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Synthesis of iron nanoparticles
in poly(N-isopropylacrylamide-acrylic acid) hybrid
microgels for catalytic reduction of series of organic
pollutants: a first approach
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Abstract First approach towards in situ synthesis of
i r o n ( F e ) n a n o p a r t i c l e s w i t h i n p o l y (N -
isopropylacrylamide-acrylic acid) (p(NIPAM-AA))
microgel is established in this work. Morphology, size,
and size distribution of Fe-p(NIPAM-AA) hybrid
microgel are confirmed by FTIR, STEM, and UV-Vis
spectroscopy. Size of majority of Fe nanoparticles lies in
5–25-nm range, and very few nanoparticles lie in 30–
40-nm range. Reduction of series of substrates with
similar and dissimilar chemical structure is catalyzed
by synthesized Fe-p(NIPAM-AA) hybrid microgel.
Catalytic activity of hybrid microgel towards various
substrates is studied by comparing their apparent rate
constant (kapp), reduction time, and percentage reduc-
tion. Catalytic activity of hybrid microgel towards re-
duction of nitroarenes is observed higher than that of azo
dyes. Repulsion among carboxyl groups (COOH) of
AA facilitated the flux of substrates inside the microgel
network. Significant difference among kapp, reduction
time, and percentage reduction of all substrates is ob-
served. kapp of crystal violet is observed maximum

among all substrates. Percentage conversion of 4-
nitroanisole is observed highest among all substrates.
Similar values of kapp, reduction time, and reduction
percentage of all nitrophenols are obtained, while sig-
nificant difference in values of kapp, reduction time, and
reduction percentage of all azo dyes is observed. Cata-
lytic reduction of all substrates is compared on the basis
of orientation of functional groups, presence of bulky
groups, and number of bonds to be reduced.
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Introduction

Nitroarenes and organic azo dyes are organic pollutants
and originated from food (Yamjala et al. 2016), paper
(Calace et al. 2002) and dying industrial effluents
(Sarkar et al. 2017) and domestic runoff (Ott and
Roberts 1998). Physiochemical (flocculation, coagula-
tion, filtration, and adsorption) (Wang and Chen 2015),
ultraviolet radiation (Pawar et al. 2014), and chemical
oxidation (Martinez-Huitle and Ferro 2006) methods are
used to reduce the organic pollutants. Nanotechnology
is a promising technique and developing very fast in the
present decade. High surface area to volume ratio of
nanoparticles shows tremendous capability in the field
of sensing (Zhang et al. 2011), catalysis (Hudson et al.
2013), drug delivery (Ulbrich et al. 2016), and adsorp-
tion (Abid et al. 2013). Organic pollutants are reduced
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using nanoparticles as catalyst (Bhattacharjee et al.
2015; Dong et al. 2014; Edison and Sethuraman 2013;
Ghosh et al. 2015; Veerakumar et al. 2015). Adhesive
forces among nanoparticles accumulate them. Stabiliza-
tion of nanoparticles for long time is a challenging task
for researchers. Micelles (Yoo et al. 2007), polysaccha-
rides (Chang et al. 2011), dendrimers (Shi et al. 2008),
and microgels (Biffis et al. 2007) are used as stabilizing
agents to overcome the accumulation of nanoparticles.
Owing to crosslinked structure, microgels creates phys-
ical barrier against free movement of nanoparticles.
Smart polymeric microgels are responsive to external
stimuli like pH (Wu et al. 2012), temperature (Liu et al.
2012), and ionic strength (Karg et al. 2008). So,
multiresponsive microgels show on/off characteristics
for controlling the catalytic activity of nanoparticles
(Bhattacharya et al. 2007; Pich et al. 2006a, b). In situ
synthesis of copper (Shahid et al. 2019), gold (Wunder
et al. 2011), silver (Farooqi et al. 2015a, b), platinum
(Naseem et al. 2018), and palladium (Chen et al. 2019)
nanoparticles within microgels for catalytic reduction of
nitroarenes have been reported. In situ synthesis of iron
(Fe) nanoparticles has not been reported previously.
Effect of various parameters on apparent rate constant
(kapp) of catalysis has been reported. Dependence of kapp
on catalyst dosage (Farooqi et al. 2015a, b) and compo-
sition of microgel have been studied (Farooqi et al.
2014). Change in kinetics of 4-nitrophenol (4-NP) re-
duction by increasing gold nanoparticles dose and tem-
perature have been studied (Pich et al. 2006a, b). Vari-
ous nitroarenes have been catalytically reduced by using
hybrid microgels. For example, catalytic reduction of
methylene blue (MB) and Congo red (CR) dyes using
silver and gold nanoparticles fabricated poly(N-
isopropylacrylamide-methacrylic acid-2-hydroxyethyl
methacrylate) microgels have been studied (Shah et al.
2016). Comparison of catalytic reduction of
nitrophenols (Soğukömeroğulları et al. 2019) and or-
ganic azo dyes has been reported (Pouretedal and
Sabzevari 2011). Reduction of series of pollutants of
different structures and positions and orientations of
reducible functional groups using single catalyst is a
subject of interest for the scientists. This works diverts
attention of scientists towards synthesis of such catalytic
devices which have capacity to reduce range of sub-
strates. Previously, reasoning involved in catalytic re-
duction of nitroarenes and azo dyes have not been
explained. In this work, role of different factors, i.e.,
orientation of nitro groups, presence of bulky groups

