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Abstract Zinc oxide nanoparticle supported activated carbon (ZSAC) was suc-

cessfully prepared using a cost effective microwave irradiation method. The earned

UV light sensitive ZSAC composites were characterized using powder X-ray dif-

fraction (XRD), high resolution scanning electron microscopy with energy disper-

sive X-ray analysis, and X-ray photoelectron spectroscopy. The optical properties of

ZSAC composites were investigated using UV–Vis diffuse reflectance spectroscopy

and photoluminescence spectroscopy, which exposed prolonged light absorption in

UV light region and hold better charge separation capability, respectively as

compared to pure ZnO. The photocatalytic activity was tested by the degradation of

textile dye waste water (TDW) under UV light irradiation. Chemical oxygen

demand of TDW was calibrated before and after the photocatalysis experiment

under UV light to evaluate the mineralization of wastewater. The results demon-

strated that ZSAC composites showed imposing photocatalytic enrichment over

pure ZnO and commercial TiO2 (Degussa P25). The coordinated blending of the

oxygen vacant sites, structural defects of ZnO along with electron transmission

capacity and presence of surface oxygen on AC has led to the lasting light

absorption, delayed charge recombination, and sustenance, which favor the

enrichment of the photocatalytic activity of ZSAC.
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Introduction

The wastewater released from the textile industry contains high chemical oxygen

demand (COD) and hardly corresponds to the discharging standards recommended

by the Indian pollution control boards [1]. In the past, hydrolysis in a basic medium,

chemical processes, membrane filtration, biological treatment and foam flotation [2]

were employed to treat the waste water, but did not bear desired result [3]. Among

numerous modern treatment processes tested to treat the textile dyeing effluents,

heterogeneous photocatalysis turns out as the best, because it is a profitable

treatment process [4]. In recent investigations, TiO2 and ZnO were used extensively

as heterogeneous photocatalysts. ZnO nanostructures have created adequate interest,

by virtue of its wide band gap (3.30 eV), great exciton binding energy of 60 eV,

optical and electronic properties [5]. ZnO was used for the degradation of

4-chlorophenol, rhodamine B, methylene blue, procion blue herd from real textile

wastewater and acid black 1 [6–9]. But, due to its limitation factor of high

percentage of electron–hole recombination, and practical difficulties, exploration is

still going on for ZnO composite material.

Advanced explorations have disclosed that the photocatalytic efficiency of TiO2

and ZnO increased to a great extent, when it was supported on the activated carbon.

The preeminent impact of AC would be its high adsorption efficiency, which can

assist by enhancing the organic molecules around the catalyst, quicken the pollutant

transport process, and as a result enhancing the photocatalytic efficiency. It can also

increase the life time of electron–hole pairs and promote the target reactions. The

mechanism of the synergistic effect of adsorption by AC and photocatalytic

decomposition by TiO2 and ZnO has been studied in the degradation of considerable

number of organic pollutants [10, 11].

In the current work, we focused on the preparation and characterization of pure

ZnO and ZnO supported activated carbon (ZSAC) composite catalysts. There are

many methods available to impregnate ZnO onto the carbon surface, but solution

combustion synthesis is a profitable method for the fabrication of ZnO onto the

carbon support. Also, the microwave assisted combustion synthesis is environment

friendly, rapid, and cost effective.

The influence of carbon support on ZnO photocatalytic efficiency was

investigated from the degradation of textile dyeing waste water under UV light

irradiation. The as-prepared novel ZSAC exhibited extended UV light absorption,

greater adsorptivity of textile dye and enhanced photocatalytic activity than pure

ZnO and commercial TiO2 (Degussa P25).

Materials and methods

Preparation of ZSAC

Zinc oxide supported activated carbon was prepared by using the subsequent

procedure. The carbon support for the fixing of ZnO nanomaterials was prepared

from the agricultural wastes. The rice husk obtained from public rice factory was
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chemically activated at 800 �C using chemical the activating agents, such as HF and

KOH. The carbon support (AC), thus, manufactured had a large surface area

(446.44 m2/g), pore volume (00.21 cm3/g) and average pore diameter (01.89 nm).

