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ABSTRACT

The aim of this work is to achieve zero waste discharge in leachate treatment. Advanced
electrochemical processes were applied to leachate nanofiltration concentrate formed at the nano-
filtration unit of Kémiirciioda Leachate Treatment Plant. The performance of the electrochemical
processes with peroxymonosulfate, peroxydisulfate and hydrogen peroxide addition as oxidants
was investigated in the removal of the UV, parameter-representing recalcitrant organic matter-
from the leachate nanofiltration (NF) concentrate. To design and optimize the process parameters
affecting the performance of electro-peroxymonosulfate (EPM), electro-peroxydisulfate (EPD) and
electro-Fenton (EF) processes, central composite design (CCD) and response surface methodology
(RSM) were applied. Oxidant/chemical oxygen demand ratio, current, pH, and reaction time were
selected as independent variables, and the UV,,, parameter which is at high concentrations in NF
concentrate of leachate was selected as the system’s response. By the application of CCD, the regres-
sion quadratic model was developed, and the data obtained were analyzed by analysis of variance.
Under optimum conditions, the removal efficiencies of the UV, parameter through EPM, EPD and
EF processes were determined as 84.9%, 98.6% and 92.2%, respectively and the operational cost
of was found to be 2.2, 3.8 and 4.7 €/m? for EPM, EPD and EF processes, respectively All three
processes are effective advanced treatment methods for UV,,, parameter removal from leachate NF
concentrate and RSM is appropriate for designing and optimizing all three processes.

Keywords: Central composite design; Electro-Fenton; Electro-peroxydisulfate; Electro-peroxymonosul-
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1. Introduction

One of the most important environmental issues faced
in leachate treatment plants, using membrane technol-
ogies (microfiltration, ultrafiltration, nanofiltration and
reverse osmosis) following biological treatment to reach
high-quality effluent is the production of high volumes of
membrane concentrate. Membrane concentrates contain
high amounts of resistant contaminants and salt compounds
[1]. The dominant constituents of dissolved organic matter
in the concentrated leachate are hydrophilic organic mat-
ters and humic substances with low biodegradability [2,3].

Humic substances may be classified under three main
groups consisting of humin (not soluble at all pH values),
humic acid (soluble under alkali conditions) and fulvic acid
(soluble in aqueous medium) [4]. He et al. [1] and Calabro
et al. [5] concluded that about 61.7%-75.0% of concentrate
consists of humic acid and fulvic acid. Various treatment
methods are being applied in the treatment of leachate mem-
brane concentrates [5-11]. Recycling to the landfill, or to the
membrane bioreactor is the simplest method frequently
being applied but high salt concentration and humic sub-
stances in the content of concentrate inhibit the activities of
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the microorganisms in the biological processes occurring
in the landfill or membrane bioreactor [5,12-14]. Moreover,
high concentrations of recalcitrant organic matter and salt
compounds in the content of leachate’s membrane concen-
trate cause low biodegradability. Physicochemical treatment
methods are generally the first choice for membrane concen-
trate treatment because physicochemical methods are not
only simple, low cost and effective methods in the treatment
of membrane concentrate but also they are effective in the
removal of recalcitrant organic matter and increasing the
biodegradability [15-19]. Advanced oxidation processes
are oxidation methods based on the radical generation of in
principle that is being used to remove the contaminants pres-
ent in water and wastewater. In the application of advanced
oxidation processes for wastewater treatment hydroxyl and
sulfate, radicals destroy the contaminants existing in the
wastewater and offer final solutions by the transformation
of the contaminants to less toxic or non-toxic forms [20].

Hydroxyl radical (OH*) is the most reactive oxidant
having an oxidation potential varying in between 2.8 V (pH
0) and 1.95 V (pH 14) in water and wastewater treatment.
OH" is a nonselective oxidant readily reacting with many
contaminant types. In the reaction of OH® radicals with
organic matter, carbon-centered radicals (R* or R*-OH)
form. These carbon-centered radicals then transform into
organic peroxyl radicals (ROO") in the presence of oxygen.
All the radicals then react with more reactive species such
as hydrogen peroxide (H,0,) and superoxide (O;") and
ensure the chemical decomposition and mineralization of
organic compounds. As the half-life of hydroxyl radicals is
very short, they only can be generated onsite from oxidizing
agents such as H,O,, O, by the assistance of different meth-
ods such as UV, ultrasound or catalysts [20]. Photochemical
and non-photochemical methods are used for hydroxyl
radical generation [21].

