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A B S T R A C T   

The aim of this study was to prepare poly-N-isopropylmethacrylamide-co-acrylic acid-acrylamide 
[p-(NIPMAM-co-AA-AAm)] via precipitation polymerization in an aqueous medium. Rhodium 
nanoparticles were formed in the microgel network by an in-situ reduction technique with the 
addition of sodium borohydride as a reducing agent. Pure p-(NIPMAM-co-AA-AAm) and hybrid 
microgels [Rh-(p-NIPMAM-co-AA-AAm)] microgels were examined by using UV–Visible, FTIR 
(Fourier Transform Infrared), SEM (Scanning Electron Microscopy), TEM (Transmission Electron 
Microscopy), DLS (Dynamic Light Scattering) and XRD (X-Ray Diffraction) techniques. The cat-
alytic activities of the hybrid microgel [Rh-(p-NIPMAM-co-AA-AAm)] for the degradation of azo 
dyes such as alizarin yellow (AY), congo red (CR), and methyl orange (MO) were compared and 
the mechanism of the catalytic action by this system was examined. Various parameters including 
the catalyst amount and dye concentration influenced the catalytic decomposition of azo dyes. In 
order to maximize the reaction conditions for the dye’s quick and efficient decomposition, the 
reaction process was monitored by spectroscopic analysis. The rate constants for reductive 
degradation of azo dyes were measured under various conditions. When kapp values were 
compared for dyes, it was found that [Rh-(p-NIPMAM-co-AA-AAm)] hybrid microgels showed 
superior activity for the degradation of MO dyes compared to the reductive degradation of CR and 
AY.   

1. Introduction 

The primary source of contamination in freshwater is wastewater. Even low concentrations of many pollutants can cause harmful 
effects on the environment. Water quality has been linked to several critical issues facing humanity in the 21st century [1]. Excess 
fertilizers, pesticides, herbicides, and aromatic chemicals that flow into rivers through rainfall pose severe risks to life [2]. Inorganic 
compounds contain a variety of hazardous heavy metals that threaten living organisms in water [3]. Water with a BOD of 3.5 ppm is 
considered relatively clean. Approximately 14,000 people die daily from water pollution, largely due to untreated wastewater in 
developing nations [4]. 
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Every day in industries including paper making, leather tanning, food and fiber synthetic dyes are used in huge quantities [3]. 
About 15–20 % of the dyes in synthetic fibers are expected to be lost in wastewater during the production or processing process [5]. Of 
the reactive dyes, 60 % are azo dyes and about 12 % of many synthetic dyes are estimated to be azo dyes such as methyl orange, methyl 
red, methylene blue and congo red. In the textile industry more than 10,000 dyes used and 280,000 tons of these dyes are removed 
annually worldwide [6]. However, azo dyes have significant disadvantages as they are used in large quantities every day and their 
improper discarding is a main problem and may influence the health of humans and animals by converting them into cancer-causing 
aromatic amines [3]. Azo dyes are highly hazardous dyes that are not easily decomposed due to their complex structure and synthetic 
properties [7]. 

A main drawback of previously used techniques such as coagulation and flocculation [8] is that it leads to secondary contamination 
due to the overuse of coagulant [3]. The catalytic reduction method by using metal nanoparticles is considered the best method for the 
decomposition of harmful azo dyes among all the above-mentioned methods due to its extensive surface area, strong catalytic activity, 
high efficiency and exceptional capacity to transport electrons [9]. The decomposition of azo dyes, in the presence of nanocatalysts, is 
the most excellent approach for removing azo dyes from aqueous media [10]. Metal nanoparticles (NPs) have drawn interest as 
high-speed conversion catalysts. However, metal nanoparticles catalysts have some disadvantages, the surface energy of the metal 
nanoparticles is high, and very unstable in the nanometer region consequently the metal nanoparticles rapidly aggregate together to 
reduce the surface area that will reduce the catalytic activity [11]. Another issue is the inability of the reaction mixture to regenerate 
the bare MNPs catalyst via centrifugation or ultrafiltration. However, by impregnating the MNPs on a sturdy supporting medium, these 
short comings can be addressed. Polysaccharides [12], micelles [13], block copolymers [14] and microgels [15] are examples of such 
materials that are used to stop metal nanoparticles from aggregating. Among them, microgels are easy to synthesize, adjustable even 
size distribution, and quick to respond to external stimuli such as pH, temperature, and ionic strength [16]. 

