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Abstract

Activated carbon from agro waste groundnut (Arachis hypogaea) shell was prepared by
chemical activation and used as support for dispersion of 5% platinum nanoparticles. The Pt
nanoparticles were obtained by the reduction in hydrogen gas medium. The/synthesized
groundnut activated carbon/platinum catalyst was characterized by various techniques such as X-
ray powder diffraction, electron microscopies and X-ray photoelectron: spectroscopy. The
catalytic behaviour of the synthesized catalyst was investigated by exploring’it as catalyst for the
reduction of various classes of dyes; namely, triphenylmethane-dyes such as Malachite green,
phenol red and bromophenol blue, xanthene dyes: rose ‘bengal, rhodamine 6G, rhodamine B,
thiazine dye: methyelene blue, azo dye: congo red and 4-nitrophenol by sodium borohydride in
aqueous medium. Under suitable reaction conditions, for all tested dyes, cationic dyes were
reduced at a faster rate than anionic dyes.<The rate of reduction on the structure of dye and nature

of catalyst was employed.
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1. Introduction

Dyes and pigments are organic aromatic compounds used for imparting colors on various
substrates such as textiles, plastic, leather, silk, paper, wool, jute, pharmaceutical, cosmetics and
food. Generally, dyes are classified based on their nature, solubility, color and chemical structure
[1, 2]. These organic dyes are well known industrial based environment pollutants. Discharge of
these effluents contaminates the water bodies, thereby producing severe effects on aquatic
animals and phytoplankton. Besides, these pollutants are known te cause health issues to human
beings. To address this, so far, several methods (physical, chemical’and biological) have been
adopted for the removal of dyes from waste water [3, 4].. However, some disadvantages in the
treatment process often compels for alternative environment friendly materials/methods that are
efficient for commercial applications. The activated. carbon (AC) is widely used as adsorbents
and catalyst supports for the removal of various pollutants [3, 5-8]. Adsorption based removal of
organic compounds over carbon materials, has been reported by various researchers, due to its
excellent adsorption efficiency. In addition, large surface area, high porosity and structural
homogeneity have directed different nanoparticles (Au, Ag, Cu, Co, Ni, Pd and Pt) dispersion on
carbon materials. Most of these carbon supported nanoparticles have been successfully utilized
for the removal of pollutants [9-15]. Particularly, Pt nanoparticles modified carbon supports have
also been investigated for hydrogenation type reactions [16-18].

The conversion of agricultural waste materials into useful product promoting
environmental protection reduces the production cost of useful materials. Various natural agro-
wastes such as rice husk/stalk, grape stalk, saw dust, coconut husk/shell, jatropha curcas pods,

bamboo, groundnut shell and sugarcane bagasse have been used as precursor for the production



of AC [19, 20]. Recently, Zhang et al have selected bio-wastes, including peanut shell, corncob
powder, bagasse, grapefruit skin, walnut shell and straw powder as the precursors to prepare ACs
by KOH activation to increase the surface area (upto 2484 m?g) and to improve their
electrochemical performance [21]. In particular, utilizing groundnut waste as renewable sources
to produce AC product is of great interest, as India produces huge amount of groundnuts in the
world. They have non-carbon constituents, which will retain most functional groups after
carbonization [22, 23]. Hence, in the present work, synthesis of activated carbon from groundnut
waste and Pt nanoparticles dispersions on AC are discussed. The performance of Pt/AC catalyst
was tested for the dye hydrogenation reaction using sodium barohydride (NaBH,). Also, in order
to understand whether the nature of the dyes influences the reduction process, both anionic (azo -
congo red) and cationic (thaizine — methylene blue; xanthene - Rhodamine B, Rhodamine 6G)
dyes have been selected as model environmental pollutants and their structural influence over

reaction kinetics are also considered.

