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A B S T R A C T

We demonstrate sodium rhodizonate as a novel dual-functional reducing and stabilizing agent to form gold
nanoparticles (AuNPs) of controlled size based on temperature. At room temperature (ca. 23 °C), the method
generates AuNPs with an average size of ∼11 nm, whereas at 80 °C, it forms AuNPs with an average size of
∼7 nm. The rhodizonate-stabilized AuNPs readily bind to cellulose fibers (CF) while maintaining a high cata-
lytic activity. The catalytic activity of the CF-supported AuNPs nanocomposites is demonstrated by the reduction
of 4-nitrophenol (4-NP) and organic dyes such as methyl orange (MO), methylene blue (MB) in water. A glass
column-based continuous catalytic reduction and its recyclability is also demonstrated for practical applications.

1. Introduction

A major class of anthropogenic organic pollutants consists of dyes,
which are widely used by numerous industries [1–3]. However, a large
portion of these dyes is discharged into the environment, which is the
key reason for the contamination of water by dyes [4–6]. Like other
organic pollutants, many dyes are well known to be toxic, carcinogenic
and mutagenic to human beings and aquatic organisms [7–9]. More-
over, many of these dyes are fairly stable and persistent in nature and
thereby show resistance to natural degradation [10]. Organic dyes also
have high molar absorption coefficient and thereby, can intensely col-
orize large amount of water, which is undesirable for municipal usage
purposes. Therefore, the removal of organic dyes is an indispensible
part of wastewater treatment.

Commonly employed methods for the treatment of organic pollu-
tants from wastewater includes, but not limited to, adsorption [11],
chemical precipitation [12], photocatalytic degradation [13,14], ad-
vanced oxidation processes [15], gamma irradiation [16], and the
biological treatment [17]. Removal of organic pollutants by adsorption
and chemical precipitation does not destroy them rather transfer the
pollutants from one phase to another. Photocatalytic degradation, on
the other hand, can degrade organic pollutants to mineralization.
However, the requirement of ultraviolet light, low quantum yield and
slow rate of degradation limit their practical applicability. Biological
treatments can also efficiently decompose the organic compounds using

microorganisms such as algae, fungi, bacteria and yeasts. However,
some organic pollutants are highly resistant, toxic, and carcinogenic to
microorganisms and that is why the typical biological treatment is
practically ineffective in their decomposition [18–20]. In this context,
catalytic reductive degradation of organic pollutants has been reported
as a relatively new and effective method of wastewater treatment
technology [21,22]. Catalytic reduction can effectively degrade organic
pollutants at a faster rate with better stability and recyclability [5,23].
Moreover, it has been reported that some pollutants in their reduced
form become less toxic and thereby can be degraded by biological
treatment [24]. As for example, 4-nitrophenol (4-NP), which is a
common industrial pollutant can be reduced into less toxic 4-amino-
phenol (4-AP) [24]. Therefore, chemical reduction followed by biolo-
gical treatment could be an effective method for the degradation of
toxic and carcinogenic organic pollutants from water [25]. In addition,
the reduced form of some pollutants viz. 4-AP also has industrial ap-
plications as a photographic developer, corrosion inhibitor, anti-
oxidant, precursor for the manufacture of analgesic and antipyretic
drugs, an intermediate in the synthesis of paracetamol [26,27], etc.
Hence, the reduction of organic pollutants is an effective method not
only in the context of pollutants treatment, but also is an effective way
of resources regeneration.

Most widely used catalysts for the reductive degradation of organic
pollutants are based on noble and transition metals [28–30]. Moreover,
owing to the high surface area, fast reactivity, recyclability, chemical
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and physical robustness supported noble metal nanoparticles based
catalysts are of the prime choice [31,32]. Catalyst supports not only
prevent the aggregation of nanoparticles but also often provide high-
surface area and facilitate the easier handling, recovery and reuse. This
eventually prevents the environmental pollution caused by the leaching
of nanoparticles and minimizes the cost at the same time.

