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A B S T R A C T   

Mineralization of phthalic acid, a highly refractory organic pollutant was studied by an anodic oxidation process 
with boron-doped diamond (BDD) anode in a highly acidic chromium medium. Synthetic solutions were 
composed of Cr(III)/Cr(VI), sulfate, sulfuric acid, and phthalic acid (initial form potassium hydrogen phthalate, 
KHP). Degradation/mineralization of KHP was carried out by hydroxyl radicals produced on the anode and 
sulfate radicals generated from the sulfate ions present in the medium. To find appropriate operating conditions, 
the effects of cathode type, current density, electrolysis time, and presence of Cr(VI)-Cr(III) were investigated. 
Thereafter, the effect of current density, amount of Cr(VI)-Cr(III) in solution, and electrolysis time on KHP 
mineralization was realized by using response surface methodology and central composite design. The most 
effective TOC removal rate was found as 94.8% in the case of 0.675% Cr(VI) and 3.825% Cr(III) content by mass 
at 80 mA cm− 2 of current density and 360 min of electrolysis time, despite a high initial TOC content of 9400 mg 
L− 1. As a result, the organic content of the wastewater was removed by electro-persulfate process via the catalytic 
effect of Cr species. Additionally, the use of BDD anode avoided metal ion pollution that could dissolve from 
different anode materials like PbO2 and affect the chromium recovery efficiency.   

1. Introduction 

Chromium compounds have high importance due to their use in 
metal, leather, and wood conservative chemical industries [1,2]. Chro-
mium naturally exists in a trivalent oxidation state as chromite spinel in 
chromium ores [3], yet through roasting with soda followed by leaching 
provides chemically useful Cr(VI) species such as monochromate, di-
chromate, and chromic acid [4–6]. Hexavalent chromium has been 
widely employed in many organic syntheses as an oxidative catalyst 
leading to high chromium-loaded wastes including organic residues 
[7,8]. However, the production of Vitamin K-3 (2-methyl-1,4-naph-
thoquinone, with the common name “menadione”) occurs mainly 
through the oxidation of 2-methyl naphthalene with chromate in 
aqueous media at acidic pH values owing to sulfuric acid addition [9,10] 
and constitutes a precious industrial application. Side products other 
than menadione remain in the viscous filtrate in acidic media. This 
filtrate comprises both Cr(III) and Cr(VI) as well as various intermediate 
and over oxidized compounds in sulfuric acid and sulfate. The patent 
reported by Huba [9] describes a pathway of reusing this filtrate by 

adjusting the chromium content and reducing the remaining Cr(VI) to 
produce a tanning agent. But, the organic compounds that remain in the 
filtrate may lead to an unstable final product depending on the field of 
application. Phthalic acid is a side product of the synthesis reaction of 
menadione [11]. Phthalic acid esters (PAEs), also known as phthalates, 
are commonly used as plasticizers and nonplasticizers in various in-
dustries such as building and construction, home furnishing, cars, 
pesticide carriers, oils, and insect repellant manufacturing [12,13]. 
Nowadays, various industries produce 80 different types of PAEs [14]. It 
is well-known that all of these PAEs are persistent in nature [15]. 

Advanced oxidation processes (AOPs) utilize in situ generated highly 
reactive oxidant species such as hydroxyl (•OH) or sulfate (SO4

- •) radi-
cals which are capable of destroying various organic and inorganic 
compounds including aromatic rings, polyphenols, halogenated com-
pounds, resin acids, unsaturated fatty acids, pesticides, organic nitrogen, 
cyanides, sulfides and nitrites [16,17]. Various advanced oxidation 
techniques depending on the formation of hydroxyl radicals (•OH) have 
been applied to the degradation of PAEs. Hydrothermal oxidation [18], 
photochemical oxidation using UV irradiation [19], H2O2 photolysis 
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(UV/H2O2) [20], Fe(III)-solar light photocatalysis [21] or heterogeneous 
photocatalysis using TiO2 [22], sonolysis [23], and electrochemical 
oxidation [24,25] were reported in the literature. Besides, AOPs based 
on the sulfate radical (SO4

•-) for mineralization of organic residues are 
attracting interest owing to the high standard redox potential of this 
radical (E0 = 2.5–3.1 V vs SHE) which is close to that of •OH (E0 = 2.80 V 
vs SHE) [26,27]. The reaction rate constants of both sulfate and hy-
droxyl radicals with the target organic pollutants are in a wide range 
(107–1010 M− 1 s− 1) depending on the functional groups present in the 
structure [28]. Sulfate radical (SO4

•-) has some significant advantages 
over hydroxyl radical [29–31]. Owing to its high solubility, utilizing 
sulfate radical can comprise a wide pH range. Also, SO4

•- is more stable in 
aqueous media and the lifetime of SO4

•- (30–40 µs) is far longer than that 
of •OH (<1 µs) [29]. Sulfate radicals can be generated by activation of 
persulfate through heat, base, H2O2, UV irradiation, ultrasound (US), 
transition metals (Mn+), and electrochemistry [26,32]. 

Among the AOPs, electrochemical oxidation is a promising technique 
since it provides versatility, efficient energy consumption, ease of 
automation, and environmentally friendly processing. In situ electro- 
generation of the strong oxidants provides better efficiency in 
removing organic substrates [15,33,34,35]. The anodic oxidation pro-
cess is one of the most popular electrochemical AOPs. During this pro-
cess, organic compounds are oxidized/mineralized by hydroxyl radicals 
generated by water discharge on the surface of an appropriate anode (M) 
having high O2-evolution overpotential (Eq. (1)) [36–38].  

