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In this study, raw attapulgite and two aluminium hydroxide-modified attapulgites prepared using different
aluminium salts were calcined at 600 °C to successfully prepare three novel adsorbents (C-ATP, C-ATP-
SO42~ and C-ATP-Cl7). The three adsorbents were characterized by transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Brunauer—Emmett-Teller
(BET) analysis and X-ray photoelectron spectroscopy (XPS). Batch experiments revealed that the Cd(i)
adsorption capacity of the three adsorbents increased with increasing pH, increasing the initial
concentration of Cd(i) in solution, and with longer adsorption times. The order of adsorption capacity
was always C-ATP > C-ATP-Cl™ > C-ATP-50,2~. C-ATP and C-ATP-Cl~ were better described by the
Langmuir model, while C-ATP-SO42~ was better described by the Freundlich model. The three
adsorbents reached adsorption equilibrium within 2 h, and all followed pseudo-second order kinetics.

The adsorption of Cd(i) onto the three adsorbents was physisorption, as suggested by the calculated
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Accepted 4th April 2022 thermodynamic parameters. Although the adsorption of Cd(i) on C-ATP and C-ATP-Cl™ was exothermic,
the adsorption on C-ATP-SO4%~ was endothermic. lon exchange and cadmium precipitation were the

DOI: 10.1039/d2ra00720g primary mechanisms of cadmium adsorption on the three adsorbents analysed by XPS. The presence of
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1. Introduction

Cadmium is an element toxic to the environment. It cannot be
degraded into harmless products, and it can readily accumulate
in the human body.” Additionally, even a very low dose can
damage the liver, lungs, and kidneys, cause bone fractures, and
destroy red blood cells.* In the past several decades, an
increasing amount of cadmium has been released into the
environment through industrial wastewaters, mining opera-
tions and the burning of coal and oil.* Water bodies are expe-
riencing increasingly widespread cadmium pollution.
Cadmium has become a primary water pollutant.®

Attapulgite is used as an adsorbent for Cd(u) removal due to
its nontoxicity, low cost and stability.® However, it has a weak
cadmium adsorption performance due to its small binding
constants and selectivity.” To enhance the adsorption perfor-
mance of attapulgite, some researchers have coated metal
hydroxides onto attapulgite and calcinated them at high
temperatures to obtain metal oxide-modified attapulgite,®®
which showed good results for removing Cd(u1). However, these
studies only mentioned the effect of the metal cations in metal
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5042~ in C-ATP-5042~ may result in weaker binding of Cd(i) by the adsorbent than C-ATP-CL™.

salts on modified attapulgite, while the influence of the
accompanying anions has rarely been discussed.™

Other researchers have analysed the influence of anions on
adsorption considering the target pollutant solution medium.
Wang used a modified composite material of chitosan/acrylic
acid/attapulgite to adsorb Cd(u) from Cd(CH3COO),,
Cd(NO3),, CdCl, and CdSO, solutions. Modified attapulgite
significantly adsorbs Cd(u) from various cadmium salt solu-
tions, and the adsorbent has the maximum Cd(u) adsorption
capacity in Cd(CH;COO), solution."* In solution, the anions
that accompany the target pollutant affect adsorption. Minkina
researched the adsorption of zinc from zinc nitrate, zinc
acetate, zinc chloride, and zinc sulfate solutions on chernozem
and found that the adsorption isotherms followed different
adsorption equations. For example, zinc chloride conforms to
Henry's equation, zinc sulfate conforms to Freundlich's equa-
tion, and zinc acetate and zinc nitrate conform to Langmuir and
Freundlich's equations, respectively.”” Thus, anions have
different effects on adsorption in the target heavy metal
solution.

The role of the anions cannot be ignored as well as how the
anions accompanied by the metal salts affect the modification
effect in the study of metal oxide-modified attapulgite. These
topics warrant further investigation. Wu found that the
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morphology of y-AIOOH depends on the anion type, not the
cation type. The anions affect the morphology, including the
specific surface area.” Therefore, we aimed to use metal salts
that accompany different anions to modify attapulgite and for
Cd(u) removal studies. While studying the adsorption capacity
of the modified attapulgite for Cd(u), we gained insight into the
effect of the different anions accompanied by the metal salts on
the modification effect during the modification process.

In this study, we used two aluminium salts (Al,(SO,4);-18H,0
and AlCl;-6H,0) to prepare aluminium hydroxide-modified
attapulgite and calcined it at high temperature. Through
a series of experiments, including adsorption kinetics and
adsorption isotherm experiments, the effect of modified atta-
pulgite on Cd(u) in aqueous solution was determined. Charac-
terization methods, such as transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET) analysis and
X-ray photoelectron spectroscopy (XPS), were analysed and
discussed.

The main contents are listed below:

(1) calcined attapulgite (C-ATP) and calcined aluminium
hydroxide-modified attapulgites (C-ATP-SO4>~, C-ATP-C]~) were
successfully prepared at high temperatures;

(2) the adsorption performance of the adsorbents at different
calcination temperatures was studied. The calcination temper-
ature of 600 °C was deemed the preparation temperature of the
adsorbent, and further studies were performed for Cd(u)
adsorption;

(3) a series of factors, such as the initial pH, initial concen-
tration of Cd(u), adsorption time and adsorbent dose, were used
for performance analysis and comparison of the three
adsorbents;

(4) C-ATP, C-ATP-SO,>~ and C-ATP-CI~ were analysed by
TEM, FTIR, XRD, BET and XPS characterization methods to
determine the differences in their microstructure and surface
groups.

