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ABSTRACT
This study focused on reducing total chromium levels in raw wastewater from the leather tanning industry via electrocoagulation to comply with maximum permissible limits (MPL) and to determine the effects of main process
parameters. An electrocoagulation reactor was built using aluminum electrodes as an anode and cathode. Then, the
response surface methodology was applied using a 3k factorial design considering three factors, namely current
intensity, treatment time, and pH. The total chromium removal percentage was considered as a response variable.
99% of the total chromium found in wastewater could be removed after 14-min treatment at 2-A current intensity
and pH 5.5. Similar amount of chromium was removed at pH of 8.5 and 7. Statistical analysis performed at a confidence level of p < 0.05 revealed that all three factors influenced electrocoagulation. Total chromium could be efficiently removed from raw wastewater at a current intensity of 2.9 A, a pH of 8.4, and a treatment time of 21 min,
suggesting that electrocoagulation using aluminum electrodes is an efficient method for total chromium removal.
Thus, this process must be considered as a solution to the problems caused by the leather tanning industry and for
better compliance with the MPL established in the Peruvian environmental standards.
Keywords: chromium, electrocoagulation, tannery wastewater, aluminum electrodes, response surface.

INTRODUCTION
The leather tanning industry has gained attention because a variety of products are produced from hides of animals. Leather is made via
three processes, namely beamhouse operations,
tanning, and finishing. Among these processes,
beamhouse operations and tanning requires large
water amounts, generating large pollutant loads.
Therefore, these wet processes are usually conducted in countries with flexible environmental regulations. Official data from the Ministry of Production of Peru suggest that leather
production in 2017 increased to approximately
1,900,000 square feet. In addition, for each ton
of leather produced, 45–50 m3 of effluents are
generated [Kanagarak, 2014]. These effluents are
characterized by high salinity, organic load (high
BOD and COD values), suspended solids, ammonium, nitrogen, chloride, chromium, and heavy

metal contents [Manjushree, 2013]. Chromium is
the main tanning agent used for ~95% of the national leather production (CITEcall). A considerable percentage of the total amount of chromium
used for chrome tanning is released as effluents.
In fact, only ~50% of the chromium is effectively
adhered to the skin [Bacardit, 2008].
Chromium is an essential trace element for
humans and animals but not for plants. Two stable chromium forms, namely trivalent chromium
(Cr(III)) and hexavalent chromium (Cr(VI)), can
be found in the environment. Cr(VI) is extremely
toxic as it easily crosses biological membranes
and can be actively transported inside cells via
a sulfate transporter [Gutiérrez, 2010]. In fact,
Cr(VI) has been considered by the International
Agency for Research on Cancer as group I carcinogen, whereas Cr(III), is relatively harmless in
solution and immobile when forming an insoluble hydroxide. However, in high concentrations,
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Cr(III) may present the same toxic effects as
Cr(VI) [Gutiérrez, 2010]. Discharge water containing high chromium concentration may oxidize Cr(III) to Cr(IV) because of the presence of
oxidizing agents such as oxygen, manganese(VI),
and iron(III). Different removal techniques have
been proposed for raw tannery wastewater treatment, including chemical precipitation, adsorption and using biomaterials.
Electrocoagulation is as an alternative to conventional raw tannery wastewater treatments.
Then, in 2014, El-Naas reported that 100% chromium can be removed by increasing current density and conductivity. In 2015, Mella determined
that aluminum electrodes successfully removed
up to 97% of total chromium, surpassing Cu and
Fe electrodes in terms of efficiency. In 2016,
Elabbas, simultaneously eliminated COD and total chromium in tannery wastewater using aluminum electrodes. Herein, 99% chromium removal
was achieved. However, to supplement the contributions from these studies, electrocoagulation
must be assessed using wastewater from Peruvian
tanning industries having high degree of contamination and high conductivity values. These characteristics hinder wastewater treatment via electrocoagulation because of high electric current
would be required. Herein, total chromium contamination levels in effluents are reduced to comply with the maximum limits allowed for electrocoagulation and to assess how current intensity,
treatment time, and pH influence the process.
Electrocoagulation is a process where the sacrificial anode is oxidized, releasing metal ions, and
the cathode is reduced, forming hydroxyl ions via
hydrolysis. Metal ions combine with hydroxyl ions
to form metal hydroxide compounds (coagulants),
which support the formation of floccules by destabilizing suspended colloidal particles. Depending on their density, the resulting floccules can be
separated from the liquid via flotation or sedimentation [Bensadok et al., 2007; Mella, 2013]. The
reactions that occur in an electrochemical cell with
a metal (Al) acting as a sacrificial electrode are
shown below [Hamdan, 2014]:
At the anode:

𝐴𝐴𝐴𝐴 → 𝐴𝐴𝑙𝑙 3+ + 3𝑒𝑒

(1)

At the cathode:
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3
3𝐻𝐻2 𝑂𝑂 + 3𝑒𝑒 → 𝐻𝐻2 (𝑔𝑔) + 3𝑂𝑂𝐻𝐻 −
2

(2)

In the solution:
𝐴𝐴𝑙𝑙 3+ (𝑎𝑎𝑎𝑎) + 3𝐻𝐻2 𝑂𝑂 → 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 + 3𝐻𝐻 + (𝑎𝑎𝑎𝑎)

(3)

MATERIALS AND METHODS
Wastewater characterization
The industrial effluents generated from the
leather tanning processes conducted at the Center
for Technological Innovation in Leather, Footwear and Related Industries (CITEccal) pilot
treatment plant were treated under actual treatment conditions were used as a control point.
This wastewater was subjected to an initial physicochemical and microbiological characterization
because such wastewaters have high conductivity
because of the large amounts of salts used for tanning via electrocoagulation.
Electrocoagulation reactor
The reactor used was a clear acrylic batch
reactor of 20×15×25 cm3 and capacity for treating six liters of wastewater. We used four aluminum electrodes for the anode (sacrifice) and
four electrodes for the cathode. These electrodes
were 10-cm wide, 10-cm long and had an area of
100 cm2. Because of high conductivity, we used a
serial configuration and spaced the plates at 2 cm
to reduce electric current requirements. Figure 1
schematizes the configuration of the electrodes in
the reactor.
Experimental tests
Experimental tests were performed at three
pH levels: natural wastewater pH, neutral, and
acidic. For each stage, current intensity varied at
1, 2 and 3 A and samples were taken after 0, 7,
14 and 21 min. To measure pH, conductivity, and
temperature, an Oakton PCS 35 multi-parameter
was used. To measure total chromium content,
the EPA 200.8 method was used. The percentage of total chromium removed was determined
as follows:

𝐶𝐶𝐶𝐶𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑓𝑓
𝑌𝑌𝑛𝑛 = %𝑅𝑅 = (
) × 100
𝐶𝐶𝐶𝐶𝑖𝑖

(4)

where: Yn – total chromium removal percentage
Cri – initial total chromium concentration
CRf – final total chromium concentration
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Figure 1. Schematic of electrocoagulation reactor

Experimental design

RESULTS AND DISCUSSION

Response surface methodology was employed
using a 3k factorial design with three factors, three
levels and 27 experiments. The factors considered
in the design were electric current intensity (x1),
treatment time, (x2) and pH (x3). As a response
variable, (y1), the percentage of total chromium
removal was used (Table 1).
Statistical analysis was performed using Statgraphics Centurion XVI software and Analysis
of Variance (ANOVA) with a confidence level
of 95%. Equation (5) shows the statistical model used to calculate the independent variables
at three pH levels; therein, yi is the experimental response and xi, xj are the independent variables. The quality of the polynomial model was
determined by the coefficient of determination R2
and R2 adj.

Table 2 lists the values from the initial effluent characterization, wherein a total chromium
amount of 123.1897 mg/l and Chromium(III)
amount of 123.190 mg/l were obtained. Here,
the Chromium(VI) concentration levels were
lower than the detection limit; conductivity was
10430 mS/cm.

𝑛𝑛

𝑛𝑛

𝑖𝑖=1

𝑖𝑖=1

Effects of current intensity

Current intensity directly affects process performance. This parameter determines the amount
of coagulant produced, microscopic bubble size,
and reaction speed, which considerably impact
the pollutant removal rate [Hamdan, 2014; Abdalhadi, 2015]. Current intensities of 1, 2, and
3 A and a fixed electrode surface area of 100 cm2
with a serial connection were used. Figures 2 and
𝑛𝑛
𝑛𝑛
𝑛𝑛−1 𝑛𝑛
3 show that the chromium removal rate increased
2
𝑦𝑦𝑖𝑖 = 𝑏𝑏0 + ∑ 𝑏𝑏𝑖𝑖 𝑥𝑥𝑖𝑖 + ∑ 𝑏𝑏𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 + ∑ ∑ 𝑏𝑏𝑖𝑖𝑖𝑖with
𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 increasing current intensity. Thus, when the
current intensity was 2 and 3 A, 99.9% removal
𝑖𝑖=1
𝑖𝑖=1
𝑖𝑖=1 𝑗𝑗=𝑖𝑖+1
(5)
was achieved after 14 min of treatment. These
𝑛𝑛−1 𝑛𝑛

𝑏𝑏0 + ∑ 𝑏𝑏𝑖𝑖 𝑥𝑥𝑖𝑖 + ∑ 𝑏𝑏𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 2 + ∑ ∑ 𝑏𝑏𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗
𝑖𝑖=1 𝑗𝑗=𝑖𝑖+1

where: bo, bi, biiybij – coefficients for linear, quadratic, and second-order interaction,
xiyhj – values for the independent variable,
yi – total chromium removal percentage.