and number of targeted bonds to be reduced in
increasing/decreasing the kapp of catalytic reduction of
substrates is comprehensively discussed. Herein, cata-
lytic activity of Fe-p(NIPAM-AA) microgel is studied
for reduction of nitrophenols and organic azo dyes. The
dependence of reduction of nitroarenes and azo dyes on
their structure is studied in this work. Significant differ-
ence in kapp of nitroarenes and azo dyes is observed.
First approach is also developed for synthesis of
p(NIPAM-AA) microgel loaded with Fe nanoparticles.
Composition of microgel and size of Fe nanoparticles is
characterized by FTIR, STEM, and UV-Vis
spectroscopy.

Materials and methods

Materials

All reagents acrylic acid (AA), ammonium per sulfate
(APS), N,N-methylene bisacrylamide (BIS), Congo red
dye (CR), crystal violet (CV), 2,4-dinitrophenol (DNP),
ferric chloride hexahydrate (FeCl3·6H2O), methyl blue
(MB), methyl red (MR), N-isopropylacrylamide
(NIPAM), 4-nitrophenol (4-NP), 3-nitrophenol (3-NP),
4-nitrobenzoic acid (4-NBA), 4-nitroanisole (4-NAS),
reactive black 5 (RB5), and sodium dodecyl sulfate
(SDS) were purchased from Sigma-Aldrich, USA. All
the chemicals except AA are used as such, without any
further purification. AA was purified by using alumi-
num oxide (Al2O3) via filtration under reduced pressure
to remove hydroquinone inhibitor.

Synthesis of p(NIPAM-AA) microgel

p(NIPAM-AA) microgel was synthesized by free radi-
cal emulsion polymerization. NIPAM (0.92 g)
(0.8 mmol), 0.4 mL AA (0.7 mmol), 0.07 g BIS, and
0.05 g of SDSwere dissolved in 95mL distilled water in
a 250-mL three-neck round-bottom flask. Resultant so-
lution was purged with nitrogen gas and stirred for
30 min at 70 °C. Five milliliters of APS (0.05 mM)
was dropwise added into resultant solution and
stirred for 4 h at 70 °C. Later microgel sample
was cooled to room temperature. Synthesized
p(NIPAM-AA) microgel was dialyzed against dis-
tilled water for 1 week using molecular porous
membrane tubing MW 12,000–14,000.
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In situ synthesis of Fe nanoparticles
within p(NIPAM-AA) microgel

