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ARTICLE INFO ABSTRACT

This study developed a polymeric composite, sodium alginate (SA)/poly (acrylic acid) (PAA) cross-linked with
FeCl; (SA/PAA-Fe), for its function as adsorbent to eliminate acid black 1 dye (AB1) from an aqueous solution.
The structural analysis of SA/PAA-Fe revealed a porous structure. To comprehensively evaluate the adsorption of
AB1 onto SA/PAA-Fe and gain insight into its mechanism, we examined the effects of solution’s pH, initial dye
concentration, adsorbent dosage, contact time, and adsorption temperature. The best adsorption conditions for
achieving a highly effective removal percentage of 95.43 % were a pH of 8.9, contact period of 90 min, and a
temperature of 45 °C. Pseudo-second-order and Langmuir models were fitted for the isotherm and kinetic model
parameters, respectively. Thermodynamic analyses strongly suggested that the adsorption process occurred was
endothermic and spontaneous. The adsorption of AB1 was primarily observed on the solid surface, as confirmed
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by the SEM-EDS and FTIR measurements.

1. Introduction

The continued expansion of the industrial sectors inevitably lead to
various environmental problems, due to the usage of enormous
amounts of chemicals [1]. In particular, the availability of safe water is
one of the most serious global challenges owing to the limited access to
freshwater. Rivers are important sources of drinking water and also
help to maintain diverse aquatic ecosystems that provide food sources
for humans and animals. Rivers are an important component of earth's
landforms and carry nutrients to the oceans by flowing water from
sedimentary areas. However, they have been considered as sites for
dumping undesirable materials and chemicals by careless people and
businesses. The primary threat to water security is the unmitigated
release of pollutants of diverse origins directly into aquatic ecosystems
without sufficient treatment [2,3]. Organic dyes, which are commonly
used for color clothing, are pollutants that need to be treated for en-
vironmental protection. In particular, azo dyes, identified by the pre-
sence of azo (-N = N-) groups, are toxic, carcinogenic, and mutagenic
to organisms. Acid black 1 dye (AB1) is one of the organic dyes which is

extensively utilized in cosmetic items, and can poses risk to cause ir-
ritation to the skin, and respiratory system as well as may potentially
trigger severe and chronic toxicity [4].

Several traditional chemical, physical, and biological techniques
have been shown to effectively eliminate azo dye pollutants. However,
concerns persist regarding their operational expenses, removal efficacy,
and the potential creation of secondary pollutants [5]. Amongst all the
efficient removal method, adsorption has emerged as a successful
strategy for removing azo dyes from water. This method is not only
economically viable, but also boasts a remarkable retention efficiency
while avoiding the generation of secondary pollution [2,6,7]. In this
regard, different types of materials have been explored as potential
adsorbent which are classified into two types: porous and non-porous.
Examples of non-porous adsorbents include barium sulfate and graphite
soot [8] whereas porous adsorbents such as metal-organic frameworks
(MOF) [9], polymer-coated MCM-41 [10], and ZR-BDC-CP [11] have
been utilized for the adsorption of synthetic dyes. However, better
adsorbent qualities, such as fast adsorption and superior mechanical
strength for repeated use, are still required.
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Versatile functional material such as poly (acrylic acid) (PAA) offers
a promising approach for developing functional materials that can be
used for pollution removal. This was attributed to the carboxyl (COOH)
groups present in each monomer unit of PAA, which significantly en-
hanced the number of active surface sites. PAA is a polymer derived
from acrylic acid that exhibits robust adhesion and recyclability, while
also possessing non-toxic characteristics. Unfortunately, the conversion
of PAA to hydrogel has encountered some issues, including a lack of
mechanical strength and susceptibility to damage during fabrication
and repeated usage in water [12]. The strength of the resultant material
is an important aspect that need to be considered to ensure effective
application. Certain materials such as polysaccharide possess the ca-
pacity to mitigate mechanical aging due to their structural composition,
which includes several functional groups that can enhance mechanical
strength. Thereby, addition of this material may provide mechanical
strength for PAA. Study by Chen et al. [13] concluded that mechanical
performance of PAA is significantly enhanced by the interaction with
cellulose.

