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z Catalysis

Environmentally Benign Approach for the Synthesis of Azo
Dyes in the Presence of Mesoporous Sulfated Core-Shell
Zirconia-Copper(I) Oxide Solid Acid Catalyst
Lakshminarayana Parashuram,[a, b] Swamy Sreenivasa,*[a] Sathyanarayana Rao Akshatha,[a]

Velu Udaya Kumar,[c] and Sandeep Kumar[d]

Sulfated solid acid catalyst finds application mainly in the
reactions which requires acid sites. Synthesis of azo dyes by
diazo coupling in presence of sulfated core shell zirconia-
copper oxide solid acid catalyst (Cu(I)@ZrO2-SO4

2@) has been
discussed hereunder. A detailed investigation on, the effect of
sulfate loading, surface area and surface acidity for the
synthesis of azo dyes has been demonstrated. As sulfate
loading increased on the catalyst, it decreased its surface area
and this was evident from the Brunauer Emmett Teller surface
area analysis. The robust catalytic activity of Cu(I)@ZrO2-SO4

2@

catalyst was due to its super acidity, which arises due to the
presence of both Bronsted and Lewis acid sites, this was
experimentally confirmed by Pyridine-Fourier transform infra-
red spectroscopy and ammonia-temperature programmed
desorption studies. X-ray diffraction, transmission electron
microscopy and selected area electron diffraction techniques
provided detailed information about the effect of sulfate
loading on phase and crystal structure of the catalyst. In the
present work we describe a simple, efficient and environ-
mentally benign catalytic process for the synthesis of azo dyes.

Introduction

Solid acid heterogeneous transition metal oxide catalysts are
widely explored in industrial and environmental processes due
to their constructive impacts. Due to the environmental
concern, it is the deciphering knowledge a synthetic chemist
must have to design environmentally benign catalytic technol-
ogies. In this path, solid acid catalysts find very extensive
applications in chemical and refinery industries. There are
constant efforts by the synthetic chemists to replace hazardous,
polluting inorganic acid catalysts by solid acid catalysts.[1] A
number of organic transformations have been performed using
solid acid catalysts, for better selectivity and yields than
conventional catalysis.[2–5] Presence of both Bronsted and Lewis
acidity in supported solid acids significantly contributes to the
enhanced activity.[6,7]

Zirconia is stable metal oxide support due to its high
dielectric constant,[8] chemical and thermal stability[9,10] and
exhibits amphoteric nature.[11] The Bronsted-Lewis acidity of

zirconia can be significantly enhanced by sulfate loading on it,
which results in a super acid.[12] Out of the many super acids
explored, sulfated zirconia is a material of interest for most
catalysis researchers. This is due to the fact that sulfated
zirconia is a robust catalytic material due to its high surface
area,[13] high surface super acidity competent than inorganic
acids[14,15] and also it offers facile recoverability and reusability.

Experimental conditions and preparation methods signifi-
cantly influence the catalytic properties of sulfated zirconia.
Since, the catalyst preparation protocol like mode of precip-
itation, calcination temperature and method of sulfate loading
will significantly influence surface area and surface acidity and
these effects in turn influence its catalytic performance.[16]

Hence, there is significant role of a synthetic chemist to design
a tailor made solid acid for desired transformation.

There are reports which have discussed the effect of
presence of other transition metal ions on the catalytic
performance of the sulfated zirconia. These transition metal
ions incorporated to sulfated zirconia can lead to more active
solid acid catalysts. J. Liu et. al. reported selective isomerization
of α-pinene over iron doped sulfated zirconia catalyst.[17,18] In
this context, zirconia lattice containing +1 oxidation state
stabilized copper ions serves as a very good redox catalyst. Its
catalytic activity for the synthesis of quinazolinones has been
discussed in detail in our previous report elsewhere.[19]

Many reports which successfully addressed the activity and
selectivity issues in chemical transformation using of solid acid
catalysts are available.[20–24] There are many precursors to load
the acid sulfate ions on to the metal oxide support, out of
which sulfuric acid and ammonium sulfate are the two most
explored precursors. In the present work, we have used
aqueous sulfuric acid as the direct source of sulfate ions, the
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sulfate loaded catalyst was further stabilized by subsequent
calcination.

