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a b s t r a c t
The purpose of this study was to investigate chemical oxygen demand (COD) removal from leachate 
nanofiltration concentrate with high resistant organic matter content by persulfate (PS) oxidation 
in which zero-valent copper (ZVCu) and zero-valent iron (ZVI) are used as activators. Within the 
scope of the study, response surface methodology (RSM) was applied to determine the optimum 
operating conditions by which maximum COD removal efficiency would be obtained, and effects 
of independent variables (pH, PS concentration, dosage of ZVI and ZVCu, reaction time) on COD 
removal efficiency and their interaction with each other were determined. The degree of significance 
of each independent variable was determined by analysis of variance. Estimated COD removal effi-
ciencies under optimum conditions determined by the model were found to be 36.48% and 47.15%, 
respectively, for ZVCu-activated PS (ZVCu/PS) and ZVI-activated PS (ZVI/PS) processes whereas 
experimental removal efficiencies were 34.29% and 45.56%, respectively, for ZVCu/PS and ZVI/PS 
processes. The results of the study indicated that ZVI and ZVCu activated PS oxidation is effective 
and economic for COD removal from leachate nanofiltration concentrate with the BOD5/COD ratio 
of 0.042, and RSM is a suitable method for the design and optimization of both processes.
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1. Introduction

In developing countries, landfilling is the most suit-
able strategy for solid waste management [1]. In landfills, 
high amounts of leachate form as the result of the rain flow 
along the landfill body and the decomposition of the dis-
posed organic wastes at the site [2]. Leachate is a complex 
structured wastewater with the content of organic matter 
and ammonium in high concentrations, heavy metals, and 
a wide variety of toxic compounds. Therefore, leachate 
characteristics do not meet the discharge limits of Turkey’s 
Water Pollution Control Regulations’ Standards after the 

application of conventional treatment techniques (aero-
bic, anaerobic, biological treatment). Membrane filtration 
following the conventional biological treatment is applied 
in Turkey as in many European countries for the leachates 
to meet strict discharge limits. Generally, pressure-driven 
membrane processes consisting of ultrafiltration and 
nanofiltration are preferred for the membrane filtration. 
These processes have advantages as easy operation, lack 
of chemical additives, and low energy requirements [3]. 
However, as a result of these processes, membrane concen-
trates containing a high amount of resistant organic matter 
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(humic substance, aromatic, and chlorinated compounds), 
and salt compounds are formed [4]. The membrane con-
centrates constitute about 13%–30% of the initial leachate 
volume. Dominant fractions of the dissolved organic mat-
ter, present in the content of membrane concentrates, are 
hydrophilic organic matter and humic substances with low 
biodegradability [2,5,6]. The high concentrations of resis-
tant organic content and salt compounds cause low biode-
gradability. Various wastewater treatment processes such as 
recirculation, membrane distillation, evaporation, adsorp-
tion, coagulation, and advanced oxidation processes are 
applied in the treatment of membrane concentrates [4,7–12].

Advanced oxidation processes are effective methods in 
the decomposition of numerous organic matters in leachate. 
Pollutant removal is ensured through decomposition pro-
cesses in advanced oxidation processes while it is based on 
phase change in other wastewater treatment methods such 
as physicochemical or separation methods [13]. One of the 
most extensively used advanced oxidation processes is the 
Fenton process by reasons such as not having high operat-
ing cost, and not requiring large scales means. Even if the 
Fenton process ensures high efficiency, factors such as the 
requirement of acidic conditions, high sludge formation, 
slow regeneration of iron ions, and requirement of a high 
amount of chemicals are limiting the field of application 
of the process [14,15].

Therefore, alternative oxidation technologies have gained 
importance. In-situ chemical oxidation is one of the promis-
ing technologies in wastewater treatment as it ensures rapid 
organic matter decomposition by the radicals generated 
during the processes [16–19]. The most extensively used oxi-
dizing agents at in-situ chemical oxidation are ozone (O3), 
hydrogen peroxide (H2O2), and permanganate. Recently, 
the use of persulfate as another oxidizing agent is becoming 
widespread due to its stability and high oxidation potential 
(2.01 V). Persulfate is an alternative oxidant ensuring the for-
mation of radicals having high redox potential as hydroxyl 
radical (2.0–2.8  V) and sulfate radical (2.5–3.1  V) [20]. 
Persulfate is a thermodynamically strong oxidant with two 
electrons, but its direct reaction with most of the reductors 
is slow. Sulfate radicals (2.6 V), which are stronger oxidants 
than the persulfate anion, are formed due to the activation 
of persulfate. Sulfate radicals are generated as the result of 
hemolytic decomposition of peroxide bond in persulfate 
or peroxymonopersulfate [21]. The activation capacity of 
peroxymonopersulfate is higher compared with persulfate 
due to its asymmetric structure; however, PS is more pre-
ferred in the applications due to its properties such as being 
low cost and having high stability [22,23].

