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ABSTRACT

For decades, several recalcitrant pollutants haaen lzontinuously discharged in the aquatic
systems because of the development of the indusity human activity and led to various
environmental impact. Advanced oxidation proce$8€3Ps) have been suggested as the appropriate
technology for oxidative elimination of pollutanEenton reaction which generates hydroxyl radigal b
the redox cycle of the reaction with hydrogen p&texand ferric species has been mainly studied.
However, Fenton reaction utilized at water treatinsystem has a limit; Fenton reaction is worked
under acidic pH condition. The proper pH conditiminconventional Fenton system (Fe(llx®%
system) is near pH 3.

In order to increase the reaction pH condition, fe€lll)/H.O. and Cu(ll)/HO. system were
combined into the Fe(lll)/Cu(ll)/ED> system. In this dissertation, combined Fenton-kstem
(Fe(ll)/Cu(ll)/H20, system) was compared to conventional Fenton andtofRdike systems
(Fe(l/H202 and Cu(ll)/HO. systems) on the degradation of several recaltitaganic compounds
(benzoic acid, furfuryl alcohol, atrazine, carbaemre, phenol, 4-chlorophenol, 3,4-dichlorophenol,
2,4,6-trichlorophenol) at pH 4 (Jtarget compourdsD.1 mM, [Fe(lID} = [Cu(lD]o = 0.1 mM, [HO2]o
=1 mM).

The rate of 4-chlorophenol degradation by the comdbiFenton(-like) system was accelerated by
9-fold and 30-fold than the Fe(l11)4@. and Cu(ll)/HO. systems, respectively. The Fe(lII)/Cu(lPh
system selectively degraded phenolic compoundsulsecghe degradation products of phenolic
compounds (hydroquinone and 1,2,4-benzenetriol)e hewbstantial reducing power, which these
products contribute to generating reactive oxiddoytghe reduction reaction of the metal ion. For
identifying this mechanism, the reducing power -ahflorophenol degradation products was examined
in the catalyst/4-chlorophenol degradation prodystems, and the reduction rate of Cu(ll) to Cig(l)
faster than Fe(lll) to Fe(ll) by each 4-chlorophlesgradation products.
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Chapter 1. Introduction

For decades, the recalcitrant pollutants like phiewompounds and pharmaceuticals and personal
care products (PPCPs) which have been emergedebyetirelopment of industry and human activity
have widely affected in the aquatic systems andrgedeorganic contaminants which cause water
pollution [1,2]. Accordingly, the water treatmenéthods have been also developed but the recalcitran
pollutants (phenolic compounds, and PPCPs, repiaserly) are difficult to be degraded by the
traditional water treatment methods [3,4]. Howeeggiew amounts of phenolic compounds and PPCPs
have been continuously detected in the aquatiesyfs,6]. Therefore, other water treatment methods
which are more advanced than traditional techniguequired.

Advanced oxidation processes (AOPs) which have beghed for the degradation of recalcitrant
pollutants in aquatic systems generate powerfakraaoxygen species (ROS) such as hydroxyl radical
[7] C OH; E°['OH/H:0] = 2.81 e [8]). Hydroxyl radical is generated by some praesye.g., thermal,
photochemical, electrochemical processes and diigot dissociation) which have utilized various
precursors and external factors [9]. However, AG&& some limitations which are the efficiency of
energy sources and operation cost, compared witr tteatment processes [10-12].

Among them, this study focuses on the Fenton systehermal processes. In the Fenton system,
hydroxyl radical is generated by the redox cyclehaf reaction of kO, with Fe(lll)/Fe(ll), which is
called the Haber-Weiss mechanism (Figure 1.1) [kBlhis mechanism, Fenton reaction which is
known as generating hydroxyl radical is worked uralgdic condition via the one-electron transfer
reaction [14,15]. The rate of the reaction whicillBes reduced to Fe(ll) by the reaction with®b is
much slower than Fe(ll) is oxidized to Fe(lll), geating hydroxyl radical [16]. First step reactien
the rate-determining step (RDS) and cause of Feditumulation[17]. In neutral pH, the efficiendy o
Fenton system is substantially decreased becau$d) B@d Fe(ll) are precipitated in the aquatic
systems and ferryl ion [18,19] (H¥(); generated by the reaction with®4 and iron species via two-

electron transfer reaction) is generated to bécdiffto degrading organic pollutants (Figure 1.2).

