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ABSTRACT

The present work developed and analyzed an appropriate conversion method for
electrolytic manganese residues (EMR) into a porous ceramics adsorbent for methylene blue
(MB), which is simple in preparation and regeneration process, low in price, convenient in
separation process, good reproducibility and environmentally friendly. The physicochemical
properties of the electrolytic manganese residue-based porous ceramics (EMR-based
ceramics) were characterized by X-ray diffraction, scanning electron microscopy, FT-IR, BET
specific surface area, and BJH pore size distribution measurement. The effects of the contact
time, temperature, initial concentration of MB, and pH on the adsorption process were
studied. The kinetics, isotherm, thermodynamics, and mechanism analysis were investigated
in detail. The results showed that the adsorption kinetics suitability used the pseudo-
second-order kinetic model, and the adsorption isotherm data were fitted well to the
Freundlich isotherm model. The thermodynamic parameters indicated that the adsorption
process was a spontaneous, endothermic, and entropic-adding process. In conclusion, the
EMR-based porous ceramics could be utilized as an adsorbent for the removal of MB

effectively and repeatedly.
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1. Introduction

Dyes are widely used in various industries to color
their product, such as textiles, plastics, paper-making,
foods, leather, cosmetics, pharmaceuticals, and others.
The discharge of such colored effluents deteriorates
the water quality and thus inhibits the growth of
aquatic plants. Furthermore, this contamination
of drinking water by dyes at even a concentration of
1.0 mg/L could cause harm to human health. Most of

*Corresponding authors.

these dyes are characterized by stability because of
their complex aromatic structures, which are difficult
to photodegrade, biodegrade, and oxidize [1]. Water
contamination that is caused by dyes has become a
current environmental issue all over the world [2].
Methylene blue (MB), as a thiazine cationic dye, has
wide application in hair colorants, paper making, and
cotton coloring. Although MB is less hazardous, it can
cause some harmful effects on humans such as shock,
eye burns, rapid heartbeat, dyspnea, vomiting, jaun-
dice, cyanosis, and tissue necrosis [3]. In the past few
years, various techniques have been used for the
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removal of MB, such as adsorption [4,5], photodecom-
position [6], and catalytic degradation [7]. Among
these, adsorption has been vastly reported because of
its flexibility, simplicity of design, high efficiency, and
ability to separate a wide range of chemical
compounds [8].

Recently, considering the source abundance, engi-
neering convenience, cost and removal efficiencies for
large-scale utilization, much attention have been paid
to the preparation of adsorbents using industrial
byproducts or plant waste materials [9]. Many elec-
trolytic manganese residues (EMR) are produced from
the electrolytic manganese metal (EMM) industry as
the main solid waste. In China, to produce 1 ton of
EMM, approximately 6-9 tons of EMR are discharged
into the environment [10]. The situation has become
worse with the gradual degradation of manganese ores
due to the depletion of high-grade manganese mineral
resources, which means more and more EMR will be
generated. EMR are an extremely hazardous environ-
mental pollutant whose negative impact is profoundly
studied [11]. The harmless disposal and resource uti-
lization of EMR has become a hot topic of research
around the world from the viewpoint of electrolysis
manganese industries and environmental protection.