The sulfate radicals then initiate the formation of 
hydroxyl radicals (2.7  V) of higher redox potential and 
lower selectivity [24–26]. The lifetime of sulfate radicals is 
longer than that of hydroxyl radicals. The reason for this 
can be explained as the selective behavior of the sulfate rad-
icals against the electron transfer reactions compared with 
hydroxyl radicals [27].
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Various methods are used for activating persulfate to 
form free radicals. These activation methods are chemical 
[24], light [28], ultrasound [29], electrochemical [30,31], and 
thermal methods [16]. Recently, transition metal ions have 
also been used for the activation of persulfate though it has 
been observed that not all the transition metals provide 
the expected activation efficiency.

Among the transition metals used for PS activation, the 
iron ion (Fe2+) is one of the most effective methods com-
monly used due to the low cost, abundance, non-toxicity, 
and environmental friendly properties of the Fe2+ activation 
method [25]. The formation of sulfate radicals from persul-
fate through Fe2+ activation is provided by the following 
reactions [32].
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Since sulfate radical generation by the reaction of Fe2+ 

aqueous solution and persulfate occurs at a very high speed, 
it is very hard to control the mechanism. Also, excessive 
Fe2+ present in the solution reacts with the sulfate radicals 
and decreases both the amount and effectiveness of the 
sulfate radicals. A high concentration of Fe2+ is required for 
persulfate activation since Fe2+ is regenerated slowly after 
the conversion of Fe2+ to Fe3+. This causes sulfate radical 
scavenging by Fe2+, and thereafter pollutant removal effi-
ciency through the persulfate oxidation decreases. Besides, 
Fe2+ and Fe3+ precipitate over the pH value of 5. Fe2+ control 
should be ensured for the effective utilization of persulfate. 
Another transition metal, used as an activator in persulfate 
oxidation in which the reactive radicals form, is copper. 
Copper typically exists in the form of Cu(I) or Cu(II). The 
potential of Cu(II) to oxidize persulfate is low, and Cu(I) is 
not stable and it cannot dissolve easily.

Recently, instead of homogenous activators [33,34], 
heterogeneous activators such as Fe minerals, iron oxide, 
nanoscale zero-valent iron (ZVI), nanoscale zero-valent cop-
per are used by the researchers for the persulfate activation 
[35]. Fe2+ or Cu+ is released into the solution by corrosion 
of zero-valent metals [36,37], and the dissolution process 
occurs slowly [34]. Through the use of ZVI for persulfate 
activation, not only the consumption of sulfate radicals by 
the excessive Fe2+ is prevented but also the introduction of 
other anions such as chloride and sulfate is also prevented.

Persulfate activation by ZVI has been defined by the 
following equations. 
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Fe2+ releases from the corrosion of ZVI similarly Cu+ 

is released as a result of the corrosion of zero-valent cop-
per. The route followed in the release of Cu+ through the 
corrosion of zero-valent copper is as follows: primarily Cu+ 

continuously dissolves through the acid corrosion (Eq. (11)). 
In the second step, as similar to the Haber–Weiss mecha-
nism in the Fenton-like process, Cu+ forms during electron 
transfer from zero-valent copper to persulfate (Eq. (12)) 
[38]. In the third step, Cu+ forms as the result of corrosion 
under anaerobic (Eq. (13)) or aerobic (Eqs. (14) and (15)) 
conditions [26]. Cu+ formation accelerates through a reaction 
in between Cu+ and persulfate because Cu+ is the activator 
for persulfate decomposition. Zero-valent copper and Cu+ 

