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Abstract
Hydrogel nanocatalyst composed of nickel oxide (NiO) nanoparticles embedded in PVA–alginate hydrogels were potentially 
explored toward the reduction of anthropogenic water pollutants. The NiO nanoparticles was accomplished via green method 
using waste pineapple peel extract. The formation of the nanoparticles was affirmed from different analytical techniques 
such as UV–Vis, FTIR, XRD, TGA, FESEM, and EDS. Spherical NiO nanoparticles were obtained having an average size 
of 11.5 nm. The nano NiO were then integrated into PVA–alginate hydrogel matrix forming a nanocomposite hydrogel 
(PVALg@ NiO). The integration of nano NiO rendered an improved thermal stability to the parent hydrogel. The PVALg@ 
NiO hydrogel was utilized as a catalyst in the reduction of 4-nitrophenol (4-NP), potassium hexacyanoferrate (III), rhodamine 
B (RhB), methyl orange (MO), and malachite green (MG) in the presence of a reducing agent, i.e., NaBH4. Under optimized 
conditions, the reduction reactions were completed by 4.0 min and 3.0 min for 4-NP and potassium hexacyanoferrate (III), 
respectively, and the rate constant was estimated to be 1.14 min–1 and 2.15 min–1. The rate of reduction was found to be faster 
for the dyes and the respective rate constants were be 0.17 s–1 for RhB, MG and 0.05 s–1 for MO. The PVALg@ NiO hydrogel 
nanocatalyst demonstrated a recyclability of four runs without any perceptible diminution in its catalytic mettle. The efficacy 
of the PVALg@ NiO hydrogel nanocatalyst was further examined for the reduction of dyes in real water samples collected 
from different sources and the results affirm its high catalytic potential. Thus, this study paves the path for the development 
of a sustainable hydrogel nanocatalyst for reduction of hazardous pollutants in wastewater treatment.
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Introduction

Environmental pollution due to unregulated release of 
chemicals/effluents in urban wastewater has catapulted 
into a major threat to aquatic ecosystems across the 
globe. Among the diverse category of pollutants, nitro 
compounds and particularly 4-nitrophenol (4-NP) pose 
a severe threat to environment owing to its and toxicity 
and resilience to degradation [1]. Dyes are specifically 
another class of pollutants that impact the environment 
harshly. They are toxic and, in most cases carcinogenic, 
contribute largely to environmental deterioration. As the 
aforementioned pollutants are persistent in the environ-
ment both chemically and physiologically, their degrada-
tion becomes an uphill task. The conventional processes of 
elimination of these pollutants involve adsorption [2, 3], 
reverse osmosis [4], chemical coagulation [5] and photo-
degradation [6–10]. However, these methods proceed slow, 
generate secondary pollutant, have poor removal efficacy, 
and uneconomical in nature [11]. Thus, current times call 
in for simple yet proficient method for mitigation of such 
pollutants.

Of late, catalytic reduction of pollutants has blossomed 
into an enticing approach. Catalytic reduction has surged 
owing to its simplistic, fast, and cost-effective attributes 
[12]. A recyclable and stable catalyst is the need of the 
hour owing to sustainable and green chemistry. In this 
context, metal and/or metal oxide nanoparticles have blos-
somed as novel nanocatalysts for the reduction of diverse 
pollutants including nitro aromatic compounds, dyes, and 
heavy metals [13–15]. Even metallic nanoparticles have 
demonstrated overwhelming potential in electrocatalytic 
reduction of halogenated organic compounds in waste-
water treatment [16]. Nonetheless, despite huge potency, 
pristine nanoparticles mostly occur in powder form and 
there arises certain inherent shortcomings while working 
with a powder catalyst; (a) difficulties in collection and 
separation of the catalyst post-reaction completion, (b) 
post-reaction recycling, and (c) difficulties in regulating 
the leaching of catalyst [17]. Therefore, anchoring nano-
particles onto a support system is usually warranted to 
accomplish their full catalytic potential. Concerning this, 
hydrogel-based nanocatalysts have witnessed a tremen-
dous upthrust recently toward the catalytic reduction of 
pollutants.

Hydrogels are three-dimensional crosslinked polymeric 
networks comprising a water-insoluble matrix. Hydrogels 
designed from natural polymers have gained momentum 
as they are biocompatible and biodegradable in nature. 
Sodium alginate, a biopolymer mainly extracted from 
brown algae, has been greatly utilized in hydrogel synthe-
sis. Alginate-based hydrogels have profound biomedical 

[18] and environmental [19] applications. Yet, at most 
times, pristine alginate films are fragile and lose their ini-
tial mechanical strength over time [20, 21]. Thus, alginate 
has been formulated into composite with other polymers to 
form an interpenetrating network. Polyvinyl alcohol (PVA) 
is a widely recognized polymer of eminence in health [22] 
and adsorbent for environmental mitigation [23]. Thus, 
integration of alginate and PVA has invariably led to com-
posite systems endowed with improved physicochemical 
features apt for drug delivery [21], wound healing [24], 
3D bioprinting [25], anticancer therapy [26], and adsor-
bent for removal of aromatic compounds [27] and heavy 
metals like Cu (II) and U (VI) [28]. Despite vast literature 
on PVA–alginate hydrogels, there has been no report on 
nanocomposite hydrogels of PVA–alginate as a catalyst 
toward the reduction of pollutants in wastewater treatment. 
Thus, the scarcity of reports in this direction has motivated 
us to explore the efficacy of PVA–alginate hydrogel nano-
catalyst for reduction of pollutants.

