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ABSTRACT

The present work aims at the reuse of metal hydroxide sludge generated by an electrocoagulation
process. Its application in the adsorption of pollutants present in aqueous medium is also studied
using Congo red as a molecule model and batch reactors. The characterization results demonstrate
the presence of the boehmite phase with acceptable textural properties as adsorbent and high sta-
bility under different pH conditions. During the adsorption tests, it was shown that both, the pH
and the initial concentration, produces a negative influence in the percentage of Congo red retention
attributed to the electrostatic repulsion between OH- and Congo red at high pH values on one hand
and the absence of active sites at high concentration levels on the other hand. On the contrary, the
increase in Congo red adsorption was proportional to the temperature associated with the thermody-
namic characteristics of the adsorption process that are also presented in this work. The performance
of the adsorption followed a second-order kinetics that indicates that adsorption followed a cation
exchange process between the adsorbent and adsorbate; besides that different models were applied
(Freundlich, Langmuir and Temkin), the Freundlich model described the better adsorption process of
Congo red indicating adsorption on a heterogeneous surface and multilayer formation.
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1. Introduction

The Congo red (CR, sodium salt of benzidinediazo-bis-
1-naphthylamine-4-sulfonic acid) is a water soluble anionic
diazo dye with beneficial aspects such as the detection
of amyloidosis, however is also characterized by being
carcinogenic and high toxicity [1]. It is widely used in dif-
ferent industries such as textiles, plastics, rubbers, printing,
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leather, paper, pharmaceutical, food and cosmetics, where a
large amount of this dye is released into the aquatic system
causing serious pollution problems and generating a major
challenge for the agencies of environmental protection [1].
This challenge is increasing due to the high chemical recal-
citrance of the CR generated by its aromatic structure with
rings of benzene and naphthalene, which gives it a high
optical, thermal and physicochemical stability making it
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difficult to achieve the degradation of the CR by conventional
methods [2]. Due to the above discussion, the discharge of
industrial effluents containing this type of dyes influences
the natural appearance of the rivers. It is estimated that
between 10% and 15% of the CR used in some applications
previously mentioned is released annually in water bod-
ies [3,4]. This action produces a negative impact in aquatic
life, due to the carcinogenic and mutagenic effects of the CR
as well as the interference of sunlight. The later impact is
related with a decrease of photosynthesis and causes an oxy-
gen deficiency in the receiving water bodies [5,6]. Therefore,
there is a need to design efficient and low-cost methods for
the elimination of CR from aqueous effluents [7].

Various physical, chemical and biological methods such
as adsorption using organic waste [8] or even graphene
composites [8], chemical reduction [1], bioremoval with
microalgae [9], electrochemical [10], cavitation [11], Fenton
[12], photocatalytic [13], among others, have been widely
used in the elimination of CR of residual effluents, but
their effectiveness or economic advantage are factors that
are still debated today. In this sense, adsorption is consid-
ered a promising technique with wide advantages because
it is economical, with high performance and easy operation.
Recent research focuses on the use of low-cost or natural
adsorbents and the reuse of different agricultural or indus-
trial residues [14-16], in this sense electrocoagulated metal
hydroxide sludge (EMHS) is a candidate, which is obtained
from an electrocoagulation (EC) process where aluminum
or iron electrodes releasing hydroxides of these metals oxi-
dize [17,18]. These materials are considered waste that can
cause environmental and public health impacts if not man-
aged properly. However, a practical application or reuse that
can be granted to the EMHS is in the elimination of efflu-
ent dyes by electrostatic attraction or surface complexation
as has been reported in recent years for different types of
dyes [19,20] what becomes the motivation of this investiga-
tion. The implementation of an adsorption process requires a
study of the adsorption equilibrium, kinetics, speed limiting
steps and, thermodynamics, which is possible to be obtained
from batch systems. The objective of this work is the com-
plete characterization and evaluation of EMHS in its reuse
as an adsorbent material evaluating the capacity of removal
of contaminants present in aqueous medium. To do this, the
CR dye was used as a molecule model and the adsorption
tests were carried out in batch reactors. Within the adsorp-
tion studies, the effect of the process parameters such as pH,
temperature, CR concentration, contact time, in addition
to kinetics, isotherms and thermodynamics, were evalu-
ated; and the relationship among adsorption capacities was
established with the physiochemical characterization of the
adsorbent.

