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Abstract

This study investigated the treatment of dairy wastewater using the electrocoagulation method with iron
filings as electrodes. The study dealt with real samples collected from local factory for dairy products
in Baghdad. The Response Surface Methodology (RSM) was used to optimize five experimental
variables at six levels for each variable, for estimating chemical oxygen demand (COD) removal
efficiency. These variables were the distance between electrodes, detention time, dosage of NaCl as
electrolyte, initial COD concentration, and current density. RSM was investigated the direct and
complex interaction effects between parameters to estimate the optimum values. The respective
optimum value was 1 cm for the distance between electrodes, (60 — 120) min for detention time, 250
mg NaCl/L added, C0/6 = 5,775 mg COD/L as initial COD concentration, and 7.884 - 8.077 mA/cm2
as current provided. At the optimum parameter values, the optimum COD removal efficiency was
73.4%. Meanwhile, the study also performed removal efficiency for nitrogen (N) and phosphate (P) due
to their effects on the aquatic life and systems. The optimum removal efficiency for phosphorus and
nitrogen was 98.0% and 80.3%, respectively. Due to its effects on the environment and to comply with
local legislations, treating these wastewaters using eco-friendly processes was highly recommended
taking in consideration the economic feasibility, flexibility and easiness to operate. In addition, the study
proved that the high surface area for iron filings played a crucial role in removing process.

Keywords: Chemical oxygen demand, Diary wastewaters, Electrocoagulation, Removal efficiency,
Response Surface Methodology.

Introduction

Dairy wastewater contains many pollutants.
The highest concentrations are for chemical oxygen
demand (COD) and biochemical oxygen demand
(BOD). Other pollutants include nitrogen (N),
phosphorous (P), total dissolved solids (TDS), total
solids (TS), total suspended solids (TSS), oil, and
grease are found also, these parameters played an
important role in estimated surface water quality®. In
particular, N and P have attracted much attention in
dairy wastewater treatment due to their

eutrophication effects. While, organic matters play a
crucial role in oxygen depletion within water bodies?.
Over the past two decades, dairy industries
developed rapidly in response to the ever-increasing
growth of the world population®. The calculations of
World Bank Group showed that meat and dairies
products consume approximately 25% of the total
freshwater that used by food and beverage industry*.
This amount is used for cleaning, sanitizing, heating,
cooling, and floor washing.
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Many techniques for treating dairy
wastewaters encompass using aerobic and anaerobic
methods; activated sludge process, aerated lagoons,
trickling filters, sequencing batch reactor, anaerobic
sludge blanket (UASB), anaerobic filters, etc®.
However, these methods are costly, consuming a
high amount of energy while producing a large
guantity of sludge. Various physicochemical
methods are modified to treat dairy wastewater.
Coagulation or flocculation is the most commonly
used one®. In general, dairy wastewater was pre-
treated using various inorganic or organic
coagulants, followed by filtration, e.g., nanofiltration
(NF) or reverse osmosis (RO)® .

The electrocoagulation (EC) process is
considered the most promising technology for
dealing with various pollutants existed in different
types of wastewaters® °. This process proved it is
environmentally compatible!® !, easy to operate, and
requiring simple equipment with low retention time.
In addition, no chemicals needed, while producing a
relatively low quantity of sludge with rapid
sedimentation®. Overall, EC follows three successive
stages: (i) coagulant formation, (ii) contaminant
(particle) destabilization, and (iii) aggregation of the

Materials and Methods

Feed

Wastewater was sampled from a holding
tank of a dairy factory in Camp Sara, Al-Rusafa,
Baghdad, Iraq. Samples were collected weekly for
the first six months using one-liter dark bottles, and
then collected as and when needed. At the factory,
the wastewater was treated using the sedimentation
method only before being discharged into the public
waterway. Before laboratory analysis, some
parameters are measured at the site such as
Temperature, pH and D.O. Others are measured at
laboratory such as TDS. Then, the wastewater
samples were stored in dark glass bottles at 4 °C to
stop all relevant biological reactions that might affect
the results. The experiment began by evaluating the
fluctuations of COD, P and N in the wastewater
resulting from milk production. The COD values of
these samples varied from 32,019 to 37,998 mg/L.
This study used the most frequent reading, i.e.,
34,650 mg CODI/L, and it was close to the average
value of 35,008 mg COD/L. The concentration of P

coagulant as a floc!?. Since metal waste scraps are
generated massively worldwide, they are a good
source for EC electrodes. Reusing these wastes is
beneficial to the environment while reducing the
total EC costs. However, studies on iron or aluminum
wastes for EC anodes are scarce 14,

