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A B S T R A C T

In this work, potassium iodide (KI) and graphene oxide (GO) were utilized to promote the selectivity of pho-
tocatalytic process for alkali lignin oxidation over ZnO. Different concertation of GO was added during the
microwave synthesis procedure of ZnO, and the characterization results revealed that graphene can shift the
conduction band to more reducing potential, resulting to higher production of superoxide anion radicals (O2%

−)
compared to %OH. Response Surface Methodology revealed the most suitable interaction among loading of GO,
KI and irradiation time on lignin and total phenolic compound (TPC) degradation. Specifically, the optimal
conditions (i.e. maximum lignin (52%) and minimum TPC (55%) degradation) were at [KI]= 0.64mM; GO
content into ZnO 1.2mg/mL; 240min of irradiation time. The results showed that higher addition of graphene
into structure of ZnO could preserve more phenolics from degradation due to less production of %OH.
Furthermore, the addition of KI at optimized conditions could enhance the selectivity of degradation of lignin
and phenolics via producing I% radicals and quenching the excess amount of generated %OH, respectively. The
lower generation of %OH at optimized conditions was quantitatively confirmed by a photoluminescence sim-
plified technique. In addition, the effect of the photocatalytic process on substrate's anaerobic degradability was
examined in order to evaluate the suitability of the pretreated solution for energy recovery. Indeed, besides the
higher TPC concentration, the biogas production of treated straw at optimized conditions was increased by 35%
compared to the untreated sample.

1. Introduction

Lignin represents a major component of lignocellulosic biomass
with high aromaticity. If treated properly, it can potentially decompose
to form valuable products (e.g., phenol, benzene, toluene, and xylene)
that can replace petro-chemical analogues and ensure a sustainable
supply of the carbon feedstock for energy and chemical industry (Den
et al., 2018). To transform lignin into polymers of interest, a proper
treatmnet method must be selected aiming at valorizing as much as
possible of lignin into a range of several value-added molecules. Among
various existing treatment methods for valorisation, advanced photo-
catalytic oxidation process is a potential new transformation tech-
nology for lignin derivatives to value added products (Awungacha
Lekelefac et al., 2015). It is well-known that photocatalytic oxidation of

lignin-rich residues is characterized as non-selective processes, causing
challenging the photocatalytic transformation of lignin into valuable
chemicals. Specifically, numerous studies have shown that %OH radicals
produced during the photocatalytic reaction are considered as the main
reactive species (Felício et al., 2003; H. Li et al., 2015; Kansal et al.,
2008; Lu et al., 2014; Ma et al., 2008; Nair et al., 2016; Portjanskaja
et al., 2009; Song et al., 2015). Furthermore, it has been shown pre-
viously that the phenolic compounds are the major lignin derivatives
during photocatalytic oxidation strategies (Alvarado-Morales et al.,
2017; Chen et al., 2018; Gong et al., 2017; Nair et al., 2016; Prado
et al., 2013; Tsapekos et al., 2018). The ideal process should thus be
able to steadily decompose lignin and continuously preserve high-value
small molecule compounds. However, side reactions inevitably occur
due to the ability of %OH radicals to engage in the oxidation of
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phenolics, leading to rather gaseous products (Al-Hamdi et al., 2015; Y.
Li et al., 2015; Liu et al., 2017; Sheng et al., 2014). In order to address
this issue, a photocatalytic reaction has to be able to decrease genera-
tion of %OH radicals to avoid overoxidation of value-added chemicals
without compromising lignin degradation yield.

Several strategies for modification of photocatalysts have been de-
veloped which can decrease the formation of %OH. These methods are
including band gap modification, selective growth of crystal facets, and
surface treatment (Kou et al., 2017). The goal for enhancing the pho-
tocatalytic selectivity can be accomplished by compositing a semi-
conductor with the recently fast-developed carbonaceous materials in
the nanotechnology field. As a two-dimensional monoatomic-thick
sheet of hexagonally arranged carbon, graphene has become the focus
of interest in multiple disciplines due to its superior properties, in-
cluding large theoretical specific surface area (~2600m2/g), remark-
able thermal conductivity (5000W/(m·K)), and high carrier mobility
(200,000 cm2/(V·s)) (Julkapli and Bagheri, 2015; Kumar et al., 2017).
Recent development has shown that the accumulation of electrons as
result of the presence graphene increases the Fermi level of the semi-
conductor to more negative potential, causing the composite system to
be more reductive than the pristine semiconductor system
(Subramanian et al., 2004; Wang et al., 2013). Thus, it is expected for
the composite to have less oxidation potential in the valence band,
limiting production of non-selective %OH. In this regard, fabricated
composites may be candidates for reduced generation of %OH during
photocatalytic lignin degradation.

In spite of above-mentioned advantages of graphene in UV/semi-
conductor system, avoiding the generation of strong, non-selective %OH
would decrease the overall efficiency of process. Hence, the compen-
sation for %OH in photocatalytic process must be taken into con-
sideration. In this sense, Iodide photolysis under UV illumination (UV/
Iodide) can contribute to the production of hydrated electrons (eaq−)
and iodine radical (I%) by charge-transfer-to-solvent (CTTS) me-
chanism, leading direct degradation of many recalcitrant materials (Sun
et al., 2017). In addition, iodide can act as a sacrificial electron donor
(ED). In this system, the primary role of ED is to form a charge transfer
(CT) complex between the semiconductor and a sacrificial ED in order
to react irreversibly with the photogenerated valence band holes, thus
prohibiting the generation of %OH (Li et al., 2011; Song et al., 2007).

The principal objective of this study was to prove the hypothesis of
controlling the generation of %OH by potassium iodide (KI) and gra-
phene oxide (GO) utilization for promoting the selectivity of photo-
catalytic process for alkali lignin decomposition. The effect of different
loading of GO into semiconductor structure during varying iodide
concentration upon UV irradiation was investigated. Among different
semiconductors widely employed, we used zinc oxide (ZnO) due to its
promising potential for environmental remediation especially in the
case of lignin photocatalytic degradation (Gouvêa et al., 2000; H. Li
et al., 2015; Kansal et al., 2008; Villaseñor and Mansilla, 1996). Re-
sponse Surface Methodology (RSM) as a multivariate statistical tech-
nique was used for modeling and optimization of the experiments with
three factors including GO content into ZnO structure, initial KI con-
centration, and irradiation time. In addition, the pretreated materials
were anaerobically digested in order to evaluate the suitability of the
photocatalytic solution for energy recovery purposes.