HO,’ Fe(lll H,0,

H,O Fe(ll ‘OH
272 Slow e() Fast

Figure 1.1. Scheme of Haber-Weiss mechanism

1



0, Fe(IV) H,0,
Fe(lll
X\%F\e(m)X
H,0, Fe(ll) H,0

Figure 1.2. Scheme of non-radical mechanism

Recently, copper species show that copper-Fentmtiom can also generate reactive oxidant by
the redox cycle of the reaction 0® with Cu(ll)/Cu(l) and this Fenton-like reactionirgluenced by
pH condition (under neutral and alkaline pH) [14208. Also, this Fenton-like system have been
studied for inactivating microorganisms and cotitnglbiofouling of membrane [21-23]. In the copper-
catalyzed Fenton-like system, the cupryl ion (Qu(8 a dominant reactive oxidant for degrading

organic compounds (Figure 1.3) [15,24].

Product

Organic
compound

> Cu(lll

Figure 1.3. Scheme of copper-catalyzed Fenton-like mechanism

In the single metal ion catalyst&, systems, the reaction which Fe(lll) and Cu(ll) me@uced to
Fe(ll) and Cu(l) by HO; is the rate-determining step for the generatioreattive oxidants [15,16,24].
Because the rate of these steps is so slow, tH#)fF€£0, and Cu(ll)/HO. systems are difficult to
degrade several recalcitrant pollutants. In ordeintprove the rate of pollutants degradation, both
systems are combined into the Fe(ll1)/Cu(IpDd system. The Fe(lll)/Cu(ll)/kD- system shows the
enhancement of phenolic compounds degradation aempaith the Fe(lll)/HO. and Cu(ll)/HO:
systems at pH 4. From the previous studies, threra@coupling reactions between Fe(lll) and Cu(ll)
in the combined Fenton-like system. Therefore gifeancement at this system is believed to thetresul
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of each role of Fe(lll) and Cu(ll), which is reldt® the phenolic compounds. However, the inforamati
about the relation between Fe(lll) and Cu(ll), tbacentration of reagents, and the detailed mesirani
has not been reported on the degradation of pleecminpounds by the Fe(lll)/Cu(Il)4d. system.

The objectives of this study are to assess thenpateof the Fe(lll)/Cu(ll)/HO. system for
oxidation of organic compounds and to discuss the of Fe(lll) and Cu(ll) for producing reactive
oxidants. The Fe(lll)/Cu(ll)/ED. system is compared to the Fe(lll}®: and Cu(ll)/HO, systems
(conventional Fenton(-like) system) under differpht condition and the dose of reagents. The main
target compound is 4-chlorophenol, but also theatagion of other organic compounds was examined,
such as benzoic acid, furfuryl alcohol, atrazingbamazepine, phenol, 3,4-dichlorophenol, 2,4,6-
trichlorophenol. In addition, the reducing powertloé 4-chlorophenol degradation products was also
examined, which would provide insight into inveatigg the mechanism for producing reactive

oxidants (hydroxyl radical and cupryl ion).



