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oconut water-derived bacterial
cellulose in water treatment: environmentally
benign modification to enhance the adsorption
capacity for multiple heavy metal ions

Ha V. Le,ab Dat D. B. Nguyen,ab Phu V. Luu,ab Uyen T. N. Vy,ab Anh T. H. Phan,ab

Linh H. T. Nguyen,bc Phuoc H. Ho, d Hanh H. M. Nguyenab

and Khoa D. Nguyen *ab

Bacterial cellulose, produced through the fermentation of sugar-rich natural resources, exhibits a unique

three-dimensional structure and higher purity than plant-derived cellulose, making it promising for

various applications. In this study, we modified bacterial cellulose from coconut water using readily

available reagents, such as diammonium hydrogen phosphate and urea, without toxic solvents.

Characterization techniques, including XPS, SEM-EDX, XRD, FTIR, TGA, and elemental analysis, confirmed

successful phosphorylation with a phosphorus substitution degree of up to 11%. We investigated the

effects of phosphorylation and adsorption conditions on the uptake of four metal ions (Cu2+, Cd2+, Fe3+,

and Pb2+), finding a correlation with phosphorylation efficiency. The adsorption data conformed to the

Langmuir model, indicating monolayer adsorption, and kinetic studies suggested that chemisorption

should be the dominant mechanism. The study expanded to five additional metal cations, including Ni2+,

Cr3+, Zn2+, Co2+, and Mn2+, demonstrating enhanced adsorption capacity due to the phosphorylation.

The single-metal uptake ranged from 77.5 to 113.9 mg g−1, exhibiting a 2.3–4.4-fold improvement over

unmodified bacterial cellulose. Similar results were obtained for simulated wastewater samples

containing all these metal ions. Importantly, the bacterial cellulose-based adsorbent was successfully

recovered and reused for four cycles, maintaining considerable capacities. These findings highlight

bacterial cellulose as a sustainable, high-quality alternative for water treatment and demonstrate its

potential as a value-added functional material derived from sugar-based biomass.
Introduction

Water contaminants are increasingly threatening ecosystems
due to unsustainable anthropogenic activities. In addition to
the widespread presence of organic pollutants such as dyes and
oils, heavy metal ions have emerged as particularly hazardous
inorganic contaminants that signicantly impact aquatic envi-
ronments.1 In most cases of water pollution, these toxic metallic
components are introduced into natural systems through
various industrial activities, including wastewater discharge,
mining, metallurgy, leather tanning, electroplating, electrolysis,
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battery production, textile manufacturing, petroleum rening,
paper and pulp processing, and uidized bed bioreactors.2,3 It is
globally estimated that approximately 380 trillion liters of
wastewater are discharged annually, with heavy metals being
among the most problematic pollutants.4 Specically, in Viet-
nam, about 30% of the 3 million cubic meters of daily waste-
water remains untreated.5 During their release, heavy metal
ions can interact with organic compounds, forming more
complex and toxic derivatives, which directly or indirectly
inltrate living systems through various mechanisms such as
diffusion and adsorption.6 The concentration of these ions is
critical, as their accumulation, even at trace levels, can lead to
severe toxicity. Typical metal ions of Mn, Cu, Co, Fe, Ni, Zn, and
Cr can cause serious health issues, including organ damage,
cancer, neurological disorders, chronic poisoning, and brain
dysfunction.1,7 These risks underscore the urgent need for
effective heavy metal removal techniques to reduce environ-
mental pressure on wastewater resources.

Various approaches have been developed for heavy metal
remediation, such as chemical precipitation, chelating
© 2025 The Author(s). Published by the Royal Society of Chemistry
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precipitation, coagulation and occulation, otation, electro-
chemical treatment, photocatalysis, ion exchange, membrane
ltration, biological treatment, and adsorption.8–12 However,
many of these techniques face undeniable disadvantages. For
instance, chemical methods oen generate large volumes of
sludge as secondary waste, while membrane ltration suffers
from high installation costs and periodic fouling.2,13 Among
these, adsorption is widely regarded as the most cost-effective
and efficient method, wherein heavy metal ions are captured
on the surface or within the porous structure of adsorbents,
with potential for regeneration and reuse.14,15 Although tradi-
tional adsorbents such as activated carbon, alumina, zeolites,
clays, and carbon nanotubes are widely used, there is growing
interest in green alternatives derived from biomass and agri-
cultural waste, valued for their renewability, low cost, and
environmental friendliness.1,16,17 Notably, cellulose, abundant
in nature, along with hemicellulose, lignin, and pectin, has
attracted attention as a promising adsorbent for heavy metals
remediation in water through efficient and diverse surface
functionalizations or adjustable combinations with other
materials.18–21 Nevertheless, plant-based cellulose typically
requires extensive pretreatment involving harsh alkaline
chemicals and bleaching agents, which are energy-intensive,
time-consuming, and environmentally detrimental.22,23 In
contrast, bacterial cellulose (BC), synthesized via microbial
fermentation of sugar-based media under mild conditions,
offers a more sustainable alternative.24,25 BC consists of an
interconnected nanobrous network with distinct advantages,
including high crystallinity (>84%), high purity (free from other
biopolymers), excellent water-holding capacity, and superior
mechanical properties.26 Interestingly, our recent study has
shown that pristine BC could adsorb a variety of metal ions,
albeit with relatively low capacities (6.0–45.0 mg g−1).26 There-
fore, chemical modications are typically necessary for the
cellulose matrix to adjust the surface properties and improve
the adsorption of the metal ions.1,27 The general strategy for this
modication involves graing functional groups via typical
organic reactions with the abundant hydroxyl sites of cellulose,
such as esterication, etherication, phosphorylation, haloge-
nation, oxidation, or silylation. Among them, the phosphory-
lation route has been widely applied due to its simplicity and
high efficiency.28,29 Namely, the hydroxyl groups on the cellulose
backbone can be converted into phosphate [–O–P(]O)(OH)2],
phosphite [–O–P(OH)2], or phosphonic acid [–P(]O)(OH)2]
groups, which are expected to result in increasing the surface
negative charge, thereby attracting more positively charged
metal ions.23,30–33 As can be expected, phosphorylated cellulose
was demonstrated to possess a large number of phosphate-
based acidic sites, which can be used as scaffolds for ion
exchange.34 To perform the phosphorylation of cellulose,
phosphoryl chloride (POCl3) could be used, affording good
removals of Cd2+, Cr3+, and Pb2+.23 However, the high toxicity
and high cost of POCl3 and corrosive by-products, e.g., HCl,
limited its practical application. On the other hand, Oshima
et al. synthesized phosphorylated bacterial cellulose to adsorb
a variety of lanthanide and transition metal ions, and proteins.
The pathway reported in this study for modifying bacterial
© 2025 The Author(s). Published by the Royal Society of Chemistry
cellulose showed a high degree of phosphorylation (up to
21.8%) but required phosphoric acid as a phosphate source in
the presence of N,N-dimethylformamide as the solvent.30,31 In
addition, the poor adsorption performance (<5 mg g−1) of the
obtained material was recorded for common metal ions. Alter-
natively, less hazardous phosphate salts such as NH4H2PO4,
NaH2PO4, Na2HPO4, and LiH2PO4 have been successfully
employed in combination with molten urea for the phosphor-
ylation of cellulose, which was almost extracted from various
plant-based sources via harsh alkaline treatments.23,30,35,36