In the current research contribution, nanocomposite 
hydrogels of nickel oxide nanoparticles (NiO NPs) inte-
grated in PVA–alginate hydrogels were investigated for 
reduction of hazardous water pollutants (Scheme 1). To 
begin with, biogenic synthesis of NiO NPs was accom-
plished from waste pineapple peel extract via the environ-
mentally benign microwave method. The NiO NPs were then 
incorporated onto PVA–alginate hydrogels and their thermal 
properties were examined. The designed nanocomposite 
hydrogel was utilized as a catalyst toward the reduction of 
pollutants like 4-nitrophenol (4-NP), potassium hexacyano-
ferrate (III) and organic dyes. Moreover, the re-usability and 
stability of our fabricated hydrogel nanocatalyst were also 
assessed. The efficacy of dye removal was further examined 
in real water samples to validate the practical applicability 
of our designed nanocatalyst hydrogel.

Materials and methods

Material procurement

Fresh pineapples were bought from local markets in Bhu-
baneswar. PVA (Mw = 89,000–98,000; 99.0% hydrolyzed), 
sodium alginate (viscosity 15–25 cp), 4-NP, K3[Fe(CN)6] 
and the dyes were procured from Sigma-Aldrich, India and 
used as received. Sodium borohydride and nickel chloride 
were obtained from Merck, India and used as such.

Biogenic synthesis of NiO NPs from pineapple peel 
extract

The pineapples peels were cleaned, chopped into small 
pieces, and pulverized to obtain a powder. An hydroethanolic 
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solution (80% v/v) of the peel powder (1 g/50 mL) was sub-
jected to microwave irradiation (Sineo UWave-1000 Micro-
wave; 300 W; 10 min). The solution was filtered and the 
fresh extract was used for the biosynthesis of NiO NPs.

The biogenic synthesis of NiO NPs was performed as per 
reported procedure with slight modifications [29]. Briefly, 
50 mL (5 mM) of aqueous nickel chloride solution was 
added to 20 mL of extract and mechanically agitated for 
few hours at 100 °C. Then the obtained precipitate was cen-
trifuged for 20 min and washed thrice with distilled water. 
The collected NiO NPs was dried, ground and stored for 
further uses.

Synthesis of PVALg@ NiO nanocomposite hydrogel

PVA (10 wt%) and alginate (10 wt%) were dissolved sep-
arately in distilled water. They were then mixed together 
and agitated for a brief period to obtain a homogeneous 
solution. To this solution, NiO NPs (0.5 wt%) dispersed in 
water separately was added and further mechanically agi-
tated (350 rpm) for 3 h. The gel solution was then casted to 
obtain the PVALg@ NiO nanocomposite hydrogel. Blank 
hydrogel (PVALg), devoid of NiO NPs, was also obtained 
in a similar manner.

Instrumentation and characterization

The FTIR spectra of the hydrogels were recorded in the 
range of 4000–400 cm−1 in a Thermo Nicolet iS5 FTIR 
spectrophotometer. The XRD profiles were collected on a 
RIGAKU ULTIMA–IV X-Ray diffractometer using Ni-fil-
tered Cu Kα radiation (1.54 Å) and scanned from 5° to 85° 
at a rate of 3°/min. The thermogravimetric analysis (TGA) 
of samples was measured in a Perkin Elmer Simultaneous 
Thermal Analyzer system (STA 6000) under N2 atmosphere 
(10 mL/min). The samples were heated from ambient tem-
perature to 900 °C at a rate of 10 °C/min. The morphol-
ogy of the samples was visualized on a Carl Zeiss-Gemini 
FESEM 300. The UV–Vis measurements were recorded in a 
Cary 100 UV–Vis spectrophotometer, Agilent Technologies.

Catalytic reduction

The catalytic reduction of 4-nitrophenol (4-NP), potassium 
hexacyanoferrate (III), and three organic dyes, namely rho-
damine B (RhB), malachite green (MG), and methyl orange 
(MO) was investigated. The standard solutions of the afore-
said pollutants were prepared and the test was performed 
using NaBH4 as a reducing agent. Briefly, 2 mL of each pol-
lutant was taken in a cuvette and 1 mL of NaBH4 was added 

Scheme 1   Schematic depiction of biosynthesis of NiO nanoparticles 
from pineapple peel extract. The nano NiO was integrated into PVA–
alginate hydrogels to form nanocomposite hydrogel (PVALg@ NiO). 

The potential of the PVALg@ NiO hydrogel nanocatalyst toward 
reduction of 4-NP, K3[Fe(CN)6], rhodamine B (RhB), methyl orange 
(MO), and malachite green (MG) was assessed
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to it. To this, the hydrogel nanocatalyst was added and the 
reaction was observed spectrophotometrically. The percent 
reduction was calculated from initial and final concentra-
tions of pollutants.

