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ABSTRACT

In the present work, we studied the modification of 12 different kinds of carbonaceous materials
with KCI, NaCl, H,SO,, HNO, and H,O, for the removal of chemical oxygen demand (COD) and
color from textile industrial effluents. The results show that the best adsorbents for the removal of
the analized contaminants are bone char and bituminous coal modified with HNO,, and charcoal
modified with H,SO, and NaCl. These adsorbents were modified according to the Taguchi method
in order to optimize the adsorbents surface modification process and to reduce its cost. Using the
optimum modification conditions, the best results of decoloration percentage for 434, 540 and
613 nm were: 56.6%, 80.6% and 92.0%, for bone char modified with HNO,; 52.4%, 62.4% and 66.1%
for bituminous coal modified with HNO,; 64.3%, 77.5% and 84.1% for charcoal modified with H,SO,;
and 51.2%, 64.8% and 74.5%, for charcoal modified with NaCl. The results revealed the optimal
conditions to prepare efficient carbonaceous materials for the adsorption of COD and color from
textile industrial effluents. Four carbonaceous materials were then obtained using these factors’
combination, where a considerable increase was observed with respect to the results of the Taguchi
design and original conditions. Thus, we decided to choose the optimum modification conditions
based on the decrease in the cost of such process. Regarding COD, our adsorbents showed good
performance, since the amounts of COD removed were higher than those reported in the literature,
in most cases. Finally, the unmodified and modified carbonaceous materials were characterized by
several analytical techniques to understand the adsorption mechanism.

Keywords: Removal of COD and color; Textile industrial effluents; Modified carbonaceous materials

1. Introduction

When talking about textile industrial effluents, several
important aspects are considered, such as the toxic affect gen-
erated by the content of organic and inorganic contaminants

* Corresponding author.

present in the discharge [1], the degree of complexity of the
effluents due to the wide variety of chemicals present in the
different dyeing reactors [2], the difficulties in choosing the
most appropriate method to treat these effluents [3,4], where
the decisive parameters are the appreciable coloration even

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



2 J.D. de Leén Chiquito et al. / Desalination and Water Treatment 184 (2020) 1-14

at low concentrations [5] and the charge of oxidizable organic
matter, in addition to the heavy metals associated with the
dyeing process [6] and the volume of water used [7].

Due to the abovementioned aspects, there are few reports
in the literature regarding techniques used to remove con-
taminants from textile industrial effluents. Biological tech-
niques are among the ones with greater application to treat
this kind of effluents, of which phytoremediation with Allium
sativum L., Vicia faba L., Lactuca sativa L. and Alternanthera
philoxeroides was proposed, with the aim of determining
the toxic effects that can be produced in these species by
the pollutants present in the treated effluents [1,8]. They
also used the bacterium Lysinibacillus sp. immobilized on
Loofa, in columns of ascending flow, which has shown low
levels of cytotoxicity, genotoxicity and phytotoxicity after
bioprocess of absorption of textile industrial effluents [9].
The fungus Coriolus versicolor IBL-04 was also used, which
has not exceeded 36.4% decoloration in five samples of
industrial effluents in previous research [10]. Moreover, the
microbial consortium formed by the bacterium Brevibacillus
laterosporus MTCC 2298 and the fungus Galactomyces geo-
trichum MTCC 1360 has provided higher results than the
process with these microorganisms separately [11]. On the
other hand, electrochemical techniques are clean processes
that exceed 99% and 90% chemical oxygen demand (COD)
removal in batch and continuous recirculation systems [12].
With the use of ZnCl,, 98% decoloration has been reported
after the coagulation processes [13]. Ozonation eliminates
99% of the color present in the textile industrial effluent in
only 40 min [14]. Advanced oxidation processes, such as the
Fenton treatment, have also been used through neural net-
works to achieve process optimization and reduce color and
COD by up to 90% [15].

Physicochemical adsorption is one of the least explored
processes to study textile effluents, despite the fact that it
is a viable treatment for this type of waste. This process
has been used to remove a wide range of dyes, both in
mono-component solutions and in multi-component mix-
tures [15-19]. Likewise, simulations of textile effluents have
been carried out and the behavior of the adsorbents with
these and with the mixtures has been compared [20-22],
which allows the use of adsorbents in real textile effluents
that use trichromatic and tetrachromatic recipes in their
dyeing processes. Particularly, some authors have reported
the use of carbon for the removal of contaminants from real
textile industrial effluents: Inthorn et al. [23] studied the
color removal from textile wastewater by using treated flute
reed in a fixed bed column; Ahmad and Hameed [24] stud-
ied the reduction of COD and color of the dyeing effluent
from a cotton textile mill by adsorption onto bamboo-based
activated carbon; Arafat [25] used Norit activated carbon for
the reuse of wastewater from a textile factory in the Middle
East; Mahmoued [6] studied the cement kiln dust and coal
filter treatment of textile industrial effluents; and Pala and
Tokat [26] used activated carbon addition to an activated
sludge model reactor for color removal from a cotton textile
factory wastewater.

In specific cases, the adsorbents were chemically modi-
fied to increase the functional groups present on their surface
[15,27], which plays an important role in the adsorption pro-
cess due to the affinity that they can develop for an organic

or inorganic compound; thus increasing the ability to remove
contaminants from the water [27].

The optimization of the adsorbent modification process
requires an experimental design that determines whether one
or more independent variables (factors) influence the mean
of a response variable (decoloration percentage, adsorption
capacity, COD removal, etc.), simultaneously evaluates the
effects of the factors and their interactions, and allows a com-
plete analysis of the experimental results, thus making it also
possible to obtain the best optimization levels for those fac-
tors that influence the average of the response variable. This
method is very useful, although it can become complex as the
number of factors increases. Taguchi innovated and simpli-
fied the experimental design with the introduction of tables
known as orthogonal arrays. Through an orthogonal array,
the combination of the levels of the factors to be tested in each
trial is determined in a standardized manner. The orthogo-
nal arrays allow examining up to a total of n-1 factors, as
long as the interactions between them are not considered.
They reduce much of the experimental design effort, since
they make it possible to simultaneously evaluate numerous
factors with a minimum number of tests, thus allowing a
decrease in the resources needed for experimentation [28].

The most important parameters that determine the qual-
ity of industrial effluents are color, COD and biochemical
oxygen demand (BOD)/COD. Regarding the methods used
to determine the color, when dealing with complex mix-
tures such as textile effluents, some authors explain that
the spectrum obtained in the visible region does not show
well-defined peaks; therefore, they use the 3WL tristimu-
lus method of the American Dye Manufacturing Institute
(ADMI) to determine the coloration value of the initial and
final sample. This value is calculated using the chromatic
value formula of Adams-Nickerson, which indicates that
the ADMI value provides a true water color measurement
regardless of the hue of the dye mixture or industrial textile
effluent [5,12]. However, other authors use the absorbance
values of well-defined peaks in the visible region of the
UV-Vis spectra to determine the color reduction [29-32]. For
example, Ozdemir et al. [29] measured color removal at peak
absorption wavelength of real textile wastewater (448 nm)
using a UV-Vis spectrophotometer. Guyer et al. [30] moni-
tored the degradation of color by measuring the reduction in
wavelengths 436, 525 and 620 nm. Harrelkas et al. [31] used
the absorbance of the peaks at 254, 484 and 620 nm. Sharma
et al. [32] calculated the percentage of color removal employ-
ing the characteristic peaks at 673 and 619 wavelengths of
the UV-Vis spectrum of textile wastewater. On the other
hand, COD is the amount of oxygen necessary to oxidize all
the organic and oxidizable matter present in a given volume
of wastewater. It is, therefore, a representative measure of
the organic pollution of an effluent, and thus a parameter to
be controlled within the different discharge regulations, as
it provides relevant information about the degree of toxicity
of the discharge. The BOD/COD ratio is known as the biode-
gradability index (BI), and it indicates the degree of toxicity
of an effluent. If the value is <0.25, the effluent is consid-
ered toxic, whereas at values of 0.3, a biological treatment is
not recommended. Full biodegradation is expected at values
of 0.4 and above. This means that the lower the value of BI
the greater its toxicity [11].
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As mentioned above, there are few reports concerning
the removal of contaminants from real textile industrial efflu-
ents due to their complexity, which is caused by the use of
a large number and variety of chemicals in their processes.
Therefore, the aim of this work was to study the removal
of COD and color from samples of seven different effluents
from a textile factory located in Aguascalientes (Mexico),
using 12 different kinds of carbonaceous materials modified
with acids (H,SO, and HNO,), hydrogen peroxide (H,O,) and
salts (KCl and NaCl).

