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Portable hydroxyl-functionalized coal gangue-
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Monolithic adsorbent removal of fluoride from water is considered an effective and non-secondary
pollution method. Here, a portable hydroxyl-functionalized coal gangue-based cordierite porous
ceramic sheet (ACGC-Fe) is prepared by using coal gangue solid waste with a specific silicon-aluminum-
rich composition ratio and a small amount of magnesium oxide as a raw material through powder
compression molding and mild chemical modification. The prepared ACGC-Fe can be used to treat
fluorine-containing wastewater and the maximum adsorption of fluorine can reach 18.69 mg g*. The
Langmuir (Freundlich) adsorption isotherm model and pseudo-second-order kinetic model here
provided a satisfactory description of the fluoride removal operating mechanism, and it is confirmed that
the adsorption mechanism of ACGC-Fe is mainly attributed to the chemisorption of hydrogen bonds
(with hydroxyl group) and ionic bonds (with metal), and physical adsorption based on cordierite porous
ceramic pores. This research will provide a new idea for designing high-performance materials by mining
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Introduction

Fluorine is a vital trace element for the human body. However,
due to the ongoing progress of different industries,"* it has
emerged as a significant contributor® to water pollution. Fluo-
ride exhibits a high attraction to calcium and phosphorus* in
the human body, potentially leading to the development of
various diseases.® Various methods have been employed for
treating fluorine-containing wastewater, including adsorption,®
coagulation precipitation, ion exchange,” membrane filtration,
and electrochemical methods.* Among these methods,
adsorption methods are preferred due to their simplicity, effi-
ciency,® economic feasibility, and sustainability. Jadhav and
Jadhav® utilized black mustard shell fly ash (BMHFA) to achieve
a high fluoride absorption capacity of 4.42 mg g '. Although
these adsorbent materials demonstrate strong adsorption
capabilities, they are hindered by challenges such as limited
recyclability. The porous magnesium oxide nanosheets
successfully synthesized by Jin et al.'® using a precursor calci-
nation method can be used as potential suitable candidates for
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broaden the application range of high-value-added coal gangue solid waste.

fluoride removal. Monolithic materials can obviously effectively
address the issue of recyclability, however, their high prepara-
tion cost and the potential for dissolution during the adsorption
process leading to secondary pollution' are these adsorbent
materials major drawbacks. Therefore, the development of
adsorbents that are shaped, recyclable, and do not cause
secondary pollution holds greater practical application value.

Ceramic materials exhibit high corrosion resistance and can
be easily molded into various shapes such as blocks or tablets.
This property makes them ideal for addressing issues related to
recyclability and secondary pollution in wastewater adsorption
processes. However, the high cost of ceramic materials often
hinders their widespread application. Therefore, seeking low-
cost and widely sourced raw materials can effectively reduce
the cost of ceramic adsorbent materials to realize their practical
application value.

Coal gangue stands as one of the largest solid wastes of the
industrial sector in the world,"” and its accumulation not only
occupies significant land space,™ but also causes pollution to the
atmosphere,** water and soil,”® posing a significant threat to both
humans and the ecological system.'* However, the current utili-
zation of coal gangue remains primarily restricted to low-value
applications such as power generation,'”'® building materials,"
filling materials for coal mine graves,” and land reclamation.
Although the bulk consumption of coal gangue has been
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achieved, which can effectively solve the storage problem of coal
gangue solid waste, its utilization value is low, and it is still
necessary to further explore the characteristics of coal gangue to
further realize its high value-added utilization. Currently, coal
gangue solid waste is being utilized in the production of molec-
ular sieves,”® ceramics,” and aluminum-based chemical raw
materials.”” Due to its high content of Al,O; and SiO,, coal gangue
is commonly utilized as a raw material in the production of
synthetic ceramics. Cordierite porous ceramics are known for
their high-temperature resistance, acid, and alkali resistance, and
impressive compressive strength. Research by Zhang et al*
demonstrated that modified mullite whiskers/cordierite ceramic
samples have a strong adsorption effect for Cu>*. Additionally,
Yang et al.** found that oxalic acid-modified cordierite honey-
comb ceramics are highly efficient in removing azo neutral red
dyes (NR) from water. Despite these findings, there are still few
studies on fluorine adsorption by cordierite porous ceramics.

