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ABSTRACT: Drinking water quality requirements are getting stricter
but water sources are limited. Therefore, effective ways to purify it must
be developed. In order to remove toxic Cr(VI) from wastewater,
efficient, nontoxic, sustainable, resilient biocomposites based on bacterial
cellulose (BC) and polypyrrole (PPy) have been fabricated. The free-
standing BC/PPy composites, allowing easy handling during and after
water treatment, were successfully prepared by the oxidative polymer-
ization of pyrrole on the BC surface. The variation in the physical state of
BC sheets used for coating by PPy was done to study the rheological
properties and Cr(VI) removal capacity. Characterization techniques like
FTIR, SEM, BET, thermogravimetric analysis, and rheological analyses
established the morphology and structural properties of the prepared
biocomposites. The physical state of the bacterial cellulose used for the
coating by PPy positively affected the mechanical and thermal stabilities of the resulting BC/PPy composites but had almost no
effect on the removal capacity of hexavalent chromium. The free-standing BC/PPy composites reached a specific surface area of
61.96 m2 g−1 and a pore volume of 0.097 cm3 g−1, showing more than a threefold increase compared to neat BC sheets. The coating
of BC by PPy markedly improved the maximum adsorption capacity of Cr(VI). The experimental Cr(VI) adsorption data fitted
using Langmuir’s isotherm model indicated homogeneous monolayer adsorption of Cr(VI) ions onto the BC/PPy surface. The
Cr(VI) maximum adsorption capacity of BC/PPy composites was determined to be 294.1 mg g−1. Furthermore, the BC/PPy
composites were proved to be excellent catalysts for the photocatalytic reduction of toxic Cr(VI) into nontoxic Cr(III) ions. These
results suggest that the free-standing BC/PPy composites could be used as alternative materials for eco-friendly remediation of
hexavalent chromium ions from wastewater.
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1. INTRODUCTION
Climate changes, rapid industrialization, urbanization, over-
population, and excessive consumer behavior, all-encompass-
ing a linear economy model, contribute to the scarcity of
drinking water of the required quality.1 The most widespread
water pollutants include pesticides, fertilizers, pharmaceuticals,
microplastics, dyes, coal, diesel phenols, and heavy metals.2

Toxic compounds in water are undesirable and dangerous,
mainly for living organisms.3 The application of sustainable
technologies for the remediation of heavy metals from water is
essential to avoid serious environmental, economic, and social
problems.4 An example of a toxic heavy metal that has
significant negative effects on human and animal health is
hexavalent chromium, which is readily soluble in water. The
toxic hexavalent chromium primarily coexists with relatively
low-toxicity trivalent chromium. It was proved that Cr(III)
does not penetrate cell membranes, unlike Cr(VI). The
maximum value of total chromium in drinking water given by
the WHO and the European Parliament is 50 μg L−1, but since
January 2036, it shall be 25 μg L−1 in the EU.5,6 Numerous

strategies with advantages and some limitations have been
applied to remove Cr(VI) from water, including adsorption,
membrane filtration, photocatalytic treatment, electrochemical
treatment, microbiological treatment, flotation, and ion
exchange.7 Nowadays, in addition to the efficiency of the
chosen method, sustainability without causing secondary
pollution is also a criterion. From today’s perspective, the
materials used for water purification should fit into the concept
of circular economy and green chemistry.8

Biopolymers and biocomposites with an adsorption capacity
for water contaminants such as cellulose [including bacterial
cellulose (BC)], lignin, starch, and chitosan are considered to
be materials with enormous potential for water treatment.9
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Their advantages include biodegradability, carbon neutrality,
independence from fossil sources, and nontoxicity. The
adsorption capacity of biopolymers can be further increased
by various physical (e.g., surface area enhancement) and
chemical modifications (e.g., functional group addition, cross-
linking, and composite formation). Introducing additional
functional groups like amino, carboxylic, and hydroxyl groups
to natural adsorbent is especially effective to improve the
interaction between biopolymers and metal ions as has been
presented in several works.10−12