Sodium alginate (SA) is a polysaccharide polymer with linear
structure extracted from brown algae, which a naturally occurring
polyelectrolyte salt [14-16]. This polymer is comprised of a-1-guluronic
(G) and B-d-mannuronic (M) acid residues, forming a continuous 1,4-
bond that differs from that of other substances. SA contains a significant
presence of functional groups, such as hydroxyl (OH) and COOH
groups, in addition to negatively charged sites. Such functionalized
groups play a crucial role in the capture of molecular pollutants in
water. SA is often used to transform soft weak hydrogels into stiff strong
gel beads by introducing ionic crosslinking assisted by divalent cations
such as Ca®*. This method has been frequently used for the elimination
of heavy metals [17] and methylene blue [18,19]. SA hydrogel may
have certain limitation in its mechanical strength [20]. However, pre-
vious study has successfully produced a hydrogel from a combination of
PAA/alginate with high percentage (96 %) removal for methylene blue
dye [21]. Based on this information, the utilisation of material through
the combination of SA and PAA could potentially serve as an efficient
approach to tackle environmental pollution. Unlike previous studies,
this current work aims to transform the polymer mixture into a mi-
croparticle instead of hydrogel, as a consideration to address the con-
cern related to the limitation of hydrogel’s mechanical.

Currently, there is a growing interest in trivalent-cross-linked algi-
nate, an alginate-based hydrogel beads crosslinked with trivalent ca-
tions such as Fe®", because of its ability to enhance the mechanical
stability, porosity, and absorptivity of gels compared to other iono-
tropic alginates [22]. Meanwhile, alginate-based microparticles have
attracted much attention due to their unique pore structures, long-term
stability that allow for the effective azo dyes adsorption. Polymer mi-
croparticles are often used in the pharmaceutical [23], food, and cos-
metic [24] sectors. However, not much research has been done on the
adsorptive removal of azo dyes from water. Therefore, it was crucial to
evaluate its effectiveness.

In this study, SA-PAA composite particles with interpenetrated
networks crosslinked with trivalent crosslinking of Fe®™ (SA/PAA-Fe)
were synthesized. The polymer composite particles were then employed
as adsorbents for the removal of AB1 dye from aqueous solution. The
characteristics of the particles were assessed using SEM-EDS, XRD,
FTIR, N, gas adsorption, and pH,,.. The adsorption process was com-
prehensively analyzed using adsorption isotherms, kinetics, and ther-
modynamics.

2. Materials and methods
2.1. Materials
Kanto Chemical Co. Inc., Japan, supplied Acid Black 1 (AB1), Ferric

Chloride (FeCls), hydrochloric acid (HCl) and sodium hydroxide
(NaOH). Sodium alginate was purchased from Wako Chemical
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Industries (Osaka, Japan). Poly (acrylic acid) (MW: 100,000) was
purchased from Scientific Polymer Products, INC, New York.

2.2. Preparation of SA/PAA-Fe

The SA/PAA-Fe adsorbents were synthesized using the following
procedure. A mixture containing 6 mL of aqueous SA solution with 1 wt
% concentration, 6 mL of aqueous PAA solution (5 wt%), 1 mL of 3 M
NaOH solution, and 1 mL of distilled water was prepared in a bottle
flask. The mixture was then stirred with a magnetic stirrer for one hour
at room temperature. The mixture was introduced dropwise into a
10 wt% aqueous FeCl; solution using a syringe. After 90 min, the SA/
PAA-Fe was then washed using ethanol and distilled water and then
dried at 60 °C for 24 h. The collected adsorbent was pulverized using a
mortar and sieved to < 425 um for further experiments.

2.3. Batch adsorption experiments

In a series of experiments, the effects of several factors, including
initial pH, AB1 solution concentration, adsorbent dosage, adsorption
duration, and temperature, on the removal of AB1 were investigated.
Batch adsorption tests were conducted by immersing the SA/PAA-Fe in
50 mL of AB1. A UV-Vis spectrophotometer (JASCO V-530) was used to
identify the concentration of AB1 that remained after the experiment at
a wavelength of 621 nm. The following equations are used to determine
the removal percentage (Removal (%)) and adsorption equilibrium
amount (g, (mg/g)).

S =Ce 100
C; (€]

Removal(%) =

_ ci — Ce
qe (mg/g) = —— XV @
Where Removal (%) is the removal efficiency and C; and C. are the
initial and equilibrium AB1 concentrations (mg/L), respectively. where
ge is the equilibrium adsorption capacity of the adsorbent (mg/g), W is
the amount of adsorbent (g), and V is the volume of AB1 solution (L).