To address these issues, this study designed and prepared
portable hydroxyl-functionalized coal gangue-based cordierite
porous ceramics sheets for treating fluorine-containing waste-
water based on the composition characteristics of coal gangue
solid waste (material-based directional design). The adsorbent
comprises two components: a cordierite porous ceramics matrix
and a surface modification. The raw material for the matrix is
coal gangue, with proportions of its components SiO, and Al,O3
matching those required in cordierite. Cordierite can be directly
synthesized by simply adding MgO. Enhancing the specific
surface area through acid treatment can effectively improve the
removal of fluoride in such ceramics.”® The surface modifier
used is polyhydroxy iron, known for its exceptional fluorine
removal capabilities. Therefore, combining the two compo-
nents to form an integral adsorbent can achieve a more effective
fluoride removal effect.

Materials and methods
Materials

In this research, the coal gangue (CG) sample utilized was
acquired from Xing County, Lvliang City, Shanxi Province,
China. The chemical reagents MgO (98%), ethanol, HCI (37%),
NaOH, NaF (98%), Na,CO;, and Fe(NO;);-9H,0 (98.5%) were
procured from Sinopharm Chemical Reagent Co. Furthermore,
the experiment employed self-made ultrapure water as the
experimental medium.

Methods

Preparation of coal gangue-based cordierite porous ceramics
sheet (CGC). The initial crushing of the coal gangue involved the
utilization of a jaw crusher, followed by sieving it through a 200
mesh sieve. As a subsequent step, the coal gangue was employed
as a source of silicon and aluminum. The mass ratio of CG to
MgO was determined as 555 : 81 based on the theoretical ratio of
cordierite Mg : Al:Si = 2:4:5. The appropriate amount of raw
materials (555 mg coal gangue and 81 mg MgO) was accurately
weighed, and mixed in an agate mortar, with 1 mL ethanol added
for grinding for 2 minutes until a homogeneous mixture was
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obtained. The resulting mixture was then pressed and molded on
a tablet press, resulting in the formation of the CGC precursor.
The CGC was achieved by placing the precursor in a corundum
crucible and applying gradient heating in a tube furnace. To
begin with, the temperature was gradually raised to 600 °C at
a rate of 3 °C min~' and maintained for 0.5 hours. Following
that, in the second phase, the temperature was further elevated
to 1250 °C at a rate of 2 °C min~' and held for 1.5 hours. Ulti-
mately, the samples were cooled to ambient temperature using
the furnace, resulting in the formation of the CGC.

Preparation of active coal gangue-based cordierite porous
ceramics sheet (ACGC). To prepare the ACGC, a specific amount
of CGC was added to a hydrochloric acid solution with
a concentration of 2.5 mol L™" at a solid-liquid ratio of 1: 10.
The mixture was then subjected to hydrothermal reaction at
a temperature of 90 °C for 2 hours. Subsequently, the residual
hydrochloric acid in the CGC was removed by washing multiple
times with ultrapure water until the pH of the washing solution
became 7, and the washing was completed. Finally, the washed
CGC was dried in a vacuum drying oven at 50 °C until the weight
was constant to obtain ACGC.

Preparation of hydroxyl-functionalized coal gangue-based
cordierite porous ceramics sheet (ACGC-Fe). We first vacuum-
impregnated ACGC and polyhydroxy iron solution (see the
ESI** for the preparation method) at a temperature of 60 °C for 2
hours. This process was carried out by maintaining a solid-
liquid ratio of 1:2. Subsequently, we eliminated any surplus
solution present on the surface of ACGC by gently blotting it
with filter paper. ACGC-Fe was obtained in an oven set at 60 °C.

Characterization

To systematically characterize the coal gangue and the synthe-
sized samples, a range of characterization methods were
employed. X-ray fluorescence spectrometry (XRF) was employed
to determine the composition and content of coal gangue. The
weight loss of coal gangue at different temperatures was
measured using a thermogravimetric analyzer (TG, NETZSCH
STA 449F5). X-ray diffraction (XRD, Bruker D8-advance) with Cu
Ka radiation at 40 kV was used to identify the physical phases.
The surface morphology and microstructure were observed
using a scanning electron microscope (SEM, ZEISS Gemini 300)
at 5.0 kv. The specific surface area and pore size distribution
were determined by employing a micropore physical adsorption
meter (Micromeritics ASAP 2020 PLUS HDS88) at 77 K. Fourier
transform infrared spectroscopy (FTIR, Nicolet iS20) was used
to analyze the functional groups and chemical bonds present in
the samples within the wave number range of 4000-400 cm ™.
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) was
utilized to determine the elemental composition and chemical
state of the samples. The XPS spectra were fitted using the
Gauss-Lorentz curve fitting method (O 1s).