Table 1. Experimental design Factors and levels
Factors

x1 : Current Intensity (A)
x2 : Time (min)
x3 : pH

Levels
1

2

3

7

14

21

5.5

7

8.5
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Table 2. Physicochemical and biological effluent
analysis
Parameter

Value

Total chromium ICP (mg/L)

123.1897

Chromium III (mg/L)

123,190

Chromium VI (mg/L)

<0,005

Conductivity (mS/cm)

10430

pH
Chloride (mg/L)

8.36
2104.290

BOD (mg/L)

1952.5

COD (mg/L)

5308.4

Total Suspended Solids (mg/L)
Oils and Fats (mg/L)

1578
6.1

Nitrogen (mg/L)

352.43

Phosphorus (mg/L)

12,525

Total Coliforms (NMP/100 mL)

49000000

Fecal Coliforms (NMP/100 mL)

330000

Turbidity (NTU)

1810.0

Sulfur (mg/L)

37.7932

results match those reported by Mella in 2015
wherein Al electrodes could remove 97.76% chromium after applying current intensities of 0–3 A
for 110 min. Elabbas argued that the 98.1% of
chromium removal rate was achieved when current density was increased from 200 to 400 Am−2
because as current intensity increases, the amount
of anodic aluminum dissolution also increases,
leading to better coagulation. However, very high
current intensity values may decrease efficiency
because of oxygen production and electrode passivation [Piña et al., 2011].
Effects of pH
The initial pH is important for efficient electrocoagulation because its variation during treatment affects efficiency [Cañizares, 2009; Elabbas, 2015]. The increase in water pH is mainly
attributed to the production of hydroxide ions
(OH−), which are continuously generated from
water reduction in the cathode and the formation
of Al(OH)3 [Elabbas, 2015]. Aluminum electrodes remove chromium because of their high
Al(OH)3 formation rate, generating floccules that
behave as chromium ion adsorbents. In Figures 2
and 3, at a 5.5 pH and three current intensities
after 7-min treatment, 90% chromium removal
rate is achieved. For tests conducted at pH of
8.5 and 7, the best efficiencies are obtained at 2
and 3 A after 14 min. Results reveal that almost
similar chromium removal rates are achieved at
pH of 8.5, 7, and 5.5. If the pH is changed to 5.5
220

at the beginning of the treatment, the process is
accelerated. However, after 14 min of treatment,
99% efficiency could be achieved at all three pH
values. Hence, wastewater should be treated at a
natural pH [Espinoza, 2009] to reduce scaling and
to avoid using chemicals to adjust pH, thus reducing treatment costs. Espinoza’s findings were
consistent with Abdalhadi Deghles’ findings that
at an initial pH of 8, an optimum efficiency of
99% can be achieved. Mella also reports that 98%
Cr removal was achieved at pH values above 7.0.
This confirms the theoretical predictions from the
Pourbaix diagram, wherein Cr(OH)3 precipitation
occurs at pH of 8.0–11.
Effects from treatment times
Electrolysis times and metal hydroxide formation are strongly correlated during pollutant
removal [Abdalhadi, 2015]. Figures 2 and 3 show
that the total chromium removal efficiency increases with increasing treatment time. In most
samples, after 14 min of treatment, efficiencies
exceed 90%; at 2 A, efficiencies reach 100%.
Long treatment times increase energy and electrode consumption [Kobya, 2006]; therefore, an
optimal treatment time must be determined.
Experimental design results
Table 3 presents the response surface for the
3k factorial design; 27 experiments were conducted by varying pH, current intensity, and time.
Equation 5 denotes the quadratic regression model obtained using the Statgraphics Centurion XVI
software. This model is used to determine the effects of the independent variables (x1, x2, and x3)
and their influence on the response variable (y1).
Table 4 shows ANOVA results at a confidence
interval of 95%, wherein the statistical summary
model focuses on the R2 correlation coefficient.
For total chromium removal, this coefficient reports a value of 85.3584%, which indicates a
good model adjustment. Thus, time, current intensity, and pH are significant at a confidence
level of p < 0.05.
𝑦𝑦1 = 430.531 + 23.1111𝑥𝑥1 + 2.45238𝑥𝑥2 − 112.617𝑥𝑥3 −
− 7.55556𝑥𝑥12 − 1.22619𝑥𝑥1 𝑥𝑥2 + 5.5𝑥𝑥1 𝑥𝑥3 − 0.0963719𝑥𝑥22 +
+ 0.626984𝑥𝑥2 𝑥𝑥3 + 6.2716𝑥𝑥32