Fe nanoparticles were synthesized within p(NIPAM-
AA) microgel network using in situ reduction. Synthe-
sized p(NIPAM-AA) microgel was used as template for
the synthesis of Fe-p(NIPAM-AA) hybrid microgel.
Ten milliliters p(NIPAM-AA) microgel dispersion and
7 mL water were added into round-bottom flask and
stirred for 30 min at pH 9. Now 0.9 mL of FeCl3·6H2O
(0.01 M) was added into microgel dispersion and stirred
for 30min at 25 °C. Then, 0.01 g NaBH4 was added and
stirred for another 60 min. Then, hybrid microgel was
dialyzed against distilled water using semipermeable
membrane.

Catalytic application of Fe-p(NIPAM-AA) hybrid
microgel

Fe-p(NIPAM-AA) hybrid microgel was used as catalyst
for reduction of 3-NP, 4-NP, DNP, 4-NAS, 4-NBA, CR,
CV, MB, MR, and RB5. Catalytic role of hybrid
microgel was studied using UV-Vis spectroscopy. Sub-
strate solution (3.5 mL) (0.1 mM), NaBH4 (0.01 mg),
and 0.5 mL hybrid microgel dispersion were taken into
cuvette. Spectra were scanned until change in absor-
bance was not observed at λmax of substrate and color
of solution was changed to colorless. The absorbance of
substrate solution at 0 min is noted as A0. The absor-
bance of substrate solution at any time t is noted as At.
Value of apparent rate constant (kapp) is determined
from Eq. (1).

ln
At

A0

� �
¼ −kapp � t ð1Þ

Characterization

BMS Vis 1100 spectrophotometer available at Post
Agriculture Research Station, Community College,
University of Agriculutre Fasialabad was used for UV-
Vis spectroscopic analysis of Fe-p(NIPAM-AA) hybrid
microgel. Nanoparticle size was measured using STEM.
FEI NOVE 450 NANOSEM with EDX available at
Syed Babar Ali School of Science and Engenerieng,
Lahore University of Management and Sciences, La-
hore, Pakistan, is used to obtain STEM image of hybrid
microgel. Perkin Elmer FTIR spectrophotometer

available at Punjab Bio-Energy Institute, University of
Agriculture, Faiasalabad, is used for functional group
analysis of Fe-p(NIPAM-AA) hybrid microgel. Size
distribution of microgel particles is obtained from dy-
namic light scattering (DLS) BI-200SM (Brookhaven
Instruments Corporation) at 90o scattering angle with
632.8 nm helium-neon laser light source.

Results and discussion

Synthesis of p(NIPAM-AA) microgel

p(NIPAM-AA) microgel is synthesized by free radical
emulsion polymerization. NIPAM is insoluble at T >
32 °C. APS is dissociated into persulfate ions (S2O8

2−)
at 70 °C and decomposed into anionic sulfate radicals
S 4

2− in initiation reaction. Decomposition of S 4
2− is

increased with increase in temperature. S 4
2− was

reacted with AA and NIPAM and polymerization was
initiated. S 4

2− radicals are attached at one end of poly-
meric chain while other end of polymeric chain is neg-
atively charged. Polymeric chains are grown to a certain
critical length to form precursor particles during propa-
gation. Macrogelation of p(NIPAM-AA) is restricted
due to repulsion between negatively charged end of
p(NIPAM-AA) chains. Anionic part of polymer pro-
vides stability to growing chains. Size of precursor is
increased after the crosslinking among polymeric
chains. BIS crosslinker is stabilized dense polymeric
network of p(NIPAM-AA) gel and increased its me-
chanical strength. SDS layer is present around microgel
particles which hindered their agglomeration. So, ad-
sorption of SDS around particles stabilizes microgel
network.

