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Abstract

The current study is focused on the simple synthesis of two novel biosorbent beads:
BASB/STMP and CNFB/STMP, derived respectively from bleached almond shell (BAS)
and cellulose nanofiber from almond shell (CNF) by means of chemical crosslinking with
sodium trimetaphosphate (STMP). These biosorbents were thoroughly characterized in
terms of structure (FTIR), texture (N2 adsorption-desorption), thermal behavior
(TGA/DTG), morphology (SEM) and surface properties (XPS). The adsorption kinetics
of Cu(ll) ions onto BASB/STMP and CNFB/STMP materials proved the chemisorption
interaction between Cu(ll) ions and the STMP-functionalized beads. The BASB/STMP
equilibrium data were successfully described by the Redlich-Peterson model and the
CNFB/STMP data by the Sips model which disclosed maximum adsorption capacities of
141.44 mg g! and 147.90 mg g?, respectively. Furthermore, the BASB/STMP
bioadsorbent offers easy regeneration and better reusability with high efficiency (> 83%).

This study sheds light on the preparation of low-cost adsorbents for wastewater treatment
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in order to improve the competitiveness and eco-friendliness of agrowaste-based

processes.

Keywords: adsorption, almond shell, biosorbent beads, cellulose, crosslinking, Cu(ll)

ions, STMP-functionalized.
Introduction

The growing urbanization and industrial development result in the release into the
environment of large amounts of industrial effluents containing high concentrations of
toxic pollutants, such as Cu(ll) ions (Dhandole et al. 2020), which can seriously threaten
the ecosystems and human health (Bilgin and Erol 2018; Mikoda 2018; Qi et al. 2019).
Therefore, effective treatment of wastewaters containing this heavy metal is among the
most crucial problems. Several technologies have been evaluated to remove copper from
contaminated water, including, chemical and biological treatments, ion exchange,
membrane separation, and adsorption (El Rouby et al. 2018). It is necessary to analyze
new technologies and novel-structured materials to remove soluble heavy metals from
water streams. Within these technologies, adsorption is being widely studied to remove
contaminants from wastewaters due to its flexibility and simplicity (Ben Arfi et al. 2017;
Yang and Fox 2018). Moreover, the use of adsorbents from waste materials is essential
to develop low-cost strategies for water treatment. In this sense, cellulose is an
inexpensive and eco-friendly material, which has drawn much attention owing to its
advantageous properties, such as its wide applicability in a variety of fields, the most
remarkable ones being technological, medical, food applications and more recently
wastewater treatment (Yang et al. 2020). In fact, there is an increasing interest in adding
value to cellulose, which can be used for the synthesis of biosorbents for toxic heavy
metal removal thanks to its ion exchange capacity and both chemical and mechanical
stability (Reid et al. 2017). Besides, it can be easily functionalized to a variety of
derivatives due to the presence in its structure of hydroxyl (—OH) and carboxyl (-COOH)
groups (Ram and Chauhan 2018). Various forms and morphologies of cellulose-based
adsorbents have been prepared for copper (11) ion uptake, such as powder (Maaloul et al.
2017a; Ahmad et al. 2018), nanofibers (Maaloul et al. 2017a), nanomaterials (Abou-Zeid
et al. 2018), membranes (Awang et al. 2019) and beads (El Rouby et al. 2018; Ahmadpoor
et al. 2019; Maaloul et al. 2019). Nevertheless, the preparation and chemical

functionalization of adsorbent cellulose beads from agricultural wastes, such as almond
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shell, is a topic of increasing interest due to the low price and great abundance of this

waste (Maniscalco et al. 2020).

Sodium trimetaphosphate (STMP), a non-toxic reagent, has been commonly used
as a crosslinking agent in the food industry (Sanchez-Reséndiz et al. 2018; Hu et al. 2019;
Xie et al. 2019) as well as in the biomedical field (Leone et al. 2020). Specifically, it was
successfully employed to enhance the adsorption capacity of wheat and corn starches,
obtaining nontoxic functionalized adsorbents with remarkable resistance (Xie et al. 2019).
For this reason, we have selected STMP as a crosslinker for polysaccharides. To the best
of our knowledge, STMP-modified cellulose beads from agricultural waste have not been

studied for the purpose of heavy metal removal.

Therefore, the aim of the present study was to develop a novel methodology for the
preparation and STMP functionalization of bleached almond shell beads (BASB) and
cellulose nanofibers from almond shell beads (CNFB) for copper (I1) ion removal from
aqueous solutions. The prepared beads were characterized using Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), nitrogen adsorption—desorption and thermo-gravimetric analysis
(TGA). The influence of pH, the kinetics and isotherm models were fully investigated,
and XPS measurements were used to elucidate the underlying adsorption mechanism. The
reusability of adsorbents was explored by means of four adsorption-desorption cycles
using HCI (0.1 M) as eluent. The multifunctional properties and the excellent adsorption
performance of the prepared biosorbents indicated their potential applicability in actual

wastewater treatment.
Materials and methods
Materials and reagents

Trisodium trimetaphosphate (STMP) (> 99.8 %), sodium hydroxide (NaOH) (>
98.8 %), hydrochloric acid (HCl) (> 37 %), 1-butyl-3-methylimidazolium chloride
(BmimClI) (98 %), absolute ethanol (CH3COOH) (> 99.9 %) and silicon oil were
purchased from Sigma-Aldrich. Bleached almond shell (BAS) and TEMPO oxidized
cellulose from almond shell (CNFs) were prepared according to the method described in
our previous study (Maaloul et al. 2017b). Copper nitrate (CuNOs. 3H20) (99 %) was
purchased from Riedel de Haén. These chemicals were used without additional
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purification unless otherwise stated. Distilled water was used for the preparation of all

chemical solutions.
Preparation and modification of the adsorbents

The synthesis of STMP functionalized cellulose beads was performed through a
two-step process: the first step was the preparation of cellulose beads from almond shell
(BASB and CNFB) and the second one was the chemical modification of synthesized
beads. BASB and CNFB were synthesized in the same way as in our previous study
(Maaloul et al. 2019). Briefly, cellulose/BmimCI solution was prepared by dissolving 4 g
of BAS and CNFs in powder form in 100 g of melted BmimCI and stirring at 120 °C for
2 h and 1.5 h, respectively. This cellulose/BmimCI solution was added dropwise into
distilled water under constant stirring at 25 °C. The immediately formed hydrogel beads
were washed several times with distilled water until the solution reached pH around 7.
These synthesized hydrogel beads were frozen at -70 °C for 24 h. Then, the frozen beads
were immersed in absolute ethanol for about 4 h and left to dry at 30 °C in an oven. The
beads produced from BAS and CNFs are hereafter known as BASB and CNFB,

respectively.

