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HIGHLIGHTS

® Oxidative degradation of carbamazepine by Fe(Il)/persulfate process is reported. CBZ degradation rate depends on pH value and the ratio of
[Fe?*]:[S20g2]:[CBZ]. The anions NO3~, SO42~ and H,PO4~ caused a negative effect on CBZ degradation.

® The higher the Cl~ concentration, the faster the CBZ decay rate.

® The presence of Cl~ influences the evolution profiles of various intermediates.
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Experimental studies were conducted to investigate the oxidative degradation of carbamazepine (CBZ),
one of the most frequently detected pharmaceuticals in various waters, by Fe(ll)-activated persulfate
process. Results show that the Fe?*/S,0g%~ process is very effective for the elimination of CBZ and char-
acterized by a two-stage kinetics (a rapid initial decay followed by a retardation stage). CBZ degradation
reaction was observed to be pH dependent and the optimum pH is 3.0 in the range of 2.00-7.87. The con-
centration of Fe?* and S;0g?~ exhibited a noticeable influence on CBZ removal efficiency, where [S;0g?~]
exerted more significant effects than that of [Fe2*]. The optimal molar ratio of CBZ, Fe?*, and S,052" is
found to be 1:5:40. The effect of various inorganic anions on CBZ removal was also evaluated under the
optimal conditions. The anions NO3~, SO42~ and H,PO4 caused a negative effect on the performance of
this process, while CI~ interestingly accelerated CBZ degradation. The higher the Cl~ concentration, the
faster the CBZ decay rate. The intermediates were identified during CBZ degradation with and without
the presence of Cl-. The evolution of intermediates for these two scenarios was compared. The decay

pathways of CBZ were proposed accordingly.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pharmaceuticals, as emerging pollutants in aquatic environ-
ments, have received increasing concerns recently. The production
of drugs has been estimated in several hundred tons per year [1].
Most pharmaceuticals are not completely degraded after applica-
tion. Thus, the pharmaceutical metabolites and some unchanged
forms of these compounds are excreted and continuously enter the
ecosystem, which led to various pharmaceuticals being detected
in aquatic environment. In addition, the inappropriate disposal of
pharmaceuticals is believed to make an important contribution to
the widespread occurrence of pharmaceuticals in the environment
[2].
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Carbamazepine (CBZ) is a typical compound used for the treat-
ment of seizure disorders, relief of neuralgia, and a wide variety of
psychiatric disorders. The worldwide consumption of CBZ is esti-
mated to be 1014t per year [2] and its annual usage ranks the
second among all the antiepileptic drugs in China [3]. CBZ is one
of the most frequently detected pharmaceuticals in various waters
due to its low biodegradability and persistent nature in wastewa-
ter. CBZ has been detected in WWTP effluents at concentrations up
to 6.3 pg/L [4,5]. The CBZ concentration was found to be 3.09 p.g/L,
610ng/L, and 30ng/L in surface water [6], groundwater [7], and
drinking water [8], respectively. CBZ has been evaluated as toxic to
aquatic life including bacteria, algae, invertebrates, and fish [9,10].

Advanced oxidation processes (AOPs) have been considered to
be a promising technology to treat water and wastewater contain-
ing toxic and non-biodegradable pollutants due to the generation
of highly reactive radicals. Several AOPs such as photocatalysis
[11,12], ozonation [13], US/Fenton [14], UV/H,0, and UV/Fenton
[15] have been evaluated for the elimination of CBZ. In recent
years, sulfate radicals-based oxidation technologies have attracted
increasing interests [16-18]. Persulfate anion (S;0g2~, PS) is a
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strong oxidant with a redox potential of 2.01 V. Persulfate has been
considered to be a promising choice for clean-up applications due
to the ease of storage and transport, stability, pH-independence
and low cost [17]. S,0g2~ can be activated to generate sulfate rad-
icals (SO4°*~) with higher redox potential of 2.6-3.1V [19] either
by the homolysis of the peroxide bond using heat [20,21], ultra-
sound [22], microwave [23] or light [17], or by a redox reaction
process (Fenton-like) [24,25]. Compared to hydroxyl radicals, sul-
fate radicals are more selective and demonstrate higher standard
reduction potential at neutral pH [16]. Sulfate radicals have been
proved more efficient than hydroxyl radicals for the degradation
of several compounds such as 2,4-dichlorophenol, atrazine, and
naphthalene [26].