2. Materials and methods
2.1 Materials

Raw attapulgite was acquired from Jincheng Attapulgite Clay
Co. Ltd (Gansu Province, China). The main reagents (AlCl;-
‘6H,0, Al,(SO,);-18H,0 and Cd(NO;),-4H,0) were all of
analytical grade and came from Tianjin Damao Chemical
Reagent Co. Ltd (Tianjin Province, China). Aqueous solutions
were prepared using deionized water.

2.2 Apparatus

The pH of the solution was determined using a Sartorius pH
meter (PB-10, Germany). The Cd(u) content was determined by
ICP-OES (ICP-5000, China). FTIR spectra were measured using
a spectrophotometer (Nicolet IS50 FT-IR, USA). TEM images
were acquired using a transmission electron microscope (JEM-
1230, Japan). The XRD patterns were determined using
a diffractometer (XD3, China). The surface areas were deter-
mined using the analyser on the N, adsorption-desorption
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isotherms at 77 K (ASAP2460, USA). The interactions between
the adsorbents and Cd(u) were probed using XPS (Thermo
250X, USA).

2.3 Preparation of modified attapulgite

The preparation mainly included two processes. The first
process was the preparation of aluminium hydroxide-modified
attapulgite, which has been described in our previous work.*
Briefly, raw attapulgite (5.0 g) was mixed with 400 mL of
deionized water. Next, 100 mL of a solution containing 3.58 g of
AlICl;-6H,0 (0.4 g Al) was added to the deionized water and
stirred for 10 min. The solution pH was then increased to 7 by
the dropwise addition of NaOH (1 mol L™"). The resulting
suspension was stirred at 25 °C for 6 hours and allowed to stand
for 12 hours. Next, the suspension was filtered and washed with
deionized water several times until a white precipitate did not
appear after adding AgNO; solution to the filtrate. The filtered
solids were dried at 110 °C for 24 hours and ground to a particle
size of 200 mesh. The resulting powder was labelled ATP-C1".
ATP-SO,”> was prepared from Al,(SO,);-18H,0 using the same
procedure.

The second process was the calcination of raw ATP, ATP-
SO,>” and ATP-CI~ at different temperatures (200 °C, 300 °C,
400 °C, 500 °C, 600 °C, 700 °C, 800 °C) in a muffle furnace for 2 h
at a heating rate of 50 °C per minute to prepare C-ATP, C-ATP-
S0,>~ and C-ATP-Cl~, respectively.

2.4 Batch adsorption experiments

The adsorption experiments with C-ATP, C-ATP-SO,>~ and C-
ATP-CI™ were performed simultaneously. Each solution was
shaken in a thermostatic shaker bath (THZ-82A) at 160 rpm and
30 °C for 24 h. ICP-OES was used to determine the remaining
Cd(u) concentration. We repeated each experiment three times.

Eqn (1) was used to calculate the Cd(u) adsorption capacity of
the adsorbents:

(Co—C)V
m

Q. = (1)
where Q. is the adsorption capacity of the adsorbent on Cd(u),
(mg g™ ); C. represents the concentration of Cd(u) in the solu-
tion when the adsorption reaches equilibrium, (mg L™"); Co
represents the concentration of Cd(u) in the solution at the
beginning of the adsorption, (mg L™ ); V is the volume of the
solution, (L); and m is the adsorbent dose, (g).

2.4.1 Effect of the calcination temperature. C-ATP, C-ATP-
SO,% and C-ATP-CI~ were all calcined at 200 °C, 300 °C, 400 °C,
500 °C, 600 °C, 700 °C and 800 °C under an air atmosphere in
the furnace for 2 h. The dose of these adsorbents was 0.1 g, and
they were added to 50 mL centrifuge tubes, each containing
25 mL of Cd(u) solution. The concentration of Cd(u) was
50 mg L™, and the pH of the solution was 6. The centrifuge
tubes were all shaken at 160 rpm and 30 °C for 24 h in a ther-
mostatic shaker bath.

2.4.2 Effect of the pH. The dose of C-ATP, C-ATP-SO,>~ and
C-ATP-Cl™ was 0.1 g, and they were added to 50 mL centrifuge
tubes containing 25 mL of Cd(u) solution. The concentration of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cd(u) was 50 mg L', and the pH values of the solutions were 3,
4, 5, 6 and 7. The centrifuge tubes were all shaken at 160 rpm
and 30 °C for 24 h in a thermostatic shaker bath.

2.4.3 Adsorption isotherms. The dose of C-ATP, C-ATP-
S0,>~ and C-ATP-Cl~ was 0.1 g, and they were added to 50 mL
centrifuge tubes containing 25 mL of Cd(u) solution at different
initial concentrations (i.e., 5, 10, 20, 50, 100, 200 mg L™ "). The
pH of each solution was 6. The centrifuge tubes were all shaken
at 160 rpm and 30 °C for 24 h in a thermostatic shaker bath.
Next, the above procedure was repeated at 20 °C and 40 °C to
calculate the thermodynamic parameters.