2. Materials and methods

2.1. Materials

Sigma-Aldrich Kraft lignin, abbreviated as lignin, was purchased
from Sigma-Aldrich (product number 370959). The surrounding area of
Copenhagen (Zealand, Denmark) was chosen to collect wheat straw
residues. A cutting mill (SM 200, Retsch GmbH, Germany) was used to
cut the fibers to< 0.5 cm. Subsequently, the resulting fibers were
sieved in order to obtain a homogeneous particle size of 18mesh

(1mm). Other chemicals in this study were obtained from Sigma-
Aldrich and used as received without further purification.

2.2. Photocatalyst preparation

The modified Hummers' method was followed for synthesizing
graphite oxide nanosheets (Hosseinabadi-Farahani et al., 2015). To
prepare ZnO nanorods incorporated with graphene, a microwave
method was adopted. In brief, the graphite oxide powder was dispersed
in deionized water (1 mg/mL) to obtain a suspension. Then, the sus-
pension was ultra-sonicated by probe sonication (Branson, Digital So-
nifier Model 250) for 10min (10 s on pulse and 40 s off, with 50%
power) to obtain graphene oxide suspension. Finally, the suspension
was centrifuged at 8000 rpm for 10min to obtain graphene oxide (GO)
powder. The GO was dried at 60 °C for 24 h before use. 36mg of GO
were dispersed into 10mL deionized water. Then, a 2 g zinc chloride
(ZnCl2) dissolved in 10mL deionized water and then, the ZnCl2 solution
was dropwise added to the GO solution. The resulting solution was kept
at stirring for 8 h to ensure a good contact between Zn2+ and GO.
Thereafter, 10 mL of ammonia 25% w/w solution was mixed with the
aforementioned solution very slowly. The resultant solution comprising
of 0.5M ZnCl2 and 1.2mg/mL GO in final volume of 30mL aqueous
solution was transferred into Teflon-sealed autoclave and underwent
microwave irradiation (Anton Paar, multiwave 3000) at a power of
600W for 30min at the temperature of 160 °C with stirring. The par-
ticipates at the bottom of microwave-irradiated solution were allowed
to cool down to the room temperature and recovered by filtration.
Then, they were washed thoroughly with ethanol/water and fully dried
overnight. The final powder was designated as ZnO-G1.2. In order to
find an optimum condition for synthesis of ZnO-graphene composite
(ZnO-G) which can promote selective photocatalytic activity, different
loadings of GO into ZnO composition were applied. To achieve in-
creased selectivity, concentrations of GO (i.e. 0.2, 0.6, 0.95 GOmg/mL)
was varied following the same procedure, at fixed concentration of
0.5 M ZnCl2. The final products designated as ZnO-Gx, which x was
accounted as the concentration of GO used in the composite. The pure
ZnO was also synthesized in accordance to aforementioned steps
without addition of GO.

2.3. Characterization of photocatalyst

Scanning electron microscopy (SEM) using a FEI Quanta 200 FEG
was employed to investigate the morphology of nanoparticles. The
crystallite phase of materials was detected by X-ray diffraction (XRD)
using Cu-Ka radiation operating at 40mA and 45 kV (X'Pert Pro,
Panalytical). The functional groups were studied by Fourier transform
infrared spectroscopy (FTIR) using a Spectrum One spectrophotometer
(Nicolet iS50, Thermo Fisher Scientific). Thermal gravimetric analysis
(TGA) using a Discovery TGA from TA Instruments in a temperature
range from 25 to 900 °C at scan rate of 10 °C/min was utilized to study
the thermal properties of the synthesized materials. Furthermore,
Raman spectroscopy was recorded from 1000 to 2000 cm−1 on an
Almega Thermo Nicolet Dispersive Raman Spectrometer operating at
wavelength of 514 nm. For investigating optical properties of as-pre-
pared materials, Ultraviolet-visible (UV–vis) spectra (UV–vis spectro-
photometer Perkin–Elmer Lambda 25) were utilized. Valence band
spectra were performed by X-ray photoelectron spectroscopy (XPS)
using Specs model EA10 plus (Bestec Co, Germany) using Al as a ra-
diation source. Active oxidative species (%OH radicals) generated on the
surface of photocatalysts were evaluated by a photoluminescence (PL)
simplified technique to quantitatively analyze the relative production of
%OH during irradiation of samples containing terephthalic acid (TA). It
is well known that TA readily reacts with %OH to produce a highly
fluorescent product, 2-hydroxyterephtahalic acid (TAOH) in alkaline
systems (Jimenez-Relinque and Castellote, 2015). In a typical PL ex-
periment, 0.5mM of TA was dispersed into 50mL alkaline solution
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(2 mM of NaOH) at the optimized conditions without addition of lignin.
Then, the solution was exposed to UV light for 30min. After separating
the photocatalyst, the resultant solution was analyzed on a Fluores-
cence Spectrophotometer (EClips CARY VARIAN PL) through mea-
suring the PL intensity at excitation of λexc= 315 nm and emission of
λemi= 425 nm.

2.4. Photocatalytic experiments

The photocatalytic experiment was carried out in a beaker placed at
a quasi-collimated beam apparatus equipped with the doped medium
pressure lamp (SR HUV700, 700W, Scan Research A/S, Denmark) with
increased emission at low wavelength. A detailed description of the
reactor setup and lamp characteristics can be found in an earlier work
(Hansen et al., 2013). Air was sparged to assure the availability of
sufficient amount of oxygen in the reactor during photocatalytic trials.
Samples preparation for the photocatalytic experiments began with the
overnight soaking of 0.01 g of lignin in 100mL solution formed by
25mM NaOH solution and distilled water. In a typical procedure of
photocatalysis, 0.005 g of the photocatalyst and desired concentration
of KI were added to the resulting lignin solution. The mixture was
mixed in dark conditions for 1 h to ensure the establishment of ad-
sorption-desorption equilibrium under darkness. After this period, the
UV lamp was turned on for the desired time span. At certain time in-
tervals, 2 mL samples were collected and centrifuged. The supernatant
was collected for further examinations.

