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Abstract This work discusses the feasibility of CAU-1 as an adsorbent for both heavy metals and
bisphenol A (BPA). CAU-1 was synthesised solvothermally at 120 °C for 8 h. Batch adsorption
study was done to investigate the feasibility of CAU-1 as the adsorbent. The CAU-1 weight was
constant throughout the study, 0.01 g. CAU-1 was characterised using zeta potential analysis,
SEM, FTIR, TGA, and XRD. CAU-1 was only able to remove BPA and not able to adsorb heavy
metals due to the repulsion forces between CAU-1 and the heavy metals. Thus, BPA was used as
adsorbate for CAU-1 adsorption study. The optimum conditions for BPA adsorption on CAU-1
were at pH 7 and 3 h contact time. The adsorption capacity increased infinitely with increasing con-
centration of the BPA. The maximum equilibrium adsorption capacity (q.) of CAU-1 for BPA was
310.1 mg/g at 25 °C, and the adsorption followed the pseudo-second-order kinetic model. The ther-
modynamic studies indicate that the adsorption reaction is a spontaneous and endothermic process,
a favourable reaction.
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access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Industrial wastewater commonly contains inorganic and organic sub-
stances, typically heavy metals and endocrine disrupting chemical
(EDC). This issue has become a major concern globally (Srivastava
and Majumder, 2008; Fu and Wang, 2011; Demirbas et al., 2000;
Rani et al., 2020; Gonsioroski et al., 2020; Sun et al., 2020; Martin-
Lara et al., 2020; Xu et al., 2012; Dehghani, 2016; Ahmed et al.,
2017; Mpatani et al., 2021; Qasem et al., 2021; Chaiyasith et al.,
2006; Alghamdi et al., 2019; Zhao et al., 2019; Hashem, 2007). Heavy
metals are elements with atomic weights ranging from 63.5 to 200.6,
with specific gravity values greater than 5.0 (Srivastava and
Majumder, 2008). Heavy metal contamination has become a main con-
cern due to its non-biodegradability, toxicity, carcinogenicity, and abil-
ity to accumulate in organisms (Fu and Wang, 2011; Demirbas et al.,
2006). Lead, copper, mercury, chromium, zinc, cadmium, and nickel
are the typical heavy metals found in the water reservoir, resulting
from poor manufacturing waste management. The tolerance limit of
lead (Pb), copper (Cu), zinc (Zn), and arsenic (As) are 0.01, 2.0, 5.0,
and 0.01 mg/L, respectively, as stipulated by the World Health Orga-
nization (WHO). Exceeding the tolerance will cause severe damages to
certain body parts such as liver, kidneys, and the immune system and
may cause diseases such as anaemia (Rani et al., 2020). Thus, heavy
metal contamination in water consumption sources should be termi-
nated. Another emerging contaminant that has become worrisome is
bisphenol A (BPA). It is often detected in water at the ppb level, the
level for trace organic contaminants. BPA is hazardous as it can cause
damage to the reproductive systems of humans and animals
(Gonsioroski et al., 2020). Nowadays, BPA has been detected fre-
quently in all types of water, i.e., wastewater, groundwater, surface wa-
ter, and drinking water, due to the extensive production of epoxy
resins, polycarbonate, and other plastics (Sun et al., 2020), as BPA is
commonly used in the manufacturing of these materials (Martin-
Lara et al., 2020; Xu et al., 2012; Dehghani, 2016).

Many technologies have been used to remove heavy metals, such as
biological treatment, oxidation, chemical precipitation, ion exchange,
reverse osmosis, membrane filtration, electrochemical treatment, photo-
catalytic degradation, phytoremediation, and adsorption (Ahmed et al.,
2017; Mpatanietal., 2021). Among those technologies, adsorption is the
most promising technique for heavy metals and BPA removal owing to
its advantages such as low operating cost, high removal capacity, easy
implementation, high efficiency, production of less by-product, and sim-
ple recovery process and fast regeneration treatment (Qasem et al., 2021;
Chaiyasith et al., 2006; Alghamdi et al., 2019; Zhao et al., 2019; Hashem,
2007; Tsai, 2006). Hence, removing heavy metal and BPA contamina-
tion through adsorption is an enticing prospect for water purification.
Various types of adsorbents have been investigated for heavy metal
and BPA removal, including carbon-based adsorbents, chitosan-based
adsorbents, mineral adsorbents, magnetic adsorbents, biosorbents,
and metal-organic framework (MOF) adsorbents. Of all these adsor-
bents, MOF adsorbents have been utilised for heavy metals adsorption
compared to other conventional adsorbents for the reason of having ex-
cellent absorption efficiency (Van De Voorde et al., 2014). MOFs that
have been used in heavy metal removal include modified Universitetet
i Oslo-66 (UIO-66) (Fu and Wang, 2011; Martin-Lara et al., 2020;
Soltanietal., 2021; Boix, 2020), MOF-808 (Peng, 2018), modified zeolite
imidazolate frameworks-8 (ZIF-8) (Huang, 2020), and bimetallic Fe—
Mg MOF (Abo El-Yazeed et al., 2020).