Herein, we report a novel method of generating AuNPs that are
reduced and stabilized by sodium rhodizonate. The AuNPs readily bind
to cellulose fibers (CF) and exhibit effective catalytic properties for the
reduction of 4-NP, MO, and MB in deionized as well as tap water. The
CF-supported AuNPs catalysts provide convenience in handling, re-
covery, and reuse. In order to investigate the potential practical ap-
plication and the stability of the CF-supported AuNPs, a glass column
was packed with this nanocomposites and used for continuous catalytic
reduction of 4-NP, MO and MB. The packed glass column efficiently
reduced 4-NP, MO and MB to their corresponding reduced species for
multiple cycles without losing the activity.

2. Materials and methods

2.1. Materials

Sodium rhodizonate dibasic (97%), hydrogen tetrachloroaurate
trihydrate (HAuCl4.3H2O, 99.9%), 4-nitrophenol (O2NC6H4OH ≥99%),
sodium borohydride (NaBH4, 99%), methyl orange (MO), methylene
blue (MB) and fibrous cellulose were purchased from Sigma-Aldrich,
USA. Sand was purchased from J.T. Baker (part no. 3382-01).
Deionized water was obtained from Milli-Q (Advantage A-10) water
filter system (resistance> 18.20 MΩ cm) and the tap water was ob-
tained from the regular water line of the lab.

2.2. Synthesis of AuNPs

In typical synthesis, to a 100 ml round-bottomed flask containing
20 ml of 0.5 mM solution of HAuCl4 4 ml of 9.7 mM sodium rhodizo-
nate solution was added, all at once, while stirring vigorously. After few
seconds of stirring the reaction mixture turned into a deep burgundy
color (Scheme 1), which indicated the formation of AuNPs. After 5 min
of stirring the AuNPs solution was preserved under ambient conditions
for further characterization, application, and attachment with CF. The
AuNPs synthesized at room temperature (ca. RT = 23 °C) are hereafter
denoted as AuNPs-RT.

In order to synthesize AuNPs at 80 °C both of the solutions were
preheated to 80 °C before mixing. The AuNPs synthesized at 80 °C are

hereafter denoted as AuNPs-80C. The concentration of Au0 in the as-
prepared AuNPs stock solutions is 0.0821 mg of Au0 per 1 ml of solu-
tion.

2.3. Preparation of cellulose fibers-supported AuNPs

The AuNPs-RT was used for making the nanocomposites with CF.
The nanocomposites are referred to as CF-AuNPs-2.87 and CF-AuNPs-
0.98, where the values 2.87 and 0.98 represent the percentage weight
of AuNPs loaded on the CF. Two different nanocomposites were pre-
pared differing on the percentage of AuNPs loading and used to in-
vestigate the dependence of the rate of reduction on the amount of
AuNPs loading. Different quantities of AuNPs-RT stock solution and CF
were used depending upon the weight percentage of gold loading. For
example, to prepare nanocomposite CF-AuNPs-2.87, 200 mg of CF were
added to 72 ml stock solution of AuNPs-RT. This mixture was then bath
sonicated for 10 min, which caused AuNPs-RT to bind with the CF,
Scheme 2.

The CF bound AuNPs-RT was then separated by centrifugation at a
speed of 4000 rpm for 5 min. The centrifuged supernatant showed no
plasmonic absorption band centered at 519 nm, which indicates that
the AuNPs-RT were attached onto the CF with 100 percent loading
efficiency (Supporting information, Fig. S1). The centrifuged nano-
composites were washed repeatedly with DI water and eventually dried
in a vacuum oven at 60 °C for overnight. In order to prepare nano-
composite CF-AuNPs-0.98, 200 mg of CF were added to 24 ml of
AuNPs-RT stock solution and the aforementioned procedure was fol-
lowed.

2.4. Catalytic reduction of 4-NP, MO and MB by the nanocomposites

The catalytic reductions were carried out in both the deionized as
well as tap water following the same experimental procedure. In details,
in a standard quartz cuvette, 3 mg of either CF-AuNPs-2.87 or CF-
AuNPs-0.98 was added to 2.5 ml of 4-NP aqueous solution (1 mM),
followed by the mixture was bath sonicated for 2 min to obtain uniform
dispersion throughout. Afterwards, 1 ml of freshly prepared NaBH4

aqueous solution (0.159 M) was added and mixed quickly. The reduc-
tion reaction course was monitored by using the kinetics software of the
UV–vis spectrophotometer, which monitored the lowering of the ab-
sorbance of 4-nitrophenolate at 400 nm in a certain interval of time. It
is noteworthy to mention that the 4-NP reacts with NaBH4 to yield 4-
nitrophenolate, which shows strong absorption band centered at
400 nm [33,34].

