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ABSTRACT

About 200,000 tonnes of dye waste is generated annually, polluting our water resources. Dye adsorp-
tion using biodegradable cellulose is of great interest because cellulose is abundantly available at
a low cost, and secondary pollution can be prevented. In this study, porous cellulose beads (PCBs)
were synthesised and characterised for methylene blue (MB) dye removal. The effects of calcium
carbonates (CaCO,) nanoparticles on PCBs properties and MB dye removal were further studied.
PCBs with varied amounts of CaCO, nanoparticles (0.01, 0.03 and 0.05 wt.%) were successfully syn-
thesised through phase inversion. The Brunauer-Emmett-Teller surface area increased from 2.67
to 12.83 m%g. The dye removal efficiency (R) increased from 88.12% to 97.04% at the adsorbent
dosage of 0.06 g and equilibrium time of 3 h when the 0.05 wt.% of CaCO, nanoparticles were
incorporated. The adsorption kinetics could be described using pseudo-second-order with R?
values of higher than 0.99 since the adsorption process is governed by chemisorption. The maxi-
mum adsorption capacity of PCBs with 0.05 wt.% of CaCO, nanoparticles loading determined by
pseudo-second-order was 49.02 mg/g. After six cycles of adsorption—desorption processes, about

50% of the dye can still be adsorbed.
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1. Introduction

Cellulose is the most abundant biopolymer since it can be
extracted from a wide range of sources such as plants, biore-
finery waste, algae, and more. In addition, nanocellulose and
cellulose derivatives have been widely used as the building
blocks of filters, membranes and adsorbents for wastewater
treatment. These sustainable polymers offer lightweight,
large surface area, great hydrophilicity, and high flexibility
in chemical modification for achieving satisfactory removal
of water pollutants.

Unlike other adsorbents, porous cellulose beads (PCBs)
could be easily produced using the NaOH/urea aqueous
solution at low temperature as the solvent, while acidic
or salt solution could be used to solidify the droplets. The
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PCBs could attain surface area up to 99.80 m?/g and a max-
imum adsorption capacity of 48.80 mg-MB/g (MB — meth-
ylene blue) [1]. Further oxidation treatment under micro-
wave irradiation, the surface area increased to 132.27 m?/g
and the adsorption capacity improved to 873 mg/g due to
the improvement of carboxylate content [2]. Adding the
natural clay, sepiolite into NaOH/urea aqueous solution
containing cellulose to form composite beads, the maxi-
mum adsorption capacity of malachite green of 314.47 mg/g
could be achieved [3]. Harada et al. [4] incorporated acti-
vated carbon into cellulose beads which were prepared from
cellulose acetate and then deacetylated through alkaline
treatment. The activated carbon increased the surface area
of cellulose beads from 25 to 700 m?g and the adsorption
capacity of toluidine blue to 123.5 mg/g. Cellulose/graphene
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oxide beads were produced using NaOH solution at -12°C
as the solvent and HNO, solution containing NaCl as the
coagulation bath for the adsorption of malachite green up
to 17.862 mg/g [5]. Microcrystalline cellulose and cellulosic
products were used as adsorbents for removing a cationic
dye from an aqueous solution with an adsorption capacity
of 82 mg/g [6,7]. Poly(vinyl alcohol) hydrogel containing
TEMPO-oxidized cellulose showed an excellent adsorption
of 357.140 mg-Cu?'/g of hydrogel [8]. Graphene nanosheets
with a large surface area (750 m?/g) could be added into
cellulose doped solution before regeneration as well [9].
The adsorption capacity increased from 98.1 to 139.6 mg:-
Congo red/g after incorporating graphene nanosheet.