MOF is a new material with an ordered structure that can be ma-
nipulated by combining metal ions and organic linkers. MOF is a
three-dimensional organic-inorganic complex with highly porous
nanostructures consisting of metal ions and organic linkers. MOF
has exceptional advantages such as high surface area, tunable porosity
and highly porous nanostructures, easy functionalisation, high expo-
sure to chelating sites, various structures and topologies, high stability
to chemical exposure, and controllable architecture (Xu et al., 2021;
Qin et al., 2016; Allioux, 2018).

In this work, an aluminium-based MOF, named Christian-
Albrecht-University (CAU-1) was chosen as an adsorbent to remove
heavy metals and BPA, which are the most common pollutants nowa-
days. CAU-1 was built as pseudo-body octameric building blocks of
aluminium ions and connected by aminoterephthalic ions, making
the structure form of a tetragonal shape, {Alg(OH)4(OCH;)s}12+
(Zhao et al., 2019; Pauzi, 2019; Zheng et al., 2020; Kim et al., 2010;
Zhong et al., 2021; Ahnfeldt et al., 2009). CAU-1 has gained much at-
tention because it is a water-stable porous material, it possesses a rigid
framework with exceptional thermal stability, and is easily synthesised
with outstanding functional groups such as -NH, and ~OH, which are
ideal properties for adsorption (Zhong et al., 2021; Ahnfeldt et al.,
2009; Zheng et al., 2020). The water-stable property resulted from
the bond of aluminium atoms and methyl oxygen in CAU-1's sec-
ondary structure unit. The bond hinders water molecules from attach-
ing to CAU-1 (Kim et al., 2010). This facilitates the adsorption process
by reducing the competition of water molecules and the adsorbate
(Zhong et al., 2021). Regardless of these excellent properties, the appli-
cation of CAU-1 as an adsorption material is limited. To the best of
our knowledge, no study has been done on CAU-1 adsorption for
heavy metals and BPA pollutant. Thus, in this study, CAU-1 was cho-
sen as an adsorption material to investigate its feasibility to remove
heavy metal ions and BPA from aqueous solutions in a batch adsorp-
tion system.

2. Experimental

2.1. Materials

Aluminium  chloride  hexahydrate (AICl;-6H,0), 2-
aminoterephthalic acid (H,BDC-NH,), methanol (CH;0H),
and alumina (Al,O3), bisphenol A (BPA, C;sHs0,, Mw =
228.29 g/mol) were obtained from Merck, and used as is. Cop-
per sulphate pentahydrate (CuSOy4-5H>0, 98% purity, Mw =
159.61 g/mol), zinc sulphate heptahydrate (ZnSO,47H,0,
Mw = 287.54 g/mol), lead (II) nitrate (Pb(NO3),, Mw = 33
1.2 g/mol), arsenic trioxide (As,O3;, Mw = 197.84 g/mol),
and iron(Il) sulfate (Fe,SO4, Mw = 151.91 g/mol) were pur-
chased from Sigma-Aldrich.

2.2. Synthesis of CAU-1

CAU-1 was produced through solvothermal technique. AlCl3-
-6H,0 (12.3 mmol) and H,BDC-NH, (4.1 mmol) were mixed
with CH;0H (30 mL) for 30 min. The mixture was then
poured into a Teflon-lined autoclave and heated at 120 °C
for 8 h. The mixture was cooled and then rinsed with CH;OH
thrice. Distilled water was used for the final step of the rinsing
process. The product was dried in a vacuum oven at 100 °C for
8 h (Ahnfeldt, 2009).

2.3. Characterisation

The samples were characterised by X-ray diffraction (XRD),
scanning electron microscopy (SEM), nitrogen adsorption—
desorption isotherms, Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), and zeta potential
analysis. XRD analysis was performed using Philips PW1710
at a scan rate of 1°/s, ranging from 4° to 22°. SEM analysis
was performed by using TM 3000, Hitachi. The samples were
coated with platinum under vacuum for 1 min at 20 mA.
Nitrogen adsorption—desorption isotherms were obtained us-
ing BET characterisation (Micromeritics TriStar II). The sam-
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ples were degassed for 5 h at 120 °C under vacuum prior to the
measurement. FTIR analysis was performed using Nicolet
iS10 (Thermo Scientific) with the KBr method. The spectrum
was recorded at wavelengths ranging from 500 to 4000 cm ™.
The scanning repetition process was fixed at 32 times. The
thermal stability of CAU-1 was determined using TGA
Q500, Thermo Fisher under air, from 30 to 750 °C with a heat-
ing rate of 5 °C/min. Surface charge was measured in ultrapure
water using a zetameter (Malvern Zetasizer Nano ZSP) at pH
7.