Microgels made up of NIPMAM are of particular interest since they have volume phase transition temperature (VPTT) is 46 ◦C 
higher than p-NIPAM i.e. 32 ◦C [17]. NIPMAM has a high VPTT (46 ◦C) and is more hydrophobic due to extra methyl group than 
NIPAM. Furthermore, due to their strong hydrophobicity it speeds up the rate at which reactants access the metal NPs surface, p 
(NIPMAM) based microgels produce fewer blocky or large sieve-sized structures than p (NIPAM) based microgels. Hence, the rate of 
the catalytic reaction is accelerated [18]. 

These hybrid microgels have been used extensively as dye reductive degradation catalysts [19]. Shah et al. employed a poly 
(N-isopropylacrylamide-co-methacrylicacid-co-2-hydroxyethylmethacrylate) microgel network loaded with Ag NPs to break down 
methylene blue, congo red and 4-nitrophenol in an aqueous solution [20]. For the catalytic reductive degradation of methyl orange 
(MO), Wang et al. described the utilization of nanoparticles of titanium dioxide (TiO2) injected into the network of a Poly-(-
N-isopropylacrylamide-co-acrylic acid) microgel at varied pH and temperature conditions [21]. Farooqi et al. used 
Ag-p-(NIPAM-co-AA) for reduction of p-NP using various amounts of acrylic acid [22]. 

Until now, copper, gold and silver have generally been used in nanoplasmonics research which works only in the visible or infrared 
range. The applications of nanoplasmonics extend into the ultraviolet (UV) spectral range. Current study has shown that Rh has a high 
plasmonic UV response and it is feasible to create Rh nanoparticles with a range of less than 10 nm using chemical agents [23]. The 
recyclability and reusability of catalysts are significant, particularly from an economic perspective. Rhodium is a costly metal thus it is 
essential to regain the microgels loaded with Rh nanoparticles from the reaction latterly and to employ as a catalyst for the other cycle. 
While the reaction was finished, the Rh-(p-(NIPMAM-co-AA-AAm) was recovered by centrifugation. The regained Rh-(p-(NIP-
MAM-co-AA-AAm) catalyst was employed as a catalyst under the same condition. Rhodium NPs are extra stable than Ag and Au NPs, 
and their surface does not oxidize easily in water. For this reason, Rhodium nanoparticles are frequently used as catalysts in aqueous 
media [9]. To the best of our knowledge, no studies of the catalytic degradation of azo dyes in the presence of hybrid microgels with Rh 
NPs based on p-(NIPMAM-co-AA-AAm) have been published in the literature. 

2. Material and methods 

2.1. Materials 

N-isopropylmethacrylamide (NIPMAM 97 %), N, N-methylene-bis-acrylamide (BIS 99 %), Sodium Dodecyl Sulfate (SDS 97 %), 
Acrylic acid (AA 97 %), Acrylamide (AAm 98 %), Ammonium persulphate (APS), Sodium borohydride (SBH) were purchased from 
Sigma-Aldrich. Azo dyes like methyl orange alizarin yellow, congo red and Rhodium Chloride (III) (RhCl3 99 %) also purchased from 
Sigma-Aldrich. Microgels and hybrid microgels dialysis was done by using distilled water. 

