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ABSTRACT

The UV/H,0; process has often been proposed as an effective treatment technology for remediation of
colored wastewaters. However, it has frequently been noted that it is not as economically efficient as other
treatment technologies. To limit this drawback as much as possible, an effort to optimize the treatment
technology from both the economical and operating points of view is needed.

This paper presents a study on determination of cost optimal operating conditions for decoloration
and mineralization of C. I. Reactive Blue 268 by the UV/H,0, process. Dye concentration, hydrogen per-
oxide concentration, pH, treatment time, and temperature were considered to be influential operating
parameters. Cost of electricity, cost of hydrogen peroxide, and cost of water needed to adjust the dye
concentration were considered to be relevant operating costs.

The presented approach is based on response surface methodology in conjunction with mathematical
programming. The results obtained clearly indicate that, in order to assure effective and economically
efficient operation, the UV/H,0, process should be simultaneously optimized from the perspective of

both operational and economic efficiency.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Substantial effort has been devoted to developing technologies
that would reduce the negative impact of colored wastewaters on
the environment. The most interesting are technologies that trans-
form hazardous and toxic pollutants into environmentally friendly
compounds. For this reason, Advanced Oxidation Processes (AOPs)
have attracted considerable attention, and numerous studies on
their ability to degrade colored compounds in wastewaters are
reported in the literature [1-5].

Among the AOPs, the UV/H,0, process was believed to be one
of the most promising treatment technologies, as no sludge is
formed during the treatment. However, in comparison to conven-
tional treatment technologies, the UV/H, 0, technology is relatively
expensive. It consumes large quantities of electrical energy needed
for generation of UV radiation, and its consumption, without doubt,
represents the major fraction of operating costs. Furthermore,
the costs related to the consumption of H,0, are not negligible
[6].

Consequently, researchers are aware that to offer a technology
that is viable from an industrial applicability point of view, the
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UV/H,0, process needs to be optimized. Various techniques have
been employed to find optimal operating conditions. Abdullah et
al. [7] optimized the UV/H,0, performance (decoloration of C. L.
Natural Red 4) through a systematic search for the most promising
operating conditions by first varying the dye and H,0, concen-
tration. After their optimal concentrations were established, the
effects of pH and various ions on the process efficiency were stud-
ied. Shu et al. [8] optimized the C. I. Acid Black 1 decoloration
process through an inspection of the generated plots of electric
power consumption and retention time as functions of the oper-
ating parameters. Guimardes et al. [9] optimized the operating
parameters for the C. 1. Acid Brown 75 decoloration using neural net-
works. Their approach is based on a determination of the maximum
amount of H,O, to be added in order to achieve the desired decol-
oration level in the least amount of time. Recently, Kérbahti and
Rauf[10] and Rauf et al. [11] utilized the response surface method-
ology (RSM) to optimize the decoloration of C.I. Acid Red 94 and C. 1.
Basic Red 2, respectively. The authors considered initial dye concen-
tration, initial H,O, concentration, and pH as influential operating
conditions. These are outstanding scientific contributions, however,
the authors focused almost exclusively on finding optimal operating
conditions with no or very little consideration of the accompanying
operating costs.

Another issue that has been often overlooked in optimization
of technologies for colored wastewater treatment [12-14] is that
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Nomenclature

A absorbance (/)

AA decoloration at Amax (%)

c molar concentration (mmol/L)
C cost, price (€, €/quantity)

1 photonic flux (pEinstein/s)
N number (/)

P power (kW)

SAC spectral absorption coefficient (m~1)
t time (min)

T temperature (°C)

TOC total organic carbon (mg/L)
Vv volume (L)

w mass fraction (/, %)

Greek symbols

1% mass concentration (mg/L)
A wavelength (nm)

0 density (kg/L)
Subscripts/superscripts

E electricity

f final

i initial

L loadings

R reactor

T total

some independent variables are often found to be more or less fixed
in a certain way. For example, consider the dye concentration in
wastewater to be treated in an end-of-pipe treatment process. Its
concentration can be manipulated, for example, by changes in oper-
ating conditions of the preceding process operations, replacement
of the existing equipment with different — potentially more efficient
- technology, or by either concentrating or diluting the discharge
stream. And even though some of these possibilities may readily be
available to implement, each of them carries inherent costs associ-
ated with investment and operation. Evidently, such costs should
be considered in the search for the optimal solution.

In this work, decoloration and mineralization of C. I. Reactive
Blue 268 using UV/H,0, treatment technology was investigated.
The dye is used for cellulose fibers dyeing, and belongs to a class of
triphenodioxazine dyes, which combine the advantages of azo and
anthraquinone dyes. As such, it is characterized by good fastness
properties, brightness [15], and high stability to photo-reduction
[16]. The decoloration and mineralization process was simultane-
ously optimized from the perspective of operational and economic
efficiency. The proposed optimization approach combines response
surface methodology and mathematical programming.