2.4.4 Kinetic studies. The dose of C-ATP, C-ATP-SO,>~ and
C-ATP-Cl™ was 1 g, and they were added to 350 mL Erlenmeyer
flasks containing 250 mL of Cd(u) solution. The concentration
of Cd(n) was 50 mg L', and the pH of the solution was 6.
Sampling was performed in an Erlenmeyer flask at the following
time intervals during adsorption: 0.17, 0.33, 0.5, 1, 2, 6, 24 and
28 hours. The Erlenmeyer flasks were all shaken in a thermo-
static shaker bath at 160 rpm and 30 °C for 24 h.

2.4.5 Effect of the adsorbent dose. The doses of C-ATP, C-
ATP-SO,>~ and C-ATP-Cl~ were 0.02, 0.05, 0.08, 0.1 and 0.15 g,
respectively, and they were added to 50 mL centrifuge tubes
containing 25 mL of Cd(u) solution. The concentration of Cd (i)
was 50 mg L~ ". The pH of each solution was 6. The centrifuge
tubes were all shaken at 160 rpm and 30 °C for 24 h in a ther-
mostatic shaker bath.

3. Results and discussion
3.1 Removal rates of Cd(u) by calcined adsorbents

The Cd(u) removal rates of attapulgite modified with aluminium
hydroxide at different calcination temperatures are shown in
Fig. 1. As the calcination temperature increased, the removal
rate of Cd(n) by C-ATP, C-ATP-SO,> and C-ATP-Cl~ increased.
High-temperature calcination of attapulgite also enhances the
adsorption of Cd(u).**'® Calcination removes some of the
adsorbed water, and impurities such as dolomite from the
attapulgite, increasing the number of micropores, the specific
surface area and adsorption sites of the attapulgite.'”

When the calcination temperature was in the range of 200-
300 °C, the removal rate of Cd(u) on the three adsorbents was C-
ATP-Cl™ > C-ATP > C-ATP-SO,>~, and the removal rate of C-ATP-
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Fig. 1 Removal rate of Cd(n) by modified attapulgite at different
calcination temperatures.
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Cl™ was above 75%. Thus, in the calcination temperature range
of 200~300 °C, C-ATP-Cl~ can adsorb more Cd(u) than C-ATP
and C-ATP-SO,>". This result was similar to that of a previous
study on uncalcined aluminium hydroxide-modified atta-
pulgite.'* Because the active sites of C-ATP-Cl~ included silanol
groups on the surface of the attapulgite and hydroxyl groups
loaded on the surface after modification, which increases the
number of adsorption sites, the removal rate of C-ATP-Cl~ was
higher than that of C-ATP. However, the removal rate of C-ATP-
SO,>~ was low. One reason is that some SO,>~ formed clusters
with Al, blocked the ATP pores and inhibited the ingress of
Cd(n)," resulting in a decrease in the adsorption performance.

Another reason is that SO,>~ affects the binding strength of
Cd(u) on the surface of attapulgite.”

At calcination temperatures in the range of 400-600 °C, the
removal rates of C-ATP noticeably increased and reached 99%
above 500 °C. The removal rates of C-ATP-Cl™ also increased
and reached approximately 90% at 600 °C, which was lower
than that of C-ATP. The removal by C-ATP-SO,>~ was always
lower than that by C-ATP and C-ATP-Cl. When the calcination
temperature was above 600 °C, the Cd(u) removal rates of the
three adsorbents reached a maximum and were similar. Thus,
a higher calcination temperature can noticeably improve the
adsorption performance of the three adsorbents. Because of the
low concentration of Cd(u), the removal rates of the three
adsorbents all reached saturation.

To further examine the differences among the three adsor-
bents, we chose a calcination temperature of 600 °C as the best
calcination temperature of the material. This temperature is
consistent with the results of other studies. Calcined attapulgite
exhibited the best adsorption of heavy metals when the calci-
nation temperature was between 500 and 700 °C.*?° In subse-
quent batch sorption experiments, C-ATP, C-ATP-SO,>~ and C-
ATP-CI™ were all prepared at a calcination temperature of
600 °C.

3.2 Effect of the pH

The effect of the initial pH on Cd(u) adsorption is shown in
Fig. 2. The adsorption capacities of C-ATP-SO,>~ and C-ATP-C1~
for Cd(u) increased with increasing initial pH of the solution,

Qe (mg g™y

—&—CATP
—8— C-ATP-SO,

—A— C-ATP-CI”

L L 1
3 4 5 6 7

Initial pll

Fig. 2 Effect of the initial pH on the adsorption of Cd(i) by the three
adsorbents.
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reaching a maximum at pH 7. The adsorption capacity of C-ATP-
Cl~ was always higher than that of C-ATP-SO4>".

However, the adsorption capacity of C-ATP for Cd(u) had
already reached saturation and was higher than that of C-ATP-
Cl™ and C-ATP-SO,>™ in the pH range of 3-7. This result indi-
cated that C-ATP has a very good adsorption effect even when
the pH varies.

