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Abstract

:

Poly (N-isopropylacrylamide-acrylic acid) [p(NIPAM-AAc)] microgel was successfully fabricated using the precipitation polymerization method. Silver (Ag) nanoparticles and graphene oxide (G) were used to fabricate the following hybrid microgels: Ag-p(NIPAM-AAc) (Ag-HMG), Ag-G-p(NIPAM-AAc) (Ag-G-HMG), and G-p(NIPAM-AAc) (G-HMG). Ag-HMG, Ag-G-HMG, and G-HMG were characterized using a Zetasizer and UV-Vis spectroscopy. The reduction of a series of different compounds with comparable and distinct chemical structures was catalyzed by synthesized Ag-HMG, Ag-G-HMG, and G-HMG hybrid microgels. The average size of Ag nanoparticles was found to be ~50 nm. Ag nanoparticles were synthesized within microgels attached to G sheets. Ag-p(NIPAM-AAc), Ag-G-p(NIPAM-AAc), and G-p(NIPAM-AAc) hybrid microgels were used for the catalytic reduction of nitroarenes and dyes. By comparing their apparent rate constant (kapp), reduction duration, and percentage reduction, the activity of HMG (hybrid microgel) as a catalyst towards different substrates was investigated. Graphene sheets play role in electron relay among Ag nanoparticles and microgels.
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1. Introduction


Microgels are distinct gel particles with a size in the colloidal range of 5–500 nm and are composed of crosslinked polymer chains, which is a typical internal arrangement of polymer networks [1]. Nanoparticles containing microgels are called hybrid microgels (HMGs) [2]. Microgels act as stabilizing agents and inhibit the aggregation of nanoparticles [3,4]. This type of hybrid material possesses the exceptional properties of both microgels and metal nanoparticles [5]. The synthesis and characterization of microgels containing temperature-responsive polymers have attracted more attention in recent years. HMG is a material that has the strength, conductivity, and photosensitivity properties of nanoparticles and the viscoelasticity of polymers [6].



HMGs (polymer microgels produced with inorganic nanoparticles) have received a lot of attention as catalytic devices for reducing toxic chemicals [7]. Nitro arenes and organic dyes are toxic chemicals [8,9]. Their degradation or reduction is very slow in the environment [10]. The accumulation of these compounds in water bodies is increasing day by day [11], so efficient methods of removing these substances have been researched. It is better to convert these toxic compounds into useful compounds, such as amino arenes. Das et al. have synthesized silver (Ag) nanoparticles illuminated cerium oxide nanotubes catalyst for the reduction of 4-nitrophenol (4-NP) [12]. Das et al. have also tried to modulate the catalytic reduction of 4-NP using thermoresponsive Ag nanoparticles entrapped in resin nanocomposite as a catalyst [13]. Jamil et al. have reported the catalytic reduction of dyes using nickel oxide/polyaniline nanocomposite as a catalyst [14].



The improved catalytic behavior of HMGs is linked to the sensitive nature of microgels to a specific stimulus and the exceptional stability of nanoparticles inside the network of polymer microgels. The catalytic properties of HMGs can be easily tuned through slight changes in ambient conditions. In the presence of an HMG catalytic system, the catalytic reduction of nitroarenes and organic dyes has been explained [15]. Smart polymer microgels loaded with metal sulfide [16], metal oxide [17], and metal nanoparticles [18] have been used as catalysts in the reduction of nitroarenes and organic dyes. In these HMGs, metal nanoparticle-loaded microgels have often been used [19].



Graphene is a two-dimensional material [20] that possesses a single layer of sp2 hybridized carbon atoms [21], and it is the thinnest and hardest material [22]. Graphene shows distinct characteristics, including a large surface area, high charge carrier mobility, and high thermal conductivity [23], which ensure its high catalytic activity. The addition of metal oxide nanoparticles to graphene reduces aggregation, thus resulting in the increased surface area of the composite [24]. Graphene permits the electrons to bounce among microgel particles. The potential of graphene as an adsorbent to remove various dyes, heavy metal ions, and other aromatic pollutants has been studied [25]. Aside from pure graphene, surfactant-modified graphene, nanomaterials, polymers, and biomolecules have been investigated as adsorbents and observed to have high adsorption efficiency. The active groups, such as carbonyl, epoxy, and hydroxyl groups, present on the surface of graphene oxides allow it to interact with a wide range of molecules and thus undergo surface modification [26]. Furthermore, through surface complexation, these entangled active groups of graphene oxide can connect to heavy metal ions present in the solution, allowing it to be utilized to extract ions from the solution [27]. It was previously reported that graphene oxide/poly(N-isopropylacrylamide) (GO/PNIPAM) hybrid microgel was used to purify water from toxic dyes and contaminants [28], and the reduction of organic pollutants, such as Congo red, 4-nitroanisole (4-NA), methylene orange, 4-nitrophenol (4-NP), methylene blue, Safranin, 2,4 dinitrophenol (2,4-DNP), and 4-nitrobenzoic acid (4-NBA), using zirconium-poly(N-isopropylacrylamide-methacrylic acid)@graphene composite as a catalyst was reported [29].



