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Abstract

The demand for effective water treatment strategies has contributed for extensive research in materials chemistry, with
great focus on advancing adsorbent technologies. This investigation centers on synthesizing and modifying carbonaceous
materials, specifically biochar and its polyaniline composite (biochar@polyaniline: BC@PANI), to evaluate their effec-
tiveness in eliminating hexavalent chromium Cr(VI) from aqueous solutions. The biochar composite was prepared using
a straightforward in-situ chemical polymerization approach. The properties of biochar were modified by blending it with
polyaniline at 25%, 50%, and 75% (w/w), successfully loaded into the biochar samples. For elucidating structural changes
and functionalities introduced during modification, the synthesized materials were fully characterized using different tech-
niques. The adsorption performance of BC@PANI50% was systematically evaluated through batch adsorption experiments.
This PANI-modified biochar material exhibited exceptional adsorption capacity for Cr(VI) removal from aqueous samples,
reaching 877.19 mg/g at 318.15 K, emphasizing its potential for water adsorption treatments. Our research in the kinetics of
Cr(VI) removal showed that both pseudo-second-order and Langmuir models adequately described the adsorption process.
Regeneration experiments demonstrated that, even after undergoing five cycles, BC@PANI showed 82.5% Cr(VI) removal
indicating its exceptional reusability and stability. In summary, this study establishes the potential applicability of BC@
PANI adsorption for the removal of Cr(VI) ions in water, providing a promising avenue for integrating such sorbents into
water treatment engineering practices.
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1 Introduction paramount to explore and develop effective approaches that

can simultaneously eliminate and reduce Cr(VI) to Cr(III).

Environmental pollution is a global threat negatively impact-
ing both human health and ecosystems. Among the several
contaminants present in water bodies, hexavalent chromium
(Cr(VI)) poses great concern due to its toxic and carcino-
genic properties [1]. Acute exposure to Cr(VI) causes sev-
eral health problems such as kidney failure, liver diseases,
lung cancer, ulcer formation and other illnesses [2]. In con-
trast, Cr(III) is considered less hazardous. Therefore, it is
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The maximum permissible concentrations of Cr(VI) oxy-
anion in drinking water and industrial wastewater are 0.05
and 0.10 mg/L [3, 4]. Hence, Cr(VI) oxyanion-containing
wastewater is required to be treated to achieve certain dis-
charge standards. Chemical reduction, electrochemical
reduction, photocatalysis reduction processes and so on, are
used to tackle Cr(VI)’s threats [5]. While these processes
have proven effective, their dependence on high-energy
inputs or the utilization of reducing reagents is likely to lead
to an increase in operational costs [6]. Sequential Cr(VI)
oxyanion reduction-adsorption to Cr(III), followed by its
immobilization, is regarded as an alternative approach to
decontaminate aqueous systems containing Cr(VI). This
strategy presents several advantages, owing to its tunability,
easy processing and requires inexpensive adsorbent/reducing
materials [7].
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Recently, biochar materials have gained attention for
their potential application in environmental remediation
[8], particularly in the adsorption of heavy metals from con-
taminated water [9, 10]. These materials can be produced
through the pyrolysis of biomass, such as agricultural resi-
dues or woody biomass, in the absence of oxygen [11-13].
Their porous structure and high specific surface area make
them effective adsorbents for a range of heavy metal ions
[14].

Digestate is the complex mixture that remains after
anaerobic digestion of organic matter. Also known as
biogas residue, digestate has gained increasing attention for
biochar preparation and various other applications. Com-
posed of both organic and inorganic nutrients, digestate can
enhance soil fertility and improve its structure and sorption
capacity. Due to its high nutrient content, digestate can be
effectively used in plant fertilization, serving as a supple-
ment or even a replacement for mineral fertilizers [15, 16].
In addition, the organic matter present in digestate, such as
humic acids and proteins, contributes to the renewal of soil
organic matter, acting as a soil conditioner that influences
the biological, chemical, and physical properties of the soil.
The solid fraction of digestate, characterized by reduced
water content (generally between 60 and 75%), is particu-
larly suitable as a substrate for the composting process
[17, 18]. Furthermore, with a carbon content ranging from
approximately 15% to 55%, digestate serves as a potential
carbon precursor to produce carbonaceous materials such
as biochar. Biochars derived from digestate are attracting
growing interest in wastewater treatment, whether through
conventional adsorption processes or advanced oxidation
processes, such as persulfate activation [19-21].

As environmental standards become more stringent,
it has become clear that raw biochar (BC) might not
adequately eliminate contaminants when present at high
concentrations and may not fulfill the demand for selec-
tively decontaminating pollutants in complex real-world
wastewater conditions [22]. To address these limitations,
the development of biochar-based composites has gained
great interest, aimed at strengthening its overall efficacy
[23-25].

In this context, the conjugated polymer polyaniline has
been explored as a modifier for biochar for Cr(VI) adsorp-
tion, taking advantage on properties such as conductivity,
redox activity, and chemical reactivity [26—28]. Polyani-
line has redox-active sites that can facilitate the reduction
of Cr(VI) to Cr(IIl), thus leading to an ionic form less
mobile and less toxic [27, 29]. This reduction process may
also contribute to the removal of anionic Cr(VI) species
from aqueous solutions due to favorable electrostatic inter-
actions with N-protonated moieties of functional groups in
the polymer [30, 31]. Therefore, PANI-modified biochar
has the potential to serve simultaneously as an adsorbent
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and reducing agent for anionic Cr(VI) contaminants dis-
solved in water.

Herein, biochar sorbents containing various amounts of
PANTI have been engineered to adsorb/reduce Cr(VI) pre-
sent in water samples. A systematic study was carried out
to investigate the effect of several experimental parameters
(e.g. temperature, adsorbent dose, pH). and the selectivity on
the Cr(VI) elimination. Finally, the regeneration of BC5@
PANI composite was conducted to evaluate its inexhaust-
ibility and stability.