cause H2O2 formation by reducing the molecular oxygen 
(Eqs. (15) and (16)) [23,26,39], and then hydroxyl radical 
forms as the result of activation of H2O2 by Cu+ (Eq. (17)). 
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There have been numerous studies investigating the 
removal of resistant pollutants with low biodegradabil-
ity through advanced treatment processes in which sul-
fate radicals were generated by persulfate activation by 
various methods in literature [40–42]. On the other hand, 
recently sulfate radical–based advanced oxidation pro-
cesses (SR-AOPs) have been applied for leachate treatment 
[15,43–46]. Although successful studies related to leachate 
treatment or resistant organic matter removal by SR-AOPs 
exist in the literature, to the best of our knowledge, a work 
studying the treatment of nanofiltration concentrate of bio-
logically stabilized leachate through oxidation of persulfate 
activated by ZVCu and ZVI is deficient. The present work 
differs from other studies by the use of ZVCu and ZVI 
for persulfate activation in leachate concentrate treatment 
including high concentrations of recalcitrant organic mat-
ter. In this study, chemical oxygen demand (COD) removal 
from leachate nanofiltration concentrate through oxidation 
of persulfate, activated by Fe2+ and Cu+ arising from ZVI and 
zero-valent copper corrosion processes was investigated. 
Response surface methodology and central composite 
design (CCD) were applied for experimental and statistical 
evaluation of the parameters being effective on the process 
and optimization of the independent process variables. 

2. Materials and methods

2.1. Concentrated leachate characteristics

Leachate nanofiltration concentrate samples were 
obtained from the effluent of the nanofiltration unit of 
Leachate Treatment Plant located at Istanbul–Kömürcüoda 
Sanitary Landfill where 4,500  tons of solid waste disposed 
of per day. The flow scheme of Kömürcüoda Leachate 
Treatment Plant is given in Fig. 1. The samples were stored 
at the laboratory at 4°C in the dark and preserved as per 
standard methods to prevent biological activation. The 
characterizations of the influent and effluent leachate 
nanofiltration concentrate are shown in Table 1.

2.2. Chemicals

Potassium persulfate (K2S2O8) (purity 99%) was pur-
chased from Merck Company (ACS, ISO, Reag. Ph Eur 
quality, Turkey), zero-valent copper (Cu) and iron (Fe) 
were obtained from Sigma–Aldrich (Turkey). All chemicals 
were used as received without further purification. The pH 
of the wastewater in each run was adjusted using H2SO4 
and NaOH solutions.

2.3. Experimental study and design

The experiments were carried out at room tempera-
ture in glass beakers on the jar-test device using a 250 mL 
sample. Experimental conditions determined by the CCD 
matrix (initial pH: 2–6, PS concentration: 5–45 mM, ZVCu 
or ZVI dosage: 1.5–7.5  g/L, and reaction time: 20–180  min) 
are given in Table 2. Before each experimental set, the pH 
level was adjusted to the required level by the use of H2SO4 
or NaOH after persulfate addition. Then, the beakers were 
placed on the jar-test device, and reactions were initiated 
by adding determined amounts of ZVCu or ZVI. Rapid 
stirring for 2 min at 200  rpm was applied for the homog-
enous distribution of the chemicals. After rapid stirring, 
slow stirring at 30 rpm was applied for a period determined 
as per the experimental design matrix. At the end of the 
reaction time, the pH of each experimental set was adjusted 
over the value of 8 by the use of 6  N NaOH to improve 
the precipitation quality of flocks, and each experimental 
set was left for an hour for the precipitation of flocks. COD 
analyses were performed on supernatant samples to assess 
the performance of the process and the results were opti-
mized by the use of CCD. 

In experimental studies, it is important to reveal the inter-
action between the independent variables (X1, X2, ….. Xn) 
and responses (Y1, Y2, …Yn). Various optimization methods 
are used to determine this relationship. In traditional multi-
factor optimization, the variation of a single factor is studied 
by keeping the other factors constant. This approach is called 
as one-factor at a time approach and it causes time loss while 
the interaction among the factors is unable to be evaluated. 
Consequently, it is not possible to obtain accurate optimum 
conditions by this method. Response surface methodol-
ogy (RSM), which is an experimental design, was applied 
for obtaining the optimum results with high accuracy. 

RSM is a statistical method that uses obtained quantita-
tive data in the experimental study for solving the multi-vari-
ant equations. The main purpose of RSM is to obtain the 
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optimal response. There are various RSM techniques includ-
ing CCD [47], Box–Behnken statistical experiment design 
[48], and two-level full factorial design [49] used by the 
researchers for estimating the final optimum response.