The most widely used photochemical methods generat-
ing OH* radical are Fenton based processes. In the Fenton
process, strong reactive species form as the result of the
reaction of H,O, with Fe, the most commonly used transi-
tion metal for activating H,O, [22]. As the Fenton reaction
is effective only under acidic conditions, its application area
is limited. Additionally, high amounts of iron sludge form
bringing with additional costs and operational difficulty
for disposal of the sludge. According to the classic Fenton
treatment scheme, there are three modified Fenton pro-
cesses including Fenton-like system, photo-Fenton, and
electro-Fenton (EF) processes.

e-Fenton process is based on the principle of concurrent
generation of H,O, vs. Fe?* through the reduction of molec-
ular oxygen and iron ions, and it covers the advantages
individually being provided by the electrochemical and
Fenton processes. In the e-Fenton process, the higher for-
mation of hydroxyl radicals is observed, and the oxidation
strength of peroxide is higher as compared with the Fenton
process [23]. The formation of hydroxyl radicals on the sur-
face of the anode is observed as the result of oxidation of
water and for higher hydroxyl radical formation hydrogen
peroxide was also can be added externally. The hydroxyl
radicals quickly react with compounds mostly organic in
nature and as a result of this reaction the transformation of
organic matter to CO, and H,O, and mineralization occurs.

Peroxymonosulfate or peroxydisulfate are commonly
used oxidants in sulfate radical based advanced treatment
processes [24-28]. Persulfate is a strong oxidant having an
oxidation potential of 2.01 V. Sulfate radicals (SO;) are able
to be generated as the result of the activation of peroxymo-
nosulfate or peroxydisulfate with transition metals (cobalt,
Co?; iron(Il), Fe*, etc), high temperature and alkali con-
ditions or as the result of the photolysis of persulfate with
high quantum yield [29-32]. As persulfate is activated, the
oxidation potential of strong sulfate radicals — initiating
the advanced oxidation processes — reaches the value of
2.6 V [20]. In order to obtain sulfate radicals, iron — which
is cost-efficient, and nontoxic — is commonly used as a
transition metal. But the slowness of regeneration follow-
ing the conversion of Fe?" ion to Fe* is the disadvantage of
this process [33]. This problem was solved by the cathodic
reduction of Fe* ions in the electro-regeneration process.

The half-life of sulfate radical is longer as compared
to hydroxyl radical because hydroxyl radical is contribut-
ing to electron transfer reactions at the same time with the
hydrogen — atom breakaway reaction, while the sulfate
radical is only contributing to electron transfer reactions
[34,35]. Hydroxyl radicals may also be generated from sul-
fate radicals. More hydroxyl radicals may be generated
from sulfate radicals under alkali conditions [20].

Optimization is the determination of the interaction of
independent variables affecting the process and of the effects
of these independent variables on the response (removal
efficiency) in wastewater treatment). In classic optimiza-
tion models, while the effect on the system’s performance
of each parameter affecting the process is being examined,
the experimental studies are conducted by keeping all the
other parameters constant under specific conditions. In
classic optimization techniques, it is not possible to reach
the real optimum because the effect of interaction among
the factors cannot be determined. Recently, statistical exper-
imental design models are being applied in order to opti-
mize the operational parameters in multi-variable systems
and to obtain statistically significant models by performing
a minimum number of experiments [23]. Response surface
methodology (RSM) is one of the statistical techniques used
for attaining maximum efficiency by optimizing the con-
ditions in multi-variable systems. And central composite
design (CCD) is one of the most commonly applied designs
of RSM, which is an effective and flexible method providing
sufficient data for determining the experimental error rate
and effects of variables by a minimum number of experi-
mental studies [23,36].

In the leachate treatment plant, ultrafiltration and nano-
filtration membrane processes are applied to biologically
treated leachate. Nanofiltration effluent meets the discharge
limits suggested in the “Water Pollution Control Regulation
of Turkey” but leachate nanofiltration concentrate with high
recalcitrant organic matter content is disposed of the land-
fill. This study offers treatment alternatives for leachate
concentrate by optimization of the parameters effecting the
processes. The performance of electrochemical systems as
EF, electro-peroxymonosulfate (EPM) and electro-peroxydi-
sulfate (EPD) processes in the removal of UV,,, parameter,
representing recalcitrant organic matter from leachate nano-
filtration concentrate was investigated. By providing leachate
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nanofiltration concentrate treatment, the achievement of
zero waste discharge was aimed primarily. The effects of
operating parameters on the system’s responses and inter-
action with each other were assessed by using RSM and
CCD. Additionally, cost analysis of processes under opti-
mum conditions determined by the model was determined,
and the processes were compared to each other by means
of removal efficiencies and cost analysis.

2. Material and methods

2.1. Leachate nanofiltration concentrate sampling and
characterization

Leachate concentrate samples were obtained from the
outlet of the nanofiltration unit of the leachate treatment
plant of Istanbul Komiirciioda Sanitary Landfill (41°8'
41"N, 29°2221"E). The leachates, arising as the result of
municipal solid waste disposal at Koémiirciioda Sanitary
Landfill, are treated by membrane bioreactor nanofiltra-
tion (MBR + NF) technology at the leachate treatment plant.
Biologically treated leachate having an initial chemical oxy-
gen demand (COD) value about 20,000 mg/L was exposed to
sequential ultrafiltration and nanofiltration membrane pro-
cesses following nitrification and denitrification processes.
The concentration of effluent reaches the discharge crite-
ria of the “Water Pollution Control Regulation of Turkey”
being discharged without posing a hazard to the environ-
ment and aqueous media. And the concentrate, remaining
on the nanofiltration membrane system, is recycled to the
landfill. Kémiirciioda Leachate Treatment Plant had been
designed to treat 1,700 m?®d leachates. The general flow
chart of the treatment plant is presented in Fig. 1.