Cellulose/chitosan beads were synthesised using
[Emim]Ac ionic liquid at 70°C as the solvent and ethanol
as the coagulation bath [10]. A maximum adsorption capac-
ity of 40 mg-Congo red/g was achieved using cellulose/
chitosan beads with a surface area of 2.28377 m?/g. Liu et
al. [11] added chitosan into NaOH/urea/H,O containing
cellulose before regeneration into hydrogel beads. The
hydrogel beads were crosslinked using genipin and then
grafted with dimethyldiallylammonium chloride. A very
low surface area of 0.73 m?/g was recorded, but the swell-
ing degree increased from 1.17 to 10.35 g/g after grafting.
Protonated amino and quaternary ammonium groups inter-
acted with the sulfonate groups of dyes, resulting in adsorp-
tion of Reactive red 195 and Methyl orange up to 133.52
and 190.48 mg/g, respectively. Porous cellulose beads could
be prepared through the reductive amination crosslinking
of 2,3-dialdehyde cellulose and chitosan [12]. Surface area
increased from 8.93 + 0.23 m%g to 79.67 + 0.31 m%/g after
treatment with NaOH and diethyl ether, with adsorption
capacity of 200 mg-Congo red/g recorded at pH 2. The load-
ing of cellulose nanocrystal with a large surface area near
500 m?g in the alginate beads caused a maximum adsorp-
tion capacity of 256.41 mg-MB/g [13]. The mixture of nano-
fibrillated cellulose and alginate in an aqueous solution
containing graphene oxide was dropped into CaCl, solution
to form composite hydrogels with the maximum adsorp-
tion capacity of 665 mg crystal violet/g [14]. The sulfonate
of lignin improved the adsorption of MB by the alginate
beads containing cellulose nanocrystal with lignin near
1,181 mg/g [15].

Carboxymethyl cellulose (CMC) hydrogel could be
produced from sodium carboxymethyl cellulose using a
crosslinking agent or metal ions such as Cu*, AI**, and Fe*.
Incorporating metal-organic frameworks such as ZIF-8 into
CMC hydrogel did not improve the MB adsorption capac-
ity significantly, but it allowed higher adsorption capacity
to be regenerated using ethanol [16]. Yang et al. [17] modi-
fied CMC hydrogel with polyethyleneimine (PEI) that con-
tains abundant amino groups to facilitate the adsorption
of Methyl blue, nearly 450 mg/g. After crosslinking using
AI(NO,),, CMC hydrogel was immersed into PEI solution
and then crosslinked again using glutaraldehyde. The hol-
low structure formed as Al(OH), formed and destroyed
the carboxyl-Al bonding, reducing the surface area from
67.958 m?/g to the range of 1.560-22.297 m?*/g. Ding et al. [18]
modified cellulose hydrogel beads using a similar method,
also resulting in the reduction of surface area to 100.61 m?%/g.
Due to electrostatic attraction and hydrogen bonding, the

adsorption capacity for Methyl blue and Rose bengal (RB)
increased to 15,550.55 and 467.95 mg/g, respectively. The
carboxylated cellulose nanocrystalline/MnO, composite
was first prepared through in situ oxidation, followed by
blending into alginate solution and crosslinking in CaCl,
solution to form catalytic adsorbent [19]. A maximum dye
removal MB blue.

Besides co-polymers, inorganic nanoparticles were
incorporated into cellulose-based adsorbents. Calcium
carbonates (CaCO,) nanoparticles were used as the pore
templating agent in the preparation of magnetic cellulose
beads from microcrystalline cellulose and Fe,O, mixture in
1-butyl-3-methylimidazolium chloride ([BMIM]CI) ionic
solution [20]. The mixture was dropped into HCI solution,
washed and frozen at -10°C before freeze-drying at —-10°C.
CaCO, nanoparticles were removed using the acidic solu-
tion, improving surface area from 5.14 to 9.10 m?/g. The sub-
sequent modification using glutaric anhydride improved
the maximum adsorption capacity to 1,186.8 mg-MB/g and
151.8 mg-Rhodamine B/g. Similarly, CaCO, was added into
the mixture of cellulose and oxalic acid modified montmo-
rillonite in NaOH/urea solution as the template [21]. The
surface area increased from 28.8 to 46.0 m*/g when 30 wt.%
of CaCO, was incorporated, but the pore collapsed at higher
loading of CaCQO,. Unlike previous works, CaCO, nanopar-
ticles were incorporated into cellulose beads as the addi-
tional adsorption sites in this study. Biocompatible CaCO,
nanoparticles were incorporated into cellulose dope solu-
tion before synthesising PCBs through phase inversion.
The effects of CaCO, nanoparticles on the morphology and
dye removal efficiency of PCBs were examined.