M + H2O → M(•OH) + H+ + e-                                                       (1) 

Boron doped diamond (BDD) electrode is considered an excellent 
anode with high oxidation/mineralization power due to the quasi-free 
BDD(•OH) produced on its surface [39–41]. BDD anode exhibits excel-
lent characteristics for electrooxidation of organic pollutants, and 
therefore attracts more attention permanently. It has a very large po-
tential window, high oxygen evolution over-potential, as well as appli-
cability in very aggressive media owing to its inert surface with low 
surface adsorption properties and corrosion resistance [38,42]. 

Recently, the electro-persulfate (EP) process has attracted attention 
among EAOPs techniques. In the EP process, sulfate radicals are formed 
as a result of the electrochemical activation of persulfate (Eqs. (2)) [43].  

S2O8
2- + e- → SO4

•- + SO4
2-                                                                (2) 

When anode materials with high oxygen evolution potential such as 
Pt, BDD, PbO2, SnO2, and Ti4O7 are preferred, sulfate radicals are also 
produced as a result of sulfate ions direct oxidation (Eq. (3)) and by 
oxidation with hydroxyl radicals (Eq. (4)) [44,45].  

SO4
2-→ SO4

•- + e                                                                              (3)  

SO4
2- + •OH → SO4

•- + OH− (4) 

Especially if the wastewater has a rich sulfate content, this method 
provides savings in terms of chemicals. Moreover, persulfate ions could 
be generated at the anode from SO4

2- (Eq. (5)) and as a result of the re-
action of SO4

2- and •OH (Eq. (6)) [44].  

2SO4
2- → S2O8

2- + 2e-                                                                       (5)  

2SO4
2- + 2•OH → S2O8

2-+ 2OH− (6) 

Li et al. [46] compared BDD and platinum anodes for mineralization 
of PAEs and stated that the BDD has much higher oxidation efficiency 
than platinum. During the electrooxidation of oil sands process water 
(OSPW, pH 8.6) containing SO4

2-, CO3
2– and Cl- ions with BDD/stainless- 

steel anode/cathode pair, the in-situ formation of SO4
•-, CO3

•-, active 
radicals as well as S2O8

2-, C2O6
2- ions and active chlorine as non-radical 

reagent were identified by Ganiyu and El-Din [44]. Furthermore, the 
dissolved organic carbon content of OSPW was completely removed 
after 6 h of electrolysis at ≥ 5 mA cm− 2 of current density. Chen et al. 

[47] have reported that the most effective total organic carbon abate-
ment of dinitrotoluenes (DNTs) in wastewater was performed under 
strongly acidic conditions (pH 0.5) and the destruction efficiency of 
DNTs decreased with increases of pH values from 0.5 to 3.0. The acidic 
medium can catalyze the decomposition of persulfate to sulfate radical 
(SO4

•-) (Eqs (7–8)) [48,49].  

S2O8
2-+ H+→ HS2O8

-                                                                        (7)  

HS2O8
- → SO4

•-+ SO4
2-+ H+ (8) 

Other works also showed the high reactivity and energy efficiency of 
BDD for the oxidation of organic compounds [50,51]. 

In studies performed with persulfate electro-activation with the 
addition of metal ions (Eq. (9)), generally, iron ions are preferred 
because they are non-toxic. The initial pH value and iron ion concen-
tration play an important role. In basic conditions, iron hydroxides are 
formed, while excess iron ions will act as radical scavengers [46].  

Mn+ + S2O8
2-→ M(n+1)+ + SO4

•- + SO4
2-                                             (9) 

Besides being a toxic compound, Cr(VI) takes place as a homoge-
neous and heterogeneous catalyst in many applications such as phenolic, 
benzylic, allylic, propargylic oxidations and the favored formation of 
cyclohexanone during the decomposition of cyclohexyl hydroperoxide 
[52,53]. 

This study was carried out in synthetic solutions aiming to simulate 
wastewater containing Cr(III) and Cr(VI) as well as, potassium hydrogen 
phthalate (KHP) in sulfuric acid and sulfate media. The pH of the 
wastewater in industrial applications is highly acidic, while in this study 
it was adjusted to pH 1.8 for conventional reasons regarding both lab-
oratory studies and possible scale-up applications. Thus, KHP is con-
verted to phthalic acid in an acidic medium. The present study aims to 
investigate the mineralization of the organic residue phthalic acid as 
well as the conversion of Cr(III) and Cr(VI) to each other in highly 
chromium-loaded acidic conditions. BDD electrode was used as the 
anode for persulfate production by electrooxidation of sulfate content of 
the solution. BDD, Titanium grade 2 (Ti Gr-2) and 316L steel cathodes 
were compared in terms of their effect on mineralization efficiencies in 
acidic medium. The central composite design was applied to determine 
optimum conditions in phthalic acid mineralization using current den-
sity, electrolysis time, and Cr(III)-Cr(VI) percentage as key operating 
variables in preparative experiments. 

2. Material and method 

2.1. Materials 

2.1.1. Chemicals 
Potassium hydrogen phthalate (KHP, C8H5KO4, ≥ %99.5) which was 

used as the phthalic acid source, sulfuric acid (H2SO4, 95–98%), phos-
phoric acid (H3PO4, 85%), ammonia (NH3, 25%), potassium dichromate 
(K2Cr2O7), sodium persulfate (Na2S2O8, ≥ 99), silver nitrate (AgNO3), 
iron II sulfate (FeSO4), potassium iodide (KI), sodium sulfate (Na2SO4), 
1–5 Diphenyl carbazide (DPC, C13H14N4O) were purchased from Merck. 
Basic chromium sulfate (BCS, Cr(OH)SO4) and sodium dichromate 
(Na2Cr2O7, > %99.0) were provided by Sisecam Chemicals Kromsan 
Factory (Mersin, Turkey). Sodium bicarbonate (NaHCO3, ≥ %99.3) was 
obtained from Sisecam Chemicals Soda Factory (Mersin, Turkey). 