2.4. Batch adsorption studies

The adsorption studies were conducted via batch mode con-
taining 50 mL of relevant solutions, i.e., heavy metal (lead,
arsenic, iron, zinc, and copper) and BPA solutions. The
CAU-1 adsorbent was fixed at 0.01 g for all the adsorption
studies. The mixture was agitated at 150 rpm in a
temperature-controlled water bath (Grant TX150, United
Kingdom). Optimum parameters for adsorption such as pH,
contact time, and initial concentration of the adsorbate were
studied to obtain the highest removal efficiency of pollutants
by CAU-1. The desired pH of the adsorbate solution was
maintained using suitable buffer solutions, namely HCl and
NaOH. The heavy metal concentrations were determined using
atomic absorption spectroscopy (AAS), Shimadzu AA-7000,
Japan. A calibration curve of absorbance versus concentration
was plotted for each heavy metal tested to calculate the re-
moval efficiency (%) and adsorption capacity (q.) using Eqs.
(1) and (2), respectively.

Removalefficiency(%) = % x 100% (1)
0
. . g V
Adsorpzzoncapaczty(?) = (Co— C)) (2)

where Cg is the initial concentration (mg/L), C; is the concen-
tration after time t in the solution (mg/L), V is the initial vol-
ume of the sample (L), and m is the mass of CAU-1 (g).

2.5. Adsorption kinetics

The adsorption kinetics data were used to determine the mech-
anism of the adsorption process and the relationship between
the adsorption time and adsorption capacity through the fitted
kinetic model. The equations involved for the kinetic model’s
investigation are Egs. (3), (4), and (5) for pseudo-first-order,
pseudo-second-order, and intraparticle diffusion, respectively
(Yusuff et al., 2019).

log(q, — ¢,) = logg, — kit (3)

where g, is the theoretical equilibrium adsorption capacity
(mg/g), q, is adsorption capacity (mg/g), k; (min~!) is the
pseudo-first-order constant, and t (min) represents the time
of adsorbate adsorption to occur. A graph of log (q. — q¢)
against t was plotted to calculate the value of q. and k; from
the intercept and slope, respectively.

t 1 1
[ - 4
q, <qe)t+ kaq? @

where t (min) represents the time of adsorbate adsorption to
occur, kj is the pseudo-second-order constant (g/mgsmin), q
is the amount of adsorbate adsorbed at time t (mg/g), and g,
is the amount of adsorbate adsorbed at equilibrium (mg/g).
A graph of t/q; versus t was plotted to determine the values
of q. and k, from the slope and intercept, respectively.

q=kpt"* +C (5)

where q is the amount of adsorbate adsorbed at time t (min),
ki, is the intraparticle diffusion rate constant (mg/g-min'/?),
and C; is the intercept.

2.6. Adsorption isotherms

The isotherm models were investigated to study the correlation
of the adsorbate adsorbed onto CAU-1 and the adsorbate
equilibrium concentration in the solution. The adsorption iso-
therm was studied using Langmuir and Freundlich isotherm
models. The Langmuir isotherm model shows monolayer ad-
sorption if the adsorbates adsorb on homogeneous active sites
until saturation is achieved, which is a state where no further
adsorption occurs. Langmuir isotherm model also reveals no
interaction between the adsorbed molecules on adjacent sites
(Yusuff et al., 2019). Meanwhile, the Freundlich isotherm dis-
closes multilayer adsorption on a heterogeneous surface. The
linear forms of Langmuir and Freundlich models are expressed
in Table 1.

2.7. Adsorption thermodynamic

The thermodynamics calculation for Gibbs free energy (AG),
enthalpy (AH), and entropy (AS) were performed using Van
‘t Hoff equation as shown in Egs. (8) and (9) (Lazim, 2021;
de Farias et al., 2021; Li et al., 2021).

AG = —RTInK (8)
AH AS

where K is the equilibrium constant, R is the gas constant
(8.314 J/mol*K), T is the temperature (K), AG is the Gibbs free
energy changes (kJ/mol), AH is the enthalpy changes (J/mol),
and AS is the entropy changes (J/mol.K).

3. Results and discussion

3.1. Physical and chemical characteristics of CAU-1

CAU-1 characteristics were analysed using zeta potential anal-
ysis, SEM, BET, FTIR, TGA, and XRD. CAU-1 surface charge
was identified using zeta potential analysis at pH 7. At neutral
condition, CAU-1 has a positive charge, with a value of
17.7mV. The morphology and particle size of CAU-1 were stud-
ied using SEM as shown in Fig. 1. CAU-1 shows significant crys-
tal grains, an indicator of typical crystalline materials. CAU-1
has a rice shape as reported by Zhao et al. (Zhao et al., 2019)
with a smooth surface and particle size of ~2.11 pum.

N, adsorption—desorption analysis was performed to char-
acterise the microporosity in the synthesised CAU-1 using N,
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Table 1 Langmuir and Freundlich isotherm models in linear form.