2. Experimental methodology
2.1. Sampling in the textile industry

Seven textile industrial effluents were collected from a
factory located in Aguascalientes (Mexico), for the adsorp-
tion studies. This factory dyes wool, cotton and mixtures of
acrylic, polyester and nylon in thread. According to the infor-
mation provided by the factory, they use trichromatic and
tetrachromatic mixtures of a great variety of industrial-grade
dyes. The industry did not provide any information about
the color index or the names of the dyes for confidentiality
reasons. Table 1 shows the characterization of four efflu-
ents of the textile factory taken for 1 year. This information
was provided by the factory and the effluents are differ-
ent from those used in the adsorption studies. The factory
mentions that the government forces them to characterize
their effluents in order to comply with the Mexican Official
Standard NOM-002-SEMARNAT-1996, “which establishes
the permissible maximum limits of contaminants in waste-
water discharges to urban or municipal sewage systems”,
and Microlab Industrial, which is an accredited laboratory,

Table 1
Characterization of the textile industrial effluents

is responsible for taking the samples quarterly and perform
this characterization.

The seven samplings carried out followed the specifi-
cations of Standard Mexican NMX-AA-003-1980 [28] and
NMX-AA-030/-SCFI-2012 [33], to determinate COD, and
the specifications of the Standard Methods [34]. The seven
textile effluents analyzed in the present work were collected
at different times over 3 months to ensure that they were
all different from one another. They were transported
in polyethylene containers and stored at less than 4°C.

2.2. Synthesis and chemical modification of adsorbents

Twelve adsorbents were modified according to the pro-
cedure reported by Hernandez-Eudave et al. [33] and sub-
sequently used in the adsorption studies. Five of them were
agro-industrial residues and they were synthesized prior
to modification. In summary, these agro-industrial residues
were used as precursors for the synthesis of carbonaceous
materials (pecan nutshells [NS], pistachio shells [PS], plum
seed [PLS], peach seed [PES], and jacaranda cover [JC]).
These wastes were selected based on the fact that Mexico
produces vast amounts of such residues. The waste samples
were milled and sieved to obtain a particle size of 1 mm.
They were washed with deionized water at 25°C until the pH
was constant and, finally, dried at 110°C for 24 h. The dried
samples were used as precursors in the preparation of the
carbonaceous adsorbents using a tubular furnace Carbolite
Eurotherm CTF 12165/550 with a quartz sample holder. The
temperature program comprised of two heating ramps: (1)
from room temperature to 70°C at a heating rate of 5°C/min,
and (2) from 70°C to 800°C at 5°C/min. Isothermal time at
70°C and 800°C was 1 and 4 h, respectively. All synthesized

Parameter Maximum limit Trimester 1 Trimester 2 Trimester 3 Trimester 4
Temperature, °C (field test) 40 22 21 21 12

pH (field test at 25°C) 5.5a10.0 10.5 7.5 6.1 7
Floating matter (field test) Absent Absent Absent Absent Absent
Fats and oils, mg/L 75.00 105.89 <3.00 9.78 10.25
Sedimentable solids, mL/L 7.50 0.40 <0.1 <0.1 <0.1
Total suspended solids, mg/L 200.00 432.05 57.15 87.89 16.00
BOD,, mg/L 200.00 843.00 385.33 729.60 480.00
Arsenic, mg/L 0.7500 0.0870 <0.0500 <0.0500 <0.0500
Cadmium, mg/L 0.7500 <0.0500 <0.0500 <0.0500 <0.0500
Cyanides, mg/L 1.500 <0.025 0.034 <0.025 <0.025
Copper, mg/L 15.000 0.0827 <0.0500 0.0588 <0.0500
Chromium VI, mg/L 0.7500 <0.1001 <0.1001 <0.0996 <0.1002
Mercury, mg/L 0.0150 <0.00300 <0.0030 <0.00300 <0.00300
Nickel, mg/L 6.0000 0.0638 <0.0500 0.1101 <0.0500
Lead, mg/L 1.5000 <0.0500 <0.0500 <0.0500 <0.0500
Zinc, mg/L 9.0000 1.2880 0.8028 0.8217 0.7303
COD-ST*, mg/L N.E. 1847.88 995.84 1385.12 780.86

* Determination of the chemical oxygen demand index (ST-COD) - small scale sealed-tube method. It is used for undiluted samples with a

concentration lower than 1000 mg/L.
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carbonaceous materials were washed with deionized water
until constant pH was obtained, and they were subsequently
dried at 110°C for 24 h. Finally, they were sieved to obtain a
particle size of 1 mm. This procedure of washing, drying
and sieving was also carried out on commercial adsorbents
prior to modification.

These five synthesized carbonaceous materials (NSC,
PSC, PLSC, PESC and JCC) and seven commercial adsorbents
(Merck [MC], fibre Kynol [FKC], vegetable [VC], Carmex
[CC], bituminous [BIC], Brimac [BC] and Brazilian [BRC])
were modified with five chemical agents: HNO, 70%, H,SO,
95%, H,O, 35%, KCI > 99.5%, and NaCl > 99.0%. Analytical
grade reagents from J.T. Baker and Sigma-Aldrich Company
(Mexico City) were used. Modification with HNO, and H,SO,
was carried out by keeping 100 mL of the acid in contact with
5 g of adsorbent for 90 min under constant agitation at 25°C.
For H,O,, 1 g of adsorbent was used with 10 mL of solution
under constant agitation for 48 h at 25°C. For NaCl and KCl,
50 mL of 0.1 M solution of both of these two chemical agents
were in constant agitation with 5 g of adsorbent for 48 h at
80°C. Finally, the 60 modified carbonaceous materials were
washed, dried and sieved for the adsorption experiments
of the seven textile effluents, along with the 12 unmodified
adsorbents.

