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ARTICLE INFO ABSTRACT

Editor: Sadao Araki This research employs a zero-waste approach by utilizing the surfactant-modified spent bleaching earth (SBE)
waste from palm oil ies for phosphate removal from . Various mass ratios of n-hexane to SBE
(Mex), CTAB loading (m,), and temperature (T;) is studied to obtain the reactivated SBE with the highest phos-
phate removal - which is obtained at r = 1:5, m; = 0.5 wt%, and T; = 30 "C and is referred to as RSBEy,. A 97.7
wit% removal of phosphate and 194.6 mg/g adsorption capacity can be successfully achieved at pH = 7, Cy =
150 mg/L, t = 150 min, T = 30°C, RSBE, loading = 0.1 wt%. The kinetic, isotherm, and thermodynamic studies
suggest that the phosphate uptake follows the monolayer mechanism. The studies also show that the adsorption
is spontaneous, endothermic, and mainly driven by the electrostatic interaction between the cationic head of
CTAB attached to the interlayer spacing of RSBE,, and negative phosphate ion. RSBE,, shows good reusability
with the phosphate removal rate > 80 wt% until four cycles. Based on the selectivity study using the single
compound and binary system approach, RSBEy, also has a good selectivity towards phosphate in the presence of
various co-existing anions.

Keywords:
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Mechanism study
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1. Intreduction

Phosphate is an essential nutrient for plant growth and agriculture.
However, in some instances, this component is also considered a
pollutant due to the possibility of accumulating toxic contaminants [1],
impacting the environment and health, e.g., heart and kidney failure
[2]. Excessive phasphate emission leads to accelerated eutrophication in
aquatic ecosystems leading to algae blooms, water quality degradation,
and oxygen depletion. In light of eutrophication, the European Union
considers that the limit for total phosphate concentration ranging from

no risk to risk of eutrophication in lakes is <10 pg/L to =100 pg/L.
Meanwhile, for rivers, the total phosphate concentration below 0.07 pg/
L is considered good quality water [3].

Sundry processes have been developed to remove phosphate to treat
water contamination, e.g., biological aeration, membrane separation,
and adsorption. Of the available methods, adsorption is preferable due
to its simplicity, selectivity, wide concentration range, high adsorption
capacity in ing various ¢ ts, and relatively low cost,
suitable for phosphate removal [4]. Multiple studies on phosphate
removal have already been reported; Angkawijaya et al. (2020) evaluate
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the phosphate removal onto organo-bentonite (OrB) and acid-activated
bentonite (AAB), where (1) pH slightly affects the phosphate adsorption
to both OrB and AAB, (2) the adsorption model shows a good fit with
Langmuir model, and (3) the rapid phosphate removal at the beginning
implies that the adsorption is electrostatic force-driven and promoted by
physical adsorption [5]. The respective adsorption capacities are 131.7
and 97.6 mg/g (323K). Wang et al. (2023) reported the synthesis of La/
Fe-engineered bentonite (LFB) with an adsorption capacity of 89.32mg/
g for phosphate removal [6]; meanwhile, Fu et al. (2023) presented the
fabrication of carboxymethyl cellulose (CMC)/sodium alginate (SA)
hydrogel beads modified with calcium carbonate (CaCO3) and/or
bentonite (Be) which affords an adsorption capacity of 90.31 mg P/g
[71.

Spent bleaching earth (SBE) is a significant solid waste in the palm
oil industry, categorized as hazardous. Based on the Indonesian Ministry
of Agriculture, palm oil production is around 40 million tons per year
[&], with 1.2-1.5 million tons of SBE discharged into the environment.
SBE contains 20-40 % residual oil, which oxidizes rapidly and produces
an offensive odor. If improperly stored or disposed of, SBE may cause
fire hazards, and at the same time, its contaminants can dissolve into
water, leading to severe environmental and public health issues. How-
ever, SBE finds uses as a raw material in bricks, blocks, cement pro-
duction, fuel briquettes, and biodiesel production [9-12]. This material
can also be an adsorbent to eliminate various product colorants. Yuliana
et al. (2021) effectively employed cetyltrimethylammonium bromide
(CTAB)-modified SBE for glycerol adsorption [ 13]. Meanwhile, Merikhy
et al. (2020) also reported carbonized SBE for methylene blue adsorp-
tion with an adsorption capacity of 53.91 mg/g [14]. These in-
vestigations show that SBE has promising potential as an adsorbent
material. Furthermore, Bacelo et al. (2020) stated that an adsorbent rich
in iron, calcium, magnesium, and other alkaline earth metal ions is
compatible and practical for phosphate adsorption because these metals
have a high affinity to the targeted phosphate ion [15]. Therefore, this
research seeks to explore the use of SBE, which possesses a high content
of alkaline earth metal ions, as an adsorbent for phosphate removal:
addressing phosphate contamination in water systems cost-effectively
and, at the same time, supporting the concept of a circular economy
and zero-waste act.

However, due to the limited adsorption capacity of SBE, material
reactivation using cationic surfactants is employed to improve this
drawback. The cationic surfactant, cetyltrimethylammonium bromide
(CTAB), is selected because it has long hydrocarbon chains that promote
electrostatic interactions and physical adsorption on the surface of SBE.
Shao et al. (2022) studied that the positive charge of an adsorbent can be
increased after surfactant modification [16]. The textural properties of
the material are also observed to improve, hence, favorable to the
adsorption process. Khenifi et al. (2009) reported that the cationic head
of surfactant is incorporated into the interlayer area of bentonite,
increasing the d-spacing (basal spacing) and developing a better pore
structure [17].

In this study, the reactivation condition of SBE is studied at various
‘mass ratios of n-hexane to SBE (ry,,), CTAB loading (m,), and tempera-
ture (T}). The performance of every reactivated SBE (RSBE) is investi-
gated to obtain the RSBE giving the highest phosphate removal (RSBE).
The adsorption capacity and behavior of RSBE,, are examined by the
isotherm, kinetic, and thermodynamic studies. Its selectivity towards
phosphate is also evaluated by studying the influence of co-existing
anions. Moreover, the reusability study is conducted to assess the eco-
nomic benefit of the adsorbent.