CCD, revealed by Box and Wilson in 1951, is still the 
most popular method of RSM. CCD consists of three steps; 
performing the designed experimental study, estimating 
the coefficients of the mathematical model, predicting the 
responses, and the variation of the model. CCD requires a 
minimum number of sets consisting of standard 2n factori-
als at the origin point at the center, 2n points fixed as axially 
at the alpha distance, and repetition tests at the center [50]. 

To completely reveal the relationship between the 
responses and the variables, a function in the form of y = f 

(X1, X2,…,Xn+ε) is determined (f represents the unknown 
response surface). Here, Y represents the response, X 
represents the independent variables, n represents the 
number of factors, and ε represents the experimental error. 
CCD-based RSM operates over the coded values of pro-
cess’ variables. The relationship between the real values 
and coded form of process’ variables is expressed by the 
following equation. 

Coded value avg= =
−

x
X X

Xi
i

∆
	 (18)

Xi is the real value of the ith factor, Xavg is the average 
of lowest and highest values of ith factor, and ΔX is the 
step change. To obtain the correct functional relationship 
between the independent variables and the response, a 
second-degree polynomial equation is used. With the help 
of the equation, linear, quadratic, and interactive effects of 
the variables on the response can be defined. 

This function is generally a first or second-degree poly-
nomial function, and it is called as response surface method. 

First-degree model:

y X
i

n
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=
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Fig. 1. Kömürcüoda Leachate Treatment Plant flow scheme.

Table 1
Characterizations of the influent and effluent leachate nanofiltration concentrate

Parameter Influent Effluent of the  
ZVI/PS process

Effluent of the 
ZVCu/PS process

pH 7.43 2.62 2.76
Conductivity, mS/cm 22.4 15.3 17.9
COD, mg/L 6,500 3,526 4,221
BOD5, mg/L 273 220 235
BOD5/COD 0.042 0.062 0.056
TSS, mg/L 35 20 23
Chloride, mg/L 7,035 5,320 5,980

Table 2
Independent variables and their coded levels

Symbol Factor Coded levels

–2 –1 0 +1 +2
A pH 2 3 4 5 6
B PS concentration, mM 5 15 25 35 45

C
ZVCu or ZVI dosage, 
g/L

1.5 3 4.5 6 7.5

D Reaction time, min 20 60 100 140 180
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Second-degree model:
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where βi, βii, βij, i, j, n indicate regression coefficients. While 
the first-degree model is defining a linear surface, the 
second-degree model defines a curved surface covering all 
the first and second-degree terms and their interactions. 
The second-degree model is called as quadratic model and 
reveals a good estimation for RSM.

In this study, the design of experimental results, data 
analysis, and optimization of independent variables of the 
process were performed by the use of CCD and response sur-
face method. The equation of the quadratic model estimating 
the relationship between the dependent response variables 
and independent variables is as follows:

y x x x x x x x
x x

= + + + + + + + +

+

β β β β β β β β
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2
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where y is the model’s response value (COD removal effi-
ciency, %), x1, x2, x3, x4 are the level of independent variables 
(pH, PS, concentration, the dosage of ZVCu or ZVI, and reac-
tion time), β0 is the constant coefficient, β1, β2, β3, β4 are the 
linear regression coefficients β11, β22, β33, β44 are the quadratic 
regression coefficients, and β12, β13, β14, β23, β24, β34 are the 
interactive regression coefficients. 

In this study, four variables of the process consisting of 
pH, PS concentration, the dosage of ZVI and ZVCu, and 
reaction time were studied by CCD using the Design Expert 
11.0.1.0 software program. It is also important to check 
the adequacy of the conformity of the developed model. 
Analysis of variance (ANOVA) was applied for defining the 
significant parameters and determining the individual and 
interactive effects of these parameters on the COD removal 
efficiency. The significance of the process’ variables was 
checked by the p-value and F value. 3 dimensional (3-D) 
graphs were drawn to reveal the interaction between the 
variables of the process. 

2.4. Analytical methods

COD, BOD5 and TSS analyses of leachate nanofiltration 
concentrate were conducted as per standard method 5220 C, 
5210 B, 2540-D, respectively [51]. Color measurement was 
conducted using WTW Photolab 6600 spectrophotometer. 
pH and conductivity measurements were performed by the 
use of the WTW Multi 9620 IDS device.

