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Abstract

The mineral industry consumes a large amount of xanthate as collector, especially for the sulfide mineral’s flotation. None-
theless, the significant amount of xanthate also discharged from the processing plants, in proportion to the amount of used
xanthate. In this work, the hazardous aqueous xanthate was aimed to be removed from water using electrocoagulation with
three different electrodes: aluminum, iron and copper. Three separate experimental setups and designs were formed. The
response surface methodology was implemented for the estimation of mathematical models for each electrode used in the
electrocoagulation. All models were found statistically significant with p-values <0.0015 and adjusted R>-values > 0.95.
According to the formed linear and quadratic models, the commonly used aluminum electrodes in the literature proved
to be useless for the elimination of xanthate. The dissolved aluminum could not react with xanthate, and no precipitation
was observed during the treatment. Iron electrode yielded better results than aluminum when the system parameters were
statistically optimized at pH 6.54 and electrical current of 0.6 A. The most effective formation of hydroxyl ferric xanthates
was actualized at these specific levels of parameters, and the maximum removal% of xanthate was obtained as 82.34%. On
the other hand, the last electrode made from copper remarkably decreased the concentration of xanthate with a removal% of
100%. The copper ions released from the electrodes with the help of electricity had a great affinity for xanthate. Following
the electrocoagulation process, Cu(I) ethyl xanthate/Cu(Il) ethyl xanthate efficiently precipitated, forming a yellow solid
sediment at the bottom of the reactor. Consequently, the maximum desirability values for the removal of xanthate were found
as 0.0037, 0.7700 and 1.000 respectively for aluminum, iron and copper electrodes. Based on this statistical optimization,
the copper electrodes enabled the accomplished separation of hazardous xanthate from water using electrocoagulation at
pH 9 and electrical current of 0.6 A.
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Introduction undesired particles hydrophilic. Once this surface rendering

process is completed, the hydrophobic (air-avid) particles

The mineral industry, all around the world, employs a phys-
icochemical technique called froth flotation, especially for
the concentration of sulfide-containing complex ore depos-
its. This flotation method is a three-phase system comprising
solid minerals, liquid water molecules and air bubbles. It
relies on the differences between the surfaces of the natu-
ral mineral particles (Harjanto et al. 2021). The principle
idea behind this physicochemical separation is to render the
desired (valuable) mineral’s surface hydrophobic and the
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are attached themselves to air bubbles and rise upward alto-
gether by under SG,;, bubbles < SG,,,.,- On the other hand,
the hydrophilic (water-avid) particles prefer to contact water
molecules instead of air bubbles (Farrokhpay 2011). The
concentration is effectuated by simply removing of top froth
layer that involves valuable hydrophobic particles.

The flotation reagents, which make a mineral’s surface
hydrophobic, are called as collector. There are varying types
of collectors that are specifically designed depending on the
physical and chemical properties of the targeted minerals.
Xanthate is the most common collector for the flotation of
complex sulfide ores (Chen et al. 2021). This reagent is cate-
gorized as an anionic collector with a combination of carbon
dioxide, sodium hydroxide and alcohol. It presents a mild
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acid property in an aqueous medium. The number of carbon
in its molecular structure determines its collecting power in
the flotation process (Kang and Hu 2017). Xanthates with
a carbon number of 2 or less provide a weak floatability to
the sulfide ores, and they are only applicable to easily float-
able minerals. However, xanthates with a larger number of
carbon lead to a longer hydrocarbon chain in their molecular
structure. Once these longer hydrocarbon chains adsorb on
the mineral surface, forming head-to-tail extension into the
water, the solid matter becomes more hydrophobic. It also
results in higher recoveries considering the process efficien-
cies (Chen et al. 2021).

Xanthate can be used for several mineral flotation plants
industrially. For example, pyrite concentration can be done
by the xanthate application at slightly acidic pH values (Mu
et al. 2015). Galena processing plants also benefit from the
xanthate collecting ability at a pH of 7-9 (Vucini¢ et al.
2006). Many other sulfide minerals that contain copper
and sulfur can be enriched easily since there is a high affin-
ity between Cu™™* on the surface and xanthate molecules
(Bowden and Young 2016). Although sphalerite has a
low floatability, xanthate can be used to make this mineral
hydrophobic provided that its surface is initially activated
with Cu™™ ions. As it can be understood from these min-
eral industries that compulsorily rely on the vast amount of
the collector consumption, there is an overgrowing world-
wide demand for xanthate as well as copper, lead, zinc, etc.
Shen et al. (2020) estimated that the global annual xanthates
consumption, just by the mining companies, will be over
370,000 tons in 2025.

