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ARTICLE INFO ABSTRACT

Keywords: Polyaniline nanofibers (PANI NFs) were synthesized and employed as potential adsorbents in a continuous flow
Polyaniline fixed-bed column adsorption study for an organic dye, Methyl Orange (MO) removal from water. These nano-
Nanofibers structured adsorbents were characterized using ATR-FTIR, FE-SEM, HR-TEM, TGA, BET, XRD, XPS, and the Zeta-
Tdest:ﬁt?;nge sizer. Morphological representations from SEM and TEM analyses showed that the fibers were nanosized with
Fixed-bed diameters lower than 80 nm a'nd an interconnected network possessing a smooth surface. The Sggy of the PANI
Modeling NFs was found to be 35.80 m?/g. The impact of column design parameters for instance; influent concentration,

flow rate, and bed mass was investigated using pH 4 influent MO solutions optimized through batch studies. The
best influent concentration, bed length, and flow rate for this study were determined as 25 mg/L, 9 cm (6 g), and 3
mL/min, respectively. The column information was fitted in Thomas, Yoon-Nelson, and Bohart-Adams models. It
appeared that the Thomas and Yoon-Nelson models described the data satisfactorily. The PANI NFs were able to
treat 29.16 L of 25 mg/L MO solution at 9 cm bed length. A sulfate peak in a de-convoluted sulfur spectrum using
XPS verified the successful adsorption of Methyl Orange.

1. Introduction

Discoloration is a good indicator of contamination. Significant
amounts of contaminated colored effluents are generated as a result of
the usage of chromophore-containing compounds, such as dyes or pig-
ments from the textile, printing, paper, leather, cosmetics, and pharma-
ceutical industries [1, 2]. The toxic dyes contribute to the drastic increase
of environmental pollution. Such dyes are highly toxic and
non-biodegradable. As a result, they are extremely dangerous to people
and other living species, posing a severe environmental threat [3, 4].
Although some dyes may be non-toxic and inert at the concentration at
which they are discharged into the receiving water, they impart color in
the water system, which may restrict light penetration and hence hinder
photosynthesis in aquatic vegetation, adversely impacting both aquatic
flora and fauna [1, 5]. This results in the disruption of food webs which
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ultimately affects the entire aquatic ecosystems. Synthetic dyes reign
supreme among various synthetic azo dyes. A good example of an anionic
azo dye that falls into this category is Methyl Orange (MO), which is
found in the industrial effluents of textile industries [6]. The MO struc-
ture is represented in Figure 1, showing the azo bond (-N=N-) and the
sulfonate group.

Environmental “eye-sores” due to discoloration and health problems
are instigated by the discharge of such colourants into natural and living
surroundings [7]. The persistence of these dyes in the environment can
lead to health effects in living organisms, which include carcinogenic and
mutagenic effects. It is therefore imperative that such colourants be
eliminated from regular water bodies and supplies. In this sense, several
physico-chemical technologies, such as coagulation/flocculation [8, 91,
chemical oxidation [10, 11, 12, 13], ion exchange [14, 15, 16], mem-
brane separation [17, 18], electrochemical techniques [19, 20],
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Figure 1. Chemical structure of Methyl orange.

adsorption [6, 21] and photo-catalysis [22, 23, 24, 25], have been
explored in the remediation of dye-containing wastewaters. However,
drawbacks such as low efficiency, high sludge generation, intensive en-
ergy requirements, and most importantly their high installation cost
associated with membrane technology [18, 26] impede the application of
such technologies for the remediation of MO. Adsorption has been
identified as the most attractive and highly potent technique for reme-
diation of most contaminants (including dyes) from water. This is due to
its relatively simple operation, high adsorption efficiency, and the lack of
production of secondary waste, which can cause further harm to the
environment. This technique also offers the advantage of simple scaling
from laboratory scale to field scale [2, 27, 28] and the availability of a
vast array of adsorbents [21, 29].

Since cost has been a crucial factor in the applicability of water
treatment systems, investigation attentiveness into the invention of
alternative cost-effective sorbents has intensified in the recent years [20,
29]. To date, multiple natural and artificial sorbents have been employed
for MO remediation from wastewater. These include polypyrrole nano-
fibers [28], activated carbon [30], modified coffee waste [31], chitosan
hydrogel beads [32], magnetic iron oxide/carbon nanocomposite [33],
amino-crosslinked hypromellose [34], bentonite and coffee grounds
activated [34, 35], waste ash [36], populous tree leaves [37],
manganese-rich synthetic mica [35], etc. However, all of these adsorbents
were explored in batch adsorption mode, which is well acknowledged to
provide insufficient information for scaling up [38, 39, 40]. Therefore, it
is imperative to develop a new, highly efficient adsorbent, and investi-
gate its behavior in continuous flow fixed-bed column adsorption studies.
Column sorption try-outs are generally preferred in practical applications
for continuous wastewater treatment as well as potential simulations of
permeable reactive barriers for groundwater pollutant decontamination
[41, 42]. This is due to the continuous concentration gradient which
controls the extent of adsorption [39]. It also makes provision for better
exploitation of the adsorbent capacity leading to improved water quality
[43, 44].