2 Materials and methods
2.1 Chemicals

The materials employed in this study include: aniline mon-
omer, 1,5-diphenylcarbazide, nitric acid (HNO;), hydro-
chloric acid (HCI), phosphoric acid (H;PO,), sulfuric
acid (H,SO,), sodium sulfate (Na,SO,), sodium hydrox-
ide (NaOH), acetone (C3Hz0), and potassium dichro-
mate (K,Cr,0), all of which were supplied by Sigma-
Aldrich. Additionally, distilled water was used consistently
throughout the research.

2.2 BC@PANI Preparation
e BC Preparation

Our earlier research thoroughly delineated the process
of preparing the activated biochar employed in this study
[32]. Briefly, the poultry by-product digestate resulting
from the methanation process underwent a series of metic-
ulously detailed steps. Initially, the digestate was dried at
105 °C, followed by multiple washes with distilled water
and subsequent grinding. The resulting material was then
pyrolyzed at 500 °C for 3 h, resulting in a biochar product,
which was crushed and sifted through a 50 pm sieve. This
biochar was subsequently activated through treatment with
2 M HNOj; in a 50:1 (V/W) ratio for 12 h under continuous
stirring at 25 °C. The resulting mixture was filtered, and
the residue underwent multiple washes with distilled water
until a neutral pH was achieved. Finally, the resulting bio-
char was dried and crushed to achieve the desired physical
characteristics for subsequent modification.

e Preparation of BC@PANI composite

The in-situ oxidative polymerization of an aniline
monomer was used to prepare BC@PANI composites
containing a varying amount of PANI (25, 50 and 75%
w/w). Typically, a BC@PANI50% sample was prepared by
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adding 1 g of BC into a 50 ml solution of 0.1 M HCI (Solu-
tion A), and the mixture was vigorously shaken for ¥2 hour.
Subsequently, 0.5 mL of aniline was added to the solu-
tion, followed by a stirring period of 3 h. Meanwhile, in a
separate vessel, Solution B comprising 2.62 g of sodium
persulfate dissolved in 50 ml of 0.1 M HCI was vigorously
agitated for Y2 hour. The resultant Solution B was then
gradually added dropwise to Solution A under continu-
ous stirring, leading to an immediate color transformation
from black to dark green, indicative of the ongoing oxida-
tive polymerization process. The mixture was left to stir
for an additional 12 h at room temperature. The resulting
residue underwent filtration, followed by multiple washes
with distilled water and acetone to remove any remaining
oligoaniline and excess of oxidant, and finally was dried at
80 °C. The ensuing product of the chemical synthesis was
the composite labeled as BC@PANI50%. The same pro-
cedure was followed to synthesize the composite samples
BC@PANI25% and BC@PANI75%. Figure 1 summarizes
the overall process to produce the BC@PANI composites.

2.3 Characterization Techniques

FTIR spectra with attenuated total reflectance (ATR) were
collected using a Bruker Tensor 27 spectrometer, with a res-
olution of 4 cm™! and 256 scans. Powder X-ray diffraction
(DRX) data were collected using a PANalytical Empyrean
X-ray diffractometer equipped with a monochromatic Cu
Ka radiation source at 45 kV/40 mA. Raman spectra were
measured using a Bruker MultiRAM FT-Raman spectrom-
eter equipped with a Nd:YAG 1064 nm laser. In addition to
SEM micrographs, elemental analyses of the gold-coated
samples were conducted using a JED Model 2300 energy
dispersive X-ray analyzer and an accelerating voltage of
15 kV. A N2 adsorption—desorption method was used to
analyze surface area on an automated surface area analyzer
(Micromeritics Gemini 2380).

2.4 Adsorption experiments

In the execution of batch adsorption experiments, the
ambient temperature was carefully regulated, except for
instances involving temperature-dependent investigations,
which were conducted on a water bath shaker operating
at 175 r/min. To assess the influence of pH, experiments
were undertaken across a range of values (pH 2—10) using
a 20 ml solution containing Cr(VI) at a concentration of
100 mg/L. An adsorbent dosage of 0.75 g/l was applied,
and the solution's pH was meticulously adjusted utilizing
0.1 M HCI and NaOH. Diverse adsorbent dosages (0.125
to 1.5) were systematically introduced into distinct 50 ml
Cr(VI) solutions (100 mg/L) at pH 2. These experiments
were strategically designed to probe the adsorption process

under varying conditions. Adsorption isotherm data were
meticulously acquired at temperatures of 298, 308, and
318 K, employing a thermostatic water bath shaker set
at 175 rpm. Initial Cr(VI) concentrations spanned from
100 to 1000 mg/1, accompanied by a solid loading of 0.75
g/L. Samples were extracted at predetermined intervals
and subjected to filtration through a 0.45 pm membrane
filter. Post-experimentation, the residual concentrations
of Cr(VI) ions were precisely determined through com-
plexation methods utilizing 1,5-diphenylcarbazide. Sub-
sequent analysis involved a UV2300 spectrophotometer,
measuring the absorbance at the maximum wavelength of
540 nm. All the experiments were performed at least in
duplicate. Thermodynamic investigation was conducted at
three temperatures (298, 308, and 318 K) to gain a deeper
understanding of the underlying energy interactions and
spontaneity of the process. A summary of the equations
used in this study can be found in Table S1.

An acidified potassium permanganate solution was
used to completely oxidize the Cr(III) ions in the filtrate
solutions to determine the total chromium content after
the adsorption experiments. As described above, total
chromium concentration (equal to Cr(VI) concentration)
was quantified by UV—-vis absorption. In order to find the
Cr(IIT) concentration, the Cr(VI) concentration was sub-
tracted from the total chromium concentration [7, 33].