The continuous increase in xanthate consumption may
lead to detrimental occupational health and safety risks,
environmental hazards and non-sustainable production
(Shen et al. 2016). When xanthates are discharged from a
processing plant or leaked from tailing ponds, they can eas-
ily mix with the underground water reservoir, natural spring
waters or riverine/lake ecosystems. The presence of xan-
thates in such water bodies results in severe contamination.
Xu et al. (1988) studied and proved the bioaccumulation of
xanthate in aquatic organisms. For example, the plant called
Lemna Minor can absorb xanthate with a bioaccumulation
factor as high as 1000 (Xu et al. 1988). The cellular uptake
of heavy metals like cadmium, lead copper also increased in
direct proportion to the bioaccumulation of xanthate. This
co-tendency was explained by the high chemical affinity
between the heavy metals and xanthates. As a result, the
contamination of xanthate becomes more hazardous since
it carries strong complexes of heavy metals with it (Boen-
ing 1998).

Furthermore, the toxic effect of xanthate on aquatic
organisms was studied in the literature. Bertillas et al. (1985)
proved that the presence of xanthates in water bodies was
severely toxic to fish, algae and bacteria. Nevertheless, it
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was observed (Bertillas et al. 1985) that there is an excellent
increase in metal toxicity in the presence of heavy metals
and xanthates /up to 3.5 times for fish 25 times for algae).
In addition to its indirect metal toxication effect, xanthates
can be hydrolyzed in the human body, degrading into alco-
hol and carbon disulfide. In particular, the latter degradation
product can cause acute toxicity with several health issues
like reproductive effect and neurological problems DeMar-
tino et al. 2017). The handling, transportation and applica-
tion of xanthate should be carried out very carefully because
the previously mentioned carbon disulfide can be released
with an intensive decomposition of xanthate in an alkali
media. This undesirable decomposition during the process
can affect sustainable production (loss of reagent), and it
releases very toxic (and flammable) gas in the working area.

In this work, an alternative electricity-based treatment,
which has not been previously practiced in the published
literature to eliminate xanthate contamination in water, was
experimented. The primary objective (1) was to investigate
the applicability of the electrocoagulation process for the
treatment of xanthate-containing water. Secondly (2), three
different metal electrodes were attached to the electrocoagu-
lation reactor to reveal the metal-dependent performance of
the process, comparatively. Thirdly (3), the statistical models
were estimated using response surface methodology based
on the experimental data. Thereafter (4), the effect of the
parameters (pH and electrical current) on the treatment
efficacy was explained one by one for each electrode type.
Finally (5), the optimization study was conducted to deter-
mine the best-operating conditions and metal type for this
physicochemical process.

Material and methods

Xanthate, which is a typical collector used for the flotation
of complex sulfide ores in the mineral industry (Acker-
man et al. 1987), was procured from a local supplier (ECS
Kimya). However, in this work, xanthate was preferred to
mimic a specific aqueous contaminant generated in mineral
processing plants. The required amount of xanthate pellets
were mixed and wholly dissolved in 1 L of distilled water
(TDS < 1 ppm) at 1000 rpm. The resultant stock solution had
a concentration of 2 mM.

SOIF UV-5100H Single Beam Spectrophotometer (UV/
VIS 200-1000 nm) was used to determine xanthate con-
centration. The xanthate-containing solution was firstly
analyzed between 250 and 340 nm. The output spectrum
between these wavenumbers was stated, and a unique peak
was identified at 301 nm. The previous research papers
(Prestidge et al. 1994; Fornasiero et al. 1995; Grano et al.
1997; Sun and Forsling 1997; Hao et al. 2008; Agorhom
et al. 2014) also confirm this same peak value of xanthate.
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The spectrophotometric analysis to determine xanthate
concentration was conducted at 301 nm. In the next stage,
varying concentrations from the pure water to the xanthate-
containing stock solution were tested, and the correspond-
ing absorbance values were plotted. A linear model was
obtained after a statistical regression between the collected
data points with a large R*-value of 0.9956. This model iden-
tified the variation in the data with the following equation:
y=0.0888x+0.0037. Based on this linear equation between
the absorbance and the concentration, all required concentra-
tions were estimated, contributing to the performance evalu-
ation of the electrocoagulation experiments.

Three different sets of experiments were carried out
considering the previously mentioned setups in published
literature (Akansha et al. 2020; Balouchi et al. 2020). The
chemical compositions of the aluminum, iron and copper
electrodes were 99.95%-Al, 98.6%-Fe and 99.5%-Cu. Alu-
minum, iron and copper electrodes were separately tested
to remove the aqueous xanthate. These experimental setups
are shown in Fig. 1. 150 mL representative samples was
taken from the xanthate-containing stock solution. Then,
they were put into 200-ml beakers for each experiment
and vigorously mixed with the help of the magnetic stir-
rer beneath the beaker. Following that, the desired metal
electrode was dipped into this solution. The electrodes were

wired to GWINSTEK Power Supply for the completion of
the circuit of the electrocoagulation reactor.