2. Experimental section
2.1. Materials

SBE is collected from the local palm oil industry, PT Batara Elok
Semesta Terpadu (Gresik, Indonesia). Meanwhile, n-hexane (CAS no.
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110-54-3, 99 % purity), CTAB (CAS no. 57-09-0, =98 % purity),
methanol (CAS no. 67-56-1, 99 %), sodium hydroxide (NaOH, CAS no.
1310-73-2, 98 % purity), sulfuric acid (H2S04, CAS no. 7664-93-9, 99.9
% purity), potassium dihydrogen phosphate (KH2PO4, CAS no. 7778-77-
0, >99 % purity) are purchased from Sigma-Aldrich (Germany). All
chemicals and reagents are analytical and can be used as received.

2.2, Surfactant modification of SBE

SBE reactivation is carried out according to Yuliana et al. (2020)
[13], with a slight modification. Initially, a series of n-hexane and SBE
mixtures with . = 5, 10, and 15 are stirred for 30 min at 45 °C and 300
rpm. The defatted SBE is collected by centrifugation and washed using
methanol three times. To maximize the surface area for subsequent
modification, the calcination step is conducted at 550 “C for 120 min
under an aerobic atmosphere, ensuring complete combustion of residual
organic matter. The surface activation is then employed by impreg-
nating CTAB into the interlayer of SBE using m, = 0.5, 0.75, 1 wt% with
areaction time of 180 min. The intercalation temperature is maintained
constant at three levels, T} = 30, 40, and 50 “C. The RSBE solids are
separated using centrifugation at 4500 rpm for 10 min, repeatedly
washed with water, and oven-dried at 120 “C.

2.3. The performance of RSBE on the removal of phosphate

To determine the performance of RSBE obtained at various interca-
lation parameters, 100 mL of KH,PO4 solution (with the initial phos-
phate concentration, C, = 150 mg/L) and 0.1 wt% RSBE are mixed at
300 rpm, pH = 7 and adsorption temperature (T) of 30 °C. The following
equation calculates the phosphate removal:

Phosphate removal (R, wi%) = % » 100 1)

where C, is the initial phosphate concentration (mg/L), and C, is the
final phosphate concentration (mg/L). All phosphate concentrations in
this study are determined using Shimadzu UV-Vis spectrophotometer
2600 (Shimadzu, Japan) at a wavelength () of 880 nm. Meanwhile, the
cation exchange capacity (CEC) of RSBE is measured following the
standard method of ASTM C837-99.

2.4. The adsorption study

The kinetic study of the phosphate removal is conducted in a series of
flasks, where 0.1 wt% of RSBE,, is introduced to 10 mL of KH2PQO4 so-
lution (C, = 150 mg/L, pH = 7) in each flask. Each flask is collected at
different adsorption times (t = 10-240 min), and the loaded amount of
phosphate in RSBE,, is measured. The equilibrium obtained is referred to
as tyg. Meanwhile, the isotherm study is performed by introducing 10 mg
RSBE,, to 10 mL KHsPO4 solution at various C, (C, = 20-200 mg/L) and
agitated with the time interval of t.. Both studies are investigated at
three temperature levels (T = 30, 40, 50 °C) with three replicates for
each run.

The calculation of adsorption capacity at a particular time (g,) and
equilibrium (g,) can be done using the following equations, where C,, C;,
and C, are the concentration of phosphate at t = 0, t = tand t = t,, (mg/
L), m, represents to the mass of RSBE;, (g), and V is the volume of
KI2POy4 solution. As previously mentioned in Subsection 2.3, all con-
centrations of phosphate are analyzed using a spectrophotometer at & =
880 nm.
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To illustrate the adsorption behavior, the data at equilibrium are
fitted to several kinetic and isotherm models, e.g., pseudo-first-order
(PFO), pseudo-second-order (PSQ), Elovich, intraparticle diffusion
(IPD), Langmuir, Freundlich, Sips, Redlich-Peterson, and Temkin, whose
equations are summarized in Table S1. Further, the thermodynamic
parameters, namely Gibbs free energy (AG?), enthalpy (AH°), and en-
tropy (AS"), are computed using the obtained isotherm parameters.

2.5. The reusability study

The reusability study is employed for six identical adsorption/
regeneration/desorption cycles, where the regeneration of the used
RSBE,, is conducted by (1) water-washing for 30 min under stirring, (2)
centrifugation at 4500 rpm, (3) methanol-washing to ensure the removal
of residue, and (4) overnight drying at 80 °C. All experiments are carried
out in triplicates.

2.6. Characterization of RSBE,,

Both SBE and RSBE,, are characterized for their crystallinity using X-
ray diffraction (XRD) RINT2500,/PC (Rigaku Corp., Tokyo, Japan),
operating at 40 kV, 40 mA tube current, and 2.00°/min radiation scan
speed. The monochromatic Cu Ko is used at & = 1.54 A. The scanning
electron microscopy-energy dispersion spectroscopy (SEM-EDS) anal-
ysis is obtained using a JEOL JSM-6610LA (Jeol Ltd., Japan), with a
beam current, count rate, and working voltage at 10 pm, 186/s, and 15
kV, respectively. The conductivity of both samples is provided through a
fine-coat gold sputtering using JEOL JFC-1100 (Jeol Ltd., Japan) to
prevent electron charging on the surface. The EDS mapping is also
performed using the same instrument for carbon, oxygen, sodium,
magnesium, aluminum, silica, calcium, and iron elements. Meanwhile,
the FTIR spectra are obtained using Bruker-Alpha 1 (Bruker, Germany)
in 5004000 cm'. The nitrogen (N,) adsorption-desorption analysis
uses a Micromeritics ASAP 2010 sorption analyzer (Micromeritics In-
strument Corporation, USA) at 77 K. The sample is degassed at 423 K for
2 h before analysis. The point of zero charge (pH..) is analyzed using
the drift method at the range of 2-12.
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3. Results and discussion

3.1. The influence of intercalation variables on the RSBE performance in
phosphate removal

The influence of the intercalation variables (rj.., m,, T;) on phosphate
removal is studied to evaluate the RSBE performance and determine
RSBEy,. Fig. la-c presents the performance of RSBE intercalated at
various conditions. As seen, there is no significant change in phosphate
removal when rp.y is increased from rpey = 1:5 to ey = 1:15 during the
fabrication of RSBE; only a slight decline is observed. This reveals that
higher rhe negatively correl to phosphate removal, probably due to
the outright of SBE el its to n-h , further decreasing
adsorption site formation in RSBE [18]. The influence of intercalation
temperature (T)) on adsorption capacity (g,) does not exhibit a clear
trend. While a slight increase in g, is observed at T; = 40 °C compared to
T; = 30 °C for some ry, values, this is not a consistent trend across all
conditions - notably, at T; = 50 °C, a moderate decline in g, is observed
for several rpey values. At one point, the high solubility of surface cations
at more elevated temperatures promotes their migration to the bulk
solution, drives the attachment of the cationic head of CTAB onto the
interlayer to maintain the surface charge [19], and enlarges the d-
spacing of RSBE. However, the interaction between the cationic head of
CTAB and the material surface also creates a denser area loaded with
hydrophobic tails of CTAB, which reduces the possibility of RSBE
interacting with phosphate, thus, resulting in the stagnant performance
of Ti-varied RSBE.

