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ABSTRACT

The aim of the study was to develop a detail mathematical model describing the degradation of chlo-
rinated hydrocarbon pollutants in water by UV/H,0; process. As a model representative of chlorinated
hydrocarbons para-chlorophenol (p-CP) was chosen. A degradation mechanism of parent pollutant to its
aromatic and aliphatic by-products, as well as the mineralization of simulated wastewater, was included
in the model. The optimal values of operating parameters of UV/H,0, process influencing the treat-
ment efficiency were established by the means of the two-factor three-level Box-Behnken experimental
design combining with response surface modeling (RSM) and quadratic programming. The results of such
experimental design using different statistical tools showed that pH 6.8 and pollutant/oxidant ratio 1:199
maximize the performance of oxidative treatment system. The model was tested to evaluate accuracy
in predicting system behavior at different process conditions and pollutant concentrations. Rather high
accuracy of developed model was demonstrated at all tested conditions. Good accordance of the data
predicted by model and the empirically obtained data was confirmed by calculated standard deviation
(SD) for each experimentally monitored parameter. Hence, the developed mathematical model describ-
ing the kinetic of p-CP degradation by UV/H,0; can be characterized as interpretable, transparent and
accurate, and therefore can be used as a tool for maximizing efficiency of wastewater treatment process.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The sizable fraction of overall organic chemical compounds pro-
duced annually worldwide and used by various industries such as
chemical, agriculture, pharmaceutical, food, dyestuff, petrochem-
ical, etc. pertain to chlorinated hydrocarbons. These compounds,
whenreleased in the environment over industrial exhausting gases
or wastewater streams, present direct and serious threat to all living
organisms in aquatic systems and soil [1,2]. One of the typical rep-
resentatives of the group of chlorinated hydrocarbons pollutants,
possessing a great potential for high environmental risk and public
concern are chlorophenols (CPs); introduced into the environment
as a result of several man-made activities, e.g. water disinfection,
waste incineration, uncontrolled used of pesticides and herbicides,
as well as by-products in bleaching of paper pulp with chlorine
[3,4]. CPs are designated as the priority pollutants by the U.S. EPA
[5] and European Commission [6]. According to the European Pollu-
tant Emissions Register, their direct and indirect releases to waters
in Europe are estimated to more than 1300 tones in 2003 [7]. The
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most of CPs are hardly biodegradable and also difficult to remove
from the environment, thus increasing their hazardous potential to
the environment due to the proven toxicity and suspected carcino-
genicity as well [8].

Due to the low biodegradability of CPs [4], as well the short-
comings of insufficiently effective common wastewater treatment
technologies, particularly physical and chemical-physical meth-
ods transferring the pollution from one phase to another causing
the demand for secondary treatment [4,9,10], the alternative treat-
ment technologies, such as advanced oxidation technologies (AOPs)
have received increased interest [4,11]. AOPs are destructive, low-
or non-waste conversion technologies involving the generation of
hydroxyl radicals in sufficient quantities to oxidize the majority
of organics present in the water matrix [11,12]. Among various
types and combinations of AOPs, the chemical and photochemical
processes based on usage of either Fenton type reagent or photoox-
idation alongside H, 0, are shown to be suitable for the degradation
of phenols in water [11-20]. Although efficient and cost effective,
the problem often rising from the application of Fenton type pro-
cesses is the relatively high concentration of iron ions in the bulk
after the treatment which may demand a secondary treatment. In
this study, the UV/H,0, process is considered for the degradation
and mineralization of p-CP in water matrix. It is worth of noting that
all AOPs, including UV/H,0, process, are multifactor systems. For
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this reason the characterization of such system requires taking into
consideration not only single-factor effects, which was done in the
above-mentioned studies and our previous work, but also the cross-
factor effects. The cross-factor experimental design methodology
used in this study is a valuable tool to overcome the limits of long
lasting experimental studies. Besides experimental design which is
highly important due to the fact that AOPs are highly sensitive to the
particular types of pollutants and might demand different process
conditions, the development of detail mathematical model predict-
ing the degradation of organics by AOPs, in this case by UV/H;0,, is
one of the most important issues to be solved prior to the scale-up
to pilot and large scale treatment application.

Considering all above stated, the effects of operational parame-
ters of UV/H,0, process, pH and pollutant/oxidant ratio, for the
degradation of p-CP in water matrix was investigated and their
optimal values were determined and verified by the means of two-
factor three-level Box-Behnken experimental design combined
with response surface modeling (RSM) and quadratic program-
ming. The main goal of the study was to develop the detailed
mathematical model predicting system behavior, i.e. degradation
of p-CP by UV/H;0,. The intention was to develop a model which
would predict not only conversion of parent pollutant, but also the
formation and subsequent degradation of its by-products, both aro-
matic and aliphatic, up to the formation of final inorganic products
of p-CP mineralization. Such model could be used for prediction of
system behavior operated at different conditions with the aim of
maximizing efficiency of wastewater treatment process.

2. Experimental
2.1. Chemicals

All organic chemicals used in the study: p-chlorophenol (p-CP),
4-chlorocatechol (4Cl-CC), phenol (PH), hydroquinone (HQ), benzo-
quinone (BQ), maleic acid (MaleAc), fumaric acid (FumAc), succinic
acid (SucAc), malonic acid (MaloAc), oxalic acid (OxAc), acetic acid
(AcAc), formic acid (FoAc) and methanol (MeOH) were at least of GC
grade or higher purity and were purchased by Sigma-Aldrich, USA.
The inorganic chemicals used either as an oxidant (hydrogen per-
oxide (H,0,), w = 30%) or as HPLC mobile phase (ortho-phosphoric
acid (0-H3POy4), w ~ 85%) or as auxiliary chemicals for initial pH val-
ues adjustment (NaOH, p.a. and H,S04, >96%) were also purchased
by Sigma-Aldrich. All experiments were performed with deionized
water with conductivity less than 1 wScm~1, which was also used
for preparing all calibration standard solutions.

2.2. Experimental procedure

All experiments were performed in the glass water-jacketed
batch reactor, which was described in details in our previous stud-
ies [19,20], while only the brief description is given in following
text. The UV lamp emitting irradiation in UV-C region (typical
intensity on 2 cm ~ 4.4 mW cm~2) was located in the middle of the
reactorinaquartz tube. The value of incident photon flux at 254 nm,
Ip=3.68 x 10-% Einstein s, was calculated on the basis of hydro-
gen peroxide actinometry measurements [21] and it is described
in details elsewhere [22]. The total volume of the treated solution
was 0.5L, while the mixing was provided by magnetic stirring bar.
Temperature was maintained at 25 + 0.2 °Cby circulating the water
through the jacket around the photoreactor. Initial pH values and
hydrogen peroxide concentration ranged from 5 to 9 and 50 mM
to 150 mM, respectively, in order to achieve requirements for the
desired three-level Box-Behnken design. Initial pH was adjusted
with the addition of 0.1 M NaOH or 0.1 M H,S04. Added quantities
of H,SO4, NaOH and H,0,; as an oxidizing agent, were negligible

in comparison to the total volume of treated reaction mixture. The
duration of each experiment was 60 min; samples were taken peri-
odically from the reactor (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60) and thereafter immediately analyzed. All experiments were
repeated at least three times and averages were reported, while
reproducibility of the experiments was within 5%.