Meanwhile, in experimental optimization, one
factor is generally varied at a time while others are
fixed as constants. However, optimization cannot
recognize complex relations among factors and their
responses simultaneously4, time spent due to the
large number of runs involved, along with increased
use of chemical compounds. Hence, it is costly®®.
This study investigated the removal efficiency of
iron-filling electrodes for treating dairy wastewaters,
particularly the removal efficiency of COD, P, and N
pollutants. In addition, it evaluated the complex
interactions among operating parameters and the
optimal conditions for the removal efficiency using
Response Surface Methodology (RSM). Altogether,
this study investigated five parameters: distance
between electrodes (A), detention time (B), NaCl
dosage (C), initial concentration of COD (D), and
current density (E).

ranged from 0.9 - 0.5 mg/L and the most frequent
value, i.e., 0.5 mg/L, was used for further analysis.
Meanwhile, the concentration of N varied from 1.3 -
0.4 mg/L and the most frequent value, i.e., 0.4 mg/L.
Table 1, shows the main primary characteristics of
dairy wastewater for the factory.

Design of Reactor

The batch experiments were conducted in a
rectangular glass reactor (30 cm * 15 cm * 10 cm),
the reactor has a valve that controlled the input of raw
material and a valve controlled the output of the
treated wastewater, respectively. The hollow
electrodes (width = 13 cm, height = 9 cm, and
thickness = 1.6 cm) were made from isolation
material for electricity. The electrodes, opened from
the top, comprised 68 circles and 5 mm in diameter,
distributed uniformly over the surface area of the
electrode (width * height). There were two big
circles at the top corner to fix the electrodes inside
the reactor. The electrodes were fed with iron
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fillings, 20 g each, as raw material for forming
coagulant ions, yielding a 4 cm height within the
electrode. The filing length must be longer than the
circle diameter of the electrodes to prevent losses.
The current of each electrode was powered by three
electrodes (width = 13 cm, height = 9 cm, and
thickness = 1.6 cm) were made from isolation
material for electricity. The electrodes, opened from
the top, comprised 68 circles and 5 mm in diameter,
distributed uniformly over the surface area of the
electrode (width * height). There were two big
circles at the top corner to fix the electrodes inside
the reactor. The electrodes were fed with iron
fillings, 20 g each, as raw material for forming
coagulant ions, yielding a 4 cm height within the
electrode. The filing length must be longer than the
circle diameter of the electrodes to prevent losses.
The current of each electrode was powered by three
rods made from the same iron fillings material. These
rods were distributed uniformly over the electrodes
and connected by suitable cables with a regulated
power supply (model: Yaogong YG 1502 DD, 0 - 2
A, and 0 - 15 V). The reactor was set on the stirrer
(model: Wine Swirl ESD001). The iron fillings and
each rod were weighed using a digital tabletop scale
(Kern, ABS 120-4, No. WB1200239, Germany).
COD values were measured using a photometer
(model: Lovibond 2420722 Vario HR-COD VARIO
tube test 0 — 15,000 mg/L). The concentrations of P
and N were measured using ion chromatography
(Cecil, 2013, UK). The electrodes were connected in
a Monopolar-Parallel configuration. Fig. 1 shows the
schematic of the reactor design, while Fig. 2. shows
the experimental setup.

Experimental Work

The experiment began with four electrodes.
The reactor was placed on a stirrer, agitating at 100
rpm to homogenize the wastewater—flocs mixture?®.
All  experiments were conducted at room
temperature. The main parameters optimized are as
in Table 2. Due to using scrap iron as a source for Fe
ions, the surface area will be very high; the surface
area of iron filings was approximately 5000 cm?,
Increasing conductivity will elevate the current at
constant voltage. This will ensure that current will
flow and cover all the scrap material. On the other
hand, batch experiments had a great importance in
estimating the limits for the design experiments

program and to understand the single behavior of
each parameter. The efficiency of the experiments
was calculated basing on the removal percentage.
The removal efficiency percentage was calculated by
(Eq. 1) below!":

COD Removal efficiency = (Co-C)/Cy 100 ....... 1

Where C, is the initial (COD, P or N) concentration
(mg/L) and C is the final (COD, P or N)
concentration (mg/L) at the end of the experiment.
Each experiment used 2 L of wastewaters. At the end
of each experiment, the iron filings and rods were
washed by 0.1 N HCI, 0.1 N NaOH, and then distilled
water!’ and left one day at room temperature to dry.
The iron filings and rods were then weighed again to
calculate the amount of dissociated iron.