For the STMP modification of the beads, approximately 0.1 g of each bead type
was placed in 200 mL of NaOH solution (5 wt%) and STMP. The mole ratio of the
STMP/cellulose beads was 40. The mixture was shaken for 2 h at 30 °C. Afterwards, the
beads were separated from the mixture and washed several times with distilled water to
remove the remaining ions. Then, the modified cellulose beads were also washed with
absolute ethanol. After the cleaning process, the resulting beads were dried in an oven at
a temperature of 30 °C to obtain the BASB/STMP and CNFB/STMP adsorbents. The

final product was packaged in containers for adsorption experiments.
Characterization techniques

The FTIR analyses were performed on a Two PerkinElmer spectrometer in
attenuated total reflection (ATR) mode. The spectra were collected in the range of 600 to
4000 cm™* (resolution: 2 cm™; 16 scans per sample). SEM images were recorded with a
JEOL JMS-6610LV SEM instrument. Prior to the analysis, the samples were sputtered
with gold to make them electrically conductive. The Brunauer-Emmett-Teller (BET)
surface areas of the adsorbents were recorded by nitrogen (N2) physisorption at -196 °C
using a Micromeritics ASAP-2020. Thermogravimetric analyses (TGA/DTG) were
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performed on a Mettler Toledo TGA/STDAS851 instrument at a heating rate of 20 °C min°
1 up to 900 °C under inert atmosphere (flow rate of N2= 50 mL min™). About 6 mg of
each sample were analyzed. XPS measurements were used to analyze the surface
chemical states of the modified cellulose beads before and after metal ion adsorption.
SPECS spectrometer equipped with a Phoibos 100 MCD analyzer and a
monochromatized X-ray Al Ko, (1486.6 ¢V) were used and the peak fitting was performed
by Casa XPS software.

Swelling test of cellulose beads

The swelling behavior of the prepared materials was determined according to Wang
et al. (2018c) from the mass change of dried beads after the immersion in water at room
temperature for 24 h. The swollen beads were taken from the solution, and placed on a
tissue paper to remove the unabsorbed water on the surface. The degree of swelling was

measured according to equation (1)

Swelling degree (SD%) :V%xloo

d

Where Ws is the weight of the swollen beads (g) and Wy is the weight of the dry beads
(9).

Point of zero charge measurement

The pHpzc of the adsorbents was measured by the following method: 0.1 g of dried
biomaterial was put in glass flasks containing NaCl (0.05 M) solution. The initial pH of
these solutions (pHi) was adjusted to a series of values in the range of 1-9.5. After shaking
for 48 h, the solutions were filtered and the final pH (pHs) was recorded. The intersection

point of the curve ApH (pHi-pHs) versus pHi was taken as the pHpzc.
Batch adsorption studies

The adsorption tests of Cu(l1) onto cellulose beads (BASB/STMP or CNFB/STMP) were
conducted in glass beakers (250 mL), containing 0.05 g of adsorbent and 100 mL of metal
ion solutions. The suspension obtained was shaken in a temperature controlled orbital
shaker at 30°C and a constant rate of 90 rpm. The effect of solution pH, contact time and
copper (I1) initial concentration on the bioadsorption process was thoroughly

investigated. The initial pH of Cu(ll) solution was adjusted to the desired values, using

(1)
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HCI and/or NaOH solutions. The concentration of Cu(ll) in the solution was analyzed by
ICP-MS. The sorption capacity at time t, g: (mg g™*) was calculated from equation (2)

(G- GV

: W, )

where Cy is the initial metal concentration (mg L), Ci is the metal concentration at time

t (min), V is the solution volume (L) and Wy is the mass of biosorbent (g).
Effect of pH variation on Cu(ll) adsorption

The effect of the initial solution pH on copper adsorption was conducted over a pH
range of 2.0-6.0. A given amount of adsorbents was added to the prepared Cu(ll) solution
with different pH and then shaken at a constant temperature of 30 °C and 90 rpm for 6 h.
The adsorption capacity of Cu(ll) ions, ge (Mg g*) was calculated using equation (3)

(G- GV 3)

Qe W,

where, Co is the initial metal concentration (mg L), Ce is the metal concentration at

equilibrium (mg L), V is the solution volume (L) and W4 is the adsorbent mass (g).
Adsorption kinetics and isotherm

The adsorption kinetics and isotherms were obtained under the conditions described
above. In short, the adsorption kinetics were evaluated in a 200 mg L™ Cu(ll) solution of
pH 6. The adsorption isotherms were obtained by shaking Cu(ll) ion solutions (pH 6)
with different initial concentrations ranging from 25-600 mg L for BASB/STMP and
from 25-1000 mg L for CNFB/STMP. The adsorption capacities (ge, mg g*) were also

calculated according to equation (3).

The experimental data were fitted by non-linear regression analysis using OriginPro
v8.0 software. The determination coefficient (R?) and reduced chi-square (x?) were used
to evaluate the best fit between kinetic or isotherm models and experimental data. The

applicability of a model is witnessed by higher R? values and lower y? values.

Regeneration of BASB/STMP and CNFB/STMP

The regeneration properties of BASB/STMP and CNFB/STMP were tested with an
acidic solution (HCI, 0.1 M). After agitating 0.05 g of the adsorbents (BASB/STMP or
CNFB/STMP) with 100 mL of Cu(ll) ions (200 mg L) at 30 °C for 2 h, the metal-loaded

6
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adsorbents were collected by means of a 0.45 um membrane filter, while the
concentration of metal ions in the filtrate were determined by ICP-MS spectroscopy. Then
the residue was rinsed with distilled water and desorbed with (0.1 M) HCI for 2 h. After
that, the adsorbent was separated by filtration, and used for the next adsorption
experiment. The cycle above was repeated four times. The regeneration rate of beads for

the n™" regeneration (RRn) was calculated by equation (4).

R, (%) =2 x100 @)
%
Where qo is the adsorption capacity of new beads (mg g™), gn is the adsorption capacity

of beads after the n" regeneration cycle (mg g2).