In situ synthesis of Fe nanoparticles
within p(NIPAM-AA) microgel

The complete mechanism of in situ synthesis of Fe
nanoparticles within p(NIPAM-AA) microgel is shown
as Fig. 1. Fe nanoparticles are synthesized at pH 9 of
medium. Carboxyl groups (COOH) of functional mono-
mer AA are homogenously distributed within the whole
network of microgel which is ionized into carboxylate
ions (COO−) at pH 9. Microgel gates are opened due to
repulsive interactions among these COO−. Ionization of
FeCl3·6H2O is taken place at pH 9, and ionized Fe3+ is
fluxed through these opened microgel gates.

J Nanopart Res (2020) 22: 192 Page 3 of 12 192



Electrostatic attractive interactions are established be-
tween Fe3+ and COO−, and Fe3+ was successfully in-
corporated into the whole microgel network. NaBH4

was reduced the Fe3+ into Fe0 atoms (Eqs. 2–4). Adhe-
sive forces among Fe atoms accumulate them and
grown up to certain size. Growth of Fe atoms depends
on sieves size of microgel network. Carboxyl groups of
AA are served as center to capture Fe nanoparticles.
Dense polymeric microgel network is acted as physical
barrier against movement of Fe nanoparticles. So Fe
nanoparticles do not grow into macroparticles.

FeCl3 � 6H2O↔Fe3þ þ 3 Cl− þ 6 H2O ð2Þ

Fe3þ þ 3 NaBH4 þ 9 H2O→Feþ 3 Naþ

þ 3 B OHð Þ3 þ 21 H2 ð3Þ

3 Naþ þ 3 Cl−→3 NaCl ð4Þ

Characterization of hybrid microgel

STEM and DLS

Figure 2 a shows the STEM image of synthesized hy-
brid mirogel. Fe nanoparticles are sucessfully synthe-
sized within microgel network. Size of microgel parti-
cles lies in 300–1200-nm range. Dark spots in Fig. 2a
are indicated the presence of Fe nanoparticles. Different

size of dark spots shown in Fig. 2a confirmed that size of
Fe nanoparticles within microgel network is not same.
Few nanoparticles are of big size while most of the
nanoparticles are of small size. Fe nanoparticles are
indicated by red circles with in single microgel particle.
Size of Fe nanoparticles lies in 5–40-nm range. Size
distribution histogram of Fe nanoparticles andmicrogels
are given as Fig. 2 b and c, respectively. Figure 2 b
shows that size of majority of particles lies in 5–25-nm
range while size of few particles lies in 30–40-nm range.
Figure 2 c shows that size of majority of particles lies in
400–1000-nm range. It is observed from STEM images
that nanoparticles are 1–6 nm apart from each other.
Size of nanoparticles depends on size microgel sieve.
Size of gel lies in micro range, so the sieve size lies in
nano range.

UV-Vis spectroscopy

Two SPR bands are observed in Fig. 2d obtained after
UV-Vis spectroscopic analysis. UV-Vis spectra of
NIPAM, BIS, and AA is shown in Fig. 2e. NIPAM,
AA, and BIS are transparent to UV-Vis range. There-
fore, no obsorbace peaks are observed in their UV-Vis
spectra. Dipolar oscillations of nanoparticles resonate
with incoming light at specific frequency which is de-
pendent on particle sizes (Huang and El-Sayed 2010).
Surface plasmon resonance (SPR) band is observed at
shorter wavelength due to small size nanoparticles,
while SPR band found at longer wavelength indicated
the presence of bigger size nanoparticles. Extinction of
SPR bands in UV-Vis spectra indicating different size