Model Equation Remarks

Equation

Langmuir ¢ _ (1
de — \4nm Ce Tk

Freundlich loggq, = log K, +1/0gC,

1 C. is the concentration at equilibrium (mg/L)Q. is adsorbed quantity at equilibrium (mg/g) 6
Q. is the adsorption efficiency constantK| is the adsorption energy constant
Q. is the amount of adsorbate adsorbed (mg/g)C. is the concentration of adsorbate in 7

solution at equilibrium (mg/L)K¢and n are the constants integrating all factors affecting the
adsorption capability and adsorption intensity, respectively

Fig. 1

isotherms as shown in Fig. 2(i). Fig. 2(i) reveals the potential of
CAU-1 as an adsorbent. The CAU-1 adsorbed a significant
amount of N,, indicating the presence of micropores in the
CAU-1 structure. Fig. 2(i) also shows a hysteresis loop at P/
P, from 0.4 to 0.9, denoting that the pores are nearly vertical,
which indicates a very narrow distribution of pore sizes. Ag-
glomeration was found in the CAU-1, represented by the sig-
nificant N, adsorption at P/Py > 0.9 in the figure. The BET
specific area of CAU-1 was calculated to be
1037.6155 m?-g~! from the N, adsorption and desorption iso-
therms at 77 K, which is similar to the reported value of
1249 m2-g~! (Zhao et al., 2019). This is due to the particle size
of the CAU-1 itself. Smaller particles have higher surface area
while bigger particles have less surface area.

Fourier transform infrared spectroscopy (FTIR) analyses
were carried out to study the functional groups in CAU-1
for the adsorption process. Fig. 2(ii) depicts the FTIR spectra
for the synthesised CAU-1. Several characteristic peaks of
CAU-1 appeared at 3326, 1625, 1425, 1107, 1238, and
754 cm™'. A primary asymmetric amine group (N-H) was ob-
served at 3326 cm ™!, with the signature spike of amine at
3162 cm ™. The shoulder band of primary amine is also present
in the spectrum, confirming the existence of the primary amine.
Aminoterephthalic acid, a ligand in the CAU-1, was detected
through the C—=0 functional group at 1625 and 1425 cm™ ..
C—O and C—N bonds correspond to peaks at 1107 and
1238 cm™!, respectively. AlI—O—Al was observed at
754 cm™!, indicating that the CAU-1 framework is connected
through the bonding of aluminium and oxygen (Zhong et al.,
2021). It can be concluded that the synthesised CAU-1 frame-
work was constructed via C—0O, C—N, C—0, and AlI—O—Al
bonds.

Surface morphology of CAU-1 at i.a) 2 k magnification and i.b) 9 k magnification.

The TGA curve of CAU-1 was depicted as a three-stage
weight loss as shown in Fig. 2(iii). The weight loss in the first
stage was due to the dehydration process. The hydration pro-
cess occurred at 30 to 100 °C. The second stage of weight loss
at 200 °C was ascribed to the CAU-1's framework collapse,
which denotes the optimum CAU-1 framework stability to-
wards temperature. The third stage of weight loss at 546 °C
was attributed to the further CAU-1 framework collapse ow-
ing to the destruction of H,BDC-NH, in the framework
(Zhong et al., 2021).

The crystal growth of CAU-1 orientation was examined by
X-ray diffraction as shown in Fig. 2(iv). The notable peaks of
CAU-I are seen at 6.9°, 9.9°, 13.8°, and 19.9°, with the lattice
planes (011), (002), (022), and (001), respectively. The ob-
served plane in the XRD shows that the CAU-1 crystal orien-
tation was built by coordination sites of inorganic building
blocks. Lattice planes (002) and (001) revealed that the
CAU-1 crystals are attached to the functional interface during
the growth. The peak at 9.9° in the spectrum indicates the
CAU-1 crystals attached to the —OH terminal interface at
plane (002), whereas the peak at 19.9° implies that the
CAU-1 crystals attached to —COOH functional interface at
plane (001) (Goélzhduser, 2010). Plane (011) exists when the
aluminium ions in CAU-1 as the coordination sites are con-
structed as a wheel-shaped block. Based on Florian et al.,
(Golzhduser, 2010) the CAU-1 crystals have their own pre-
ferred growth orientation, which can be distinguished based
on the lattice plane and shape of the crystals. CAU-1 crystal
growth oriented by (011) plane would have tetragonally
shaped crystals (like a rice shape) while (002) plane would
have a cubic shape. The shape can be observed and validated
by SEM images. Thus, in this study, CAU-1 crystals domi-
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Fig. 2 Characteristics of CAU-1. (i) N, adsorption—desorption isotherms of CAU-1 crystals, (ii) ex situ infrared spectra of CAU-1
crystals, (iii) thermal stability of CAU-1 and thermogravimetric weight loss of CAU-1 heated in air, and (iv) XRD orientation of CAU-1
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Fig. 3  Schematic structure of CAU-1 crystal, with (011) plane. yellow and (002) plane. green.
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Fig. 4 CAU-1 adsorption capacity copper, zinc, lead, arsenic, iron, and BPA.

nantly grow by the (011) planar direction even though both
planes can be observed in the XRD spectrum, as proven by
the SEM images in Fig. 1. The schematic structure and plane
of CAU-1 crystals are illustrated in Fig. 3. The structure was
drawn based on CCDS database 723320, skeletal structure
(Pauzi, 2019), and planar orientation (Gd&lzhéduser, 2010).