In the reduction of MO and MB, 2 mg of either CF-AuNPs-2.87 or
CF-AuNPs-0.98 was added with 10 ml of MO or MB having a con-
centration of 0.15275 mM (50 ppm) and 0.1563 mM (50 ppm), re-
spectively. The mixture was bath sonicated for about 2 min. Afterwards,
50 mg (1.3217 mmol) NaBH4 powder was quickly added into the above
mixture and the reduction reaction course was monitored by the gra-
dual decrease of the absorbance at 465 and 615 nm for the MO and MB,
respectively. In order to investigate the adsorption ability of the na-
nocomposites control experiments were carried out, which showed no
adsorption of either 4-NP, MO, or MB on the nanocomposites
(Supporting information, Fig. S2).

The time-dependent percent reduction of 4-NP, MO, and MB was
calculated using the following equation.

=
−

×
A A

A
Percent reduction 100%t0

0

where A0 and At represent the absorbance of 4-NP, MO and MB at the
beginning and at time (t) of the catalytic reduction.

2.5. Preparation of column reactor for the continuous catalytic reduction

A glass column was packed with the CF-supported AuNPs mixed
Scheme 1. Synthesis of AuNPs reduced and stabilized by sodium rhodizonate at a) room
temperature (23 °C) and b) 80 °C.
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with sand and used for continuous catalytic reduction of 4-NP, MO, and
MB. The glass chromatographic column having dimensions
I.D. × O.D × L = 20 × 26 × 457 mm was used and it was packed
about 17.2 cm, Scheme 3.

In detail, 20 ml of AuNPs-RT stock solution (0.0821 mg AuNPs/ml)
was mixed with 2 g of CF by bath sonication for about 10 min. The
AuNPs-RT bound to the CF was homogeneously mixed with 90 g of sea
sand. Afterwards, the column was filled, by wet method, with cotton
and coarse sea sand supports at the bottom of the column. The top of
the column was also filled with coarse sea sand for about 4 cm. The
column was first washed with 500 ml of DI water before running the
reduction cycles.

For the continuous catalytic reduction of 4-NP, 120 mg of NaBH4

(3.1721 mmol) powder was dissolved in 50 ml of 1 mM 4-NP solution.
The fresh solution was then continuously fed into the column and an
average flow of ∼ 0.86 ml/min was observed. However, in the con-
tinuous reduction of dyes, 50 ml solution of each dye having the con-
centration of 50 ppm was used. Afterwards, 250 mg of NaBH4

(6.6085 mmol) powder was dissolved in the dye solution and the
freshly prepared solution was fed into the column continuously. UV–vis
spectra was taken on the feed and eluted solutions to calculate the
percent reduction of 4-NP, MO, and MB.

3. Characterization of AuNPs and its nanocomposites

3.1. UV–visible spectroscopy of the AuNPs

Fig. 1 shows the UV–vis spectrum of the AuNPs-RT and AuNPs-80C
stock solutions in water. Strong plasmonic absorption bands centered at
519 nm and 514 nm were observed for the AuNPs-RT and AuNPs-80C,
respectively.

It was observed that the plasmonic absorption band generated by
AuNPs-RT was about 5 nm red shifted compared to the AuNPs-80C.
This red shift in plasmonic absorption band of the AuNPs-RT happened
because of the relatively bigger size of the AuNPs-RT compared to the
AuNPs-80C.

3.2. Transmission electron microscopy (TEM) and energy dispersive X-ray
(EDX) of the AuNPs

The typical TEM images of AuNPs with the corresponding size dis-
tribution histogram are shown in Fig. 2. TEM images show that the
AuNPs are fairly spherical and well dispersed in solution with some
aggregations. The corresponding size distribution histogram, Fig. 2c,
shows that the AuNPs-RT have an average core size of ∼11 nm. On the
other hand, the AuNPs-80C have an average core size of ∼7 nm. The
average smaller particles size of the AuNPs-80C compared to the
AuNPs-RT is also revealed by the UV–vis experiment.