For reusability studies, the hydrogels were collected after 
each experiment, washed with distilled water and then re-
used for next experimental batch.

Kinetics

The pseudo-first-order formula equation was used to meas-
ure the reduction rate kinetics which is given by Eq. (1):

where r is the rate of reduction, t is the reaction time, Ct 
represents the concentration of pollutant which corresponds 
to absorbance at any time t and the initial concentration is 
represented as C0 which refers to absorbance at time 0. The 
linear relationships of reaction time (t) vs. ln (Ct/C0) were 
plotted for reduction reactions by PVALg@ NiO hydrogel 
nanocatalyst and the slopes of the plots provided the respec-
tive the apparent rate constants (kapp).

Results and discussion

Biosynthesis of NiO NPs from pineapple peel extract

Biosynthesis of NiO NPs from pineapple peel extract is a 
simplistic, economic, and ecofriendly method and avoids the 
use of noxious chemicals. In this study, NiO NPs were syn-
thesized from waste pineapple peel extract. A color change 
was detected when nickel chloride solution was added to 
the extract from aqua green to brownish black. Since the 
extract is endowed with diverse phytocompounds compris-
ing flavonoids, alkaloids, phenols, terpenoids, essential oils, 
etc. that behave as reducing, capping, and stabilizing agents; 
the reduction of nickel chloride to nano NiO is accom-
plished [30]. The formation of NiO NPs was ascertained 
from UV–Vis, FTIR, XRD, TGA, SEM, and EDS analyses, 
described below.

UV–Vis analysis

The UV–Vis spectroscopy was performed to confirm the for-
mation of NiO NPs by the green method. The UV–Vis spec-
trum of the synthesized nano NiO is depicted in Fig. 1A. The 
strong absorption band at 300 nm affirmed the formation of 
NiO NPs. This result corroborates with other reported data 
[29, 31].

(1)r = ln
ct

c0
= ln

At

A0

= −kappt,

FTIR analysis

FTIR spectroscopy depicts to find out the possible active 
biomolecules in the plant extract and identify the functional 
groups present in the green-synthesized NiO NPs. From 
Fig. 1B, the band observed at 3394 cm−1 was accredited to 
the O–Hstr of phenols/alcohol. The band at 1603 cm−1 was 
assigned to H–O–H bending vibrations [29]. These bands 
indicate the presence of moisture. The key absorption peak 
of the NiO NPs bond was witnessed at 660 cm−1 which is in 
accordance with earlier reports [29, 32].

XRD analysis

The X-Ray diffraction patterns of the synthesized NiO NPs 
has been projected in Fig. 1C. The peak positions corre-
sponding to 2θ = 37.4°, 43.4°, 63.0°, 75.5°, and 79.8° could 
be indexed as (111), (200), (220), (311), and (222) crys-
tal planes of the bulk NiO, respectively, which agrees well 
with the standard data (JCPDS card no. 47‐1049) [33, 34]. 
The presence of sharp peaks put forth the highly crystalline 
nature of our prepared nano NiO sample. The crystallite size 
of the NiO NPs calculated from Scherrer formula was esti-
mated to be 11.5 nm.

Thermogravimetric analysis

To infer the changes occurring during thermal treatment 
of the NiCl2 precursor, thermogravimetric analysis (TGA) 
was studied from ambient temperature to 900 °C in nitrogen 
environment. Figure 1D depicts the TG thermogram of the 
biosynthesized NiO NPs. It was clearly noted that the weight 
loss was inclusive of three steps. The region of first weight 
loss was detected in the range of 25–220 °C that could be 
attributed to the vaporization of water molecules associated 
with the precursor sample. The second region of weight loss 
was marked in the range of 220–420 °C that could be linked 
with the thermal decomposition of NiCl2 to NiO nanoparti-
cles. Beyond this temperature, a near negligible increase in 
weight loss was witnessed indicating the completion of the 
formation of NiO NPs [34–36].

Analyses of morphology and elemental compositions

The morphology of our prepared NiO NPs was envisaged 
by FESEM and the elemental composition was observed 
by EDS. From Fig. 2A, it was witnessed that the NiO NPs 
have spherical shape. Furthermore, the elemental analysis 
in Fig. 2B revealed the composition of Ni and O in NiO NPs 
to be 43.3% and 56.7% by mass, respectively.
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Fig. 1   Green synthesis of NiO NPs from pineapple peel extract. A UV–Vis spectrum, B FTIR spectrum, C XRD profile, and D TGA thermo-
gram of synthesized NiO NPs

Fig. 2   A FESEM image (Scale bar = 200 nm) and B EDS of green-synthesized NiO NPs from pineapple peel extract
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FTIR analyses of nanocomposite hydrogel

