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a b s t r a c t
This study proposes the treatment of textile wastewater by electrocoagulation process (EC) assisted 
with biocoagulant obtained from the pitahaya peels. The Box–Behnken design (BBD) was used to 
evaluate and optimize the parameters of EC (pH, current density and time), using Al and Fe elec-
trodes, from the response surface methodology and desirability function for the response, tur-
bidity removal. Then, optimized EC processes were assisted with different biocoagulant doses 
(30, 35, 40, 45 and 50 mg/L) for the treatment of textile wastewater, evaluating the turbidity, color 
and chemical oxygen demand. The results of BBD showed that for EC process using the Fe elec-
trodes the variables pH, current density and time were significant, while for Al electrodes were 
significant the variables current density and time. Optimized EC processes assisted with biocoag-
ulant improved significantly the treatment efficiencies of the wastewater, obtaining removal val-
ues of turbidity, color, and chemical oxygen demand of 98.05%, 95.11% and 86.21%, respectively, 
for Al electrodes; and 96.89%, 95.10% and 81.78% for Fe electrodes. Additionally, it was observed 
significant removals of inorganic elements presents in the textile wastewater as P, Mg and Si.
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1. Introduction

Textile industries are responsible for the use of large 
amounts of dyes, inorganic and organic chemicals and 
additives in their processes, in addition to large volumes of 
water, which generates huge volumes of effluents [1]. These 
wastewaters, usually, contain a large variety of organic 
pollutants, which generate high chemical oxygen demand 

(COD). Additionally, they show environmental risks for the 
water bodies due to high levels of turbidity, color, and con-
tents of surfactant, salts and others compounds that are used 
in the dyeing and finishing processes of their products [2]. 
Among the compounds present in the textile wastewaters, 
synthetic dyes deserve attention, once that they are diffi-
cult to degrade and toxic for aquatic organisms, its presence 
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in the water bodies also promote the reduction of light 
passage, affecting the performing the photosynthesis [3,4].

Several processes have been researched to be used in 
treatment of wastewaters, such as electrocoagulation and 
coagulation processes. Electrocoagulation process (EC) 
is an electrochemistry technique which has been used in 
last years for treatment of wastewaters containing a wide 
variety of inorganic and organic pollutants. It has as main 
characteristics its versatile, easy installation and environ-
mentally friendly [5,6]. This process consists in the gener-
ation of coagulation and flocculant species in situ from the 
reactions that occur in electrodes (anode and cathode) of an 
electrochemistry cell caused by the application of potential. 
The generated species in the processes promote the removal 
of pollutants from the coagulation and flocculation mecha-
nisms [7]. The coagulation method, in turn, consists in the 
addition of coagulants from direct way in the wastewa-
ter, which has as advantages to be versatile and economi-
cally viable [8]. Various inorganic and organic compounds 
have been used as coagulants in coagulation processes. 
Among the inorganic compounds, aluminum sulfate is the 
most used, however it can cause environmental problems 
due to high concentrations of aluminum presents in the 
treated wastewaters [9]. On the other hand, organic coag-
ulants have advantages as lower toxicity, cost and sludge 
formation, in addition to being biodegradable and present-
ing a low risk of environmental contamination [10]. The 
biopolymers are compounds obtained from certain kind 
of plants, which when used as organic coagulants show 
advantages as: cost-effective, unlikely to produce extreme 
pH values in the treated wastewater [11].

The pitahaya or dragon fruit is a fruit of a cactus spe-
cie of the genus Selenicereus belonging to the Cacteaceae, and 
that is cultivated in several countries around the world and 
throughout tropical and subtropical regions [12]. Pitahaya is 
a fruit of important commercial value for the medical, cos-
metic and food industries due it shows compounds with 
nutritional, bioactive and prebiotic properties. Its composi-
tion consists of pulp 47%–74%, peel 38% and seeds 3%–15% 
[13]. The use of pitahaya in various industries has gener-
ated agro-industrial waste; the peels and seeds represent 
approximately 40% of the initial mass of the fruit [14]. The 
peels contain polysaccharides that can be extracted and 
then to be used in other processes, adding value to this 
waste [15]. Mucilage found in the pitahaya peel, it is a poly-
saccharides of branched structure, containing pectin wich 
has gelling properties [16]. This mucilage has been used 
as natural coagulant and floctuant for removal of different 
pollutants in several wastewaters [17–20].

The literatura also shows that the addition of muci-
lages extracted from plants in electrocoagulation processes 
improve the removal performance of pollutants in waste-
water [21,22]. So, in recent years, there has been a search 
for compounds of natural origin, environmentally friendly, 
and low cost, which can be used as biocoagulants for 
removal of pollutants from aqueous systems.

To our best knowledge, there is a gap related to the 
removal of pollutants when it is added mucilage from 
pitahaya after EC process for treatment real textile waste-
waters. In this sense, this work aims to evaluate the effi-
ciency of the EC process assisted with the biocoagulant of 

pitahaya peels for treatment of textile wastewater. The bio-
coagulant was extracted of direct way from the fruit and 
chemometric tools were used to evaluate and optimize the 
parameters pH, current density and reaction time of the EC 
process, using Fe and Al electrodes. The optimized EC pro-
cesses were assisted by addition of biocoagulant doses of 
the pitahaya peels for treatment of the real textile wastewater.