BC has all advantages of biomaterials, and, in addition,
industrial waste can be used for biotechnological produc-
tion.13−15 BC is produced biotechnologically by Komagataei-
bacter xylinus as an extracellular polysaccharide.16 The most
productive BC production strain is considered Komagataei-
bacter xylinus (previously known as Gluconacetobacter xylinus or
Acetobacter xylinum). The BC production yields depend on the
strain,17 culture medium,18 and growing conditions.19 BC is a
nontoxic and biocompatible material formed by cellulose
ribbon-like nanofibrils resembling nonwoven textile structures.
In addition, it is a highly crystalline material with high
mechanical flexibility and tensile strength. Due to the hydrogen
bridges’ content and many pores in the structure, BC can
retain high amounts of water. Therefore, BC may be classified
as a hydrogel.20 Hydrogels with high adsorption capacity are
attractive materials for wastewater treatment.21 The application
of BC for filtration and water treatment has been proposed as
more effective after chemical modifications contributing to
higher reactivity and adsorption capacity.16

This study focuses on the adsorption and removal efficiency
of hexavalent chromium ions from water by a bioadsorbent
based on BC and polypyrrole (PPy). PPy is one of the
prominent conductive polymers with unique characteristics
(e.g., a broad range of conductivity, electroactivity, polar-
izability, response-ability, and nontoxicity).22 In addition, PPy
has a high affinity for heavy metal ions and forms complexes
with them.22,23 It was shown that the PPy salt synthesized
sonochemically in the powder form exhibited the adsorption
capacity of Cr(VI) ions about 21.87 mg g−1 at a pH of 3.2 and
34 °C.24 However, the direct use of PPy in its powder form is
particularly problematic, regarding separation from wastewater.
Few studies have been conducted to investigate the removal
efficiency of Cr(VI) ions from water by the PPy/BC
composites. Shao et al.25 prepared PPy/BC nanofiber
composites by polymerizing pyrrole in the mixture with the
fibrillated commercial nata de coco. The tested PPy/BC
nanofiber composite displayed 37−99% removal efficiency in
the pH range from 2 to 8. The pH dependence corresponded
with the electrostatic attraction among positively charged
nitrogen and chromium anion groups.25 Marghaki et al.26

prepared BC/Fe3O4/PPy sheets by coating magnetic BC
sheets with PPy. The magnetic properties allowed BC/Fe3O4/
PPy sheets to be separated from water using a magnet without
filtration after metal ion adsorption. These magnetic sheets
showed the removal efficiency of Cr(VI) from 47.65 to 99.25%
at pH 3, depending on the adsorbent dosage. Both studies paid
primary attention to the factors affecting the adsorption
capacity values of BC/PPy composites. The present study
extends the previous works by demonstrating that the free-
standing BC/PPy composites enable a spontaneous electron
transfer from PPy to Cr(VI) and, thus, leave only Cr(III) in
the solution after reduction. The work also discusses the
adsorption efficiency of BC/PPy composites of Cr(VI) and
their viscoelastic properties, primarily with respect to the
modification of wet or freeze-dried BC sheets. The possibility
of using BC sheets in their natural wet form instead of dried
sheets would reduce operation costs and preserve their
fundamental physical properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Yeast extract and peptone were provided by

HiMedia (India). Citric acid anhydrous, disodium hydrogen
phosphate dodecahydrate, glucose monohydrate, hydrochloric acid
37%, and sodium hydroxide were obtained from Penta (Czech
Republic). Pyrrole, iron(III) chloride, potassium dichromate, and
N,N-dimethylacetamide (DMAc) (≥99.0%) were purchased from
Sigma-Aldrich (USA). Formic acid (98%) and lithium chloride were
obtained from Lach-Ner (Czech Republic). All reagents used were of
analytical grade.
2.2. Biosynthesis of BC. BC sheets were produced by static

cultivation of Komagataeibacter xylinus (ATCC 53524) (Manassas,
VA, USA) in a Hestrin−Schramm (HS) medium as reported
elsewhere.27 The HS medium was inoculated by a 7 day old bacterial
suspension of 2 × 105 cfu mL−1. The production cultivations were
performed in 50 mL plastic tubes with a 38 mm diameter containing
20 mL of the HS medium (pH 5.1, 30 °C, stationary conditions, 14
days). BC sheets harvested from media were purified by treatment
with 0.1 M NaOH at 80 °C for 90 min and then rinsed with distilled
water until neutral pH was reached. The purified wet BC sheets were
designated as BC/wet sheets and stored in 30% v/v ethanol at 4 °C.
The freeze-dried samples were designated as BC/dry sheets.
2.3. Synthesis of BC/PPy Composites. BC/PPy composites