As low-cost catalysts for the reduction of nitroarenes and organic dyes, Ag nanoparticles synthesized as smart microgels have gained interest [30,31]. The most common method for producing and stabilizing Ag nanoparticles is to reduce the silver ions within polymer microgels with a suitable reducing agent [32]. The ease of availability of salt precursors—polymer microgels loaded with Ag nanoparticles—has attracted a lot of attention in comparison to other noble metal salts, such as gold (Au), platinum (Pt), and palladium (Pd) [33]. Zhang et al. developed poly(N-isopropylacrylamide-maleated carboxymethylchitosan) [p(NIPAM/MACS)]-responsive microgels through co-precipitation polymerization loaded with Ag nanoparticles to explore the catalytic behavior for the reduction of nitroarenes [34]. For the reduction of 4-nitrophenol via NaBH4, the hybrid system showed strong catalytic activity. Lu et al. described the production of poly(styrene)-p(N-isopropylacrylamide)-silver (PS-PNA-Ag) core-shell HMG and investigated their catalytic potential [35]. Small and uniform-sized Ag nanoparticles were successfully produced in the shell region of core-shell microgels, with catalytic efficiency proportional to the surface area of the silver nanoparticles [36]. Shah et al. developed a stimuli-responsive homogeneous microgel system with Ag nanoparticles and investigated its catalytic activity for methylene blue reduction in an aqueous medium [37]. Simple free radical precipitation polymerization was used to make P(NIPAM) microgels, and Ag nanoparticles were produced within the polymer microgels through in situ reductions of Ag ions. Khan et al. developed an Ag-poly [N-isopropylacrylamide-co-allyl acetic acid] hybrid catalytic system for nitrobenzene reduction. The effect of NaBH4 and catalyst dosage on nitrobenzene reduction rate constant values was examined. The study concluded that the Langmuir–Hinshelwood mechanism operates after catalytic reduction [38].



Nitroarenes are highly toxic and harmful to the environment [39] and are widely used in sectors such as explosives [40], medicines [41], and textiles [15]. Nitroarenes are commonly utilized as precursors in the production of insecticides, pharmaceuticals, and colors [42]. Dyes are a type of organic substance that is often utilized in the textile [43], cosmetic [44], and chemical industries [45]. During the dying process, over 15% of the total dye output is wasted. The reduction of organic waste, including nitroarenes and organic dyes, is becoming increasingly important as a result of these factors. These pollutants can be converted into less harmful substances using various methods, such as catalytic reduction, hydrogenation, degradation, and physical adsorption [46]. Catalytic reduction is the most widely used method for the reduction of nitroarenes [47,48,49].



The present research work involved the synthesis of Ag-p(NIPAM-AAc), G-p(NIPAM-AAc), and Ag-G-p(NIPAM-AAc) hybrid microgels through the polymerization precipitation method. The synthesized hybrid microgels were characterized using Zetasizer and UV-Vis spectroscopy. A Zetasizer was used for the measurement of particle size and polydispersity index of Ag-HMG, Ag-G-HMG, and G-HMG hybrid microgels. The purpose of this study was to compare the catalytic efficiency of Ag-p(NIPAM-AAc), G-p(NIPAM-AAc), and Ag-G-p(NIPAM-AAc) hybrid microgels in the reduction of organic compounds, such as dyes and nitroarenes. The comparison of kapp, reduction time, and reduction percentage are also discussed.