Fig. 1 Free radical emulsion
synthesis of p(NIPAM-AA)
microgels and in situ synthesis of
Fe nanoparticles within
p(NIPAM-AA) microgels
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Fig. 2 Charatcerization of Fe-p(NIPAM-AA) hybrid microgel: a STEM; b, c size distribution histogram of Fe nanoparticles and microgel
particles; d UV-Vis spectroscopy; e UV-Vis spectra of NIPAM, BIS, and AA; and f FTIR
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distribution of gold nanoparticles has been reported
(Huang and El-Sayed 2010). Presence of two SPR
bands in UV-Vis spectra indicated the different size
distribution of Fe nanoparticles inside p(NIPAM-AA)
microgel network. SPR band at wavelength 590 nm is
due to big nanoparticles while SPR band at wavelength
445 nm is due to small nanoparticles. Polydispersity of
bigger size Fe nanoparticles are shown by the presence
of broad band around 590 nm. Presence of different SPR
bands belong to different sizes of Fe nanoparticles
(Eslami et al. 2018). Polydisperesity of Fe nanoparticles
within whole network of p(NIPAM-AA) microgel is
also confirmed by study of STEM image as shown in
Fig. 2a.

FTIR

FTIR pattern of Fe-p(NIPAM-AA) hybrid microgel is
shown as Fig. 2f. FTIR spectrocopy is used to study the
functional group analysis of synthsized Fe-p(NIPAM-
AA) hybrid microgel. Presence of unreacted elements
and formtion of microgel is confimed by the analysis of
absorption peaks of FTIR spectra shown in Fig. 2f.
Presence of absorption band around 1664 cm−1 con-
firmed the presence of AA within Fe-p(NIPAM-AA)
microgel network. Presence of absorption band around
1724 cm−1 of C=O confirmed the presence of NIPAM
within Fe-p(NIPAM-AA) microgel network. Hydroxyl
(–OH) functional group absorbs around 3300 cm−1 and
gives broad band. Appearance of broad band around
3300 cm−1 of –OH indicated the presence of water
molecules inside the microgel network. Absence of
absoption band around the 1550–1600 cm−1 of C=C in
the FTIR spectra is confirmed that no unreacted NIPAM
and AA is persent within microgel network. Presence of
peaks around 400–750 cm−1 indicates the presence of
Fe nanoparticles (Khan et al. 2016; Velayudhan Nair
Girija and Vasu 2019). FTIR spectra shows two peaks
around 511 and 523 cm−1 which confirm Fe-Fe coordi-
nation. So, FTIR analysis confirms the synthesis of Fe-
p(NIPAM-AA) hybrid microgel. However, FTIR spec-
tra of NIPAM have been reported previously (Khan
et al. 2016). All the peaks of NIPAM can be clearly
observed around 400–750 cm−1. FTIR spectra of
poly(N-isopropylacrylamide-allylacetic acid) and sil-
ver-poly(N-isopropylacrylamide-allylacetic acid) are al-
so compared. It is observed previously that NIPAM and
silver-silver (Ag-Ag) bonds absorbed in 400–750 cm−1

region. So peaks in this region have broadened.

Therefore, it is claimed in this manuscript that FTIR
peaks related to metal-metal bond are also observed in
this region (400–750 cm−1).