Meanwhile, the interaction between phosphate salts, urea, and
bacterial cellulose under environmentally benign conditions
towards developing an efficient adsorbent for heavy metal
removal remains underexplored. Therefore, in this study, we
aimed to systematically investigate the adsorption behaviour of
phosphorylated bacterial cellulose for a variety of metal ions,
focusing on crucial parameters related to both phosphorylation
of BC and adsorption of metal ions. This work is expected to
further valorise bacterial cellulose as an abundant biomass
resource for the development of green, high-performance
materials for water treatment.
Experimental
Materials

Chemicals including diammonium hydrogen phosphate
((NH4)2HPO4), urea ((NH2)2CO), sodium hydroxide (NaOH),
hydrochloric acid (HCl), aluminum nitrate nonahydrate
(Al(NO3)3$9H2O), chromium(III) nitrate nonahydrate (Cr(NO3)3-
$9H2O), manganese(II) acetate tetrahydrate ((CH3COO)2Mn$4H2-
O), iron(III) nitrate nonahydrate (Fe(NO3)3$9H2O), cobalt(II) nitrate
hexahydrate (Co(NO3)2$6H2O), nickel(II) nitrate hexahydrate
(Ni(NO3)2$6H2O), copper(II) acetate monohydrate (Cu(CH3-
COO)2$H2O), zinc nitrate tetrahydrate (Zn(NO3)2$4H2O), cad-
mium(II) acetate (Cd(CH3COO)2), and lead(II) nitrate (Pb(NO3)2)
were purchased from Sigma-Adrich and Fisher Scientic.
Synthesis of phosphorylated bacterial cellulose

Bacterial cellulose (BC) was synthesized in the form of hydrogel
sheets (BC content = approximately 0.8%) through the
fermentation of coconut water using Acetobacter xylinum,
following a previously reported method.24,37,38 The raw BC sheets
were immersed in a 1 M NaOH solution for 12 h, then washed
with water until reaching a neutral pH. Aerward, the sheets
were cut into 1-cm cubes (Fig. 1a). A mixture of these BC pieces
(125 g) and water (125 g) was homogenized using a Philips
HP1600 hand blender (550 W) for 2 min, yielding a uniform BC
suspension (Fig. 1b).

For the phosphorylation process, a typical experiment
involved mixing 250 g of the prepared BC suspension (con-
taining 1 g of BC) with (NH4)2HPO4 (5.1 g) and (NH2)2CO (9.0 g)
under vigorous stirring for 1 h. The mixture was distributed into
50-mL porcelain crucibles. In an oven, partial dehydration was
performed at 60 °C for 12 h, followed by the thermal phos-
phorylation stage at 150 °C for 1 h. Aer cooling, the samples
were thoroughly washed with excess deionized water to remove
RSC Adv., 2025, 15, 41514–41529 | 41515
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Fig. 1 Photographs of (a) BC hydrogel pieces, (b) suspension of well-
ground BC in water.
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unreacted chemicals, yielding water-saturated hydrogels of
phosphorylated BC which was denoted as PBC X/Y/Z (Table 1) in
which X, Y, and Z, respectively, was the phosphorylation
temperature (120–160 °C), the phosphorylation time (0.0–2.0 h),
and the urea amount used (0–12 g).
Characterization of the materials

Scanning electron microscopy (SEM) for the pristine and
phosphorylated bacterial cellulose samples was performed
using a TM4000 microscope (Hitachi, Japan) at 15.0 kV with
varying magnications. SEM analysis was complemented by
energy-dispersive X-ray spectroscopy (EDX), including
elemental mapping. X-ray photoelectron spectroscopy (XPS) was
conducted on an ESCALAB 250 spectrometer (VG Scientic, UK)
equipped with an Al Ka radiation source (1486.6 eV). Powder X-
ray diffraction (XRD) patterns were collected on a D8 Advance
diffractometer (Bruker, Germany) using Cu Ka radiation in a 2q
range of 10–70° with 0.01° per step and a scanning rate of
0.6° min−1. Fourier transform infrared spectra (FTIR) were ob-
tained using an Alpha II spectrometer (Bruker, Germany) in the
wavelength range of 4000–500 cm−1, with a resolution of 2 cm−1

over 32 scans. Thermogravimetric analysis (TGA) was conducted
using a TGA/DSC 3+ system (Mettler Toledo, Switzerland) in the
Table 1 Details on the synthesis conditions for the phosphorylated BC

Entry Sample
Phosphorylation
temperature (°C)

1 Pure BC 0
2 PBC 120/1.0/12 120
3 PBC 130/1.0/12 130
4 PBC 140/1.0/12 140
5 PBC 150/1.0/12 150
6 PBC 160/1.0/12 160
7 PBC 12 —
8 PBC 150/0.5/12 150
9 PBC 150/1.5/12 150
10 PBC 150/2.0/12 150
11 PBC 150/1.0/0 150
12 PBC 150/1.0/3 150
13 PBC 150/1.0/6 150
14 PBC 150/1.0/9 150

41516 | RSC Adv., 2025, 15, 41514–41529
temperature range of 25–800 °C at a rate of 10 °C min−1 under
an air ow.

The degree of phosphorous substitution (DPS) was deter-
mined using eqn (1).39,40

162:1% P

3100� 64% P
(1)

where %P was the total phosphorus content determined by
ultraviolet-visible (UV-Vis) spectroscopy. In detail, the bacterial
cellulose-based sample was digested into a solution containing
inorganic phosphate, if any, which was followed by complexing
with ammonium molybdate(VI) for the UV-Vis analysis at
690 nm using a GENESYS 50 spectrophotometer (Thermo
Scientic, United States).

The point of zero charge (PZC) of the materials was
determined by a salt addition method. Prior to the measure-
ment, a 0.1 M NaCl solution was prepared, and its initial pH
(pHi) was adjusted using diluted HCl or NaOH solutions. The
sample was then introduced into the solution and stirred at
room temperature. Aer equilibrium, the nal pH (pHf) was
recorded. The difference (DpH = pHf − pHi) was plotted as
a function of pHi, and the PZC value was recorded as the
intersection point where DpH = 0.41
Adsorption experiment for heavy metal ions

In a typical adsorption experiment for a single metal ion, 5.00 g
of the hydrogel-form cellulose material containing 0.04 g of
modied bacterial cellulose was added to a 20-mL vial con-
taining 10 mL of an aqueous metal ion solution, which was
prepared by dissolving the corresponding metal salt in water.
The adsorption process was carried out under vigorous stirring
at room temperature for a predetermined duration.

