Open Access Article. Published on 25 March 2022. Downloaded on 11/8/2025 3:30:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2022, 12, 9424

ROYAL SOCIETY
OF CHEMISTRY

(3

Facile preparation of a polypyrrole modified
Chinese yam peel-based adsorbent:

characterization, performance, and application in
removal of Congo red dyef
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In this study, Chinese yam peel (CYP) was modified with polypyrrole via an in situ polymerization method to

remove Congo red from aqueous media. The prepared CYP-polypyrrole (CYP-PPy) composite was
characterized using FTIR, SEM, TEM, XRD, TG and BET analysis. The performance of CYP—-PPy towards
the adsorption of Congo red (CR) was explored in batch mode. The removal efficiency of CR was found

to be 86% at the initial concentration of 100 mg L™, contact time of 120 min, and the adsorbent dosage
of 10 g L™t At equilibrium time (20 h), the removal efficiency was significantly acceptable (98.9%). The
adsorption kinetics data were most consistent with the pseudo-second-order kinetic model. The

adsorption equilibrium data could be described well by the Langmuir isotherm model with the maximum
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adsorption capacity of 86.66 mg g~ In view of thermodynamics, the adsorption process was

endothermic and more favorable for CR removal at 45 °C. A reusability study indicated that CYP—-PPy
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1. Introduction

In the last decades, the discharge of significant raw sewage has
been the main environmental issue due to the development of
industrialization and increasing world population.’ Therefore,
water pollution causes a serious challenge for the global
ecosystem.” Water is contaminated by various pollutants such
as dyes, pharmaceuticals, pesticides, and heavy metals. Among
these various destructive contaminants, dyes resulting from
textile industries have been considered as the most hazardous,
imparting harmful threats on human health and the
ecosystem.® This is due to their noxious, mutagenic and low-
degradable properties. Thus, it is crucial to minimize or
remove the dyes before discharging into the water bodies. In
this context, many available methods for the treatment and
disposal of dyes have been studied, such as adsorption, pho-
tocatalytic degradation, chemical precipitation, electrodialysis,
and biological treatment.*** In general, each technique has its
inherent advantages and disadvantages. Among them, adsorp-
tion has been considered as an efficient, economically inex-
pensive, versatile and eco-friendly process becoming
a predominantly-used technique to remove dyes from
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could be reused effectively for up to three successive cycles of ad-/de-sorption. Hence, this work
provides an alternative scheme for the targeted exploitation of agricultural waste to control dye pollution.

wastewater. For example, Purkait et al. have selected activated
carbon as adsorbent for the removal of Congo red.*> Normally,
the removal performance of dyes is strongly reliant on the
adsorbent features like porosity, specific surface area, the
exposed degree of functional groups, etc. Consequently,
numerous researchers have made great efforts to produce
inexpensive, versatile and effective adsorbing materials for the
removal of dyes.