Energy-dispersive X-ray analysis was conducted on AuNPs-RT to
determine the elemental composition of the nanoparticles (Supporting
information, Fig. S3). The EDX spectrum shows the presence of a high
abundance of gold as well as traces of C and O in the nanoparticles
samples. The C and O peaks have originated from the rhodizonate ions
that are bound to the AuNPs surfaces, which further indicates that the

Scheme 2. Preparation of CF-supported AuNPs.

Scheme 3. Composition of the column reactor packed with CF-AuNPs and sand for the
continuous catalytic reduction of 4-NP, MO, and MB.

Fig. 1. UV–vis absorption spectrum of a) AuNPs-RT and b) AuNPs-80C.
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AuNPs were stabilized by the excess rhodizonate ions present in the
solution. Trace amount of Si and Al is also observed, which originated
from mica substrate that was used for the analysis.

3.3. Dynamic light scattering and zeta potential measurements of the AuNPs

Dynamic light scattering (DLS) was carried out to determine the size
distribution of AuNPs in solution (Supporting information, Fig. S4). The
AuNPs-RT exhibited the average hydrodynamic diameter of about
38.88 nm. On the other hand, the AuNPs-80C showed two size dis-
tributions viz. 14 and 96 nm. These types of size distributions indicate
that the AuNPs-80C are dispersed both individually and aggregated in
the solution, which was also observed in TEM image (Supporting in-
formation, Fig. S5 and S6).

Zeta potential measurements (Supporting information, Fig. S4)
showed negative values for both type of the AuNPs. These negative
values suggest that the AuNPs surface has a net negative charge, which
is due to the binding of rhodizonate molecules on the nanoparticles
surface. This also explains the high dispersion stability of the AuNPs in
solution due to the interparticles electrostatic repulsive forces.

3.4. Transmission electron microscopy (TEM) of the nanocomposites

A typical TEM image of CF-supported AuNPs nanocomposites viz.
CF-AuNPs-2.87 is shown in Fig. 3. The TEM image shows that AuNPs
are distributed all over the CF surfaces. This indicates that the AuNPs
certainly have strong affinity for the CF, which caused them to bind
together. Similar binding affinity of cellulose towards the noble metal
nanoparticles was studied by Junhui et. al. [35] The size distribution of
the AuNPs-RT bound to the CF is also shown in the inset.

3.5. Scanning electron microscopy (SEM) and EDS of the nanocomposites

Typical SEM image of the CF-AuNPs-2.87 is shown in the inset of
Fig. 4 to show the noodles like morphology of the CF. The EDS spectrum
performed on CF-AuNPs-2.87 showed the presence of high abundance
of carbon, oxygen with relatively lower abundance gold. This further
indicates the presence of AuNPs on the CF. In contrary, the pristine CF
did not show any gold peak at all in the EDS spectrum (Supporting
information, Fig. S7).

3.6. X-Ray powder diffraction (XRPD) and BET surface area of the
nanocomposites

The X-Ray diffraction patterns of CF-AuNPs-2.87 and CF-AuNPs-
0.98 are shown in Fig. 5a and b, respectively. The diffraction peaks
located at 2θ = 14.5°, 16.4° and 22.4° corresponds to the 100, 010 and
110 crystalline faces of Iα cellulose, respectively, or the 110, 110, and
200 crystalline faces of cellulose Iβ allomorph. These two allomorphs of
cellulose usually originate XRD peaks that are located very close to each
other. This is why it is difficult to distinguish the cellulose allomorphs
from XRD spectrum only. Similar XRD pattern was reported in other
researches as well [36,37].

In addition, a set of new diffraction peaks at 37.8°, 43.4°, 64.2° and
77.4° was also observed, which corresponds to the 111, 200, 220 and
311 lattice planes of the face-centered cube (fcc) crystalline gold that
originated from the AuNPs bound to the CF [38,39]. In addition, it was
observed that the relative intensity of the characteristic gold diffraction
peaks increased with respect to the increase in AuNPs loading.