Nanofiltration concentrate samples, obtained for exper-
imental studies, were stored at +4°C in the laboratory in
order to prevent biological and chemical reactions. Average
COD, UV,,, total suspended solids concentrations were
determined as 5,250; 3,859 and 122.5 mg/L. The pH of the
concentrate was in the neutral values with the average
value of 7.95. Since chloride concentration was high with
the average value of 7,285 mg/L, no electrolyte addition was
required for conductivity.

Hydrochloric acid
Foam crusher

Phosphoric acid
Ilethariol

2.2. Experimental study and analytical procedure

The experimental studies were performed in a labora-
tory-scale plexiglass reactor (with a diameter of 13 cm, and
height of 13 cm) having a 4 monopolar electrode set con-
sisting of two anode and two cathode electrodes placed in
parallel for the EPM, EPD and EF processes. The electrodes
(6 cm width x 12 cm height, and 0.1 cm thickness), consist-
ing of four iron plates, were placed at a distance of 1.5 cm
from each other. The electrolytic solution wasn’t required
due to the high chloride concentration of NF concentrate
samples. 500 mL sample was used for each experimental set,
and the impurities on the surfaces of iron electrodes were
removed with the method provided by Gengec et al. [37].

The ranges of operational parameters of the processes
were determined by the use of the CCD matrix as the result
of preliminary studies. In EPM, EPD and EF processes, the
pH of the solution was adjusted prior to experimental stud-
ies, and a magnetic stirrer (200 rpm) was used for stirring
the solution. The determined amount of oxidant was added
in the wastewater sample in the electrolytic reactor prior
to being exposed to electric current. All the chemicals used
were of analytical-reagent grade. H,SO, and NaOH solutions
were used in pH adjustment. At the end of each run, the clar-
ified effluent sample was pipetted out from the reactor after
withdrawing the floated and precipitated materials. Prior to
analysis, all the samples were filtered from a filter having
a mesh diameter of 0.45 um. Analysis of the characteriza-
tion of the NF concentrate was conducted according to the
standard methods recommended by APHA [38]. For UV,,,
parameter measurement, all samples were diluted prior to
measurement and the absorbance values were measured at
254 nm by WTW 6600 UV-VIS Photolab Spectrophotometer.
All measurements were carried out at 25°C. Each result was
an average of three readings.

2.3. Response surface methodology and experimental design

RSM is a powerful method being used to optimize the
performance of complex systems [39-41]. In RSM, mathe-
matical and statistical techniques are used together in order
to determine whether there exists a significant relationship
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Fig. 1. General flow chart of treatment plant.
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among the variables indicated as X, X,, ..., X,, to determine
the optimum conditions of variables affecting the system’s
performance, and to predict the values of the system’s
responses under optimum conditions [42]. By performing
a preliminary experimental study, the limit values of the
factors affecting the process are determined, and the exper-
imental study is carried out under the experimental condi-
tions defined by the model. RSM method first determines
whether there exists an interaction among the variables
affecting the process, and if exists, it determines which inter-
action is more dominant, and to which independent variable
the process is more sensitive. If the system’s responses are
able to be described as a linear function of the independent
variable, then a first-degree polynomial equation is used but
if there is a curvature on the system'’s response surface, then
the second-degree polynomial equation is used. First-degree
polynomial models are inadequate for the determination of
the curvature on the response surface. Generally, quadratic
models are used to estimate the optimum conditions.

If the response is can be modeled by the linear function
of independent variables, the approximation function is a
first-degree model (Eq. (1)):

Y =P, +B,X, +B,X, +¢ )

If there is a curvature in the system, a higher polynomial
degree such as second-degree model should be used (Eq. (2)):

Y=B,+ 2}3 X, + z"‘pi,xf + Z B, XX, +¢ ()
i=1 i=1

i#]=1

In Eq. (2), Y refers to response value; 3, refers to con-
stant response value at design center point; 3, B, and [317
refer to linear, quadratic (second degree) and interactive
effect regression terms respectively; X, refers to the level of
independent variable; 1 refers to the number of independent
variables; € refers to random error [36].

Generally, a second-degree polynomial equation is being
derived as follows:

Y= BO + lel + B2)(2 + B3)(3 + B12X1X2 + B13}(1)(3 + BZSXZXS +
BHXIZ +B22X§ +B33X§ +e (3)

While the first-degree model is defining a flat surface,
the second-degree model defines a curved surface also
covering the quadratic terms and interactive terms in addi-
tion to all the terms in the first-degree model. The second-
degree model is also called a quadratic model. Independent
variables are generally referred to as predictor variables or
regressors, and thus, first degree or second-degree models
are being defined as regression models.