In terms of m., a correspondingly lower m. exhibits a good adsorption
performance of RSBE. This may be related to the more significant
interaction between vacant sites on the RSBE surface and the cationic
head of CTAB to generate a hemimicelle layer at higher surfactant
concentration, which lowers the number of available active sites for
phosphate adsorption. Giirses et al. (2009) also mentioned that
increasing m, generates a hydrophobic region, which is unsuitable for
the adsorption processes [20]. Concluding the abovementioned results,
this research sees that the higher the three intercalation parameters, the
denser the interlayer spacing. This phenomenon coses the available
active sites on RSBE and, as a result, decreases its ability for phosphate
adsorption [19]. This aligns with cation exchange capacity (CEC)
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Fig. 1. The influence of intercalation variables in the fabrication of RSBE on (a-c) the adsorption capacity (adsorption condition: pH = 7, C, = 150 mg/L, t = 150
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= 30°C, RSBE,, loading = 0.1 wt%) and (d-f) the CEC values (test condition: pH = 3), (g) the performance comparison between RSBE,, and N-SBE.




P.D.R Asmoro et al.

analysis in Fig. 1d-f. CEC value is proportional to the number of cations
that can be held in the material, and materials with higher CEC generally
perform better in adsorbing and retaining components. Notably from the
figures, the higher intercalation parameters generally correspond to
decreased CEC values. While m, and T influence CEC prominently, ry.,
does not show a significant effect on CEC, as the value only fluctuates
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(the data are presented in Table S2 — §3), which is due to the presence of
CTAB [23]. Both RSBE;; and N-SBE share similar diffraction profiles with
RSBE,@P and N-SBE@P, indicating the main structure of RSBE,@P and
N-SBE@P remains unaltered during adsorption.

Fig. 3 depicts the FTIR profiles of RSBE,,, RSBE,,@P, N-SBE, and N-
SBE@P. This analysis is used to understand the mechanism of phosphate

with little margin, if not fairly similar. Theref RSBE ob d at the
lowest intercalation levels (Fpe = 1:5, m = 0.5 wt%, and T; = 30 °C)
with the respective adsorption capacity and phosphate removal rate of
194.6 mg/g and 97.7 wt%, is deemed as RSBE,, for its greater perfor-
mance in the phosphate removal compared with the others. Fig. 1g
represents the comparative results of g, and CEC between RSBE,, and
not-intercalated SBE (N-SBE). RSBE,,, shows greater performance than N-
SBE, as RSBE,, contains a higher number of active sites available for the

dsorption process. The employed student t-test results in an « value of
<0.05, confirming the significant difference between the performance of
RSBE,,; and N-SBE in removing phosphate.

3.2. Characterization

XRD analysis of the four samples, RSBE,,, N-SBE, and their after-
adsorption counterparts (RSBEm@P and N-SBE@P), are shown in
Fig. 2. The diffraction profile resembles a pattern of SBE reported by
Mana (2011) [21]. The computed crystallinity of RSBE,, obtained using
PDXL software is 70 %, with an individual crystal size of 300-600 A. The
XRD datasets are processed by Match! software with the Dicvol06 pro-
gram; all samples show characteristic peaks for the montmorillonite
phase (JCPDS 12-0219) at 20 = 20.4° (002) and quartz phase (JCPDS
05-490) at 20 = 26.8°, while according to JCPDS 71-0957, all samples
reveal the orthoclase phase at 20 = 23.6° (130), 25.5° (T12), 27.8°
(002), 31.4° (041), and 32.9° (132) [22]. In the case of RSBE,, there
exists an indentation at 20 =19.6° (001), confirming an increase in d-
spacing of intercalated layers from 2.156 A in N-SBE to 3.234 A in RSBE,,

dsorption through their functional groups. All samples observe a broad
peak at 3621 cm ™, indicating the presence of the stretching of OH™
groups attributed to the bound water molecules [24,25]. The adsorption
band at 3396 cm ™' denotes the availability of the ammonium moiety
band, implying the presence of CTAB in both RSBE,, and RSBE,,,@P. The
adsorption bands at 2850-2929 em ™! are related to C—H stretching
vibrations; meanwhile, peaks at 1650 and 1450 cm ' indicate both
asymmetric and symmetric bending of N*-CH3 [19]. The N—H bend
(1550 cm ') is evident in RSBE,,, ing the presence of s

in the reactivated material. On RSBE,@P and N-SBE@P, a peak exten-
sion at 1300 em ! indicates a P—=0 group after phosphate adsorption
[26]. Meanwhile, the prominent peak at 1050 em™? cormresponds to the
Si—0 group, bending from the tetrahedral surface. The bromide band,
originating from the intercalated surfactant, is present in both RSBE,,
and RSBE,,@P at 720 cm ™, while the peak at <590 cm™! indicates Si-O-
Al vibration [27].