Polyaniline (PANI), polypyrrole (PPy), and polythiophene (PTh) are
three of the most conventional conducting electroactive polymers that
have in the last two decades attracted a great deal of attention [45, 46,
47, 48, 49, 50, 51, 52, 53]. Quite a number of applications such as op-
tical, electronics, and adsorption have employed these conducting poly-
mers [54, 55, 56]. This is due to their easy and economical synthesis,
good electrochemical and electrical properties [55, 57, 58]. Additionally,
in the presence of oxygen and water, these conducting polymers exhibit
high environmental stability [59, 60, 61]. PANI and PPy have been
highly recommended for wastewater remediation. However, PANI stands
out among the family of conjugated and conducting polymers, owing to
its inherent properties associated with reversible acid/base
doping/de-doping chemistry [52]. The characteristic positively charged
nitrogen atoms on the polymeric backbone of PANI offer additional
benefits, such as suitable adsorption sites for the elimination of anionic
contaminants via electrostatic interactions. Recently, nanostructured
PANI in the form of nanofibers, nano-spheres, etc. has generated much
scientific interest. This is mainly due to the structural effect of
nano-dimensional organic conductors with enhanced surface area which
is characteristic of nanostructured materials [61].
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A variety of fabrication approaches of PANI nanofibers (PANI NFs)
have been reported. These include electrochemical synthesis, electro-
spinning [62, 63] and soft and hard templates [64], and many more.
However, these methods are very complex and not very economical for
industrial applications. Moreover, the preparation of pure PANI NFs also
requires some additional steps. There are various simple ways to syn-
thesize PANI NFs without using templates. One of these methods is the
intrinsic formation of NFs when PANI polymerises [65, 66]. Such a
simple method normally involves either rapid mixing chemical or
interfacial polymerization. Usually, the aniline monomer and oxidizing
agents are quickly mixed and there is no further addition of aniline
monomers once the PANI NFs form. Another advantage which this
technique offers is the lack of use of organic solvents or other assisting
techniques [64, 67, 68].

Reports on the use of PANI NFs for the environmental remediation of
organic and inorganic pollutants from wastewater are scarce. Thus, the
focus of this study was to investigate the ability of PANI NFs, fabricated
via a simple quick mixing polymerization procedure to adsorb MO dye
from synthetic water through a fixed phase column adsorption study. The
following objectives were set: (i) to synthesize polyaniline nanofibers and
characterize the adsorbent, (ii) to evaluate the adsorption efficiency of
the adsorbent for MO dye removal from synthetic water in fixed-bed
adsorption mode, (iii) to examine the influence of process factors such
as influent concentration, flow rate and bed length by means of a
breakthrough curve, and (iv) to explore mathematical modeling of col-
umn data breakthrough to characterize the sorption processes in the fixed
phase experiments.

2. Materials and methods
2.1. Reagents

The monomer aniline (ANI, 99%), an oxidizing agent iron (III) chlo-
ride (FeCls), hydrochloric acid (HCI), sodium hydroxide (NaOH) and
methyl orange (MO) dye powder were of Sigma-Aldrich origin, USA.
Aniline monomer first underwent purification by distillation under vac-
uum. Only analytical grade chemicals were used. The preparation of
1000 mg/L MO stock solution was performed and subsequently watered
down to solutions of lower concentrations as required for the column
studies.

2.2. Preparation of PANI nanofibers (PANI NFs)

A chemical oxidative polymerisation technique in which aniline mono-
mers were quickly mixed with iron (II) chloride (FeCl3) (oxidant) at room
temperature was employed to prepare the PANI-NFs (Bhaumik et al., 2016;
Bhaumik et al., 2015). This involved the dissolution of 6 g of FeCls in distilled
water (80 mL) in a 250 ml conical flask. To this solution, 0.8 mL of aniline
monomer was introduced via syringe under adequate magnetic stirring. The
continuous stirring is meant to create an even distribution between molecules
of the oxidant and monomer prior to polymerization. This helps to prevent any
further polyaniline development. The mixture was stirred continuously for 5
min and then left undisturbed for 2 days (48 h). This step allowed the poly-
merization reaction to proceed without stirring. The PANI NFs were obtained
by filtration through a vacuum filter. The final product was then rinsed with
deionised water to obtain a colourless filtrate. Subsequent washing with
acetone was conducted to remove excess oligomers. Ultimately, the nano-
fibers were oven dried under vacuum set at 60 °C for 24 h.