Zinc nitrate hexahydrate and urea of analar grade (Merck, India) were used as the

starting for the fabrication of ZSAC. Stoichiometric measure of zinc nitrate

hexahydrate and urea were dissolved independently in 10 ml of distilled water.

Liquefied urea was combined with aqueous zinc nitrate hexahydrate solution. To

this concoction, 1 g of AC was added, and stirred for 5 h. The mixture attained was

heated in a microwave (2.45 GHz, 750 W) for 10 min. The output was washed with

distilled water, and dried in an hot air oven at 100 �C for 1 h and is designated as

ZSAC. Five samples of ZSAC were prepared with varying the ZnO loading from 10

to 50 %. The samples were named as ZSAC1, ZSAC2, ZSAC3, ZSAC4 and

ZSAC5. The pure ZnO was also prepared by using the same procedure, without

adding carbon support for comparison reason.

Characterization of ZSAC

The crystallinity of AC and ZSAC were analyzed by using a Philips X’pert X-ray

diffractometer for 2 theta values ranging from 10 to 80� using CuKa radiation at

k = 1.540 Å. A Perkin–Elmer infrared spectrometer was utilized for analyzing the

functional groups on the surface of the samples in the spectral range of

4,000–400 cm-1. Morphological analysis and energy dispersive X-ray analysis

were done by using a Jeol JSM6360 high resolution scanning electron microscope.

X-ray photoelectron spectroscopy (XPS, Make: Kratos analytical (UK), Model:

Axis ultra) with a monochromatic MgKa X-ray source. The XPS curves of C-1s,

O-1s and Zn-2P were deconvoluted into convenient number of peaks by using

Gaussian fitting. The band gap energy of the samples was estimated from the data

obtained from Cary100 UV–Visible spectrophotometer. The photoluminescence

properties of the nanostructures were recorded by using a Varian Cary Eclipse

Fluorescence spectrophotometer. The specific surface area and porosity was

evaluated from the surface area and porosity analyzer (ASAP 2020 V3.00H,

Micromeritics Instrument Corp., Norcross, GA).

Photocatalytic reactor setup and the degradation procedure

The photocatalytic degradation of textile dyeing waste water (TDW) obtained from

the dyeing industry, Tiruppur, Tamilnadu, India was carried out in a multi lamp

photocatalytic reactor. The reactor contains the low pressure mercury lamps (8/

8 W) emitting 365 nm UV radiation, which is sufficient for the photocatalytic

degradation of TDW. The TDW were taken in glass reactor tubes, which can hold

100 ml of the dye solution. The procedure to study the photocatalytic degradation

study is of the following sequence. Textile dyeing waste water is characterized by

prominent absorption peaks at 220, 257, 306, 398, 473 and 583 nm. The

mineralization of TDW was obtained by measuring the decrease of COD of the

waste water. The COD of TDW was determined before and after the photocatalytic

treatment with a standard dichromate method using COD digester. The known
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initial COD of the TDW was taken and known weights of ZSAC or pure ZnO/TiO2

(Degussa P25) were added. It was kept in the dark for 12 h to reach the adsorption

equilibrium, and the resultant COD was calculated. This solution was taken in the

photocatalytic reactor and UV irradiation was supplied for 2 h. At regular intervals

of 20 min, equal aliquots were removed from the reactor tube, centrifuged and the

COD was estimated to measure the TDW degradation. The percentage of COD

removal was calculated from the formula,

% removal of COD mg=Lð Þ ¼ initial COD � final COD=initial CODð Þ � 100

The Indian pollution control board standard has fixed that the let-out TDW from

the textile industries into the river bodies must have only 250 mg/L COD, and hence

the photocatalytic degradation of TDW was carried out using ZSAC to degrade it to

250 mg/L COD.