The two most critical independent parameters were
selected and used during the electrocoagulation experi-
ments: the pH of the solution (X;) and the applied electri-
cal current (X,). The desired value of the solution pH was
adjusted by using 0.1 M NaOH or 0.1 M HCI. The minimum
(= 1), intermediate (0) and maximum (1) values of the solu-
tion pH were 5, 7 and 9, respectively. The desired values of
the applied electrical current were adjusted by using a digital
panel of the power supply. The minimum (— 1), intermedi-
ate (0) and maximum (1) values of the applied electrical
current were 0.1 A, 0.35 A and 0.6 A, respectively. The
experimental design + response surface methodology had
been implemented to statistically analyze the effect of these
parameters on the xanthate removal % (Y). The face-centered
central composite design method, as one of the most com-
monly preferred fractional factorial designs in the literature
(Bhattacharya 2021), was used for the systematic investi-
gation of these process parameters, especially in the water
treatment discipline (Karimifard and Moghaddam 2018;
Nasseri et al. 2020; Saber et al. 2021). For the statistical
evaluation and modeling of the obtained experimental data,
Design Expert (Demo Ver.) software was used. The software
generated a certain number of random runs for the central

XANTHATE-CONTAINING STOCK
SOLUTION

/_l\’

1st Experimental Setup

Electrocoagulation experiment was
carried out with
ALUMINUM ELECTRODES

Fig. 1 Experimental setup of electrocoagulation

2nd Experimental Setup

Electrocoagulation experiment was
carricd out with
TRON ELECTRODES

3rd Experimental Sctup

Electrocoagulation experiment was
carricd out with
COPPER ELECTRODES
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composite design, and the related experimental template was
determined as stated in Table 1. Once all required experi-
mental results were completed in the laboratory, the xanthate
removal % was introduced to the software as the response
values (Table 1):

1. The best models for each experimental setup were des-
ignated regarding the statistical indicators.

2. The response surfaces were formed within the experi-
mental boundaries.

3. The parameters were optimized for the maximum
removal percentages of xanthate.

With the help of this statistical work, the effect of the
parameters on the responses, the proper electrode selection,
the highest performance achievements for each electrode
(aluminum, iron or copper) was aimed to be revealed for
the treatment of this harmful chemical used frequently in
the mining industry.

Results and discussion

Three electrocoagulation experiments were carried out
with three different electrodes, aluminum, iron, copper. The
mechanism of the process was tried to be explained with
previously published adsorption/surface precipitation works
since there is no current direct study related to the xanthate
electrocoagulation in the literature.

Firstly, the aluminum electrodes were tested since this
material was frequently used in wastewater treatments
(Sharma et al. 2021; Siirme and Demirci 2014; Nyangi
2021). Figure 2 shows that the maximum removal efficiency
of xanthate was only 4% in this case of electrocoagula-
tion. Almost no chemical affinity was observed between
aluminum released from the electrode and the aqueous

Table 1 Face-centered central composite experimental design
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Fig. 2 Electrocoagulation by using aluminum electrodes

xanthate. The color of the solution could not be cleared.
The worst electrocoagulation performance was obtained
with aluminum within the studied range of the parameters.
Although the literature (Rezaei et al. 2018; Amrollahi et al.
2019; Salarirada et al. 2021) indicated that the removal of
xanthate is possible through its adsorption on the aluminum-
activated solid surfaces like Al-bentonite, Al-activated
carbon, etc., this experimental work showed that the direct
precipitation with aluminum-based electrocoagulation was
not possible. Iron was used as a second electrode material
(Fig. 3). While the removal performance of the iron-based
electrocoagulation was insufficiently low at pH 9, it became
much better with a level of 80% at pH 6.5 comparing to the
aluminum electrode. Noirant et al. (2019) claimed that the

Run# pH of solution Electrical cur- Experimental xanthate removal% Experimental xanthate Experimental xanthate

rent (A) with aluminum electrode removal% with iron electrode  removal% with copper
electrode

1 1 1 0 42 100

2 1 -1 0 25 59

3 -1 -1 3 45 45

4 0 -1 1 64 53

5 0 1 2 78 88

6 1 0 0 38 86

7 -1 0 3 62 63

8 -1 1 4 68 72

9 0 0 2 74 80
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Fig.3 Electrocoagulation by using iron electrodes

xanthate chemisorption is possible through iron on mineral
surfaces. Deng et al. (2021) confirmed this and reported that
iron xanthate can be formed on the pyrite surface. Another
study (Amin et al. 2019) tested and proved that xanthate
with aqueous iron in the absence of electricity was possi-
ble. The chemical affinity between the iron released from
the electrodes and xanthate was affirmed with the literature,

Table 2 Comparison of the linear, 2FI, quadratic and cubic models

also. The copper electrode was tested as a third and final
treatment. At pH 9, the copper-based electrocoagulation pro-
duced a proficient outcome of 100% removal of xanthate.
The electrical current at 0.6 A also contributed to the suc-
cess of the process. In the other physicochemical process
like froth flotation, the dissolved copper can be used as an
activator for sulfide minerals (Bu et al. 2019). Once the min-
eral surface was activated, the adsorption of xanthate can
be enabled (Wang et al. 2019). This means that the xanthate
chemisorbed itself on the particle through this copper (Xia
et al. 2019). The copper ions have a strong complexation
ability with xanthate as proved in this work. As a result, a
superior removal of xanthate can be achieved with only cop-
per electrodes rather than aluminum and iron.