2.5 BC@PANI regeneration and desorption

The regeneration experiment spanned 6 h, employing a 1 M
NaOH eluent solution to facilitate the desorption of Cr(VI)
ions from BC@PANI composite. The successful regenera-
tion process involved thorough washing of the BC@PANI
composite with distilled water, followed by treatment with
1 M HCI to prepare the sample for an additional adsorp-
tion cycle. The regeneration potential of BC@PANI was
conducted through a total of five consecutive adsorption/
desorption cycles.

3 Results and Discussion
3.1 Characterization of the BC@PANI composites
3.1.1 Powder XRD

Powder XRD analysis was conducted to elucidate about the
crystalline domains in the activated biochar, before and after
modification with polyaniline (PANI) at the varying per-
centages (25%, 50%, and 75%) investigated in this research.
As depicted in Fig. S1, the XRD patterns of the activated
biochar features distinctive peaks of graphitic carbon at 26
values of 26.6° and 60.0°. Additionally, the XRD analysis
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also indicated the presence of quartz as a crystalline compo-
nent in the biochar samples, as assigned by the characteristic
peaks at 20 values 20.9°, 26.6°, 36.5°, 39.5°, 42.4°, 50.1°,
and 68.2°. After PANI modification, the XRD pattern analy-
sis provided a first indication for the successful modification
of activated biochar through the incorporation of polyaniline
(PANI). In fact, the analysis of the XRD patterns reveals that
as the percentage of PANI in the samples increases, there
is a decrease in the intensity of the characteristic peaks of
the activated biochar. This attenuation in peak intensity is
indicative of an increased disorder in the crystallinity of the
biochar, attributable to the amorphous structure introduced
by PANI. The increasing amount of PANI in the composites
disrupts the ordered arrangement of the biochar's crystalline
lattice, leading to a decrease in peak intensities. This is an
indication of the structural modification of activated biochar
after PANI incorporation, thus reinforcing the amorphous
nature imparted by the polymer. Similar trends have been
reported for the modification of tungsten trioxide (WO5;)
with polyaniline [34].

3.1.2 FTIR spectroscopy

The FTIR analysis provides information on the transforma-
tion of biochar, both pre- and post-modification, incorporat-
ing various polyaniline (PANI) percentages (25%, 50%, and
75%). This analysis is particularly relevant for understand-
ing how these modifications on the chemical composition of
biochar impact on Cr(VI) ion adsorption. The FTIR spec-
tra in Fig. 2 show changes on the characteristic vibrational
bands induced by PANI modification, pinpointing specific
functional groups that might be involved in the adsorption
process. The FTIR spectrum of biochar is also shown for
comparison. Characteristic vibrational features include a

Fig.1 Scheme of the main steps
for preparing the BC@PANI
composite samples
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broad band (3600-3000 cm™") attributed to -OH stretching
[35], aromatic C = C stretching at 1599 cm™! and pronounced
bands indicative of carbonyl groups at 1534 cm™! [36, 37].
The -C-O band of the carboxylic functional groups present
in aryl ethers is located at 1018 cm™' [38, 39]. Following
PANI modification, the FTIR spectra show several changes,
which is mostly evident by the vibrational bands at 1583
and 1534 cm™!. These bands are assigned to the stretching
modes of C= C in quinonoid and benzenoid units of PANI
chains [34, 40], respectively. Furthermore, the sharpness of
the band assigned to the benzenoid unit increased with the
percentage of PANI loaded on biochar. Additionally, the band
shown at 1313 cm™! intensifies in tandem with higher PANI
percentages, aligning with the -C-N stretching vibration of
aromatic amine [28]. Simultaneously, the band at 1140 cm™!
corresponds to the in-plane bending vibration attributed to
-C-H bonds in benzenoid or quinonoid structures [41]. This
observation substantiates the successful modification of bio-
char by polyaniline. After Cr(VI) adsorption, the location of
vibrational bands characteristic of the BC@PANI compos-
ite exhibited noticeable changes. Some bands shifted signifi-
cantly, new bands emerged, and the intensity of other spectral
bands varied to different degrees. The bands corresponding
to the C= C and C= O groups, originally located at 1564
cm™' and 1485 cm™, shifted to 1578 cm™ and 1493 cm™!,
respectively, as well, the C-H symmetrical bending vibration
band at 1294 cm™ shifted to 1304 cm™'. The appearance of
the C-H asymmetrical bending vibration band at 1375 cm™
after Cr(VI) adsorption is also noticeable. Furthermore, the
bands at 1026 cm™, 823 cm™, and 793 cm™! showed a slight
shift and increased sharpness after the adsorption of Cr(VI)
species. The removal of Cr(VI) by the BC@PANI composite
is attributed to the presence of such functional groups that
bind to Cr(VI) during the adsorption process.
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3.1.3 Raman spectroscopy

The Raman spectra of both untreated biochar and BC@
PANI composite were examined. The Raman bands of the
unmodified biochar sample (Fig. 3. a, ¢) shows the D-band,
indicative of structural defects, and the G-band, ascribed to
crystalline graphite, at 1324 cm™" and 1595 cm™, respec-
tively. These spectral features align with the characteristic
D- and G-bands of other carbonaceous materials, which have
been observed at similar spectral regions [42]. Following the
modification of biochar, the Raman spectrum of BC@PANI
composite show significant changes in the 300 to 1000 cm™!
region. Thus, the vibrational bands observed at 416, 806,
and 870 cm™! (Fig. 3.b) are ascribed to the out-of-plane and
in-plane vibrational modes of the aromatic rings in the pro-
tonated form of PANI (emeraldine structure) [43]. Addition-
ally, the band at 515 cm™" corresponds to the cross-linking
between polyaniline chains [44]. As shown in Fig. 3.c, the
intense band at 1176 cm™! in the Raman spectrum is attrib-
uted to the C-H out-of-plane bending vibrations within ben-
zenoid units and deformation of quinoid units of the polymer
chain [7, 44]. The Raman band at 1263 cm™! is ascribed to
the C-N stretching of amine groups of PANI [43]. The band
at 1371 cm™ is associated with C-N** stretching vibration
modes, indicative of delocalized polaronic charges along the
PANI chains [7, 44]. Additionally, the Raman bands around
1506 and 1620 cm™ are ascribed to the C-N stretching mode
of the benzenoid ring and the C= C stretching vibration
of the quinoid ring, respectively [45]. In brief, the Raman
analysis confirms that the biochar has undergone successful
modification by polyaniline.

