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Abstract
In the present study, the synthesis of zinc oxide/longan seed activated carbon material (ZnO/LSAC) and its photocatalytic 
activity under the visible-light region are demonstrated. The pyrolysis of the carbonized material prepared from longan seeds 
and zinc acetate in the alkaline medium was conducted to manufacture ZnO/LSAC. The obtained material was characterized 
by using X-ray diffraction, Fourier transformation-infrared spectroscopy, high-resolution transmission electron microscopy, 
energy-dispersive X-ray elemental mapping observation, nitrogen adsorption/desorption isotherms, ultraviolet-diffusive 
reflectance spectroscopy (DRS–UV–Vis), and photoluminescence spectra. The ZnO nanoparticles with 20–30 nm in diam-
eter are highly dispersed on the LSAC matrix. The combination of ZnO with LSAC promotes visible-light absorption. The 
photocatalytic activities of the prepared composite were evaluated for the degradation of methylene blue (MB) under visible-
light irradiation. The kinetics and mechanism for photodegradation were addressed. The kinetic data and equilibrium data fit 
the modified Langmuir–Hinshelwood model. Introducing C to ZnO lattice creates an intermediate energy level and narrows 
the absorption energy, which results in the visible-light-driven photocatalytic activity of ZnO/LSAC. Reusability studies 
show that the catalyst retains its original activity even after the third cycle of reuse. Besides MB, the present catalyst could 
catalyze the photodegradation of other dyes, such as rhodamine B, congo red, and methyl orange.
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1  Introduction

Various metal oxides and sulfides, such as TiO2, SnO2, ZnO, 
Bi2MoO6/Bi2S3, and MoS2/CdS, have been used as photo-
catalysts for the degradation of toxic organic compounds 
and photocatalytic hydrogen evolution applications [1, 2]. 
Among the metal oxides, ZnO is a favorable semiconductor 

material in the photodegradation of contaminants [3]. How-
ever, ZnO exhibits various disadvantages, such as highly 
photocorrosive nature and the fast recombination of the 
photo-induced electron–hole pairs [4–6]. Moreover, its 
photocatalytic activity is limited in the UV region of the 
spectrum due to its wide bandgap energy [5–9]. Therefore, 
to enhance the adsorption of visible light, ZnO is doped with 
transition metals (Cu, Fe, La,…) and non-metals (S, N, and 
C) or supported on the substrates (activated carbon, alumina, 
silica, etc.) [10–13]. Among the support materials, activated 
carbon has been widely used to form ZnO/activated carbon 
composite due to its large surface area, high conductivity, 
and chemical stability. The formation of ZnO/activated car-
bon is believed to create energy sub-levels in the bandgap of 
the material by introducing C to the ZnO lattice and thereby 
decreasing its energy gaps. Besides, the prolonged existence 
of photogenerated electrons and holes is improved by the 
transfer of the photoexcited electrons to C on the surface of 
the catalyst [6]. Therefore, the ZnO modified with activated 
carbon possesses three advantages of redshift: reducing its 
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bandgap energy, delaying electron–hole recombination, and 
enhancing the amount of catalytic and adsorptive sites.

Recently, various studies have reported that the compos-
ites prepared from ZnO and the activated carbon derived 
from biomass, such as brick grain particles [4], crofton weed 
[6], jute fibers [14], Algerian olive waste [15], wheat gluten 
[16], and castor leaf [17], could efficiently and stably cata-
lyze the photodegradation of organic toxic compounds in 
aqueous solutions.

Longan is a subtropical fruit tree, which distributes in 
Asia, extending from Myanmar to southern China, south-
west India and Sri Lanka, Thailand, Vietnam, etc. The world 
production of longan reached more than 2500 million tons 
in 2010, in which China, contributed about 1300 million 
tons, Vietnam over 600 million tons, and Thailand over 500 
million tons [18]. Longan seeds account for about 17% of 
the total fresh fruit weight and are often discarded or burned 
as waste with hundreds of tons a year due to non-compre-
hensive use. Longan seeds, with a high content of C, O, 
and H, are suitable raw materials for producing activated 
carbon thanks to its availability [19]. Therefore, the use of 
this agricultural by-product as a precursor for the preparation 
of activated carbon not only contributes to the preparation 
of catalysts or adsorbents to remove organic contaminants 
in water but also leads to reducing the pollution caused by 
this source of waste products.

In the present work, the fabrication of the ZnO sup-
ported on longan-seed activated carbon (ZnO/LSAC) was 
performed via the carbonization of the mixture of longan 
seeds and zinc acetate in an alkaline medium. Methylene 
blue (MB) as a model dye was employed to estimate the pho-
tocatalytic activity of ZnO/LSAC. The purpose of the study 
is to evaluate the photocatalytic potential of ZnO/LSAC in 
the treatment of wastewater.