The N, adsorption-desorption isotherm curves, as depicted in Fig. 4,
along with the BET parameters outlined in Table 1, exhibit a consistent
type IV N, sorption behavior across various sample variations. This type
IV sorption pattern is typically associated with materials boasting a
substantial specific surface area, akin to the findings in Sellaoui et al.
(2018) [28], and is particularly well-suited for elucidating the structural
features of substantial mesopores and macropores. For both RSBE,, and
N-SBE, the noteworthy volume of N2 adsorbed at relatively low pressure
(P/Po) suggests that Ny molecules primarily engage with the material
surface through van der Waals forces [29]. Furthermore, the appearance
of plateaus at higher relative pressures indicates a saturation point,

where N, molecules no longer interact with the material surface but

N SBE@P

Intensity (a.u)

* Montmorillonite
< Quartz

m Orthoclase

T T T T T

30 35 40
20 ()

Fig. 2. The X-ray diffraction patterns of RSBE,,, RSBE,,@P, N-SBE, and N-SBE@P.
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Fig. 3. FTIR spectra of RSBE,,, RSBE,,@P, N-SBE, and N-SBE@P.

instead occupy the intemal pores of the material. In terms of hysteresis
loops, all adsorbents exhibit a consistent H3-type pattem. Hysteresis
loops of the H3 type are characterized by the presence of irregular pores
or structures, often associated with slit shape [30]. Table 1 provides
quantitative insights, revealing that the monolayer volume (V,,) of Ny
adsorbed on RSBE,, surpasses that of N-SBE, with values of 13.60 cm*/g
and 11.04 cm”/g, respectively. Furthermore, the specific surface area of
RSBE,, (59.25 m*/g) outpaces that of N-SBE (48.12 m*/g). These find-
ings collectively indicate an enhancement in the textural characteristics
of RSBE,, attributable to the intercalation of surfactants.

The morphological structures of RSBE,, RSBE,@P, N-SBE, and N-
SBE@P are presented in Fig. 5. According to the analysis, RSBEn exhibits
high heterogeneity, the most favorable adsorbent for phosphate
adsorption. RSBE,@P has pores of a similar size to RSBE,, but with a
somewhat more even distribution, indicating phosphate ion attachment
in a less randomly nature. In contrast, N-SBE has high homogeneity but
limited surface area for phosphate ion attachment due to its tight
spacing. The dimensions of the RSBE,,, RSBE,,@P, N-SBE, and N-SBE@P
are measured using Image J software (the calculated data are presented
in Table $4 - §7) and found at ca. 4.9 pm. Meanwhile, their elements are
analyzed using EDS. Table 2 shows the presence of the P element in
RSBE,,,@P is 0.29 %; however, no P element is detected in N-SBE@P. A
possible explanation is the uneven attachment of phosphate on the
material's surface. A study conducted by Xing et al. (2020) mentioned
that the absence of P element in natural clays after phosphate adsorption
indicates that there is no significant binding or attachment of phosphate
ions to the clay materials [31]. This absence of detection implies that the
natural clays, including N-SBE, did not effectively retain or interact with
phosphate ions during the adsorption process. Meanwhile, the mapping
of the significant consisting elements shows that they are uniformly
spread across the surface.

The influence of pH value is one of the most critical parameters in
adsorption, notably in controlling the dominant phosphate species and
{-potential. pH value correlates to the degree of ionization and surface
charge of the adsorbate-adsorbent, allowing distinct charges to generate
a diverse adsorption efficiency. Fig. 6(a) presents the {-potential eval-
uation of RSBE,, and N-SBE, where both materials result in pHy, of 7.2.
The distribution fraction of phosphate forms, such as HyPOs, H2POJ,
HPOf’ .and PO%’, in an aqueous medium is also summarized in Fig. 6(b).
These results imply that at the working pH value (pH = 7), the inter-
action between the adsorbent and adsorbate is electrostatically driven,
as both RSBE,, and N-SBE are positively charged, while the prevalent

hosphate forms at the di d pH value are the negative H,PO, and
HPO? .
3.3. The inft of initial phosph on the performance
of RSBE,,

Fig. 7a-b depict the overall declining removal rate of phosphate using
RSBE;; and N-SBE as C, increases. The significant difference between the
high concentration and the limited availability of active sites leads to a
reduction in the portion of phosphate molecules that can bind to the
surface of RSBE,,. Both figures reveal that the adsorption of phosphate
reaches the highest removal rate (97.7 % for RSBE,;, and 39.76 % for N-
SBE) at C, = 150 mg/L. The rate is then reduced to 91.8 % and 31.71 %
for RSBE,, and N-SBE, respectively, when C, is raised to 250 mg/L. This
indicates that all sites of RSBE,, and N-SBE have been already saturated
with phosphate, leading to competition among phosphate molecules for
the remaining active sites of RSBE,, and N-SBE, resulting in decreased
adsorptive capacity.
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Table 1
The textural properties of RSBE,,, RSBE,,@P,N-SBE, and N-SBE@P.
RSBE,  RSBE,@P N- N-
SBE SBE@P
Manelayer volume (V,, em’/g, STP) 1360 1256 1104 7.84
BET surface area (Sger, m”/g) 5025 5471 4812 3416
Pore volume [V, cm3/g) 016 0.15 0.14 o.10

3.4. The isotherm and thermodynamic studies of phosphate adsorption
using RSBEn

To evaluate the phosphate adsorption behavior on RSBE,, the
adsorpton data at equilibrium are fitted into five isotherm models, e.g.,
Langmuir, Freundlich, Sips, Redlich-Peterson, and Temkin. The devel-
oped graphs are presented in Fig. 8, while the computed parameters and
constants are summarized in Table 3. According o Giles classification
[30], the isotherm profile at all temperature levels (Fig. 8) exhibits an L-
behavior, which proves that RSBE,, has a high affinity for phosphate.
The steep increase (as seen in the red boxes of Fig. 8) in the adsorption
capacity at reduced concentration denotes the presence of more active
sites in RSBE,, triggering the phosphate adsorption onto its surface.
Sequentially, further increasing the concentration makes it more chal-
lenging for phosphate molecules to occupy the voids due to the forma-
tion of a monolayer on the surface of the binding sites [32].

A careful comparison of phosphate adsorption on RSBE,, shows that
the equilibrium data matches the Langmuir model, as indicated by their

higher Rﬁq(- values. Fig. 8 also suggests that the model shares similar
predicted g, values as the experimental ones, confirming the validity of
the Langmuir model to illustrate the phosphate adsorption onto RSBEy,.
Further, this result is supported by (1) the heterogeneity factors of both
Sips (ng) and Redlich-Peterson (f#) for RSBE,y, which is close to unity, and
(2) the non-zero value of K; the two justifications inferred that this
adsorption mechanism is leaning towards Langmuir. The data confor-
mity to the Langmuir isotherm reveals the tendency of the adsorbate to
form a monolayer on the RSBE,, surface and that the adsorption happens
at the particular homogeneous sites of RSBE,, [35].

