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Abstract Chromium(VI) is one of the most toxic
metal ions as it can bioaccumulate and its excessive
assimilation may result in anaemia, nervous system
failure, kidney damage, cancers of the digestive tract
and lungs. In this study a polypyrrole (PPy) modified
with histidine (His) by in situ polymerisation tech-
nique was investigated for the removal of Cr(VI) from
aqueous and characterised by means of Fourier trans-
form infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), field emission scanning electron microscopy/
energy dispersive X-ray spectroscopy (FE-SEM/
EDS), high resolution-transmission electron micros-
copy (HR-TEM) and X-ray photoelectron spectros-
copy (XPS).The influence of solution pH, adsorption
time, initial adsorption concentration, temperature
and coexisting ions on its adsorption were investi-
gated. The results showed that the optimum adsorp-
tion pH was 2.0 with the adsorption being endo-
thermic and chemisorption in nature. Mono-layer
adsorption was witnessed as the Langmuir isotherm
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best described the process with a maximum adsorp-
tion capacity 274.73 mg g~! at 25 °C. Although the
removal of Cr(VI) was the primary drive, the reduc-
tion of Cr(VI) to Cr(IIl) during treatment turned
out to be very significant to avoid secondary pollu-
tion. The adsorption mechanisms were mainly ion
exchange, electrostatic attractions, complexation,
chelation reactions with protonated histidine sites and
reduction. Remarkably, the His-PPy nanocomposite
exhibited an exceptional removal for Cr(VI) ions after
three cycles of adsorption—desorption (over 99%)
suggesting the adsorbent’s exceptional recyclability.
The adsorption equilibrium was attained from 60 to
150 min and best described by pseudo-second-order
kinetics. The high adsorption efficiency, stability and
selectivity makes the His-PPy nanocomposite adsor-
bent potentially suitable for large-scale Cr(VI) ions
removal from water.

Keywords Histidine - Polypyrrole -
Nanocomposite - Adsorption - Chromium (VI)

1 Introduction

Hexavalent Chromium (Cr(VI)), one of the
most common heavy metals ions are prominent
in wastewater due to the wide range of sources
associated with intensive industrial utilisation of
chromium containing compounds and products
in tanning, electroplating, paint and pigment
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manufacture, mining operations among other areas
(Baig et al., 2015, Chen et al., 2020, Deng et al.,
2018, Katata-Serua et al., 2020). It is among the
20 global top-priority toxic pollutants (Chen et al.,
2020). Besides being highly soluble, labile and
mobile (Karthikeyan et al., 2021), Cr(IV) ions are
non-biodegradable and bio-accumulate through the
food chain (Katata-Serua et al., 2020). Their toxicity
manifests by infiltration through cell membranes,
initiating the development of unstable and highly
reactive intermediates which are accountable for
cells as well as DNA destruction, kidney damage and
liver damage in human beings (Dutta et al., 2021;
Pereira et al., 2021; Zhitkovich, 2011). According
to World Health Organization (WHO) and United
States Environmental Protection Agency (EPA),
the maximum allowable limits of total chromium in
drinking water are 0.05 and 0.1 mg L™! respectively
(Adeiga et al., 2022, Katata-Serua et al., 2020). This
makes it imperative to eliminate Cr(VI) ions from
the environmental waters hence the extensive search
for technologies that can remediate this problem.
On that note a manifold of technologies is available
ranging from chemical precipitation, reverse osmosis,
electrochemical, membrane filtration, ion exchange,
microbiological treatment and adsorption (Das et al.,
2019, Dinker et al., 2015, Mahmud et al., 2016, Maity
et al., 2019).

Traditionally chemical precipitation has been used
to treat Cr(VI) as it is an established technology,
simple to operate and to some extent effective.
Nonetheless, it produces chromium-containing sludge
and requires large quantities of chemicals which are
expensive (Liu et al., 2021). On the other hand, ion
exchange is very selective and removes large amounts
of pollutant but its operation and management
are complex requiring huge initial investment.
Microbiological treatment has low processing costs,
little secondary pollution and purifies the milieu
while eliminating chromium. However, the toxicity
tolerance of organisms to Cr(VI) ions is restricted
and therefore the process has limitations besides the
problems of microbes management and sustainability
(Liu et al., 2021). Reverse osmosis, electrochemical
treatment, membrane filtration and photocatalytic
treatment are other methods available but these suffer
a setback of high investment, technical expertise, post-
treatment requirement, are energy intensive and result
in fouling (Cheng et al., 2021, Zhou et al., 2018).

@ Springer

In comparison to the aforementioned techniques
adsorption has been found to be exceptionally
convenient in Cr(VI) ions removal, attributable to its
simplicity, ease of operation, minute by-products and
economic sustainability (Li et al., 2020, Liu et al.,
2021, Wei et al., 2020, Zhou et al., 2018). To this end,
several adsorbents have been studied and reviewed,
ranging from polymers, graphene materials, carbon
nanotubes, biomaterials, alumina, silica and binary
nanometal oxides (Dinker et al., 2015, Du et al.,
2020, Li et al., 2020). However, numerous challenges
have been encountered during their utilisation such
as tedious and expensive methods of preparation,
generation of additional solid wastes, low adsorption
capacities owing to the low specific surface areas and
unavailability of active functional groups (Dinker
et al., 2015, Du et al., 2020, Li et al., 2020, Liu et al.,
2018).

