In addition,
a small concentration of 2-hydroxyphenyl radicals, resulting
from the reaction between phenol and Fe(vi) as well, were con-
verted into catechol. Clearly, phenol was mainly degraded by
forming p-benzoquinone and subsequently maleic acid and

This journal is © The Royal Society of Chemistry 2019

formic acid. The presence of a high concentration of ClI™ had
a promoting effect on p-benzoquinone and p-chlorophenol
production.

4 Conclusions

In this study, phenol degradation in a Cl -rich aquatic envi-

ronment by Fe(vi) was investigated using conventional
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chromatographic analytical methods (HPLC and IC) in combi-
nation with an on-line direct mass spectrometry technique.
Chromatographic methods enabled quantification of various
components, while the on-line MS technique has the advantage
of real-time monitoring of reactants and intermediates without
being influenced by high concentrations of CI”. Our study
demonstrated that Fe(vi), as a green water treatment reagent,
could potentially be applied for efficient removal of phenol even
with the presence of a high concentration of Cl™. Participation
of CI” could significantly alter the behavior of phenol during
the degradation process; however it displayed a minor effect on
the final removal percentage of phenol. The degradation
pathway of phenol in Cl -rich media by Fe(vi) was also identi-
fied, with p-chlorophenol, p-chlorophenol-phenol coupled
species, p-benzoquinone, maleic acid and formic acid as the
main byproducts.
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