2. Materials and methods

2.1. Preparation of biocoagulant from pitahaya peels

The biocoagulant was prepared from the direct extraction 
method. Initially, pitahaya fruits were acquired from the 
local marked and take to the laboratory. Then, the peels 
were removed from the fruits, washed with tap water in 
abundance and distilled water. The peels were submit-
ted to maceration process using mortar piston and then 
centrifuged at a speed of 3,700 rpm for 15 min. The muci-
lage (gel) was separated from the resulting material and 
property stored in a refrigerator at 4°C for further studies.

2.2. Characterization of biocoagulant

The surface groups of biocoagulant were investigated 
from the Fourier-transform infrared (FTIR) spectrum 
recorded at 4 cm–1 of resolution with 16 scan between range 
of 4,000–400 cm–1, using a Perkin Elmer spectrometer in the 
resolution.

2.3. Wastewater

The wastewater was obtained from a textile industry 
located Arequipa city, Peru, which carries out the process 
of making, dyeing and finishing clothes with cotton fiber. 
The sample was taken from a tank that stores wastewater 
from the washing, bleaching, mercerizing, dyeing and fin-
ishing stages of cotton fiber fabrics. The determination of 
chemical oxygen demand (COD), pH, color, conductivity 
and turbidity of wastewater were performed according to 
APHA [23] and results are shown in Table 1.

2.4. Electrocoagulation process (EP)

The treatment of textile wastewater by EC was carried out 
in a 0.8 L polypropylene monopolar batch reactor. The elec-
trodes (Al and Fe), with dimensions of 10 cm × 5 cm × 0.3 cm 
(109 cm2 of active area), were placed 3 cm apart and con-
nected in monopolar parallel connection mode. Before 
each experiment, the electrodes were washed with a mixed 

Table 1
Characteristics of wastewater of textile industry

Parameter Value

COD 418.4 mg/L
Turbidity 55.89 NTU
Conductivity 367 μS/cm
pH 8.65
Color 388.7 Pt-Co
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solution prepared from the 100 mL of HCl (36.5%) and 
200 mL of hexamethylenetetramine (2.8%) to remove the 
oxide layers on them [24]. Each experiment was performed 
with 0.7 L of the wastewater sample under constant agita-
tion at 400 rpm. Current density adjustment was performed 
using a direct current power supply (MESTEK DP3030) 
operated in galvanic mode. All experiments were performed 
at room temperature and in triplicate. Fig. 1 shows the 
experimental system used for EC process.

2.5. Experimental design of EC

The EC parameters for treatment of textile wastewater 
were evaluated using the Box–Behnken design and opti-
mized from the desirability function. This design allows 
to evaluate the possible interaction between factors and 
provides the response surfaces. The operating parameters 
(variables) evaluated were pH (x1), current density (x2) and 
reaction time (x1), and response was turbidity removal per-
centage value. The values of real and coded variables and its 
levels are shown in Table 2. These values were selected from 
the previous studies and those reported in the literature. 

It was proposed second-order polynomial regression mod-
els [Eq. (1)], evaluating the responses on the investigate 
variables, for EC experiments with the Fe and Al electrodes.

Y x x x xi i ii i ij i j
i j

k

i
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where Y is the experimental response that consists in the 
turbidity percentage removal, xi and xj are the indepen-
dent variables; β0 is the constant term; βi, is linear regres-
sion coefficient, βii is quadratic regression coefficient and 
βij is the interaction regression coefficients; k is the number 
of variables studied and optimized in the experiment, and 
ε is the residues of model.

The analysis of variance (ANOVA) was used to eval-
uate the significance of variables and their terms on the 
experimental response, as well as, the significance of 
the regression model at the confidence interval of 95%. 
The variables and its terms were evaluated from the p-values.  
The p-values ≤ 0.05 were considered significant and 
those p-values > 0.05 were non-significant [25]. The soft-
ware Design-Expert® 7.1.3 was used for design, statistical 
analysis and to obtain the response surfaces.

2.6. Electrocoagulation processes assisted with biocoagulant

The EC assisted with biocoagulant (BPh) for treatment of 
textile industrial wastewater was performed adding amounts 
of BPh with dosages of 0, 30, 35, 40, 45 and 50 mg/L. The 
system was shaken constantly using the magnetic shaker 
under the optimized EC conditions. The evaluated param-
eters of treated wastewater were removal percentages 
of turbidity, color and chemical oxygen demand, which 
were calculate from Eq. (2):

Removal value
Initial value Final value

Initial value
%� � � �� �

�100  (2)

The results were evaluated from the statistical analy-
sis of Tukey test at level of 95% of confidence, using the 
software Statistica.

2.7. Determination of inorganic elements

The determinations of inorganic element concentrations 
in the textile industrial wastewater and after treatments of 
EC and EC assisted with biocoagulant carried out from the 
inductively coupled plasma mass spectrometry (ICP-MS), 
using an ICP-MS equipment, Agilent model 7900, accord-
ing to ISO 17294-2 water quality analysis methodology.

