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Abstract: Wastewater of sugar industries has a high pollutant load due to the
presence of organic and inorganic materials. Discharge of untreated or partially
treated wastewater has a negative effect on the environment and on the life of
humans, plants and animals. In our present studies, it was attempted to treat
sugar industry effluent (SIE) by an electrocoagulation process (ECP) using
mild steel (MS) as the electrode material. For this purpose, three process para-
meters, namely pH (5-9), current density (j = 34.7-104 A m2) and treatment
time (fg = 20-100 min), were selected to optimize the process using the res-
ponse surface methodology (RSM). The optimum conditions were pH 6.66, j =
=104 A m? and tg - 100 min. The maximum chemical oxygen demand (COD)
removal of 75.98 % was achieved under the optimum conditions. The predicted
model by RSM showed R? = 0.9515. After treatment of the effluent, the sludge
content in the treated water was separated effectively by filtration and settling.

Keywords: chemical oxygen demand; total dissolved solids; filtration; sedim-
entation; current density.

INTRODUCTION

The sugar industries are one of the most important agro-based industries and
their contribution to the economy is large in many countries. Brazil, India, the
European Union, Thailand, China, the USA, Pakistan, Russia, Mexico and Aus-
tralia are the main sugar producing countries in the world. The total contributions
by these countries were about 150 million metric tons in the year 2017-2018.!
Sugar is produced from sugar beet and sugarcane, of which the contribution of
sugarcane is more than 70 %. The polluted water produced by sugarcane-based
sugar industries are more complex as compared to sugar beet-based ones.2 In
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sugarcane-based sugar industries, 1500-2000 dm3 water are consumed and 1000
dm3 of wastewater are generated for per ton of cane crushed.3 The wastewater
has high organic load of 2000-6000 mg dm=3 of chemical oxygen demand
(COD) and total dissolved solids (7DS) and in organics in the range of 940-1650
mg dm3. The composition of wastewater reported by some investigators and that
in the present study are given in Table S-1 of the Supplementary material to this
paper. Due to the large quantity and highly polluted nature of sugar industry
effluent (SIE), effective treatment methods are required. Various process applied
to treat SIE were reported in brief by Kushwaha?. These processes include coa-
gulation,> electrocoagulation,®9 anaerobic biological treatment,!0 microbial
treatment,!! membrane separation,!? erc., and each have their merits and dem-
erits. The biological processes are cost effective, but the extent of organic pol-
lutant removal is not significant, hence, a second stage treatment is required to
reduce pollution. Furthermore, most of the biological processes only remove
organic pollutants and the removal of inorganic pollutants remains an issue. The
membrane separation process gives good quality of treated water but suffers from
high installation and operation costs. Coagulation is a low-cost process, but the
level of pollutant removal is not large. The EC method has been found to be
effective for the removal of pollutants present in distillery wastewater,!3 textile
wastewater,!4 Acid Yellow 36 wastewater,!5 poultry slaughterhouse waste-
water!® and pulp and paper mill wastewater.!” Due to its versatility, it was used
in the present study. A significant reduction of pollutants was obtained by the
process. Ease of operation, low treatment cost, environmental compatibility, ver-
satility, amenability of automation, high energy efficiency and no secondary pol-
lutant generation are some of the advantages of this process.!8 Apart from this,
EC can additionally remove oil, grease, complex organics, heavy metals, and
destroy bacteria, cysts and viruses.!® Electrode replacement due to its dissolution,
and slowdown of electrode efficiency due to deposition of oxide layer on elec-
trode surface are the disadvantages of the process.!?

In the open literature, process optimization by RSM for treatment of SIE
using an iron electrode was not found. Moreover, in this work, an attempt was
made to treat SIE by EC and the desired set of experiments were performed
avoiding futile experiments. For this, experiments were designed based on RSM
and optimum operating conditions, namely pH, treatment time and current den-
sity, was determined. The treated effluent was in slurry form, from which the
solid and water were separated by filtration and sedimentation processes.

MATERIALS AND METHODS

Materials

The SIE was collected from Bhoramdev Sahkari Shakkar Utpadak Karkhana Maryadit,
Kawardha (C.G.), India. It was kept in a deep freezer at about 4 °C to preserve it. The compo-
sition of SIE is presented in Table S-I of the Supplementary material. The laboratory and
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analytical grade chemicals were purchased from Rankem Ltd., India. The MS plate was
obtained from a local market.