2.1.2. Electrodes 
CONDIACELL® Stack Modell EAOP® Testkit acquired from Condias 

GmbH was used as an electrolytic cell. The set consists of 3 BDD anodes 
and 2 BDD cathodes (thin film deposited on Niobium substrate with 10 
μm coating), which are equivalent and attached 3 mm away from each 
other by non-conducting polyvinylidene fluoride (PVDF) screws and 
nuts. 3 anodes vs 2 cathodes design provide 200 cm2 effective surface 
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areas. The maximum allowed temperature, current, and voltage are 
60 ◦C, 40 A, and 48 V respectively. The same size Titanium grade 2 (Ti 
Gr-2) and 316L steel electrodes were homemade from certified 2 mm 
plates (Kaya Machinery, Turkey). 

2.2. Methods 

2.2.1. Preparation of synthetic wastewater 
Approximate compositions of the synthetic wastewater including 

only Cr(III) and 10% Cr(VI) (with respect to total chromium in terms of 
Cr2O3) are given in Table 1. Only Cr(III) containing acidic media was 
prepared by addition of 200 g BCS, 20 g KHP and H2SO4 (till pH 1.8) to 
1000 g of water, while %10 Cr(VI) containing acidic media was obtained 
by replacing 20 g of BCS with the equivalent amount of Na2Cr2O7 in 
terms of Cr2O3. Since the concentrations of the constituents vary because 
of the preparation steps, the final analytical parameters like total 
chromium, hexavalent chromium, and total organic carbon (TOC), were 
measured for each experiment and stated as initial concentrations. The 
total chromium parameter was used to correct the volumetric error due 
to evaporation since it is expected to be essentially constant. 

2.2.2. Anodic oxidation process 
The electrodes are immersed in a cylindrical glass container filled 

with 1 L solution which is mixed strongly with a magnetic stirrer 
equipped with a digital thermometer (IKA HS7) throughout the exper-
iment. Mersan MR12 rectifier (20 V/50A) was used as a DC power 
supply, where the current is adjusted manually as the electrolysis pro-
ceeds. pH values and conductivities of the solutions were measured by 
WTW Multi 3420 pH-meter equipped with SenTix®980 glass electrode 
and TetraCon®925 conductivity electrode. The foam encountered dur-
ing the experiments was ceased by passing through a sintered glass filter 
(G-0) located at the surface of the experimental solution, using a peri-
staltic pump. 

2.2.3. Analysis 
The test solution was prepared by dissolving 100 g of Na2SO4 in 1 L of 

water and acidified with H2SO4 to pH 1.8. Determination of persulfate 
concentration in the 1 mL specimen, taken during the experiments was 
by the iodometric method [54]. The calibration curve (R2 = 0.9963) was 
obtained in the concentration range of 0.5–20 mg L− 1. 

Shimadzu V CPH model TOC (total organic carbon) analyzer 
equipped with a Solid Sampling Module (SSM) was used for the deter-
mination of total organic carbon of solutions. 

The total chromium, Cr(VI), and Cr(III) measurements were con-
ducted by potentiometric titration with a standard 0.3 M FeSO4 solution. 
To determine high amounts of Cr(VI), the solution was directly titrated 
with FeSO4 while amounts not suitable for titration were determined by 
Perkin Elmer Lambda 365 UV–VIS spectrophotometer depending on the 
principle of measuring the absorbance of the test solutions treated with 
diphenyl carbazide (DPC) at 540 nm [55]. The calibration was employed 
in the range of 0.02–0.16 mg L− 1. 

2.2.4. Central composite design of the anodic oxidation 
During the response surface analysis experiments, TOC content, pH, 

and total Cr amount in terms of Cr2O3 of the synthetic wastewater were 
kept constant. Current density, Cr(VI) percentage by mass in total 
chromium, and electrolysis time were selected as independent variables 
and their effects on electro-oxidation of chromium loaded solution 
including KHP was studied. The TOC removal efficiency was followed as 
the response or dependent variable. Design Expert 11 program was used 
to obtain central composite design (CCD) at five levels (-α, − 1, 0, +1, 
+α). The value of α (alpha) depends on the number of variables (factors) 
and is calculated as α = [2 k]1/4. 

The number of the experiment is obtained from the equation (2 k + 2 
k + central points). For three factors (k = 3) and six central points, 20 
runs were required. The design comprised the intervals of current den-
sity (60–80 mA cm− 2), Cr(VI)% (0.225–0.900 w/w), and treatment time 
(120–360 min), and these variables were labeled as x1, x2, and x3, 
respectively. 

3. Results and discussion 

3.1. Comparison of performance of cathodes for persulfate electro- 
production 

BDD, Ti Gr-2, and 316L steel cathodes were used against BDD anode 
in the 2 cathodes versus 3 anodes configuration. The produced persul-
fate amount via three different anode–cathode pairs from a solution 
containing sulfate ion in an acidic medium was determined at a current 
density of 50 mA cm− 2 (Fig. 1). In addition to the time-dependent per-
sulfate formation, changes in pH, temperature, conductivity, and po-
tential were followed. 

For the BDD/BDD pair, the persulfate concentration reached equi-
librium after 60 min at a value of 10 g L− 1 (Fig. 1a) while it increased 
over time and reached 11.7 g L− 1 after 480 min in the case of Ti Gr-2/ 
BDD pair (Fig. 1b). However, the BDD anode/316L cathode pair 
exhibited the highest persulfate formation throughout the experiment, 
reaching almost twice the amount of the other cathodes tested (Fig. 1c). 