3. Results and discussion

3.1. Biocoagulant characteristics

Fig. 2 shows the FTIR spectrum of biocoagulant, from 
which it is possible to observe three main bands that are 
associated with presence of carbohydrates, proteins and 
moieties [26]. The peaks in the region at 1,000 and 2,000 cm–1 
are associated to the main functional groups found in 

 
Fig. 1. Experimental system. (1) DC power supply; (2) stir plate; 
(3) stir magnet; (4) electrodes; (5) pitahaya biocoagulant.

Table 2
Real and coded levels for independent variables investigated 
in the EC process, using Fe and Al electrodes

Variable Coded values

–1 0 +1

Real values

pH (x1) 4 7 10
Current density (mA/cm2), (x2) 20 30 40
Time (min), (x3) 30 40 50
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pectin [27]. On the other hand, it is also observed that the 
most representative band is located between the region 
of 3,000–3,600 cm–1, which is attributed to the vibrational 
stretching of the O–H functional group. The peak observed 
at the peak 2,900 cm–1 is attributed to the stretching of 
CH2–CH2 or CH3 of the methyl ester of galacturonic acid 
[28,29]. The peak in the region 1,630–1,660 cm–1 is attributed 
to carbonyls esterified with methyl (C=O) and carboxylate 
anions (COO–) of vibrational stretching, which also refers 
to the possible presence of uronic acid from polysaccha-
rides [30]. According to the Cárdenas et al. [31], the peak 
located at 1,749 cm–1 indicates the degree of esterification 
of the mucilage, the spectrum shows a peak located in the 
region 1,605 cm–1 which it can indicate a low degree of ester-
ification of the biocoagulant (mucilage). The peaks located 
between 1,150–1,046 cm–1 are recognized by the presence 
of carboxyl and phenolic groups with C–OH stretch-
ing. The absorption peaks between the 800–1,200 cm–1 are 
observed, which it can be attributed to the fingerprint of 
the pectin’s (P) present in the extracted mucilage [28].

3.2. Statistical analysis and model fittings

The Box–Behnken design (BBD) proposed was an incom-
plete factorial design of 3 levels (12 experiments) and 3 central 
points, which totalized 15 experiments. These experiments 
for EC, using the Al and Fe electrodes, and the response 
turbidity percentage removal are shown in the Table 3. 
According to the results, among the ranges of studied vari-
able values, turbidity removal values ranged from 61.91% 
to 85.92% and 59.98% to 77.11%, using the Al and Fe elec-
trodes, respectively. The results suggest a turbidity removal 
more efficient for EC using Al electrode than Fe electrode.

Table 4 shows variance analysis (ANOVA) of vari-
ables and its terms for EC process using the Fe electrodes. 
The results suggest that significant terms (those that show 
p-values £ 0.05) are: linear terms of variables pH (x1), 

current density (x2), time (x3) and quadric term of time (x3
2). 

The quadric model obtained was considered significant 
(p-value < 0.05) and it is shown by Eq. (3), considering only 
the significant terms.

Y x x x x� � � � �76 59 2 81 3 77 3 86 5 941 2 3 3
2. . . . .  (3)

According to results, the obtained model [Eq. (3)] shows 
coefficients with positive signals for linear terms of vari-
ables pH (x1), current density (x2) and time (x1), suggesting 
synergic effects with the response (turbidity removal) inside 
the herein investigated range. The highest responses can be 
obtained for the high values of these variables. On the other 
hand, the model shows negative signal for quadric term x3

2, 
indicating an antagonistic effect for time variable, beside 
of range herein investigated. The greatest value of coeffi-
cient for quadratic term of time variable (x3

2) in comparison 
to the coefficient of linear term (x3), suggests an antagonist 
effect more pronounced to high values of this variable than 
synergic effect.

The variance analysis (ANOVA) of variables, its terms 
and model for EC using the Al electrodes is shown in 
the Table 5. The fitting of a quadric model for response 
(turbidity removal) in the experiments using Al electrode 
was not significant, as well as for other mathematical func-
tions which could be applied on it. In this sense, it was 
suggested a model linear, which was considered signifi-
cant (p-value < 0.05). Additionally, the terms considered 
significant were linear terms x2 and x3, from which it was 
obtained the linear model shown by Eq. (4).

Y x x� � �72 63 4 65 3 862 3. . .  (4)

According to the results [Table 5 and Eq. (4)] is possi-
ble to infer the non-significance of the pH variable, inside 
range herein investigated, for EC using the Al electrode. 

 
Fig. 2. FTIR spectrum of biocoagulant of the pitahaya peel.
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In addition, it is considered that variables current density 
and time show synergistic effects on the response (turbid-
ity removal), once that its linear coefficients showed posi-
tive signals. The similar values of these coefficients indicate 
similar influence them on the response.