2.3. Analyses

The decomposition of p-CP and the formation of its primary
aromatic by-products such as 4CIl-CC, PH, HQ and BQ, as well
as their further degradation to aliphatic intermediates such as
MaleAc, FumAc, SucAc, MaloAc, AcAc, OxAc and FoAc were analyzed
by HPLC, Shimadzu, Japan, equipped with diode-array UV detec-
tor, SPD-M10Ayp, Shimadzu, Japan. The monitoring of aromatic
species was performed using a 5pwm, 25.0 cm x 4.6 mm, Supelco
Discovery C18 column, USA, with mobile phase H,O/MeOH at flow
1.0mLmin~! operated by binary gradient method changing MeOH
percentage from 32% to 60%. Aliphatic by-products were moni-
tored using 9 wm, 25.0 cm x 4.6 mm, SUPELCOGEL-H column, USA,
with 0.1% 0-H3PO4 as mobile phase operated with isocratic method
at 0.2mLmin~!. The residual p-CP was reported as a normal-
ized value, [p-CP]/[p-CP]o, while all its formed by-products, either
aromatics or aliphatics, were reported relatively to initial p-CP con-
centration, e.g. [HQ]/[p-CP]o, taking into account the stoichiometric
ratio in the cases of lower C-atomic species. The measurement
of total organic content during experiments was performed using
Total Organic Carbon analyzer, TOC-Vcpy, Shimadzu, Japan. Handy-
lab pH/LF portable pH-meter, Schott Instruments GmbH, Mainz,
Germany, was used for pH measurements. The consumption of
hydrogen peroxide during the treatment of p-CP model wastew-
ater was monitored using modified iodometric titration method
[23].

3. Model formulation
3.1. Response surface methodology and statistical analysis

In order to verify optimal conditions, pH range and pollu-
tant/oxidant ratio, for the maximal efficiency of p-CP degra-
dation by UV/H,0, in water matrix the two-factor three-level
Box-Behnken experimental design combined with response sur-
face modeling (RSM) and quadratic programming was used. RSM
consists of a group of empirical techniques devoted to the eval-
uation of relationships existing between a cluster of controlled
experimental factors and measured responses according to one or
more selected criteria [24,25]. In the first step of RSM, a suitable
approximation is introduced to find true relationship between the
dependent variable (response) and the set of independent variables
(factors). If knowledge concerning the shape of true response sur-
face is insufficient, the preliminary model (generally a first-order
model) is upgraded by adding high-order terms to it [24]. In the
next step, the behavior of the system is explained by the following
quadratic equation [24-26]:

k Kk

k k
Y=po+ Z,Bixi + Zﬁiixiz + ZZﬂinin +¢ (1)
i1 i—1

i=1 j=1

where Y states for the process response or output, i.e. dependent
variable; k represents the number of patterns; i andj are index num-
bers for patterns; Sy is the free, i.e. offset term, X; . .. X, are coded
independent variables; g; is the first-order, i.e. linear, main effect;
Bii is the quadratic, i.e. squared, effect; while B;; represents the
interaction effect and ¢’ is the random error allowing the discrep-
ancies or uncertainties between predicted and observed values.
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Table 1
Box-Behnken design matrix with two independent variables expressed in coded and natural units, and values of obtained responses.
Runs Variables Responses
Variable1l, X; Varariable2, X, Responsel, Y; Response2, Y,
Level Actual value: pHp Level Actual value: [H,0,], mM k of p-CP decay, x103s~! TOC removal, norm
Observed Predicted Observed Predicted
1 -1 5 -1 50 0.68 0.73 0.149 0.143
2 -1 5 100 0.91 0.91 0.224 0.230
3 -1 5 150 0.66 0.61 0.139 0.138
4 0 7 -1 50 0.76 0.76 0.159 0.173
5 0 7 100 1.03 0.94 0.284 0.261
6 0 7 150 0.55 0.64 0.160 0.169
7 1 9 -1 50 0.81 0.76 0.136 0.127
8 1 9 100 0.87 0.95 0.198 0.215
9 1 9 1 150 0.68 0.64 0.131 0.123

When developing the model presented by Eq. (1), the natural, i.e.
uncoded, independent variables should be transformed in dimen-
sionless coded values at three levels —1, 0 and 1. In such manner,
the chosen effects in the study influencing the degradation of p-CP
by UV/H, 0, process are the initial pH value (X7 ) and the concentra-
tion of H,0, (X3 ). Besides their influence on the pseudo-first-order
decay rate of p-CP as a first response (Responsel), the influence
of chosen process parameters was also tested on the mineraliza-
tion degree of p-CP simulated wastewater after 60 min treatment
period (Response2). The experimental range and levels of indepen-

dent variables considered in this study, including also observed
and predicted values of both responses by developed quadratic
models are presented in Table 1. The fitting of models was cal-
culated using the coefficient of determination R-squared (R?) and
the analysis of variance. The Box-Behnken method was selected for
designing the experiments due to the fact that rather few combina-
tions of the variables are required to estimate a potentially complex
response function [27]. In total, only nine experiments were found
to be sufficient to calculate the six coefficients of the second-order
polynomial regression (quadratic) model. For the purpose of anal-