2. Optimization methodology

As denoted in the introduction, the proposed optimization
approach combines the response surface methodology and mathe-
matical programming. Flowchart in Fig. 1 represents the activities
within the framework of the proposed approach. After the
prescreening (preliminary experimentation), an appropriate exper-
imental design is selected, the experiments are performed, and
the results are analyzed (modeling of responses, statistical anal-
yses). If statistical tests regarding the obtained response models
(polynomial approximations) produce unsatisfactory results, mod-
ifications in response surface modeling and/or experimental design
are required. If the statistics is satisfactory, the obtained response
models are used to formulate an appropriate optimization problem,
which is solved using a software for constrained optimization.

In this work, it is assumed that the responses are modeled by
estimating the coefficients of the second-order model, given by:

! ! !
y=po+ Zﬂjxj + Zﬂjjsz + Z Z BikXjxy + € (M
=1 =1

ik

In Eq. (1), y is the measured response, x; and x;, are the indepen-
dent variables, B;, B;; and Bj; are the model coefficients, and ¢ is the
error. The polynomial function (Eq. (1)) is an approximation of the
true response function for a given response over the entire range of
independent variables. If the range is restricted to a relatively small
region, the approximation is usually in good agreement with the
true response function [17] and can be used in analysis, simulation,
and optimization etc. of the process.

Finding optimal operating conditions for a given process using
the response surface methodology translates to finding a set of
independent variables that minimize or maximize the responses
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Fig. 1. Process optimization strategy combining response surface methodology and mathematical programming.
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predicted by the polynomial approximation. In general, the simul-
taneous optimization of multiple responses predicted by the
second-order models is considered to be a nonlinear multiobjec-
tive optimization problem [18,19]. For a comprehensive review of
the methods used in solving these problems the reader is referred
to Miettinen [20]. However, when the responses are not con-
flicting and their attainable values are well-scaled, the following
monoobjective mathematical program (2) can be assumed as a
fairly reasonable approach. In the remainder of the paper we will
refer to it as response maximization (RM) formulation.

k
max z= Z +y;
i=1

S.t.
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The objective function is a sum of k responses. The responses to
be maximized have a positive sign, while a negative sign is assigned
to the responses that are to be minimized. Independent variables
x; are constrained by their experimental lower and upper bounds
x]'.-o and xUP, respectively. The solution to RM is a set of independent
variables (x}, x5, ..., x]?*) that give minimum/maximum responses,
Yi-

In many engineering applications, however, the responses only
need to satisfy certain threshold limits, which may not necessar-
ily coincide with the attainable extreme values of the responses. In
addition, attaining these extreme values can cause the operating
costs to become unacceptably high, making the process econom-
ically inefficient. In such cases, a trade-off between the economic
efficiency and the performance of a given process should be taken
into consideration.

For the above reason, an approach to optimize the process per-
formance (modeled by second-order approximating functions) by
minimizing the relevant operating costs of the process, as opposed
to finding the attainable extremes of the responses, is proposed. To
accomplish this task, the RM is reformulated. The obtained mathe-
matical program (3) will be referred to as cost minimization (CM)
formulation.

n
min C= ZCm
m=1

s.t.
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In contrast to RM, the objective function in CM is a sum of
n operating costs, defined as functions of independent variables
fm(x1,X2,. . ..x;). The desired efficiency is attained by constraining the
responses through inequalities, stating that a given response should
be greater than or equal to, or less than or equal to a predetermined
threshold limit y[*.

2.1. Remarks on the optimization methodology

The proposed approach utilizes the advantages of response sur-
face methodology and mathematical programming.

e Response surface methodology is a powerful tool for deriving
empirical correlations among operating conditions and responses
if the corresponding system of analytical functions is unknown
and/or very hard to derive. Yet, the researcher should be aware
that the response surface models are only approximations of the
true response functions, and also case-specific. If there exists a
doubtin their quality (i.e. poor prediction properties), they should
not be used.

Mathematical programming enables incorporation of explicit
cost functions, which correlate operating parameters to their
costs. Therefore, a given process can be optimized not only from
the perspective of its performance, but also from the perspective
of economic efficiency. Optimization problems can be formu-
lated in many different ways, depending on the goals to be
achieved. There is no general guidance on this topic. However,
the researcher should carefully derive additional functions, if any.
Often some simplifying case-specific assumptions are needed.
They too should be carefully dealt with in order to avoid wrong
or misleading conclusions. It should also be noted that the opti-
mization problems, as given by Eqs. (2) and (3), are nonlinear and
nonconvex. For this reason, unless special techniques for global
optimization are used, the solutions obtained are not necessarily
globally optimal.