Experimental methods

The EC experiments were performed in an electrochemical reactor (ECR) made of Pers-
pex glass (Fig. 1). The total volume of the reactor was 1.7 dm3. The specification of the
reactor and electrode material are given in Table S-II of the Supplementary material. The 1.5
dm? SIE was taken in the ECR and the electrodes were dipped in it and then, it was fitted to
direct current (DC) power supply unit. A magnetic stirrer with speed of 200 rpm was used to
keep the concentration of the solution in the ECR uniform throughout the experiments. Lower
speeds caused insufficient mixing, and higher speed caused breaking of flocks and sludge
formed during process, which is not desirable. Breaking of sludge resulted in its separation
being difficult. After a certain time, a wastewater sample was taken from the ECR and ana-
lyzed for various parameters. The COD, phosphate, chloride, TDS and 7SS were determined
using standard methods.2° The pH was measured using a pH instrument (EI, India).

CATHODES ANODES
DC POWER
SOURCE
ELECTRO @
COGULATION
WASTEWATER
- MAGNATIC BAR

EEECEE S

Fig. 1. Electrochemical reactor.

Electrocoagulation mechanism

In EC, when current is supplied to electrodes, the dissolution of metal take place. The
metal cations generated from wide range of coagulant species at various pH. These coagulated
species mostly have positive charge, which destabilizes the opposite charged suspended and
dissolved particles. The coagulant species, especially metal hydroxide polymers adsorb the
contaminants contained in the effluent and form a heavy mass of coagulant species-pollutants
complex ions, which settled down. Furthermore, it also removes pollutants by sweeping
during the settling. In the EC process, the H, gas generated at the cathode float the pollutants
at top of reactor and aid pollutant removal. Thus, in the EC process, pollutant removal
involves four mechanisms, i) charge neutralization, i) adsorption, iii) sweeping and iv) flotation.

In the EC process, aluminum and iron are most widely used as the electrode. A few
works also reported on the use of copper electrodes.®2! In the present studies, MS was used as
electrode. In the process, less dissolution of iron into the effluent was found as compared to
aluminum and copper. After a few runs, flacks of metals had formed in the case of aluminum
and copper and due to this, loss of metal occurs. The separation of the sludge formed using
iron electrode is easy due to its heavy mass. The use of iron is also encouraged due to its low
cost. For iron electrodes, the following reactions occur at the electrodes. When a current is
applied, sacrificial anodic metal Fe is dissociated and metal cations are formed according to
the following reaction:

Fe — Fe*'+ 2¢ (1)
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Fe*'— Fe3™+ e )
At the cathode, H, gas is liberated by the following reaction:
3H,0 +3e" — 1.5H,+ 30H" 3)

OH- generated at the cathode attaches chemically to the electrode material, especially at
high pH of the solution:
2Fe + 6H,0 + 20H™ — 2Fe(OH)4 + 3H, @)
The H, liberated in Eqgs. (3) and (4) aids the removal of pollutants by floatation at the top
of electrochemical reactor (ECR). The metal cations, Fe?"/Fe3", and OH", react and form
metal hydroxide flocks in the solution, which is summarized as:??
M3* M2* + OH- — monomeric metal hydroxide cations — polymeric metal hydroxide
cations — polymeric amorphous metal hydroxide:
M, (OH);, = M(OH); &)
In case of MS electrode, monomeric species: Fe(OH)2", Fe(OH),", Fe(OH),  and
Fe(H,0)%", and polymeric species: Fe(H,0);sOH2", Fe(H,0),(OH),", Fe(H,0)s(OH),*" and
Fe,(H,0)4(OH),%*, and iron hydroxide Fe(OH)s, are produced. The rate of formation of these
different species depends on the pH of the solution and types of ion present, which play signi-
ficant role in the EC process.??> The coagulant species participate in coagulation and the pol-
lutants are removed by ther four mechanisms discussed above.

RESULTS AND DISCUSSION
Design of experiments
In the ECT of various effluents, the pH, j and g have been found to be
highly influential!3 and therefore, these variables were considered for statistical
analysis. Three independent variables in the range of pH 5-9, j = 34.7-104 A m2
and fg = 20-100 min were chosen at level —1, 0 and 1. The values of variables

are presented in Table I. A set of 14 data were designed as per an earlier report,24
which are presented in Table II.