2. Materials and methods
2.1. Adsorbent material

The adsorbent used in this study was obtained from
a pilot EC plant using aluminum electrodes. The waste
sludge obtained after EC was clarified, sedimented, centri-
fuged, dried, crushed and finally sieved with a mesh 35-40
(geometric diameter of 0.4018 mm). The material obtained

from this process was subsequently used for the adsorption
experiments.

2.2. CR Solutions

Stock solution of Congo Red (molecular weigh =
696.665 g mol™, molecular formula = C,,H, N Na,O,S,) (dye
content > 85% Sigma-Aldrich Inc.,, USA) was prepared
by dissolving 1 g of CR powder in 1 L of distilled water.
Subsequent dilutions of CR were made to obtain the desired
initial concentration. Prior to the addition of EMHS, the
initial pH of the experimental solution was adjusted to the
desired conditions with the appropriate amounts of 0.1 M
HCI or 0.1 M NaOH. The concentration of CR in the sample
was analyzed using a UV-Vis spectrophotometer (Genesys
10S, Thermo Fisher Scientific Inc., USA) at a maximum
wavelength of 497.5 nm.

2.3. Characterization of the adsorbent

The identification of the phases present in the adsorbent
material was carried out by means of the X-ray diffraction
(XRD) technique using an Empyrean Malvern Panalytical
Ltd., (The Netherlands). equipment equipped with radiation
Cu Ka (A = 1.5418 A). Additionally, the average crystallite
size (d ) was calculated using the Scherrer equation [21]:

- ka
* PBcosH

@

where d_ corresponds to the average crystallite size, k is
the constant of Scherrer (0.89), A corresponds to the wave-
length of the X-rays (1.54 A), B is the broadening at half of
the maximum intensity and 0 is the Bragg’s angle. On the
other hand, the morphology of the particles as well as the
elemental composition of the adsorbent material before and
after the adsorption of CR were analyzed by the scanning
electron microscopy technique and coupled with a detector
for microanalysis by energy dispersion by X-rays (SEM-EDS)
JEOL 6510 LV, JEOL (Japan).

The textural properties of the absorbent were char-
acterized by the N, physisorption technique using an
Autosorb 3B device Quantachrome Instruments, USA.
Additionally, the specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) method. Finally, the sur-
face characterization was carried out by means of the Fourier
transform infrared spectrometry technique coupled to a
total attenuated reflectance device (ATR-FTIR) in the range
of 630 cm™ up to 4,000 cm™ at a resolution of 4 cm™ using a
Prestige 21 Shimadzu Co. (Japan). To perform the analysis,
the samples were mixed with KBr in a 1:100 ratio and pressed
to form a thin circular capsule.

2.4. Adsorption tests in batch reactors

The batch adsorption experiments were carried out in
triplicate using a traditional bottle point method with which
the effect of different reaction parameters was evaluated
on the adsorption efficiency of CR, as the pH of the solu-
tion (2-12), temperature (303-323 K), initial concentration
(25-500 mg L") and the contact time (148 h). For this,
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multiple experiments were carried out in 250 mL flasks, add-
ing 100 mL of a CR solution with a known concentration and
adjusting the pH as mentioned above. Subsequently, 1 g of
adsorbent material was added and the flasks containing the
reaction medium were sealed. The adsorption tests were car-
ried out on a thermoregulated stirrer at a speed of 150 rpm
at a pre-set temperature. At the end of the experiments, the
samples were sedimented and no adsorption was observed
in the glass walls of the flask. Finally, the concentration of CR
maintained in the supernatant was analyzed using a UV-Vis
spectrophotometer (Genesys 10 S, Thermo Fisher Scientific,
USA) at a maximum wavelength A__ =497.5 nm to determine
the dye concentrations. The amount of dye adsorbed by the
adsorbent was calculated by the following equation:

v(C, -C
RS @)

m

where g, is the amount of dye in equilibrium (mg g™), V is
volume of the dye solution (L), C, is the final concentration of
dye in equilibrium after adsorption and m is the dry weight
of the adsorbent (g).

3. Results and discussion
3.1. Characterization of EMHS
3.1.1. XRD analysis

Fig. 1 shows the X-ray diffractograms obtained before
and after the CR adsorption tests carried out in batch at dif-
ferent pH values. It is possible to observe the presence of
characteristic signals of boehmite, AIO(OH), according to
the International Center for Diffraction Data, ICDD 01-074-
2897 card with orthorhombic structure. This phase preserves
independently of the pH value, confirming a good stability
of the adsorbent at different acidic conditions. However, an
additional signal observes in 26.63° in 20 after the adsorption
tests, which is possible due to the presence of CR retained
on the surface of the adsorbent [22]. However, due to the
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Fig. 1. X-ray diffraction of the adsorbent material before and after
the adsorption tests at different pH.

low intensity and appearance as a narrow shoulder, it is
difficult to confirm this statement for this reason, it is marked
as unknown signal, but this peak does not appear in adsor-
bents treated at pH 2 neither in fresh sample but increases
in intensity as function of the pH values from pH 6. From
the diffractograms obtained in Fig. 1 the crystallite sizes of
the adsorbent material were calculated using the peak sig-
nal (020) located at 14.421 in 20 as previously reported [21].
The results show that the variation in pH does not perform
a substantial effect on crystallite size since it remained in the
range of 3.3-3.8 mm.

3.1.2. ATR-FTIR analysis

In Fig. 2 the ATR-FTIR spectra of the adsorbent materials
are presented before and after the adsorption tests carried
out at different pH values. In these spectra a wide peak is
observed above 3,000 cm™ (3,200-3,600 cm™) and a very
weak peak at 2,050 cm™ are observed attributed to the vibra-
tions by tension and flexion of the OH and a combination
band with the water, respectively [23,24]. Within the width
of this peak is identified the point of greatest adsorption
located at 3,311 cm™ which, associated with the shoulder at
1,064 cm™, corresponds to the vibrational modes of stress and
deformation of the OH, respectively, present in the boehmite
[23,24], confirming the presence of this phase and its good sta-
bility at different pH values. Those adsorbent materials that
were used for the adsorption of CR present a greater width of
the peaks located between 3,200 and 3,600 cm™, which may
be due to the presence of NH, groups coming from the CR
adsorbed on the surface of the adsorbent [24,25]. This figure
also presents a remarkable peak at 954 cm™ and ends with
signals below 630 cm™, the first peak does not correspond
to any link present in the boehmite phase or CR, however,
this characteristic peak has been reported in attributed sig-
nals to the Si-OH bond [24,26]. The presence of Si may be
due to the quality of the water used in the EC process from
the generation of the adsorbent material. Finally, those sig-
nals below 630 cm™ correspond as a part of the Al-O bonds
present in the boehmite [24].