2.3. Optimization of the modification process

The carbonaceous materials with the highest decolor-
ation percentages were BC and BIC modified with HNO,,
and VC modified with H,SO, and NaCl. The chemical mod-
ification procedure was described in point 2.2. Experimental
designs allow optimizing the experimental conditions for
the preparation and modification of activated carbons. In
this study, the Taguchi method was used to optimize the
carbons surface modification process. A L, orthogonal array
was applied in our experiments (Tables 3-6). The selected
factors were the following: HNO,, H,SO, and NaCl con-
centration (Factor A), contact time (Factor B), mass—volume
ratio (Factor C), and temperature (Factor D). For all fac-
tors, we considered three levels in the experimental design
(Tables 3-6). The response variable of this experimen-
tal design was the decoloration percentage of an effluent
sample from a textile factory at 30°C and batch conditions
employing an adsorbent dosage of 2 g/L. Three additional
experiments were performed: experiment 10 corresponds
to the original modification conditions, experiment 11 cor-
responds to the unmodified adsorbent and experiment 12
corresponds to the optimum conditions. The statistical
analysis of the experimental design included a discussion
of the statistical weight of each factor in the modification
process of adsorbent, and a variance analysis was carried
out. Calculations were performed according to the basic
concepts of the Taguchi method [34-36]. In particular, this
method analyzes both the mean response for each run in the
inner array and the variance using a proper function for the
signal-to-noise ratio (S/N):

Z !
S ~Y?
—=-101 — 1
N 8 n M)

where Y, is the value of the response variable obtained in
each of the different replicates n performed under given
experimental conditions. An analysis of variance (ANOVA)
was applied to the data in order to conduct an analysis of
the relative importance of each factor in a more systematic
manner, using the following equations:
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where T is the sum of all observations, N is the total num-
ber of observations (in this case 9), A, is the sum of obser-
vations under A, level, nA, is the number of observations
under A level, k, is the number of levels of factor A, SS, is
the total sum of squares, SS, is the sum of squares for factor
A (this equation is similar for factors B and C), v, is the total
degrees of freedom, v, is the degrees of freedom of factor A,
and finally o, is the variance for factor A [33].

2.4. Adsorption studies

For the 60 and 12 modified and unmodified carbona-
ceous materials, respectively, with the Taguchi experimen-
tal design, batch adsorption experiments were performed
using eight different effluent samples from a textile factory
of Aguascalientes, Mexico. Adsorption experiments were
performed by exposing 0.02 g of adsorbent to 10 mL of sam-
ple (i.e., an adsorbent dosage of 2 g/L) under constant agi-
tation for 24 h. After the adsorption process, the adsorbent
and effluent were separated by decantation. Decoloration
percentages were determined by UV-Vis spectrometry at the
maximum absorbance of effluents using a UV-Vis HACH
DR 5000 spectrophotometer (Mexico City). All the experi-
ments were conducted in triplicate, and the average results
are reported in this study. The reproducibility of the experi-
ments was, in general, within 6%. The decoloration percent-
ages of the adsorbents were calculated using Eq. (7).

Abs, — Abs 1

decoloration (%) = v
s[

%100 @)

where Abs and Abs, are the initial and final absorbance of the
effluent sample, respectively.

COD was measured through a colorimetric method using
TNT 822 vials of HACH range 20-1500 mg/L, approved by
the USEPA [37]. These vials are formulated with a strong
oxidant (dichromic acid), where the reduction of chromium
(Cr®") depends directly on the reaction with the total organic
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matter in the sample. It is also composed of mercuric sulfate,
which prevents any possible interference due to the presence
of chlorine and silver sulfate as catalysts in the reaction [38].

2.5. Characterization techniques

The selected carbonaceous materials for the removal of
contaminants from textile industrial effluents were charac-
terized. Several characterization techniques were used to
determine the physicochemical properties of unmodified
and modified commercial adsorbents. Specifically, the ele-
mental composition was obtained with a LECO Truspec
Micro CHNS elemental analyzer and the oxygen percentage
was estimated by difference. To determine the percentage of
the inorganic fraction of the adsorbents (i.e., ash content), the
samples were heated at 815°C under air atmosphere for 1 h
(UNE 32004 standard). The functional groups were deter-
mined using a Nicolet IS10 FT-IR spectrometer (Thermo
Scientific) equipped with an attenuated total reflectance
accessory (Smart TR) with germanium crystal. FT-IR spectra
were recorded between 4000 and 600 cm™. The acidity of the
adsorbents was estimated by mixing 0.2 g of each sample
with 25 mL of NaOH 0.025 M in a closed flask and shaking
for 24 h at 30°C. Then the equilibrium solution was decanted
and the remaining concentration of NaOH was determined
by potentiometric titration with HCl 0.025 M. The total
basicity of each sample was obtained by a similar proce-
dure, that is, a solution of HCI 0.025 M was put in contact
with the adsorbents and the titration solution was NaOH
0.025 M. The point of zero charge (pH,,) was estimated fol-
lowing a previously reported methodology [33]. In this case,
0.120 g of each adsorbent was put in contact with 40 mL of
NaCl 0.01 M at different initial pH values for 24 h. Initial pH
values were adjusted by adding the appropriate amount of
NaOH or HCl standards (0.1 M). The final pH was measured
after 24 h under agitation at room temperature. The pH
was determined as the pH value in a graph where the pH,
1 = PH, ... Textural parameters of adsorbents were deter-
mined from nitrogen adsorption isotherms at —-196°C using
a Micromeritics ASAP 2420 apparatus (Mexico City). The
results of the physicochemical characterization of the adsor-
bents were compared with those of the dyes adsorption, and
were then used to analyze the dyes’ removal mechanism.

3. Results and discussion

3.1. Adsorption studies using unmodified and modified carbona-
ceous materials

Fig. 1 shows the UV-Vis spectra of the seven textile
industrial effluents. In addition to the band corresponding
to the aromatic part of the molecules of the dyes that are
present in the effluent (between 200 and 300 nm), there are
1,2, 3 or 4 bands that correspond to the chromophore group
of these dyes, with a total of 17 bands for the seven effluents.
The conditions to decide whether an effluent was chosen for
the adsorption studies with the 72 unmodified and modified
carbonaceous materials were the following: (1) their bands
had to be well defined in order to determine the decolor-
ation percentage; (2) the seven spectra had to be different,
which would indicate that the effluents were different and
that the carbonaceous materials would be subjected to any

04 [T ' ' ' ' " Efflvent 7

Absorbance, au

00 LC 1 | 1 | 1 | 1 | 1 i
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Fig. 1. UV-Vis spectra of the seven textile industrial effluents
used in the adsorption process.

type of effluent from the textile factory; and, (3) the samples
had to be stable over time, that is, the dyes would remain
undegraded, with the purpose of ensuring that only the
adsorption phenomenon was occurring. The samples were
taken according to the provisions of the official standard
NMX-AA-003-1980, and with preservation conditions con-
sidering the materials specified by the standards for COD
and BOD, that is, NMX-AA-030/2-SCFI-2011 and NMX-AA-
028-SCFI-2001, respectively.