The initial pH of the solution was measured to be around 1.8. It was 
decreased to 1.20 with BBD cathode, while it increased to 2.80 up to 
240 min and then to 10.9 after 480 min with Ti Gr-2 cathode. In the case 
of 316L cathode, the solution pH reached 11 in 60 min and remained 
close to this value during electrolysis. Persulfate production initiated by 
sulfuric acid using BDD electrodes has already been reported in the 
previous studies following Eqs. (10 and 11). It has been demonstrated 
that persulfate can be produced with a Faradic current efficiency of over 
95% in solutions containing sulfuric acid above 2 M concentration 
[48,56,57]. Electrolytic production of persulfate was determined to be 
significantly dependent on temperature and current density, besides the 
concentration of raw sulphuric acid [48,57,58].  

H2SO4 +
•OH → SO4

•- + H3O+ (10)  

SO4
•- + SO4

•- → S2O8
2-                                                                     (11) 

The strength of the hydrogen bonding with the surface defines the 
rate-determining step according to Eqs. (12–14). For this particular 
study, 316L and Ti Gr-2 cathodes imply Volmer and Heyrovsky’s re-
actions dominate due to the drastic rise in pH throughout the electrol-
ysis. The hydrogen formation reaction varies greatly depending on the 
type of electrode. Industrial hydrogen production started with the use of 
mild steel and nickel cathodes (M), and then different types of electrodes 
were developed [59]. The electrochemical process of hydrogen evolu-
tion reaction was studied extensively by many researchers and principal 
reactions are given in Eqs. (12–14) [60,61].  

M + H2O + e- ⇌ M(H)ads + OH– (Volmer reaction)                          (12)  

M(H)ads + H2O + e- ⇌ M + H2 + OH– (Heyrovsky reaction)              (13) 

Table 1 
Main characteristics of the synthetic wastewaters with different Cr content.   

Components 

Cr content of 
wastewater 

Na2SO4 

(%)a 
Cr(III) (% 
Cr2O3)a 

Cr(VI) 
(% 
Cr2O3)a 

TOC 
(%)a 

pH 

Containing only 4.50% 
Cr(III)  

14.3  4.50 0  0.9  1.8 

Containing 0.45% Cr 
(VI) and 4.05% Cr(III)  

14.3  4.05 0.45  0.9  1.8  

a : mass percentage in synthetic wastewater. 
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M(H)ads ⇌ 2 M + H2 (Tafel reaction)                                               (14) 

The 316L/BDD cell configuration led to the formation of the highest 
persulfate concentration reaching 16.8, 18.5, and 19.7 g L− 1 after 120, 
240, and 480 min of electrolysis, respectively (Fig. 1c). In all three cell 
configurations, it was observed that the temperature increased in the 
range of 51–59 ◦C during the electrolysis period initiated at room tem-
perature. Considering that BDD anode is used for each electrode pair, the 
same amount of persulfate will be produced. However, the difference 
may occur as a result of the reduction of persulfate on the cathode. There 
are very few studies on the cathode effect in the electroreduction of 
persulfate, in which Pt, Au, platinized platinum, bismuth-adsorbed 
platinum, stainless steel, carbon nanotubes, and glassy carbon elec-
trodes were investigated as cathodes [47,62–64]. In most of these 
studies, direct reduction of persulfate on the cathode surface was 
mentioned (Eq.(2)). However, Shafie et al. [65] summarized the 
adsorption of persulfate anions on the Pt electrode and the formation of 
adsorbed sulfate ions as a result of fast dissociative chemisorption with 
O–O bond breaking. The proposed mechanism for Au is different from 
Pt. For Au cathode two different reduction pathways were observed for 
persulfate, these have been indicated as dissociative chemisorption and 
direct reduction [65]. On the other hand, a nonradical persulfate acti-
vation has been observed on carbon nanotubes cathodes [62]. In this 
study, the selection of the cathode material will be made in terms of cost 
and stability, and their effectiveness in acidic solutions containing Cr 
will be made in the next section. 

While the initial conductivity value of the synthetic solution was 85 
mS cm− 1, after 480 min, it was measured as 69, 74, and 85 mS cm− 1, 
respectively, depending on the use of BDD, Ti Gr-2, and 316L cathodes. 

The persulfate concentrations obtained at applied three different 
current densities using 316L/BDD electrode pair were also given in 
Fig. 1d. In the event of a current density of 16 mA cm− 2, the persulfate 
concentration reached equilibrium after 100 min at a maximum value of 
4.5 g L− 1. For higher current densities of 50 mA cm− 2 and 84 mA cm− 2, 
the generated persulfate concentrations were 19.7 g L− 1 and 24.3 g L− 1 

after 480 min electrolysis, respectively. In addition to low persulfate 
production at 16 mA cm− 2 current density, it was determined that the 
solution pH value increased to 1.90 and the temperature increased up to 
36.4 ◦C, while the temperature reached 69.8 ◦C after 460 min at the 
highest current density. 

3.2. The effect of 316L/BDD and BDD/BDD cells on the mineralization of 
acidic KHP solution containing Cr (III) and Cr(VI) formation. 

Mineralization of phthalic acid and subsequent Cr(VI) formation 
during electrooxidation of the synthetic solution prepared with Cr(III), 
KHP, and H2SO4 in water, was investigated with BDD/316L steel and 
BDD/BDD electrode couples at 50 mA cm− 2. The relation between TOC 
removal rate and Cr(VI) formation was depicted in Fig. 2. It was 
determined that while TOC content of the solution decreased with time 
with both electrode pairs, Cr(VI) formation remained below the detec-
tion limit. However, as a result of the decrease in TOC content, the 
conversion of Cr(III) to Cr(VI) occurred at the end of the electro-
oxidation process. TOC removal rates were 77% and 86% while Cr(VI) 
percentages in solution were 0.59% and 1.20% by mass for BDD and 
316L cathodes, respectively, after 480 min electrolysis. The temperature 
rose throughout the experiments reaching a maximum of around 
60–64 ◦C which is close to the suggested maxima for the BDD electrode. 