TABLE I. Process parameters and their level for EC treatment using MS

Parameter Variable -1 0 1
j/Am? X 34.72 69.44 104.16
pH X2 5 7 9

¢t / min X3 20 60 100

Polynomial studies could be performed using the models linear, interactive,
quadratic and cubic. In the present studies, the quadratic model was chosen. To
find the response (Y) of input parameters, a mathematical model was established
by Montgomery,2> which is given by Eq. (6).

Y =0+ 2 04x; + 2 0 + 20 XX + € (6)
where Y is response, @;, o;; and o;; are the coefficient of linear, interaction and
quadratic terms, €is residual error, and x;, x; are independent variables values that
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impact on the response (Y). The experimental data was fitted by regression
method using analysis of variance (ANOVA). The relation obtained among the
variables in term of encoded factor for COD removal is shown by Eq. (7):

Y= 59.78 + 6.0975x — 3.9x, + 15.305x; — 1.6225x,2 — 17.44325x,2 —

(M
— 3.5225x32 —1.025x;x5 — 0.53x,205 — 0.825x, x5

TABLE II. Design of RSM and its actual and predicted values

COD removal, %

. 2 .

Standard order  j/Am pH ¢t/ min Aotual Prodicted
1 104.16 7 100 80.41 75.51
2 69.44 7 60 63.1 59.78
3 34.72 9 60 32.1 31.75
4 104.16 9 60 413 41.90
5 34.72 5 60 38.10 37.50
6 69.44 5 100 543 58.86
7 104.16 5 60 51.4 51.75
8 69.44 9 100 45.1 38.45
9 69.44 5 20 30.90 26.60
10 104.16 7 20 42.0 45.96
11 69.44 9 20 25.0 20.45
12 34.72 7 20 27.8 32.70
13 34.72 7 100 68.33 64.37
14 69.44 7 60 58.12 59.78
15 69.44 7 60 58.12 59.78

The values of COD removal calculated by Eq. (7) are given in Table III. The
difference in experimental values and calculated values are within a maximum
4.9 %. The data of experiments and predicted values calculated (Y) by model are
presented in Fig. 2. The dotted values are near to the line, which affirms that the
result of the ANOVA analysis is correct.

The coefficient of determination R2 = 0.9515 and adjusted R? = 0.8642 were
obtained from RSM, which showed the validity of model, as a large value of R2
is desirable. The value of R2(j) is generally lower than R2. The low R2(j) indi-
cates that extra variables are included in the model but in the present case R2(j) is
sufficiently high. The Fischer distribution (¥ value) and null hypothesis test (P
value) are other parameters that evaluate the significance of the regression model.
The F value predicts the model quality by considering all design variables simul-
taneously. Value of F' should be large, and P should be small (<0.05).

There is interrelation between the value of P and F and the value of P is used
to estimate the value of F. In present case, the overall value of P is 0.009, which
is less than 0.05, and value of F'is 10.90, which is sufficiently high to show that
the model is statically significant.” The ANOVA analysis (Table III) also show
that the linear (P = 0.03, F = 28.78) and square (P = 0.013, F = 10.85) have a
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significant effect, while the interaction (P = 0.97, F = 0.08) was found to have a
smaller effect on the response, i.e. COD value evaluation, by Eq. (7). Overall, pH
6.66, j=104.16 A m2 and time = 100 min was found to be optimum and under
these operating condition, a COD removal of 75.98 % was obtained.

TABLE III. ANOVA for COD removal quadratic model

Source DF  Sum of squares (SS) jSs$e Mean square F P
Regression 9 344091 3440.91 382.32 10.90 0.009
Linear 3 2293.06 2293.06 764.35 21.78 0.003
i 1 297.44 297.44 297.44 8.48 0.033
pH 1 121.68 121.68 121.68 347 0.122
Time 1 1873.94 1873.94 1873.94 53.41 0.001
Square 3 1139.80 1139.80 379.93 10.83 0.013
JXj 1 0.06 9.72 9.72 0.28 0.621
pHxpH 1 1093.93 1122.06 1122.06 31.98 0.002
TimexTime 1 4581 4581 45.81 1.31  0.305
Interaction 3 8.05 8.05 2.68 0.08 0.970
7xpH 1 4.20 4.20 4.20 0.12 0.743
jXTime 1 1.12 1.12 1.12 0.03  0.865
pHXTime 1 2.72 2.72 2.72 0.08 0.792
Residual error 5 175.44 175.44 35.09