2.4. Analytical measurements

Nitrogen adsorption/desorption experiments was performed at 77 K
using a gas adsorption analyzer (BELSORP-max, MicrotracBEL, Japan).
The surface areas of SA/PAA-Fe were calculated from the nitrogen
adsorption isotherm based on the Brunauer-Emmett-Teller (BET)
model. The crystalline configuration of the SA/PAA/Fe was analyzed
using powder X-ray diffraction (XRD) with Cr/Ka radiation
(A = 2.2909 10\, MiniFlex, Rigaku, Japan). Fourier-transform infrared
spectroscopy (FTIR) spectra were obtained using a Thermo Scientific
Nicolet iS10 instrument (Thermo Fisher Scientific Inc., Waltham, MA,
USA) both before and after AB1 adsorption. The structural surface of
the SA/PAA-Fe composite was observed by scanning electron micro-
scopy-energy dispersive X-ray spectroscopy (SEM-EDS) (Miniscope
TM4000Plusll, Hitachi-hitech, Tokyo, Japan). The neutral surface
charge, or pH,,. value, was computed using the following formula:
pH,p. = pH-final — pH-initial.

3. Results and discussion
3.1. Characterization of SA/PAA-Fe

Fig. la. displays the N, adsorption/desorption isotherms and
Table 1 summarizes the Brunauer-Emmett-Teller (BET) specific surface
area (Sggr), total pore volume (Viy1), and pore size (Dpeso) Of the ad-
sorbent. The adsorbent exhibited a mesoporous structure with a size of
19.1 nm, as defined by [25]. However, it possessed only a small specific
surface area and total pore volume of 1.6m? g~ ! and 0.008 cm® g~ 7,
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Fig. 1. (a) N adsorption/desorption of SA/PAA-Fe (b) XRD spectra of SA/PAA-Fe.

respectively. X-ray diffraction (XRD) spectra of the SA/PAA-Fe ad-
sorbent is shown in Fig. 1b. The XRD peaks at 260 = 7.00° and 16.01°
suggest that SA/PAA-Fe was amorphous, which might be explained by
the major components of SA and PAA. Moreover, the diffraction peaks
seen at 20 = 41.16°, 47.91°, 70.08°, 89.35°, 108.60°, and 130.34° may
be attributed to Halite (JCPDS 01-076-3452), which may be slightly
contaminated on the collection process of SA/PAA-Fe.

The morphology of SA/PAA-Fe before and after AB1 adsorption was
obtained by using scanning electron microscopy (SEM) is presented in
Fig. 2. The picture shows that the surface of the adsorbent was rough
before adsorption, and became flat and smooth after AB1 adsorption.
Table 2 presents the weight percentage (wt%) of the element from EDS
data. The analysis revealed that the synthesized SA/PAA-Fe compound
consisted of carbon (C), oxygen (O), iron (Fe), chloride (Cl), and sodium
(Na). Moreover, the detection of sulfur (S) and nitrogen (N) components
after AB1 adsorption suggests that AB1 molecules were captured at the
surface of the SA/PAA-Fe adsorbent.

The FT-IR spectra of the adsorbent and the AB1-loaded adsorbent are
shown in Fig. 3. The peak decrease after AB1 adsorption from 3170 cm ™!
t0 2936 cm ! is expected to be due to the functional groups that engage in
the process of adsorption through the interactions of intermolecular bonds,
such as van der Waals and (-OH) bonding interactions [26]. The peak at
1701 cm ™! was assigned to G=0 [27]. A decrease in the peak intensity
was detected at 1570 cm ™' to 1541 cm ™', which was assigned to the
stretching of -COO™ [27,28]. The peak at 1172 cm ™! represents the C-O
bond. A shifted peak occurred from 656 cm ™! to 648 cm ™! and 604 cm !
to 599 cm ™ corresponding to Fe-O. While most of the peaks were con-
sistent after adsorption, some were shifted to lower wavenumbers, in-
dicating the influence of stronger intermolecular interactions between SA/
PAA-Fe and the AB1 dye. According to the IR analysis, both electrostatic
attraction and intermolecular interactions connecting the functional
compositions of SA/PAA-Fe and AB1 dye molecules likely contribute to
dye adsorption. The possible mechanism of AB1 adsorption onto SA/PAA-
Fe is illustrated in Fig. 4.