2 � Experimental

2.1 � Materials

The longan seeds used as a raw material to synthesize ZnO/
LSAC composites in this work were obtained from Dong 
Thap province—Vietnam. They were pulverized to a powder 
of 1–2 mm, washed, and dried before use. The dried biomass 
samples were analyzed for ash [20], volatile matter content 
[21], and fixed carbon [22] (Table 1).

Zinc acetate dihydrate ((CH3
−COO)2Zn·2H2O, 

≥ 99.5%), sodium hydroxide (NaOH ≥ 99%), hydrochloric 
acid (HCl, 37%), potassium iodide (KI, ≥ 99.5%), sodium 
chloride (NaCl, ≥ 99.5%), and isopropanol (CH3CH(OH)
CH3, ≥ 99.8%) were purchased from Merck. Methylene 
blue (C16H18N3SCl·xH2O, 99.5%, MB), 1,4-benzoquinone 
(C6H4O2, ≥ 99%, BQ), and dimethyl sulfoxide ((CH3)2SO, 

99.9%, DMSO) were obtained from Sigma–Aldrich. 
All chemicals are of analytical grade and were used as 
received without any further purification.

2.2 � Preparation of ZnO/LSAC

A required quantity of zinc acetate (5 g) and longan seed 
powder (10 g) were mixed in 50 mL of distilled water and 
stirred for 20 min at ambient temperature, then 50 mL of 
1 M NaOH was added dropwise into the mixture under 
stirring for 180 min. The resulting solid was centrifuged 
and washed with water several times to completely remove 
the remaining NaOH and dried at 110 °C for 24 h. The 
final solid was carbonized in an electric furnace at 800 °C 
under a nitrogen atmosphere for 2 h to obtain ZnO/LSAC. 
The pristine ZnO was also synthesized similarly but with-
out longan seed powder for the sake of comparison. In 
addition, the ZnO was also calcined at 600 °C (ZnO-600), 
700 °C (ZnO-700), and 800 °C (ZnO-800) for 2 h to obtain 
the ZnO with different particle size.

2.3 � Characterization of Materials

X-ray diffraction (XRD) was obtained on a MiniFlex 600 
diffractometer (Rigaku, Japan) with the radiation source, 
CuKα, λ = 0.1541 nm. The transmission electron micros-
copy (TEM) and high-resolution transmission electron 
microscopy (HRTEM) images were collected by using a 
JEOL JEM-2100 (USA). The particle size was calculated 
from TEM observation by using ImageJ and the Origin 
6.0 software. The elemental composition was determined 
from electron dispersive X-ray (EDX) analysis coupled 
with HRTEM on JEOL 2100, EDX detector with XMax 
80 T (Oxford). FT-Infrared (FT-IR) spectra were recorded 
on an IR Affinity-1S spectrophotometer (Shimadzu). 
DRS-UV–Vis spectra were recorded with the UV-2600 
(Shimadzu) instrument, and reflectance spectra were ref-
erenced to BaSO4. The specific surface area (BET) was 
determined from the N2 adsorption–desorption isotherms 
measured at liquid nitrogen temperature (77 K) on the 
Quantachrome TriStar 3000 V6.07A adsorption instru-
ment. The photoluminescence spectra (PL) were measured 
on the Horiba Fluorolog 3 FL3-22 device with the excita-
tion light at 365 nm.

Table 1   The content of dried longan seed

Material Proximate analysis (dry basis) (wt %)

Fixed carbon Volatile matters Ash

Longan seed 19.18 78.93 1.88
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2.4 � Determination of Point of Zero Charge (pHPZC)

The point of zero charge (pHPZC) of ZnO/LSAC was esti-
mated with the pH drift method [4, 23]. Briefly, 5 mL of 
0.1 M NaCl solution and 40 mL of distilled water were 
added to a series of 100 mL flasks. The initial pH value 
(pHi) of the solution was adjusted to 2–12 by using either 
a 0.1 M NaOH or 0.1 M HCl solution. The total volume 
of solution in each flask was set exactly to 50 mL by 
adding distilled water. The 0.01 M NaCl solutions with 
different pH values were obtained. Then, 0.1 g of ZnO/
LSAC was added to each flask, and the mixtures were 
kept on a shaker working at 180 rpm for 24 h. The final 
pH (pHf) of the solutions was recorded. The difference 
between the initial and final pH (ΔpH = pHi–pHf) was 
plotted against pHi. The point of intersection of the curve 
with the abscissa, at which ΔpH = 0, provides pHPZC.