2.2. Procedure for preparation of polymer microgel and hybrid microgel 

The production of p-(NIPMAM-co-AA-AAm) polymer microgels in an aqueous solution was carried out by free radical precipitation 
polymerization [11]. For preparation of p-(NIPMAM-co-AA-AAm) microgel, NIPMAM (85mol%) 5.08g, AAc (4mol%) 0.1 mL, 0.177g 
AAm (5 %) as co-monomer, 0.046g BIS (6mol%) and 0.06g sodium dodecyl sulfate were added in 250 mL three-neck round flask and 
stirred along 95 mL pure water with a magnetic stirrer. With continuous N2 delivery, the reaction mixture was agitated and heated to 
70 ◦C.The entire reaction was carried out in an inert environment. When the temperature was maintained at 70 ◦C, 5 mL of the freshly 
prepared 0.05 M initiator (APS) was added. After fogging, it was suspended for 6 h. The prepared p-(NIPMAM-co-AA-AAm) microgel 
dispersion was then cooled and dialyzed for a week using tubes madeup of molecular porous membranes each day change of distilled 
water at room temperature to remove initiator, surfactant and unreacted monomer. Hybrid microgels were fabricated at room 
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temperature by in situ reduction of metal ions in a microgel network. It has been reported in the literature that rhodium nanoparticles 
were prepared by reducing rhodium ions in a microgel network [9]. For hybrid microgel preparation, the 7.5 mL prepared microgel 
was mixed with 12.5 mL distilled water, poured into three round-bottom flask and stirred for 30 min while supplying nitrogen to 
remove the dissolved oxygen from the dispersion. 0.1 M sodium hydroxide was used to bring the pH of the mixture to 8.8. Then, 5 mL 
of rhodium chloride (RhCl3) was introduced into the flask under nitrogen purge and stirred for 1 h at room temperature. The reaction 
mixture was then combined with 0.0035g of sodium borohydride that had been dissolved in 5 mL distilled water. This caused the liquid 
to turn grayish-black. This reaction was continued for another 90 min Rh-(p-NIPMAM-co-AA-AAm) hybrid microgel dispersions were 
dialyzed in porous membranes for 2 h to remove the unreacted chemical species. 

2.3. Procedure applied for reduction of azo dyes 

Firstly, solutions of azo dyes (AY, MO and CR) of various concentrations such as 0.02 mM, 0.035 mM, 0.05 mM, 0.065 mM, 0.08 
mM, 0.095 mM were prepared. A sample cell of 2.5 cm long quartz was used, to which 1.7 mL of various concentrations of dye so-
lutions were added. 0.6 mL of sodium borohydride (SBH) and 0.05 mL of [Rh-(p-(NIPMAM-co-AA-AAm)] catalyst was added to sample 
cell as constant factors to investigate the degradation of azi dyes. The UV–visible spectra were recorded after 2 min interval until the 
solution became colorless. The same experiment was repeated for 0.095 mM dye solution and 0.6 mL of SBH as constant paraneters 
while changing the concentration of hybrid microgel. The hybrid microgel [Rh-(poly-N-isopropylmethacrylamide-co-Acrylic acid- 
Acrylamide)] catalyst was utilized with different quantities such as 0.06 mL (60 μL), 0.07 mL (70 μL), 0.08 mL (80 μL), 0.09 mL 
(90 μL) and 0.1 mL (100 μL). 

2.4. Characterization 

Different characterization techniques are used to analyze pure and hybrid microgels. Functional groups have been identified by 
FTIR analysis. Both p-(NIPMAM-co-AA-AAm) microgels and [Rh-(p-NIPMAM-co-AA-AAm)] hybrid microgels were dried in an oven at 
70 ◦C and granulated into fine powder in order to obtain a FTIR spectrum at 4000-650 cm− 1. ALPHA (platinum ATR) FTIR spectro-
photometer was used to record the FTIR spectra. Dilute dispersions of p-(NIPMAM-co-AA-AAm) microgels and Rh-(p-(NIPMAM-co-AA- 
AAm) were analyzed using UV–visible spectrophotometer. UV–visible spectra were recorded through HALO DB-20. The particle size 
and surface morphology of p-(NIPMAM-co-AA-AAm) microgels were determined by SEM analysis. JEM-2100 Transmission Electron 
microscope at 200 kV was used for the analysis of dilute Rh-(p-NIPMAM-co-AA-AAm) sample. The microgel size, polydispersity and 
responsiveness behaviors were evaluated by DLS measurement. X-ray diffraction analysis was used to assess the characteristics related 
to the structure. 