3.1.3.1 SEM/EDS Figure 4 shows the SEM images of the
composite samples BC and, BC@PANI before and after
Cr(VI) adsorption. The activated biochar (BC) surface
displays a homogeneous, etched, and rough texture with a
porous structure. After the PANI modification, the BC@
PANI composite surface shows a smoother and flatter coat-
ing layer, as compared with BC [46, 47]. After the adsorp-
tion of Cr(VI) ions, the BC@PANI composite underwent
surface modifications as the Cr(VI) ions were uptaken into
the structure. As expected, the EDS spectra and elemental
mapping images of BC@PANI, before and after Cr(VI)
adsorption, reveal changes in the elemental composition.
Figure 4 also shows the results for the BC sample, which
is mainly composed of carbon, oxygen, and silicon, with
mass percentages of 73.97%, 22.93%, and 3.10%, respec-
tively. Following the polyaniline coating on the biochar sur-
face, the EDS spectrum shows the appearance of a nitrogen
peak at 0.35 keV with a mass percentage of 3.21%, consist-
ent with the formation of the BC@PANI composite. After
Cr(VI) adsorption, as shown in Fig. 4, the EDS spectrum
reveals the appearance of two new peaks at 5.4 and 5.9

= BCj5, BC5@PANI25%,= BC5@PANI50%

—— BC5@PANI75%,

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.2 FTIR spectra of BC5 and BC5@PANI materials with various
amounts of PANI, as indicated

keV. These peaks confirm that Cr(VI) ions were adsorbed
onto the BC@PANI surface, with a mass percentage of
14%. Other have reported similar results for samples modi-
fied with o-polyaniline and submitted to adsorption studies
involving Cr(VI) species [28, 48].

3.1.4 BET (Brunauer—-Emmett-Teller) adsorption
measurements

The porous structure of the prepared biochar, both before
and after modification with varying percentages of PANI,
was characterized using N, adsorption/desorption isotherms.
As illustrated in Fig. 5, the adsorption—desorption isotherms
of the prepared biochar, both before and after PANI modifi-
cation, exhibit typical Type IV behavior and are irreversible
[49]. As depicted in Table S2, the specific surface area of
BC dropped significantly from 39.138 m*/g to 7.933 m?%/g
after the PANI coating was applied. This reduction indicates
pore blockage and confirms the successful loading of poly-
aniline on the biochar surface. Moreover, after PANI modi-
fication, the average pore size of BC increased from 95.62
A 10 162.04 A for BC@PANI75% composite, while the pore
volume decreased from 0.0808 cm?/g to 0.0408 cm?/g.

3.2 Factors influencing the adsorption

3.2.1 Biochar/PANI ratio

In the investigation of the effect of the biochar to poly-
aniline (PANI) ratio on Cr(VI) elimination, four distinct

materials, including biochar (BC), BC@PANI25%, BC@
PANI50%, and BC@PANI75%, were examined through
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rigorous Cr(VI) elimination tests. Remarkably, as depicted
in Fig. 6.a, the results revealed an intricate relationship
between the PANI content and the efficiency of Cr(VI)
removal. Notably, an increase in the proportion of PANI
up to 50% of the biochar mass prominently enhanced the
Cr(VI]) elimination rate, with an optimal removal rate of
80.62% achieved. However, upon further escalation of the
PANI concentration to 75% of the biochar mass, the removal
efficiency exhibited a decline to 72.36%. Furthermore, the
data depicted in the figure unambiguously demonstrate the
considerable adsorption percentage exhibited by the BC@
PANI composite in contrast to the standalone BC (15.75%).
This disparity underscores the pronounced synergistic inter-
play between PANI and activated biochar particles, eluci-
dating their combined efficacy in the adsorption process.
Consequently, the BC@PANI50% composite was selected
for continued investigation regarding Cr(VI) adsorption,
aiming to unravel the specific parameters contributing to
heightened adsorption capacity. This choice stems from
the dual objective of achieving an optimal chromium (VI)
removal rate while minimizing the use of PANI to ensure
economic viability in the adsorption process.

3.2.2 Effect of pH
To acquire new insights about the adsorption mechanism

of Cr(VI) species on BC@PANI, an extensive examina-
tion was carried out to assess how different pH values

(2—10) influence the detoxification Cr(VI) oxyanions by
the designed material. Considering the established PZC
value 2.76 and illustrated in Fig. 6.b, the BC@PANI com-
posite exhibited its highest efficacy in detoxifying Cr(VI)
oxyanions under lower pH conditions, specifically below
the PZC value. Significantly, the adsorption efficiency for
Cr(VI) oxyanions surpassed 95%, reaching a maximum
adsorption capacity of 125 mg/g, at pH =2. However, as
pH values increased, the efficacy of Cr(VI) decontamina-
tion declined, with only 20.62% of Cr(VI) oxyanions being
detoxified at pH =10. To interpret these findings, it is
crucial to take in consideration the diverse forms of Cr(VI)
species (e.g. H,Cr,0,, Cr,0,>~, HCrO,~, CrO,*~ and
HCr,0,7) present in an aqueous solution within the stud-
ied pH range [3]. At pH values below 6, the prevailing
species include HCrO,™ and Cr,0,2". A decrease on the
solution pH promotes the protonation of amino groups on
the BC@PANI composite, leading to the adsorption of
Cr,0,2” and HCrO,~ through electrostatic interactions
(Egs. 1 and 2). Henceforth, Cr(VI) undergoes an in situ
chemical reduction, by converting into Cr(III) species, as
shown by the half-Eqs. 5 and 6 for the reduction com-
ponents in the redox reactions. Following this reduction,
the resulting Cr (III) has the potential to chelate with the
nitrogen-containing groups within BC@PANI [50-52], as
Eqgs. (1-4) depict.

