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Abstract

This study presents hydrogen gas-assisted redudfoorganic pollutantsviz. 4-

nitrophenol (4-NP) and methyl orange (MO) by platmnanoparticles (PtNPs) immobilized on
cellulose fibers (CF). Because sodium borohydrid@BH,) causes secondary pollution in water
by its decomposition products, hydrogen,)(Hjas was used as a clean, highly active, and
alternative reducing agent. As the catalyst, PtNPPabout 2 nm in diameter were synthesized
and supported on CF by employing a facile methobde Thanocomposites (PtINPs@CF)
demonstrated excellent catalytic activity and aydliability in the reduction of 4-NP and MO
using H gas as the clean, environmentally friendly, higldgctive, and an alternative reducing

agent to NaBkl The catalytic reduction followed the pseudo-fostiler reaction kinetic with

apparent rate constants of 3.6x1Min™" and 5.310" min™ for 4-NP and MO, respectively. The
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results of this study further indicate that the &hs (reducing agent) and PtNPs@CF
nanocomposite (catalyst) can potentially be usedtHfe reduction of a wide variety of other
organic and inorganic compounds in water.
1. Introduction

Platinum nanoparticles (PtNPs) possess extraordioafalytic propertie$? Although
bulk or macroscopic platinum is one of the mosttirsmd catalytically inactive materials on
earth, platinum in the in the nanoscopic size rafigg00 nm) is extremely catalytically activé.
With the decrease in particle size, the proporabplatinum atoms having the low-coordinated
surface sites (edges and corners of the nanocrystatases that provide excellent and exotic
catalytic activity compared to the atoms in thekimflthe particles, Figure 1 a (inséthese low-
coordinated platinum atoms are highly active imgag out a number of catalytic reactiofis.
The size, shape, and composition of the PtNPsdudletermine the activity and selectivity of
the catalytic process8sThese parameters also determine electronic, optarad physical
properties of the nanopatrticles. In terms of caialysome of the widely studied and employed
chemical transformations that PtNPs catalyze ateatéons:'’ oxidations’® and coupling?®

Catalytic reduction has become one of the promimeethods for the degradation or
deactivation of organic and inorganic pollutants water''?** For example, the catalytic
reduction of has been reported to be an efficiesthod for the degradation or deactivation of
pollutants such as hexavalent chromium, organicsdgmd antibiotics. Especially, catalytic
reduction of 4-NP is one of the most widely studiedction that is performed in academia to
evaluate the activity of a newly-developed catalysuch as the noble/transition metal
nanoparticles and their nanocomposttes.in addition of being a model reaction, the reaci®

employed in industry as the reduced prodwz 4-aminophenol (4-AP) has industrial
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applications. For instance, 4-AP is used in dyetegtiles, hair, furs, feathers; used as a
photographic developer, antioxidants, oil additjuesed in pharmaceutical®an intermediate in
the manufacture of sulfur and azo dye¥ Because the reducing property, it is used as a
corrosion inhibitor in paints and as an anticowasiubricating agent in 2-cycle engine fuis.
Additionally, 4-AP is used as a wood stain andniparting a roselike color to timb&tFor the
catalytic reduction of 4-NP and other organic palhis, excess NaBHs used most often as the
reducing ager®*?* However, the major drawback of NaBHs that it causes secondary
pollution by its excess use and its decompositippioducts such as B(Ok)B(OH),, BO,,
BOs>. Moreover, the removal of the excess NaBid its decomposition products becomes
even more challenging and cumbersome job. Theretioeee is a need for the development of a
cleaner and alternative reducing agent for the aiolu organic and inorganic pollutants without
causing secondary pollution.

In this regard, neat Hyas could be considered as a cleaner an alteen&itucing agent
for the remediation of environmental pollutants.eTitilization of H gas is very common in
organic synthesis for the hydrogenation/reductibarganic compounds; however, there are few
reports for its utilization towards the reductivegdadation of organic pollutants such as 4-NP
and MO in water. For example, Lowry Gregory and fiharReinhard reported the
hydrodehalogenation of halogenated organic compoumdater using a palladium catalyst and
H, gas> However, for the reduction of 4-NP or nitro ardim@ompounds, the use ofldas as
the reducing agent has not been reported, thutoftéire best of our knowledge.