3. Result and discussion 

3.1. Mechanism involved for the preparation of p-(NIPMAM-co-AA-AAm) microgel 

The p-(NIPMAM-co-AA-Am) microgels were prepared by free radical polymerization in an aqueous medium. This method is the 
most excellent technique for obtaining a microgel with a uniform particle size distribution. The synthesis of microgels started when the 
temperature reached 70 ◦C. This is because at high temperatures, the initiator molecules (APS) decompose into a persulfate (S2O8

2− ), 
which is further decomposed into free electrons and negatively charged free sulfate radicals (SO4− ). The free radical sulfate (SO4− ) 

gives electrons to –C––C- in the monomer, converts it into -C-C- and initiates polymerization [24]. When the unpaired electrons on the 
sulfate-free radical reacted with the monomer and started the polymerization, the range of the microgel particles greater than before 
during the polymerization, the solution became milky white and the refractive index of the microgel particles changed forming an 
insoluble polymer chain [19]. 

The negative charge generated by the decomposition of the initiator also contributes to the coalescence between the small pre-
cursors particles and stabilizes them. The crosslinking agent (BIS) in the reaction vessel also supports the electrostatic stability and 
enhancing the mechanical strength of the particles. Because the cross-linking agent interacts with the particles, cross-linking occurs 
between the individual chains, resulting in holes of different sizes obtained. By adding a surfactant (SDS) the correct stability and 
monodispersity of microgel particles are achieved. When the polymerization process is completed, the reaction solution is cooled to 
ambient temperature to swell the microgel particles [25]. 

3.2. Mechanism involved for the production of [Rh-(p-nipmam-co-AA-AAm)] hybrid microgel 

To prepare rhodium nanoparticles in a p-(NIPMAM-co-AA-AAm) microgel network, dilute microgel dispersions of p-(N-iso-
propylmethacrylamide-co-acrylamide-acrylamide) were treated with RhCl3 salt. The solution of the metal salt (RhCl3) functions as a 
precursor of rhodium nanoparticles (NPs). SBH acts as a reducing agent in the reaction mixture and is involved in the reduction of 
rhodium ions. When introduced into the reaction mixture, SBH is decomposed into Na+ ions and boron hydride ions (BH4

− 1). Boron 
hydride ions (BH4

− 1) are attracted to Rh3+ ions and converted to rhodium atoms (Rho) because of the existence of the lone pair. The 
addition of sodium borohydride (SBH) turned the color of the microgel dispersion to grayish black. This indicates that rhodium ions 
(Rh3+) were successfully reduced to rhodium atoms (Rho) and rhodium nanoparticles were created in the microgel network. The 
extensive cross-linking of polymer chains leads to the formation of rhodium nanoparticles, as microgel particles go beyond the 
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nanosphere. By adding NaOH before the precursor salt, it was possible to keep the pH of the microgel dispersion greater compared to 
the Pka value of acrylic acid (AA). The ionization of the carboxylic acid groups in acrylic acid at this pH causes the microgel particles to 
swell. The preparation of [Rh-(p-NIPMAM-co-AA-AAm)] microgel is shown in Fig. 1. 

3.3. Characterization of p-(NIPMAM-co-AA-AAm) and Rh-(p-nipmam-co-AA-AAm) microgels 

Fourier-transform infrared analysis was used on polymer microgels to identify the functional groups in the network of pure 
microgels and hybrid microgels and also provides information on interactions with metal nanoparticles. Pure and hybrid microgel 
particles are subjected to FTIR spectra in a dry state [19]. Several peaks appeared at 2968 cm− 1 and 2972 cm− 1. This indicates the C–H 
stretching vibration of the –CH3 groups of pure and hybrid microgels. The carbonyl group in the pure microgel shows a characteristic 
peak at 1649 cm− 1, while the carbonyl group in the hybrid-type microgel is shifted to 1652 cm− 1 by the incorporation of Rh NPs into 
the microgel. This shift indicates a kind of interaction between Rh NPs and the resonant electrons of the carbonyl group [26]. They 
reported that these moderate shifts in the coupling frequency in hybrid microgels are mainly due to the metal NP’s interaction with 
these coupling and stretching frequencies, which causes changes in hydrophobicity and hydrophilicity. The presence of a peak at the 
N–H bending frequency of 3282 cm− 1 in the spectrum of p-(NIPMAM-co-AA-AAm) microgels showed a significant interaction among 
water and amine groups in the polymer microgels. On the other hand, in the hybrid microgel, the strong broad N–H group peak is 3359 
cm− 1, which can identify the interaction between the amide group of the microgel and the Rh nanoparticles. For the C––C bond, the 
absence of a peak of 1600–1640 cm− 1 in both the pure and hybrid microgels indicates that no unreacted monomer is left in the 
microgels and that the C––C double bond is converted into a C–C single bond during the polymerization procedure [18]. The clear peak 
at 1528 cm− 1 reflects the N–H bending of the amide group. The distinct peak at 1528 cm− 1 reflects N–H bending of amide group and 
peak at 1453 cm− 1 shows CH2 group bending vibration. The FTIR spectra of pure microgel and hybrid microgel are shown in Fig. 2 (a) 
and (b) respectively. 