Adsorption experiments

Experiments were conducted using centrifuge tubes or conical
flasks to study the impact of different factors on the adsorption
of fluoride by ACGC-Fe. These factors included solution pH (3-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10), initial concentration of the solution (100-800 mg L™%),
ambient temperature (298.15-318.15 K), adsorption time (0-
1440 min), and amount of adsorbent (50-450 mg). The
adsorption experiments were carried out utilizing a dual-
function gas-bath thermostatic shaker (ZD-85) performing at
avelocity of 180 revolutions per minute (rpm). An ionic strength
agent (0.1 mol L ™' NaCl) was added in equal volume to all
samples. The concentration of residual fluoride ions was
measured by employing an ion meter PXSJ-216F. The tests were
conducted repeatedly in batches, with each batch repeated at
least three times and the average of the results was computed.
The adsorption amount g. (mg ¢~ ') and adsorption efficiency R
(%) of fluoride ions were calculated using eqn (1)*” and (2)*®
respectively:

Co—C)xV
de = ( 0 el ) (1)
m
R= =S 100w )
(@)

where C, (mg L") represents the initial concentration of the
solution, C.. (mg L") refers to the concentration of the solution
in the equilibrium stage of adsorption, V (L) represents the
volume of the solution, and m (mg) represents the mass of the
adsorbent.

Results and discussion
Characterization of coal gangue

Table 1 presents the chemical composition analysis of coal
gangue. The research revealed that the predominant constitu-
ents within coal gangue are SiO,, Al,O3, and MgO, constituting

Table 1 Composition analysis of coal gangue
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approximately 87% of its overall makeup. The ratio of SiO, to
Al,O; in coal gangue is equivalent to the Si:Al needed for
cordierite formation. Cordierite can be synthesized directly by
incorporating MgO. Additionally, there are trace amounts of
other oxides present, such as Fe,03, CaO, TiO,, K,0, Na,O, and
others. Fig. 1(a) illustrates the TG curve of the coal gangue. As
the temperature increases from 50 °C to 1200 °C at a rate of 10 ©
C min~', the TG curve can be categorized into three distinct
stages. Initially, the first stage exhibits a mass decrease followed
by a slight mass increase. The slight mass increase is attributed
to the chemical adsorption behavior of oxygen;* the second
stage exhibits a significant reduction in mass, corresponding to
the release and combustion of volatile and carbonaceous
substances contained in the coal gangue;** and the third stage
demonstrates a slight decrease in mass, likely due to mineral
decomposition.®* Fig. 1(b) presents the XRD pattern of coal
gangue, demonstrating the predominance of kaolinite and
quartz (Si0,) in its composition.

Effect of preparation conditions on CGC synthesis

Effect of sintering temperature on CGC synthesis. According
to Fig. 2(a), when the temperature is 1200 °C for 120 min,
cordierite becomes the main phase in the samples. The char-
acteristic peak shape of cordierite is observed. The diffraction
peaks at 2theta = 10.46°, 18.06°, 18.99°, 21.73°, 26.32°, 28.47°,
and 29.43° correspond to the cordierite (PDF#99-0035) crystal-
line surface (110), (310), (002), (112), (312), (222), and (421).
When the time is held constant, the intensity of these charac-
teristic diffraction peaks initially increases and then decreases
as the temperature increases. The cordierite phase disappears
at a temperature of 1400 °C.

Composition SiO, AlL,O5 Fe,O3 CaO TiO, K,O MgO Na,O Else
Content/% 51.728 35.666 4.451 2.592 2.112 1.249 0.345 0.136 1.721
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Fig. 1 (a) TG and (b) XRD pattern of coal gangue (CG).
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Fig. 2 Effect of CGC synthesized at different crystallization temperatures (crystallization time = 120 min) (Note: (b) 1400 °C did not generate
cordierite phase, so the relative crystallinity of zero). (a) XRD patterns, (b) relative crystallinity. Effect of CGC synthesized during various durations
of crystallization (crystallization temperature = 1250 °C). (c) XRD patterns, (d) relative crystallinity.