2.3. Characterization of PANI NFs
An FTIR spectrum of polyaniline nanofibers was recorded on a Per-

kin—-Elmer, USA attenuated total reflectance Fourier Transform Infrared
(ATR-FTIR) Spectrum 100 spectrometer in the range 500-4000 em~L To
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investigate the surface and in-depth morphology of the PANI NFs, an
Auriga Field Emission Scanning Electron Microscope (FE-SEM; Zeiss
Auriga Cobra FIB, Germany) and a JEOL JEM-2100 High Resolution
Transmission Electron Microscope (HR-TEM; JEOL, Japan) were used,
respectively. High resolution TEM images were obtained on a high
resolution-TEM instrument operated with a LaB6 filament at 200 kV. The
TGA experiments were conducted in air at 50 mL/min flow rate with the
instrument set at 10 °C/min heating rate on TGA Q500 (TA Instruments,
USA). The BET surface area of the adsorbent was measured using a
Micromeritics ASAP 2020 gas adsorption apparatus (USA). A PANalytical
X'Pert PRO-diffractometer (PANalytical, The Netherlands) was employed
for XRD measurements by means of CuKa radiation with 1.5505 A
wavelength and slits at 45 kV/30 mA for 20 values ranging from 5° to
90°. Kratos Axis Ultra device with Al monochromatic X-ray source
(1486.6 V) was used for XPS analysis. The zeta potential of the adsorbent
(PZC) was obtained from a Malvern Zeta-Sizer particle size measurement
instrument of Malvern Ltd, UK origin.

2.4. Fixed-bed adsorption experiments

As described earlier, 1000 mg/L MO stock solutions were prepared
and diluted as required for each experiment. Laboratory scale fixed-bed
column adsorption experiments were conducted to determine the PANI
NFs’ efficiency in adsorptive removal of MO dye from synthetic waste-
water. The PANI NFs were packed into an adsorption column which was
composed of a perspex glass designed into a cylinder-shaped tube with
the dimensions; 1.4 cm diameter and 30 cm length. The PANI-NFs were
sandwiched between layers of glass wool and braced by non-reactive
glass beads at both ends of the column as shown in Figure 2. The
influent, MO solution, was adjusted to pH 4 which was optimized in
batch studies. To prevent channeling inside the column and ensure ho-
mogeneous flow, a peristaltic pump was used to force the solution up the
column tube. Prior to the adsorption process, the column contents were
rinsed with deionized water to equilibrate the adsorbent particles. The
temperature for all adsorption studies was fixed at ~25 °C (ambient
temperature). For maintenance of constant flow during the experiment,
the effluent solution was collected at periodic intervals in a measuring
cylinder for a minute. This, therefore, helped to monitor the flow rate.
Analysis for residual MO concentration was conducted on a Perkin Elmar
Lambda UV-vis spectrophotometer at Apmax = 464 nm after the effluent
was sampled at specific time intervals. As the effluent was collected,
when its concentration approached equivalence, relative to inlet

Dye-contaminated\"\
water
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concentration, the column operation was terminated as this signified
attainment of adsorbent saturation.

2.4.1. Breakthrough analysis

The term adsorption essentially infers adhesion of a substance termed
adsorbate onto the surface of a material referred to as the adsorbent. In
typical fixed-bed column systems, the adsorbent closer to the influent
point tends to saturate first, since this is the point where maximum
adsorption occurs. The adsorption zone will then progressively migrate
up the adsorbent bed with time and eventually reaches the point of bed
exit, which is called the breakthrough point. When the sorbate reaches
the bed exit, the outlet adsorbate concentration will be almost equal to
the inlet concentration [70].

The theory of breakthrough curves was applied in predicting the
performance of the fixed-bed column [38, 39, 71]. Breakthrough curves
provide a coherent indication of the breakthrough point and are
therefore vital for column adsorption systems. For the MO column
adsorption, the breakthrough point was set at 0.5%. This is basically the
point in time when the collected MO concentration reached 0.5% of the
influent concentration. The packed adsorbent (PANI NFs) was deemed
saturated when the effluent MO concentration reached 85% of the inlet
concentration [42]. The breakthrough curves are characterized by a plot
of Cy/C, versus time in h, where C,/C, represents the ratio of effluent
concentration at time t to influent concentration. The effects of design
parameters like bed mass, flow rate, and influent concentration were
inspected.

The adsorption performance is directly associated with the processed
bed volumes, (BV) at a fixed bed length afore attainment of breakthrough
point [72]. The BV essentially quantifies the volume of water that can
undergo treatment per unit volume of adsorbent bed, hence high BV
signifies high performance [73]. Eq. (1) is used to calculate BV:

__volume of water treated at breakthrough point (L)
- volume of adsorbent bed (L)

BV (€Y

Additionally, the rate of adsorbent exhaustion can be used to establish
the frequency at which the adsorbent needs to be replaced. This can be
calculated from Eq. (2) [72]:

mass of adsorbent (g)

AER =
volume of water treated (L)

(2)

In general, if AER is low, the bed performance is considered good.

Purified
water

Figure 2. Photograph of column instrument setup.
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Figure 3. (a) and (b) FE-SEM images of PANI NFs at two different magnifications, (c) frequency bar chart for nanoparticles size of PANI NFs and (d) HR-TEM image of

PANI NFs.