were synthesized via in situ oxidative polymerization of pyrrole28

(Figure 1). Prior to the synthesis, BC sheets were immersed in pyrrole
for 24 h. 0.2 M pyrrole solution was oxidized with 0.5 M iron(III)
chloride in the presence of pyrrole-soaked BC/wet or BC/dry sheets.
The synthesis was conducted for 1 h at 20 °C and pH 1.8. The BC/
PPy composites were then rinsed with 0.2 M HCl, cleaned with Mili-
Q water until neutral pH, freeze-dried, and stored in closed
containers. No filtration was needed since BC/PPy can be manually
separated. The samples were designated as BC/wet/PPy and BC/
dry/PPy composites, indicating the nature of BC used.

Figure 1. Schematic illustration of BC/PPy composites fabricated by PPy coating on BC and freeze-drying [color figure can be viewed in the online
issue].
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2.4. Characterization Techniques. FTIR spectra of freeze-dried
BC sheets and BC/PPy composites were obtained by employing an
attenuated total reflectance technique using a Thermo Nicolet
NEXUS 870 spectrometer equipped with an MCT nitrogen-cooled
detector (Thermo Fisher Scientific, Waltham, USA). IR spectra were
recorded over 4000−650 cm−1 at 4 cm−1 resolution and represented
an average of 256 scans.
The morphologies of freeze-dried BC sheets and BC/PPy

composites were detected by scanning electron microscopy (MAIA3
Tescan, TESCAN, Brno, Czech Republic) at an acceleration voltage
of 3.0 kV. Prior to the investigation, a 2 × 2 mm piece of each sample
was placed on carbon tape and sputtered with gold particles.
The specific surface area (SBET), pore volume (Vp), and pore size

distribution of freeze-dried BC sheets and BC/PPy composites were
determined by nitrogen adsorption−desorption (BET�Brunauer−
Emmett−Teller) analyses using the nitrogen adsorption analyzer
NOVA 2200e (Quantachrome Instruments, Boynton Beach, Florida,
USA). Before measurement, the samples were degassed at 50 °C for
24 h.
The densities of freeze-dried BC sheets and BC/PPy composites

were determined according to the standard test method ASTM D792-
98, Method B.
The viscosity average molecular weight of BC was calculated by

using the Mark−Houwink−Sakurada empirical equation. BC was
dissolved in a LiCl/DMAc solvent system at 30 °C and the relative
viscosity was determined using an Ubbelohde capillary viscometer.29

The swelling test was performed by immersing freeze-dried BC
sheets and BC/PPy composites in acidic water (pH 3) at room
temperature and mixing (200 rpm) for 48 h (pH and time span were
chosen according to the conditions used for the adsorption
experiments). The degree of swelling was calculated as follows

=Q
W W

W
( )

swell
S D

D (1)

where WS and WD are the weights of the samples in the swelling state
after 48 h and the dry state, respectively.
The thermal behavior of freeze-dried BC sheets and BC/PPy

composites was investigated by thermogravimetric analysis (TGA)
using a Pyris 1 thermogravimetric analyzer (PerkinElmer, New Castle,
DE, USA). In the experiment, about 5 mg of the sample was heated
from 30 to 800 °C at a heating rate of 10 °C min−1 in air.
The viscoelastic properties of BC/wet sheets and BC/wet/PPy and

BC/dry/PPy composites were studied by small-amplitude oscillatory
shear measurements using rotational rheometer DHR-2 (TA
Instruments, Inc., USA). An 8 mm diameter sandblasted parallel
plate was used measuring geometry with a gap between the plates
adjusted to the sample thickness (about 1.0 mm). The amplitude
(strain) sweep measurements were chosen to compare the viscoelastic
properties of all of the tested samples. The oscillation frequency was
maintained at a constant value of 1 Hz and the deformation amplitude
was logarithmically increased from 0.05 to 1000% (logarithmic sweep,
6 points per decade). Prior to each measurement, the sample was
swelled in water for 24 h and conditioned in a rheometer for 5 min at
a constant temperature of 25 °C. The storage (G′) and loss moduli
(G″) were recorded.
2.5. Adsorption Experiments and Photocatalytic Reduction.