2.5. Response surface modeling

The central composite design (CCD) was employed to investigate
the photocatalytic degradation of lignin. The RSM was used for eva-
luation of interactive effects of GO content into ZnO matrix (x1), initial
KI concentration (x2) and irradiation time (x3) on the photocatalytic
degradation process, while other affecting factors such as oxygen
supply, agitation speed, temperature, lignin concentration, and photo-
catalyst dosage were kept constant during the process. The ranges of
independent variables and experimental conditions derived from CCD
are summarized in Table 1. Total number of experiments carried out
was 20, consisting of six axial, eight factorial and six center points.
Table 2 provides the detail of the 20 experimental conditions.

A second-order model as shown in Eq. (1) was used to correlate the
degradation efficiency expressed in lignin and TPC as a function of the
three independent variables:

∑ ∑ ∑ ∑= + + +
= = = = +

Y β β x β x β x x
i

n
i i i

n
ii i i

n

j i

n
ij i j0 1 1

2
1 1 (1)

where, Y (%) represents the predicted response; xi and xj are the coded i
and jth independent variable; β0, βi, βii, and βij are the intercept, the
first-order model coefficient, the quadratic coefficient of variable i, and
the interaction coefficient of variables i and j, respectively. The relia-
bility of fitted model was judged by the based on the analysis of var-
iance (ANOVA) and as well as the coefficient of determination (R2). The
statistical analysis software JMP Pro 13 (SAS Institute Inc.) was used to
build and analyze the second-order polynomial model.

After developing the second-order polynomial model, optimum so-
lution for experimental variables (xi) are achieved in which the

response output becomes maximum and minimum for degradation of
lignin and TPC, respectively.

2.6. Wheat straw photocatalytic experiment and biochemical methane
potential (BMP) assays

To gain more knowledge about increasing bioavailability of residue
after photocatalytic oxidation, lignin was replaced with wheat straw as
real biomass feedstock. The lignin content of wheat straw was
26.7 ± 2.4%TS. The more detailed characterizations can be found
elsewhere (Tsapekos et al., 2017). Experiments were carried out in a
similar procedure to photocatalytic lignin degradation at the optimized
conditions except increasing the loading of the substrate to 1 g/L. The
treated residue after photocatalysis was recovered through a filter (GF/
C Whatman® glass microfiber filter), and followed by oven-drying at
50 °C for 24 h for performing FTIR and SEM analysis.

The influence of the photocatalytic treatment on wheat straw and
lignin biodegradability was assessed by means of batch anaerobic di-
gestion experiments before and after photocatalysis. The anaerobic in-
oculum was collected from a lab-scale reactor fed with cattle manure
and municipal waste. The detailed characteristics can be found in
previous study (Tsapekos et al., 2018). The tests were conducted under
thermophilic conditions (55 ± 1 °C) following the guidelines of
Angelidaki et al. (2009). Batch reactors made of glass vessels with a
total volume of 238mL and a working volume of 120mL were used.
The organic load was kept at 1.5 gVS/L. Prior to incubation, the batch
reactors were flushed with a N2/CO2 (80/20% (v/v)) gas mixture,
closed with rubber stoppers and aluminum caps to ensure anaerobic
conditions. During the incubation period, the reactors were shaken
once a day to avoid the development of dead zones.

2.7. Analytical methods

The lignin concentration was measured on a spectrophotometer
(UV–vis spectrophotometer UH5300 Hitachi) at the maximum absor-
bance of lignin at a wavelength of 280 nm originated predominantly
from benzenoid compounds (Kobatakawa et al., 1989). A calibration
graph was constructed based on plotting absorbance vs. concentration
to quantify the lignin concentration in alkaline medium using Beer–-
Lambert's law. The concentration of total phenolic compound (TPC)
was determined quantifiably based on the Folin-Ciocalteu method
(Ainsworth and Gillespie, 2007). A calibration plot was constructed to
quantify the TPC content using Gallic acid as standard. The phenolic
molecules produced after photocatalysis in the liquid phase were ana-
lyzed and qualified with a gas chromatography/mass spectrometry
(GC/MS, Agilent 7890A/5975C). The analysis conditions were selected
as follows: a capillary column was used (HP-INNOWAX,
30m×0.25mm×0.25 μm) at programmed oven temperature of
60 °C, hold for 2min at 60 °C and then ramped up at a rate of 10 °C/min
to 260 °C and hold at this level for extra 10min; the injector was kept at
280 °C in spit mode with spit ratio of 1:2; helium was used as the carrier
gas. The methane concentration in the headspace of batch reactors was
determined using a gas chromatograph (Thermo Scientific™, Trace™
1310) as previously described (Khoshnevisan et al., 2018). For the
degradability experiments, the methane yields were reported at stan-
dard temperature and pressure (STP) conditions.

3. Results and discussion

3.1. Photocatalyst characterizations

SEM images of as-prepared ZnO and ZnO-G1.2 nanocomposites are
presented in Fig. 1a and b. From Fig. 1a, it can be clearly observed the
pure ZnO is composed of numerous rods in hexagonal shape. As can be
seen, the added GO could act as nucleation sites for growth and for-
mation of ZnO (Fig. 1b). ZnO particles were distributed well and each

Table 1
Experimental ranges and levels of independent variables.

Variables Factors Unit Ranges and levels

−1.68 −1 0 +1 +1.68

A: GO x1 mg/mL 0 0.24 0.60 0.96 1.20
B: KI x2 mM 0 0.20 0.50 0.80 1
C: Time x3 min 40 80.54 140 199.46 240
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particle was entirely coated by the Gr sheet intimately. These intimate
contact facilities the electronic interaction between ZnO and graphene;
thus, endows the composite with many excellent properties (Fan et al.,
2012). In addition, Fig. S1 shows the photograph of the ZnO-Gx na-
nocomposites taken after the microwave reduction process. The color of
white powder of ZnO becomes darker as the amount of GO content
increases, indicating the higher content of GO successfully loaded into
ZnO structure and well deoxygenated and reduced to graphene. Fig. 1c
shows the XRD patterns of ZnO and ZnO-G1.2 to analyze their crys-
talline phase. The feature diffraction peak of both ZnO and ZnO-G1.2
exhibit similar diffraction peaks of (100), (002), (101), (102), (110),
and (103) which correspond to a typical pattern of hexagonal phase
Wurtzite ZnO (JCPDS card No. 36-1451). However, no typical diffrac-
tion peaks belonging to the graphene appear for the composite, which
indicates that the disordered stacking of graphene was formed in the
composite (Li et al., 2012). It also supports the conclusion that ZnO
nanorods were successfully adsorbed on the surface of graphene na-
nosheets, which prevented the stacking of graphene nanosheets. TGA
measurements were performed in the temperature range from 25 °C to
900 °C and the resulting curves are shown in Fig. 1d. The thermogram
of ZnO exhibited better thermal stability compared to ZnO-G1.2. The
composite showed 10% weight loss relative to ZnO which can be at-
tributed to the amount of graphene in ZnO-G1.2 loaded into ZnO
structure.