The FTIR spectra of PVA, alginate, PVALg, and PVALg@ 
NiO have been shown in Fig. 3A. The typical IR absorption 
bands of PVA were marked at 3400 cm−1, 2930 cm−1 and 
1720  cm−1  corresponded to hydroxyl stretching, C–H 
stretching from –CH2 groups and the stretching from C = O 
groups, respectively [37]. The band at 1318  cm−1  was 
ascribed to the hydroxyl bending while those at 922 cm−1 
and 840 cm−1 could be assigned to the CH2 bending and CH 
swing [38]. The FTIR spectrum of pristine alginate powder 
showed key bands at 3440 cm−1 and 2920 cm−1 attributed to 
hydroxyl stretching and stretching from –CH2 groups. The 
symmetric and asymmetric stretching of C–O–C groups 
were evident at 1615 and 1416 cm−1, respectively. On the 
other hand, the FTIR spectra of PVALg and PVALg@ NiO 
hydrogels revealed the presence of the key peaks of both 
PVA and alginate indicating good interpolymer interaction 
[37]. Particularly for the nanocomposite hydrogel, the NiO 
peak at 660 and 620 cm−1 was observed and a flattening of 
the hydroxyl band was witnessed. This could likely be due 
to the interaction of the O–H groups of the hydrogel with 
NiO NPs [39]. These spectral data were affirmative of the 
hydrogel formation and incorporation of nano NiO in the 
nanocomposite hydrogel.

Thermal analysis of nanocomposite hydrogel

Figure 3B elucidates the TGA plots of PVALg and PVALg@ 
NiO hydrogels. In the thermogram, PVALg exhibited two 
steps of weight loss; the first loss around 110 °C is due to 
the loss of moisture from the hydrogel specimen. The sec-
ond mass loss occurred around 210–400 °C. This mass loss 
is associated with the degradation of the polymeric chain. 

Compared with the PVALg hydrogel, the PVALg@ NiO 
nanocomposite base hydrogel also exhibited similar type of 
thermal behavior. In case of PVALg@ NiO hydrogel, the 
initial mass loss was observed at 110 °C and second mass 
loss at 430 °C. However, it was observed that the maximum 
decomposition temperature (Tmax) was higher for PVALg@ 
NiO hydrogel in comparison to the pristine PVALg hydro-
gel. For PVALg hydrogel, the Tmax revealed around 213 °C, 
while that for PVALg@ NiO hydrogel was noted at 235 °C. 
Thus, it could be inferred that the presence of NiO nano-
structures has bestowed a slight better thermal stability to 
the nanocomposite hydrogel in contrast to pristine film [40].

Morphology of hydrogels

The morphology of the hydrogels was visualized through 
FESEM and the elemental analysis was performed with 
EDS. The morphology of the PVALg and PVALg@ NiO 
hydrogels have been displayed in Fig. 4A, Aʹ, respectively. 
The images indicate the PVALg and PVALg@ NiO hydro-
gels possessed interconnected porous network structures. 
The EDS-elemental mapping (Fig. 4B, Bʹ, C, Cʹ) further 
acknowledged C, O, and Ni in the nanocomposite hydrogel.

Assessment of catalytic activity of PVALg@ NiO 
hydrogel nanocatalyst

The catalytic performance of the prepared nanocompos-
ite hydrogel PVALg@ NiO was explored by assessing the 
reduction reactions of 4-NP, K3[Fe(CN)6], rhodamine B 
(RhB), methyl orange (MO), and malachite green (MG) in 
the presence of a reducing agent, i.e., NaBH4. The following 
section discusses the reduction reaction for the aforemen-
tioned pollutants along with the kinetics in greater details. 

Fig. 3   A FTIR spectra of PVA, alginate, PVALg hydrogel and PVALg@ NiO nanocomposite hydrogel. B TGA thermograms of PVALg hydro-
gel and PVALg@ NiO nanocomposite hydrogel
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The plausible mechanism of reduction has also been pre-
sented in the later sections.

Reduction of 4‑NP by PVALg@ NiO hydrogel nanocatalyst

The efficacy of the PVALg@ NiO hydrogel nanocatalyst 
was examined for 4-NP reduction. From Fig. 5A, it was 
evident that pristine 4-NP displayed an absorption band at 
317 nm and visually appeared faint yellowish. After addition 
of NaBH4 solution, the absorbance shifted to 400 nm and 
a bright yellow coloration was witnessed. These changes 
are quite common features in 4-NP reduction owing to the 
formation of 4-nitrophenolate ions. Herein, the hydride ions 
of NaBH4 take up the easily available hydrogen from 4-NP 
and produce hydrogen and 4-nitrophenolate ions. However, 
further conversion to 4-aminophenol (4-AP) by NaBH4 is 
an extraordinarily time-consuming process, even though 
an excess of NaBH4 is utilized. This clearly warrants the 
employment of both an efficient and sustainable catalyst for 
the reduction of 4-NP. In this context, green-synthesized 
metal/metal oxide nanoparticles have been widely recog-
nized for their catalytic potential toward efficient reduc-
tion of 4-NP to 4-AP [41]. In our case, the PVALg@ NiO 
hydrogel served the above purpose. From Fig. 5A, it was 
seen the absorption peak at 400 nm decreased gradually 
and almost vanished within a span of 4.0 min after add-
ing the PVALg@ NiO nanocatalyst. This spectral behavior 
indicated the reduction of 4-NP and that this reaction was 
completed by 4.0 min.