Lately PPy-based adsorbents have become more
popular in water treatment ascribed to easy synthesis,
cost-effectiveness, environmental stability and
outstanding ion exchange and redox properties (Du
et al.,, 2020; Liu et al., 2018; Wang et al., 2020).
Pristine PPy has little adsorption ability for Cr(VI)
ions due to its tendency to agglomerate, attributed
to m-m interactions between the chains leading to
reduced surface area (Chigondo et al., 2019; Kera
et al., 2016). However, researchers have started to
pay attention to the designs aimed at significantly
improving its Cr (VI) adsorption properties by doping
with amino containing groups like glycine, arginine,
diamino sulphonic acid, and theorene (Amalraj et al.,
2016a, Ballav et al., 2012, Chigondo et al., 2019,
Kera et al., 2018). Several studies have been reported
in this respect namely (PPy-arginine) (Chigondo
et al., 2019), PPy-PANI nanofibers (Bhaumik et al.,
2012), (Polypyrrole-coated gum ghatti-grafted poly
(acrylamide) (Goddeti et al., 2020), PPy-glycine
(Ballav et al., 2012), PPy-NH, (Liu et al. 2017),
PANI-PPy/Fe;0, 2.5- diaminosulphonic acid-PPy
and m-Phenylenediamine-modified PPy) (Kera et al.,
2016, 2017, 2018), PPy-PANI/Fe;0, arginine-doped
polyaniline/walnut shell (Hsini et al., 2020), Thr-
PPy and Asp/PPy (Amalraj et al., 2016a and 2016b)
and 4-amino-3-hydroxynaphthalene-1-sulfonic acid
doped PPy (Sall et al., 2017). These studies utilised
amino dopants to enhance PPy adsorption of Cr(VI)
successfully as targeted design and fabrication of
composite adsorbents with high adsorption and
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reduction properties help to compensate for the
inadequate PPy adsorption capacity.

Amino-based dopants have strong Cr(VI) ions
affinity and are exceptionally selective towards the
direct absorption of Cr(VI) ions and subsequent
reduction to Cr(IIl) on adsorption sites. This is
accomplished by donation of electrons by O, S and
N atoms of dopants forming metal complexes or
chelates (Ates et al., 2012; Li et al., 2020; Rodriguez
et al., 2000; Wang et al., 2022). Based on the
aforementioned advantages, this work combines
with surface functionality to design a novel amino-
functionalized efficient for Cr(VI) removal from
polluted water and there is still ample scope to
explore other amino dopants. Thus the study aimed
to synthesise histidine-doped polypyrrole hybrid
adsorbent and evaluate its capacity to remove
Cr(VI) ions from water. The nitrogen atoms of
these adsorbents turn into electron donors for the
Cr(VI) reduction to Cr(III) under acidic conditions
and offer the adsorption sites for Cr(III) besides
Cr(VI). This occurs through electron transfer from
a neutral state (PPyo) to Cr(VI) (Fang et al., 2018).
The histidine amino acid contains three nitrogen
atoms per molecule therefore it is envisaged that
increasing the number of functional groups in the
histidine-doped polypyrrole hybrid adsorbent would
produce an adsorbent with even higher adsorption
capacity and multi-functional properties. Cost-
effective functional materials having multifunctional
active sites for both adsorption and Cr(VI) reduction
would be essential for hands-on applications. Thus
histidine-doped  polypyrrole (His-PPy) hybrid
adsorbent could be a novel adsorbent for Cr (VI)
ions adsorption.

The objectives of this study were to fabricate
histidine-doped polypyrrole hybrid adsorbent by
in situ polymerisation and characterised the as-
synthesised adsorbent was through FTIR, XRD,
SEM-EDS, HR-TEM and XPS techniques. Batch
adsorption experiments on the effectiveness of
the His-PPy adsorbent on Cr(VI) ions were evalu-
ated through the effect of adsorbent dosage, pH,
initial concentration, temperature, contact time
and co-existing ions. Industrial effluent laden
with Cr(VI) ions was tested to evaluate the poten-
tial applicability of His-PPy on real field samples
and comparison with other adsorbents. Moreover,

the recyclability of His-PPy was assessed through
the adsorption—desorption cycles study.

2 Materials and Methods
2.1 Materials

Pyrrole (Py), l-histidine (His) and ammonium per-
sulphate (APS) were purchased from Sigma-Aldrich
South Africa with the pyrrole monomer being dis-
tilled before use. Hydrochloric acid (HCI), acetone
(C3H(O), sodium hydroxide (NaOH), potassium
dichromate (K,Cr,0,) and 15-diphenyl carbazide of
analytical grades were obtained from Sigma-Aldrich
USA and used without further treatment.

2.2 Fabrication of His-PPy Composites

The His-PPy hybrid composite was synthesized
by in situ interfacial polymerisation of freshly dis-
tilled pyrrole in which varying amounts (1.1, 1.2
and 1.3 g) of l-histidine were introduced under
ultrasonic vibration over 1 h (Ballav et al., 2014;
Bhaumik et al., 2012). Subsequently APS (3.9 g)
was dissolved in 20 mL of deionised water and
added dropwise to each mixture. The solution mix-
tures were continuously stirred for an additional
20 min. The resulting solution was left for 12 h at
ambient temperature after which 10 mL of acetone
was added to stop the polymerisation process. The
dark black suspensions were carefully separated
by filtration followed by washing with acetone and
distilled water and the precipitates were oven dried
overnight at 80 °C to afford the His-PPy nanocom-
posites (Chigondo et al., 2019).

2.3 Characterisation of His-PPy Nanocomposite

The FTIR spectra of the pristine PPy and His-PPy
nanocomposite were measured over 500—4000 cm™!
in a resolution of 4 cm™' by means of a Perkin Elmer
Spectrum 100 Spectrometer (Perkin Elmer USA) with
32 scans. The FE-SEM and TEM images of the His-
PPy nanocomposite were established through use of a
Zeiss Auriga Cobra FIB microscope and a high-reso-
lution transmission electron microscope (JEOL-JEM
2100 Japan) with LaB6 filament operated at 200 kV
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respectively. A D2-advance X-ray diffractometer
(Bruker, Germany) at 20 from 5° and 90° (scan rate
5°/min) using CuKa of wavelength of 1.5505 A and
adaptable slits at 45 kV/30 mA was used for meas-
uring XRD patterns. The XPS analysis of adsorbents
was studied using a Kratos Axis Ultra device with Al
monochromatic X-ray source (1486.6 eV).

