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Abstract

A bacterial cellulose (BC) based adsorbent was prepared by using polyethyleneimine (PEI) using epichlorohydrin as a cross-
linker. The physicochemical characterization of the of the developed adsorbent was carried out using FTIR, BET analysis
and SEM, respectively. The dye removal efficiency of the adsorbent was assessed towards two anionic model dyes viz.
congo red (CR) and reactive red 120(RR). The kinetic data for the removal of both the anionic dyes were fitted better using
pseudo-second-order model. Langmuir model describes well the process of adsorption with predicted maximum adsorption
capacity (q,,,,,) 515.46 and 300.3 mg L~! for CR (at pH 6.0) and RR (at pH 3.0) respectively. The adsorption—desorption study
showed that PEI-BC adsorbent is effective with more than 90% dye removal efficiency even after four cycles. Furthermore,
the bactericidal activity of the adsorbent was analysed using Escherichia coli and Staphylococcus aureus and adsorbent
showed good inhibition against both test organisms. The study reveals that PEI-BC adsorbent can be a good candidate for
water remediation purpose bearing multifunctional behaviour.
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Introduction

An alarming rise in water pollution due to increased urbani-
zation and industrialization is the major cause of decreased
surface water quality. Different forms of pollutants like dyes,
pesticides, heavy metals, surfactants etc., are the significant
contributors to water pollution [1, 2]. Huge quantities of
the various dyes are being discharged through textile, paper,
leather, paint industries [1, 3, 4]. Most of these dyes are
non-biodegradable, a potent carcinogen and mutagen [4, 5].
Besides, various anthropic activities also add different haz-
ardous microbes to water bodies [6]. All these pollutants
directly influence human, animals, and aquatic life [7, 8].
Various treatment methods such as precipitation, floccu-
lation, ion exchange, adsorption, ultrafiltration or combina-
tions of these two or more methods are generally used for
water treatment [1, 9—11]. However, among them, adsorption
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is the most efficient method since it is convenient to use, and
low cost method [3, 10, 12, 13]. The ideal adsorbent should
possess a high surface area with plenty of adsorption sites,
should be environmentally friendly and biodegradable [9,
14, 15]. Several different adsorbents like activated carbons
[16], clays [17, 18] and carbon nanotubes[19, 20] have dem-
onstrated to be used for the removing dyes from liquids. The
activated carbon is the most frequently used adsorbent for
the treatment of industrial wastewater because of its avil-
able surface area. Considering the high cost of the activated
carbon, further use of this adsorbent material become lim-
ited. Research has to be continued for finding less expensive
alternate new adsorbents which is having good adsorption
efficiency [17].

Cellulose is the most attractive and ideal material for its
non-toxic and biodegradable nature [10, 21]. Its structure
provides vast range of possibilities for its modification [10].
Nowadays, nanocellulose has been attracted much attention
due to its fascinating properties like high surface area, aspect
ratio and high mechanical strength [15]. The dense distribu-
tion of surface hydroxyl groups provides an excellent oppor-
tunity for surface functionalization with different functional
groups [9, 21]. By imparting additional functionality, it is
possible to design the cellulose with enhanced properties
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by which its performance can be improved. The modified
nanocellulose is thereby become more suitable for varieties
of applications [15, 22-24]. For instance, various attempts
have been done to develop nano-cellulose based adsorbent
for wastewater treatment by tailoring the surface charge by
carboxylation, amine functionalization, sulfonation etc. [25].

Bacterial nanocellulose has emerged as a versatile poly-
mer, and its exceptional properties have been exploited in
multifaceted applications. It is a naturally produced nanofi-
brillated form of cellulose, and its production is environmen-
tally friendly than plant-based nanocellulose [26]. Besides, a
unique three-dimensional network structure of the cellulosic
fibrils makes it a more porous material. All these proper-
ties are suitable for the preparation of adsorbent. But, since
native BC lacks adsorption sites, it needs to be modified by
implanting surface functionality.

Polyethyleneimine (PEI) is a cationic polymer with many
primary, secondary, and tertiary amine side groups [12, 22,
27, 28]. Chemically it contains polar amine groups sepa-
rated by hydrophobic -CH,-CH,—spacer forming polyamine
polymer [29]. PEI exhibit a strong affinity towards anionic
compounds as well as heavy metals. However, due to the
water-soluble nature of PEI, there are limitations in its direct
applications, and it needs to be cross-linked or grafted on the
solid support [12, 22].