For conformity to RSM, statistical principles, regres-
sion model techniques and optimization methods are
required, and these may only be performed by the computer
software [43]. In order to determine the interaction between
process variables and responses, the data obtained is ana-
lyzed by analysis of variance (ANOVA). The main indica-
tors, used to prove the model’s significance and adequacy,
are model F-value (Fisher variation ratio), probability value

(Prob. F), and adequate precision [44]. While F-test is being
used in order to check the statistical significance of the fit
polynomial model, the model’s terms are being estimated
depending on the probability value (p-value) at a confidence
level of 95% [45].

In this study, CCD — which is one of the most commonly
used methods of RSM-was used for the optimization of UV,
parameter removal by EPM, EPD and EF processes from
leachate’s NF concentrate. CCD is a design tool by which
the conformity is being tested after carrying out sequen-
tial experiments and obtaining sufficient data. Within the
scope of the study, four factorial CCD at five levels in which
5 iterations were made at the central point, and where the
total experiment set consists of 30 experiments, was applied
for response surface modeling. Independent variables are
oxidant/COD ratio, current, pH and reaction time for all
the processes, and the system’s response (dependent vari-
able) is UV, parameter removal. Coded and actual val-
ues of process’ variables were determined as the result of
preliminary studies and given in Table 1.

3. Results and discussion
3.1. Model developing, regression analysis, and optimization

The second-degree (quadratic) polynomial response sur-
face model was applied to the experimental results obtained
by CCD. Mathematical equations, assessing response Y
(removal of UV,,, parameter) as the function of the process
independent variables (oxidant/COD ratio (A), current (B),
pH (C), and reaction time (D)) were developed based on
the experimental results. The UV,,, parameter removal effi-
ciencies (Y) being the system’s response were calculated by
summing up the values of constant-coefficient, four first
degree effect (A, B, C, D), six interaction effect (AB, AC, AD,
BC, BD, CD), and four-second degree effect (A% B? C? D?) by
Eqgs. (4)-(6). Based on the results of the experimental design,
the regression equations along with coded variables obtained
by the Design Expert 11.0.1.0 software program for UV,
parameter removal through EPM, EPD and EF processes
are given in Eqgs. (4)—(6).

UV,,, removal by EPM process (%) = 80.19 +2.20 A+ 3.18 B

-397C+4.61D+6.81 AB+9.44 AC+2.04 AD-7.22 BC
-0.75BD -0.14 CD - 1.43 A2 -3.45 B2-3.52 C>-3.28 D?(4)

UV,,, removal by EPD process (%) =92.65 +4.58 A+5.29 B

-415C+334D+1.11 AB+1.31 AC+0.16 AD +1.70 BC
-0.55BD +0.36 CD -1.09 A2-0.93 B>-3.27 C2-5.25 D?(5)

UV,,, removal by EF process (%) =85.23 +3.62 A +4.17 B
-1.79 C+4.45D-0.33 AB+0.3525 AC +0.2288 AD
+0.62 BC+0.03 BD-0.16 CD -1.24 A2-1.50 B>+

0.70 C2-1.31 D2 (6)

One factor with its coefficient indicates the partial factor
effect, two factors with their coefficients indicate the inter-
action between two factors, and second-degree terms with
their coefficients indicate the quadratic effect. In here, A rep-
resents oxidant/COD ratio, B represents the applied current,
C represents the pH value, and D represents the reaction
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Coded and actual values of variables of the design of experiments for overall EPM, EPD and EF optimization

Symbol Factor Coded variables
-2 -1 0 1 2

A Oxidant/COD ratio 0.5 1 1.5 2 25
EPM B Current (A) 0.25 1 1.75 2.5 3.25

C pH 3 4 5 6 7

D Reaction time (min) 5 15 25 35 45
EPD A Oxidant/COD ratio 0.5 1 1.5 2 25

B Current (A) 0.25 1 1.75 2.5 3.25

C pH 3 4 5 6 7

D Reaction time (min) 5 15 25 35 45
EF A Oxidant/COD ratio 0.4 0.8 1.2 1.6 2

B Current (A) 0.5 1.25 2 2.75 3.5

C pH 2 2.5 3 3.5 4

D Reaction time (min) 5 15 25 35 45

time, and it is being observed from Table 2 that all linear vari-
ables except pH value have a positive effect on EPM, EPD
and EF processes efficiency. As the values of parameters
having a positive effect increase, the removal efficiency of the
UV,,, parameter is increasing, and as the values of parame-
ters having a negative effect increase, the removal efficiency
of the UV,,, parameter is decreasing. Among the quadratic
parameters, only C* has a positive effect on the EF process,
and all other quadratic parameters have a negative effect on
EPM, EPD and EF processes. Linear means as the level of the
parameter increases, the value of the response will increase
but quadratic means as the level of the parameter increases
the value of the response will increase until a certain level
and after that, the level of the parameter will have a negative
effect. This is why the linear parameter of pH has a negative
effect on the EF process whereas the quadratic parameter of
pH has a positive effect on the EF process. The positive marks
before the terms are being expressed as a synergic effect,
and negative marks are being expressed as an antagonistic
effect [46]. Among the interactive parameters, BC, BD, CD
are the ones having a negative effect on the EPM process, BD
is the one having a negative effect on the EPD process, and
AB and CD are the ones having a negative effect on the EF
process. The removal efficiencies estimated by the equations
and the experimental results obtained under the conditions
determined by the model are compared with each other,
and relevant graphs are given in Fig. 2. The high degrees of
R? of the lines (Fig. 2) indicate that the conformity between
actual and predicted values is good.