2. Material and methods

2.1 Preparation of groundnut activated carbon (AC)

Initially, the groundnut shell collected from groundnut oil industry (byproduct) and
commercial market was washed to remove impurities and dried in sun light. The dried samples
were grounded and sieved to get the mesh size of about 4 mm. The activating agent (KOH
solution;0.2 M) was mixed with sieved groundnut waste in selected ratio (1:1) and the mixture
was continuously stirred for 5 h. To perform the carbonization process, the mixture was heated at
600 °C for 1 h under nitrogen atmosphere with the heating rate of 10 °C/min. The product was

then cooled to room temperature under nitrogen atmosphere. The obtained carbon sample was



washed with dilute HCI solution and distilled water until the pH of the washing solution reached

7. The obtained sample was named as AC.

2.2 Preparation of Pt/AC catalyst

The Pt dispersion on AC was carried out by incipient wetness impregnation method using
chloroplatinic acid (H,PtCls.6H,0) as precursor, the weight dispersed with. AC<was fixed to
about 5 %. The mixture of AC (0.1 g) and H,PtCls.6H,0 (0.018 g) wassstirred for 6 h at 60 °C.
The resultant mixture was dried under vacuum. The dried sample was reduced inside tubular
furnace with a ramp rate of 5 °C/min. and finally maintained«at 200 ¢C for 1 h under hydrogen

atmosphere. The final product was labelled as Pt/AC.

2.3 Material characterization

Powder X-ray diffraction (PXRD) ‘was 'fecorded on a Bruker D8 ADVANCE
diffractameter, using Cu Ka radiation (A = 1,5418 A). FT-IR spectroscopy (Perkin-Elmer) was
used for the investigation of surfacefunctional groups in synthesized catalyst. Spectra analysis
was recorded in the range of 4000 t0 400 cm™ for 50 scans. The prepared AC sample (0.01 g)
was mixed with spectroscopy grade KBr (0.1 g) in a mortar. The mixture was then pelletized as
disks with dimensions of 1 mm in thickness; and 13 mm in diameter. Scanning electron
microscopic | (SEM) analysis was performed with a Philips XL-30 and High-resolution
transmission electron microscopy (HRTEM) was performed with a Philips CM-300 high
resolution system operating at 20 keV. X-ray photoelectron spectroscopy (XPS) measurements
were carried on the VG Microtech 3000 Multilab. Atomic force microscopy (AFM)
measurements were carried out using a multimode SPM from Digital Instruments with a

Nanoscope Illa controller. For AFM sample preparation, first Pt/AC sample prepared by (1



mg/10 mL DMF) and then sonicated sample was dropped on glass substrate and dried for AFM
imaging. The liquid sample UV-Visible spectrum was recorded in the range of 200-800 nm with
a Perkin Elmer spectrometer. Nitrogen adsorption-desorption isotherm was obtained at 77 K
using a Micromeritics ASAP 2020 porosimeter. The specific surface area of the sample was
calculated using the BET method (using the adsorption isotherm).

2.4 Reduction of dyes using Pt/AC catalyst

The selected dye solution (20 mg L™) and sodium borohydride (10'mmol) were taken in a
quartz cell and purged with N, gas. Typically, Pt/AC catalyst (5. mg) was added to the above
mixture and the progress of the reduction reaction was manitored by recording the time-
dependent absorbance spectra using a UV-Visible” ‘spectrophotometer at the respective
chromophoric wavelength (Amax) Of the dyes. For the recycling experiments, the catalyst was
collected by decantation, washed, dried and reused for subsequent reduction reactions with fresh

dye solutions.

2.5 Reaction kinetic analysis

The Kinetics of the.dye reduction reaction was studied by carrying out the experiments at
room temperature with, fixed amount of the dyes and catalyst. A pseudo unimolecular condition
was maintained, for.the reduction reaction by adding excess of sodium borohydride compared to
the dyes and catalyst [24, 25]. Previous Au nanoparticles supported carbon based catalyst reports
revealed the same trends for reduction reactions by sodium borohydride [26, 27]. The rate
constant was calculated from the slopes of the plots of In Co/C vs time. The rate constants and

dyes percentage reduction were calculated using the following mathematical expressions.



0O.D at initial time (C,) - O.D. at time t (C,)
Q reduction = X 100 (1)

O.D at initial time (C,)

where, C, = initial concentration of the dye solution
C; = concentration remaining after reaction at time t
The Gibb’s free energy of activation AG", for the reduction process was calculated at.300 K

using the following formula, AG # = .RT Ink 2
Where, K is the rate constant for the reduction reaction, R is universal gas constant (8.314

Jmol™ K™ and T is the absolute temperature in Kelvin.