As an EMM industry byproduct, EMR mainly con-
tain valuable mineral resources such as SiO,, Al,Oj,
and other oxides. The chemical compositions of EMR
make them suitable for use as the raw material for
aluminosilicate-based porous ceramics. Porous ceram-
ics have attained increasing attention for their wide
range of engineering application because of their high
porosity, moderate surface area, and excellent acidity
and alkali resistance, and some applications include
separation membranes [12], filters [13], piezoelectric
[14] and pyroelectric ceramics [15], lightweight struc-
tural materials [16], biomaterials [17], battery separa-
tors [18], and solid oxide fuel cell electrodes [19]. In
addition, although EMR contain some heavy metals, it
was proven that heavy metals could be immobilized
during the process of high-temperature sintering in
the production process of the ceramics [20,21]. That is,
ceramic production using EMR as the raw material
could be one of the most favorable solutions for treat-
ing them. Furthermore, most adsorbents applied in
wastewater treatment are characterized as fine parti-
cles or powders that would be suspended in wastewa-
ter, resulting in difficulties in their separation or even
blocking flumes. Ceramics are suitable candidates for
adsorbents because of their convenient separation.
Therefore, electrolytic manganese residue-based por-
ous ceramics (EMR-based ceramics) are nonhazardous
and valuable adsorbents showing promising potential
application in environmental protection.
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This work prepared EMR-based porous ceramics
for application in MB adsorption. The effects of con-
tact time, temperature, initial MB concentration, and
pH on the adsorption properties of MB were investi-
gated in detail. The data were also explained on the
basis of kinetic and thermodynamic models.

2. Experiments
2.1. Materials and characterizations

EMR were obtained from the western part of
Hunan Province, China. The chemical compositions of
EMR are listed in Table 1. The residues mainly consist
of 5i0,, AlL,O3;, MnO, CaO, and Fe,Os;. Phase analysis
of the EMR was also characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM), as
shown in Figs. 1 and 2, respectively. Fig. 2 shows that
the EMR were amorphous laminated structures with
some crystalline phase dispersing in the interstices of
the large particles, ultimately forming a dense struc-
ture, which is beneficial to molding and sintering.

The additives used in the preparation of ceramics
were as follows: (1) starch-Sunlight Food Co., food
grade, (2) carbon powder, (3) dolomite—69.23 wt%
CaCO; and 2730 wt% MgCO;z; and (4) kaoline—
46.31 wt% SiO, and 36.23 wt% Al,O;. Samples of
EMR, carbon powder, dolomite, and kaoline were pre-
pared after crushing, milling, and sieving to a
+160 mesh.

MB was purchased from Tianjing Chemical
Reagent Research Institute, China. All chemicals and
reagents used in the experiments were of analytical
grade and used without further purification.

2.2. Preparation of EMR-based porous ceramics

The EMR were washed three consecutive times as
pre-treatment. The EMR (0.75 g) were then mixed with
a mixture of 0.05g kaoline, 0.2g carbon powder,
0.075 g dolomite, and 0.1 ml deionized water in a bea-
ker and molded in cylinder with a size of 10 x 5 mm
under 3 MPa pressure for 3 min. The specimens rested
overnight to allow the water to distribute evenly and
were then fed into a furnace sintering in air at 1,100°C
for 1 h. The heating rate is shown in Fig. 3.

2.3. Adsorption experiments

A stock solution of MB (1,000 mol L") was pre-
pared and diluted to desired concentrations of 20, 50
100, 150 200, 300, 500, and 1,000 mol L™'. The batch
adsorption experiments were conducted in 50-ml
conical flasks with 25 ml of standard solutions to
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Table 1
Chemical compositions of the EMR
Compositions MnO Fe,O3 SiO, Al,O3 CaO MgO K,O Na,O TiO,
Contents (wt%) 10.90 7.87 24.60 12.15 8.59 1.71 243 2.70 041
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Fig. 2. SEM image of the EMR.

investigate the effects of the contact time, temperature,
initial MB concentration, and pH on the adsorption
properties of MB. In each experiment, one porous
ceramic (approximately 0.5 g) was added to the dye
solution, and the pH was adjusted using 0.1 mol L™
NaOH solution and 0.1 mol L™ HCl solution. The
solution was then placed in a temperature-controlled
water bath shaker at temperatures of 30, 40, and 50°C

Fig. 3. Heating curves in the preparation process of the
ceramics.

for a certain time. At the end of the experiments, the
EMR-based ceramics were removed using a tiny pair
of tweezers, and the remaining concentration of MB in
the solution was determined at a characteristic wave-
length of 664 nm by a UV-visible spectrophotometer.
The adsorption capacity and removal ratio of MB were
calculated according to the following equations:

0= (O W

m

R% =2"% » 100 @
Co

where g, (mg g~ ") is the adsorption capacity of MB at
any time f (min). ¢y and ¢; (mol L™") are the initial and
final concentrations of MB, respectively, V (L) is the
volume of the solution, and m (g) is the weight of the
adsorbent.