In this present study, we have attemted to develop a BC-
based adsorbent with surface modification by using poly-
ethyleneimine. There are very sparse reports for the utili-
zation of this unique biopolymer for the development of
adsorbent. With a high number of surface amine groups, the
given adsorbent is expected to remove anionic dyes effec-
tively from the solution. Dye removal study was carried out
using congo red and reactive red 120 as model anionic dyes.
The morphological and structural characetrization of PEI-
BC adsorbent were analysed by Fourier Transform Infrared
(FTIR) Spectroscopy, Scanning Electron Microscopy (SEM)
and Brunauer-Emmett—Teller (BET) analysis. Developed
adsorbent was further evaluated for its bactericidal prop-
erty and its applicability as a multifunctional material for
the sustainable environment.

Materials and methods
Production of bacterial cellulose

The strain used for BC production was previously isolated
in our lab. Bacterial cellulose membrane was produced and
processed as described earlier [30]. Briefly, Komagataeibac-
ter strain PG2 was inoculated in HS media using crude glyc-
erol as best and economical carbon source. After 15 days of
incubation membranes were harvested and treated with 2%
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NaOH at 80 °C and washed with distilled water repeatedly
till neutral pH.

Derivatization of bacterial cellulose nanofiber
by Polyethyleneimine (PEI)

The PEI-BC was prepared based on previously reported
method [31]. First the epoxidised BC (EP-BC) was prepared.
The lyophilised BC powder was soaked in 1.4 M NaOH
and epichlorohydrin solution and the resultant mixture was
refluxed at 65° C for 2 h. The epoxidised BC membarne was
washed with distilled water to remove unbounded chemi-
cals. The functionalised PEI-BC was then prepared by soak-
ing further the epoxidised BC in solution of branched PEI
(Mw =25,000, Sigma-Aldrich) and NaHCO; and reaction
was carried out at 65° C for 5 h. The resultant PEI function-
alised BC was further washed with deionised water. PEI was
used in different proportion with BC and 7 different samples
were generated (BC:PEI-1:0.5, 1:1, 1:2, 1:3, 1:4, 1:5, 1:6).

Characterization of BC, EP-BC and PEI-BC

The functional group analysis of BC, EP-BC and PEI-BC
adsorbents were analysed using Fourier-transform infra-
red spectrometer (ATR-FTIR). The samples were ana-
lyzed using the ATR mode on a diamond ATR accessory-
using spectrum two Perkin Elmer instrument. The FTIR
spectra were recorded at the transmission mode in from
4000—400 cm™! with a resolution of 4 cm™! and an accumu-
lation of 32 scans.

Surface morphology analysis of all the samples were car-
ried out using FEI Quanta FEG 450 scanning electron micro-
scope equipped with EDAX facility. Prior to SEM analysis
the lyophilised samples were sputter coated with gold. The
fibrilar morphology was determined at random positions.
The nitrogen mapping of synthesised PEI-BC adsorbent was
done using EDAX method. The specific surface area meas-
urement was done using Brunauer—-Emmett—Teller (BET)
analysis. Prior to BET analysis the samples were degassed
properly and N, adsorption and desorption isotherms were
carried out at 77 K.

