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KINETIC MODEL DESCRIBING THE UV/H20-
PHOTODEGRADATION OF PHENOL
FROM WATER

Article Highlights

e A kinetic model for organic pollutant degradation through the UV/H,O, system is
developed

e The model is validated using independent experimental data from literature for phenol
abatement

¢ A high extent of agreement was found between the calculated and the experimental
data

e The kinetic model allows determining the optimal conditions for an efficient pollutant
removal

Abstract

A kinetic model for phenol transformation through the UV/H-O. system was
developed and validated. The model includes the pollutant decomposition by
direct photolysis and HO", HO;" and O5" oxidation. HO® scavenging effects of
0032', HCOg3, SO/ and CI were also considered, as well as the pH changes
as the process proceeds. Additionally, the detrimental action of the organic
matter and reaction intermediates in shielding UV and quenching HO'was
incorporated. It was observed that the model can accurately predict phenol
abatement using different H-Oz/phenol mass ratios (495, 228 and 125), obtain-
ing an optimal H>Ox/phenol ratio of 125, leading fto a phenol removal higher
than 95% after 40 min of treatment, where the main oxidation species was
HO'. The developed model could be relevant for calculating the optimal level of
H-0: efficiently degrading the pollutant of interest, allowing saving in costs and
time.

Keywords: H-0: level, kinetic model, matrix background, phenol pollution,
UV/H20:.

The rapid economic growth of the last decade
has led to an increase in the number of pollutants in
the aquatic environment, positioning advanced oxid-
ation processes (AOPs) as alternatives to the con-
ventional techniques water treatment plants are oper-
ating with [1-6], which are unable to completely trans-
form inhibitory organics such as phenol.
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Phenol is a colorless to pink-colored solid or
dense liquid substance with a particular sweet odor. It
is highly soluble in water but also in organic solvents.
It is a ubiquitous pollutant commonly found as a com-
ponent of oil refinery wastes. It is also produced in
pharmaceuticals and phenol manufacturing plants.
Phenol can also be generated from the production of
metallurgical coke from coal, and it is used in the
manufacture of fertilizers, textiles and paints. Addit-
ionally, phenol can be formed from natural sources,
such as the decomposition of organic matter [7].
Nevertheless, anthropogenic processes contribute in
a larger extension in comparison with natural ones.

Once phenol is in the environment, it can enter
aquatic environments due to its solubility in aqueous
media, posing a risk for living beings. Furthermore, it
can react with other components, such as chlorine,
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increasing its hydrophobicity and, subsequently, its ten-
dency to be bioaccumulated through the food chain.

Phenol is a toxic compound. The toxicity of phe-
nol is related to the reactivity of the compound with
biomolecules, being responsible for the death of org-
anisms when exposed to high amounts of this sub-
stance. It is also involved in reproductive problems,
reducing fertility and producing changes in appear-
ance and behavior, since living being hormonal sys-
tem function can be affected [7]. Furthermore, it exhi-
bits mutagenic and carcinogenic potential [7,8]. As a
matter of fact, researchers evidenced mutagenic acti-
vity of phenol from hamster fibroblasts [7]. In addition,
it induces immunotoxic, hematological and physiolog-
ical effects [8]. In fact, it is included by the US Envi-
ronmental Protection Agency in the List of Priority Pol-
lutants [7]. Therefore, it must be removed from water.

In recent decades, different AOPs have been
used for destroying organic compounds. Among the
AOPs applied for water decontamination, the UV/
/H,0, system implementation has risen drastically in
recent years for water treatment purposes [6]. This
process involves the photolysis of hydrogen peroxide
(H.O,) using ultraviolet radiation (UV), resulting in the
production of hydroxyl radicals (HO®) [9-11]. The HO®
is very reactive and attack non-selectively a variety of
organic and inorganic substances because their oxid-
ation potential (£ = 2.8 V) [12] is higher than other
oxidizing agents such as ozone (£ = 2.07 V) and
chlorine (£ = 1.36 V), transforming those substances
into CO,, H,O and inorganic salts [10,13].

The efficiency of the UV/H,O, system depends
on various parameters, such as the oxidant dosage,
pollutant concentration and structure, UV-light inten-
sity and predominant wavelength, irradiation time,
solution initial pH, temperature and matrix constitu-
ents (including natural organic matter and inorganic
ions, which may quench HO® and/or shield UV radi-
ation penetration into the bulk), among other para-
meters [3,10].

This homogeneous chemical oxidation process
has several advantages in comparison to other water
treatment methods, such as no mass transfer limit-
ations occur and no sludge requiring a subsequent
treatment and disposal is produced. Additionally, it
can be produced at room temperature and pressure
[6,10]. Nevertheless, this process has associated high
electrical and oxidizing agent costs [10,14,15], and
kinetic models seem to be a good option to optimize
operating conditions without incurring in high oper-
ating costs.