Table 2
The reactions, rate constants and quantum yields used for the kinetic modeling.
# Reaction Ref. k(M-1s71)
Lit. Used
1 H,0, +hv — 20H* [13,20,30,31] @=0.5mol Ein~! @=0.5mol Ein~!
2 OH* +H,0, - HO,* +H,0 [20,31-33] 1.2-4.5 x 107 4.5 % 107
3 OH* +HO,~ — HO,* + OH~ [13] 7.5 % 10° 7.5 x 10°
4 HO;,* +H,0, — H,O+HO* + 0, [13] 3.0 3.0
5 0,°~ +H;0, — OH™ +HO* + 0, [13] 0.13 0.13
6 20H* — H,0, [20,31,33] 4.2-53x10° 5.3 x10°
7 HO,* +0H* — H,0+0, [20,31,33] 1x 1010 1x 1010
8 2HO;* — H,0;, + 0, [20,31,33] 83 x10° 83 x10°
9 0,°~ +HO* — HO,~ + 0y [20,31,33] 9.7 x 107 9.7 x 107
10 0,°~ +HO* - HO~ +0, [33] 1.0x 1010 1x 1010
11 HO,* — 0, +2H* [20,31,33] 1.58-7.9x10°s7! 1.58 x 10°s~!
12 0,*~ +2H* — HO,* [20,31,33] 1.0 x 1010 1.0 x 1010
13 OH* +H,0; — 0,°~ +H,0 [33] 2.7 x 107 2.7 x 107
14 HO,~ +H* — H,0, [22,34] 2.6 x 1010 2.6 x 1010
15 H,0; — HO,~ +H* [22,34] 3.7x 102 3.7x 102
16 HO- +H" — H,0 [22,34] 1.4 x 10" 1.4x 10"
17 H,0— HO- +H* [22,34] 2.5x 107 25%x107°
18 p-CP+hv < z;Cl-CC + zHQ + z3UnBP [35] ®=0.017 mol Ein~! @=0.059 mol Ein~!
9 9
R = s s
20 CI-CC+hv < UnBP @=0.057 mol Ein~!
21 Cl-CC + OH* — w;MaleAc + woFumAc + wsMaloAc [36] 7.0x 10° 7.0 x 10°
22 HQ +hv < e;FumAc +e,UnBP @=0.047 mol Ein~!
23 HQ + OH* — w;MaleAc + w,FumAc 4+ wzMaloAc [38] 52 x10° 52x10°
24 MaleAc + hv < FumAc @ =0.020 mol Ein!
25 MaleAc + OH® — n; OXAc +n,FoAc [39] 6.0 x 10° 6.0 x 10°
26 FumAc +hv ¢ MaleAc @ =0.028 mol Ein~!
27 FumAc + OH* — n; OXAc + nyFoAc [39] 6.0 x 10° 6.0 x 10°
28 MaloAc + OH* — OxAc [40,41] 1.6-2.4 x 107 1.28 x 10°
29 OXAc+hv & IP & =0.006 mol Ein~!
30 OxAc +OH* — IP [42] 1.4 x 106 1.4x 106
31 FoAc+OH* — IP [43] 1.3 x108 1.3x108
32 UnBP + OH* — m; OxAc + myFoAc + m3IP 6.83 x 10°
33 ArBP + OH* — AIBP 6.25 x 10°
34 AIBP +OH* — IP 5.83 x 108
35 OC+OH* — IP [20] 2.33 x 108 2.22 x 108

p-CP: para-chlorophenol; CI-CC: 4-chlorocatechol; HQ: hydroquinone; MaleAc: maleic acid; FumAc: fumaric acid; MaloAc: malonic acid; OxAc: oxalic acid; FoAc: formic
acid; UnBP: unidentified by-products; IP: inorganic products (i.e. mineralized part of p-CP solution); ArBP: aromatic by-products; AIBP: aliphatic by-products; and e, ez, my,

my, ms, Ny, N2, q1, q2, 43, W1, W2, W3, 21, Z2, Z3: fraction coefficients.



Table 3

P. Kralik et al. / Chemical Engineering Journal 158 (2010) 154-166

157

Analysis of variance (ANOVA) of the response surface model for the prediction of Response1, pseudo-first-order rates of p-CP decay, k (x10~3s~1), including the multiple
regression results and significance of the components for the quadratic model (R? =0.8465, Ridj = 0.5906).

Factors (coded) Statistics Model results

SS d.f. MSS F D Parameter Coefficient Effect SE t
Model 0.1489 5 0.0298 3.3083 0.1431
Intercept Bo 0.9444
X1 0.0020 1 0.0020 0.2245 0.6680 B 0.0183 0.0367 0.0774 0.4738
X12 0.0003 1 0.0003 0.0303 0.8729 B -0.0117 -0.0117 0.0670 0.1741
X5 0.0216 1 0.0216 2.4042 0.2188 B —-0.0600 —-0.1200 0.0774 —-1.5506
X22 0.1217 1 0.1217 13.5447 0.0348" B2 —0.2467 —0.2467 0.0670 3.6803
Xi x Xa 0.0030 1 0.0030 0.3367 0.6025 B2 —-0.0275 —0.0550 0.0948 —0.5803
Error 0.0267 3 0.0090
Total 0.1756 8

* p<0.05 is considered as significant.

ysis of variance (ANOVA), regression and graphical analyses of the
obtained data a software package STATISTICA 9.0, StatSoft Inc., USA,
was used. Some statistical parameters were also calculated using
to on-line statistical calculators: one by P. Kuzmic from BioKin Ltd.,
USA [28], and another by Prof. D.S. Soper from California State
University [29]. The optimal values of studied process parame-
ters predicted by RSM were calculated using numerical technique
built-in software Mathematica 6.0 (Wolfram Research, Champaign,
IL).

3.2. Development of mathematical model predicting p-CP
degradation

The mathematical model (M1) for predicting p-CP degradation
by UV/H, 0, process, including 19 chemical species (ions, atoms and
molecules) and 32 chemical reactions, was developed using chem-
ical reactions and rate constants mostly from literature (Table 2)
[13,20,22,30-43]. The general mass balance for a well-mixed, con-
stant volume and constant temperature batch reactor is given by:

& @)
where ¢; is concentration of specie i in the bulk and r; is the bulk
phase rate of the same specie [44]. p-CP degradation was simulated
by Mathematica 6.0 (Wolfram Research, Champaign, IL) using GEAR
method which finds the numerical solution to the set of ordinary
differential equations. Alongside detailed M1 model, the auxiliary
model M2 describing the degradation of p-CP in water matrix by
direct photolysis is developed separately and incorporated in M1.
Quantum yields of monitored organics as well as fraction coeffi-
cients where determined on the basis of experimentally obtained
results in the following manner. Quantum yields are determined by
trial and error method inserting the values into the modified ver-
sion of semiempirical “LL model” based on the Lambert’s law (3)
[30]:

oy = 7% = @; x F; x Iy x (1 — exp(—2.303 x L x Zsj x ) (3)
being F;=(&; x ¢;)/(3_&j x ¢j)

Other constants presented in above Eq. (4), &;, &;, Ig and L,
stand for the physical properties of specie i, its quantum yield
and the extinction coefficient, the incident photon flux by reactor
volume unit and the effective optical path in the reactor, respec-
tively. Taking into the consideration only the beginning of the
photolysis process, it can be assumed that almost all radiation was
absorbed by the parent compound i. In the latter case, it follows that
;i x ¢i~¢j x ¢j and F;~ 1. Consequently, Eq. (4) could be modified
into following expression [35].

dei =@; xIp x (1 —exp(—-2.303 x L x & x ¢;)) (4)