Aer the adsorption course, the liquid was collected via
simple ltration and subsequently analysed with atomic
absorption spectrometry (AAS) to determine the residual metal
ion concentration, using a DW-AA4530F spectrophotometer
(Drawell, China).
samples

Phosphorylation
time (h)

Urea
amount (g)

Degree of
phosphorylation (%)

0.0 0 —
1.0 12 6.60
1.0 12 6.47
1.0 12 7.71
1.0 12 10.99
1.0 12 8.69
— 12 1.39
0.5 12 4.96
1.5 12 7.79
2.0 12 5.89
1.0 0 5.92
1.0 3 6.44
1.0 6 7.94
1.0 9 7.88

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The adsorption capacity was calculated based on the differ-
ence inmetal ion concentrations before and aer adsorption, as
expressed by eqn (2).

qm ¼ ðC0 � CÞVm

m
(2)

where qm (mg g−1) is the adsorption capacity of the material for
the corresponding metal ion, C0 (ppm) is its initial concentra-
tion, C (ppm) is its concentration aer the adsorption course,
Vm (L) is the total solution volume, and m (g) is the cellulose
mass of the material.

The obtained adsorption data at various contact times were
used to determine the kinetic adsorptionmodels, namely pseudo-
rst-order and pseudo-second-order, as introduced in previous
work.26,33 These two models were described as eqn (3) and (4).

ln(qe − qt) = ln qe − k1t (3)

t

qt
¼ 1

k2qe2
þ 1

qe
t (4)

where qe (mg g−1) and qt (mg g−1) are the adsorption capacity for
the metal ions at the equilibrium state and at a given time (t,
min), k1 (1 min−1) and k2 (g mg−1 min−1) are the rate constants
of the models, respectively.

In addition, two typical Langmuir and Freundlich isotherm
models, as expressed by eqn (5) and (6), were explored based on
the initial metal concentration-dependent adsorption results.42

1

qe
¼ 1

qmaxKLCe

þ 1

qmax

(5)

qe ¼ KFCe

1
n (6)

where qe (mg g−1) is the adsorption capacity for the metal ion at
the equilibrium state, qmax (mg g−1) is the metal ion adsorption
capacity, Ce is the equilibrium concentration in the metal ion
solution, KL (L mg−1) and KF [(mg g−1)(L g−1)1/n are the Lang-
muir and Freundlich adsorption isotherm constants, respec-
tively, n is the dimensionless constant related to the adsorption
intensity.

To investigate the adsorption performance of PBC for multi-
metal ions, 5 g of the hydrogel-form cellulose material
Fig. 2 (a–e) PBC samples after the thermal treatment at the specific tem

© 2025 The Author(s). Published by the Royal Society of Chemistry
containing 0.04 g of modied bacterial cellulose was added to
10 mL of an aqueous solution containing 9 metal ions, namely,
Cr3+, Ni2+, Fe3+, Mn2+, Co2+, Cu2+, Zn2+, Cd2+, and Pb2+, with
a concentration of 50 ppm for each. The concentration of each
metal in the solution aer the adsorption course was deter-
mined by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) using an Optima 7000 DV device
(PerkinElmer, United States).
Recycling test

Aer the adsorption experiment for the single metal ion, spent
phosphorylated bacterial cellulose was dispersed in 10 mL of
a 10%NH4Cl solution for 5 h to desorb themetal species. Such ion
exchangewas repeated three times, followed bywashingwith water
until neutralization. The obtained bacterial cellulose phase was
reused for the adsorption cycle under the identical conditions.
Results and discussion
Characterization of phosphorylated bacterial cellulose

Pristine BC exhibited a naturally white appearance due to its
high cellulose purity while the as-prepared PBC samples di-
splayed a colour transition to yellow or orange depending on the
treatment temperature (Fig. 2a–d). Notably, at a phosphoryla-
tion temperature of 160 °C, brown spots appeared on the PBC
surface (Fig. 2e), suggesting partial carbonization of the cellu-
lose under elevated thermal conditions.43,44 These impurities
were effectively removed during the water-washing process,
resulting in yellow, hydrogel-form PBC samples for further
characterization (Fig. 2f–j). Morphological changes of the BC
material, if any, upon phosphorylation were discovered using
SEM (Fig. 3). In its native form, BC exhibited a distinct three-
dimensional (3D) brous network, indicative of strong inter-
molecular interactions among cellulosic units (Fig. 3a and b).
Aer the phosphorylation, particularly at 150 °C, for 1 h, the
brous network appeared partially disrupted, with some cellu-
lose bers detached from the matrix (Fig. 3c and d), conrming
the structural transformation due to phosphorylation.
Elemental mapping further validated the successful incorpo-
ration of phosphorus groups, showing a homogeneous
peratures, (f–j) corresponding PBC samples after washing with water.

RSC Adv., 2025, 15, 41514–41529 | 41517
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Fig. 3 SEM images of (a and b) pristine BC and (c and d) PBC
150/1.0/12.

Fig. 4 Selected SEM area and corresponding EDX mapping of oxygen,
nitrogen, and phosphorus for PBC 150/1.0/12.

Fig. 5 XRD patterns of pure BC and PBC.

Fig. 6 FTIR spectra of pure BC and PBC.
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distribution of oxygen and phosphorus across the PBC surface
(Fig. 4a–d). Although nitrogen was also detected, its signal was
less dened, suggesting a high degree of phosphorylation
alongside a limited retention of urea-derived nitrogen species.

The XRD patterns of pristine and phosphorylated bacterial
cellulose materials are presented in Fig. 5. The diffraction
pattern of pure BC displayed three distinct peaks at 2q = 14.8,
16.7, and 22.5°, corresponding to the (�110), (110), and (200)
planes of cellulose I (JCPDS #03-0829), which usually involves
both Ia and Ib allomorphs. This result aligned with previous
ndings that identied cellulose I as the dominant crystalline
phase in bacterial cellulose.45–47 Importantly, the PBC samples
also showed these characteristic peaks, indicating that a similar
crystallinity of the cellulose network was retained aer the
phosphorylation. However, an additional diffraction peak
emerged at 2q = 29.7 and 34.7°, corresponding to the (�122) and
(004) planes, which are sometimes observed for the cellulose-
41518 | RSC Adv., 2025, 15, 41514–41529
based phases. The appearance of this new peak suggests
a partial rearrangement of the cellulose crystalline framework
induced by phosphorylation treatment.45,48,49 Moreover,
compared to pristine BC, the XRD proles of the PBC samples
exhibited broader and less dened peaks, indicating a reduc-
tion in crystallinity and structural disorder resulting from
chemical modication. These observations are consistent with
prior studies that reported similar changes in cellulose crys-
tallinity upon chemical treatment, such as alkali modication
with NaOH under thermal conditions.49,50 The altered diffrac-
tion patterns further conrm the structural transformation of
BC during the phosphorylation.