After the completing of the laboratory tests, three col-
lected data sets were statistically analyzed, and the differ-
ent regression models were tested. The linear, 2FI, quad-
ratic and cubic models’ suitability was checked for each
data set based on the p-value and R? as shown in Table 2.
The first regression model that belongs to the electroco-
agulation via aluminum electrodes were merely linear
(p-value <0.0001 and R*>=0.9506). On the other hand, the
second (p-value <0.0011 and R*>=0.9858) and third models
(p-value <0.0202 and R*=0.9911) that represent the electro-
coagulation via iron and copper electrodes were suggested
in quadratic form. The minimal coefficients of the estimates
of the linear model refer that pH levels (X;) and electrical
current (X,) had almost no mathematical contribution on
xanthate removal % (Y) throughout the electrocoagulation
process when aluminum electrodes were used. Nonetheless,

Model-1: Aluminum electrodes Sequential Adjusted Predicted

Source p-value R? R?

Linear <0.0001 0.9506 0.9085 Suggested
2FI 0.1438 0.9630 0.9189

Quadratic 1.0000

Cubic 0.7746 0.8889 -1.5312 Aliased
Model-2: Iron electrodes Sequential Adjusted Predicted

Source p-value R? R?

Linear 0.1310 0.3229 —0.0967

2FI 0.8616 0.1929 —-1.2515

Quadratic 0.0011 0.9858 0.9382 Suggested
Cubic 0.3549 0.9946 0.8776 Aliased
Model-3: Copper electrodes Sequential Adjusted Predicted

Source p-value R? R?

Linear 0.0003 0.9155 0.8549

2F1 0.2095 0.9283 0.8261

Quadratic 0.0202 0.9911 0.9723 Suggested
Cubic 0.9001 0.9784 0.5090 Aliased
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Table 3 ANOVA tables and omission of nonsignificant terms

Initial version of Model-1 for aluminum electrodes

Improved version of Model-1
for aluminum electrodes (after
statistically nonsignificant terms
are removed)

Omitted terms

Source Sum of squares df Mean square F value p-value
Prob>F
Model 17.33 2 8.67 78.00  <0.0001 Significant No terms required omis- No terms were omitted
A-A 16.67 1 1667 150.00  <0.0001 Significant ~ Sion since all terms had a
B-B 0.67 1 067 600  0.0498 Significant | vAlue<0.05
Residual 0.67 6 0.11
Cor total 18.00 8
R? 0.9630
Adj R 0.9506
Pred R 0.9085
Adeq precision 20.785
Initial version of Model-2 for iron electrodes Improved version of Model-2 for iron electrodes (after statisti- Omitted
cally nonsignificant terms are removed) terms
Source  Sumof df Mean F value p-value Source  Sumof df Mean F value p-value
squares square Prob>F squares square Prob>F
Model 263278 5 526.56 111.94 0.0013  Signifi- Model 2586.22 3 862.07 71.05 0.0002  Signifi- AB
cant cant B2
A-A 1118.81 1 1118.81 237.86 0.0006  Signifi- A-A 1112.65 1 1112.65 91.70 0.0002  Signifi-
cant cant
B-B 97.37 1 97.37 20.70 0.0199  Signifi- B-B 486.00 1 486.00 40.05 0.0015  Signifi-
cant cant
AB 9.00 1 9.00 1.91 0.2606 A? 1283.56 1 1283.56 105.79 0.0001 Signifi-
cant
A? 1283.56 1 1283.56 272.88 0.0005  Signifi- Resid- 60.67 5 12.13
cant ual
B? 37.56 1 37.56 7.98 0.0664 Cor 2646.89 8
total
Residual 14.11 3 4.70 R? 0.9771
Cor total 2646.89 Adj R 0.9633
R 0.9947 Pred R* 0.9258
Adj R? 0.9858 Adeq 23.684
preci-
sion
Pred R 0.9382
Adeq 30.212
preci-
sion
Initial version of Model-3 for copper electrodes Improved version of Model-3 for copper electrodes (after statisti- Omitted
cally nonsignificant terms are removed) terms
Source  Sumof df Mean F value p-value Source Sumof df Mean F value p-value
squares square Prob>F squares square Prob>F
Model  2630.78 5  526.16 179.83 0.0006  Signifi- Model 2614.72 4  653.68 10529 0.0003  Signifi- A?
cant cant
A-A 2639 1 26.39 9.02 0.0575 - A-A 53.61 1 53.61 8.64 0.0424  Signifi-
cant
B-B 80.90 1 80.90 27.65 0.0134  Signifi- B-B 80.90 1 80.90 13.03 0.0226  Signifi-
cant cant
AB 49.00 1 49.00 16.75 0.0264  Signifi- AB 49.00 1 49.00 7.89 0.0483  Signifi-
cant cant
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Table 3 (continued)