Study of catalytic reduction of substrates

Catlytic reduction and kapp of series of substrates were
studied using synthesized hybrid microgel as catalyst.
Nitroarenes and azo dyes were reduced into its amino
derivatives using NaBH4 as reducing agent and Fe
nanoparticles as catalyst. Catalytic reduction of sub-
strates depends on time as shown in Fig. 3a, b. Signif-
icant reduction of substrates was observed by linear
region of plot. Microgel gates were opened due to
repulsion among COO−, and borohydride ions (BH4ˉ)
and substrates are passsed through these gates. Extent of
catalytic reduction of substrates depends on flux of
reactants, availability of reactants, free active sites, and
hindrance due to bulky groups around the azo bond.
Size distribution histogram of nanoparticles is given in
Fig. 2b. Histogram shows that particles of two different
sizes have synthesized. Therefore, two different average
sizes are discussed under subsection “STEM and DLS.”
Microgels acts as stabilizers and prevents the aggrega-
tion of nanoparticles. But very small nanoparticles dif-
fuse and coalesce with other nanoparticles and formed
big nanoparticles. Therefore, few nanoparticles are of
big size. Efficiency of catalyst depends on surface to
volume ratio as size of nanoparticles is decreased then
active surfaces are increased. But catalytic reduction
variates due to presence of different average sizes of
particles. Small nanoparticles shown faster reduction of
substrates as compared to that of big nanoparticles. So
catalytic efficiency of hybrid microgel is lowered due to
presence of polydispersity of nanoparticles. Catalytic
reduction of substrates obeys pseudo-first-order kinetics
because NaBH4 is used in excess. Catalytic reduction of
4-NAS is faster than other similar nitrophenols: 4-NP, 3-
NP, DNP, and 4-NBA (Fig. 3a). Molecules of 4-NAS
are of small size and rapidly adsorbed on the active sites
of Fe nanoparticles. Bulky groups are not oriented
around nitro group in 4-NAS, due to which its nitro
group is easily reduced. Chemical structure of 4-NAS
shows some similarity with 4-NP, so molecules of 4-
NAS and 4-NP shows comparable values of kapp as
compared to other members of nitrophenols series. Fig-
ure 3 b shows reduction of CV and RB5 is faster than
CR, MB, and MR. Fast reduction of CV is due to
minimum hindrance by bulky groups. Azo bond of
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CV is present apparently at end of structure and shows
minimum hindrance of bulky groups. Therefore, trans-
fer of electron density is more easy in CV as compared
to other dyes. More bulky groups are present around azo
bond in RB5 as compared to other azo dyes. Two azo
bonds are present in RB5. More number of azo bonds in
RB5 structure are responsibe for the faster reduction of
RB5 than CR, MB, and MR. Reaction of azo bond with
BH4ˉ is hindered due to more bulky groups around the
azo bond in MR as compared to other respective azo
dyes CV, CR, MB, and RB5. The catalytic reduction of
MR is slowest than that of all other substrates as shown
in Fig. 3a. Presence of bulky aromatic rings in MR was
hindered the attack of BH4

− on azo bond. So azo bond of
MR was not easily reduced as compared to all other
substrates (Table 1).

Study of comparison of kapp values

Figure 4 a shows the plot of kapp of all substrates
reduced using hybrid microgel as catalyst. The
decerasing trend of kapp of substares is as follows: CV
> RB5 > 4-NAS > 3-NP > CR > 4-NP > 4-NBA > DNP
> MR > MB. kapp values of CV, RB5, 4-NAS, 3-NP,
CV, 4-NP, 4-NBA, DNP, MR, and MB are observed as
0.749, 0.298, 0.252, 0.175, 0.145, 0.135, 0.070, 0.031,
0.030, and 0.026 min−1, respectively. BH4

− attacks azo
bond and nitro groups of substrates. The reduction of
CV and RB5 is fastest among all substrates. kapp value
of CV is found highest among all substrates. Presence of

open oriented azo bonds and less bulky groups around
azo bonds in CV and RB5 is facilitated the fast reduction
of azo bonds. Positively charged nitrogen atom of CV is
highly electrophilic and favored the nucleophilic attack
of BH4ˉ. RB5 has oriented azo bonds and less number of
bulky groups among all substrates. RB5 possess two
nitro groups with no hindrance of bulky groups, so
probability of electron density transfer is higher in
RB5 than 4-NAS. Therefore, reduction of RB5 was
faster than 4-NAS. Comparison of kapp values shows
that reduction of nitrophenols is faster as compared to
azo dyes. Catalytic reduction of 4-NAS is slightly higher
among the series of nitrophenols as shown in Fig. 4a. 4-
NAS is rapidly adsorbed on active sites of Fe nanopar-
ticles as compared to nitrophenols. Catalytic reduction
of 4-NAS was observed greater than other nitrophenols
due to rapid electron density transfer and high contact
time with Fe nanoparticles. Figure 4 a shows that kapp
value of MR and MB are smallest among all substrates.
The mobility of MB and MR through microgel sieves is
lowered due to dissimilarity between microgel sieve and
complex structure of MB and MR. The transfer of
electron density has faced maximum hindrance due to
presence of azo bonds inside the bulky groups. There-
fore, MB and MR are not easily reduced. Shah et al.
have studied the decreasing trend of kapp of organic
pollutants as MB > 4-NP > CR using poly (N-
isopropylacrylamide–methacrylic acid-2-hydroxy
methacrylate) loaded with silver and gold nanoparticles
as catalyst (Shah et al. 2016). Fu et al. have been