This contribution made the first attempt to examine the degra-
dation of CBZ by Fe(Il)-activated persulfate process. Effects of some
critical parameters, including Fe(Il), oxidant concentration, solu-
tion pH, and inorganic anions on CBZ degradation efficiency were
investigated. This work also examined the intermediates and the
evolution profiles of intermediates during CBZ decay by Fe(II)/PS
process with and without the presence of chloride.

2. Materials and methods
2.1. Chemicals

The probe CBZ was purchased from Tokyo Chemical Industry.
Carbamazepine 10, 11-epoxide was obtained from Fluka. Potassium
peroxydisulfate (K,S,0g), ferrous sulfate (FeSO4-7H,0), sodium
chloride (NaCl), sodium nitrate (NaNO3), sodium sulfate (Na;SOy4),
and sodium dihydrogen phosphate (NaH,PO4) were purchased
from Sigma-Aldrich. All chemicals are in analytic purity and all
solvents are HPLC grade and used without further purification. All
aqueous solutions were prepared in distilled and deionized water
(DDW)with aresistivity of 18.0 MS2 from a Millipore Waters Milli-Q
water purification system.

2.2. Experimental procedures

The degradation tests were performed in 250 mL batch reac-
tors. CBZ stock solution (0.1 mM) was prepared in DDW and specific
aliquots of the solution were added into the reactors to attain a pre-
determined initial concentration. The ferrous solution was freshly
prepared before each test to minimize variations in concentration
caused by precipitation and oxidation of ferrous solution. The Fe(II)
solution was prepared in degassed H,SO4 solution at pH 2.5 to pre-
vent Fe(II) from precipitation and/or oxidation. The reactions were
initiated by pipetting appropriate amounts of Fe(II) and PS into the
reactor to achieve the predefined molar ratios of CBZ:Fe(II):PS. The
initial volume of the reaction solution was fixed at 100 mL with
mechanic stirring during the reaction to ensure a thorough mix-
ing. The pH values were adjusted with 0.01 M sulfuric acid and/or
0.01 M sodium hydroxide whenever required. At predetermined
time intervals, the sample aliquots were withdrawn from the reac-
tor and sodium thiosulfate [27] was added to quench the reaction.
The solution was then analyzed by high performance liquid chro-
matography (HPLC) to quantify the remaining CBZ. All experiments
were carried out in duplicate and the error is less than 3.0%.

2.3. Analytical procedures

The remaining CBZ after reaction was determined by HPLC,
which was comprised of a Waters 515 HPLC pump, Waters 2489
Dual A Absorbance Detector, and a RESTEK C18 column (pinnacle
DB, 250 x 4.6 mm, and 5 pm particle size). The maximum adsorp-
tion wavelength (Amax) was selected as 210 nm for CBZ. A mixture
of 60% acetonitrile and 40% water was used as the mobile phase

running at a flow rate of 0.8 mL/min. The concentration of Fe2*
was determined colorimetrically using an UV-vis spectrophotome-
ter at 510 nm after adding 1,10-phenanthroline to form a colored
complex of Fe2*—phenanthroline.

The identification of intermediates was carried out at an ini-
tial CBZ concentration of 0.15 mM. A Thermo Quest Finnigan LCQ
Duo Mass Spectrometer system was used with RESTEK C18 col-
umn (pinnacle DB, 250 x 4.6 mm, and 5 pwm particle size). The LC
detection system consisted of a photodiode array UV-vis detector.
The reaction intermediates were identified by using LC-ESI-MS/MS
operating at a positive mode with collision energy ranging from
25% to 35%. A gradient method with a flow rate of 0.8 mL/min was
used with a mobile phase containing A (5 mM ammonium acetate
at pH 4.6) and B (100% acetonitrile). Component A was maintained
at 85% during the first 2 min, then B was steadily increased from
15% to 85% in the next 34 min. Finally, the mobile phase returned
to the initial composition until the end of the run.