2.4 Batch Adsorption Studies

A stock solution containing 1000 mg/L Cr(VI)
ions was prepared using 2.830 g of oven dried
K,Cr,0, dissolved in 1000 mL of deionised
water. Appropriate serial dilutions of this stock
solution produced the required experimental
solutions for Cr(VI) ions removal studies.
Triplicate studies were carried out by contacting
0.05 g of His-PPy adsorbent with 50 mL of 200
mg/L. Cr(VI) ions solutions which were agitated
in a temperature-controlled water bath shaker
at 200 rpm for 24 h thus the adsorption data in
the discussion has the error bars representing
the standard deviation. The residual Cr(VI)
ions determination in treated water samples
was conducted by measuring the absorbance of
the purple Cr(VI) complex with 15-diphenyl
carbazide reagent at 540 nm.

The removal percentage of Cr (VI)ions was deter-
mined using Eq. (1):

C€
) X 100 (1)

C —
Removal % = < OC

o

where C, and C, are the initial and equilibrium
Cr(VI) concentration respectively. The effect of
adsorbent dosage was studied by varying the amounts
of the adsorbent from 0.01 to 0.07 g on the removal
of 200 mg L™! of Cr(VI) ions solution at optimised
pH 2. The equilibrium adsorption capacity of the
adsorbent is given by Eq. (2):

C,—-Ce
9. = < >V 2

m

where ¢, (mg g~") and V (L) represent the equilibrium
amount of Cr(VI) ions per unit mass of adsorbent and
the solution volume respectively.

To fully understand the adsorption process and
adsorption mechanism, adsorption isotherms were
explored at 15, 25, 35 and 45 °C solution temperatures
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with 50-500 mg L~! initial Cr(VI) ions concentration,
0.05 g adsorbent dosage and pH 2. The isotherm data
associated with the adsorption process made it possible
to establish the changes in thermodynamic parameters
namely Gibbs free energy (AG°), enthalpy (AH°)
and entropy (AS°). Adsorption kinetics is crucial for
predicting the rate and modelling of a water treatment
process. To study determine this, 50 mL solutions of 50,
100 and 150 mg L~! initial Cr(VI) ions concentrations
at 25 °C, 0.05 g adsorbent dose and pH 2 were shaken
for 0 to 300 min. The adsorption capacity of the
adsorbent (g,) at any given time was evaluated using
Eq. (3):

Co B Ct
g, =(——)V 3
m

where ¢, (mg g7!) and C, (mg L7!) represent the
quantity of Cr (VI) ions taken per unit mass of adsor-
bent and the concentration of Cr (VI) ions at time ¢
respectively.

2.5 Effect of Co-existing lons

The study of the interference of co-existing ions on
adsorption is essential since no ion exists isolated
in water bodies. Henceforth, this was executed by
dissolving precursor salts of the chloride (Cl7), sulphate
(SO42_), nitrate (NO5"), hydrogen carbonate (HCO™5),
phosphate (PO,*"), zinc ions (Zn**), copper ions (Cu"),
nickel ions (Ni>*), magnesium ions (Mg>"), calcium ions
(Ca’") and multi-ions at 0, 10, 20, 30 and 40 mg L~
combined with at 0, 50, 100 and 150 mg L! solutions
of Cr (VI) ions in deionised water. Subsequently the
solutions were shaken using the optimised adsorbent
dose at pH 2 for 24 h followed by analysis for the residual
Cr(V]) ions.

2.6 Regeneration Studies

To investigate the reusability and stability of His-
PPy, 0.05 g of the adsorbent was added to 50 mL
of 200 mg L™! Cr(VI) ions solution at pH 2. The Cr
(VI) loaded adsorbent was shaken with 0.005, 0.025,
0.05 and 0.1 M NaOH solutions. The 0.1 M NaOH
solution produced the highest desorption capability
which was then applied for four consecutive desorption
cycles with 2 M HCI employed for regeneration of the
adsorbent.
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3 Results and Discussion
3.1 Physico-chemical Characterisation

Figure 1A(a) and (b) display the FTIR of the His-PPy
before and after Cr(VI) adsorption, whilst (c) shows
the FTR spectra of pristine PPy. The characteristic
peaks at 1527, 1437 and 961 cm™! exposed by FTIR
spectrum of pristine PPy are ascribed to the stretch-
ing vibrations of C-C, C-N and C-H deformations
respectively (Amalraj et al., 2016a, Ballav et al,
2012, Chigondo et al., 2019, Karthikeyan et al., 2021,
Wang et al., 2022). On the other hand, the band at
3131 cm™! is attributed to N—H stretching vibration
owing to the presence of — "NH; function of the his-
tidine zwitterion (Amalraj et al., 2016a and b, Bal-
lav et al., 2012, Chigondo et al., 2019). The peaks at
1527 and 1437 cm™! in pristine PPy shifted to 1539
and 1438 cm™! respectively possibly as a result of
histidine dopant incorporation in the PPy moiety
(Ballav et al., 2014; Bhaumik et al., 2011; Kera et al.,
2016; Wang et al., 2015). This band shift might be a
result of interaction of the histidine amino acid with
the PPy backbone which disrupts the PPy conjugate
structure resulting in restricted degree of polymer
chain charge delocalization (Xiang et al., 2021; Xu
et al., 2019). Furthermore, after Cr (VI) ions adsorp-
tion most peaks became intense and shifted to higher
wave numbers, demonstrating the possibility of His-
PPy and Cr(VI) ions interaction (Xu et al., 2019).
The XRD patterns for PPy and His-PPy are dis-
played in in Fig. 1B (a) and (b) respectively. A broad

characteristic peak at 20=25.4° is consistent with
amorphous PPy attributed to the n-x interaction of the
PPy chains (Amalraj et al., 2016a; Ballav et al., 2012;
Kera et al., 2016; Xiang et al., 2021). Notably after
PPy modification with histidine amino acid this peak
shifted to 20=22.7°. Such a shift to lower 20 values
could be explained by an increased spacing of PPy
and amorphous nature of the macromolecular chains
in the His-PPy which are favourable for adsorption of
ions (Kera et al., 2016).