Table 1

Characteristics of SA/PAA-Fe.
Adsorbent Sper [m* g1 Viotal [em® g71] Dineso [nm]
SA/PAA-Fe 1.6 0.008 19.1
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3.2. Initial pH effect and surface charge of adsorbent (pHp.)

The pH of the adsorption system influences the ionization of the
adsorbates and surface charge of the adsorbent material [29]. Fig. 5a.
shows the adsorption of AB1 when the pH of the AB1 solution was
changed. The percentage of removal decreased and then increased
within this pH range (2.7 to 10). A pH of 8.9 was optimal for adsorp-
tion, resulted in a removal percentage of 97.7 %. Fig. 5b. shows that the
adsorbent exhibited a negative surface charge, whereas AB1 had a
positive charge under alkaline conditions. This finding demonstrates
that the electrostatic connection of the SA/PAA-Fe and AB1 dyes has a
greater impact than the pH of the solution.

3.3. Effect of initial concentration

The adsorption removal of AB1 on SA/PAA-Fe was studied by
varying the initial AB1 concentration in the range of 10 to 50 mg/L. The
adsorption experiment was performed under a contact period of 30 min,
pH of 8.9, adsorbent amount of 0.05 g/50 mL, and temperature of 25 °C.
Increasing the AB1 concentration to 50 mg/L reduced the AB1 removal
percentage on the SA/PAA-Fe surface (Fig. 6). The adsorbed amount of
AB1 was calculated to be 10-21 mg/L, which is almost independent of
the initial concentration of AB1. This is because of the presence of ex-
cess AB1 molecules, which are much larger than the number of avail-
able sites of SA/PAA-Fe for adsorption.

3.4. Effect of adsorbent dosage

To assess the impact of the quantity of adsorbent used in the ad-
sorption of AB1, several quantities of SA/PAA-Fe were introduced,
ranging from 0.05 to 0.5g, in a 50 mL solution. The research were
conducted using an initial AB1 concentration of 50 mg/L adjusted to pH
8.9 at 25°C. Fig. 7 shows the effects of adsorbent quantity on AB1
adsorption. Increasing the adsorbent dosage can increased the removal
percentage from 24.0 % to 77.8 % (Fig. 7a). This could be ascribed to
the increase in the SA/PAA-Fe active sites, leading to an enhanced
removal percentage due to the adsorption-desorption equilibrium. In
contrast, the adsorption capacity of SA/PAA-Fe decreased (12.00 to
3.89mg/g), as the adsorbent dosage increase (Fig. 7b). This is because
of the reduced availability of active adsorbent sites caused by the ac-
cumulation and overlapping of the adsorbent particles [30]. This study
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Fig. 2. SEM images (a) before and (b) after the adsorption of ABI.

Table 2
EDS data of SA/PAA-Fe before and after adsorption.

Parameters (wt%) Before adsorption After adsorption

C 48.94 49.54
o 19.95 18.62
Fe 21.27 28.85
Cl 8.97 0.68
Na 0.87 0.15
S 0.12
N 2.05
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Fig. 3. FTIR spectra of SA/PAA-Fe before and after AB1 adsorption.
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matches the findings of [31], in which a zeolite/chitosan hydrogel was
used to remove Acid Red 88.

3.5. Adsorption isotherm analysis

The adsorption isotherms were analysed by applying the Langmuir
in Eq. (3) and Freundlich in Eq. (5) models to the adsorption experi-
mental data. Table 3 depicts the value of the linear regression coeffi-
cient (R?) obtained from Fig. 8, in conjunction with the additional
adsorption isotherm characteristics. The Langmuir model fits the AB1
dye adsorption data better than the Freundlich model, as evidenced by
the higher R? values. The Ry and 1/n values are < 1. Therefore, the
adsorption process using this indicator was verified to be favorable.
These findings suggest that adsorption process occurred in a monolayer
condition at the adsorption sites on the surface of SA/PAA-Fe.