'w="q

Knowing the values of Iy and L, the quantum yield of the specie i
could be calculated, as it was done in our case for all monitored
organics, either parent pollutant or its degradation by-products
(Table 2, #1, 18, 20, 22, 24, 26 and 29). The fraction coefficients
e, m, n, q, wand z, representing the fraction of particular monitored
organic compound degrading to its intermediates, were deter-
mined by trial and error method fitting the values into the model
with simultaneous comparison with experimental data, minimiz-
ing the value of standard deviation. Observed discrepancy between
monitored TOC value and the sum TOC calculated from the con-
centration of monitored organics is contributed to the formation of
unidentified by-products, UnBP. The rate constant of reaction #32
(Table 2) was determined in above explained manner. Also, the sum
model M3 was developed by taking into account reactions typical
for UV/H,0, process (Table 2, #1-17) and the simplified mecha-
nism of p-CP degradation to the inorganic products (IP) presented
by Eq. (5), where ArBP and AIBP stand for sum of aromatic and
aliphatic by-products, respectively.

p-CP + HO* — ArBP + HO* — AIBP + HO* — IP (5)
4. Results and discussion
4.1. Experimental design

In order to study the influence of UV/H,0, process parameters,
initial operating pH and pollutant/oxidant ratio, the experimental
design based on Box-Behnken two-factors three-level model was
performed. In this study, pH range 5-9 and pollutant/oxidant ratio
1:100-1:300 were taken into the consideration as favorable for the
degradation of phenolic compounds due to the knowledge from
the literature and the findings from our previous work [16-19].
The influence of both studied process parameters was observed on
two responses: “pseudo”-first-order decay rate of p-CP (k, 10-3 s~ 1)
and mineralization extent of p-CP model wastewater (TOC removal,
norm) after one hour treatment. In Table 1 the Box-Behnken sta-
tistical combinations taken into the calculation are summarized,
as well as the observed and predicted responses for both k and
TOC removal. The usage of response surface methodology (RSM) is
based on the estimation of parameters which indicate an empiri-
cal relationship between the response and the input variables (Eq.
(1)). The RSM gave the following fitted second-order polynomial
equation in the case of Responsel, “pseudo”-first-order decay rate
of p-CP (6):

Y1 = 0.9444 +0.0183 x X; — 0.0117 x X2 — 0.0600 x X,
—0.2467 x X2 — 0.0275 x X; X, (6)

where Y, is the predicted k of p-CP decay, X; and X, are coded
terms for two independent test variables, presenting pH and
H, 0, concentration, respectively. According to the several authors
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Table 4

Analysis of variance (ANOVA) of the response surface model for the prediction of Response2, TOC removal (norm), including the multiple regression results and significance

of the components for the quadratic model (R* =0.9364, R? o = 0.8304).

Factors (coded) Statistics Model results

SS d.f. MSS F p Parameter Coefficient Effect SE t
Model 0.0194 5 0.0039 9.7000 0.0357"
Intercept Bo 0.2608
X1 0.0004 1 0.0004 0.8383 0.4274 Bi —0.0078 -0.0157 0.0171 —0.9156
X? 0.0029 1 0.0029 6.6338 0.0821 B —0.0382 —-0.0382 0.0148 2.5756
X5 33x10°° 1 33x107° 0.0744 0.8028 B2 —0.0023 —0.0047 0.0171 -0.2727
X2 0.0161 1 0.0161 36.6145 0.0091° B2 —0.0897 —-0.0897 0.0148 6.0510
X1 x Xa 6.3 x 106 1 6.3 x 1076 0.0142 0.9126 B2 0.0013 0.0025 0.0210 0.1193
Error 0.0013 3 0.0004
Total 0.0207 8

* p<0.05 is considered as significant.

[26,45-47], the analysis of variance is considered to be essential
to test the significance of the model. Hence, the ANOVA was per-
formed in order to test the significance of the fit of the second-order
polynomial model (Eq. (6)) predicting the p-CP decay in depen-
dence of used process conditions. As it can be seen from Table 3, the
ANOVA of the regression model (6) showed that quadratic model
for Responsel is not rather significant: Fisher F-test is very low
with a rather high probability value. It is worth of noting that even
tabulated F-value (Fg 553 =9.01) is higher than calculated F-value
at the 5% level. Generally, the generated model for the predicting
“pseudo”-first-order rate of p-CP decay has not high significance,
simultaneously possessing rather low regression coefficients (both
R?>=0.8465 and Rﬁdj = 0.5906). The results in Fig. 1 present the
Pareto chart (A) and 3D surface plot (B) for Responsel. In Pareto
chart the length of each bar indicates the standardized effect of that
factor in quadratic model (6) on the response. As it can be observed
from Fig. 1(A) only length bar of model component X% exceeds the
reference line which indicate significance on degradation rate of
p-CP. Thus, it seems that the model failed to capture some relevant
factor into consideration, providing the low significance accord-
ing to the obtained ANOVA results and regression coefficients.
However, the results presented in Fig. 1(B) and Table 1 are highly
supported by the literature findings [18,19,48]. One can see that the
highestrate of p-CP decay is observed in the experiments conducted
atinitial pH 7 and [H,0,] =100 mM. According to the model predic-
tion, the fastest degradation of p-CP should occur in weak basic area
(pH 9) and the same oxidant concentration, but the similar value
of the rate constant is predicted for pH 7. Such model results are
in accordance with the findings of Lipczynska-Kochany [48] who
studied phenol oxidation by the UV/H,0, process and observed no
significant influence of pH on phenol degradation within the range

from 7 to 9, while phenol degradation efficiency decreased rapidly
at values pH<7 and pH > 9. Also, the direct photolysis of phenol is

accelerated in alkaline solutions due to the increase in “phenolate

anions light absorbency” [18]. Accordingly, the findings from our

previous study showed that the photolysis combined with H,0,

was the most effective for degradation of phenol compounds in

weak basic conditions [19]. It is worth of noting that the influence

of initial pH on the rate of p-CP decay is less pronounced in compar-

ison to the oxidant concentration, i.e. pollutant/oxidant ratio. From
Table 1 it can be seen that both observed and predicted values of
the rate constant of p-CP decay are highest at oxidant concentra-
tion of [H,0,]=100 mM at each of the three investigated values of
initial pH.

Since the model for Responsel, i.e. decay rate of p-CP yielded
poor results, TOC removal was considered as a second avail-
able response influenced by initial pH and pollutant/oxidant ratio
in UV/H,0, process. When estimating the influence of operat-
ing parameters on overall efficiency of the treatment process for
wastewater containing organic pollutants, TOC removal represent-

ing mineralization extent of p-CP and its by-products is even more
eligible response than the conversion of parent pollutant, i.e. rate
of p-CP decay.