Dye adsorption studies

The stock solutions of dyes with a concentration of 1000 mg
L~! were prepared by dissolving in DI water and diluted as
per the experimental requirement. All the adsorption studies
were carried out in a room temperature (28 °C). Initially,
the different adsorbent samples were prepared by varying
PEI proportion and tested for their ability to adsorb congo
red as a model anionic dye. Based on the dye removal effi-
ciency, the appropriate adsorbent sample was selected for
further studies. The effect of pH on adsorption of CR and
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RR were studied in the pH range from 3-9 (adsorbent dos-
age: 250mgL~", vol. of the dye solution: 30 ml). The batch
adsorption study was performed to observe the effect of con-
tact time on the removal of the dye. The adsorbent (400 mg
L") was added in 250 ml flask containing 30 ml of dye
solution with pH 6.0 for CR and pH 3.0 for RR with an con-
centration of 50 mg L~!. The flasks were further incubated
on an rotary shaker at 150 rpm to ensure the proper mix-
ing of the solution. Different aliquots of the samples were
removed in the defined time intervals. The effect of the dif-
ferent dye concentration on the adsorption were studied from
25-300 mg L™!. The adsorption equilibrium, adsorption
behaviour and maximum adsorption capacity of the given
adsorbent was evaluated (adsorbent dosage: 400 mg L~!, pH
6.0 for CR and pH 3.0 for RR). UV-visible spectra of the
solutions were determined at 500 nm and 510 nm for CR
and RR respectively. The unknown concentration of dye was
determined based on the calibration curve. The dye removal
percentage and dye adsorption capacity was calculated using
the following equations [3]

Co - Ct
Dye removal (%) = C x 100 €Y

. . (c,-C)V
Adsorption capacity (q,) = — 2

where, C, and C, are the initial concentration and concentra-
tion of dye (mg L") at time t respectively, V is the volume
of the solution (L) and m is the mass of the adsorbent.

Determination of point zero charge of adsorbent

The pHpy of adsorbent was determined by using previ-
ously reported solid titration method [32]. Briefly, 0.12 mg
of adsorbent was added in 250 ml flasks containing 30 ml
0.01 mol L™! of NaCl solution with pH in the range of
3.0-12.0. All the flasks were kept for shaking overnight and
after equilibrium is achieved, the final pH of the NaCl solu-
tions were measured. The graph of initial pH was plotted
against difference in initial pH (3.0-12.0) value and final
pH (ApH).

Reusability of adsorbent

For the reusalbility of the PEI-BC adsorbents, were evalu-
ated by separating from the solution and treating with 0.5 M
NaOH solution for desorption of the dye. The adsorbents
were thoroughly washed with miliQ water till the neutral
pH attains and material was lyophilised. The regenerated
adsorbents were reused for next cycle of dye adsorption
experiment.

Disinfection assay

The disinfection experiment was carried out as previously
described. Briefly, the bacterial cell pellet obtained from
overnight grown culture was re-suspended in sterile saline
and diluted to 10° CFU/ml. Different amounts of PEI-BC
adsorbent (0.25,0.50,0.75and 1 g L") was then added into
the diluted bacterial suspensions and kept for shaking at 37°
C for 3 h. After that the suspensions were serially diluted
and 100 pl was used for spreading on plates of LB agar. The
plates were incubated further at 37 °C for overnight and
CFU was determined. Bactericidal efficency of the adsorbent
was evaluated against Gram-negative Escherichia coli (E.
coli) and Gram-positive Staphylococcus aureus (S.aureus)
organisms. The change in cell morphology after treatment
was determined using FE-SEM analysis.

Results and discussion

Bacterial cellulose used in this study was produced using
Komagataeibacter strain PG2 by utilizing cheap carbon
source in the form of crude glycerol. Bacterial cellulose with
its exceptional properties especially its nanofibrillated form,
three dimensional structure and high crystallinity have been
exploited in diverse sectors [30, 33-35]. Taking into account
all these things, we envisaged that three dimensional and
nanofibrillated BC could be used as an ideal candidate for
development of adsorbent.

Fabrication of PEI-BC adsorbent

In this study, the adsorbent was produced by crosslinking the
PEI on the surface of three dimensional BC nanofibers by
using epichlorohydrin. Detailed synthesis of BC/PEI adsor-
bent is represented in scheme (Fig. 1). PEI with positively
charged amino groups has been used in various environ-
mental applications. Different compositions of PEI-BC were
produced by varying the proportion of PEI. The effect of PEI
concentration on the adsorption effociency was evaluated by
using a anionic dye congo red at 50 mg L™! concentration.
With the increase in the concentration of PEI in the adsor-
bent the adsorption capacity was also increased. The BC:PEI
at 1:6 ratio has shown better adsorption and more than 95%
dye removal efficiency (Fig. 2). This composition of BC: PEI
was used for further adsorption studies.