FTIR spectra of phosphorylated bacterial cellulose (PBC)
synthesized at various temperatures (120 to 160 °C), along with
that of native bacterial cellulose (BC), are presented in Fig. 6.
The spectrum of pristine BC exhibited a broad absorption band
between 3342–3230 cm−1, corresponding to the stretching
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA profiles of pure BC and PBC 150/1.0/12.
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vibrations of both inter- and intramolecular O–H bonds.51 A
peak at 2894 cm−1 was also observed, attributed to the asym-
metric stretching of Csp3–H bonds.52,53 These characteristic
features are consistent with the well-established molecular
structure of bacterial cellulose, which is rich in hydroxyl groups
and frequently reported in the literature.53,54 In the ngerprint
region (1500–500 cm−1), other peaks of cellulose were evident,
including bands at 1427, 1368, 1337, and 1315 cm−1 corre-
sponding to the bending and stretching vibrations of –CH2, –
CH, –OH, and C–O bonds.55 The peaks in the 1165–1120 cm−1

range were assigned to asymmetric stretching of the C–O–C
bond in b-(1,4)-glycosidic linkages, while the peak at 1033 cm−1

was associated with skeletal vibrations of the pyranose ring.56,57

The phosphorylation of BC could be conrmed by the
emergence of additional bands in the FTIR spectra of PBC,
attributed to phosphate-related functional groups such as O–P–
OH, P]O, P–OH, and P–O–C.58 A new band at 1455 cm−1, which
became sharper with increasing temperature, was assigned to
the P]O vibration of orthophosphate diesters.59 Furthermore,
a prominent P–OH stretching band at 931 cm−1 was observed in
the samples treated at higher temperatures, namely, 150 and
160 °C. The formation of P–O–C aliphatic linkages was evi-
denced by bands appearing in the 831–785 cm−1 range at
temperatures above 130 °C.60 These results underscore the
critical role of temperature in facilitating phosphorylation.
Zhang et al. reported that urea began to decompose at about
130 °C and effective phosphorylation occurred only above
150 °C.61 Additionally, the bands at 1670 and 1590 cm−1 were
attributed to the vibration of the C]O and N–H groups, while
they were not found for the urea-free sample (Fig. S2). These
spectral results proved the successful incorporation of urea into
the material under the phosphorylation conditions.62 Impor-
tantly, the FTIR spectra of the PBC samples aer metal ion
adsorption revealed the complete disappearance of the P–OH
stretching band at 931 cm−1. This spectral change strongly sug-
gested that the P–OH functional groups were involved in the
adsorption process through chemical interactions with the metal
ions. The loss of this vibrational signal was indicative of
a possible coordination or complexation mechanism, whereby
the P–OH groups can donate lone pairs of electrons to the metal
cations, forming stable P–O–metal linkages. Therefore, it can be
conclusively inferred that the P–OH moieties introduced during
phosphorylation should be the major active sites for metal ion
binding in PBC. The functional role of P–OH groups inmediating
the interaction with metal ions further underscored the effec-
tiveness of phosphorylation in enhancing the metal-binding
performance of bacterial cellulose.63,64

TGA was conducted in air to elucidate the temperature-
dependent decomposition behaviour of unmodied and phos-
phorylated bacterial cellulose samples (Fig. 7). Two distinct
mass-loss stages were generally identied, including moisture
removal and thermal degradation. During the physical dehy-
dration (100–200 °C), both free and adsorbed water molecules
were released. Pristine bacterial cellulose showed a relatively
low moisture loss, with a weight reduction of approximately
7.2 wt% at 200 °C. In contrast, the phosphorylated bacterial
cellulose sample exhibited signicantly higher weight losses, up
© 2025 The Author(s). Published by the Royal Society of Chemistry
to 20 wt% under the same conditions. Such a high moisture
uptake in PBC could be attributed to the substitution of
hydroxyl groups with phosphate moieties, whichmight increase
hydrophilicity and thereby water-binding capacity of the
resulting material.

In the temperature range of 200 to 400 °C, commonly asso-
ciated with the thermal degradation of cellulose, a major mass
loss was observed in unmodied BC. The sample weight
decreased fast to approximately 10 wt% at 350 °C and continued
to decline, leaving only a small residue amount (0.84 wt%) at
800 °C. This weight loss reected the decomposition of the
cellulose polymer through chemical dehydration, pyrolysis,
oxidation and combustion in the presence of oxygen, leading to
the emission of gaseous products, e.g. CO and CO2.65,66 Notably,
the decomposition of the PBC sample underwent two clear steps
from 200 to 800 °C. The rst degradation stage in a short
temperature range (200–250 °C) caused the PBC weight to
increase by about 33 wt%, resulting from the dehydration of the
cellulose-based hydroxyl groups.67 The carbon- and
phosphorus-enriched phase served as a protective barrier,
slowing down the overall degradation rate and yielding a non-
volatile residue of ∼5 wt% at 800 °C.34,61 This residual char
might involve thermally stable aromatic and phosphate-based
structures that resisted volatilization under such a harsh
condition. Furthermore, the enhanced thermal stability of PBC
highlights the signicant inuence of chemical modication on
cellulose pyrolysis pathways, suggesting that the phosphoryl
functionalization can tailor the thermal response of cellulose-
based composites for specic applications.

The XPS result of PBC 150/1.0/12 (Fig. S1) identied its
surface elemental composition and the oxidation state of the
present elements. Indeed, the C 1s peak might include three
member peaks assigned to the C]O/O–C–O (288.3 eV), –CH–O
(286.4 eV), and –CH2O (284.9 eV) groups (Fig. 8a), representing
the typical bonds of carbon in the cellulose chain as presented
in the literature.68–70 Similarly, the O 1s spectrum (Fig. 8b) di-
splayed a high-intensity peak at 533.7 eV related to the oxygen
atoms in the hydroxyl and glycoside groups of cellulose.
RSC Adv., 2025, 15, 41514–41529 | 41519
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Fig. 8 XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s and (d) P 2p for PBC 150/1.0/12.
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Notably, a shoulder peak appeared at approx. 531 eV, which
could be attributed to the O species of the graed phosphate
group.44,71 In addition, the successful functionalization of BC
with the phosphate species could be conrmed by the presence
of the P 2p peak at 134 eV, which has been considered as
a characteristic peak of P(V) in the phosphate group
(Fig. 8b).43,60,72 The spectrum of N 1s showed two main peaks
around 400 and 402 eV, which can be attributed to protonated
amine (–NH2

+–) and amine (–NH–) groups. This observation
was consistent with the earlier reports showing a minor shi in
the nitrogen binding energy due to the protonation, e.g., for
polypyrrole particles and other nitrogen-containing
compounds like pyridine dicarboxylic acid and
polyaniline.73–76 The amine-based nitrogen atoms in the PBC,
derived from urea and the ammonium salt for the phosphor-
ylation process, could serve as the cationic partner for the
phosphate groups (Fig. 9).28,76,77 It was previously proposed that
urea could be thermally decomposed into isocyanic acid,
which further reacted with cellulose to form cellulose carba-
mate; therefore, its presence in PBC as a side functionality
should not be ruled out.78,79
Adsorption studies