Fig. 1. Effect of cathode: (a) BDD, (b) Ti Gr-2 and (c) 316L versus BDD anode on electrolytic persulfate production at 50 mA cm− 2. Figure (d) depicts persulfate 
formation as a function of current density for 316L/BBD cell. Operating conditions: [Na2SO4] = 100 g L− 1. 
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While SO4
2- and HSO4

- ions in the medium are oxidized to persulfate at 
the anode according to Eqs (5 and 15) [66], persulfate turns into sulfate 
radicals with three pathways using (i) electrochemical activation (Eq. 
(2)), (ii) heat activation in the range of 50–130 ◦C (Eq. (16)) [66,67] and 
(iii) activation by Cr(III) ions (Eq. (17)) [68,69]. But, the excess Cr(III) 
ions have reacted with persulfate and sulfate radicals to produce Cr(VI) 
according to Eqs. (18 and 19).  

2HSO4
- → S2O8

2- + 2H+ + 2e-                                                         (15)  

S2O8
2- + heat → 2SO4

•-                                                                    (16)  

2Cr3+ + 6S2O8
2- + 7H2O → Cr2O7

2- + 6SO4
2- + 6SO4

•- + 14H+ (17)  

3Na2S2O8 + Cr2(SO4)3 + 7H2O → Na2Cr2O7 + 2Na2SO4 + 7H2SO4    (18)  

2Cr3+ + 6SO4
•- + 7 H2O → Cr2O7

2- + 6 SO4
2-+ 14H+ (19) 

While the initial conductivity of the solution (44 mS cm− 1) decreased 
slightly up to 240 min, it was measured above the initial value at the end 
of the electrooxidation (46 and 48 mS cm− 1 for BDD and 316L, 
respectively). In the case of using 316L cathode under the aforemen-
tioned operational parameters, the pH increase observed in the solution 
without phthalic acid and chromium species has not happened. In 
contrast, a course close to the initial pH value has been observed. Ac-
cording to this result, it can be said that the probability of occurrence of 
the aforementioned side reactions (Eqs. (12–14)) is reduced. 

This situation may be attributed to the priority of the organic residue 
to oxidation or the reaction progress which potentially requires enough 

persulfate formation to oxidize Cr(III). This observation may lead to 
further mechanistic and kinetic studies in the future. Based on the high 
TOC removal and Cr(VI) formation, the 316L/BDD electrodes pair was 
selected for the following experiments. Although results were not pro-
vided here, Ti Gr-2 cathode has shown near behavior with BDD. How-
ever, it has been observed that chromium deposition on the BDD cathode 
may affect the performance of the BDD/BDD couple for reuse. 

3.3. Anodic oxidation of KHP using BDD/316L cell in 0.45% Cr(VI) and 
4.05% Cr(III) containing medium 

Phthalic acid mineralization implying chromium oxidation/reduc-
tion cycle in the synthetic solution containing 0.45% Cr(VI) (and 4.05% 
Cr(III)) was prepared with Cr(OH)SO4, KHP, H2SO4, and Na2Cr2O7 in 
water (Table 1) and was investigated using BDD/316L steel cell. Elec-
trolysis was conducted at 50 mA cm− 2. 

TOC removal was enhanced in the solution containing initially 
0.45% Cr(VI) (and 4.05% Cr(III)) compared to the solution including 
only Cr(III) (4.5%). Cr(VI) concentration decreased until 240 min and 
then a sudden increase was observed (Fig. 3). Compared with the ex-
periments containing only Cr(III), this observation enhanced the idea of 
primary preference for oxidation of organic residue by generating 
oxidizing species than that of Cr(III), as well as the catalytic effect of 
persulfate to oxidation of organic residue by Cr(VI) or vice versa. The 
behavior of pH, conductivity, and temperature observed with the solu-
tion containing initially 0.45% Cr(VI) in the test solution was similar to 
those observed for the solution containing only Cr(III). 

Synthetic solutions with 0.45% Cr(VI) and 4.05% Cr(III) (initial so-
lution) were kept at 65 ◦C for 480 min (final solution). These solutions 
were analyzed for TOC and Cr(VI) parameters. TOC and Cr(VI) con-
centrations of initial and final solutions were the same value. This 
reference test showed that, under average Cr(VI) concentration and 
maximum temperature at which electrooxidation experiments were 
done, the removal of TOC was not possible without electrochemical 
oxidation. When the TOC removal efficiency of the synthetic solution 
through thermal activation of persulfate was examined, it was observed 
that persulfate was needed at very high concentrations, but a high 
mineralization degree could not be achieved. For example, 17% and 
44% of TOC removal rates were achieved after 6 h using 200 mM and 
600 mM of persulfate, respectively. 

3.4. Central composite design for removal of phthalic acid by 
electrooxidation 

The levels included in Central Composite Design (CCD) and the TOC 
removal percentages were given in Table 2. The total amount of 

Fig. 2. Evolution of TOC and Cr(IV) during anodic oxidation of Cr(III) and 
phthalic acid containing medium using (a) BDD/BDD and (b) 316L/BDD elec-
trode couples. Operating conditions: j = 50 mA cm− 2, Cr(III) = 4.5% (w/w as 
Cr2O3), TOC0 = 9.4 g L− 1. 