2.6 The apparent kinetic rate constant (kapp ) determination

The apparent kinetic rate constant (Kap) can_ be“considered proportional to the total

surface S, of all Pt nanoparticles [28]. Thus kap, can be‘defined as

ic,,
Q _ = G+ Can = KS € Cy, (3

Where, Cqye and Cy,, are the concentrations of adsorbed dye and NaBH,, respectively

and k is the rate constant of.the surface reaction. When sodium borohydride is in excess, egn. (3)

can be simplified into‘egn. (4) and eqgn. (5),

dc).
O - dy =- kapp M Cdye (4)
dt
Q Kapp = EXIn& 5
ap = TXIN 2 - (5)

where Cy is the initial dye concentration, C is the concentration at time t. The plots of In

Co/C vs time are derived and Kapp is calculated from the slope.



3. Result and discussion

3.1 Pt/AC catalyst characterizations
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Figure ' PXRD pattern of Pt/AC catalyst

The crystalline natureof the as-synthesized Pt/AC catalyst was analyzed using PXRD
measurements with 20 values,between 10° and 70°. PXRD pattern of Pt nanoparticles supported
on AC was shown. inuFig. 1. The diffraction peaks at 26 values 39.8°, 46.2° and 67.5°
respectively correspond‘to the (111), (200) and (220) planes of Pt crystal which confirm the face-
centered-cubic (fec) lattice structure [29, 30]. A broad peak between 15° and 30° was related to
the 'graphitestructure of the synthesized AC support. The average crystalline size of the Pt
nanoparticles was calculated using the (200) plane and was found to be 2.6 nm.

The surface morphology of the catalysts was analyzed using SEM and HRTEM
microscopic images. Fig. 2 displays the typical SEM and HRTEM images of Pt/AC catalyst. It

can be seen that different shaped carbon spheres along with porosity exists in the sample (Fig. 2



(a, b)). The presence of Pt does not alter the nature of AC as evident from the porous, rough and
finger-like structures of the surface. Further, Pt nanoparticles are spherical in shape and are
homogeneously dispersed on the pores of the support AC (Fig. 2 c, d) in the range of 2-3 nm.
The spherical Pt nanoparticles are encircled in white circles (Fig. 2 d). The mean size of the Pt
nanoparticles was calculated to be 2.5 nm, which was in good agreement with PXRD results and

the lattice fringe at 2.35 nm corresponds to the (111) plane of Pt nanoparticle.

In general, activated carbon contains pores on its surface which helds water during the
preparation process. After the addition of the Pt precursor (H,PtCls)/ the PtClg> ions get
adsorbed on the walls of the pores, as they are soluble in water present on pore walls. Since
most of the reduction of precursor ions occurs on the walls,“higher uniform dispersion of Pt
nanoparticles was achieved. Also, AC possessessamphoteric nature, in which the basal plane
edges of the carbon atoms with different hetero,atoms, display the acidic and basic character of
carbon surface. The presence of abundant hydrophilic groups (carboxyl, hydroxyl, carbonyl) on
the surface of AC support facilitates,the strong metal support (MS) interactions as evident from
the uniform distribution of manoparticles (Fig. 2 d). Similarly, the -electron rich centers (basic
sites) associated with_the basal planes also contribute to strong MS interaction. These factors
minimize aggregation-thereby favors uniform dispersion of Pt nanoparticles as evident from

SEM and HRTEM images [31].

The. inserted EDAX spectrum (Fig.2 b) indicates the presence of C, O and Pt elements
and their elemental compositions confirm the weight percentage of the Pt active site. The
average amount of Pt present in the AC was estimated to be about 4.5 %. Further, the surface

roughness, pores and Pt nanoparticle dispersions are illustrated using AFM images in Fig. S1.
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Figure 2 (a,.b) SEMimages of Pt/AC (EDX inserted in bottom left) and (c, d) HRTEM images
of Pt/AC catalyst
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Figure 3 FTIR spectrum.of Pt/AC catalyst