To optimize the reduction parameters further; the amount 
of catalyst, 4-NP, NaBH4 were varied. From Fig. 5B–D; the 

optimized content for 4-NP, catalyst and reducing agent were 
noted to be 0.5 mM, 30 mg, and 500 mg, respectively, for a 
reaction period of 4.0 min. The improved catalytic activity 
of PVALg@ NiO nanocatalyst could likely be accredited 
to the interactions between hydrogel and NiO NPs. This, in 
turn, increases the rate of electron transfer and subsequently, 
facilitates the electron transfer from borohydride to 4-NP 
through the nanocatalyst. The generally accepted reduc-
tion reaction of 4-NP to 4-AP involves the dissolution of 
NaBH4 followed by ionization in aqueous media to generate 
BH4

− ions that react with the composites surface and transfer 
surface-hydrogen species required for the reduction of 4-NP 
[42–44]. Overall, the conversion of 4-NP to 4-AP can be 
summarized in three steps: (i) the adsorption of 4-NP and 
BH4

− molecules into the external surface of PVALg@ NiO 
hydrogel, (ii) transfer of electrons from BH4

− to 4-NP via 
the PVALg@ NiO hydrogel, and (iii) the desorption of 4-AP 
and regeneration of PVALg@ NiO hydrogel. This reduc-
tion is a 6-electron transfer process, where the electrons 
are transferred from BH4

− to substrate via adsorption onto 
the catalyst surface. The catalyst aids in the electron relay 
process, thereby facilitating the reaction between BH4

− and 
4-nitrophenolate anion and subsequently the formation of 
4-AP. The mechanism of 4-NP reduction 4-AP by PVALg@ 
NiO hydrogel nanocatalyst is depicted in Scheme 2.

The recyclability of any catalyst is a crucial feature vali-
dating its economic importance. Hence, the recyclability of 
synthesized PVALg@ NiO hydrogel nanocatalyst was stud-
ied. After each batch of 4-NP reduction test, the catalyst 
was collected, washed thrice with distilled water, dried, and 
reutilized for the next run. Herein, the recycled hydrogel film 

Fig. 4   A, Aʹ FESEM images (Scale bar 100 µm), B, Bʹ elemental mapping (Scale bar 20 µm) and C, Cʹ EDS of PVALg and PVALg@ NiO 
nanocomposite hydrogel
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Fig. 5   The catalytic reduction of 4-NP by PVALg@ NiO hydrogel 
nanocatalyst. A UV–Vis spectra of 4-NP with hydrogel as a func-
tion of time. Effect of B amount of catalyst, C amount of NaBH4, D 

concentration of 4-NP and E reusability efficacy. F Pseudo-first-order 
kinetic plot for 4-NP reduction by PVALg@ NiO hydrogel nanocata-
lyst
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was re-tested on a new batch of 4-NP and NaBH4. Figure 5E 
indicates the reduction mettle of 4-NP in each cycle with 
the same nanocatalyst. The performance of the designed 
nanocatalyst greatly signified its stability where it remained 
effectual to almost 95% till the 5th cycle. The results suggest 
that PVALg@ NiO hydrogel nanocatalyst can be utilized 
fruitfully for five cycles with any noticeable damage in its 
catalytic performance.

The pseudo-first-order kinetics was applied for the deter-
mination of the rate constant (kapp) of reduction of 4-NP by 
the hydrogel nanocatalyst. The linear relationship of reaction 
time (t) vs. ln (Ct/C0) was calculated for 4-NP reduction by 
PVALg@ NiO hydrogel nanocatalyst and the plots has been 
presented in Fig. 5F. The rate constant (kapp) for catalytic 
reduction of 4-NP by the hydrogel nanocatalyst was esti-
mated to be 1.15 min–1.

Reduction of K3[Fe(CN)6] by PVALg@ NiO hydrogel 
nanocatalyst

Potassium hexacyanoferrate (III) (K3[Fe(CN)6]) is a ubiq-
uitous pollutant found in wastewater effluents of gold min-
ing, metal/steel processing and photographic processing 
applications. It easily finds its way into living organisms 
including humans via the food chains. Thus, reduction of 
the Fe(III) to Fe(II) is usually warranted. The efficacy of 
the PVALg@ NiO hydrogel nanocatalyst was also explored 
for the reduction of potassium hexacyanoferrate (III) spec-
trophotometrically by measuring λmax corresponding to 
418 nm. After addition of NaBH4 solution, a negligible 
decrease in absorbance was observed, even after a span of 
30 min. This suggested that NaBH4 alone lacks the desired 

reduction potential for potassium hexacyanoferrate (III). 
Hence, the reduction was performed using our fabricated 
hydrogel nanocatalyst PVALg@ NiO. From Fig. 6A, it was 
seen that the designated peak gradually vanished within a 
span of 3.0 min with addition of PVALg@ NiO hydrogel 
nanocatalyst. Furthermore, the original yellow color disap-
peared after 3.0 min that clearly indicated the formation of 
[Fe(CN)6]4−. The mechanism of reduction using PVALg@ 
NiO hydrogel is exhibited in Scheme 2.