The FTIR spectra of BC, EP-BC and PEI-BC is shown
in Fig. 3A. There is no significant difference between
spectra of EP-BC in comparison with BC. However, the
appearance of new peak at 1564 cm™! wavenumbers was
observed in case of PEI-BC ascribed for N-H bending vibra-
tion of amines [36]. Besides, the broad band in the range
of 3150-3470 cm™! could be related to the overlapping of
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Fig. 1 Schematic representa-
tion for the synthesis of PEI-BC
adsorbent

Epichlorohydrin
:
reaction A/ a
1.4M /
NaOH

65°C w

N-H and O-H stretching vibrations [36-38]. The specific
surface area of the PEI-BC adsorbent was analysed using
BET analysis. The N2 adsorption and desorption isotherm
of the adsorbent followed Type IV isotherm and the surface
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Fig.2 Removal of CR using different adsorbent prepared by varying
PEI proportion(BC:PEI- 1:0.5, 1:1, 1:2, 1:3, 1:4,, 1:5, 1:6), (A) opti-
cal image of adsorption of congo red dye (B) UV-Visible spectra rep-
resenting absorbance of CR after treatment with different adsorbents.
BC and congo red solution (50 mg L") were used as control. (Dye
conc: 50 mg L', adsorbent dose: 200 mg/L and time: 5 h)
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area was found to be 35.34 m?/g (single point surface area
at P/Po=0.2488) (Fig. 3B).

The morphological features were analysed with FE-
SEM. The PEI crosslinking does not affected the fibrilar
morphology of bacterial cellulose. However, PEI coated
fibrils showed the smoother surface in the appearance when
compared to pristine (unmodified) BC fibrils. The distribu-
tion of nitrogen atom which belongs to PEI along the BC
network was determined by the elemental mapping using
EDAX. The dark green spots were representing nitrogen
atom and was distributed uniformly in PEI-BC sponge sur-
face (Fig. 4A—D). These results confirms the successful
functionalisation of BC by crosslinking with PEI.

Effect of pH on adsorption

The pH refers as one of the crucial parameters that governs
the process of adsorption. The pH of the dye solution affects
the ionization of dye as well as adsorbent. Herein, we stud-
ied the effect of pH on the adsorption over a wide range
pH 3.0-10.0. The effective removal of dye was observed
at acidic pH. In the case of RR the highest adsorption was
observed at pH 3.0. The adsorption of CR was almost the
same at pH range 3—6. The decrease in adsorption capacity
for both the anionic dyes was observed at pH 10 (Fig. SA).
The pHpzc was determined by titrimetric method and was
found to be 7.4, which means at pH < pHpzc the surface of
the adsorbent is positively charged and favours adsorption
of anionic dyes. This proves the decrease in the adsorption
at pH 10.0 due to deprotonation of adsorbent favours at alka-
line pH (pH > pHpzc) (Fig. 5B). Considering these results
the remaining batch adsorption studies were carried out at
pH 6.0 and 3.0 for CR and RR, respectively.
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Fig.3 (A) FTIR spectra obtained for bacterial cellulose(BC), epichlorohydrin cross-linked BC (EP-BC) and PEI-modified BC (PEI-BC), (B)
BET analysis of adsorbent PEI-BC

Adsorption kinetic study kinetic models (Fig. 6). The equation for these models is
expressed as below [5, 17].
The kinetic analysis of process of adsorption of CR and RR

was done using pseudo first order and pseudo second order  Pseudo first order : log(qe - ‘1;) =logq, — kX1

2.303 )
Fig.4 SEM micrograph of
(A) bacterial cellulose sponge,
(B) PEI-BC adsorbent (inset:
picture of adsorbent), (C) and
(D) N, mapping and EDAX
analysis of PEI-BC adsorbent
respectively

X ray energy(KeV)
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Fig.5 (A) Effect of pH of aqueous solution on dye removal by PEI-BC, (B) pH
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Pseudo second order : = >+
4q: k2 X qe 9e

“

where q, (mg g!) and q, (mg g™!) is the amount of dye
adsorbed at a time t and at a equilibrium time: k; (min™)
and k, (g mg~! min~"!) defines the rate constant of pseudo-
first order and second-order models respectively.