ATR Absorbance

1 1
3000 2000 1000

-1
Wavenumber (cm )

4000

Fig. 2. ATR-FTIR of the adsorbent materials used in this work
before and after the adsorption tests at different pH (a) before the
adsorption, (b) pH 2, (c) pH 6 and (d) pH 10.
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3.1.3. Textural analysis

In Fig. 3 the textural properties of the adsorbent material
are presented. In particular Fig. 3a shows the adsorption—
desorption isotherm of type IV [26] characteristic of a rough
surface and which seems to reach the maximum saturation
at relative pressures greater than 0.9. In addition, this type
of isotherm is characteristic of mesoporous materials, which
is evidenced in Fig. 3b where the pore size distribution is
demonstrated, reaching the maximum peak around 74 A
pore diameter, which is within the range of this type of
porosity. The hysteresis type H1 presented in this figure
confirms both the formation of an isotherm type IV and the
capillary condensation during filling of the mesoporous
with a narrow pore size distribution as confirmed in Fig. 3b.
This type of mesoporous materials are characteristic for
presenting high surface area which is confirmed with the
302 m? g value obtained for the boehmite used as adsor-
bent in this work and is very similar or even superior to
other adsorbent materials reported previously [26,27].
According to these properties, this material is considered
as an excellent candidate for adsorption of contaminants
present in water bodies.

3.1.4. SEM analysis

To confirm both, the particle size and the presence of Si,
SEM-EDS was carried out and the results are as shown in
Fig. 4. Fig. 4a confirms the average particle size of 0.40 mm
mentioned above for the adsorbent material in addition to
the presence of heterogeneous morphology and rough sur-
face. Fig. 4b demonstrates the roughness observed on the
surface of the adsorbent that will contribute for the interac-
tion with the CR. Additionally a decrease in the roughness
of the surface attributed to the adsorption of CR as observed
in Fig. 4c. Finally, the presence of Al and O mainly followed
by 8.7 wt.% of Si is shown in Fig. 4d which coincides with
the notable peak at 954 cm™ observed in Fig. 2.
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3.2. Batch adsorption tests
3.2.1. Effect of initial concentration

The adsorption of CR on EMHS was observed as a
function of time until the amount removed from the dye
became constant. Fig. 5a shows the behavior of the initial
concentration at 50 mg L™ as a function of the contact time
during adsorption of CR at pH of 6.38 + 0.23 and 298 K.
Initial spontaneous adsorption occurred in the first 3 h,
followed by a gradual increase until 26 h reaching ~90%
removal, afterwards a slight increase in CR adsorption was
observed, reaching up to 94.79% =+ 0.18% removal at 48 h.
Therefore, from these results, the considered equilibrium
time was 48 h for all subsequent experiments, regardless of
the initial CR concentrations. The effect of the initial concen-
tration of CR in the adsorption with EMHS was carried out
by varying the concentrations of the dye (25, 50, 100, 200, 300
and 500 mg L) at 298 K and contact time of 48 h. As seen in
Fig. 5b, the percentage of CR removal by EMHS decreased
by increasing the initial concentrations. For instance, at
25 mg L7 with 94.39% + 2.37% removal, decreased up to
53.54% + 6.05% removal using 500 mg L™, which attributed
to the lack of availability of active sites and pores for CR
molecules in particles of the adsorbent material that occurs
at high concentrations of contaminant [28].

3.2.2. Effect of pH

Fig. 5¢c shows the effect of pH (2-12) on the adsorption
of CR using EMHS with a temperature of 298 K, initial
concentration of 100 mg L™ and contact time of 48 h. The
adsorption capacity of the dye on EMHS showed a first
decrease of 96.54% + 1.65% at 85.81% + 4.95% when the pH
changed from 2 to 6. The percentage of adsorption remained
constant in a pH range of 6-10, while increasing the pH to
12 a second decrease clearly occurred. Therefore, the max-
imum adsorption (data not shown) is located at pH below
the point of zero charge (pH ) attributed to the anionic
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Fig. 3. Textural properties of the adsorbents used in this work. (a) Adsorption-desorption isotherm of N, and (b) pore size distribution.
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Fig. 4. SEM-EDS of EMHS: (a) particle size, (b) surface of the adsorbent before the adsorption tests, (c) surface of the adsorbent after

the adsorption tests and (d) elemental analysis of the adsorbent.

adsorption favored by the increase in the positive charge
density associated with the high concentration of H* ions
at the adsorption sites and therefore, the higher electro-
static attraction between the solute and the adsorbent [29].
On the contrary, it is considered that, at pH above pHpzc,
high electrostatic repulsion between OH~ and the anionic
dye gave rise to a relatively poor adsorption, mainly at pH
higher than 10.