2. Materials and methods
2.1. Materials

a-cellulose (>97%) from Sigma Life Science was used as
the major building block of PCBs. Other chemicals such as
sodium hydroxide (NaOH) (>99%, Merck), urea (>99.5%,
Merck), ethanol (absolute, Merck), MB (Reag. Ph Eur, Merck),
calcium carbonate (CaCO,) nanoparticles (298%, Shanghai
Manufacturer), and calcium chloride (CaCl,) (>97%, Sigma-
Aldrich) were used without further purification. CaCO,
nanoparticles (40-80 nm) were acquired from XFNANO
(China).

2.2. Synthesis and characterisation of PCBs incorporated with
CaCO, nanoparticles

NaOH/urea aqueous solution was used as the solvent to
prepare the cellulose dope solution. NaOH, urea, and dis-
tilled water were first mixed at a weight ratio of 6:4:100 and
then stored in a refrigerator at -12°C. Subsequently, 5 g of
a-cellulose was dispersed into 100 mL of NaOH/urea aque-
ous solution to form the dope solution with a cellulose con-
centration of 5 wt.%. The mixture was stirred vigorously at
1,200 rpm for 10 min until all the a-cellulose was dispersed.
The dissolution of cellulose was repeated for the prepara-
tion of the dope solution containing CaCO, nanoparticles
(0.01, 0.03 and 0.05 wt.%). The dope solution was degassed
using a planetary mixer-deaerator (Kurabo Mazerustar,
KK-300SS) at 1,500 rpm for 1 min. PCBs with a diameter
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of approximately 2.5 mm were continuously produced by
dropping the dope solution into CaCl, solution (5 wt.%)
using a modified syringe with a needle diameter of 0.8 mm.
The height between the needle tip and the bath surface was
fixed at 24 cm, as shown in Fig. S1. The PCBs formed were
further washed with distilled water at least 10 times to elim-
inate NaOH/urea solution and CaCl, until reaching neu-
tral pH. The PCBs were frozen at —-10°C for 12 h and then
immersed in ethanol for about 2 h before being frozen again
in an ultra-low temperature freezer (Sanyo VIP Plus Ultra
Low Ing Climas, CVF525/86) at —48°C for overnight. The
frozen PCBs were freeze-dried under vacuum in the freeze
dryers (Labconco) at 48°C for 48 h.

The Fourier-transform infrared (FTIR) spectra of the
PCBs were recorded using an FTIR spectrometer (Nicolet™
i520, Thermo Fisher Scientific Inc.) equipped with a deu-
terated triglycine sulphate detector (DTGS) and a versatile
attenuated total reflectance (ATR) accessory. FTIR spec-
tra were obtained within the range between 4,000 and
650 cm™ and 32 sample/background scans at a resolution
of 0.25 cm™. The cross-section of the PCBs was examined
using a scanning electron microscope (SEM, Hitachi Model
TM3000). The crystallinity of CaCQO, in the cellulose matrix
was studied using X-ray diffraction (XRD) patterns col-
lected from an automated X-ray diffractometer system (D8
Advance, Bruker, Karlsruhe, Germany) with Cu-Ka radia-
tion (15.4056 nm) at 40 kV and 40 mA. The N, adsorption—
desorption isotherms were collected after degassing PCBs
at 150°C for 6 h under N, flow (Micromeritics ASAP 2020).
The specific surface area, Langmuir surface area, t-plot,
Barrett-Joyner—-Halenda (BJH) adsorption, BJH desorption
and total pore volume of PCBs were determined.