3.3. Response surface

Fig. 2 shows the three-dimensional response surface 
plots for turbidity removal as function of two variables, 
keeping the third at its central level for EC experiments 
carried out with Fe (Fig. 3a–c) and Al (Fig. 3d and e) elec-
trodes. According to Fig. 3a, the EC using Fe electrodes 
shows the high responses when pH and current density 

variables are in the high levels. The tendencies for these 
variables also are observed in Fig. 3b and c, however,  
the plots show curvatures with convex characteristics due 
the significant term x3

2 of Eq. (2), which represents the qua-
dratic term of variable time. In this sense, it possible to infer 
that a tendency of decrease for response for longer times 
and that inside the studied range there is a value which can 
represent a maximum response.

The fit of linear model for EC using the Al electrode is 
represented by response surface plots with features pla-
nar (Fig. 3d–f). These results indicate that highest values of 
response can be obtained for values beside of range herein 
investigated and that there is not interaction between vari-
ables. Additionally, the biggest slopes of plots with the 
variables current density and time show the greatest influ-
ence of these variables on the response. The lowest slope 
of plots with variable pH indicate the non-significance of 
this variable inside of investigated range.

The solution pH is an important parameter in the EC 
processes, once that it is responsible by speciation and 

Table 3
Box–Behnken experimental design (BBD) for EC processes, using Al and Fe electrodes, and TB removal values (%)

Experiment X1
a (x1)b X2

a (x2) X3
a (x3) TB removal values (%)

Al Fe

1 4 (–1) 20 (–1) 40 (0) 75.22 ± 2.19 70.91 ± 1.02
2 10 (+1) 20 (–1) 40 (0) 65.78 ± 1.58 77.11 ± 0.88
3 4 (–1) 40 (+1) 40 (0) 85.92 ± 0.92 76.23 ± 1.03
4 10 (+1) 40 (+1) 40 (0) 73.76 ± 1.23 79.67 ± 1.26
5 4 (–1) 30 (0) 30 (–1) 61.91 ± 2.16 59.98 ± 1.48
6 10 (+1) 30 (0) 30 (–1) 68.09 ± 0.61 69.96 ± 2.03
7 4 (–1) 30 (0) 50 (+1) 83.75 ± 0.47 73.10 ± 1.22
8 10 (+1) 30 (0) 50 (+1) 75.89 ± 1.24 75.98 ± 1.41
9 7 (0) 20 (–1) 30 (–1) 67.64 ± 1.44 60.76 ± 1.02
10 7 (0) 40 (+1) 30 (–1) 74.81 ± 1.08 75.25 ± 1.50
11 7 (0) 20 (–1) 50 (+1) 71.22 ± 0.59 69.99 ± 0.89
12 7 (0) 40 (+1) 50 (+1) 80.95 ± 1.54 77.76 ± 1.35
13 7 (0) 30 (0) 40 (0) 78.34 ± 1.24 76.45 ± 1.31
14 7 (0) 30 (0) 40 (0) 75.40 ± 1.06 77.26 ± 1.19
15 7 (0) 30 (0) 40 (0) 78.98 ± 1.08 76.06 ± 1.69

aReal value: X1 = pH; X2 = current density (mA/cm2); X3 = time (min).
bCoded values.

Table 4
Analysis of variance (ANOVA) of the model, variables 
(factors) and terms on the response (TB removal) for EC 
process using Fe electrodes

Source Sum of square DF Mean square F-value p-value

Model 454.96 9 50.55 7.28 0.0208
x1 63.28 1 63.28 9.11 0.0295
x2 113.55 1 113.55 16.34 0.0099
x3 119.20 1 119.0 17.16 0.0090
x1x2 1.90 1 1.90 0.27 0.6230
x1x3 12.60 1 12.60 1.81 0.2359
x2x3 11.29 1 11.29 1.62 0.2584
x1

2 2.97 1 2.97 0.43 0.5418
x2

2 0.31 1 0.31 0.044 0.8423
x3

2 130.17 1 130.17 18.74 0.0075

DF = degree of freedom

Table 5
Analysis of variance (ANOVA) of the variables (factors) on 
the response (TB removal) for EC process using Al electrodes

Source Sum of 
square

DF Mean 
square

F-value p-value

Model 297.69 3 99.23 4.83 0.0221
x1 5.88 1 5.88 0.29 0.6032
x2 172.61 1 172.61 8.40 0.0145
x3 119.20 1 119.20 5.80 0.0347

DF = degree of freedom.
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Fig. 3. Three-dimensional response surfaces for the values of turbidity removal value (5) for EC processes using Fe electrodes 
(a–c) and Al electrodes (d–f).
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solubility of electrode metallic ions in aqueous solutions. 
The electrochemical reactions which occur in this process, 
using the Fe and Al electrodes, are as following [32,33]:

In the Fe anode:

Fe Fe es aq� � � �
� �� �2 2  (5)

In acid medium:

4Fe O H O Fe OH Haq aq� �
�

� � � � � � � �
�� � � � � �2

2 2 3
10 4 8g l s

 (6)

In alkaline medium:

Fe OH Fe OHaq aq� �
�

� �
�

� �
� � � �2

2
3

s
 (7)

In the Al anode:

Al Al eaqs� � � �
� �� �3 3  (8)

In acid medium:

Al H O Al OH Haq 2 aq� �
�

� �
�� � �� �3

3
3 3( ) ( )l s

 (9)

In alkaline medium:

Al OH Al OHaq aq� �
�

� �
�� � � �3

3
3

( )s
 (10)

According to reactions [Eqs. (5)–(10)], after electro-
chemical reactions, from which produce metallic ions 
in solution, occur the formation of metallic hydroxides 
that are responsible by coagulation. Thus, it is possible 
to observe that for Fe electrodes in acid medium is pro-
duced Fe(OH)3(s) and in alkaline medium Fe(OH)2(s), 
while for Al electrodes, in both medium is produced 
Al(OH)3(s). The formation of two hydroxides from the Fe 
electrodes and one hydroxide for Al electrodes in solution 
with different medium, can justify the more influence of 
medium pH in the EC using Fe electrode.