Recently, numerous inorganic and organic based adsorbents
have received much attention for the cancellation of contami-
nants from wastewater. Since the advent of polymer-based
adsorbents, conducting polymers have progressively
engrossed scholar' considerable attention due to their satis-
factory features such as facile synthesis, high stability, non-
toxicity, good biocompatibility, low-cost.>**** Among these
polymers, polypyrrole (PPy) has been widely used in environ-
mental studies. Moreover, the PPy has positively charged
nitrogen atoms in their structures, being able to remove anionic
contaminants from aqueous solution through ion-exchange,
electrostatic and m-m interaction.’® Although extensive
interest and increasing applications of PPy, the tendency of self-
aggregation, poor processability, difficulty in porosity control,
and relatively low adsorption capacity are still the main limited-
factors in the removal of contaminants from water.">"
Accordingly, the preparation of PPy based or modified
composites can overcome the main limitations, and be
considered as a promising way to improve its performance.*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Mashkoor et al. integrated polypyrrole with chitosan-based
magsorbent for the elimination of methyl orange and crystal
violet dyes from aqueous medium.* Kamal et al. synthesized
a ternary nanocomposite comprising the graphene oxide, chi-
tosan, and polypyrrole to remove the Congo red and heavy
metals.”* Hence, polypyrrole based polymeric composites have
received much attention and applications in recent years.
Agricultural peels are rich in active functional groups,
becoming the promising source of adsorption materials. These
wastes have been employed either as biocomposites or natural
biosorbents in the removal of contaminants from water.?** For
example, Huang et al. synthesized a magnetic carbon material
based on pomelo peel to extract the pollutants in water envi-
ronment.> It is obvious that agricultural peels serve as an
interesting alternative in the low-cost and ecofriendly treatment
of contaminants. Yam (Dioscoreae rhizoma) is a tuber distrib-
uted in tropical and subtropical regions.”® Chinese yam (CY)
serves as the potential functional food, which has been widely
used in China. Meanwhile, Chinese yam peel (CYP) is the
generation as solid waste lacking further application. Hence, it
is meaningful to explore the potential utilization value of CYP.
In this work, we used in situ polymerization method to
fabricated a Chinese yam peel-PPy composite (CYP-PPy) with
satisfactory adsorption efficiency for removal of Congo red (CR)
dye from aqueous media. Facile preparation, low-cost, prom-
ising adsorption performance, non-toxicity, and enjoying the
benefit of PPy are the notable features of CYP-PPy composites.
The prepared CYP-PPy composite was characterized with FTIR,
SEM, TEM, XRD, TG and BET in detail. Moreover, based on the
characterization, a possible adsorption mechanism of CR on
CYP-PPy composite was proposed. Batch adsorption experi-
ments were carried out to reveal the kinetic and isotherm
process. Finally, the reusability of adsorbent has also been
discussed. Herein, Chinese yam peel, as a waste material, can be
utilized to produce agricultural waste/polymer composite to
provide a reasonable scheme for dye pollution control.

2. Experimental
2.1 Reagents and materials

Pyrrole, Pluronic F127, FeCl;, and Congo red were purchased
from Aladdin (China). Chinese yam peel was supplied by a local
market. And the other required reagents were purchased from
Macklin (China).

2.2 Instrumentation

FTIR spectra were recorded on a spectrometer (PerkinElmer,
L1600300, USA) with KBr pellets. SEM (JEOL, JSM-6700F, Japan)
was used to capture the surface structure of the adsorbent. TEM
(JEOL, JEM-2100F, Japan) was employed to observe the shape and
particle size of CYP-PPy composite. XRD (Tokyo, Rigaku, Japan)
was used to scrutinize the crystallinity of the material. The thermal
stability was characterized by TG analyzer (SDT650, USA) in the
temperature range of 30-800 °C in nitrogen atmosphere. The
characteristics of adsorbent including surface area, pore volume,
and pore diameter were measured via BET (Quantachrome,
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Autosorb iQ, USA). The concentration of CR solution was moni-
tored via a UV-visible spectroscopy (DR6000, China).

2.3 Preparation of CYP-PPy composite

The dried CYP powder was soaked in 25 mL aqueous solution of
pyrrole (0.2 M) for 20 h. In a separate container, certain amount
of Pluronic F127 as dispersant (controlling the shapes and
dispersion of PPy) was dissolved in 50 mL deionized water
under ultrasound and then 2.03 g FeCl; as the oxidizing agent
was added to the solution, stirred well on a magnetic stirrer to
form a homogeneous solution. The resulting solution was
poured into the first vessel followed by further stirring at 5 °C
for 5 h. The synthesized black CYP-PPy composite was filtered
and washed repetitively with deionized water and ethanol.
Finally, the resulting composites were dried under vacuum for
24 h and used in removal experiments.