To quantify the MO molecules attached on the adsorbent at break-
through point, g (mg) the following Eq. (3) is used [74]:

t=t,
_Q _
a=1o0s / (Co — Co)de @)

t=0

Where Q in mL/min represents the volumetric flow rate, Cy depicts the
influent concentration in mg/L, t, gives the time taken to reach break-
through point (min) and C;, represents the concentration of the effluent at
any time, t mg/L [75]. Therefore, bed capacity at breakthrough point, gp
(mg/g) is calculated as shown in Eq. (4) [42, 76]:

q

qp = m (©)]

where m represents the bed mass in grams.

2.4.2. Breakthrough curve modeling

The prediction of breakthrough curves is necessary to ascertain the
success of a column process design. Also, a mandatory parameter for
design is the maximum adsorbent capacity. The fixed-bed adsorption
data may be fitted into several mathematical models. In a class of these
models, the Thomas, Yoon-Nelson, and Bohart-Adams models [77, 78,
79] have been widely used by several researchers to characterize sorp-
tion processes in fixed-phase column adsorption experiments.

2.4.2.1. Thomas model. A model postulated by Thomas is commonly
applied in describing the sorption performance theory in fixed-phase
processes. It adopts a mass flow comportment in the bed and adher-
ence to Langmuir adsorption-desorption isotherm model and reversible

second-order kinetics [80]. Additionally, the model assumes limited re-
strictions from external and internal diffusions during the adsorption
process [73]. This model is usually employed in calculating adsorption
capacity, its linearized form is shown in Eq. (5) [78]:

C, m
In —°71>:k o~ — kraCot 5
(Ct qu TH %)

where, kry (mL/min mg) represents the rate constant and g, in mg/g
depicting adsorption capacity. The values for such parameters are
obtainable from a linear plot of In [(Co/Ct) —1] against time (t). Q de-
notes the inlet rate of solution flow in mL/min with m being the adsor-
bent mass in grams. The influent and effluent concentrations are
represented by C, and C,, respectively (mg/L).

2.4.2.2. Yoon Nelson model. A model developed by Yoon and Nelson
[81] assumes a proportional diminishing rate of adsorption prospect of
an adsorbate molecule, in this case being MO, to the likelihood of
adsorption and breakthrough of the adsorbate on the material bed [82].
Eq. (6) represents linearly the Yoon-Nelson model:

C
In (Co _t C‘> =Lkynt — kynT 6)

From the equation, kyy (min™!) represents the Yoon-Nelson kinetic
constant with 7 (min) giving the period needed to achieve 50% break-
through. C, depicts the inlet concentration with C; representing the
effluent concentration. A linear plot of In [Ci/(C,—C¢)] versus sampling
time (t) is employed in determining the kyy and 7 values using the
intercept and slope respectively. Since the model assumes that 50%
breakthrough is accomplished at time, 7, it, therefore, predicts that



M.L. Dlamini et al.

120 O
—=— Adsorption ( )
— = — Desorption a
100 Pt
5 0 /
=
2 /
< {
% o1 /
o
@
£ / /
>
{“] 4.
3 i
20 I -
et
0 T T T T
0.0 0.2 04 06 08 1.0

Relative pressure (P/P,)

Weight %

Heliyon 7 (2021) e08180

[— =Weight % =
=+ = Deriv.weight (%/'C) (b)
100
020
80 - e
015 <
015 5
E
<)
(]
o o0 =
>
@
o
1005
40 -]
. . : . 0.00
0 200 400 600 800 1000

Temperature (OC)

Transmittance

()

(ii)

1294
1483

1470

1283

T ™
600 800 1000

T

1200

T T T *
1400 1600 1800 2000

Wave number (cm™)

Figure 4. (a) N, adsorption—desorption curve of PANI NFs, (b) TGA curve for PANI NFs, and (c) ATR-FTIR spectrum of PANI NFs before (i) and after (ii) adsorption.

exhaustion of the adsorbent bed will be reached at time = 27 which is
attributed to the symmetrical form of the breakthrough curves [79].

2.4.2.3. Bohart-Adams model. Another model which is commonly used
to evaluate the performance of an adsorption column process is the
Bohart-Adams model. This model assumes a directly proportional rela-
tionship between the adsorption rate, the adsorbate molecule concen-
tration, and the adsorbent's capacity for adsorption (Katsigiannis et al.,
2015; Trgo et al.,, 2011). The model has been derived from reaction
surface theory. It describes the early portion of the breakthrough curve
and is mathematically depicted in the following Eq. (7):

In G
G
where kap (L/mg min) refers to the kinetic constant, N, representing the
concentration at saturation point in mg/L, and Z denoting the column
height of the adsorbent in cm. U, refers to the superficial velocity in cm/

min, which is given by the flow rate (cm®/min) proportion to the
adsorbent bed's cross-sectional area (cm?) [84].