The relative crystallinity was determined by calculating the
percentage of the diffraction peak area between (2theta) = 5-
30.05° in the sample as compared to the diffraction peak area of
the reference sample at the same range.** For the calculation of
the relative crystallinity (RC), the reference sample chosen was
the one possessing optimal crystallinity (sintering temperature
of 1300 °C and holding time of 120 min). The RC (%) was
converted by the following eqn (3):

RC = (the diffraction peak area of the sample at (2theta)
= 5-30.05%)/(the diffraction peak area of the
reference sample at the same range) 3)
As shown in Fig. 2(b), the relative crystallinity of the samples
reaches a maximum of 76% at the sintering temperature of
1250 °C. However, further increasing the sintering temperature
does not significantly enhance the relative crystallinity. And the
relative crystallinity drops to 0 at 1400 °C. Therefore, for
economic and energy consumption considerations, the optimal
sintering temperature is determined to be 1250 °C.
Effect of holding time on CGC synthesis. XRD analysis was
conducted on the CGC samples synthesized at a sintering
temperature of 1250 °C with varying holding times. The XRD

15158 | RSC Adv, 2024, 14, 15155-15166

pattern of Fig. 2(c) illustrates that cordierite was the predomi-
nant phase in the samples at all holding times. The trend
observed in the intensity of cordierite's characteristic diffraction
peaks displayed an initial increase followed by a subsequent
becomes basically stable within the fluctuation range as the
holding times lengthened. We can explain this situation by
saying that in the initial stage, cordierite has just begun to
crystallize and the relative crystallinity is very low. As the holding
time increases, the cordierite grain size gradually increases and
the relative crystallinity begins to increase. Finally, cordierite is
completely formed. The grain size changes within a reasonable
range so that the relative crystallinity also fluctuates within
a certain range. The corresponding relative crystallinity values for
each holding time of Fig. 2(d) were determined as follows: 54%,
85%, 59%, 78%, and 80%. Therefore, taking into account energy
consumption and relative crystallinity, the highest relative crys-
tallinity and shortest holding time (90 min) was deemed as the
ideal time for the synthesized samples.

XRD analysis of CGC, ACGC, and ACGC-Fe

Fig. 3(a) showcases the XRD patterns of CGC, ACGC, and ACGC-
Fe. The characteristic peaks of ACGC and ACGC-Fe became

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) XRD patterns, (b) FTIR spectra, (c) N, adsorption—desorption isotherms at 77 K, (d) pore-size distribution of CGC, ACGC, and ACGC-Fe.

weaker compared to CGC. However, the positions of the diffrac-
tion peaks of CGC, ACGC, and ACGC-Fe remain unchanged. This
indicates the persistency of the crystalline structure following
both acid treatment and surface modification.

FTIR analysis of CGC, ACGC, and ACGC-Fe

Fig. 3(b) depicts the FTIR spectra of CGC, ACGC, and ACGC-Fe.
Within the ACGC spectrum, the stretching vibration of -OH* is
symbolized by the peak at 3387 cm ™', while the bending
vibrations caused by adsorbed water®* are indicated by the peak
at 1642 cm ™. The —OH results from the dissolution of Mg>" and
AI** by CGC during acid leaching, as confirmed by XPS. ACGC-
Fe, on the other hand, is formed through the surface modifi-
cation of ACGC with polyhydroxy iron, and the polyhydroxy iron
itself has ~OH present. As a result, it will overlap with the peaks
in ACGC, leading to no significant difference. And it is calcu-
lated that the mass of polyhydroxy iron used for surface modi-
fication accounts for about 10% of the mass of ACGC-Fe.
Therefore, various evidences indicate that the modification was
successful. Additionally, ACGC-Fe exhibits a peak at
1384 cm ™ *,** which can be attributed to the presence of residual
reactant CO5>~ in the polyhydroxy iron solution being adsorbed
on ACGC-Fe. The remaining infrared peaks present in all
samples consist of the absorption peak of Si-O, the symmetric
stretching vibrational absorption peak of the Si-OH end group,

© 2024 The Author(s). Published by the Royal Society of Chemistry

the symmetric stretching vibrational absorption peak of the
SiO, tetrahedron, the bending vibrational peak of Si-O-H,** and
the Fe-O stretching vibrational peaks.*® These peaks corre-
spond to 1155 cm %, 951 em ™', 766 cm™ ', 677 cm ', and
482 cm ™!, respectively.