2.5 � Photocatalytic Activity

A beaker containing 200 mL of an aqueous suspension 
of MB (20–70 ppm) and 50 mg of catalyst was placed 
under a lamp supporter. The light source is a 45 W, 220 V 
Compact lamp (Vietnam) equipped with a wavelength 
cut-off filter (λ ≤ 420 nm, d = 77 mm). Prior to illumi-
nation, the suspension was stirred magnetically in the 
dark for 120 min to ensure adsorption equilibrium. Three 
millilitres of the suspension was withdrawn at intervals 
and centrifuged to remove the solid catalyst. The concen-
tration of MB in the supernatant solution was analyzed 
with a UV–Vis spectrophotometer at λmax = 664 nm. The 
degradation efficiency of MB was calculated according 
to Eq. (1)

where C0 and C are the concentration of the initial and 
remaining MB, respectively.

In the radical scavenging test, potassium iodide, ben-
zoquinone, dimethyl sulfoxide, and isopropanol were used 
as scavengers. A suspension of 200 mL of MB (30 ppm) 
and 50 mg of catalyst was first stirred for 120 min in the 
dark, and then 20 mL of 2.4 × 10−2 M each radical scaven-
ger solution was added to the mixture just after the illumi-
nation started. The MB concentration of the supernatant 
was determined with the spectrophotometric method, as 
mentioned above. The concentration of rhodamine-B, 
congo red, and methyl orange in solutions was also deter-
mined with the spectrophotometric method at a maximum 
wavelength of 552, 500, and 464 nm, respectively.

(1)F(%) = 100 ×
(

C0−C
)

∕C0

3 � Results and Discussion

3.1 � Characterization of Materials

Figure 1a shows the XRD patterns of ZnO calcined at 
600, 700, and 800 °C. The diffraction peaks of hexago-
nal wurtzite ZnO are indexed as (100), (002), (101), 
(102), (110), (103), (200), (112), and (201) according to 
JCPDS-01-075-9743.

The intensity of the diffraction peaks increases with 
increasing calcination temperature, indicating that the 
higher the calcination temperature is, the higher crys-
tallinity the material has. The crystallite size calculated 
according to the Scherrer equation using the (101) dif-
fraction is around 31.23, 39.72, and 74.43 nm for the 
ZnO calcined at 600, 700, and 800 °C, respectively. The 
morphology of the ZnO calcined at 600 °C shows strong 
agglomerates of irregular shapes (Fig. 1b). However, the 
facet of the particles becomes smooth, and the particles 
become more even due to Ostwald’s effect when the cal-
cination temperature is higher than 700 °C (Fig. 1c, d). 
The particle average size of the ZnO particles calcined at 
600, 700, and 800 °C is 26.37 ± 0.80, 43.83 ± 4.09, and 
90.00 ± 16.03 nm, respectively.

The ZnO/LSAC materials with different mass ratios 
of Zn(Ac)2·2H2O and LSAC calcined at 800 °C for 2 h 
were synthesized (see Table S1 and Figures S1, S2) in 
order to estimate on the effect of the level of doping on 
photocatalytic activity. It was found that the ZnO/LSAC-5 
(denoted as ZnO/LSAC) exhibits the highest visble-light 
driven photocatalytic activity. Therfore it was chosen for 
futher experiments. Figure 2 presents the XRD patterns 
of LSAC and ZnO/LSAC. In Fig. 2a, the XRD pattern of 
LSAC exhibits the weak and broaden peaks centered at the 
diffraction angle of 23.7 and 44.3°, and indexed as (002) 
and (100) (the inset of Fig. 2a), which is characteristic of 
activated carbon [24, 25]. The XRD pattern of ZnO/LSAC 
displays the characteristic diffractions of ZnO with a lower 
intensity, and the peaks are broader and shifted to lower 
2θ compared with the pristine ZnO (Fig. 2b), suggesting 
the distortion of the crystal lattice, probably due to the 
formation of a new bond instead of Zn–O, as reported by 
Yu et al. and Liu et al. [26, 27]. This result is supported 
by the theoretical calculation proposed by Sakong et al. 
[28] in which carbon atoms substitute zinc atoms in the 
lattice, causing the displacement of the neighboring atom 
and changing the lattice parameters.

The crystallite sizes of the pristine ZnO and ZnO/
LSAC calcined at the same temperature (800 °C) calcu-
lated according to the Scherrer equation from the (101) 
diffraction are around 77.42 and 31.13 nm, respectively. 
The decrease of the crystallite size of ZnO in ZnO/LSAC 
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is probably because the growth of ZnO crystals in the 
LSAC matrix is suppressed. In addion, the crystallite size 
of ZnO (31.13 nm) in ZnO/LSAC is similar to that of ZnO 
(31.23 nm) calcined at lower temperature (600 °C).