Initial version of Model-3 for copper electrodes Improved version of Model-3 for copper electrodes (after statisti- Omitted
cally nonsignificant terms are removed) terms

Source  Sumof df Mean F value p-value Source  Sumof df Mean F value p-value
squares square Prob>F squares square Prob>F
A? 16.06 1 16.06 549 0.1010 B? 9339 1 93.39 15.04 0.0179 Signifi-
cant
B? 9339 1 93.39 31.92 0.0110 Signifi- Resid- 2483 4 6.21
cant ual
Residual 8.78 3 2.93 Cor 2639.56 8
total
Cor total 2639.56 8 R? 0.9906
R? 0.9967 Adj R 0.9812
Adj R 0.9911 Pred R? 0.9657
Pred R? 0.9723 Adeq 30.153
preci-
sion
Adeq 40.096
preci-
sion
o 100 = optimization work. All terms in the initial Model-1 had a
o __g= ::/:// N p-value < 0.05 and no improvement was required for this
% 80 4 o f///A/ j/*f"#' simple linear model. Also, the p-value of Model-1 more
‘ac: == /‘; T . ° minor than 0.0001 confirmed the statistical significance of
% 60 A;///O o the estimated model. For Model-2, AB and B? in Model-2
o o and A% in Model-3 were omitted since they had a p-value
% ./'/,,‘ of 0.2606, 0.0664 and 0.1010, respectively. All remaining
§ 401 terms had a statistical significance for this study, and they
% were included in the mathematical models.
;‘f 20 4 ANOVA tables of the improved models indicated that the
><<% mathematical expressions are statistically significant since
0 ' ' ' ' ' their p-values were smaller than 0.05, as shown in Table 3.
4 5 6 7 8 9 10 This statement confirms that the models were capable of
pH the proper representation of three experimental data sets.
Eloctrioal Current. 0.1A According to these models” R, adjusted-R? and predictive-

o Electrical Current: 0.2A

——-w-——  Electrical Current: 0.3A
——A-—--  Electrical Current: 0.4A
— & — Electrical Current: 0.5A
—-—0O—-—  Electrical Current: 0.6A

Fig.4 Electrocoagulation by using copper electrodes

the coefficients of the estimates in Model-2 and Model-3
were higher, proving that the selected independent variables
(X, and X,) had a substantive practical effect on the response
(Y) in the presence of iron and copper electrodes.

The suggested linear and quadratic models in Table 2
was investigated in detail and it was observed that some
terms were statistically nonsignificant. These terms with
a p-value > 0.05 were discarded from the initial models in
Table 3, aiming for a higher capability for the modeling and

R? values, the substantial amount of the total variation in the
collected data sets was efficiently explained. For instance,
all R*indicators were very close to the ideal/perfect case
expounded by R*= 1. Adeq Precisions were also tested, and
the resultant ratios showed a little noise and a high level of
signal for each one. Therefore, adequate precision (20.785,
23.684 and 30.153, respectively) was proved for the esti-
mated models since they were higher than the reference
value 4.

The normal plots of the residuals were used as diagnostic
tests to analyze the models graphically. As shown in Fig. 4,
the residuals mostly intensified close to the red-colored
straight lines, and there were no outlier data points through-
out the plots. Since there was no non-normal error distribu-
tion, the normality assumptions were checked as valid. The
proven normality and homoscedasticity (Fig. 5) provided an
excellent ability to correctly forecast the xanthate removal
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(a) Normal Plot of Residuals (b) Normal Plot of Residuals
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Fig.5 Studentized residuals of the models (a Model-1, b Model-2, ¢ Model-3)

percentages. The comparative plots of the observed versus
the estimated response values (Fig. 6) showed that all data
points followed a 45° angle line. This tendency endorsed
the successful model fittings and the high level of prediction
power of the linear and quadratic models.

The most common electrodes used in previously pub-
lished electrocoagulation studies (Aitbara et al. 2016;
Safwat et al. 2019; Zini et al. 2020) are aluminum elec-
trodes. The solid aluminum electrodes dissolved and hydro-
lyzed into varying aqueous species under electrical cur-
rent during the electrocoagulation process. The hydrolysis