In the ultraviolet–visible spectrum (UV–visible) of the p-(NIPMAM-co-AA-AAm) microgel dispersion, no band in the wavelength 
range of 200–750 nm was observed. Though, the components of the p-(NIPMAM-co-AA-AAm) microgels are visible to electromagnetic 
radiation in the UV visibility range [11]. The surface Plasmon resonance of rhodium NPs in the microgel network was assigned to the 
unique peak at 220 nm [9]. Fig. 3 demonstrate the UV–visible spectra of the diluted dispersion of p-(NIPMAM-co-AA-AAm) and 
[Rh-(p-(NIPMAM-co-AA-AAm)] microgels. 

We investigated the surface morphology of the pure microgel particles using scanning electron microscopy (SEM). A characteristic 
porous morphology was observed for the p-(N-isopropylmethacrylamide-co-acrylic acid-acrylamide) microgel particles. These broad, 
open pores allow for easy solvent exchange with the interior part of the microgel, It could be suitable as a carrier for catalytic 
nanoparticles [27]. SEM analysis for polymer microgel p-(NIPMAM-co-AA-AAm) is shown in Fig. 4(a). TEM micrograph of Rh 
nanoparticles incorpated in p (NIPMAM-co-AA-AAm) microgels is shown in Fig. 4(b), which shows that spherical Rh NPs were suc-
cessfully loaded into the microgel particles with an average diameter of 40 nm ± 5 nm. 

The pH-sensitive and temperature-sensitive behavior of microgel was investigated using DLS analysis. When the pH of the medium 
rises and falls with increasing temperature, the hydrodynamic radius (Rh) of the microgel particles slowly increases [28]. At low pH, 
the microgel particle is smaller; nevertheless, when pH increases, the microgel particle enlarges as seen by a rise in Rh. During the pH 
3.9 carboxylate groups of the acrylic acid are present in a protonated form because acrylic acid pka is 4.3. The extent of particles 
therefore, stay sustained in this pH. In the event of a more rise in the pH the carboxylate groups are deprotonated as a result of which 
repulsion forces arise among negatively charged carboxylate groups, raising the network’s osmotic pressure. Carboxylate ions are more 

Fig. 1. Schematic demonstration for preparation of [Rh-(p-NIPMAM-co-AA-AAm)] hybrid polymer microgel.  

S. Iqbal et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e25385

5

water loving than the carboxylic acid. More water molecules move within the microgel network and the size of the microgel increases 
with the rising pH of the medium. A strong increase in the hydrodynamic radius takes place in the pH range 5–7 since all carboxyl 
groups in this range are rapidly deprotonated. The size of the microgel particles is unaffected by a pH increase from 8 to 8.7 since all 
carboxyl groups are present in this pH range in protonated form. The NIPMAM component in the microgel network experiences a 
volume phase transition as the temperature raises, going from swollen to shrunken. The particles go through a significant phase 
transition as a result of water being released from the polymer matrix. The increase in the amount of H-bonds between carboxylate ions 
and water molecules causes the transition temperature to rise. Because of the lower degree of H-bonding and the stronger hydrophobic 
interaction of the polymer with water molecules only a limited number of water molecules are trapped [24]. Fig. 5 shows the hy-
drodynamic diameter of p-(NIPMAM-co-AA-AAm) microgel as a function of medium pH at temperature of 20 ◦C and 50 ◦C. 