Experimental Setup by Design Program

The RSM design method was used to
optimize the five parameters based on the factorial
technique to calculate their complex interaction for
reducing the number of experiments!* 18, The
optimization encompassed three stages: (i) RSM
designing, (ii) computing the model coefficients, and
(iii) validating the applied model**. The removal
efficiency of EC based on the second-order quadratic
model was computed using (Eq. 2)'° ?° below:

Y=Bo + YBiXi + XY BiXiXj + Bi(Xj)2 + € ... 2

Where Y is the response value, R is the intercept
point, while B;, R, and ;i are the coefficients of the
first, second-order polynomial equation, and binary
interactions, respectively, Xx; is the independent
factor, and € is the model error.

The optima RSM design implemented in the
design expert (version 10.0.3, Stat-Ease, USA) was
used to evaluate the removal efficiency for the COD
and the coefficients of the second-order polynomial
model based on parameters and 31 experiments. The
removal efficiency for COD was assumed as a
response of the system (y-axis). Table 3 shows the
parameters, ranges, and coded values. Table 4 lists
all the experiments constructed by the program. The
coefficient of determination (R?) was calculated
using Eq. 3 below!*:

R2 = 1'{[zri,exp - ri,cal)]/Z[ri,exp'(ri,exp/n)2]} ........ 3
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Meanwhile, the adjusted coefficient of
determination (Ragj)? was calculated using Eq. 4
below:

Radi? = {1-[X(Tiexp-Tical) /X (Tiexp-Tiexp) 1} *[(n-1)/(n-p-

The relationship between the two variables was
evaluated using the Chi-square (x?) test given in Eq.
52! while the coefficient of variation (CV %) was
determined using Eq. 6%2.

Chlzldf = XZ/n'p(%) = 100/n'p*z(riyexp'riycal)zlrcal

CV% = [SD/mean] * 100 ........ 6

Where, Tiexp and rica represent the experimental and
model-fitting values of the removal efficiency,
respectively, while fiexp IS the mean value of Fiexp, N
is the number of responses, p is the number of model
factors, and df is the degree of freedom related to the
model. For quality assurance and model
applicability, the degree of fitting at the highest ri agj
and the lowest value of Chi%/df represent the standard
values. Table 5 show the evaluated regression
coefficients, corresponding F-value, and significance
level. The model would be statistically significant if
the R? exceeded 0.8%°.

EC Process

The EC process began once the current from
the external power supply was switched on. The
oxidation began at the anodes, while reduction took
place at cathodes. The dissolution at the anode
produced Fe*? ions, while OH ions were generated
at the cathode. Mixing the released ions (Fe?* and
OH") with wastewaters gave rise to various
monomeric and polymeric ions in hydrolyzed forms,
depending on the concentration of Fe?* ions and the
pH value. These monomeric and polymeric species
would adsorb pollutants to construct bigger flocs and
finally settle down. These settled flocs are called
sludge®. The formation of metal hydroxides at the
pH value of 7 is given by two chemical mechanisms
at the electrodes®* . The first mechanism forms
Fe(OH)s precipitate at the anode while releasing
hydrogen gas at the cathode. The reactions are as
below:

Mechanism #1 at anode:

4Fe() e AFE*(oq) + 8

4Fe*?(aq+10H200+Ox2aq)
8H"(ag)

— 4Fe(OH)3(s)+

At cathode :

8H'(aq) + 86" sy 4Hz()

The overall reaction of the first mechanism is as
below:

4Fe+10H20()+O2q)
4H2(g)

—l 4FE(OH)3(S) +

In the second mechanism, Fe(OH). precipitate is
formed at the anode while hydrogen gas is released
at the cathode according to the reactions shown
below:

Mechanism #2 at anode:

FE) ey  FE%* (o) + 26 ~
Fe'2a)t20H (ag) s Fe(OH)2()
At cathode:

2H20(|)+26' —l ZOH'(aq) + Hz(g)

The overall reaction of the second mechanism is as
below:

Fee + 2H20() mmmmmmmp Fe(OH)o(s) + Hag)

Precipitates of Fe(OH),s and Fe(OH)s) remain in
the solution as a gelatinous suspension, which can be
removed from the wastewater either by
complexation or by electrostatic attraction followed
by coagulation. Depending on the pH values, the
monomeric and polymeric species formed include
Fe(H.0)¢**,  Fe(H.0)sOH*,  Fe(H20)4(OH)*,
F62(H20)8(OH)24+, F62(H20)5(OH)42+, and Fe(OH)4’.