3. Experimental
3.1. Photo-reactor set-up

Photo-oxidation experiments were performed in a batch reac-
tor (Helios ItalQuartz) with a maximum working volume of 1.8 L.
The source of UV radiation was a medium pressure Hg lamp
operating at 500 W. The incident photonic flux was measured
by hydrogen peroxide actinometry according to Nicole et al. [21]
(Io=6.0+0.1 pEinstein/s). The photo-reactor set-up is schemati-
cally presented in Fig. 2.

To keep the temperature of the dye solutions during the exper-
iments constant, the reactor was cooled using two coolants; air
and cooling water. The purpose of air-cooling was to facilitate the
dissipation of heat flux produced by the UV lamp to the extent at
which the dye solution temperature could be controlled solely by
the adjustments of the cooling water inlet temperature. Air inlet
temperature and volumetric flow rate, as well as the cooling water
flow rate, were constant in all the experiments.

As shown in Fig. 2, of the two coolants, only the air is in direct
contact with the surface of the UV lamp. As such, it has potentially
greater impact on the operating temperature of the UV lamp than
the cooling water, which is contained in a quartz cooling jacket
physically separated from the surface of the UV lamp. Keeping the
air flow rate and inlet temperature constant should guarantee arel-
atively constant temperature of air in the direct vicinity of the UV
lamp’s walls, consequently assuring its constant operating temper-
ature and efficiency.

Although the efficiency of medium pressure Hg lamps is rather
insensitive to the changes in operating temperature [22], the above
precautionary measure was taken to minimize the eventual fluctu-
ations in its efficiency caused by cooling.

3.2. Experimental design

In this study, a face centered central composite design (CCD)
comprising five independent variables was chosen. In total, 50
experimental runs were conducted. To provide good variance of
prediction, eight center points were used. Initial dye concentration,
initial H,O, concentration, pH, temperature, and treatment time
were selected as independent variables. Their ranges are presented
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Fig. 2. Photo-reactor set-up.

in actual values in Table 1. A brief discussion on how and why the
ranges were chosen as such is given in the following paragraph.

Commonly, the wastewater obtained after reactive dyeing of cel-
lulose fibers is alkaline [15]. For this reason, the pH at the high
level was set to 11. On the other hand, according to the litera-
ture [23,24], the UV/H,0, treatment technology is more efficient
in weakly acidic and neutral than in alkaline conditions. Therefore,
a part of acidic pH region was also explored.

The concentration of the dye remaining in the colored textile
wastewaters depends mostly on the chemical structure of the dye
and the type of the dyeing process (exhaustion dyeing, pad dye-
ing). Also, often the dye-bath effluents are mixed with rinsing
water, which lowers the dye concentrations. The dye used in this
work belongs to a group of high-fixation poly-functional reactive
dyestuffs for exhaustion dyeing of cellulosic fibers [25]. In addition,
high fixation, which leads to a significant reduction in the amount
of dye lost to the effluent, is also guaranteed by the manufacturer

Table 1

Levels of independent variables.

Independent variable Low level Medium level High level
Ypye (Mg/L) 10 45 80

Ci,0, (mmol/L) 5 102.5 200
pH(]) 55 825 11

T(°C) 20 27.5 35

t (min) 10 35 60

(Ciba Specialty Chemicals). Although, the reported dye concentra-
tions found in the dyehouse wastewaters range from 5 to 1500 mg/L
[26], the preceding statements make the selected dye concentration
range credible for the purposes of this study.

Temperature range was bounded by the capability of labora-
tory equipment to maintain constant temperature throughout the
experiments. Treatment time and hydrogen peroxide concentration
ranges were chosen on the basis of preliminary testing.

As dependent variables, responses, percent of decoloration
(AA) at Amax, three spectral absorption coefficients (SAC;, - 436 nm,
SAC;, - 525 nm, SAC; = 620 nm ), and total organic carbon (TOC), were
considered.

3.3. Chemicals

A commercial reactive triphenodioxazine dye C. I. Reactive Blue
268 (Cibacron Brilliant Blue FN-G, CAS No. 163062-28-0) manu-
factured by Ciba Specialty Chemicals was used without further
purification (70-80% purity approximately). Its chemical structure
was not disclosed by the manufacturer.

Hydrogen peroxide solution (w=30%, with p=1.11 g/mL) of ana-
lytical grade was obtained from Belinka. Adjustment of pH was
conducted using HSO4 (p=1.84g/mL) from Merck and NaOH
from Fluka. All the solutions were prepared with deionized water
(x=1.2 nS/cm).

3.4. Photochemical experiments

A stock solution of the dye was prepared by dissolving 2.5 g of
the dye in 1L of deionized water. After pH adjustment to 11.0, the
solution was heated to 60 °C, and maintained for 4 h to allow com-
plete hydrolysis, since reactive dyes are found in wastewater in the
hydrolyzed form. The necessary dilutions of this stock solution were
prepared with deionized water.

During each run, the reactor was filled with aqueous dye solution
and stirred with a magnetic stirrer. The required temperature and
pH were adjusted, and the specified volume of H,O, was added.
The reaction started when the lamp was switched on.