The different peaks in the XRD sample give information regarding the crystalline nature of the rhodium nanoparticles inside 
microgel network. According to published research, the main peaks for rhodium nanoparticles in this X-ray diffraction sample are 
41.2◦, 47◦, and 69.8◦, which correspond to the (111), (200), and (220) planes, respectively [29]. Lyubimov et al. notice peak at two 
theta values of 41.21◦, which show the face-centered cubic crystal arrangement of the Rh NPs maintained by PVP polymer [30]. The 
average crystallite size assessed by (111) Bragg’s reflection width was found to be 12 ± 5 nm. The Debye-Scherer equation was use to 
verify the size of crystal. XRD analysis of the [Rh-(p-N-isopropylmethacrylamide-co-acrylic acid-acrylamide)] is shown in Fig. 6. 

3.4. Catalytic degradation of azo dyes 

Congo red, alizarin yellow and methyl orange are chosen as substrates for this reaction since the reduction of azo dyes in the 
existence of nano catalysts is the most excellent approach for removing azo dyes from aqueous media. Dyes are not readily degraded by 
the adding up of a sodium borohydride as reducing agent since the reaction is less feasible. The electrons require to maintain a way to 
move rapidly from the borohydride ions (BH4

− 1) to the dye molecules. To confirm this the reduction of CR with SBH only without 

Fig. 2. (a) FTIR spectrum of p-(NIPMAM-co-AA-AAm) (b) FTIR spectrum of [Rh-(p-(NIPMAM-co-AA-AAm)].  

Fig. 3. UV–visible spectra of RhCl3, p-(NIPMAM-co-AA-AAm) and [Rh-(p-(NIPMAM-co-AA-AAm)] microgel.  
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Fig. 4. (a): Scanning electron microscopy images at different focus points for p- (N-isopropylmethacrylamide-co-acrylic acid-acrylamide) microgel. 
(b): TEM images of Rh-p (N-isopropylmethacrylamide-co-acrylic acid-acrylamide) hybrid polymer microgel. 

Fig. 5. DLS analysis of p-(NIPMAM-co-AA-AAm) microgel at different temperatures.  
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catalyst have no considerable alteration in the absorption value was found at λmax and the similar change was also observed for other 
dyes [9]. In Catalytic reduction of azo dyes borohydride ion (BH4

− 1) acts as a source of hydride ion both the dye molecule and hydride 
ion which are present on the surface of Rh nanoparticles. At the end of reaction product depart the metal surface and diffuse out. 
Degradation procedure was scanned by UV–visible spectrophotometry. The anionic dye congo red exhibits two peaks in the UV–visible 
range namely at 340 nm and 492 nm, which are attributable to allowed π-π* transitions and forbidden n-π*transitions. When a minute 
amount of catalyst was injected into the congo red (CR) solution together with sodium borohydride, a similar reduction in peak in-
tensity could be noticed. The variation in absorption of the peak at 492 nm was investigated to check the improvement of the catalytic 
reduction of congo red which slowly decline over time. The n—δ* and δ—δ* transition produced two peaks at 249 and 288 nm 
confirming the reduction in diazo bond (-N-N-) [20]. The degradation products of congo red are biphenyl and sodium 4-amino-1-naph-
thalenesulfonate as shown in Fig. 7 [18]. The reduction of alizarin yellow was recorded by calculating the absorption value at 360 nm 
as a function of time. The decline in absorption with time because of the reduction of the azo dye by using sodium borohydride in the 
existence of the hybrid microgel as the catalyst. The reduction products of alizarin yellow (AY) are aniline and salicylic acid as given in 
Fig. 8. Methyl orange is produces a peak at 471 nm, with a second peak at 264 nm. N, N-dimethylaniline and sodium benzene sulfate 
are the breakdown products of methyl orange depicted in Fig. 9. The –NH2 functionality of N, N-dimethylaniline show a new peak at 
250 nm after decomposition [6]. 