3. Results and discussions
3.1. Characterization of EMR-based porous ceramics

EMR-based porous ceramics were characterized by
XRD, SEM, pore size distribution, and FT-IR. The XRD
results show that there are four phases in the ceramic
materials: jacobsite (MnFe,Oy), anorthite (CaAl;5i,Os),
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Fig. 4. XRD pattern of the EMR-based porous ceramics.

quartz (S5iO,), and pyroxene (CaMgFeSi,Og), as shown
in Fig. 4, which means that the immobilization of
manganese has been effectively achieved in the pro-
ductive process of EMR-based porous ceramics. There-
fore, the EMR-based ceramics are environmentally
friendly adsorbents.

The comprehensive performance of the EMR-based
porous ceramics is shown in Table 2. It was obvious
that EMR-based porous ceramics have high compres-
sive strength and apparent porosity, moderate surface
area, and excellent acidity and alkali resistance, which
makes them advantageous to use as an adsorbent to
remove pollutants in wastewater.

Fig. 5 shows the SEM images of EMR-based por-
ous ceramics before and after adsorption. It can be
seen that EMR-based porous ceramics before adsorp-
tion presented a heterogeneous, rough, and relatively
porous surface that can facilitate solution diffusion
through the pores of the ceramics. From an adsorption
viewpoint, more amorphous structures are desirable
because more adsorption sites are available for adsor-
bate binding [22,23]. Moreover, based on the results of
the BJH pore size distribution (shown in Fig. 6), most
of the pores fall within the range of a mesoporous
structure according to the IUPAC pore size classifica-
tion [24]. It can also be observed that the type of the
nitrogen adsorption isotherm is associated with a type
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IT isotherm according to IUPAC classification. This iso-
therm suggests the typical characteristics of meso-
porous and macroporous materials [25]. The
cumulative pore volume and average pore size for
EMR-based porous ceramics were 0.005ccg ' and
3.433 nm, respectively. The molecule size of MB is
1.382 nm, and thus, the mesoporous EMR-based por-
ous ceramics are capable of effectively adsorbing MB
molecules.

The FT-IR spectra of the EMR-based porous ceram-
ics before and after adsorption are depicted in Fig. 7.
The main intense bands for EMR-based porous ceram-
ics before adsorption were observed at 1,144, 922, 669,
and 592 cm™'. After the adsorption of MB onto the
ceramics, many functional groups shifted to different
bands or appeared. The band at 1,144 cm™' slightly
transferred to lower frequency band at 1,141 cm
whereas the peak at 669 cm™' shifted to a higher fre-
quency band at 677 cm™'. Moreover, peaks at 3,165
and 1,420 cm™" appeared after adsorption. The broad-
band centered at 3,165cm ' was related to N-H
stretching. The band at 1,420 cm ™' was associated with
the existence of aromatic rings. The shift and appear-
ance of different peaks on the EMR-based porous
ceramics after adsorption indicated the possible inter-
action of surface sites with MB, which can be taken as
a sign of the effective adsorption of MB to the EMR-
based porous ceramics.

3.2. Effects of temperature and contact time

The effects of the temperature and contact time on
MB adsorption were investigated using an initial MB
concentration of 50 mg L™! and a pH of 9. The results
are presented in Fig. 8. The figure shows that the
adsorption of MB increased rapidly at the initial stage,
where approximately 90% saturation was attained
within 180 min, and as the amount of time increased,
the adsorption rate decreased considerably. Subse-
quently, equilibrium was reached at 360 min. It can
also be found that higher temperature resulted in an
increase in the adsorption capacity of MB, suggesting
that the adsorption of MB was endothermic in nature
and that the adsorption process appeared to be
chemisorption.