It is known that by oxidative degradation of p-CP some by-
products, contributing to the TOC content, that are more toxic
than parent compound could be formed [4]. Hence, the same
Box-Behnken design was applied in order to predict the Response2,
TOC removal. The observed and predicted values are given in
Table 1, while the second-order polynomial equation presenting
the relationship between Response2 and studied process parame-
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Quadratic model components

X,2

Standardized Effect Estimate (Absolute Value)
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Fig. 1. Graphical presentations for Response1, “pseudo”-first-order rate (k) of p-CP
decay (x10-3s~1): Pareto chart (A) and 3D response surface diagram (B).
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ters is given by following Eq. (7).
Y, = 0.2608 — 0.0078 x X; — 0.0382 x X12 —0.0023 x X,
—0.0897 x X7 +0.0013 x X1 X, (7)

According to the performed ANOVA, better results are obtained
for Response2 (Table 4) than for previously discussed Responsel
(Table 3). The Fisher F-test is much higher than for previous model,
and the probability value less than <0.05 is obtained giving this
model satisfactory significance. That can be also confirmed with the
comparison for the F-calculated and F-tabulated: 9.7 (F.y)>9.01
(Ftab-0.05,53) as well as by rather high values of regression coeffi-
cients (R2=0.9364 and Rf‘dj = 0.8304). According to Liu et al. [45]
the normal probability plot of the residuals is an important diagnos-
tic tool to detect and explain the systematic discrepancies from the
assumptions that errors are normally distributed and are indepen-
dent of each other and that the error variance are homogeneous.
Hence, such plot summarizing our results for the prediction of
Response2 is presented in Fig. 2(A). One can see that there are
no serious violations in the assumptions underlying the analysis.
Observing the graphical estimation vs. normal distribution on right
axesy, whichis satisfactory enough, one can conclude that residuals
are independent [45]. Pareto chart presented in Fig. 2(B) indicated
again that the same factor like in previous model (6), X22, posses
the highest significance on the response. On the basis of 3D sur-
face plot (Fig. 2(C)), one can clearly observe that neutral pH and
H,0, concentration of closely to 100 mM provides the highest TOC
removal. The same or very similar conditions are marked in liter-
ature as the optimal for the mineralization of wastewater loaded
by phenolic compounds [17-19]. At the end, it should be pointed
out that, although the model (6) can be marked as not enough sig-
nificant, in combination with model (7) some valuable information
could be drawn. From Figs. 1(B) and 2(C) it can be seen that con-
centration of H,0, has much higher influence on final responses,
either p-CP degradation rate or final TOC removal, than initial pH
value. Such conclusion on the basis of graphical estimation given
in both 3D surface response graphs can be supported with the the-
ory, but experimental studies as well. In theory, the increase of
H,0, concentration in the UV/H,0, process could provide benefit
to system oxidation power up to certain point, where the further
increase has negative influence lowering the concentration of OH
radicals available for degradation of organics throughout side reac-
tions with H,0, in excess (reactions #2 and 13, Table 2) [13,18,19].
On the other hand, experimental studies showed that operating
pH, especially in this tight range investigated in this study, does
not play such significant role. However, somewhat better results
are obtained at neutral or weak basic pHs [4,16-19,48]. For the pur-
pose of further study of the kinetic of p-CP degradation by UV/H,0,
process, the objective of performed RSM is attained. The optimal
process conditions are found to be in coded values X; =—0.1023 and
X3 =-0.0136 (uncoded pH 6.8 and [H;0,]=99.32mM according
to the calculations proposed by Yetilmezsoy et al. [26]), predict-
ing the highest TOC removal of 26.12% after 60 min of treatment.
After determining the optimal conditions, the study was contin-
ued with the development of detail kinetic model describing p-CP
degradation. Such model includes not only the conversion of p-CP
and the formation and consequent degradation of aromatic and
aliphatic by-products, but also the prediction behavior of some
process parameters, e.g. pH changes and H, O, consumption.

4.2. Kinetic modeling

In order to take into account the contribution of direct photolysis
in the mathematical model describing the degradation of p-CP by
UV/H,0,, process (M1), the auxiliary model M2 was first developed
on the basis of above explained semiempirical “LL model” (Eq. (3)).
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Fig. 2. Graphical presentations for Response2, TOC removal: The normal probability
of the raw residuals (A), Pareto chart (B) and 3D response surface diagram (C).

The modified version of “LL model” presented by Eq. (4) was used
to describe the degradation of organic compounds present in the
system; p-CP and its degradation by-products. In such manner the
set of ordinary differential equations, presenting the degradation of
p-CP as a parent pollutant and the formation and subsequent degra-



160 P. Kralik et al. / Chemical Engineering Journal 158 (2010) 154-166
Table 5
Values of calculated standard deviation (SD) for each of model-experiment data pairs presented in Figs. 4, 5, 7 and 8.
SD x 102
p-CP 4CI-CC HQ MaleAc FumAc MaloAc OxAc FoAc UnBP ArBP AIBP IP H,0,
M2 (“auxiliary” model) (UV process, [p-CP]o =0.5 mM, pH 6.8)
1.09 0.07 0.692 0.17 - - - 1.70 - - 0.09 -
M1 (“detail” model) (UV/H,0, process, [p-CP]o =0.5 mM, [H203]o =99.5 mM, pH 6.8)
0.53 0.28 0.19 0.25 0.02 0.65 0.89 0.69 0.94 0.32 0.81 0.43 0.16
M3 (“sum” model) (UV/H, 0, process, [p-CP]o =0.5 mM, [H20;]o =99.5 mM, pH 6.8)
0.53 - - - - - - - - 1.03 2.15 0.89 0.16
M1 (“detail” model) (UV/H, 0, process, [p-CP]o =1.0 mM, [H203]o =99.5 mM, pH 6.8)
0.23 1.19 0.59 - - - - - - - - 0.30 -
M1 (“detail” model) (UV/H,0, process, [p-CP]o =0.5 mM, [H203]o =150 mM, pH 5)
0.67 1.40 0.84 - - - - - - - - 0.88 -
M1 (“detail” model) (UV/H, 0, process, [p-CP]o =0.5mM, [H,0,]o =50 mM, pH 9)
2.56 0.58 0.30 - - - - - - - - 1.05 -

2 Including formed benzoquinone.

dation of its monitored by-products, was allocated to the system.
The degradation of organic pollutants (OP) by direct UV photolysis
can be generally presented by known mechanism:

oP<", 0P « ™, products

(8)

The role of possibly formed radical species, mainly OH radicals
[30,35], was not considered in UV process. As it was mentioned
above, the extinction coefficients (¢) and quantum yields (@) for
each compound detected in the system during p-CP degradation by
UV process were determined by combining experimental and mod-
eling approach in the following manner. First the & values of each
compound were calculated using results obtained by spectrophoto-
metrical measurements at 254 nm for solutions of pure compounds
and well-known method described in our previous research [20].
The solutions were prepared in much higher concentrations than
those detected in experiments (>2 mM) in order to minimize the
influence of possible formation of by-products. The results are then
inserted in the following Eq. (9) [35]:

Cio — i — 1 [l—exp(—écw)} — Dilt (9)