Lack-of-Fit 3 158.91 158.91 52.97 6.41 0.138
Pure error 2 16.53 16.53 8.27

Total 14 3616.35

aAdjustable sum of squares

Z. 80 A P

g ~ "

% &0 = e;/; *

£ =z

a 7

o .. P

o s

3 o5

z

0 . .
)  Actual COD rgm!wva;_;, w Fig. 2. Actual COD removal vs. the predicted value.

The three-dimensional plot obtained by RSM for operational variables pH, j
and R is presented by surface and contour plots in Fig. S-3 of the supplementary
material. In the EC, Fe2" are generated, which are converted to Fe3* and metal
hydroxides monomer and polymer, as given by Eq. (5). At low pH Fe2t and Fe3*
are present in predominant amounts, which are relatively less active coagulant
species as compared to metal hydroxide monomers and polymers. The metal hyd-
roxide monomers and polymer species are present in greater amounts at pH
values 5-8 and because of this, removal of pollutants by the: adsorption, charge
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neutralization and sweeping mechanism were prevalent in this pH range. At
higher pH values, Fe(OH)3 and Fe(OH)4~ are formed, which are not so active
coagulant species. Poor performance under high acidic and basic conditions has
been reported by some investigators.12-14 The SIE contained colloidal suspen-
sions of meloinodin, protein and carbohydrate, which have negatively charged
functional groups.2® The positively charged coagulants, i.e., metal cations and
metal hydroxide cations, neutralize these and form dense compounds, which
settle at the bottom of the reactor. Removal of pollutants is enhanced due to their
enmeshment in the amorphous flock and swapping during settling of solid neut-
ralized mass. The COD reduction was found to increase with time, due to avail-
ability of more coagulant species that participate in coagulation. With increasing
time, metal dissolution leads to an increase in coagulant species. The contour plot
in Fig. S-3 of the Supplementary material shows a COD reduction of between
60-70 % in near neutral pH at lowest time of 60 min. A COD removal of more
than 70 % could be observed after 90 min in near neutral pH.

The j and time are also surrogated parameters highly affected by pollutant
removal from the effluent. The effect of j and g on COD removal at constant pH
7 is presented in Fig. S-3. With increasing time and j, the COD removal also
increased. At j= 40 A m2 and fg = 80 min, a more than 60 % reduction COD
could be seen. This reduction continued with decreasing ¢g but simultaneous inc-
rease in j. At g = 100 min and j = 60 A m~2, more than 70 % reduction in COD
was found. The same reduction could be seen in a shorter time, fg = 80 min, but
with j greater than 100 A m~2,

The experimental data of COD reduction and the COD reduction values
predicted by RSM model are also listed in Table III. These data show that the
experimental values are similar to the predicted values with a maximum devi-
ation of 4.9 %, which validated the model.

With increasing j and time, the COD removal was increased, which is
attributed to the formation of more Fe2* and iron hydroxides cations. The relation
between ions production with variation of j and time during electrolysis has been
represented by well-known Faraday’s law of electrolysis, Eq. (8),27 It shows the
metal ions produced by dissolution of the electrode is directly proportional to j
and time. Similarly, the current efficiency can be calculated by Eq. (9):28

W=Jztf )
100m,,

__100m, 9

¢ ItM | nF ©)

where W is the mass of dissolved metal, g; j is the current density, A m~2; ¢ is the
contact time, s; M is the atomic mass of Fe, g mol~!; Z is number of electrons
involved in the reaction (Z = 2 for Fe), F is Faraday’s constant (96500 C mol 1),
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my is the mass of iron released to the solution, g; / is the applied current, A; and n
is the oxidation state of iron. The number of ions generated also depends upon
the initial pH of the effluent (alkali or acidic). At acidic pH values, more ions are
generated as compared at basic pH values.