Results and discussion
Characterization studies
FTIR spectra analysis

The FTIR spectra of the cellulose beads before and after modification with STMP
reagent are depicted in Fig. 1(a-b). All the spectra of the prepared materials showed a
band in the 3324-3359 cm™ range corresponding to the stretching vibration of the
hydroxyl group in cellulose molecules (Othmani et al. 2017; Milani et al. 2018). After the
STMP modification of BASB and CNFB, the OH bands were shifted to lower
wavenumbers due to the weakening of hydrogen-bonding interaction as a result of the
functionalization of oxygen atoms of cellulose with phosphate ester groups (Wang et al.
2017). The peak observed in the range 2890-2894 cm™ are due to CH2 asymmetric
stretching vibration (Milani et al. 2018). The peak at ~1641 cm™ in all the spectra
corresponds to the bending vibration of hydroxyl group of water absorbed in the cellulose
beads structure (Liu et al. 2019). The peak present at 1605 cm™ for the CNFB material is
attributed to carboxylate groups (Maaloul et al. 2017a). Another broad band at 1305 cm’
! was associated with the CH2 group in the samples without STMP reagent (Hemmati et
al. 2018). Cellulose characteristic peaks were distinguished at 1159 cm™? (C-O-C
glycoside bond asymmetrical stretching), at 1017 cm™ (C-O-C pyranose ring vibration)
and 895 cm™ (B-glycosidic bond bending) corresponded to the cellulose characteristics
(Hemmati et al. 2018). These peaks are more intense in the BASB/STMP and
CNFB/STMP samples. In order to verify the changes in the cellulose bead structures due
to chemical modification, the major FTIR region of phosphate esters (1500-1140 cm™)

7
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was carefully analyzed (see Fig. 1b). The results show an increase in the peak intensity
in the phosphate ester region for both the phosphorylated BASB and CNFB (at around
1156 cm™) (Sanchez-Reséndiz et al. 2018). Besides, characteristics peaks of the
stretching (at 1368 cm™) and bending (at 1236 cm™ for BASB/STMP and 1314 cm for
CNFB/STMP) vibrations of P=0O group were also observed, thus confirming the
successful functionalization of the adsorbents with phosphate ester group (Souto-maior
and Reis 2010). It was also obtained a band at 1418 cm™, which is related to the formation
of P—O-C bonds between the polysaccharide and the STMP (Souto-maior and Reis 2010).
For the CNFB/STMP sample, the peak at 1278 cm™ corresponded to the O=P—-O double
bond from the cyclic trimetaphosphate (Leone et al. 2020) and that at 996 cm™ to P-O
bonds (Hu et al. 2019; Leone et al. 2020). However, these two peaks are not present in
the FTIR spectra of the BASB/STMP, which indicates that the STMP has reacted with
the OH groups of the CNFB, leading to the formation of covalent linkages (Tao et al.
2016). This was later further verified by XPS analysis. Another high intensity peak
beyond 1200 cm™ (characteristic region of compounds with a large number of phosphate
ester groups) was observed on BASB/STMP and CNFB/STMP sorbents. Similar FTIR
results were reported by other authors when pectin (Souto-maior and Reis 2010), and

soybean and peanut proteins (Sdnchez-Reséndiz et al. 2018) were modified with STMP.

The band around 1480-1430 cm™ is employed to determine the overall degree of
order and crystallinity bands of cellulosic materials (Bregado et al. 2019), while the band
at 893-897 cm is associated with the amorphous region in cellulose (Li et al. 2019a).
The absorption ratios of bands (1429 cm™/897 cm™) are defined as LOI (Lateral Order
Index), which was proposed in the literature by Khan et al. (2019) and Bregado et al.
(2019) to estimate the degree of crystallinity of cellulose. In this sense, high values of
LOI corresponds to an elevated crystallinity index of cellulose and highly ordered
cellulose chains (Khan et al. 2019). The LOI value can be determined as follow (equation
5)

LOl = A\1429 cm?

97 cmt

()

Where A1429 cm-1and Agg7 cm-1 are the absorbancies at 1429 cm™ and 897 cm™, respectively.
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The calculated LOI values of the BASB, BASB/STMP, CNFB and CNFB/STMP
samples were 0.41, 0.78, 0.45 and 2.38, respectively. Therefore, it can be concluded that
the absorbance ratios of cellulose beads increased after the STMP cross-linking
modification. These results indicated that the short-range molecular order of bead samples
was disrupted by the crosslinking reaction. Hence, it was revealed that CNFB/STMP
cellulose chains were much more ordered compared with BASB, BASB/STMP and
CNFB.

XPS analysis

X-ray photoelectron spectroscopy (XPS) was utilized to further ascertain the
material composition and verify the suitable crosslinking of STMP on the bead surface.
The overall and high resolution XPS spectra of biosorbents are shown in Fig. 2(a-d). In
the wide-scan spectra, the characteristic signals of C1s (285 eV), O1s (532 eV) and P2p
(133 eV) were all detected. The functional groups of the modified cellulose beads were
further revealed by Cls spectra (Fig. 2b). BASB/STMP and CNFB/STMP samples
showed three characteristic functional groups of cellulose with binding energy at 282.46,
284.25 and 286.05 eV corresponding to C1 (C-C/C-H), C2 (C-OH/C-0O-C), and C3 (C-
O-C/C=0), respectively (Zhuang et al. 2019). Apart from the three common peaks with
cellulose (Chen and Liu 2019), a new low intensity signal, named as C4, was identified
in the CNFB/STMP material, which can be assigned to the O—C=0 linkages of ester.

The high-resolution spectrum of O1s region (Fig. 2c), shows three signals with
binding energies around 529.83, 531.60 and 532.69 eV. The peak at 529.83 eV was
assigned to the carbonyl (C=0 or O—C=0) groups, the peak at 531.60 eV to hydroxyl or
ether groups and the peak at 532.69 eV may correspond to the R—O—R group (Oh et al.
2019). Hu et al. (2019) reported that the O1s spectrum around binding energies 529.83
and 532 eV might be attributed to the O—P bond formed between cellulose and STMP and
to non-bridging (P—O) oxygen (Rol et al. 2020).