In this study, H gas-assisted catalytic reduction of 4-NP and MOPtiPs immobilized
on cellulose fibers is reported. PtNPs of aboutr?im size were synthesized in water by the use

of sodium rhodizonate as the reducing-plus-stabgizagents. Cellulose fibers were used as a



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

solid catalyst support to 1) avoid the energy-istem separation processes of the PtNPs, 2)
prevent the loss of the PtNPs, and 3) preventdigeegation and/or agglomeration of the PtNPs.
The CF, used in this study, was obtained from Kipevpaper because it demonstrated high
binding affinity for PtNPs and good chemical andchemnical stability. Transmission electron
microscopy revealed that PtNPs of about 2 nm ie siere successfully immobilized to the
cellulose fibers. The PtNPs bound CF nanocomp@BiteéPs@CF) was applied as highly active
and reusable catalyst for the reduction of 4-NP i@lin water using neat Hyas as the clean
and environmentally friendly reducing agent alt¢éiieato NaBH,.
2. Materialsand Methods
2.1. Materials

All chemicals were used as received, unless otlsenwientioned. Sodium rhodizonate
dibasic (97%), hydrogen hexachloroplatinate (IVitate (HPtCk 3H,O > 99.9%), 4-NP, and
MO, were purchased from Sigma Aldrich. Kimtech kiip& paper was purchased from Fisher
Scientific, USA. Ultrapure KHgas (99.99%) was obtained from Matheson Tri-Gak Mitli-Q
water (> 18.20 MI cm resistivity) was obtained fravhlli-Q (Advantage A-10) water filter
system.
2.2. Characterization Techniques

Hitachi H-7650 transmission electron microscopeNl)vith an accelerating voltage of
80 kV was used to obtain TEM images. Carbon coatggper grid with 200 mesh (Electron
Microscopy Science) were used for TEM imaging. Tdvel was prepared by drop casting
method. ImageJ software was used to analyze thegaliameter and size distribution of
PtNPs from the TEM image. Scanning electron miapgq SEM) image was obtained by using

Hitachi S-3400N Type Il scanning electron microd¢fEM) having an accelerating voltage of
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15 kV. The X-ray diffraction pattern was obtainBduker D8 Discover XRD having Cu K
radiation. The XPS analysis was performed by usidgrmo Scientific Escalab 250Xi
spectrometer with a six-channel detector. Phottreles were generated with a monochromatic
Al Ka (1486.68V) X-ray source. Agilent Cary 50 Conc UV-Visiblpestrophotometer was
employed to obtain the UV-visible spectrum. Staddgwartz cuvette having path length of 10
mm was used for the UV-visible studies.

2.3. Synthesis of PtNPs and PtNPs@CF

The synthesis of PtNPs was adopted from our pusiareported studiesin details, 20
mL of 0.5 mM aqueous solution of chloroplatiniccagias brought to a boil in a 100 mL round-
bottomed flask and then 5 mL of 9.7 mM aqueoustswiuof sodium rhodizonate was added
with vigorous stirring (1200 rpm). The reaction maise was further boiled for 5 min, which was
followed by the cooling under the ambient condisionlt could be noted that the synthesis of
PtNPs could also be carried out at room temperdiyrstirring the solution of chloroplatinic
acid and sodium rhodizonate for about 20 min ofetirfRor this study, the PtNPs that were
synthesized at boiling conditions.

After cooling the reaction, a single sheet of Kipaipaper (~456 mg) was immersed
into the reaction flask whilst shaking by hand &out 5 min. This caused the binding of PtNPs
on the Kimwipe paper and the color of the papengkd from white to grey. After rinsing with
deionized water, the PtNPs bound Kimwipe paper FR®CF) was used for catalytic
applications. ICP-OES was performed on the supambhaédnd the rising solution, which
confirmed more than 99 % binding ability of the P8\Non the Kimwipe paper. Thus, the weight
percent of the PtNPs on the Kimwipe paper was tatled to be 0.87 %.