This work is aimed at proposing a kinetic model
for the prediction of phenol decontamination by the
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UV/H,0,; system including the action of HO®, O," and
HO,". The HO" scavenging effects of carbonate (CO5?),
bicarbonate (HCO5), sulfate (SO4*) and chloride (CI)
ions were considered on the performance of the sys-
tem as well as the pH changes in the bulk as the
oxidation process proceeds. Additionally, the detri-
mental action of the organic matter and reaction inter-
mediates in shielding UV and quenching HO® was
incorporated. The model is based on the extensively
accepted chemical and photochemical reactions, and
the rate constants involved in the studied AOP. On
the other hand, MATLAB software was used to find
the numerical solution to the set of ordinary differential
equations (ODE) characterizing the current model. In
addition, the proposed kinetic model was validated by
comparing the experimental data from Alnaizy and
Akgerman study [16] and the model predictions
obtained at different operating conditions in terms of
phenol abatement.

EXPERIMENTAL

A kinetic model describing the UV/H,0, process
was developed taking into account the impact of rad-
ical species such as HO®, HO,", O,", CO3", SO,
H,CIO®, CI' and Cl," on the pollutant conversion. In
addition, the role of the dissolved organic matter
(DOM), in terms of dissolved organic carbon (DOC),
and the degradation by-products in absorbing UV
radiation and scavenging radicals were included. In
the development of the proposed kinetic model, the
contribution of UV radiation in phenol transformation
was also taken into account. Furthermore, the model
incorporates the change of pH in the solution as the
advanced oxidation process proceeds due to the
formation of short chain organic acids.

Mechanistic kinetic model

The chemical and photochemical reaction
scheme, reaction rate constants and values of the
parameters involved in the UV/H,O, system are com-
piled in Tables 1 and 2.

As it can be observed from the tables, 22 differ-
ent chemical species (including radicals, radical ions,
inorganic ions and molecules) and 51 reactions (dif-
ferentiated in photolysis reactions - first-order react-
ions, equilibrium reactions - acid-base reactions, and
second-order reactions, corresponding to the ele-
mentary reactions and those ones related to the mat-
rix background) were considered.

In addition, correlation factors (dg) were inc-
luded in order to study the generation and consump-
tion of some chemical species as the pH in the bulk is
increased or reduced. In this sense, when d;, =1, the
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Table 1. Elementary reactions and kinetic equations for species disappearance and formation in the UV/H,0, system

No. Reaction Parameters and rate constants  Ref. Kinetic equations
Ry H,0, ——HO; +H' k =3.7x102 s (7] d[H,0,] _ ~[0,]
k,=2.6x10° M s dz
d|HO;
[dt ] = k,[H,0,]
d|H*
[dt J =k [Hzoz]
R HO; +H —%2H,0 dlHO:
2 22 [dt2}=_kz[HoiJ[H+}
d[H] T
s =kl ][]
d[H,0, ] s
e[ MO [ ]
P H;0, —#—2H0" y0,(254 nm) =1800M s [9] —d['fjozj = B0, 110,95,
6,10, (254 nm) = 22800 M ™' 5 d _
LU
Ph,0, (254 nm) = 0.5 mol Ein dat Pr0,"21,0,%8;
o (254 nm) = 0.5 mol Ein™"’ o0, = lofio, {1-€XP[-2.3/(&, 0, [ H,0, |+
PH>11.6 = 5, =0, 3, =1 +6,, [HO; |+ €6 [C]+ ép0c [DOCT)
PH<11.6= Jp, =1 J5, =0 £n,0, [ H20, ]
f = 22
" 0, (M0, [+ £, [HO; |+ 26 [C]+ £ [DOC]
R, HO; +H,0—22HO" +OH" d[Ho;]
T dr = _(pHog/a,H055R4
d[HO"
[d[ J = 2¢H0§/a.HO§6’?4
d OH’J
|: dt = wHogla,H056R4
Lowos = ol 1o {1-xP1-2.3/(&iy 0, [H,0, |+
+£,0. [ HO; |+ £:[C]+ 500 [DOCT)}
;o o, [HO;J
"2 g0, [Hi0; ]+, [Ho;}rgc [C]+€p0c[DOC]
Rs HO, —% 0} +H* ky =1.58x10° s 18 d[Ho;} .
k,=1.0x10° M s TR [HO; |
dfo;] )
5=k [HO; |
d[H
[dt ] = ky[HO; |
o + k . _
Lo L] o
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Table 1. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
R H,0,+HO'—& 505 +H" +H,0 ks =2.7x10" M7 s7"' 19 d[H,0
1O 2 2 5 =2.7% s (el O] 0, ][Ho" 4,
pH>4.8=6, =1, 55 =0 dt