The specific surface area of the CF-supported AuNPs was calculated
as 100.20, and 155.64 m2/g for CF-AuNPs-0.98 and CF-AuNPs-2.87,

Fig. 2. Typical TEM images of a) AuNPs-RT and b) AuNPs-80C. Size distributions of c) AuNPs-RT and d) AuNPs-80C.
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respectively. However, the specific surface area of the pristine CF was
calculated as 29.62 m2/g. It was observed that the specific surface area
of the nanocomposites increased with the increase in the amount of
AuNPs loading.

4. Results and discussion

4.1. Synthesis of AuNPs and their binding with CF

AuNPs were prepared by mixing HAuCl4 solution with sodium
rhodizonate and the reaction generated nanoparticles immediately. At
room temperature (ca. 23 °C), this method generated AuNPs with an
average size of ∼11 nm, whereas at 80 °C, the method formed AuNPs
with an average size of ∼7 nm. The ability of rhodizonate ion to form
coordination complexes with metal ions has been reported before
[40,41]. However, the ability of the rhodizonate ion towards the re-
duction and stabilization of gold ion has not been reported to the best of
our knowledge. The AuNPs synthesized at 80 °C had smaller average
size compared to the one synthesized at room temperature. One ex-
planation is that the faster rate of the reaction at the higher temperature
may form more nucleation sites that in turn lead to the formation of
smaller nanoparticles compared to room temperature.

When rhodizonate-stabilized AuNPs are exposed to CF and bath
sonicated, they immediately bind to each other with 100 percent AuNPs
loading ability. This indicates that the rhodizonate stabilizer is highly
labile and exchangeable with the hydroxyl functional groups of CF. In
contrast, other AuNPs prepared with the use of stronger stabilizers such
as citrate or alkythiols do not readily adsorb on to cellulose, although
there are procedures that utilize in-situ formation and binding of AuNPs
[42,43].

The catalytic ability of the CF-supported AuNPs towards the re-
duction of 4-NP, MO, and MB is demonstrated along with the cyclic
stability. Moreover, the ability of the nanocomposites towards the
continuous catalytic reduction, demonstrated here, may render appli-
cation in industry as well as water remediation.

Fig. 3. Typical TEM image of CF-AuNPs-2.87 showing the AuNPs bound
on the CF. Inset: Size distribution of the AuNPs bound on the CF. Scale bar
200 nm.

Fig. 4. EDX spectrum of the CF-AuNPs-2.87. Inset: SEM images of the CF-AuNPs-2.87.

Fig. 5. XRD patterns of a) CF-AuNPs-2.87 and b) CF-AuNPs-0.98.
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4.2. Catalytic reduction of 4-nitrophenol by the nanocomposites

The time-dependent percent reduction of 4-NP to 4-AP and the
corresponding kinetics of the reactions are shown in Fig. 6a and b,
respectively. The −ln(Ct/C0) vs time (t) is a straight line, which in-
dicates that the reactions follow pseudo-first order kinetics [44]. The
apparent rate constants (kapp) of the reactions, calculated from the slope
of the trendlines, are calculated to be 1.03 × 10−2 s−1,
5.19 × 10−3 s−1 and 6.67 × 10−5 s−1, for the CF-AuNPs-2.87, CF-
AuNPs-0.98 and pristine CF, respectively. Compared to the uncatalyzed
reaction, where pristine CF was used with NaBH4, the CF-AuNPs-2.87
and CF-AuNPs-0.98 catalyzed reactions are about 154 times and 78
times faster, respectively. The normalized rate constants (knor), ob-
tained by dividing the kapp by the amount of AuNPs [45], are calculated
to be 35.40 and 52.15 for the CF-AuNPs-2.87 and CF-AuNPs-0.98 re-
spectively. Moreover, it was observed that the CF-AuNPs-2.87 and CF-
AuNPs-0.98 catalyzed reactions had induction periods of about 1 min
and 2 min, respectively. The induction period is typically observed in
heterogeneous catalysis, which is the time it takes to achieve the ad-
sorption and desorption equilibrium between the reactants and the
products [46]. The un-catalyzed reaction shows about 8 percent re-
duction of 4-NP after 20 min of reaction time, which in turn signifies
the robust nature of 4-NP to undergo the reduction.