The presence of different functional groups in the synthe-
sized ZnO/LSAC is evidenced in the FT-IR spectra (Fig. 3). 
In the three samples, the absorption bands in the range of 
3000–3600 cm−1 are assigned to the stretching vibration of 
O–H in water [4, 29]. The absorption band with the peak 
centered at 2360 cm−1 is attributed to the CO2 adsorbed 
on the sample surface [30]. On the FT-IR spectrum of AC, 

the peak at 1462 cm−1 corresponds to C=C bond [5, 31], 
those at 1385 cm−1 and 848 cm−1 belong to the vibration 
of C–OH and COO– [4, 24, 29, 32], and those at 1106 cm−1 
and 596 cm−1 are attributed to the vibration in C–H, C–C, 
and O–H bonds [29, 33]. On the FT-IR spectra of ZnO, a 
sharp peak at 448 cm−1 is observed as the result of Zn–O 
stretching vibration [4, 5, 24]. For ZnO/LSAC, the FT-IR 
spectrum presents the embroilment of vibrations of LSAC 
and ZnO, indicating the formation of ZnO/LSAC composite.

The morphologies of the obtained materials are shown 
on the TEM images (Fig. 4). It can be seen that the LSAC 

Fig. 1   a XRD patterns of ZnO 
calcined at different tem-
peratures; TEM observations 
of ZnO calcined at b 600 °C; c 
700 °C, and d 800 °C

Fig. 2   a XRD patterns of 
activated carbon prepared from 
longan seed (LSAC) and ZnO/
LSAC composite; b XRD pat-
terns of pristine ZnO and ZnO/
LSAC samples
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sample is composed of irregular bulk activated carbon flakes 
with a diameter of around several microns (Fig. 4a). For 
ZnO/LSAC, the ZnO particles are embedded in LSAC flakes 
(Fig. 4b) in which the particle size of ZnO (25.57 ± 0.49 nm) 
is smaller than that of the pristine ZnO (91.00 ± 16.03 nm) at 
the same calcination temperature but similar to that of ZnO 
(26.37 ± 0.80) at the calcination temperature of 600 °C (see 
Figure S3; Table S2,3). High-resolution images (Fig. 4c) 
show the lattice fringes with d(002) (2.6 Å) and d(101) (2.4 Å) 
spacing of wurtzite ZnO [34]. The lattice fringe with 
d = 2.1 Å corresponds to (100) planes of graphite [35].

The EDX elemental mapping observation of a selected 
region is presented in Fig. 5. The surface of the nanocom-
posite is densely covered with the ZnO particles dispersed 
on LSAC. The existence of Zn (Fig. 5a), O (Fig. 5b), C 
(Fig. 5c), and the merged picture of Zn, O, Zn, and Cu 
(Fig. 5d) on ZnO/LSAC confirms the spatial distributions 
of the elements in the structure of ZnO/LSAC. The EDX 
analysis further indicates the presence of C, O, and Zn com-
ponents in ZnO/LSAC (Fig. 5e). The surface elemental com-
position is as follows: Zn 31.1%, C 33.9%, O 10.2%, and Cu 

24.8%. The present of Cu is because the measurement was 
conducted in a copper disk. These results evidence that the 
nanoparticles of ZnO are highly dispersed on the activated 
carbon matrix and that the synthesized ZnO/LSAC is with-
out impurities.

The textural properties of the obtained samples were 
studied from the nitrogen adsorption/desorption isotherms 
(Fig. 6). The isotherm curves of ZnO and LSAC belong to 
type I and type IV with an H3 hysteresis loop, according 
to the IUPAC classification. ZnO has a much smaller sur-
face area (2.7 m2 g−1) than LSAC (325.5 m2 g−1). The ZnO/
LSAC is classified as type IV with an H3 hysteresis loop, 
and its specific surface area is 294.5 m2 g−1, indicating that 
the introduction of ZnO in LSAC significantly increases the 
specific area, compared with the that of pristine ZnO.

The UV–Vis diffusive reflectance spectra (UV–Vis-
DRS) of ZnO, LSAC, and ZnO/LSAC are shown in Fig. 7. 
ZnO in ZnO/LSAC exhibits a significant redshift of the 
optical bandgap absorption edge to the visible light region 
as well as enhances light absorption in the whole UV–Vis 
band (Fig. 7a). Since activated carbon is an electrically 

Fig. 3   FT-IR spectra of ZnO, 
LSAC, and ZnO/LSAC samples
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conductive material, its presence in ZnO/LSAC reduces 
the bandgap energy. The direct bandgap energies calcu-
lated from Tauc’s plot are 3.21 eV for ZnO and 2.70 eV 
for ZnO/LSAC (Fig. 7b).