Table 2
The comprehensive performance of EMR-based porous ceramics

Water
Compressive Apparent absorption Bulk density Acidity Alkali Specific surface
strength (MPa) porosity (%) (%) (gem™) resistant (%)  resistant (%) area (m*g ')
6.97 69.70 71.40 0.97 90.26 97.94 0.897
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Fig. 5. SEM images of EMR-based porous ceramics (a) before and (b) after adsorption.

3.5

3.0 | 14+ . []
2 A

251

0k W

20

AV(d)x10%/ (cc/nm/g)
—
h

Volume/ (cc/g)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Relative pressure/ (P/P )

Fig. 6. The BET analysis and BJH pore size distribution of
the EMR-based porous ceramics.

3.3. Effect of the initial concentration of MB

The effect of the initial concentration of MB on MB
adsorption is depicted in Fig. 9. The figure shows that
the adsorption capacity of MB greatly increased with
an increase in the initial concentration of MB. In addi-
tion, the increase in the initial concentration of MB
from 20 to 1,000 mg L ! increased the adsorption
capacity of MB by more than 32 times at a tempera-
ture of 50°C. The superior adsorption capacity of MB
at a high initial concentration may be due to the sig-
nificant driving forces that are caused by the concen-
tration gradient [26]. Moreover, the external and
internal mass transfer mechanisms are also favored
[27,28]. Similar results were obtained about the effect
of the initial MB concentration on the adsorption
capacity [29]. The results also indicated that it was

Transmittance/ %

1141 922 592

3500 3000 2500 2000 1500 1000 500

‘Wavenumber/ (cm")

Fig. 7. The FT-IR spectra of the EMR-based porous ceram-
ics (a) before and (b) after adsorption.

suitable for a wide range of initial MB concentration
wastewater treatments.

3.4. Effect of pH

The effect of pH on the adsorption capacity of MB
on EMR-based porous ceramics was evaluated using a
temperature of 50°C, an initial concentration of
50 mg L7}, and a contact time of 360 min with pH val-
ues from 2 to 12. The results are shown in Fig. 10.

It was obvious that the adsorption capacity and
removal ratio of MB increased as the pH value
increased from 2 to 12. This occurred because EMR-
based porous ceramics are negatively charged at
higher pH values, whereas the MB molecules mainly
exist in the form of a cationic form. Thus, the pH
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Fig. 9. The effect of the initial concentration of MB on MB
adsorption.

increase facilitates the interaction between the nega-
tively charged ceramics with the cationic MB. At
lower pH values, the lower adsorption capacity and
removal ratio of MB can be attributed to the competi-
tion of hydrogen ions with the MB molecules in the
cationic form and the repulsive force between the pos-
itively charged ceramics and MB [30].

3.5. Kinetics of MB adsorption

To examine the adsorption kinetic behavior of the
EMR-based ceramics, the kinetic data in Fig. 8 were
applied to pseudo-first-order and pseudo-second-order
kinetic models. The linear forms of these two kinetic
models can be expressed as:
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where k; (min™") and k, (g (mg min)~") are the rate con-
stants of pseudo-first-order and pseudo-second-order,
respectively. g, (mg g~ ') and g. (mg g~ ") are the adsorp-
tion capacities of MB at time ¢ (min) and equilibrium,
respectively. The kinetic parameters were determined
from the intercepts and slopes of the fitted curves.

The kinetic data were fitted by the kinetic equa-
tions mentioned above, and the results are shown in
Table 3. Based on the higher values of the coefficient
(R*>0.994), it can be affirmed that the adsorption
kinetics of MB on ceramics were better described by
the pseudo-second-order kinetic model, suggesting
that the adsorption might be a chemisorption process
[31,32].