5 [ T—exp(~Eq)

being £=2.303 x &; x L
and the values of quantum yields for each compound were
calculated. In such manner the values of @ for p-CP, 4CI-CC, HQ,
MaleAc, FumAc and OxAc are calculated (Table 2). These auxil-
iary experiments elucidated several important issues regarding
the behavior of the studied system. It was found out that maleic
acid when illuminated by UV light formed proportional amount
of fumaric acid and vice versa; these two compounds behave as
stereo-isomers when illuminated. Furthermore, it was found out
that HQ was degraded to BQ and FumAc, while degradation of
4Cl-CC presumably led to the formation of the unidentified open-
ring by-products. It should be pointed out that the experiments of
degradation of p-CP by UV process in the absence of oxidant was
conducted at initial pH 6.8, which was chosen as optimal initial
pH for the degradation of the same organic pollutant by UV/H,05,
according to the above presented results of performed experimen-
tal design. The comparison of the experimental data and those
predicted by auxiliary model M2 for p-CP degradation by UV pro-
cess is presented in Fig. 3. In Fig. 3(A) the profiles of p-CP decay
as well as formation/degradation of detected aromatic by-products
4(Cl-CCand HQ, are presented. It should be noted that in this case HQ
stands for quinone, (HQ + BQ), where BQ yields with less than 5% in
total quinone concentration. Fig. 3(B) summarizes the results of for-
mation/degradation of aliphatic by-products (FumAc and MaleAc),

unidentified by-products and mineralized organics expresses as
inorganic products, IP. From the results presented in Fig. 3, it can
be observed that p-CP was degraded only partially, forming mostly
the HQ and some unidentified by-products, while other detected
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Fig. 3. Degradation of p-Chlorophenol in water matrix by UV process. The compari-
son of experimentally obtained and model predicted data: p-CP and formed aromatic
by-products (A), aliphatic and unidentified by-products, and mineralization (B) ([p-
CPJo=0.5mM, pH 6.8).
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Fig. 4. Pathway of p-Chlorophenol degradation used for development of kinetic model for UV process.

by-products amounts less than 5% regarding the initial p-CP con-
centration. Good agreement of experimental and model data is
confirmed by rather low values of calculated standard deviation
(SD) for each experimental data/model data pairs (Table 5). Since
the degradation of p-CP as a parent molecule led mostly to the
formation of HQ and small amounts of 4CI-CC, in order to eval-
uate the fractions pertaining to each of detected by-products as
well as to sum of unidentified by-products, and fit the model to
experimental data, several fraction coefficients were introduced.
The used fraction coefficients in M1 are marked with z (z1, z; and
z3) presenting the fractions of p-CP degraded to HQ, 4CI-CC and
unidentified by-products, respectively, as presented in Fig. 4. The
proposed degradation pathway of p-CP by UV process was based on
known OH radicals degradation mechanism which was correlated
with identified and unidentified p-CP degradation by-products.
Hence, it is known that in the first step p-CP is degrading to HQ and
4CI-CC and then further to three-substituted-phenols and to ring-
opened products [8]. In such manner, accordingly to the results
presented at Fig. 3(A) as well as those obtained in auxiliary exper-
iments where @ for HQ was calculated, the fraction coefficients
e and ey are contributed to fractions of HQ degraded to FumAc
and unidentified by-products, respectively. The values of z and e
coefficients, are calculated using trial and error method by choos-
ing the number automatically between 0 and 1, satisfying the rule
that their sum should be equal to 1 (e.g. z; +z +z3 =1) with simul-
taneous comparison by experimentally obtained data fitting the
model curve to them using the mathematical expression that SD
values should gravitate to minimum built in used IF-loop. Hence,
the calculated values of fraction coefficients obtained real values
(z1=0.043, 2z, =0.726, z3=0.231, e; =0.522, e, =0.478) correlating
closely empirical results with developed auxiliary model M2 (Fig. 3
and Table 5), and were used in development of detail mathematical
model M1.

Once the optimal operating parameters are determined by the
means of experimental design and model M2 describing p-CP
degradation by direct photolysis was successfully developed we
approached to the development of the detail mathematical model
M1 describing the system behavior during the p-CP degradation by
UV/H, 0, process. The process was performed at above established
operating conditions, pH 6.8 and pollutant/oxidant ratio 1:199, i.e.
[H,0,]=99.5mM, yielding with the results presented in Fig. 5. It

should be pointed out that 27.03% of TOC removal was obtained
after 60 min of treatment, which is very close to the value predicted
by RSM (26.12% TOC removal). The results of p-CP degradation
and formation/degradation of monitored aromatic by-products are
shown in Fig. 5(A), the profiles of formation/degradation of mon-
itored aliphatic by-products are presented in Fig. 5(B), while the
formation/degradation of unidentified by-products, mineralization
and the changes pH and H,0, concentration are summarized in
Fig. 5(C), all compared with the corresponding predictions obtained
by model M1. According to the calculated SD values ranging from
0.0002 to 0.0094 (Table 5), one can conclude that M1 describes
system behavior with rather high accuracy. A slight discrepancy
between model and experimental data can be observed only in the
case of pH values. Although the trend of the curve for predicted
pH valued follows experimental data, the drop in pH predicted
by model is somewhat more pronounced than that obtained by
the experiment (Fig. 5(C)). In model development, the pathway of
p-CP degradation by OH radicals proposed by Zhou et al. [8] was
combined with those of phenol by OH radicals, especially regard-
ing the formation of aliphatic by-products, as proposed by Shen
et al. [49] and Pimentel et al. [50]. The proposed pathway of p-CP
degradation by UV/H,0, process used in the model development
is presented in Fig. 6. According to Zhou et al. [8] p-CP degrades
primarily to HQ and 4CI-CC, with the subsequent formation of vari-
ous ring-opened products. Several possible aliphatic by-products of
p-CP degradation were monitored (listed in Section 2) and among
them only MaleAc, FumAc, MaloAc, OxAc and FoAc were detected
and thereafter considered in proposed pathway. All other possible
by-products were summarized under the term unidentified by-
products, but it should be pointed out that their sum concentration
amounts less than 10% of initial p-CP concentration with decreas-
ing tendency toward 0% when treatment time approached 60 min
(Fig. 5(C)). The significant and valuable information regarding the
formation and degradation of detected aliphatics in the system
were acquired from work of Pimentel et al. [50]. They proposed
pathways of several aliphatic precursors (carboxylic acids) provid-
ing their predominant degradation by-products. Hence, maleic acid
degrades predominately to oxalic and formic acid. The same as
is valid for fumaric acid, while malonic acid decomposes only to
oxalic acid. Furthermore, oxalic and formic degrade to inorganic
products (IP), i.e. to CO, and H,O. These findings were taken into
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Fig. 5. Degradation of p-Chlorophenol in water matrix by UV/H,0, process. The
comparison of experimentally obtained and data predicted by “detail” model:
p-CP and formed aromatic by-products (A), aliphatic by-products (B) and unidenti-
fied by-products, mineralization, H,O, consumption and pH (C) ([p-CP]o =0.5 mM,
[H202]0=99.5mM, pH 6.8).