Due to the thermal modication, the phosphorylation temper-
ature plays a critical role in regulating the modication of
functional groups on the surface of bacterial cellulose. The
impact of phosphorylation temperature on the adsorption
performance of phosphorylated bacterial cellulose (PBC) was
41520 | RSC Adv., 2025, 15, 41514–41529
discovered and presented in Fig. 10. Even under the mildest
treatment condition of 120 °C, the PBC sample (PBC 120/1.0/12)
exhibited signicantly improved adsorption capacities
compared to pristine BC, with the uptake values ranging from
38.26 to 46.28 mg g−1 for the tested metal ions.80 Further
increasing the phosphorylation temperature from 140 to 150 °C
resulted in signicant enhancements in the adsorption of Cu2+

and Pb2+, while the adsorption of Fe3+ and Cd2+ exhibited less
increase in this case. It was elucidated that above the melting
point of urea (130 °C), urea acted as a molten solvent, facili-
tating better penetration and interaction of the phosphate
reagent with the cellulose matrix and supporting the structural
preservation of the BC network.29 Importantly, increasing the
temperature from 120 to 150 °C accelerated the phosphoryla-
tion efficiency, which was conrmed by a noticeable growth in
the degree of phosphorus substitution from 6.60 to 10.99%
(entries 2–5, Table 1). This functionalization enhancement
directly correlated with the improved adsorption performance
of PBC in forwarding metal ions.

However, a clear decrease in the adsorption capacity for all
four metal ions was observed for the sample prepared at 160 °C,
suggesting that excessive thermal treatment may adversely
affect the structural integrity or surface functionality of the
material. Within this study scope, 150 °C was recorded as the
optimal phosphorylation temperature, yielding the highest
adsorption capacities ranging from 45.09 to 51.61 mg g−1 for all
studied metal ions. Although higher temperatures likely
enhanced phosphate group graing, the structural degradation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Effect of the phosphorylation temperature on the adsorption
capacity of PBC (phosphorylation conditions: time 1 h, urea 12 g;
adsorption conditions: dosage 0.04 g/10 mL, concentration 200 ppm,
temperature 30 °C, time 120 min, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

Fig. 11 Effect of the phosphorylation time on the adsorption capacity
of PBC (phosphorylation conditions: temperature 150 °C, urea 12 g;
adsorption conditions: dosage 0.04 g/10 mL, concentration 200 ppm,
temperature 30 °C, time 120 min, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

Fig. 9 Proposed phosphorylation mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the cellulose network might occur under harsh conditions in
the presence of the acidic reagents. As expected, the degree of
phosphorus substitution at 160 °C decreased to 8.69%.
According to the obtained results, a phosphorylation tempera-
ture of 150 °C was proposed for subsequent studies, generally
aligning well with the 150–165 °C range reported in previous
studies utilizing molten urea and diammonium phosphate as
phosphorylation agents for cellulose.29,81

The effect of the phosphorylation time on the adsorption
performance of phosphorylated bacterial cellulose was investi-
gated, as shown in Fig. 11. The control sample (PBC 12), which
lacked the thermal treatment at 150 °C, exhibited the lowest
adsorption capacities of 27.65, 30.89, 33.72, and 37.40 mg g−1

for Cd2+, Pb2+, Cu2+, and Fe3+, respectively, conrming the
necessity of thermal activation in facilitating the successful
incorporation of phosphate groups onto the cellulose surface
towards the enhanced metal ions uptake. Upon phosphoryla-
tion at 150 °C, the adsorption capacities of all metal ions
increased signicantly, reaching the highest values aer 1 h of
thermal treatment. At this optimal reaction duration, Cu2+

exhibited the highest adsorption value of 51.61 mg g−1, signif-
icantly surpassing the adsorption capacities recorded for Cd2+

(45.09 mg g−1), Fe3+ (49.30 mg g−1), and Pb2+ (46.28 mg g−1).
Interestingly, Fe3+ showed the highest molar uptake. The
superior affinity of PBC for the Fe3+ species might be attributed
to both the strong chelating ability of phosphate groups and the
ionic radius and charge density of Fe3+, which signicantly
inuenced their interaction with the functionalized cellulose
matrix. This one-hour phosphorylation period is also commonly
adopted in earlier studies to achieve efficient graing of phos-
phate groups.60,82

On the other hand, extending the phosphorylation time
beyond 1 h resulted in a signicant decline in the adsorption
capacity, which decreased to approximately one-h of the
maximum value aer the two-hour treatment at 150 °C. This
RSC Adv., 2025, 15, 41514–41529 | 41521
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decrease could be attributed to the degradation of the cellulose
matrix at an elevated temperature. The phosphorylation process
involves the thermal decomposition of (NH4)2HPO4, which
provides protons necessary for promoting esterication reac-
tions between phosphate ions and hydroxyl groups on the
cellulose backbone. While this reaction was favorable in the
initial phase, prolonged thermal exposure could lead to exces-
sive proton release, accelerating the dehydration of hydroxyl
groups and the hydrolysis of ether bonds within the cellulose
chains, resulting in partial depolymerization.42 Such degrada-
tion not only reduced the number of active sites for the phos-
phate substitution but also weakened the mechanical and
chemical stability of the 3D nanobrous structure of BC.
Consequently, in the subsequent washing step, degraded frag-
ments of the cellulose network may leach into water, thereby
decreasing the overall yield and functional surface area of the
nal PBC product. This proposal could be strengthened by the
observation that the adsorption performance of the PBC sample
prepared at the different phosphorylation times was directly
proportional to the degree of phosphorus substitution in these
samples. Namely, when the reaction was performed for 1 h, the
highest DPS value of 10.99% was obtained. And DPS signi-
cantly dropped to 5.89% for the sample phosphorylated for 2 h.
It can be concluded that a crucial balance should be required as
considering phosphorylation conditions to achieve maximal
functionalization while preserving the structural features of
bacterial cellulose.

The presence of urea could increase cellulose swelling and
protect its structural integrity during phosphorylation by rein-
forcing the 3D network of bacterial cellulose.83 This stabilizing
effect was therefore essential during the high-temperature
treatment as it maintained the cellulose framework, thereby
improving the overall phosphorylation yield. Following phos-
phorylation and washing steps, the BC matrix may reconstruct
its original hydrogel form in the presence of water. Therefore,
the inclusion of urea is critical in maintaining the cellulose
framework, thereby improving the overall phosphorylation
Fig. 12 Effect of the urea amount on the adsorption capacity of PBC
(phosphorylation conditions: temperature 150 °C, time 1 h; adsorption
conditions: dosage 0.04 g/10 mL, concentration 200 ppm, tempera-
ture 30 °C, time 120 min, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

41522 | RSC Adv., 2025, 15, 41514–41529
yield. The importance of urea was clearly demonstrated by the
poor degree of phosphorus substitution and adsorption
performance of the PBC 150/1.0/0 sample, which was obtained
under the urea-free conditions. This sample exhibited the
lowest DPS value of 5.92% (entry 11, Table 1) and thereby the
lowest adsorption capacities of 25.58, 22.29, 39.52, and
31.72 mg g−1 for Cu2+, Cd2+, Fe3+, and Pb2+, respectively
(Fig. 12). As urea with an increasing amount was added to the
phosphorylation mixture, signicant enhancements in the
adsorption capacity for all metal ions were observed, in direct
correlation with the degree of phosphorus substitution (entries
12–14, Table 1). However, further increasing the urea content
from 9 to 12 g resulted in only minor performance improve-
ments, indicating that 9 g of urea was sufficient to reach an
effective molten state for the chemical modication. This urea
amount not only supported the preservation of the cellulose
network during the thermal treatment but also contributed to
a higher number of active phosphate groups, likely due to
increased accessibility and reactivity of the cellulose
hydroxyls.83 Although the great DPS improvement of about 40%
(from 7.88 to 10.99%, entries 5 and 14, Table 1) was recorded
when the urea amount increased from 9 to 12 g, the adsorption
performance of PCC for all metal ions increased inconsistently,
suggesting that not all phosphorus-based moieties graed on
the cellulose backbone were able to capture the metal ions.