The SEM and TEM images of the His-PPy nano-
composite are shown in Fig. 2a and b. These micro-
graphs depict semi-spherical to spherical agglom-
erated structures of size 200 to 500 nm. Similar
observations were obtained using PPy-glycine, PPy-
threonine and PPy-aspartic acid doped structures
(Amalraj et al., 2016a and b, Ballav et al., 2012).

The EDX spectra for His-PPy before and after
Cr(VI) removal displayed in Fig. 3A comprises of
bands at 0.27, 0.39, 0.53 and 2.33 keV attributed to
C, N, O and S respectively. Additionally, in the spec-
trum, two additional peaks at binding energies of
5.4 and 5.9 keV, shown in Fig. 3A(b) induced by Cr
thus confirming Cr(VI) ions adsorption onto His-PPy
(Amalraj et al., 2016b, Cheng et al., 2021, Kera et al.,
2018). The XPS survey spectra for His-PPy before
and after Cr(VI) removal exposed in Fig. 3B contains
peaks attributed to C 1 s, Cl 2p, C1 2 s, N 1 s and
O 1 s at 284, 197, 232, 400 and 533 eV respectively
(Ballav et al., 2012; Chigondo et al., 2019; Kera
et al., 2018; Wei et al., 2020). Furthermore, the Cr 2p
peaks are observed in Fig. 3B(b) which can be split

Fig. 1 A (a) FTIR spectra
of His-PPy nanocomposite
(a) before (b) after Cr(VI)
ions removal and (c) pris-
tine PPy. B XRD patterns of
(a) pristine PPy (b) His-PPy
nanocomposite
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Fig. 2 a FE-SEM and (b) TEM images His-PPy nanocomposite
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Fig. 3 A EDX spectra of His-PPy nanocomposite (a) before and (b) after Cr (VI) adsorption. (B) Wide-scan XPS spectra of His-PPy
nanocomposite (a) before and (b) after Cr(VI) ions adsorption. C Cr 2p XPS spectrum of His-PPy nanocomposite
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into binding energies of 577 and 586 eV depicted in
Fig. 3C. These match Cr (2p;,,) and Cr (2p,,,) bind-
ing energies confirming of Cr(VI) ions adsorption
and reduction to Cr(III) (Amalraj et al., 2016a, Bal-
lav et al., 2012, Chen et al., 2021, Fang et al., 2018).
The ratios of the N and O-peaks in XPS change after
adsorption of Cr(VI) ion because the N atoms of the
nanocomposite moiety take part in the adsorption
process through oxidation and reduction (Li et al.,
2020). The doping histidine increases the adsorp-
tion sites (— NH>* and — COOH) and reduction sites
(—=N—N-) of His-PPy. These adsorption and reduc-
tion sites form multilayer adsorption by electrostatic
adsorption and ion exchange to enrich more Cr(VI)(
Li et al., 2020).

3.2 Optimisation of Adsorption

Adsorption studies were conducted to determine the
optimum synthesised adsorbent with 1.1, 1.2 and 1.3
g of histidine doped PPy. It was found that the nano-
composite produced from 1.3 g histidine mixture with
PPy produced the highest adsorption efficiency for
200 mg L' of Cr(VI) ions using 0.05 g of adsorbent
at pH 2. Accordingly, it was adopted for the rest of
the adsorption studies.

3.3 Effect of pH on the Removal of Cr(VI) Ions

During the adsorption process, solution pH is impor-
tant as it affects Cr(VI) ions speciation, surface
chemistry of the adsorbent and the extent of func-
tional groups protonation (Yang et al., 2022). Fig-
ure 4a depicts the effect of pH on the percentage
Cr(V]) ions removal. The highest removal efficiency
(99.1%) was observed at pH 2 with the removal effi-
ciency rapidly declining with increase in pH attaining
12.1% at pH 12. This shows that Cr(VI) ions adsorp-
tion is favoured by low pH. Cr(VI) exists as H,CrO,
at pH less than 1, HCrO,~ and Cr,0,>~ at pH 2—6,
Cr,0,>~ and CrO,*" at pH 6—8 and CrO,*~ at pH
more than 8 (Adeiga et al., 2022, Dinker et al., 2015,
Dutta et al., 2021, Nguyen et al., 2019). Thus, its
removal at low pH is predominantly due to electro-
static attractions between positively charged nitrogen
atoms of amino groups in the His-PPy moiety and the
predominantly negative Cr(VI) species (Wang et al.,
2022). Furthermore, the reaction in Eq. (4) is likely to
take place at low pH due to the presence of electron

rich polymer matrix resulting in Cr(VI) ions drasti-
cally diminishing (Chigondo et al., 2019):

Cr0,*>~ + 7H" < 3Cr’* 4+ 4H,0 “4)

On the other hand, as the pH increases the predom-
inant species CrO,*~ competes with hydroxyl ions for
adsorption. The pH at point-of-zero charge (pH,,.) of
the His-PPy was determined to be 7.70 as displayed
in Fig. 4b. Below this pH the adsorbent surface is
positively charged while above pH,. it becomes
negatively charged. This further supports the previ-
ous hypothesis of electrostatic attractions being pre-
dominant below pH,,. and protonation becoming less
significant above the pH,,,. as OH™ ions dominate the
environment hence repulsion between the surface and
negatively charged Cr(VI) ions (Du et al., 2020; Dutta

et al., 2021),

3.4 Effect of Adsorbent Dose

The effect of adsorbent dose on the removal of of
200 mg L™! Cr(VI) ions was studied by varying the
amounts of the adsorbent from 0.01 to 0.07 g at pH 2.
Figure 4c shows that there is an increase in percenatge
Cr(VI) ions removal from 64.1 to 99.0% as the adsor-
bent dose increased from 0.01 to 0.05 g. This increase
could be ascribed to an increase in available adsorbent
active sites and increase in adsorbent-adsorbate colli-
sions (Du et al., 2020, Katata-Serua et al., 2020). Fur-
thermore, as the adsorbent dosage increases beyond
0.05 g the percentage removal becomes almost con-
stant attributed to the overlap of active sites at high
dosage as well as equilibration between Cr(VI) ions
in solution and ions on the adsorbent (Fan et al.,
2017, Katata-Seru et al., 2020).