3.2. Model development and validation

A CCD design, of 20 experiments, was carried out in order to explore
the effects of three independent variables on degradation efficiency of
lignin and TPC (as responses). The actual and predicted responses are
listed in Table 2. The regression equations were obtained by fitting
experimental results to quadratic model. For both responses, the final
mathematical models associated to the response in terms of actual
factors after elimination of insignificant terms (p-value > 0.05) are
expressed by Eqs. (2) and (3). The final equations in terms of coded
factors are given by Eqs. (S1) and (S2) in Supporting information.
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The adequacy of the model was justified through ANOVA and the
results are shown in Table 3. In this case, the low probability value for
regression model equations (p-value=0.0001 or less) indicates that the
quadratic models fitted to the experimental results well. The lack-of-fit
was calculated from the experimental error (pure error) and residuals.
Prob > F higher than 0.05 in both models confirms a not significant
lack of fit. Furthermore, the second-order polynomial models were
highly significant for 95% confidence level due to having F-ratios of
104.03 and 118.23 for lignin and TPC degradation, respectively. The
fitted model was further verified by the correlation coefficient (R2).
According to the ANOVA results (Table 3), R2 were 0.983788 and
0.985708 respectively for lignin and TPC degradation. The adjusted
correlation coefficients (adj. R2) values were found to be 0.974331 and
0.977371 for lignin and TPC degradation, respectively, indicating that

Table 2
CCD design matrix for three variables with observed and predicted values for TPC and lignin degradation.

Run order Coded values Real values TPC degradation (%) Lignin degradation (%)

x1 x2 x3 A: GO (mg/mL) B: KI (mM) C: Time (min) Exp. TPC (%) Pred. TPC (%) Exp. lignin (%) Pred. lignin (%)

1 −1 −1 −1 0.24 0.20 80.54 41.45 41.58 4.36 5.51
2 −1 +1 +1 0.24 0.80 199.46 75.28 75.79 50.51 50.95
3 +1 −1 +1 0.96 0.20 199.46 76.03 75.90 39.43 38.41
4 +1 −1 −1 0.96 0.20 80.54 41.25 41.39 7.59 6.00
5 −1.68 0 0 0.00 0.50 140.00 67.38 69.13 30.93 30.75
6 0 0 0 0.60 0.50 140.00 65.73 66.19 28.97 29.79
7 −1 +1 −1 0.24 0.80 80.54 51.25 53.37 12.11 16.14
8 0 0 0 0.60 0.50 140.00 65.73 66.19 28.00 29.79
9 0 0 0 0.60 0.50 140.00 67.50 66.19 30.00 29.79
10 +1.68 0 0 1.20 0.50 140.00 62.23 63.25 26.52 28.83
11 0 0 0 0.60 0.50 140.00 70.00 66.19 32.00 29.79
12 0 0 −1.68 0.60 0.50 40.00 32.78 31.17 3.13 1.14
13 0 0 0 0.60 0.50 140.00 65.00 66.19 31.00 29.79
14 0 −1.68 0 0.60 0.00 140.00 56.60 57.59 11.58 13.89
15 −1 −1 +1 0.24 0.20 199.46 76.83 76.09 39.59 37.92
16 +1 +1 +1 0.96 0.80 199.46 67.13 68.99 46.32 48.18
17 0 0 +1.68 0.60 0.50 240.00 79.33 79.06 56.98 57.66
18 0 0 0 0.60 0.50 140.00 67.50 66.19 32.00 29.79
19 0 +1.68 0 0.60 1.00 140.00 64.55 61.69 34.66 31.04
20 +1 +1 −1 0.96 0.80 80.54 45.18 46.56 12.87 13.38
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the obtained models were significant.

3.3. Response surface plotting for evaluation of operational parameters

The response surface graphs of lignin and TPC degradation in Fig. 3
are the graphical representation of the regression equations Eqs. (2) and
(3) holding one variable at constant of it's zero level (GO=0.6mg/mL,
KI= 0.5mM, irradiation time= 140min), while varying the other two

variables within their experimental range.
The interaction effects of GO (x1) and KI concentration (x2) on the

lignin and TPC degradation while keeping the value of irradiation time
constant at zero level (i.e. 140min) are shown in Fig. 3a and d, re-
spectively. As shown in Fig. 3a, by increasing the KI concentration, the
lignin degradation efficiency increased almost irrespectively of the GO
content. It was found that the process reactivity became efficient when
KI was used. This implies the necessity of adding KI for effective

Fig. 1. SEM images of (a) ZnO and (b) ZnO-G1.2; (c) XRD spectra and (d) TGA curves of ZnO and ZnO-G1.2. The Raman scattering is an important technique to
characterize electronic structure of carbonaceous materials, especially for distinguishing ordered and disordered crystal structures. The Raman spectra of GO and
ZnO-G1.2 as presented in Fig. 2a had two prominent peaks at 1637 (G band) and 1382 cm−1 (D band). Generally the D band is representative as the disorder/defect
band (Loryuenyong et al., 2013). For the D band, the results exhibited the current approach could effectively yield graphene with less defect nature. Furthermore, the
increase in the peak intensity of the G band along with sharpening in the peak intensity in the composite is due to the restoring sp2 domains and the reestablished sp2