2.3. Dye adsorption

Before conducting the adsorption test, a calibration curve
to determine MB concentration was established according
to Beer’s law. The light intensity of samples with different
concentrations was recorded at a wavelength of 665 nm
using a UV-Vis Spectrophotometer (Cary 60, Agilent). Then,
adsorption experiments were performed by adding 4 mg
of PCBs into 20 mL of MB solution with a concentration of
10 ppm. The mixture was shaken at 100 rpm using an orbital
laboratory shaker (Major Science, MS-NOR-30). The dye
concentration at different time intervals was determined
using a UV-Vis Spectrophotometer (Cary 60, Agilent) at a
wavelength of 665 nm. The adsorption capacity (Q, mg/g)
and the removal efficiency (R, 100%) were determined
using Egs. (1) and (2):
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where C (mg/L) is the initial dye concentration of MB,
C, (mg/L) is the equilibrium dye concentration of MB, V (L)
is the volume of the dye solution, and M (mg) is the weight

of PCBs. The adsorption kinetics were further studied by fit-
ting the pseudo-first-order [Eq. (3)], pseudo-second-order
[Eq. (4)], and intraparticle diffusion [Eq. (5)] models.
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where Q, (mg/g) is the adsorption capacity at a given
time t (h), k, (h™) is the rate constant of pseudo-first-or-
der kinetics equation, k, (g/mg-h®’) is the rate constant of
pseudo-second-order kinetics equation, k, (g/mg-h®) is
the intraparticle rate constants, and C, (mg/g) represents
the adsorption constant which is the intercept value.

In the regeneration tests, 1 g of PCBs were added into
50 mL MB solution with a concentration of 100 mg/L at
pH 7. After 3 h, the MB-loaded PCBs were immersed in
10 mL of hydrochloric acid (HCI) solution (0.15 M) for
15 min under 120 rpm at 25°C. The desorption efficiency
was determined.

mg
Cdesorbed T
Desorption efficiency (%) =——<x100% (6)
mg
C ]
adsorbed[ L ]
where C . . is the final MB concentration in desorp-
tion medium and C_, ., . is the MB concentration of MB
adsorbed by PCBs.

3. Results and discussion

3.1. Characteristics of PCBs incorporated with CaCO,
nanoparticles

Fig. 1 shows the FTIR spectra of PCBs, PCBs/0.01 wt.%
CaCO,, PCBs/0.03 wt.% CaCO, and PCBs/0.05 wt.%
CaCQ,. All the FTIR spectra showed an intense and broad
adsorption band at 3,335 cm™ due to the stretching vibra-
tion of -OH groups. The peaks located at 2,890 cm™ could
be related to the stretching vibration of -CH group. The
other bands at 1,637 and 1,407 cm™ represent the -OH
bending of absorbed water and bending vibration of -CH
group, respectively. The spectra pattern is similar to the
FTIR spectra of cellulose-based membrane scaffolds [22],
and regenerated cellulose thin films [23] prepared using
NaOH/urea aqueous solution as the solvent. The bands
at 1,155 cm™ correspond to the stretching vibration of the
C-O-Cbond in cellulose, while the peaks around 1,019 cm™
represent the skeletal vibration of the C-O-C pyranose ring
in cellulose [24]. The band at 872 cm™ could be related to
the bending of CO?™ due to the presence of calcite, which
is the most stable polymorph of CaCQO, [25,26]. By increas-
ing the CaCO, loading, the band absorbance increased
[27]. The increasing absorbance of CO?  band at 1,407 cm™
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and the cellulose peak at 1,019 cm™ in the FTIR spectra
also indicated the good dispersion of CaCO, nanoparticles
on the cellulose matrix [26,27]. The FTIR spectra of PCBs
samples was comparable to that of commercial cellulose
[28], demonstrating no cellulose degradation after disso-
lution in NaOH/urea aqueous solution.