The adsorption ability of BC/wet/PPy and BC/dry/PPy sheets was
tested for the removal of Cr(VI) ions from aqueous solutions. Five
milligrams of BC or BC/PPy were added to 25 mL of 50 mg L−1 of
Cr(VI) solutions (pH 3). The mixtures were kept under mild shaking
(200 rpm) at 23 ± 1 °C in the dark. The Cr(VI) concentration was
followed with time by measuring the UV−visible spectra (Thermo
Scientific, Evolution 220, Thermo Fisher, USA).
Adsorption capacity Qe (mg g−1) and removal efficiency (R %)

were calculated according to the following formulas

= ×Q
C C

m
V

( )
e

i e
(2)

= ×R
C C

C
( )

100i e

i (3)

where Ci and Ce (mg L−1) are the initial and equilibrium
concentrations of Cr(VI), respectively. V (L) is the Cr(VI) solution
volume and m (g) is the mass of the adsorbent.
The equilibrium isotherms were studied by mixing the adsorbents

(5 mg) with a series of Cr(VI) solutions with different initial
concentrations from 25 to 150 mg L−1 (25 mL; pH 3). The
experiments were conducted at room temperature in dark conditions
under gentle shaking (200 rpm). UV−visible spectra were collected at
an equilibrium state after 48 h. Three different isotherm models,
Langmuir, Freundlich, and Temkin, were used to study the
equilibrium isotherms. The experimental data were fitted to linearized
equations of isotherm models.30

Langmuir model

= +
C
Q Q K

C
Q

1e

e max L

e

max (4)

Freundlich model

= +Q K
n

Cln ln
1

lne F e (5)

Temkin model

= +Q b K b Cln lne T e (6)

where Qmax (mg g−1) is the maximum adsorption capacity at
saturation and KL (L mg−1) is the Langmuir constant. KF (mg g−1) is
the Freundlich constant, which is related to the maximum adsorption
capacity, and 1/n is a constant that describes the degree of
nonlinearity between the Cr(VI) concentration and the adsorption
process. KT (L g−1) is the Temkin isotherm constant, and b is a
constant related to sorption heat. The best-fitting isotherm model was
determined based on the linear regression coefficient (R2) value.
The photocatalytic reduction of toxic Cr(VI) to nontoxic Cr(III)

was conducted by using irradiation with warm white LED light
(660 lm). Five milligrams of the BC/PPy sample were added to 25
mL of 50 mg L−1 of Cr(VI) aqueous solutions prepared in 1.0 M
formic acid. Formic acid was used as a hole scavenger to enhance the
photocatalytic reduction reaction.31 UV−visible spectroscopy moni-
tored the photocatalytic reduction of Cr(VI), measuring the
absorbance at different time intervals. Additionally, inductively
coupled plasma mass spectrometry (ICP-MS) (Nexion 2000 B,
PerkinElmer, USA) was used to determine the total concentration of
Cr(III) and Cr(VI) ions in the solutions after photocatalytic
remediation experiments.
The selectivity of BC/PPy composites toward Cr(VI) ion

adsorption was investigated in comparison with Cr(III), Co(II),
and Cu(II); whereby BC/PPy composites (5 mg) were brought into
contact with Cr(III) (50 mg/L; 25 mL) and a mixture of coexisting
Cr(VI), Co(II), and Cu(II) (20 mg/L each; 25 mL) under the same
conditions of Cr(VI) adsorption as before (pH 3, dark conditions,
and 200 rpm). Different metal ion concentrations were determined at
equilibrium after 48 h, using ICP-MS analysis.
At least three specimens were tested in each case of the experiment.

One-way ANOVA using Origin (OriginPro 2019b) was applied to
compare the statistical significance of the results. Differences among
mean values were processed by the Tukey test at a level of significance
of p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Properties of BC/PPy Composites. The basis matrix

for producing free-standing BC/PPy composites was bio-
technologically produced BC with a viscosity average
molecular weight of 462.4 kg mol−1 and density of 0.25 ±
0.03 g cm−3. The biosynthesized BC membranes have
characteristics suitable for water treatment applications, such
as high purity, biocompatibility, versatility, and stable
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mechanical properties.32 The BC versatility enabled its
modification with PPy. The production of BC/PPy composites
consisted of adding wet or freeze-dried BC sheets in a pyrrole
polymerization solution, which enabled the coating of PPy on
the surface of BC. The BC/wet sheets were flexible and
translucent white materials. In contrast, the BC/dry sheets
were soft, brittle, and opaque white materials (Figure 1). After
coating, BC/wet/PPy and BC/dry/PPy composites reached
densities of 0.47 ± 0.02 and 0.30 ± 0.06 g cm−3, respectively.
Both types of BC sheets stayed as lightweight materials after
PPy coating with slightly different structures. Table 1 displays

the pore characteristics. The coating of BC sheets with PPy
enlarged the surface area of the composites. The modification
of the specific surface area of BC/wet/PPy and BC/dry/PPy
composites corresponds with the formation of new micropores
and mesopores after the PPy coating (Figure S1a−c). Another
advantage of free-standing BC/PPy composites is their easy
handling due to their high flexibility and strength.
The synthesis of BC/PPy composites was verified by an