—NH} +HCrO ; — NH} — HCrO; 1)

Fig.3 Raman spectra of BC
(a) and BC@PANI materials
with various amounts of PANI

(), ©

B BC@PANI75%

=——BC@PANI
——BC

806 cm™

870 cm™

Intensity (a.u)

Intensity (a.u)

400 600 800
Raman shift (cm™)
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——BC c

Intensity (a.u)
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Raman shift (em™)
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10 pm

BC@PANI/Cr,

10 pm

Fig.4 SEM micrographs of BC5 and, BC@PANI before and after Cr(VI) adsorption, along with the respective EDS elemental spectra and ele-

ment mapping images

—NH} + Cr,03~ —» —NH} — Cr,03" )
HCrO; + 7H* +3e™ — Cr’* + 4H,0 3)
Cr,05” + 14H* + 6™ — 2Cr’* + 7TH,0 )

As the solution's pH increased, the deprotonation of the
amine group intensified, leading to a weakened electrostatic
force between the adsorbent and Cr(VI) (CrO42_) oxyanions.
This phenomenon resulted in a reduced percentage removal
of Cr(VI). Overall, it is unequivocally established that the
removal of Cr(VI) is driven by a synergistic mechanism,
involving a combination of adsorption and in situ reduction
processes.

The total amount of Cr in the filtrate solutions were quan-
tified after adsorption assays and compared to Cr(VI). No
Cr(III) species were detected in the solution, indicating no
difference between the concentration of Cr(VI) and total Cr
in the filtrate. This suggests that the BC@PANI composite
effectively immobilize Cr(IIl), likely due to a large amount
of N- and S-containing functional groups on the surface.

3.2.3 Effect of Adsorbent dose

The known relationship between the adsorbent dos-
age and the residual concentration of Cr(VI) directly

influences the overall cost of the adsorption process
[52]. To optimize the quantity of BC@PANI used, an
investigation into Cr(VI) adsorption was pursued, vary-
ing the BC@PANTI dose from 0.1 g/L to 1.5 g/L, at pH
2 and ambient temperature. As illustrated in Fig. 6.c,
by increasing the amount of BC@PANI in the system,
an increase was observed in the removal efficiency of
chromium (VI), rapidly increasing to 94.12% with the
augmentation of BC@PANI dosage from 0.1 g/L to 0.75
g/L. The significant increase can be ascribed to the direct
correlation between the quantity of the adsorbent and
the available active sites for Cr(VI) adsorption, wherein
augmenting the adsorbent dosage leads to an expanded
adsorbent surface area, thereby facilitating the avail-
ability of additional binding sites on the surface for the
uptake of Cr(VI) species [51, 53]. Beyond this thresh-
old, the removal efficiency revealed a slight elevation
before eventually stabilizing or reaching a plateau. This
observation highlights the saturation of active sites or
the establishment of an equilibrium state, emphasizing
the complex dynamics governing the interaction between
the dosage of the adsorbent and the efficacy of chro-
mium (VI) removal. Contrarily, the adsorption capacity
of BC@PANI composite for Cr(VI) diminishes as the
adsorbent dose increases. This decrease may be attributed
to particle agglomeration occurring in the dispersed sorb-
ent, wherein an excess of BC@PANI leads to the partial
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Fig.5 N, adsorption isotherms and pore size distribution of BC5 and BC5 @PANI materials with various amounts of PANI (a-d)

utilization of the adsorption sites, consequently reducing
the adsorption capacity for Cr(VI) [54]. Similar trends
in Cr(VI) removal have been noted by other researchers
[55, 56].

3.2.4 Effect of contact time

At ambient temperature and a solution pH of 2 for BC@
PANI, using an initial Cr(VI) concentration of 100 mg/L
and an adsorbent dose of 0.75 g/L, the study investigated the
impact of varying contact time within the 5-90 min range
on the removal efficiency of Cr(VI) by BC@PANI com-
posite. The results are visualized in Fig. 6.d, demonstrat-
ing that in the initial 5-min period showed a notably rapid
increase in the removal efficiency of Cr(VI), reaching a max-
imum value of 84%. However, following this swift rise, the
removal efficiency exhibited a gradual increase, eventually
reaching equilibrium over time. This nuanced behavior can
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be primarily ascribed to the plentiful active sites present in
BC@PANI during the initial stage of the adsorption process,
enabling the swift adsorption of chromium ions [41]. As
time advanced, these active sites were gradually occupied,
resulting in a slower rate of efficiency increase and eventual
attainment of equilibrium [57]. This observation highlights
the intricate dynamics involved in the adsorption process,
emphasizing the pivotal role of active site availability in
governing the overall adsorption kinetics.

3.2.5 Effect of initial concentration

The influence of the initial concentration of pollutants
on the equilibrium adsorption capacity has been widely
acknowledged [58]. Hence, in this investigation, varying
concentrations of Cr(VI) ranging from 100 to 1000 mg/L
have been employed. This has been carried out at three
distinct temperatures (298.15 K, 308.15 K, and 318.15
K), while keeping other components constant. In the
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investigation of the adsorption process for water treatment
using BC@PANI composite, it was observed in Fig. 6.e
that the adsorption capacity exhibited a pronounced and
sharp increase up to a Cr(VI) equilibrium concentration
of 40 ppm. This notable enhancement can be attributed
to the escalating concentration disparity between the
adsorbent, BC@PANI, and the Cr(VI) solution, thereby
amplifying the potential energy-driving force for adsorp-
tion [59]. Beyond the 40 ppm threshold, while the adsorp-
tion capacity continued to increase, the intensity of this
increase diminished. This behavior is elucidated by the
occupation of the active sites available on the surface of
BC@PANI composite, indicating a saturation phenom-
enon [46, 60]. At a temperature of 298 K, the adsorption
capacity reached 760.10 mg/g for an initial concentration

of Cr(VI) ions of 1000 ppm. Furthermore, it was observed
that temperature positively influenced the adsorption
capacity, as it increased from 732.67 mg/g at 298 K to
838.35 mg/g at 318 K. This temperature-dependent aug-
mentation is indicative of the temperature's favorable
impact on the removal efficiency of Cr(VI) ions by BC@
PANI composite.