The influence of current density in both EC processes 
(using Fe and Al electrodes) occur once that it is responsible 
by the dosage rate of formed coagulant, bubble production 

rate and the floc distribution [34]. This can be explicated 
from the Faraday law, which describes that current density 
is correlated to the amount of metallic ion that is gener-
ated in the EC process [35]. These results herein agree with 
those obtained by Bener et al. [36], who reported that great 
efficiencies in EC were observed for high current densities.

The reaction time tends to improve the efficiency of 
EC due to greater generation of coagulant species in the 
system from longer times [37] However, the tendency to 
decrease the turbidity removal for EC using the Fe electrodes 
in longer time it can be due the largest amount of these 
hydroxides, which can remain in suspension.

3.2.3. Optimization of EC

The EC processes using the Fe and Al electrodes for 
treatment of textile industry wastewater were optimized 
from the desirability function (d) provided by software 
Design-Expert® 7.1.3. The d function transforms the esti-
mated response of each variable to desirability value, in 
which should be 0 ≤ d ≤ 1, therefore, the better responses 
are those which show the highest d values [38]. In order to 
obtain the highest responses of turbidity removal percent-
ages (maximize the response), the evaluation criteria of vari-
ables were kept inside the investigated ranges. The d values 
equal to 1.0 were obtained for both EC processes and sug-
gested conditions for pH, current density and time were: 
4.93, 40 mA and 49 min for Al electrode, and 9.60, 39 mA 
and 44 min for Fe electrode, showing estimated responses 
(turbidity removal) of 80.05% and 80,77%, respectively. 
The experiments were carried out these conditions and the 
experimental responses were of 86.50% for Al electrodes and 
80.53% for Fe electrodes, which showed variation of 6.45%  
and 0.03%.

3.3. Optimized EC assisted with biocoagulant

The optimized EC process using the Al and Fe elec-
trodes were assisted with prepared biocoagulant (BPh). The 
parameters turbidity (TB), color and COD were investigated 
varying the biocoagulant dosage.

According to the results (Table 6), it is possible to observe 
that addition of bio-coagulant in the EC processes improve 
efficiency of wastewater treatment, increasing the removal 

Table 6
Removal percentages of turbidity (TB), color (CL) and chemical oxygen demand (COD) for EC processes of textile industrial 
wastewater, using Al and Fe electrodes, assisted by different dosages of biocoagulant (BPh)

BPh dosage (mg/L) Al electrode Fe electrode

Removal (%)

TB CL COD TB CL COD

0 86.50a,A 83.97a,A 71.99a,A 80.53a,B 78.72a,B 63.65a,B

30 87.94ab,A 86.65ab,A 75.03b,A 82.09a,B 79.88a,B 67.15a,B

35 90.28bc,A 89.42bc,A 77.05bc,A 84.95b,B 83.69b,B 71.22b,B

40 93.42cd,A 91.45cd,A 81.80d,A 91.61c,A 88.94cd,A 77.75c,B

45 98.05e,A 95.11e,A 86.21e,A 96.89d,A 95.10e,A 81.78d,B

50 96.40de,A 94.30de,A 84.16e,A 95.62d,A 92.23de,A 76.82c,B

Small letters differ between biocoagulant treatments and capital letters differ between electrode treatments at the 5.0% level by Tukey test.
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values of turbidity, color and COD. The Tukey test indicated 
significative differences between treatment without bio- 
coagulant (dosage zero) with those which were added dos-
ages of biocoagulant. Values greater than 90% were obtained 
for parameters turbidity and color, and values greater than 
80% for COD in both EC processes, using Al and Fe elec-
trodes. The treatments with 45 mg/L of biocoagulant showed 
the highest removal values, suggesting to be ideal dosage for 
systems herein evaluate. Additionally, the Tukey test indi-
cated significative difference from the different electrodes 
used (capital letter in the Table 6). These differences were 
observed in the dosages 0, 30 and 35 mg/L for parameters 
turbidity and color, and for other dosages considering the 
parameter COD.