Chapter 2. Materialsand Methods

2.1. Reagents

All chemicals were of reagent grade and used withather purification. Chemicals used in this
work include iron(lll) perchlorate hydrate, coppgréulfate, HO, (30 wt. % in HO), perchloric acid
(HCIQO4), sodium hydroxide (NaOH), 4-chlorophenol (4-Gknzoic acid (BA), furfuryl alcohol (FFA),
carbamazepine (CBZ), phenol, 3,4-dichlorophenol-3CP), 2,4,6-trichlorophenol (2,4,6-TCP),
hydroquinone (HQ), 1,2,4-benzenetriol (BT) (allfrdsigma-Aldrich Co.) and atrazine (AT) (Fluka
co.). All stock solutions were prepared using died water (18 Midm Milli-Q water from a
Millipore system). A Fe(lll) stock solution (10 mMyas prepared by dissolving iron(lll) perchlorate
hydrate in a 0.1 M HCI@solution. Stock solutions of Cu(ll) (10 mM).®B (1 M), 4-chlorophenol (4-
CP, 10 mM), benzoic acid (BA, 10 mM), furfuryl aled (FFA, 10 mM), atrazine (AT, 0.125 mM),
carbamazepine (CBZ, 0.125 mM), phenol (10 mM), dehlorophenol (3,4-DCP, 1 mM), 2,4,6-
dichlorophenol (2,4,6-TCP, 1 mM) were prepared atuded at 4C until use. Also, follow stock
solutions was prepared with pure $parged DI water: hydroquinone (HQ, 10 mM), 1 2efzenetriol
(BT, 10 mM).

2.2. Experimental setup and procedure

All experiments were performed in a 125 mL Erlenereijask (50 mL of reaction solution) open
to the atmosphere at room temperature(22C). The solution pH was adjusted using 1 N HZ4@d
1 N NaOH and the variation of solution pH was ldsan 0.1 units during the reaction. In these
experiments, each system was initiated by addirjignot of the metal ion catalyst (Fe(l1l) or CijiY1
stock solution to a pH-adjusted solution containarget organic compounds (4-CP, BA, FFA, AT, CBZ,
phenol, 3,4-DCP, 2,4,6-TCP, respectively) angDH Reaction samples (1 mL) were withdrawn at
predetermined time intervals and were immediatalenghed by adding 2QL methanol. All
experiments were performed at least in duplicatd,the average values with standard deviations were
presented. Basic condition of these experimerds is the following: [Target organic compoungs]
0.1 mM, [Fe(lIb = [Cu(lD]o = 0.1 mM, [HO:]o = 10 mM, and pH = 4.0. For several experiments, th
concentration of target organic compound (maini@Pl), metal ion catalyst, and pH were changed in
the ranges of 0.01 - 0.1 mM, 0.01 — 0.1 mM, aneb30respectively. For investigating reducing powe
of 4-CP degradation products (HQ, BT), these prtedue@re injected into metal ion catalyst solution
([HQJo = [BT]o = 0.1 mM, [Fe(lID} = [Cu(ll)]o = 0.1 mM) and samples (1 mL) were withdrawn at
predetermined time intervals and immediately rehatéth colorimetric determination reagents to

figure out metal ions reduced by 4-CP degradatioduyxts.



2.3. Analytical methods

The concentrations of the target organic compoumei® measured by rapid separation liquid
chromatography (RSLC, UltiMate 3000, Dionex Co.S1A.) with UV absorbance detection (at 230,
227, 220, 220, 285, 277, 230 and 230 nm for 4-@R,B-A, AT, CBZ, phenol, 3,4-DCP, 2,4,6-TCP,
respectively). The chromatographic separation vea®pmed on a 2.1 mm x 150 mmu& 120A C18
column (Acclaim™ 120 C18 column, ThermoFisher Sifieninc., U.S.A.) using a 0.1 % aqueous
solution of phosphoric acid and neat acetonitidehe eluent at a flow rate of 0.8 mL/min excepZCB
analysis (with phosphoric acid solution, methanal] acetonitrile). The concentrations ofli Fe(ll)
and Cu(l) were measured by a spectrophotometer fdamd65, Perkin-Elmer Inc., U.S.A.) using
titanium sulfate method:{os = 730 Ms?;[25]), 1,10-phenanthroline methog{, = 11050 M's?;[26])
and DMP methodsgss = 7650 M!s’;[27]), respectively.