When the adsorption reached equilibrium, the changes in
the solution pH of the three adsorbents are shown in Fig. 3. The
final pH of the C-ATP-SO,>~ and C-ATP-CI ™ solutions increased
under different initial pH conditions. The change curves of C-
ATP-SO,>~ and C-ATP-Cl~ were very similar in the pH range of
3-7. However, the final pH of the C-ATP solution exceeded 10,
which is significantly different from that of C-ATP-SO,>~ and C-
ATP-Cl™. One reason for the high final pH is that CaO was
formed after calcination of the raw attapulgite, and the disso-
lution of the CaO caused the pH of the solution to increase.”
Another reason is that the silanol groups of C-ATP were easily
protonated to form SiOH,', which caused the solution pH to
increase.™

The final pH of the C-ATP-SO,>~ and C-ATP-Cl ™~ solutions did
not increase much after adsorption. However, SO,>~ and CI~
can decrease the solution pH.*” Therefore, the pH changes of C-
ATP-SO,”>~ and C-ATP-Cl~ are quite different from that of C-
ATP.

" a1
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—o— C-ATP-SO”
2o :
3 —A—C-ATP-CI
2
T —
e
T f/ ;
&
. : : i y :
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Fig. 3 Change in the solution pH before and after Cd(i) adsorption by
the three adsorbents.
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An excessively high pH causes Cd(n) to precipitate out of the
solution, likely explaining why the adsorption capacity of C-ATP
was higher than that of C-ATP-SO,>~ and C-ATP-C1 . Therefore,
in subsequent experiments, the optimum pH for Cd(u)
adsorption by C-ATP, C-ATP-SO,*>~ and C-ATP-Cl~ was pH 6.0.
The pH change of the solution was controlled throughout the
process.

3.3 Adsorption isotherms

Fig. 4 shows the adsorption isotherms of Cd(u) adsorption onto
C-ATP, C-ATP-SO,>~ and C-ATP-Cl at different adsorption
temperatures (293 K, 303 K and 313 K). As the equilibrium
concentration of Cd(u) increases, the adsorption capacity of the
three adsorbents also increases. When the equilibrium Cd(u)
concentration reaches a certain value, the adsorption capacity
reaches equilibrium. At this time, the adsorption site is
completely occupied by Cd(u), so the adsorption capacity no
longer increases.*

However, in the temperature range of 293-313 K, the order of
the adsorption capacity was C-ATP > C-ATP-Cl~ > C-ATP-SO,”".
Thus, C-ATP displayed a better adsorption performance than C-
ATP-SO,> and C-ATP-Cl ™.

Adsorption isotherm models can help researchers perform
in-depth analysis and discussion of changes in the adsorption
process and better elucidate the adsorption mechanism. This
analysis lays a solid theoretical foundation for the wide appli-
cation of adsorption. The most commonly used adsorption
models include the Langmuir model and Freundlich model.

The Langmuir model states that the adsorption of pollutant
molecules on the surface of the adsorption material is limited to
single-layer adsorption on the surface, the adsorption sites are
uniformly distributed on the surface of the material, and the
interaction between molecules can be ignored.”® This model
obeys Henry's law, which describes dilute solutions, when the
adsorbate concentration is low, and its equation is eqn (2):

_ QmKL Ce

= = 2
1+ K.C. @)

0.

The Freundlich model indicates that adsorption occurs on
a heterogeneous surface.> The equation is as shown in eqn (3):

40+ 40 -

@) car (b)
= ——C-ATP-SO] e
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Equilibrium isotherms for Cd(i) adsorption at different temperatures by the three adsorbents: (a) 293 K, (b) 303 K, and (c) 313 K.
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0. = KiC" (3)

where Qy, is the theoretical maximum adsorption capacity of
Cd(n) by the adsorbent (mg g '); C. is the equilibrium
concentration of Cd(n) in solution (mg L™); Q. is the equilib-
rium adsorption capacity of Cd(u) by the adsorbent when
adsorption reaches equilibrium (mg g ); ki and K; are the
constants of the Langmuir model (L mg ') and the Freundlich
model (L g %), respectively; and 1/n is the heterogeneity factor.

The fitting parameters of the two models are presented in
Table 1.

The correlation coefficients (+*) of the Langmuir and
Freundlich models for C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ were
compared at different temperatures. C-ATP and C-ATP-Cl ™ are
better described by the Langmuir model at all three tempera-
tures, suggesting that a single layer of Cd(u) covered the surface
of the adsorbent.

However, C-ATP-SO,>™ fits the Freundlich model better than
the Langmuir model, showing that Cd(u) adsorption occurred
on a heterogeneous surface, which can be explained by Cd(u)
having a higher polarizability.>® Hence, when the temperature
increases, the adsorption of C-ATP-SO,>~ becomes more intense
because of the strong vibrations of the bonds.*

The Qp, of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ was calculated
at different temperatures by the Langmuir model. As the
adsorption temperature increased, the maximum adsorption
capacity of C-ATP-SO,>~ increased, while the maximum adsorp-
tion capacity of C-ATP and C-ATP-Cl™ decreased. The reason may
be that the presence of SO, affects certain properties of the
attapulgite, resulting in a higher polarisation of C-ATP-SO,*".
However, at the same temperature, the order of maximum
adsorption capacity remains C-ATP > C-ATP-Cl~ > C-ATP-SO,>".

3.4 Adsorption kinetics

Fig. 5 shows the effect of the adsorption time on Cd(u)
adsorption by C-ATP, C-ATP-SO,>” and C-ATP-Cl". As the
adsorption time increased, the adsorption capacity of the three
adsorbents on Cd(u) increased rapidly, and the adsorption
reached equilibrium within 2 h. The adsorption capacities of C-
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order of the adsorption capacities was C-ATP > C-ATP-Cl™ > C-
ATP-SO,>".