network upon the microwave treatment. After baseline correction, the intensity ratio of D and G band (ID/IG) of the composite was calculated to be 1.02, in which the
slightly increase of ID/IG for GO suggested a reduction in the average size of sp2 domains. This is in agreement with a former report (Zhou et al., 2012). The study of
optical properties of ZnO and ZnO-G1.2 composite were probed with UV–vis diffuse reflectance spectroscopy and the resulting curves are shown in Fig. 2b. According
to the spectra, both cases displayed an analogues pattern and a characteristic absorption sharp edge rising at 380 nm, indicating the same absorption and identical
band gap energy which agrees well with the previous report (Liu et al., 2012). The energy band gap (Eg, eV) of samples was estimated to be about 3.26 eV from the
onset of the absorption edge, according to the equation (Eg= 1240/λ) (Yang et al., 2014). However, the composite showed an extended photoresponsive range in the
visible light region, suggesting a more efficient utilization of the wide spectrum of light as a consequence of the formation of interface between ZnO and graphene.
Interestingly, an enhanced absorption in a visible light region is in agreement with the color change of ZnO-Gx samples (Fig. S1). The photocatalytic activity is
intrinsically controlled by the electronic properties of semiconductor oxide, including the band gap and the band edge potential. However, on the basis of the band
gap energy calculations, the graphene presence in ZnO did not result in any changes compared to the bare ZnO. It confirms that the photocatalytic activity
improvement could not be directly ascribed to the band gap. To understand better the difference in the electronic properties of ZnO after hybridization with graphene
sheet, XPS valence band spectra were recorded (Fig. 2c). As shown in Fig. 2c, ZnO had a deeper valence band maximum of 0.46 eV than ZnO-G1.2, indicating a
stronger oxidation power of photoexcited valence band hole in the former. Based on the band gap calculated from Fig. 2b and valence band maximum determined
from Fig. 2c, the relatively band positions in the absence and presence of graphene sheet (ZnO and ZnO-G1.2) vs. a normal hydrogen electrode (NHE, pH=7) are
shown in Fig. 2d. Based on the determined positon of valence band from Fig. 2d, ZnO possessed a suitable valence band position for water oxidation half-reaction by
the photogenerated hole. However, the elevated valence band of ZnO-G1.2 had a positive potential (ca. +2.4 V vs. NHE); thus, the oxidation of water as possible
electron donor (H2O/%OH=+2.32 V vs. NHE (Wood, 1988)) is expected to be thermodynamically difficult. It is interesting to note that both ZnO and ZnO-G1.2
could significantly generate O2%

− radical during UV illumination since the conduction bond minimum is negative enough to contribute to the reduction of oxygen
(O2/O2%

−=−0.33 V vs. NHE (Wood, 1988)). These results are in agreement with previous report (Wang et al., 2013). This upward shift might be helpful during
photocatalysis of phenolic compounds.
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degradation of lignin in the photocatalytic system since this UV/Iodide/
ZnO-Gx system can effectively take control of lignin degradation by the
production of I%. Despite lignin degradation, TPC degradation efficiency
was not only depended on the variation of KI concentration as shown in
Fig. 3d. Importantly, the TPC degradation efficiency reached its
minimum when the GO content into ZnO structure reached 1.2mg/mL.
This is desirable for preserving valuable phenolic compounds from
oxidation without compromising the lignin degradation. It is worth
mentioning that ZnO-G1.2 composite performed well showing de-
gradation yield for TPC (55%) without addition any KI. This might be
due to the fact that graphene sheets provide closer contact between
phenolics and the composite by the π-π mechanism (Gaber et al., 2017;

Wang et al., 2014). This mechanism as a prerequisite step results in
concentrating the target organic pollutant around the composite sur-
face, thus enhancing the efficiency of a photocatalytic reaction (Djurišić
et al., 2014; Upadhyay et al., 2014). Furthermore, the CT complex (as
addressed in the introduction) formed between iodide as the ED and
photogenerated holes, accelerated the reactivity of the process with
increasing KI concentration from 0 to 0.64mM. However, it decreased
when the concentration of KI further increased to 1mM. The decrease
of photocatalytic activity for KI concentration above 0.64mM may be
related to the ability of iodide ion to scavenge %OH radicals when the
excess amount of KI was added to the reaction system (Li et al., 2011),
as shown in Eq. (4):

Fig. 2. (a) Raman spectra of bare GO and ZnO-G1.2; (b) UV–vis diffuse reflection spectra of ZnO and ZnO-G1.2; (c) XPS valence band spectra of ZnO and ZnO-G1.2,
and (d) the determined valence and condition band edges of ZnO and ZnO-G1.2 (potentials are shown versus that of an NHE at pH=7).

Table 3
ANOVA results for response surface quadratic models.

Responses Source Analysis of variance

Sum of square df Mean square F-ratio Prob > F

Lignin degradation Model 4321.84 7 617.41 104.03 ˂0.0001
Pure error 13.41 5 2.68
Lack of fit 57.81 7 8.26 3.08 0.1170
C. Total 4393.06 19
R-squared 0.983788

Adj. R-squared 0.974331
TPC degradation Model 3204.05 7 457.72 118.23 0.0001

Pure error 16.70 5 3.34
Lack of fit 29.76 7 4.25 1.27 0.41
C. Total 3250.50 19
R-squared 0.985708

Adj. R-squared 0.977371
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+ → +− −I OH I OH· · (4)

The effects of GO (x1) and irradiation time (x3) on the degradation
of lignin and TPC are demonstrated in Fig. 3b and e. The KI con-
centration was fixed at 0.5 mM. As illustrated in Fig. 3b, the photo-
catalytic lignin degradation was found to increase with the increase of
time, irrespective of the change in GO. The highest lignin degradation
increased with further increasing time reaching the highest value of
63.20% after 240min irradiation. However, the photocatalytic de-
gradation of TPC as shown in Fig. 3e had a rapid increase at the be-
ginning of the experiment, and then with further increasing time, no
changes occurred in the reactivity. The degradation yield was observed
to reach rapidly equilibrium within shorter timeframes by approxi-
mately 75% efficiency after 180min. Similar to lignin degradation, the
changing in GO content seemed to have no effect on the TPC yield
compared to that of time. It can be concluded that the degradation of
lignin is more favorable compared to the TPC degradation over longer
irradiation time via UV/Iodide/ZnO-Gx process.