The increasing values of the Langmuir constant (K;) from 0.09 to
0.13 L/mg as the temperature increases from T = 30 °Cto T = 50 °C
shows that the adsorption favors a higher temperature and signifies the
endothermic behavior of the phosphate adsorption process. The
computed gm) is being monitored to escalate from 101.6 mg/gat T =
30°Cto178.8 mg/gat T = 50 °C. Solute molecules tend to have elevated
kinetic energy at higher temperatures, increasing the randomness of the
molecules. As a result of the high mobility of the solute molecules, the
interaction between the solute and the adsorbent surface is accelerated.

The favorability of phosphate adsorption onto the RSBE,, surface is
verified using 1/n and Ry constants from the Freundlich and Langmuir
models. Table 2 shows that all 1/n and R;, values at various temperature
levels range between 0 and 1, validating the favorable nature of the
adsorption [33]. The Temkin model is applicable to assess the adsorp-
tion energy, as one of its constants, by, is related to the heat of adsorption
(E, kJ/mol). The obtained E indicates whether the process runs by
physisorption (E < 1 kJ/mol), chemisorption (E > 20 kJ/mol), or both
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Fig. 5. (a) SEM images (magnified 2000 times with gold coating), (b) EDS mapping, and (c) particle size histogram (analyzed using ImagelJ software) of RSBE,»,
RSBE,,@P, N-SBE, and N-SBE@P. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
EDS analysis of RSBE,, RSBE,@P, N-SBE, and N-SBE@P.

Elements Atom percentage (%)

RSBE,, RSBE,,@P N-SBE N-SBE@P
c 1249 19.33 1870 23.73
0 56.14 46.40 54.99 43.10
Na 0.24 - - 0.40
Mg 3.94 344 319 5.80
Al 5.73 560 3.24 3.39
Si 1992 15.80 15.65 16.84
P - 0.29 - -
Ca 0.32 0.76 076 0.59
Fe 0.93 4.38 348 6.16
Total 100 100 100 100

(1 < E < 20kJ/mol) [36]. As seenin Table 3, all E values are <1 kJ/mol,
indicating that physical interaction drives adsorption [37].

The calculated thermodynamic parameters are listed in Table 4,
where negative results of AG® at variations of T = 30 °C, 40 °C, and 50 °C
emphasize the feasibility and spontaneous occurrence of the adsorption

process. The AH° value is obtained at 14.89 kJ/mol; this indicates the
phosphate adsorption process is endothermic. The positive AS® supports
the endothermic nature of phosphate adsorption since higher tempera-
ture allows the solidliquid interface to possess more randomness,
leading to a greater attraction between phosphate molecules and RSBEy,.

3.5. Adsorption kinetic study

Fig. 9 portrays the kinetic profile of phosphate adsorption using
RSBEy, at three temperature (7T) levels, while the fitted parameters using
several kinetic models are outlined in Table 5. As seen from the figure, a
notable increase in q; is observed in the first 60 mins, continued by the
gradual increment until it reaches the equilibrium at t,q = 150 min.
Table 5 presents the kinetic parameters of the phosphate adsorption
process using RSBE,,. Of the three adsorption kinetics models, the cor-
respondence of the adsorption rate could be carried out by comparing
Gexp (experimental adsorption capacity) and g, (predicted adsorption
capacity) values for each kinetic model. The computed g. for PFO and
PSO models exhibits that the first may better represent the experimental
data than the latter, indicating that physical interaction between RSBE,,
and phosphate molecules best governs the adsorption. PFO also defines
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Fig. 7. The influence of initial phosphate concentration on the phosphate removal using (a) RSBE,, and (b)N-SBE (Adsorbent loading = 0.1 wi%, pH = 7, t = 150

min, T = 30°C).

the possibility that surface response is the mechanism that regulates the
adsorption rate [ 38], suggesting that the surface-active sites and affinity
may be the limiting factors for phosphate adsorption on RSBE,. The
value of k; is greater than k2, implying that the rate-limiting phase in the
phosphate adsorption onto RSBE,, is physical diffusion within particles
[39]. However, as frequently accepted, the kinetic adsorption results
may also provide a different interpretation of the mechanism controlling
the adsorption rate. Based on the fitted adsorption kinetic graphs, the
Riij value of PSO is slightly higher than PFO, showing that the mecha-
nism controlling phosphate adsorption on RSBE;, involves the chemical
interaction — which in this case, isdriven by the ion exchange or electron
transfer between the adsorbent and adsorbate. Furthermore, the
adsorption rate constants (k; and k) tend to rise with increasing tem-

elaborate the stepwi hanism of phosphate removal in the exam-
ined system. As seen in Fig. 10, the system has two linear segments, with
the summarized IPD parameter values provided in Table 6. The first
segment represents the fast surface adsorption of phosphate that
happened in the outermost site of RSBE,,, substantiated and supported
by high diffusion rate (kipp,;) values. The enormous initial unoccupied
spaces of adsorbent and massive dissolved solute concentration on the
adsorbent surface contribute to the increased mass transfer rate of
phosphate from the bulk solution to the adsorbent surface. Following the
first one, the second segment of intraparticle diffusion of phosphate
towards smaller pores sees a lower constant rate value (kypp 2) compared
with kipp, 1. This happens because as the adsorption persists, bare bind-
ing sites in the adsorbent are gradually occupied with the molecular

b: of the solute, establishing an interface between the solute and

perature, emphasizing the endothermic nature of the phosph
adsorption process. Thisis supported by the observed adsorption rate (a)
from the Elovich model. As seen, the @ value enhances from 11.5 mg/g.
min at T = 30 °C to 13.2 mg/g.min at T = 50 °C. Meanwhile, the
desorption constant () value is primarily independent of T within the
tested levels, signifying the stability of the binding between phosphate
molecules onto the active sites of RSBE,, [40].