Page | 1030


https://dx.doi.org/10.21123/bsj.2023.7987

2023, 20(3 Suppl.): 1027-1045 o
https://dx.doi.org/10.21123/bsj.2023.7987 -

P-ISSN: 2078-8665 - E-ISSN: 2411-7986 Baghdad Science Journal

Results and Discussion

Table 1. Main characteristics of the dairy wastewater.

Parameter Value
pH 6.83
BODs (mg/L) 11505
COD (mg/L) 34650
Total suspended solids (mg/L) 730
Total dissolved solids (mg/L) 3667
Oil and grease 944
Nitrogen (N) (mg/L) 0.4
Phosphorous (P) (mg/L) 0.5
Iron (Fe) (mg/L) 0.3
Turbidity NTU 3080
Electrical conductivity (us/cm) 7640

13.0cm

30.0cm

Figure 1. A schematic sketch for EC reactor and electrodes. The rods are used for supplying current
overall the electrode. The connection was Monopolar design.
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Figure 2. Main parts of the EC system (reactor and electrodes) and the current supply regulator.

Table 2. Parameters names and levels in EC process for dairy wastewater.

Parameter Value Reference
Distance between (0.5,1,1.5,2,2.5and 3 cm) 29,35
electrodes
Detention time (10, 20, 30, 60, 90, and 120 min) 7,40
NaCl dosage (0, 50, 100, 250, 500, and 1000 mg/L) 48,49
COD concentration (Co, C1/2, C1/4, C1/6, C1/8 and C1/10 mg COD/L) 7,40
Current Density at 15V (2.115, 3.461, 5.384, 7.884, and 8.077 mA/cm?) 55,57, 58

Table 3. Ranges and coded values for the parameters.

Factors Parameter Units Min. value Max. value Coded low Coded

high

A Distance between cm 0.5 2 -1 +1
electrodes

B Detention time min 90 120 -1 +1
C NaCl dosage  mg/L 50 350 -1 +1
D COD concentration ~ mg/L 3700 4700 -1 +1
E Current Density at 15V mA/cm? 35 8 -1 +1

Table 4. Statistical analysis of the results of EC treatment of dairy wastewater.

No A B C D E Actual COD Predicted COD
" cm min mg/L mg/L mA/cm? removal % removal %
1 0875 120 200 4700 5.57 83.1 84.2
2 2 120 50 4450 6.875 81.5 80.7
3 1625 1125 50 3700 35 72.1 70.2
4 0.875 105 350 3700 4.625 65.6 68.0
5 1625 105 125 4700 35 67.8 68.5
6 0.5 105 200 4200 5.75 77.1 75.3
7 1.25 90 275 3700 6.875 74.2 71.7
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8 0.5 90 125
9 1.25 90 200
10 0.5 90 50
11 0.875 90 350
12 1.625 105 125
13 0.875 120 50
14 2 90 50
15 0.5 1125 50
16 2 120 275
17 2 1125 350
18 2 90 50
19 2 90 50
20 0.5 105 200
21 1.25 97.5 50
22 0.5 105 200
23 1625 112.5 125
24 2 90 125
25 125 97.5 50
26 0.5 120 350
27 125 90 200
28 2 90 350
29 0.5 120 350
30 0.5 120 50
31 1625 97.5 275

3700
4200
4700
4700
4700
3950
3700
4450
3950
4700
4700
3700
4200
4200
4200
3700
4700
4200
3950
4200
3950
4450
3700
4450

3.5
3.5

3.5
6.875

4.625

4.625
3.5
5.75
5.75
5.75
8
8
5.75
8
3.5
8
3.5
3.5
6.875

67.5
75.3
71.0
62.9
66.3
79.6
76.2
82.4
61.2
74.2
66.5
70.7
72.6
70.3
76.5
73.9
58.1
72.8
70.6
69.6
66.5
77.3
75.1
70.1

69.0
72.5
71.3
65.9
68.5
80.9
73.8
81.9
61.4
76.3
64.8
74.3
75.3
71.1
75.3
75.4
59.2
71.1
70.4
72.5
69.9
77.5
76.4
68.7

Table 5. Evaluated regression coefficients, corresponding F-value, and significant level.