BET analysis of CGC, ACGC, and ACGC-Fe

In order to determine the specific characteristics of surface area
and pore size in the three samples, a series of N, adsorption—-
desorption tests were carried out at 77 K. The isotherms of N,
adsorption-desorption and the distributions of pore size for all
samples can be seen in Fig. 3(c) and (d) respectively. It has been
observed that the N, adsorption-desorption isotherms of all
samples display features typical of type I-IV isotherms,*” indi-
cating the existence of both microporous and mesoporous
structures. The presence of H4-type hysteresis loops further
confirms this finding. Additionally, the plots depicting the
distribution of pore sizes illustrate the existence of macropores
alongside micropores and mesopores. The values in terms of
specific surface area for the three samples are as follows: ACGC-
Fe (31.80 m* g ') > ACGC (22.94 m> g ') > CGC (2.65 m> g ).
The introduction of acid impregnation to CGC resulted in the
creation of varying quantities of micropores, mesopores, and
macropores, ultimately leading to a noteworthy increase in the
specific surface area of ACGC. Moreover, the incorporation of

RSC Adv, 2024, 14, 15155-15166 | 15159
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polyhydroxy iron onto the surface of ACGC also contributed to
the enhancement of its specific surface area.

SEM analysis of CGC, ACGC, and ACGC-Fe

SEM was employed to observe the morphological characteristics of
CGC, ACGC, and ACGC-Fe, as illustrated in Fig. 4. The morphology
of CGC closely resembled that of commercial cordierite porous
ceramics,” displaying a rough surface and high porosity, sug-
gesting a good adsorption potential. ACGC exhibited an increase
in large pores on some areas of its surface, while other areas
transitioned from a regular and smooth shape to a rough and
uneven texture, characterized by numerous pits and small parti-
cles, resulting in the formation of micropores and mesopores.*
The findings obtained from the BET test also align with this
observation. We believe that the reasons for the uneven structure
of ACGC in Fig. 4(b) are: the CGC itself has different pore wall
thicknesses as shown in Fig. 4(a). After hydrothermal corrosion by
HC]I, the thin pore walls will inevitably become via. The pores with
thick pore walls will only undergo surface erosion. Furthermore,
CGC contained the phase generated by our reaction (stable
chemical structure) and the remaining oxides in the unreacted
raw material coal gangue. After undergoing HCl hydrothermal
reaction, the oxides will be removed, resulting in large holes in
some parts and only surface erosion in other parts. Fig. 4(c)
illustrates one side of ACGC-Fe, where no holes are visible, indi-
cating the successful surface modification of polyhydroxy iron.

XPS analysis of CGC, ACGC, and ACGC-Fe

X-ray photoelectron spectroscopy (XPS) allows for the analysis of
the composition and the presence of elements present on the
surface of samples. Fig. 5(a) displays the XPS spectra for CGC,
ACGC, and ACGC-Fe samples. All samples contain the following
elements: magnesium (Mg), aluminum (Al), silicon (Si), oxygen
(0), and carbon (C). The presence of iron (Fe) in ACGC-Fe, as
opposed to CGC and ACGC, implies the effective incorporation
of polyhydroxy iron onto the surface of ACGC. This validates the
achievement of successful modification. Fig. 5(b), (c), and (d)
depict the positions and intensities of the peaks corresponding
to Si 2p, Al 2p, and Mg 1s in CGC and ACGC, respectively. It can
be observed that the Si 2p content increases from 12.6% in CGC

Fig. 4

SEM images. (a) CGC, (b) ACGC, (c) one side of ACGC-Fe.
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to 14.16% in ACGC, while the Al 2p and Mg 1s contents decrease
from 11.46% and 4.56% in CGC to 8.67% and 2.95% in ACGC,
respectively, further supporting the findings in FTIR.