3.2. Adsorption studies of CAU-1 towards heavy metals and
BPA

CAU-1 adsorptions were tested on heavy metals and bisphenol
A (BPA) as shown in Fig. 4. The adsorption for heavy metal

Adsorption capacity (mg/g)

was done at pH 4.0, 5.5, 7.0, and 8.0 to observe the capacity
at acidic, neutral, and basic conditions for metal ions alumini-
um (Al), copper (Cu), zirconium (Zr), zinc (Zn), lead (Pb), iron
(Fe) and arsenic (As). CAU-1 could only adsorb iron in basic
and acidic mediums, preferably in basic medium (pH 8). This
can be attributed to the attraction of CAU-1's positive surface
charges with the metal at basic condition. The OH ions help to
reduce the repulsion forces between the CAU-1's positive sur-
face charges and positive metal ions. However, this phe-
nomenon is only applicable to iron, as shown in Fig. 4. This
is due to the peculiar properties of iron metal, which precipi-
tates in acidic condition. Other metal ions such as Cu, Zn,

Fig. 5

Adsorption capacity of CAU-1 for 100 ppm BPA at room temperature for 3 h.
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Pb, and As precipitate in basic condition, which is un-
favourable in the CAU-1 adsorption. Thus, CAU-1 was not
suitable to be used as an adsorbent for metals that precipitate
in basic condition. Bisphenol A (BPA) was also tested for
CAU-1 adsorption. CAU-1 was able to adsorb BPA with the
rejection of 48.25% at 30 min, using 0.01 g CAU-1. It can
be concluded that CAU-1 is suitable for the adsorption of an-
ionic and neutral compounds. Hence, BPA batch adsorption
was further investigated.

3.3. BPA removal study using CAU-1

3.3.1. Effect of pH

pH is one of the vital parameters in adsorption studies, as it
affects the electrical surface charge of the CAU-1 and the dis-
sociation constant (pK,) of the BPA. BPA adsorption is great-
ly related to the charge density of the CAU-1 and the charge of
the BPA species in the selected media, either acidic or alkaline
medium. A range of pH, from 4.0 to 10.0, was studied as
shown in Fig. 5. The pKa value of BPA is 9.3, which indicates
that the BPA exists as molecules before the first protonation at
pH 8 (the BPA starts to lose hydrogen ion to the media) and
continues to deprotonate at pK, greater than 9.3. Based on
Fig. 5, the maximum adsorption capacity is at pH 7, followed
by pH 8, pH 10, and pH 4. In a study by Farias et al. (de
Farias et al., 2021), BPA is reported as neutral, with zero sur-
face density charge at pH 5-7. The adsorption capacity was
greatly decreased in an acidic medium. This is due to the repul-
sive forces between the CAU-1 and BPA surface charge densi-
ty. BPA surface density charge at pH 4 is positive and CAU-1
surface density charge is also positive, thus escalating the elec-
trostatic repulsion and limiting the adsorption efficiency pro-
cess as shown in Fig. 5. The adsorption capacity decreased
slightly at pH 8 and 10. However, the main reason behind this
was not the electrostatic repulsion forces but the interaction of
BPA and CAU-1 functional groups itself (Cristina, 2019).

500 — T T T 1

3.3.2. Effect of contact time

Another vital parameter in the batch adsorption study is con-
tact time. The effect of contact time was investigated from 1 to
8 h, while other parameters were kept constant: 0.01 g CAU-1,
pH 7, and 250 rpm shaking speed. Fig. 6 reveals that the ad-
sorption capacity increased from 1 to 3 h, and began to achieve
equilibrium at 4 to 8 h. The highest adsorption capacity was
observed at 3 h, with the value 400.4 mg/g and 80% rejection.
The adsorption capacity increased up until 3 h due to the avail-
ability of active sites at the initial stage of adsorption (Harja
et al., 2022). The adsorption capacity decreased from 400.4
to 310.1 mg/g and from 80% rejection to 75% rejection at
4 h. This is attributed to the small number of active sites avail-
able for the BPA adsorption (Yap and Priyaa, 2019). The ad-
sorption capacity and % rejection of BPA remained constant
starting at 4 h and remained constant up until 8 h. The adsorp-
tion capacity was predicted to remain constant even if the con-
tact time is prolonged due to the equilibrium uptake of BPA by
CAU-1. An equilibrium uptake is defined as the time when the
amount of BPA adsorbed on the CAU-1 and the amount of
BPA in solution no longer change with time (Aragaw and
Alene, 2022). In this study, 4 h is the starting point of the equi-
librium state of BPA adsorbed on the CAU-1. Thus, 4 h was
chosen as the optimised condition to study the effect of initial
BPA concentration.