Item Value  Parameter Relationship F value p-value
(Prob>F)
Standard Deviation 2.42 A Main effect linear 29.25 <0.0001
Mean 71.94 B Main effect linear 21.98 0.0002
CV.% 3.37 C Main effect linear 1351 0.0017
R-squared (R?) 0.9027 D Main effect linear 2.87 0.1075
Adjusted R-squared (RZ;;) 0.8379 E Main effect linear 1.55 0.2295
Predicted R-squared 0.6351 AB Interaction 1.77
0.1997
Effects (cross product)
Adeq precision 15.8169 AD Interaction 4.07 0.0588
Effects (cross product) '
AE Interaction 15.34
Effects (cross product) 0.001
BC Interaction 18.54
Effects (cross product) 0.0004
BD Interaction 50.85
Effects (cross product) <0.0001
BE Interaction 27.66
Effects (cross product) <0.0001
CD Interaction 8.47 0.0093

Effects (cross product)
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Removal Efficiency for COD, N and P according to different Distances between
Electrodes

100 -

% Removal Efficiency

0 T T T T T
0 0.5 1 1.5 2 2.5 3

Distance between Electrodes (cm)

=@=COD =@=P =0—=N

Figure 3. COD, N and P removal efficiency over different distances between electrodes. The COD
concentration was 34650 mg/L, voltage 15V.

Removal Efficiency for COD, N and P in relation with Different Detention

Times
90 -
 —— —@ L
80
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5 70
- — +
S 60 —e °
|
— 50 —® 1 1
O
3 40
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[J)
x 30
N
20
10
0 T T T T T T T T ]
0 10 20 30 40 50 60 70 80 90 100 110 120

Detention Time (min)
—e—COD —@—N —@—P

Figure 4. COD, N and P removal efficiency over different detention times, distance between electrodes
1cm, and current voltage 15V. COD concentration was 34650 mg/L.
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Removal Efficiency for COD, N and P with respect to different NaCl
concentrations

95 +

75 o
+
65 g—o— —— .

55 +

% Removal Efficiency

45 -

35 +

25 T T T T T T T T T J
0 100 200 300 400 500 600 700 800 900 1000

NaCl concentration (mg/L)
—e—COD —e—N P

Figure 5. Removal efficiency for COD, N and P over different NaCl concentrations. Distance between
electrodes equal 1cm, detention time equal 90min and current voltage 15V.

Removal Efficiency for COD, N and P according to different initial COD
concentrations

100 +
95 +
90 -+
85 +
80 +
75 +
70 +

% Removal Efficiency

65 +
60 +

—o
55 . . . . . . .

0 5000 10000 15000 20000 25000 30000 35000
COD Concentration (mg/L)
—&—COD —@—N P

Figure 6. Removal efficiency for COD, N and P over different initial concentrations. Distance between
electrodes 1cm, detention time 90min, NaCl concentration 250 mg/L and current voltage 15V.
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Removal Efficiency for COD, N and P with respect to different Current

Densities
100 P oo
90
80 ——
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20
10

% Removal Efficiency

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85
Current Density (mA/cm?)
—e—COD —@—N —o—P

Figure 7. COD, N and P removal efficiency over different current densities. Distance between
electrodes 1cm, detention time 90min, NaCl dosage 250 mg/L and COD initial concentration 5775

mg/L.
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80 80 |S
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Figure 8. Effects of distance between electrodes 3700 0.5 A: Dist. between Elec. (cm)
(A) and detention time (B) over Removal ) ]
efficiency for COD. Figure 9. Effects of distance between electrodes

(A) and initial concentration of COD (D) over
Removal efficiency for COD.
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Removal Eff. (%)

3700

4300

D: COD (mg/L)

C: NaCl (mg/L)

4700 " 350

Figure 14. Effects of initial concentration of COD (D) and NaCl addition (C) over Removal efficiency
for COD.

Discussion
Effects of the Parameters on Batch Experiments

Fig. 3 shows the COD removal efficiency with
an optimum value of 30.4% at a distance between
electrodes of 1 cm. The removal efficiency decreased
as this distance increased following a reduction of the
mass transfer due to the increment of Ohmic
resistance. Consequently, it reduced the anodic
oxidation?® 27, This result was consistent with the
finding of a study using iron electrodes at 1 cm?.
Likewise, a study reported that the COD removal
efficiency decreased from 90.5% to 48.3% when the
distance between electrodes increased from 0.8 to 2.0
cm?. In addition, Fig. 3. shows the optimum removal
efficiency of P was 81.5%. This value was identical
to the result of another study?, suggesting that the
gap between electrodes had little effect on the
removal efficiency of phosphate?. Fig. 3 also shows
the removal efficiency for N was 61.5%, and it was
similar to the results of another study at 60%.