The photoluminescence (PL) emission spectra have 
been widely used to study the efficiency of charge car-
rier trapping, immigration, and transfer in semiconductor 
particles. Figure 8 presents the PL spectra of the obtained 
samples. The PL intensity of the pristine ZnO is higher 
than that of ZnO/LSAC, and the reduction of PL intensity 
results from the decrease of the radiative recombination 
process. Thus, the presence of LSAC is detrimental in the 
e−/h+ recombination process under visible-light illumi-
nation. Due to the exceptional electrical conductance of 
activated carbon, an efficient transfer of charge carriers, 
and thus a longer lifetime of photogenerated electron–hole 
pairs are expected [36].

Fig. 5   EDX elemental mapping images of ZnO/LSAC: a Zn element; b O element; c C element and d the merged image of Zn, O, C and Cu ele-
ments; e EDX mapping spectrum of ZnO/LSAC sample
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3.2 � Visible Light‑Driven Photocatalytic Degradation 
of Dyes

3.2.1 � Photodegradation of MB with Different Catalysts

Figure 9 presents the decolorization kinetics of MB on the 
ZnO synthesized at different temperatures and the ZnO/
LSAC catalyst. The MB solution without catalyst was illumi-
nated for the sake of comparison. The process was conducted 
for 120 min under dark adsorption to ensure the adsorption/
desorption equilibrium. Then, the lamp was turned up for 
the photocatalytic process. The MB solution without catalyst 
remains decolorized after 210 min illumination, indicating 
MB is stable under this condition. As can be seen in Fig. 9, 
ZnO exhibits a low visible-light-driven photocatalytic activ-
ity, depending on the calcination temperature. It is obvious 
that ZnO/LSAC has a significantly higher photocatalytic 
activity than pristine ZnO. The photocatalytic decoloriza-
tion of MB over ZnO/LSAC is 98.9%, compared with that 
of pristine ZnO at around 10.2 to 15.8% for all ZnO samples 

after 210 min of reaction. ZnO/LSAC also adsorbs more 
MB than the pristine ZnO. The MB uptake on ZnO/LSAC 
is around 59.3% under dark adsorption, compared with 
2.5–5.0% of ZnO. Although the ZnO calcined at 600 °C has 
similar crystallite and particle size to ZnO/LSAC (31.23 and 
26.37 ± 0.80 nm for ZnO vs. 31.13 and 25.57 ± 0.49 nm for 
ZnO/LSAC), it has a relatively low photocatalytic activity. 
This indicates the vital role of LSAC in the photocatalytic 
activity of ZnO in ZnO/LSAC in the visible-light region.

3.2.2 � Effect of pH and Leaching Experiment

The efficiency of MB decolorization increases slightly as 
pH varies in the range 3–6.5, followed by a significant rise 
between pH 6.5 and 11 (Fig. 10a). The point of zero charge 
(PZC) determined with the pH drift method is 6.7 (Fig. 10b), 
which is consistent with those of ZnO-based activated carbon 
[4, 15, 31, 37]. This increasing efficiency might be because of 

Fig. 7   a UV–Vis DRS of ZnO, 
ZnO/LSAC and LSAC; b Tauc’s 
plots for ZnO and ZnO/LSAC
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the interaction of a more negatively charged surface of ZnO/
LSAC at high pH with positively charged species of MB.

In the leaching experiment, the catalyst was filtered out 
after 30 min of photocatalytic reaction, while the illumination 
continued (Fig. 10c). The decolorization almost stops after 
the catalyst is filtered out, indicating that ZnO/LSAC acts as a 
heterogeneous photocatalyst in nature.

3.2.3 � Visible‑Light‑Driven Photocatalytic Degradation 
of MB

On the UV–Vis spectra of MB solution, two main absorp-
tion peaks appear at 292 and 664 nm (Fig. 11a), which 
are assigned to the π → π* electron transfer in benzene 
rings and n → π in –N = N– groups. The intensity of the 
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absorption band decreases gradually with illumination 
time, and adsorption signals almost disappear after 90 min 
illumination. The blue color of the solution fades gradu-
ally and disappears at the end of the process. The color 
fade was tested by measuring TOC (Fig. 11b). The TOC 
value decreases from 7.61 to 0.25 mg L−1 after 90 min of 
illumination.