The pH biocoagulant has a positive effect on the removal 
of turbidity, color and COD for treatments of textile waste-
waters with EC process assisted with biocoagulant, using 
electrodes of Fe and Al. The results herein obtained agree 
with those reported by [22], who indicated that the addition 
of a biocoagulant from Opuntia ficus improves the removal 
of turbidity from synthetic wastewater by electrocoagula-
tion. Similarly, Djerroud et al. [39] reported that the addi-
tion of Opuntia ficus indica mucilage improves the efficiency 
of the electrocoagulation process in removing turbidity in 
synthetic wastewater. The natural coagulant extracted from 
pitahaya presents environmental and operational advan-
tages as well as other coagulants such as okra mucilage that 
can remove turbidity and COD in textile wastewater [18]. 
Shak and Wu [40] showed that the combining chemical and 
natural coagulants improves COD removal from highly 
contained effluents such as water from oil plants.

3.4. Inorganic elements in the textile industrial wastewater 
before and after EC treatments

The determination of inorganic element concentra-
tions in the textile wastewater before and after the treat-
ment optimized EC assisted or not with biocoagulant (BPh 

dosage of 45 mg/L), using the Al and Fe electrodes, were 
carried out and the values are shown in Table 7.

The results show that among the determinations of sev-
eral elements, the textile wastewater has higher concentra-
tions of Ca, P, Mg, K, Si and Na (concentration higher than 
4.00 mg/L). The presence of these elements in large concen-
trations it can be related to the industrial process performed. 
After EC treatments assisted or not with BPh it was observed 
a significative decreasing in the concentrations of P, Mg 
and Si. This can has occurred due the possible interactions 
of these elements with the coagulant species, which in turn 
were separated from the solution to sludge produced. The 
increase of Al concentration with the treatments, it was sig-
nificant only for EC process using the Al electrodes. This 
increase is due to electrode oxidation, releasing ions for 
solution. Additionally, the increase in the concentrations 
of some other elements (Ca, K, Na) can be due the forma-
tion of sludge in the solution, which pre-concentrated in 
the liquid part those elements which show high solubility.

4. Conclusion

The chemometric tools were successfully used to eval-
uate and optimize the electrocoagulation processes (EC) 
for treatment of textile industrial wastewater. The results 
showed that parameters pH, current density and time are 
significant for turbidity removal of EC using the Fe electrode 
and, current density and time for EC using Al electrode. 
Additionally, the parameters can be evaluated and optimized 
from the response surface methodology and disability func-
tion, respectively. The optimized EC and assisted with the 
biocoagulant obtained from the pitahaya peels improved the 
treatment of textile industrial wastewater obtaining turbid-
ity, color and COD removal values of 98.05%, 95.11% and 
86.21%, respectively, for the Al electrode; and 96.89%, 95.10% 
and 81.78% for the Fe electrode. The EC processes assisted 
with biocoagulant promoted the decrease of inorganic 
element contents as P, Mg and Si from the wastewater.

Table 7
Concentrations of inorganic elements in the textile industrial wastewater before and after the treatment with electrocoagulation 
process assisted and not with biocoagulant from the pitahaya peels (BPh)

Elements 
(mg/L)

Textile industrial 
wastewater

Electrocoagulation

Al electrode Fe electrode Al electrode/BPh Fe electrode/BPh

Al 0.0582 1.92 0.0614 0.1496 0.0296
B 1.37 1.04 1.37 1.2 1.37
Ca 4.24 8.79 4.24 5.98 4.89
P 9.94 n.d. 0.206 n.d. n.d.
Fe 0.206 0.0256 0.0908 0.0286 0.0435
Mg 30.7 2.62 1.88 1.66 3.02
Mn 0.0155 0.4855 0.0162 0.288 0.0266
K 29.8 37.5 38 50.2 45.4
Si 36.9 n.d. n.d. n.d. n.d.
Na 811 970 1069 1096 1076
Zn 0.0415 0.0052 0.0063 0.0065 0.0053

n.d. – not detected.
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The results herein obtained support the application of 
innovative green technologies and the recovery of agricul-
tural residues for the treatment of real industrial effluents 
from the textile industry. The biocoagulant obtained from 
the peels (residue) of pitahaya provides evidence of being 
an ecological, profitable and accessible compound; and 
at the same time suitable for the removal of organic and 
inorganic pollutants such as heavy metals, dyes, additives, 
among others present in textile wastewater.

Acknowledgements

This work was supported and funded by the Universidad 
Católica de Santa María-Vicerrectorado de Investigación-
Arequipa-Perú; Instituto de Investigación e Innovación en 
Energías Renovables y Medio Ambiente-INNOVERGY, col-
laboration of the Departamento de Química da Universidade 
Estadual de Maringá-Brasil.

References
[1] R. Kiani, F. Mirzaei, F. Ghanbari, R. Feizi, F. Mehdipour, Real 

textile wastewater treatment by a sulfate radicals-advanced 
oxidation process: peroxydisulfate decomposition using 
copper oxide (CuO) supported onto activated carbon, J. Water 
Process Eng., 38 (2020) 101623, doi: 10.1016/j.jwpe.2020.101623.

[2] N. Badadur, P. Das, N. Bhargava, Improving energy efficiency 
and economic feasibility of photocatalytic treatment of synthetic 
and real textile wastewater using bagasse fly ash modified 
TiO2, Chem. Eng. J. Adv., 2 (2020) 100012, doi: 10.1016/j.
ceja.2020.100012.