Fig. 2 shows the decoloration percentages of 7 of the
17 bands of the UV-Vis spectra corresponding to the seven
textile industrial effluents on the best carbonaceous materi-
als unmodified and modified with H,O,, KCl, NaCl, HNO,
and H,SO,. The five synthesized unmodified and modified
charcoals (NSC, JCC, PSC, PLSC and PESC) showed very low
decoloration percentages for all bands. On the other hand,
with other carbonaceous materials, decoloration percent-
ages above 95% were obtained. Of these 72 unmodified and
modified carbonaceous materials, the best ones were chosen
for the subsequent adsorption studies, taking into account
the following considerations: (1) average decoloration per-
centage of the 17 bands of the 72 adsorbents; (2) number of
bands and effluents in which the adsorbents were among
the best in terms of decoloration percentage; (3) increase in
the decoloration percentage of the modified adsorbent with
respect to the unmodified adsorbent; and (4) COD removal
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Fig. 2. Decoloration percentages of seven effluents on the best carbonaceous materials unmodified and modified with H,0,, KC],

NaCl, HNO, and H,50,.

percentage. These considerations were raised with the aim
of choosing the carbonaceous materials with the best perfor-
mance in a wide range of different effluents. Taking these
considerations, the samples of FKC modified with H,O, and
H,SO,, and unmodified, obtained the highest averages of
decoloration percentage (80.2%, 80.0% and 77.4%, respec-
tively), followed by BC modified with HNO, (77.4%), FKC
modified with KCl and HNO, (75.6% and 75.5%, respec-
tively), VC modified with H,SO,, HNO, and NaCl (73.4%,
73.4% and 71.5%, respectively), and CC modified with
HNO, (72.6%). The highest decoloration percentages for the
unmodified adsorbents were FKC, VC, BIC, MC, BRC and
BC with values of 77.4%, 68.9%, 68.4%, 65.0%, 51.8% and
47.4%, respectively. When comparing the decoloration per-
centage between unmodified and modified adsorbents, it is
observed that the greatest increase was for CC modified with
HNO, with 89.2% (from 7.3% to 72.6%), followed by JCC
modified with H,SO, with 81.3% (from 10.7% to 19.4%), then
BC modified with HNO, with 63.3% (from 47.4% to 77.4%).
Finally, the carbonaceous materials with the largest averages
of decoloration percentage and which were obtained in the
largest number of bands and effluents were: VC (H,SO,) with
nine bands in five different effluents; FKC (H,SO,) with nine

BC

BRC MC FKC

272

bands in four effluents; BC (HNO,) with eight bands in four
effluents; FKC (H,O,) with seven bands in four effluents;
VC (HNO,) with seven bands in four effluents; FKC (HNO,)
with five bands in four effluents; and CC (HNO,) with three
bands in three effluents.

As was previously mentioned, in addition to the decol-
oration percentage, some samples of each effluent were cho-
sen to determine the COD before and after the adsorption
process. Fig. 3 shows the highest values of COD removal
of effluents 1-7, which were obtained for BIC,, , MC__.,
MC, .., VC. FKC,., BC ., and FKC ., respectively.
The seven effluents had extremely high values of COD
(1094; 7670; 4,180; 3780; 2153; 14360 and 1988 mg/L in efflu-
ents 1-7, respectively). In this figure, it can be seen that, for
effluent 1, the largest COD removal percentages fluctuated
between 19.2% and 27.3%. With respect to effluent 2, most of
the removal percentages ranged between 16.8% and 24.1%.
For effluent 3, the values were similar, since they were in
the range of 15.8% to 23.5%. Regarding effluent 4, the COD
removal increased a bit, as most of the values oscillated
between 30.7% and 42.9%. In effluent 5, the values increased
again, with all fluctuating between 25.7% and 43.1%. In con-
trast, effluent 6 showed a sharp decrease (between 10.2% and
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18.1%). Finally, effluent seven increased, since most of the
values were in the range of 19.7% to 44.5%. As was already
mentioned, there are few studies concerning the removal of
contaminants from textile industrial effluents, some of which

16000 T T T T T T T

- Il Before .
14000 -{ | After 4

COD, mglL

Fig. 3. COD removal percentage of seven textile industrial efflu-
ents after adsorption on some carbonaceous materials modified
with H,0,, KCl, NaCl, HNO, and H,SO,.

272

Table 2
Percentages of COD removal reported in the literature

are shown in Table 2. As can be seen, most studies use COD
concentrations much lower than those used in this study.
The use of seven textile industrial effluents, especially with
high concentrations of COD compared with those reported
in the literature, allowed us to observe the good performance
of four adsorbents used in this study, since the amounts of
COD removed were higher than those reported in the litera-
ture in most of the cases.

According to the results of decoloration percentage and
COD removal, VC modified with NaCl and H,SO,, and BC
and BIC modified with HNO, were chosen to be modified
to scale and to perform the following adsorption studies.
Their unmodified carbonaceous materials were added for
comparison purposes.

3.2. Optimization of modification conditions for the removal
of COD and color from textile industrial effluents

BC, BIC and VC were modified according to the Taguchi
method in order to optimize the adsorbent surface modi-
fication process and reduce its cost. A L, orthogonal array
was applied in our experiments (Tables 3-6). The Taguchi
L, design, the decoloration percentage of a textile industrial

Reference Method COD initial COD removal
mg/L %
Mahmoued et al. [6]  cement kiln dust 830-5733 81.0
cement kiln dust + coal mixed 1/1 84.0
Arafat et al. [25] Activated Carbon Norit 125 98.0
Ahmad et al. [24] Adsorption using bamboo-based activated carbon 252 75.0
Pala et al. [26] Activated sludge system with activated carbon powder 60 94.0
Inthorn et al. [23] Adsorption using treated flute reed 2688 and 1680 0.0
Hayat et al. [2] Anaerobic reactor 25% 1133 76.8
50% 60.1
75% 69.6
100% 87.0
Fenton 25% 28.8
50% 89.0
75% 40.4
100% 28.0
Basha et al. [11] Electrochemical degradation 5800 71.0-97.0
Baban et al. [13] Ozonation 1700 19.0
Bioadsorption + Ozonation 81.0
Yu et al. [14] Fenton 1160-1733 41.0-96.0
Lotito et al. [39] WWTP Biological 241 71.5
Coagulation-Floculation 779
Ozonation 82.4
Pazdzior et al. [40] O, +Bio 1065 61.9
Bio + O, 66.0
Bio + O, + Bio 71.8
Phugare et al. [41] Bioadsorption Biomass yeast 7960 77.4
S. Cerevisiae 84.5
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effluent and the S/N ratio calculated using Eq. (1) are shown
in Tables 3-6. These data were analyzed using the signal-
to-noise ratio (S/N) approach and adopting the “larger the
better” criterion in order to maximize the adsorption of efflu-
ents by the carbonaceous materials [33]. Fig. 4 shows that the
UV-Vis spectrum of the effluent chosen for these studies had
three adsorption bands (434, 540 and 613 nm). Tables 3-6
show that the combination of factors in experiment 8 for
BC modified with HNO,, experiment 5 for BIC modified
with HNO,, and experiments 8 and 1 for VC modified with
H,SO, and NaCl, respectively, obtained better results, since
the maximum decoloration percentages for the chosen tex-
tile industrial effluent were 53.4%, 79.6% and 88.8%; 52.6%,
61.0% and 64.4%; 66.9%, 79.5% and 85.0%; and 50.7%, 63.9%

Table 3

and 73.1%, for 434, 540 and 613 nm, respectively, and the S/N
ratio was the highest for all cases.