Chapter 3. Results and Discussion

3.1. Results

3.1.1. Degradation of 4-CP by the catalyst/H>02 systemsin various pH condition

The degradation of 4-CP by Fenton(-like) system sigsificantly affected by the solution pH
because the hydroxyl radical generation mechanispeds on pH condition [14]. The Fe(llI%Bh
system did perfectly degrade all 4-CP at pH 3.0 &adin 30 minutes (Figure 3.1a). Whereas, the
Fe(Ill)/H20, system at pH 4.0 to 5.5 and the Cu(Ih@ system at pH 3.0 to 5.5 hardly degraded 4-CP
(Figure 3.1a and 3.1b). In the case of the FeQu}ll)/H2O, system, at pH 4.5 to 5.5 range, the 4-CP
was not degraded like other systems. At pH 4, thgratiation of 4-CP by the Fe(lll)/Cu(l1)/6.
system (90% degradation in 2 h) was much highen the sum of the 4-CP degradation by the
Fe(ll)/H0, and Cu(ll)/HO. systems (approximately 13% degradation: 10% degi@ad by the
Fe(ll1)/H20, system and 3% degradation by the Cu(Hklsystem in 2 h) (Figure 3.1c). Comparing
the Fe(lIN)/Cu(I)/HO. system and the sum of the Fe(lI)®4 and Cu(ll)/HO, systems at pH 3.0 and
3.5 (Figure 3.1a and 3.1b versus Figure 3.1c), 4HeP degradation rate was higher in the
Fe(ll)/Cu(I1)/H20; system than the sum of the Fe(lll}P3 and Cu(ll)/HO; systems (approximately
40% degradation versus 13%, 2% degradation, régplcin 10 min).

To figure out the enhancement degree of two metal datalysts (Fe(lll) and Cu(ll)), the
enhancement rate (i.A[4-CPeqnycumy (A[4-CPEeqny + A[4-CPkumy)) was calculated from the results
of Figure 3.1 (Figure 3.2). This rate was calcwaising the data points of 10 min 4-CP concentnatio
at pH 3.0 and 3.5, and 120 min 4-CP concentratier @H 4.0. The enhancement rate of 4-CP
degradation was the highest at pH 4, which incekasepH increased at pH 3.0 to 4.0 range and

dramatically decreased as pH increased at over.QH 4
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3.1.2. Effects of 4-CP and catalysts concentration

The effect of 4-CP concentration on the degradatiof-CP was examined in the Fe(llI}B,
Cu(ll)/H20- and Fe(ll1)/Cu(ll)/HO, systems at pH 4 (Figure 3.3). The Fe(lIpD4 system under 10
uM and 25uM 4-CP concentration degraded approximately 30 #26h% 4-CP in 2 hrespectively.

In the other 4-CP concentration conditions, thistey degraded 10 % 4-CP in 2 h (Figure 3.3a). The
Cu(ll)/H20- system did not degrade 4-CP (Figure 3.3b). In Feéll)/Cu(ll)/H2O. system, the
degradation of 4-CP under 1M concentration shows the similar degradation arhauth the
Fe(ll)/H0O, system. Whereas, in other condition, the amound-@fP degradation was gradually
increased depending on the increase initial conatoih of 4-CP. The enhancement rate of 4-CP
degradation under 4-CP concentration was calcufated the results of Figure 3.3 (Figure 3.4). The
enhancement rate increased as the concentratéCBfincreased.