pPH<4.8= 6, =0, o5 =1

H,0, +HO* —% 3HO; +H,0

d[:?} = —ks[H,0,][HO" |8,

@ = ks [H,0,][HO" |5,

d[::} = ks [H,0,][HO" |5,

Ry % = —ks[H;0, ][HO" |,
d[:to.J =k, [HZOZJ[HO'}@;,&
d[:?;] = kg [Hzoz][HU]%
R, HO"+HO, % 5HO; +OH ks =75x10° M7's [20] d[:f} [0 ro;
d['f;} = —ks[HO" ][HO; |
d[:‘;’é] = kg | HO" |[HO; |
d[th] = ks[HO" |[HO; |
T _ o M o :
Rio HO" +HO" —45H,0, k, =55x10° M [19] d[:? ] _#[HO [HO']
d["('jztoz = k,[HO" |[HO" ]
Ry HO"+HO;—% 3H,0+0, K =6.6x10° M7'sT [21] d[:?] —#[Ho|[Ho3]
d[:[%} = —ks[HO" |[HO; |
P : _ o o :
R,  HO'+0y —%0,+OH ko =7.0x10° M s (9] d[;): ] ——k,[Hor ][0 ]
e foro:
L
R HOj+HO;—%05H,0, +0, ko =8.3x10° M's™ (18] d[:?é] ko[O3 [0}
d[';';? = kio[HO; |[HO; |
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Table 1. Continued

No. Reaction

Parameters and rate constants Ref.

Kinetic equations

Ry H,0, +HO; —*1 5HO® +H,0+0,

Ris H,0,+0y —23HO" +0, + OH"

Ris HO; + 0y —%2 3HO; +0,

Ry C—2DOC+?

Ris C+HO*—#+ 5pOC +7?
R C+HO, %= 5sDOC+?
Reo C+0y —%& 5DOC+?

ky=3M"s"

k=013 M s

ki3 =9.7x10" M' s

Ecr P

kc, HOp kis

[22]

(22]

(18]

AHO:] [0, ][Ho3]
% =~k [M.0,][HO3 |
d[:f'J i [H0,][HO}
d[l':;:)z ko [H,0,[05 ]
d[:t;} — ks [H,0, ][0 ]
d[:?'] ~ k[0, 05 ]
d[th’J ~ k[0, 05 ]
d[:?;} — ko [HO3 [0 ]
d[j:ﬂ - ka[H3][05 ]
d[:‘f)z] — k[HO3 |05 ]
% el
).

loc = lofc{1-exp[-2.3/(g,,0, [HZO2 ] +
+€,0, [ HO; |+ £ [Cl+ £00c [ DOCTY

% =~k [C][HO"]

dt
%: ~kis[C][HO3 ]

[=X

[HO; | — ka[C][HO3]

dt

P kis[C][HO3 |
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Table 2. Effect of the matrix background in the UV/H,O, system

Parameters and rate constants Ref.

Kinetic equations

Reaction
DOC +HO" —415H,C0;, +H,0 o o =i = [23] d[l:;(?C] — ks [DOCTHO']
= 2.0x10° M s
@ = —k;;[DOC][HO" |
d[HZCtO;J =k, [DOC][HO" |
DOC—2—? £pocs Pooc - @ = ~Proclapoc
Lr0c = hofooc{1—eXP-2.3/(6 0, [H;0; ] +
. [HO; |+ £ [C]+ £0c [DOC I}
_ £p0c| DOC]
€0, [H:02]+ 8,0, | HO; |+ € [C]+ €0 [DOC]
COZ +HO" —*2 5CO} +OH- kg =39x10° M s [19] d[fij(t)i’] - —ky[c0 T[HoO']
Lo tafeor o
d[?:} = ki CO3™ |[HO"]
d[Cd‘jﬂ  ku[co? [HO']
HCO; +HO® —%25C05 +H,0 ko =85x10° M s [19] d[H:JfO;]  —y[He0; o'
d[:f] = —kis[HCO; |[HO" ]
d[(:?{} = kg [HCO; |[HO" |
H,0, +C0; —a HCO; +HO; ko =43x10° M 87 [24] i [Zzto = ka0, ]| CO% |
1005 ]+ haprongfoos ]
d[HdCfogJ = Ky [H,0, ][ CO; |
d[:?;] = Ky [H,0, ][ CO5”|
HO, +CO; —215C03 +HO; £y, =3.0x107 M's™  [24] d[:f;] i [0; [c0:
1% ). k. froiTfoos
d[(;(jgi] = kyy [ HO; |[cO5 ]
o Ho: = ky [HO; J[ O3]
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Table 2. Continued
Kinetic equations

Parameters and rate constants Ref.