2.4 Adsorption study

The adsorption capacity of composites was investigated for CR
removal at different process variables, i.e. adsorbent dosage, dye
concentration, contact time and temperature. The batch
experiments were performed in 50 mL Erlenmeyer flask. A
specific amount of composites was mixed with CR solution (25
mL), and the adsorption took place in a shaker incubator at
150 rpm at a scheduled temperature for specific time. The
concentration of CR was monitored at the wavelength of 492 nm
by UV-visible spectroscopy, and the calibration curve was given
in Fig. S1.7 Finally, the adsorption capacity was calculated via
the following equations:

_ (C() — Ce) x V
e = m (1)
g= 0= ®

The removal efficiency (E) was evaluated as:

C — G
—— x 10
G x 100 (3)

E(%) =
where g. and g, (mg g~') represent the adsorption capacity at
equilibrium and any time, respectively. C,, C. and C, (mg L)
are the initial, equilibrium and any time concentration,
respectively. V (L) and m (g) correspond to the volume of dye
solution and the mass of the adsorbent, respectively.

2.5 Desorption and regeneration of the adsorbent

To evaluate the recovery adsorption efficiency of the adsorbent,
the adsorbent regeneration tests were conducted with different
desorbing solvents, namely, 0.1 M HC], 0.1 M NaOH and
ethanol. After then, the dye-loaded-CYP-PPy adsorbent was
rinsed with distilled water to eliminate any excess of desorbing
solvent, and then dried under vacuum at 40 °C. The CR
concentration applied for each usage cycle was 100 mg L™
Same procedure was repeated in each adsorption-desorption
cycle to re-evaluate the adsorption efficiency of the adsorbent.
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Scheme 1 Schematic illustration of preparation procedure of CYP—PPy composite.

3. Results and discussion which can provide active-sites for the polypyrrole on CYP.

Adding the FeCl; solution as the oxidizing agent generates
oxidative polymerization. The prepared CYP-PPy composite was
Scheme 1 illustrates the preparation procedure of CYP-PPy characterized using different techniques.

composite. CYP is a biomass having active functional groups

3.1 Synthesis and characterization of CYP-PPy composite

Fig. 1 SEM images of CYP (A(a)), PPy (B(b)), CYP=PPy (C(c)), and CR loaded CYP—PPy (D(d)).
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Fig.2 TEM images of CYP (a), PPy (b) and CYP-PPy (c).

The surface morphologies and structure of CYP, PPy, CYP-
PPy, and CR loaded CYP-PPy were observed via SEM and the
images were illustrated in Fig. 1. The SEM images of CYP
(Fig. 1A(a)), having oval or spherical granules morphology,
indicate that the starch is existed on the surface of CYP with no
distinct cavity at the edge of the fold. The pure PPy powder
(Fig. 1B(b)) displays as aggregates morphology exhibiting quasi-
spherical particles. On the other hand, the CYP is generally
coated by PPy during the preparation of CYP-PPy (Fig. 1C(c)). Its
surface becomes very rough. After CR adsorption, the surface
morphology of CYP-PPy remains nearly unchanged except for
a larger dense layer, since the surface of CYP-PPy is covered by
the dye (Fig. 1D(d)). The TEM images of CYP, PPy and CYP-PPy
composite were displayed in Fig. 2. It was observed that the
morphology of CYP was changed after modification with poly-
pyrrole. The image of CYP-PPy suggests that dark patches of
PPy particles with diffused morphology dispersed in the CYP
matrix.

To verify whether CYP and PPy were successfully binding,
FTIR was carried out. Fig. 3a illustrates the FTIR analysis of raw
CYP, PPy, CYP-PPy composite, and CYP-PPy after CR adsorp-
tion. The broad peak at 3200-3600 cm™* can be attributed to
hydroxyl group stretching vibration from CYP. In the CYP, the
peak at 2925 cm ' corresponds to the C-H asymmetrically
stretching vibration. The peak near 1642 cm ™' and 1545 cm ™"
might be endorsed to the stretching vibration of C=C. The
band appeared at 1029 cm ™" indicates the N-H stretching. The
sharp peak at 1541 cm ™" in PPy represents the C=C stretching