The mean S/N ratio for each of the three levels of the
parameters is summarized as an S/N response in Table 7,
where each level corresponds to a defined value given for
each of the four factors: concentration, contact time, mass—
volume ratio and temperature. In our experiments, the lev-
els used for each factor are shown in Tables 3-6. Fig. 5 and
Table 7 show the S/N response graphs and values for the
adsorption of the effluent. The results revealed that the opti-
mal conditions to prepare an efficient BC (with HNO,) for
the adsorption of the textile effluent are the following: con-
centration at level 3 (70%w), contact time at level 2 (45 min),
mass-volume ratio at level 1 (1:5), and temperature at level

Experimental layout using the L, Taguchi orthogonal array for the chemical modification of BC with HNO,, and the decoloration

percentage of the textile industrial effluent used

Experiment Factors Decoloration percentage
A: concentration  B: contact C: mass-volume D:temperature 434nm S/N 540nm S/N  613nm S/N
(%w) time (min) ratio (g/mL) °O)
1 5 5 1:5 20 7.7 17.8 23.6 274 39.5 31.3
2 5 45 1:10 30 7.7 17.8 237 275 393 31.9
3 5 90 1:20 40 4.7 122 224 27.0 39.2 31.9
4 35 5 1:10 40 30.9 29.8 704 369 828 38.4
5 35 45 1:20 20 43.9 329 715 371 837 38.5
6 35 90 1:5 30 38.4 31.7 739 374 845 38.5
7 70 5 1:20 30 494 33.9 70.6 370 828 38.4
8 70 45 1:5 40 53.4 34.6 79.6 38.0 88.8 39.0
9 70 90 1:10 20 49.5 339 784 379 879 38.9
10 70 90 1:20 25 52.9 77.0 87.8
11 Unmodified adsorbent 4.9 20.3 34.5
12 70 45 1:5 20 56.6 80.6 92.0
Table 4

Experimental layout using the L, Taguchi orthogonal array for the chemical modification of BIC with HNO,, and the decoloration

percentage of the textile industrial effluent used

Experiment Factors Decoloration percentage
A: concentration B:contact ~ C:mass-volume D:temperature 434nm S/N 540nm S/N  613nm S/N
(%ow) time (min) ratio (g/mL) (°C)
1 5 5 1:5 20 46.0 333 55.6 349 604 35.6
2 5 45 1:10 30 51.2 342 60.0 35.6 63.7 36.1
3 5 90 1:20 40 47.9 33.6 57.1 35.1 60.4 35.6
4 35 5 1:10 40 50.5 341 58.4 353 61.0 35.7
5 35 45 1:20 20 52.6 344 61.0 35.7 644 36.2
6 35 90 1:5 30 51.2 342 599 355 63.3 36.0
7 70 5 1:20 30 50.7 341 594 355 628 36.0
8 70 45 1:5 40 50.2 340 589 354 617 35.8
9 70 90 1:10 20 51.6 343 607 35.7 63.9 36.1
10 70 90 1:20 25 48.6 56.8 59.1
11 Unmodified adsorbent 47.4 55.5 58.6
12 35 45 1:10 30 524 62.4 66.1
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Table 5

Experimental layout using the L, Taguchi orthogonal array for the chemical modification of VC with H,SO,, and the decoloration

percentage of the textile industrial effluent used

Experiment Factors Decoloration percentage
A: concentration B: contact  C:mass-volume D:temperature 434nm S/N 540nm S/N  613nm S/N
(%w) time (min) ratio (g/mL) (°C)
1 5 5 1:5 20 50.8 341 64.6 362 74.0 374
2 5 45 1:10 30 52.8 345 653 36.3 74.8 37.5
3 5 90 1:20 40 51.2 342 65.6 36.3 75.0 37.5
4 45 5 1:10 40 49.6 339 633 36.0 728 37.2
5 45 45 1:20 20 50.8 341 647 362 744 37.4
6 45 90 1:5 30 51.9 343 659 364 752 37.5
7 97.8 5 1:20 30 61.5 358 74.6 375 823 38.3
8 97.8 45 1:5 40 66.9 36.5 79.5 38.0 85.0 38.6
9 97.8 90 1:10 20 62.5 359 748 375 814 38.2
10 97.8 90 1:20 25 62.5 73.6 80.4
11 Unmodified adsorbent 64.1 76.6 83.1
12 97.8 45 1:5 40 64.3 77.5 84.1
Table 6

Experimental layout using the L, Taguchi orthogonal array for the chemical modification of VC with NaCl, and the decoloration per-

centage of the textile industrial effluent used

Experiment Factors Decoloration percentage
A: concentration  B: contact  C:mass-volume D:temperature 434nm S/N 540nm S/N 613nm S/N
M) time (h) ratio (g/mL) (°C)
1 0.001 1 1:2 20 50.7 341 63.9 36.1 73.1 37.3
2 0.001 24 1.5 40 48.6 33.7 624 359 722 37.2
3 0.001 48 1:10 80 49.0 33.8 628 360 724 37.2
4 0.01 1 15 80 45.8 33.1 574 352 66.3 36.4
5 0.01 24 1:10 20 43.9 324 583 353 65.9 36.4
6 0.01 48 1:2 40 48.2 33.7 619 358 71.2 37.1
7 0.1 1 1:10 40 47.7 33.6 61.6 358 71.0 37.0
8 0.1 24 1:2 80 49.7 334 61.1 35.7 70.8 37.0
9 0.1 48 1.5 20 49.3 339 633 36.0 72.7 37.2
10 0.1 48 1:10 80 50.1 64.2 73.6
11 Unmodified adsorbent 49.9 63.7 73.0
12 0.01 1 1:5 20 51.2 64.8 74.5

1 (20°C) (A,B,C,D,); for BIC (with HNO,): concentration at
level 2 (35%w), contact time at level 2 (45 min), mass—volume
ratio at level 2 (1:10), and temperature at level 2 (30°C)
(A,B,C,D,); for VC (with H,SO,) concentration at level 3
(97.8%w), contact time at level 2 (45 min), mass—volume ratio
at level 1 (1:5), and temperature at level 3 (40°C) (A,B,C,D,);
and for VC (with NaCl): concentration at level 1 (0.001 M),
contact time at level 3 (48 h), mass—volume ratio at level 1
(1:2), and temperature at level 2 (40°C) (A4,B,C,D,). As shown
in Table 7, these conditions exhibit the highest S/N values
for each factor: 36.82, 33.01, 32.91 and 32.91 for BC modified
withHNO,;35.24,35.26,35.21 and 35.24 for BIC modified with
HNO,; 37.36, 36.56, 36.55 and 36.47 for VC modified with
H,SO,; and 35.70, 35.63, 35.57 and 35.53 for VC modified

with NaCl. Four carbonaceous materials were then obtained
using these factors’ combination, where an increase in the
decoloration percentage of the effluents should be obtained.

The decoloration percentages of the chosen effluent
on unmodified and modified BC, BIC and VC at original
and optimum conditions are shown in Tables 3-6 (experi-
ment 11, 10 and 12, respectively). The decoloration per-
centage increased from 4.9% to 52.9%, 20.3% to 77.0% and
34.5% to 87.8% for 434, 540 and 613 nm, respectively, when
BC was modified with HNO, using the original conditions
(70%w, 90 min, 1:20 and 25°C). However, in experiment
8 (70%w, 45 min, 1:5 and 40°C) of the Taguchi L, design,
which showed the best decoloration percentage results,
a slight increase was observed with respect to the original
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Fig. 4. UV-Vis spectra of the textile industrial effluent used in the
optimization process.

conditions. Moreover, using the optimum modification con-
ditions obtained (70%w, 45 min, 1:5 and 20°C), the decolor-
ation percentage increased to 56.6%, 80.6% and 92.0% for
434, 540 and 613 nm, respectively. For BIC, the decoloration
percentages increased to 52.4%, 62.4% and 66.1% for 434, 540
and 613 nm, respectively, when using the best modification
conditions. In the case of VC, the decoloration percentages
increased to 64.3%, 77.5% and 84.1% for 434, 540 and 613 nm,
respectively, when using the best modification conditions
(with H,SO,). Finally, for VC modified with NaCl, the decol-
oration percentages increased to 51.2%, 64.8% and 74.5% for
434, 540 and 613 nm, respectively. Therefore, considering
that the adsorption increments of the optimum modifica-
tion conditions were considerable in all cases, we decided to
choose these carbonaceous materials. Furthermore, the mod-
ification conditions were optimized, since the concentration
of HNO,, H,SO, and Nadl, the contact time, the mass—vol-
ume ratio, and the temperature were reduced, with respect
to the original conditions, which also represents a decrease
in the cost of modifying CB, BIC and VC in terms of HNO,,
H,SO,, NaCl and energy consumption.