Therefore, the rate constant k, can be applied to
determine the apparent activation energy based on the
Arrhenius equation:

E.
lnkzzlnA—ﬁ 5)

where E, (J mol™), R (8.314 ] K 'mol™), and T (K) are
the apparent activation energy, the gas constant, and
the absolute temperature, respectively. A is the pre-
exponential factor (frequency factor).

The wvalue of E, was calculated to be
29.777 k] mol™" (Fig. 11). The value of the apparent
activation energy cannot only respect the chemical
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Table 3
The kinetic parameters for MB adsorption on EMR-based ceramics
Parameters Pseudo-first-order kinetic model Pseudo-second-order kinetic model
T (°O) co (mg L™ ge (mg g™ ki (min~" x 107°) R? Je (mgg™) ky (min~! x 107) rR?
30 50 0.825 5.9 0.972 1.103 5.431 0.994
40 50 1.362 9.6 0.972 1.569 8.319 0.999
50 50 1.817 12.8 0.982 2.381 11.28 0.999

reaction rate but can also give an idea about the type
of adsorption. In general, a value of E, lower than
4.184 k] mol ™" corresponds to a physisorption process,
whereas a value between 8.4 and 83.7 k] mol™" indi-
cates that the adsorption process is chemisorption [33].
The value of E, suggested that the adsorption was a
chemisorption process.

3.6. Adsorption mechanism

To identify the importance of diffusion during the
adsorption process of MB on EMR-based porous
ceramics, the intraparticle diffusion model proposed
by Weber and Morris was used to fit the kinetic data
of MB adsorption, which is expressed as follows [34]:

=kt +¢ ®)
where k; (mg g ' min'/?) is the rate constant of the
intraparticle diffusion model and ¢; is the intercept
related to the boundary layer effect [35]. The linearity
of the plot ensured the intraparticle diffusion mecha-
nism. The values of k; and ¢; can be evaluated from
the slopes and intercepts of the plots of g; vs. t'/?

-4.4

45

Ink=-2278.9/T+2.5437
R’=0.9639

-46 |

Ink

5.0 1 1 1 1 1
0.00310 0.00315 0.00320 0.00325 0.00330

T, K

Fig. 11. Plot of In k vs. 1/T.

(Table 4). If the plots of g; vs. t'/? are linear and pass
through the origin, it means that the intraparticle
diffusion is the sole rate-limiting step [36].

Fig. 12 shows that the plots were nonlinear for the
whole range of the adsorption process, indicating that
intraparticle diffusion was not the only rate-control-
ling step, but that other mechanisms such as the
boundary layer may also influence the adsorption rate.
Three distinguishable intercepting lines were clearly
observed in Fig. 12, indicating that the adsorption of
MB on EMR-based porous ceramics is a multi-step
process, involving the diffusion of MB through the
boundary layer to the surface of EMR-based porous
ceramics, adsorption on the surface of EMR-based por-
ous ceramics and intraparticle diffusion to the adsorp-
tion sites of EMR-based porous ceramics. Because the
adsorption of MB at active sites of adsorbent was
rapid, the rate of adsorption was mainly controlled by
either intraparticle diffusion or boundary layer diffu-
sion [37]. The first stage indicated rapid external sur-
face adsorption or instantaneous adsorption because
of the large surface area and the low competition
between the MB molecules [38]. The second stage was
attributed to the relatively slow adsorption. The plots
of the second stage were linear, and the slopes k; of
plots of g; vs. t' /2 were lower compared to that of the
first stage, reflecting the increase in the thickness of
boundary layer and the decrease in the chance of
external mass transfer, which can be attributed to the
decreased concentration of MB at the second stage
[38,39]. The last stage means that the adsorption and
desorption on the EMR-based porous ceramics have
finally reached equilibrium in which the adsorption
isotherm is level and intraparticle diffusion starts to
slow down. Furthermore, the plots at the three stages
were linear, and none of the plots passed through the
origin, indicating that the reaction rate was dually
controlled by intraparticle diffusion and boundary
layer diffusion throughout the adsorption process. The
increase in the value of ¢; with the adsorption progress
implies that the influence of boundary layer diffusion
on the adsorption process increases. Similar results
were reported about the adsorption mechanism
[40-42].
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Table 4
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The intraparticle diffusion model parameters for the adsorption of MB on EMR-based porous ceramics