a

——CYP

—PPy
——CYP-PPy

— CR loaded CYP-PPy

Transmittance (%)
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Fig. 3

© 2022 The Author(s). Published by the Royal Society of Chemistry

Intensity

of pyrrole ring.>?® The band at 1457 cm ™' might be assigned to
the symmetric pyrrole ring stretching and conjugated C-N
stretching.*?” Peaks at 1166 cm ™' and 1038 cm™ " are assigned
to the C-H and N-H in-plane deformation vibration, respec-
tively. And the band of C-H out-plane vibration is observed at
898 em™". These characteristic peaks accompanying with PPy
also existed in CYP-PPy composite, and the peak of 1541 cm™*
assigned to pyrrole ring is enhanced in CYP-PPy, thus evidently
confirming the successful introduction of PPy to CYP. The
spectrum of CYP-PPy after CR adsorption was also presented.
After the CYP-PPy loaded with CR, shifting of peaks of CYP-PPy
from 2925, 1541, 1457, 1166, 1038, and 898 cm ™" to 2930, 1554,
1462, 1175, 1046, and 910 cm ' was observed. It seems that
these respective functional groups most likely to be involved in
dye interaction during the adsorption. XRD patterns of raw CYP,
PPy and CYP-PPy were shown in Fig. 3b. The peaks at 14.47°
and 22.14° are related to the presence of cellulose in CYP, and
the broad peak of 22.14° denotes the natural amorphous
structure of CYP. For the XRD pattern of PPy, the manifest peak
at 23.12° is observed, implying an amorphous nature. The result
is consistent with the reported literature. The spectra for CYP-
PPy showed this characteristic peak is fused into CYP.*®

Fig. 4 shows the TGA curves of CYP, PPy, CYP-PPy
composite. The TGA curve of CYP indicated the thermal
degradation occurs up to 200 °C with a weight loss of about
17%. This may be accounted to the loss of moisture. Then,
a continuous loss of approximately 56% was observed in the
temperature range of 200-500 °C. This major mass loss is due to

2 theta

(a) FTIR (CYP, PPy, CYP-PPy and CYP-PPy after adsorption) and (b) XRD analysis of CYP, PPy, and CYP-PPy.
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Fig. 4 TGA curves of CYP, PPy and CYP-PPy.

the decomposition of biomass matter. However, the thermal
stability of CYP-PPy composite was discovered to be relatively
improved, which may be owing to the higher thermal stability of
PPy.? Finally, the weight losses of CYP and CYP-PPy composite
were estimated to be approximately 76% and 66% at the end of
the analysis, at 800 °C, respectively. The nitrogen adsorption-
desorption isotherms of CYP and CYP-PPy are illustrated in
Fig. 5. The BET surface area of CYP-PPy is found to be 79.955 m*
g~ ', which is much higher than that of CYP of 16.548 m”* g .
The greater specific surface area of CYP-PPy offers more
binding sites for adsorption. The result indicates that intro-
ducing PPy to CYP can improve the surface feature of the
adsorbent (Table 1).

3.2 Comparison of CYP and CYP-PPy

Chinese yam peel is a low-cost bio-source adsorbent. As an
agricultural waste, it can be a fine material for dye removal. In
the CYP-PPy, polypyrrole particles with diffused morphology
dispersed on the surface of CYP particles, which increases the

oo
1
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1
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F S
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Table 1 Surface area, pore volume and pore diameter for CYP and
CYP-PPy

Parameter CYP CYP-PPy
Surface area (Sggr) (m* g %) 16.548 79.955
Pore volume (V},) (cm® g™") 0.017 0.094
Pore diameter (dp) (nm 2.107 2.574

removal efficiency of the CYP-PPy composite. Although the
removal efficiency of the CYP-PPy is relatively lower than that of
PPy, it is fair to indicate that the prepared CYP-PPy was
a promising material to remove CR from aqueous solution. The
adsorption data were provided in Table 2 to justify the
successful modification of Chinese yam peel.