The reaction intermediates were also identified by SPME
(Solid phase microextraction)/GC/MS. SPME analyses were per-
formed using a PAL Combi-xt autosampler (CTC, Switzerland). A
65 wm polydimethylsiloxane/divinylbenzene (PDMS/DVB) SPME
fiber (Supelco, Seelze, Germany) was exposed directly into the lig-
uid sample. The aqueous solution was agitated in the incubator
(incubation time 1 min, temperature 40°C) at a speed of 250 rpm.
The agitator on and off times were 60s and 1 s, respectively. After
extraction, the compounds were thermally desorbed for 300s in
the GC injector. After desorption, the fiber was reconditioned in
an externally heated needle heater under a light helium flow at a
temperature of 270 °C. The GC system (TRACE GC ULTRA, Thermo
SCIENTIFIC) was equipped with a 30 m HP-5MS capillary column
(Agilent Technologies, Santa Clara, US) with ani.d. of 250 wm and a
film thickness of 0.25 pm. Helium 5.0 served as the carrier gas. The
GC oven temperature program was as follows: initial temperature
50°C for 2 min, followed by heating at 10°C min~! to 250°C and
held at 250°C for 1 min, then at 5°C min~! from 250°C to 280°C,
and finally held for 1 min at 280 °C. Thermo SCIENTIFIC ISQ MS was
run at El mode. MS transfer line and ion source temperature were
set at 300°C and 250 °C, respectively.

Total organic carbon (TOC) concentration was measured by a
TOC analyzer (ShimadzuTOC-5000A). The concentration of persul-
fate ion was determined by spectrophotometric method [28].

3. Results and discussion
3.1. Kinetics of CBZ degradation

CBZ decay by Fe(II)/PS process and the associated sole compo-
nents is presented in Fig. 1. It can be seen that sole-PS could not
oxidize CBZ and there was no change in CBZ concentration when
Fe2* was introduced into CBZ solution. The latter indicates no com-
plex formation between Fe?* and CBZ. As also demonstrated in
Fig. 1, the degradation of CBZ by Fe2*/S,0g2~ is characterized by
a two-stage kinetics, where a faster initial decay followed by a
retardation stage. At the initial stage, fast reaction between Fe2*
and S,0g2~ at high concentration (0.25mM) led to a rapid gen-
eration of sulfate radicals (The production rate of sulfate radicals
is 1.69 x 103 mM/s based on Eq. (1)). Two minutes later, only
0.0325 mM Fe2*ions remained in the solution (data not shown); as
a result, the generation of sulfate radicals slowed down. Further-
more, the intermediates generated during the reaction competed
with CBZ for sulfate radicals, which also resulted in a retarded CBZ
decay at the second stage.

Fe?t + 5,052~ — Fe3t + 5042 +504° (k=27/M/s) (1)
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Fig. 1. CBZ degradation under different reaction conditions. Experimental condi-
tions: [CBZ]p =0.025 mM, [Fe?*]o =0.25 mM, [S;0g%~ ] =0.25 mM, initial pH is 3.0.

3.2. Effect of initial pH levels

The effects of initial pH levels ranging from 2.00 to 7.87 on
CBZ degradation were examined in this study (see Fig. 2a), where
the pH levels exerted significant influence on the performance
in Fe2*/S,0g2~ system. The fastest initial decay rate of CBZ was
observed at pH 4.22. However, CBZ decay rate at the second-stage
is slightly slower at pH 4.22 than that at pH 3.0 due to the formation
of iron precipitation. The initial decay rate of CBZ was slower at pH
2.00 than that at pH 3.00, which can be rationalized by two expla-
nations. First, complex (Fe(H,0))2* is formed at low pH levels [29],
leading to a deficient free Fe2* for activating PS ions in the solution,
and then fewer sulfate radicals. Fig. 2b shows the degradation rate
of PS was slower at pH 2.00 than that at pH 3.00 and 4.22, which
justified the first explanation. Second, CBZ has a pKa; of 2.3 related
to the protonation of the NH, group and pKa; of 13.9 related to
the deprotonation of the amino group [30]; indicating nearly half
of CBZ could exist in a protonated format pH 2.00. The electrophilic
property of sulfate radical led to a lower reactivity towards CBZ
carrying positive charge.