BET isotherms were used to determinge the surface area of Pt/AC catalyst. The extent of
the surface area for adsorption and qualitative information on the adsorption process can be
derived from the shape of thel adsorption isotherm (not shown). The BET surface area of the
prepared Pt/AC sample was found'to be 956 m?/g (standard deviation 21.3), with pore volume of
0.4 cm®/g. Moreover, pure AC exhibits a surface area of 983 m?/g. Hence, the presence of higher
surface area facilitates” uniform dispersion of Pt and also contributes to higher adsorption
property;

Thesurface functional groups in AC were analyzed using FTIR technique. Fig.3 presents
the FTIR spectrum for obtained Pt/AC catalyst. The broad band around 3400 cm™ is mainly
caused by the O-H stretching vibration of the adsorbed water molecules and its bending vibration
mode is observed at 1610 cm™. The IR peak at 2925 cm™ is attributed to the stretching vibration

of C-H bonds. Additionally, the bands observed at 1610 cm™, 1440 cm™ and 1090 cm™ could be



assigned to C=0 stretching, C=C vibration in aromatic and C-O stretching vibration of esters,
respectively [21, 32]. However, some reports have mentioned the band at 1092 cm™ is due to —

OCHj3 group present in the lignin structure, which was common for many adsorbents [33].

c1s (a)

Intensity (a.u.)

280 ' 26'34 ' 22'38 ' 25'92 ' 296
Binding energy (eV)




b
Pt 4f P4 (b)

Intensity (a.u)

80 78 76 74 72 70
Binding energy (eV)
Figure 4 (a) Cls and (b) Pt 4f core level”’XPS spectrum of Pt/AC catalyst
XPS was used to investigate the elemental .composition of the surface and chemical states
of the AC and Pt/AC samples. The”XPS spectra with different binding energy (BE) ranges of
Pt/AC catalyst were displayed in)Fig. 4. The deconvoluted C1s spectrum (Fig. 4 a) of Pt/AC
samples showed the peaks at284.6, 286.2, 286.7, 287.8 and 289.0 eV, which are assigned to the
sp®-hybridised charactetistic carbon (C-C, C-O & C-H). The BE at 284.6 eV is the most intense
peak correlate-to-C-C group. The BE values at 286.2 eV and 286.7 eV, related to C-O bonds or
amide functional-groups in the porous carbon. Besides, the B.E values at 287.8 eV and 289 eV
are due to carboxylic and ester functional groups, respectively [29, 32]. Fig.4 b represents the
XPS spectrum of Pt 4f with a doublet corresponding to Pt 4fs, and Pt 4f;,. As can be seen, the
intense peaks with BE values of 71.3 (Pt 4f7;,) and 74.5 eV (Pt 4fs;;) confirmed the presence of

metallic Pt [15, 28, 29]. Besides, the low intense peaks at 72.4 and 75.8 eV could be assigned to



either Pt bonded to the AC or Pt oxides like PtO, and Pt(OH),, respectively [34]. These results

are consistent with the previous report [30].

3.2 Reduction of dyes using Pt/AC catalyst

The ability of Pt/AC as a catalyst was tested for the reduction of various classes of dyes
by sodium borohydride under heterogeneous conditions at room temperature in aqueous medium.
Generally, reduction of dyes is found to be thermodynamically favorablewbut kinetically
unfavorable. In order to find if the sodium borohydride reduction “is catalyzed by Pt/AC,
experiments are conducted in the presence and absence of catalyst under-normal conditions (pH
~ 7) and analyzed with UV-Vis spectrometer. It is noted that in\the absence of Pt/AC, the Amax
values of the dyes are not changed, which indicate the importance of catalyst and inability of
NaBH, to independently reduce the dyes. Addition=ef catalytic amount of Pt/AC led to visible
color change of the solution to colorless rapidly, which implied the formation of leuco form

(reduced dye) during the reduction process.

3.2.1 Effect of structural variations in‘dyes

The effects of structural variations on the reduction rate of dyes were studied by selecting
triphenyl methane/ xanthene, thiazine and azo dye as model compounds (Fig. 5). The group of
selected dyes and “their corresponding chromophoric absorbance (Amax, Nm) values are

summarized in Table 1.