No. Reaction
Ry Oy +COy —2C0Z +0, ky =65x10° M's'  [25] d[o; | ) )
%) o1 o0r ]

-0z [eos

= Ky | 05 ][O} |

HSO, |

1

[26] d

R  HSO,; +HO' —2 S0} +H,0 ky, =3.5x10° M s
= —ky | HSO, |[HO"|

Lok rso; [Ho']

= ky[HSO, |[HO" |

kpy =12x107 M7 s [26] dsor] (503 .0,
= R4 4 22

R SOy +H,0,—S0; +H" +HO;

M ==k [SO?{ } [Hzoz ]

d[sof”
dt
d[H]
dt
d[Ho;}
dr

Ry SOy +HO; —5 5802 +H" +0, kys =35x10° M s~ [26] d[so:;} .
- = k5[ SO} |[HO; |

| —

=Ky [SO‘T } [Hzoz ]

Ky | SO |[H,0;]

= Ky SOF ][H,0, ]

R Hor - - "MTsT (26 ]
3 CI" +HO* —HCIO Koo =4.3x10" M s o d[:;J:_kZG[C'fJ[HO'}

[26] d|HCIO™
[ < L—kﬂ [HCI0™ |[H']

d[:} = —ky [ HCIO™ |[H']
d[HflO']

Ry HCIO*™ +H' —2—H,Clo" ky; =3.0x10"° M s

= kyy[HCI0™ |[H7]
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Table 2. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
R H,CIO" — 5H,0+Cr kpy =5.0x10° s~ [26] d[“i'd] = ks [H,CI0°]
d[dcfl] = kyg [ H,CIO" |
R Cr+CIr —f2,Cly” kg =85x10° M7 s™ 6] d[:['] ~ k[ cr][cr]
d[dctl_} =—ky|Cr][Cr]
d[:?} = kg Cr ][ Cr ]
Rs  Cly +HO — SHCIO" +CI kp=1.0x10° M7 [27] d[:':} = k[ C1; ][HO"]
ER
11007 tafer Jo
d[dct'] = k| Cly~ |[HO" ]
R Cly +H,0,—5HO; +2CI +H" 4 =41x10° M's™  [26] d[jt'z] — k[ Cl |[H,0,]
% = —ky[ Cl; ][H,0,]
d[:?;] = ks, [Cl;}[HzoZ]
d[dctr} = 2ky,| Cly” |[H,0,]
d[;ﬂ = ky[ Cly |[H,0, ]
Ry CI'+H,0,—%2 SHO} +CI +H* Ky =1.1x10° M s~ [26] d[dcf'} -~k [Cr][H,0,]
% = —ky| CI'|[H,0,]
% = ky [Cl'][HZOZ]
] oo
AR,
Rs  Cly +HO;—%50,+2CI +H' 4. —30x10°M's”  [26] dlei ]

=—kyy [cg][Ho;]

d[:?ﬂ — k[l |[HO3 ]
d[;‘r] = 2k | Cly |[HO3 |
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Table 2. Continued

No. Reaction

Parameters and rate constants Ref.

Kinetic equations

Ry  Cly +HO,—%2 50, +2CI" +H"

R Cly +0; —f 50, +2CI
Rio C+CO0; —*s 5DOC+?
Rt C+S0; —%= 5DOC+7?
R C+H,CIO* —%25DOC +7?
Ris C+HCIO* —%25DOC +7?
Rua C+CIr—2 5pOC+7?
Ris C+Cly —f2 5p0OC+?

k33 =3.0x10° M s [26]

kyy =2.0x10° M7' 57" [26]

d[ﬂ = ka| Cly |[HO |

R
I90S]_, fefcor]
4Ol retsor]
U0t ]_eutesor ]
0906 fofor]

% = —ky; [C][H,CIO" |

0] ofemeo]
1901, efco
A g, fero0r]
e
91201, e

A sofefer]
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Table 2. Continued

No. Reaction Parameters and rate constants Ref. Kinetic equations
Ris H,CO, —£ 3HCO; +H" k,=1.0x10" s [28] d[Hzcog} .
Ky =45x10° M s™ T [Hicoi]
K,=6.3 d|HCO; .
P % = Ky [HCO; |
@ = Ky [H,CO; |
R HCOj3 +H"—%2 3H,CO; d|HCO;
47 3 2 3 [ = 3j|:—/(42|:HCOg}|:H+}
d{H*
[d—t = —k;3[HCO; |[H' |
d| H,CO;
d[rcos] Z[ ] = kyp[HCO; |[H']
Ris HCO; —f= C0O% +H* k3 =1.0x10" 7 [28] d[HCOg] i
ky =4.5x107" M s ar - e [Heos ]
= d| co?"
pK, =103 [dts Lkm[Hco;}
d|H*
[dt ] = kyy[HCO; |
R CO?2™ +H" — HCO; d| coZ
49 3 3 [dts }=—k44[00§7}|:H+:|
d|H*
(oo T
d|HCO;
R e
Rso HSO, —f= 507 +H" ks =1.0x10" s [26] d[HSO;J .
ki =4.5x10" M s Tz_k45|:HSO4]
= d| S0z
PR, =19 d[sot] - }=k45[HSO;}
d|H*
[dt = kys[HSO; |
R SO? +H" —%s 3HSO, d| SO*
51 4 4 %2_/(46 [SO%"}[H*J
d{H*
o --tafsot
d{HSO;
Aot i)