2. Results and Discussion


2.1. Zeta Potential Analysis of Hybrid Microgels


A zeta analysis was used to determine the size and size distribution of the samples. The results of the DLS Zetasizer show the zeta potential measurements of Ag-HMG, Ag-G-HMG, and G-HMG. Three bands were observed in the plot of Ag-HMG hybrid microgel shown in Figure 1. These three bands were centered on 5, 50, and 5200 nm. The band around 50 nm indicated the size of the Ag-HMG hybrid microgel, which correlates to the STEM analysis results (Figure S1). The band around 5 nm predicted that the size was very small, which could be the size of Ag nanoparticles present outside the microgel. The band around 5200 nm showed that the Ag-HMG hybrid microgel was aggregated, which refers to the presence of Ag nanoparticles between the microgel. Ag-HMG with an average particle size of 50 nm has a very uniform distribution, which can be observed when peaks with an intensity of 92.5% appear. The first small peak showed that some Ag nanoparticles were in the range of 5–10 nm; these nanoparticles are not inside the microgel system shown in Figure 1. This refers to the monodispersity of the nanoparticles, which makes the nanoparticles very stable for a long time. In addition, the (PDI) was 0.385, indicating that the formed Ag nanoparticles had high stability and homogeneity.



Two bands were observed in the plot of Ag-G-HMG hybrid microgel. These two bands were centered on 160 and 1740 nm. The band around 160 nm indicated that the hybrid microgel overlapped with each other. The band around 1740 nm predicted that particles of the hybrid microgel (Ag-G-HMG) were fabricated on the graphene sheets. These two peaks in Ag-G-HMG showed the size distribution analysis, showing more than 80% of nanoparticles in the system were around 160 nm, which indicated that gel particles appeared fused. Their boundaries were joined with each other, whereas the PDI of 0.509 indicated that Ag-G-HMG was less monodisperse in comparison with Ag-HMG. Similarly, two bands were observed in the plot of G-HMG. These two bands were centered on 550 and 4480 nm. These two peaks possessed intensity levels of 88.9 and 11.1, respectively. The size distribution analysis of the G-HMG hybrid microgel revealed a sharp, strong, and intense peak, showing more than 90% of particles in the system were around 550 nm, which indicates that gel particles were fabricated on graphene sheets, whereas a PDI of 0.482 indicated that G-HMG was less monodisperse compared to Ag-HMG but a slightly good result in comparison with Ag-G-HMG.




2.2. Catalytic Applications of Hybrid Microgels


The catalytic reduction of dyes and nitroarenes using hybrid microgels as catalysts and NaBH4 as a reducing agent was investigated. The time-dependent plot of the catalytic reduction of nitroarenes (4-NP, 4NAs, 2,4 DNP) and dyes (RB-5, MG, MR, EBT, and MO) is shown in Figure 2. The organic compounds, such as MR, RB-5, MG, EBT, MO, 4-NP, 4-NAs, and 2,4 DNP, showed maximum absorbance at 430, 595, 617, 530, 500, 400, 320, and 360 nm, respectively. NaBH4 was used, in excess quantity, as the concentration of substrate. The dynamics of this reduction were pseudo-first-order, as the pH of the reaction medium was above 10. Carboxyl groups of AAc were ionized at this pH because the medium pH was greater than the pKa of AAc [50]. Due to repulsion among carboxyl groups, hybrid microgel sieves were opened and molecules of 4-NP, 4NAs, 2,4 DNP, and NaBH4 were easily fluxed through the sieve and adsorbed on the active surfaces. Ag nanoparticles served as a route for electron density transfer from BH4- to 4-NP, 4NAs, and 2,4 DNP. The transfer of electron density from BH4- to organic azo dye was also enhanced by Ag nanoparticles. The cleavage of the azo link is required for the catalytic reduction of organic dyes.



2.2.1. Comparison of kapp of Dyes and Nitro Compounds


Figure 3 provides a comparison of the kapp of different substrates reduced through the use of Ag-HMG, G-Ag-HMG, and G-HMG as catalysts. kapp values of the nitro compounds are shown to be higher compared to the kapp value of organic dyes. Ag-HMG, G-Ag-HMG, and G-HMG hybrid microgel catalysts that possess binding inside the microgel network accessibility of 4-NAs were higher than other nitro compounds. BH4- easily reduced the nitro-group into the amino groups as compared with the substrate. The reduction of 4-NAs was the maximum among all other substrates. The plot shows that the kapp value of 4-NAs was at the maximum. The existence of open-positioned MeO groups (methoxy groups) and nitro bulky groups in 4-NAs accelerated nitro-bond reduction. The 4-NAs positively charged nitrogen atom was extremely electrophilic, favoring a BH4--mediated nucleophilic attack. When the kapp values are compared, it can be seen that nitrophenols reduce faster than azo dyes. The 4-NAs and MO are slightly more highly reduceable compared to the other organic pollutants. The catalytic reduction of 4-NAs and MO was greater than other compounds due to the rapid transfer of electron density on the active sites of Ag-HMG and Ag-G-HMG, respectively, as compared to other organic pollutants. The rate of catalytic reduction of organic dyes depends on the bulkiness of the aromatic rings around the azo group of dye. MO and EBT were significantly reduced due to less bulkiness and the easy cleavage of the azo group. High stability in the structure of MR restricted the cleavage of the azo group. Therefore, MR showed the lowest kapp value compared to other substrates.