Results and discussions

X-ray diffraction analysis

The AC and ZSAC samples were analyzed by X-ray diffraction (XRD) in the range

of 2h between 108 and 808. The corresponding XRD pattern of the AC, ZSAC (1–5)

are shown in Fig. 1. The existence of peaks at 2h angles 31.588, 34.418, 36.218,
47.568, 56.588, 63.038, 66.398, 68.198, and 69.218 accounted for the presence ZnO

and they correspond to (100), (002), (101), (102), (110), (103) (200), (112) and

(201) planes (JCPDS card No. 89- wurtzite hexagonal phase). These planes of ZnO

are then linked with d-spacing standards of 2.80, 2.59, 2.46, 1.90, 1.62, 1.47, 1.40,

1.37, and 1.35 Å, appropriately.

In AC, two peaks at 2h angles of 238 and 298 correspond to the presence of silica

in the carbon matrix. AC showed a broad peak at 2h angle of 22�, which accounts

for the presence of mineral SiO2, and a small peak at 2h angle of 44� was obtained

for (010) plane of graphitic structure [12]. The presence of a portion of silica was

also identified for all the ZSAC samples by the EDX analysis. This implies that

silica, which is one of the main constituent of the precursor is not expelled from the

carbon matrix even at the high temperature that is reached during microwave

irradiation. The intensity of the graphitic peak at 44� decreased drastically in ZSAC,

which may be due to the ZnO nanostructures formation on the AC matrix. The

existence of graphite in AC will play a decisive role in the growth mechanism of

ZSAC.

The crystallite size of ZSAC samples was estimated by using the Scherrer

equation [13].

L ¼ 0:9k
b cos h

Here, k is X-ray wavelength, h is Bragg diffraction angle and b is peak width at full

width half maximum. Among the peaks, we selected the strongest peak (101) at
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2h = 36.21� to calculate the crystallite size. The estimated crystallite sizes of ZSAC

(1–5) samples are shown in (Table 1). It was observed that crystallite size increases

with an increase in ZnO loading.

Morphology of pure ZnO and ZSAC

HR-SEM micrographs of pure ZSAC5 are shown in Fig. 2. HR-SEM images show

the presence of agglomerated irregular spherical shaped nanoparticles. Since the

samples are prepared by combustion synthesis in a microwave burning, indepen-

dent, homogenous growth of nanostructures are not feasible. The production of

nanoparticles cannot be guarded in a combustion synthesis, due to the liberation of

high amount of heat, and this always produces particles with differing sizes. As a

consequence, the HR-SEM image of ZSAC5 ranges from 25 to 110 nm.

Fig. 1 XRD patterns of a AC, b ZSAC1, c ZSAC2, d ZSAC3, e ZSAC4, and f ZSAC5
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The elemental analysis of ZSAC5 sample was characterized by X-ray energy

dispersive spectrometer (EDX). In Fig. 2, the inset depicts the EDX patterns of the

ZSAC5 sample. On careful investigation, the sample contains the elements of C, O, Si

and Zn. The existence of silica in the sample indicates that the silica is not fully removed

from the carbon support even at the high temperature reached in microwave heating.

XPS Analysis

Fig. 3a shows the full-range XPS spectra of the ZSAC5 revealing the Zn, C and O

peak. Fig. 3b shows the profile of the Zn 2p electron, a doublet of the Zn 2p3/2 and

Zn2p1/2 peaks from the Zn2? states, which are at 1,044 and 1,022.5 eV,

respectively, as well as their corresponding shake-up resonances at 1,023 and

1,047 eV. These peaks confirm the presence of Zn2? in ZSAC [14]. But there is a

shift of the 2P3/2 peak to higher energy, which is ascribed to the incorporation of

ZnO into the carbon matrix [15]. It also results in the charge transfer from Zn2? to

the carbon matrix.