2.4. Catalytic reduction of 4-NP and M O on PtNPs@CF
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The catalytic reduction of 4-NP and MO was caroetl under ambient conditions and at
normal pH. Same experimental conditions were adbfmethe reduction of 4-NP and MO. The
only difference was in their initial concentrationghich were 0.1 mM and .0611 mM for 4-NP
and MO, respectively. The experimental procedurettie reduction of 4-NP is mentioned in
detail. In 125 mL Erlenmeyer flask, 100 mL of 0.1MNP solution was taken. A full Kimwipe
paper bound with PtINPs was immersed into the 4-dblBtisn. The flask was sealed with a
rubber septum. Afterward, Hjas was bubbled into the flask with gentle stirririghe reaction
mixture. Hydrogemas was bubbled by using a balloon connected wihgstemmed stainless-
steel needle. In order to allow continuous bubblighe H gas a second needle was used to
poke the rubber septum, which facilitated the exithe escaping gas. The reduction of 4-NP
was monitored in every 2 minutes period of timeuking UV-visible spectrophotometer. About
1 mL aliquots were taken out at a regular inteiadl the sample was reintroduced into the
reaction flask after the UV-visible spectroscopi@lgsis. The UV-visible spectrophotometer
monitored the lowering of the characteristic ab8orpband of 4-NP at 320 nm. With the
gradual lowering of the absorption band at 320 nmew band originated at 300 nm, which
indicated the formation of 4-AP from 4-NP. For M@duction, the characteristic absorption
band that was monitored for its reduction followsdthe calculation of percent reduction was
464 nm.

Cyclic stability of the PtNPs@CF was studied byeamg the reduction of MO for 6
cycles. The PtINPs@CF was rinsed with deionized matore the subsequent cycles of use. In
every cycle the percent reduction of MO was catedlafter 10 min of catalytic reaction.

3. Characterization of PtNPs and PtNPs@CF
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Various techniques such as Transmission electreanosgopy (TEM), Scanning electron
microscopy (SEM), X-ray diffraction spectroscopy RB), and X-ray photoelectron
spectroscopy (XPS) were utilized to thoroughly elsterize the PtNPs and the PtINPs@CF. For
example, TEM and SEM revealed the morphology ofRftiéPs and PtNPs@CF. The binding of
the PtNPs to the CF was visualized by the TEM imagtigh-resolution TEM microscopy
image further revealed the atomic resolution imafgihe PtNPs showing the lattice fringes. The
X-ray diffraction pattern demonstrated the crystallstructure of the PtNPs and cellulose fibers
in the nanocompositd. The XPS study further provided the elemental casitipm and the
functional groups of the PINPs@EF.

The morphological information such as the size sinape of the PtNPs were obtained
from the TEM images. As shown in Figure la, the FPtNbefore binding with CF) could be
observed as spherical in shape. The size of the$tihere distributed between 0.75 to 4.5 nm
with an average of ~2 nm in diameter, Figure 1be FiNPs were seen mostly individual
although some aggregations were also observed-tdggiution TEM image showed the arrays
of Pt atoms in the nanoparticles, Figure la (ingétirther, the lattice spacing of 0.23 nm

indicated the gap between Pt (111) lattice frirfJes.
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Figure 1. a) Typical and high-resolution TEM imagéshe as-prepared PtNPs in water, b) size-
distribution of the PtNPs, c) SEM image of the PSIGFCF, d) TEM image of the PINPs@CF, e)
XRD pattern of the PtINPs@CEF, f) digital photograpmages of the pristine kimwipe paper
and PtNPs bound kimwipe paper, and possible bindiegaction of the PtNPs with cellulose.
Inset (1a): nanocrystal showing relatively moreasqu atoms at the corners and edges.

The morphology of the PtNPs@CF was analyzed bySB#& image, Figure 1c. It
revealed the fibrous/filamentous morphology of ¢eéulose fibers having high aspect ratio with
a diameter of about 20 um. Because the PtNPs wersnball, they could hardly be seen in the
SEM image. Therefore, TEM image was obtained onRtiPs@CF to visualize the PtNPs,
Figure 1d. The TEM image clearly demonstrated thtPtNPs were decorated on the surface of
the CF. The PtNPs supported on the CF was foubeé somewhat more aggregated compared to

the PtNPs in solution.
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The XRD pattern of the PtNPs@CF revealed the diystaproperty of the cellulose
fibers and the PtNPs, Figure le. It was found thetCF was highly crystalline. The diffraction
peaks located atd2= 15.4°, 16.2° and 22.7° corresponds to tlhe dr IB allomorphs
cellulose?’?® Additionally, relatively weak diffraction peaks #89.8°, 46.4°, and 67.7°
corresponds to the metallic crystalline naturenef RtNPs, Figure 1e. Diffraction peaks at 39.8°,
46.4°, and 67.7° are characteristic to the (11200), and (220) lattice planes of the completely
reduced or metallic (Bt nanoparticles, which further confirms the faeetered cube (fcc)

crystalline structure of the PtNPS.
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Figure 2. a) XPS survey spectrum of PtINPs@CF, ¢i)-hésolution XPS spectra of C 1s, and c)
Pt 4f.