3.3.3. Effect of initial BPA concentration

The effect of initial BPA concentration ranging from 20 to
300 ppm was investigated using 0.01 g CAU-1 at pH 7. The ef-
fects of initial BPA concentration can be observed from the
CAU-1 adsorption capacity and BPA removal percentage.
The adsorption capacity of CAU-1 is correlated to the initial
BPA concentration as shown in Fig. 7. The adsorption capac-
ity of 20 and 300 ppm BPA increased from 79.99 to 722.53 mg/
g, respectively. The adsorption capacity increased infinitely
with the increasing BPA concentration; such a trend is com-

—~ 400
o

300 —

200 —

Adsorption capacity (mg/

100 —

0 1 2 3 4

Rejection (%)

5 6 7 8 9
Contact time (h)

Fig. 6  Effect of contact time on the removal of BPA (adsorption capacity and rejection) using 0.01 g CAU-1 at pH 7 and 250 rpm

shaking speed.
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Fig. 7  Effects of initial BPA concentration ranging from 20 to 300 ppm on 0.01 g CAU-1 adsorption performance via adsorption

capacity and rejection at pH 7.

Table 2 Kinetic model parameters of pseudo-first-order, pseudo-second-order, and intraparticle diffusion for BPA adsorption.

Kinetic model Parameters

Pseudo-first-order K; (min~") Qe (mg/g) R?
0.2315 19.169 0.6005

Pseudo-second-order K> (g/mg.min) e (mg/g) RrR?
0.0121 303.03 0.9937

Intraparticle diffusion K, (g/mg-min®-) C R?
37.371 414.66 0.4697

Table 3

Isotherm model parameters of Langmuir and Freundlich for experimental BPA data.

Isotherm model Parameters

Om (mg-g~")0.0014153
kg (L-g~1)8.0501

Langmuir
Freundlich

R?0.6385
R?0.9804

kp (L-mg~")9.29
1/n0.806

mon in Freundlich isotherm, confirmed by Table 3 in Sec-
tion 3.5. This was attributed to the non-uniform adsorption
nature of the CAU-I itself (Deng et al., 2018). In addition,
the increasing adsorption capacity was also due to the increas-
ing driving force needed to overcome the mass transfer resis-
tance between aqueous and solid phases (Fuzil, 2021).

Fig. 7 depicts that the BPA removal percentage decreased
with increasing initial concentration. This was attributed to
the less availability of active sites on the CAU-1 surface to ad-
sorb BPA. The highest rejection percentage of 83% was
achieved at 60 ppm initial BPA concentration. At this adsorp-
tion stage, the BPA quantity that needs to be adsorbed is less
than the available active sites. However, as the BPA was in-
creased, the available active sites became less accessible and in-
sufficient. This is when CAU-1 was saturated, and no further
adsorption occurred. Thus, the removal efficiency of BPA by
CAU-1 decreased.

3.4. Adsorption kinetics study

Kinetics study is used to determine the removal rate of BPA
from the aqueous solution. The adsorption mechanism and
rate-controlling step were explored using three models, which
are pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. In this work, the experimental data to deter-
mine the adsorption kinetics for BPA adsorption were ob-
tained by immersing 0.01 g CAU-1 into a solution with
100 ppm BPA for 60 to 480 min. Egs. (3), (4), and (5) were
used to determine the BPA adsorption kinetics.

Table 2 lists the kinetic parameters of pseudo-first-order,
pseudo-second-order, and intraparticle diffusion for BPA ad-
sorption. The highest fitted correlation coefficient (R*) was ob-
tained for the pseudo-second-order kinetic model with a value
0f 0.9937, indicating that the BPA adsorption mechanism onto
CAU-1 is either chemisorption or electrostatic attraction



The feasibility study of CAU-1 as an adsorbent

9

(Zhong et al., 2021). The reaction depends on the amount of
solute adsorbed on the adsorbent surface and the amount
adsorbed at equilibrium (Fuzil, 2021). In fact, the adsorption
capacity (q.) values attained from the model and the experi-
ment were close, which are 303.03 and 310.10 mg/g,
respectively.

Chemisorption is the transfer, exchange, or sharing of va-
lence electrons between adsorbates and adsorbents.
Chemisorption also implies that the adsorption process occurs
via a chemical interaction between BPA and CAU-1, forming
a chemical bond between them (Deng et al., 2018; Lalley et al.,
2016; Petit, 2018). Thus, from the experimental kinetics study,
the pseudo-second-order model suggests that CAU-1 and BPA
formed a new chemical bond, either ionic or covalent, on the
unsaturated metallic sites or on the CAU-1 functional groups,
which is consistent with the FTIR spectrum after the adsorp-
tion as shown in Fig. 8. The FTIR spectrum in Fig. 8 illustrates
a slight change in the functional groups. A carbonyl group
(C = 0) peak at 1636 cm ™' from the ligand disappeared after
the BPA adsorption, without any new peak formation, con-
firming the chemisorption nature of the adsorption process.