3.2.3. Effect of the temperature

Fig. 5d shows the percentage of CR removal as a
function of the temperature of the solution during the CR
adsorption process at neutral pH, initial concentration of
100 mg L™ and contact time of 48 h. A growing trend in
the percentage of dye removal occurred when the solution
temperature changed from 303 to 323 K increasing from
84.75% * 3.16% to 92.59% + 4.78%, respectively. This result
suggests that the adsorption process in the present work
is endothermic (as will be evidenced later in the text). This
result corresponds to the fact that the increase in the tem-
perature of the solution promoted the activity of the surface
and the kinetic energy of the dye, increasing the diffusion
through the film and the pores [30].

3.2.4. Kinetic study

The kinetic models of Lagergren pseudo-second-order,
Weber-Morris, and Elovich kinetic, were used to investigate

the mechanism of adsorption of EMHS for aqueous solution
of CR. The comparison between the values of the experi-
mental adsorption capacities (g, ) and calculated (g_) of
the kinetic models are shown in I*Eig. 6a; observing that the
calculated values of the adsorption capacity (q_) in the
models used are very close to experimental values (q,,)-
These results confirmed that the equations of these mod-
els apply adequately to the experimental data obtained.
On the other hand, the relation between the contact time
and the experimental adsorption capacity of EMHS for the
CR dye shows a two-stage adsorption curve: (1) there is a
slow increase in the adsorption capacity as a function of
the contact time and (2) an almost stable adsorption capac-
ity. This behavior is due to the decrease in the number of
active adsorption sites caused by its saturation produced by
the contact time with the adsorbed contaminant [31]. The
results shown in Fig. 5a confirm that the adsorption capac-
ity of the CR dye is limited up to a time of 1,560 min (26 h)
since an increase of 2.84 + 0.25 to 8.27 + 0.25 mg g™ occurred
when increasing the contact time from 60 to 1,560 min,
respectively. However, after this time, the adsorption of the
dye did not present substantial changes reflecting an equi-
librium stage and confirming the saturation of the active
sites.

3.2.4.1. Lagergren pseudo-second-order model

The pseudo-second-order kinetic model of Lagergren
indicates that adsorption followed a cation exchange process
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Fig. 5. (a) Removal efficiency of CR dye, (b) effect of the initial concentration, (c) effect of pH and (d) effect of temperature.

between the adsorbent and adsorbate [32]. The kinetic equa-
tion of Lagergren is as shown in Eq. (3):

t 1 1

= +7
9, ka4,

©)

where g, is the number of molecules adsorbed at time
t (mg g') and k is the second-order adsorption rate con-
stant (g (mg min)’). The parameters of the second-order
model were calculated from the slope and intersection when
plotting a linear regression of (t/g,) vs. (t) and are shown in
Table 1. The adsorption behavior of the CR dye showed an
acceptable correlation with the pseudo-second-order model
(R?* > 0.99). The theoretical value obtained from Jocq WS
9.64 mg g'; this result is close to the experimental value of
9.26 +0.18 mg g'. This similarity between the theoretical and
experimental values confirms the correlation between the
adsorption results with the kinetic model of pseudo-second-
order of Lagergren, suggesting, a chemisorption process
between the EMHS and the CR presented in this work.
Similar phenomena have been observed for CR adsorption
on banana peel dust (0.749 mg g™) [33], coir pith carbon
(6.70 mg g™) [3], anion exchange membranes (11.01 mg g™)
[34] and anilinepropylsilica xerogel (22.62 mg g™) [35].