Fig. 3c and f present the effect of KI concentration (x2) and irra-
diation time (x3) on the degradation of lignin and TPC, respectively.
The GO content was kept constant at 0.6 mg/mL. The lignin degrada-
tion increases continuously with an increase of KI concentration and
irradiation time. Specifically, it was found that the process showed
higher lignin degradation at high irradiation time and the maximum
degradation of 62% was obtained when the concentration of KI solution
was 0.8mM. However, the different trend is obtained for TPC de-
gradation as can be seen in Fig. 3f. Clearly, it is obvious that TPC de-
gradation reaches a maximum at the region in the KI concentration
range of 0 to 0.6 mM and prolonged irradiation time, in which no
further degradation seemed occur. For KI concentration higher than
0.6 mM, the TPC degradation at a constant value of 0.6mg/mL GO
content was inclined to decrease. However, this decrement was not as
high as the significant drop achieved in the TPC degradation by 1.2 mg/
mL GO content as discussed in Fig. 3d.

3.4. Process optimization

At the optimum conditions, lignin decomposes and TPC preserves to
exploit a chemically valuable solution (i.e. less lignin and high TPC) and
biological available solid residue (i.e. comprising less lignin compart-
ment) for further usages. To this end, optimization of the input space by
RSM approach is obtained with a degradation yield as high as 52% for
lignin and 55% for TPC at the conditions as follows: KI
concentration=0.64mM; GO content 1.2mg/mL; 240min of irradia-
tion time. The adequacy of predicted experimental results was checked
by carrying out three replicative experiments under the optimal con-
ditions. The average values corresponding to the objective goals are
50.12% for lignin and 54.84% for TPC. The good agreement between
the predictive results and experimental results validates the optimal
conditions. Phenolics produced in optimized conditions were qualified
with the GC/MS instrument. Fig. S3 depicts the GC/MS total ion
chromatograms of phenolics obtained after photocatalysis of lignin at
optimized conditions. It is evident that main reaction products detected
were 2-methoxy-phenol (retention time: 12.80min, major ions: 124,
109, 81) and 2-ethyl-phenol (retention time: 14.95min, major ions:
122, 107, 77) with a number of other intermediates at concentrations
lower than the detectable limit. After 60min of exposure to UV/TiO2

system, it was found that the derived compounds from organosolv
pulping black liquors were syringaldehyde, pyrocatechol, raspberry
ketone, and vanillin (Prado et al., 2013). Guaiacol yield (%) reached to
8.7% by using TiO2 under solar light irradiation by using sodium of
lignosulfonate lignin type (Gong et al., 2017). The overall mass con-
version of lignin to organic compounds in the total time period in-
cluding dark stirring and photocatalysis was found to be in the range of
17–20wt% for TiO2–lignin mixtures obtained by wet milling in pre-
sence of water. In this case, maximum production of ethyl benzene
(≈150mg/g) was observed at 1 h of irradiation. Vanillin and acetyl
vanillin production (< 5mg/g) decreased along with UV irradiation.
Syringaldehyde and acetosyringone production continuously increased
with extension of irradiation time period reaching the highest value of
10mg/g for both of them (Nair et al., 2016).

Fig. 3. Surface plots for degradation yield as a function of: GO and KI concentration at irradiation time of 140min (lignin (a) and TPC (d)); GO and irradiation time at
KI concentration of 0.5 mM (lignin (b) and TPC (e)); KI concentration and irradiation time at GO content of 0.6 mg/mL (lignin (c) and TPC (f)). [Fixed experimental
conditions: [NaOH]=25mM; photocatalyst dosage 0.05 g/L; lignin concentration 0.1 g/L].
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3.5. Photocatalytic mechanism

To elucidate the photodegradation mechanism of lignin and TPC at
the optimized conditions, comparative photocatalytic experiments were
carried out. For comparison, UV, KI, ZnO, and ZnO-G1.2 were sepa-
rately added as a reference at each optimized value to understand the
way that affected the process.

As can be seen from Fig. 4a, during UV illumination period, no
appreciable increase in lignin degradation in the aqueous phase could
be observed. This is in agreement with the previous reports where they
concluded that direct photolysis of lignin is negligible (Kansal et al.,
2008; Kobatakawa et al., 1989). As observed, pure ZnO alone had no
selectivity towards lignin degradation with 62% yield. This efficiency is
attributed to the ability of UV/ZnO system to produce %OH radicals by
oxidation of hydroxyl at its valence band (Yang et al., 2015; Zhang
et al., 2018). Previously, it has been reported that the attraction of %OH
radicals on the double bonds in the aromatic ring is the major me-
chanism of lignin oxidization (H. Li et al., 2015; MacHado et al., 2000;
Makhotkina et al., 2008; Nair et al., 2016). In the absence of KI, UV/
ZnO-G1.2 system seemed to be ineffective for lignin degradation by
having the value of 38%. As it mentioned, the band shift of ZnO-G1.2 to
more reducing potential, in principle may affect the production of %OH
radicals. In aerated system, molecular oxygen acts as an efficient elec-
tron scavenger to capture the electron to form superoxide anion radical
(O2%

–) (Song et al., 2007). In our system, O2%
– was readily generated

from oxygen by trapping the photoinduced electrons from both pho-
tocatalysis and CTTS mechanism of iodide photolysis. However, the
production of O2%

− seemed to be less impact on direct oxidation of
lignin owing to its low redox potential (0.89 V, vs. NHE) compared to %

OH radicals with high redox potential (2.8 V, vs. NHE) (Gong et al.,
2017). Based on the above discussion, we should expect lower de-
gradation yield for the ZnO-G1.2 system compared to pure ZnO. With
respect to KI alone system, KI was found to provide a strong condition
for degradation of lignin via production of I%. This suggests the im-
portance of using KI in assistance with photocatalysis in order to en-
hance lignin degradation. To this end, degradation efficiency boosted
significantly to more than the yield of the ZnO-G1.2 system when tests
were conducted at UV/KI/ZnO-G1.2 system.

The photocatalytic activity for phenolic degradation can be eval-
uated via comparing the apparent rate constant (kapp, min−1) of
pseudo-first-order reaction, as it widely used in photocatalytic de-
gradation of phenol (Hosseini et al., 2018; Saratale et al., 2014; Tryba
et al., 2006). The kapp can be calculated from the slope of ln (C0/Ct) vs.
time, where C0 and Ct are the concentration of phenol (mg/L) when the
irradiation time is 0 and t, respectively. The obtained values of kapp are
listed in Table S1 and the fitted model to the experimental data is re-
presented in Fig. S2. As can be seen, the values of kapp followed the

order: ZnO composite (0.0164min−1), ZnO-G1.2 (0.0066min−1), KI
(0.0058min−1), bare UV (0.0054min−1), and optimized condition
(0.0041min−1).