e
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The fitting of the experimental data in the above models
showed that the adsorption of both CR and RR on PEI-BC
surface follows a pseudo-second-order kinetic model with
correlation coefficients 0.996 and 0.994, respectively. Also,
the values of calculated q,,, values are in good agreement
with experimental values (Table 1). In the literature, similar
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Fig.6 Effect of contact time on adsorption of anionic dyes using
PEI-BC adsorbent: (A) CR, (D) RR (initial dye conc.: 50mg L-1,
adsorbent dose: 400mg L-1, pH of the solution: 6.0 for CR and 3.0
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for RR), (B) and (C) pseudofirst-order kinetics, (E) and (F) pseudo-
second-order kinetics for adsorption of CR and RR
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Table 1 Parameters of kinetic

; Dye Qex Pseudo-first order kinetic Pseudo second order kinetic
models for adsorption of CR (mé )
and RR on PEI-BC at pH 6.0 Qe mgg™) k,min) RZ q, mgg?) k,(gmg!min~!) R2
and 3.0
Congo red 125 85.46 0.06 0.96 128.36 2.65%x107 0.99
Ractive red-120 124 80.29 0.01 0.94 125.78 0.57x107 0.99
kinetic model fitting were reported for different pollutant- . .. C, 1 1
dsorbent systems [39—41] Langmuir adsorption isotherm : — = +| —]C,
adsorbe SyS ems - : qe qmzukL Dmax
&)

Adsorption isotherm study

The adsorption isotherm analysis was carried out to study
mechanism of dye adsorption by fitting of the experimental
data using Langmuir model and Freundlich model (Fig. 7).
Langmuir model assumes that the adsorbent is made up of
homogenous surface with energetically equivalent adsorp-
tion sites which allows monolayer adsorption. Freundlich
adsorption describes the multi-layered adsorption on heter-
ogenous adsorbent surface [42]. The straight line equation
for the models is expressed as given below.

Freundlich adsorption isotherm : logg, = logk, + <%) X logC,
(6)
Where, C, (mg L~!) is the concentration of dye in a
equilibrium solution, q, (mg g~") equilibrium amount of
dye on the adsorbent, k; (L mg™!) represents the Lang-
muir constant related to an adsorption energy, and q,,,,
(mg g~!) is a maximum adsorption capacity of the PEI-
BC corresponding to complete monolayer coverage, k¢
and 1/n are Freundlich constants related to adsorption
capacity and adsorption intensity respectively.
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Fig. 7 Effect of dye concentration on adsorption of PEI-BC adsorbent (A) congrored and (D) Reactive red, (B) and (E) Langmuir adsorption

isotherm, (C) and (F) Freundlich adsorption isotherm
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Table 2 Parameters of

9 Dye Qex Langmuir model Freundlich model
adsorption isotherm for (mg gl
adsorption of CR and RR on m k(g ml™h R? ky (mg g1 n R?
PEI-BC (mgg™)
Congo red 496.25 515.46 85.76 0.99 177.82 4.62 0.95
Ractive red-120 293.30 300.30 38.98 0.99 127.06 6.57 0.95

The adsorption isotherm analysis for CR and RR was
done by fitting of adsorption data in the above models.
The different parameters evaluated in adsorption isotherm
analysis are enlisted in Table 2. The adsorption data for
both the dyes showed better fit with Langmuir adsorp-
tion isotherm model. With this model the correlation
coefficients obtained were 0.99 and 0.993 for CR and
RR respectively whereas predicted q,,,, values for CR
and RR were 515.46 and 300.3 mg g~! of adsorbent. The
obtained adsorption isotherm results are consistent with
the previous stuidies [43, 44]. A quick comparison among
the different adsorbents for the adsorption of CR and RR
is given in Table 3. These results indicated that PEI-BC
based adsorbent is efficient for the removal of anionic
dyes including high molecular weight bulky dyes such as
reactive red 120.

Desorption and reusability

The ease of separation and recyclability of the adsorbent are
the important properties that affects the operational cost of
water treatment process. For the analysis of reusability of
the adsorbent developed, PEI-BC was evaluated for its dye
removal efficiency for four subsequent cycles. After com-
pletion of each cycle, the adsorbent was treated with 0.5 M
NaOH and washed with deionised water. The regenerated
adsorbent was reevaluated for its dye removal efficiency
in the next cycle of experiment. The results obtained indi-
cated that, the dye removal efficiency of the given adsorbent
remain more than 90% even after 4 cycles of adsorption and
desorption (Fig. 8). The slight decrease in the dye removal

efficiency was observed that may be due to irreversible inter-
action of dye molecule with adsorbent. These results indi-
cated that the PEI-BC adsorbent can be easily regenerated
and had shown good reusability efficiency.