3.3 Effect of adsorbent dosage

Adsorbent dosage is a significant parameter in the dye removal
process. The quantitative performance of CYP-PPy composite
for the removal of CR dye from aqueous media was assessed by
varying adsorbent dosage from 0.8 to 12 g L™, and the results
are manifested graphically in Fig. 6. According to Fig. 6, the
adsorbent exhibits a remarkable increasing the removal effi-
ciency of CR from 70.73% to 99.50% in the range of investiga-
tion dosage. This enhancement can be attributed to the more
available active sites and greater adsorbing surface area for
adsorption at higher adsorbent dosage. Meantime, the lower
adsorption capacity was observed with increasing amount of
adsorbent. Numerically, the adsorption capacity of CYP-PPy
composite decreased from 88.41 to 8.29 mg g *. The downtrend
in the adsorption capacity may be due to the decreasing of
vacant adsorbing sites per unit mass of adsorbent owing to the
agglomeration at higher dosage.* In fact, considering the
removal efficiency and adsorption capacity, the CYP-PPy
composite dosage of 10 g L™ " was opted for the following tests.

3.4 Effect of pH

The solution pH has an important effect on dye removal by
changing the surface property of adsorbent material and

W
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3040+
£
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04
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Relative pressure (P/P) Relative pressure (P/P)
Fig. 5 Nitrogen adsorption—desorption isotherm of CYP (a) and CYP—PPy (b).
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Adsorption efficiency of CYP, PPy and CYP—PPy in CR removal at equilibrium time

No. Adsorbent Adsorbent dose (g L)

Initial CR concentration
(mgL™)

Removal efficiency
(%)

1 CYP 2

2 PPy
3 CYP-PPy 2

\S)

100
100

95 - 80

90
F 60

854

E (%)
q. (mg/g)

30
75 7 20

70

T T T T T 0
0 2 4 6 8 10 12

Adsorbent dose (g/L)

Fig. 6 Effect of adsorbent dose on CR adsorption.

adsorbent-adsorbate interactions. The efficiency of CYP-PPy
composite for CR removal was tested with a pH range of 4 to 11.
The obtained results are shown in Fig. 7. In general, a higher CR
removal is achieved under acidic condition. A possible expla-
nation may be due to the positive surface charge of CYP-PPy at
acidic pH. Then, the negative electric charge of CR shows
affinity towards CYP-PPy by electrostatic attraction. Derouich
et al. also reported that an acidic condition is suitable for
anionic dye adsorption.?

3.5 Time effect and adsorption kinetics

The effect of absorbing time on adsorption performance of
CYP-PPy composite is given in Fig. 8a and b. It is clear that the

100 4

95 1

90

E (%)

85

80

Fig. 7 Effect of pH for CR removal.
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removal efficiency increases initially at a highly rapid rate
because a great many available surface-active sites will be
occupied gradually over the time. Until 60 min, the removal
efficiency reached 74.35% at the initial concentration of
100 mg L™ ". Then, the removal of CR was slowed down with the
prolongation of time owing to the decrease in adsorption
capacity. This declining trend is attributed to the decline in
active-sites, as well as the deeper and farther transfer of
adsorbate molecules.® In the final stage (300-400 min), the
equilibrium was established. It is much clear that the adsorp-
tion capacity increases with the increasing of the CR initial
concentration. The concentration gradient plays the role of
driving force for the transfer process.>®

The adsorption kinetics of CR on CYP-PPy composite was
studied under different initial concentrations in detail. To
understand the deeper mechanism of adsorption process, the
experimental data were analyzed with various kinetic models
including pseudo-first-order, pseudo-second-order, Elovich,
and intra-particle diffusion. The models are represented in Text
S1.t The fitting results are listed in Table 3 and the adsorption
process of CR on CYP-PPy composite follows the pseudo-
second-order kinetic model (Fig. 8c). The calculated values of
de by the pseudo-second-order kinetic model are much closer to
the values determined via experiment. The result indicates that
chemisorption is the limited step in the adsorption of CR on the
surface of material.”® The chemical adsorption process involves
electron sharing or transfer between CR (adsorbate) and CYP-
PPy composite (adsorbent). In addition, the corresponding
constant k, value is inversely proportional to the initial
concentration of CR, which means the lower initial concentra-
tion of CR declines the adsorption rate.>® Also, the relatively
high value of R*> in pseudo-first-order model could not be
ignored, which indicates some area of the adsorbent is occupied
physically. Hence, the adsorption process may be a combina-
tion of chemical-physical procedure. The similar result was also
reported by Khadir et al."* Meanwhile, the relatively high value
of R* in Elovich model (0.9554-0.9958) suggests that the
adsorption behavior is not only chemisorption. In spite of the
comparison with former kinetic models, pseudo-second-order
model is still more favorable. It can still reveal that the adsor-
bent sites are not heterogeneous. The above mentioned find-
ings demonstrate that the adsorption of CR onto CYP-PPy
involves more than one mechanism.