species considered in the particular reaction R, were
considered; while such as species were obviated if
§R =0. A more detailed explanation about how the
pH changes in the solution were addressed has been
reported in Rubio-Clemente et a/. [29]. Moreover, the
ODE set of the chemical species involved in the sys-
tem can also be consulted in Rubio-Clemente et al.
[29].
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Considering the reactions, constants and para-
meters summarized in Tables 1 and 2, the degrad-
ation of the pollutant can be estimated as indicated in
Eq. (1):

dc

T PcloctKia [HO.J[C] *kis [HO;J[C] "

ko[ 0 T[T+ S A [CT[AR]

/=35

(1)
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where:

@clycr ki [HO™ |[C], kis[HO3 ][C],

40
kis| 05 J[C] and> & [C][AR,]

/=35
correspondingly refer to the specific contributions of
UV radiation, and the oxidation of HO®*, HO,®, O," and
the formed anions radicals (AR) (CO;™, SO,", H,CIO®,
HCIO®, CI' and Cl,") to the overall pollutant deg-
radation.

For examining the role of the terms mentioned
above, four parameters (d, £ g and A) were included
in Eq. (1), resulting in Eq. (2):

_C('j_f = Gol, o + ki HO'|[C]d + ks [HO3 ] [CT7 +

+kis| O3 |[Clg+ i k[C[AR,]h

/=35

()

Consequently, for evaluating the pollutant rem-
oval by the exclusive action of UV radiation, d = =
= g= h=0 (ie, the initial level of oxidant radical spe-
cies is equal to zero). In turn, HO® action was con-
sidered when d= 1 and 7= g= A= 0. For studying the
contribution of HO,", O," and other anion radicals
included in Table 2, # g and /A were equaled to 1,
respectively.

Since the mathematical model considers the
contribution of different anions, such as CO5>, HCOj,
S0,% and CI, in the pollutant conversion, it might be
used for the treatment of water with salt content. This
enables the applicability of the developed kinetic
model to be expanded depending on the character-
istics of the water of interest to be treated.

Numerical analysis

In order to obtain the numerical solution of the
proposed kinetic model for the degradation of organic
pollutants using the UV/H,O, system, MATLAB soft-
ware and ODE15S function were used. Additionally,
the differential rate equations representing the con-
centration evolution of the pollutant throughout the
reaction time were plotted.

RESULTS AND DISCUSSION

Taking into account the reactions compiled in
Table 1 and 2, as well as the parameters and the rate
constants involved in each chemical and photochem-
ical reaction, a kinetic model was developed. The kin-
etic model was validated using the experimental
values from Alnaizy and Akgerman [16], where phe-
nol was used as the probe compound and the UV/
/H,O, process was carried out in a completely mixed

batch cylindrical photoreactor made on Pyrex glass.
The considered UV-light intensity (4) and illuminated
path length (/) were 1.516x10° Ein L™ s™ (radiation of
254 nm > 90% and power = 15 W) and 63.5 mm, res-
pectively [16]. The adopted quantum yield and molar
extinction coefficient of phenol (gphenot @and &heno )
were 0.07 mol Ein™ [30] and 51600 M m™ [16], res-
pectively. In turn, the assumed values of the kinetic
rate constants of phenol with HO® (ky4), O, (ki) and
CO;” (kss) were respectively 6.6x10°, 5.8x10° and
2.2x10” M s [31-33]. Additionally, a phenol working
solution of 2.23x10° M prepared in deionized water
was selected and the effect of different H,O./phenol
ratios (495, 228 and 125), obtained by varying the ini-
tial level of H,O, and keeping the concentration of
phenol constant [16], were studied.

Model hypotheses

Since the reaction water used in the UV/H,0,
experiments was deionized water [16], the con-
tribution of SO,”, H,CIO®*, HCIO®, CI° and Cl," were
not included in the study of phenol conversion. There-
fore, among the anions considered in the model, only
HCO; and CO;*> were studied. In this sense, to
examine the contribution of CO3;™ (due to the reaction
between HO® and HCO; or CO;%), along with the
photolysis and the oxidation of the pollutant through
HO®, d= A=1and f= g = 0. On the other hand, to
analyze the role of HO,' in the pollutant degradation,
as well as HO" and CO;™, d=f=h=1and g=0. In
turn, when d= f= g= A =1, and no inorganic anions
different from HCO5 and CO5> are present in the stu-
died water, in addition to the species mentioned
above, the kinetic model considers the action of O,"".