The model’s statistical assessment was actualized by
ANOVA, and the results of the model’s ANOVA are given
in Table 2. The model’s probability values (p-values) being
lower than 0.05, and the model’s lack of fit (F-values) being
higher than 0.05 indicate that the model is statistically
reasonable (Table 2). F-values of all three processes are high,
Prob. > F” values are lower than 0.05 and lack of fit values is
higher than 0.05. In addition, the sum of squares should defi-
nitely be considered while making an assessment regarding
the reasonability of the model. The significance of the vari-
ables is also increasing along with the increase of the value of

the sum of squares [46-48]. In cases where Prob. > F” values
are lower than 0.05, the model’s terms can be expressed as
significant, and in cases where Prob. > F” values are lower
than 0.0001, the model’s terms are expressed as statistically
highly significant.

As tests for specially diagnosing the competence of the
model, the model’s performance is provided by lack-of-fit,
and pure error is based on the variance in each set of rep-
licate measurements. In lack-of-fit, F-value is the ratio of
the mean square of lack-of-fit to mean square of pure error.
F-value, being a statistic parameter, allows the determina-
tion of the significance level [49]. In the model, 7.84, 16.90
and 7.77 are respectively the F-values for EPM, EPD and
EF processes, and they indicate that the models are sig-
nificant, and the probability of arising of F-values of this
extent due to noise is 0.01%. In lack-of-fit, the F-values of
4.16, 3.92 and 3.59 and p values 0.06, 0.07 and 0.09 for EPM,
EPD and EF processes, which were respectively, indicate that
lack-of-fit is not significant as compared to the pure error.

Adequate precision is the measure of predicted response’s
range as compared to its associated error, and it can also be
referred to as the signal-to-noise ratio. Inadequate precision,
the value desired is more than 4 [50,51]. In this study, the
values of adequate precision were 10.00, 15.13 and 10.87
for EPM, EPD and EF processes respectively, and it implies
an adequate signal. Therefore, the design space defined by
CCD can be traveled by the use of the model. Fig. 2 indicates
that the responses’ predicted values, provided by the model,
are in conformity with the experimentally observed values.
The plots, scattered close to the straight line (y = x), show
the presence of adequate conformity between the real data
and predicted data obtained by the model. The coefficient
of variation (CV) is expressed as the ratio of the estimate’s
standard error to the observed response’s mean value. If the
model’s CV value is lower than 10% then it can be deemed
as reproducible [51,52]. The experiment’s high precision and
reliability can also be observed by the CV values of 9.60%,
4.15% and 4.42% obtained for the EPM, EPD and EF pro-
cesses, respectively. In all three models, a good reproducibil-
ity was indicated by the CV values which were less than 10%.
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Fig. 2. Regression plots of actual data against predicted values
from the response surface models describing humic matter
removal by (a) EPM, (b) EPD and (c) EF processes.

The model’s conformity can also be verified through the
coefficient of determination which is between 0 and 1. R?
values are 0.88, 0.94 and 0.88, and it indicates that the qua-
dratic model can be used to explain 88%, 94% and 88% of
the variability in the response. These values imply that only
12% of the total variation for the EPM process, that only 6%
of the total variation for the EPD process, and that only 12%
of the total variation for the EF process is not explainable by
the empirical model. As the determination coefficient has a
value higher than 0.80 then the state of conformity can be
referenced [41]. Having the model’s correlation coefficient
values higher than the value 0.80 for all three processes
indicates that the process is explainable by the regression
models and that the response surface model applied in esti-
mating the efficiencies of UV, parameter removal in the
study performed is giving results of acceptable adequacy.
Adjusted R? can be used in order to correct the model’s fac-
tor number and the sample size. But, R? always increases by
the inclusion of a variable in the model no matter whether
the included variable is statistically significant or not [53].
Thus, the use of adjusted R? is being preferred by some
researchers. The adjusted R? is not subject to a gradual
increase by the inclusion of variables in the model. Actually,
the adjusted R¥s value is often decreasing by the inclusion
of unnecessary variables in the model. We may reveal the
inclusion of insignificant variables in the model through
a high level of difference between R? and adjusted R? [54].
Here, an adjusted R? value of 0.77, 0.88 and 0.77 has been
found to be relatively close to the value of R%

Three-dimensional plots (3D plots) of the regression
models were used in order to graphically describe the
interactions. Response surface plots obtained by the qua-
dratic equations are given in Figs. 3-5. Response surface
plots obtained by the use of software programs indicate
the three-dimensional view of UV, parameter removal in
different combinations of the independent variables. If the
interaction among independent variables is significant, the
curvature of the three-dimensional surface is being observed
clearly. If the response surface plots have distinct peak val-
ues, it means that the optimum conditions providing the
maximum values of the responses depend on all of the vari-
ables [23]. Since maximum removal efficiencies are obtained
at optimum conditions, removal efficiency decreases as
moving away from these points so higher or lower values of
the variables are not desired.