3.5. Isotherm adsorption study

Isotherm adsorption was examined at pH 6.8 with 0.01 g
CAU-1 for BPA concentrations from 20 to 300 ppm. The iso-
therm models for the BPA study were fitted using Langmuir
and Freundlich models. The adsorption isotherm shows the re-
lationship of the adsorbed sorbate quantity over adsorbent to
the equilibrium solute concentration at a constant temperature
(Rajahmundry et al., 2021). The values in Table 3 were ob-

100

Transmitance (%)
3
|

tained by plotting a graph using the equations provided in
Table 1. Based on the R? coefficients, the BPA isotherm fits
well with the Freundlich model, as shown in Table 3. The Fre-
undlich adsorption isotherm reveals that BPA molecules ad-
sorbed onto CAU-1 in a multilayer form, and the adsorption
occurred through the chemical interaction of the CAU-1 and
BPA. This is confirmed by the adsorption capacity (n) value
from the Freundlich parameter. The n value is greater than
1, implying that the adsorption is a chemical interaction, con-
sistent with the kinetic data in Section 3.4. The adsorption ca-
pacity (n) is the extent of the non-linearity between the
solution concentration and the adsorption process. If n is
greater than 1, the adsorption occurs through a chemical pro-
cess. If n is <0, the adsorption occurs through a physical pro-
cess. If n is equal to 1, the adsorption process is not favourable
by the adsorbate itself (Muhamad, 2018). In addition, the ad-
sorption takes place in a non-uniform distribution, thus the
adsorbed BPA molecule increases infinitely with increasing
concentration, as proven in Fig. 9 (Deng et al., 2018). Fig. 9
illustrates the chemisorption process of BPA on CAU-1, based
on the pseudo-second-order kinetic model and isotherm model
as reported in Table 2 and Table 3, respectively. A comparison
of kinetic and adsorption isotherms from various works is list-
ed in Table 4. It was found that the adsorption isotherm for
BPA followed Langmuir model for most adsorbents, however
Freundlich model was obtained for CAU-1 used in this work.
This may be attributed to the CAU-1 properties itself, that pre-
fer the multilayer adsorption due to the forces available in the
CAU-1 lone pairs, which can cause interaction to occur. A re-
port on the CAU-1 interaction due to lone pair attraction have
been reported by Pauzi et al., (Pauzi, 2019).

404/ mechanism: CAU-1 & BPA
CAU-1 l
Hl HyC CHy
20 1 : : : , . '

T T
1000 1500

T
2000

T T T
2500 3000 3500

Wavelength (cm™)

Fig. 8 FTIR spectrum of bare CAU-1 (—) and CAU-1 after BPA adsorption (—) for 4 h at pH 7.
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Fig. 9 Illustration of BPA adsorption process on CAU-1, a chemisorption with multilayer adsorption.

Table 4 Comparison of various adsorbents from previous studies.

Adsorbent Kinetic study Adsorption isotherm Adsorption parameter References
Graphene Pseudo-second- Langmuirk; = 0.5435 L/mg Initial concentration, 2-50 mg/LpH  (Xu et al.,
orderq. = 90.74 mg/ 2-11Contact time, 0.5-10 h 2012)

gk, = 0.033 g/mg-min

Activated carbon Pseudo-second- Langmuirg,, = 91.90b = 0.64 Initial concentration, 1-160 mg/LpH (Martin-Lara
orderq. = 43.06 mg/ 3-10Contact time, 0.5-72 h et al., 2020)
gk, = 0.0044 g/mg'min

Waste biomass- Pseudo-second- Langmuir Initial concentration, 5-100 mg/LpH (Lazim, 2021)

Banana bunch orderq. = 4.53 mg/g 3-9Contact time, 2—-38 min

Porous carbon Pseudo-second- Langmuirky = 0.23 L/mg Initial concentration, 30-300 mg/ (Shi et al.,

from straw waste orderq. = 909.10 mg/g LpH 2-11Contact time, 0-480 min 2022)