As shown in Fig. 2d, the peak at 133 eV is P2p (Xie et al. 2019) confirms the
successful inclusion of phosphate in the BASB and CNFB materials. The high resolution
XPS spectra of P2p in Fig. 2d showed two binding energies at 131.17 and 133.6 eV for
BASB/STMP and 131.17 and 134.3 eV for CNFB/STMP, which could be due to
phosphate molecules bound to carbon (P—C) and oxygen atoms (P—O) and/or oxidized
phosphate (P=0). These results are in good accordance with the FTIR analysis.
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Morphological properties of biosorbents

The surface morphology and internal structure of the biosorbents are shown in Fig.
3(a-h). Clearly, Figs. 3(a) and 3(e) show that the shape of the beads was mainly spherical
with irregular surface, the average diameter being around 3 mm. Furthermore, the
BASB/STMP material exhibited a more porous surface structure and a rougher surface
than the CNFB/STMP one. Based on Fig. 3e, it can be seen that the morphology of the
CNFB/STMP is almost nonporous, irregular and shriveled. It can also be noticed from
the high magnification images (Fig. 3b and f) that the surfaces of BASB/STMP and
CNFB/STMP are wrinkled after introducing STMP into BASB and CNFB. A more
detailed structural characterization of the representative beads is presented in (Fig. 3c, d,
g, h). The SEM images (Fig. 3c and g) revealed that BASB/STMP and CNFB/STMP
materials can potentially act as porous matrix supports. The fine surface structure (Fig.
3d and h) showed that their cross-sections were fixed by STMP and there were
interconnected, irregular pores and cavities in the interior of the spherical particle. Hence,
the STMP introduced into cellulose beads by NaOH aqueous solution could result in a
larger specific surface compared to the unfunctionalized beads. The porous structure of
the cellulosic beads may improve the diffusion of metal ions into the internal pores of

bioadsorbent through the porous channels (Putra and Lee 2019).

Specific surface area analysis

The textural properties of the adsorbents before and after the functionalization was
accomplished by N2 adsorption-desorption isotherms. As depicted in Fig. S1, it can be
observed that all the isotherm curves presented a hysteresis loop, indicating the existence
of macro-mesopores (Olivera et al. 2018). The BET specific surface areas (Sget) were
calculated to be 0.007, 0.87, 0.57, 1.22 m? g* for BASB, BASB/STMP, CNFB and
CNFB/STMP, respectively (Table 1). Compared to the unfunctionalized beads, the Sget
of BASB/STMP was increased 117 times, whereas the increase turned out to be much
more moderate for CNFB/STMP compared to CNFB (2.15 times). The improvement in
Seet of both bio-beads could be attributed to the presence of STMP, which has a rougher
surface texture. Despite the increase in the specific surface areas, the Sger of
CNFB/STMP was still much higher than that of the BASB/STMP sample.

The specific surface areas of almond shell powder, cellulose extracted from almond
shell and other adsorbent beads were reported in Table 1. Obviously, by comparison with

10
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other adsorbent beads referred to in the literature, the large value of BET surface area for
the CNFB/STMP can be expected to be highly advantageous for the removal of heavy
metal ions from contaminated water. Therefore, STMP reagent played a significant role

in improving the textural properties of BASB and CNFB.
Thermal degradation of adsorbents

The thermal properties of STMP-functionalized and unfunctionalized beads was
investigated using thermogravimetric analysis, and the resulting TGA and DTG
thermograms are displayed in Fig. 4(a-b). The four samples showed three main thermal
degradation patterns. The first weight reduction was observed over the temperature
profile of 70 to 125 °C corresponding to the evaporation of moisture and weakly attached
water (Oun and Rhim 2019). The weight losses at this stage were 7.3%, 10%, 4.8% and
9.4% for BASB, BASB/STMP, CNFB and CNFB/STMP, respectively. The main weight
loss was observed in the 206-400 °C range due to the depolymerization of hemicellulose
and cellulose units (Maaloul et al. 2019). The onset decomposition temperatures of
hemicellulose (Tonset) for BASB/STMP and CNFB/STMP were 220 °C and 213 °C,
respectively. The maximum heat degradation processes for the unmodified cellulose
beads is observed at 286 °C (for BASB) and 270 °C (for CNFB). While cellulose
decomposition occurs in the 311 to 408 °C range, the highest degradation rate appears at
343 °C for BASB and 336 °C for CNFB. The major weight-loss process of BASB/STMP
and CNFB/STMP, as shown in Fig. 4a, was increased due to the improved thermostability
of carbon layers when the oxygen groups of cellulose reacted with STMP. The mass loss
(~ 40%) in the 210-500 °C range corresponded to the decomposition of both phosphate
ester groups and the residual oxygen-containing functional groups (Wang et al. 2017). In
fact, the shift in the onset degradation temperature towards higher values could be related
to the depolymerization of cellulose chains that reacted with the phosphate ester groups,
as discussed in the FTIR analysis. Similar changes in the thermal behavior was observed
when wheat starch was treated with STMP (Xie et al. 2019).

The DTG patterns of BASB/STMP and CNFB/STMP were somewhat similar. The
largest weight losses (Tmax) corresponded to the DTG curves of both samples, which can
be explained by the overlapping of cellulose and hemicellulose, resulting in a unique peak
observed at 307 °C for BASB/STMP and 313 °C for CNFB/STMP (Fig. 4b). The final
residues that remained at 900°C for BASB/STMP (21.17 %) and CNFB/STMP (10.08 %)
were significantly higher than those of BASB (13.04 %) and CNFB (4.47 %). This can

11
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be due to the introduction of inorganic minerals during the functionalization process.
Basing on the fact that thermal stability of cellulose is closely related to its crystallinity,
it can be stated that, the higher the LOI value, the greater the thermostability of tested
samples (Ahmadzadeh et al. 2016). All of these observations indicate that the STMP
crosslinked beads possess high heat resistance as compared to native cellulose beads. The
improved thermal resistance of the adsorbents is a desirable feature for the remediation
of pollutants from water (Ben Arfi et al. 2019).

Swelling study

The swelling behavior of the prepared bio-beads was studied for comparison
purposes (Fig. S2). All the cellulose beads showed an excellent swelling degree (SD),
since the minimum value was higher than 155 %. This is due to the fact that the prepared
materials have more hydrophilic groups which can absorb large amounts of water
molecules, while exhibiting a three-dimensional network structure, which facilitates free
water entrainment (Luo et al. 2018a). As shown in Fig. S2, the water-swelling capacity
of BASB decreased from 207.5 % to 155 % after the STMP functionalization because the
crosslinking of BASB by STMP caused the pores of the resulting structure to shrink (Ma
et al. 2016). The crosslinking of phosphate groups may have decreased the number of
water-holding groups in the structure. Ma et al. (2016) reported a similar swelling
tendency for STMP modified porous spheres in water. Fig. S2 revealed that the SD of
CNFB/STMP increased after the incorporation of STMP. The significant increase in the
swelling capacity of the CNFB/STMP is most likely related to the polymeric network
cohesion and cavity (SEM analysis (Fig. 3)) (Luo et al. 2019).