C
Ce/q, = () + 1/(KrGpyy)
T e max 3)
1
Ry = o ——
1= G bCO) )
Ing, = InKp + llnC
qe - F n e (5)

where g (mg/g) is the adsorption capacity, C. (mg/L) is the equilibrium
concentration, Qma.y (mg/g) is the maximum adsorption capacity, Co

oo | oo -
AN S { =
"""" o— —O <ii> 5
& 0
\ o T
coo—'r | £O0) [i:

Fig. 4. Proposed AB1 adsorption mechanisms.
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Fig. 6. Effect of the initial AB1 dye concentration on the removal percentage.

(mg/L) is the initial concentration, Ry is a greater coefficient indicating
a stronger adsorption capacity, Ry, > 1 (unfavorable), Ry = 1 (linear),
and 0 < Ry, (favorable). K;, (L/mg) and Ky (mg/g) are the equilibrium
constants of adsorption and 1/n is the adsorption intensity.

3.6. Effect of contact time and kinetic experiment studies

The effect of adsorption times (30-90 min) on the adsorption of AB1
using SA/PAA-Fe at a dye concentration of 50 mg/L and adsorbent
concentration of 0.5 g/50 mL of adsorbent is shown in Fig. 9. The ori-
ginal pH was maintained and the adsorption data are shown in Fig. 5.
Observations indicate that the removal percentage declined between 30
and 45min but then significantly increased at 60 min. It eventually
reached equilibrium after 90 min, with 84.1 % dye removal and an
adsorption capacity of 4.20 mg/g.

The results from kinetic models provided valuable insights into the
adsorption process. The data obtained from the AB1 adsorption on the

(a) 100 (b) 20
8o [ : i |
S 6o f @
£ g 10 |
§ 40 f 1 et
20 | ST I -
0 0
0.05 0.2 0.5 0.05 0.2 0.5

Dosage (g/50 mL) Dosage (g/50 mL)

Fig. 7. Effect of adsorbent dosage on (a) removal percentage and (b) adsorption
capacity of ABI.
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Table 3
Isotherm model for adsorption AB1 onto SA/PAA-Fe.
Isotherm models Parameters Value
Langmuir Qmax (Mg/8) 12.0952
K, (L/mg) 7.3905
R? 0.9841
R, 0.0014
Freundlich Kr (g/mg min~ )" 331.8751
1/n 0.0597
R? 0.2210

SA/PAA-Fe surface were evaluated using two kinetic models: the
pseudo-first-order model in Eq. (6) and pseudo-second order in Eq. (7).

log(q, — q,) = logq, — kt (6)

t/q, = 1/(k,q.%) + t/q, @

where k; (min~?) is the rate constant of the pseudo-first-order model
and t (min) is the time. Linear plots of log t against log (q.-q,) and t
against t/q, were used to determine k; and ks, from the slope of the
linear plots of the pseudo-first-order and pseudo-second-order models,
respectively.

The kinetic variables and linear correlation coefficients for AB1
adsorption are displayed in Fig. 10, and Table 4. The R? value of the
pseudo-second-order kinetic model (R%® = 0.9971) was much higher
compared to the pseudo-first-order kinetic model (R* = 0.0116), in-
dicating that the process of adsorption is controlled by chemisorption.
The findings were related with previous works conducted by
[32-34], who utilize CS/ZL/ZrO/Fe;O,4 for phosphate adsorption,
coffee husk biochar-Fe;O, for glyphosate adsorption and carbox-
ylmethyl cellulose-chitosan magnetite for Cr (VI) and Pb (II) adsorp-
tion, respectively.

3.7. Adsorption thermodynamic study

In the adsorption of ABI1, the impact of certain variables, such as
temperature has been investigated at temperatures of 298, 308, and
318K. Fig. 11, demonstrates that higher temperatures can enhance the
removal percentage and adsorption capacity from 84.08 to 95.43 % and
4.20 to 4.77 mg/g, respectively. This increased, may be due to the en-
hanced interaction between SA and PAA, leading to the formation of
more active adsorption sites at high temperatures, resulting in an in-
crease in the adsorption amount.

The following Gibbs™ and Van't Hoff equations were used to visually
derive the thermodynamic parameters (AG°, AH® and AS®):

AG® = —RTInK (8)
AG° = AH°® — TAS® (C)]
AS° AH®
In K= —
R RT (10)

Where K is the equilibrium constant, R (J.mol ~! K ~1') is the gas
constant, T (K) is the temperature, AG® is the Gibbs free energy (kJ mol
~1), AS® is the entropy (kJ mol ~ 1), and AH" is the enthalpy (kJ mol ~1).
AH’ and AS° were obtained from the slope and intercept of the plot of
InK versus 1/T.