Fig. 4b shows the photocatalytic degradation of phenolics. On the
contrary to lignin photolysis, it was found that the pronounced increase
in TPC photolysis occurred in the above-mentioned condition (i.e. lignin
dosage 0.1 g/L; photocatalyst dosage 0 g/L; [NaOH]= 25mM)
(Fig. 4b). This could be due to the fact that CTTS mechanism of phe-
nolics - in the absence of photocatalyst upon UV illumination - follows
by transformation of phenol to phenoxyl radical (C6H5O%) and pro-
duction of eaq− at pH above 12 (Gu et al., 2017). Furthermore, this
CTTS also can contribute to the production of more O2%

− radicals
alongside with that of iodide photolysis. O2%

− is expected to result in
the selective oxidation of phenolics owing to suitable oxidation po-
tential with longer lifetime as its advantages over %OH (MacHado et al.,
2000). Notably, there was no difference observed for TPC degradation
between UV (0.0054min−1) and UV/KI (0.0058min−1) process, sug-
gesting no effect of KI against phenolics. It should be noted that UV/
Iodide system has specific features to contribute to the reaction via si-
milar way of phenolics by ejecting eaq− into solution via CTTS states
(Lehr et al., 1999) on a femtosecond time scale. However, CTTS me-
chanism of iodide had no effect on the yield of phenolics because CTTS
of phenolics itself is expected to occure on a picosecond time scale
(Mialocq et al., 1980) which is extremely faster than that of KI. Ac-
cording to Fig. 4b, for ZnO, the close to 100% TPC degradation effi-
ciency with kapp value of 0.0164min−1 suggests that the produced
radicals including %OH and O2%

− on the surface of ZnO are sufficient
for complete degradation of phenolic compounds. Furthermore, when
graphene is introduced into pure ZnO, the degradation yield for TPC
dropped sharply. This could be due to the upward shift towards relative
energy band gap, leaving maximum valence band in the composite with
less oxidation power, which makes it unable to produce highly enough
non selective %OH radicals. In addition, the value of kapp for the com-
posite decreases by the factor of 2.48, compared with that of pure ZnO.
When the optimized condition was tried, the kapp reduced by the factor
of 4 with regard to that of pure ZnO. Increased selectivity towards TPC
may be attributed to the fact that at the optimized conditions KI had
already scavenged the hole via CT mechanism, inhibiting the produc-
tion of %OH from the oxidation of water in the photogenerated hole of
the composite, as shown in Eq. (7). Another possible explanation for
inhibiting the production of %OH might be due to the fact that iodide
reacts directly with %OH, as described by Eq. (4) (Li et al., 2011). When
the generation of %OH significantly is inhibited, it can eventually
minimize the decomposition of phenolics, since this radical is major
active species reported for phenolic degradation (Ahmed et al., 2010).
Furthermore, the eaq− produced during photolysis of iodide and phe-
nolics could be ejected to the graphene sheet due to its conductivity and

Fig. 4. (a) Lignin and (b) TPC degradation at different conditions as function of time: [KI]= 0.64mM, ZnO and ZnO-G1.2 of 0.05 g/L, the optimized conditions
including [KI]= 0.64mM and ZnO-G1.2 of 0.05 g/L. Other conditions: lignin concentration 0.1 g/L, [NaOH]=25mM, air purging.
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tremendous mobility for shuttling and storage of electron (Zhang et al.,
2013). Therefore, graphene sheet can increase the lifetime of electron,
producing more O2%

− radicals.
Based on above explanations, the following mechanism was pro-

posed for UV/KI/ZnO-G1.2 system. The photoinduced electrons were
generated from photocatalysis and photolysis process through the
multistep continuous reactions, as described in Eqs. (5) and (9). These
separated electrons would subsequently eject on the surface of gra-
phene sheets, ready for quenching by O2 to form O2%

− by Eqs. (6) and
(9). Furthermore, excess amount of %OH may be scavenged by the extra
amount of iodide added to the reaction medium (Eq. (10)). Above re-
sults indicate that the enhancement in the selective oxidation of lignin
due to graphene and KI addition may be attributed to the higher pro-
duction of O2%

− accompanying by the lower generation of %OH in UV/
KI/ZnO-G1.2 system.

− + → +− +ZnO G hν e h1.2 (5)

− + →− −e ZnO G O O( 1.2) ˙2 2 (6)

− + + → ++ − − −h ZnO G I OH IO H O6 ( 1.2) 6 33 2 (7)

− + →+ −h ZnO G OH OH( 1.2) · (8)

+ →− −e CTTS meachanism O O( ) ˙aq 2 2 (9)

+ → +− −I OH I OH• · (10)

To further support the hypothesis for inhibition of %OH generation
in the composite, the PL technique was employed to detect qualitatively
the %OH formed on the surfaces of photocatalysts along with different
conditions. For comparison, the concentration of KI at the optimized
conditions was also tested as a reference. Fig. 5 shows the fluorescence
spectral changes observed during light irradiation of ZnO and ZnO-G1.2
in a basic terephthalic acid (TA) solution (excitation wavelength at
315 nm) originated from the formation of a highly fluorescent product
of 2-hydroxyterephtahalic acid (TAOH) by reaction with %OH. As
shown, the PL intensity around 425 nm profoundly changed at different
conditions, which demonstrates the production of the %OH. It is worthy
to mention that production of %OH decreased from ZnO to ZnO-G1.2 as
the valence band maximum at ZnO-G1.2 shift upward to lower oxida-
tion potential. In addition, in the case of KI and optimized conditions,
no photo-fluorescence generation was observed, indicating no %OH was
formed during both conditions. These results confirm again our hy-
pothesis for retardation of %OH generation when the optimized condi-
tions tried.