The inuence of the contact time on the adsorption of heavy
metal ions by phosphate-based cellulose was discovered, and
the results are presented in Fig. 13. During the initial 5 min of
the adsorption course, a rapid increase in the adsorption
capacity was observed for all studied metal ions, affording
values of 31.64, 39.25, 45.11, and 35.84 mg g−1 for Cu2+, Cd2+,
Fe3+, and Pb2+, respectively. This rapid uptake was attributed to
the availability and strong affinity of active sites on the PBC
surface, which facilitate adsorption driven by an initial high
concentration of metal ions.84 However, as the contact time was
Fig. 13 Effect of the contact time on the adsorption capacity of PBC
150/1.0/9 (adsorption conditions: dosage 0.04 g/10mL, concentration
200 ppm, temperature 30 °C, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Proposed adsorption mechanism.
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prolonged, the difference in the metal concentration in the PBC
network and the solution was less signicant. As a result, the
driving force for metal ion adsorption gradually decreases,
decelerating the adsorption process. Indeed, the adsorption
capacity for Fe3+ remained almost unchanged aer 5 min, while
the Cd2+ and Pb2+ uptakes increased at relatively slow rates.
However, Cu2+ adsorption required a much longer contact time,
namely 120 min, to reach saturation at about 50 mg g−1. As
mentioned above, the distinct adsorption performance of Fe3+

compared to that of the divalent ions could be explained based
on its trivalence and small ionic radius. The combination of
a higher charge density and a smaller size enhances electro-
static attraction to the phosphate functional groups on the PBC
surface, resulting in more efficient, rapid adsorption. This
explanation also aligns with the previously reported study, in
which the adsorption of heavy metals by porous NaA zeolite/
carbon composites was investigated, and Fe3+ demonstrated
a superior adsorption performance than Ni2+.85

To investigate the mechanism of metal ions adsorption by
cellulose-based materials, two kinetic models of adsorption,
including pseudo-rst-order and pseudo-second-order models
(Fig. 14a and b) were applied. As shown in Table S1, the
calculated equilibrium adsorption capacities (qe,cal) of the
Fig. 14 Fitting of the time-dependent adsorption data with (a) the
pseudo-first-order model and (b) the pseudo-second-order model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
pseudo-second-order model for the metal ions tted better to
the experimental values (qe,exp). Higher determination coeffi-
cients (R2 $ 0.999) were obtained for the former model
compared to those derived from the pseudo-rst-order model
(R2 # 0.780), suggesting that the metal ions adsorption
occurred in the pseudo-second-order kinetic model, in which
chemisorption should be the dominant mechanism, in good
agreement with our previous study on the unmodied BC
material.26 In combination with the XPS and FT-IR results, the
adsorption performance of PBC was likely based on the cation
exchange with the guest metal ions to generate the electrostatic
bonds with the phosphate moieties on the BC surface
(Fig. 15).35,86–89 Therefore, the use of urea could provide more
basic nitrogen sources to deprotonate the functionalized
phosphate during the thermal treatment, thereby accelerating
such ion exchange in the aqueous medium. Furthermore, the
coordination of the remaining hydroxyl group in BC with the
metal species could also contribute to the total metal
uptake.26,90

Next, the inuence of the initial metal ion concentration on
the adsorption performance of modied cellulose was investi-
gated (Fig. 16). A continuous and linear growth in the adsorp-
tion efficiency was obtained when the initial concentration of
the metal ions increased from 0 to 350 ppm. Although higher
Fig. 16 Effect of the initial metal concentration on the adsorption
capacity of PBC 150/1.0/9 (adsorption conditions: dosage 0.04 g/10
mL, temperature 30 °C, time 120 min, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

RSC Adv., 2025, 15, 41514–41529 | 41523
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initial concentrations are generally associated with a faster
saturation of active sites due to increased competition among
the metallic species,91 the adsorption capacity of PBC continued
to increase signicantly for Cu2+, Cd2+, and Pd2+ ions, reaching
maximum values in the range of approximately 80–90 mg g−1 at
400 ppm. At higher initial concentrations, no substantial
changes in adsorption capacity were observed, indicating that
400 ppm represented the equilibrium concentration for most of
the metal ions tested. The adsorption performance for Fe3+ was
an exception, with a maximum adsorption capacity exceeding
100 mg g−1 at an initial metal concentration of 450 ppm. This
was attributed to the outstanding positive charges of Fe3+

compared to other divalent cations, which interacted more
efficiently with electron-rich phosphate groups.85

To gain more mechanistic insights into the isothermal
adsorption process by PBC, the experimental adsorption data
obtained at varied initial concentrations of the metal ions were
tted to the Langmuir and Freundlich models, with the corre-
sponding isotherm plots presented in Fig. 17a and b and the
related parameters presented in Table S2. The determination
coefficients obtained from the Langmuir model were close to
unity (R2 $ 0.99), in contrast to the Freundlich model, which
yielded signicantly lower correlation values (R2 # 0.86),
Fig. 17 Fitting the concentration-dependent adsorption results with
(a) Freundlich isotherm adsorption model and (b) Langmuir isotherm
adsorption model.

41524 | RSC Adv., 2025, 15, 41514–41529
suggesting that monolayers of the tested metal ion species were
adsorbed on the homogenous surface of PBC.86 The theoretical
maximum metal ion uptake (qmax), calculated using the Lang-
muir isotherm equation, served as a reference for evaluating
and comparing the performance of various adsorbent materials.
In this study, the maximum trapping capacities for Cu2+, Cd2+,
Fe3+, and Pb2+ were determined to be 120.03, 113.39, 168.39,
and 141.75 mg g−1, respectively. Notably, Fe3+ exhibited the
highest adsorption capacity, likely due to its trivalent nature,
different from the other divalent metal ions.