account when fraction coefficients are contributed to the particular
organic compounds identified and monitored in our study. Besides
fraction coefficients e and z, which are built-in alongside the aux-
iliary model M2 in this main model M1 describing the behavior of
UV/H,0, process, several new coefficients are estimated using the
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above described trial and error method run automatically within
the set IF-loop in program syntax in order to obtained satisfactory
fitting of model and empirical data. Hence, the values of follow-
ing fraction coefficients are determined: q; =0.601, g, =0.082 and
g3 =0.317 describing the degradation of p-CP by OH radicals to 4Cl-
CC, HQ and UnBP, respectively; w; = 0.519, w, = 0.001 and w3 =
0.480 describing the degradation of both HQ and 4CI-CC by OH rad-
icals to MaleAc, FumAc and MaloAc, respectively; n; =0.122 and
n, =0.878 describing the degradation of both MaleAc and FumAc
by OH radicals to OxAc and FoAc, respectively; and mq =0.002,
my =0.401 and m3 =0.597 presenting the fractions of unidentified
by-products degraded to OxAc, FoAc and IP. It should be pointed out
that besides known rates of reactions of each monitored compound
and OH radicals used in model development (Table 2), the rate of
reaction #32 (Table 2) was determined using trail and error method.
The order of magnitude of the obtained value, 6.83 x 10° M~1s-1 is
in accordance with the values reported in the literature for pheno-
lic compounds and their by-products, both aromatic and aliphatic
with higher molecular weight which can be assumed to consti-
tute these unidentified by-products [8,14,18,20,31,32,36-39,43]. 1t
is also worth of noting that, although pathways of p-CP degrada-
tion (Figs. 4 and 6) are similar in the first stage when by-products
HQ and 4C1-CC are generated, their proportion is different. Namely,
when UV process is applied, significantly higher amount of HQ in
comparison to 4CI-CC is formed by degradation of p-CP. On the
other hand, in the case of UV/H,0, process this proportion is quite
opposite and much higher amount of 4CI-CC is formed in compari-
son to HQ. Concerning the rather high toxicity of HQ toward several
microorganisms [51,52], thisissue is of particular importance when
AOPs, particularly UV/H,0, process, are combined with sequential
biological treatment is considered for the treatment of wastewater
containing chlorinated phenols.

For some practical purposes, the rough estimation of system
behavior might provide sufficient information on potential perfor-
mance of oxidative treatment system. Hence, besides previously
described detail mathematical model M1, the simplified “sum”
model M3, was developed. In this model only reactions of p-CP and
its summarized aromatic (ArBP) and aliphatic (AIBP) by-products
both with OH radicals are considered. Such simplified degradation
mechanism is presented by Eq. (5). The results of experimentally
obtained data are compared with the data predicted by both M1 and
M3 model, Fig. 7(A) and (B), respectively. In this purpose, model M1
was set to predict sum-products for the group of compounds: ArBP
and AIBP by simply summarizing their estimated concentration,
with the assumption that UnBP pertain to AIBP. In such manner the
model M1 provided close matching of predicted values with sum
of empirically obtained values for ArBP and AIBP (Fig. 7(A); SD val-
ues ranged from 0.0043 to 0.0081 (Table 5). In model M3 the rate
constants of reactions #33 and 34 were estimated, by the means of
earlier described trial and error method. It can be seen that obtained
values, 6.25 x 102 M~1s~1 and 5.83 x 108 M~! s~ for reactions #33
and 34, respectively, corresponds by the order of magnitude toreac-
tion rate constants of particular compounds constituting the group
parameters (ArBP and AIBP) (Table 2). Moreover, in the case of ArBP
the determined value of reaction rate constant (#33) is close to the
arithmetic mean of values of reaction rate constants for HQ (#23)
and 4CI-CC (#21),5.2x 10°M~1s 1 and 7.0 x 109 M~1s~1, respec-
tively. Although results of “sum” model M3 do not match so closely
with empirical results (Fig. 7(B)) in comparison to those obtained by
“detail” model M1 (Fig. 7(A)), trends of aromatic and aliphatic for-
mation and their subsequent degradation provide rough estimation
of system behavior.

In order to evaluate predictivity of detail model M1, its perfor-
mance was tested for the prediction of system behavior observing
p-CP degradation, the formation/degradation of its aromatic by-
products HQ and 4CI-CC, as well as mineralization extent of
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Fig. 6. Pathway of p-Chlorophenol degradation used for development of “detail” kinetic model for UV/H,0; process ([p-CP]o =0.5 mM, [H,03]o =99.5 mM, pH 6.8).

simulated wastewater, when UV/H,0, process was applied at dif-
ferent processes conditions; initial [p-CP] pH and pollutant/oxidant
ratio. The comparison of experimental and model data is presented
in Fig. 8. Hence, in Fig. 8(A) are presented the results obtained for
twice as high initial p-CP concentration ([p-CP]o=1mM) as that
used in model developing (Fig. 5), while values of initial pH (pH
6.8)andratio [p-CP]o/[H202]p = 1:199 were the same as determined
as optimal using RSM. In Fig. 8(B) and (C) are presented results
obtained for the same initial p-CP concentration ([p-CP]o = 0.5 mM)
as in model development, while the initial pH and initial pollu-
tant/oxidant ratio were altered (pH 5 and [p-CP]o/[H202]o=1:300
in Fig. 8(B) and pH 9 and [p-CP]o/[H202]p=1:100 in Fig. 8(C)).
One can see that “detail” model M1 described satisfactory the
system behavior, predicting the trends of degradation and for-
mation/degradation for monitored organics, while only slight
discrepancies from empirical data points could be observed in
some cases. According to the calculated SD values it can be con-
cluded that M1 predict system behavior with rather good accuracy
in the case of higher p-CP concentration (Fig. 8(A)) as well as in
the case when the process is operated at pH 5 and higher pol-
lutant/oxidant ratio (Fig. 8(B)). Calculated SD values ranged from
0.0023 to 0.0119 and from 0.0067 to 0.0140, respectively (Table 5).
In the case when the process is operated at pH 9 and lower pollu-
tant/oxidant ratio (Fig. 8(C)) somewhat faster p-CP degradation was
predicted by model M1 in comparison to experimentally obtained
results. However, curves predicting the formation/degradation of