Generally, the adsorption of the target pollutant by the
adsorbent can be simulated using pseudo-first-order (eqn (4))
and pseudo-second-order (eqn (5)) kinetics. We used the line-
arized forms of these two kinetic models to fit the experimental
data.

(ki2)

log(Qc - Qt) = log(Qc) - m (4)

10
O (k02 0.

where Q, is the Cd(u) adsorption capacity of the adsorbent when
the adsorption proceeds to a certain time (mg g ); Q. is the
equilibrium adsorption capacity of Cd(u) by the adsorbent when
the adsorption reaches equilibrium (mg g™ '); and k; and k, are
the constants of the pseudo-first-order rate law (h™') and
pseudo-second-order rate law (g mg~" h™"), respectively. log(Q.
— Q) and ¢ were used as the vertical and horizontal coordinates
to draw a straight line of best fit, the intercept and slope of the
line of best fit were used to calculate k; (Fig. 6a), t/Q, and t were
used as the vertical and horizontal coordinates, and the inter-
cept and slope of the straight line were used to calculate k,
(Fig. 6b).

The calculated parameters are shown in Table 2. The pseudo-
first-order models of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ had
low correlation coefficients. The correlation coefficients of the
three adsorbents in the pseudo-second-order model were all
0.999. Additionally, the Q. (Qeca) values calculated by the
pseudo-second-order kinetic model were closer to the Qcexp
values than those from the experiment. Hence, the adsorption
of Cd(u) on C-ATP, C-ATP-SO,>~ and C-ATP-CI~ is best described
by the pseudo-second-order model.

The sum of the squares of errors (SSE) and Chi-square test
(x*) were used to verify the best fit between the above two kinetic
models.?® The equations describing x> and the SSE are shown in
eqn (6) and eqn (7), respectively. The inspection parameters are
shown in Table 3.

(5)

2
ATP and C-ATP-Cl™ were relatively similar, while the Cd(u) = Z (e theor — Gemeas) ©)
adsorption capacity of C-ATP-SO,>~ was significantly lower than Ge theor
that of the other two adsorbents. Throughout the process, the
Table 1 Isotherm parameters of the three adsorbents at different temperatures
Langmuir Freundlich
T (K) Qmax (Mg g™ K, (Lmg ™) r Kr(mgg ) (Lmg " 1n r
C-ATP 293 172.66 0.0065 0.986 1.297 0.897 0.981
303 108.09 0.0110 0.991 1.505 0.827 0.981
313 71.16 0.0179 0.992 2.075 0.708 0.982
C-ATP-SO4>~ 293 11.74 0.0589 0.960 1.648 0.388 0.962
303 13.29 0.0529 0.953 1.867 0.384 0.955
313 18.76 0.0229 0.977 1.256 0.499 0.983
C-ATP-Cl™ 293 20.02 0.0876 0.959 2.987 0.399 0.936
303 17.83 0.1022 0.967 3.041 0.370 0.921
313 15.23 0.0678 0.989 2.281 0.381 0.946

© 2022 The Author(s). Published by the Royal Society of Chemistry
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)

where ge meas is the equilibrium capacity of Cd(u) by the adsor-
bent obtained from the experiment (mg g~') and ge theor is the
equilibrium capacity of Cd(u) by the adsorbent calculated by the
Langmuir model. When the x> and SSE values are small, e theor
is equivalent to ge meas; iN contrast, when the values are large,
(e theor i different from ge meas-

The x* and SSE values of the three adsorbents are lower in
the pseudo-second-order model than in the pseudo-first-order
model. This result suggests that the pseudo-second-order
model better describes the adsorption of Cd(u) on C-ATP, C-
ATP-SO,>~ and C-ATP-Cl, a finding that is consistent with the
previous kinetic fitting results.

SSE = Z(qe,theor - qe,meas)2
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3.5 Adsorption thermodynamics

Whether the process is endothermic or exothermic can be
evaluated by the change in the adsorption rate at different
temperatures. The thermodynamic parameters, including the
Gibbs free energy change (AG®), entropy change (AS°) and
enthalpy change (AH®), were calculated by eqn (8)-(10):

AG° = —RTIn K, 8)
AH° AS°

In(K.) = “RT + R )

K. = 1000 K, (10)

where R represents the universal gas constant (8.314 ] mol '
K™ '), T is the adsorption temperature in the entire process (K),
the In K values are obtained by plotting In(g./c.) versus C. and
extrapolating C. to zero, and the K4 (L g ') values calculated
from the In K4 can be converted into K¢ (as imestionless) by
multiplying K4 by a factor of 1000.”” K and Ky is the equilibrium
constant and distribution coefficient, respectively. The In(K.)
value and 1/T were used as the vertical and horizontal coordi-
nates, respectively, to plot a straight line (Fig. 7), and AH° and
AS° were calculated from the slope and intercept of the line.

Table 4 lists the thermodynamic parameters of Cd(u)
adsorption on C-ATP, C-ATP-SO,>~ and C-ATP-Cl". The AG®
values of the three adsorbents are all negative at 293, 303 and
313 K, indicating that the adsorption processes are sponta-
neous.*® This result also shows that the three adsorbents mainly
adsorb Cd(u) via physisorption because the AG® values are in the
range of —20 to 0 k] mol *.>®

3.0

A A A A »
(a) 25+(b) .
; m C-ATP s
L ® C-ATP-SO sl
o A CATP-CI
~ @
? ~. Vs
o e
E m CATP
) ® C-ATP-SO”
sl % A C-ATPCl
4+ [
L 1 1 L 1 L 1 L
0 5 10 15 20 25 15 20 25
Time (h) Time (h)

Fig. 6 Kinetic fitting of Cd(i) adsorption on the three adsorbents: (a) pseudo-first-order model; (b) pseudo-second-order model.