For the formation of cellulose spheres, cellulose dope
solution was added into CaCl, dropwise to initiate the pre-
cipitation. The dropping was more likely to form the ellip-
tical shape due to the mechanical distortion of droplets
when they stroke the surface of a coagulation bath [29].
PCBs were then frozen before being freeze-dried. After
freeze-drying, the interconnected pores were created due
to the presence of small ice particles in PCBs during freez-
ing. Fig. 2 shows the SEM images of porous PCBs, namely
(a) PCBs, (b) PCBs/0.01 wt.% CaCO,, (c) PCBs/0.03 wt.%
of CaCQO,, and (d) PCBs/0.05 wt.% of CaCO,.
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Fig. 1. FTIR spectra (a) PCBs, (b) PCBs/0.01 wt.% CaCO,,
(c) PCBs/0.03 wt.% CaCO,, and (d) PCBs/0.05 wt.% CaCO,
samples.
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The PCBs consist of randomly oriented and twisted cel-
lulose fibers, as reported by others [30,31]. The NaOH/urea
aqueous solution disrupted the inter and intra-cellulose
connections, causing cellulose to rearrange to form a porous
structure [32]. Larger pores formed inside PCBs when the
CaCO, amount was increased from 0 to 0.05 wt.% [1]. The
hydrophilic CaCO, nanoparticles enhanced the demixing
rate during phase inversion and pore formation. The large
pores were expected to promote molecule diffusion within
the adsorbents and interaction with carboxylate groups [22].
Differently, [33] used ethanol bath to prolong the demix-
ing process for promoting the growth of pores. CaCO,
nanoparticles were also helpful to reduce pore collapse
and to increase the surface area after freeze-drying [34].

The crystallinity changes after incorporating CaCQO, into
PCBs are shown in Fig. 3. The XRD patterns of PCBs and
PCBs/0.05 wt.% CaCO, samples exhibited diffraction peaks
of cellulose II at 20 around 11.2°, 20.0° and 21.7°, corre-
sponding to the (1 1 0) and (0 2 0) planes, respectively [35].
The cellulose structure was successfully preserved during
the formation of beads. The XRD peaks of PCBs/0.05 wt.%
CaCO, sample located at 20 of 29.7°, 34.5°, 39.9°, 43.9°, 47.2°
and 48.5° could be assigned to the plane of calcite [36,37].
The more intense and sharp peaks for cellulose II indi-
cated that the precipitate CaCO, generated a further disor-
dered arrangement of cellulose chains while maintaining
the high crystallinity of calcite in PCBs.

The nitrogen adsorption-desorption isotherms were
analysed to determine the surface area, pore volume and
pore diameter of PCBs samples, as summarised in Table 1.
The Brunauer-Emmett-Teller (BET) surface area increased
from 2.67 to 12.83 m?*/g, while the BJH adsorption pore vol-
ume increased from 0.0041 to 0.0103 cm*/g when the CaCO,
loading was raised to 0.05 wt.%. However, the average
pore diameter decreased from 55.00 to 7.15 nm, indicating
the formation of mesopores [38]. This improvement could

NL x500 200 um

Fig. 2. SEM images shows the cross-section of (a) PCBs, (b) PCBs/0.01 wt.% CaCO,, (c) PCBs/0.03 wt.% CaCO,, and

(d) PCBs/0.05 wt.% CaCO, samples.
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Fig. 3. XRD patterns of (a) PCBs and (b) PCBs/0.05 wt.%
CaCO, samples.