Adsorption properties

Effect of pH. Fig. 6(a) presents the influence of pH on the
adsorption and removal rate of fluorine. It is evident that the
initial pH played a crucial role in the levels of fluorine adsorption
and removal. With an increase in pH, the adsorption capacity and
elimination of fluorine first increase and then decrease. The
optimum pH was found to be 4, which corresponded to an
adsorption amount of 15.19 mg g * and a removal rate of 61.9%.
The pK, of HF was determined to be 3.16. When the pH was less
than 3.2,% fluorine would be protonated to form HF or HF*~ (as
shown in eqn (4) and (5)),* resulting in the adsorption of very
little free fluorine and consequently low adsorption amount and
removal rate. When the pH is greater than 4, due to the residual
CO5>", which is also an anion, on ACGC-Fe, it occupies a certain
adsorption site. As the pH value increases, the H'" concentration
becomes lower, and the adsorption sites that can be reacted and
released gradually decrease. Therefore, the adsorption capacity
and removal rate gradually decrease. On the other hand, when the
pH was greater than 7, the concentration of OH ™ in the solution
increased, leading to competition with fluorine for adsorption
sites. This reduced the likelihood of adsorption between fluorine
and the adsorbent, resulting in a decreasing trend of adsorption
amount and removal rate.

F~+H'" = HF 4)

HF + H" = HF*~ (5)

Adsorption isotherms

In order to exhibit the mechanism of interaction between
fluorine and the ACGC-Fe, we utilized the Langmuir and
Freundlich models of adsorption isotherm to analyze and fit the
experimental data obtained. The fitting curves for the adsorp-
tion isotherm can be observed in Fig. 6(b) and (c). The linear

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5
2p, (d) Mg 1s in CGC and ACGC.

equations for the Langmuir and Freundlich models of adsorp-
tion isothermal are shown in eqn (6)* and (7),** respectively.
C. C. 1

= 4+ — 6
qe Gmax Gmax X kL ( )

lnqezlnkF—Q—%xlnCe (7)
where C, (mg L") represents the concentration of the solution at
the adsorption equilibrium stage, g. (mg g~ ') denotes the amount
of adsorbed fluorine at adsorption equilibrium, g,y refers to the
maximum adsorption capacity, and k;, (L mg™") and kp (mg g™ ") (L
mg )", n represent the adsorption equilibrium constants of the
linear equations corresponding to the isothermal models of
Langmuir and Freundlich adsorption, respectively.

Table 2 presents the fitted parameters of the adsorption
isothermal model for fluorine adsorption using ACGC-Fe. It is
evident that the Freundlich model provides a slightly better fit,
suggesting that ACGC-Fe adsorption of fluorine is based on both
monolayer (chemisorption) and multilayer adsorptions (phys-
isorption).* The value of the constant ‘7%’ in the Freundlich model
is in the range of 0 to 10, indicating that ACGC-Fe adsorbs
fluorine well and easily onto the sample. However, the Langmuir
model can also fit the experimental data, yielding fit R* values

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(b)

Sizp ——CGC
— ACGC
=
=
g
2
‘2
=
2
=
e—
N
92 94 9% 98 100 102 104 106 108 110
(d) Binding energy (eV)
—CGC
Mg 1s —ACGC
]
&
£
w
=
2
=
o
1299 1302 1305 1308 1311 1314
Binding energy (eV)

(a) Full X-ray photoelectron spectroscopy (XPS) of CGC, ACGC, ACGC-Fe, and ACGC-Fe-F. High-resolution XPS spectra of (b) Si 2p, (c) Al

greater than 0.96. This implies that the adsorption of fluorine on
ACGC-Fe is influenced by various processes. Therefore, the
process of fluorine adsorption on ACGC-Fe is governed by
chemisorption and physisorption. We achieved a close resem-
blance between the actual experimental data and the calculated
‘gmax through the application of the Langmuir model.

Adsorption kinetics

To delve deeper into the interaction mechanism between ACGC-
Fe and fluorine, we conducted simulations on the adsorption
kinetics of the experimental data using three different models:
pseudo-first-order, pseudo-second-order, and intra-particle diffu-
sion. The results of these simulations are presented in Fig. 6(d),
(e), and (f) respectively, and are based on the corresponding linear
equations shown in eqn (8),* (9)* and (10)*® respectively.

ki
log(q. — q;) = log q. — (m) Xt (8)
t 1 t
_—— 4 9
¢ kixq? g ©)
1
g =kia x 2+ G (10)
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Fig. 6 (a) The effect of pH on the fluoride removal by ACGC-Fe (adsorption time = 12 h, initial fluoride concentration = 683 mg L%,
temperature = 25 °C). Adsorption isotherm of fluoride removal by ACGC-Fe (pH = 4.0, adsorption time = 12 h). (b) Langmuir model.
(c) Freundlich model. Adsorption kinetic model of fluoride removal by ACGC-Fe (pH = 4.0, temperature = 25 °C). (d) Pseudo-first-order.