(6)

Figure 4 shows model adjustment by representing values obtained using the design model
and experimental values; acceptable correlation is observed for total chromium removal
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a)

b)

c)

Figure 2. Total chromium variation as a function of time at different current intensities.
Total chromium C0 = 123.1897 mg/l; a) pH = 8.5; b) pH = 7; c) pH = 5.5

Table 3. Experiment design using chromium removal as response variable

pH

Chromium
(%)
removal

Factors
Exp.
No.

I (A) T (min)

Factors
Exp.
No.

Chromium
(%)
Exp.
removal
No.

I (A)

T (min)

pH

X1

X2

X3

y

I (A)

T (min)

pH

Chromium
(%)
removal

X1

X2

X3

y

Factors

X1

X2

X3

y

1

1

7

5.5

92

10

1

7

7

23

19

1

7

8.5

33

2

1

14

5.5

98

11

1

14

7

51

20

1

14

8.5

60

3

1

21

5.5

99

12

1

21

7

80

21

1

21

8.5

90

4

2

7

5.5

98

13

2

7

7

52

22

2

7

8.5

76

5

2

14

5.5

99

14

2

14

7

97

23

2

14

8.5

99

6

2

21

5.5

99

15

2

21

7

100

24

2

21

8.5

99

7

3

7

5.5

99

16

3

7

7

89

25

3

7

8.5

93

8

3

14

5.5

99

17

3

14

7

99

26

3

14

8.5

99

9

3

21

5.5

99

18

3

21

7

99

27

3

21

8.5

99
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Table 4. Total chromium ANOVA table
Variation Source

Sum of Squares

DF

MS

F-Test

P-Value

χ1 : Current Intensity (A)

3640.89

1

3640.89

32.56

0.0000

2520.5

1

2520.5

22.54

0.0002

χ3 : pH

1027.56

1

1027.56

9.19

0.0075

𝑥𝑥12

342,519

1

342,519

3.06

0.0981

χ1χ2

884,083

1

884,083

7.91

0.0120

χ1χ3

816.75

1

816.75

7.31

0.0151

𝑥𝑥22

133,796

1

133,796

1.20

0.2892

χ2χ3

520,083

1

520,083

4.65

0.0456

𝑥𝑥32

1194.74

1

1194.74

10.69

0.0045

Total Error

1900.71

17

111,807

Total

12981.6

26

χ2: Time (min)

𝑅𝑅 2 = 85.3584 %, 𝑅𝑅 2 𝑎𝑎𝑎𝑎𝑎𝑎 = 77.607 %

a)

b)

c)

Figure 3. total chromium removal percentage as a function of time.
Total chromium C0 = 123.1897 mg/l; a) pH = 8.5; b) pH = 7; c) pH = 5.5
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Figure 4. Total chromium removal: predicted vs. observed values

a)

b)

c)

Figure 5. Three-dimensional response surface charts and contours for total chromium removal percentages:
a) Current intensity and time; b) Current intensity and pH; and c) Time and pH

(R2 = 0.8535). Figure 5 shows the response surface charts and variance prediction contours,
where the total chromium removal percentage
varies based on the variation in current intensity
(x1), time (x2), and pH (x3).

CONCLUSIONS
This study demonstrated that using aluminum
electrodes as anode and cathode, 99% of the total
chromium found in raw tannery wastewater can
be removed via electrocoagulation. Results reveal that current intensity, treatment time, and pH
values were significant and affected the response
variable (total chromium removal). A correlation
coefficient (R2 = 0.8535 was obtained, implying that the proposed statistical model explains
85.3584% of the variability in the total chromium

removal ratio. Highest removal percentages were
rapidly obtained at pH of 5.5 after 14 min of treatment; however, at pH of 8.5 and 7, almost similar
efficiency values were obtained. Therefore, under
actual treatment conditions, using reagents for
changing pH values would not be justified because similar efficiencies were obtained. Further,
a current intensity of 2.9 A, a pH of 8.4, and treatment time of 21 min were the optimum operation
conditions for effectively removing total chromium from raw tannery wastewater.
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