Generally, it is well-known that photodegradation is 
related to the oxidation of organic molecules by free radicals 
(hydroxyl radicals (·OH), superoxide radicals (·O2

– ), photo-
excited holes (h+), and excited electrons (e−)). To study the 
role of radicals, degradation experiments were conducted 
in the presence of potassium iodide, isopropanol, benzoqui-
none, and dimethyl sulfoxide, which are believed to have 
deactivation effect on the h+, •OH, •O2

–, and e− species, 
respectively [15, 38, 39]. The decolorization efficiency 
decreases due to dimethyl sulfoxide by 65.8%, followed by 
benzoquinone (56.6%), potassium iodide (19.4%), and iso-
propanol reduced (9.6%). This indicates that the degrada-
tion of MB predominantly occurs via radicals in the order 
e− > •O2

– > h+ > ·OH (Fig. 12).

The photocatalytic mechanisms of semiconductors could be 
employed to explain the photocatalytic activity of ZnO/LSAC 
in the visible-light region. The adsorption edge of the con-
duction band for ZnO/activated carbon (ECB) is − 0.36 eV vs. 
NHE [38]; the bandgap energy (Eg) calculated from UV–Vis 
DRS is 2.70 eV, hence the adsorption edge of the valence band 
(EVB) is EVB = ECB + Eg = –0.36 + 2.70 = 2.34 eV. It is known 
that the potential energy of HOMO and LUMO for AC is 1.85 
and − 0.67 eV, respectively [40], and that of MB is 1.17 eV and 
− 0.69 eV, respectively [41, 42]. Under visible-light irradia-
tion, activated carbon and MB act as the photosensitizers trans-
ferred their electron to the conduction band of ZnO (ECBZnO) 
(Eqs. 2–7) [30, 40]. Because the electrons in the conduction 
band of ZnO is more negative (− 0.36 eV) than the potential 
of O2/·O2– (− 0.33 eV) [38, 43, 44], they could reduce O2 to 
·O2– superoxide (Eqs. 8, 9). The superoxide radicals could react 
with adsorbed H2O molecules on the surface of the catalyst or 
the H+ ions present in the solution to form hydroperoxyl··OH 
radicals (Eqs. 10–13). The holes (h+) in the valance band of 
ZnO/AC react with OH− at catalyst surface to form ·OH radi-
cals (Eq. 14) because the holes in the valence band of ZnO/AC 

Fig. 11   a UV–Vis absorption 
spectra at different times and 
b TOC of MB solution in the 
photocatalytic degradation 
(V = 200 mL; C0= 30 mg L−1; 
mcatalyst = 50 mg; adsorption 
time = 120 min; illumination 
time = 90 min)
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Fig. 12   Effect of radical 
scavengers (potassium iodide, 
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time = 90 min)

0 30 60 90 120 150 180 210

0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

Time (min)

 Dimethyl sulfoxide 
 Benzoquinone
 KI
 Isopropanol
 No Scavenger

Dark adsorption Photocatalytic degradation



455Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:446–459	

1 3

(2.34 eV) are more positive than ·OH/OH− (1.99 eV) [43, 44]. 
The highly oxidizing radical (·OH) deeply oxidizes adsorbed 
MB to form degraded products with a reduction in the TOC 
value of the dye solution (Eq. 15). In addition, the excited 
holes (h+) in the VB band of ZnO/AC could react directly 
with MB (1.17 eV) (Eq (16)). However, the quenching experi-
ment reveals that the oxidative pathway is negligible. From the 
reports [8, 15, 33, 39, 41], the possible reaction mechanism is 
presented as follows:

The arguments above are illustrated in Fig. 13.

(2)AC
h�
−−→ AC∗

(3)AC∗ + ZnO →

(

e−
CB

)

ZnO + AC∗+

(4)AC∗+
→ AC + h+

VB

(5)MB + h� → MB∗

(6)MB∗ + ZnO →

(

e−
CB

)

ZnO +MB∗+

(7)MB∗+
→ MB + h+

VB

(8)ZnO∕AC
h�
−−→

(

e−
CB

)

ZnO∕AC +
(

h+
VB

)

ZnO∕AC

(9)e−
CB in ZnO

+ O2 → ZnO + ⋅O−
2

(10)⋅O2 + H2O → ⋅HO2 + OH−

(11)⋅O−
2
+ H+

→ ⋅HO2

(12)2 ⋅ HO2 → H2O2 + O2

(13)H2O2 + e− → ⋅OH + OH−

(14)h+
VB in ZnO

+ OH−
→ ZnO∕AC + ⋅OH

(15)⋅OH +MB → degradation products

(16)
ZnO∕AC

(

h+
VB

)