For a 2 A current, in 50 min, 1.17 g iron was released from mild steel in
water and thus, a value of ¢ = 67.19 % could be evaluated. For other current
values, similar calculations could be performed. The effects of j and pH at a
constant time of 60 min are presented in Fig. S-3. COD removal was increased at
all j values with increasing pH from 5 to 6.7, after that the COD reduction
decreased. At pH 7, the COD removal was found to be higher at all j values (Fig.
S-3). As already discussed, slightly acidic to slightly basic pH values were found
suitable for treatment of effluent, because active coagulant species are generated
in this pH range.

Separation of solid and liquid from slurry

Settling process. Various processes, such as settling, filtration, centrifuge
and membrane separations, have been applied to separate the solid and liquid in a
slurry obtained from water treatment. If solid contained in the slurry has suf-
ficient specific gravity and the materials to be separated are inexpensive, settling
is the most preferable industrial choice. Settling is a very low cost process and
due to this, it was undertaken in the present studies. After the EC process, the
treated effluent was taken in 1 dm3 cylindrical jar, which had a height 245 mm
and diameter 72 mm. The effluent was stirred initially then interfacial height
between solid and liquid was noted at different time intervals. The height of the
interface decreased with time because of settling of solid mass, which is pre-
sented in Fig. 3 as a plot of H/H vs. time, where H is the height of interphase
between the clear liquid (water) and the sludge from the bottom of the settler at
any time during settling, and H is the height of sludge water mixture at the start
the settling. Fig. 3 shows that initially for a very short period (< 2 min) the sedi-
mentation was slow, because of Brownian motion of the particles. Then, the sedi-
mentation rate was fast for a period of 8 min, which is called zone settling. After

1.00 1

0 20 40 60 Fig. 3: Settli.ng characteristic of electroco-
Time, minutes agulation using an MS electrode.
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this zone, the sedimentation settling rate was slow for a period 8—18 min, called
transition settling, in which the slope changed rapidly. After the transition zone,
the settling occurred at a very low rate. In 50 min, about 78 % settling was obs-
erved, which shows the settling process could be applied for the separation of the
sludge and liquid.

Area for sedimentation and height of the settling chamber could be evaluated
from the settling data presented in Table IV, in which, u is the under flow
settling velocity of the sludge, determined by drawing a tangent in the graph
between H (at the ordinate) vs. time (at the abscissa). The Cy, is the final concen-
tration of solid when settling of the sludge had almost stopped. It could be seen
that in 2314 and 24th min, the concentration of the solid is 33.399 kg m—3, means
the settling of solids had almost stopped corresponding to 33.399 kg m=3, calcul-
ated to be 37.26 m? s kg~!. The area of sedimentation tank could be calculated by

Eq. (10):29
1/C-1/C
A:Q()CO (—uJ (10)
u max

C

TABLE IV. Settling characteristics of slurry obtained by EC of SIE using MS electrode

No t H Ue C (C-I_Cu-l) ((C-I_Cu-l)/uc)max
" min mm pms!t  kgm?3 m’3 kg! m? s kg'!

1 0 244 0.000 9.718 - -
2 2 224.5 239.44 10.563 0.064725 270
3 4 196 21491 12.098 0.052706 245
4 5 171 202.08 13.867 0.042163 209
5 6 149 179.26 15915 0.032886 183
6 8 132 158.47 17.964 0.025717 162
7 10 115 141.88 20.620 0.018548 131
8 12 106 101.03  22.371 0.014752 146
9 14 103 71.60 23.022 0.013487 188
10 15 100.5 51.82 23.595 0.012433 240
11 16 91.5 47.05 25916 0.008637 184
12 18 88.5 37.23 26.794 0.007372 198
13 20 85.5 26.52 27.735 0.006107 230
14 22 84.5 25.26 28.063 0.005685 225
15 24 82 22.85 28918 0.004631 203
16 25 80 21.83 29.641 0.003788 174
17 26 78 20.83 30.401 0.002944 141
18 28 76 17.79 31.201 0.002101 118
19 30 75 15.56 31.617 0.001679 108
20 32 74 14.60 32.045 0.001257 86
21 34 73 11.84 32.484 0.000836 71
22 35 72 11.11 32.935 0.000414 37
23 36 71 11.11 33.399 0 0
24 38 71 11.11 33.399 0 0
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A=3.017m?
Assuming that at Qg = 0.5 m3 min~!, the treated effluent was taken in sedi-
mentation chamber.