Table 7
Response values for the Taguchi analysis and analysis of variance of the adsorption of the textile industrial effluents using modified
BC, BIC and VC
“Factor Mean S/N ratio Analysis of variance
Level 1 Level 2 Level 3 Degrees of freedom (v) Sum of squares (SS) Variance (0,)
A 25.04 35.67 36.82 2 290.34 145.17
B 32.38 33.01 32.15 2 3.15 1.58
C 3291 32.54 32.07 2 1.62 0.81
BCinos D 3291 32.66 31.97 2 411 2.05
Error 0
Total 8 299.22
A 34.88 35.24 35.20 2 0.26 0.13
B 34.93 35.26 35.12 2 0.17 0.32
BIC C 34.97 35.21 35.13 2 0.10 0.05
HINOS D 35.12 35.24 34.96 2 0.12 0.06
Error 0
Total 8 0.65
A 36.00 3591 37.36 2 4.28 2.14
B 36.27 36.56 36.43 2 0.14 0.07
C 36.55 36.34 36.37 2 0.09 0.05
VCisou D 36.34 36.44 36.47 2 0.03 0.01
Error 0
Total 8 4.54
A 35.70 35.08 35.52 2 0.60 0.30
B 35.40 35.27 35.63 2 0.21 0.11
VC .a C 35.57 35.40 35.32 2 0.10 0.05
D 35.46 35.53 35.31 2 0.08 0.04
Error 0
Total 8 0.99

“Factor A: Concentration (5%, 35% and 70% HNO,; 5%, 45% and 97.8% H,SO,; 0.001, 0.01 and 0.1 M NaCl)
Factor B: Contact time (5, 45 and 90 min for HNO, and H,SO,; 1, 24 and 48 h for NaCl)

Factor C: Mass-Volume ratio (1:5, 1:10 and 1:20 g/mL for HNO, and H,SO,; 1:2, 1:5 and 1:10 g/mL for NaCl)
Factor D: Temperature (20°C, 30°C and 40°C for HNO, and H,SO,; 20°C, 40°C and 80°C for NaCl)
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Fig. 5. Signal-to-noise (S/N) ratios of the experimental factors considered in the Taguchi experimental design.

With the aim of analyzing the effect of the different
factors in the preparation of the optimum carbonaceous
materials, ANOVA was carried out with the adsorption
data. The results of the ANOVA are also shown in Table 7.
It is clear that the most influential factor for BC and VC was
concentration (Factor A), and for BIC the most influential
factor was contact time (Factor B), as the variance (0,) was
higher (145.17, 0.32, 2.14 and 0.30) compared with the other
factors. Considering that the degree of freedom for the error
(ve) term was 0 (calculated as the difference between the
total degree of freedom and the accumulative degree of
freedom of all factors), the variance of the error (c,) could
not be obtained. Consequently, the F-ratio, defined as the
variance of each factor (o) divided by o, could not be
calculated.

3.3. Characterization of adsorbent samples

The seven unmodified and modified carbonaceous mate-
rials for the adsorption of the textile effluents were charac-
terized using different analytical techniques. Table 8 shows

the elemental composition and ash contents of these car-
bonaceous materials. The percentage of carbon increased
from 7.3% to 68.9% when BC was modified with HNO,.
However, the amount of ashes decreases from 51.0% to
9.2%. This reduction of inorganic matter (i.e., ash percent-
age) is attributed to the acid treatment to which the BC was
subjected; this caused a large increase in the percentage of
carbon, and in the percentage of the textural parameters:
specific surface area (from 103 to 968 m?/g) and total pore
volume (from 0.268 to 1.171 cm?/g) (Table 9). This explains
the increase in the decoloration percentage obtained in the
modified adsorbent with respect to the unmodified adsor-
bent. The specific surface area was similar to that of carbona-
ceous materials reported in the literature, thus making them
useful for water treatment applications. With respect to the
results obtained for BIC and VC, all the chemical and phys-
ical properties increased slightly when they were modified
with HNO,, H SO, and NaCl.

On the other hand, Table 10 shows the results of the
potentiometric titrations and pH , measurements of unmod-
ified and modified carbonaceous materials. The samples of
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Elemental composition and ash content of unmodified and modified carbonaceous materials

Sample Content %

Carbon Hydrogen Nitrogen Oxygen Sulphur Ash
BC 7.3 0.1 0.7 40.9° 0 51.0
BC,,., 68.9 0.2 1.1 20.6° 0 9.2
BIC 77.4 0.9 0.8 17.3 0.4 37.3
BIC, 0, 86.5 13 1.6 4.6 0.2 105
\{& 66.7 29 1.1 27.4 0.1 53.6
VC,peos 72.2 3.3 14 22,9 14 25.9
vC 69.8 3.1 12 24.5 0.2 54.9

NaCl

“Determined by difference

Table 9
Textural parameters of unmodified and modified carbonaceous
materials

Sample Sppp Mg V, cm’/g V .o cm’/g
BC 103 0.268 0.039
BC,0r 968 1171 0.379
BIC 933 0.524 0.353
BIC, ., 958 0.531 0.366
VC 750 0.542 0.285
VC,peo, 786 0.554 0.300
VC,. 783 0.550 0.291
Table 10

Point of zero charge (pH, ) values and the content of acidic/basic

groups of unmodified and modified carbonaceous materials

Sample Amount (mmol/g) pPH,,.
Acidity Basicity
BC 0.334 1.887 9.3
BCnos 0.584 0.617 8.2
BIC 0.008 1.904 8.4
BIC 1n0s 0.355 0.224 35
vC 0.515 0.361 3.7
VCieos 0.986 0.051 15
vC 0.312 0.272 3.8

NaCl

unmodified and modified BC had a basic character, with
pH,,. values of 9.3 and 8.2, respectively. This decrement is
associated with the dissolution of hydroxyapatite present in
BC, which, according to the data reported in the literature,
occurs with HNO, treatment, reducing the basic character of
the adsorbent matrix [42]. In this context, the principal func-
tional groups identified in the FI-IR spectrum of BC corre-
sponding to hydroxyapatite decreased when the sample was
modified with HNO,. For example, the peak at 1030 cm™ can
be assigned to stretching vibrations of phosphate [43—45] and
the signal around 3400 cm™ is attributable to the existence of
hydroxyl groups [46,47] (Fig. 6). On the other hand, FT-IR

Transmitance, %

1030 e’

0f——r———F——7+—++
4000 3500 3000 2500 2000 1500 1000

-1
Wavenumber, cm

Fig. 6. FT-IR spectra of unmodified and modified BC.

spectra of BIC and VC unmodified and modified with HNO,,
H,SO, and NaCl (Figs. 7 and 8) showed no significant dif-
ferences between unmodified and modified carbonaceous
materials. Particularly, the FT-IR spectrum of these carbona-
ceous materials showed peaks at ~3360 and ~1644 cm™, cor-
responding to the O-H stretching and bending vibrations,
respectively (Figs. 7 and 8) [48]. The signal corresponding
to the C-H stretching vibrations of methylene groups was
identified at 2917 cm™ [48,49]. The peak at ~1544 cm™ is
associated to the C=C stretching vibrations of aromatic com-
pounds [50]. The peak at 1458 cm™ can be assigned to the
C-O stretching vibrations of carboxyl groups [46]. The band
of C-O stretching vibrations was located at 1164 cm™ [50,51].
Finally, the band obtained at 1090 cm™ is attributable to the
C-O stretching vibrations [50].