The X-ray photoelectron survey spectrum indicatesl presence of elements such as
carbon, oxygen, and platinum in the PtINPs@CF, Ei@ar. The oxidation states and the bonding

of the elements were further analyzed by the hegolution X-ray photoelectron spectroscopy
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(HRXPS) study. For example, relatively highly inderpeaks of Pt 4f at 71.22 eV (Py4fand
74.5 eV(Pt 4) suggested the presence of metallic platinur) (Rtthe PtNPs, Figure 283!
Two less intense peaks of Pt 4f at 72.4 eV (Rp)4and 76.2 eV (Pt 4f) indicated the presence
of trace ionic platinum (BY) in the PtNP$*?*Therefore, the HRXPS studies revealed that the
PtNPs consisted of both metallic and ionic speofeglatinum. The PtXPS peaks could have
originated from the metallic core of the PtNPts velas, the Pt peak originated from surface of
the PtNPts. The ionic Bton the surface of the PtNPs can coordinate t@xicess rhodizonate
ions to become stabilized in water. This furtheti¢ates the binding ability of PtNPs with the
cellulose fibers through the oxygen carrying fuoicél groups of the cellulose.

Further, the PINPs@CF was characterized by the @BiemEmmett-Teller (BET)
specific surface area analysis, which was achibyetthe nitrogen gas adsorption isotherms. The
BET specific surface area of ~0.08168/gwith pore volume of ~1.344 mig and a pore size of
~145.449 A were measured for the PtNPs@CF.

4. Results and Discussion

Sodium borohydride is the most ubiquitously usetliceng agent for the reduction of 4-
nitrophenol and organic pollutants in watéf>***However, the excess sodium borohydride
and its decomposition products remain in the reaatnixture. Therefore, the separation of the
desired reaction products from the unexpected exdesohydride and its decomposition
products becomes a difficult job. When used forghegpose of water treatment, the removal of
the excess NaBHand its decomposition products, also called asrskary pollutants, becomes a
cumbersome job as well. Therefore, there is a rfeedhe use of a clean, effective and
environmentally benign reducing agent. In this agpalthough the use of hydrogen gas as a

reducing agent is very common in organic synthésigise in the reduction of organic pollutants

10
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(viz. 4-NP and MO) in water is very scarce or ngparted to the best of our knowledge. This
study reports the use of hydrogen gas for the #ffeceduction of 4-NP in water, which could
possibly be extended to the reduction of a widéetsaiof other organic and inorganic species
such as organic dyes, polychlorinated organic camgs, hexavalent chromium, etc.

The synthesis of PtNPs was carried out by rapidjgcting the sodium rhodizonate
solution into a boiling solution of chloroplatinecid in water. The molar ratio (R) of the sodium
rhodizonate to chloroplatinic acid was 3.88. Withimin period of heating, the reaction mixture
transformed to an orange to brownish yellow coldrich indicated the formation of the PtNPs.
Since sodium rhodizonate was the only species fmeithe synthesis of the PtNPs, it could be
considered that sodium rhodizonate performed asetthecing as well as stabilizing agent at the
same time. The as-prepared PtNPs solution couktdyed at room temperature in a laboratory
drawer for more than 6 months period of time withabserving the aggregation of the
nanoparticles. As-synthesized PtNPs were supporteckllulose fibers obtained from Kimwipe
paper. The Kimwipe paper was chosen as the so@ialolose fibers due to the macroporosity
and chemical functionality, which could rapidly haw impregnate the PtNPs. Due to the
polarized functional groups [(e.g. electron-rictygen atoms of polar hydroxyl (O-H) and ether
groups and (O-C-0)] of the cellulose fibers, weuass that the PtNPs were strongly bound to
cellulose fibers via the electrostatic and nonbogdnteractions, Figure 1g. The*Pions at the
surface of the PtNPs (revealed by the XPS studg)lksad to the partially polarized oxygen
atoms of the cellulose fibers through the ion-dépiakeractions®

The kinetics of the hydrogen gas mediated catafgtittiction of 4-NP was evaluated by
the pseudo-first-order model with respect to 4-NRe linear form of the pseudo-first-order

reaction kinetic model could be expressed by tHeviing equation.