Table 1 Selected dyes, their examples, nature and UV-Visible absorbance wavelength

Chromophoric

No. Dyes Nature Selected dye peaks
(Mmax, NM)?
1. Triphenyl  Cationic Malachite green (MG) 617
methane o
Anionic  Phenol red (PR) 557
Anionic  Bromophenol blue (BPB) 592
2. Xanthene Cationic Rhodamine B (RhB) 554
Cationic  Rhodamine 6G (Rh 6G) 527
Anionic  Rose Bengal (RB) 537
3.  Thiazine  Cationic Methylene blue(MB) 665
4. Azo Anionic  Congo red (CR) 496
Nitro 4-Nitrophenol (4-NP) 400

#Wavelength values obtained from the UV-Visible spectrum.
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Figure 5 Structure of dye molecules (a) Triphenyl methane dyes, (b) xanthene dyes and (c)

thiazine dye, azo dye and 4<nitrophenol

3.2.2 Reduction of‘triphenyl methane (MG, PR and BPB) dyes

The triaryl methane dyes are intense colored dyes and are used in silk, jute, wool, cotton,
paper, leather, and acrylic industries for dying purpose. These dyes are grouped into different
families depending upon the nature of the substituents present on the aryl groups. In the present
study, cationic dye - (diamino derivative-malachite green (MG)) and anionic phenol dyes

(hydroxyl derivatives-phenol red (PR), bromophenol blue (BPB)) are selected for reduction.



The chromophoric absorptions (Amax, NmM) of triphenyl methane dyes; MG, PR and BPB
are observed at 617, 557 and 592 nm, respectively due to the charge transfer (CT) transitions
within the dye molecule (Table 1). Notably, the reduction process is followed in the
chromophoric adsorption intensities of dyes. When catalytic amount of Pt/AC was added to the
reaction mixture, the intensities of the chromophoric peaks were found to decrease, with
concomitant appearance/shift of a new peak depending upon the nature of dyes (Fig.6 a-c).
Besides, the appearance of a new peak at 277 nm for MG (Fig.6 a) and.a hypsochromic shift of
358 and 284 nm peaks to 339 and 269 nm for PR indicate the formation of'leuco form of dyes
(Fig.6 b). These changes indicate the transformation of quinoid t0 benzenoid moiety in dyes, as
visibly evident from the change in the color of the solution from green, red, blue to colorless for
MG, PR and BPB, respectively. The MG, PR and BPB dyes are reduced to their corresponding
leuco form (Table S1) within 10, 50 and 60 seconds; respectively (Fig.6 d). The cationic dye MG
undergoes reduction 12 — 16 times faster-thansthe ‘anionic dyes PR and RB. During the reduction
process, Pt present on the pores of AC acquires negative charge; hence cationic MG gets adsorbed on

Pt nanoparticles and gets reduced at a faster rate than its anionic counterparts. This is reflected in

both pseudo rate constantwalues.and AG # values (Table 2).

While comparing the anionic dyes, PR was reduced at a slightly faster rate than BPB,
which are adsorbed on the AC surface. This may be due to the presence of bulky -SO3, -OH
hydrophilic groups [35] which may hinder the effective adsorption of PR and BPB onto AC

surfaceykurther, presence of -Br atoms along with the hydrophilic groups reduced the adsorption

of BPB than PR. These observations also correlate with the pseudo rate constant values and AGH#
values. Moreover, the pseudo first order rate constant (k) for triphenyl methane dyes are in the

relative order, MG > BPB > PR. The detailed mechanism is explained in the following topic.
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¢) BPB and d) Plot of In Co/C vs time (R? = 0.978-0.998)



Table 2 Catalytic efficiency of Pt/AC for reduction of triphenyl methane dyes

Time of

Triphenyl methane dyes redlz;:)tion K é_})oz R? (K?anil'l)
Malachite green (MG) 10 49.60 0.988 -1737
Phenol red (PR) 60 4.28 0.979 -7865
Bromophenol blue (BPB) 50 3.40 0.978 -8377