Magnetic biochar Pseudo-second Langmuirk, = 0.0394 L/ Initial concentration, 8200 mg/LpH (Wang and

orderq, = 10.15 mg/ mgq, = 123.83 mg/g 3-10Contact time, 10-180 min Zhang, 2020)
gk, = 0.0155 g/mg'min
Bagasse-f3- Pseudo-second- Langmuirk; = 0.034 L/ Initial concentration, 40-160 mg/ (Mpatani,
cyclodextrin orderq. = 51.60 mg/ mgdm = 121mg/g LpH 6-9Contact time, 0-300 min 2020)
polymer gk, = 2.62 g/mg'min
CAU-1 Pseudo-second- Freundlichk; = 8.05 L/ Initial concentration, 20—300 mg/ This work
orderq. = 303.03 mg/ gn = 1.24 LpH 4-10Contact time, 1-8 h
gk, = 0.012 g/mg'min
Table 5 Thermodynamic parameters of BPA adsorption on CAU-1 at 25 to 80 °C.
Parameters Temperatures (°C)
25.0 40.0 60.0 80.0
K. (mgrg H)+(L-mg~")/" 0.199 0.364 0.350 0.348
AG (kJ'mol~") —0.493 —0.948 —0.969 —1.021
AH (kJ-mol™) 26.722
AS (J'mol~ 1K1 75.69

3.6. Adsorption thermodynamics study

The thermodynamic study was conducted to explore the ad-
sorption mechanism of BPA onto CAU-1. Table 5 shows the
parameters for BPA adsorption onto CAU-1 at 25 to 80 °C.
The parameters involved are Gibbs energy (AG), enthalpy
changes (AH), and entropy (AS). AG was calculated using
Eq. (8), while AH and AS were estimated from the graph of
In K. against 1/T as shown using Eq. (9). A favourable condi-

tion of the thermodynamic parameters is when AH < 0 and
AS > 0. When both AH and AS are at favourable conditions,
the reaction is spontaneous. Therefore, the favourable AG is
when AG < 0, a spontaneous reaction. AH is a measure of
the heat content of BPA at the constant pressure of the pro-
cess. The AH value reveals that heat was absorbed in the ad-
sorption process, which is known as an endothermic
reaction. Farias et al. reported that the chemisorption process
could also be confirmed from the high value of AH, which can



The feasibility study of CAU-1 as an adsorbent

11

Table 6 Comparison of thermodynamic parameters of various adsorbents.

Adsorbent Thermodynamic constant

Thermodynamic parameter  References

Graphene AG. — 10 to — 7.168 kJ*mol 'AH. —34.383 kJ.mol 'AS. —80.606 J.mol~'. Temperature, 302.15— (Xu et al., 2012)
K! 342.15 K
Spectrogel AG. — 4.5 to — 16 kJmol 'AH. 79.4 kJ-mol~'AS. 291.2 Jsmol~'-K ! Temperature, 15-55 °C (de Farias et al.,
2021)
CAU-1 AG. — 0.49 to — 1.02 kJ'mol~'AH. 26.722 kJ*mol~'AS. 75.69 J'mol~'*K~! Temperature, 25-80 °C This work

be observed from Table 5 (de Farias et al., 2021). The calculat-
ed enthalpy changes (AH) from the plotted data give a positive
value (AH > 0), an unfavourable reaction. Thus, it is vital to
examine the AG value to determine whether the reaction could
proceed. The AG value becomes important when the reaction
condition favours either AH or AS. The obtained AG values
for temperatures 25, 40, 60, and 80 °C are negative
(AG < 0), indicating that the reaction is thermodynamically
viable and spontaneous. The negative value is favourable, as
the reactions will convert some reactants into products, con-
firming that the adsorption process is chemisorption. The neg-
ative value is favourable, as the reactions will convert some
reactants into products, confirming that the adsorption process
is chemisorption. The AG value decreasing (i.e., more nega-
tive) with increasing temperature, denoting that the reaction
favours at higher temperature, supported by Marrakchi et al.
(Marrakchi et al., 2023). Entropy (AS) is the state of disorder
of a system, energy to determine the molecules’ dispersion or
randomness in a process. The AS signifies the affinity of
BPA to CAU-1, the tendency of BPA molecules to react with
CAU-1 to form a new chemical bond through the randomness
state. The obtained AS is positive, indicating that the adsorp-
tion of BPA into CAU-1 affects the CAU-1 structure with in-
creasing temperature. The randomness interface of the BPA
adsorption onto the CAU-1 particles intensified at higher tem-
perature due to the higher supplied thermal energy throughout
the process. A comparison of thermodynamic parameters from
various works is listed in Table 6.

4. Conclusion

In this work, CAU-1 was successfully synthesised using solvothermal
technique in a conventional oven. The CAU-1 characteristics were
analysed using zeta potential analysis, SEM, FTIR, TGA, and
XRD. SEM analysis shows that the CAU-1 crystals have a rice shape
with a smooth surface and that the crystal growth follows (01 1) plane.
The adsorption of heavy metals and BPA on CAU-1 was investigated.
No significant adsorption was obtained for heavy metals. The equilib-
rium maximum adsorption capacity (q,,) of CAU-1 for BPA obtained
from Freundlich isotherm was 303.03 mg/g at 25 °C. The kinetics and
isotherm data were well fitted with pseudo-second-order model and
Freundlich isotherm, respectively. The adsorption reaction was en-
dothermic and spontaneous.
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