Fig. 3. Cr(III) and KHP oxidation in 0.45% Cr(VI) and 4.05% Cr(III) containing 
media with BDD/316L pairs. Operating conditions: TOC0 = 9.4 g L− 1, j = 50 
mA cm− 2. 
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chromium (Cr(III) + Cr(VI)) in the synthetic solution was kept constant 
at 4.5% by mass. The effects of current density, the percentage of Cr(VI) 
content by mass in solution, and the electrooxidation time on the TOC 
removal rate of acidic KHP solution were investigated. At the same time, 
the Cr(VI) percentage in the total chromium content in solution after 
electrolysis was determined. In the CCD experimental matrix containing 
20 experiments, the highest and the lowest TOC removal rate were 
96.4% and 8.9%, respectively. 

The multiple least-squares regression methodology is implemented 
to functionally investigate the relationship between the independent 
and dependent variables. The relationship between the mentioned in-
dependent and dependent variables is characterized by a mathematical 
model called the multiple least-squares regression model; the results in 
this study fit the quadratic model using Design-Expert software. For TOC 
removal efficiency, the polynomial equation of the estimated second- 
order polynomial model is given by Eq.(20).   

Various techniques are used to test the adequacy of a model, such as 
prediction error sum of squares (PRESS), Lack-of-fit test, Fisher’s test (F- 
test), and residual analysis. The analysis of variance (ANOVA) results for 
the quadratic model is depicted in Table 3. The effect of more than two 
independent variables on the model is performed using the ANOVA 
statistical method. The significance level (α) of the ANOVA analysis is 
accepted as 5% (p < 0.05). In case the F value is greater than the table 
value, the terms are considered to have a statistically significant dif-
ference by the F-test based on the null hypothesis. If the p-value deter-
mined by ANOVA is less than the α-value, which indicates that the result 
is significant, while in the opposite case, it is stated that the null hy-
pothesis is accepted, that is, the results are not significantly different 
[70]. 

As can be seen from the results, the F-value of the model (148.81) 
was higher than the tabulated F-value [F0.05, df(n− (df+1)) = 2.95] and the 
p-value was very low (<0.0001). The low p-value (Prob > F) indicates 
that the terms had high importance on the model. The error caused by 
the inconsistency of the mathematical form of the model is called the 
model inconsistency (lack of fit). The difference (residue) between the 
experimental data and the predicted values depends not only on the pure 
experimental error but also on the lack of fit. The lack of fit F-value of 
0.7143 implies the lack of fit is not significant relative to the pure error. 
The coefficient of variation (C.V) allows comparing the variability be-
tween disparate groups and characteristics and indicates the size of a 
standard deviation concerning its mean. Herein, a low C.V percent value 
was obtained as 5.16 in the quadratic model for TOC removal. The 
adequate precision value depicts the signal-to-noise ratio of the model 
(which should be greater than 4), is used to verify that a model is 
applicable in the navigation of the design space. 

According to the results, the significance order of the parameters (p 
< 0.05) was as follows; electrolysis time > current density > %Cr(VI). 
While the second-order effects of Cr(VI) percentage (x2

2) and electrolysis 
time (x3

2) were significant (p < 0.05), the second-order effects of current 
density (x1

2) was not included in the model because it was not significant 
(p greater than 0.05) (Table 3). 

The correlation coefficient (R2) which agreed with the experimental 
results with the predicted responses of the model was calculated as 
0.9908 (predicted R2 = 0.9674). Fig. 4a shows the correlation of 
experimental and estimated results. The residuals vs. run (Fig. 4b) and 
DFFITS vs. run (Fig. 4c) were scattered randomly. Residue expresses the 

difference between experimental results and the values predicted by the 
model. DFFITS stands for “difference in fits”. From the results within the 
red control limits, it can therefore be seen that the model is suitable for 
use and can be employed to identify the optimal mineralization 
parameters. 

3.5. Effects of operating parameters on TOC removal rate. 

The pH of the synthetic wastewater of 1.8, TOC content of 9.4 g L− 1, 
and total Cr content of 4.5% by mass were kept constant during exper-
iments. In CCD experimental matrix, the total chromium content (4.5% 
w/w) was prepared as Cr(VI) in the range of 0.00–1.13% and the 
remainder as Cr(III). The effect of current density, Cr(VI) content and 
electrolysis time on the mineralization of KHP solution by anodic 
oxidation was examined with 3-dimensional graphs in which one of the 
3 variables was kept constant. TOC removal values obtained in the 
experimental matrix prepared according to CCD were obtained in the 

Table 2 
Central composite design levels and results of KHP electrooxidation.  

Run Parameters Response  

x1: J (mA 
cm− 2) 

x2: Cr 
(VI) 
(%) 

x3: 
Time 
(min) 

TOC 
removal (%) 
Actual 
Predicted 

Final Cr(VI) 
(%) 

1 80.0 0.900 360 92.0 92.9 3.22 
2  70.0 0.562 240  61.2  63.7 0.69 
3  60.0 0.225 360  75.2  72.8 1.48 
4  86.8 0.562 240  75.5  74.8 1.45 
5  70.0 1.130 240  61.7  60.8 1.28 
6  70.0 0.562 240  62.6  63.7 0.86 
7  70.0 0.562 240  61.7  63.7 0.68 
8  80.0 0.225 120  30.5  31.0 0.06 
9  53.2 0.562 240  49.3  52.5 0.02 
10  70.0 0.562 240  61.5  63.7 0.88 
11  60.0 0.900 360  81.1  79.2 2.04 
12  70.0 0.562 442  96.4  98.9 2.61 
13  60.0 0.900 120  30.2  30.7 0.45 
14  80.0 0.900 120  39.1  40.0 0.49 
15  70.0 0.562 240  67.4  63.7 0.72 
16  70.0 0 240  44.9  47.8 0 
17  70.0 0.562 38  8.9  8.5 0.45 
18  70.0 0.562 240  68.7  63.7 0.78 
19  60.0 0.225 120  20.4  18.1 0.05 
20  80.0 0.225 360  91.9  90.0 2.09  

Table 3 
ANOVA results for validation of the designed quadratic model.  