As also shown in Fig. 2a, CBZ decay rate dropped rapidly with
the increase of the initial pH level (from 4.22 to 7.87). It was known
that the amount of free Fe2* could decline due to the formation of
FeZ* complexes when the pH level is higher than 4.0, as described
by Eq. (3):

Fe’* +H,0 — FeOH' +H* (k=1.9s"1) (2)

The further increase of pH level could cause the generation of
Fe(OH),. Both FeOH* and Fe(OH), have much lower catalytic activ-
ity towards PS ions as indicated in Fig. 2b, therefore, producing
fewer sulfate radicals. In addition, the formation of precipita-
tion was observed when the pH level is higher than 4.0, which
is believed to be ferric hydroxide complexes such as FeOHZ*,
Fe,(OH),**, Fe(OH)2*, Fe(OH)3 and Fe(OH),~. The precipitation of
Fe(OH), was not observed due to the solubility product of Fe(OH),
being 1.64 x 1014, These ferric hydroxide complexes have very low
efficiency to activate PS nor to generate sulfate radicals. As demon-
strated in Fig. 2a, the degradation of CBZ was no longer observed
at pH 7.87, suggesting the deficiency of Fe* as an activator. The
concentration of PS ions increased at pH 7.87, which is due to the
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Fig. 2. (a) Effect of initial pH level on CBZ degradation; (b) time course of PS
during CBZ degradation reaction; (c) time course of pH levels during CBZ degra-
dation reaction. Experimental conditions:[CBZ]o=0.025mM, [Fe2*]p=0.25mM,
[S2052-]1=0.25mM.
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Fig.4. (a) Effect of Fe2* concentration on CBZ degradation; (b) variation of Fe2* con-
centration over time. Experimental conditions: [CBZ] =0.025 mM, [S;0g%~ ] =1 mM,
initial pH is 3.0.

generation of precipitant affecting the measurement of PS concen-
tration by spectrophotometric method. The variation of pH value
during the reaction was shown at in Fig. 2C. The pH level slightly
decreased during CBZ decay reaction when the initial pH was 2.00
and 3.00. The pH level declined significantly at the initial stage of
the reaction and remained stable at the second stage (after 5 min)
when the initial pH was above 4.22.

3.3. Effect of initial PS concentration on CBZ degradation

PS concentration is a critical parameter as the source of sulfate
radicals in Fe2*/S,0g2~ process. The influence of PS dosage on CBZ
decay was evaluated by varying PS/Fe2* ratios from 1:2 to 6:1 with
FeZ* concentration fixed at 0.25 mM. Fig. 3a shows the increasing
ratio of PS/Fe%* from 1:2 to 4:1 leading to an enhancement in CBZ
removal efficiency from 41% to 78% in 40 min. The further increase
of PS dosage, however resulted in a decline in CBZ removal.
Similar phenomenon has been observed in the degradation of
tricloroethane (TCE) by ultrasound-activated persulfate process
where the overdose of PS resulted in the decrease of TCE degrada-
tion rate [22]. The degradation profile of PS is illustrated in Fig. 3b.
Complete consumption of PS was not observed after 40 min of
reaction even for PS/Fe®* ratio of 1:2. In order to better optimize
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this process, the reaction stoichiometric efficiency (RSE) was
calculated for all PS concentrations used at different reaction time
(5-40min) as indicated in Fig. 3c. RSE averages ranged between
6.64% and 10.48%. The highest RSE was observed at 0.5 mM of PS
concentration at most reaction time while the lowest RSE was
noticed for the highest PS load.