3.2.3 Reduction of Xanthene (RB, Rh 6G and RhB)

The compounds containing heterocyclic xanthene nucleus are often called as xanthene
dyes. These dyes tend to be fluorescent and are used as pigments and also in dyeing and paper
industries. Among the various xanthene dyes ~ Rose Bengal (RB), Rhodamine 6G (Rh 6G) and
Rhodamine B (RhB), which contain condensed, rings with heteroatoms in the central ring (Fig.5
b) were chosen as model reactants. Theswrhodamine derivatives (Rh 6G, Rh B) are cationic dyes
and RB is an anionic dye. The'reduction process was followed in the chromophoric absorption
(Amax, Nm) intensities of Rh'B, Rh 6G and RB at 554, 527 and 537 (CT transitions), respectively
(Fig.7 a-c). The dyes reduced to their corresponding leuco form are shown in the Table S2. As
expected, the cationic dyes were reduced at a faster rate than the anionic dyes. Among the
cationic dyes, Rh_B/was reduced at a faster rate than its counterpart Rh 6G. This may be due to the
presence of.sterically crowded ester group at the cationic iminium site, which is also evidenced from
the rate constant and AG values. Slower reactivity of the anionic dye RB may be due to the
presence of hydrophobic groups —C=0, -Cl and aromatic groups, which can facilitate desorption
from AC surface. In particular, presence of sterically crowded groups in Rh 6G (methyl and ester

groups) and RB (bulky halo substituents) at the cationic reaction site may be the reason for the



lower reactivity and desorption from the catalyst surface. This observation is also evidenced

from the time taken for complete reduction, AG # and rate constant values (Table 3). The pseudo
first order rate constants are found to be in the relative order, Rh B > Rh 6G > RB. Tang et al has
reported the homogeneous adsorption of RhB on CoNP-ordered mesoporous carbon with
positive AH and negative AG values. Besides, the absorption equilibrium could be“reached

within 25 min to 60 min [13].

Table 3 Catalytic efficiency of Pt/AC in reduction of xanthene dyes

Xanthene dyes rZéTfti%E X_}Oz R? aG*

(s) (s7) (K mol™)
Rhodamine B (RhB) 40 545 0.988 -71210
Rhodamine 6G (Rh 6G) 70 3.27 0.992 -8475
Rose Bengal (RB) 90 2.89 0.996 -8784

The cationic dye Rh"6G was/reduced slower than Rh B due to the presence of sterically
crowded methyl and_ester groups. These factors cause a decrease in the rate constant for
reduction. Further, the RB"is an anionic dye with eight halo substituents, besides COOH group
may not be strongly adsorbed on Pt/AC catalyst, due to the anionic nature of RB it may be
attached to the/ catalyst support- Pt/AC and hence the rate of reduction is slower than those of

Rh Band'Rh 6G.
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Figure 7 UV-Visible abserption spectra for before and after reduction with Pt/AC. a) Rh B, b) Rh
6G, c) RB and d) Plot of 1R.Co/Civs time (R* = 0.988-0.992).

3.2.4 Reduction of thiazine dye (MB), azo dye (CR), and 4-nitrophenol (4-NP)

Azo dyes are class of synthetic organic dyes which contain azo group (-N=N-) as chromophore.

This, functional moiety with variety of colors, are commercially used in textile and dying

industries. For the reduction, anionic dye congo red (CR) was chosen as model reactant. The

reduction process was monitored in the chromophoric absorption (Amax, NmM) at 496 nm (Fig. 8 a).

Since CR is large in structure and contains two azo groups, CR was found to be reduced at a



slower rate (Fig.8 d) as expected. The reduction rate constant, k for CR was estimated be 2.28 x
10° st (Table 4). Further, methylene blue (MB), which contains condensed rings with
heteroatoms in the central ring was chosen as thiazine dye for reduction. The cationic MB dye
revealed UV-Visible absorption at 665 nm (Fig.8 b). Here, the deep blue colour of the solution
changed to colorless, which indicated the conversion of MB dye to leuco form and itymatched
well with the previous reported work on catalytic degradation of MB dye by soedium borohydride
in the presence of glutathione coated Ag nanoparticles [36]. MB .being._cationic in nature
underwent faster reduction than anionic dye CR. Presence of two hydrophilic groups —SOs, -NH,

favoured fast desorption thus predominantly favored the reduction. These were also confirmed from

the rate constant and AG # values.
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Table 4 Catalytic efficiency of Pt/AC catalyst in reduction of methylene blue, congo red dye

and 4-nitrophenol

Time of

Dye redt(;g)tion K (2 _})02 R? (K??nil'l)
Congo red (CR) 60 2.28 0.989 -9362
Methylene blue (MB) 80 3.08 0.998 -8626
4-Nitrophenol (4-NP) 100 2.26 0.988 -9389