The UV–vis spectrum of the 4-nitrophenolate and its reduced pro-
duct viz. 4-AP is shown in Fig. 6c. It is observed that the absorption
band centered at 400 nm, which is the characteristic band for 4-ni-
trophenolate, diminished after the reduction. However, a new absorp-
tion band originated at 300 nm, which is the characteristic band for 4-
AP [47,48]. The reduction product viz. 4-AP was also characterized by

mass spectrometry, which showed strong peak at m/z = 109 (Sup-
porting information, Fig. S8).

The stability of the nanocomposite CF-AuNPs-2.87 was also in-
vestigated by carrying out the catalytic reduction of 4-NP for five suc-
cessive cycles, Fig. 6d. The percent reduction of 4-NP was measured
after 10 min of catalysis in every cycle. It was observed that the CF-
AuNPs-2.87 effectively reduced about 91 percent of the 4-NP to 4-AP on
the 5th cycle. Little drop of catalytic activity is also observed from the
1st through 5th cycle. This little loss of activity may have happened
because of the gradual loss of the catalyst during the centrifugal se-
paration prior to the use of next cycle.

4.3. Catalytic reduction of MO and MB by nanocomposites

The time-dependent percent reductive decolorization of MO and MB
along with their corresponding kinetics of the reduction is shown in
Fig. 7. Fig. 7a shows that the reduction of MO catalyzed by CF-AuNPs-
2.87 is faster than the one catalyzed by CF-AuNPs-0.98. The reduction
follows the pseudo-first order type kinetics, Fig. 7b. The apparent rate
constants (kapp) were found to be 4.58 × 10−3 s−1, 3.36 × 10−3 s−1

and 1.27 × 10−4 s−1, for the CF-AuNPs-2.87, CF-AuNPs-0.98 and
pristine CF, respectively.

Likewise 4-NP and MO the reduction of MB catalyzed by CF-AuNPs-
2.87 is faster than the one catalyzed by CF-AuNPs-0.98, Fig. 7c. The
apparent rate constants (kapp) were calculated to be 4.82 × 10−3 s−1,
3.99 × 10−3 s−1 and 1.20 × 10−4 s−1, for CF-AuNPs-2.87, CF-AuNPs-
0.98 and pristine CF, respectively.

The summary of the catalytic reductions of 4-NP, MO and MB by the
CF-supported AuNPs is shown in Table 1. It is observed that the rate of

Fig. 6. a) Time-dependent reduction of 4-NP into 4-AP, b) Pseudo-first order kinetics of the reactions, and c) UV–vis spectrum of the 4-nitrophenolate (10× diluted) and the 4-AP at the
beginning and the end of catalysis, respectively. d) Recyclability of the CF-AuNPs-2.87 towards the reduction of 4-NP.
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reduction depends upon the concentration of AuNPs, provided that the
concentration of NaBH4 and the size of the AuNPs remain constant. An
increase in the concentration of AuNPs increases the reduction rate and
vice-versa. However, the normalized rate constant (kapp) decreased
with the increase in the amount of AuNPs.

4.4. Catalytic reduction of 4-NP and MB in tap water

The catalytic activity of CF supported AuNPs towards the reduction
of 4-NP and MB in tap water is shown in Supporting information, Fig.
S9. The apparent rate constants (kapp) in the reduction of 4-NP were
found to be 1.70 × 10−2 s−1, 1.31 × 10−2 s−1 and 8.67 × 10−3 s−1,
for the CF-AuNPs-2.87, CF-AuNPs-0.98 and pristine CF, respectively.
The reduction of MB also showed the similar catalytic activity with the
apparent rate constants of 6.74 × 10−3 s−1, 6.02 × 10−3 s−1 and
2.68 × 10−3 s−1, for the CF-AuNPs-2.87, CF-AuNPs-0.98 and pristine

CF, respectively. The catalytic reduction of both the 4-NP and MB in tap
water showed higher values of induction period and higher apparent
rate constants compared to those done in deionized water. Moreover, it
was found that the tape water by itself showed the catalytic reduction
ability unlike the deionized water (Supporting information, Fig. S10).
One possible explanation could be the presence of transition metal ions
in tap water that may have done the catalysis in presence of NaBH4.