3.4. Effect of initial Fe?* concentration

Fig. 4 shows the influence of Fe2* concentration on CBZ degrada-
tion with PS concentration fixed at 1 mM. CBZ decay was slow if the
[Fe2*] was low at a [PS]/[Fe%*] ratio of 40:2. The increase of [Fe2*]
would surely accelerate the CBZ degradation, but the differences
contributed by varying [Fe* ] with ratios ranging from 40:5 t0 40:30
was not impressive. Higher dosage of Fe2* ions could improve the
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tal conditions: [CBZ]o =0.025 mM, [FeZ* ]y =0.125 mM, [S;0g%~ | =1 mM, initial pH is
3.0.
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Fig. 7. (a) Evolution profiles of CBZ, TOC and intermediates in the absence of CI~. (b)
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tal conditions: [CBZ]o =0.15 mM, [Fe2*]p =0.75mM, [S;052~ | =6 mM, [C]-]=10mM,
initial pH is 3.0.

generation rate of sulfate radicals which accelerated the decompo-
sition of CBZ. However, Fe2* can also act as an effective scavenger
of sulfate radicals. When [FeZ*]/[PS] is higher than 5:40, a balance
between the generation and consumption of sulfate radicals was
likely achieved, and the CBZ decay rate leveled off.

The variation of [Fe2*] was monitored during the reaction with
different initial [Fe2*] ranging from 0.05 to 0.75 mM. As shown in
Fig. 4b, Fe2* was consumed rapidly and the concentration reduced
sharply in the first 30s in all tests. It was believed that Fe2*
was oxidized to Fe3* which then transformed to various Ferric
oxyhydroxides through hydrolysis. The formations of ferric oxy-
hydroxides are described in the following Eqs. (3)-(5) [31]:

Fe3* + H,0 — FeOH2* +H* (k= 2.3x107s71) (3)

Fe3* + 2H,0 — Fe(OH),* +2H* (k= 4.7x103s71) (4)

2Fe3* + 2H,0 — Fey(OH)4t +2H* (k=1.1x107s1) (5)

At pH 3, FeOH?2* is the dominant species in the solution [31]. It
was found that Fe3*, FeOH2* and Fe(OH),* have lower efficiency
to activate PS to create sulfate radicals. This was confirmed by an
independent test, where CBZ was decayed by Fe3*/S,052~, with a
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Table 1
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Intermediates and products detected by LC-MS/MS and SPME/GC/MS during CBZ degradation by Fe2*/S,0g2~ process.
p y g g y p

Product ID ESI(+)MS m/z ESI(+)MS2 m/z UV absorbance (Amax) Proposed structure
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2 224 224,196 219,255 e
B A
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(¢}
m
4 267 249,224 227,272,345 o T o
©)KH
5 253 253,236, 210, 180 219, 238,279 \\/ NH N
-
[ON)
Ny oH
| H
6 285, 267 267,239, 224, 196 224,263,321 AN N/
O)\NHz
HQ OH
OH
7 287 287,253, 236, 223, 196, 180 220 O O
N
8 271 253,210 221
O
/ |
9 283 265, 240, 222, 196 224,313 e



Y.F. Rao et al. / Journal of Hazardous Materials 268 (2014) 23-32 29

Table 1 (Continued)

Product ID ESI(+)MS m|/z ESI(+)MS2 m|/z UV absorbance (Amax) Proposed structure
N4D
O)\N
10 267 249,221 226,272,348 | ]
HO
OH
11 271 253,210,180 219 O
BY
0 NH,
N
12 180 180 211, 249 /
N
13 193, 165 O

The intermediate marked with " is identified by SPME/GC/MS).

ratio of [S,0g2~ |:[Fe3*]:[CBZ] =40:5:1 at pH 3, and only 24% of CBZ
was removed after 40 min (data not shown).