To obtain more insight into the comprehensive mechanism
of adsorption of CR onto CYP-PPy composite, intra-particle
diffusion model was also applied to evaluate stages of adsorp-
tion process. The result is shown in Fig. 8d. It can be seen that
the adsorption process of CR on CYP-PPy composite has

RSC Adv, 2022, 12, 9424-9434 | 9429
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Fig. 8 Effect of time on CR adsorption (a and b), pseudo-second-order kinetic model (c) and intraparticle diffusion model (d) for adsorption of

CR onto CYP-PPy composite.

Table 3 Kinetic parameters for the adsorption of CR onto CYP—PPy
composite

Co(mgL™") 80 100 150 250
Pseudo-first-order

Ge,cal 4.3970 5.2972 6.0466 7.0460

ks 3.81 x 10°° 493 x10°® 3.00 x 10°* 3.48 x 10
R* 0.9869 0.9931 0.9822 0.9202
Pseudo-second-order

e cal 8.1031 10.1338 14.5117 22.4014
ky 6.73 x 10°  6.40 x 10°° 5.48 x 10°° 5.08 x 10°
R? 0.9980 0.9991 0.9979 0.9972
Elovich

o 2.5286 3.9225 35.6654 2505.5764
8 0.8421 0.6837 0.6356 0.6020

R* 0.9939 0.9814 0.9958 0.9554
Intra-particle diffusion

Step 1: & 0.9289 1.3543 0.9342 1.2609

C 0.6264 0.3853 5.4405 11.7416
R? 0.9830 0.9529 0.9970 0.9687
Step 2: k, 0.2911 0.3420 0.3332 0.1546

c 3.3640 4.7155 8.6277 17.9431
R* 0.9972 0.9927 0.9801 0.9440
Step 3: k; 0.1000 0.0957 0.2154 0.3677

C 5.8881 7.9680 10.1465 15.3028
R? 0.9928 0.9417 0.9746 0.8821

9430 | RSC Adv, 2022, 12, 9424-9434

multiple diffusion steps. Namely, the first stage represents the
fast diffusion of adsorbate target (CR) through solution to the
surface of adsorbent particles. In the second and the third
stages, the rate of adsorption gradually slows down. These
imply the diffusion of adsorbate into the inner pores of adsor-
bent particles, thus the increased diffusion resistance leading to
the balanced state. Since lines do not pass through the origin,
the intra-granular diffusion is not the only controlling step, but
also involving other adsorption process.

3.6 Initial concentration and adsorption isotherms

The research of adsorption isotherms is necessary. Herein, the
study was conducted at different temperatures in a wide initial
dye concentrations range (80-1000 mg L™"). The isotherm data
were studied with various isothermal models including Lang-
muir, Freundlich, D-R, and Temkin. The linearization equa-
tions of above-mentioned models are given in Text S2.1 All the
corresponding parameters obtained are shown in Table 4. As
shown in the Table 4, the higher values of R? in the Langmuir
model suggest that the adsorption of dye molecules on the CYP-
PPy composite is monolayer adsorption. And the fitting result is
displayed in Fig. 9b. The values of ¢, are closely consistent with
obtained experimental data. The increasing trend of g,,, with the
rise of adsorption temperature indicates that the increasing of
temperature is favorable for dye removal, which implies that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Parameters of isotherm models for CR onto CYP-PPy composite
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Temperature (°C) 15 25 35 45
Langmuir