On the other hand, and taking into account the
high oxidation potential and kinetic reaction rate
constant, HO® is generally the radical developing the
main action in pollutant conversion [6,14,17,23,34-
-37]. Therefore, a special attention to the evolution of
its concentration with time must be paid. In this vein,
the evolution of HO® level during the reaction time can
be expressed as indicated in Eq. (3):

d[HO" |
—ksd[tHzozj[HO']am — k5[H,0, ][HO" | 0 -
—ks|HO" |[HO; |- &, [HO" |[HO" |- 3)
kg [HO" |[HO; |-k [HO™ ][ 05 |+

+kyy [H,0,][HO; |+ &, [H;,0,][ 05 |-
~kiy[C][HO" |-k, [DOC][HO" |-

- 2(pHZoz /a:Hzoz Ops + 2(pHOE /a,HO} Ops—
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~kig| CO3™ |[HO" |- ko[ HCO; |[HO" |-
—Kzs [HSOZJ[HO.J— Ky [Cl_][HO'J -
[0 0]

Nevertheless, since HO® is a highly reactive spe-
cies, it can be assumed that HO® level change during
time is negligible. Therefore, HO® concentration can
be expressed as Eq. (4):

(0= @0 o+ 2050 o O
+ki, [HZOZ][HO;J + ki [Hzoz][oa‘])/

(ks [H;0, ] 8 + ks [H,0, ] 0 + ks [ HO; |+
+ks[HOj |+ k5[ O3 | +k,,[C]+4,,[DOC]+
+kig [cog-} ki [Hco;]+ Ky [Hso;}r
+hao | CI |+ ks CI5])

Considering that the oxidant is in a high level,
due to the high H,O./phenol ratios studied (ie,
ks[H,0, |87 +ks[Hy0, |8 >> D k[ X, |, where:

D k[ X,]=ks[HO; |+ ks [HO; [+ &, [0 | +
+his[C]+kiy [DOC]+ ki [Cog’] + ki [HCO;J +
+ ko [HSOZ] + Ky [CI‘] + ko [CI;‘J

and

201,0,/2.1,0,93 + 2P0/, - Ora >>

>> 3 ks [H,0, ][ HO3 |+ ki, [H,0, ][ 05 )

Eq. (4) can be simplified to Eq. (5). &, and [ X, ] are

the rate constants between HO® and species / and
the concentration of species / respectively:

[HO'J 20,110, O3 2(/’H0; /a,Ho; S
ks [H,0, |8y + ks [H,0, | 5rg

©)

Additionally, the initial concentration of DOC dif-
ferent from the DOC provided by phenol was assumed
to be equal to 0.

In agreement with several authors [9,14,37], the
decrease in DOC by means of direct photolysis (A,
from Table 2) was obviated.

As the process proceeds, DOC from the photo-
oxidation of phenol and the intermediates can impair
phenol transformation since it can absorb UV-light
and react with reactive oxygen species (ROS), such
as HO".

With regard to the amount of light quenched by
DOC, it was assumed a DOC molar extinction coef-
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ficient (&boc@so nmy) Of 35967 M m™ [38] since this
parameter was not considered in Alnaizy and Akger-
man study [16].

Finally, the pH variation during the reaction time
was included in the proposed kinetic model; as
according to Alnaizy and Akgerman [16] the pH dec-
reases as the oxidation process proceeds. In this
vein, those kinetic reactions significantly dependent
on the pH of the bulk, such as A3, R,, A5 and R, were
promoted and discriminated as explained in Rubio-
Clemente et al. [29].

Degradation of phenol by direct photolysis and
UV/H,0,

Considering the previously mentioned hypo-
theses and in order to study the effect of UV light in
phenol conversion, parameters d, £ g and A from Eq.
(2) were equaled to 0. Thus, Eq. (2) is reduced to Eq.
(6):

dC
- = ¢c/a,c (6)

d¢
Additionally, for examining the effect of HO" and
CO3™, dand A were equaled to 1, and fand g, to 0.
Therefore, Eq. (2) is simplified as Eq. (7):

~Sp = horku[HOCle S k[CI[AR] ()

In Figure 1, the experimental data and those
ones calculated by the proposed kinetic model con-
cerning the transformation of phenol by direct photo-
lysis and the contribution of HO® and CO,;" for
2.23x10° M phenol and a H,O,/phenol ratio of 495 for
a reaction time of 220 min are illustrated.