The analysis results of the FTIR, and XPS analysis and the pHpc values of both
studied beads showed abundancy of the carboxyl, hydroxyl and phosphate ester groups
on the modified BASB and CNFB. The existence of such groups may play a critical role
in the biosorption of Cu(Il). The details of the adsorption mechanisms will be investigated

in the section below.

Batch adsorption experiments
Influence of pH on metal ions removal

The effect of pH on Cu(ll) adsorption over the BASB/STMP and CNFB/STMP
samples were studied at various initial pH values between 2 and 6 (Fig. 5), disclosing that

there is a significant increase in the degree of Cu(II) adsorption at pH 2—6. The poor metal
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removal at highly acidic pH 2-3 is due to the protonation of hydroxyl, carboxylic and
phosphate groups, which causes repulsion of the metal ions. Subsequent increases (pH
4-6), led to improved adsorption capacity due to the decreased H* ion concentration
(Ahmad et al. 2018; Ahmadifar and Koohi 2018; Wang et al. 2018d). The adsorption of
copper on the surface of the particles may be favorable at pH> pHpzc, which was found to
7.25 for BASB/STMP and 7.1 for CNFB/STMP (Fig. S3). As a result, when the pH of an
adsorbate solution is higher than the corresponding pHpz, the surface charge of the
bioadsorbent is negative, whereas the opposite is true when the pH of the adsorbate
solution is lower than pHp.c (Lawal et al. 2019). The CuNOs solution caused metal
hydroxide precipitation when the pH was higher than 6, thereby making the metal
adsorption studies impossible (Wang et al. 2018a). Therefore, a pH value of 6 was
selected as the optimal one for Cu(ll) ion adsorption on both adsorbents. Similar results
were achieved in previous studies (Maaloul et al. 2017a; Ahmad et al. 2018; Wang et al.
2018a; Wang et al. 2018d).

Adsorption kinetics

To evaluate the effect of contact time on Cu(ll) adsorption onto functionalized
beads, kinetic studies were carried out at a fixed concentration of 200 mg L™, pH 6 and
at 30 °C (Fig. 6(a-b)). Fig. 6a presents the adsorption capacity of metal ions over
BASB/STMP and CNFB/STMP at different time intervals. Fig. 6a clearly shows that the
uptake rate of copper increased by increasing the reaction time and reached an equilibrium
state. The kinetic data revealed a fast adsorption rate within the initial 120 min for
BASB/STMP and 60 min for CNFB/STMP. It is a reasonable to attribute this
phenomenon to the availability of free actives sites on the beads surface (Qi et al. 2018).

To describe the sorption kinetics behavior of the beads, three different models have
been used, which rely on pseudo-first-order, pseudo-second-order and intraparticle
diffusion mechanisms, as depicted in Fig. 6(a-b). The pseudo-first-order and pseudo-
second-order models can be expressed by equations (5) and (6), respectively:

0 =0, (l_ e ) (5)

a.k,t

" T gkt (6)
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where ge (mg g*) and q: (mg g?) are the adsorption capacities of the adsorbents at
equilibrium and time “t” (min); k1 (mint) and k2 (g mg™* min) are the rate constants for
the corresponding model in the equations (5-6). The calculated parameters of the pseudo-

first-order and pseudo-second-order models are compiled in Table 2.

By comparison of the correlation coefficients (R?) of BASB/STMP and
CNFB/STMP samples, the pseudo-second -order kinetic model proved to be the most
suitable one for the description of the copper removal process, where the R? values
exceeded 0.99 (Table 2). In addition, the theoretical (ge) value and experimental results
are in good agreement with each other. It is concluded that the pseudo-second-order
model is more appropriate to explain the adsorption mechanism for STMP functionalized
beads. The obtained results implied that the biosorption process was controlled by the
chemical reactions (Wang et al. 2018d; Maaloul et al. 2019; Wen et al. 2020).

Intraparticle diffusion mechanism of adsorption

The diffusion mechanism cannot be explained using the pseudo-second order
kinetic model. Thus, it was evaluated by the theory proposed by Weber and Morris
(1963), which relies on an internal model commonly used to describe the diffusion of the
adsorbate into the adsorbent, as is expressed by equation (7). The experimental data were
fitted to the Weber and Morris model to verify if the internal diffusion step is controlling
the whole adsorption process (Wen et al. 2020). The fitting results are shown in Fig. 6b

and the calculated internal diffusion rate constant and R? values are given in Table 2.
g, = Kyt"? + 1

(7)

where, kws is defined as the Weber and Morris rate constant (mg g~* min~®%), and I is the
thickness of the boundary layer (mg g). The slope and intercept of linear plots of q:
against t2 yield the values of kws and .

The linearized graph in Fig. 6b and kinetic parameters in Table 2 showed that the
BASB/STMP plots were divided into three steps based on the three sequential straight
lines, while the CNFB/STMP graph was separated into two steps. The first stage in all
the samples describes the liquid film diffusion (Singh et al. 2017). The fitting plotted in
the first stage did not pass through the origin, indicating that diffusion into beads was not

the only rate-limiting step (Chang et al. 2020). Afterwards, at the second stage, the copper
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ions were transferred and adsorbed into the pores of the particles, resulting in an
intraparticle diffusion rate-limiting step (Ballav et al. 2018). The data fitting in the third
stage for the BASB/STMP sample was assumed to correspond to adsorption equilibrium
(Chang et al. 2020). Further, as shown in Table 2, the values kiq for the second and the
third stages were lower than those of the first stage, which was due to the slowing of
intraparticle diffusion as the concentration of copper in the solution decreased (Singh et
al. 2017; Chang et al. 2020). In summary, the adsorption mechanism of Cu(ll) ions on
BASB/STMP and CNFB/STMP were successfully explained by both the pseudo-second-

order and intraparticle diffusion models.
Equilibrium adsorption isotherm

The adsorption isotherms are intended to disclose the relationship between the
adsorbate and the adsorbent, knowing that the interaction between the surface and the
adsorbate might occur through chemisorption or physisorption (Somsesta et al. 2020).
Figure 7(a-b) displays the adsorption isotherm of Cu(ll) ions on BASB/STMP and
CNFB/STMP biosorbents. Five adsorption isotherms including, Langmuir, Freundlich,
Redlich-Peterson, Sips and Dubinin-Radushkevich models were applied to fit the
experimental date and explain the equilibrium adsorption. The details related to each of

the models can be found in section 4 of the Supplementary Material.