Fig. 2 HR-SEM image and inset EDX analysis of ZSAC5

Table 1 Crystallite size, band gap, PL emission peaks and PL regions of ZSAC (1–5)

Sample Crystallite size (nm)

2h = 36.21�
Plane (101)

Band gap (eV) PL emission peaks (nm) Emission region

ZSAC1 19.71 3.24 433, 485 and 536 Blue-green

ZSAC2 24.89 3.23 432, 485 and 537 Blue-green

ZSAC3 27.11 3.21 432, 485 and 538 Blue-green

ZSAC4 31.21 3.20 433, 485 and 536 Blue-green

ZSAC5 34.18 3.16 433, 485 and 536 Blue-green
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Fig. 3c shows the O 1s peaks, which can be deconvoluted into three components

centered at about 527–534, 531–540 and 535–539 eV. The major peak at 530.5 eV

attributed to the O2
- ions on the wurtzite structure of the hexagonal Zn2? ion

cluster, the O2
- ions are enclosed by zinc atoms with the absolute accompaniment

of adjacent neighbor O2
- ions [16]. It also implies the adsorbed oxygen on the

vacancy sites of ZnO samples, and it is associated with the O- sub-lattice and

further it corresponds to the carbonyl oxygen atoms [17]. The shoulder peak at

535 eV corresponds to the oxygen atoms in the carboxyl groups and minor peak

537 eV to the contribution of absorbed water [18].

The high resolution XPS spectra of the C 1s region is displayed in Fig. 3d, and

the peak at 284.9 eV corresponds to the sp2carbon bonding in graphitic carbon.

The peak at 289 eV is ascribed to carbonyl, quinine, lactone, or ester groups [19].

Besides, an extra peak at high binding energy at about 292.1 eV is associated

with p ? p* transitions [20]. It can also be inferred to C=C–O surface group

[21]. Thus, the existence of ZnO on the carbon matrix is confirmed by XPS

studies.

Fig. 3 XPS spectra of ZSAC5 a wide spectra, b Zn 2p, c O-1s and d C-1s
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Optical studies

Diffuse reflectance spectroscopy (DRS) studies

The reflectance spectra were analyzed using a modified Kubelka–Munk function

F(R) [22], estimated from the following equation,

F Rð Þ ¼ 1� Rð Þ2=2R

F(R) is the Kubelka–Munk function, where R is the reflectance. A graph was

plotted between [F(R)ht]2 and ht, and the intercept value obtained corresponds to

the band gap energy. The band gaps were evaluated by using the modified

Kubelka–Munk function as shown in Fig. 4. The calculated bandgap for pure ZnO

and ZSAC (1–5) are shown in (Table 1). The ZSAC samples show smaller band

gap when compared with the pure ZnO. This red shift in the band gap for ZSAC

could be due to the quantum confinement experienced by the well dispersed ZnO

on the carbon matrix, thus leading to lower crystallite size, which is in accordance

with XRD results [23]. This effect is likely due to the chemical defects or

vacancies present in the intergranular regions generating new energy level to

reduce the band gap energy [24]. The diffuse reflectance spectra results clearly

show that the ZSAC samples are probable photocatalysts, which can perform

efficiently under UV radiation.

Photoluminescence studies

The photoluminescence (PL) spectra of ZSAC (1–5) and pure ZnO samples taken at

room temperature employing the excitation wavelength of 325 nm are shown in

Fig. 5. The PL peaks and corresponding PL regions are shown in (Table 1). ZSAC

samples show an intense PL peak at around 432 nm (2.87 eV) and four broad peaks

at 459 nm (2.70 eV), 486 nm (2.55 eV), 525 nm (2.36 eV), and 538 nm (2.30 eV),

whereas the pure ZnO show a strong peak at 424 nm (2.92 eV), and four broad

peaks at 459 nm (2.70 eV), 486 nm (2.55 eV), 504 nm (2.46 eV), and 536 nm

(2.31 eV). The PL intensity of pure ZnO is higher than that of ZSAC (1–5) this

indicates that in pure ZnO the radiative recombination is higher, whereas ZSAC

(1–5) exhibits higher electron–hole separation, thus enabling it to perform as good

photocatalyst.

The blue emission peak (B) around 425 nm is probably by the virtue of two

defect levels, either transition from Zni to the valence band or transition from the

base of the conduction band (CB) to interstitial oxygen (Oi) level [25]. The peak at

459 nm is from the transition between a shallow donor (Zni) and deep acceptor

(V) [26].