Bactericidal potential of PEI-BC adsorbent

The bactericidal potential of PEI-BC adsorbent was
evaluated by plate count method in which the organisms were
incubated with different adsorbent dosage for 3 h and the cell
suspension was plated on LB agar. The study was performed
using gram-negetive E. coli and gram-positive S. aureus
organism. Bacterial cellulose (BC) was used as a control
for the experiment. The results are depicted in the (Fig. 9A
and B), represents inhibition of colony growth in PEI-BC
treated plates compared to bacterial cellulose control. The
graph of % non-viable cells using different adsorbent dosage
highlights the strong bactericidal potential of PEI-BC based
adsorbent towards both the organisms (Fig. 10A). The lowest
adsorbent dosage i.e. 0.25 g/L could eliminate S. aureus and
E.coli more than 99.9% and 94.5% respectively. However, the
effective dosage of adsorbent was found to be 0.75 g/L that can
eliminate both the organisms with more than 99.9% efficiency.
Thus, the overall results indicates the excellent bactericidal
potential of the adsorbent. The cationic PEI establish the
electrostatic interaction between the bacteria and adsorbent
that result into loss of membrane potential that further leads to
damage of the membrane and leakage of the cell constituents
[50, 51]. The SEM analysis of the bacterial cells treated with
PEI-BC clearly indicated the damaged morphology of the cells
as compared to control (Fig. 10B and C).

Table 3 Comparison of

. . Adsorbent Dye Adsorption Reference

aflsorptlon capacity between capacity(mg g~

different adsorbents towards CR

and RR (CR: congo red, RR: Xanthan gum/silica hybrid nanocomposite CR 209.20 [5]

reactiv red 120) ZnFe,0,/Si0,/Tragacanth gum CR 159.90 [45]
ZnO functionalized CR 161.30 [46]
High silica zeolitic particles
PEI modified coffee waste CR 77.52 [32]
Crosslinked Chitosan/Epichlorohydrin/TiO2 Nano- RR 210.00 [47]

composite

Chitosan beads RR 129.90 [48]
Chitosan-Epichlorohydrin/zeolite RR 284.20 [49]
PEI-BC adsorbent CR 515.46 This study
PEI-BC adsorbent RR 300.30 This study
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Fig.8 Effect of recycling of PEI-BC adsorbent on dye removal effi-
ciency

Fig. 10 Bactericidal activity of PEI-BC adsorbent:(A) % Non-viable
cells after treatment with different adsorbent dosage(0.25, 0.50, 0.75
and 1 g/L, (B) and (C) SEM micrograph of E.coli and S. aureus
respectively after treatment with adsorbent dose 0.75 g/LL

4 Control BC K \ Control

Fig. 9 Photographs of colonies of bacteria obtained after treatment with different adsorbent dosage (A) E.coli, (B) S.aureus. BC and untreated
bacteria were used as control
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Conclusion

In conclusion, we have sucessfully engineered the BC mate-
rial with cationic surface by grafting the polyethyleneimine
(PEI) via chemical crosslinking. The developed material
has been used as an adsorbent for removal of anionic dyes
including congo red and high molecular weight azo dye
reactive red 120. The adsorption process of both the dyes
fitted well in pseudo-second order kinetic model. Langmuir
adsorption isotherm best describes the adsorption data of
both the dyes and the maximum adsorption capacity (q,,,)
obtained was 515.46 and 300.3 mg L~! for CR (pH 6.0)
and RR (pH 3.0) respectively. The bactericidal potential
of PEI-BC adsorbent was also evaluated against E.coli and
S.aureus. The given adsorbent demonstrated the efficient
bactericidal activity against selected strains. Thereby, the BC
based adsorbent with aim to remove contaminant from water
was produced successfully. Future efforts should be done in
direction of engineering versatile bacaterial nanocellulose
to remove other contaminants such as cationic dyes as well.
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