We have further optimized the parameters in terms of 
the content of catalyst, ferricyanide and reducing agent. As 
noticed from Fig. 6B–D, maximum reduction for 2.0 mM of 
potassium ferricyanide was noted while using 30 mg catalyst 
and 500 mg of reducing agent for 3.0 min. The performance 
of the designed PVALg@ NiO hydrogel nanocatalyst was 
explored for its recyclability and stability after five indi-
vidual run cycles. As represented in Fig. 6E, the catalytic 
reduction of ferricyanide amounted to almost 88% till 5th 
cycle. The result recommends that PVALg@ NiO hydrogel 
nanocatalyst can be employed productively for five cycles in 
the catalytic reduction of potassium hexacyanoferrate (III). 
The apparent rate constant (kapp) for the aforementioned 
reduction process was estimated from Eq. (1) and found to 
be 2.15 min–1 (Fig. 6F).

A comparative study between the synthesized PVALg@ 
NiO hydrogel nanocatalyst and other catalysts reported 
earlier is listed in Table 1. The results clearly demonstrate 
higher catalytic performance of our designed compared to 
the reported ones.

Reduction of RhB, MG, and MO by PVALg@ NiO 
hydrogel nanocatalyst

Scheme 2   Schematic and mechanistic illustration of catalytic reduction of 4-NP and potassium hexacyanoferrate (III) by PVALg@ NiO hydro-
gel nanocatalyst
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Fig. 6   The catalytic reduction of potassium hexacyanoferrate (III) 
by PVALg@ NiO hydrogel nanocatalyst. A UV–Vis spectra of 4-NP 
with hydrogel as a function of time. Effect of B amount of catalyst, 
C amount of NaBH4, D concentration of hexacyanoferrate (III) and 

E reusability efficacy. F Pseudo-first-order kinetic plot for potassium 
hexacyanoferrate (III) reduction by PVALg@ NiO hydrogel nanocat-
alyst
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Catalytic reduction of RhB, MG, and MO in the pres-
ence of NaBH4 was also inspected to test the performance 
of PVALg@ NiO hydrogel nanocatalyst. The reactions pro-
gress was monitored spectrophotometrically at definite time 
span. As witnessed from the UV–Vis spectra in Fig. 7; (A) 
RhB, (B) MG, and (C) MO exhibited λmax at 550, 615, and 
465 nm, respectively. However, after the addition of NaBH4 
and catalyst, the total reduction of RhB, MG, and MO was 
accomplished within 45 s, 45 s, and 90 s, respectively. Fig-
ure 7A shows the absorption spectra of the reduction of 
RhB to leuco-rhodamine B (LRhB) catalyzed by PVALg@ 
NiO hydrogel nanocatalyst in the presence of NaBH4. From 
Fig. 7A, the characteristic band of RhB at 550 nm vanished 
in just 45 s after adding 7.0 mg catalyst, validating its high 
catalytic activity for RhB (bright pink–red color) transform-
ing to LRhB (colorless). Figure 7B illustrates the serial 
absorption spectra of the reduction of MG with 5.0 mg of 
PVALg@ NiO hydrogel nanocatalyst. From Fig. 7B, it was 
clearly evident that the key peak of MG at 615 nm dropped 
to zero within 45 s of reaction time to complete the trans-
formation of MG to leuco-malachite green (LMG). The 
formation of LMG (colorless) within 45 s of reaction time 
recommend the greater catalytic potency of PVALg@ NiO 
hydrogel nanocatalyst. For the reduction reactions of RhB 
and MG, the aforesaid dyes act as electrophile with respect 
to the PVALg@ NiO hydrogel nanocatalyst, while the 
BH4

− serves as the electron donor (nucleophile). Thus, the 
nucleophilic borohydride can offer its electrons to the cata-
lyst whence the electrophilic dyes can receive these electrons 
from the catalyst. In other words, PVALg@ NiO hydrogel 
nanocatalyst behaves as an electron relay for RhB and MG 
reduction in NaBH4 solution [52, 53]. Figure 7C displays the 
UV–Vis absorption spectra of the reduction of MO catalyzed 
by 7.0 mg PVALg@ NiO hydrogel nanocatalyst in the pres-
ence of NaBH4. From the spectra, the key band of MO at 

465 nm disappeared in 90 s after adding a 7.0 mg catalyst, 
confirming its catalytic activity for MO (bright orange color) 
to forming degraded products (colorless). These results 
reveal that the azo group in MO get reduced in the presence 
of BH4

− and nanocatalyst. Both the MO and borohydride 
adsorb on the surface of hydrogel nanocatalyst which facili-
tates the electron transfer from BH4

− to MO; thereby aiding 
in the reduction of azo bonds (–N=N–) to (–N–N–) bonds, 
and finally the forming the colorless degraded products [17, 
50]. The optimized catalyst loading on the reduction times 
of the aforesaid dyes have been projected in Table 2. The 
plausible scheme of reduction of RhB, MG and MO dyes by 
the PVALg@ NiO hydrogel nanocatalyst has been projected 
in Scheme 3. The pseudo-first order kinetics was applied for 
the determination of kapp. Figure 7D shows plots of ln (Ct/C0) 
as a function of reaction time for the reduction of dyes by 
PVALg@ NiO hydrogel nanocatalyst. The kapp values found 
to be 0.17 s–1, 0.17 s–1 and 0.05 s–1 for RhB, MG, and MO 
reduction reactions respectively.