Fig. 3 Plot between ln (At/Ao) and time of catalytic reduction of a nitroarenes and b azo dyes (conditions: 3.5 mL substrate (0.1 mM),
0.01 mg NaBH4, and 0.5 mL catalyst dispersion)
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observed kapp trend of nitrophenols and azo dyes
of 4-NP > DNP > CR is 0.00319 > 0.00203 >
0.00115 min−1 using gold nanoparticles decorated
on activated coke (Fu et al. 2019). Significant

difference in kapp values of azo dyes is observed
due to dissimilarity in their structure while kapp
values of series nitroarenes are similar which dif-
fers only in position of nitro group.

Table 1 Summary of initial, final, reduced concentrations of dyes along with figures of sample before and after reduction

Substrate Initial 
concent
ration
(mM)

Final
concentration

(mM)

Reduced 
concentration

(mM)

Intrinsic 
rate 

constant

(mL/min 
µg)

Apparent 
half life
(min)

3-
N

P

OH

NO2 0.875 0.021 0.854 0.263 3.960

4-
N

P

OH

NO2 0.875 0.0109 0.8641 0.203 5.133

4-
N

A
S

OCH3

NO2 0.875 0.010 0.8641 0.378 2.750

4-
N

BA

COOH

NO2 0.875 0.209 0.666 0.105 9.900

D
N

P

OH

NO2

NO2

0.875 0.189 0.686 0.046 22.35

C
R

NH2

SO3
-Na+

N

N N

N

NH2

Na+O3
-S

0.875 0.105 0.770 0.218 4.779

C
V

N+

N N

Cl-
0.875 0.028 0.847 1.125 0.925
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Comparison of percentage reduction

Figure 4 b shows the plot of comparison of percentage
redcution of substrates using synthesized hybrid microgel
as catalyst. Figure 4 b shows the decreasing trend of
percentage reduction as 4-NAS> 4-NP >RB5 > 3-NP >
CV>CR>MB>DNP > 4-NBA>MR. Values of per-
centage reduction of 4-NAS, 4-NP, RB5, 3-NP, CV, CR,
MB, DNP, 4-NBA, and MR are observed as 98.7, 98.3,
97.9, 97.6, 96.8, 88.1, 84.1, 78.4, 76.1, and 61.9% respec-
tively. Figure 4 b shows that percentage reduction of 4-
NAS, 4-NP, and RB5 are almost equal to each other.
Percentage reduction of 4-NAS is found highest among
the series of substrates. The flux of 4-NAS is high due to its
small size because diffusion of small molecules is greater
than big molecules. Number of adsorbed 4-NAS mole-
cules is greater than that of big molecules. Availability of
active surfaceswas increased the adsorption of BH4

ˉ and 4-
NAS. Molecules of 4-NAS and 4-NP are shown structural
similarity, so percentage conversion of 4-NAS and 4-NP
are same. Complex structure of RB5 azo dyes was de-
creased its flux and adsorption. Minimum hindrance of
bulky groups is facilitated the electron density
tranformation. Trend of percentage reduction shows the

minimum percentage reduction in MR as compared to
other substrates. Bulky groups are present around azo bond
inMRwhich hindered the transfer of electron density. The
percentage reduction of MR is small due to following
factors: aromatic structure, low mobility, low adsorption
and hindrance against electron. Synthesized Fe-p(NIPAM-
AA) hybrid microgel is found to be effecient catalyst for
reduction of organic pollutants. High percentage reduction
is found in nitrophenols among series of substrates due to
their small size and less retardation in electron density
transfer.