3.2.6 Effect of Co-ions

To ensure relevance to real-world scenarios such as practi-
cal wastewater and natural water, we have examined the
influence of four common anions, namely C1~, NO;™,
SO*", and CO32_, on the efficacy of BC@PANI composite

@ Springer
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in removing Cr(VI). Figure 6.f revealed that the studied
anions exerted minimal influence on the overall efficiency
of BC@PANI. Among these, NO;~ demonstrated the most
pronounced negative impact on the rate of Cr(VI) elimina-
tion, leading to a 9% decrease compared to the blank. The
observed result can be linked to the competitive interaction
between NO;™~ ions and Cr(VI) ions during the adsorption
process on the BC@PANI adsorption sites, leading to a
decline in the adsorption efficiency for Cr(VI) ions [61,
62]. However, this implies that the adsorption of Cr(VI) by
BC@PANI exhibits a general tendency toward selectivity.
This notable selectivity in adsorption is advantageous for
the treatment of actual wastewater effluents that contain
Cr(VI) compounds [63].

3.3 Adsorption isotherm and kinetic data analysis
3.3.1 Kinetics data

Based on the results from the kinetics models employed in
this study, namely PFO [64], PSO [65], Elovich [66], and
Intra-particle diffusion (IPD) [67], as depicted in Fig. 7, the
adsorption process of Cr(VI) by BC@PANI composite was
thoroughly examined. The analysis of the results, as outlined
in Table 1, revealed that the PSO model exhibited the best
fit, with an impressive R? value of 0.9999, surpassing the
performance of the PFO model, which yielded a lower R?
value of 0.8915. This suggests that the adsorption process
conforms more closely to the PSO model, as indicated by
the nearly identical theoretical adsorption capacity (Qe.,)
of 123.00 mg/g and the experimental adsorption capacity
(Qeqyp) of 122.50 mg/g, which signified that the adsorp-
tion process between BC@PANI and Cr(VI) ions is chemi-
cal by nature [68, 69]. Furthermore, the application of the
Elovich model, with an R? value of 0.9767, implied that
the Cr(VI) adsorption process was likely a heterogeneous
or multi-mechanism phenomenon, thereby highlighting the
complexity of the adsorption process [70].

Moreover, the Intra-particle diffusion (IPD) model
revealed a multi-stage adsorption process for Cr(VI) by
BC@PANI composite. The observed three distinct stages
indicated that the adsorption kinetics were not solely gov-
erned by the Intra-particle diffusion mechanism [41]. The
initial stage, characterized by the highest rate constant (Ki)
of 3.4190 mg.g~'.min~!2, exhibited a rapid migration of
Cr(VI) molecules from the liquid phase to the external
surface of BC@PANI, owing to the driving force and
the abundance of unoccupied active sites. Subsequently,
the second stage depicted a slower rate, attributed to the
penetration of adsorbate Cr(VI) ions into BC@PANI's
mesopores, with a corresponding lower rate constant (Ki)
of 0.7035 mg.g~!.min~""2. Finally, the third stage signified
the attainment of adsorption equilibrium, wherein most

@ Springer

binding sites were occupied, and the adsorption process
was nearing completion. The non-zero values of Ci at each
stage indicated that the Intra-particle diffusion might not
have been the sole governing factor driving the removal
process of Cr(VI)[71]. These findings collectively under-
score the intricate nature of the adsorption process and
emphasize the multi-step dynamics involved in the interac-
tion between Cr(VI) ions and BC@PANI composite.

3.3.2 Isotherms modeling

For a comprehensive comprehension of the adsorption
mechanism of Cr(VI) ions on the surface of BC@PANI
composite, and to gain valuable insights into the surface
properties, Langmuir, Freundlich, Temkin, and D-R models
were employed across three distinct temperatures (298.15
K, 308.15 K, and 318.15 K). The findings are depicted in
Fig. 8 and Table 2.. Langmuir model has the highest R?
(0.988-0.994) when compared to all the other isotherm
models studied, indicating that it is the most well-fitting
model to describe Cr(VI) ion adsorption into BC@PANI
surface, which suggests that sorption occurs on the surface
of BC@PANI at homogenous locations [72], resulting in
a mono-layer Cr(VI) adsorption [73]. According to Lang-
muir model, the theoretical adsorption capacity of BC@
PANI composite increases with increasing temperature
from 763.36 mg/g at 298.15 K to 877.19 mg/g at 318.15
K, reflecting this process'endothermic nature [74]. Moreo-
ver, for the given temperature range (298.15 K-318.15 K),
R; values were found to be 0.1234-0.082, indicating that
Cr(VD) is likely to adsorb onto BC@PANI [75].

The Temkin model illustrated in Fig. 8.c emerges as
particularly well-suited following Langmuir, boasting cor-
relation coefficients R? spanning from 0.9201 to 0.9426.
This signifies that the adsorption of Cr(VI) ions and their
interaction with BC@PANI are intricately linked to the
extent of surface coverage [76]. According to the Dubinin-
Radushkevich (D-R) isotherm model described in Fig. 8.d,
the calculated activation energy (E) at all the temperatures
studied exceeds 40 kJ/mole. This observation reinforces the
notion that substantial chemical interactions play a pivotal
role in the adsorption process of Cr(VI) by BC@PANI[77].
This finding aligns with the outcomes obtained using the
PSO model.