Im 53.1632 59.8086 82.6446 86.6551

K 0.0560 0.0800 0.1673 0.5377

R* 0.9943 0.9914 0.9913 0.9961

Ry, 0.0249-0.1824 0.0175-0.1352 0.0059-0.0695 0.0019-0.0227
Freundlich

n 2.4840 2.7364 3.7776 3.7477

K¢ 6.5267 10.0648 20.1829 27.1137

R* 0.9512 0.9864 0.9744 0.9155
D-R

Kp 1.88 x 10°° 3.07 x 1077 2.47 x 1078 2.53 x 1078
dm 29.5664 30.9561 38.8376 48.8815

R* 0.7157 0.6790 0.6476 0.7941
Temkin

Ar 0.8841 2.5661 31.5672 64.4319

by 260.4260 278.6422 323.7850 298.6917
R* 0.9651 0.9482 0.8874 0.9551

adsorption process is endothermic (Section 3.7). Further, the
values of dimensionless separation factor (Ry) in the study are
in the range of 0.0019-0.1824, which clearly indicates that the
adsorption process was favorable (0 < R;, < 1). However, the
relatively high R* values in Freundlich isotherm suggest that
multilayer adsorption also plays a crucial role in CR uptake. It
implies that the CYP-PPy composites act like heterogeneous
media for CR molecule. The values of 1/n in this study lie
between 0.2647 to 0.4026 at investigated temperature, indi-
cating that CR removal was favorable (since 0 < 1/n < 0.5).** So,
the chemisorption is also non-ignored. In conclusion, the
adsorption of CR on CYP-PPy composite can be defined as
a mixture process. Namely, physical and chemical adsorption
control the removal process.

3.7 Thermodynamic studies

The thermodynamic parameters for CR are presented in Table
5. The negative values of AG suggested the spontaneity of the

100 2
—a—15°C

—e—25°C

304 —4—35°C
—v—45°C

60

qe (mg/g)

40

20

T T 1
0 50 100 150 200
Ce (mg/L)

adsorption system. It is seen that a higher absolute value of AG
was observed at greater temperature. Thus, the adsorption
process is more spontaneous and favorable at higher tempera-
ture. Positive AH suggested that the process is endothermic,
which reflects that higher temperatures are more satisfactory
for CR adsorption onto CYP-PPy. The result is consistent with
the previous experimental results. Generally speaking, enthalpy
value greater than 40 kJ mol ' reveals a chemisorption.’*
Herein, AH was found to be 81.6691 k] mol ', which indicating

Table5 Thermodynamic parameters of CR adsorption onto CYP—PPy

Temperature AS

(K) AG (k] mol ™) AH (k] mol™) (kJ mol ' K1)
288 —1.6475 81.6691 0.2876

298 —2.9595

308 —7.5224

318 —9.7572

0.0

0 50 100 150 200
Ce (mg/L)

Fig. 9 Adsorption isotherms at different temperatures (a), and the Langmuir isotherm model for CR (b).
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Table 6 Comparison the adsorption capacity of CYP—PPy with other adsorbents for dye removal
Adsorption capacity
No. Adsorbent Dye (mgg™) Ref.
1 m-Cell/Fe;0,/ACCs Congo red 66.09 5
2 Activated carbon Congo red 6.70 29
3 AAK/TiO,-30 Congo red 38.70 30
4 PTSA-Pani@GO-CNT Congo red 66.66 32
5 Cr,05/Al,04 Congo red 35.13 33
6 PPy/MW nanocomposite Congo red 147.00 31
7 Polypyrrole/starch Acid Black-234 66.6 1
8 Sisal fibers/polypyrrole/polyaniline Reactive orange 5 12.43 11
9 MChs/Ppy Crystal violet 62.89 3
10 CYP-PPy Congo red 86.66 This work

that chemisorption mechanism of CR molecules onto CYP-PPy
is existing. Also, positive AS suggests an increase in disorder
and randomness at the solution/solid interface. Hence, the
change of entropy reveals good affinity of the obtained adsor-
bent for adsorbate.