ATR-FTIR analysis. Figure 2 displays the spectra of neat BC

sheets and BC/PPy composites. The spectrum of neat BC
sheets showed the characteristic peaks of cellulose at 1635
cm−1 (H−O−H bending of adsorbed water), 1525 cm−1 (C−
H stretching), 1427 cm−1 (CH2 bending or O−H in-plane
bending), 1360 cm−1 (C−H deformation), 1315 cm−1 (O−H
deformation), and in the region 1170−1030 cm−1 (C−O−C
and C−O stretching deformation).33,34 In addition, the
determined peaks at 3345 and 3244 cm−1 are attributed to
the hydrogen-bonded hydroxyl group (−OH) stretching
vibration in cellulose.35 FTIR spectra of both types of BC/
PPy composites revealed the characteristic features of PPy in
correspondence with the literature, with slight changes in the

peak positions.36,37 The BC/wet/PPy composite exhibited the
characteristic peaks at 1539 cm−1 (C−C stretching in the ring
of PPy), 1448 cm−1 (C−N stretching in the ring), 1290 cm−1

(C−N stretching), 1157 cm−1 (breathing vibration of the
pyrrole ring), 1092 cm−1 (N−H+ deformation vibration), 1030
cm−1 (C−H and N−H in-plane deformation vibrations), 962
cm−1 (C−C out-of-plane ring deformation), 883 cm−1 (N−H
wagging of the PPy ring), 847 cm−1 (C−H and N−H out-of-
plane bending), and 768 cm−1 (C−H out-of-plane ring
deformations). The spectrum of BC/dry/PPy composites
was red-shifted. The observed red shifts could occur due to
hydrogen-bonding interaction between the N−H groups in the
pyrrole rings and the lone pair of electrons on the oxygen
atoms of the hydroxyl groups on the cellulose surface.33 In
accordance with the ATR-FTIR method, a surface-sensitive
technique, only PPy characteristic peaks were identified on the
surface of both types of BC/PPy composites. It confirms the
successful coating of the BC sheets by PPy during the
polymerization.
The microstructures of neat BC sheets and BC/PPy

composites were investigated by using SEM (Figures 3 and
4). The BC/dry sheets formed a coherent 3D network
composed of cellulose fibers, as shown in Figures 3a and 4a.
The BC/dry/PPy composites displayed microfibrils forming
clusters (Figures 3b and 4b). In contrast, the BC/wet/PPy
composites exhibited separated ribbon-like microfibrils launch-
ing in highly fibrous structures (Figures 3c and 4c).
The SEM-EDX elemental mapping spectra of BC/dry/PPy

and BC/wet/PPy composites (Figure S2b,c) confirmed the
successful coating of BC by PPy during the polymerization.
The spectra of the coated sheets compared to those of neat BC
sheets (Figure S2a) proved an increased nitrogen content from
6 to 17 wt %.
The BC used for modification by the PPy coating was wet

(BC/wet/PPy) or dried (BC/dry/PPy). As the cellulose
absorbs water, it undergoes volume expansion due to the
penetration of water molecules into its structure. Swelling leads
to an increase in the surface area of the cellulose.38 On the
grounds that the swelling degree may be connected with the
thermal stability of samples as well as the adsorption capacity
of metal ions, the swelling degree of neat BC sheets and BC/
PPy composites was determined. The swelling properties of
dry composites were evaluated under the same conditions as
those used for later adsorption experiments (pH 3, 200 rpm,
48 h). The neat BC sheets exhibited a swelling degree of 46.9
± 0.4 after 48 h. BC/wet/PPy and BC/dry/PPy composites
demonstrated much lower swelling degrees of 21.9 ± 0.3 and
22.4 ± 2.1, respectively. The resulting swelling degrees of both
BC/PPy composites were similar, indicating a negligible effect
of the BC state (dry or wet) on the swelling behavior of the
PPy-coated BC composites.
The thermal stability of dry BC/PPy composites in