4. Conclusions

Chemical modification of different kinds of carbona-
ceous materials generated a considerable increase in the
adsorption of COD and color from textile industrial efflu-
ents, with the best adsorbents being BC and BIC modified
with HNO,, and VC modified with H,SO,, and NaCl.
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Fig. 8. FT-IR spectra of unmodified and modified VC.

The Taguchi method allowed optimizing the adsorbent
surface modification process using a L, orthogonal array
in our experiments, in which the response variable was the
decoloration percentage of a textile industrial effluent. The
results revealed the optimal conditions to prepare four effi-
cient carbonaceous materials for the adsorption of COD and
color from textile industrial effluents, where a considerable
increase was observed with respect to original conditions.
Finally, we decided to choose the optimum modification con-
ditions based on the decrease in the cost of such process.

The use of different textile industrial effluents, especially
with high concentrations of color and COD compared with
those reported in the literature, allowed us to observe the
good performance of several adsorbents used in this study,
since the amounts of color and COD removed were higher
than those reported in the literature in most of the cases.

The characterization allowed explaining the increase in
the adsorption of the modified carbonaceous materials with
respect to the unmodified carbonaceous materials.

Acknowledgments

The authors acknowledge the financial support pro-
vided by CONACYT, TecNM/Instituto Tecnologico de
Aguascalientes (México) and Universidad de Extremadura
and Junta de Extremadura/FEDER ref. GRU15123 (Espania).

References

[1] L. Giorgetti, H. Talouizte, M. Merzouki, L. Catavuturo, Ch.
Geri, S. Frassinetti, Genotoxicity evaluation of effluents from
textile industries of the region Fez-Boulmane, Morocco: a case
study, Ecotoxicol. Environ. Saf., 74 (2011) 2275-2283.

[2] H. Hayat, Q. Mahmood, A. Pervez, Z. Ahmad-Bhatti, S. Ali—
Baig, Comparative decolorization of dyes in textile wastewater
using biological and chemical treatment, Sep. Purif. Technol.,
154 (2015) 149-153.

[3] ChXK. Hemachandra, A. Pathiratne, Combination of physico-
chemical analysis, Allium cepa test system and Oreochromis
niloticus erythrocyte based comet assay/nuclear abnormalities
tests for cyto-genotoxicity assessments of treated effluents
discharged from textile industries, Ecotoxicol. Environ. Saf.,
131 (2016) 54-64.

[4] LI Savin, R. Butnaru, Wastewater characteristics in textile
finishing mills, Environ. Eng., 7 (2008) 859-864.

[5] M.B. Kurade, T.R. Waghmode, A.N. Kagalkar, S.P. Govindwar,
Decolorization of textile industry effluent containing disperse
dye Scarlet RR by a newly developed bacterial-yeast consortium
BL-GG, Chem. Eng.J., 184 (2012) 33-41.

[6] E.K. Mahmoued, Cement kiln dust and coal filters treatment of
textile industrial effluent, Desalination, 255 (2010) 175-178.

[7]1 B.Manu, S. Chaudhari, Anaerobic decolorization of simulated
textile wastewater containing azo dyes, Bioresour. Technol.,
82 (2002) 225-231.

[8] N.R.Rane, V.V. Chandanshive, A.D. Watharkar, R.V. Khandare,
TS. Patil, PK. Pawar, S.P. Govindwar, Phytoremediation
of sulfonated Remazol Red dye and textile effluents by
Alternanthera philoxeroides: an anatomical, enzymatic and pilot
scale study, Water Res., 83 (2015) 271-281.

[91 P.A. Bedekar, R.G. Saratale, G.D. Saratale, S.P. Govindwar,
Development of low cost upflow column bioreactor for degra-
dation and detoxification of Blue HERD and textile effluent by
Lysinibacillus sp. RGS immobilized on Loofa, Int. Biodeterior.
Biodegrad., 96 (2014) 112-120.

[10] M. Asgher, N. Azim, H. Nawaz-Bhatti, Decolorization of
practical textile industry effluents by white rot fungus Coriolus
versicolor IBL-04, Biochem. Eng. J., 47 (2009) 61-65.

[11] C.A. Basha, J. Sendhil, K.V. Selvakumar, P.K.A. Muniswaran,
Ch.W. Lee, Electrochemical degradation of textile dyeing
industry effluent in batch and flow reactor systems, Desali-
nation, 285 (2012) 188-197.

[12] A.A.Kadam, H.S. Lade, D.S. Lee, S.P. Govindwar, Zinc chloride
as a coagulant for textile dyes and treatment of generated dye
sludge under the solid state fermentation: hybrid treatment
strategy, Bioresour. Technol., 179 (2014) 38-46.

[13] A. Baban, A. Yediler, D. Lienert, N. Kemerdere, A. Kettrup,
Ozonation of high strength segregated effluents from a woollen
textile dyeing and finishing plant, Dyes Pigm., 58 (2003)
93-98.

[14] RF. Yu, HW. Chen, W.P. Cheng, P.H. Hsieh, Dosage control
of the Fenton process for color removal of textile wastewater
applying ORP monitoring and artificial neural networks,
J. Environ. Eng., 135 (2009) 325-332.

[15] O.S. Chan, W.H. Cheung, Single and multicomponent acid dye
adsorption equilibrium studies on tyre demineralised activated
carbon, Chem. Eng. J., 191 (2012) 162-170.

[16] J.H. Deng, X.R. Zhang, G.M. Zeng, J.L. Gong, Q.Y. Niu,
Simultaneous removal of Cd(Il) and ionic dyes from aqueous
solution using magnetic graphene oxide nanocomposite as an
adsorbent, Chem. Eng. J., 226 (2013) 189-200.

[17] D. Shen, J. Fan, W. Zhou, B. Gao, Q. Yue, Q. Kang, Adsorption
kinetics and isotherm of anionic dyes onto organo-bentonite



14

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

J.D. de Leén Chiquito et al. / Desalination and Water Treatment 184 (2020) 1-14

from single and multisolute systems, J. Hazard. Mater.,
172 (2009) 99-107.

VXK. Garg, M. Amita, R. Kumar, R. Gupta, Basic dye (methylene
blue) removal from simulated wastewater by adsorption using
Indian Rosewood sawdust: a timber industry waste, Dyes
Pigm., 63 (2004) 243-250.

P.C.C. Faria, J.J.M. Orfao, M.E.R. Pereira, Activated carbon and
ceria catalysts applied to the catalytic ozonation of dyes and
textile effluents, Appl. Catal., B, 88 (2009) 341-350.

A. Gil, EC.C. Assis, S. Albeniz, S.A. Korili, Removal of dyes
from wastewaters by adsorption on pillared clays, Chem. Eng.
J., 168 (2011) 1032-1040.

S.A. Torrellas, R. Garcia-Lovera, N. Escalona, C. Sepulveda,
J.L. Sotelo, J. Garcia, Chemical-activated carbons from peach
stones for the adsorption of emerging contaminants in aqueous
solutions, Chem. Eng. J., 279 (2015) 788-798.
Wastewater-Sampling, Mexican Standard NMX-AA-003-1980,
Official Gazette of the Federation, November 6, 1992.