4.5. Continuous catalytic reduction of 4-NP, MO, and MB through the
reactor column

The performance of the column reactor in the continuous catalytic
reduction of 4-NP, MO, and MB is shown in Fig. 8. The freshly prepared
solutions of 4-NP, MO and MB with NaBH4 were continuously fed into
the column and the UV–vis spectroscopy was taken on the feed and
outlet solutions, Fig. 8a–c. The characteristic absorption bands of 4-

Fig. 7. Time-dependent reductive decolorization of a) MO and c) MB. Pseudo-first order kinetics of the reduction of b) MO and d) MB.

Table 1
Summary of the catalytic reduction in deionized water.

Catalysts Substrates Amount of AuNPs (mmol) mol% of AuNPs with respect to
substrate

Apparent rate constant kapp
(s−1)

Normalized rate constant
knor(s−1 mmol−1)

CF-AuNPs-2.87 4-NP 2.91 × 10−4 17.48 1.03 × 10−2 35.40
CF-AuNPs-0.98 4-NP 9.95 × 10−5 5.96 5.19 × 10−3 52.16
CF only 4-NP 0 0 6.67 × 10−5 –
CF-AuNPs-2.87 MO 2.91 × 10−4 16.02 4.58 × 10−3 15.71
CF-AuNPs-0.98 MO 9.95 × 10−5 5.47 3.36 × 10−3 33.77
CF only MO 0 0 1.27 × 10−4 –
CF-AuNPs-2.87 MB 2.91 × 10−4 15.72 4.82 × 10−3 16.53
CF-AuNPs-0.98 MB 9.95 × 10−5 5.37 3.99 × 10−3 40.10
CF only MB 0 0 1.20 × 10−4 –
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nitrophenolate, MO and MB at 400, 465 and 615 nm, respectively went
down significantly with the gradual decolorization of the solutions.
Decolorization of 4-NP happens because of the reduction of NO2 into
NH2, where NO2 acts as the chromophore. On the other hand, the re-
ductive decolorization of MO and MB happens because of the breaking
of the conjugation throughout the backbone of the molecules. New
absorption bands were observed at 300, 250 and 256 nm, respectively
for the reduction products of 4-nitrophenolate, MO and MB. The re-
duction product of 4-NP viz. 4-AP gives a new characteristic absorption
band at 300 nm with the drop of absorption band at 400 nm, which is
the characteristic band of 4-nitrophenolate. The reduction product of
MO also generates a new absorption band at 250 nm that could be as-
signed to as the characteristic band for benzene sulfonic acid, which is
reported by other researchers [25]. The presence of benzene sulfonic
acid along with other degradation species was confirmed by mass
spectrometry [49] (Supporting information, Fig. S11). On the other
hand, the reduction product of MB viz. leucomethylene blue generates a
new band at 256 nm in UV–vis spectrum. [50–52] Mass spectrometric
analysis further confirmed the presence leucomethylene blue along
with other reduction species (Supporting information, Fig. S12).

Fig. 8a’–c’ shows the percent reduction of 4-NP, MO and MB, re-
spectively for 10 successive cycles. It was observed that more than 99
percent of the 4-NP was reduced to 4-AP in every cycle. However, in the
catalysis of MB and MO the percent reduction observed was about 96
and 92, respectively. This further indicates the efficiency and the cyclic
stability of the CF-supported AuNPs towards the reduction of 4-NP, MO
and MB.

5. Conclusions

In conclusion, we demonstrate sodium rhodizonate as a novel re-
ducing and stabilizing agent for the synthesis of gold nanoparticles and
whose size depends on the temperature at which the synthesis is carried
out. Sodium rhodizonate-stabilized gold nanoparticles readily bind to
cellulose fibers forming stable nanocomposites with high catalytic ac-
tivity. The nanocomposites exhibited catalytic activity and cyclic sta-
bility towards the reduction of 4-nitrophenol and organic dyes such as
methyl orange and methylene blue. Moreover, a glass column was
packed with the nanocomposites to demonstrate the continuous cata-
lytic reduction of 4-nitrophenol, methyl orange, and methylene blue for
multiple cycles.
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Fig. 8. UV–vis spectrum of the inlet and the outlet solutions of a) 4-NP, b) MO and c) MB passed through the column. The reduction of a’) 4-NP, b’) MO and c’) MB for 10 successive cycles.
Inset: An operating packed column showing the continuous reduction of 4-NP.
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Supplementary data associated with this article can be found, in the
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