From the figure, it can be observed that model
predictions are in a good agreement with experimen-
tal data both related to phenol direct photolysis alone
and indirect oxidation with a correlation factor of
98.25 and 99.34%, respectively.

Additionally, it can be found that phenol initial
level was reduced about 40% after 220 min of treat-
ment considering the exclusive effect of UV radiation.
This can be explained by the photolytic activity of
phenol under the irradiation wavelength used in the
studied AOP. However, higher removal of phenol is
obtained when H,0, is added to the system, resulting
in more than 90% of removal, primarily due to the
action of HO®. Between HO® and CO;", the main role
in removing phenol was developed by HO®, due to the
rate constant between phenol and CO;" is compar-
atively lower than the rate constant between phenol
and HO’; and because the CO;" level was found to
be in a concentration in the range of 10™° M. This fact
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Figure 1. Phenol degradation predicted data (lines) versus experimental data (symbols). Operating conditions:
[phenoll, = 2.23x10° M H.Oxphenol = 495; t = 220 min.

was determinant in obviating the action of CO;™ in
transforming phenol for the studied working con-
ditions.

On the other hand, the effect of HO," and O,™
was investigated. It was observed that both species
were in the system in the range of 107 M; a very
larger concentration in comparison with HO® (~10™*
M). Nevertheless, as the pH of the reaction medium
decreases, the amount of O," is reduced. Addition-
ally, the reaction rate constant between phenol and
this radical is 5.8x10° M s™ [32]. Therefore, the con-
tribution of O," in phenol degradation can be neg-
lected.

With regard to the action of HO," in converting
phenol, phenol-HO," kinetic reaction rate constant
must be known. For this purpose, the kinetic reaction
rate constant calculated in Rubio-Clemente et a/. [29]
was used, which was equal to 1.6x10° M s™, con-
sistent with literature data ((2.7+1.2)x10°> M s™) [39].
Including this value in the ODE set of the proposed
kinetic model, the degree of agreement between the
experimental and the proposed data was calculated
to be 99.57%. In this vein, it was found that the cor-
relation factor of the model slightly increases in
0.23%. Therefore, although the amount of HO,' is far
greater than the amount of HO®, in this case its action
in the UV/H,0, system for transforming phenol can be
obviated; probably due to the low reactivity of this
radical with the pollutant. Therefore, the main role in
phenol conversion for the considered experimental
conditions was developed by HO".

During phenol oxidation, different reaction inter-
mediates are formed; among them 1,2-benzenediol,

1,3-benzenediol and 1,4-benzenediol, corresponding
to catechol, resorcinol and hydroquinone, respect-
ively, were reported [16]. Additionally, p-benzoqui-
none was found among phenol degradation by-pro-
ducts [16]. Once these intermediates are generated,
the oxidation action of the oxidant species is con-
tinued, especially that of HO®, as explained above. Con-
sequently, organic acids, like maleic, formic and oxa-
lic acid, among others, are yielded, resulting in a dec-
rease of the pH in the bulk, as indicated previously.

Influence of initial concentration of H,O,

Keeping constant the initial level of phenol
(2.23><10'3 M), the effect of H,O, initial concentration,
considering H,O,/phenol mass ratios of 125, 228 and
495, is represented in Figure 2, where the expe-
rimental data and the predictions from the proposed
kinetic model are compared. It can be observed that
the optimal H,O,/phenol ratio causing a transform-
ation of phenol higher than 95% after 40 min of treat-
ment is 125, which corresponds to Alnaizy and Akger-
man findings [16]. A further increase of H,O,/phenol
ratio from 125 to 228 results in a reduction of phenol
degradation, which is magnified when H,O,/phenol
ratio is equal to 495.

It is important to note that in the UV/H,O, sys-
tem, when H,0, is irradiated with a wavelength of 254
nm, HO® is produced according to A; from Table 1,
which exhibits a high oxidation potential [12] and
attacks the pollutant, leading to a higher phenol rem-
oval in a shorter reaction time. Therefore, it could be
thought than an increase in H,O, level would lead to a
rise in phenol conversion. However, two opposing
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Figure 2. Phenol degradation predicted data (lines) versus experimental data (symbols). Operating condlitions.
[phenoly = 2.23x10° M; H:Oxphenol = 495 (=), 228 (- + -), 125 (~+-); t = 220 min.

effects occur. A rise in the initial level of H,O, results
in a higher production of HO®, which is available to
attack the organic pollutant. Nevertheless, when H,0,
is in excess, it acts scavenging HO®, as indicated in
reaction A, from Table 1. Furthermore, even though a
high H,O, concentration can generate a great number
of HO,", they have a lower oxidation potential in com-
parison with HO®. Moreover, HO,' can react with HO®
(R4 from Table 1). In addition, when HO" is in excess,
it can suffer recombination (A, from Table 1), red-
ucing the number of HO® available in the bulk. Hence,
the overall efficiency of the applied AOP in removing
phenol, and eventually leading to its mineralization is
decreased.