The PL spectra also display the emission bands at 486 and 504 nm in the green

region of visible range. The green luminescence mechanism of ZnO still has major

difference of opinion, but is commonly designated as the deep-trap-mediated

emission [27]. The green light emission can be traced to an oxygen vacancy (VO)

[28].
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The presence of green emission around 504 and 536 nm, which confirms the

singly ionized oxygen vacancy in ZnO, results from the recombination of a photo

generated hole with the single ionized charge state of this defect. The intensity of

the green emission peak enormously decreased with increased ZnO loading on the

Fig. 4 Diffuse reflectance spectra of a pure ZnO, b ZSAC1, c ZSAC2, d ZSAC3, e ZSAC4, and
f ZSAC5

Fig. 5 Room temperature PL spectra of a ZSAC1, b ZSAC2, c ZSAC3, d ZSAC4, e ZSAC5, and f pure
ZnO
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carbon matrix. This can be accounted for the increased density of surface defect

states because of dopant and reduced crystallites size.

Due to the microwave synthesis of ZnO nano structures, structural distortion

could have been taken place in the crystal structure. This structural irregularity in

ZnO give rise to the intra band gap or the energy levels between the valence and

conduction band, and they give rise to the defect emissions. The intra bands are

formed, due to the fast evaporation, partial oxidation and rapid crystallization that

happen during the microwave heating. These PL peaks distinctly manifest that these

bands are not because of the band gap emission, but, they are the consequence of

structural defects, such as, oxygen vacancies. The oxygen vacancies on the surface

of ZnO samples would favor the O2 adsorption, and consecutive production of O2

radical groups, which brings about the oxidation of organic materials [29]. Thus,

ZSAC samples with structural defects and oxygen vacancies on their surface would

be the potential photocatalysts for the degradation of textile effluents.

Photocatalytic activity

An initial study of the photocatalytic degradation of TDW (1,150 mg/L COD) with

ZSAC (1–5) catalysts is carried out and their photocatalytic ability is determined

from their COD removal efficiency of the TDW under UV light irradiation. COD

removal confirms the destruction of the organic materials in the TDW and the color

reduction [14]. The percentage of COD removal obtained for ZSAC (1–5) samples

are, 38.4, 45.2, 54.6, 69.1, 78.5 and 90.2 % for 120 min irradiation. The ZSAC5

catalyst was found to be the most efficient one. Hence, ZSAC5 is studied for the

various experimental parameters and its photo degradability efficiency is tested with

pure ZnO.

A pilot study of COD removal of TDW using AC, ZSAC5 and pure ZnO was

carried out. The photocatalytic efficiency of ZnO and AC is lower than that of

ZSAC5. The COD removal efficiency is exceptionally intensified in ZSAC5, due to

the carbon support. AC as a support can act as dominant electron transmission site,

since it exhibits enormous electrical conductivity, and large electron storage

capacity, as a result of high specific surface area. AC as support discharged two

important roles as an acceptor and transporter of propagated electrons of ZnO and

emphatically contained the charge recombination [30]. Besides, due to the well-

founded synergy between AC and ZnO nanoparticles, the flow of propagated

electrons among the AC and conduction band of ZnO is increased. ZnO is a superior

electron contributor, and carbon materials are comparably able electron recipients,

the synergistic effect between these constituents adequately reduce the charge

recombination. The interblend of the oxygen vacant sites, structural defects of ZnO

along with electron transmission capacity and presence of surface oxygen on AC

lead to lasting light absorption, delayed charge recombination, and sustenance,

which favor the enrichment of the photocatalytic activity of ZSAC5 [31]. The

synergy mechanism on the surface of ZSAC5 is illustrated in Fig. 6.