3.5 Adsorption Isotherms

Adsorption isotherm models can be established by
studying the effect of temperature which will culmi-
nate in the evaluation of the adsorption capacity of the
adsorbent as well as establishing the thermodynamic
parameters of adsorption process. In this study this
was accomplished through the variation of tempera-
ture from 15 to 45 °C at pH 2 using 50 mL of 50-500
mg L.7! Cr(VI) ions solutions and 0.05 g adsorbent
dose for contact time of 24 h. The results are revealed
in Fig. 5a. The adsorption of Cr(VI) ions onto His-PPy

@ Springer
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increased with increase in temperature, suggesting the
endothermic nature of the adsorption. An investigation
into heterogeneity and homogeneity of adsorbate on
adsorbent surface was achieved through the application
of the Langmuir and Freundlich isotherms (Islam et al.,
2019). The Langmuir linear and nonlinear isotherms
are represented by Egs. (5) and (6) (Foo and Hammed,
2010, Tan et al., 2017)

C. 1 + C, s
9e Gub  Gn )

_ thCE 6
1= 15bC, ©)

where C, (mg L") and ¢, (mg g™!) are the equilib-
rium concentration of Cr(VI) ions and the quantity
adsorbed per unit mass of adsorbent respectively. g,
and b (L mg~!) represent the maximum adsorption
capacity and the Langmuir constant related to the
affinity for the binding sites for Cr(VI) ions respec-
tively (Tan et al., 2017).

The dimensionless separation factor (R;) in Eq. (7)
stipulates the favourability or non-favourability of the
adsorption process.

1
R, =
L= T+oC, )

where R; values from O to 1 for each of the differ-
ent initial Cr(VI) ions concentration propose favour-
able adsorption. Nonetheless R, =0 R; =1 and R; > 1
suggest linear irreversible and unfavourable process
respectively (Tan et al., 2017, Xiang et al., 2021).
In this study R; values ranged between 0.00023
and 0.00161 (Table 1) an indication of a favourable
adsorption process at all temperatures studied (Chen
et al., 2021).

The nonlinear and linear Freundlich isotherm mod-
els represented by Egs. (8) and (9) (Foo and Hammed,
2010, Tan et al., 2017) were used to evaluate the
adsorption behaviour of the His-PPy adsorbent towards
Cr(VI) ions.

q. = K;C,'" ®)

1
Ing, = InK, + =InC,
ng, = InK; + —InC, ©)

Table 1 Langmuir and Freundlich parameters for the adsorp-
tion of Cr(VI) ions onto His-PPy

Isotherm model ~ Temperature (°C)

15 25 35 45

Langmuir Linear

g, (mg g™ 236.00 27473  322.58 386.10
b(Lmg™" 1.24 1.24 2.07 8.67
R, 0.00161  0.00161  0.000965 0.00023
R’ 0.9970  0.9990  0.9992 0.9997
Freundlich Linear

K (mgg™) 185.84 47.21 52.88 59.09
I/n 0.058 0.0418  0.022 0.053
R’ 0.806 0.950 0.707 0.922

The Freundlich constants K, (mg g~ and I/n are
associated with the adsorption capacity and inten-
sity of adsorption respectively (Tan et al., 2017).
The values of I/n are typically between O and 1.
Nevertheless, a value is closer to zero means more
surface heterogeneity. In this study 1/n values
ranged from 0.0224 to 0.0581 within the tempera-
ture range of 15 to 45 °C (Table 1) suggesting sur-
face heterogeneity (Tan et al., 2017, Wang et al.,
2018).

The Langmuir isotherm data displayed in Table 1
show that (R%,,,,=0.997-0.999) are higher than those
for the Freundlich isotherm (R, =0.707-0.940) at
any specified temperature. Consequently, the Langmuir
model articulates the adsorption better, indicating mon-
olayer coverage throughout adsorption of Cr(VI) ions
Foo and Hammed, 2010, Kera et al., 2018, Tan et al.,
2017). The evaluated Langmuir maximum adsorption
capacities, g,,,, values were 236.00, 274.73, 322.58
and 386.10 mg g_l at 15, 25, 35 and 45 °C respectively
indicative of an increase in adsorption capacity with
temperature. Cognate observations were obtained by
Amalraj et al., (2016a and b), Ballav et al. (2012) with
PPy-glycine PPy-threonine doped and PPy-aspartic acid
adsorbents, respectively.