The concentration of metal ion catalysts influencdte 4-CP degradation by the
Fe(ll)/Cu(I1)/H20; system (Figure 3.5). For comparing the effectamfremetal ion concentration, the
concentration of Fe(lll) or Cu(ll) was fixed on 0vIM at each experiment. When the concentration of
Cu(ll) was 10uM, the degradation of 4-CP was negligible. Howewdren the concentration of Cu(ll)
was 50 and 100M, all 4-CP was degraded by the Fe(lll)/Cu(1h@d system (Figure 3.5a). In the case
of adjusting Fe(lll) concentration, the degradatdd-CP was increased as the increase of inigéllff
concentration (Figure 3.5b). The enhancement fadeCQP degradation in which Cu(ll) concentration
was 0.1 mM (adjusting Fe(lll) concentration) tendedincrease according to increase the initial

concentration of Fe(lll) (Figure 3.6).
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Figure 3.3. Degradation of 4-chlorophenol under target corregion change by the Fe(l1)#, (a), Cu(Il)/HO- (b) and Fe(ll)/Cu(ll) /HO: (c) systems
at pH 4 ([Fe(ll)p = [Cu(ID]o = 0.1 mM; [HO2]o = 1 mM)
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3.1.3. Degradation of various or ganic compounds

Degradation of various organic compounds (4-CP, BAd, AT, and CBZ) was tested in the metal
ion catalyst/HO, systems at pH 4 (Figure 3.7). Except for 4-CP,0affanic compounds were not
degraded by the Fe(lll)4®., Cu(ll)/H.O,, and Fe(lll)/Cu(ll)/HO. systems. In addition, D,
decomposition showed a similar trend with organmnpounds degradation (Figure 3.8). The
degradation of 4-CP by the metal ion catalygDisystem had the highest enhancement rate value, and
the value of the other enhancement rate was ndas®than 1 (Figure 3.9).

The degradation of several phenolic compounds @h&nCP, 3,4-DCP, 2,4,6-TCP) was also
examined by the metal ion catalysi systems (Figure 3.10). The Fe(llI4Bb system could degrade
approximately 10 % of all phenolic compounds retipely (Figure 3.10a), and the Cu(ll)/&, system
hardly degraded each phenolic compound (Figureb3.10omparing the degradation of phenolic
compounds by the Fe(ll)/Cu(l)4D, system (Figure 3.10c), the 4-CP degradation wasighest,
followed by 3,4-DCP, phenol, and 2,4,6-TCP, respelit The decomposition of 4. on phenolic
compounds degradation by the metal ion cataly§¥l8ystems showed a similar trend with phenolic
compounds degradation by all systems (Figure 3. Ihg enhancement rate of several phenolic
compounds degradation was presented in the sanee wrdvhich the phenolic compounds were
degraded by the Fe(lll)/Cu(Il)A®. system (Figure 3.12).
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3.1.4. Degradation products of phenolic compounds and the effect of these

Hydroquinone (HQ) and benzoquinone (BQ) are funddatelegradation products of phenol and
4-CP [28]. The production of BQ was examined inrtietal ion catalyst/kD. systems at pH 4 (Figure
3.13). The Fe(lll)/HO2 and Cu(ll)/HO. systems hardly produced BQ (0.7 ~ (IMb on the degradation
of phenol and 4-CP in 2 h) (Figure 3.13a and 3.13bg degradation of phenol and 4-CP by the
Fe(ll1)/Cu(l)/H20. system produced 2eM and 5uM of BQ in 2 h (Figure 3.13c). If two metal ion
catalysts coexisted together in the metal ion gstdhO, system, the production of BQ was
dramatically enhanced. In addition, the HQ was alsamined but was not measured in the metal ion
catalyst/HO; systems.

To investigating the effects of several phenolimpounds degradation products, the reducing
power of the products was examined (Figure 3.1éjlllF or Cu(ll) was reacted with hydroquinone
(HQ) and 1,2,4-benzenetriol (BT). Most of Fe(lliasvreduced to Fe(ll) in 60 sec by HQ and in 10 sec
by BT (Figure 3.14a), also Cu(ll) was reduced t¢lJn 10 sec by HQ and was immediately reduced
to Cu(l) by BT. Besides, the rate of the reducingli} to Cu(l) by two degradation products was much
faster than the reducing Fe(lll) to Fe(ll).
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3.2. Discussion