The addition of a catalyst causes the dye to lose color and the intensity of the peak decreases, a clear signal that the degradation of 
the dye has occurred. Fig. 10(a–c) depicts the degradation pattern of various azo dyes i.e. congo red, alizarin yellow, and methyl 
orange. At first, characteristic peaks were observed at different wavelengths for different azo dyes which gradually decreased. In the 

Fig. 6. XRD analysis for [Rh-(p-NIPMAM-co-AA-AAm)] hybrid microgel system.  

Fig. 7. Degradation product of congo red (CR).  
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end, a straight line was observed which indicates that no more dye content was present in the mixture. In the process of catalytic 
reduction of different azo dyes in the presence of hybrid catalyst, both borohydride ions and the dye molecule are directed toward the 
surface of Rh nanocatalyst. Borohydride ions act as a source of hydrogen and degrade the azo dyes already present on the surface of Rh 
nanocatalyst. As the reaction goes on, the colorful azo dye solution gradually fades and after sometime a colorless solution was 
observed. CR and MO azo dyes were fully degraded after 4 intervals while AY azo dye was degraded after 5 intervals as shown in Fig. 10 
(a–c). 

Since the amount of the catalyst is very small compared with the amount of the reducing agent (SBH) the peak intensity of the dye is 
not affected by the plasmon band of rhodium (Rh0). In order to satisfy the pseudo-first-order equation, the dye concentration was kept 
very low in comparison with the amount of sodium borohydride (SBH). The pseudo-first-order equation is as follows. 

ln
Ct

Co
= ln

At

A o
= − Kappt (1) 

In this case, Ao and At are the initial value and the final value of the absorption intensity of the azo dye.The degradation of azo dyes 
(AY, MO and CR) was carried out by varying dye concentrations and Rh-(p-NIPMAM-co-AA-AAm) catalyst concentrations. The 
reduction rate of each dye is changed by changing the concentration of the dye and the concentration of the hybrid microgel as a 
catalyst. As the dye concentration increases, the time to the end of the reaction increases and this result was obtained by applying ln 
(At/Ao) to time. The dyes concentration was varied from 0.02 mM to 0.095 mM, and hybrid microgel [Rh-(p-NIPMAM-co-AA-AAm)] 
and 0.6 mL sodium borohydride (SBH) were kept constant and reacted in all pigment solutions. 

The time to the end of the reaction increased by the raise in the dye concentration and this result was shown in Fig. 11 (a) and (b) by 
applying ln (At/Ao) vs. time. The decrease in Kapp values with the raise in dye concentration generally follows the Langmuir- 
Hinshelwood mechanism and desorption of the product from the catalyst surface to the solution takes place. By varying the 
amount of catalyst from 0.06 mL to 0.1 mL and the concentration of dye and SBH constant the reaction was carried out. By rising the 
amount of catalyst increases the number of nanoparticles (NPs) per volume thus increasing the Kapp as given in Table 1. This was 
confirmed by the plot of Kapp (min− 1) against the amount of catalyst, as shown in Fig. 12. A similar trend was observed for congo red 
and methyl orange. 

3.5. Mechanism for the degradation of dye 

Decomposition of sodium borohydride (SBH) produces Na+ and BH4
− 1 ions in the solution. The borohydride ion (BH4

− 1) functions as 
a supply source of hydride ions of both hydride ions and dye molecules present on the surface of Rh nanoparticles. When boron hydride 
ions (BH4

− 1) are present on the metal surface, hydrogen is released and electrons are transferred to Rh nanoparticles. The Rh nano-
particles acquire electrons and are activated to diazo bonds (-N––N-) of dye molecules. The conjugation weakens the diazo bond of the 
dye molecule and cleaves the azo bond. In the first stage of the reaction, the –N––N-is converted into a nitrogen-nitrogen single bond, 
which is then cleaved from the –NH–NH- bond, so that the dye becomes lighter and finally colorless. After the reaction is completed, 
the product leaves the metal surface and diffuses [18]. Fig. 13 shows the mechanism of catalytic decomposition of dye molecules by 

Fig. 8. Degradation product of alizarin yellow (AY).  