[3] B. Saba, B.V. Kjellerup, A.D. Christy, Eco-friendly bio- 
electro-degradation of textile dyes wastewater, Bioresour. 
Technol. Rep., 15 (2021) 100734, doi: 10.1016/j.biteb.2021.100734.

[4] F. Li, Y. Dong, W. Kang, B. Cheng, G. Cui, Enhanced removal 
of azo dye using modified PAN nanofibrous membrane Fe 
complexes with adsorption/visible-driven photocatalysis 
bifunctional roles, Appl. Surf. Sci., 404 (2017) 206–215.

[5] D.T. Moussa, M.H. El-Naas, M. Nasser, M.J. Al-Marri, 
A comprehensive review of electrocoagulation for water 
treatment: potentials and challenges, J. Environ. Manage., 
186 (2017) 24–41.

[6] A. Tahreen, M.S. Jami, F. Ali, Role of electrocoagulation in 
wastewater treatment: a developmental review, J. Water Process 
Eng., 37 (2020) 101440, doi: 10.1016/j.jwpe.2020.101440.

[7] J.N. Hakizimana, B. Gourich, M. Chafi, Y. Stiriba, C. Vial, 
P. Drogui, J. Naja, Electrocoagulation process in water treat-
ment: a review of electrocoagulation modeling approaches, 
Desalination, 404 (2017) 1–21.

[8] L. Zhou, H. Zhou, X. Yang, Preparation and performance of a 
novel starch-based inorganic/organic composite coagulant for 
textile wastewater treatment, Sep. Purif. Technol., 2010 (2019) 
93–99.

[9] R. Bouchareb, K. Derbal, Y. Özay, Z. Bilici, N. Dizge, Combined 
natural/chemical coagulation and membrane filtration for 
wood processing wastewater treatment, J. Water Process Eng., 
37 (2020) 101521, doi: 10.1016/j.jwpe.2020.101521.

[10] M.S.S. Abujazar, S.U. Karaağaç, S.S. Abu Amr, M.Y.D. Alazaiza, 
M.J.K. Bashir, Recent advancement in the application of 
hybrid coagulants in coagulation-flocculation of wastewater: 
a review, J. Cleaner Prod., 345 (2022) 131133, doi: 10.1016/j.
jclepro.2022.131133.

[11] C.Y. Yin, Emerging usage of plant-based coagulants for 
water and wastewater treatment, Process Biochem., 45 (2010) 
1437–1444.

[12] E.M. Mercado-Silva, Pitaya—Hylocereus undatus (Haw), 
S. Rodrigues, E. de Oliveira Silva, E.S. de Brito, Eds., Exotic 
Fruits Reference Guide, Academic Press, 2018, pp. 339–349.

[13] N. Uslu, M.M. Özcan, The effect of ultrasound-vacuum-
assisted extraction on bioactive properties of pitaya (Hylocereus 
undatus), J. Food Sci. Technol., 56 (2021) 618–6625.

[14] F.C.O. Santana, K. Panato, M. Angonese, C.M.O. Müller, 
Effect of separation methods on the drying kinetics of organic 
pitaya (Hylocereus undatus [Haw.] Britton & Rose) seed, LWT, 
153 (2022) 112353, doi: 10.1016/j.lwt.2021.112353.

[15] K. Muhammad, N.I. Mohd Zahari, S.P. Gannasin, N. Mohd 
Adazahan, J. Bakar, High methoxyl pectin from dragon fruit 
(Hylocereus polyrhizus) peel, Food Hydrocolloids, 42 (2014) 
289–297.

[16] E. Sepúlveda, C. Sáenz, E. Aliga, C. Aceituno, Extraction and 
characterization of mucilage in Opuntia spp., J. Arid Environ., 
68 (2007) 534–545.

[17] K. Anastasakis, D. Kalderis, E. Diamadopoulos, Flocculation 
behavior of mallow and okra mucilage in treating wastewater, 
Desaliantion, 249 (2009) 786–791.

[18] T.K.F.S. Freitas, V.M. Oliveira, M.T.F. Souza, H.C.L. Geraldino, 
V.C. Almeida, S.L. Fávaro, J.C. Garcia, Optimization of 
coagulation-flocculation process for treatment of industrial 
textile wastewater using okra (A. esculentus) mucilage as 
natural coagulant, Ind. Crops Prod., 7 (2015) 538–544.

[19] H. Hisada, Y. Kawase, Mucilage extracted from wasted natto 
(fermented soybeans) as a low-cost poly-γ-glutamic acid based 
biosorbent: removal of rare-earth metal Nd from aqueous 
solutions, J. Environ. Chem. Eng., 5 (2017) 6061–6069.

[20] A. Mishra, A. Yadav, M. Agarwal, M. Bajpai, Fenugreek 
mucilage for solid removal from tannery effluent, React. Funct. 
Polym., 59 (2004) 99–104.

[21] N. Adjeroud-Abdellatif, Y. Hammoui, A. Boudria, S. Agab, 
F. Choulak, J.P. Lecrerc, Effect of a natural coagulant extract 
from Opuntia ficus-indica cladode on electrocoagulation-
electroflotation water treatment process, Int. J. Environ. Anal., 
102 (2022) 5822–5846.