11
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—lng= kt (1)
where G and G represent the initial and time-dependent concgatraof 4-NP, k (1/min)
represents the pseudo-first-order rate constant.
The percent reduction of 4-NP was calculated usongation 2.
Ag—Ap

Reduction (%) = % =—=—x100% (2)
0 0

where A and Arepresent the absorbance of 4-NP at concentraflpaad G, respectively.
4.1. Catalytic reduction of 4-NP using H, gas

Hydrogen gas assisted catalytic reduction 4-NPtaadorresponding kinetics are shown
in Figure 3. Time-dependent UV-Visible spectrum4eNP during its catalytic reduction on
PINPs@CF is shown in Figure 3a. A gradual decrieetfee characteristic absorbance of 4-NP at
320 nm was observed. A new band originated at 300amaracteristic to 4-AP confirmed the
reduction of 4-NP to 4-AP. On the other hand, theatalyzed reaction, where only cellulose
fibers and hydrogen gas was used, did not showlangring in the absorbance of 4-AP
characteristic peaks after 16 min of reaction tiffigure 3b. About 1-2 percent of the 4-AP was
found to be adsorbed on the Kimwipe paper. Thiscatds the ability of the PtNPs in the

reduction of 4-AP in presence of hydrogen gas.

12
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Figure 3. Time-dependent UV-visible spectrum of B-turing a) PtNPs@CF catalyzed and b)
uncatalyzed reactions. Corresponding c) percenictexh and d) pseudo-first order kinetics of
the 4-NP reduction.

The time-dependent percent reduction and the psesti@rder reaction kinetics for the
catalytic reduction of 4-NP are shown in FigureaBd 3d, respectively. It was observed that the
PINPs@CF reduced more the 93 percent of the 4N#Bant 8 min of reaction time (calculated
using Equation 2), Figure 3c. On the other hanel utincatalyzed reaction did not reduce 4-NP at
all even after 16 min of reaction time. About 1-&gent of 4-NP removal was obtained for the
uncatalyzed reaction, which was mainly becauselséigtion of 4-NP on the CF, Figure 3c. The
apparent rate constant,gf for the PtNPs@CF catalyzed reaction was calatilfxten the slope
of the -In(G/Co) versus time (t) curve, Equation 1. Thgykor the PINPs@CF catalyzed and

uncatalyzed reactions were 3.6 X 1fnin* and 2.9 x 10 min™, respectively. From the

13
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values it was found that the PINPs@CF catalyzedtimmawas about 125-fold faster than the

uncatalyzed reaction.
4.2. Catalytic reduction of MO using H, gas

The UV-Visible spectrum of MO during the catalyteduction is shown in Figure 4a. It
was observed that the characteristic absorban®#Oo&t 464 and 275 nm diminished gradually
while a new peak originated at 245 nm. Due to thgugation throughout the structure and the
azo (-N=N-) bond MO gives characteristic peaks &4 4and 275 nm, respectively. The
disappearance of these two characteristic peaksaiedthe loss of conjugation due to the break
of the azo (-N=N-) bond. The rise of a new peaR4fh nm is characteristic to the reduction

products such as hydrazine derivatives of M®aminobenzenesulfonate, and 4-N,N-

dimenthylaminobenzeri€.
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Figure 4. a) Time-dependent UV-visible spectrum of MO saatiduring the PINPs@CF
catalyzed reaction, b) time-dependent percent teuof MO, c) corresponding pseudo-first-
order kinetics of MO reduction, and cyclic stapiltf PtNPs@CF for the reduction of MO.

The kinetics of the reaction showed that about 991& was reduced after 10 min of
reaction, Figure 4b. The reaction where no catalygst used showed about 1.6 % decolorization

of MO due to adsorption of the cellulose fibersggufe 4b. The reaction followed the pseudo-
first-order kinetics andk,,, was calculated to be 5A@0'min™, whereas; theksp, of the

uncatalyzed reaction was calculated to be I>#in™.