The solution pH value is considered as an essential factor in
the aqueous adsorption, not only by controlling the charge on
the adsorbent surface but also by inuencing electrostatic
interactions between the adsorbent and the adsorbate species.92

The charge balance of a material in an electrolytic medium can
be presented as the point of zero charge (PZC). In this study, the
PZC of pure BC was determined to be 7.5, in good agreement
with previously reported values for cellulose-based materials
(Fig. S4).37,93 Upon phosphorylation, the PZC of the sample PBC
150/1.0/9 decreased to 6.8, which closely aligns with values of
phosphorylated cellulose synthesized using H3PO4 and
(NH4)2HPO4 reported in the literature (PZC z 6.75).94 This
reduction in PZC indicated the successful incorporation of
acidic functional groups, namely, phosphate-basedmoieties, on
the bacterial cellulose surface. These groups, aer deprotona-
tion, could introduce more negative charges, lowering the
overall surface potential. As a result, the modied bacterial
cellulose network could exhibit stronger electrostatic attraction
toward positively charged metal ions, enhancing its adsorption
performance. The shi in PZC also indicated a signicant
change in the surface chemistry of the cellulose matrix, result-
ing from covalent phosphorylation. This modication not only
increased the number of active sites but also enabled selective
interactions with target species depending on the solution pH.

With increasing pH, the adsorption capacities for all tested
metal ions gradually increased to above 80mg g−1 (Fig. 18). This
Fig. 18 Effect of the initial metal concentration on the adsorption
capacity of PBC 150/1.0/9 (adsorption conditions: dosage 0.04 g/10
mL, concentration 400 ppm, temperature 30 °C, time 120 min).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhancement was likely attributed to reduced electrostatic
repulsion between the positively charged metal cations and the
increasingly negative surface of the PBC. Therefore, the adsor-
bent exhibited a higher affinity for capturing metal ions at
elevated pH levels.37 In detail, the experiments for Cu2+ and
Cd2+ revealed typical adsorption trends, with maximum capac-
ities of 97.5 and 93.7 mg g−1, respectively, at pH 6.0 and 3.5,
suggesting a strong pH sensitivity for these ions. In contrast,
Fe3+ presented a more gradual increase, affording the highest
adsorption capacity among all tested ions—103.95 mg g−1 at pH
7.0. These results demonstrated that the solution pH value was
a critical parameter in controlling the adsorption performance
of cellulose-based materials for the metal ions. The pH-
dependent adsorption performance could be driven by inter-
action between the surface functional groups and the guest
ions, which thereby affects charge distribution and adsorption
affinity.

In general, the adsorption capacities of PBC obtained for
Cu2+, Cd2+, Fe3+, and Pb2+ were comparable to or even signi-
cantly better than most previously reported values for cellulose-
based adsorbents (Table 2). It should be noted that toxic and
costly reagents and solvents were oen required to fabricate
these materials. For instance, cellulose paper was graed with
quinine in a multi-step procedure involving bromine, pyridine,
Table 2 Modified cellulose and phosphorylated cellulose adsorbents fo

Entry Cellulose-based adsorbents Functionalization reagent(s)

1 Quinine-immobilized
cellulose paper

Quinine-alkynes

2 TEMPO oxidized cellulose
nanobrils

TEMPO, polyethyleneimine,
NaBr, NaClO

3 Carboxymethylated
cellulose ber

Sodium chloroacetate

4 Amidoxime functionalized
waste cigarette lters

Amidoxime

5 Thiol-functionalized
cellulose nanober

3,30-Dithiodipropionic acid

6 Phosphorylated cellulose
derivatives

Adenosine-50-triphosphate

7 Phosphorylated
nanocellulose paper

H3PO4

8 Phosphorylated cellulose
microsphere

Urea, H3PO4, DMF

9 Phosphorylated cellulose/
chitosan-poly (ethylene
oxide) nanobers

Urea, phosphate ester

10 Hydrogel phase of
phosphorylated
unbleached kra pulps

Urea, (NH4)2HPO4

11 Lyophilized powder of
phosphorylated bacterial
cellulose

Urea, H3PO4, DMF

12 Hydrogel phase of
phosphorylated bacterial
cellulose

Urea, (NH4)2HPO4

© 2025 The Author(s). Published by the Royal Society of Chemistry
p-toluenesulfonyl chloride, and many additives and organic
solvents to enable trapping Cd2+ at a low capacity of 18.6 mg g−1

(entry 1).95 Furthermore, relatively high metal uptakes (entries 6
and 9) were recorded for Cu2+, Fe3+, and Cd2+, respectively,
using cellulose phosphorylated with adenosine-50-triphosphate
and a composite phase of phosphorylated cellulose covered by
electrospun chitosan-poly(ethylene oxide) nanobers.96,97 The
combination of a 3D bacterial cellulose matrix and the
(NH4)2HPO4 salt allowed the incorporation of phosphate groups
onto the cellulose chain under environmentally benign condi-
tions, yielding signicant results for the tested metal ions.

To highlight the efficiency of the phosphorylation, nine
single cations, including Cu2+, Ni2+, Cr3+, Cd2+, Fe3+, Zn2+, Pb2+,
Co2+, and Mn2+, were used in the experiments involving either
PBC or BC. These metals were chosen due to their widespread
presence and known toxicity in natural and industrial waste-
water systems. As shown in Fig. 19, signicant enhancements
(2.3–4.4 times) in the adsorption capacity of PBC were observed
for these metal ions compared to unmodied BC, clearly
demonstrating the critical role of surface functionalization in
enhancing the metal-binding performance of cellulose-based
adsorbents and the efficiency of the phosphorylation treat-
ment. While the adsorption capacity of pure BC uctuated
within a poor range of 20.0 to 40.0 mg g−1, PBC achieved
r the adsorption of heavy metal ions

Adsorption conditions q (mg g−1) Ref.

25 °C, C0 = 100 ppm,
dose = 5 g L−1

18.6 (Cd2+) 95

30 °C, C0= 50 ppm, dose= 1 g L−1 ∼45 (Cu2+) 98

Room temperature, C0= 100 ppm,
dose = 4.26 g L−1

23.48 (Cu2+) 99

25 °C, C0 = 500 ppm,
dose = 4 g L−1

25.65 (Cu2+) 100
25.16 (Pb2+)
∼2.1 (Cd2+)

C0 = 200 ppm, dose = 0.2 g L−1 39.6 (Cu2+) 90
30.0 (Cd2+)
19.6 (Pb2+)

Room temperature,
C0 = 62.5 ppm, dose = 2 g L−1

117.0 (Cu2+) 96
114.0 (Fe3+)

C0 = 63.5 ppm, dose = 2.62 g L−1 7.7–19.4 (Cu2+) 101

25 °C, C0 = 100 ppm,
dose = 10 g L−1

108.5 (Pb2+) 102

25 °C, C0 = 100 ppm,
dose = 0.5g L−1

115.62 (Cd2+) 97

25 °C, C0 = 50–400 ppm,
dose = 2 g L−1

∼40 (Cu2+) 103

C0 = 5.6, 6.4 ppm
dose = 1.33 g L−1

4.2 (Fe3+) 30
4.8 (Cu2+)

30 °C, C0 = 400 ppm,
dose = 4 g L−1

88.4 (Cu2+) This
work81.4 (Cd2+)

91.7 (Fe3+)
93.8 (Pb2+)
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Fig. 19 Single-metal ion adsorption of BC and PBC 150/1.0/9
(adsorption conditions: dosage 0.04 g/10mL, concentration 400 ppm,
temperature 30 °C, time 120 min, pH 5.0 ± 0.2, for Fe3+ pH 2.5).