The effect of temperature on the adsorption of AB1 on the Van't
Hoff diagram is illustrated in Fig. 12. Table 5 presents a list of plot
parameters. The Gibbs free energy (AG®) value at 308 and 318K are
negative, which corresponds with the thermodynamic constants shown
in Table 5 and is consistent with the AS °value (AS > 0 = spontaneous
process). The positive AH® values indicate an endothermic adsorption
process [35]. This endothermic condition in the adsorption process has
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Table 4
Kinetic model parameters for adsorption AB1 onto SA/PAA-Fe.
Kinetic models Parameters Value
Pseudo-first-order qe (mg/g) 2.2628
K; (min™") 0.00004
R? 0.0116
Pseudo-second-order qe (mg/g) 4.4307
K, (g/mg min™") 0.04391
R? 0.9971
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Fig. 11. Effect of temperature on AB1 adsorption onto SA/PAA-Fe.

also been demonstrated in several previous studies on the adsorption of
RB5 dye onto powdered banana peel [36] and heavy metal adsorption
onto FCPNC [37].

3.8. Regeneration of AB1 adsorption

An analysis on adsorbent's regeneration is important for under-
standing the efficiency of the adsorbent in repeatedly adsorbing AB1
molecules. During the regeneration analysis of SA/PAA-Fe, a solution
containing acetone and deionized water was used to eliminate the AB1
from the adsorbent. Fig. 13 demonstrated the hydrogel's ability to be
reused for a maximum of five cycles. The data indicate that SA/PAA-Fe
consistently demonstrated a reduction in its adsorption capacity.

3.9. Comparison SA/PAA-Fe and other adsorbents

Table 6 presents a comparison of adsorption capacity for an anionic
dyes as reported in similar studies. These capacities vary significantly
due to differences in sample pre-treatment, pH levels, dosage amounts,
contact times, and temperatures. A critical distinction is the particle
size of the SA/PAA-Fe. The limited surface area measured at 1.6 m?/g
resulted in fewer active sites available for adsorption, which led to a
reduced capacity. Nonetheless, the adsorption capacity of SA/PAA-Fe
falls within a moderately intermediate range, making it a feasible op-
tion for the removal of anionic dyes.

(b)23.0
20.0

15.0

10.0

5.0

t/q,

0 15 30 45 60 75 90 105
Contact time (min)

0.0

Fig. 10. Adsorption kinetics were analyzed using pseudo-first-order (a) and pseudo-second-order (b) curves.
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Table 5
Thermodynamic parameters of AB1 adsorption onto SA/PAA/Fe.
Temp K AG® AH® AS® R?
) (kJ.mol™1) (kJ.mol™1) (kJ.mol™?
K™Y
298 0.528 1.583 54.157 176.390 0.9999
308 1.060 -0.149
318 2.088 -1.947
120.00
10000 F
~ 80.00 | -
S
T 6000 [ I i
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=
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0.00
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Regeneration

Fig. 13. Regeneration of SA/PAA-Fe for AB1 adsorption.

Table 6
Comparison of the adsorption capabilities related to anionic dye.
Adsorbents Anionic dye Qe (mg/g) Reference
Gracilaria persica biomass Acid black 1 9 [38]
Fly ash Methyl orange 3.9 [39]
Fly ash Reactive blue 171 3.75 [40]
Lignocellulosic waste Acid black 1 3.8 [41]
biomass activated
carbon
Fly ash Acid red 91 1.75 [42]
SA/PAA-Fe Acid black 1 4.77 This study

4. Conclusion

This investigation revealed the exceptional efficacy of SA/PAA-Fe in
eliminating AB1 from aqueous solution. Several factors such as dosage
of adsorbent, pH, initial concentration, and temperature were identified
as influential parameters for the sorption of AB1. The adsorption ca-
pacity of AB1 was 4.77 mg/g, and the removal percentage was 95.43 %.
Langmuir and pseudo-second-order models were used on this study to
obtain information on the isotherms and kinetics of the adsorption
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process. These findings suggest that the adsorption process is a mono-
layer and involves chemical adsorption. Thermodynamic analyses (AG®,
AH®, and AS°) demonstrated that the adsorption process of AB1 was
endothermic and spontaneous.
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