Z
= kABCot — kABNo_

U, )

2.5. Influence of process parameters

The influence of adsorbent bed length was investigated through
altering the bed lengths at 3, 5.5, and 9 cm corresponding to 2, 4, and 6 g
of the PANI NFs, respectively while maintaining a flow rate of 3 mL/min
and influent concentration at 50 mg/L. In studies on the flow rate in-
fluence, the solution flow rates were varied at 3, 5, and 7 mL/min at 50
mg/L adsorbate influent concentration and 3 cm bed length. For

experiments on the impact of influent concentration, the adsorbate
concentration was varied at 25, 50, and 100 mg/L influent concentra-
tions while maintaining a 3 cm adsorbent bed length and 3 mL/min flow
rate.

2.6. Desorption and regeneration of PANI NFs

The desorption and regeneration of PANI NFs were accomplished
using NaOH and HCI solutions, respectively. In a typical desorption
process, 2 g mass (3 cm bed length) of the adsorbent was packed in a
column and a 50 mg/L solution of MO was run to exhaustion at a flow
rate of 3 mL/min. Subsequently, the exhausted adsorbent was treated
with 1M NaOH solution until the effluent became almost colourless. The
adsorbent was then treated with 1M hydrochloric acid to refurbish the
PANI NFs with ClI” and protonate the polyaniline to form a stable
conformation. The regenerated adsorbent was subsequently employed in
MO adsorption for several cycles, with the desorption procedure repeated
after each adsorption cycle.

3. Results and discussion
3.1. Characterization of PANI NFs

3.1.1. Morphological characterization

Images from FE-SEM of the as-synthesized polyaniline nanofibers are
shown in Figure 3(a) and (b). It is noted from Figure 3(c) that the PANI
NFs have diameters that range from 10 to 80 nm. The PANI NFs also
appear to have a surface that is smooth in texture. The HR-TEM
demonstrated in Figure 3(d), also displays a morphology that is
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Figure 5. (a) XRD pattern of PANI NFs, (b) XPS spectrum for PANI NFs before (i) and after (ii) adsorption and (c) de-convoluted sulfur spectrum.

Table 1. Atomic percentage of elements before and after adsorption.

Elements Atomic %

Before After
Cls 77.9 78.1
N1s 6.0 9.9
Cl 2p 1.7 0.2
S 2p 0.0 1.0
O1s 12.9 10.6

nanofibrous in nature. The micrographs further show agglomerates of the
fibers into networks of nanofibers that are interconnected. Comparable
structural features were similarly testified by Bhaumik et al. who pre-
pared polyaniline nanofibers using the same technique as reported in this
study [66]. Figure 4(a) illustrates the Ny - adsorption—desorption iso-
therms of as-synthesized PANI NFs measured at -197.4 °C. A steep
adsorption above the partial pressure of 0.8 is observed. This suggests
that the PANI NFs are mesoporous in nature [28]. These curves were used
to evaluate the BET surface area (Sggr) of the PANI NFs found to be 35.80
m?/g. Also, the average pore diameter and volume of the adsorbent were
respectively acquired to be 17.28 nm and 0.230 cm®/g. The Sggr is
comparable to that reported by Bhaumik et al. 38.99 m?/g and higher
than that of conventional PANI reported in other studies, i.e. 28.68 m?/g
[85].

3.1.2. Thermal stability profile of PANI NFs

Figure 4(b) shows the TGA curve of the PANI NFs. From this figure, a
three-step decomposition process is eminent, and is consistent with that
reported in the literature [63, 86, 87, 88, 89]. The weight loss observed at
around 110 °C is caused by the vaporization of water and volatile olig-
omers. Unreacted monomers are also eliminated in this step. The next
weight loss is observed between temperatures 280 °C and 450 °C. These
weight losses may be ascribed to the degradation of the polymeric chain
and the simultaneous exit of ClI” counter ions, respectively.

3.1.3. Functional group analysis

The FTIR spectrum of pristine PANI NFs and after MO adsorption is
presented in Figure 4(c). The spectrum portrays characteristic polyani-
line signature peaks at 1555 em™!, 1470 cm™Y, 1283 cm ™!, 1080 em™!
and 779 cm ™. These peaks correspond to quinoid and benzenoid rings’
stretching vibrations, vibrational stretching of C-N in quinoid-
benzenoid-quinoid and benzenoid, benzenoid-NH" = quinoid stretch-
ing vibrations and vibrations of the deformation of aromatic C-H
respectively. Comparable peaks have been reported in other studies i.e.
1568 cm ™!, 1490 cm ™!, 1276 cm ™!, and 1128 cm ™! for PANI (Bhaumik
et al., 2016; Kerr et al., 2005). No significant difference in the spectra
before and after MO adsorption was observed. However, a slight shift
towards higher wavenumbers and reduced intensity in the peaks 1483
em ™! and 1294 cm ™! is noted after adsorption. This can be accounted for
by the substitution of SO3 from MO for doped Cl” ions in the matrix of the
polymer. It is conveyed in literature that resonant coupling with the
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chain dopant may induce alterations in backbone vibrations and this
could be responsible for the shifts and reduction in the intensity of FTIR
peaks [66, 91].

Table 2. Comparison of maximum adsorption capacities (qmax) for MO on
various adsorbents with present study.

