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Mechanism of Photo-Fenton Degradation of Ethanol and
PVA*
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Abstract Contrast degradation experiments between ethanol and polyvinyl alcohol (PVA) were conducted during
H202, UV/H202, Fenton, and Photo-Fenton processes in this study. UV/VIS spectra showed’ that complexes
between Fe(Ill) and organics were easily formed and degraded within reaction time. Compared with the degradation
of complex, hydroxyl radicals acted weakly in Fenton or Photo-Fenton process. Hydroxyl raditals involved in
Photo-Fenton process were deemed to be generated from the split decomposition of H2O2, photolysis of ch;i'. and
degradation of hydrated Fe(IV)-complex but not traditional Fenton reaction. Experimental evidence to support this

point was presented in this paper.
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1 INTRODUCTION

Fenton process has been well studied recently for
its prospective applications in unmanageable wastew-
ater treatment(! 3. Traditionally, the high efficiency
of Fenton process is owed to the generation of hy-
droxyl radical (HO"), with a high oxidation poten-
tial (E° = 2.80 V) and the organic compounds can be
mineralized completely to water and carbon dioxide.
In acidic media Fenton reaction can be simplified as
the following equations according to the free radical
mechanism!Y

Fe’* 4+ Hy,02 — Fe** + OH™ + HO' (1)
-— + w
Fe’* + Hy0, (—‘_»“} Fe—O0,H?* o Fe?t + HO; (2)
a

Fe®t + HO,® — Fe?* + HY + 0, (3)

In this ferric system, Fe3t acts as a catalyst. With
an excess of HyO, Fe?t is oxidized to produce hy-
droxyl radical through Eq.(1). Recently combination
of Fenton reaction with UV light, so called Photo-
Fenton reaction, has shown to enhance the efficiency
of this process. Some previous researchers opined that
decomposition of the photo-active Fe(OH)?* would
lead to addition of the hydroxyl radicalsl?l,

Fe(OH)?* + hy — Fe** + HO' (4)

However, the free radical mechanism has been
questioned at times because optical absorption mea-
surement during Fenton reaction proves the presence
of complexes between Fe(Il)/Fe(Il) and Hz0,). Fur-
thermore, recent thermodynamic calculations have
demonstrated that an outer-sphere electron transfer
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reaction between Fe(Il),q and H,02 [Eq.(1)] cannot
take place, because the formation of the intermediate
H207 is not favored(®7]. As a result many alternative
mechanisms have been proposed!®—13],

From recent publications!1®14:15] it has been well
established that complexes of Fe(Il)/Fe(Il) with or-
ganic ligands play an important role in Fenton reac-
tion. These complexes may react with peroxide or
other oxidants to form high-valent ferryl moiety, where
iron is in +1IV or +V valent state. With the degrada-
tion of higher-valent hydrated iron-species, hydroxyl
radicals appear concurrently, which may confound the
interpretation of the experimental results. This pro-
cess can be simplified as follows

H,0, + Fe(Il) — Fe(IV)OH —= Fe(Il) + HO" (5)

Spin-trapping experiments have demonstrated
that free hydroxyl radicals exist in Fenton or Photo-
Fenton reactions!'®l. However, spin-trapping experi-
ments are inconclusive because they cannot rule out
the existence of nontrapped transient or the concep-
tion that the transient gives the same spin trap prod-
uct as hydroxyl radical.

Ethanol, a simplest linear chain alcohol, and
polyvinylalcohol (PVA), a polymeric alcohol, were
chosen as the model organic compounds in this work.
Experiments were conducted by investigating their de-
composition by H,O2, UV/H20,, Fenton, and Photo-
Fenton processes. Acetic acid, an intermediate that
may be generated during the oxidation of ethanol (or
PVA) by hydroxyl radicals, was measured in these four
processes. The purpose of this study is to provide ev-
idence whether hydroxyl radical oxidation is the key
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. reason for the high degradation efficiency of Fenton
and Photo-Fenton processes.