D. Inthorn, K. Tipprasertsin, P. Thiravetyan, E. Khan, Color
removal from textile wastewater by using treated flute reed in a
fixed bed column, J. Environ. Sci. Health A, 45 (2010) 637-644.
A.A. Ahmad, B.H. Hameed, Reduction of COD and color of
dyeing effluent from a cotton textile mill by adsorption onto
bamboo-based activated carbon, J. Hazard. Mater., 172 (2009)
1538-1543.

H.A. Arafat, Simple physical treatment for the reuse of
wastewater from textile industry in the Middle East, J. Environ.
Eng. Sci., 6 (2007) 115-122.

A. Pala, E. Tokat, Activated carbon addition to an activated
sludge model reactor for color removal from a cotton textile
processing wastewater, J. Environ. Eng., 129 (2003) 1064-1068.
Water Analysis - Determination of Biochemical Oxygen Demand
in Natural, Residual (BOD,) and Treated Waste Waters - Test
Method (cancels NMX-AA-028-1981) NMX-AA-028-SCFI-2001,
Official Journal of the Federation, April 6, 2001.

Water Analysis - Measurement of the Chemical Oxygen
Demand in Natural, Residual and Treated Waste Waters.- Test
Method - Part 1 - Open Reflow Method - (Cancels the NMX-AA-
030-SCFI-2001) NMX-AA -030 / 1-SCFI1-2012, Official Gazette of
the Federation, April 12, 2012.

O.0Ozdemir, M. Turan, A.Z. Turan, A. Faki, A.B. Engin, Feasibility
analysis of color removal from textile dyeing wastewater in a
fixed-bed column system by surfactant-modified zeolite (SMZ),
J. Hazard. Mater., 166 (2009) 647-654.

G.T. Guyer, K. Nadeem, N. Dizge, Recycling of pad-batch
washing textile wastewater through advanced oxidation
processes and its reusability assessment for Turkish textile
industry, J. Clean. Prod., 139 (2016) 488-494.

F. Harrelkas, A. Azizi, A. Yaacoubi, A. Benhammou, M.N. Pons,
Treatment of textile dye effluents using coagulation— flocculation
coupled with membrane processes or adsorption on powdered
activated carbon, Desalination, 235 (2009) 330-339.

A.Sharma, Z. Syed, U. Brighu, A.B. Gupta, Ch. Ram, Adsorption
of textile wastewater on alkali-activated sand, J. Clean. Prod.,
220 (2019) 23-32.

M.T. Hernandez-Eudave, R. Tovar-Gomez, C.J. Duran—Valle,
M.R. Moreno- Virgen, V. Hernandez-Montoya, M.A. Perez-
Cruz, Modification of carbons with acids, salts, and hydrogen
peroxide for the adsorption of anionic and cationic dyes in
single and binary systems with Cd* and CrO?%, Desal. Wat.
Treat., 106 (2018) 139-152.

J. Beltran—Heredia, J. Sanchez—Matin, M. Jiménez-Giles, Tannin-
Based Coagulants in the depuration of textile wastewater
effluents: elimination of antraquinonic dyes, Water Air Soil
Pollut., 222 (2011) 53-64.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

A. Qasim, S. Nisar, A. Shah, M. Saeed-Khalid, M.A. Sheikh,
M.A. Sheikh, Optimization of process parameters for maching
of AISI — 1045 steel using Taguchi design and ANOVA, Simul.
Modell. Pract. Theory, 59 (2015) 36-51.

J. Zolgharnein, N. Asanjarani, T. Shariatmanesh, Taguchi
L,, orthogonal array optimization for Cd (II) removal using
Carpinus betulus tree leaves: adsorption characterization, Int.
Biodeterior. Biodegrad., 85 (2013) 66-77.

Hach Company, DR5000 Spectrophotometer: Procedures
Manual, Catalog Number DOC082.98.00670, 2005, Germany,
pp- 565-572.

Federal Register, April 21, 1980, 45, 26811-26812.

AM. Lotito, M. De Sanctis, C. Di Laconi, G. Bergna, Textile
wastewater treatment: aerobic granular sludge vs activated
sludge systems, Water Res., 54 (2014) 337-346.

K. Pazdzior, J. Wrebiak, A.K Smoélka, M. Gmurek, L. Biliniska,
L. Kos, J. Sojka-Ledakowicz, S. Ledakowicz, Influence of
ozonation and biodegradation on toxicity of industrial textile
wastewater, J. Environ. Manage., 195 (2016) 166-173.

S. Phugare, P. Patil, S. Govindwar, J. Jadhav, Exploitation of yeast
biomass generated as a waste product of distillery industry
for remediation of textile industry effluent, Int. Biodeterior.,
64 (2010) 716-726.

D.I. Mendoza-Castillo, A. Bonilla-Petriciolet, J. Jauregui-Rincon,
On the importance of surface chemistry and composition
of Bone char for the sorption of heavy metals from aqueous
solution, Desal. Wat. Treat., 54 (2015) 1651-1662.

S. Dimovié¢, I. Smiciklas, 1. Pleacas, D. Antonovi¢, M. Mitrié,
Comparative study of differently treated animal bones for Co*
removal, J. Hazard. Mater., 164 (2009) 279-287.

S.Patel, J. Hanb, W. Qiua, W. Gao, Synthesis and characterization
of mesoporous bone char obtained by pyrolysis of animal
bones, for environmental application, J. Environ. Chem. Eng.,
3 (2015) 2368-2377.

H.Y. Xu, L. Yang, P. Wang, Y. Liu, M.S. Peng, Kinetic research
on the sorption of aqueous lead by synthetic carbonate
hydroxyapatite, J. Environ. Manage., 86 (2008) 319-328.

V. Hernandez-Montoya, M.P. Elizalde-Gonzalez, R. Trejo-
Véazquez, Screening of commercial sorbents for removal of
fluoride in synthetic and groundwater, Environ. Technol.,
28 (2007) 595-607.

B. Smith, Infrared Spectral Interpretation: A Systematic
Approach, CRC Press LLC, Washington, 1999.

L. Delgadillo-Velasco, V. Hernandez-Montoya, M.A. Montes-
Moran, R. Tovar Gémez, FJ. Cervantes, Recovery of different
types of hydroxyapatite by precipitation of phosphates of
wastewater from anodizing industry, J. Clean. Prod., 242 (2020)
1-8.

M.E. Parolo, M.C. Savini, R.M. Loewy, Characterization of soil
organic matter by FT-IR spectroscopy and its relationship with
chlorpyrifos sorption, J. Environ. Manage., 196 (2017) 316-322.
C.J. Duran-Valle, M. Gémez-Corzo, J. Pastor-Villegas, V. Gdmez-
Serrano, Study of cherry stones as raw material in preparation
of carbonaceous adsorbents, ]J. Anal. Appl. Pyrol., 73 (2005)
59-67.

R. Tovar-Gémez, D.A. Rivera-Ramirez, V. Hernandez-Montoya,
A. Bonilla-Petriciolet, C.J. Duran-Valle, M.A. Montes-Moran,
Synergic adsorption in the simultaneous removal of acid blue
25 and heavy metals from water using a Ca(PO,),-modified
carbon, J. Hazard. Mater., 199-200 (2012) 290-300.



	_Hlk12631641
	_Hlk12631862
	_Hlk12355989
	_Hlk12357624
	_Hlk12358380
	_Hlk12454400
	_Hlk22215612