Similarly, the reduction of 4-nitrophenol was followed ‘at"the chromophoric absorption
(Amax, NmM) peak of 4-nitrophenolate ion at 401 nm [36, 37]. As reduction reaction proceeded, the
intensity at 401 nm was found to decrease with simultaneous appearance of new peaks at 300
and 230 nm attributed to the formation of 4-aminophenol (Fig.8 c) [37]. The rate constant for the
reduction reaction is calculated from the slope.of the linearized straight line of the plot of In Co/C
vs time and are tabulated in Table4. The higher reactivity of 4-nitrophenol may be due to the

small size, which favored effective-binding to the catalyst surface.

In comparison,-over Ag-nanoparticles 4-NP, methylene blue and eosin Y type dyes are
reduced in the presence ofisodium borohydride with a faster reduction rate (20 min.) [36]. Nie et
al have reported Pt supported reduced graphene oxide with 100 % conversion of nitroarenes
[29]. Further, the magnetic Fe/Ni nanoparticles doped bimodal mesoporous carbon material
could adsorb both cationic dye (methylene blue) and anionic dye (methyl orange) with maximum
adsorption capacity of 959.5 mg/g and 849.3 mg/g, respectively [38]. Similarly, Au, Ag and Cu
type nanoparticle dispersed ACs were showed about 99 % of dye removal efficiency [9-11].

However, most of these reports discussed about the adsorption based mechanism.



3.2.5 Mechanism of reduction process

In all the dye reduction processes, sodium borohydride differs in its reactivity towards
different functional groups present on the dye molecule. Often, carbonyl compounds containing
carboxylic acids, nitrile and nitro groups as substituents are not tolerable. Particularly, functional
groups of triphenyl methane, xanthene and azo dyes are —C=0, -C=N and N=Ng respectively
(Table S4). Further, the reduction of dyes by sodium borohydride on the surface‘of Pt/AC has
been found to occur in two steps. When Pt/AC was mixed in the solution containing dyes and
sodium borohydride, both were simultaneously adsorbed on the surface of the catalyst. Here,
NaBH,4 behaves as donar (nucleophile) and dyes as acceptor™ (electrophile) molecules. As
nucleophile will donate electrons to Pt nanoparticles and electrophile will capture from metal
nanoparticles, the mechanism of dye reduction follows-electron relay from Pt/AC to dyes in the
presence of sodium borohydride. Notably, theimetal’ nanoparticles stored the electrons and acted
as nanoelectrodes with negative potential [39]..In"the reaction, step 1 involves the simultaneous
adsorption of dye and sodium borohydride on the surface of the catalyst. The step 2 involves the

transfer of electron or hydride.from \BH, ---Pt nanoparticles to dyes and desorption of reduced

form of dye molecules<(Leuco. dye) [36, 27]. In general, the reaction proceeds through the

following steps

Step 1: NaBH4 + PUAC =—= BH,--- Pt/AC
BH,---/Pt/AC + Dye <== BH,--- PAC ---Dye
Step 20 BH, --- Pt/AC---Dye ——  Leuco dye + Pt/AC

Scheme 1 The possible mechanism of dye reduction over Pt/AC catalyst
The detailed mechanistic steps for the catalytic reduction of different cationic and anionic

dyes by NaBH, using Pt/AC are given in the Scheme S1-S3 and Figure S2 & S3.



3.2.6 Percentage reduction efficiency and recyclability of dyes over Pt/AC

Successful reduction by Pt/AC catalyst was achieved for all the dyes irrespective of their
chemical structure. The percentage of reduction is approximately 90% for all types of dyes
(Fig.9 a). The reduction efficiency of Pt/AC sample was examined for all the dyes collected at
five cycles with same experimental conditions. After each cycle the catalyst was recovered by
decantation, washed with deionised water, dried and a fresh solution of dyes with sodium
borohydride was added for next cycle. The percentage reduction of dyes for the five cycles with
similar activity is shown in Fig. 9 b. Interestingly, the catalytic efficiency of the catalyst was
maintained without any loss of activity due to the inherent stabilization of Pt nanoparticles within

the pores of AC support.
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Figure 9.(a) percentage reduction efficiency for different dyes and (b) reusability of Pt/AC
catalyst for dye reductions