Adsorbent Qmax (Ng/g) References
Amino-crosslinked hypromellose (AHM) 15.56 [34]

Blast furnace slag acid-alkali precipitate (BFSAP) 167 [94]
Protonated cross-linked chitosan 180.2 [95]

Coffee ground activated carbon 658 [96]

Waste ash 35.614 [36]
Chitosan-coated montmorillonite clay 7.34 [971
Alkali-Activated Polypyrrole-Based Graphene Oxide 520.8 [98]
Manganese—containing mica (Mn-mica) 107.3 [35]

PANI NFs 312.8 Present study
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3.1.4. Crystallographic and elemental analysis

XRD patterns of pristine PANI NFs and after adsorption are revealed
in Figure 5(a). These patterns show emblematic PANI diffraction peaks
centered at 20 values of 9.1°, 14.7°, 20.6° and 25.1° (Wang et al., 2009;
Tanwar and Ho, 2015). The pattern obtained after adsorption is not
significantly different from that for pristine polyaniline indicating that
the amorphous to slightly crystalline nature of the PANI NFs is not
significantly altered by the adsorption of the dye. The incorporation of Cl,
C, N, and O in the polymer, before MO adsorption, was confirmed by an
XPS quantitative spectroscopic technique, as shown in Figure 5(b). The
observed spectrum is similar to that reported by S. Tanwar and J. Annie
Ho [93]. It can also be observed that after adsorption, a Sulfur (S) peak
emerges (from the sulfate group in the MO structure) which is shown in
the de-convoluted sulfur spectrum in Figure 5(c). Moreover, the intensity
of C and N peaks increases with a slight decline in Cl peak intensity,
which proves the attachment of the MO dye on the PANI NFs. Quantifi-
cation of the elements is tabulated in Table 1.

3.1.5. Surface charge and pH stability of PANI NFs

The efficacy of an adsorbent in adsorption is considerably controlled
by the pH of the adsorbate. The solution pH authorizes the overall surface
charge and protonation of the adsorbent's functional groups. This
parameter also has an effect on the extent of ionization and speciation of
the substances which exist in the solution. Therefore, a preliminary batch
adsorption investigation on pH impact was run to obtain the optimum pH
for MO adsorption onto the PANI NFs. It is noted from Figure 6(a) that the
adsorption of MO is less dependent on pH, but the adsorption efficiency
slightly diminishes as the pH increases. The highest adsorption efficiency
was observed at pH 4, with an equilibrium adsorption capacity, g, of
312.8 mg/g in batch studies mode. This adsorption capacity for MO on
PANI NFs is relatively higher compared to other adsorbents as presented
in Table 2.

This influence of solution pH is explained in terms of surface charge
effects. In this sense, the increase in MO decontamination at low pH may
be elucidated with reference to the observed point of zero charge (PZC)
or isoelectric point (pHpzc = 7.5) of PANI NFs, Figure 6(b). At pH <
PHpzc, the release of doped Cl™ results in a positively charged PANI NFs
surface. Additionally, excess H" protonates the nitrogen atoms in the
polymer matrix thus contributing to the positively charged surface [99],
affording probable success of the application of PANI NFs in textile
effluent remediation. This suggests that the MO dye molecules were able
to occupy vacant sites formerly occupied by Cl” through ion exchange. At
higher pH, however, the removal efficiency is reduced. This can be
accredited to the expected nitrogen atoms' deprotonation in the PANI
matrix, which results in less positively charged sites for the anionic dye
attachment. Furthermore, at basic conditions, chemical affinity compe-
tition between the dye molecule's negatively charged (SO3) groups and
hydroxyl ions (OH™) for active adsorption sites is more apparent
(Bhaumik et al., 2013b; Bhaumik et al., 2013a).

3.2. Bed length effect

Adsorption depends on the adsorbent length (dosage) as this has an
influence on the availability of active adsorption positions. To investigate
the bed length influence on MO adsorption, the MO solution (50 mg/L
concentration) was run through the adsorption column with a fixed rate
of flow (3 mL/min) but fluctuating bed length at 3, 5.5, and 9 cm cor-
responding to 2, 4, and 6 g of the adsorbent, respectively (Figure 7). It is
observed and confirmed in Figure 7 that there exists a dependence of
breakthrough point with bed length. Increasing bed length results in
enhanced availability of binding sites [100], hence the increase in the
number of bed volumes processed, (BV) (1870-2105) and bed capacity,
qp (211.98-240.73 mg/g) depicted in Table 3. The longer residence time
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Figure 7. Effect of bed mass on MO removal.

of MO ions within the column bed in higher bed lengths may result in the
observed bed capacity upsurge, hence larger volumes of MO solution
could be treated. Presented in Table 3 are the values of the amount of
solution treated at breakthrough point, (V3) which were found to be 8.64
L, 17.64 L, and 29.16 L for bed lengths of 3, 5.5, and 9 cm, respectively.
The observed increase may be allied to the rise in empty bed contact
time, EBCT (from 1.54 to 4.62 min) which permits the MO ions sufficient
diffusion time onto the PANI NFs [77]. The EBCT is the chief constraint
that determines the adsorbate to adsorbent period of contact. Hence,
EBCT will have a strong effect on the adsorption process [101]. EBCT is
calculated as shown in Eq. (8):

e Ded volume ®8)
flow rate
Concurrently, the observed increase in breakthrough time () as bed

length increases can be explained in terms of the fact that higher bed

Table 3. Breakthrough point analysis.