Source Sum of Squares df* Mean Square F-value p-value 

Model 11,025 8 1378  148.81 < 0.0001 
x1 602 1 602  64.99 < 0.0001 
x2 203 1 203  21.92 0.0007 
x3 9871 1 9871  1065.83 < 0.0001 
x1x2 6.13 1 6.13  0.6614 0.4333 
x1x3 9.25 1 9.25  0.9983 0.3392 
x2x3 19.22 1 19.22  2.08 0.1775 
x22 160 1 160  17.30 0.0016 
x32 183 1 183  19.78 0.0010 
Residual 102 11 9.26   
Lack of Fit 47 6 7.84  0.7143 0.6565 
Pure Error 54.86 5 10.97   

*degres of freedom. R2 = 0.9908 R2
adj = 0.9842 R2

pred = 0.9674. 
C.V.% = 5.16 Adeq. Prec. = 44.30. 

TOC Removal(%) = +63.70 + 6.64x1 + 3.86x2 + 26.88x3 − 0.8750x1x2 + 1.08x1x3 − 1.55x2x3 − 3.32x2
2 − 3.55x2

3 (20)   
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range of 8.9 and 96.4%. 
When the electrolysis time is kept constant at 360 min, the effect of 

current density and Cr(VI) content on mineralization is given in Fig. 5a- 
b. During the mineralization of KHP solutions with different Cr(VI) 
content tested, the increasing current density increased the percentage 
of mineralization (Fig. 5a). Due to the increasing current density, the 
production of persulfate from the sulfate species found in the solution 
increases, and as a result, the formation of the sulfate radical is pro-
moted. Simultaneously, hydroxyl radical formation increased thanks to 
the BDD anode, and TOC removal was efficiently due to the effects of 
both radicals. It can be seen from Fig. 5a that the most effective TOC 
removal rate was found as 94.8% in the case of 0.675% Cr(VI) at 80 mA 
cm− 2 current density. However, for the current density of 60 mA cm− 2, 
75% and 80% TOC removal rates were achieved in the presence of 
0.225% and 0.675% Cr(VI), respectively (Fig. 5b). By increasing the 
current density to 75 mA cm− 2, the TOC removal achieved for the above- 
mentioned Cr(VI) amounts was determined as 74% and 90%. The net 
effect of Cr(VI) in the medium on the mineralization is more clearly 
demonstrated by comparing the two results performed at 70 mA cm− 2 

and ranked 15th and 16th in the experimental matrix (Table 2). At the 
aforementioned current density and after 240 min, only in the presence 
of Cr(III), 45% TOC removal was achieved, while the yield increased to 
67.4% at 0.562% of Cr(VI). 

Keeping Cr(VI) amount constant (0.540%), the combined effect of 
electrolysis time and current density on mineralization of KHP solution 
is depicted in Fig. 5c–d. As can be seen from this figure, electrolysis time 
is an important parameter and the mineralization rate of 90% required 
360 min electrolysis. However, this long time interval can be reasonable 
since the initial TOC level is very high (9400 mg L− 1). As the effect of Cr 
(VI) amount was considered, 0.540% of Cr(VI) existence has catalyzed 
the mineralization. Dichromate acts as a good oxidant in sulfuric acid, 
and its catalytic effect in the oxidation of many chemicals has been 
mentioned before. Shorter electrolysis times provided low mineraliza-
tion rates. For instance, for 120 min electrolysis, 25% TOC removal was 
achieved at 60 mA cm− 2 current density, while a 15% increase was 
achieved by increasing the current density to 80 mA cm− 2 (Fig. 5c–d). 

Similarly, the increase in current density resulted in a 15% increase 
in mineralization rate for 360 min electrolysis time. High current density 
has a great influence on the effective mineralization of KHP. On the 
other hand, current values exceeding 80 mA cm− 2 may not be preferred 
because of the extreme raising of heat, in addition to wasting energy due 
to the enhancement of side reactions such as hydrogen evolution and 
oxygen evolution reactions. 

Keeping the current density parameter constant (75 mA cm− 2), the 
combined effect of time and initial Cr(VI)% content on mineralization of 
KHP solution is depicted in Fig. 5e-f. As discussed in the previous sec-
tion, the electrolysis time is the most important parameter for KHP 

mineralization in an acidic medium. It is clear that the mineralization 
rate increases in a medium containing 0.630% or more Cr(VI), meaning 
that it acts as a catalyst at higher concentrations. 

Considering the applied intervals for each variable and the accept-
able TOC removal rate, the optimum parameters were determined as 70 
mA cm− 2 current density, 0.720% Cr(VI) content, and 360 min elec-
trolysis time. At these conditions, the quadratic model predicted 87.4% 
mineralization efficiency. When validation experiments were performed 
at optimal conditions, 85.1 ± 3.6% of the mineralization rate was 
obtained. 

The energy consumption (ECTOC) at the optimum condition was 
calculated as follows [33]: 

Energy consumption
(
kWh

(
kgTOC)

− 1)
=

IVt
(ΔTOC)Vs

(21) 

where I is the applied current (A), V is the average cell voltage (V), t 
is electrolysis time (h), Vs is the solution volume (L), and ΔTOC is the 
decay in TOC (kg L− 1). 