@ Springer

products of aluminum have been found very efficient for
wastewater treatment. They form polynuclear species
(Bertsch and Parker 1996) like Al,(OH),*", Al,(OH),*,
AL{(OH),™, Alg(OH),0(H,0)5*, Alg(OH)5(H,0),,"",
Als,(OH), 44,(H,0)54'%* and Al,;0,(0H),,(H,0),,”" and
these active aqueous phases can chemically interact and
eliminate target matters in most wastewater, efficiently
(Hu et al. 2016; Palacios et al. 2016). Based on this fact,
the aluminum electrodes were tested for the removal of
xanthate, and their results were stated in Fig. 7. The per-
centages of the xanthate removal were almost zero at pH
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Fig.6 Predicted versus actual (experimental) values (a Model-1, b Model-2, ¢ Model-3)

9, and the increase in the electrical current by no means
improved it. While pH reduced from 9 down to 5, a very
slight variation was observed, xanthate removal efficiency
was only around 3%, and the yellow-colored water contam-
inated by xanthate could not be treated with the aluminum
electrodes. Although the dissolved aluminum forms potent
coagulating agents, as mentioned above, they could not
form insoluble compounds with xanthates. Conclusively,
the expected sequence of the precipitation and coagulation
failed throughout the studied range of the parameters.

Secondly, iron electrodes were attached to the electro-
coagulation reactor, and the test results were summarized
in the contour plots. The better xanthate removal efficien-
cies were obtained by using iron electrodes compared to
the former aluminum electrodes. According to the gener-
ated lines in Fig. 7, the removal efficiencies were only
between 24 and 42% at pH 9. The dissolved iron from the
anode could not ably react with xanthate at this pH level.
Iron ions principally precipitate as xanthate-free oxide
forms (Sheikh and Leja 1977). When the solution pH was
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Fig.7 Effect of individual factors and their synergistic interaction effect on xanthate removal when aluminum electrodes were implemented

(Model-1)

adjusted to 6 and 7, a more efficient xanthate removal was
observed since the co-precipitation of iron and xanthate
took place instead of iron oxide phases. Nonetheless,
Fig. 8 shows that the electrical current was significant,
as much as the solution pH. The increase in the electrical
current to 0.6 A at pH 6.5 expressively enhanced the effi-
ciency of the process up to 82%. The previous researchers
carried out the thermodynamic calculations about a simi-
lar system containing iron xanthate—water (Sheikh 1972).
They found out that ferric xanthate Fe(EX)3(,5;q) can be
observed regardless of whether Fe?*, Fe’*, EX~ and (EX),
are used as reactants under the relevant conditions, and it
was clear that ferric xanthates are only stable in severe
acidic conditions (Wang et al. 1989). On the other hand,
hydroxyl ferric xanthates Fe(OH),(EX);_,so1ia) 18 Precipi-
tated since they are more stable around the neutral pH
levels (Sheikh and Leja 1977). Based on this, the red-
colored region on Figs. 8 and 10, which was obtained by
using the iron electrodes at around /=0.6 A and pH 6.5,
thermodynamically corresponded to the precipitation zone

@ Springer

of hydroxyl ferric xanthates. As a result, a more consider-
able amount of xanthates could be removed from water via
iron electrodes due to the formation of the stable hydroxyl
ferric xanthates, for instance, Fe(OH)y(EX) oji4)-

Thirdly, the copper electrodes were also tested to treat of
the xanthate-contaminated water. However, the previously
mentioned aluminum and iron electrodes have been more
commonly used in the related literature and studies (Shah
et al. 2021). As shown in Fig. 9, the implementation of the
copper electrodes in the reactor easily removed 48-58% of
the xanthate even though the lowest level of electrical cur-
rent was applied. Since the higher energy made more cop-
per dissolve into the solution from the solid electrodes, this
precipitating and coagulating agent in this system became
more concentrated. As a result, much better results were
obtained when the current increased up to 0.6 A, according
to Model-3. As discussed in the previous cases, the solution
pH was also critical for the electrocoagulation with the cop-
per electrodes. When NaOH was incrementally added into
the solution, a progressive improvement for the process was
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Fig. 8 Effect of individual factors and their synergistic interaction effect on xanthate removal when iron electrodes were implemented (Model-2)

observed. The best results (Fig. 9) were experienced at pH 9,
reaching an almost complete xanthate removal level.

The aqueous chemistry of the copper—xanthate—water sys-
tem contributes to the comprehension of the process. The
interaction of aqueous copper and xanthate resulted in vary-
ing complexes in the form of cuprous and cupric species.
These complexations were substantiated through several
paths as a function of pH. Between pH 6 and 9, monovalent
copper can form Cu(I) ethyl xanthate species in water.

Cut + X~ - CuX ¢))

Another chemical reaction path reported in the litera-
ture (Voigt et al. 1994) was about the divalent copper. The
hydroxyl species of Cu(Il) can react with aqueous xanthate,
and as a result, they form dixantogen, Cu(I) ethyl xanthate
and Cu(II) ethyl xanthate (Scendo 2005). These reactions (2,
3) are not restricted to acidic and neutral pH levels (Voigt
et al. 1994) in contradiction to the previously mentioned
aqueous systems of iron and xanthate. When pH increased

up to 9 as in this study, the reactions (2, 3) became more
dominant. In this case, the performance of the process was
mainly governed by the given reactions as follows.