3.5. Analytical methods

Samples were collected before and after the reaction. The
absorption spectra were recorded on a 8453 UV-VIS spectropho-
tometer (Agilent) over the range 400-800nm. The absorbance
was registered at the peak wavelength, which for the selected
dye corresponds to Amax=634nm, and at three standard wave-
lengths according to the Slovenian environmental regulations [27]:
A1=436nm, Ay =525nm, and A3 =620 nm.

Decoloration of the dye solution was assessed by the spectral
absorption coefficients, and percentage decrease in absorbance at
the peak wavelength. The spectral absorption coefficients at the
above-documented wavelengths are common indicators for the
coloration of waters. They are defined as:

SAC, (m™1) = %Ak (4)

where [ (m) is the optical length.
Percentage decrease in absorbance was calculated using Eq. (5).

AA(%) = 100 (Ai_Af) (5)
A
where Ar and A; are the final and initial values of absorbance at peak
wavelength.
The extent of mineralization of the reaction samples was moni-
tored by measuring the total organic carbon using DC-190 analyzer
(Dohrmann).
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4. Results
4.1. Problem statement

The RM and CM formulations are generalized formulations,
which become unique optimization problems once the case-
specific polynomial approximating functions, cost functions, and
limits on the responses are derived. Among these, especially the
cost functions and the limits on the responses depend on how
the optimization problem is postulated. In this work, the problem
statement is given as follows.

Wastewater of volume Vi, containing dye C. I. Reactive Blue 268
of concentration y]i)ye =80mg/L is to be treated using UV/H,0;
treatment technology. The treatment is conducted in a photo-
reactor of volume Vg. Prior the treatment, as depicted in Fig. 3, the
dye concentration can be adjusted by dilution with water of volume
Vh,0. The objective is to simultaneously determine the operating
conditions (independent variables presented in Table 1), such that
the legislation limits on environmental parameters (responses) are
satisfied, and relevant operating costs are minimized.

In addition, the following case-specific assumptions are used:

(a) The initial volume of the wastewater equals the volume of the
photo-reactor (Vi=Vz=1.8L).

(b) Asingle reactor is used and the process operates in a batch mode.

(c) Costs of electricity, hydrogen peroxide, and water used for dilu-
tion are the relevant costs to be minimized.

(d) The costs that arise due to pH adjustments and temperature con-
trol are neglected as they were determined to be several orders
of magnitude smaller than the total treatment costs.

(e) The volume of added hydrogen peroxide does not affect the total
volume of the dye solution as it is expected to be several orders of
magnitude smaller than the volume of the solution to be treated.

(f) In case of a partially filled reactor, the UV radiation is not uti-
lized to the full extent because the UV lamp is not completely
immersed in solution (Fig. 2). Therefore, the treatment time of
a partially filled reactor exceeds the treatment time of a fully
filled reactor.

4.2. Mathematical program (CM formulation)

Taking into consideration the problem statement and the above
assumptions, the following mathematical program (Egs. (6)-(24))
is derived:

. Pyyt CH,0, M0, (V' + Vi,0)
Cr = ——CgN
min Ct 60 E'L + 1000py,0,WH,0,

Ch,0, + Vh,0CH,0
(6)

where Cr is the total treatment cost, Pyy is the power of the UV lamp,
t is the treatment time of a single batch, Ny is the number of reac-
tor loadings. cy,0,, MH,0,, and wy, o, are the concentration, molar
mass and mass fraction of hydrogen peroxide, and py, 0, is the den-
sity of the hydrogen peroxide solution. V! is the initial volume of
the dye solution (see assumption “a”), and Vy,o is the volume of
water utilized for the dilution. Cg, Cy,0,, and Cy, 0 are the prices of
electricity, hydrogen peroxide and water.

Objective function (Eq. (6)) to be minimized is nonlinear and
comprises three cost terms. The first term accounts for the electric-
ity cost. Note that the time (t) corresponds to the treatment time
of a single batch. Therefore, because total treatment costs are to
be minimized, multiplication by a number of reactor loadings (Np)
is necessary. Costs of hydrogen peroxide and water are correlated
through the second and third terms, respectively. Division of the
first term by 60, and the second term by 1000 is needed to make
the equation dimensionally consistent.

Eqgs. (7)-(11) represent second-order approximating functions
of each response monitored. They were obtained by analysis of the
experimental results using a commercially available software pack-
age Design Expert (Stat-Ease Inc.). Review of statistical information
regarding the polynomial approximations and various diagnostic
plots available in Design Expert software showed that the response
models can be used to navigate the design space. Some of the rele-
vant statistical data are presented in Appendix A.