Table 1
BET surface area, pore volume and pore diameter for PCBs,
PCBs/0.01 CaCO,, PCBs/0.03 CaCO, and PCBs/0.05 CaCO,

Sample BET surface  Pore Pore
area (m%/g) volume  diameter
(em’/g)"  (nm)’
PCBs 2.67 0.0041 55.00
PCBs/0.01 wt.% CaCO,  2.20 0.0044 13.34
PCBs/0.03 wt.% CaCO,  1.95 0.0058 38.91
PCBs/0.05 wt.% CaCO,  12.83 0.0103 7.15

“BJH adsorption cumulative volume of pore.
"BJH absorption average pore diameter.

be related to the improvement of pore formation caused
by CaCO, nanoparticles. In addition, CaCO, nanoparti-
cles provided additional adsorption sites and surface area
besides improving the intercalation of cellulose fibers [39].
In comparison to PCBs, the BET surface area of PCBs/0.01
CaCO, and PCBs/0.03 CaCO, reduced slightly but increased
dramatically up to 12.83 m*g for PCBs/0.05 CaCO,. The
addition of 0.05 wt.% of CaCO, could promote pore for-
mation effectively, as shown in SEM images. A low CaCO,
content could not promote pore formation significantly
and resulted in pore blockage.

3.2. Dye adsorption on PCBs incorporated with CaCO,
nanoparticles

The effects of adsorbent dosage on dye adsorption
by PCBs was first investigated. Fig. 4 shows that the dye
removal percentage (R) continued to rise with increasing
adsorbent dosage. The rise could be related to the incre-
ment of surface area and active sites by increasing PCBs
dosage. Hence, the dye removal efficiency improved from
80.47% to 88.69% as the adsorbent dosage was raised from
0.02 g to 0.04 g. It was also discovered that R-value began
to decrease to 85.92% at 0.06 g. However, the adsorp-
tion capacity at equilibrium (Q) declined from 75.74 to
27.40 mg/g when the PCBs dosage increased from 0.02 g to
0.06 g. The decline is caused by the aggregation of accessi-
ble adsorbent surface area at high adsorbent dosage, which
increased the path length of diffusion [40].

The subsequent adsorption tests using adsorbent
dosage at 0.04 g. Fig. 5 shows the effect of CaCO, nanopar-
ticles loading on dye adsorption at ambient pH and
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Fig. 4. Effect of adsorbent dosage on dye adsorption.
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Fig. 5. Effects of CaCO, loading on dye removal using PCBs.

temperature. The cellulose beads showed the highest MB
adsorption at pH 7, and the adsorption capacity decreased
under acidic or basic conditions. In the acidic solution, the
excess H' ions competed with cationic MB molecules and
reduced the active surface sites for MB adsorption. As the
pH increased with the addition of NaOH, chloride groups of
MB reacted with sodium groups of NaOH to form sodium
chloride (NaCl) salts [41,42]. Dye adsorption was consider-
ably fast during the first hour of the adsorption process due
to the availability of active sites on the adsorbent surface
to achieve maximum adsorption capacity [20,41,42]. The
adsorption began to slow down and eventually achieved
equilibrium over time because of slow diffusion into the
porous structure. The equilibrium was achieved within
3 h for the dye solution (20 mL) with an initial concentra-
tion of 10 mg/L using 0.04 g of PCBs. A similar trend was
reported by [42] in the removal of MB using oil palm fronds
microcrystalline cellulose. They achieved equilibrium
adsorption within 60 min using 10 g of adsorbent for MB
solution (25 mL) with a concentration of 10 mg/L.

As summarised in Table 2, PCBs without additives only
removed MB up to 88.12%. After adding 0.01 to 0.05 wt.%
of CaCO, nanoparticles into PCBs, the dye adsorption
increased up to 97.05%. CaCO, nanoparticles served as an
effective pore formation agent, increasing the surface area
of PCBs for dye adsorption. In the preparation of cellulose/
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microfibrilled cellulose composite for MB adsorption, Li
et al. [43] observed the improvement in dye adsorption
due to the enhanced pore formation in the presence of CO,
generated by CaCO, in HCI solution. The content of CaCO,
could not be increased beyond 0.05 wt.%. CaCO, content
of 0.07 wt.% caused the dye adsorption to drop to 90.94%
(Table S2). Higher CaCO, content might lead to particle
agglomeration and a longer diffusion path for adsorp-
tion, resulting in a lower percentage of MB adsorption
[44]. Furthermore, a high CaCO, content might cause pore
blockage in PCBs [45].