Fig. 9. Degradation products of methyl orange (MO).  
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SBH. 

4. Conclusions 

Rhodium nanoparticles were successfully synthesized by means of free radical polymerization of p-(NIPMAM-co-AA-AAM) 
microgels. Rhodium nanoparticles were produced within the microgel through in-situ reduction approach by using sodium borohy-
dride. In order to satisfy the conditions of a pseudo-first-order reaction, the hybrid microgel is used for decomposing azo dyes and 
converting them to less harmful components. For these reactions, rate constants observed under two different operating conditions 
were estimated. The Kapp value increases initially when the dye concentration is increased while the other parameters are kept 

Fig. 10. Catalytic degradation of azo dyes (0.02 mM) by keeping SBH (0.6 mL) and hybrid microgel catalyst dose (0.05 μL) parameters constant at 
room temperature (a) Congo red degradation (b) Alizarin yellow degradation (c) Methyl orange degradation. 

S. Iqbal et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e25385

10

constant. The decline of Kapp value by the raise of dye concentration is often related to the Langmuir-Hinshelwood mechanism in which 
products desorption from the catalyst surface to the solution. When the amount of the catalyst is increased, the kapp value is increased, 
it was proven that the value of kapp was highest when a large amount of catalyst was used. The value of the rate constant was larger in 
the case of MO dye however, the hybrid system also effective for the degradation of other azo dyes. Our method has the potential to 
convert these pollutants into less toxic molecules that can be used to produce a variety of useful compounds. 

Data availability statement 

Data included in article/referenced in article. 

Fig. 11. The graph of ln (At/Ao) vs. time (a) for alizarine yellow dye reduction using various concentrations at constant catalyst doses with SBH (b) 
for alizarine yellow dye reduction with SBH using various Rh-(p-NIPMAM-co-AA-AAm) catalyst doses. 

Table 1 
Half-life and observe rate constant (Kapp) of azo dyes for both reaction conditions.  

Azo Dyes Constant parameter Variable parameter Kapp (min− 1) Half-life (min) 

AY Catalyst dose (50ml/0.05 μL) 
+ SBH (0.6 mL) 

Alizarine yellow concentration 0.02 mM 0.026 26.653 
0.035 mM 0.028 24.75 
0.05 mM 0.101 6.861 
0.065 mM 0.040 17.325 
0.095 mM 0.037 18.729 

Dye concentration (0.095 mM) 
+ SBH (0.6 mL) 

Catalyst dose 0.06 mL 0.012 57.75 
0.07 mL 0.017 40.764 
0.08 mL 0.024 28.875 
0.09 mL 0.025 27.72 
0.1 mL 0.029 23.896 

CR Catalyst dose (50ml/0.05 μL) 
+ SBH (0.6 mL) 

Congo red concentration 0.02 mM 0.114 6.078 
0.035 mM 0.194 3.572 
0.05 mM 0.221 3.135 
0.065 mM 0.271 2.557 
0.08 mM 0.266 2.605 
0.095 mM 0.260 2.665 

Dye concentration (0.095 mM) 
+ SBH (0.6 mL) 

Catalyst dose 0.06 mL 0.199 3.482 
0.07 mL 0.278 2.492 
0.08 mL 0.290 2.389 
0.09 mL 0.296 2.341 
0.1 mL 0.342 2.026 

MO Catalyst dose (50ml/0.05 μL) 
+ SBH (0.6 mL) 

Methyl orange 
Concentration 

0.02 mM 0.292 2.373 
0.035 mM 0.305 2.272 
0.05 mM 0.487 1.422 
0.065 mM 0.455 1.523 
0.08 mM 0.320 2.165 

Dye concentration (0.095 mM) 
+ SBH (0.6 mL) 

Catalyst dose 0.06 mL 0.441 1.571 
0.08 mL 0.459 1.509 
0.09 mL 0.493 1.405 
0.1 mL 0.533 1.300  
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Fig. 12. Plot of Kapp (min− 1) and catalyst dose (mL) for AY.  

Fig. 13. Mechanism for Adsorption of reducing agent and dyes on the surface of metal nanoparticles.  
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