3.5. Effect of various inorganic anions

CBZ may co-exist with various inorganic ions in some waters
such as sea water. Previous studies reported that the presence of
some inorganic ions could affect the degradation of organic com-
pounds in the sulfate radicals-based advanced oxidation process
[25,32,33]. Xu and Li observed the presence of CI~, NO3~, HCO3~
and H,PO4~ had a noticeably negative effect on the decompo-
sition of azo dye orange G by Fe2*/S,04%~ process [25]. It was
reported that CI- and HCO3~ exerted no influence on the degra-
dation of p-nitrosodimethylaniline by Fe2*/S,042~ process with
the presence of chelate (citric acid) under neutral conditions while
Cl- significantly inhibited the degradation of perchloroethylene by
Fe2*/S,04%~ process at pH 2 [33]. This study evaluated the influence
of four inorganic anions, including Cl-, NO3~, SO42~ and H,PO,4~
on the performance of FeZ*/S,0g2~ system in terms of CBZ decay.
As shown in Fig. 5, the addition of 0.01 M Cl~ remarkably acceler-
ated CBZ degradation, where 100% removal efficiency of CBZ was
observed in 5min (before the first sample was taken). Wang and
Chu also reported chloride ions exerted a positive influence on the
degradation of Rhodamine B under acidic conditions in Fe2*/Oxone
system [32]. The NO3~, SO42~ and H,PO4~ however inhibited
CBZ decay in the ascending order of NO3~ <S042~ <H,P0O,4~. The
inhibiting effect of NO3;~ and SO42~ may be because the high ion
strength, which resulted in a slower decomposition of persulfate
ions [34,35]. In addition, the presence of SO42~ will reduce of half-

reaction reduction potential of sulfate radical | E?
(504'-/5042-)

[32]. HyPO4~ might form complexes with iron species in aqueous
media. Thus, Fe2* is not free to react with PS in the solution [36].
It is interesting to observe the positive effect of chloride, addi-
tional tests were conducted as shown in Fig. 6. The first-stage decay
rate of CBZ increased with the increment of [Cl~]. The removal effi-
ciency of CBZ was nearly 99% after 1 min of reaction in the presence
of 10mM Cl~, while only around 60% of CBZ was eliminated after
10 min in a chloride-free solution. The accelerating effect of CI~ was

also reported in the degradation of Rhodamin B by Fe2*/Oxone [32],
in which the chloride ion could improve the dye degradation even
in the absence of Fe2*; this however was not observed in this study.
The positive role of CI~ on the reaction performance of CBZ degra-
dation may be due to the generation of the additional radicals such
as Cl* and Cl,*~ through a series of chain reactions (Eq. (9)-(14))
[27].

S04 +Cl~ — SO4%~ +ClI° (7)
Cl*4+ClI~ — Clp*~ (8)
Cly* +Cly* — Cly+2CI- 9)
Cl* +Cl* - Cly (10)
R* +Cl,*~ — R-Cl + CI~ (11)
R® +CI* - R-Cl (12)

However, the negative effect of CI~ was also found on the degra-
dation of the azo dye Orange G and perchloroethylene [25,33]. In
SO4°*~-based advanced oxidation processes, the different role of
Cl~ in the decomposition of the azo dye Orange G and CBZ may
be attributed to their different molecular structure. The molecular
structure of CBZ contains an olefinic double bond which is suscep-
tible to the attack of chlorine radicals. Wang and Chu observed the
degradation of Rhodamine B in the co-existence of Oxone and chlo-
ride without FeZ*, which was ascribe to the generation of HOCl in
Eqgs. (15) and (16).

HSOs5™ +Cl~ — S042~ +HOCI (13)
HOCl + R-H — R-Cl + H,0 (14)

From a thermodynamic point of view, S;0g2~ (E°=2.01V)
[25] could also oxidize Cl~ to form chlorine (Cl,/Cl~, 1.36V) and
hypochlorous acid (HOCI/Cl~, 1.48V) [27,37]. The CBZ decay was
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Fig. 8. Proposed decay pathways of CBZ by Fe%*/S,0g2~ process.