(direct holes) +MB → degradation products

3.2.4 � Kinetics of MB Photocatalytic Degradation

3.3 � Dark Adsorption

Figure 14a presents the adsorption and photocatalytic kinet-
ics of MB degradation. The ZnO/LSAC composite exhibits 
a high adsorption capacity in the dark. Depending on the 
initial MB concentration, the adsorption reaches adsorption/
desorption equilibrium around 90–120 min.The equilibrium 
adsorption uptake, qe, can be expressed as in Eq. (17) [45, 
46]:

where C0 and Ce are the MB concentration at initial and 
equilibrium time (mg L−1); V is the volume of the MB solu-
tion (L); m is the mass of catalyst (g).

The relationship between C0e and qe is expressed via two 
isotherm models with two parameters, e.g., the Langmuir 
isotherm model, as in Eq. (18), and the Freundlich model, 
as in Eq. (19) [14, 45, 47, 48]:

where qm is the maximum monolayer adsorption uptake 
(mg L−1); KL is the Langmuir adsorption equilibrium con-
stant (mg−1 L); KF and n are Freundlich parameters.

The non-linear regressions based on the equilibrium 
adsorption data after 120 min of dark adsorption are shown 
in Table 2. Since the determination coefficient of the Lang-
muir isotherm model is close to 1 and higher than that of the 

(17)qe =
V .(C0 − Ce)

m

(18)qe =
KL ⋅ qm ⋅ Ce

1 + KL ⋅ Ce

(19)qe = KF ⋅ C
1∕n
e

Fig. 13   Energy of valence band edge and conduction band edge for 
ZnO/LSAC
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Freundlich isotherm model, the former fits the equilibrium 
data better than the latter.

3.4 � Kinetics of Photocatalytic Decomposition

From the Langmuir–Hinshelwood model, the overall reac-
tion could be illustrated as follows:

where k1 and k–1 are the forward/backward adsorption rate 
constant, respectively; k2 is the kinetics rate coefficient of 
the degradation process.

For the kinetics of unimolecular reaction on heterogene-
ous catalysts, the Langmuir–Hinshelwood model is widely 
used. This model has the following form

where kLH is the rate constant of the degradation reaction 
(min−1); C0 and Ct are the MB initial concentration and con-
centration at time t (mg L−1).

kLH is given as the slope of the linear plot of ln(Ct/C0) vs t.
Minh et al. [41] propose a kinetic model of the photocata-

lytic decomposition on heterogeneous catalyst according to 
the Langmuir–Hinshelwood model as follows:

where KL (mg/L) is the equilibrium constant given by the 
Langmuir isotherm model, KMLH is the rate constant of the 

(20)
ZnO∕LSAC +MB

k1
⟷

k−1

(ZnO∕LSAC…MB)∗
k2
���������→ degradation products

(21)ln
Ct

C0

= −kLH .t

(22)
1

KL

. lnC + C = −kMLH .t +
1

KL

. lnC0e + C0e

photocatalytic reaction, C0e (mg L−1) is the equilibrium 
concentration of adsorbate at time t (min) taken from light 
illumination.

The plot of the 
(

1

K
lnC + C

)

 against t gives a straight 
line with slope kMLH (Fig. 14b). In this study, both models 
are applied to calculate the kinetics data for the sake of 
comparison, and their parameters are listed in Table 3.

The data reveal that both models have high determi-
nation coefficients (R2 = 0.97÷0.99). However, the results 
of the paired samples t test show that the determination 
coefficients of the modified Langmuir–Hinshelwood model 
are significantly higher than those of Langmuir–Hinshel-
wood one (t (4) = 2.27, p = 0.03). This indicates that the 
experimental data is more compatible to the modified 
Langmuir–Hinshelwood model than the Langmuir–Hin-
shelwood model. Table 4 presents the rate constant (kLM) 
of MB photocatalytic decomposition on various catalysts 
reported in the literature. It is obvious that the rate con-
stant of the present work is compatible or higher than 
those in previous works, indicating that ZnO/LSAC exhib-
its faster kinetics.