2.2.2. Comparison of Reduction Time


The reduction time comparison of different substrates between Ag-HMG, G-Ag-HMG, and G-HMG catalysts is shown in Figure 4. The plot showed that the reduction time of MR was higher in comparison with other compounds. The 4-NP reduction time was the lowest because of the presence of fewer bulky aromatic rings around the azo group. More time of contact of the nitroarenes, maximum flux, and maximum adsorption with Ag-HMG, Ag-G-HMG, and G-HMG hybrid microgels increased the rate of reduction of the nitro-compounds compared to azo dyes. In comparison to other substrates, 4-NP was reduced in a shorter amount of time, as shown in the graph. However, for the Ag-G-HMG hybrid microgel, 4-NP showed a high reduction time due to the electrostatic interaction between COO− of the Ag-G-HMG hybrid microgel network and 4-NP. The removal of bulky groups (less hindrance) contributed to the rapid reduction of MO. Among all the substrates, 4-NP had the quickest reduction time. The similarity between the structures of the MR and RB-5 bulk azo groups attached in their structures showed a similar trend in reduction time in the existence of different HMG, with a slight deviation.




2.2.3. Comparison of Percentage Reduction


Figure 5 plot provides a comparison of the percentage reductions for different substrates using Ag-HMG, G-Ag-HMG, and G-HMG as catalysts. The reduction of a substrate depended on structure similarity, the orientation of the functional group, and the nature of bond breakdown during the transformation of electron density. MG, MO, 4-Nas, and other compounds were maximally reduced due to the high recognition ability and similarity between the structures of the synthesized hybrid microgels (Ag-HMG, G-Ag-HMG). The high reduction percentage of MO was due to the similarity between the structures of MG, as compared to 2,4 DNP, RB-5, MR, and EBT. Ag-HMG, G-Ag-HMG, and G-HMG were easily recognized by MG as compared with other substrates. The presence of bulky aromatic rings around the azo group hindered the cleavage of the azo group, which may have reduced the reduction percentage of the substrate. The increase in the specific surface or surface/volume ratio of Ag-HMG could be the reason for its excellent catalytic activity in reducing organic dyes. MR was not significantly reduced due to high structure stability, as compared to other substrates. MR showed the lowest reduction percentage, and 4-NP showed the highest reduction percentage with G-HMG, as shown in Figure 5.



A summary of the reduced concentrations of different substrates is provided in Table 1. The N-group (the group containing nitro) was reduced into the A-group (the group containing amino), and the A-group was reduced into N–N in the excess presence of NaBH4 using a synthesized catalyst (Ag-HMG, Ag-G-HMG, and G-HMG), which resulted in reduced (colorless) compounds. Ci, Cf, and Cr concentration details are also shown. Substrates were reduced into 4-AP, 2,4-DAP, 4AAS, and other amino compounds. The synthesized G-HMG catalyst showed a maximum reduction of different substrates as compared to Ag-HMG and Ag-G-HMG.




2.2.4. Comparison of Stability


The stability of the Ag-HMG, Ag-G-HMG, and G-HMG catalysts has been studied using 4-NP as a substrate. The stability of the catalysts was studied in terms of their percentage of efficiency. All the catalysts were found to be stable over four cycles (Figure 6). Little decrease in catalytic activity was observed. The general percentage of efficiency trend was AG-G-HMG > G-HMG > Ag-HMG. Graphene provided mechanical strength to microgels, so the stability of G-HMG and Ag-G-HMG catalysts was high. The oxide layer was formed around Ag nanoparticles when used in an aqueous medium, so its percentage of efficiency was decreased after every cycle [51].