3.6. Effect of photocatalytic pretreatment on biomass structural changes
and anaerobic biodegradability

To evaluate the applicability of the process at the optimized con-
ditions, lignin was replaced by wheat straw as a real biomass. The ex-
periments were performed with increasing the loading of straw to 1 g/L
to investigate the phenolic and lignin degradation with two different
ways of water and NaOH soaking. As can be seen in Fig. 6, lignin de-
gradation increased over photocatalysis time. This trend was more
pronounced in case of lignin soaked into alkaline medium, compared to
water-soaked straw. These results are in line with previous reports in
which they manifested better photocatalytic lignin degradation in al-
kaline medium compared to the neutral and acidic conditions (H. Li
et al., 2015; Kansal et al., 2008; Tsapekos et al., 2018). TPC also showed
the sharp decrease in the first hour of irradiation. However, there was
no observable change occurred beyond the first hour. This might be due
to the possible interaction between the π system of graphene and the π
unit of phenolics. In this sense, it could be assumed the strong π in-
teraction may act as poison on the surface area of composite, limiting of
active photocatalytic surface area (Ajmal et al., 2014). As shown for
straw soaked into water, there was no significant change of TPC during
photocatalysis, which implies the importance of using NaOH. The
reason for strong photocatalysis might be attributed to the fact that at
alkaline conditions the stage of lignin precipitation could be bypassed
as lignin is better dissolved and thus, the diffusion of the reactant to the
photocatalyst surface, where the localized oxidants are present, is fa-
cilitated. This condition also facilitates the production of low molecular
weight phenolic fragments (Evstigneev, 2011; Nair et al., 2016;
Tsapekos et al., 2018). Interestingly, for both water and NaOH straw
soaked samples, experiments conducted at the optimized conditions
showed similar trend with that of lignin samples in which the TPC
degradation reached a constant value at longer times.

Different straw samples were characterized by FTIR spectroscopy to
investigate the change in the main functional groups and chemical
structure of the untreated and pretreated solid residues. As shown in
Fig. 7, all wheat straw samples showed similar characteristic bonds at
3332, 2920, 1585, 1420, 1030, and 877 cm−1 corresponding to OeH
stretching in hydroxyl group (Kang et al., 2018), CeH stretching in
methyl and methylene groups (Niu et al., 2009), carbonyl groups con-
jugated with an aromatic ring (Xu et al., 2013), aromatic skeletal vi-
brations combined with CeH in-plane deformation (Kumirska et al.,
2010), CeOeH stretching of primary and secondary alcohols (Kumirska
et al., 2010), CeOeC stretching of β-glycosidic bonds (Feng Xu et al.,
2013; Kumirska et al., 2010), respectively. A comparison between the

Fig. 5. %OH radical qualification with terephthalic acid 0.5 mM and 2mM
NaOH at different conditions: [KI]= 0.64mM, ZnO and ZnO-G1.2 of 0.05 g/L,
the optimized conditions including: [KI]= 0.64mM and ZnO-G1.2 of 0.05 g/L.

Fig. 6. Lignin and TPC degradation in UV/KI/ZnO-G1.2 system; (ZnO-G1.2
dosage 0.05 g/L, wheat straw concentration 1 g/L, [NaOH]=25mM,
[KI]= 0.64mM).
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untreated and treated wheat straw shows that the bands are rather si-
milar and so, the chemical structures are relatively equal. Very strong
vibrations were detected for aromatic skeleton vibrations ranging
1600–1400 cm−1, indicating for changes in aromatic substitutions and
formation of new non-conjugated intermediate compounds in wheat
straw treated at optimized conditions compared to NaOH and untreated
one. The increase of intensity at this range was also observed during
photocatalytic alkali lignin degradation with rare earth doped titanium
dioxide (Song et al., 2015).

The SEM images of wheat straw after and before photocatalysis at
the optimized conditions were used to present the structural change
occurred during treatment in the (Fig. 8). As can be seen from the SEM
image of NaOH treated straw (Fig. 8a), the material surface seemed to
remain intact, compact and inaccessible for microbial activity, sug-
gesting the need for pretreatment. From Fig. 8b, it can be seen that after
photocatalytic treatment, straw underwent significant structural
change, especially in terms of the surface where the lignin layer (outer
layer) protects the structure from any rupture. The obtained structure of
straw found to be opened-up which facilitates the easy access of mi-
croorganisms to lignocellulosic biomass compared to the rigid structure
shown in Fig. 8a.

Due to the increased efficiency observed at alkaline condition, a set
of biodegradability experiments was carried out for both straw and
lignin soaked with NaOH to examine the potential of using the photo-
catalytically pretreated biomass and lignin for biogas production. For

both treated samples, higher methane production was observed com-
pared to their corresponding untreated samples (Fig. 9). Specifically,
treated wheat straw at optimized conditions resulted 35% increment
compared to untreated one. This result is comparable to a previous
study in which treatment of wheat straw with pure titanium dioxide
showed enhancement up to 37% in biogas production compared to
untreated sample (Alvarado-Morales et al., 2017). The results from
monitoring the methane production suggested that the disrupted lig-
nocellulosic matrix was more easily available to the anaerobic digestion
microbiome that in turn favored the bioenergy yield.

4. Conclusion

UV/Iodide/ZnO-G process exhibited selective photocatalytic ac-
tivity for lignin degradation due to the presence of graphene and KI. As
a result, the production of %OH, which is responsible for degradation of
phenolics, becomes restricted. The quadratic equation of RSM was op-
timized to achieve maximum yield of lignin degradation and minimum
yield of TPC degradation. In this regard, degradation yield as high as
52% for lignin and 55% for TPC at the conditions as follows:
[KI]= 0.64mM; GO content 1.2mg/mL; 240min of irradiation time,
was achieved. Wheat straw pretreatment at the optimal conditions re-
sulted in 58% lignin degradation yield. Treated wheat straw at opti-
mized conditions also shown in 35% increment in methane production

Fig. 7. FTIR spectra (vector-normalized and baseline-corrected) of straw sam-
ples before and after pretreatment.

Fig. 8. SEM images of (a) NaOH treated wheat straw and (b) wheat straw treated at the optimized conditions.

Fig. 9. Relative CH4 production of untreated and treated lignin and wheat
straw.
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compared to untreated one. FTIR and SEM analysis were successfully
supported the fact that bioavailability of lignocellulosic materials in-
creased with disruption of lignin compartment in the solid phase of
wheat straw. Overall, this novel strategy can play a key role in the
conversion of lignin into valuable phenolics and increased biogas pro-
duction.
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