Cu™ 42X~ — CuX + 1/2X, )

4Cu** + 8X~ — 2CuX, + 2CuX + 1/2X, 3)

The results of the experiments showed good parallel-
ism with this specific literature information, and the per-
formance of xanthate removal substantially improved up
to ~ 100% by increasing pH to 9 thanks to the formation of
both cupric xanthate and cuprous xanthate (Chang et al.
2002).

It should be noted that, in the scope of this work, all
experiments were carried out with the clean electrodes, and
also, the duration of the electrocoagulation process was lim-
ited. However, there can be a high tendency for the surface
precipitation of cupric xanthate and/or cuprous xanthate
(Souto et al. 1996) on the copper electrodes. If the above
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Fig.9 Effect of individual factors and their synergistic interaction effect on xanthate removal when iron electrodes were implemented (Model-3)

precipitation reactions take place on the electrodes, the thin
film growth of copper xanthate (Scendo 2005) can prevent
the dissolution of copper ions from the electrodes, affecting
the efficiency. Although the surface coverage of the elec-
trodes always generates technical difficulties in any electro-
coagulation process, the high affinity between the copper
electrode and xanthate ions should be specifically considered
for further similar researches.

After the effect of the parameters on the response was
determined for each experimental setup and the related sta-
tistical model, the maximum removal percentages obtained
with aluminum, iron and copper electrodes were determined
at this stage of the work. The desirability studies were car-
ried out for this purpose. The desirability contours were
generated between O and 1 based on the response surfaces
(Fig. 10) constructed on the previously estimated statisti-
cal equations (Table 4). In this contour map, O refers to
non-desirable conditions, and 1 indicates the maximum
desirability depending on the declared case-specific target
(Maximization or Minimization of Removal Percentages)
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given in Table 5. When the minimization was targeted for
the response variable, the aluminum, iron and copper elec-
trodes could only remove 0%, 26.00% and 45.00% of the
total aqueous xanthate. The main reasons for these low-
efficient treatments were linked to the low electrical current
application at 0.1 A and inappropriate aqueous chemistry,
including the solution pH and the type of the hydrolyzable
cation dissolved from the electrode.

On the other hand, to find out the most efficient process
conditions for the highest removal percentages, the response
variable was explicitly targeted to 100% (Desirability = 1)
for each model, as stated in Table 5. The lowest desirability
of 0.037 was estimated for this target when aluminum elec-
trodes were used in the experiments. This value was very
close to non-desirable zero, and it proved that aluminum
electrodes yielded a result far from being acceptable with a
removal% of only 3.67. The next maximum desirability was
determined as 0.77 for Model-2: Electrocoagulation with
iron electrodes (Table 4). The attachment of iron electrodes
to the electrocoagulation reactor significantly enhanced
the xanthate removal performance up to 82.34%. The
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Fig. 10 Optimization work and the related response contours for the models (a Model-1 for aluminum electrode; b Model-2 for iron electrode; ¢
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Table 4 Statistical models

Model-1: Electroco- Model-2: electroco- Model-3: Elec-

agulation by using agulation by using iron trocoagulation

aluminum electrodes  electrodes by using copper
electrodes

Y= Y= Y=

+7.033 —2210.10 +18.140

-0.833*X, +82.833*X, +2.9667*X,

+1.333*X, +36.00* X, +96.20000 * X,

-6.333%X,? +7.00000* X, *X,

—109.333%X,2

Y: Xanthate removal percentage/response variable
X,: pH level
X,: Applied electrical current

desirability work signified the solution pH at 6.54 and the
electrical current at 0.60 A to reach this high removal rate.
Notwithstanding the formation of hydroxyl ferric xanthates
(Wang et al. 1989; Kydros et al. 1994) at these optimized
values of the parameters, the aimed response percentages of
100% could not be achieved within the studied ranges. None-
theless, the copper electrodes for the treatment were found
very beneficial for the removal of xanthate. The desirabil-
ity was estimated as 1 within a very narrow confidence of
interval. Table 4 and Fig. 10 prove that a complete xanthate
removal (100%) was succeeded by using copper electrodes
instead of the iron and aluminum ones. The statistical opti-
mization recommended the use of the highest level of pH
(9) and the highest electrical current (0.59 A) for the effica-
cious electrocoagulation treatment. This statistical finding

Table 5 Results of the optimization studies for varying target values

was tested three times in the laboratory, and the outcome, as
shown in Fig. 11, checked the success of the water treatment
under these optimized conditions. Xanthate was precipitated
in the form of a yellow-colored solid matter (Fig. 12), and
these residues sedimented very fast due to the optimized
electrocoagulation process, leaving a clear supernatant.