In Figs. 3 and 4, the effect of variables on the UV,,,
removal by EPM and EPD processes is given. As seen in the
figure, the reaction time and current value directly affect
persulfate activation, because as per the Faraday’s law,
Fe(Il) formation increases depending on the increasing reac-
tion time and current. Removal of organic matter actualizes
over two mechanisms: Coagulation (via (Fe(OH)n) and oxi-
dation (SO;). The 5-9 range of pH value doesn’t have any
effect on the organic matter removal. This condition may be
explained in two manners, Fe based coagulation mechanism
is effective at the pH range of 4-9, and it is independent of
pH at this range. Secondly, sulfate radicals are active under
acidic conditions (pH < 7), and they form hydroxyl radicals
by reacting with hydroxyl ions in the presence of hydroxyl
ions (pH > 7), and hydroxyl radicals are effective strong oxi-
dants in the decomposition of organic compounds [55-57].
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Table 2

ANOVA results of the response surface model of EPM, EPD and EF processes
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Source Sum of squares Df Mean square F-ratio p-value Remark

EPM

Model (EPM) 5,078.59 14 362.76 7.84 0.0001 Significant
A-oxidant/COD ratio 116.16 1 116.16 2.51 0.1340 Not significant
B-current (A) 243.08 1 243.08 5.25 0.0368 Significant

C-pH 378.10 1 378.10 8.17 0.0120 Significant
D-reaction time (min) 510.05 1 510.05 11.02 0.0047 Significant

AB 741.75 1 741.75 16.03 0.0012 Significant

AC 1,426.20 1 1,426.20 30.82 <0.0001 Highly significant
AD 66.50 1 66.50 1.44 0.2492 Not Significant
BC 835.21 1 835.21 18.05 0.0007 Significant

BD 9.06 1 9.06 0.1958 0.6645 Not significant
CD 0.3364 1 0.3364 0.0073 0.9332 Not significant

A? 56.47 1 56.47 1.22 0.2867 Not significant

B2 326.90 1 326.90 7.06 0.0179 Significant

2 340.78 1 340.78 7.36 0.0160 Significant

D? 295.73 1 295.73 6.39 0.0232 Significant
Residual 694.13 15 46.28

Lack of fit 619.61 10 61.96 4.16 0.0646 Not significant
Pure error 74.52 5 14.90

Cor. total 5,772.72 29

EPD

Model (EPD) 2,888.36 14 206.31 16.90 <0.0001 Highly significant
A-oxidant/COD ratio 504.35 1 504.35 41.31 <0.0001 Highly significant
B-current (A) 670.35 1 670.35 54.90 <0.0001 Highly significant
C-pH 41251 1 412,51 33.79 <0.0001 Highly significant
D-reaction time (min) 268.00 1 268.00 21.95 0.0003 Significant

AB 19.62 1 19.62 1.61 0.2242 Not significant
AC 27.30 1 27.30 224 0.1556 Not significant
AD 0.4489 1 0.4489 0.0368 0.8505 Not significant
BC 46.31 1 46.31 3.79 0.0704 Not significant
BD 4.80 1 4.80 0.3928 0.5402 Not significant
CD 2.06 1 2.06 0.1687 0.6871 Not significant

A? 32.40 1 32.40 2.65 0.1241 Not significant

B? 23.50 1 23.50 1.92 0.1856 Not significant

C? 292.51 1 292.51 23.96 0.0002 Significant

D2 754.74 1 754.74 61.81 <0.0001 Highly significant
Residual 183.15 15 12.21

Lack of fit 162.44 10 16.24 3.92 0.0723 Not significant
Pure error 20.71 5 4.14

Cor. total 3,071.50 29

(Continued)
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Source Sum of squares Df Mean square F-ratio p-value Remark