Pseudo-first-order and pseudo-second-order Kkinetic
models were used to study the surface-controlled adsorp-
tion rate in this work. As shown in Table 3, the correlation
coefficient, R* of the pseudo-second-order kinetic model
is greater than the correlation coefficient R* of the pseu-
do-first-order kinetic model. Furthermore, the adsorption
capacity Q, , could be estimated close to the experimental
adsorption capacity, Q, . using the pseudo-second-order
equation as reported by [1,20]. The pseudo-second-order
model described the MB adsorption by PCBs samples sat-
isfactorily, showing that the rate-determining step was the
chemisorption [47]. To determine the rate-limiting step

Table 2
Dye removal percentage using PCBs with different CaCO,
loading at equilibrium

Samples Dye removal

percentage (%)

using intraparticle models, MB adsorption on PCBs sam-
ples could be divided into three phases (Fig. S2). Table 3
lists the rate constants k, (i = 1, 2, 3) at different phases.
The adsorption rate constant in the first stage (k,,) is greater
than in the second (k,), and third stages (k,) because the
adsorption rates at the first stage are higher than those
at the second and third stages. The dye adsorption on
the adsorbent surface at the first phase was only limited
by the bulk diffusion, while the adsorption was limited
by intraparticle diffusion at the second phase. Lastly, the
adsorption at the third phase is the slowest because very
few adsorption sites were accessible for the dye mole-
cules. The observation is similar to other work by Cheung
et al. [47] who commented that only one rate-limiting
step could dominate the adsorption at one phase. Tan
et al. [48] also further explained that boundary layer dif-
fusion controlled the dye adsorption on microcrystalline
cellulose.

The desorption performance and reusability of PCBs
with 0.05 wt.% of CaCO, nanoparticles are shown in
Fig. 6. In general, the adsorption capacity and desorption
efficiency decreased after 6 cycles of regeneration. The
desorption of MB was caused by the protonation of PCBs
using HCI. The desorption freed the active sites for the
following cycle of adsorption [49]. The adsorption capac-
ity reduced from 46.52 to 36.24 mg/g, while desorption
dropped from 82.6% to 75.2% after the second cycle. After
6 cycles of adsorption-desorption processes, about 50%
of the dye can still be adsorbed. However, the desorption
performance dropped to about 40% after 6 cycles. The drop
in adsorption was caused by the accumulation of occupied