dependence on the BC state used for modification was studied
by TGA (Figure S3). The TGA spectrum of the neat BC
sheets revealed thermal degradation steps typical for the
cellulose.39 The thermal stability of BC was considerably
improved after PPy coating, mainly when wet cellulose was
used. The lower thermal stability of neat BC may be partially
connected to its higher swelling ability than BC/PPy
composites. There are some possible explanations: (1) due
to the higher swelling ability of BC compared to BC/PPy
composites, dry BC sheets may contain more bound water also
in the dry form that, finally, led to lower thermal stability and

Table 1. Pore Characteristics Determined by BET Analysis

sample surface area, SBET (m2 g−1) pore volume, Vp (cm3 g−1)

BC sheets 15.964 0.029
BC/dry/PPy 61.964 0.097
BC/wet/PPy 57.788 0.097

Figure 2. FTIR-ATR spectra of BC/dry sheets and BC/dry/PPy and
BC/wet/PPy composites [color figure can be viewed in the online
issue].
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(2) the morphology of dry BC enabled even dry samples to
absorb water from the environment very quickly. The TGA
spectra of BC/PPy composites compared to neat BC sheets
displayed only two degradation steps, indicating the loss of
moisture at ∼100 °C and the degradation of composites
starting at 260 °C and ending at 550 or 643 °C, depending on
the nature of coated BC (dry or wet). The detected start of the
degradation of BC/PPy composites at 260 °C may be related
to the release of the residual protonating acid and the
degradation of the sample. The complete decomposition of the
neat BC sheets occurred at about 600 °C with a residue of
5.7 wt %. The BC/dry/PPy and BC/wet/PPy composites left
about 0.7−1.8 times higher residues. The higher amounts of
BC/PPy composite residues correspond with the presence of
iron oxides produced from the oxidant during polymerization.
The thermal stability of the samples increased in the order of
BC/dry sheet < BC/dry/PPy composite < BC/wet/PPy
composite. The determined high thermal stability of BC/
wet/PPy composites may indicate the elimination of the
negative impact of BC drying before PPy coating.

Viscoelastic properties were examined due to the apparent
change in the mechanical integrity of BC/PPy composites from
the view of higher brittleness in the case of BC/dry/PPy
composites compared to the BC/wet/PPy composites. Figure
5 shows the storage (G′) and loss (G″) moduli as a function of
oscillation strain. All tested samples at a low deformation
amplitude in the linear viscoelastic region (LVER) reached
larger G′ than G″, indicating viscoelastic behavior with a
predominance of elasticity. The amplitude sweep measure-
ments provided essential information about the strength of
interactions in the inner structure of BC sheets and BC/PPy
composites. The end of the LVER was evaluated. LVER is the
point at which the value of the complex modulus exceeds more
than 5% of its original value.40 The BC/wet/PPy composites
exhibited the most extended viscoelastic region compared with
BC dry sheets and BC/dry/PPy composites. It indicates that
the coating of wet BC sheets by PPy resulted in a more
persistent composite in the strain before the deformation than
in the coating of dry BC sheets. Thus, it may be claimed that
the viscoelastic properties of BC/PPy composites can be

Figure 3. SEM micrographs of (a) BC/dry sheet, (b) BC/dry/PPy
composites, and (c) BC/wet/PPy composites.

Figure 4. Cross-sectional morphologies of (a) BC/dry sheet, (b) BC/
dry/PPy, and (c) BC/wet/PPy composites.
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regulated by selecting the BC nature (wet or dry) for PPy
coating.
3.2. Adsorption and Photocatalytic Reduction of

Cr(VI). The Cr(VI) adsorption capacities of BC/dry sheets
and BC/PPy composites were investigated at pH 3 in the dark
(without access to light irradiation). Based on the literature
and our previous results, the highest removal efficiency of
Cr(VI) occurs in the environment of pH 3 due to the favorable
valence states of chromate in the form of HCrO4

−.34,41 Time-

dependent UV−visible spectra of Cr(VI) ions after adsorption
on neat BC sheets and BC/PPy composites are shown in
Figure 6a−c. As expected, the neat BC/dry sheet exhibited a
low affinity for Cr(VI) ions (Figure 6a). The adsorption
capacity of BC significantly increased after coating with PPy
(Figure 6b,c). The electrostatic interaction of positively
charged PPy chains with HCrO4