not observed in the co-existence of S,0g2~ and chloride in the 3.6. Identification and evolution of intermediates and products
absence of Fe2*, which is because both Cl, and HOCI are not capable

of oxidizing CBZ. Although Cl~ plays a positive role in CBZ degra- To reveal the detail about Cl~ influence on CBZ degradation,
dation by Fe2*/S,04%~ process, the presence of CI~ may introduce the identification of the intermediates and the investigation on
unfavorable chlorinated intermediates/products, which will be dis- the evolution of intermediates generated during CBZ decomposi-

cussed further in the next section. tion by Fe2*/S,052~ process with and without CI- was conducted.
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During CBZ degradation with and without Cl—, the same 12 inter-
mediates were detected by LC-MS/MS and one intermediate was
identified by SPME/GC/MS (See Table 1). Molecular structures
were proposed for each intermediate/product on the basis of
the molecular ion masses and MS2 fragmentation patterns (MS2
spectra for each intermediate/product provided in the Support-
ing information). Among the intermediates, there are five isomers
(compounds 3, 4 and 10; compounds 8 and 11). It is not diffi-
cult to identify compounds 3, 4 and 10 since they demonstrate
different MS2 fragmentation patterns. The proposed structures
of these three isomers are in accordance with previous stud-
ies [13,38]. However, compounds 8 and 11 show similar MS2
fragmentation patterns. The identification of these two isomers
is based on their yields. Compared to the two outside benzene
rings, the olefinic double bond on the central heterocyclic ring
shows higher reactivity towards electrophilic attack by radicals,
leading to higher yields of the intermediates/products from the
electrophilic attack at the olefinic double bond than that of other
intermediates/products from other pathways. Since the yield of
compound 8 is higher than that of compound 11, compound 8
isassigned as 10,11-dihydro-dihydroxycarbamazepine. Compound
11 is attributed to 10,11-dihydro-2,10-dihydroxycarbamazepine.
The identity of compound 5 was confirmed by comparing its reten-
tion time and mass fragmentation pattern to that of the authentic
compound (Carbamazepine 10, 11-epoxide). Compounds 6 and 7
are believed to come from the further oxidation of compound 8.
Compounds 1, 2, 3 and 9 are believed to derive from cyclization
reaction [39] and their structures have been proposed in previ-
ous contributions [38,40]. Compound 12 was identified by both
LC/MS/MS and GC/MS while compound 13 was identified by GC/MS.
The evolution profiles of the major intermediates/products were
organized and shown in Fig. 7a and b (trace intermediates/products
not included). CBZ degradation and TOC removal efficiency were
also illustrated in Fig. 7a and b. More than 90% CBZ removal was
achieved in 5 min with the presence of Cl—-, while CBZ removal was
merely 47.3% after 40 min without Cl~. After 40 min of reaction, TOC
removal efficiency with Cl~ (14.6%) is higher than that without CI~
(8%). Due to the presence of ClI~ leading to the generation of other
radicals such as Cl* and Cl,*~, the formation/degradation profiles
of some intermediates/products generated during CBZ degradation
by Fe2*/S,0g2~ with and without the presence of CI- are differ-
ent as shown in Fig. 7a and b. The yield of compound 2 and 6 is
the highest without and with Cl—, respectively. CBZ decomposition
generated trace compound 3 without ClI- while the accumulation
of compound 5 was not observed with CI~. The yield of compound
11 is lower than that of compounds 2, 5, 6, 8 and 9. On the other
hand, the generation of compound 11 is higher than compounds 2,
5,8 and 9. Compound 13 was identified by GC/MS. Anipsitakis et al.
reported that sulfate radicals attack on phenolic compounds in the
presence of chloride led to the generation of chlorinated pheno-
lic compounds [27]. However, chlorinated intermediates/products
were not detected with the presence of chloride in this study. This
may be due to the use of low initial concentration (0.15 mM) of CBZ,
which is much lower than that in Anipsitakis’s study (655.8 mM
Phenol). Thus, no chlorinated intermediates/products can accumu-
late to an appreciable level.