A comparison of the adsorption capacity of the
His-PPy adsorbent with adsorbents of the same
nature from previous studies is displayed in Table 2.
The adsorption efficiency of the His-PPy nanocom-
posite fairs well and thus has the potential for utili-
sation in the removal of Cr (VI) ion removal from
water.
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Table 2 Comparative evaluation of Cr(VI) ions adsorption capacity of His-PPy with other reported materials

Adsorbent Langmuir Temperature (°C) pH Concentration ~ References

adsorption capacity (mgL™

G (Mg &)
Fe,0,@PPyArg 322.58 25 2.0 200 (Chigondo et al., 2019)
PPy-mPD 183.20 25 2.0 200 (Kera et al., 2018)
Magnetic UiO-66 @Ppy 259.1 25 2.0 200 (Du et al., 2020)
CAL-PPy 66.14 45 2.0 200 (Yang et al., 2022)
PPy-Sugarscane bagasse 251.0 25 2.0 200 (Chen et al., 2020)
GCS@PPy/L-cys 209.18 - 2.0 100 (Li et al., 2020)
Threonine/PPy 185.50 25 2.0 200 (Amalraj et al., 2016b)
Asp/PPy 176.67 30 2.0 200 (Amalraj et al., 2016a)
PPy—Fe;0, — SW 144.93 30 2.0 50 (Sarojini et al., 2021)
His-PPy 274.73 25 2.0 200 (This study)

3.6 Thermodynamic Parameters for Cr(VI) lons
Adsorption Onto His-PPy

Evaluated thermodynamic parameters such as change
in Gibbs free energy (AG®), enthalpy change (AH®)
and entropy change (AS°) can be used to explain the
nature of the adsorption process and its likelihood.
These were evaluated using Eqgs. (10)-(12) (Papita &
Chowdhury, 2011):

AG® = —RTInK, = —RTIn <m£> (10)
e
q.
()
(e _ AS®_ AR -
C,] R RT a2

where R (J mol™' K, T (K), m (g/L) and
K. (dimensionless by considering the activity
coefficient of the adsorbate as 1 mol/L) are the
molar gas constant, temperature, adsorbent dose
and equilibrium constant, respectively (Gonzilez-
Lopez et al., 2022, Kera et al., 2018). The values
of AH° and AS° were obtained from the slope
and intercept of a plot of [n K, against I/T as
revealed in Fig. 5b respectively. Table 3 displays
the subsequent thermodynamic data obtained from
this plot. It was determined that enthalpy change
(AH®°) had a magnitude of +66.64 kJ mol~! whilst
Gibbs free energy (AG°®) change ranged from —2.308

@ Springer

Table 3 Thermodynamic parameters data for Cr(VI) ions
adsorption onto His-PPy

Tempera- AG° (kJ mol™') AH° (kJmol™!) AS° (kJ mol™!
ture (°C) K™

15 -2.308 +66.64 +237.67

25 -3.923

35 -4.820

45 -10.079

to —10.079 kJ mol~! signifying an endothermic
and chemisorption nature of the process (Papita
& Chowdhury, 2011; Shang et al., 2018). The
decrease in magnitude of (AG°) with temperature
can be explained by dispersion forces decrease with
increasing of the experimental temperature from 15
to 45 °C could be due to an increase in the kinetic
energy of the molecules associated with the increased
rate of the motion of particles within the pore space
can leading to a decrease of the interaction forces.
Similar results were observed by Fulazzaky (2019).

There was an increase in feasibility of the adsorp-
tion process with increasing temperature within the
range 15-45 °C. Furthermore, a positive value of the
entropy change (AS°) (+237.67 kJ mol™! K™!) indi-
cates increase in randomness at the solid-liquid inter-
face attributed to structural modifications in adsorbate
and adsorbent as well as affinity between the two (Kera
et al., 2017; Papita & Chowdhury, 2011).
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3.7 Adsorption Kinetics

Adsorption kinetics for Cr(VI) ions removal using His-
PPy nanocomposite was investigated. The effect of con-
tact time on the adsorption of Cr(VI) ions at 50, 100
and 150 mg L~! initial concentrations of Cr(VI) ions
is exposed in Fig. 6a. It can be observed that initially
adsorption capacity of Cr(VI) increases rapidly as con-
tact time increases with the equilibrium times of 60,
120 and 150 min respectively. This is attributed to the
availability of a large number of vacant adsorption sites
on the surface of the His-PPy nanocomposite (Dutta
et al., 2021; Fang et al., 2018). However with prolonged
contact time the Cr(VI) ions removal rate diminished
sharply as the Cr(VI) ions concentration and active
adsorption sites decreased (Li et al., 2020).

The pseudo-first-order and pseudo-second-order
adsorption models are commonly applied to describe
the adsorption process. In that respect the kinetics of
the adsorption data in this study was fitted to linear
and nonlinear pseudo-first-order and pseudo-second-
order kinetic models which are represented by Egs.
(13)-(16) (Tan et al., 2017):

q,= qe(l - exp_k‘l) (13)
kl
log(q. —4,) = l0g(4.) = 5353¢ (14)
160
(a) i i
140 /4,,.-;/’_
120
_~ 100 — & i
)
oo 80
g
= 60
40

—s—>50 mg g‘l
20 ——100 mg g’
—-A-—l~0 mg g

0+ T T T T
50 100 150 200 250 300

Time (min)

o

que
" 1+kyg, (15
t 1 t
—~ +- (16)

a kg2 q,

where &, (min™!) and k, (g¢/m g”'.min”') are the
pseudo-first-order and  pseudo-second-order-rate
constants respectively. ¢, and g, (mg g~!) are the
adsorption capacities at equilibrium and time
t (min) respectively. The data for pseudo-first-
order and pseudo-second-order linear kinetics are
shown Table 4. The coefficient values R’ for the
determination of the pseudo-second-order linear
(R?=0.999-1.000 are higher than those for pseudo-
first-order (R>=0.948-0.975). Thus, the Cr(VI) ions
adsorption onto the His-PPy adsorbent could be bet-
ter described by the pseudo-second-order kinetic
model depicting a dependence on mass transfer
particle diffusion and physicochemical interaction
between Cr(VI) ions and His-PPy in aqueous solu-
tion (Karthikeyan et al., 2021). Furthermore, it means
rate-limiting step is chemical sorption or chemisorp-
tion and the adsorption rate is dependent on adsorp-
tion capacity not on concentration of adsorbate (Tan
et al., 2017).