The cyclic stability of the PtNPs@CF was studiedsia cycles and it was found that the
catalyst was fairly stable throughout the cyclesusé, Figure 4d. Negligible decrease in the
catalytic activity was observed, which indicatedustness of the PtNPs@CF for multiple cylces

of use.

PtNPs@CF

Scheme 1. H, gas-assisted catalytic reduction of 4-NP on PtINEE@

A well-accepted mechanism for the hydrogen gasstshireduction of 4-NP on
PtINPs@CF can be briefly be described as of SchembelH gas adsorbs to the PtNPs surface
with partial or complete cleavage of the H-H boal$o known as the chemisorption of the H

gas. The pi bond of the nitro group of the 4-NP plaxes with the PtNPs. Afterward, the

15



289 chemisorbed H atoms are transferred sequentiatlyetgi bond of the nitro group forming 4-AP
290 causing the reduction of the 4-NP. The reactiordpecd viz 4-AP is then released from the
291  PtNPs.

292  4.3. Comparison with Literature

293 The catalytic performance of PINPs@CF for the redonoof 4-NP and MO was further

294 compared with various other noble and transitiontain@anoparticles catalysts, Table 1.
295 However, most of the studies available in literatteported the use of NaBlds reducing agent.

296 Therefore, following table compares the catalytitivaty of different catalysts in reducing 4-NP
297 and MO by H gas and NaBH

298 Table 1. Catalytic performance of PtNPs@CF compuaiitdother noble and transition metal
299 catalysts.

Catalysts Substrate ReducingRate constant| Reference
agent (min™)
PtINPs@CF MO b 5.3X10? This work
PtNPS@CF 4-NP H 3.6X10°" This work
AU/SNTs 4-NP NaBl | 1.8<102 %
AUNPs@TIQ 4-NP NaBH | 6.3X10" %
AUNPs@MWCNT 4-NP NaBil | 6.6x10° 7
Dendrimer-PdNC 4ANP NaBH |1.1x10? H
PtNPs@polymer brush |  4-NP NaBH | 5.7 x10% i
PET2-APTES-Ag/Cu 4-NP NaBH | 1.77x10" “
PC-CuO-DEA 4-NP NaBH | 3.69<10" ¥
PET-Fe 4-NP NaBH | 252102 .
PET-APTES-Fe 4.58X10?
S e
6.60<10
AuNPs@CF MO NaBy | 2.75x<10% =
Ni-sponge MO NaBH | 2.28x10? *
Cu-NRds MO NaBH | 2.16x10" *
Ag nanostructures MO NaBH | 3.35<1072 e
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The comparison table demonstrates that thgas assisted catalytic reduction of 4-NP
and MO on PtNPs@CF is faster than the catalyticfop@ance of some noble metal
nanoparticles-based catalysts. The PINPS@CF atsweshslower activity compared to some
other catalytic systems, which could be due touke of a large excess of NaBh those
systems. However, due to environmental benignigardiness, and facility of the process, H
gas assisted catalytic reduction can be considase@n alternative reducing agent for the
reduction of environmental pollutants in water. Aachally, as the reducing agent igas can be
utilized for the catalytic reduction of a wide spam of organic and inorganic compounds.

5. Conclusions and summary

We have presented the catalytic reduction of hazexr@rganic pollutants (4-nitrophenol
and methyl orange) on platinum nanoparticles imiimdsd on cellulose fibers. Platinum
nanoparticles of about 2 nm in size were synthdsiadich demonstrated high catalytic activty
in the reduction of organic pollutants in preseméehydrogen gas as the reducing agent.
Hydrogen gas was used as the clean and environitgelémign reducing agent alternative to
NaBH,. Excellent catalytic activity was obtained undez ambient experimental conditions and
the reaction kinetics followed the pseudo-firsteardnodel. Since hydrogen gas does not
generate any secondary pollutants, it could pabytbe utilized as a clean, efficient, and
environmentally friendly reducing agent for the uwetion of organic pollutants such as
halogenated organic compounds, pharmaceuticalbjatids, and so on.
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Highlights:

» Synthesis of cellulose fibers supported platinum nanoparitcles.
» Hydrogen gas-assisted fast reduction of 4-nitrophenol & methyl orange.
* Excdlent catalytic activity and stability of the nanocomposite.

» Hydrogen gasisaclean reducing agent aternative to NaBH,.
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