V/ AA = —4.312 - 0.058ypye + 0.024cy, 0, + 0.058t + 3.828pH
+2.151 x 10~ ypyeCh,o, +2.840 x 10~ ypyet
~1.330 x 10 ¢y, 0,t — 3.595 x 10>y, 0, pH

+8.090 x 107 3tpH — 1.047 x 1073(t)?> — 0.74(pH)*>  (7)

10g (SAC;—436nm) = —5.039 + 0.018ypye + 0.015¢y,0,
+0.398T +0.015¢ — 3.548 x 10~ YpyeCh,o0,
+7.779 x 107>(cp,0,)* — 7.408 x 1073(T)?

—3.318 x 1074(¢t)? (8)

10g (SAC; _525nm) = —7-848 + 0.024ypye — 0.020cy,0, + 0.561T
~0.010¢ + 0.132 pH — 5.818 x 10 ypyeCii,0,

+1.054 x 107%(cp,0,)* — 0.010(T)? (9)

10g (SAC; _620nm) = —6.070 + 0.029ypye — 0.032cy, 0, + 0.440T
—0.016t + 0.147pH — 7.582 x 10> ypyeCh,0,
+7.576 x 104 ¢yy,0,PH + 1.401 x 10~%(cp,0,)?

—8.258 x 1073(T)? (10)

VTOC = 1.046 + 0.061ypye — 2.958 x 10 3¢yy,0, — 5.450 x 103¢
+0.047pH—2.708 x 107> ypyeCh,0,— 1.709 x 10™4(ypye)?

+2.601 x 107(cy,0, ) (11)

Eq. (12) is a simple mass balance equation through which the
concentration of the dye in the diluted solution and the volume of
the water to be added are calculated.

ViyeV' = Yoye(V! + Viy,0) (12)

Inequality Eq. (13) imposes a constraint on the number of times the
reactor is loaded with the dye solution.

N = (Vi + Via,0)/Vk (13)

The inequality states that the number of reactor loadings (Np)
must be greater or equal to the quotient between the total volume
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Table 2
Optimization results (CM formulation).
Run Cost parameters Optimal operating parameters Cost
Ch,o0, (€/L) Ce (€/kWh) T(°C) 2 (min) PH (/) Yoye” (mg/L) CH,0, (mmol/L) Vi,o (L) Nu (/) Cr (€/L)
1 0.5 0.05 35 31 6.1 80 184 0.0 1 0.017
2 1.0 0.05 35 70 7.1 40 14 1.8 2 0.021
3 1.5 0.05 35 72 6.9 40 12 1.8 2 0.022
4 0.5 0.07 35 31 6.0 80 185 0.0 1 0.019
5 1.0 0.07 35 70 7.2 40 15 1.8 2 0.028
6 1.5 0.07 35 71 7.1 40 14 1.8 2 0.029
7 0.5 0.09 35 30 5.9 80 186 0.0 1 0.022
8 1.0 0.09 35 31 6.1 80 183 0.0 1 0.032
9 1.5 0.09 35 70 7.2 40 14 1.8 2 0.035
2 Treatment time for treating the total volume of diluted dye solution assuming batch operation.
b Dye concentration after dilution.
of the diluted dye solution (Vi + Vh,0)and the volume of the reactor. achieved by means of dilution (see Eq. (12)).
Clearly, the number of reactor loadings can only be an integer num-
ber. Thus, the variable Ny is defined as an integer variable. The first 0 < Vu,0 < 12.6 (24)

consequence of defining Ny as the integer variable is that the opti-
mization problem (Egs. (6)-(24)) corresponds to a mixed-integer
nonlinear program (MINLP). But more importantly, the potential
consequence that only the electricity cost (see Eq. (6)) is correlated
through this integer variable must be discussed.

First, as stated above, the number of reactor loadings must be
an integer number. On the other hand, the extent to which the
reactor should be filled is not subjected to any constraint. Because
of that, the volume of the diluted dye solution may not match a
multiple of the reactor volume. If this is the case, the electricity
cost for the treatment of the one batch in which the reactor is not
fully filled is underestimated (see assumption “f’). Consequently,
the total treatment costs are underestimated. However, if the vol-
ume of the diluted dye solution corresponds to a multiple of the
reactor volume, the costs are calculated properly.

The responses are constrained through Eqs. (14)-(18). Due to
constraint given by Eq. (14), a feasible solution must produce decol-
oration, measured at Amax greater or equal to 99%. On the other
hand, the constraints represented by Eqgs. (15)-(18) enforce limits
on spectral absorption coefficients and total organic carbon. With
the exception of the limit on decoloration at peak wavelength, the
limits on all the other responses were chosen according to the Slove-
nian environmental legislation.

AA > 99 (14)
SAC;—436nm < 7 (15)
SAC; _5250m < 5 (16)
SAC;_620nm < 3 (17)
TOC < 60 (18)

The inequalities (Egs. (19)-(23)) represent lower and upper
bounds on operating parameters as defined in Table 1.