3.2.4.2. Weber—Morris model

The kinetic data obtained in the adsorption were analyzed
using the Weber—Morris diffusion model to determine the
adsorption mechanism and the control stage. This is an

Table 1
Kinetic parameters for the removal of CR dye using EMHS
(298 K, t=2,880 min, pH = neutral, m =10 g L)

Kinetic model Parameter Values
Pseudo-second-order k, (g mg™ min™) 424 x10*

o (Mg g™ 9.64

R? 0.995
Weber-Morris k., (mg g min'?) 0.138

C 2.409

R? 0.956
Elovich B (g mg™) 0.602

a (mg g™ min™) 0.137

R? 0.987

intra-particle diffusion model used to describe the trans-
port of dissolved molecules from aqueous solutions to the
adsorbent material, followed by an intra-particle diffusion/
transport process [36]. The model can be expressed with the
following equation:

q,= Kipt% +C (4)

where k,_ is the diffusion rate constant (mg g min™?) and
C is the constant (mg g™) that quantifies the thickness of the
boundary layer. The parameters of the model are obtained
from the slope and intersection of the graph of g, vs. {2
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Table 1 shows these results, which had good correlation with
the Weber—Morris model (R?> 0.95). The absence of an inter-
section crossing through the origin, suggests that there are
different adsorption mechanisms between the CR and the
EMHS, including the diffusion of particles.

3.2.4.3. Elovich kinetic model

Elovich kinetic model is used to describe second-order
kinetics. This model assumes that the adsorbent surface is
energetically heterogeneous and follows a chemical adsorp-
tion mechanism. Then, neither desorption nor interactions
between the adsorbed species could affect the adsorption
kinetics at low superficial coverage [37]. The equation of the
Elovich model can be expressed in linear form as:

q, :%ln(aﬁ)+%ln(t) (5)

where «a is the initial adsorption rate (mg min™) at the
contact time ¢ = 0 min and {3 is the extension of the surface
coverage and the activation energy (g mg™). The constants
of the Elovich model, a and P, were calculated with a
linear regression of g, vs. In(t), and are reported in Table 1.
The adsorption of CR presented good correlation with this
model (R* > 0.98), indicating an energetically heterogeneous
behavior of the EMHS in the adsorption of CR.

3.2.5. Adsorption isotherms

The interaction and distribution of contaminant molecules
on the surfaces of adsorbents can be understood using iso-
thermal models of adsorption equilibrium. Several models
of isotherms have been used for this purpose, such as the
model of Langmuir, Freundlich and Temkin. Fig. 6b shows
the comparison of the experimental and calculated values of
the equilibrium adsorption capacities under different con-
ditions of the isothermal models. The experimental results
of adsorption of the CR dye show a continuous increase
of the adsorption capacity when increasing the concentra-
tion, without reaching a notable adsorption equilibrium,
since the absorption capacity increased from 2.33 + 0.05 to
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25.83+1.74 mg g with the increase of the initial concentration
of 25-500 mg L™, respectively.

3.2.5.1. Langmuir

The isothermal model of Langmuir is capable of pre-
dicting whether the adsorption of molecules takes place on
a surface with finite and specific active sites [38]. The linear
equation of the Langmuir isotherm model is represented as:

c, 1 ¢
+

9o Ve G

(6)

where C, is the equilibrium concentration of the CR dye in
the solution at the end of the adsorption process (mg L™),
g, is the absorption capacity of the adsorbent in equilib-
rium (mgg™), g, is the maximum capacity of adsorption
of the adsorbent (mg g™) and b is the Langmuir constant in
(Lmg™). The parameters of the Langmuir isotherm model are
obtained from the regression of C/q, vs. C,. These values are
shown in Table 2. The adsorption of the CR dye exhibited a
good fit with the Langmuir isotherm model (R* > 0.95), so is
possible to affirm that the adsorption of the CR dye assumes