3. Experimental


3.1. Materials


N-isopropyl acrylamide (C6H11NO)n, Sodium Dodecyl Sulfate (SDS), Ammonium persulfate (APS), N,N methylenebisacrylamide (BIS), Silver nitrate (AgNO3), Sodium hydroxide (NaOH), Sodium borohydride (NaBH4), Polyvinlpyrrolidone (PVP), 4-Nitrophenol (C6H5NO3), 4-Nitroanisole (C7H5NO3), 2,4-Dinitrophenol (C6H4N2O5), Methyl red (C15H15N3O2), Reactive black-5 (C26H21N5Na4O19S16), Malachite green (C23H25N2), Eriochrome black-T (C20H12N3O7SNa), and Methyl orange (C14H14N3NaO3S) were purchased from Sigma-Aldrich, Louis, MO, USA. All of the chemical compounds were of analytical grade and used without any purification. Fresh distilled water was used to make all of the solutions.




3.2. Synthesis of p(NIPAM-Acrylic Acid) Microgel


The precipitation polymerization (PP) method was used to make p(NIPAM-AAc), and 0.92 g of NIPAM, 0.04 mL of AAc, and 0.07 g of BIS were dissolved in 95 mL of distilled water in a round bottom flask. In the resulting solution, 0.05 g of surfactant (SDS) was dissolved and agitated for 30 min at 70 °C. Then, 5 mL of APS (0.05 M) was added and agitated continuously for 5 h at 70 °C. Molecular porous membrane tubing was used to dialyze synthesized p(NIPAM-AAc) against distilled water for a week at room temperature. The whole process is drawn schematically in Figure 7.




3.3. Synthesis of Graphene


Graphene was synthesized using the Hummers method [52]. We used the same graphene that was already prepared and explained in our paper: Ali et al. [29]. The schematic diagram of the synthesis of graphene is provided below in Figure 8.




3.4. Synthesis of Hybrid Microgels


HMG embedded with Ag nanoparticles was prepared using the in situ chemical reduction method (Figure 9) [53]. In a round-bottom flask, 20 mL p(NIPAM-AAc) dispersion of microgel and 14 mL of H2O were added and stirred for 30 min at a pH of 9. To keep the pH at 9, NaOH was utilized. In the microgel dispersion, 1.8 mL of AgNO3, having a molar concentration of 0.01 M, was added and agitated for 30 min at room temperature. The reaction mixture was then agitated for another 60 min after adding 0.02 g of NaBH4. A semipermeable membrane was used to dialyze an Ag-p(NIPAM-AAc) hybrid microgel against pure water. After that, the obtained product was divided into two equal portions.



Next, 0.3 g of powdered graphene was added to one portion of Ag-p(NIPAM-AAc), and the reaction mixture was stirred for 2 h at room temperature in the round-bottom flask. An Ag-G-p(NIPAM-AAc) hybrid microgel was obtained at the end of the reaction.



Then, l0 mL of synthesized p(NIPAM-AAc) microgel and 7 mL of distilled water were added into a round-bottom flask and stirred for 30 min at a pH of 9 to synthesize hybrid microgel G-p(NIPAM-AAc). NaOH was used to maintain a pH of 9, and 0.3 g of powdered graphene was mixed into the medium and stirred for 2 h at room temperature in the round-bottom flask.




3.5. Catalytic Application


Organic compounds, i.e., MO, MR, MG, RB-5, EBT, 4-NP, 4-NAs, and 2,4-DNP, were used as substrates to compare the catalytic activity of synthesized products, i.e., Ag-HMG, G-HMG, and Ag-G-HMG hybrid microgels. λmax of EBT, MO, 4-NP, RB-5, MR, MG, and 2,4-DNP in an aqueous medium was observed as 530, 500, 400, 595, 430, 617, and 360 nm, respectively. A total of 3 mL of 0.1 mM solution of organic compounds, 0.5 mL of hybrid microgel, and 0.01 g of NaBH4 were added into a cuvette and placed in a UV-Vis spectrophotometer to examine the progress of the catalytic reduction. The absorbance of the solution was observed at different intervals of time at λmax.




3.6. Characterization


The measurement of particle size and polydispersity index of Ag-HMG, Ag-G-HMG, and G-HMG via Zetasizer (ver. 7.11; serial number: MAL1127001, Malvern Zen 3600, Malvern Panalytical, Malvern, UK), which was available from the National Textile University, Faisalabad. A BMS VIS-1100 spectrophotometer (Bristol Myers Squibb, New York, NY, USA), used for UV-Vis spectrophotometry, was obtained from the Postgraduate Agricultural Research Station (PARS), University of Agriculture, Faisalabad.