[22] N. Adjeroud-Abdellatif, F. Dahmoune, B. Merzouk, J.P. Leclerc, 
K. Madani, Improvement of electrocoagulation–electroflotation 
treatment of effluent by addition of Opuntia ficus indica 
pad juice, Sep. Purif. Technol., 144 (2015) 168–176.

[23] APHA, Standard Methods for the Examination of Water and 
Wastewater, American Public Health Association, 20th ed., 
1999.

[24] T. Zheng, Treatment of oilfield produced water with 
electrocoagulation: improving the process performance by 
using pulse current, J. Water Reuse Desal., 7 (2017) 378–386.

[25] A. Bezerra, R.E. Snatelli, E.P. Oliveira, L.S. Villar, L.A. Escaleira, 
Response surface methodology (RSM) as a tool for optimization 
in analytical, Talanta, 7 (2008) 965–977.

[26] O.T.H. Le, L.N. Tran, V.T. Doan, Q. Pham, A. Ngo, A. Van, 
H.H. Nguyen, Mucilage extracted from dragon fruit peel 
(Hylocereus undatus) as flocculant for treatment of dye 
wastewater by coagulation and flocculation process, Int. J. 
Polym. Sci., 2020 (2020) 7468343, doi: 10.1155/2020/7468343.

[27] U. Kalapathy, A. Proctor, Effect of acid extraction and alcohol 
precipitation conditions on the yield and purity of soy hull 
pectin, Food Chem., 73 (2001) 393–396.

[28] A.Z. Hashim, Extraction and characterization 
of pectin from dragon fruit (Hylocerens 
polyrhizus) peel using different concentration 
of ammonium oxalate, Basrah J. Agric. Sci., 31 (2018) 12–19.

[29] S. Rodrígues-Gonzáles, H.E. Martínez-Flores, C.K. Cháves-
Moreno, L.I. Macías-Rodrígues, E. Zavala-Mendoza, 
M.G. Garnica-Romo, L. Chacón-Garcia, Extraction and 
characterization of mucilage from wild species of Opuntia, 
J. Food Process Eng., 37 (2014) 285–292.

[30] S. Qian, X. Fang, D. Dan, E. Diao, Z. Lu, Ultrasonic-assisted 
enzymatic extraction of a water soluble polysaccharide from 
dragon fruit peel and its antioxidant activity, RSC Adv., 8 (2018) 
42145–42152.

[31] A. Cárdenas, F.M. Goycoolea, M. Rinaudo, On the gelling 
behaviour of ‘nopal’ (Opuntia ficus indica) low methoxyl pectin, 
Carbohydr. Polym., 73 (2008) 211–222.

[32] M. Bayramoglu, M. Kobya, O.T. Can, M. Sozbi, Operating 
cost analysis of electroagulation of textile dye wastewater, 
Sep. Purif. Technol., 37 (2004) 117–125.

[33] C.-Y. Hu, S.-L. Lo, W.-H. Kuan, Y.-D. Lee, Treatment of high 
fluoride-content wastewater by continuous electrocoagulation–
flotation system with bipolar aluminum electrodes, 
Sep. Purif. Technol., 60 (2008) 1–5.



H.G.J. Pacheco et al. / Desalination and Water Treatment 283 (2023) 1–1010

[34] P.R. Kumar, S. Chaudhari, K.C. Klilar, S.P. Mahajan, Removal 
of arsenic from water by electrocoagulation, Chemosphere, 
55 (2004) 1245–1252.

[35] P.K. Holt, G.W. Barton, M. Wark, C.A. Mitchell, A quantitative 
comparison between chemical dosing and electrocoagulation, 
Colloids Surf., A, 211 (2002) 233–248.

[36] S. Bener, Ö. Bulca, B. Palas, G. Tekin, S. Atalay, G. Ersöz, 
Electrocoagulation process for the treatment of real textile 
wastewater: effect of operative conditions on the organic 
carbon removal and kinetic study, Process Saf. Environ. Prot., 
129 (2019) 47–54.

[37] A. Shahedi, A.K. Darban, F. Taghipour, A. Jamshidi-
Zanjani, Review on industrial wastewater treatment via 

electrocoagulation processes, Curr. Opin. Electrochem., 
22 (2020) 154–169.

[38] G. Derringer, R. Suich, Simultaneous optimization of several 
response variables, J. Qual. Technol., 12 (1980) 214–219.

[39] N. Djerroud, N. Adjeroud, L. Felkai-Haddache, Y. Hammoui, 
H. Remini, F. Dahmoune, B. Merzouk, K. Madani, Enhanced 
electrocoagulation-electroflotation for turbidity removal 
by Opuntia ficus indica cladode mucilage, Water Environ. J., 
32 (2018) 321–332.

[40] K.P.Y. Shak, T.Y. Wu, Optimized use of alum together with 
unmodified Cassia obtusifolia seed gum as a coagulant aid 
in treatment of palm oil mill effluent under natural pH of 
wastewater, Ind. Crops Prod., 76 (2015) 1169–1178.


	_Hlk116305231
	_Hlk114585715
	_Hlk116305565
	_Hlk109228168
	_Hlk116305384