Table 2 Kinetic parameters of Cd(i) adsorption by the three adsorbents

Pseudo-first-order

Pseudo-second-order

Qe,exp (mg gil) Qe,cal (mg gil) kl (hil] rZ Qe,cal (mg gil) k2 (g mg71 minil) rZ
C-ATP 9.71 0.245 0.040 0.018 9.47 —7.43 0.999
C-ATP-SO4>~ 8.62 0.595 0.171 0.699 8.48 3.96 0.999
C-ATP-Cl™ 9.69 10.972 —0.004 0.026 9.35 4.45 0.999
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Table 3 Results of the error function for kinetic models

Pseudo-second-

Pseudo-first-order order
C-ATP X 365.65 0.0060
SSE 89.58 0.0576
C-ATP-SO,>~ X 108.23 0.0023
SSE 64.40 0.0196
C-ATP-C1™ X 0.149 0.0123
SSE 1.643 0.1156
71+ m C-AlP
;oL @ C-ATP-SOY A
A CATPCT y = 1786.8x + 1.0283

69| R*=0.8094

6.8 |-
y=2286.4x - 1.1299

67} R*=09564 m

Ln (k)

6.6 -
65
64 |-

y=-1864.1x + 12.738
R’ = 0.9926

6.3 |

62

000320 000325 000330 000335  0.00340
171 (K)

0.00345

Fig. 7 Thermodynamic fitting of adsorbents.

The AH° values of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ for
Cd(un) adsorption are —19.00, 15.49 and —14.85 kJ mol *,
respectively. Thus, the adsorption of Cd(u) on C-ATP and C-ATP-
Cl™ is exothermic, and the adsorption of Cd(i) on C-ATP-SO,>~
is endothermic. Therefore, the adsorption of C-ATP and C-ATP-
Cl” on Cd(u) becomes weaker as the temperature increases.'®
The AS° values of Cd(n) adsorption on C-ATP, C-ATP-SO,>~ and
C-ATP-Cl™ are —9.39, 105.90 and 8.54 ] mol ' K™, respectively,
indicating that the adsorption of Cd(u) on C-ATP proceeds with
decreasing entropy, while Cd (i) adsorption on C-ATP-SO,> and
C-ATP-Cl™ proceeds with increasing entropy.*

3.6 Effect of the adsorbent dose

The effect of the doses of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ on
the adsorption of Cd(u) is illustrated in Fig. 8. The removal rate
of Cd(u) increased with increasing doses of the three

Table 4 Thermodynamic parameters of adsorbents on Cd(i) adsorption
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Fig. 8 Effect of the adsorbent dose on the adsorption of Cd(i).

adsorbents. This result may be due to an increasing number of
adsorption sites.'® By contrast, the adsorption capacity (Q.)
decreased with increasing doses of the three adsorbents.

When the three adsorbent doses were in the range of 0.02-
0.1 g per 25 mL, the order of the removal rate was C-ATP > C-
ATP-Cl~ > C-ATP-SO,>". However, when the doses were greater
than 0.1 g, the removal rate order was C-ATP-Cl~ > C-ATP > C-
ATP-SO,>". Thus, with increasing dose, the adsorption of Cd(i)
by C-ATP and C-ATP-Cl” is obvious and almost reaches
adsorption equilibrium at 0.1 g. When cost-effectiveness and
adsorption performance were considered, the selected optimal
dose of the three adsorbents was 0.1 g of adsorbent per 25 mL of
solution.

3.7 Adsorbent characterization

3.7.1 TEM analysis. The morphologies of C-ATP, C-ATP-
SO,> and C-ATP-Cl~ were analysed by transmission electron
microscopy (TEM), and the images are shown in Fig. 9. C-ATP is
a rod-like crystal with a certain degree of dispersion, and the
rod-like crystals are broken to a certain extent; broken frag-
ments appear around the rod crystals (Fig. 9a).** Fig. 9b shows
that the rod-shaped crystals of C-ATP-SO,>~ are also broken,
and agglomeration of the rod-shaped crystals is obvious
because sulfate weakens the dispersibility of attapulgite.*
Fibrous flocs were wrapped around the rod-shaped crystals.
Because aluminium hydroxide becomes aluminium oxide when
coated on attapulgite after high-temperature calcination.

AR° AS° AG®
T (K) In K4 Ki(Lg™) In K, (kJ mol ™) (g mol™ ' K™ (k] mol ™)
C-ATP 293 —0.2044 0.8151 6.7033 —19.00 —-9.39 —-16.32
303 —0.5531 0.5751 6.3546 —15.47
313 —0.7010 0.4960 6.2067 —-15.11
C-ATP-SO,>~ 293 —0.5226 0.5929 6.3851 15.49 105.90 —15.54
303 —0.3427 0.7098 6.5650 —15.99
313 —0.1154 0.8910 6.7923 —16.54
293 0.1843 1.2023 7.0920 -17.27
C-ATP-Cl™ 303 0.0884 1.0924 6.9961 —14.85 8.54 —~17.04
313 —0.2077 0.8124 6.7000 —-16.32

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TEM photographs of the adsorbents: (a) C-ATP (b), C-ATP-SO42~, and (c) C-ATP-Cl™.