Table 3 presents a comparison between the synthesized 
PVALg@ NiO nanocatalyst with other reported catalysts for 
reduction of RhB, MG, and MO dyes.

Catalyst recyclability

The reusability of PVALg@ NiO hydrogel nanocatalyst 
was investigated toward the reduction of RhB. As depicted 
in Fig. 8A, the catalyst performance notably signified the 
stability and recyclability of the PVALg@ NiO hydrogel 
nanocatalyst till 4th run. It was further realized that the per-
formance decreased gradually with the increased number of 
runs. This might be attributed to the diminution in the activ-
ity sites of the catalyst [60, 61]. Furthermore, the structure 
of the recycled catalyst was investigated by XRD. Figure 8B 
depicts the XRD patterns of PVALg@ NiO before and after 
four experimental runs. No noticeable change in intensity 

Table 1   Summary of other catalysts and PVALg@ NiO hydrogel nanocatalyst in reduction of 4-NP and potassium hexacyanoferrate (III)

Alg alginate, CMC carboxymethylcellulose

Pollutant Catalyst Catalyst amount [NaBH4] (M) Time (min) References

4-NP (0.13 M) Alg/CuO–SnO2 – 0.1 4 [17]
4-NP (0.13 M) Alg@Cu2O–Sb2O3 10 mg 0.1 3 [45]
4-NP (0.1 mM) Cu@Alg–FeNi – 0.01 3 [46]
4-NP (0.13 M) Cu–Ni sponge 20 mg 0.2 16 [47]
4-NP (10 mM) Ag@Alg 3 beads 0.05 11 [48]
4-NP (0.5 mM) PVALg@ NiO 30 mg 0.1 4 This work
K3[Fe(CN)6] (2.0 mM) Alg@Cu2O–Sb2O3 10 mg 0.1 3 [45]
K3[Fe(CN)6] (3.0 mM) Cu NPs–Fe3O4–Alg 10 mg 0.25 35 s [49]
K3[Fe(CN)6] (2.0 mM) Alg@tin oxide–cobalt oxide 10 mg 0.1 5 [50]
K3[Fe(CN)6] (2.0 mM) SnLa2O5/CMC–Alg 10 mg 0.1 4 [51]
K3[Fe(CN)6] (2.0 mM) PVALg@ NiO 30 mg 0.1 3 This work



1526	 Bioprocess and Biosystems Engineering (2024) 47:1515–1531

was marked from the XRD data. The structure and crystal-
line phase also remained intact after the catalytic reduction. 
Furthermore, the FTIR spectra presented in Fig. 8C sug-
gested that no major changes were incurred by the hydro-
gel catalyst after the experiments. No new peaks could be 
noted rather a broadening of the hydroxyl stretching around 
3500 cm–1 was evident. This could be rationalized by con-
sidering the four runs of the hydrogel for RhB reduction 
in aqueous medium. Additionally, the morphology of the 
catalyst was further visualized after the catalytic four runs 
and the images are shown in Fig. 8D. A slight reduction in 
porosity of the PVALg@ NiO was evidenced post-cataly-
sis four runs. This could be attributed to the diminution in 
the activity sites of the catalyst which decreased gradually 
with each run. Nonetheless, the aforesaid results suggested 
that the PVALg@ NiO catalyst is stable during reduction 

Fig. 7   UV–Vis spectra for reduction of A RhB, B MG, and C MO with PVALg@ NiO hydrogel nanocatalyst. D Pseudo-first-order kinetic plots 
for dyes reduction by PVALg@ NiO hydrogel nanocatalyst

Table 2   Optimized parameters of PVALg@ NiO hydrogel nanocata-
lyst loading on the reduction of RhB, MG, and MO

Reaction conditions: dyes (25 mL), NaBH4  (0.1 M), room tempera-
ture

Sl. No Dye Catalyst (mg) Time (s)

1 RhB (2.0 × 10–5 M) 3.0 150
5.0 90
7.0 45

2 MG (2.0 × 10–5 M) 3.0 90
5.0 45
7.0 Immediately

3 MO (2.5 × 10–5 M) 3.0 120
5.0 90
7.0 Immediately



1527Bioprocess and Biosystems Engineering (2024) 47:1515–1531	

process and is economically viable for large-scale industrial 
applications.