Varied EBCT Service Vi Capacity, Bed volume AER

parameters (min) time, t, (L) qp (mg/g) processed, (g/L)
(hrs) (BV)

Adsorbent mass (g)

2 1.54 48 8.64 211.98 1870 0.23

4 2.82 98 17.64 219.71 2085 0.23

6 4.62 162 29.16 240.73 2105 0.21

Influent conc. (mg/L)

25 1.54 93 16.74 206.96 3623 0.12

50 1.54 48 8.64 211.98 1870 0.23

100 1.54 11 2.16 98.55 468 0.93

Flow rate (mL/min)

3 1.54 48 8.64 211.98 1870 0.23

5 0.924 18 5.40 131.84 1169 0.37

7 0.66 11 4.62 114.25 1000 0.43

lengths encourage a decrease of slope in the breakthrough curve, and this
results in broadened mass transfer zone [81]. On the other hand, the rate
of exhaustion of the adsorbent, AER is reduced with a rise in bed length
which indicates good column execution.

3.3. Flow rate effect

The contact time between the adsorbate and adsorbent in a packed
column is influenced by the solution flow rate, thus making it a crucial
parameter in the adsorption process. To inspect the flow rate impact;
3, 5, and 7 mL/min flow rates were used with the bed length and
influent concentration fixed at 3 cm and 50 mg/L, respectively.
Figure 8 illustrates the breakthrough curves for the different rates of
solution flow. The curves exhibit a drop in breakthrough and satura-
tion period with a rise in the rate of solution flow (Table 3). Break-
through time values, t, were established at 48, 18, and 11 h for 3, 5,
and 7 mL/min flow rates, respectively. Short breakthrough times at
higher flow rates were also reported by other researchers [102, 103,
104]. BV also decreased from 1870 to 1000 while AER, on the other
hand, increased from 0.23 to 0.43 g/L with an increasing flow rate as
shown in Table 3. Evidently, an increase in the rate of solution flow
results in poor column performance.

Such results can be ascribed to reduced adsorbate residence period in
the adsorbent bed with increasing flow rate; hence the time required for
adequate diffusion of the MO ions onto the adsorbent bed becomes
shorter. The increased flow rate also resulted in a decreased adsorption
capacity, from 211.98 to 114.25 mg/g. Similarly, increasing the flow rate
accelerates the MO transport through the column consequently limiting
the exposure time of the dye molecules to the PANI NFs’ active adsorp-
tion sites [41]. Similar results are reported in literature [80].

3.4. Influent concentration effect

To investigate the significance of inlet adsorbate concentration on
MO adsorption, the bed length and rate of solution flow were maintained
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Figure 9. Effect of influent concentration on MO removal.

at 3 cm and 3 mL/min, respectively with the influent concentration
varied at 25, 50, and 100 mg/L. The breakthrough curves shown in
Figure 9 illustrates that increasing the influent concentration prompted a
decrease in the breakthrough time resulting in lower volumes of water
treated. Vj, values were 16.74, 8.64, and 2.16 L for 25, 50, and 100 mg/L
influent concentrations, respectively. A great dynamic force between the

adsorbate and adsorbent prevails at pronounced inlet concentrations,
resulting in improved mass transfer with a consequent increase in
adsorbate exhaustion rate, due to high MO loading rate onto the PANI
NFs’ binding sites [81]. Similar trends were reported in the literature for
chromium (VI) removal [70], fixed-bed adsorption of reactive azo dye
[81], and several other studies [74, 82, 100, 103]. The breakthrough
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Figure 10. Adsorption curve for different cycles after desorption.

point was reached after 93, 48, and 11 h for the influent concentration of
25, 50, and 100 mg/L, respectively. Table 3 presents the breakthrough
parameters.

3.5. Desorption of MO and adsorbent regeneration

Facile regeneration of a sorbent is very important for economic sta-
bility. In accordance with the effect of surface charge on the adsorption
efficiency, it was considered that an alkali solution could be employed to
discern the desorption of the adsorbed MO dye. It is expected that the
anionic nature of the polymer matrix increases when it is subjected to
basic conditions, and thus enabling electrostatic repulsion of the dye
anions. This may serve as the basis for the dye elution off the polymer
[105]. Figure 10 shows the adsorption breakthrough curves for 3 cycles.
It is observed that the first and second cycles of adsorption took 48 h to
attain the breakthrough point with the third cycle reaching breakthrough
at 18 h. Accordingly, exposing the polyaniline to HCI after treatment with
NaOH successfully refurbished the PANI NFs with Cl™ and replenished
the stable protonated conformation (emeraldine) of the polyaniline
nanofibers, hence the observed recyclability potential of the adsorbent
[106, 107]. The recyclability of the PANI NFs qualifies it as a re-useable
sorbent possessing good adsorption capacity and stability for MO
decontamination from water.