Fig. 9c shows that the rod-like crystals of C-ATP-C1™ are also
broken, and agglomeration was observed. The degree of
agglomeration is lower than that of C-ATP-SO,>~, and there are
also fibrous flocs around it. Generally, the rod-like crystal
morphology of the three modified attapulgites treated at 600 °C
is still maintained, and the crystal structure is not completely
destroyed. However, the degree of agglomeration of the three
adsorbents is different, particularly between C-ATP-SO,>~ and
C-ATP-Cl ™, and the difference in the degree of agglomeration of
the rod crystals is obvious.

3.7.2 FTIR analysis. The FTIR spectra of C-ATP, C-ATP-
SO~ and C-ATP-Cl~ are shown in Fig. 10. For the C-ATP
samples, a weak vibration peak appeared at 1651 cm™ ', which
is considered to be the characteristic peak of adsorbed water
(HOH).** A vibration peak that represents carbonate appeared at
1409 cm ™", showing that carbonate minerals such as calcite and
dolomite were in the C-ATP.** This result indicates that raw
attapulgite calcination at 600 °C does not completely remove
the adsorbed water and carbonate minerals. The stretching
vibration peak at 985 cm ™" is attributed to Si-O-Si.”

The bands at 1651 cm™ " and 1409 cm ™' disappeared in the
spectra of C-ATP-SO,>~ and C-ATP-Cl™, indicating that the
adsorbed water and carbonate minerals were eliminated at high
temperatures. The reason is that the aluminium salt may have
reacted with the carbonate during the modification process.**
The carbonate was then completely removed by calcination at
600 °C. The strong vibration band at 985 cm ™' is shifted to
1011 cm ™' in the spectra of C-ATP-SO,>~ and C-ATP-C1". The Si-
O-Si bonds were noticeably fractured after the high-
temperature calcination of C-ATP-SO,>~ and C-ATP-Cl .

120
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60 /_\
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Fig. 10 FTIR spectra of the adsorbents.
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3.7.3 XRD analysis. XRD analyses confirmed the crystal
structures of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ (Fig. 11). The
peaks with 26 at 19.98° and 20.8° are characteristic of atta-
pulgite,® and those at 26.79° are characteristic of quartz.®
Weak peaks appeared at 25.57° corresponding to the charac-
teristic peak of y-Al,05.*** The presence of this peak is
attributed to the high-temperature calcination at 600 °C, which
transforms the amorphous phase of Al,O; into the y-Al,0;
phase in the attapulgite. The XRD spectra of the three modified
materials were very similar, indicating that the surface func-
tional groups of the three materials are not significantly
different.

3.7.4 BET analysis. The differences in the pore texture
parameters of the three adsorbents are shown in Table 5. The
order of the surface areas and pore volumes is C-ATP-Cl™ > C-
ATP-SO,>~ > C-ATP, indicating that the calcination of
aluminium hydroxide-modified attapulgite at 600 °C increases
the specific surface area and pore volume of C-ATP. However,
the specific surface area of C-ATP-C1™ is greater than that of C-
ATP-SO,4°, likely indicating that the different anions affect the
microstructure of the adsorbent. This finding is consistent with
the results of TEM analysis.

Table 5 Physical properties of the three adsorbents

Surface area Average pore

Adsorbent (m*g™) Pore volume (cm® g")  diameter (nm)
C-ATP 17.3631 0.084224 19.4029
C-ATP-SO,>~ 18.1561 0.098575 21.7172
C-ATP-Cl™ 28.8149 0.114495 15.8939

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Comparison with other clays

The adsorption capacity varies according to the adsorption
material, solution conditions and type of target pollutant. The
maximum adsorption capacities (Qy,) of Cd(u) calculated by the
Langmuir model of different adsorbents were compared, and the
data are presented in Table 6. Because the adsorbent material in
this study was calcined, we used high-temperature calcined clays
as a comparison. The adsorption performance of high-
temperature calcined attapulgite or other clay for Cd(u) was
significantly improved compared with that of raw attapulgite.

Because of the different properties of the raw attapulgite and
other clays, as well as the different methods of modification,
some differences in adsorption properties appear after calci-
nation. In this study, the adsorption properties of the two
different aluminium salt-modified attapulgites improved after
calcination at 600 °C. However, the differences between the two
may be related to the different anions.

5. Adsorption mechanism

To investigate the adsorption mechanism of the three adsor-
bents in depth, XPS spectra of all the peaks were obtained
before and after Cd(u) adsorption (Fig. 12). The new peak of
Cd3d can be observed in the spectra of Cd-loaded adsorbents,
indicating that C-ATP, C-ATP-SO,”>~ and C-ATP-Cl~ were
successfully adsorbed Cd(u). The peaks for the anions Cl and S
were largely absent, likely because the two anions Cl~ and SO,*~
were present inside the adsorbent, and XPS was only used to
analyse the material surface.