The pH of the medium performs a key part in the photocatalytic degradation

mechanism of TDW, since pH alters the generation of hydroxyl radical, a powerful

oxidizing agent [32]. To resolve the optimum pH, the pH of the solution was varied

776 Reac Kinet Mech Cat (2015) 114:767–780

123



from 2.0 to 12 by adding apt amount of NaOH or H2SO4 solutions. It is noticed that

the maximum COD removal is achievable in acidic medium, and 100 % COD

removal is attained at pH = 2 for ZSAC5. However, ZnO exhibited only 58 % of

COD removal at pH = 2. The final pH after photocatalytic treatment was 7.16,

which is a proof that the TDW was successfully degraded by the ZSAC and the

treated water can be the released into the water bodies. On account of the results

obtained, pH = 2 is chosen to be the optimum pH for photodegradation of TDW.

Fig. 6 Synergy mechanism on the surface of ZSAC5

Fig. 7 Kinetic of the TDW photocatalytic degradation by using ZnO, TiO2, ZSAC5 (Experimental
conditions: TDW 1,150 mg/L COD, catalyst dose 1,000 mg/L, pH = 2, k = 365 nm)
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The point of zero charge (pHZPC) of ZnO and ZSAC5 are 7.93, and 8.40,

respectively. The surface of the catalyst bears an exclusive positive charge,

when the pH of the solution is lower than the pHZPC, it would quicken the

adsorption of the negatively charged dyes molecules [33]. Similarly, when the

medium turns basic, hydroxide ions are readily adsorbed on the catalyst surface.

Ion dipole repulsion between the negatively charged catalyst surface and the

negative charged dye molecules is feasible at pH higher than the pHZPC [34].

This is the purpose why TDW is displaying diminished photocatalytic degradation

at higher alkalinity.

A kinetic study of the photocatalytic degradation of TDW for ZnO, TiO2

(Degussa P25) and ZSAC5 was also carried out. The optimized parameters used for

the kinetic study are t = 120 min, concentration = 1,150 mgl-1 COD, photocat-

alyst dose = 1.0 gL-1, light intensity = 365 nm and pH = 2. To obtain the kinetics

of the photocatalytic degradation, the COD removal versus irradiation time is

plotted, which displays the formation of straight lines and indicate the zero-order

reaction (Fig. 7). The zeroth order reaction infers that the rate is independent of the

reactant concentration, i.e., the extent of dye molecule reacted is proportional to the

time. The surface of the catalyst reaches wide amount of coverage by the TDW

molecules, and the surface is entirely saturated by the TDW molecules. Thus the

rate of the reaction does not depend anymore on the degree of coverage [35].

Mansouri et al. [36] revealed the zeroth order kinetics in the treatment of aqueous

organics in the presence of TiO2, Guerra et al. [30] declared the zeroth order kinetics

in the degradation of reactive dyes in the presence of ZnO, and Foletto et al., [37]

displayed zeroth order kinetics under sunlight using ZnAl2O4. The rate constant for

ZnO, TiO2 (Degussa P25) and ZSAC5 were 2.45, 3.95 and 05.80 (mL-1S-1). The

rate of photocatalytic degradation of ZSAC5 is double than that of pure ZnO and

higher than that of TiO2 (Degussa P25). Activated carbon with a wide surface area,

high porosity and various functional groups favours the preferential absorption of

TDW on its surface and pores. As a consequence, the TDW molecules are further

shifted to ZnO surface, and degraded at a faster rate. The synergy effect between the

carbon support and ZnO is responsible for the enhancement in the photocatalytic

efficiency of ZSAC5.

Conclusion

In summary, ZnO nanoparticles supported activated carbon (ZSAC) was success-

fully synthesized through microwave assisted combustion synthesis with simple

inorganic salts as raw materials. The XRD and XPS results confirm the presence of

ZnO on the carbon support. The uniform loading of ZnO nanoparticles on the

carbon surface is revealed by HR-SEM images. The band gaps of the ZSAC samples

are in the range of 3.30–3.16 eV. ZSAC samples were used for the photocatalytic

degradation studies of TDW. Due to the synergetic effect, ZSAC5 efficiency is

higher than the pure ZnO, TiO2 (Degussa P25) in effective and faster degradation of

TDW.
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