Fig. 7a and b are plots of the nonlinearized Langmuir, Freundlich, Redlich-
Peterson, Sips and Dubinin-Radushkevich isotherms. The calculated values from the five
isothermal adsorption parameters along with their determination coefficient (R?) and
reduced Chi-square (y?) are presented in Table 3. The highest estimated R? and the
smallest (x?) values are regarded as measurements of the goodness of fit to the
experimental data. The applicability of the five isotherm models to the present data

follows the approximate order:

BASB/STMP: Redlich-Peterson> Dubinin—Radushkevich> Langmuir> Sips >

Freundlich.

CNFB/STMP: Sips> Langmuir> Dubinin—Radushkevich> Redlich-Peterson>

Freundlich.

According to the R? and y? values, Redlich-Peterson model is the most suitable to
describe the experimental data for BASB/STMP while Sips model is the most accurate
for CNFB/STMP. Redlich-Peterson model offers a compromise between Langmuir and
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Freundlich models by assuming that the mechanism of adsorption is a hybrid one, which
deviates from ideal monolayer adsorption (Syafiuddin et al. 2018). Sips model is a
combination of both Langmuir and Freundlich isotherm models. This model permits to
predict the heterogeneity of adsorption systems (Neris et al. 2018). It was conceived in
an attempt to avoid the limitation of the sorbate concentration associated with the
Freundlich isotherm (Stanciu and Nichifor 2018). The maximum adsorption capacities of
Cu(ll) ions achieved by BASB/STMP and CNFB/STMP were 141.44 mg g and 147.90

mg g}, respectively.

The mean free energy (E) of sorption per molecule of sorbate was calculated to
predict the type of adsorption mechanism, the values being 12.91 kJ mol* and 9.13 kJ
mol™* BASB/STMP and CNFB/STMP, respectively. Since the values are higher than 8 kJ
mol?, chemisorption was involved in the adsorption process of BASB/STMP and
CNFB/STMP. Similar trends were reported by other researchers (Lei et al. 2018; Maaloul
et al. 2019).

Comparison of the adsorption capacity

The maximum Cu(ll) adsorption capacities of BASB/STMP and CNFB/STMP
found in this work were 141.44 mg g* and 147.90 mg g, respectively. This result was
compared with various adsorbents prepared by other authors, as listed in Table 4.
Comparatively, the CNFB/STMP showed higher adsorption capacity when compared to
the bleached almond shell powder, porous cellulose sphere, TEMPO oxidized cellulose
nanofibers and cellulose beads from bleached almond shell. The big advantage of
BASB/STMP and CNFB/STMP over those powdered adsorbents was the ease of
recovery and separation from effluents after treatment. Hence, the STMP functionalized
cellulose beads can be seen as promising adsorbents for copper (11) removal from polluted
water; this is especially true for CNFB/STMP, as it possesses the highest adsorption

capacity value.
Reusability

Reusability of BASB/STMP and CNFB/STMP for Cu(ll) adsorption/desorption
was performed in four consecutive cycles and the results of the analysis are presented in
Fig. 8. As can be seen, the adsorption properties of BASB/STMP remain unchanged for
all cycles. Only a slight decrease in the mean adsorption value can be observed for copper
(83%), thereby indicating that the prepared BASB/STMP could be a promising candidate
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for highly toxic ion removal, such as copper (I1). On the other hand, the regeneration rate
of Cu(ll) ions by CNFB/STMP material dropped to 55% of its initial adsorption capacity.
This difference reflects the higher affinity for Copper (I1) ions of CNFB/STMP than
BASB/STMP, which might be attributed to the stronger bonding ability between metal
ions and the hydroxyl, carboxylic and phosphate-groups on the CNFB/STMP surface.
That is to say, a higher proportion of active sites on CNFB/STMP occupied by Cu(ll)
ions could not be completely desorbed by HCI under the same conditions. Overall, the
data obtained in the reusability experiment showed that the regeneration of BASB/STMP
in HCI (0.1 M) solution is a suitable, simple and cost-effective process that does not

damage the structure of the sorbent.

Mechanism of interactions between the adsorbate and adsorbent

The above-mentioned results showed the excellent adsorption performance of the
BASB/STMP and CNFB/STMP for Cu(ll) ion removal. This is can be explained
considering the abundance of functional groups on the adsorbent surface (Wang et al.
2018Db). in order to analyse in depth the adsorption mechanism of STMP functionalized
beads, XPS analysis was used to gain better understanding of the interaction between the
hydroxyl, carboxylate and phosphate ester groups with Cu(ll) ions. As expected, in Fig.
9a, a small Cu 2p peak appeared in the XPS survey spectra of BASB/STMP-Cu and
CNFB/STMP-Cu at around 934 eV. The high resolution of Cu 2p the spectrum (Fig. 9b)
can be deconvoluted into two peaks located at 931.45 eV (assigned to Cu 2ps2) and
952.13 eV (assigned to Cu 2p1) (Zhang et al. 2019; Dhandole et al. 2020). The peak of
Cu 2p32 could be attributed to the reaction between Cu(ll) and oxygenated groups
bounded to the surface of the cellulose beads, and the peak of Cu 2p1/ probably formed
by the reaction of OH groups (Dhandole et al. 2020).

Fig. 9c shows the C1s spectrum after adsorption, in which five representative
signals at ~283 eV, 284-285 eV, ~286 eV, ~287 eV and ~288 eV were identified as —C—
H, -C—(C, H)/C=C, —-C-C, -C=0 and O—C=0, respectively (Chen and Liu 2019; Zhuang
et al. 2019) for both BASB/STMP-Cu and CNFB/STMP-Cu. The peak deconvolution
results showed that the relative percentage of the (C—C/C-H) and (C-O—-C/C=0) peaks
shifted and decreased on the BASB/STMP-Cu and CNFB/STMP-Cu samples, meaning
that these functional groups may be involved in the adsorption process.
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In the O1s spectrum (Fig. 9d), the main peak was decomposed into another three
peaks, which could be due to the binding energies of the C=0 or O-C=0, O-H, C-O-C
and P-O level at ~529 eV, ~530 eV, ~531 eV and ~532 eV, respectively (Dhandole et al.
2020; Rol et al. 2020). All the resolved Ols XPS spectrum demonstrated the shift of
bending energy after adsorption, revealing that the corresponding active oxygen-
containing groups also participated in the formation of the coordinated bonds (O -
Cu(Il)) (Godiya et al. 2019). The relative percentage of O1s spectra in CNFB/STMP-Cu
sample decreased significantly, confirming that the carboxylic and hydroxyl groups in
CNFB/STMP are involved in the Cu(ll) adsorption, in which the O atom donates the lone
pair of electrons to the metal ion and the resulting electron density around the O atom
decreases (Ahmad et al. 2018). The significant difference between C1s and O1s peaks
demonstrated that the oxygen-containing groups (such as hydroxyl and carboxyl groups)
in the cellulose beads participated in strong complexing reactions with Cu(Il) (Zhan et al.
2019; Zhang et al. 2020).