3.2.7 Relationship between reduction mechanisms and dye characteristics

In order to determine the relationship between reduction mechanisms and dye characteristics, dyes
were grouped according to their chemical structures (class of dyes). Pt/AC successfully reduced all

dyes irrespective of their chemical structure. The percentage of reduction is approximately 90%



(Fig. 9 a) for all types of dyes. The reduction of dyes by sodium borohydride seems to follow
two major steps, reduction and adsorption, which work differently during reduction process.

Though both mechanisms occur during reduction, adsorption is the predominant mechanism,

which determines the rate of dye reduction. Negative value of AG# implies that the adsorption

process from dye to catalyst is spontaneous and thermodynamically favorable..The order of

reactivity of dyes corroborates with the AG # values.

Conclusion

In summary, 5% Pt dispersed AC catalyst synthesized from'bio-waste has been prepared.
The synthesized catalyst was confirmed by many characterization techniques. Here the
groundnut carbon holds two-fold advantage, as it will act not only as adsorbent but also provide
better stabilization for Pt nanoparticles. The Pt nanoparticles are well dispersed over the surface.
The catalytic reduction performance of Pt/AC.showed an excellent catalytic activity towards the
reduction of various dyes (triphenyl'methane, xanthene, thiazine and azo dyes) in the presence of
NaBH,. Mainly, the dye reduction reactions followed the pseudo unimolecular Kinetics.

Furthermore, the catalyst/was found to be quite fast in reducing (below 2 minutes) the dyes to

their corresponding leuco,forms. The rate constant (k) and AG *values varied based on the size,
diffusion, nature (anienic/cationic) and functional groups present in the dye molecules. The
reduction of dyes by sodium borohydride appears to follow two major steps, reduction and
adsorption, which work differently during reduction process. Though both mechanisms occur or

responsible for the reduction, adsorption is the predominant mechanism, which determines the

rate of dye reduction. Moreover, negative value of AG # implies that the adsorption process from

dye to catalyst is thermodynamically favorable. The order of reactivity of triphenyl methane



(MG > PR > BPB), xanthene dyes (Rh B > Rh 6G > RB), thiazine (MB), azo dye (CR) and 4-
NP, which was also substantiated by the AG? values. This work may be helpful in developing

the different dye reduction processes under suitable reaction conditions.
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Captions

Figure 1 PXRD patterns of Pt/AC catalyst

Figure 2 (a), (b) SEM and (c), (d) TEM images of Pt/AC catalyst

Figure 3 FTIR of Pt/AC catalyst

Figure 4 (a) C1s and (b) Pt 4f core level XPS spectrum of Pt/AC catalyst

Figure 5 Structure of dye molecules (a) Triphenyl methane dyes (MG, PR & BPB), (b) Xanthene
dyes (RhB, Rh6G & RB), and (c) thiazine dye (MB), Azo dye (CR), 4-Nitrophenol

Figure 6 UV-Visible absorption spectra for before and after reduction with Pt/AC. a) MG, b) PR,
c) BPB and d) Plot of In Co/C vs time (R® = 0.978-0.998)

Figure 7 UV-Visible absorption spectra for before and after reduction with Pt/AC. a) Rh B, b) Rh
6G, c) RB, d) Plot of In Co/C vs time (R? = 0.988-0.992).

Figure 8 UV-Visible absorption spectra for before and after reduction with Pt/AC. a) CR, b) MB,
¢) 4-NP, d) Plot of In Co/C vs time (R? = 0.988-0.998).

Figure 9 (a) Percentage reduction efficiency for different dyes (b) reusability of Pt/AC catalyst

for the dye reductions.

Table 1 Selected dyes their examples, nature and UV-Visible absorbance wavelength

Table 2 Catalytic efficiency ofPt/AC. for reduction of triphenyl methane dyes

Table 3 Catalytic efficiengy:of Pt/AC in reduction of xanthene dyes

Table 4 Catalytic effiCiency of Pt/AC catalyst in reduction of methylene blue, congo red dye

and 4-nitrophenol
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