direct products of p-CP degradation, HQ and 4CI-CC fit empirical
data points. It should be pointed out that since it was evidenced
that the rate of p-CP degradation by OH radicals depends on operat-
ing pHrange [36,37], in the evaluation of model M1 it was assumed
that the pathway of p-CP degradation is influenced as well (Fig. 8(B)
and (C)). Hence, the fraction coefficients for the formation of aro-
matic by-products HQ and 4CI-CC, as well for UnBP (g1, g2, and q3)
which are marked as direct by-products of p-CP degradation (Fig. 6)
were set to adjust automatically using the trail and error method
built in model IF-loop. Although it could be assumed that the rate of
direct photolysis of p-CP and the subsequent formation of aromatic
by-products monitored is also pH depended, these factors were
not taken into consideration in the model evaluation (z fraction
coefficients were kept the same as determined in auxiliary model
for UV process) due to its complexity and the fact that OH radi-
cal mechanism prevails over direct photolysis in UV/H,0, process
[17,18,30]. The other fraction coefficients were also kept at earlier
determined values due to the fact that other organic compounds
were not monitored in the model evaluation and we did not want
to speculate the changes in their formation/degradation. Accord-
ingly, the fraction coefficient for the formation of 4C1-CC by p-CP
degradation at pH 9 obtained somewhat higher value g =0.673,
while in the case of pH 5 value g; =0.598 was match closely to that
for pH 6.8 (g1 =0.601). Similarly, new values of fraction coefficient
for HQ were obtained; g, =0.185 for process at pH 5 (Fig. 8(B)),
and g, =0.078 at pH 9 which was very close to one obtained for



164 P. Kralik et al. / Chemical Engineering Journal 158 (2010) 154-166

1

(A) W p-CP,exp p-CP, det-model

0.9 4 © ArBP, exp ArBP, det-model

A AIBP, exp ~————AIBP,det-model

0.8 4 < IP, exp - - - |P, det-model
£
=
=}
o
=
(=]
=
£
=
c
L
o
c
o
o

time, minutes
® 1
W p-CP, exp = p-CP, sum-model
0.9 © ArBP, exp A AIBP, exp
' ©  IP,exp ArBP, sum-model
———AIBP, sum-model - - - IP, sum-model

£
=
[=]
t=
<
L
=
£
c
[
o
c
o
(1]

time, minutes

Fig. 7. Degradation of p-Chlorophenol in water matrix by UV/H,0, process. The
comparison of sum-data (aromatic, aliphatic and inorganic products) predicted by
“detail” (A) and “sum” model (B) ([p-CP]o =0.5 mM, [H202]o =99.5 mM, pH 6.8).

process operated at neutral pH (g =0.082). As a consequence of
these changes in the fraction coefficients for 4Cl-CC and HQ forma-
tion, new values of fraction coefficients of UnBP were calculated for
both pHs; g3 =0.217 for pH 5 and g3 = 0.249 for pH 9. On the basis of
these results, as well the empirical values of monitored by-products
of p-CP degradation it can be concluded that at mild acid conditions
dechlorination of benzene ring and its subsequent hydroxylation in
para position is more favored than at neutral and weak basic condi-
tions. Similarly, the hydroxylation of benzene ring in ortho position
and production of 4C1-CC as by-product of p-CP degradation by OH
radicals is more favored at weak basic than at neutral and mild
acidic conditions. These findings provide very useful information
on the pathways directions and the yield of reactions, which is par-
ticularly important for studying the toxicity of wastewaters and the
possibility to combine AOPs with sequential biological treatment,
as it was already mentioned above.

At the end, it is worth of noting that the performance of
developed model M1 was tested in order to predict only the
mineralization of overall organic content (OC) of simulated p-CP
wastewater concerning only the sum reaction #35 (Table 2) as rel-
evant for the consumption of OH radicals in reactions with organic
species, while all other reactions incorporated in model describing
the reactions between inorganic species were kept the same (reac-
tions from #1 to 17, Table 2). The rate constant of reaction #35,
k35=2.22 x 108 M~1s~1 was determined by trail and error method
providing almost the perfect fitting of model results to empirical
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Fig. 8. Degradation of p-Chlorophenol in water matrix by UV/H,0, process. The
comparison of p-CP degradation, formed aromatic by-products and mineraliza-
tion experimentally obtained and predicted by “detail” model at different process
conditions: [p-CP]p=1.0mM, [H202]0=99.5mM, pH 6.8 (A); [p-CP]o=0.5mM,
[H202]0 =150 mM, pH 5 (B); [p-CP]o = 0.5 mM, [H203]o =50 mM, pH 9 (C).

ones (results were not showed, calculated SD=0.0047). This test
was performed in order to compare obtained value k3s with the
rate constant of reaction for mineralization of OC in the case of
phenol model wastewater when treated by Fenton type process
(koc=2.33 x 108 M—1s~1), determined in our previous study [20].
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The rate of such overall reaction is considered to be dependent on
complexity of chemical structure of overall organics present in the
system, while it is worth of noting that phenol degradation by-
products are very similar to those of p-CP degradation [8,49,50].
Hence, the value of k35 obtained in this study, corresponding closely
to that from previous study on phenol [20], provides further evi-
dence that developed model M1 may be classified as transparent,
flexible and accurate in prediction of the behavior of system with
predominant OH radical mechanism for oxidative degradation of
organic pollutants in water.

5. Conclusions

The aim of the study was to developed detail mathematical
model describing the degradation of chlorinated hydrocarbon pol-
lutants by UV/H,0, process. Since all AOPs, and among them
UV/H,0, process, are multifactor systems, in order to avoid
misinterpretations on system behavior obtained observing only
single-factor effects which could influence the final goal of the
study; the model predicting kinetic of degradation of chosen pol-
lutant, the influence of cross-factor effects of process parameters
was investigated as well. Hence, in order to establish the opti-
mal operating parameters of UV/H,0, process influencing the
treatment efficiency, such as pH range of application and oxidant
concentration, the two-factors three-level Box-Behnken experi-
mental design combined with response surface modeling (RSM)
and quadratic programming was successfully applied. The results
of such experimental design using different statistical tools showed
that neutral pH (more precisely 6.8) and pollutant/oxidant ratio
1:199 are the most suitable to maximize the oxidative power of
treatment system. On these optimal conditions was performed
experimental part of the study in order to obtained empirical val-
ues crucial in model development. In model development were
included both mechanisms describing (i) p-CP degradation taking
into account reactions occurring in the bulk between inorganic
and organic species (p-CP and its degradation by-products and
OH radicals) as well (ii) so-called bulk inorganic reactions includ-
ing reactions between radical, ionic and molecular species present
in the system. The model accuracy was tested in order to pre-
dict system behavior at different process conditions and pollutant
concentrations, providing rather good fitting of model results
to empirical ones, which was confirmed by calculated values of
standard deviation for each experimentally monitored param-
eter; organic species, mineralization, changes of pH and H,0,
consumption.

Hence, it can be concluded that the developed mathematical
model describing the degradation kinetic of p-CP by UV/H,0, pro-
cess can be characterized as interpretable, flexible and accurate,
and can be considered as a base for future studies with the aim of
maximizing efficiency of wastewater treatment by AOPs.
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