Figure 4 shows the optimum removal
efficiency of COD which equal to 52.6% at 120 min.
In general, after a significant time, EC was limited
by external mass transfer on the electrodes, i.e., the
Fe?* and OH- ions formed stuck on the electrode

surface, growing like a film through time. Therefore,
the resistance of this film reduced the EC efficiency
and hence, the COD removal®. The removal
efficiency levelled off due to an insufficient amount
of flocks for the removal of pollutants. The result
agrees with a study achieved optimum COD removal
for dairy wastewater in 90 min at a distance of 1 cm
between electrodes®. Fig. 4 also shows that the
removal efficiency for P was proportional with time,
attaining an optimum of 85% at 90 min. This result
agrees with another study®. Meanwhile, the Figure
shows an optimum removal efficiency of 64% for N
was at 60 min. This result is consistent with study of
optimum removal efficiency for N 67.2%3%.

Increasing the solution conductivity will
elevate the removal efficiency until a specified limit
and then decrease it%®. Often, NaCl is added to
increase the ionic strength of the solution®. On the
other hand, chlorides can form different chlorine
species, that enhance the oxidation reactions®’. Fig. 5
shows that the optimum removal efficiency of COD
was 57.4% at 250 mg NaCl/L. It then decreased to
29.2%, probably due to the formation of passive
layers and inhibitors. These results agree with the
findings of other studies® . Fig. 5 shows that the
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optimum removal efficiency of P was 91.7% at 250
mg/L. This result is consistent with the finding of
another study with 92.65% removal efficiency of P%.
Meanwhile, Fig. 5 illustrates that the removal
efficiency of N was 66.7%, and this result agrees
with the finding of a study with 63% removal
efficiency of N*.

The removal efficiency for pollutants usually
decreases as the initial COD concentration increases
at a constant current density because the amount of
metal hydroxide flocs produced is insufficient to
coagulate with the high number of pollutants®2. Fig.
6 shows the optimum removal efficiency reached to
68.5%, occurred at concentration (Co/6) of 5,775 mg
COD/L. A study reported a 70% COD removal
efficiency for dairy wastewater with an initial COD
concentration of 2,000mg/L*, while another
investigation used an initial COD concentration of
4,000mg/L to treat dairy wastewater, attaining a 70%
COD removal efficiency?®. Fig. 6 shows that the
optimum removal efficiency of P is equal to 94%.
This result is nearly similar to the findings of other
studies at 95.6%% and 95%*.. By contrast, Fig. 6
shows that the optimum removal efficiency of N,
reached 69.5%. Incidentally, another study attained
an optimum of 71.8% removal efficiency of N when
treating dairy wastewaters with Al electrodes*.

Current density is resulted due to dividing
electric current over the effective area of the anode.
In general, the anodic dissolution increases along
with current density**. However, increasing current
density beyond the optimum value does not enhance
removal efficiency further. Instead, it compromises
the removal efficiency of pollutants due to the
parasitic production of oxygen®. Fig. 7 shows an
optimum COD removal efficiency of 73.4% at the
current density of 8.077 mA/cm?. A study achieved
a removal efficiency of 70% for dairy wastewater at
the current densities ranging from 61.7 to 308.6 A/m?
., Fig. 7 shows also the optimum removal efficiency
of P 98% at the current density of 5.384 mA/cm?.
This result is consistent with other studies, including
those treating synthetic dairy wastewater or using Al
electrodes*. Meanwhile, Fig. 7 shows the optimum
removal efficiency of N 81.3%. This result is nearly
identical to the 81%, N removal efficiency for
treating synthetic dairy wastewater with Al

electrodes*’. In addition, a study showed treating
slaughter wastewater with iron electrodes yielded an
84% N removal efficiency*®.

Model Fitting

Table 4 shows the statistical analysis of EC for
the dairy wastewater, with an R? value of 0.9027 for
the optimal design. The adjusted R? (0.8379) was
higher than 0.8, indicating that the model was
statistically ~ significant’®>.  The  experimental
prediction was reliable with a small coefficient of
variation (CV), i.e., 3.4%*. The ratio of Adeq
precision was 15.8, which is greater than 4,
indicating that the model had a sufficiently
informative signal. The adjusted R? and the Adeq
precision ratio showed that the quadratic model was
appropriate for constructing the design space and
optimizing the EC process*® 4, Table 5 shows that
the F-value of ANOVA was 13.9 with P < 0.0001,
indicating that the model was statistically significant,
i.e., it could navigate the design space®. The
guadratic equation obtained is as below:

Removal%.=414.099+(12.247*A)+(-
3.141*B)+(0.006*C)+(-0.074*D)+(-13.650*E)+(-
0.083*A*B)+(-0.004*A*D)+(1.690*A*E)+(-
0.001*B*C)+(0.0007*B*D)+(0.112*B*E)+(0.0000
3*C*D)

Fig. 8 shows the interaction between the
distance of two electrodes (A) and detention time
(B). At a higher detention time (120 min), the COD
removal efficiency decreased as a result of increasing
distance between electrodes. However, at a lower
detention time (90 min), the COD removal efficiency
decreased slightly with increasing distances between
electrodes. At a higher detention time and increasing
distance between electrodes, the Fe?* and OH- ions
formed would stick over the electrode surface to
grow like a film over time. Consequently, it yielded
an extra resistance that decrease the COD removal®,
At a lower detention time and increasing distance
between electrodes, decreasing reduction in the
removal efficiency was due to a reduced rate of mass
transfer caused by the increment of Ohmic
resistance. Together with the insufficient production
of coagulants, they thus reduced the anodic
oxidation?”. At lower distance between electrodes
(0.5 cm), the COD removal efficiency increased
along with the detention time until the highest value,

Page | 1039


https://dx.doi.org/10.21123/bsj.2023.7987

2023, 20(3 Suppl.): 1027-1045
https://dx.doi.org/10.21123/bsj.2023.7987
P-1SSN: 2078-8665 - E-ISSN: 2411-7986

S

Baghdad Science Journal

i.e., = 84%. Similarly, at a higher distance between
electrodes (2 cm), the COD removal efficiency
increased along with the detention time. When the
distance between electrodes was shorter, more
coagulants were generated, and the Ohmic resistance
was minimum. At a longer distance between
electrodes, the number of coagulants and the Ohmic
resistance were high. The highest COD removal
efficiency (84%) was attained at a distance of 0.5 cm
between electrodes and a detention time of 120 min.

Fig. 9 shows the interaction between the
distance of electrodes (A) and the initial COD
concentration (D). At a higher initial COD
concentration (4,700 mg COD/L), the removal
efficiency decreased as the distance between
electrodes increased. Similarly, at a lower initial
concentration (3,700 mg COD/L), the removal
efficiency decreased with increasing distance
between electrodes. The decrease in COD removal
efficiency at a higher initial concentration was due to
an insufficient amount of the coagulants®? and the
increment of the Ohmic resistance when the distance
between electrodes increased?’. At a lower initial
concentration, the COD removal efficiency
decreased with increasing distance between
electrodes at a rate lower than at a higher initial
concentration, primarily due to the increment in the
Ohmic resistance. When the distance between
electrodes (0.5 cm) was shorter, the removal
efficiency increased with increasing initial
concentration. The same phenomenon happened at a
longer distance between electrodes (2 cm), i.e., the
COD removal efficiency increased with the
increment in the initial concentration. However, the
increment of removal efficiency at a shorter distance
between electrodes was small between higher and
lower initial concentrations, primarily due to
inhibition of the passivation during the removal
process. The same explanation was correct for a long
distance between electrodes but with the additional
high Ohmic resistance. The highest COD removal
efficiency occurred at a distance of 0.5 cm between
electrodes and an initial COD concentration of 4700
mg/L, or = 82%.

Fig. 10 shows the reaction between the
distance between electrodes (A) and current density
E. When the distance between electrodes (0.5 cm)

was short, the removal efficiency for COD increased
slightly along with the current density until the
highest value. At a longer distance between
electrodes (2 cm), the removal efficiency increased
drastically along with the current density. At a
shorter distance, the Ohmic resistance was low, i.e.,
it was just sufficient to initiate the COD removal.
Although the removal efficiency increased later
along with the current density and anodic dissolution,
the increment of current density beyond the optimum
value did not enhance the removal efficiency due to
the parasitic production of oxygen. Also, at a higher
distance between electrodes, the Ohmic resistance
affected the removal efficiency. Meanwhile, at a low
current density (3.5 mA/cm?), the removal efficiency
decreased drastically as the distance between
electrodes increased. The same applied to high
current density (8 mA/cm?), but the removal
efficiency decreased slightly with increasing
distances between electrodes. At a lower current
density, a fixed amount of coagulants was available.
The Ohmic resistance increased along with the
distance between electrodes, thus causing a drastic
reduction in the removal efficiency. At a higher
current density, the removal efficiency decreased
slightly due to the availability of numerous
coagulants. The highest removal efficiency
happened at a distance of 0.5 cm between electrodes
and a current density of 8 mA/cm?, or = 79%.