10 <t <60 (19)
5 < cn,0, <200 (20)
10 < ypye < 80 (21)
55<pH=<11 (22)
20<T=<35 (23)

The upper and lower bound on water volume (Vy,o) is given by
Eq. (24). The former was determined as such that, given an initial
volume of the dye solution (V' = 1.8 L) and initial dye concentration

y]ijye = 80mg/L, the lower bound on the dye concentration can be

4.3. Optimization results (CM formulation)

The above model was coded in GAMS [28] and solved using
DICOPT [29] as a MINLP solver. To illustrate how the cost param-
eters affect the optimal solution, the model was solved using
nine different combinations of hydrogen peroxide and electricity
prices. The price of water was considered constant (1.9€/m3) in all
runs.

The results of the optimization are presented in Table 2. In the
second and third columns, prices of hydrogen peroxide (wy,0, =
30%) and electricity are given. The optimal operating parameters
corresponding to the unique combination of these prices are given
in the subsequent seven columns. In the last column, the total costs
of treatment are reported.

Several important observations can be made on the basis of the
results presented in Table 2. To begin with, the optimal tempera-
ture for the UV/H,0, treatment of the dye solution containing C. I.
Reactive Blue 268 is found to be 35 °C for all the reported combina-
tions of prices. This temperature corresponds to the upper bound
of the temperature interval (T=35°C) used in the experiments.

Unlike the temperature, all the rest of the operating parame-
ters are affected by the changes in prices of hydrogen peroxide and
electricity. Generally, a low price of hydrogen peroxide favors its
higher concentration. On the other hand, higher prices of hydro-
gen peroxide tend to drive its concentration towards lower values.
Analogous, a shorter treatment time is preferred in case of higher
electricity prices. This effect is especially notable when compar-
ing the results at the price of hydrogen peroxide set to 1.0</L. A
drastic decrease in total treatment time from 70 min to approxi-
mately 30 min is observed as electricity price is set to its highest
value. To avoid any misinterpretations, it must be pointed out here
that these observations should be considered as partial. The reader
should be aware that the optimal values of operating parame-
ters are determined in such a way that the total treatment costs
are minimized. Therefore, not only the electricity price affects the
treatment time, but also the price of hydrogen peroxide affects its
concentration.

Another important operating parameter is the initial concentra-
tion of the dye that is manipulated by the dilution of the initial dye
solution. As seen from the results, dilution is frequently utilized
as a means to adjust the initial dye concentration. Whether or not
water is being utilized is determined by the outcome of two con-
flicting factors. First, the dilution of the initial dye solution increases
electricity costs due to the increase in the number of batches to
be treated, and additional costs associated with water consump-
tion. Second, the dilution enables efficient enough operation of the
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Fig. 4. Treatment costs as a function of electricity and hydrogen peroxide prices.

treatment process at lower H, 0, concentrations, potentially reduc-
ing costs.

As a final point in this section, the total treatment costs are dis-
cussed. As intuitively expected, the total treatment costs increase
with increasing prices of electricity and hydrogen peroxide. How-
ever, Fig. 4 shows that they do not increase linearly with linear
increases in either electricity or hydrogen peroxide prices. This
makes the task to determine or predict the minimal operating
cost as a function of these prices somewhat difficult, unless proper
methods are used. Using the proposed approach (CM formulation),
the total treatment costs of the nine runs presented in Table 2 were
determined to be in the range from 0.017 €/L to 0.035 €/L.

4.4. Optimization results (CM formulation vs. RM formulation)

To compare the results of the proposed approach with the results
obtained using maximization of the responses, the RM formulation
of the model was solved. The mathematical program in accordance
to RM formulation (see Eq. (2)) is not explicitly documented in this
paper as there are only two differences with respect to the one
presented in Section 4.2 (Egs. (6)—(24)). These are:

The objective function (Eq. (6)) is replaced by Eq. (25). Note that
the value of the objective variable Ris at its maximum when AAis at
its attainable maximum value, and SACs and TOC at their attainable
minimum values.

max R= AA—SAC;_436nm — SAC—525nm — SAC;—620nm — TOC

(25)
The constraints given by Eqgs. (12)-(18) are redundant.
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Fig. 5. Cost ratios.

The results of the optimization based on the RM formulation are
presented in Table 3. Although the RM formulation does not con-
tain any cost terms, the treatment costs are reported. Also reported
are the volumes of water needed to adjust the dye concentration,
and number of reactor loadings. Note that these quantities are not
a part of the optimization problem. Their values were calculated
afterwards on the basis of the obtained optimal operating condi-
tions. For the calculation of treatment costs, the same cost terms
given in Eq. (6) were used.

Also important to note is that, because the objective function
in RM is just a sum of the responses; the same values of operat-
ing conditions are guaranteed regardless of the presumable prices
of electricity, hydrogen peroxide, and water. In the following para-
graphs, the most notable differences among the results obtained
using the CM and RM formulations are discussed.