PCBs (without additive of CaCO3) 88.12 sites along with the adsorption—desorption cycles [9]. In this
PCBs/0.01 wt.% CaCO3 89.99 study, cellulose fibers were stabilised by Na* counter-ions.
PCBs/0.03 wt.% CaCO3 94.05 The addliéizr.l of I;Igll durinlgithebretpeated cllleslorption pro-
o cess cou isrupt the repulsion between cellulose, causing
PCBs/0.05 wt.% CaCO3 97.04 the deterioration of active sites [50]. As a result, the total
Table 3
Kinetic model constant of the pseudo-first-order and pseudo-second-order models for dye adsorption using PCBs incorporated
with CaCO,
Sample Qeexp Pseudo-first-order kinetic Pseudo-second-order kinetic
(mg/g) Q. (mgle)  k{E) R Qu(mglg)  k(mg/gh R
PCBs 39.2683 17.6300 0.1218 0.6587 41.6667 0.0960 0.9985
PCBs/0.01 wt.% CaCO3 43.1338 13.4154 0.1544 0.6473 44.8430 0.1130 0.9988
PCBs/0.03 wt.% CaCO3 45.1561 10.2821 0.1749 0.6070 46.5116 0.1491 0.9989
PCBs/0.05 wt.% CaCO3 46.8117 10.6942 0.2889 0.7542 49.0196 0.1040 0.9993
Table 4
Kinetic parameters and correlation coefficient of the intraparticle diffusion model for dye adsorption using PCBs incorporated with
CaCO,
Sample k,, (g/mgh®) C, R} k,, (g/mgh®?) C, R} k,, (g/mg-h") C, R?
PCBs 25.0670 1.6008 0.9533 2.0491 33.3150 0.9024 0.0554 39.0590 0.3569
PCBs/0.01 wt.% CaCO3 27.8220 1.9836 0.9425 2.1653 36.7730 0.9550 0.1275 43.4320 0.4304
PCBs/0.03 wt.% CaCO3 29.8340 2.2504 0.9361 1.7043 40.1430 0.9605 0.2379 45,9940 0.5511
PCBs/0.05 wt.% CaCO3 30.3460 2.2695 0.9371 2.3374 39.8550 0.9932 0.0129 46.8530 0.9018
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Fig. 6. Adsorption capacity of PCBs/0.05 wt.% of CaCO, on MB
after regeneration.

surface area available for the consecutive adsorption cycle
could be reduced. The electrostatic interaction between
functional groups of adsorbents and cationic dye could
also be disturbed, leading to low desorption [51]. In addi-
tion, dye molecules could be trapped inside the porous
structure, causing incomplete desorption. Similar find-
ings were reported in the study of Cu® adsorption using
sodium trimetaphosphate-modified cellulose beads [52].

4. Conclusions

In this study, PCBs with varied amounts of CaCO,
nanoparticles (0.01, 0.03 and 0.05 wt.%) were successfully
synthesised using NaOH/urea aqueous solution as the sol-
vent in the phase inversion process. PCBs intercalated with
CaCO, nanoparticles showed enhanced porous structure.
The surface area increased significantly for the improve-
ment of adsorption capacity. CaCO, nanoparticles acted
as the pore-forming agent by improving the demixing
rate. PCBs with 0.05 wt.% of CaCO, nanoparticles loading
attained maximum removal of MB, which was 97.04% at the
adsorbent dosage of 0.04 g and equilibrium time of 3 h. The
adsorption of dye by PCBs samples was well described by
the pseudo-second-order kinetic model it was dominated
by the chemical adsorption.
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Supplementary information

Table S1
BET surface area, pore volume and pore diameter for PCBs,
PCBs/0.01 CaCO,, PCBs/0.03 CaCO, and PCBs/0.05 CaCO,

Sample BET surface Pore volume Pore diameter
area (m?*/g)  (cm*/g)" (nm)®

PCBs 2.67 0.0041 55.00

PCBs/0.01 CaCO, 2.20 0.0044 13.34

PCBs/0.03 CaCO, 1.95 0.0058 3891

PCBs/0.05 CaCO, 12.83 0.0103 7.15

“BJH adsorption cumulative volume of pore.
YBJH absorption average pore diameter.

Table S2
Absorption capacity at equilibrium (Q) and dye removal
percentage for PCBs/0.07 CaCO,

Sample Q, (mg/g) Dye removal percentage (%)
PCBs/0.07 CaCO,  43.87 90.94
50 1 T
45 A ! ® °
40 -
T
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B I | ——PCBs/0.01 wt% CaCO3
Fig. S1. Experimental set-up of the preparation of porous cellu- 320 : : o PCBS0.03 WtZA’ Caco3
lose beads (PCBs) using CaCl, solution as the coagulation bath. 15 I | —*=PCBs/0.05 wt% CaCO3
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Fig. S2. Different phases of intraparticle diffusion model fitting
on dye adsorption using PCBs with different CaCO, loadings.
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