It is a field of ever interest for a synthetic chemist to explore
the color chemistry. Because of exciting opportunities and
advancement of these dyes in the field of sensors to promote
the electro-catalytic activity,[25,26] photo material in optical
storage applications,[27,28] as diagnosis probes in medical
applications[29] and electronic devices.[30] Azo dyes also find
applications in the field of dye sensitized electrodes for water
splitting reaction,[31] coloring the textile fibers and as important
intermediates in organic synthesis.[32] However, there is great
concern and focus for the environmentally benign protocol, as
many reports fails to address the problems like unsatisfactory
yield, tedious reaction steps and longer reaction time. There-
fore, designing a chemical protocol having less impact on
environment, higher activity and selectivity is still a challenge
in case of diazotization-coupling reaction.

Recently, Jinjing Qiu et al.[33] reported 1, 5-naptalenesulfonic
acid stabilized diazonium salts of aromatic amines as stable
source for diazotization and coupling reaction with various
coupling agents. Mechanistic studies reveal that, 1, 5-naptale-
nesulfonic acid in presence of tert-butyl nitrite gave stable
diazonium salts, these salts on addition of suitable coupling
agent produced corresponding azo dye. Also Hassan Valizadeh
et. al,[34] Alireza Najafi Chermahini et. al,[35] Amin Zarei et. al,[36]

have reported carboxyl and nitrite functionalized graphene,
modified clays and silica sulfuric acid as solid acid materials for
diazotization reaction for the synthesis of azo dyes under
environmentally benign protocol. In complimentary to these
studies, the current investigation aims to demonstrate the
effectiveness of Cu(I)@ZrO2-SO4

2@ solid acid catalyst for the
catalytic synthesis of azo dye under grinding, solvent free
conditions. Cu(I)@ZrO2-SO4

2@ catalyst was prepared by simple
co-precipitation method, followed by sulfation using sulfuric
acid and further stabilized by calcination at desired temper-
ature.

BET surface analysis and NH3-TPD methods were used to
correlate the effect of sulfate loading on the catalytic activity
ofThe neat FTIR spectrum of thin wafers Cu(I)@ZrO2-SO4

2@. The
solid acid was successfully utilized to construct an environ-
mentally benign protocol for the synthesis of azo dyes at room
temperature following simple grinding method under solvent
free conditions.

Results and Discussion

Structural study of preapared Cu(I)@ZrO2-SO4
2@ catalyst:

To ascertain the phases and crystal structure Cu(I)@ZrO2-SO4
2@

(5-20% sulfate loading) samples were analyzed by X-ray
diffraction using Panalytical X-ray diffractometer. From the XRD
spectrum shown in (Figure 1), it is evident that the peaks due
to ZrO2 are dominant in all cases. No significant peaks due to
copper were detected in any of the material; hence a detailed
analysis of dopant copper was not carried out.

The pure ZrO2:Cu(I) showed cubic phase which is in good
match with the crystal data with PDF card number 27–997. On

5% sulfate loading, ZrO2:Cu(I) catalyst transformed from cubic
phase to tetragonal phase with 2θ values positioned at 30.19,
34.66, 35.26, 50.35, 59.42, 60.23 and 62.91. Further, increase in
sulfate loading resulted in increased peak intensity, however it
didn’t affect the crystal phase of ZrO2:Cu(I). Moreover, sulfate
loading didn’t affect the crystallite size in any case. The average
crystallite size as calculated by Scherrer equation was 15 nm.