In conclusion, the electrocoagulation method was quali-
fied as a useful alternative technique for eliminating xanthate
originated from mineral processing plants that focus on the
concentration of complex sulfide ores. Furthermore, the
performance tests based on the statistical methods proved
that the aluminum electrodes used commonly for many other
treatment purposes in the literature (Sillanpaa 2020) were
not suitable for the removal of this harmful aqueous con-
taminant. Instead, the copper electrodes were designated the

Fig. 11 Initial xanthate solution and the clean supernatants obtained
with copper electrodes (pH 9 and 0.6 A and desirability =1)

Model # Case Target pH  Elec- Removal% Lower bound of Upper bound of Desirability
trical 95% confidence 95% confidence
current interval interval
Model 1 Removal% Target—100% 5 0.6 3.67 3.12 4.21 0.037
Electrocoagulation pH In range
with Al electrodes Electrical current
Removal% Minimization 895 0.12 0.00 -0.79 0.26 1.00
pH In range
Electrical current
Model 2 Removal% Target—100% 6.54 0.60 82.34 76.17 93.22 0.77
Electrocoagulation pH In range
with Fe electrodes Electrical current
Removal% Minimization 9 0.1 26.00 19.67 32.33 1.00
pH In range
Electrical current
Model 3 Removal% Target—100% 9.00 0.6 100.00 94.41 105.60 1.00
Electrocoagula- pH In range
tion with Cu Electrical current
electrodes Removal% Minimization ~ 5.00 0.10 45.00 39.01 50.99 1.00
pH In range

Electrical current
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Fig. 12 Yellow-colored pre-
cipitates obtained with copper
electrodes (pH 9 and 0.6 A and
desirability =1)

100 pm

most effective ones for the electrocoagulation of xanthates
among the followings:

Rel’noval%Al electrodes < Removal%Fe electrodes < Removal%Cu electrodes

Conclusion

The mineral industry globally consumes a significant amount
of xanthate to make sulfide particles’ surface hydrophobic
for the purpose of concentration. The discharged hazard-
ous xanthate from the froth flotation plants contaminates
the water bodies and causes health and safety issues, includ-
ing infertility, toxicity, organ damage, corrosivity/irritation,
etc. For this reason, in this study, the aqueous xanthate was
aimed to be treated via electrocoagulation.

Three separate experimental setups were carried out with
three different metal electrodes, namely aluminum, iron and
copper, and three different statistical models were estimated
via RSM. The most capable models were determined (all

p-values for the models <0.0015 and all adjusted R*-val-
ues > 0.95) after the statistically nonsignificant terms were
omitted from the mathematical models. Then, the perfor-
mance evaluation and the optimization work were done
by using response surfaces constructed based on the pro-
posed linear and quadratic mathematical models (p-values
of <0.0001, 0.0011 and 0.0202, respectively).

The first model was about the effect of aluminum elec-
trodes in the removal of xanthate. It was revealed that the
increase in the solution pH from 5 to 9 generated a linear
response surface indicating no change in the removal per-
centages. Similarly, the applied electrical current between
0.1 and 0.6 A did not succeed either. Aluminum ions released
from the electrodes could not trigger the precipitation of
xanthate during the electrocoagulation. The implementation
of the aluminum electrodes was failed (Removal% =3.67%)
for this specific separation purpose since the maximum
desirability was calculated as only 0.0037.

The second model showed a better performance for iron
electrodes than the aluminum ones. 60% of the total xanthate
was removed at 0.35 A when pH was 5. This removal % was
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enhanced up to only 82.34% by adjusting the parameters.
pH and electrical current were increased to 6.54 and 0.6 A,
respectively, to reach this percentage (Desirability =0.77).
Nevertheless, the targeted desirability of 1 could not be met
by this set of electrodes. On the other hand, at the alkaline
pH, the performance of the process diminishes since the
aqueous iron dissolved from the electrodes precipitated in
the xanthate-free form. At pH 9, the yellow-colored water
could not be cleared sufficiently due to the lack of stable
hydroxyl ferric xanthates Fe(OH),(EX) (solid)*

Thirdly, an uncommon copper electrode for the elec-
trocoagulation was tested. Copper ions had a great affin-
ity for xanthate molecules, and they formed Cu(I) ethyl
xanthate and Cu(II) ethyl xanthate precipitates during the
electrocoagulation. The related response surfaces showed
that both input parameters contributed to the precipita-
tion and sedimentation process. Whereas the lowest pH
and electrical current levels produced the removal percent
of 45%, the highest levels of these parameters managed
to remove 100% of aqueous xanthate (Desirability = 1).
Following the treatment, a very clear supernatant was
obtained with a fast-sedimenting yellow-colored resi-
due since copper ions have a strong complexation ability
with xanthate. Consecutively, this combined statistical
and experimental work manifested that the separation of
hazardous xanthate from the water was possible using
the electrocoagulation cell attached with copper elec-
trodes. As a result, a superior removal of xanthate can
be achieved with only copper electrodes rather than alu-
minum and iron.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-022-02120-4.
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