Fig. 11 shows the combined actions of the
detention time (B) and NaCl dosage (C). At a lower
dosage (50 mg NaCl/L), the COD removal efficiency
increased drastically along with the detention time.
Similarly, at a higher dosage (350 mg NaCl/L) the
removal efficiency increased along with the
detention time. Many chlorine species were formed
at a higher dosage, thus affecting the removal
process®* and vice versa. Besides, at a lower
detention time (90 min), the removal efficiency
increased along with the NaCl dosage. At a higher
detention time (120 min), the removal efficiency
decreased when the NaCl dosage increased. At a
lower NaCl dosage, numerous coagulants were
generated but with a small amount of chlorine, thus
yielding a small removal. More chlorine was formed
at a high detention time when the NaCl dosage
increased, hindering the removal process. The
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highest removal efficiency (= 81%) happened at 120
min and 50 mg NaCl/L.

Fig. 12 shows the interaction between
detention time (B) and the initial COD concentration
(D). Atalower COD concentration (3,700 mg/L), the
removal efficiency increased slightly along with the
detention time. Similarly, at a high COD
concentration (4,700 mg/L), the removal efficiency
increased drastically along with the detention time,
primarily due to ample destabilized particles
coagulated with the generated monomeric and
polymeric species®. At a lower detention time (90
min), the removal efficiency decreased when the
initial concentration increased. At a higher detention
time (120 min), the removal efficiency increased
along with the initial concentration. The high
removal efficiency was probably due to the
production of more coagulants at higher detention
times®®. The optimum COD removal (= 84%)
happened at the detention time of 120 min and the
initial concentration of 4,700 mg COD/L.

Fig. 13 shows the combined action of the
detention time (D) and current density E. At a lower
detention time (90 min), the COD removal efficiency
increased slightly along with the current density. At
a higher detention time (120 min), the removal
efficiency increased drastically along with the
current density. Overall, the duration for generating
coagulants at a higher detention time was longer than
at a lower detention time. The number of coagulants
generated was proportional to the time unit®.
Meanwhile, at a lower current density (3.5 mA/cm?),

Conclusion

In this study, the dairy wastewater was
treated using the EC technique. Electrodes were
made from wasted iron materials. The five
experimental variables (distance between electrodes,
detention time, NaCl dosage, initial COD
concentration, and current density) were optimized
using the RSM-optimal design and fitted the second-
order polynomial model. The analysis yielded a
linear and complex interaction between parameters
for predicting COD removal efficiency. The

the removal efficiency for COD increased along with
the detention time. At a higher current density
(8mA/cm?), the removal efficiency increased
drastically along with the detention time. More
coagulants were generated at higher current density
than at lower current density due to the high anodic
dissociation*, thus yielding a high COD removal
efficiency. The highest COD removal efficiency (=
84%) happened at the detention time of 120 min and
the current density of 8 mA/cm?.

Fig. 14 shows the interaction between the NaCl
dosage (C) and the initial COD concentration (D). At
a lower NaCl dosage (50 mg/L), the removal
efficiency increased along with the initial
concentration. Also, at a higher NaCl dosage (350
mg/L), the removal efficiency increased along with
the initial strength. A few chlorine species were
formed at a lower NaCl dosage®, but with high
conductivity and generated more coagulants,
increasing the removal. At a high dosage of NaCl, the
formation of more chlorine species hindered the
efficiency. By contrast, at a lower initial
concentration (3,700 mg COD/L), the removal
efficiency decreased slightly along with the NaCl
dosage. Also, at a higher initial concentration (4,700
mg CODJ/L), the removal efficiency decreased
marginally as the NaCl dosage increased. The
removal efficiency decreased in these two cases due
to passivation and the generated inhibitors®® 38 39,
The highest removal (= 77%) happened at the NaCl
dosage of 50 mg/L and an initial concentration of
4,700 mg CODI/L.

optimum conditions for the EC treatment were: a
distance of 1 cm between electrodes, a detention time
of 90 min, a NaCl dosage of 250 mg/L, an initial
COD concentration of 5,775 mg/L, and a current
density of 8.077 mA/cm?. The EC treatment
achieved a 73.4% of COD removal efficiency, a
98.0% for phosphorous and 80.3% for nitrogen. The
large surface area of the iron filings fueled the high
removal efficiency.
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