3.8 Comparison with other relevant work

To evaluate the applicability of CYP-PPy, we compare the
performance of CYP-PPy in this work with other adsorbents in
terms of adsorption capacity. The result was exhibited in Table
6. According to the data, it can be suggested that CYP-PPy is
successful for dye removal in comparison with other adsorbents
such as m-Cell/Fe;0,/ACCs,* activated carbon,?* AAK/TiO,-30,*
sisal fibers/polypyrrole/polyaniline."* However, it is relatively
inferior to the adsorbent of PPy/MW nanocomposite.** All the
same, it is obvious that CYP-PPy has competitive adsorption
capacity compared to the adsorbents in the table. It can be
concluded that the CYP-PPy proposed in this work can be
successfully utilized for dye wastewater treatment.

NH,

SO;Na

Acidic
medium

3.9 Mechanism of adsorption

In order to understand the interaction mechanism involved in
the adsorption process, it is necessary to consider the surface
nature of CYP-PPy and the structure of CR dye. The schematic
illustration of proposed mechanism is illustrated in Fig. 10. The
CR molecules are primarily adsorbed by pH-dependent elec-
trostatic attraction and w— interaction. Under acidic medium,
protonated amine groups of CYP-PPy composite bring about
positive surface charge. Fortunately, CR is a kind of anionic dye
having sodium sulfonate groups, which can dissociate sulfo-
nate group owing negative charge. Thus, electrostatic attraction
between the protonated amine groups and sulfonate groups
might be the main mechanism for the adsorption process. A
similar mechanism was also proposed in the previous reported
literature. Electrostatic interaction can be consider as the
primary mechanism for the adsorption process, but is not the
only interaction mechanism. The other interaction forces like
m-7 interaction and H-bonding can also play essential role in
the adsorption process.

NH,

SO;Na

Congo red
@ 'SO}’

Physisorption

Fig. 10 Schematic illustration of proposed mechanism for CR removal by CYP—-PPy.
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3.10 Reusability study

In this study, desorption tests were conducted with different
desorbing solvents. The results indicate that a higher desorp-
tion efficiency of CR from dye-loaded-CYP-PPy adsorbent
resulted in 0.1 M NaOH. Moreover, the adsorbent was executed
with 0.1 M NaOH for three successive cycles of ad-/de-sorption.
According the results displayed in Fig. S2,T the removal effi-
ciency was dropped to 94.8% in the third usage stage. However,
it was declined to 84.6% in the fourth time. Therefore, the result
represented that CYP-PPy is stable to be employed for the high
removal of CR dye.

4. Conclusions

The potential of CYP-PPy as a low-cost, nontoxicity, and avail-
ability adsorbent for removal of CR was evaluated in the present
research. Herein, in situ polymerization technique was effica-
cious for modifying Chinese yam peel with polypyrrole. The
result was confirmed by FTIR, SEM, TEM, XRD, and TG. The
variables including adsorbent dosage, pH of the system, con-
tacting time, initial concentration, and adsorption temperature
have significant effect on the removal efficiency of CR. The
equilibrium removal efficiency reached 98.9% at the adsorbent
dosage of 10 g L™, and the initial concentration of 100 mg L.
The adsorption equilibrium data manifested the applicability of
Langmuir isotherm model for CR removal with the maximum
adsorption capacity of 86.66 mg g ' at 45 °C. Langmuir and
pseudo-second-order models could give a satisfactory explain
explanation that the adsorption process was endothermic and
chemisorption. The main mechanism for the CR removal was
deemed as electrostatic interaction. But, pseudo-first-order
model could not be ignored, and the CR removal was also
governed by intra-particle diffusion. So, the adsorption process
was a combination of chemical-physical procedure. Maximum
desorption of CR form dye loaded-CYP-PPy was obtained with
0.1 M NaOH, and the adsorbent was reused effectively up to
three successive cycles of ad-/de-sorption. Hence, CYP-PPy is
perspective to be employed for dye pollution control. This work
provides an alternative scheme for the targeted exploitation of
agricultural waste.
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