Table 2
Equilibrium isotherm parameters for the removal of CR dye
using EMHS (298 K, ¢ = 2,880 min, pH = neutral, m =10 g L)

Isotherm model Parameter Values
Langmuir 9o (Mg 7 153.23
b (Lmg™) 0.005
R, 0.241
R? 0.956
Freundlich 1/n 0.458
K, 2.136
R? 0.999
Temkin B, 4.386
K, 0.683
R? 0.918
30
b
} .
25 .
.f"#--* -
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Fig. 6. Kinetic and equilibrium studies of Congo red dye by EMHS; (a) relation between the contact time and adsorption capacity, and

(b) effect of the initial concentration on the adsorption capacity.
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an adsorption forming a monolayer. From Eq. (6), q,__ is
153.23 mg g. This value is consistent with the values in the
literature where the maximum capacity of adsorption was
found to be 1.72 mg g™ for the adsorption of CR on banana
peel dust [33], 16.72 mg g™ activated carbon containing zinc
acetate [39], 40.90 mg g on CaFe,O, magnetic nanoparti-
cles [40], 132.20 mg g™ sepiolite-poly(dimethylsiloxane) [41],
and 151.70 mg g™ hierarchical NiO nanosheets [42].

The separation factor of the Langmuir isothermal model
(R,), which is used to evaluate when a process of adsorption
is favorable (0 < R, < 1), unfavorable (R, > 1) or irreversible
(R, =0), can be calculated by:

1
K =e) 7

where b is the Langmuir constant and C; is the initial
concentration of the dye. Since the value of R, was 0.24, it
reflects a favorable adsorption for the RC dye on the EMHS.

3.2.5.2. Freundlich

The Freundlich isotherm model assumes an adsorption
on a heterogeneous surface and multilayer formation, caus-
ing a decrease in the binding energy on the surface [43]. The
linear equation of Freundlich isothermal model is repre-
sented by:

log g, = [1]Iog C, +logK, (8)
n

where K, and 7 are the constants of Freundlich in relation
to the capacity and intensity of adsorption, respectively.
The parameters of the Freundlich isotherm model were
calculated from a linear regression of log g, vs. log C and
are reported in Table 2. The adsorption data of the CR dye
showed excellent fit with this model (R>> 0.99), which states
that heterogeneous adsorption and the formation of multiple
layers occurs. On the other hand, the value of the hetero-
geneity factor (1/n < 1) indicated that chemical adsorption
occurs confirming the above with the Lagergren kinetic
model.

3.2.5.3. Temkin

The Temkin model assumes that the adsorption heat
of all adsorbate molecules decreases linearly with the
adsorbent coverage due to the adsorbent-adsorbate interac-
tions [44,45]. The linear equation of the Temkin isotherm is
established by:

g,=B,InK, +B.InC, )

where K. is the equilibrium constant binding of the isotherm
(L g), B, = RT/b is an adsorption heat constant (J mol™),
R is the ideal gas constant (8.314 J mol™), T is the absolute
temperature (K), b is the Temkin constant isotherm.

The parameters of the Temkin isotherm model were
obtained from a linear regression of g, vs. In C, and are
presented in Table 2. The adsorption of the CR dye showed
a high coefficient of correlation, R* > 0.91.