3.2.1. H,0O; activation by metal ion catalysts

The Fe(lll)/HO. and Cu(ll)/HO. system is already studied to produce reactiveamglvia the
Fenton(-like) reaction [14]. Under acidic conditi(pH < 3), Fe(lll) is reacted with ¥D, and reduced
to Fe(ll) (reaction 3.1). Fe(ll) produced by reanti3.1 is oxidized to Fe(lll) by #D,, producing
hydroxyl radical {OH) (one-electron transfer reaction); a powerfubant (reaction 3.2) [16]. Under
circumneutral pH condition (p& 5), on the other hand, Cu(ll) is reacted witfOkland reduced to
Cu(l) (reaction 3.3). Cu(l) is reacted with®} and this reaction produces hydroxyl radical (ks dhe
electron transfer reaction) or high valent metalgpecies (Cu(lll); by the two electron transfexatéon)

(reaction 3.4) [15,24]. In addition, reaction 3ride8.3 are slower than reaction 3.2 and 3.4.

Fe(llll) + HO, — Fe(l) + Q@ + 2H (3.1)
Fe(l) + HO, — Fe(lll + "OH + OH (3.2)
Cu(l) + HO, — Cu(l) + Q@ + 2H (3.3)
Cull + HO, — Cull) + "OH + OH or Cu(ll) + 20H (3.4)

In basic experiment pH condition in this study @¥reaction 3.1 and 3.3 are very slow. Therefore,
the reactive oxidants are hardly produced in alsingetal ion catalyst/#D. systems (Fe(ll1)/kO2 and
Cu(Il)/H205). Because of this factor, there was no noticedl# degradation by the Fe(lll)/8, and
Cu(Il)/H20, systems (10 % and 3 % degradation, respectivelgu(€ 3.1a and 3.1b). In the case of
Fe(Il1)/Cu(l)/H20. system which degraded 90 % of 4-CP, other fadtditeenced to 4-CP degradation
besides the reaction of the metal ion withOk producing reactive oxidants. Details explanatén

other factors is described in the next section.

3.2.2. Role of 4-CP degradation products; hydroquinone and 1,2,4-benzenetriol
Earlier studies described that Fe(lll) and Cu@lyeduced to Fe(ll) and Cu(l) by the reaction with
hydroquinone (HQ) (reaction 3.5) [29,30]. Then, H®@ is oxidized to the semiquinone radical{Q
which is also oxidized to benzoquinone (BQ) by(f@action 3.6).
HQ + Fe(lhorCu(ll — Fe()orCu(l) + @ + 2H (3.5)
Q-+ & —» BQ + Q° (3.6)

According to reaction 3.5 and 3.6, the productibB@ is explained on phenol and 4-chlorophenol
degradation (Figure 3.13). Experimental result igufe 3.13, the production of BQ on phenol
degradation is more than on 4-CP degradation. isHz¢cause phenol is sequentially degraded to HQ
and 4-CP is degraded to HQ or 1,2,4-benzenetrid).(B

The BT is known to have the characteristic of aigtaton, which is the process of reacting with
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O, producing reactive oxygen species (superoxideah@nion (@) and HO,) [31]. The BT is
oxidized to the semiquinone radical (5-Qs different from @ mentioned in reaction 3.5 and 3.6) by
the reaction with @(reaction 3.7). Subsequently, semiquinone radezsdts with Qor O,"~ to produce
2-OH-benzoquinone (2-OH-BQ) (reaction 3.8 and 3.9).

BT + O — sQ + O~ + 2H (3.7)
sQ- + & — 2-OHBQ + G- (3.8)
ssQ~ + O~ — 2-0H-BQ + HO, (3.9)

However, Zhang et al. [31] suggested that Fe(ht &u(ll) accelerate the oxidation rate of BT
approximately double and 11-fold, respectivelyother words, Fe(lll) and Cu(ll) are rapidly reduced
to Fe(ll) and Cu(l) by the reaction with BT (reacti3.10).