2 EXPERIMENTAL SECTION
2.1 Materials

All chfemical reagents including PVA were pur-
chased from Merck (ACS grade). Water was of double-
distilled quality.
2.2 Photoreactor and photodegradation pro-
cedure

All photolysis experiments were carried out in a
batch reactor, and the experimental apparatus was
shown in Fig.1. It consists of a reservoir (volume:
0.60L), a flow-through annular photoreactor (volume:
0.15L, ID: 10mm, length: 200mm, made from
quartz glass), equipped with a mercury medium pres-
sure lamp (Heraeus, TQ 150, electrical power con-
sumption: 150 W, the radiant power: 45.6 W) giving
a main emission at 365nm. The solution was recir-
culated (250 ml'min~') by means of a pump (Ben-
der & Hobein, Masterflex, Easy-load 75-118-00). The
ethanol or PVA solution was continuously purged (in
the reservoir) by compressed air during the entire re-
action time. The photolysis experiments were per-
formed for a duration of 180 min. The temperature of
the solutions was kept at 30°C.

water bath

recycle pump

Photochemical batch reactor employed in
all irradiation experiments

Figure 1

The total volume of the photolysis solution was
0.50 L. The original concentration of ethanol and PVA
solution was 400mg -L~! and 200mg-L~" (carbon
content), respectively. FeSO,4-TH,O was dissolved in
ethanol or PVA solution before HyO, was added. The
molar ratio of Fe(Il) to H;Oy was 1:20. The amount
of H,O, added is the stoichiometric amount of HoO»
required for the total oxidation of ethanol or PVA as
calculated according to Eqgs. (6) and (7).

CH3CH,OH + 6H;0, — 2C0; + 9H,0  (6)
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H

OH OH OH + snH;0; —= 20C0+7mH,0  (7)

The pH was adjusted using H2SO4 to the initial
value of 3.0. The analysis was performed immedi-
ately after the samples were taken from the batch
reactor at various photolysis time intervals. 2.0 X
103 L of “reduction and precipitation agent”, com-
posed of 0.10mol-L~! NazPOy, 0.10mol-L~" KI and
0.10mol-L~! Na,S0s;, was diluted to a volume of
4.0 x 1073 L prior to the DOC (dissolved organic car-
bon) and HPLC measurements. This procedure led to
a complete reduction of the residual H;0; as well as
the removal of most of the Fe(Il) /Fe(Ill) by precipita-
tion. The precipitate was removed by filtration using
Nylon Luer-Lock membrane filters (Roth, 0.22 um).
2.3 Analytical methods

UV/VIS-spectra were recorded using an HP
5800(I) diode-array-spectrophotometer. pH was mea-
sured by a Metrohm-pH-analyzer (E 513). HyO2 was
analyzed by classic KMnOy titration!'”.

The analysis of the DOC was carried out using a
Dohrmann DC-190 TOC (total organic carbon) ana-
lyzer (temperature: 680°C) from Rosemount Analyti-
cal.

The detection of intermediates of the ethanol or
PVA degradation was performed using an HP Series Il
Liquid Chromatograph, equipped with a diode-array-
detection system (DAD). A LiChrospher-100 RP 18
column (length: 125mm, diameter: 4mm, particle
size: 5 um) and an identical precolumn were employed.
The precolumn removed higher molecular weight in-
termediates (M,, > 2000). A mixture of 0.05 mol-L~"
triethylamine/H3 POy [pH=7.0, 95%(by volume)] and
acetonitrile [5% (by volume), Baker| was chosen as the
eluent.

The gel permeation chromatography (GPC) ex-
periments were carried out employing an HP (TSK-
AC/40090 SW; 7.5mmx300mm) column to detect
the super-macromolecule possibly formed in PVA
degradation. NaSO4 (0.10mol-L™') and Na;HPO4
(0.10 mol-L~1), dissolved in water were used as eluent.
pH was adjusted to 7.0 using diluted H3PO,. The de-
tection of the polymers has been achieved using the
wavelength of 220 nm.