With the exception of the optimal operating temperature, which
is found to be the same in all the runs (Tables 2 and 3), relatively
large differences in values of all the other operating parameters
are observed. The operating parameter not discussed so far is pH.
As denoted in Section 3.2, the UV/H,0, oxidation technology is
most efficient under neutral to weakly acidic conditions. The results
presented in Tables 2 and 3 are in agreement with these findings.
However, an important difference among the results obtained using
the two formulations is that the optimal pH determined by the RM
formulation is at a lower bound of the experimental pH region (pH
5.5). Because the solution is at its bound, this may be an indication
that the limits on pH are too tight, and the true optimal solution,

Table 3
Optimization results (RM formulation).
Run Cost parameters Optimal operating conditions Cost
G0, (€/L) Ce (€/kWh) T(°C) t* (min) pH (/) yDye" (mg/L) CH,0, (mmol/L) Vh,0 (L) N.¢ Cre (€/L)
1 0.5 0.05 0.078
2 1.0 0.05 0.096
3 1.5 0.05 0.113
4 0.5 0.07 0.100
5 1.0 0.07 35 240 5.5 23 98 4.5 4 0.118
6 1.5 0.07 0.135
7 0.5 0.09 0.122
8 1.0 0.09 0.140
9 1.5 0.09 0.158

2 Treatment time for treating the total volume of diluted dye solution assuming batch operation.

b Dye concentration after dilution.
¢ Post-processing calculations.
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Fig. 6. (a) Distribution of costs in a solution of CM formulation (Cy,0, = 1.5€ /L, Cg =0.09 € /kW h, Gyy,0 = 0.002€ /L). (b) Distribution of costs in a solution of RM formulation

(Chyo, = 1.5€/L, C¢ = 0.09€ /KW h, Cyy,0 = 0.002€ /L).

from the perspective of process efficiency, lies outside the exper-
imental region. On the other hand, the optimal pH values found
using the CM formulation are well within the bounds of the exper-
imental region. Depending on the prices of hydrogen peroxide and
electricity, the optimal pH ranges from 5.9 to 7.2.

Another major difference observed is the optimal initial concen-
tration of H,0,. For the RM formulation, its optimal concentration
is found to be 98 mmol/L. It is interesting to note that, although
no costs are associated with the consumption of hydrogen perox-
ide, its concentration does not reach the upper limit (200 mmol/L).
Again, this result is in agreement with the findings in the litera-
ture [30,31], where it is reported that either too low or too high
concentrations of H,0, reduce the efficiency of the oxidation pro-
cess.

Perhaps the most obvious differences are those in the treatment
costs. From the inspection of the values reported in Tables 2 and 3,
it is clear that the solutions obtained using the CM formulation
are, from the economical point of view, superior to those obtained
using the RM formulation. Additional confirmation of the foregoing
statement is given by the cost ratios depicted in Fig. 5.

The lowest ratio observed is 4.2 (run 5), while the highest ratio
is 5.5 (run 7), all favoring the solutions obtained using the CM for-
mulation. From a slightly different perspective, even the highest
treatment cost reported in Table 2 is still approximately two times

lower than the lowest treatment cost reported in Table 3. Clearly,
achieving the attainable extreme values of the responses has its
price.

The highest total treatment costs observed for the two optimiza-
tion approaches were 0.035</L (Table 2) and 0.158 €/L (Table 3),
corresponding to the highest price of hydrogen peroxide and elec-
tricity. For illustrative purpose, these two solutions were selected
to present the contribution of the individual costs to the total treat-
ment cost (Fig. 6).

In both cases, the electricity cost represents by far the greatest
fraction (>60%) of the total operating cost. Similar percent contribu-
tions of electricity cost to total operating cost can also be calculated
for all the other runs presented in Table 2, suggesting that the
efficiency of the UV radiation source represents a bottleneck for
additional improvements in economic efficiency of the treatment
process.

Percent contribution of electricity cost is followed by per-
cent contribution of hydrogen peroxide cost. The latter represents
roughly 34% of total operating costs in case when the treatment
was optimized solely from the perspective of treatment efficiency
(Fig. 6b). On the other hand, hydrogen peroxide cost represents
around 11% of total treatment cost when the process performance
was optimized simultaneously with all the relevant treatment costs
(Fig. 6a). The lowest percent contribution to total treatment costs

Table 4

Predicted and experimentally determined values of the responses. CM formulation (runs 1-9) and RM formulation (run 10).

Run AA (%) SAC).-436nm (M) SAG).=525nm (M) SAC).-620nm (M) ATOC (%)
1 99.099.2 6.35.1 2827 3.02.8 15 16
2 99.0 98.9 2.831 1.82.2 3.031 60 62
3 99.098.8 2.83.7 1.821 3.03.2 6157
4 99.099.3 6.55.0 2925 3.02.7 1514
5 99.0 99.0 2829 1.82.2 3.03.0 6164
6 99.099.1 293.0 1.82.0 3.029 6162
7 99.0 98.7 6.76.2 3.034 3.03.2 1413
8 99.0 99.0 6.25.2 2926 3.03.0 1517
9 99.099.2 2823 1.819 3.028 60 63

10 100.0 99.9 0.09 0.2 0.03 0.1 0.00.1 9194

Experimentally determined values are typed in bold.