COD removal efficiencies were calculated according to 
the following equation;

Y
C C
C
i f

i

%( ) =
−

×100 	 (22)

where Y is the removal efficiency (%), Ci is the initial COD 
concentration (mg/L) and Cf is the final COD concentration 
after the treatment processes.

Another significant parameter in the evaluation of 
process’ performance in wastewater treatment applications 
is the operating cost. The treatment process to be applied 
should be preferred depending on both the contaminant 
removal efficiency and the process cost. Within this frame, the 
cost of ZVCu or ZVI-activated persulfate processes applied 
in this study was calculated by the following equation.

OC
ZVM PS

opt

=
×( ) + ×( )
× −( )
p p

V C C0

	 (23)

where OC is the operating cost per removed pollutant 
amount (€/g removed Y), ZVM is the amount of zero-valent 
metal (ZVCu or ZVI, g) consumed, PS is the amount of 
persulfate consumed (g), p is the commercial market price 
of the chemical (US$/kg), V is the volume of wastewater 
(mL), C0 is the initial pollutant concentration (mg/L), and 
Copt is the pollutant concentration (mg/L) under optimum 
conditions.

3. Results and discussion

3.1. Statistical analysis and ANOVA results

Experimental results allow the development of math-
ematical equations to assess each Y response variable as a 
function of initial pH value, PS concentration, zero-valent 
metal amount, and reaction time. To determine the response 
variable by summing up the constant coefficient, four first 
degree effects (A, B, C, and D), six interactive effects (AB, 
AC, AD, BC, BD, and CD), and four quadratic effects (A2, B2, 
C2, and D2) were given in Eq. (21). The obtained results were 
analyzed by ANOVA and statistical parameters obtained 
by ANOVA for the two regression models are given in 
Table 3. It can be seen from Table 3 that F values of both 
models were determined to be high, that probability values 
(p-values) were determined to be less than 0.05, and that 
lack of fit values were determined to be higher than 0.05 
[52]. This means that the models are statistically significant. 
F values determined as 32.59 and 18.52 for the ZVCu and 
ZVI processes, respectively, and p values determined as less 
than 0.0001 reveal that the obtained results are highly sig-
nificant and that the relationship between the variables and 
responses for COD removal is explainable by the model. 
According to the results of ANOVA, it can be concluded 
that individual parameters of the process are more signifi-
cant compared with combined parameters. As the p-values 
of all the linear parameters were found to be low in ZVCu 
and ZVI processes, it can be said that the parameter whose 
F value is higher is more significant. The parameters, which 
are expressed as more significant when compared with the 
others, are persulfate concentration and reaction time for the 
ZVCu/PS process whereas they are persulfate concentration 
and pH value for the ZVI/PS process. Only pH value from 
among quadratic parameters is significant for the ZVC/PS 
process, and only reaction time is significant for the ZVI/
PS process. When the interactive parameters are considered, 
persulfate concentration  ×  reaction time was determined 
as significant for the ZVC/PS process while the interac-
tive parameters of persulfate concentration  ×  zero-valent 
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metal dosage, persulfate concentration × reaction time, and 
zero-valent metal dosage × reaction time were found to be 
significant for the ZVI/PS process. 

The coefficient of determination (R2) expresses the expli-
cability ratio of predictors covered by the model (Xs), and 
of the total variation in the response variable [53,54]. R2 
values were determined as 95.58% and 97.44% for ZVCu/
PS and ZVI/PS processes, respectively. The high R2 values 
express the conformity between the experimental data and 
estimated values [55]. COD removal variance is not expli-
cable by the model by rates of 4.42%, and 2.56% in ZVC/
PS and ZVI/PS processes, respectively. The coefficient 
of variation (CV) can be defined as the percentage ratio 
between the standard error of the estimated and the mean 
value of the observed response. CV value is a measure of 
the reproducibility feature of the model, and as a general 
rule, it is desired to be lower than 10% [54,56]. As the CV 
values of both models are lower than 10%, it can be said 
that the models are reasonably reproducible. Adequate 
precision is a measure of the range in predicted response 
relative to its associated error. It can also be defined as a 
signal-to-noise ratio. The value of adequate precision is 
desired to be at least 4 [57]. Adequate precision values of 
both models were found to be higher than the value of 4.