3.4 Adsorbents comparison

BC@PANI composite may demonstrate better adsorption
performance when compared with other adsorbents. There
have been many studies demonstrating the adsorption of
Cr(VI) from water using various adsorbents in the litera-
ture. According to Table 3, the material composite had an
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excellent maximum uptake capacity (877.19 mg/g) com-
pared to other adsorbents. This suggests that the synthe-
sized adsorbent can be used to efficiently remove Cr(VI).
The BC@PANI composite can be recommended as an effec-
tive and inexpensive decontamination candidate for Cr(VI)-
contaminated wastewater.

The remarkable difference between BC@PANI and
other adsorbents can be attributed to several factors.
The polyaniline modification introduces a large number
of proton-accepting functional groups on the surface of
BC, which enhances its effectiveness as an adsorbent and
facilitates the reduction of Cr(VI) molecules [45, 47].
Even after reduction, Cr(III) remains adsorbed on the
surface of the adsorbent. This could be due to the nitro-
gen atoms in the BC@PANI composite, which can form
coordinate bonds with positively charged Cr(III) ions
because of the lone pair electrons on nitrogen [87]. Addi-
tionally, the biochar itself can adsorb Cr(III) due to its
unique structural properties, such as a large surface area
and a highly porous structure [88]. Overall, the combina-
tion of electron-rich aromatic ring structures and various
nitrogen functional groups of polyaniline, along with the
porous architecture of biochar, enables the BC@PANI
composite to serve as an exceptional adsorbent for the
removal of Cr(VI).

3.5 Thermodynamic study

Three distinct water bath temperatures were employed to
examine how Cr(VI) elimination by BC@PANI composite
is affected by the temperature of the solution (298.15 K,
308.15 K, and 318.15 K). The initial adsorption capacity at
298.15 K was measured at 498 mg/g, and as the tempera-
ture was elevated to 318.15 K, Qe experienced a substan-
tial increase of approximately 55%, ultimately reaching an
adsorption capacity of 612.16 mg/g. This remarkable tem-
perature dependence can be elucidated by the consequential
decrease in solution viscosity at higher temperatures, facili-
tating the more efficient diffusion of Cr(VI) molecules into
the active sites of BC@PANI composite [75]. As depicted
in Table 4, the upward trend in adsorption quantity with
increasing temperature highlights the pivotal role of tem-
perature in enhancing the adsorption capacity of BC@PANI
for Cr(VI), indicative of the significant influence of tempera-
ture on the overall adsorption process. S.M. Ramraj et al.
obtained analogous findings regarding the uptake of Cr(VI)
by activated charcoal [89].

To investigate the physicochemical effects in the adsorp-
tion process between Cr(VI) ions and BC@PANI, a ther-
modynamic analysis was conducted. The Gibbs free energy
(AG?®), enthalpy (AH®), and entropy (AS°) were determined
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Table 1 Kinetic models and associated parameters for Cr(VI) adsorp-
tion onto BC@PANI

from the Van't Hoff plot presented in Fig. S2 using the equa-
tions presented in Table S1.
The results presented in Table 4 demonstrate a notable

Qe ,, (mgg™) 122.50 . . o
PFO Qe (mg &™) 344680 increase in the K, value, rising from 2821.5 at 298.15 K
cal ‘ . .
K, (min™") 0.0817 to 6769.8 at 318.15 K with the elevation of temperature,
R2 0.8915 indicating enhanced efficiency in the adsorption process at
PSO Qe (mgg™) 123.0012 elevated temperatures. Furthermore, the positive values of
cal * o o
K, (gmg™ min™")  0.0125 AH (34.39 kJ/mol) and AS (180:46 J/mol/K)’ confirm the
R2 0.9999 endothermic nature of the Cr(VI) ions adsorption by BC@
Elovic 3.6981 PANI composite [90], and the augmentation of randomness
B 0.2796 at the solid—liquid interface [91], respectively. Generally, the
R2 0.9767 manifestation of an exothermic process typically suggests
IPD 1Stage C/(mg g™ 104.5217 either physisorption or chemisorption, whereas an endo-
K, (mg g”'min™"?)  3.4190 thermlc process is commonly associated w1.th chemisorp-
R2 1.0000 tion [76]. Moreover, the AH® value exceeding 20 kJ/mol
2" Stage C,(mg g™ 114.2033 affirms that the adsorption process between Cr(VI) ions and
K, (mg g”'min™"?)  0.7035 BC.@PANI is Predommantly goYerned by chemical inter-
R2 0.9492 actions. Additionally, the negative values of AG® across
3rd Stage Cy(mgg™) 117.0880 various temperatures indicate the spontaneity and feasibil-
K, (mg g"'min™"?)  0.5760 ity (')f the qr(VI) ions sorptl?n process [92]. Furth(?rmo're,
R2 0.9878 the increasing AG® value with rising temperature implies
that the adsorption of Cr(VI) onto BC@PANI composite
becomes more favorable at higher temperatures [44].
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Table 2. The isotherm constants and coefficients for the adsorption of
Cr(VI) on BC@PANI

298.15K 308.15K 318.15K

Qe , (mg gh 732,6738 760,1027 838,3543

Langmuir Quax (Mg g™h) 763,3587 781,2538 877,1932
K; (L/mg) 0,0237  0,0337  0,0371
R, 0.1234  0.0899  0.0823
R? 0,9877 09884  0,9944
Freundlich Kr (g mg"] min~!) 90,3337 135,0892 121,6437
1/n 0,3516 02914  0,3442
R? 0,9092 08712  0,8556
Temkin K; 0,6393 23072  1,1653
B 116,8566 101,3595 128,0868
br(kJ/mol) 21,2125 25,2760 20,6508
R? 0,9366 09201  0,9426
D-R Qp 545,1063 603,2612 665,8071
B (mol%/1%) 1E-05 3E-06 5,7E-06
E (kJ/mol) 223,5287 405,1294 297,1786
R? 0,8926 09414  0,9247

3.6 Reusability and regeneration

The reusability of the BC@PANI composite in the adsorp-
tion of Chromium (VI) ions was investigated under specific
experimental conditions of 100 ppm of Cr(VI) at pH 2. Five
cycles were conducted to assess the material's reusability,
employing a treatment regimen involving the use of 1 M
NaOH as a regenerating agent, followed by redoping with
1 M HCI [93].