Table 5

Gamma correlation coefficients.

Experimental
AA (%) SAC).=436nm (M) SACy-525nm (M) SAC).-620nm (M) ATOC (%)
Predicted
AA (%) 1.000
SAC).-436nm (M) 0.744
SACy.=525nm (M) 0.882
SACy-620nm (M) 1.000
ATOC (%) 0.838

Correlations are significant at p<0.05.
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corresponds to the cost of water. The latter is found to be less than
6% in both cases.

However, when comparing absolute values of hydrogen perox-
ide cost (Fig. 6a) and water cost (Fig. 6b), it can be seen that the cost
of water exceeds the cost of hydrogen peroxide. This confirms the
need that the cost of water, if used for diluting the initial dye solu-
tion, should be taken into account when optimizing or assessing
the acceptability of the UV/H,0, treatment technology.

4.5. Evaluation of solutions

To evaluate the quality of the solutions obtained by the two for-
mulations a series of experiments was performed. The operating
conditions (initial dye and hydrogen peroxide concentration, pH,
treatment time, and temperature) corresponded to the ones shown
in Tables 2 and 3. The values of the responses determined by opti-
mization of the H,0,/UV treatment process (predictions), and the
values of responses determined experimentally (observations) are
shown in Table 4.

Table 6

Statistics for the quadratic models.

Model AA SAC;.-436nm SAC).-5250m SAC;.-620nm ToC
R? 0.95 0.87 0.90 0.93 0.97
Rgdj 0.93 0.86 0.90 0.92 0.97
R? 0.92 0.85 0.89 0.90 0.96

pred

To quantitatively assess the degree of correlation among the
predictions and observations, the gamma statistics, belonging to a
group of nonparametric statistical methods, was used. The gamma
statistics is preferred over some other nonparametric associa-
tion/correlation statistical methods (i.e. Spearman’s r, Kendall’s 7)
in cases when a set of data contains many ties. It should be noted
that nonparametric statistical methods are a somewhat less pow-
erful than parametric ones if the assumptions underlying the latter
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P
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Fig. 9. Actual vs. predicted plot: total organic carbon.
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are met, however, they are less likely to give distorted results when
those assumptions fail [32].
From the results given in Table 5 we can establish that there is a

strong positive correlation (nglr”leig. Exp. > 0.74) among the predicted

and experimentally determined values of the responses. According
to this criterion, we can establish that the predicted values are in
good agreement with the experimentally measured ones.

5. Conclusions

In this paper, the decoloration and mineralization of wastewater
containing C. I. Reactive Blue 268 dye using UV/H,0, treat-
ment technology was investigated. Particular emphasis was given
to developing an optimization procedure through which the
treatment technology was simultaneously optimized from the
perspective of operating and economic efficiency. The presented
approach is based on a response surface methodology in conjunc-
tion with mathematical programming.

The results indicate that if the simultaneous optimization of
operating parameters and costs is used, a significant improvement
in economic efficiency of the treatment technology can be achieved.
For the case studied, the operating cost of the treatment process
optimized solely with respect to the maximization of operating effi-
ciency could be up to 5.5 times higher than those obtained using
the proposed approach.

In summary, to fully explore the potentials of UV/H,0, treat-
ment technology or, for that matter, any kind of technology, the
operating cost should be considered as an integral part of the opti-
mization process whenever applicable.
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Appendix A

Plots of actual responses vs. those predicted by the quadratic
polynomial approximations (Egs. (7)—(11)) are depicted in Figs. 7-9.

Additional statistics for the quadratic polynomial approxima-
tions presented in Section 4.2 are given in Table 6. In all cases,
R;red was in reasonable agreement with Ridj. In addition, signal to
noise ratio (SN) was adequate (SN >4). Lack of fit was statistically
insignificant. F-values implied that the models are statistically sig-
nificant. The insignificant terms were excluded using the backward
elimination procedure.

Slightly lower values of RZ, Ridj, and Rlzmed were observed in the
case of the SAC; - 436 nm Polynomial model. This could be ascribed
to the fact that the absorbance at A =436 nm increases during the
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first 15 min of the UV/H,0, treatment (Fig. 10a), and only after
that decreases. This highly nonlinear behavior could cause potential
difficulties in fitting.

Plots in Fig. 10 also confirm the need to monitor the decoloration
process at multiple wavelengths. Reasonable (desired) decoloration
at Amax mMay not be sufficient because the absorbance does not
necessarily decrease monotonically on the entire visible spectra.
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