4. Conclusions


P(NIPAM-AAc) microgel was successfully synthesized through precipitation polymerization with a free radical mechanism, graphene was synthesized using Hummer’s method, and Ag nanoparticles were manufactured via the in situ chemical reduction method. The size range of fabricated Ag nanoparticles was 5–50 nm. Azo dyes and nitroarenes were reduced through the use of synthesized hybrid microgels as catalysts. In this research work, we described the synthesis of Ag nanoparticles fabricated from poly(N-isopropylacrylamide-co-acrylic acid) hybrid microgel—Ag-p(NIPAM-AAc), Ag-G-p(NIPAM-AAc), and G-p(NIPAM-AAc) hybrid-microgels—that were used for the reduction of different organic compounds (4-NP, 4-NAs, 2,4 DNP, RB-5, EBT, MG, MO, and MR). Prepared HMGs were characterized using a Zetasizer and UV-Vis spectroscopy. The monodispersity of fabricated Ag nanoparticles was confirmed by a sharp absorption band and low PDI (0.385), as observed with a Zetasizer. The reduction of substrates was dependent upon the Langmuir–Hinshelwood mechanism. The kapp values, the reduction percentage, and the reduction time of substrates, using the synthesized hybrid microgels, were studied. The kapp value, the reduction percentage, and the reduction time of 4-NP were observed as being higher as compared to other substrates.
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Figure 1. Zeta potential analysis of hybrid microgels. 
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Figure 2. A plot of ln(At/Ao) versus time of catalytic reduction of MR, RB-5, MG, EBT, MO using (a) Ag-HMG, (b) Ag-G-HMG, and (c) G-HMG as catalysts and a plot of ln(At/Ao) versus time of catalytic the reduction of 4-NP, 4-NAs, and 2,4 DNP using (d) Ag-HMG, (e) Ag-G-HMG, and (f) G-HMG as catalysts. 
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Figure 3. A plot of comparisons of the kapp of different substrates reduced through the use of different hybrid microgels as catalysts. 
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Figure 4. A plot of comparisons of the reduction times of different substrates reduced through the use of different hybrid microgels as catalysts. 






Figure 4. A plot of comparisons of the reduction times of different substrates reduced through the use of different hybrid microgels as catalysts.



[image: Catalysts 12 01172 g004]







[image: Catalysts 12 01172 g005 550] 





Figure 5. A plot of comparisons of the reduction percentages of different substrates reduced through the use of different hybrid microgels as catalysts. 
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Figure 6. Percentage of efficiency of catalysts as a function of the number of cycles. 
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Figure 7. Schematic diagram of the synthesis of p(NIPAM-AAc) microgels. 






Figure 7. Schematic diagram of the synthesis of p(NIPAM-AAc) microgels.



[image: Catalysts 12 01172 g007]







[image: Catalysts 12 01172 g008 550] 





Figure 8. Schematic diagram of the synthesis of graphene using Hummer’s method. 
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Figure 9. Diagrammatic representation of the synthesis of Ag nanoparticles within p(NIPAM-AAc) HMGs through in situ reaction. 
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Table 1. Comparison of initial, final, reduced concentrations and reduction time of substrates using Ag-HMG, Ag-G-HMG, and G-HMG hybrid microgels, respectively, as catalysts.
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Ag-HMG

	
Ag-G-HMG

	
G-HMG




	
Substrate

	
Initial Concentration (mM)

	
Final Concentration (mM)

	
Reduced Concentration (mM)

	
Final Concentration (mM)

	
Reduced Concentration (mM)

	
Final Concentration (mM)

	
Reduced Concentration (mM)






	
4-NP

	
 [image: Catalysts 12 01172 i001]

	
0.1

	
0.019

	
0.081

	
0.007

	
0.093

	
0.005

	
0.095




	
4-NAs
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0.1

	
0.009

	
0.091

	
0.008

	
0.092

	
0.007

	
0.093




	
2,4 DNP
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0.1

	
0.012

	
0.088

	
0.012

	
0.088

	
0.008

	
0.092




	
MR
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0.1

	
0.0155

	
0.0845

	
0.008

	
0.092

	
0.067

	
0.033




	
RB-5
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0.1

	
0.013

	
0.087

	
0.009

	
0.091

	
0.009

	
0.091




	
MG
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0.1

	
0.005

	
0.095

	
0.008

	
0.092

	
0.021

	
0.079




	
EBT
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0.1

	
0.017

	
0.083

	
0.012

	
0.088

	
0.007

	
0.093




	
MO
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0.1

	
0.009

	
0.091

	
0.008

	
0.092

	
0.007

	
0.093
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