Nevertheless, the scan spectra of P2p of the BASB/STMP-Cu and CNFB/STMP-
Cu samples were deconvoluted into four peaks as depicted in Fig. 9e. The binding
energies at 131.85 eV, 132.29 eV, 133.80 eV and 134.75 eV for BASB/STMP-Cu can be
associated with the dominant groups P-C, P-O, (PO4)* and (POs)", according to the
references found in the existing literature (Orliukas et al. 2013; Zhou et al. 2018). This
difference in binding energies stems from different bonds of phosphorus such as P-O, P—
O-P (or double bond P=0), O=P(OR)3 and P-O-C (or P-OH) (Li et al. 2019b). The P2p
spectra of CNFB/STMP-Cu are almost identical to those of BASB/STMP-Cu. It can be
concluded from Fig. 9e that both the intensity and area ratio of P2p decreased after Cu(ll)-
loaded at 131.85 eV and 133.8 eV for BASB/STMP-Cu and 131.53 eV and 134.45 eV
for CNFB/STMP-Cu. Compared with those obtained prior to the adsorption, the location
of P2p peaks shifted towards higher binding energies for all the sorbents. The highest
core-level binding energies were related to formation of oxides with cations (Fongkaew
et al. 2017). This finding confirms that C1s, O1s and P2p spectrum may be involved in
the main chemisorption of metal ions, which was also reported in a recent study (L.i et al.
2019b).

Conclusion

The biosorbents BASB/STMP and CNFB/STMP were prepared from almond shell
to remove Cu(ll) ions from aqueous solution and characterized by SEM, FTIR, XPS, BET
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and TGA/DTG. Due to the modified hydroxyl and carboxyl groups on the surface of the
material, BASB/STMP and CNFB/STMP showed good adsorption performance for
Cu(ll) ions, the corresponding adsorption capacities being 141.44 and 147.90 mg g*.
These values were higher than those of various commercially available adsorbents,
including activated carbon and modified biosorbents. Cu(ll) adsorption kinetics were best
fitted to a pseudo-second order kinetic model, showing equilibrium adsorption after 120
min for BASB/STMP and 60 min for CNFB/STMP. A series of isotherm models were
put forward and the data obtained were successfully fitted to the Redlich-Peterson and
Sips model for BASB/STMP and CNFB/STMP, respectively. The adsorption
mechanisms, including surface complexation and ion exchange, were verified from the
adsorption properties and the adsorbent characterization after adsorption by means of
XPS measurements. The reversibility of the adsorption—desorption process in HCI (0.1
M) solution indicates that STMP-modified beads may be considered as efficient
biosorbents for heavy metal ion removal from aqueous solution. The BASB/STMP
sample showed excellent performance in terms of regeneration and reuse, the results
being superior to those achieved by the CNFB/STMP bead. The potential applicability of
the modified material offers great possibilities for the revalorization of agricultural

wastes, thus making this industry more competitive and environmentally friendly.
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846  Figure 3

847  Fig. 3 SEM images at different magnifications of the STMP-functionalized beads: (a-d)
848 BASB/STMP and (e-h) CNFB/STMP
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858  Fig. 6 Time-dependent adsorption curves of Cu(ll) ion adsorption on BASB/STMP and
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873 Tables

874  Table 1 Comparison of the BET specific surface area of various adsorbents

Sample Specific surface area (m? g') References

Almond shell 0.406 (Ronda et al. 2013)
Bleached almond shell (BAS) 0.51 (Maaloul et al. 2017a)
Lyophilized- bleached almond shell (L-BAS) 0.99

TEMPO oxidized cellulose nanofibers for 1 h (TOCN1)  1.66
TEMPO oxidized cellulose nanofibers for 2 h (TOCN2)  1.97

Chitosan beads 0.96 (Azlan et al. 2009)
Chitosan-EGDE beads 0.62

Carbon spheres (CSs) 1.02 (Olivera et al. 2018)
Chitosan-coated filter with skewed hexagonal holes 0.254 (Zhang et al. 2019a)
Chitosan-coated filter with skewed round holes 0.183

Chitosan-coated filter with square-shaped holes 0.205

Chitosan-coated filter with hexagonal-shaped holes 0.254

CMC beads 0.49 (Luo et al. 2018b)
BASB 0.007 Present work
BASB/STMP 0.87 Present work

CNFB 0.57 Present work
CNFB/STMP 1.22 Present work
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875  Table 2 Kinetic parameters for the adsorption of Cu(ll) ions onto BASB/STMP and
876  CNFB/STMP adsorbents

Models Parameters BASB/STMP CNFB/STMP
Experimental data e.exp (Mg g1) 116.25 93.65
Pseudo-first order Qe,cat, (Mg g2) 110.76 91.38
ki (min™) 0.141 0.402
R? 0.956 0.994
i 60.944 0.609
Pseudo-second order  Qeca (Mg g% 117.21 94.54
k2 (mg gmin) 0.002 0.011
R2 0.991 0.998
v 12.770 0.098
Intraparticle diffusion  kig1 (mg g™ min?) 13.554 5.748
Kig.2 (Mg gt min©%) 6.851 0.876
Kig.s (Mg g min©9) 0.073
I, (mg g 36.990 67.602
l2 (Mg gL 60.265 85.766
I3 (mg g}) 113.925
(R1)? 0.871 0.963
(R2)? 0.984 0.963
(R3)? 0.390
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877  Table 3 Isotherms parameters for the adsorption of Cu(ll) ions onto STMP modified
878  Dbeads