Scherrer equation,

D is the average crystallite size, k is the shape factor=0.94,
λ= wavelength of X-ray (0.154056 nm); β is the full width at
half maximum (FWHM), θ is the Bragg angle (in degrees).

FTIR and Pyridine-FTIR Characterization of Cu(I)@ZrO2-SO4
2@

Material

The neat FTIR spectrum of thin wafers of Cu(I)@ZrO2-SO4
2@ (5

and 10%) catalyst were recorded and shown in (Figure 2). Neat
FTIR spectra of the catalyst showed intense band near

Figure 1. XRD spectrum of ZrO2-Cu(I) and Cu(I)@ZrO2-SO4
2@ (5-20%)
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1650 cm@1 indicating strong affinity of sulfated catalyst towards
water molecules.[37,38]

To record the pyridine-FTIR – thin wafers of Cu(I)@ZrO2-
SO4

2@ were developed by pelletizing them in a pellet press
instrument. Then, these thin wafers were saturated with 5 μl of
pyridine and heated in a hot air oven maintained at 120°C to
remove physisorbed pyridine. Thus obtained wafers are cooled
to room temperature and Pyridine-FTIR was recorded as shown
in (Figure 3).[39] Further, to distinguish the nature of acidic sites

Bronsted/Lewis acidity (B/L) method was used. Relative ratio B/
L was calculated from the peaks resulting from pyridine
adsorbed to H+ and Lewis acidic sites (1538 cm@1 and
1448 cm@1). The B/L ratio of 5% and 10% sulfate loaded catalyst
was almost closly same with values 0.86 and 0.88 respectively.
Bronsted and Lewis acidity of Cu(I)@ZrO2-SO4

2@ was arising due

to the surface Zr-OH groups and surface sulfate groups
respectively.

Thermo Gravimetric Analysis of Cu(I)@ZrO2-SO4
2@ (5-20%)

To know the thermal stability of the loaded sulfate groups, Cu
(I)@ZrO2-SO4

2@ (5-20%) was subjected to thermo gravimetric
analysis. Material with different sulfate loading showed weight
loss in two steps, whereas 5% sulfate loaded Cu(I)@ZrO2-SO4

2@

catalyst surprisingly showed weight gain of 3.9% as shown in
(Figure 4). This tendency may be attributed to the oxidation of

copper(I)oxide to copper(II)oxide and a similar trend in the
thermogravimetric analysis was reported by D. Farcasiu et. al.[40]

Presence of sulfate groups on the surface would have
facilitated the oxidation more significantly.

Further, in case of Cu(I)@ZrO2-SO4
2@ with 10, 15 and 20%

sulfate loading there is significant weight loss and no weight
gain was observed. This may be due to the fact that, high
sulfate loading would have damaged the core-shell structure of
Cu(I)@ZrO2-SO4

2@, thereby resulting in oxidation of copper(I)
oxide during initial calcination process itself.

The catalyst with 10, 15 and 20% of sulfate loading showed
a total percentage weight loss of 5.57, 11.23 and 13.84
respectively. First step weight loss is between 550 to 700°C
with percentage weight loss of 2.92, 8.31 and 10.78 respec-
tively. The second step weight loss is between 700–870°C with
percentage weight loss of 2.66, 2.92 and 3.07 respectively. The
first step weight loss is attributed to the dehydroxylation of Cu
(I)@ZrO2-SO4

2@[41] and the second step weight loss is attributed
to the removal of bound sulfate groups.[42]

NH3-Temperature Programmed Desorption

The amounts of acidity in mesoporous Cu(I)@ZrO2-SO4
2@ (5-

20%) catalysts were analyzed by temperature programmed
desorption method. Ammonia is used as a probe molecule and
the instrument is equipped with thermal conductivity detector.