− ions was experimentally

detectable by the gradual slow fading of the yellow color of the
Cr(VI) solution. The adsorption process was much faster at
the beginning of the adsorption process due to the free
available surface binding sites on the BC/PPy composites.
However, after gradual saturation of the active sorption sites,
the adsorption slowed considerably to a complete stop of the
adsorption after the equilibrium point was reached. The
continuous and smooth time-dependent adsorption plots
suggest monolayer adsorption of Cr(VI) onto the surface of
BC/PPy composites.42,43 Both BC/dry/PPy and BC/wet/PPy
composites reached comparable values of the removal
efficiency of about 88% and adsorption capacity of about
220 mg g−1 after 48 h (Figure 6d). The relatively slow
adsorption rate can be assigned to the tightly packed and
compact morphology of the BC/PPy composites (Figure 3).
The affinity of BC/PPy composites to Cr(VI) ions and

adsorption mechanisms were evaluated using Langmuir,
Freundlich, and Temkin models (Figures S4−S6).44 Isotherm
parameters summarized in Table 2 show that the Langmuir
model best fits the Cr(VI) adsorption experimental data for
both BC/PPy composites. This indicates that the adsorption of
Cr(VI) ions occurs as a homogeneous monolayer on the
surface of BC/PPy composites. The Langmuir maximum
adsorption capacity was about 294 and 286 mg g−1 for BC/
dry/PPy and BC/wet/PPy composites, respectively. These
composites have demonstrated a relatively high maximum
adsorption capacity compared with other previously published
cellulose-based PPy composites (Table S1). Langmuir constant
(KL) values were similar for both types of composites, which
could assume a similar extent of surface interaction with
Cr(VI) ions in the case of using BC/dry/PPy and BC/wet/
PPy composites. From the Freundlich model fitting, the values
of 1/n predict a favorable adsorption process of Cr(VI) on
both BC/PPy composites in the range of 0.1 < 1/n < 1.
Temkin isotherms described the heat energy of adsorption due
to the Cr(VI) ion and BC/PPy composite interactions.43

Temkin constants b were 93.5 and 85.4 J mol−1 for BC/PPy
composites prepared under dry and wet conditions, which
might indicate a chemisorption process. The adsorption
affinities determined for both types of BC/PPy composites
are comparable without the influence of the original nature of
BC used for coating by PPy.
The composites of BC/PPy have shown high selectivity

toward Cr(VI) ions when compared to Cr(III) ions or the
coexisting Co(II) and Cu(II) heavy metal ions. The results
reveal the high selectivity of Cr(VI) to be adsorbed onto BC/
PPy composites in comparison with Cr(III) and the coexisting
Co(II) and Cu(II), which have shown no affinity toward BC/
PPy composites as presented in Figure S7.
In this work, BC/PPy composites were further tested as

catalysts for their ability to reduce Cr(VI) ions photocatalyti-
cally under visible-light irradiation. Figure 7a,b shows the time
dependence of Cr(VI) absorbance after exposure to LED light.
The characteristic peak of Cr(VI) at 350 nm decreased linearly
with time, with a Cr(VI) removal efficiency of 96.8 and 97.3%
after 14 h when using BC/wet/PPy and BC/dry/PPy
composites, respectively, compared to 80.9 and 79.8% of
Cr(VI) removed after 24 h by adsorption (Figure S8). Figure
7c shows the dependence of the Cr(VI) ion concentration on
the photocatalytic reduction time up to 24 h. In addition, the
Cr(VI) solutions after the photocatalytic reduction with LED
were analyzed by ICP-MS to determine the concentration of
Cr(III) ions. The determined concentrations of Cr(III) ions