Isotherms Parameters BASB/STMP CNFB/STMP
Experimental data 143.74 139.59
Langmuir Omax (Mg g?) 150.73 153.59
KL (L mg?) 0.024 0.010
R 0.056 0.094
R? 0.997 0.997
Y 9.666 10.778
Freundlich Qeal (Mg ) 101.79 146.21
Ke (mg g (L mgY):  25.142 17.608
Nk 3.525 3.208
R? 0.981 0.942
* 63.029 193.371
Sips gmax (Mg g'%) 180.46 147.90
ks (L mg?) 0.013 0.011
Ns 1421 0.872
R2 0.988 0.999
e 9.187 0.472
Redlich-Peterson  gmax (Mg g?) 141.44 143.79
Krr (L g7 4.437 1
ar-p (L mg'l)BR.p 0.045 0.006
Br-p 0.931 1
R2 0.998 0.956
* 0.168 147.437
Dubinin- do-r (Mg g?) 153.59 148.20
Radushkevich Kp-r (Mol? kJ?) 0.003 0.006
E (kJ mol?) 12.91 9.13
R? 0.998 0.996
Y 0.185 0.361
879
880
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881  Table 4 Comparison of the maximum sorption capacities of Cu(ll) by different

882  adsorbents in the literature

Adsorbents Qt:)seorbents Omad (Mg g?)  Time pH Isotherm g;?:iirozf References

Pinewood sawdust activated Particle 20.2 60 min 6.0 - PSO (Gao et al. 2018)

carbon with H;PO, (IR1-500)

Pinewood sawdust activated Particle 115 60 min 6.0 - PSO

carbon with H;P0, (IR4-800)

Zr-based metal-organic MOFs 59.8 12h 6.0 - PSO (Wang et al. 2018a)

frameworks (Zr-MOFs)

PEl-coated Fe;O4 Nanoparticle  66.6 10 min 5.0 Langmuir PSO (Ld et al. 2019)

Fish scale (FS) Powder 61.73 150 min 6.0 Langmuir (Ahmadifar and
Koohi 2018)

Nanomagnetic (Fes0,) Powder 103.1 120 min 6.0 Langmuir

loaded fish scale (MFS)

LDH-chitosan-alginate beads Bead 24.75 2h 5.0 Freundlich PSO (El Rouby et al.
2018)

CNFs functionalized with Powder 114 12h 7.0 - - (Liu et al. 2015)

phosphate and carboxylic groups

Magnetic silica coated iron Bead 37.73 60 min 3-4 Sips PSO (Ahmadpoor et al.

carbide/alginate beads 2019)

Porous cellulose sphere Bead 110.7 60 min 7.0 Langmuir PSO (Du et al. 2018)

Thiosemicarbazide modified Powder 144.9 30 min 6.0 Langmuir PSO (Ahmad et al. 2018)

green carboxymethyl cellulose

Bleached almond shell (BAS) Powder 18.71 45 min 6.04 Temkin PFO (Maaloul et al.
2017a)

Lyophilized bleached almond Powder 28.27 45 min 6.04 Langmuir PSO

shell (L-BAS)

TEMPO oxidized cellulose Powder 23.8 45 min 6.04 Langmuir PSO

nanofibers for 1 h (TOCN1)

TEMPO oxidized cellulose Powder 21.57 45 min 6.04 Langmuir PSO

nanofibers for 2 h (TOCN2)

CBBAS Bead 128.24 2h 6.0 Sips PSO (Maaloul et al. 2019)

BASB/STMP Bead 141.44 2h 6.0 Redlich- PSO Present work

Peterson
CNFB/STMP Bead 147.90 2h 6.0 Sips PSO Present work

883 gmax® Maximum adsorption capacity of copper (mg g1); PFO: Pseudo-first order kinetic model; PSO:

884 Pseudo-second order kinetic model.
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915 1. N; adsorption — desorption isotherms of BASB, BASB/STMP, CNFB and CNFB/STMP
916 adsorbents (Fig. S1)
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917  Fig. S1 N2 adsorption — desorption isotherms of (a) BASB, (b) BASB/STMP, (c) CNFB and
918 (d) CNFB/STMP adsorbents
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919 2. Swelling behavior of BASB, BASB/STMP, CNFB and CNFB/STMP adsorbents (Fig. S2)
1200

1034 %
1000 +
% 800 -
2
E” 600 - 548.95 0
3
2% 400
207.5 %
200 A 155 %
i N
920 BASB BASB/STMP CNFB CNFB/STMP
921 Fig. S2 Swelling properties of the BASB, BASB/STMP, CNFB and CNFB/STMP adsorbents.
922 3. Determination of the pHpzc of BASB/STMP and CNFB/STMP adsorbents (Fig. S3).
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924 Fig. S3 Determination of the pHpzc value of BASB/STMP and CNFB/STMP adsorbents
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4.1sotherm models

The Langmuir Eq. (8), Freundlich Eqg. (9) and Sips Eq. (11) isotherm models were fitted
to the experiment data using the following equation:

— qmax KLCE

%71k G, (8)

where e is the equilibrium adsorption capacity (mg g), gmax is the maximum adsorption
capacity (mg g2), Ce is the equilibrium concentration (mg L), and Ky is Langmuir constant
(L mg™?).

_ 1/ng
q. = K:C; 9)

where Kr represents Freundlich constant, which can be used to measure the adsorption

capacity ((mg g 1)(L mg1)¥"¢)) and ne represents the represents the heterogeneity factor.

— qmax (Ce kS )llnS
e (1+ Ce ks )l/nS (11)

In which ks is the Sips isotherm constant (L mg™) and ns is the Sips model exponent.

Redlich—Peterson Eq. (11) and Dubinin-Raduskevich Eq. (12) (Dubinin, 1960) were

also used to analyze the adsorption behavior, their respective equations being as follows:

q — KR—PCe
* " 1ta, ,CH (10)

where Br.p is the Redlich—Peterson exponent that lies between 0 and 1, Kr-p (L g1) and ar-p

(L mgH)Brp are the Redlich-Peterson constants.

0, = 0p_p€ """ (12)

where Kp-r is the Dubinin-Radushkevich constant related to the sorption energy (mol? kJ?),
Oo-r is the adsorption capacity in the D-R model (mg g!) and & (kJ mol™) is the D—R adsorption
potential energy obtained through Eq. (13).

1
e=RTIn(1+ C—) (13)

e

The mean free energy (E, kJ mol™) of adsorption for each molecule of adsorbate is calculated

as per equation (14).
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1
E—-——
2K, . (14)

R and T are the universal gas constant (8.314 J mol* K) and the absolute temperature (K),

respectively.
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