Figure 2. FTIR neat spectrum of Cu(I)@ZrO2-SO4
2@ (5 and 10%)

Figure 3. Pyridine FTIR spectrum of Cu(I)@ZrO2-SO4
2@ (5 and 10%)

Figure 4. Thermo gravimetric analysis of Cu(I)@ZrO2-SO4
2@ (5-20%)
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Before performing ammonia desorption experiments, the
sample was subjected to heat treatment at the desired temper-
ature for an hour in helium atmosphere and then cooled to
room temperature. Under maintained constant temperature,
the sample was saturated with 10% ammonia in helium flow
for 0.5 hours. The physisorbed ammonia probe molecules were
removed by flushing the helium gas for an hour. After these
pretreatment steps, desorption experiment was carried out in
the temperature range of 100–600°C.

It is clearly evident from the TPD data that, 5% sulfate
loaded Cu(I)@ZrO2-SO4

2@ showed broad and intense signal.
Further this broad peak was analyzed in detail using origin
software, shown in (Figure 5). From the figure it is found that,

the signals at 145 °C, 260 °C, 330 °C and 500 °C are significant.
The desorption value at T1=145°C is attributed to the weakly
adsorbed ammonia to the surface terminal of ZrO2:Cu(I)
catalyst. The desorption at temperature T3= 330°C will be due
to the Bronsted acid sites i. e. arising due to -OH groups
associated as Zr(Cu)-OH and the desorption at T2 around 260°C is attributed to the Lewis acid sites.

The intensity of T2 and T3 peaks significantly reduced for
10, 15 and 20% sulfate loaded catalyst. This trend may be due
to the fact that, higher quantity of sulfuric acid used would
have damaged the core-shell structure, thereby facilitating
direct conversion of copper from +1 to +2 oxidation state
during catalyst preparation process itself. This facilitates the
distribution of copper ions over the surface of the material,
which significantly replaces the surface hydrogen ions, thereby
decreasing the Bronsted acidity. Moreover a significant extra
hump after 500 °C for 5% sulfate loaded catalyst has been
observed, this is attributed to the strong Bronsted acid sites
arising due to the induced normal Bronsted acid sites inside
the cavities.

The intensity of the TCD signals decreased with increase in
sulfate loading. The percentage intensities of TCD signals
decrease in the order 20.45%, 15.45% and 8.6% compared to
that of 5% sulfate loaded Cu(I)@ZrO2-SO4

2@. The B/L ratio
calculated from the area of the peaks follow the order 0.653,
0.505, 0.373 and 0.391 respectively for 5–20% Cu(I)@ZrO2-
SO4

2@.[43,44]

SEM and EDX of Cu(I)@ZrO2-SO4
2@ (5-20%) catalyst

The morphology of Cu(I)@ZrO2-SO4
2@ (5-20%) catalysts were

determined by FESEM analysis, the micrographs are shown in
the (Figure 6). All the mesoporous Cu(I)@ZrO2-SO4

2@ catalysts
showed uniform spherical morphology. It is evident from the
analysis that sulfate loading didn’t affect the particle size.
However, the particles showed greater agglomeration with
increase in sulfate loading, thereby decreasing the effective
surface area. This trend clearly indicates incorporation of sulfate
ions on surface.

The retention in the particle size and morphology may be
attributed to the similar experimental procedure followed for
the preparation of 5–20% sulfate loaded Cu(I)@ZrO2-SO4

2@

catalyst. Further, EDX was recorded to evaluate the elemental
composition and extent of sulfate loading as shown in
(Figure 6). The graphs clearly indicate the presence of the
elements Cu, Zr, O and S. The detailed elemental composition
of Cu(I)@ZrO2-SO4

2@ (5-20%) catalyst was presented as an inset
in the EDX graphs.

TEM and SAED analysis of ZrO2:Cu(I) and Cu(I)@ZrO2-SO4
2@

catalyst

TEM and SAED images of pure and 5% sulfated catalysts are
shown in (Figure 7) (a-d). TEM image of Cu(I)@ZrO2-SO4

2@ clearly
indicated mesostructured catalyst with nanocrystalline do-
mains. The crystallite size found from TEM micrographs were in
good agreement with that calculated by Scherrer method using
XRD data.