Conformity of the experimental data to a polynomial 
model representing the COD removal efficiency (%) 
(response Y), being a function of PS concentration, zero-
valent metal dosage, initial pH value and reaction time, was 

analyzed by Design Expert 11.0.1.0 software program, and 
the equation of the model is given below. 

For ZVCu/PS;

COD removal = + − + + + −
−
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For ZVI/PS; 

COD removal = + − + + + −
−

28 13 4 49 4 66 3 09 3 55
0 8250 0 7875
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. .

A B C D
AB AAC AD BC BD

CD A B
− − + −

− + +

0 2875 1 36 1 44
1 33 0 3021 0 4979 0 88542 2

. . .
. . . . CC D2 21 50+ . 	(25)

As can be seen from the equations that all linear param-
eters are more effective than the quadratic and interac-
tive parameters in both processes, and linear effects of the 
parameters are higher than the quadratic effects of the same 
parameters. In other words, the increase in the values of 
the parameters is linearly increasing the COD removal effi-
ciency [58]. Pareto graph analysis, where the linear, qua-
dratic, and interactive effects of independent variables on the 
COD removal efficiency are shown, is given in Fig. 2 [59]. 
Among the linear parameters, the effect of the ZVCu and 
ZVI dosage is found to be lower compared with that of other 

Table 3
ANOVA results for ZVCu/PS and ZVI/PS processes

ZVCu/PS ZVI/PS

SS df MS F-value p-value Remark SS df MS F-value p-value Remark

Model 1,488.20 14 106.30 18.52 <0.0001 HS 1722.12 14 123.01 32.59 <0.0001 HS
A-pH 292.67 1 292.67 50.98 <0.0001 HS 484.20 1 484.20 128.28 <0.0001 HS
B-PS. mM 521.27 1 521.27 90.80 <0.0001 HS 520.80 1 520.80 137.98 <0.0001 HS
C-ZVM, g/L 56.27 1 56.27 9.80 0.0087 S 229.40 1 229.40 60.78 <0.0001 HS
D-Time, min 413.09 1 413.09 71.95 <0.0001 HS 302.46 1 302.46 80.13 <0.0001 HS
AB 6.19 1 6.19 1.08 0.3197 NS 10.89 1 10.89 2.89 0.1152 NS
AC 0.8883 1 0.8883 0.1547 0.7010 NS 9.92 1 9.92 2.63 0.1309 NS
AD 2.60 1 2.60 0.4529 0.5137 NS 1.32 1 1.32 0.3504 0.5649 NS
BC 1.49 1 1.49 0.2603 0.6192 NS 29.70 1 29.70 7.87 0.0159 S
BD 50.66 1 50.66 8.82 0.0117 S 33.06 1 33.06 8.76 0.0119 S
CD 9.84 1 9.84 1.71 0.2149 NS 28.09 1 28.09 7.44 0.0183 S
A² 105.27 1 105.27 18.34 0.0011 S 1.95 1 1.95 0.5158 0.4864 NS
B² 1.61 1 1.61 0.2812 0.6056 NS 5.29 1 5.29 1.40 0.2594 NS
C² 2.19 1 2.19 0.3808 0.5487 NS 16.72 1 16.72 4.43 0.0570 NS
D² 2.07 1 2.07 0.3597 0.5598 NS 47.87 1 47.87 12.68 0.0039 S
Residual 68.89 12 5.74 45.29 12 3.77
Lack of fit 67.43 10 6.74 9.19 0.1020 NS 44.45 10 4.44 10.50 0.0900 NS
Pure error 1.47 2 0.7336 0.8467 2 0.4233
Cor. total 1557.09 26 1767.41 26
R² 0.9558 0.9744
Adjusted R² 0.9041 0.9445
Predicted R² 0.7485 0.8541
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linear parameters. Persulfate concentration and reaction 
time have a synergic effect on the COD removal efficiency in 
both processes. The results obtained by the Pareto analysis 
conform to the results of ANOVA. 

The graphs indicating the conformity of experimental 
values, and the predicted values provided by the regres-
sion equations obtained by the model are given in Fig. 3. 

The graphs give a first-degree line for both processes. R2 

values of graphs obtained for COD removal by ZVCu/PS and 
ZVI/PS processes were determined as 95.58% and 97.44%, 
respectively. High R2 values indicate that the experimen-
tal data conform with the model’s results. It was observed 
from both graphs that the estimated values obtained by 
the models were very close to the real values, and thus 
the validity of the equations was proven [60]. 