Furthermore, to understand the rate controlling
step in Cr(VI) ions adsorption onto His-PPy the
Weber and Morris intraparticle diffusion model was

i;ﬂi (b)/,.
WS s

—"M

2 60+ /

N —s = B B2 _—a

40 """) « 50mgL?
20 * 100mgL’

4 150mgL?
0+
0 2 4 6 8 10 12 14 16 18
tO.S(mmo“)

Fig. 6 a effect of contact time on the adsorption of Cr(VI) ions onto His-PPy (pH=2 adsorbent dose 0.05 g/50 mL of Cr(VI) ions
and temperature 25 °C). b Intra-particle diffusion model for the Cr(VI) ions adsorption onto His-PPy nanocomposite
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Table 4 Kinetics parameters for the sorption of Cr(VI) ions
adsorption onto His-PPy nanocomposite at different concentra-
tions

Kinetic models Initial concentration (mg L")

50 100 150
Pseudo-first-order Linear
k; (min~!) 49x107%  256x1072  2.09x1072
q, (mgg™) 4931 99.95 147.17
R’ 0.975 0.948 0.971
Pseudo-second-order Linear
k, (@ m~!.min™") 456x107  9.40x107 1.18x107
q,(mgg™) 4931 99.95 147.17
R? 1.000 1.000 0.999

Intra-particle diffusion model parameters
Cr (VI) ions concentration (mg L™!)

50 100 150
k;,, (mg g "'.min™"%)  6.400 14.407 15.450
C (mgg™) 13.035 26.494 49.182

applied. The Webber-Morris model (Tan et al., 2017)
is expressed by Eq. (17):

g, = kit®* + C, (17

where k;,, (mg g~' min="%) and C; (mg g~!) are the
intra-particle diffusion rate constant and a constant
associated with the magnitude of the boundary layer
thickness respectively. From Fig. 6b it is revealed
that the plots of #° against q, for different initial
concentrations of Cr(VI) ions solutions comprises
three stages. Consequently the adsorption of Cr(VI)

ions was a three staged process which involved the
faster film diffusion followed by slower adsorption
due to intra-particle diffusion with the third region
depicting the final equilibration stage attributed to
decreased Cr(VI) ions concentration (Adeiga et al.,
2022, Fang et al., 2018, Li et al., 2020). Furthermore,
the high magnitude of boundary layer thickness C;
(13.035-49.182 confirms the significance of surface
diffusion on the rate limiting step (Bhaumik et al.,
2016).

3.8 Effect of Co-existing Ions

A wide range of industrial activities such as mining,
electroplating and metal purification produce waste-
water with high levels of Cr(VI) as well as other dis-
solved anions and cations which may interfere with
the adsorption of a targeted pollutant. Figure 7. shows
the effect of CI~, SO,*~, NO;~, HCO5, PO,*", Zn*",
Cu**, Ni**, Mg?*, Ca** and multi-ions at 0, 50, 100
and 150 mg L™! on Cr (VI) ions adsorption onto the
His-PPy nanocomposite. As observed in Fig. 7, Zn*",
Cu*, Ni**, Mg?* and Ca" cations did not interfere
with Cr(VI) ions removal at due to repulsion by the
positively charged His-PPy surface. Furthermore,
the Cl, SO42_, NO;™ and PO43_ anions had neg-
ligible effects on the removal of Cr(VI) ions dem-
onstrating high selectivity of the adsorbent. CI” and
NOj;™ ions are low-affinity ligands which form weak
outer sphere complexes with binding sites (Liang
et al., 2017). On the other hand PO43‘ ions may not

Fig. 7 Effect of co-existing
ions on Cr(VI) ions adsorp- 100 -
tion at pH 2 (adsorbent
dose: 0.05 g/50 mL of
Cr(VI) ions solution contact — 80
time: 24 h and temperature: §
25 °C) g
2 60-
=
2
=
O 40+
X
20
0-
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bind on the adsorption sites as Cr(VI) ions hence no
effect (Kera et al., 2018). SO42‘ ions’s lack of inter-
ference with Cr(VI) ions adsorption at pH 2 could
be attributed to higher enthalpy of hydration (— 1080
kJmol™") relative to HCrO,~ (- 184 kJ mol™") and
Cr042_ (—950 kJ mol~!) (Ballav et al., 2014). Moreo-
ver, the high selectivity of His-PPy for Cr(VI) can be
also be attributed to the high positive redox potential
of HCrO,™ anions the major form in which Cr(VI)
exists in solutions at low pH (Kera et al., 2018). This
makes them to be easily reduced to Cr(III) by the PPy
moiety. The CI~, SO,2~, NO;™ and PO,*>" anions are
weaker oxidising agents than HCrO,™ ions hence they
do not lower the removal efficiency. Only at very high
concentration (40 mg L), do HCOj;™ ions reduce
Cr(VI) ions uptake to 67.2% but at low concentration
this is insignificant. Multi-ions also have an effect on
the removal of C(VI) ions at 40 mg/L.This could be
attributed to more generation of OH™ during hydroly-
sis of HCO;™ at low pH and very high concentrations
which competitively are adsorbed on the His-PPy
nanocomposite with Cr(VI) ions (Preethi et al., 2017).

3.9 Performance on Industrial Wastewater Samples

The as-prepared His-PPy was evaluated for suit-
ability to selective adsorption of Cr(VI) ions from
chromium ores leaching effluent samples obtained
from Gweru heavy industrial area wastewater in the
Midlands Province of Zimbabwe. The initial con-
centration of Cr(VI) in the effluent was 120 mg L~!

T T T T T T T 50
100- (a) JRIS A

95+ \ L 40
3 901
=
§ 85 -30
= 804
5 L20
S 7

70 / L10

65 / \

0

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Adsorbent dose (g)

Fig. 8 a Effect of His-PPy dose on % Cr(VI) ions removal and
equilibrium concentration in wastewater samples. b Adsorption
and desorption cycles for the His-PPy nanocomposite, adsor-

Ce (mg/L)

and at pH 0.8. The pH of the effluent was adjusted
to 2, the His-PPy nanocomposite optimal pH for
Cr(VI) ions removal followed by addition of 0.01 to
0.07 g adsorbent dosages to 50 mL industrial sam-
ples agitated for 24 h at 25 °C. From Fig. 8A it can
be observed that the Cr(VI) ions were completely
removed at adsorbent dosage above 0.04 g showing
that the His-PPy nanocomposite has the potential to
remove the Cr(VI) ions from waste water.