The energy consumption associated with an electrochemical process 
is an important factor in any treatment system. After 4, and 6 h of 
treatment at optimal conditions, the TOC removal rate resulted in 65%, 
and 85%, the energy consumption at the end of experiments were found 
to be 44 and 48 kWh (kgTOC)-1, respectively, according to Eq. (21). The 
ECTOC values of various wastewaters in previous electrooxidation 
studies are in a wide range depending on the characteristics of the 
wastewater [46]. For example, depending on the electrooxidation con-
ditions and wastewater properties, in the range of 70–389 kWh (kgTOC)-1 

energy consumptions were given for saline industrial wastewaters [71]. 
Jiang et al. [72] reported that the TOC content of synthetic wastewater 
containing Cr(III)-citrate complex (0.20 mM) was reduced as a result of 
electro-Fenton oxidation with BDD anode. In the case of using BDD 
anode, Cr(VI) formation was observed from oxidation of Cr(III) by hy-
droxyl radicals during the mineralization process. However, it has been 
reported that hydrogen peroxide production at the cathode partially 
inhibits Cr reduction. Then, by making the environment basic (pH 7), Cr 
(III)-Fe(III) oxyhydroxides were precipitated on the carbon felt cathode 
without any Cr(VI) formation being observed. It was reported that the 
total amount of chromium was reduced below 1.5 mg L− 1. However, this 
study aimed to reduce the TOC content without adding any external 
chemicals and to facilitate the conversion and recovery of chromium 
species in the process applied in the acidic medium. For this reason, the 
mixing of different metal types to chromium types is prevented from the 
beginning. Kurt et al. [73] also investigated the COD reduction potential 
of leather tanning industry wastewaters by the electro-Fenton process 
with iron electrodes at different pH, electrolysis time, and concentration 
of H2O2. The starting COD, pH, and total chromium values of the 
aforementioned wastewater are given as 2.81 g L− 1, 7.2, and 62 mg L− 1, 

Fig. 4. The plot of the CCD model for (a) predicted vs actual, (b) residuals vs run, and (c) DFFITS vs run.  
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Fig. 5. The effect of (a-b) Cr(VI) amount and current density (t = 360 min), (c-d) time and current density (Cr(VI) = 0.540%), (e-f) time and current density (j = 75 
mA cm− 2) on mineralization rate. 
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respectively. By adding 1670 mg L− 1 H2O2 oxidant at 15 W electrical 
power (1.5 A), 60% COD removal was achieved in 12 min. In the case of 
these conditions, the consumption of electrical energy was calculated as 
4.5 kWh (kgCOD)-1 removed. The dissolved Fe2+ ion concentration 
showed a linear increase depending on the applied current density and 
time. The organic and metal content and volume of the sludge formed 
because of Fe(OH)3 precipitation also varied depending on the applied 
flow and reaction time. If the pH value of the wastewater is adjusted to 
3.0, the COD removal increased to 73% as a result of 12 min of elec-
trolysis, while the energy consumption was given as 3.6 kWh (kgCOD)-1. 

As a result, it has been revealed that with the use of advanced elec-
trochemical processes (anodic oxidation and electro-Fenton), the effec-
tive mineralization of industrial wastes containing chromium and 
organic pollutants can be achieved, and the chromium species in the 
environment can be reevaluated or separated by precipitation if 
necessary. 

4. Conclusions 

The use of 316L steel, titanium Gr-2, and BDD electrodes as cathodes 
versus BDD anode was investigated in terms of their persulfate pro-
duction capacity in an acidic sodium sulfate medium. Considering the 
characteristics such as high mineralization efficiency, low cost, and easy 
handling, the 316L stainless steel was chosen as a suitable cathode of 
anodic oxidation vs BDD anode for the treatment of KHP wastewater in 
this study. In summary, the existing sulfate species in the wastewater 
allowed to effectively form persulfate ions and sulfate radicals on the 
BDD anode. Besides this, the increase in sulfate radical formation as a 
result of the activation of persulfate with electrochemical, heat, and 
available Cr(III) ions enabled effective mineralization. It was observed 
that Cr(VI) catalyzes the degradation/mineralization of KHP in waste-
water. The TOC removal was accompanied by an increase in Cr(VI) 
concentration in the solution. The effect of current density, electrolysis 
time, and Cr(VI) content for effective mineralization of synthetic KHP 
wastewater containing chromium species with high TOC content was 
realized using the response surface methodology and central composite 
design. The optimal operating conditions to be applied for 85.1% 
mineralization of KHP solution with an initial TOC content of 9400 g L− 1 

were determined as 70 mA cm− 2 current density, 360 min electrolysis 
time, and 0.720% Cr(VI)-3.780% Cr(III) content. Thus, the strongly 
TOC-reduced wastewater will facilitate the conversion and recovery of 
chromium species during/after the treatment. 
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[68] S. Uzunboy, Ö. Karakas, S. Demirci-Çekiç, R. Apak, Sulfate radical formation by Cr 
(III) activation of peroxydisulfate –Diphenylcarbazide spectrophotometric 
determination of sulfate radical and its scavenging activity, Spectrochim. Acta A 
Mol. Biomol. Spectrosc. 260 (2021) 119941, https://doi.org/10.1016/j. 
saa.2021.119941. 

[69] H. Peng, J. Guo, Z. Liu, C. Tao, Direct advanced oxidation process for chromium 
(III) with sulfate free radicals, SN Appl. Sci. 1 (2019) 14, https://doi.org/10.1007/ 
s42452-018-0020-0. 

[70] L.M.S. Pereira, T.M. Milan, D.R. Tapia-Blácido, Using Response Surface 
Methodology (RSM) to optimize 2G bioethanol production: A review, Biomass 
Bioenerg. 151 (2021) 106166, https://doi.org/10.1016/j.biombioe.2021.106166. 
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