Based on the experimental findings presented in
Fig. 9.a, the results illustrate that the removal efficiency
of Cr(VI) demonstrated a gradual but discernible decline
throughout the five cycles. Specifically, after the initial
four cycles of adsorption/desorption of Cr(VI), there was a
marginal reduction in removal efficiency of approximately
5%, with the efficiency decreasing from 94.75% to 89.13%.
However, the most significant decline was observed after
the fifth cycle, where the removal efficiency of Cr(VI)
notably dropped to 82.5%.

These findings suggest that BC@PANI composite
exhibits promising stability for the adsorption of Cr(VI)
ions up to the fourth cycle, indicating its potential for
multiple applications in the removal of chromium (VI)
ions. However, it is crucial to note that beyond the fourth
cycle, a considerable decrease in the performance of
BC@PANI was observed for the uptake of chromium
(VI) ions, implying the necessity for further optimiza-
tion strategies or regeneration protocols to maintain its
adsorption efficiency over prolonged use. These results
emphasize the importance of understanding the material's
limitations and the need for continued research to enhance
its long-term stability and reusability in the adsorption
process of Cr(VI) ions.

3.7 Mechanism proposed

To better understand the mechanism of Cr(VI) adsorp-
tion onto BC@PANI composite, it is important to note
that, as depicted in Fig. 6.b showing the effect of pH,
electrostatic interactions primarily govern the Cr(VI)

Table 3 Comparison of

. . Adsorbent Qe (mg/g) Ref
adsorption capacity of Cr(VI)
ions with other adsorbents Polyaniline modified biochar 27.30 [44]
Biochar-based iron oxide 24.37 [70]
ZnCl,-modified eucalyptus bark biochar 36.18 [53]
Ball milling biochar iron oxide composites 48.10 [78]
Sugarcane bagasse biochar/nano-iron oxide composite 55.00 [57]
Zinc-doped nickel ferrite-pinecone biochar 29.7 [79]
Nitrogen-doped porous carbon 402.9 [80]
badam-shell biochar 276.6 [81]
Biochar-supported polyaniline 150 [82]
biochar modified by Mg/Al-layered double hydroxides 177.88 [83]
Three-dimensional hierarchical pore biochar 489.66 [84]
Arginine-fuctionalized PANI @ graphitic carbon nitride 204.04 [52]
Polyaniline @magnetic chitosan nanomaterials 186.6 [47]
N, S co-doped porous carbon 382.02 [85]
Zero-valent iron particles immobilized on coconut shell derived 307.8 [86]
carbon
BC@PANI 877.19 This study
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Table 4 Thermodynamic

¢ T (K) Qe (mgg™ Ky AG® (J mol™) AH° (KJ mol™!) AS° (J mol™' K1)
parameters at different
temperatures of Cr(VI) 208.15  498.002 2821.530  —19.500 34.303 180.455
adsorption by BC@PANI 30815 530201 3475410  —21305
318.15  612.667 6769.797  —23.109

binding mechanism on the BC@PANI composite. At low
pH levels (pH 2), the adsorption capacity of BC@PANI
for Cr(VI) ions reaches its maximum. At this pH, the
nitrogen atom in PANI donates its lone pair of electrons
to acquire positively charged H* ions, resulting in the
protonation of amine groups such as —-NH, -NH,, and
—N =. This leads to the formation of positively charged
amine and imine groups, which then electrostatically
bond with anionic chromate ions like HCrO*~ or Cr,0,72
[94]. Furthermore, the nitrogen-containing groups in
PANI present in the BC@PANI composite act as elec-
tron donors, facilitating the reduction of Cr(VI) to Cr(III)
ions [41]. Simultaneously, PANI emeraldine salt partially
oxidizes to quinoid amines (pernigraniline), which facili-
tates the removal of the reduced Cr(III) through a com-
plexation reaction [63]. Emphasizing the crucial role of
amine functional groups in the adsorption and reduction
of Cr(VI). Besides, dissolved Cr(VI) oxyanions can be
exchanged with C1™ ions within the PANI phases. At low
pH, HCrO,™ exhibits a stronger affinity for protonated
nitrogen than chloride ions, thereby enhancing the anion
exchange process [82]. Figure 9.b provides a graphical
overview of the proposed mechanism for Cr(VI) removal
from water using the BC@PANI adsorbent.

4 Conclusion

In summary, this study introduces a new approach for enhancing
the value of carbonaceous materials obtained from anaerobic
digestion residues. It specifically examines the modification of
biochar, produced from poultry by-product digestate, to improve
the efficient removal of Cr(VI) via a straightforward adsorption
process. The PANI-modified biochar demonstrated substantial
improvement over the untreated biochar, with effectiveness
increasing more than fivefold after modification. Furthermore,
the BC@PANI composite stands out for its adsorption capacity,
reaching 877.19 mg/g at pH 2 and 318.15 K, surpassing other
carbonaceous materials and PANI-based adsorbents. Thermo-
dynamic and pH-dependent studies suggest that the adsorption
process is chemisorptive in nature. The proposed mechanism
involves electrostatic interactions between Cr(VI) ions and the
BC@PANI composite. Importantly, BC@PANI emerges as a
pragmatic solution to various environmental challenges, con-
sidering its origin from poultry by-product digestate, originally
a waste product. This digestate is repurposed after biogas pro-
duction, demonstrating both waste recovery and energy produc-
tion. By utilizing BC@PANI in the environmental sector for
purifying water contaminated with heavy metals like Cr(VI),
this material proves its real-world applicability and practicality.
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