Fig. 14   a Adsorption and pho-
todegradation kinetics of MB on 
ZnO/LSAC catalyst; b Plots of 
the 1

K
lnC + C against t at dif-

ferent initial MB concentrations
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Table 2   Parameters of Langmuir and Freundlich model

Langmuir model Freundlich model

KL (L mg−1) qm (mg g−1) R2 KF n R2

0.296 92.06 0.99 44.46 5.60 0.97

Table 3   The value of kMLH and kLH at different initial MB concentra-
tion over ZnO/LSAC

Concentration 
(mg L–1)

Modified Langmuir–Hin-
shelwood model

Langmuir–Hinshel-
wood model

KMLH 
(mg L−1 min−1)

R2 KLH (min−1) R2

30 0.1760 0.98 0.0434 0.98
40 0.1744 0.99 0.0195 0.97
50 0.1755 0.99 0.0102 0.98
60 0.1833 0.99 0.0071 0.97
70 0.1890 0.98 0.0063 0.97
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3.4.1 � Recyclability

Recycling of catalysts is one of the critical criteria to develop 
heterogeneous photocatalytic technology for wastewater 
treatment. Hence, the recyclability of ZnO/LSAC during 
adsorption and the photocatalytic process was performed. 
In this work, the used catalyst was separated, washed with 
ethanol several times, and dried for 24 h at 100 °C. The 
catalyst was used to degrade MB repeatedly and exhibits 
a slight loss of catalytic activity. Its efficiency remains at 
90.68% after 3 cycles (Fig. 15a). The XRD patterns of the 
original and reused catalyst appear unchanged (Fig. 15b), 
indicating the stable structure of the catalyst during adsorp-
tion and photocatalysis.

In addition, the ZnO/LSAC catalyst exhibits a high cata-
lytic activity under visible light. Figure 16 presents the pho-
tocatalytic decomposition of MB, rhodamine B, congo red, 
and methyl orange over pristine ZnO and ZnO/LSAC. It is 
notable that the photocatalytic decomposition efficiency of 
ZnO/LSAC is much higher than that of pristine ZnO. This 
leads to the conclusion that the ZnO/LSAC could catalyze 

Table 4   Comparison of rate constant of the present catalyst with those in the literature

Catalyst SBET (m2 g−1) Light source C0 (mg L−1)/Vol-
ume (mL)/mcatalyst 
(mg)

kLH (min−1) Refs.

ZnO/biochar 62.2 UV lamp light 20/100/50 0.0650 [14]
ZnO/g-C3N4 48 500 W metal halide lamp with a 

420 nm cutoff filter
10/300/300 0.0207 [49]

ZnO/carbon nanofiber 580 13 W fluorescent lamp 10/100/100 0.0180 [50]
C-doped ZnO hybridized with 

g-C3N4

27 300 W xenon lamp with a 400 nm 
cutoff filter

10/100/100 0.0134 [51]

ZnO hybridized with C60 – 8 W UV lamp 3.2/100/100 0.0569 [52]
Amino-grafted GO modified ZnO 42.99 300 W Xenon lamp 10/50/10 0.0250 [53]
ZnO/rGO 101.01 UV lamp light 8.64/20/10 0.0397 [54]
N-ZnO/g-C3N4 – 300 W Xenon lamp 20/100//100 0.0300 [55]
ZnO/LSAC-5 294.35 45 W Compact lamp with an wave-

length cut-off filter (λ ≤ 420 nm)
30/200/50 0.0434 The present work

Fig. 15   a Photocatalytic 
degradation efficiency of used 
catalyst; b XRD patterns of 
ZnO/LSAC after three cycles 
of catalysis (V = 200 mL, 
C0 = 30 mg/L, mcatalyst = 50 mg; 
adsorption time = 120 min; 
illumination time = 90 min)
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Fig. 16   Photocatalytic degradation under solar light illumina-
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tions: Cdyes = 30  mg/L; V = 200  mL; mcatalyst = 50  mg; adsorption 
time = 120 min; illumination time = 90 min)
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the dye decomposition reaction under the visible-light 
region.

4 � Conclusion

The ZnO/activated-carbon composite was obtained via the 
pyrolysis of the precursor prepared from longan seeds and 
zinc acetate. The composite consists of nanoparticles of 
ZnO of around 20–30 nm in size and highly dispersed on 
the carbon matrix. This composite possesses a large surface 
and promotes visible-light absorption. The photodegrada-
tion of MB on ZnO/LSAC is 9.79 times higher than that of 
pristine ZnO under visible-light illumination. This enhanced 
photocatalytic activity is assigned to the indirect MB and 
activated-carbon photosensitization. The kinetics of adsorp-
tion on this material fit the modified Langmuir–Hinshelwood 
mode based on the combination of Langmuir isotherm and 
the first-order kinetic equation. The manufactured ZnO/
LSAC catalyst is stable during operation. The present study 
proposes a good premise to obtain a less expensive photo-
catalyst manufactured from biomass wastes of longan seeds. 
This ZnO/LSAC catalyst can be effectively used for the pho-
todegradation of various dyes from aqueous solutions.
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