Table 3
Thermodynamic parameters for adsorption of Congo red dye on
EMHS

Parameter Temperature Value
AG® (J mol™) 303 1,456.88
308 2,839.09
313 1,522.35
318 -1,752.68
323 53.45
AH® (J mol™) 46,895.11
AS° (Jmol™ K™) 147.12

3.2.6. Thermodynamic study

The thermodynamic parameters, such as Gibbs free
energy AG® (k] mol™), enthalpy AH® (k] mol™) and entrophy
AS° (k] mol™ K7), for the adsorption of the CR using EMHS
can be determined from the temperature dependence, calcu-
lated as follows [45]:

In| de | AS°_AH (10)
c.)” R RT
AG® = AH® —TAS® (11)

where R is the ideal gas constant (8.314 ] mol™ K™) and
T is the absolute temperature (K). The values of AH°
and AS° were calculated from the slope and the intersec-
tion of the Van't Hoff plot by linear regression (figure not
shown), respectively. Table 3 shows all the thermodynamic
parameters. The process of adsorption of CR by EMHS
was spontaneous at 318 K, with a negative value of AG®
(-1,762.68 ] mol™). On the other hand, the positive value of
AH® (1,358.91 ] mol™) indicates an endothermic adsorption
process and chemisorbent coinciding with results men-
tioned in previous sections. Finally, a positive value of AS°
(147.12 T mol! K!) indicates an increase in the disorder and
some structural changes in the surface of the EMHS, as well
as during the adsorption of the CR dye.

4. Conclusion

It is evidenced the reuse of EMHS as an adsorbent mate-
rial in the present work by the removal of anionic dye CR
in aqueous solution using batch systems. The physicochem-
ical characterization of the adsorbent showed the formation
of the bohemite phase (AIO(OH)) with particle size around
0.40 mm, rough surface, presence of mesopores and high
surface area, making the EMHS an excellent candidate for
adsorption processes. The adsorption studies were evaluated
based on pH, temperature, initial concentration of CR and
contact time. A reduction in the percentage of removal of CR
by increasing pH or the initial concentration is attributed
to the electrostatic repulsion between the OH™ and CR on
one side and the lack of active sites at high concentrations.
However, an opposite effect occurred by increasing the
temperature promoted by the thermodynamic character-
istics of the process, since the adsorption thermodynamics
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exhibited an endothermic and spontaneous process. It is also
evidenced the stability of the adsorbent even at different pH
values due to the preservation of the crystalline phase at dif-
ferent pH tests. Kinetic calculations indicate that adsorption
followed a cation exchange process between the adsorbent
and adsorbate according to Lagergren model of pseudo-
second-order. Finally, evaluating different adsorption models,
the equilibrium results assume an adsorption on a hetero-
geneous surface and multilayer formation explained by the
better correlation with the Freundlich adsorption model. In
addition, the maximum retention capacity for this adsorbent
is 153.23 mg g that represents an efficient and economical
alternative for the removal of organic dyes effluents from
wastewater before they are discharged into the water bodies.

Symbols

— Wavelength of the X-rays

— Adsorption heat constant, ] mol™

Initial concentration of the dye in Langmuir model

— Final concentration of dye in equilibrium after

adsorption

— Constants of Freundlich in relation to the capacity

— Equilibrium constant binding of the isotherm, L g™

Diffusion rate constant, mg g™ min™"

— Absorption capacity of the adsorbent in equilibrium
(mg g) in Langmuir model

Amount of dye in equilibrium, mg g

Maximum capacity of adsorption of the adsorbent
(mg g) in Langmuir model

Number of molecules adsorbed at time ¢, mg g~

Gibbs free energy

Heat of adsorption or enthalpy

Entropy

Temkin constant isotherm

Constant, mg g™

Equilibrium concentration of the CR dye in the
solution at the end of the adsorption process
(mg L) in Langmuir model

— Crystallite size

Constant of Scherrer

— Second-order adsorption rate constant,

& (mg min)”

— Ideal gas constant, 8.314 ] mol™!

— Absolute temperature, K

— Broadening at half of the maximum intensity

Bragg’s angle

— Volume of the dye solution, L

— Langmuir constant in, L mg™

— Dry weight of the adsorbent, g

— Intensity of adsorption in Freundlich model

— Initial adsorption rate (mg min™) at the contact
time t = 0 min in Elovich model

Extension of the surface coverage and the activation
energy (g mg™) in Elovich model
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