To evaluate the mass transfer in adsorption kinetics, the kinetics data
are further fitted to the IPD model, as this model can also be applied to

the solution. Subsequently, slower adsorption of the remaining solute
may occur [34]. Another reason is the enlarged boundary layer in the
second segment, as implied by the higher C, value (boundary layer in
the second segment) compared with C; (boundary layer in the first
segment). This heightened boundary layer increases the energy barrier
close to the interface and, as a result, decelerates the diffusion process of
phosphate to RSBE,, [41].
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Table 3
The fitted isotherm parameters for the phosphate adsorption onto RSBE,,.
Model Parameter RSBE,,
30°C 40°C 50°C
Langmuir Gmay (mg/g) 1016 + 1369 +24  178.8+0.1
30
K; (L/mg) 0.09 & 0.10£001  0.13+£001
0.01
R’ 0129 0.120 0.095
R 0.9878 0.9967 0.9988
Ry 0.9850 0.9964 0.9980
Freundlich Ky ((mg/g)(L/ 255450 281444 368 + 4.1
mg)!’")
1/n 0.291 0.354 0.400
0.9905 0.9491 0.9710
Rl 0.8992 0.9397 0.9640
Sips Quugs) (mg/g) 926417 1207 £31 212501
K. (L/mg) 0.05 & 0.08£001 0.3+ 001
0.01
n, 0.998 0.997 0.962
R* 0.9977 0.9991 0.9990
R, 0.9960 0.9979 0.9984
Redlich- Kp (L/mg) 7.44 & 1167 + 1485 +
Petersan 0.49 0.76 074
ag (L/mg)’) 0.03 & 0.06 £001  0.007 &+
0.01 0.002
P 103+ 1054009 1.04 +0.05
0.04
R 0.9988 0.9991 0.9950
R, 0.9969 0.9976 0.9986
Temkin Ar(L/mg) L13 & L0201 1.5£0.119
0.35
by (J/mol) 1232+ 90.4 £3.8 727 4+ 20
32
E ikl/mal) 0.020 0.021 0.022
R 0.9600 0.9901 0.9955
R, 0.9568 0.9884 0.9941
a - 1 N N N
Ry, = separation factor. Ry = m; adsorption process is categorized as:
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Fig. 8. The equilibrium adsorption data of the phosphate removal using RSBE,,
°C, and (¢) T = 50 °C, fitted to several models

at (a) T =30 °C, () T = 40

(adsorption condition: RSBE,, loading = 0.1 wit%, t = 150 min, pH = 7).

favorable if 0 < Ry < 1, unfavorable if Ry > 1,linear is Ry = 1, and irreversible if
R. =0[23].

" E — Constant related to the heat of adsorption (kJ/mol). E = ? [34].
T

Table 4
Thermodynamic parameters of phosphate adsorption onto RSBE,,.
T AG” (k/mol) AHF (k1 /mol) AS” (K1/molK)
30°C ~23.6449 14.89 0127
40°C ~24.9166
50°C ~26.1883
3.6. Reusability

The potential of RSBE, to be reused in six consecutive cycles is
studied, and the result is presented in Fig. 11. In general, as the regen-
eration cycle intensifies, the phosphate adsorption capacity and removal
efficiency of RSBE,, deteriorate. After the first cycle, the removal effi-
ciency is downgraded from 97.7 wt% to 88.2 wt%. The adsorption ef-
ficiency is maintained above 80 wt% until the fourth cycle before
significantly decreasing to 69.5 wt% in the fifth cycle. The declining
performance of RSBE,, after reuse is mainly because of the intense
interaction between phosphate molecules and the binding sites of
RSBE, suggesting the presence of physisorption. This induces surface
deactivation of the adsorbent, preventing subsequent phosphate
adsorption [42,43]. A comparison to the other research in Table 7 shows
that the pillared structure of layered RSBE,, is relatively stable during
adsorption.
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Table 5
The fitted kinetic parameters of phosphate adsorption onto RSBE,, at various
temperatures.
Model Parameter RSBE,,
30°C 40°C 50°C
Qe 135.0 145.8 146.3
Pseudo-first-order ga (mg/g) 136.3 145.8 148.0
Jy (1/min) 0.074 0.101 0215
B 0.9799 0.9901 0.9980
Ry 0.9756 0.9896 0.9979
Pseudosecond-order g (mg/g) 145.9 151.0 152.09
ko (2/mg.min) 0.001 0.001 0.005
1S 0.9922 0.9988 0.9999
Ry 0.9915 0.9961 0.9995
Elovich a {mg/g.min) 115 12.5 13.2
#i (mgrg) 0.008 0.006 0.005
R 0.9877 0.9300 0.9992
R 0.9861 0.9810 0.9990
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Fig. 9. The kinetic profile of phosphate adsorption onto RSBE,, at (a) T = 30°C,
(h) T = 40 °C, and (¢) T = 50 °C (RSBE, loading = 0.1 wt%, C, = 150 mg/L, pH
=7

3.7. Selectivity study of RSBE,, towards phosphate using the single
compound and binary systems approach

Inindustrial-scale wastewater treatment processes, the occurrence of
waste phosphates in single chemical forms is uncommon; they typically
manifest as a blend of multiple pollutants. Therefore, single-compound,
suchas H;PO;;'HPO%‘ NO3, SOE‘, CO?‘, and Cl~ are used to determine
the selectivity of RSBE,, towards phosphate ions. Fig. 12 illustrates the
experimental adsorption isotherms in single-compound of NO;, 507,
CO;’, and CI” on RSBE,, at various temperatures in a single solution.
Details of numbering pollutants to predict adsorption capacity on
Table S8. The presence of Cl~ ions impose the most impact on the
phosphate adsorption, reducing the capacity adsorption rate from 194.6
mg/g to 48.50 mg/g; then, followed by SO, CO3Z~, NO; ions. This
result is in accordance with the Helfferich electroselectivity theory,
which mentions that most adsorbent prefers to adsorb ions of larger
valency instead of lower valency [43]. The parameters of isotherms
models for HzPOIfHPOf’, NO;, SOf’, C0§’, and C1~ adsorption in
single-compound system by RSBE,, provided in Table 89. Furthermore,
the presence of diverse chemical compounds in wastewater triggers
competition among these compounds for adsorption onto adsorbent
active sites. Therefore, comprehensive adsorption investigations
involving multiple components become essential. In this particular
study, the influence of (H.PO;/HPOZ  on NO3), (HPO, /HPO}  on
5037), (HPO; /HPOF on CO% ), (HoPO;/HPO; on CI7) and vice
versa were also studied. Fig. 13 (a-h) displays the adsorption isotherms
for various binary systems by RSBE,, at different temperature conditions.