The TEM image of the pure ZrO2:Cu(I) material clearly shows
core shell structure. Further, the TEM image of Cu(I)@ZrO2-
SO4

2@ also shows the retention of this core shell structure.
The SAED patterns of Cu(I)@ZrO2 showed concentric rings,

which indicate the presence of small crystallites with defined
positions. These fringes are indexed to the lattice planes (111),
(200) and (220), the data clearly correlates with that of XRD of
cubic phase ZrO2:Cu(I). Further, Cu(I)@ZrO2-SO4

2@ also showed
clear concentric rings which are indexed to (101), (112) and
(211) planes indicating tetragonal phase. The presence of (101)
plane was also visualized in HRTEM image Figure 7c. The data
obtained is consistent with the literature reported.[45–47]

BET Surface Area Analysis

Variation of surface area of Cu(I)@ZrO2-SO4
2@ catalyst with

changes in sulfate loading was evaluated by Brunauer–
Emmett–Teller (BET) method. To evaluate the porosity and pore
size distribution of the catalyst, Barrett–Joyner–Halenda (BJH)

Figure 5. Ammonia temperature programmed desorption profiles of Cu(I)
@ZrO2-SO4

2@ (5-20%)
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Figure 6. FESEM and EDX images of Cu(I)@ZrO2-SO4
2@ (5-20%)
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method was used. The N2 adsorption and desorption plots
were shown in the (Figure 8), the data obtained was presented
in Table 1.

It is clearly evident from the data that, as sulfate ions are
introduced to the Cu(I)@ZrO2 catalyst, the surface area of the
catalyst significantly reduced. This is due blockage of surface
area by surface occupied sulfate ions.[48,49]

Initially the azo synthesis was performed using pure
zirconia and ZrO2-Cu(I) catalyst. However no sign of diazotiza-
tion coupling was observed even after a period of 1 hour

grinding. However, with Cu(I)@ZrO2-SO4
2@ diazotization cou-

pling was clearly observed, with this success of using solid acid
catalyst, optimization studies were performed. Initially effect of
amount of catalyst was evaluated, catalytic activity increased
with increase in amount of catalyst from 0.05 g to 0.1 g.
However, further increase in the amount of catalyst didn’t
influence on the yield of the azo dye, the optimization data is
presented in Table 2.

Further keeping the amount of catalyst to be 0.1 g, the
stability of catalyst-diazonium complex was studied. In the
typical procedure, the catalyst-diazonium complex formed was
stored in dark under desiccation. Coupling was carried out after
24 hours, 5 days, 10 days and 20 days. From the experiments it
is evident that, catalyst-diazonium complex showed good
stability over the period of. Stability studies of the catalyst-
diazonium complex and recycling studies of the catalyst were
presented in Table 3.

The catalyst showed good retention of activity even after
four cycles. The derivatives of the azo synthesis were listed in
Table 4. To reuse the catalyst, it was washed 3 times with ethyl
alcohol followed by acetone. Further heated in an hot air oven
maintained at 120 °C to reactivate the catalyst. Catalytic

Figure 7. a) and b)TEM and SAED pattern of ZrO2-Cu(I). c) and d) TEM and SAED pattern of Cu(I)@ZrO2-SO4
2@

Table 1. Physico-chemical properties of Cu(I)@ZrO2-SO4
2@ (5-20%)

Percentage
sulfate
loading

Surface
Area (m2/
g)

Pore
Volume
(cm3/g)

average pore
width (nm)

average pore
diameter (nm)

5 59.36 0.3986 26.48 23.34
10 66.04 0.333 19.0 17.09
15 39.31 0.2268 21.6 22.83
20 36.19 0.2075 22.09 17.56
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efficiency was checked for four cycles, which showed marginal
loss in the activity.