Figure 5. Strain dependence of storage and loss moduli obtained for
(a) BC/dry sheets and (b) BC/dry/PPy and (c) BC/wet/PPy
composites [color figure can be viewed in the online issue].
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were 36.1 ± 1.6 and 34.8 ± 1.1 mg L−1 for the BC/dry/PPy
and BC/wet/PPy membranes, respectively. Around 69.5 and
72.0% of the treated Cr(VI) were converted into Cr(III) using
BC/wet/PPy and BC/dry/PPy, respectively. Only 28.9 and
26.7% of Cr(VI) were adsorbed onto BC/wet/PPy and BC/
dry/PPy, respectively, during the photocatalytic reduction
process. This confirmed that due to the low affinity between
BC/PPy composites and most Cr(III) ions, Cr(III) was
released back to the solution from the membranes’ surfaces of
BC/PPy composites after reduction takes place.
The extent of the catalytic reduction of Cr(VI) was

evaluated by using the following first-order kinetics45

=C C k tln( / )t 0 app (7)

where C0 (mg L−1) is the initial Cr(VI) concentration, Ct (mg
L−1) is the concentration at time t (min), and kapp (min−1) is
the apparent rate constant.
Figure 7d shows a linear correlation between ln(Ct/C0) and

the photocatalytic exposition reduction time. The obtained
data confirmed that the photocatalytic reduction reaction

followed first-order kinetics. The apparent rate constant (kapp)
was calculated to be 8.6 × 10−3 and 8.8 × 10−3 min−1 for BC/
dry/PPy and BC/wet//PPy composites, respectively.
Based on the results, it can be concluded that both types of

BC/PPy free-standing composites are very efficient for the
reduction of Cr(VI) ions. The direct use of wet BC sheets for
PPy coating has a great advantage, such as time savings and
lower operation costs from the point of omitted freeze-drying
step with a final high reduction efficiency of Cr(VI) to Cr(III).

4. CONCLUSIONS
We demonstrated that wet and dry BC sheets may serve as a
matrix for preparing BC/PPy composites with high adsorption
affinity for hexavalent chromium. Free-standing BC/dry/PPy
and BC/wet/PPy composites were prepared by polymerizing
pyrrole in the presence of BC sheets. Both types of BC/PPy
composites were lightweight materials with a density of 0.30−
0.47 g cm−3 and markedly improved thermal stability
compared to neat BC sheets. The viscoelastic properties of
BC/PPy composites depended on the nature of BC used for

Figure 6. Time-dependent UV−visible spectra of Cr(VI) ions in solutions (50 mg L−1) after adsorption onto (a) BC/dry sheet, (b) BC/dry/PPy
composites, and (c) BC/wet/PPy composites; and (d) time-dependent adsorption capacity (Qe) of BC/PPy composites [color figure can be
viewed in the online issue].

Table 2. Equilibrium Isotherm Model Parametersa

adsorbent Langmuir model Freundlich model Temkin model

Qmax, (mg g−1) KL, (L mg−1) R2 KF, (mg g−1) 1/n R2 KT, (L g−1) b, (J mol−1) R2

BC/dry/PPy 294.1 ± 9.3a 0.326 ± 0.0001a 0.997 154.5 ± 3.26a 0.139 ± 0.0064a 0.994 447.6 ± 136.4a 26.52 ± 2.48a 0.974
BC/wet/PPy 285.7 ± 8.2a 0.206 ± 0.018b 0.998 163.7 ± 11.6a 0.147 ± 0.023a 0.934 395.1 ± 188.5a 29.20 ± 4.44a 0.934
aData presented as mean value ± standard deviation. Values for each sample with different superscripts (a and b) are significantly different (p <
0.05).
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the coating. The modification of wet BC supported the higher
mechanical integrity of the BC/wet/PPy composite compared
to the BC/dry/PPy composite. The BC/PPy composites were
tested as templates for removing hexavalent chromium ions
from an aqueous solution. When fitting the experimental data
using the Langmuir, Freundlich, and Temkin models, the
Langmuir model was found to be the best fit. This confirms
that Cr(VI) ions were predominantly bound to the BC/PPy
surface interface. Both types of the BC/PPy composites
reached comparable adsorption capacities, approximately 294
mg g−1 at 23 °C and dark conditions. Similarly, these
composites could effectively reduce toxic Cr(VI) to nontoxic
Cr(III) ions in aqueous solutions.
The findings of this study confirmed that the use of free-

standing BC/wet/PPy composites to remove hexavalent
chromium ions from polluted water is an environmentally
friendly and effective method. The advantage of this method is
the direct modification of wet BC (without the drying step),
resulting in free-standing and mechanically stable BC/wet/PPy
composites. Applying free-standing BC/wet/PPy composites
after adsorption/reduction of the hexavalent chromium ions
does not require water filtration for the final entrapment of the
BC/PPy composites.
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