Intraparticle diffusion model

Parameters Stage 1 Stage 2 Stage 3
T (°O) co (mg L) ki (mg g ' min~'/?) R? k; (mg g~ min~/?) R? ki (mg g~" min~'/?) R?
30 50 0.0496 0.993 0.0359 0.993 0.0045 0.999
40 50 0.1099 0.997 0.0713 0.998 0.0123 0.994
50 50 0.1785 0.999 0.0889 0.996 0.0039 0.989
a5 Freundlich equation is commonly expressed as
follows:
- 30 ()C [ S
20L ¢ 40°C
L e ge = ke c" ®)
2 T where kp ((mgg) (Lmg )" is the Freundlich
e . . . . . .
E adsorption coefficient. 1/n is a characteristic constant
= 1of / and is related to adsorption intensity.
. Fig. 13 shows the adsorption isotherms of MB on
osl / the EMR-based porous Cefamics at d%ff.erent tempera-
tures (30, 40 and 50°C) with an MB initial concentra-
/ tion range from 20 to 1,000 mg L™'. The shape of the
00 . " - - p - adsorption isotherm can largely provide information

t1/2/ (minHZ)

Fig. 12. Weber and Morris intraparticle diffusion plots for
the removal of MB by EMR-based porous ceramics.

3.7. Equilibrium adsorption isotherm studies

For solid-liquid adsorption system, Langmuir and
Freundlich isotherm models are widely used for
describing the adsorption behavior.

The Langmuir isotherm model explains the mono-
layer adsorption onto a homogeneous surface with a
finite number of identical sites [43]. The nonlinear
form of the Langmuir isotherm model can be
described by the following equation:

~fm ki ce

= 7
1+kLCc ()

e

where ki, (L mg ") is the Langmuir adsorption coeffi-
cient. g. (mg g ") and c. (mgL™") are the adsorption
capacity and the concentration of MB at equilibrium,
respectively. g, (mgg ") is the Langmuir maximum
adsorption capacity.

The Freundlich isotherm model is an empirical
equation that assumes that the adsorption occurs on a
heterogeneous surface and the adsorption capacity of
adsorbent increases infinitely with an increase in the
initial concentration [44]. The nonlinear form of the

about the adsorption mechanism and can therefore be
used to diagnose the nature of the adsorption [45]. It
was obvious that the adsorption of MB on EMR-based
porous ceramics was of the S1 type according to the
Giles classification system of solid—solute adsorption
(SSA) isotherms [46]. The results can be experimen-
tally verified by the N, adsorption isotherm shown in
Fig. 6.

Usually, in vapor or gas phase adsorption, the
Langmuir isotherm model applies to the L-type
adsorption isotherm, which is only confined to mono-
layer coverage taking into account forces between the
adsorbate and the adsorbent, but the Freundlich iso-
therm model also allows for multi-layer coverage,
which can be applied to the S-type adsorption iso-
therm [45]. On the basis of the characteristics of the
equilibrium data and the shape of the adsorption iso-
therm, the Freundlich isotherm model was adopted to
investigate the adsorption isotherm of MB on EMR-
based porous ceramics, and the results are tabulated
in Table 5 according to the equilibrium data shown in
Fig. 13.

The good fit of the isotherm data to the Freundlich
isotherm model indicates that the adsorption of MB
occurred on the heterogeneous surface of the
EMR-based porous ceramics. It was also clear that the
values of kg and n increased with increasing
temperature, indicating that the adsorption became
favorable at a higher temperature [47].
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Fig. 13. Isotherm curves for the adsorption of MB on
EMR-based porous ceramics.