Conclusions

In the present work a robust Cu(I)@ZrO2-SO4
2@ catalyst was

prepared by simple co-precipitation method followed by
sulfation using sulfuric acid as a source of sulfate. The prepared
material was characterized by XRD, FTIR, Pyridine FTIR, TGA,

NH3-TPD, SEM-EDX, TEM-SAED and BET surface analysis. The
catalytic efficiency was evaluated against the synthesis of azo
dyes from substituted aniline and other coupling agents.
Catalyst exhibited cubic phase initially and on sulfation it
changed to tetragonal phase. This tetragonal phase was stable
and retained by the catalyst even at high sulfate loading.
Decrease in acidic strength was observed with increase in
sulfate loading as evident from the NH3-TPD data. Presence of
both Bronsted and Lewis acid sites are confirmed by both
pyridine-FTIR and NH3-TPD. Incorporation of sulfate ions and its
subsequent effect on the morphology of the catalyst was
shown in FESEM micrographs, this is further confirmed by TEM
analysis. Crystal phases were ascertained by concentric rings of
SAED pattern, which correlates well with the XRD data. BET

Figure 8. N2 adsorption-desorption isotherms

Table 2. Optimization studies of catalytic synthesis of azo dyes

Entry Catalyst (mg) Time (h) Yield* (%)

1 ZrO2 (Time after grinding) 1 h -[b]

2 ZrO2-Cu(I) (Time after grinding) 1 h -[b]

3 0.1 g Cu(I)@ZrO2-SO4
2@ ( 5%) 15 min 98

4 0.1 g Cu(I)@ZrO2-SO4
2@ (10%) 15 min 83

5 0.1 g Cu(I)@ZrO2-SO4
2@ (15%) 15 min 78

6 0.1 g Cu(I)@ZrO2-SO4
2@ (20%) 15 min 76

7 0.05 g Cu(I)@ZrO2-SO4
2@ ( 5%) 15 min 92

8 0.10 g Cu(I)@ZrO2-SO4
2@ ( 5%) 15 min 98

9 0.15 g Cu(I)@ZrO2-SO4
2@ ( 5%) 15 min 97

10 0.20 g Cu(I)@ZrO2-SO4
2@ ( 5%) 15 min 98

*Yield of the product refers to isolated yield

Table 3. Stability of diazonium complex and Recycling studies of Cu(I)
@ZrO2-SO4

2@ ( 5%) catalyst

Entry Time for coupling Cycle Yield*

1 24 h 1 96
2 5 days 1 89
3 10 days 1 83
4 20 days 1 78
5 15 min 1 98
6 15 min 2 95
7 15 min 3 89
8 15 min 4 86

*Yield of the product refers to isolated yield
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surface analysis indicates decrease in surface area with increase
in the sulfate loading. Among the four sulfate loaded catalyst,
5% sulfate loaded Cu(I)@ZrO2-SO4

2@ catalyst showed signifi-
cantly better catalytic activity, which could be attributed to
high acidity arising due to high Bronsted and Lewis sites. A
good comparison of catalytic activity with B/L acidity ratio was
observed. Reuse of catalyst showed marginal loss in the
performance even after four cycles, which shows Cu(I)@ZrO2-
SO4

2@ is proven to be a good solid acid catalyst for the
synthesis of azo dyes under environmentally benign process.

Suppoting Information Summary

Materials and experimental methods with general method for
the preparation of catalyst and azo dyes are provided in the
supporting information. 1HNMR and 13CNMR spectra of the
compounds and their interpretation are provided in the
supporting information.
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Table 4. Synthesis of azo dyes using various amines and aromatic coupling agents

3a. 90% 3b. 94% 3c. 87%

3d. 92% 3e. 96% 3f. 89%

3g. 98% 3h. 93% 3 i. 93%

3 j. 95% 3k. 93% 3 l. 92%

3m. 83% 3n. 86%
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