2
%:3.017m2

D=384m

Since height to diameter ratio of cylinder was 3.26, the height of settling
chamber would be equal to 12.39 m.

Filtration studies. Filtration is a separation process used to separate the
liquid and solid from a slurry. Many industries use this because the supernatant
(liquid) after filtration contains less dissolved solid as compared to settling, and
the solid obtained has dense mass so dewatering costs are lower for the further
disposal of the sludge. To evaluate filtration parameters, experiments were
performed over Whatman filter paper (No. 42) supported on a Buchner funnel,
under constant pressure (atmospheric). The values of the filtration characteristics
are given in Table V. The volume of filtrate obtained at different times was noted
and it was used to find filter media resistance and cake resistance using the

filtration Eq. (11):30
de aCV
dV:A/AlP( A +Rm) (10

where V is the volume of filtrate collected in time ¢, C is the concentration of
slurry, u is the viscosity of filtrate, AP is pressure drop across filter media. The
value of Ry, and & were evaluated for filtration of slurry obtained by ECT of SIE
using an MS electrode.

Table V. Filtration characteristics of EC treated slurry using MS electrode

pH c¢/kgm? u/mPas AP/ MPa a/Tmkg'! Rm/Tm’!
7 2.391 1 0.1 91.6 3.37

The dt#/dV is the ratio of time required to volume of filtrate (clear liquid)
collected. A plot between d#/dV vs. V is shown in Fig. 4, which is a straight line.
The values of o was evaluated from the slope of graph and Ry, from intersect,
which are 91.6 Tm kg~! and 3.37 Tm™!, respectively. Filter media resistance is
important only at earlier stage of filtration and the cake resistance plays major
role in filtration. Sahu et al3! evaluated a=19-78 Tm kg! for filtration of
slurry obtained by EC of sugar industry effluent using an aluminum electrode.
Similarly, Barnes et al.3? reported a = 40-120 Tm kg~! for filtration of activated
sludge and o = 0.3-1.0 Tm kg ! for a digested sludge. In present case, the value
of a was in the range of those for activated sludge. These data show filtration of
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slurry obtained after EC of SIE had properties similar to those of activated sludge
and the filtration process could be used for separation of solid and liquid con-
tained in the EC of treated SIE. In the EC process, the metals released into the
solution participated in the coagulation process, thus the chances of the of the
presence of metals in the solution are very low. The iron content in the treated
water was not determined. However, no iron was evidenced when the pulp and
paper industry effluent was treated by the EC process using an iron electrode.33

e
250 - e
ped
.//
200 yd
|~
//
"z 150 - ,/
5 //
S\ i%0 1 4
z //
§ Si S o
!f/
0 ' . ; ;
0 100 200 300 400
Yolume, Mm®

Fig. 4. Filtration characteristic of electrocoagulation using an MS electrode.

In the separation studies of sludge, supernatant formation was found to be 75
% in 60 min of settling, which is very good. It is the most economical separation
process and thus, settling should be chosen in place of filtration. The effluent has
moderate COD value (organics), thus the solid residue also has a smaller amount
of organics and greater amounts of inorganics. The possible disposal method is
incineration of the sludge and blends the ash with refractory manufacturing
substances.

CONCLUSIONS

The studies show that the surface response methodology (RSM) is a suitable
method to optimize the EC process for COD removal. The optimum conditions
were found to be pH 6.66, j = 104.5 A m2, and tg = 100 min with a COD
removal of 75.98 %. The settling studies to separate solid and liquid from treated
SIE shows good settling property of the treated effluent. The treated effluent was
also chosen for filtration, for which filter medium resistance a=91.6 Tm kg!
were obtained, which is near to that obtained for the separation of activated
sludge. Overall, EC process using MS could be applied successfully to treat SIE.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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'Department of Chemical Engineering, National Institute of Technology, Raipur (C.G.), 492010, India u

’Department of Chemical Engineering, SOS, Eng. and Tech., Guru Ghasidas Vishwavidyalaya (A Central
University), Bilaspur (C.G.), 495009, India