BT + Fe(ll)orCu(ll) — Fe(l)orCu(l) + s-Q + 2H (3.10)

As mentioned in section 3.1.4, the reducing powaDis much higher than of HQ. This can
explain how the phenol degradation by the Fe(ILU{{/H-0O. system was lower than 4-CP degradation
(basically, phenol is easily degraded in compariadth 4-CP) (Figure 3.10c). Because, the main
degradation products of 4-CP are HQ and BT, whidnentontribute to reducing metal ion catalysts

than the main degradation product of phenol (or@®) iFigure 3.14).

3.2.3. Mechanisms of 4-CP degradation by the metal ion catalyst/H>O> systems

Previous studies suggested that the productioraitive oxidants via Fenton(-like) system is
dominated by suitable pH condition [14]. Howevére experimental pH condition in this study is
inappropriate for degradation of 4-CP by a singktahion catalyst/bD, systems. The Fe(ll1)/4#D-
system is predominant under acidic condition (p®&hd 3.5, 100% degradation in 30 min) (Figure
3.1a) [14,15]. Interestingly, after pH 4 rangesthystem hardly degraded 4-CP (10 % degradation at
pH 4 in 2 h). The Cu(ll)/kD. system also degraded 4-CP less than 5 % (3 % dhgya at pH 4 in 2
h) (Figure 3.1b). Although the degradation of 446y single metal ion catalyst®&, system showed
low performance, the Fe(lll)/Cu(I1)A4D, system showed very specific consequence that 8044CP
degraded (Figure 3.1c).

Figure 3.5a shows if Cu(ll) existed over a certamount, the Fe(ll)/Cu(ll)/kD; system can
almost degrade 4-CP despite only degrading 3 %@P4n terms of Cu(ll)/kO, system. On the other
hand, the concentration of Fe(lll) had a propodien effect on 4-CP degradation in the
Fe(Il)/Cu(ll)/H20. system (Figure 3.5b). In summary, it can be uridedsthat Fe(lll) is used as
production of hydroxyl radicatQH) from the reaction with ¥#D, (reaction 3.1 and 3.2) and both Fe(lll)
and Cu(ll) are reduced to Fe(ll) and Cu(l) by H@ &T which are degraded from 4-CP.

Consequently, the degradation products of 4-CP4HMBT) are responsible for the enhancement
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of 4-CP degradation by Fe(lll)/Cu(I1)#. system. The mechanisms of 4-CP degradation byraatd

ion catalyst/HO. system are suggested in Figure 3.15 to 3.17.drF#(l11)/HO. system, Fe(lll) is
reduced to Fe(ll) by the reaction with®} (slow, rate-determining step; RDS, reaction 3ahy then

the reaction of Fe(ll) with KD, generates hydroxyl radicalQH) (fast, reaction 3.2) (Haber-Weiss
mechanism). 4-CP is oxidized by hydroxyl radicad &Q and BT are formed by sequential oxidation
from primary products of 4-CP oxidation. The reawctof 4-CP degradation products with Fe(lll) re-
generates hydroxyl radical(H), which degrades remained 4-CP (Figure 3.15wéder, in this
system, the rate of 4-CP degradation is just meedryacause the rate of Haber-Weiss mechanism is
slow at pH 4 and the amount of 4-CP degradatismisnough to produce HQ and BT.

In the case of the Cu(ll)4®, system, Cu(ll) is reduced to Cu(l) by the reactioth H,O, (very
slow, RDS, reaction 3.3), and Cu(l) is immediaikydized to Cu(lll) (high valent metal ion species)
(reaction 3.4) by the two-electron transfer reactwith HO,. Theoretically, 4-CP is degraded by
Cu(lll), and degradation products reduce remainllCig Cu(l), which reacts with k0, and produces
Cu(lll) (Figure 3.16). Nevertheless, because reacs.3 is much slower than any other reactions, the
Cu(Il)/H20- system hardly degraded 4-CP in experimental r@sult