3.10 Desorption Studies

The recyclability of an adsorbent is an important
criterion for the evaluation of its potential practical-
ity. The adsorbed Cr(III) emanating from Cr (VI)
reduction by the electron-rich polypyrrole moie-
ties, was desorbed with HCI for the adsorption cycle
tests. Figure 8B exhibits the adsorption capacity of
His-PPy in each treatment cycle. The results illus-
trate that the adsorption capacity remained largely
constant up to three cycles but declined to 65%
in 4th cycle. The reduction in adsorption capac-
ity might be attributed to the presence Cr(III) ions
occupying portions of the active sites and poly-
mer chain rupture as a result of recurrent adsorp-
tion—desorption of Cr(VI) ions (Kera et al., 2018;
Xiang et al., 2021). As a result, His-PPy could be
recycled for three successive cycles retaining its
adsorption capacity to demonstrate good reusability
of the nanocomposites.

120

100 (b)
80
60
40
20+
0-
1 2 3 4

Adsorption cycle

% Cr(VI) removal

bent dose: 0.05 g/50 mL of Cr(VI) ions solution contact time:
24 h and temperature: 25 °C)
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3.11 Adsorption Mechanism

The probable mechanisms for Cr(VI) ions adsorption
onto His-PPy are ion exchange, electrostatic attractions,
reduction and hard base (amino substituents)-hard acid
((Cr(1D)) chelation (Chen et al., 2020, Chigondo et al.,
2019, Sarojini et al., 2021, Sun et al., 2020). At pH
2-6 Cr(VI) ions exist predominantly as Cr,0,°~ and
HCrO,~ species. The pH,,. of His-PPy was estimated
to be 7.7 as illustrated in (Fig. 4A). At pH<pH,,. the
nanocomposite is positively charged and protonated so
the polar nitrogen species (N*) which become active
sites for Cr,0,2~ or HCrO,~ adsorption by electrostatic
attractions as illustrated in Eqs. (18) and (19) (Nguyen
etal., 2019).

-NH,* + HCrO,~ - —-NH,* — — = NCrO,~ (18)

-NH,* + HCrO,~ - —NH,* — = = NCrO,~  (19)

From Fig. 1A(b) and (c) the FTIR spectra of His-
PPy exhibited a band shift at 3131 cm™! consistent with
the NH stretching vibration to 3282 cm™ after Cr(VI)
adsorption. This is attributable to the interactions
between Cr(VI) ions and positively charged nitrogen
containing fragments of PPy and histidine at low pH.
Furthermore, based on our previous studies (Chigondo
et al., 2019) the positive -NH* group in a polymer moi-
ety has the capability to reduce Cr,0,*>~ and HCrO,~ to
Cr(IlT) due to inter-changeable states PPy’ and PPy*
under an acidic milieu (Sun et al., 2020) as shown Egs.
(20)-(22) (Fang et al., 2018, Sun et al., 2020).

PPyt +¢” — PPy0 (20)

3PPy’ + 7H* + HCrO,~ — Cr** + 4H,0 + 3PPy*
(21
3PPy" + Cr,0,%" + 14H*6e~ — Cr'* + 3PPy* + 4H,0
(22)
Additionally Cr(IIl) ions can form dative bonds with
the nitrogen atoms of the histidine dopant which result-
ing in strong acid-base interactions (Chen et al., 2020,
Fang et al., 2018; Zhao et al., 2016; Li et al., 2020) as
illustrated in Eq. (23).

—N* +Cr*t - -N* 5 ot (23)

The XPS comprehensively validates the adsorp-
tion mechanisms. The XPS Cr 2p core level spectra
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are typically from 575.0-580.0 eV (Cr 2p;,) and
585.0-588.0 eV (Cr 2p,j,) for Cr(IIl) while Cr(VI)
species exhibit values in the range 580.0-580.5 eV
(Cr 2psp,) and 589.0-590.0 eV (Cr 2p,),) (Fang et al.,
2018; Goddeti et al., 2020; Zhang et al., 2020). In
this study the binding energy of Cr 2p;/, and Cr 2p,),
were detected at 577.4 and 586.5 eV respectively
(Fig. 3B(b)) characteristic of Cr(Ill) (Bhaumik et al.,
2016; Zhang et al., 2020). Such values suggest the
presence of both Cr(VI) and Cr(II) species on adsor-
bent surface.

4 Conclusion

The synthesis and characterisation of a novel His-
PPy nanocomposite was successfully accomplished
and applied for the removal of Cr(VI) ions from
aqueous solution. Consequently, not only abundant
reduction-adsorption sites were increased but also
effective prevention of oxidative breakdown of the
nanocomposite surface structure. Further, evalu-
ation of adsorption studies demonstrated that the
His-PPy nanocomposite adsorbent was highly effi-
cient in removing extremely noxious Cr(VI) ions
with a Langmuir maximum adsorption capacities
of 236.00, 274.73, 322.58 and 386.00 mg g~' at 25
to 45 °C respectively at pH 2 and adsorbent of dos-
age of 1000 mg/L. The reduction-adsorption capa-
bility of the His-PPy nanocomposite was remark-
ably improved by doping with L-histidine with
three treatment cycles without any loss of adsorp-
tion capacity. Moreover, it was found out that the
thermodynamic data demonstrated chemisorption,
spontaneous and endothermic nature of adsorption.
Based on FTIR and XPS data, the mechanisms of
adsorption were hypothesised to be mainly electro-
static attractions, reduction and chelation. Thus, the
His-PPy nanocomposite has the potential for detoxi-
fication of hexavalent chromium polluted water.
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