3.2. Effects of variables on COD removal

3D graphs, clearly indicating the effects of independent 
variables on the dependent variables, and their interac-
tion with each other, are given in Figs. 4 and 5. It is being 
observed from the graphs that, in both processes, COD 
removal efficiency linearly increases as the PS concentra-
tion and zero-valent metal dosage increases. Again in both 
processes, COD removal efficiency increases as the reac-
tion time increases, but the removal efficiency decreases 
as the pH value increases. Among the independent vari-
ables, the zero-valent metal dosage has the lowest effect. 
And also the effect of zero-valent copper on the process is 
found to be lower compared with that of ZVI. 

pH value is one of the most critical factors affecting 
the system’s performance in the decomposition of pollut-
ants due to its function of controlling the activity of the 
free radicals and the catalytic activity. It is observed from 
Figs. 4 and 5 that in both processes COD removal efficiency 
decreases as pH increases. Acidic conditions are increasing 
the dispersion of Fe2+ from the surface of ZVI and mix in the 
solution. PS activation rate is also increasing depending on 
the increasing iron amount. ZVI corrodes in the presence 
of a high amount of protons, and Fe2+ released as the result 
of corrosion activates the persulfate, and sulfate radicals 
form. The highest COD removal efficiency was obtained as 
the pH value was at the range of 2–3, and COD removal 
efficiency decreased as the pH value gets close to neutral 
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Fig. 2. Pareto curve for COD removal by ZVC/PS and ZVI/PS 
processes.

  

a b 

Fig. 3. Predicted vs. experimental COD removal (a): for ZVCu/PS and (b): for ZVI/PS processes.
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Fig. 4. 3-D plots surface of COD removal as a function: (a) pH and PS, (b) pH and ZVCu, (c) pH and time, (d) PS and ZVCu, (e) PS and 
time, (f) ZVCu and time for ZVCu/PS process.
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Fig. 5. 3-D plots surface of COD removal as a function: (a) pH and PS, (b) pH and ZVI, (c) pH and time, (d) PS and ZVI, (e) PS and 
time, (f) ZVI and time for ZVI/PS process.
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values. The decreasing removal efficiency is relevant to the 
precipitation of iron types arising over pH 4. Iron hydrox-
ide types deactivate the ZVI by precipitating in the form of 
Fe(OH)n and Fe(OH)(n+1)+ [29,61,62]. Moreover, the strength 
of free radicals is higher under acidic conditions com-
pared with alkali conditions [63]. For this reason, it can 
be concluded that the pH range of 2–3 is the most suitable 
pH range for both processes.

As the amount of zero-valent transition metal increases, 
Fe2+ and Cu+ concentration in the solution, as the result of 
corrosion, increases thus the amount of free radicals gen-
erated by persulfate activation also increases. Therefore, 
it can be said that COD removal efficiency increases as 
the dosage of ZVI and zero-valent copper increases. It is 
observed from Figs. 4 and 5 that, COD removal efficiency 
increases as the amount of ZVI and copper increases. The 
number of active sites increases as the dosage of zero-
valent copper or iron increases, and thus release of a higher 
amount of copper and iron ion is observed as the result of 
corrosion. But this increase is not continuous. In the case 
of the addition of a high dosage of the zero-valent tran-
sition metal, excessive iron or copper ion reacts with the 
free radicals, and thereby amount of free radicals decreases 
[64]. As a result, the COD removal efficiency decreases. 
Since the range of the catalyst dosage selected in this study 
is not high, the scavenging effect of the excessive iron 
or copper ion on the sulfate and hydroxyl radicals and 
nonreactive anion formation was not observed. 

Fe SO or HO Fe SO or OH2
4

3
4
2+ •− • + − −+ ( ) → + ( ) 	 (26)

Persulfate is the main source of sulfate and hydroxyl 
radicals. The increase in persulfate concentration will 
increase sulfate radical formation, and also increase the 
COD removal efficiency. Experimental studies showed that 
higher removal efficiencies were obtained as the persulfate 
concentration increases (Figs. 4 and 5). As similar to the 
catalyst dosage, excessive persulfate exhibits a behavior 
for scavenging the free radicals (sulfate and hydroxyl rad-
icals). The studies in literature had reported that the target 
pollutant removal efficiency does not show a continuous 
increase as the persulfate dosage increases. In their study, 
Li et al. [65] had determined that when the persulfate con-
centration increases the amount of sulfate radical increases, 
and after reaching a specific amount, the radicals react 
with each other instead of reacting with the organic mat-
ter (Eq. (27)) [29,65]. Moreover, persulfate itself also serves 
as the destroyer of sulfate radicals (Eq. (28)) [66,67]. But as 
the persulfate concentration added in this study was under 
the inhibition point, the increase was observed in the COD 
removal efficiency as the persulfate concentration increases, 
but the decrease was not observed after a specific value. 