Fig. 20 Multi-metal ions adsorption of BC and PBC 150/1.0/9
(adsorption conditions: dosage 0.04 g/10 mL, concentration 50 ppm,
temperature 30 °C, time 120 min, pH 3.0 ± 0.2).

Fig. 21 Recycling tests for PBC 150/1.0/9 (adsorption conditions:
dosage 0.04 g/10 mL, concentration 400 ppm, temperature 30 °C,

3+
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markedly higher capacities, ranging from 76.10 to 110.30 mg
g−1. The superior performance of PBC can be attributed to the
presence of phosphate groups, which increase the number of
electron-rich active sites on the cellulose surface, thereby
promoting stronger electrostatic interactions and complexation
with the positively charged metal ions. This functionalization
not only improved adsorption capacity but also broadened the
range of targetable metal species, making PBC a highly versatile
and effective biomaterial for the removal of heavy metals from
water. To elucidate the observed adsorption behaviour among
different metal ions, various physicochemical factors such as
ionic charge and ionic radius were considered. Several previous
studies have suggested that ions with a higher charge and
smaller radius, e.g., Fe3+, Cr3+, tend to exhibit stronger
adsorption due to their higher charge density, which facilitates
stronger interactions with surface functional groups.30,104 On
the other hand, other reports argued that although a smaller
ionic radius might promote the adsorption onto a heteroge-
neous surface, the resulting larger hydrated radius could lead to
greater steric hindrance, thereby reducing accessibility to the
adsorption sites.105 Additionally, Pauling's electronegativity was
proposed as another factor inuencing the adsorption selec-
tivity of varied metal ions.105 Upon the results obtained in this
study, without any consistent trend for the tested metal ions, it
should be suggested that both mechanisms were important,
and the adsorption of the metal ions was likely controlled by
a complex combination of these factors rather than any single
dominant parameter.

To expand the study to a complex wastewater medium, an
aqueous solution containing nine metal ions, each at
a concentration of 50 ppm, was prepared for the adsorption
study. As previously reported, unmodied BC could capture all
these ions, with capacities ranging from 5.12 to 7.74 mg g−1

(Fig. 20).26 The phosphorylation allowed the adsorption of the
41526 | RSC Adv., 2025, 15, 41514–41529
multi-metal ions to signicantly increase by 2.3–3.4 times,
implying the great potential of PBC in the remediation of metal
ions-containing wastewater. Like the single-metal ions test, the
highest adsorption capacity of PBC was found for Mn2+ while
the experiment using pure BC showed no clear differences in
trapping the metal ions, indicating the superior selectivity of
the modied functional groups with the Mn2+ species under
competitive multi-metal conditions.

According to the proposed pseudo-second-order model, the
adsorption of metal ions by PBC involved chemical interactions
between the metal species and the functionalized sites on the
cellulose backbone. This characteristic, therefore, enhanced the
adsorption performance but caused signicant challenges in
the desorption of the metal ions, complicating the regeneration
of PBC for the next use. Instead of inefficiently washing with
water, the spent material was ion-exchanged with an NH4Cl
solution several times, allowing the removal of the adsorbed
time 120 min, pH 5.0 ± 0.2, for Fe pH 2.5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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metal species from the PBC matrix. Alternatively, other chem-
icals such as HCl, NaHCO3, and disodium ethylenediamine-
tetraacetate (Na2EDTA) were previously required to recover
phosphorylation-based adsorbents.106,107 As expected, over four
successive adsorption cycles, recycled PBC exhibited slight los-
ses (12–16%) in the capture efficiency for Cu2+, Cd2+, and Pb2+,
while the adsorption of Fe3+ notably decreased by approximately
26% (Fig. 21). The strong affinity of Fe3+ species remaining at
the adsorptive sites, which likely led to more Fe3+ species
staying in the PBC matrix, preventing their exchange with the
ammonium cation.

Conclusions

The present study introduced a straightforward and effective
pathway to enrich the negative surface charge of bacterial
cellulose through the successful incorporation of phosphate
groups, enhancing the capacity to capture metal ions. Under
appropriate conditions, the phosphorylated bacterial cellulose
exhibited signicantly improved adsorption capacities for
a large number of the metal ions under both single- and multi-
metal conditions. Kinetic and isotherm analyses further indi-
cated that the adsorption process followed a pseudo-second-
order kinetic model and was best described by the Langmuir
isotherm. These ndings supported chemisorption as the
dominant mechanism, likely involving ion exchange and
coordination between the metal ions and the functionalized
cellulose surface. Furthermore, the adsorption capacities
recorded in this study were comparable to the results reported
for the cellulose-derived materials. The reusability of PBC was
demonstrated over four single-metal adsorption cycles for
Cu2+, Cd2+, Fe3+, and Pb2+, indicating PBC as a highly prom-
ising, biodegradable, and sustainable adsorbent for treating
heavy metal-contaminated water. Its notable performance,
combined with its low-cost production and tunable surface
chemistry, can make it a viable alternative to conventional
synthetic adsorbents. The demonstrated efficiency of PBC not
only guides the functionalization approach to valorize bacte-
rial cellulose but also facilitates the scaling up of bacterial
cellulose-based materials in industrial and environmental
applications. Our current study focuses on its reusability,
regeneration efficiency, and development of ow systems for
actual wastewater.
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69 R. Dalmis, S. Köktaş, Y. Seki and A. Ç. Kılınç, Cellulose,

2020, 27, 127–139.
70 Y. Wen, J. Ding, Y. Yang, X. Lan, J. Liu, R. Hu and M. Zhu,

Adv. Funct. Mater., 2022, 32, 2109377.
71 J. Gong, J. Li, J. Xu, Z. Xiang and L. Mo, RSC Adv., 2017, 7,

33486–33493.
72 W. Wang, Y. Kan, H. Pan, Y. Pan, B. Li, K. M. Liew and

Y. Hu, Composites, Part A, 2017, 94, 170–177.
73 J. S. Stevens, S. Coultas, C. Jaye, D. A. Fischer and

S. L. M. Schroeder, Phys. Chem. Chem. Phys., 2020, 22,
4916–4923.

74 Y. Wu, Q. Fang, X. Yi, G. Liu and R. W. Li, Prog. Nat.
Sci.:Mater. Int., 2017, 27, 514–519.

75 M. Ghanadpour, F. Carosio, P. T. Larsson and L. Wågberg,
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93 Y. Kemal Recepoglu and A. YÜKsel, Cellul. Chem. Technol.,
2021, 55, 385–401.

94 M. A. Abdel Khalek, I. Osama, I. O. Abdelwahed, K. A. Selim,
F. I. El Hosiny, M. A. Abdel Khalek, I. Osama and I. Osama
Kinetics, Colloid and Surface Science, 2017, 2, 47–53.

95 E. C. Aka, M. C. Nongbe, T. Ekou, L. Ekou, V. Coeffard and
F.-X. Felpin, J. Environ. Sci., 2019, 84, 174–183.

96 P. Liu, P. F. Borrell, M. Božič, V. Kokol, K. Oksman and
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