The detrimental effect of an excess of H,O, is
supported by Figure 3, representing the time-evol-
ution profiles of the HO® level for the H,O,/phenol
ratios studied. From the figure, it can be observed that
the ratio providing the lowest and the highest concen-
tration of HO® throughout the reaction time is 495 and
125, respectively. These results are coincident with
those findings illustrated in Figure 2, where the H,O,/
/phenol ratio providing the lowest and the highest
phenol conversion extent was, correspondingly, 495
and 125.

Consequently, and in order to save in operating
costs, H,O, optimal level achieving an efficient pol-
lutant removal must be found. Nonetheless, this can

1 L
08+
g 06+
=)
L
04r : =
......... Predicted data, H, O, /phenol=125
— . — - Predicted data, H202 fphenol=228
02k Predicted data, H202 fphenol=495
D 1 1 1 1 1
0 a0l 100 150 200 250
Time {min)

Figure 3. Estimated HO" time-profile. Operating conditions. [phenol], = 2.23x10 M
H-Oz/phenol = 495 (—), 228 (- +-), 125 (----); t = 220 min.
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be an arduous and expensive task. In this sense, the
proposed kinetic model allows calculating the optimal
concentration of the oxidizing agent to be used when
implementing the UV/H,O, system for an efficient
phenol removal without incurring high costs related to
the use of an unnecessary amount of oxidant.

CONCLUSION

A kinetic model for pollutant degradation by the
UV/H,0, process was developed. The model predict-
ions were checked with experimental results from
Alnaizy and Akgerman work [16] for phenol direct
photolysis alone and in combination with indirect oxid-
ation at different H,O,/phenol ratios. It was found that
the proposed kinetic model fits well with the experi-
mental data, which is a probe of the accuracy of the
model.

Additionally, the model provides an understand-
ing of the impact of the initial level of H,O, being able
to optimize this parameter. In fact, it was observed
that the optimal H,O, concentration enabling a rem-
oval of the pollutant higher than 95% after 40 min of
treatment corresponded to a H,O,/phenol ratio of 125.
The action of HO," in transforming phenol was also
studied due to the high concentration of these species
formed during the process compared to HO® (~10”7 M
>>~10"* M). It was found that, although the degree of
agreement of the correlation factor was increased
from 99.34 to 99.57%, the radical developing the
main action in phenol abatement under the operating
conditions was HO".

The developed kinetic model could be of rel-
evance in the optimization of the operating conditions
when implementing the UV/H,O, process, allowing
saving in costs and time.

Nomenclature

AOP advanced oxidation process

AR anion radicals

C target compound

E oxidation potential (V)

&y molar extinction coefficient of a species X
(M'm™)

DOC dissolved organic carbon

DOM dissolved organic matter

O correction factor

£, fraction of the UV radiation absorbed by a
species

Lax intensity of the UV radiation absorbed by a

species (EinL"s™)
/, incident UV radiation intensity (Ein L™ s™)
second order (M" s™) or first order (s™)
reaction rate constant

/ optical path length of the photoreactor (mm)

ODE ordinary differential equations

o, quantum yield of the photolysis of a
species (mol Ein™)

R, (photo)chemical reaction

ROS reactive oxygen species

t irradiation time (min)

uv ultraviolet

X concentration of a species X
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KINETICKI MODEL UV/H,0, FOTODEGRADACIJE
FENOLA 1Z VODE

Razvijen je i proveren kineticki model za konverzijju fenola u UV/H,O, sistemu. Model
ukljucuje razgradnju zagadujucih materija direktnom fotolizom i oksidacijjom sa HO',
HO i O, hvatanje HO® pomocu, CO5, HCOs, SO/ i CI, kao i promenu pH za vreme
procesa. Takode, razmotreno je Stetno delovanje organskih materija i intermedjjera
reakcije u UV zastiti i smanjenju HO" fluorescencije. Uoceno je da model moZe precizno
preavideti smanjenje fenola koriscenjem razlicitih masenih odnosa H.Ox/fenol (495, 228
i 125). Model definise optimalni odnos H->Ox/fenola od 125 sa uklanjanjem fenola vise od
95% nakon 40 min tretmana, ukoliko HO® je glavna oksidaciona vrsta. Razvifeni model
moZe biti relevantan za izracunavanje optimalnog nivoa H.O, za efikasnu degradaciju
zagadivaca od interesa, ¢cime se znatno stedi na vremenu i troskovima.

Kiljucne reci:. nivo H,O,, kineticki model, zagadenje fenolom, UV/H,O..
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