(e) Pseudo-second-order. (f) Intra-particle diffusion model.

Table 2 Langmuir model and Freundlich model parameters for fluoride adsorption on the ACGC-Fe

Langmuir model

Freundlich model

Temperature (K) Gmax (Mg g7 1) k, (L mg™) R* n ke (Lg™) R

298.15 K 15.78 0.023 0.970 3.484 2.634 0.989
308.15 K 17.04 0.028 0.972 3.650 3.154 0.995
318.15 K 17.75 0.043 0.988 3.610 3.546 0.984

where g. (mg g~ ") represents the amount of adsorbed fluorine at
the adsorption equilibrium stage, g, (mg g~ ') refers to the
amount of adsorbed fluorine at a specific time, ¢ (min) is the
time, k; (min™ "), k, (g mg~ " min~") are the pseudo-first-order

15162 | RSC Adv, 2024, 14, 15155-15166

and pseudo-second-order adsorption rate constants respec-
~2) denotes the intra-
particle diffusion constant, and C; represents the intercept of
stage i.

tively. Additionally, ki (mg g~ min

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption kinetic parameters for fluoride adsorption on the
ACGC-Fe

Temperature (K) 298.15 K
Geexp (Mg g™Y) 18.97
Pseudo-first-order k; (min™) 0.0023
Gecal (Mg g ") 2.87
R 0.958
Pseudo-second-order k, (g mg ' min™") 0.0006
Gecal (Mg g ) 18.69
R 0.991
Intra-particle diffusion model kiq (mg g7* min~*7?) 0.619
kzq (mg g~* min~*7?) 0.245

Table 3 exhibits the presented fitting parameters for the three
distinct models. It becomes apparent that the pseudo-second-
order model is outperformed by the pseudo-first-order model
in describing the experimental data. Additionally, the calculated
experimental adsorption capacity is similar to the actual
adsorption capacity. As per the pseudo-second-order model, the
adsorption process showcases the influence of various factors
and is based on chemisorption,” indicating the involvement of
chemical reactions*® in the adsorption of fluorine by ACGC-Fe. In
Fig. 6(f), the corresponding intra-particle diffusion model fit
reveals two distinct adsorption regions.* The first region, char-
acterized by a steeper slope, represents the fast adsorption rate or
outer surface adsorption. The slower adsorption phase corre-
sponds to the second region. The origin is not intersected by the
two straight lines, implying that intraparticle diffusion is the
factor controlling the rate, although it is not the sole factor.*” At
first, surface adsorption governs the process of adsorption
because of the considerable concentration gradient between the
adsorbent and the adsorbent. As the adsorption sites on the
surface become saturated, fluorine gradually enters the ACGC-Fe
pores and undergoes adsorption, which slows down due to intra-
particle diffusion until adsorption equilibrium is reached.
Therefore, the adsorption of fluorine by ACGC-Fe is regulated by
surface diffusion and intra-particle diffusion.

View Article Online

RSC Advances

Adsorption thermodynamics

In order to examine the thermodynamic behavior of the
adsorption process, an experimental investigation of fluorine
adsorption by ACGC-Fe was conducted in the temperature range
of 298.15 K to 318.15 K. In order to analyze this, three essential
thermodynamic parameters are considered: Gibbs free energy
(AG), enthalpy change (AH), and entropy change (AS). These
crucial parameters can be determined through the utilization of
eqn (11),*° (12)** and (13).* Fig. 7(a) illustrates a linear plot of In
k. versus 1/T. The y-intercept and slope of this plot correspond to
the values of AS and AH, respectively.

4 AS  AH
lnkc—lnce— X" RxT (11)
AG = —RTInk, (12)
AH — AG
AS = — (13)

where k. (L g ") denotes the distribution coefficient, . (mg g ")
represents the amount of adsorbed fluorine at adsorption
equilibrium, ¢, (mg L™') indicates the concentration of the
solution at the adsorption equilibrium stage, and R = 8.314 ]
mol " K, T (K) represents the temperature.