OrnagHe Bozme W3 udmycTtpuje mehepa cagpxe BelWKe KOTHYMHE OPraHCKUX M HEOp-
raHCKUX MojyTaHarta. Mcmymrawme HeTpeTHpaHHX WIM JEMTUMHYHO TPETHUPAHUX OTMNamgHUX
BOJa MMa HeraTHBaH yTHIlaj HAa OKOJIMHY U ’KUBOT Jby[H, OWbaka U KUBOTHHA. Y OBOM HCTpa-
KMBawy MOKYIIAJX CMO Ja TpeTUpaMmo OTIafHe Bode U3 MHAyCTpuje mehepa npouecom koa-
rynauyje y3 kopuurheme MEKOT 4elnuKka Kao eleKTPOJHOr MaTepHjana. 3a OBy CBDXY, oja-
OpaHa cy TpHW mIpouecHa IapameTpa 3a ONTHMH3AUHjy KopuinhememM METOIOIOTHje IOBp-
mmHCKor omsuBa (RSM), u To: pH (5-9), ryctura crpyje (j = 34,7-104,5 A m™2) u Bpeme
Tpajama TpeTMmaHa (tg = 20—-100 min). JodujeHo je ma cy ontumanuu yciosu 3a pH 6,66, j =
104,5 A m2 u tg = 100 min. MakCUMalHO yMameHhe XeMHjCKe MOTPOIIHE KHCEOHHKA Off
75,98 % je MOCTUTHYTO NIPH OBUM ONTHMAJIHHM yClIoBUMA. IIpenuKiMja Mojesia 3aCHOBAHOT
Ha RSM je nokasana R% = 0,9515. IToc/e TpeTMaHa OTIafHHUX BOAA, MyJb Y TPETUPAHOj BOMIH je
eHKaCHO 0[IBOjeH (PHUIITPALIHjOM U TAJIOKEHEM.

(ITpumseHo 19. MapTa, peBunupaHo 8. jyHa, npuxsaheHo 9. jyHa 2020)

REFERENCES

1. Statica, https://www.statista.com/statistics/495973/sugar-production-worldwide/
(accessed June 19, 2018)

2. M. K. Chauhan, S. Chaudhary, S. Kumar, Renew. Sust. Energy Rev. 15 (2011) 3445
(https://doi.org/10.1016/j.rser.2011.04.033)

3. A.S.Kolhe, A. G. Sarode, S. R. Ingale, Sodh, Samiksha aur Mulyankan (2009) 303
(http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.392.6800&rep=rep 1 &type=pdf)

4. M. Khan, U. Kalsoom, T. Mahmood, M. Riaz, A. R. Khan, J. Chem. Soc. Pak. 25 (2003)
242 (https://jcsp.org.pk/ArticleUpload/1473-6625-1-PB.pdf)

5. 0. Sahu, D. G. Rao, R. Gopal, A. Tiwari, D. Pal, J. Water Process Eng. 17 (2017) 50
(https://doi.org/10.1016/j.jwpe.2017.03.005)

6. G. Guven, A. Perendeci, A. Tanylac, Chem. Eng. J. 151 (2009) 149
(https://doi.org/10.1016/j.cej.2009.02.008)

7. P. Asaithambi, M. Matheswaran, Arab. J. Chem. 9 (2016) S981
(https://doi.org/10.1016/j.arabjc.2011.10.004)

8. 0. P. Sahu, V. Gupta, P. K. Chaudhari, V.C. Srivastava, Int. J. Environ. Sci. Technol. 12
(2015) 3519 (https://doi.org/10.1007/s13762-015-0774-5)

9. A. Tiwari, O. P. Sahu, Water Resour. Ind. 17 (2017) 19
(https://doi.org/10.1016/j.wri.2016.12.001)

10. H. Atashi, H. Ajamein, S. Ghasemian, World Appl. Sci. J. 11(2010) 451

11. M. Yetis, U. Gunduz, I. Eroglu, M. Yucel, L. Turker, Int. J. Hydrogen Energy 25 (2000)
1035 (https://doi.org/10.1016/S0360-3199(00)00027-6)

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

ELECTROCOAGULATION OF SUGAR INDUSTRY EFFLUENT 1 3 69

M. Bogliolol, A. Bottinol, G. Caparmellil, G. D. Petrol, A. Servidal, G. Pezzi, G. Vallini,
Desalination 108 (1996) 261 (https://doi.org/10.1016/S0011-9164(97)00034-9)