This section offers a quantitative analysis aimed at enhancing our
understanding of (H;PO; /HPOZ~ on NO3 ), (H2PO; /HPO3~ on CO37),
(H2PO, /HPOZ™ on SO3 ), (H,PO; /HPO?™ on CI7), (NO3 on HoPO,
JHPOF ), (CO3™ on HyPO, /HPOS ), (SOF on HyPO, /HPOZ ), (Cl on
H,PO; /HPO?" ) binary adsorption. As the Langmuir equation effectively
describes the adsorption isotherms for RSBEq, the extended Langmuir
equation is applied to create an adsorption isotherm equation for the
binary adsorption of RSBE,. The extended Langmuir equation for the
binary system is delineated by the following equations:

G Kix Cox
o = 4
A T Kun G 1 Ky €y @
Ky Coy
Gy —— )

KL o+ K Gy

The parameters for all extended equations are derived from single-
component adsorption parameters, which are consolidated in Table $10.
To utilize the extended Langmuir equation for modeling experi-
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Table 6

The segmented Kinetic parameter of phosphate adsorption onto RSBE,,
comptited from the intraparticle diffusion model.

Intra-particle diffusion  Parameter RSBE,
model 0 °C 40°C 50°C
First Segment Kipn s (mg/(g. 46.49 42.26 39.06
min®%)
Cylmg/g) 120 26.61 35.68
R 09661 0.9899 0.9887
wa 0.9581 0.9815 0.9790
Second Segment Jypn 2 (mg/(g 11.34 3.82 313
min®9)
C, (mg/g) 1019 1345 137.1
R 09928 09012 09112
Rgdj 0.9837 0.8655 0.898
Without Segment Kypn (mg/(g 27.37 19.85 18.53
min®%)
€ (mg/g) 45.68 78.64 8339
R? 09192 08092 08119
R, 08925 07819 07860

Removal (%)

3 4
Cyecle

Fig. 11. The performance of RSBE,, during its reusability study (adsorption
condition: pH = 7, C, = 150 mg/L, t = 150 min, T = 30 °C, RSBE,, loading =
0.1 wt%).

mental data involving the binary adsorption of (HzPO; /HPOZ on
NO3 ), (HzPO; /HPO} on SOF7), (HPO; /HPOZ™ on €O ), (H,PO;/
HPO?™ on C17), (NO3 on HoPO; /HPOZ™), (SO~ on H,PO; /HPOZ ),
(CO3~ on HaPOS /HPOZ™ ), (Cl on Ho PO} /HPOZ ), itis necessary to rely
on the Langmuir equation parameters obtained from single-component
adsorption. The main challenge lies in the accuracy of the equation it-
self when directly applied to binary adsorption data without any
modification. In this research, all the Langmuir parameters for single-
components exhibit strong correlation coefficients. However, when in-
tegrated into the extended Langmuir equation to represent the binary
adsorption of (H,PO; /HPOZ  on NOj), (H,PO;/HPO} on SO} ),
(H2PO, /HPO;~ on CO% ), (H:PO; /HPOZ on Cl7), (NO3 on HoPO,
JHPO3), (803~ on H,PO; /HPOZ"), (CO%-on HoPO; /HPOZ-), (CI on
H,PO; /HPO? ), they do not adequately capture the behavior of these
two compounds in the system. In Fig. 1, Fig. S2, Fig. 3, and Fig. $4 the
experimental adsorption isotherms for (HPO; /HPOZ~ and NOj),
(H2POj /HPO} ™ and SO37), (H2PO; /HPO?™ and CO%™), (H,PO; /HPO3™
and C17) in binary systems can be observed, along with the corre-
ponding th ical (three-di 1) models that have been calcu-
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Table 7
Reusability study of several adsorbents in the removal of phosphate.
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lated using the extended Langmuir modification.
The presence of competitive interactions among adsorbates exerts a

Adsorbent Adsorbate  Operating Percent Ref noticeable influence on the adsorption affinities of individual compo-
condition removal nents within a given system. In the context of an adsorption system, the
before and presence of other components weakens the adsorption affinity that each
after Ist component has for the adsorbent. Drawing upon the outcomes of the
rese [ ibility analysis conducted on single-component adsorption
LPC@La(OH)y Phasphate g” —1601 Befare a isotherm equations, as expounded upon in the preceding subsection, it
m"g;]_; ;ie;m becomes evident that the Langmuir isotherm equation stands out as the
T-25°C After 1st most apt choice for effectively characterizing the adsorption isotherms
reuse = of H,PO; /HPO?™ |NOj, SO3, CO3™, and CI~ within single-component
) 93.5 wish systems.
Fe)4@510,@mLOHI50 Phosphate E," = 2008/ :;::_ el Henceforth, modifications are performed only to the Langmuir
= 25eC 99.1 widi equation. In the context of a binary system characterized by competitive
After Lst interactions among adsorbate molecules, the K parameter, linked to the
:[f: =94 affinity constant, can be mathematically expressed through the
Fe(IID-complexed lignin Phosphate  pH = 7; Before [46] fnllawmg equations:
s e Kion = Kiu(1=ew(=4,)) ®)
After 1st
reuse — Kiyhn = Ky (1-ep(-AL)) @
B2.3 wi%
N3-CB Phosphate  pH = 3 Befare 471 Parameters Ay, and Ayy serve as correction factors that account for
Co=100g/  reuse = B6 the influence of competition between adsorbate molecules (coded as in
L widh Table $8). By introducing the competition factor, Egs. (6) and (7) can be
T=25°¢C After Let reformulated as follows:
reuse = 70
wits K G
Cerium hydroxide- Phosphate  pH = 7.0 Before 48] estin = T R T Ko T (8)
encapsulated polystyrene +0.1 reuse = 93 - # % »
D201 (HCO@201) C, =30 Wi
mg/L; After 1st Getin = # ©)
T=25C reuse = 1+ Kpabin Cex + Kiy in Cey
B1.1 wi%
ZincIron-Zirconi red hosph pH = 7.0; Before 49] The values of parameters Ay, and Ay, were determined through
Fes0a/Si02 Co=10 reuse = B5 simultaneous fitting of Eqs. (8) and (9) to the experimental binary
TV‘QS . :f“:r " adsorption data for (H;PO, /HPO? on NO, ), (HzPO, /HPO? on SO ),
- reuse — 70 (H,PO; /HPO} ™ on CO% ), (H,PO; /HPO} on CI™). In Fig. S5, Fig. 56,
i with . Fig. S7,and Fig. S8, the experimental adsorption isotherms for (HzPO, /
tron(h-copper( M binary - Fhosphare - pH = 7.0 Before - 150] HPO? and NO;), (HoPO,/HPO: and SO ), (H:;PO,/HPO? and
€, =200 with CO% ), (H,PO, /HPO?™ and CI") in binary systems can be monitored,
mg/L; After Lst along with the comresponding theoretical (three-dimensional) models
T=25°C mmes= that have been computed using the modified extended Langmuir
B4.74 with - . B . " .
Iron oxides Phosphate  pH = 7.0 Befare 511 modification. The models are implemented using Python with various
+0.1 reuse = 89 packages, i.e., numpy, matplotlib, and mpl tookits. The parameter
C, =200 with values obtained for Ajz, A21, Ais, Aa1, Ara, Ay, Ars and Agy are 0.464,
mg/L; After 1st 0.769, 0.464, 0.455, 0.464, 0.347, 0.464 and 0.296, respectively, with a
:[f: =82 regression coefficient (Rg) for each binary system of 0.998, 0.983, 0.994,
La(OH)s-modified CoFes0q  Phosphate  pH = 7.8 Before 52 0.999. The modification of the Langmuir equation by incorporating a
G, =10 reuse = competition factor into the affinity coefficient successfully enhances the
Ts: I z-ﬁ V;'t% equation’'s capability to accurately represent the experimental data for
- m:: _“ binary adsorption.
B5.14 with In the context of binary system adsorption, a competitive ion arises
NaLa(CO4)a-coated Phosphate  pH = 7.0 Befare 53] among adsorbates as they vie for available adsorption sites on the sur-
magnetic biochar €, = 50 reuse = 91 face of the adsorbent. While attractive forces operate not only between
mg; with adsorbate and adsorbent but also among adsorbate molecules them-
T=25°¢C f:: ls[gg selves, thisintricate interplay can lead to a weakening of the interactions
wish B between adsorbates and the adsorbent material. Consequently, the K,
RSBE,, Phosphate Before This parameter value tends to decrease as a result of this competitive rivalry
remse = study among adsorbate molecules. This particular aspect, which cannot be
x ['Z ";mf' adequately captured by the original extended Langmuir equation, can be
mm; _S effectively addressed by introducing a competition factor to modify the
BB.2 Wit K value. This modification empowers the extended Langmuir equation