The high resolution of the XPS spectra of Al2p and Cd3d are
presented in Fig. 13. Before Cd(u) adsorption, the binding
energies of Al2p of C-ATP, C-ATP-SO,>~ and C-ATP-Cl~ were
essentially the same (Fig. 13a). After Cd(u) adsorption, the
binding energies of Al2p shifted to a higher value (Fig. 13b).
This result indicated that the aluminium-containing functional
groups interacted with Cd(u).*' However, the binding energy of
Al2p in C-ATP-Cl~ was higher than that in C-ATP-SO,>". This
result indicated that C-ATP-Cl™ more easily adsorbed Cd(u) than
C-ATP-SO,>~ when it absorbed Cd(n).

After Cd(u) was adsorbed, two peaks appeared near 412 and
405 eV corresponding to Cd3d;, and Cd3ds,, respectively
(Fig. 13c). The peaks of Cd3ds/, could be ascribed to chelation
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(Cd-0) and deposition (CdCO; and Cd(OH),).** This finding
indicated that the adsorption of Cd(u) on the three adsorbents
could be due to the ion exchange and precipitation of CdCO;
and Cd(OH),.**

The order of the binding energy of the Cd3d values is C-ATP >
C-ATP-Cl~ > C-ATP-SO,>". Thus, C-ATP had a stronger affinity
for Cd(u) than C-ATP-Cl~ and C-ATP-SO,>". The binding energy
of Cd3d values in C-ATP-Cl~ was higher than that of C-ATP-
S0,>7, indicating that C-ATP-Cl™ had a better affinity for Cd(u)
than C-ATP-SO,>.

Analysis showed that the specific surface areas of C-ATP-C1™
and C-ATP-SO,>~ were larger than that of C-ATP. However, the
adsorption capacities of C-ATP-Cl~ and C-ATP-SO,>~ were lower
than that of C-ATP. This result seems contradictory. Consid-
ering the change in pH in solution after adsorption, the solution
pH of C-ATP is much higher than that of C-ATP-SO,>~ and C-
ATP-Cl™ (Fig. 2). Thus, pH has a greater effect on the amount of
adsorption than the specific surface area.*” However, the why
the pH of the C-ATP solution increased substantially after
adsorption remains unclear. The difference in the solution pH
between C-ATP-SO,>~ and C-ATP-Cl™ after adsorption was not
significant, and the Cd(u) adsorption capacity of C-ATP-Cl~ was
higher than that of C-ATP-SO,?, attributed to its greater specific
surface area.

The adsorption capacity order is C-ATP-Cl™~ > C-ATP > C-ATP-
SO,>~ at calcination temperatures below 400 °C, because ion

Table 6 Cd(i) adsorption capacity of different calcination-modified clays

Adsorption capacity Equilibrium Adsorption conditions Calcination temperature

Material (mg g™ time (h) (pH, K) (K) Reference
Attapulgite 4.54 1.5 6.0, 295 — 38

Ball clay-600 34.10 2 7.0, 298 873 39
Vermiculite-600 8.50 2 7.0, 298 873 39

T-ATP 11.08 3 5.0, 298 773 16
MgO-ATP 24.50 3 5.0, 298 773 16
Serpentine-700 17.68 2 6.0, 298 923 40

C-ATP 108.09 2 6.0, 303 873 In this work
C-ATP-SO4>- 13.29 2 6.0, 303 873 In this work
C-ATP-CI™ 17.83 2 6.0, 303 873 In this work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exchange is dominant. When the calcination temperatures are
above 400 °C, the adsorption capacity order is C-ATP > C-ATP-
Cl™ > C-ATP-SO,>, because the solution pH of C-ATP increases
significantly after adsorption, and a large amount of Cd(u) is
precipitated.

XPS also confirmed that the adsorption of Cd(u) by the three
adsorbents occurred by precipitation and ion exchange. The
influence of the two anions Cl~ and SO,*~ on the adsorption
properties during the preparation of C-ATP-ClI- and C-ATP-
SO4>~ was not reflected in the characterization analysis, except
for BET.

6. Conclusions

In this study, the adsorption of Cd(u) by the three adsorbents
increased with increasing calcination temperature. However,
differences in the adsorption effect of the three adsorbents
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occurred at different calcination temperature ranges. The three
adsorbents of C-ATP, C-ATP-CI~ and C-ATP-SO,>~ calcined at
600 °C were compared.

The Langmuir model fit better for C-ATP and C-ATP-Cl,
while the Freundlich model fit better for C-ATP-SO,>~. These
three adsorbents can be best described by pseudo-second order
kinetics. The adsorption process was exothermic for C-ATP and
C-ATP-CI~ and endothermic for C-ATP-SO,>". The adsorption of
Cd(u) by all three adsorbents was dominated by ion exchange
and cadmium precipitation. The reason for the highest
adsorption of Cd(u) on C-ATP among the three adsorbents may
be related to the predominance of cadmium precipitation. XPS
analysis suggested that the presence of SO, in C-ATP-SO,>~
may result in weaker binding of Cd(u) by the adsorbent
compared to C-ATP-Cl.

Overall, C-ATP-CI” had an adsorption advantage at calcina-
tion temperatures below 400 °C. Above 400 °C, although the
adsorption capacity of C-ATP-C1~ was weaker than that of C-
ATP, it stabilized the solution pH better than that of C-ATP.
Therefore, C-ATP-Cl™ can still be considered in practical appli-
cations when considering the cost of adsorption and the pH
requirements of the solution.
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