3 RESULTS AND DISCUSSION
3.1 Comparison of UV /VIS-absorption spec-
tra

UV/VIS spectra of aqueous ethanol (or PVA), the
hydrated Fe(Il)/Fe(Il), the complex formed between
Fe(I)/Fe(ll) and ethanol (or PVA), at a pH of 3.0,
are shown in Figs. 2 and 3 respectively. The spectra of
these two figures contrast quite well. Linear organics
as ethanol or PVA have no obvious absorbance in UV
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region, which is greatly different from aromatic organ-
ics. Ethanol and PVA were chosen as the model or-
ganics for this reason. Both Figs. 2 and 3 demonstrate
that under the experimental conditions Fe(Il) is the
dominant light absorbing species. Furthermore, dis-
tinct light scattering can be seen from UV/VIS spec-
tra between Fe(Il) and Fe(Il) with ethanol (or PVA)
added under 200—450nm. This effect indicates the
formation of a complex between Fe(Il) and organics.
Either ethanol or PVA can serve as a ligand in Fe(Il)-
complexes and the complexes have a high absorbance
in a wider spectral region up to 500nm. According
to their surprisingly high absorbance, the roles linear
organics act in degradation are considerable.

3

L e e - P ]
200 250 300 350 400 450
wavelength ,nm

Figure 2 UV spectra of aqueous ethanol, Fe?*, Fe3*
solution and their mixtures with ethanol as used in
photolysis experiments(ethanol of 400 ug-g~?, a ratio of

1 mol of Fe?+ or Fe*t+ to 20 mol of ethanol)
— - — Fe3* solution; ETOH+Fe?t;
----- ETOH+Fe?t; —..— ETOH;
—— Fe?? solution

0 -
200 250 300 350 400 450
wavelength ,nm

Figure 3 UV spectra of aqueous PVA, Fe?*, Fe®*
solution and their mixtures with ethanol as used in
photolysis experiments [PVA of 200 mg-L~! (carbon
content), a ratio of 1 mol of Fe?* or Fe®+ to 20 mol
of PVA units]

— — — Fe®t solution; PVA with Fe3t;

----- PVA with Fe?t; —-— PVA;

—— Fe?+ solution

Figures 4 and 5 show the UV /VIS spectra of the re-

action mixture during the photochemically enhanced
Fenton degradation of PVA and ethanol respectively.
As shown in Fig. 4, the UV/VIS spectrum of the ini-
tial solution contrasts quite well with that of the PVA-
Fe(H) complexes. When H;0, is added, the spectral
characteristics change and become similar to those of
the PVA-Fe(Il) complexes. It is evident that Fe (II)-
PVA is formed with the adding of HoO,. With PVA
degrading in this process, the amount of Fe(Ill)-PVA
complexes reduces and consequently absorption in the
region of 260 to 400 nm diminishes. However, more
mixed absorbance peaks are found in UV/VIS spec-
tra of ethanol reaction mixture than PVA (shown in
Fig.5), arguing that some intermediates other than
Fe(Il)-ethanol are formed in Photo-Fenton degrada-
tion of ethanol. In order to ensure that these mixed
peaks represent some other intermediates other than
Fe(Il)-ethanol, HPLC is used in the experiments.

4 10min

20min
initial | 39mt0
60min

200 250 300 350 400
wavelength ,nm

Figure 4 UV-spectra during the Photo-Fenton
reaction in the presence of PVA, performed under
standard conditions [100% stoichiometric amount of H203,
PVA of 200 mg-L—2(carbon content), a ratio of 1 mol of Fe?+
to 20 mol of PVA units]

n L e ——— i n
e200 250 300 350 400 450 500
wavelength ,nm

Figure 5 UV-spectra during the Photo-Fenton
reaction in the presence of ethanol, performed under
standard conditions (100% stoichiometric amount of Hz02,
ethanol of 400 ul-L~1, a ratio of 1 mol of Fe?* to
20 mol of ethanol)
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3.2 HPLC results of reaction mixture during
Photo-Fenton degradation of ethanol and PVA

HPLC results show that in ethanol reaction mix-
ture, acetic acid acetaldehyde and oxalic acid are de-
tected, which certificates that hydroxyl radicals exist
in the Photo-Fenton process and under their attack
ethanol is oxidized to acetaldehyde, acetic acid and
then to oxalic acid.