3.7. Proposed CBZ degradation pathways

Reaction pathways for CBZ degradation by FeZ*/S,0g2~ process
are proposed in Fig. 8. Four primary intermediates (Compounds
5, 6, 8 and 13) were generated upon CBZ’s degradation, which
were initiated by electrophilic attack at the olefinic double bond
on the central heterocyclic ring by sulfate radicals or hydroxyl rad-
icals. At the initial stage, the two benzene rings remain intact.
The addition of radicals to the olefinicdouble bond of CBZ could

generate an epoxide (compound 5). The addition of radicals to
the olefinic double bond in pairs produced a saturated glycols
(compound 8). Hydroxyl radical is also capable of reacting with
olefinic double bond by oxidating/breaking the double bond and
generating two aldehydes or ketones, such as compound A (not
detected though). However, compound 6 is believed to derive from
the further oxidation of compound A. In addition, compounds 6
and 8 might not directly come from CBZ but from compound 5.
To verify this, compound 5 was used as the starting probe in
Fe2*/S,032~ process as an independent test, where both com-
pounds 6 and 8 were detected. Thus, compounds 6 and 8 could
be primary and secondary intermediates. The loss of amide group
of CBZ led to the generation of compound 13. Compound 11 is
believed to derive from compound 5 through the attack at the
benzene ring of “intermediate B” by sulfate radicals. The radical
attack tends to happen on carbon 2 and carbon 4 on the ben-
zene ring due to the electron-donating property of the nitrogen
group on the central heterocyclic ring. Owing to steric effect, the
radical attack prefers taking place on carbon 2 (para-position),
leading to the generation of compound 11. Ring contraction of com-
pound 5 would possibly involve the formation of “intermediate C
(carbamazepine-9-carboxaldehyde)” as reported in other studies
[41]. The succeeding losses of carboxyaldehyde group and CONH,
lateral chain of “intermediate C” might yield compound 12. Com-
pound 7 is believed to derive from compound 8 via the attack at
the carbon 2 on the benzene ring by hydroxyl radicals. Compound
6 might evolve in three different ways: (1) Intramolecular cycliza-
tion via electrophilic aromatic substitution to generate compound
3; (2)The ring closure proceeds through intramolecular attack by
nitrogen at the aldehyde, leading to the production of compound
10; and (3) Intramolecular attack by hydrogen-carrying nitrogen
at the carbonyl giving compound 4. The evolution of compound
3 may proceed in two different ways: (1) the hydrolysis of the
urea group on the central heteocyclic ring leading to compound
2; and (2) the aldehyde group on the benzene ring being further
oxidized to produce compound 9. Compound 1 might arise from
three sources: (1) the loss of carboxyaldehyde group on the benzene
ring of compound 2; (2) succeeding losses of carboxyl and CONH,
lateral chain of compound 9; and (3) the oxidation of compound
12.

4. Conclusions

The degradation of CBZ was investigated using sulfate radicals
generated by the coupling of ferrous ions and persulfate as transi-
tion metal and oxidant, respectively. CBZ decay can be described
as a two-stage reaction consisting of a rapid initial stage followed
by a retarded second stage. Experimental results also show that
the performance of CBZ degradation was influenced by operat-
ing parameters, such as the molar ratio and the concentration
of Fe2* and S,0g2", initial solution pH, and inorganic salts. Opti-
mum CBZ removal efficiency was observed at an initial solution
pH of 3.0 within the investigated pH range of 2.00-7.87. Opti-
mum molar ratio of Fe2*/S,0g2~/CBZ was identified to be 5:40:1.
The presence of certain anions had a significant effect on the
Fe2*/S,04%~ process. It was found that NO3~, SO42~ and H,PO4~
demonstrated adverse effects (in an ascending order) on CBZ decay
in the process. The existence of CI~ however facilitated the decom-
position of CBZ, where the higher Cl- concentration, the faster
CBZ decay rate. In addition, 13 intermediates were identified dur-
ing CBZ degradation by Fe%*/S,0g2~ process with and without
the presence of Cl~. The evolution profiles of intermediates are
different for these two scenarios. Based on the analysis of the evolu-
tion profiles of intermediates, the decay pathways were proposed
accordingly.
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