EF

Model (EF) 1,450.15 14 103.58 7.77 0.0002 Significant
A-oxidant/COD ratio 314.07 1 314.07 23.56 0.0002 Significant
B-current (A) 416.50 1 416.50 31.25 <0.0001 Highly significant
C-pH 77.26 1 77.26 5.80 0.0294 Significant
D-reaction time (min) 475.26 1 475.26 35.66 <0.0001 Highly significant
AB 1.76 1 1.76 0.1317 0.7217 Not significant
AC 1.99 1 1.99 0.1492 0.7048 Not significant
AD 0.8372 1 0.8372 0.0628 0.8055 Not significant
BC 6.15 1 6.15 0.4614 0.5073 Not significant
BD 0.0132 1 0.0132 0.0010 0.9753 Not significant
CD 0.4225 1 0.4225 0.0317 0.8611 Not significant
A? 42.02 1 42.02 3.15 0.0961 Not significant
B2 61.53 1 61.53 4.62 0.0484 Significant

c? 13.48 1 13.48 1.01 0.3305 Not significant
D2 47.36 1 47.36 3.55 0.0790 Not significant
Residual 199.94 15 13.33

Lack of fit 175.47 10 17.55 3.59 0.0857 Not significant
Pure error 24.47 5 4.89

Cor. total 1,650.09 29

At constant current values, as reaction time increases more
iron ions are dissolved from the electrodes and iron con-
centration activating PS increases. The increase in PS
dose increases the possibility of sulfate radical formation.
As PS/COD ratio reaches high values, the number of sul-
fate radicals increase and the excess sulfate radicals in the
solution react with each other instead of reacting with the
organic matter resulting in persulfate formation again
[58] (Egs. (7)—(8)). As persulfate is a weaker oxidant com-
pared to sulfate radicals, the removal efficiency of organic
matter also decreases. Similar results were obtained by Rao
et al. [59] and Jaafarzadeh et al. [60].

SO; +S0; —8,0. @)
5,02 +50; — 5,05 +50; ®)

Current is one of the most significant parameters for
the EF process effecting both performance of the treatment
process and the cost of the energy. The optimum current
value for the EF process was found to be 3.05 and it can
be seen from Fig. 5 that UV,,, removal efficiency decreases
moving away from the optimum value. H,O, formation is
not sufficient at low current values, and due to the reactions
occurring at the anode and the cathode, O, and H, accumu-
late and settle at high current values [61,62]. UV, removal
efficiency increase to specific reaction time, and then that
decreases. In the EF process under strongly acidic condi-
tions, Fe dissolving from the electrodes oxidizes to Fe*" and
a specific amount of H,O, forms between anode and cathode
resulting in hydroxyl radical formation. These oxidants oxi-
dize the organic matter in the wastewater in a short while.

And then the efficiency of removal decreases, and the reac-
tion becomes stable gradually [61]. The optimum pH range
for the EF process is between 2 and 4 [63]. H,O, enabling
hydroxyl radical formation is generated at low pH val-
ues. Fe** oxidizes to Fe(OH), and then converts to Fe(OH),
over the pH values of 5 causing a significant decrease in
hydroxyl radical formation. In this study, as the pH range
for the EF process was selected between 2 and 4, no signif-
icant change in UV,,, removal efficiency was observed at
this pH range. UV, removal rate increases as the amount
of H,0, increases due to oxidant dosing. After reaching a
specific value removal efficiency decreases. This decrease
may be explained by the excess peroxide amount resulting
from the consumption of free hydroxyl radicals [64].

Graphical Pareto analysis provides significant informa-
tion about the effect of the factors. The contribution value
of each parameter on UV, removal from leachate NF
concentrate by advanced electrocoagulation processes is
being calculated by the following equation:

b
P = ’?x100(i¢0) ©)

In here, b, is the numerical coefficient effect of factor i.
It is being observed from Fig. 6 among linear parameters
that reaction time and current, among quadratic parameters
current, pH and reaction time among interactive parameters
oxidant/COD ratio xpH and current xpH are found to be
effective in the UV, removal by EPM process. In the removal
of UV, by the EPD process, all of the linear parameters,
quadratic parameters of pH and reaction time are effective.
All linear parameters and all quadratic parameters except for
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Fig. 3. The quadratic response surface plot of humic matter removal efficiency by EPM process (a) effect of oxidant/COD ratio and

current, (b) effect of oxidant/COD ratio and pH, (c) effect of oxidant/COD ratio and time, (d) effect of pH and current, (e) effect of
current and time and (f) effect of pH and time.
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Fig. 6. Pareto curve for UV,,, removal by (a) EPM, (b) EPD and
(c) EF processes.

pH are effective on the UV,,, parameter by EF processes.
The results obtained by the Pareto analysis are in conformity
with the results of ANOVA.

The numerical optimization method was used for
obtaining the optimum conditions ensuring the attainment
of maximum UV, removal efficiency. Under optimum
conditions (oxidant/COD ratio of 1.07, current of 1.85, pH
value of 4.1 and reaction time of 30.5 min for EPM process;
oxidant/COD ratio of 1.94, current of 2.41, pH value of 5.3
and reaction time of 32.4 min for EPD process; oxidant/COD
ratio of 1.57, current of 2.17, pH value of 2.5 and reaction

time of 34.0 min for EF process) UV,,, parameter removal

efficiencies predicted by the second-degree response surface
model were determined as 86.34%, 99.41% and 93.56% for
EPM, EPD and EF processes respectively. And the removal
efficiencies obtained as the result of experimental studies
under optimum conditions determined by the model are
84.9%, 98.6% and 92.2% for EPM, EPD and EF processes
respectively. The experimentally obtained removal efficien-
cies are found to be very close to the removal efficiencies
predicted by the model. The use of CCD is a successful
strategy in the determination of optimum conditions for
obtaining maximum removal efficiency of UV, parameter
removal from leachate’s NF concentrate through EPM, EPD
and EF processes.