Heliyon 7 (2021) e08180

3.6. Breakthrough curve modeling

The column adsorption data were fitted in three breakthrough
adsorption models, viz Thomas, Yoon-Nelson, and Bohart-Adams models,
and the results are presented in Table 4.

3.6.1. Thomas model

The Thomas model was fitted in equilibrium data, and it yielded high
R? values (0.914-0.978) suggesting that the adsorption may follow
Thomas model equilibrium dynamics. Respectively, Table 4 demon-
strates a rise in q, as the adsorbent length increased, possibly due to the
affordable availability of more sorption sites. However, g, values less-
ened with rising flow rate and inlet concentration, which may be as a
result of decreased adsorbate residence time and higher driving force
leading to early adsorbate saturation, respectively [42]. Conversely, kg
values generally diminished with an upsurge of flow rate, bed length, and
influent concentration.

3.6.2. Yoon Nelson model

Inspection data were also fitted into the Yoon-Nelson model and high
R? values were obtained (0.939-0.986), suggesting the possibility of the
removal of MO using PANI NFs following this ideal. Comparing investi-
gational saturation times with calculated values of 27, the two values are
very close to each other thus confirming the applicability of Yoon-Nelson
model for adsorption of MO by PANI NFs. Furthermore, as revealed in
Table 4, the calculated R? values (0.939-0.986) rule over others from
investigated models. 7 values improved with bed length owing to more
adsorption sites accessibility, yet conversely, the 7 values diminished
with a rise in flow rate and influent concentration. This decrease in 7
values is possibly explained by the expected rise in saturation rate of the
PANI NFs adsorbent as the flow rate and influent concentration increase.
There was an observed rise in kyy values as influent concentration
increased and this ascribes to the improved bulk transfer rate that pre-
vails at such experimental conditions [79]. Increasing bed length, how-
ever, resulted in low kyy values.

3.6.3. Bohart-Adams model

For the Bohart-Adams model fitting, Table 4 shows relatively low
regression coefficient (R?) values (0.640-0.9403), and this signifies that
this model does not provide a good representation of the MO adsorption
using PANI NFs equilibrium dynamics. The values of kqp and N, were
fluctuating as the parameters were varied.

4. Conclusion

In this study, polyaniline nanofibers fabricated via quick mixing
chemical oxidative polymerization were investigated for their potential

Table 4. Fixed-bed column modeling parameters.

Thomas model Bohart-Adams Yoon-Nelson
Parameters Ky x1073 Qo R? Kpa x1073 No R? Kyn T R?
Bed mass
2 9.389 4165.14 0.914 4.91 2972.78 0.782 0.469 55.54 0.980
4 7.173 4261.98 0.948 6.248 2877.31 0.931 0.349 113.70 0.947
6 3.053 4798.93 0.952 1.746 3348.01 0.891 0.155 190.02 0.963
Flow rate
3 11.148 3889.53 0.975 8.562 2762.08 0.940 0.5467 52.93 0.986
5 8.834 3438.14 0.945 5.708 2447.63 0.811 0.4289 26.45 0.948
7 7.826 3391.91 0.953 4.548 2768.19 0.757 0.3913 13.38 0.953
Influent concentration
25 6.628 4452.25 0.968 3.808 3137.15 0.881 0.1657 118.73 0.968
50 9.416 4165.62 0.978 4.91 2972.78 0.782 0.4708 55.54 0.978
100 4.406 2943.58 0.939 1.682 2652.71 0.640 0.4406 19.62 0.939

10



M.L. Dlamini et al.

in decontamination of methyl orange dye from water via a fixed-bed
column adsorption set-up. The as-synthesized PANI NFs exhibited a
smooth homogeneous interconnection of nanometer-sized fibers, with a
relatively high average surface area (35.80 m?/g). The MO decontami-
nation results revealed that optimum MO removal is favoured by low
influent concentration and rate of solution flow with high bed length.
Adsorption of the MO was afforded by electrostatic interactions of the
protonated PANI NFs surfaces and anionic methyl orange SO3 groups.
The bed volumes, BV processed, increased with bed length. Contrarily,
BV drops with a rise in both flow rate and influent concentration. The rate
of adsorbent exhaustion, AER rises with the rate of solution flow and inlet
concentration. The Thomas and Yoon-Nelson mathematical models
yielded a good correlation with the column data whereas the Bohart-
Adams model gave a poor fit. Ultimately, the results show that 6 g
(bed length = 9 cm) of PANI NFs can readily treat 29.16 L of 25 mg/L MO
solution at a flow rate of 3 mL/min attaining the breakthrough point at
162 h. Additionally, the adsorbent can be used in more than one cycle
before being recycled. Therefore, PANI NFs are effective as potential
adsorbents for MO removal in fixed-bed operation techniques.
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