SO SO S O24 4 8
2•− •− −+ → 	 (27)

SO S O SO S O2 24 8
2

4
2

8
•− − − •−+ → + 	 (28)

To obtain maximum COD removal efficiency, opti-
mum operating conditions were determined by numerical 

optimization technique using the software program in the 
determination of optimum process variables. Optimized 
conditions were determined as pH:3, PS concentration: 
35 Mm, dosage of ZVI and ZVCu: 6 g/L, and reaction time: 
140 min for both processes (Fig. 6). COD removal efficiencies 
predicted by the model under optimized conditions were 
determined to be 36.49% and 47.15% for ZVCu/PS and ZVI/
PS processes, respectively. As a result of the experimental 
studies carried out, COD removal efficiencies obtained under 
optimum conditions were found as 34.29% and 45.56% for 
ZVCu/PS and ZVI/PS processes, respectively. These values 
indicate that the experimental and statistical data are in good 
agreement. Leachate nanofiltration concentrate with initial 
COD concentration of 6,500  mg/L, BOD5 concentration of 
273 mg/L, and the BOD5/COD ratio of 0.042 was comprised 
of high inert COD content. COD concentration removed by 
the ZVCu/PS and ZVI/PS oxidation processes was deter-
mined as 2,278.9 and 2,974.4  mg/L, respectively, and it can 
be said that about half of the COD consisting of resistant 
organic matters were removed. 

In operational cost analysis of oxidation processes, the 
costs of oxidant (persulfate) and activators (ZVCu or ZVI) 
are the most important issues. Under the optimum condi-
tions, operational costs were calculated for both oxidation 
processes. The purchase costs of ZVCu, ZVI and K2S2O8 with 
an analytical grade in Turkey’s market (April 2020) are 111, 
37 and 64  US$/kg, respectively. On this basis, the costs of 
the processes were calculated as 0.56 and 0.28 US$/g COD 
removed for ZVCu/PS and ZVI/PS, respectively. A com-
parison of the operational cost of sulfate radicals based 
advanced treatment processes is presented in Table 4. It can 
be concluded from Table 4 that the use of catalytic activators 
such as UV, micro-wave, H2O2 or electricity for accelerating 
the activation of the persulfate in wastewater treatment, 
not only increases pollutant removal efficiencies but also 
increases the operational costs. In the present study, ZVI/
PS and ZVCu/PS processes are found to be economically 
feasible processes in the reduction of the pollution load of 
leachate nanofiltration concentrate and can be offered as a 
pre-treatment method. 

4. Conclusion

RSM and four-factor five-level CCD was applied for 
COD removal from leachate nanofiltration concentrate 
through oxidation of persulfate in which ZVI and zero-
valent copper were used as activators. By the application of 
CCD-based RSM, the effects of independent variables (pH, 
PS concentration, ZVCu and ZVI dosage, and reaction time) 
on the response (COD removal), and their interaction with 
each other were determined, and operational conditions 
were optimized for obtaining maximum COD removal effi-
ciency. Under the optimum conditions determined by the 
model, statistically obtained COD removal efficiencies were 
determined as 36.49% and 47.15% for ZVCu/PS and ZVI/PS 
processes, respectively, whereas experimentally obtained 
COD removal efficiencies were determined as 34.29% and 
45.56% for ZVCu/PS and ZVI/PS processes, respectively. 
The provision of high correlation coefficient values by the 
variance analysis indicates that the values estimated by the 
second-degree model, and experimental data conform to 
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Fig. 6. Optimization conditions for maximum COD removal by ZVCu/PS process and ZVI/PS process.
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both processes. Depending on high F values, low p-values, 
and high lack of fit values obtained by ANOVA, it can be 
concluded that models are found to be significant for both 
processes studied. Consequently, ZVCu/PS and ZVI/PS 
processes give promising results for leachate nanofiltration 
treatment consisting of high inert COD content.
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