LPC@La(OH), — lanthanum hydroxide nanorods withinlignin-derived porous carbon,
Fes04@Si0,@mLDH350 = synthesizeda Fe,0, core with a mesoporous SIO; shell
nanocompasite and LDH layer by calcination 350 °C, Ny-CB = nitrogen (N)-doped
Fe-rich biochar, La(OH};-modified CoFe;0, = La(OH)rmodified magnetic cobalt
ferrite (CoFe;04)

to accurately represent the binary adsorption data of H,POj /HPO; ™ |
NOj;, SO%7, CO3 ", and CI™ on RSBE,,.
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Fig. 12. The experimental adsorption isotherms in single-compound of NO,, 807, CO} ", and CI" on RSEE,,

3.8. Mechanism study

The intercalation mechanism of RSBE,, can be illustrated in Fig. 14,
while the interaction mechanism between phosphate and RSBE,, is
presented in Fig. 15 by incorporating data on the surface properties of
RSBE,, and its adsorption behavior. RSBE,, is constituted by (1) the
negatively charged SBE layers - one layer of SBE consists of two tetra-
hedral silica sheets and one octahedral aluminum sheet, and (2) the
intercalated CTAB, where its cationic head attaches on the surface of the
layer, and the tail acts like a pillar to expand the d-spacing of the
adsorbent from 2.156 A to 3.234 A. This expanded adsorbent version
may increase the phosphate molecule diffusion rate into RSBE,.

Based on the adsorption behavior observed in this study, the removal
of phosphate using RSBE,, requires high temperature. Hydroxide ions
(OH ") from bound water play a role in hydrolyzing phosphate salts into
phosphate ions. Phosphate ions are then adsorbed on the interlayer of
RSBE,, through electrostatic interactions between negatively charged
phosphate ions and the positively charged interlayer of RSBE,, at the
working pH value (pH = 7), along with the ammonium groups from

CTAB. The C—H and N*-CH3 groups from CTAB also contribute to
increasing the interlayer area of RSBE,y, allowing more phosphate to be
adsorbed. The P=0 groups of phosphate play a role in stabilizing the
adsorbed phosphate ions on the interlayer of RSBE,y, thus illustrating the
adsorption mechanism of phosphate on RSBE,;, (Fig. 15) as follows: (1)
rapid migration of phosphate molecules from the bulk solution to the
RSBE,, boundary layer, (2) gradual diffusion through the boundary layer
to the RSBE,, interlayer — this gradual diffusion process has been
confirmed in N, sorption, where RSBE,, porosity increases after surfac-
tant intercalation, (3) electrostatic interaction between phosphate an-
ions and the positively charged CTA" surface of RSBE,,. The presence of
competing ions or binary adsorption can also interfere with phosphate
adsorption by RSBEp,, however, the illustration regarding this aspect is
not included.

4. Conclusions

RSBE,, intercalated at the operating condition of e = 1:5, me = 0.5
wit%, and T; = 30 °C, is effectively used as an adsorbent for phosphate
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Fig. 14. Schematic illustration of the surfactant intercalation of RSBE,,.

removal from an aqueous solution. The phosphate removal rate using Phosphate adsorption obeys the monolayer mechanism and is endo-
RSBEp, is obtained at 97.7 wt% using the following condition: pH = 7, Cy thermic and spontaneous. The i ion between phosphi lecul

= 150 mg/L, t = 150 min, T = 30 °C, RSBE,, loading = 0.1 wt%. This and RSBE,, is electrostatically-driven due to the opposite charges owned
indicates the strong affinity of RSBE,, towards phosphate anions. by the two. RSBE,, shows excellent reusability, with the adsorption
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Fig. 15. The phosphate adsorption mechanism into the interlayer of RSBE,,

capacity staying above 80 wt% for four cycles. The selectivity study
towards phosphate ions in the of the co-existing anions also
implies that this adsorbent has a good selectivity towards phosphate
ions. Therefore, it can be concluded that RSBE,, demonstrates great
potential as a low-cost and sustainable substitute for commercial ad-
sorbents in removing phosphate from water bodies.
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