. I . |
CH—CHy—on 9 cpy—¢d O ey dop
|H(J'
0 o) (8)

. | . |
COp+ H,0 410 Ho—@-- C—0H 42 HO—CH,—C—0H

However, low or medium molecular weight inter-
mediates such as acetaldehyde or organic acids have
not been found by HPLC (0 to 180min) in the whole
efficient degradation of PVA. Moreover, the gel perme-
ation chromatography (GPC) results show that with
the addition of Fe(Il), PVA polymers are immedi-
ately transformed into one super-macromolecule pos-
sessing a distinctly higher macromolecular mass than
former PVA polymers. The macromolecule possesses
a molecular mass higher than 2 x 10%, Since DOC di-
minishes with reaction time, polymers must degrade
within the macromolecule through electronic trans-
fer. Electron spin resonance (ESR) experiments have
demonstrated that hydroxyl radicals do exist in Fen-
ton process(!®. But the hydroxyl radicals formed in
the Photo-Fenton process are too few to break the
chemical bond of PVA molecule. The hydroxyl radi-
cals are deemed not to be generated from the classic
mechanism reaction for its high reaction rate constant
(k = 76 L-mol~1.s~1)[18,19]

However, H,O; can serve as a ligand in hydrated
Fe(Il)/Fe(Il)-complex and this kind of formation is
thermodynamically favored. So a ligand exchange re-
action (H202 vs. H20) will occur in the ligand sphere
of the Fe(Il) cation firstly.

[Fe(OH)(H20)5]*H,05 =

[Fe(OH)(Hz0,)(H,04)]* + Hy0 (9)

In agreement with the Fenton-type oxidation
mechanisms developed by Bossmann et al.l'3], further
reaction can be shown as the following equations

[Fe(OH)(Hz02) (H;0)s]* — [Fe(OH)3(H0),]*
(10)
[Fe(OH)3(H20)4)" + H,0 —
[Fe(OH)(H20)5]?* + HO® + HO™ (11)
In this complex mechanism, Eq.(9) is the rate-
determining step. Fe(IV) becomes the key reactive in-
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termediates and hydroxyl radicals are just the byprod-
uct. Fe (IV) can also serve as a central ion in Fe(IV)-
PVA complex, through the inner electron transfer
PVA degrades. ‘

3.3 Degradation process of ethanol and PVA

As discussed in preceding paragraph, hydroxyl
radicals will not be generated from classical Fenton
reaction. In order to confirm the generating way of
the few hydroxyl radicals involved in Photo-Fenton
reaction, degradation processes of ethanol and PVA
are investigated in detail.

Figures 6 and 7 show the removal of DOC and
ethanol during H2O2, UV/H;0;, Fenton and Photo-
Fenton degradation of ethanol respectively. According
to radical reaction, acetic acid is one of the prevailing
intermediates during the oxidation of ethanol by hy-
droxyl radicals. Fig.8 shows the acetic acid concen-
tration changes during HyOp, UV/H,0,, Fenton, and
Photo-Fenton degradation of ethanol. It is found that
acetic acid appears after adding H2O; in the ethanol
solution for 10 min, indicating that hydroxyl radicals
are present in the solution. That the hydroxyl radicals
can only be formed in H;O; process in considered to
be the splitting decomposition of HyO5. The amount
of formed hydroxyl radicals is very small, due to the
very high rate constant (k = 5.2 x 10% L-mol~!:s~1) of
Eq. (12)[20],

HO® + HO" — Hy0,
1.0

(12)

0.8

0.6

0.4

[ethanol]/[ethanol],

0.21

0 30 60 90 120 150 T80

reaction time , min
Figure 6 Ethanol degradation in Hz0g, UV/Hz0,,
Fenton and Photo-Fenton processes, under standard
conditions
~—Y— H202; —A— UV /H305;
-~ Fenton; —e— Photo-Fenton