Lastly, the Fe(lll)/Cu(ll)/HO. system is combined with the Fe(llIY8k: and Cu(ll)/HO. systems
(Figure 3.17). At first, the Haber-Weiss mechanisnelatively faster than the mechanism of genegati
Cu(lll) by the reaction with Cu(ll) and .. Therefore, the Haber-Weiss mechanism is a proper
reaction which degraded 4-CP at the beginning. fiytoxyl radical {OH) degrades 4-CP, and HQ
and BT produced by 4-CP degradation reduce meaialatalysts (Fe(lll) and Cu(ll) to Fe(ll) and Cu(l)
respectively). The metal ion catalysts reduced4BP4degradation products react witb4 generate
hydroxyl radical and Cu(lll). This two-step reactis the cause to show the characteristic which is
similar to a lag phase between 10 and 30 minutdsGR degradation (Figure 3.1). And also, the other
experimental results suggest that the rate of waieftl) reduces to Cu(l) by 4-CP degradation prasluc
is faster than which Fe(lll) reduces to Fe(ll) (g 3.14). As a result, the mechanism of producing

Cu(lll by HQ and BT is believed to predominate ogeoducing Fe(ll) and hydroxyl radicalqH).
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Chapter 4. Conclusions

This study investigated the 4-CP degradation by tloenogeneous Fenton(-like) systems
(Fe(ll)/H20z, Cu(ll)/H202, and Fe(ll)/Cu(ll)/HO,) in terms of the enhancement, which is due to
coexisting Fe(lll) with Cu(ll). The experimentakidts from this study provide a new approach to the
effect of degradation products in the degradatiaih® phenolic compounds.

Haber-Weiss and Cu(lll) production mechanisms wffecult to work for producing reactive
oxidants {OH and Cu(lll)) at pH 4 because this pH conditiemdt proper for reacting metal ion with
H.O.. The Fe(lll)/HO, and Cu(ll)/HO, systems degraded a little 4-CP (10 %, and 3 % m 2
respectively). If the production mechanisms of tieamxidant were slow at the beginning, the amount
of 4-CP degradation should be negligible and tleelpetion amount of 4-CP degradation products is
not enough to produce reactive oxidants.

The Fe(lI)/Cu(I)/HO, system remarkably degraded 4-CP (90 % in 2 hiebiétan a single metal
ion catalyst/HO, systems. The conclusions of this study are predeas follow.

Firstly, the Haber-Weiss mechanism is worked byIFeggacting with HO,. Then, a little 4-CP
is degraded by hydroxyl radical at the beginnitng: tate of Cu(lll) production mechanism is much
slower than Haber-Weiss mechanism while Fe(lll) @adl) co-exist. In the first step, hydroxyl radic
produced by the Haber-Weiss mechanism may be tiveneective oxidants.

Secondly, there are two main degradation produtt§-GP (hydroquinone (HQ) and 1,2,4-
benzenetriol (BT)), which have strong reducing pow#) and BT produced by a little degradation of
4-CP reduce Fe(lll) and Cu(ll) to Fe(Il) and Culthis step, Fe(ll) and Cu(l) produce reactivelaxt
such as hydroxyl radical and Cu(lll). When the te&coxidant is produced by the reaction with HQ
and BT, the amount of 4-CP degradation dramati¢atlyeases because the generation mechanism of
reactive oxidants using HQ and BT is much fasten tihe mechanism of the first step. The main oxidan
of this step is believed to Cu(lll) because theuotidn rate of Cu(ll) by HQ and BT is faster than o
Fe(ll).

Importantly, the role of Fe(lll) contributes to piecing hydroxyl radical at the beginning, and role
of Cu(ll) contributes to producing Cu(lll) which goduced by the reaction with HQ and BT. This
synergistic effect is believed to be effective ireating phenolic organic compounds. The
Fe(ll/Cu(I)/H20; system shows the great advantages comparing begeraditional Fenton(-like)

system based on iron.
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