The thermodynamic parameters for each temperature are
shown in Table 4. The adsorption process of fluorine by ACGC-
Fe is suggested to be endothermic, as indicated by the positive
values of both AH and AS, and higher temperature promote this

Table 4 Thermodynamic parameters for fluoride adsorption on the
ACGC-Fe

Temperature AH AS AG

(K) (k] mol ™) (k] K *-mol ™) (kJ mol ™)
298.15 2.144 0.013 —-1.732
308.15 —1.862
318.15 —1.992

(b)
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Fig.7

(a) Linear plot of In k¢ vs. 1/T for the fluoride removal by ACGC-Fe. (b) The effect of ACGC-Fe dose on fluoride removal (adsorption time =

12 h, temperature = 25 °C, initial fluoride concentration = 769 mg LY.
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adsorption. Additionally, the negative value of AG demonstrates
the feasibility and spontaneous nature of the adsorption
process. The decreasing trend of AG with increasing tempera-
ture also suggests that higher temperatures enhance the
adsorption process.*

Effect of adsorbent amount

Adsorbent dosage is a crucial parameter in adsorption experi-
ments. It is important to use an appropriate amount of adsorbent
to achieve optimal adsorption without wastage. In Fig. 7(b), the
influence of the adsorbent amount on the fluorine adsorption by
ACGC-Fe adsorption is illustrated. As depicted in the figure, there
is a gradual decline in the amount of adsorption with the
increasing adsorbent quantity. The rationale behind this obser-
vation can be attributed to the breakdown of the adsorbent
amount into the mass of CGC and the mass of polyhydroxy iron.
Notably, the mass of polyhydroxy iron, which plays the main
adsorption role, remained relatively stable during the increase in
adsorbent amount. The rate of removal exhibited a pattern of
ascending and then descending. Consequently, we determined
the optimal adsorbent dosage to be approximately 331 mg, cor-
responding to the highest removal rate.

~~
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Adsorption mechanism

The crucial role played by the adsorption mechanism is
significant in the examination of material characteristics. To
explore the adsorption of fluoride by ACGC-Fe, the chemical
composition and chemical state of the samples were evaluated
pre and post-adsorption utilizing XPS analysis. Fig. 5(a) depicts
the XPS profiles of ACGC-Fe and ACGC-Fe-F. Compared to
ACGC-Fe, ACGC-Fe-F reveals new peaks. This peak is attributed
to the adsorption of fluorine, which is attributed to F 1s. The
higher binding energy of F 1s compared to sodium fluoride
(684.50 eV),** confirms that fluorine interacts with the metal®
and validates the successful adsorption of fluorine into the
sample. Further, a split peak was fitted to the F 1s peak as
shown in Fig. 8(a), where one of the split peaks has a binding
energy of 684.57 eV, corresponding to Fe-F.> This indicates the
adsorption of fluorine by polyhydroxy iron. The comparative
spectra of Al 2p and Mg 1s in Fig. 8(b) and (c), respectively,
indicate that their binding energies increased after the
adsorption of fluorine. This suggests a strong interaction
between AI**, Mg?*, and fluorine.*® Likewise, Fig. 8(d) presents
a comparison of the O 1s spectra before and after the adsorption
process, revealing an increase in the binding energy of the

(b)
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Fig. 8 High-resolution XPS spectra. (a) F 1s of ACGC-Fe-F. (b) Al 2p, (c) Mg 1s, (d) O 1s of ACGC-Fe and ACGC-Fe-F.
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defective oxygen (Ogef/~OH) located around 531 eV.*” This
increase is attributed to the hydroxyl groups on the surface of
ACGC-Fe that combine with fluorine to form hydrogen bonds
during the reaction, resulting in the trapping of fluorine. Thus,
the adsorption of fluorine by ACGC-Fe occurs through two
mechanisms: hydrogen bonding with hydroxyl groups and
bonding with metal ions.

Conclusion

Portable hydroxyl-functionalized coal gangue-based cordierite
porous ceramics sheets were fabricated using powder
compression molding and mild chemical modification. These
ceramics can effectively remove fluoride in simulated waste-
water, achieving a maximum adsorption capacity of 18.69 mg
g '. The Langmuir (Freundlich) adsorption isotherm model
and pseudo-second-order kinetic model were found to be the
most appropriate for describing the adsorption mechanism of
ACGC-Fe for fluoride. This confirms that at pH = 4, the
adsorption mechanism consists of cumulative interactions
dominated by the chemisorption of hydrogen bonds (with
hydroxyl group) and ionic bonds (with metal), as well as phys-
ical adsorption based on cordierite porous ceramic pores.
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