As for UV/H;0, process, acetic acid is detected
after 5 min. The introduction of UV accelerates the
splitting decomposition of HyO, and generates more
hydroxyl radicals in a shorter time, which can be ex-
plained by the following well-established equation

H,0, + hv — 2HO" (13)

In Fig. 8, acetic acid is generated immediately in
Fenton process. The initial generating rate of acetic
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acid is 0.23mg-L=*s~!. Obviously more hydroxyl
radicals are formed after iron ions are introduced,
which can be explained by hydrated Fe(IV)-complex
degradation [Eq. (11)].

0 30 60 90 120 150 180
reaction time ,min

Figure T DOC removal in the degradation of ethanol
during H203, UV /H2032, Fenton and Photo-Fenton
processes, under standard conditions
-—— Photo-Fenton; —e— Fenton;

—&— UV/H202; —¥— H20:

200

oof

acetic acid, pl-1

0 30 60 90 120 150 180
reaction time, min

Figure B Acetic acid concentration generated in the
degradation of ethanol during H,02, UV/H203,
Fenton and Photo-Fenton processes, under standard
conditions
—— Photo-Fenton; —e— Fenton;

—&— UV/H202; —¥— H30; only

In Photo-Fenton process, the initial generating
rate of acetic acid is 0.35 mg-L~1-s™! higher than Fen-
ton process. This may result from two factors. One
is the introduction of UV that accelerates the decom-
position of HyO5 [Eq. (12)], the other is that Fe (Il),q
can generate hydroxyl radicals under the radiation of
UV through the following reaction

Fe::' + H0 + hvy — Fega' +HO" +H" (14)

Hydroxyl radicals involved in Photo-Fenton pro-
cess may come from splitting decomposition of HzOz
[Eq. (13)], photolysis of Fel! [Eq. (14)], and degrada-
tion of hydrated Fe(IV)-complex [Eq. (11)].

Figure 9 shows the removal of DOC in the treat-
ment of PVA in H;O2, UV/H20;, Fenton and Photo-
Fenton process. Contrasting with the degradation of

ethanol, the DOC does not change during 120 min in
H;0; and UV/H;0, processes, which means no low
molecular weight intermediates, whose mineralization
leads to the removal of DOC, can be formed in these
two processes. Hydroxyl radicals generated from the
decomposition of HyOz during H,0, and UV/H,0,
process are insufficient to break the refractory chemi-
cal bond of PVA.

100

80r

60.

40p

DOC removal, %

20+

0 20 40 60 B8O 100 120
reaction time,min
Figure 8 DOC removal in the degradation of PVA
during H203z, UV /H3203, Fenton and Photo-Fenton
processes, under standard conditions
~—{l— Photo-Fenton; —e— Fenton;
—h— UV!HQOg; —-—v— HzOz only

However, the removal of DOC appears obviously in
Fenton and Photo-Fenton degradation of PVA. Since
analytical results of HPLC indicate that no low molec-
ular weight intermediates are found in the whole Fen-
ton process, the introduction of Fe(Il) does not cat-
alyze the generation of enough hydroxyl radicals to
break the chain of PVA. CO; may be released di-
rectly from the macromolecule complex formed be-
tween Fe(Ill) and PVA leading to the removal of DOC.

4 CONCLUSIONS

From this study it is found that PVA and ethanol
degraded along with the removal of complex formed
between Fe(Il) [or Fe(IV)] and organics. UV /VIS spec-
tra show the formation of this complex fairly. Though
HPLC results support the formation of hydroxyl rad-
icals in the Photo-Fenton process, they are deemed
to be generated not from radical mechanism reaction
but from the splitting decomposition of H205, degra-
dation of hydrated Fe (IV)-complex and photolysis of
Felr. With these, another reasonable explanation for
the traditional radical reaction in Fenton process is
suggested.
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