Comparison of reduction time of all substrates

Figure 4 c shows plot of comparison of reduction time of
substrates using hybrid microgel as catalyst. Figure 4 c
shows the decreasing trend of reduction time as 4-NBA>
MB > 4-NP > RB5 > DNP > 3-NP > 4-NAS > CR >
MR>CV. Values of reduction time of 4-NBA, MB, 4-
NP, RB5, DNP, 3-NP, 4-NAS, CR, MR, and CV are
observed 29, 25.5, 23, 13.3, 12.3, 12, 11.6, 9, 7.3, and
5.3 min, respectively. Reduction time of nitroarenes was
observed almost lower than that of organic azo dyes. High
flux, high adsorption, and more contact time of nitrarenes

Table 1 (continued)
M

B N

NH NH

SO3
-Na+

Na+O3
-S

0.875 0.139 0.736 0.039 26.65
M

R

HOOC

N

N

N 0.875 0.333 0.542 0.045 23.10

R
B5

O
SO2Na+O3

-S

O

O2S
ONH2

N

NH
N

Na+O3
-S SO3

-Na+

N

SO3
-Na+

0.875 0.0109 0.856 0.447 2.325
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with Fe nanoparticles enhanced the faster reduction of
nitroarenes instead azo dyes. Trend shows MB was re-
duced in short time as compared to other substrates. High
flux and adsorption of CV increased its contact time with
Fe nanoparticles. Less hindrance of bulky groups is facil-
itated the rapid reduction of CV. Figure 4 c shows the
slowest reduction of 4-NBA as compared with nitroarenes
and organic azo dyes. Electrostatic interaction between
COO− of microgel network and 4-NBA may decrease its
flux, due to which adsorption and contact time of 4-NBA
were also decreased. The reduction time of 4-NP was

found smaller than that of MB and 4-NBA due to its easy
flux, more contact time, and no hinderance of bulky
groups. Reduction time of CV was observed smallest
among all substrates. Reduction time of nitroarenes was
almost similar to each other. Significant difference in
reduction time among various azo dyes was observed
(Fig. 4c). Ismail et al. had observed similar reduction time
trend as nitrophenols 4-NP ≈ 2-NP >CR>MR using Ag
nanoparticles supported with tero plant as catalyst (Ismail
et al. 2018). So, fast reduction is facilitated by the absence
of bulky groups in CV, RB5, and nitrophenols.

Fig. 4 Parameters calculated after studying catalytic reduction of nitroarenes and azo dyes: a kapp, b percentage reduction, and c reduction
time
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Conclusions

Fe nanoparticles were successfully synthsized by in situ
reduction within whole microgel network. Size of fabricat-
ed Fe nanoparticles lies in 8–40 nm range. Presence of two
SPR bands at short and long wavelengths was indicated
that Fe nanoparticls of two sizes were synthesized within
microgel. Series of nitroarenes and azo dyes were reduced
using synthesized Fe-p(NIPAM-AA) hybrid microgel as
catalyst. AA facilitates the flux of substrates of different
structures and sizes. Siginficant difference in kapp values of
all substrates is observed. Catalytic activity of hybrid
microgel is observed higher for nitroarenes than azo dyes.
Complex structure, low flux, and less adsorption of mole-
cules of azo dyes increased its contact time with reducing
agent and Fe nanoparticles. Significant reduction in CV
and RB5 were observed. kapp value of CV is 0.749 min−1

which is observed highest among all substrates. Compar-
ison of reduction time and percentage reduction of these
substrates were also studied. Maxmium percentage reduc-
tion of 4-NP and 4-NAS was observed. Significant reduc-
tion in CV was observed in 5.3 min among series of
substrates. So, synthsized hybrid microgel is found to be
a capable catalyst for reduction of different substrates
which possess different structural size and functional group
orientation. Newly synthesized product was used for cata-
lytic reduction of series substrates regardless of their chem-
ical structures. Dependence of catalytic activity of catalyst
on size, orientation, and hinderance of bulky groups in
chemical structres of substatres is also studied.
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