A. K. Prajapati, P. K. Chaudhari, Chem. Eng. Commun. 202 (2015) 1098
(https://doi.org/10.1080/00986445.2014.1002560)

F. Ghanbari, M. Moradi, A. Eslami, M. M. Emamjomeh, Environ. Process 1 (2014) 447
(https://doi.org/10.1007/s40710-014-0029-3)

M. Moradi, F. Ghanbari, E. M. Tabrizi, Toxicol. Environ. Chem. 97 (2015) 700
(https://doi.org/10.1080/02772248.2015.1060975)

M. Bayramoglu, M. Kobya, M. Eyvaz, E. Senturk, Sep. Purif. Tech. 51 (2006) 404
(https://doi.org/10.1016/j.seppur.2006.03.003)

N. Jaafarzadeh, M. Omidinasab, F. Ghanbari, Process Saf. Environ. Protect. 102 (2016)
462 (https://doi.org/10.1016/j.psep.2016.04.019)

R. K. Gautam, M. C. Chattopadhyaya, Advanced Nanomaterials for Wastewater
Remediation, CRC press, London, 2016 (ISBN-13:978-1-4987-5333-3)

H. Liu, X. Zhao, J. Qu, in Electrochemistry for the Environment, C. Comninellis, G.
Chen, Eds., Springer, New York, 2009 (https://doi.org/10.1007/978-0-387-68318-8 10)
E. W. Rice, R. B. Baired, A. E.Greenberg, L. S.Clesceri, A. D. Eaton, Standard Methods
for the Examination of Water and Wastewater, American Public Health Association,
American Water Works Association, Water Pollution Control Federation, Washington
DC, 2012 (ISBN: 9780875532875)

A. K. Prajapati, P. K. Chaudhari, D. Pal, A. Chandrakar, R. Choudhary, J. Water Process
Eng.11 (2016) 1 (https://doi.org/10.1016/j.jwpe.2016.03.008)

M. Kobya, S. Delipiner, J. Hazard. Mater.154 (2008) 1130
(https://doi.org/10.1016/j.jhazmat.2007.11.019)

0. T. Can, M. Kobya, E. Demirbas, M. Bayramoglu, Chemosphere 62 (2006) 181
(https://doi.org/10.1016/j.chemosphere.2005.05.022)

P. S. Beula, T. Sai, Int. J. Chem. Eng. Appl. 4 (2013) 388
(https://doi.org/10.7763/1JCEA.2013.V4.331)

D. Montgomery, Design and Analysis of Experiments, 9™ ed., John Wiley & Sons, Inc.,
New York, 1991 (ISBN: 9781119113478)

P. K. Chaudhari, I. M. Mishra, S. Chand, Colloids Surfaces, A 296 (2007) 238
(https://doi.org/10.1016/j.colsurfa.2006.10.005)

L. Gnanasekaran,R. Hemamalini, R. Saravanan, K. Ravichandran, F. Gracia, S. Agarwal,
V. K. Gupta, J. Photochem. Photobiol. 173 (2017) 43
(https://doi.org/10.1016/].jphotobiol.2017.05.027)

N. Jaafarzadeh,FGhanbari,M.Alvandi, Sustain. Environ. Res. 5 (2017) 223
(https://doi.org/10.1016/].serj.2017.06.001)

J. F. Richardson, J. H. Harker, J. R. Backhurst, Coulson and Richardson’s Chemical
Engineering, Particle Technology and Separation Process, 5 ed., Elsevier Science &
Technology, Butterworth - Heinemann, Woburn, MA, 2003 (ISBN: 978-0-7506-4445-7)
W. L. McCabe, JI. C. Smith, P. Harriott, Unit Operations of Chemical Engineering, 7™
Ed, McGraw-Hill, New York, 2001 (ISBN: 007-124710-6)

0. Sahu, B. Mazumdar, P. K. Chaudhari, Int. J. Environ. Sci. Technol. 16 (2019) 1527
(https://doi.org/10.1007/s13762-018-1765-0)

D. Barnes, P. J. Bliss, B. W. Gould, H. R. Valentine, Water and Wastewater Engineering
Systems, Longman Scientific Technical Publishing, London (Pitman), 1981 (ISBN: 0-
-273-01138-3)

S. Mahesh, B. Prasad, 1. D. Mall, I. M. Mishra, Ind. Eng. Chem. Res. 45 (2006) 5766
(https://doi.org/10.1021/ie0514096).

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