Table 5
Equilibrium parameters for the adsorption of MB on
EMR-based porous ceramics

Freundlich isotherm

T(C)  ke(mgg) Lmg H/"x107°) =n R?

30 0.27 0466  0.991
40 3.35 0546  0.997
50 54.03 0584  0.998

3.8. Thermodynamics of adsorption

The adsorption process was evaluated by thermo-
dynamic parameters such as the Gibbs free energy
AG, enthalpy AH, and entropy AS. These parameters
were calculated using the Gibbs equation and van't
Hoff equation [48-51]:

AG = —RT In(pKp) )

AG=AH-T - AS (10)
where Kp (Kp = ge/ce, L g_l) is the distribution coeffi-
cient. p (g L™") is the solution density. AG (k] mol ") is
the change in the Gibbs free energy. R (8.314]
(mol K)™) is the universal gas constant. T (K) is the
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temperature. AH (k] mol™") and AS (J (molK)™!) are
the values of the enthalpy change and entropy change,
respectively. At a low concentration aqueous solution,
the solution density is approximately equal to the
water density (1,000 gL_l), and the Gibbs equation
can be simplified to the equation of T and Kp as
follows:

AG = —RT In Kp (11)
The value of Kp for Eq. (11) was calculated from the
corresponding g. and c. to a given c. value at an ini-
tial MB concentration of 50 mg LY, and the value of
de was obtained by the best-fitted isotherm equation
(Eq. (8) to a given c. value [49-51]. The adsorption
thermodynamic parameters for MB adsorption on the
EMR-based porous ceramics are listed in Table 6. The
negative values of AG and the positive value of AH
suggest that the adsorption was a spontaneous and
endothermic process. The absolute value of AH was
higher than 40 k] mol ™', indicating that adsorption is a
chemisorption process, which further confirms the
correctness of this conclusion. The positive value of
AS demonstrates the increased randomness at the
solute/solid surface and the affinity of the EMR-based
porous ceramics for MB adsorption.

3.9. Regeneration studies

The regeneration of adsorbent embodies an impor-
tant factor for an advanced adsorbent from the view-
point of environment protection and energy saving.
Reuse experiments were carried out by placing the
EMR-based porous ceramics after adsorption under
the conditions of an initial concentration of 50 mg L™
and 50°C for 360 min into the furnace to roast at a
temperature of 400°C for 30 min. The recycling effi-
ciency of EMR-based porous ceramics was investi-
gated for the removal ratio of MB. As observed in
Fig. 14, the removal ratios of MB were all higher than
92% after four cycles, indicating that compared to con-
ventional activated carbon adsorbent, EMR-based por-
ous ceramics have a great potential of being used as
an MB adsorbent in industrial applications because

zilzlsrition thermodynamic parameters for MB adsorption on the EMR-based porous ceramics

AG
Thermodynamic Parameters 30°C 40°C 50°C AH AS
Values —6.57 —9.96 —-14.10 107.64 376.53
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Fig. 14. The results of the regeneration experiments for the
adsorption of MB on EMR-based porous ceramics.

they are economical, environmentally friendly, renew-
able and easy to produce.

4. Conclusions

In this work, EMR-based porous ceramics were
prepared, characterized, and applied as an adsorbent
for MB solution. Batch adsorption experiments
showed that the MB adsorption was highly dependent
on the contact time, temperature, initial concentration
of MB, and pH. The MB adsorption kinetic and equi-
librium data were analyzed using different kinetic and
thermodynamic models. The results indicated that the
pseudo-second-order kinetic model and the Freundlich
isotherm model fit the experimental data well. The
thermodynamic parameters indicated that the adsorp-
tion was a spontaneous, endothermic, and entropic-
adding process. Conclusively, EMR-based porous
ceramics are an economical, environmentally friendly,
and high potential adsorbent for the removal of MB.
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