In literature, there are studies regarding the treatment
of leachate membrane concentrate and removal of UV,
parameter removal through various advanced treatment
methods [65-68] but there is a deficiency in modeling and
optimization of UV, parameter removal from leachate
membrane concentrate by electrochemical processes espe-
cially using persulfates. When the results of the present
study are compared with the results of studies covering
leachate membrane concentrate treatment by advanced oxi-
dation processes in literature, it can be concluded that the
removal efficiencies obtained in this study are found to be
higher. Huang et al. [29] reported 81.8% UV, parameter
removal by combined coagulation-micro-electrolysis with
hydrogen peroxide addition. Wang et al. [68] investigated
leachate nanofiltration and reverse osmosis concentrate
treatment by ozonation and obtained 58.13% and 39.81%
UV,,, parameter removal efficiencies for reverse osmosis
and nanofiltration concentrates, respectively. Zhang et al.
[67] concluded 83% UV,,, parameter removal from leach-
ate reverse osmosis concentrate by the microwave-Fenton
process. Chen et al. [66] concluded 94.37% UV, parameter
removal from leachate membrane concentrate by combined
coagulation ozonation process. In the present study 84.7%,
97.1% and 91.8% UV, parameter removal efficiencies are
determined by EPM, EPD and EF process under optimum
conditions, respectively.

3.2. Operational cost

Operating cost is one of the most significant parameters
used besides process efficiency in the decision of applica-
bility of any wastewater treatment process. The operating
cost is calculated by the following equation [69].

Operational cost = ENC + ELC +C (10)

chemical

In the equation, C_
sumption (kWh/m?), C

value indicates the energy con-
dearoqe Value indicates the electrode
consumption (kg/m’), and C, . value indicates the con-
sumption of chemical added in electrolytic reactor (kg/m?).
The main operating cost component in EPM, EPD and EF
processes is electrical energy consumption being expressed
as C__ . Electrical energy consumption is being calculated

ener;

by the use of Eq. (47) [65].

ENC = X Ixt

(11)



88 G. Varank / Desalination and Water Treatment 205 (2020) 76-90

In this equation, C, . expresses the energy
consumption (kWh/m?), U expresses the applied voltage
(V), I expresses the current density (A), t expresses the
reaction period (h), and V expresses the treated wastewater
amount (L).

The dissolved electrode amount is theoretically being
calculated by the use of Faraday laws.

(12)

In this equation, C (g/L) expresses the iron concentra-
tion in electrolysis cell, I expresses the current density (A),
t expresses the reaction time (h), M expresses the molecular
weight of anode (g/mol), Z expresses the chemical equiv-
alence, F expresses the Faraday constant (96,500 C/mol),
and V expresses the volume of treated wastewater (L).

The cost of the energy of the three processes was cal-
culated to be 0.7, 2.0 and 2.5 €/m?® for EPM, EPD and EF
processes; the cost of electrodes was calculated to be 1.0,
1.4 and 2.1 €/m?® for EPM, EPD and EF processes and the
cost of the chemicals was calculated to be 0.5, 0.4 and
0.12 €/m® for EPM, EPD and EF processes. Consequently,
in the treatment of leachate’s NF concentrate, the total cost
was determined as 2.2, 3.8 and 4.7 €/m? for EPM, EPD and
EF processes respectively. The process with the highest
operating cost was determined as EF, and the process with
the lowest operating cost was determined as EPM.

4. Conclusion

In this study, CCD and RSM were applied for the deter-
mination of optimal operating conditions of EPM, EPD
and EF processes to obtain maximum removal efficiency
of the UV,,, parameter from leachate’s NF concentrate and
statistically reliable results were obtained. A high degree
of conformity was determined among the quadratic mod-
els and experimental data. Variance analysis had indicated
high determination coefficient values. Experimentally
obtained UV, removal efficiencies under optimum condi-
tions were 84.9%, 98.6% and 92.2% for EPM, EPD and EF
processes, respectively. It can be concluded that EPM, EPD
and EF processes are effective processes in the removal of
the UV, parameter from leachate’s NF concentrate and
that the models developed by CCD and RSM for the three
processes have statistically high significance level. With the
help of the applied methodology, it had been possible to
estimate the experimental results as close to accurate and
to determine the quadratic and EF processes are highly effi-
cient processes in humic substance removal from leachate’s
NF concentrate. Although three of the processes showed
higher removal rates, based on the operating cost it can be
said that, EPM process has the lowest operational cost with
high removal efficiency.
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