Efficacy of PVALg@ NiO hydrogel nanocatalyst in real 
samples

To further explore the efficacy of our synthesized 
PVALg@ NiO hydrogel nanocatalyst toward dye reduc-
tion in real specimen, we have prepared the stock solu-
tions of RhB, MG, and MO from waters of our university, 
student hostel, and a nearby local pond. The optimized 
concentrations of the respective dyes, reducing agent, and 

the catalyst were maintained as mentioned in Table 2. The 
times of reduction of the dyes with the water samples were 
recorded and are listed in Table 4. The reduction of RhB 
was accomplished in 2.0 min for water samples collected 
from university and local pond while the time span was 
3.0 min upon treatment with hostel water. For MG; reduc-
tion could be achieved at 3.0 min for water samples from 
university and hostel; yet, the process sped up on using 
water from pond. The reduction of MO in university water, 

Scheme 3   Schematic and mechanistic illustration of catalytic reduction of dyes by PVALg@ NiO hydrogel nanocatalyst

Table 3   Summary of other 
catalysts and PVALg@ NiO 
hydrogel nanocatalyst in 
reduction in reduction of RhB, 
MG, and MO dyes

Dye Catalyst Catalyst amount NaBH4 Time References

RhB (2.09 × 10–5 M) Pd NPs/Fe3O4@nanocellulose 10 mg 5.3 mM 110 s [54]
RhB (1.75 × 10–5 M) CuNiOS-0.6 – 0.1 M 60 s [52]
RhB (2.0 × 10–5 M) PVALg@ NiO 7.0 mg 0.1 M 45 s This work
MG (5.0 × 10–3 M) Ag NPs 0.01 M 0.5 M 30 min [55]
MG (3.0 × 10–3 M) Ag–P(NAA) 0.02 mL 1.5 mM 6 min [56]
MG rGO-PANI/Pd-Au – – 30 min [57]
MG (2.0 × 10–5 M) PVALg@ NiO 7.0 mg 0.1 M Immediate This work
MO (5.0 × 10–3 M) Au NPs 0.01% 0.5 M 40 min [58]
MO (20.1 mg/L) Co Nanocomposite 1 mg/mL 4 mg 7 min [59]
MO (2.5 × 10–5 M) PVALg@ NiO 7.0 mg 0.1 M Immediate This work
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hostel water, and pond water were obtained at 4.0, 3.0, and 
3.0 min, respectively. Altogether, Table 4 reflects the high 
reduction potency of our prepared PVALg@ NiO hydro-
gel nanocatalyst on RhB, MO, and MG dyes in real water 
samples.

Conclusion

This study puts forth the efficacy of green-synthesized NiO 
NPs-integrated PVA–alginate nanocomposite hydrogels as 
potent catalyst for reduction of hazardous anthropogenic 
water pollutants. The biogenic synthesis of the NPs was 

Fig. 8   A Recyclability of PVALg@ NiO hydrogel nanocatalyst for RhB reduction. B XRD profile, C FTIR spectra and D FESEM images of 
recycled PVALg@ NiO hydrogel nanocatalyst

Table 4   The catalytic reduction 
potential of PVALg@ NiO 
hydrogel nanocatalyst on 
different dyes in real water 
samples

Samples→
Dyes↓

University water Hostel water Local pond water

Reduction (%) Time (min) Reduction (%) Time (min) Reduction (%) Time (min)

RhB 98.5 2.0 96.5 3.0 98.0 2.0
MG 91.3 3.0 95.6 3.0 96.4 1.5
MO 93.2 4.0 92.5 3.0 92.3 3.0
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accomplished from waste pineapple peel extract. The extrac-
tion was accomplished via the microwave-assisted method 
which is environmentally benign. The formation of NiO 
nanostructures was ascertained from different analytical 
techniques such as UV–Vis, FTIR, XRD, TGA, FESEM, and 
EDS. Spherical NiO NPs were visualized having an average 
particle size of 11.5 nm (from Scherrer formula). Hydrogels 
composed of PVA, alginate and NiO nanoparticles were syn-
thesized via the simple facile strategy of solvent casting. 
The thermal analyses of the hydrogel indicated that NiO 
NPs have rendered an enhanced stability to the PVALg@ 
NiO hydrogel. The synthesized PVALg@ NiO hydrogel was 
utilized as a catalyst in the reduction of common hazardous 
water pollutants namely 4-nitrophenol, potassium hexacy-
anoferrate (III), and organic dyes rhodamine B, malachite 
green, methyl orange in the presence of a reducing agent, 
i.e., NaBH4. The influence of different parameters on the 
catalytic activity and the kinetics were assessed in greater 
details. Under optimized conditions, the rate constant for 
4-NP and potassium hexacyanoferrate (III) reduction was 
estimated to be 1.15 min–1 and 2.15 min–1 for 30 mg of cata-
lyst. The rate of reduction was found to be faster for the dyes 
employed and the respective rate constants were be 0.17 s–1 
for RhB, MG and 0.05 s–1 for MO, respectively. The effi-
cacy of the PVALg@ NiO hydrogel nanocatalyst was further 
examined for the reduction of dyes in real water samples col-
lected from three different sources. The reduction reactions 
of RhB and MG was accomplished by 3.0 min while that for 
MO was noted to be 4.0 min. The recyclability and stability 
studies validate the efficacy of the PVALg@ NiO hydrogel 
nanocatalyst till the 4th run with no perceptible diminution 
in its catalytic activity.

In summary, this study validates two meritorious pros-
pects: (i) valorization of waste pineapple peel toward the 
green synthesis of nanoparticles and (ii) a sustainable hydro-
gel nanocatalyst for efficient reduction of hazardous anthro-
pogenic water pollutants including organic dyes.
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