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ABSTRACT

Humic acid (HA), which contains abundant carboxyl groups and hydroxyl
groups, is one of the major constituents of dissolved organic matter. The
increase of HA in natural waters worldwide has caused great trouble in water
treatment and water health. Photocatalysis is a promising technology for
degrading HA. In this study, graphene oxide, TiO, and different amounts of
urea (nitrogen source) were mixed to dope nitrogen into TiO, and RGO
simultaneously and form N-TG to remove HA from aqueous solution. To con-
firm the effect of the N-doping and determine the best N-doping ratio for N-TG,
various characterization and HA removal tests using different samples were
conducted, we found the best N-doping ratio is ~1.46 at.%. The influences of
the initial HA concentration, temperature and pH on HA removal performance
were measured and discussed, notably, temperature range of 25-35 °C and
neutral solution are more fitable for HA removal. HA removal is in the syner-
gistic effect of adsorption and degradation. The presence of RGO almost doubles
the adsorption ability of the composite, which does have a significant
improvement on HA removal efficiency. Pretreated in darkness has an extra 2%
improvement on HA removal efficiency.
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complexation of NOM [2], the transition and trans-
formation of particles and trace organic/inorganic
pollutants in water are greatly influenced, the extent

Introduction

Over the past 20 years, global warming, increased
carbon emissions and acid subsidence have led to a
significant increase of natural organic matter (NOM)
in natural waters on a global scale [1] and caused a
tremendous impact on water health. Because of the
loose aggregation structure and strong adsorption

Address correspondence to E-mail: xuhang810826@163.com

DOI 10.1007 /s10853-017-1509-4

of the water pollution condition is difficult to esti-
mate. NOM is the primary cause of water chro-
maticity and is readily transformed into various
disinfection by-products which are mutagenic, ter-
atogenic and carcinogenic [3]. NOM will increase the
coagulant dosage during conventional water
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treatment, and then speed up pipeline corrosion in
the water distribution process [4]. Thus, NOM
removal is of great significance to improving water
quality and ensuring the safety of drinking water.

The components of NOM are complex; the primary
composition is humus (60-90%) which is usually
divided into humic acid (HA), fulvic acid (FA) and
humin (HU) [5]. Among these, HA is considered the
typical material of NOM because HA has most of the
same functional groups as NOM.

Strengthening the coagulation, adsorption, ion-ex-
change interaction, membrane separation and
advanced oxidation [6-10] have been approaches
used to reduce the HA concentration in water.
Among all these processes, photocatalysis technol-
ogy, which is a type of advanced oxidation technol-
ogy, is efficient in reducing HA in water. Under the
effects of light, a photocatalyst absorbs light energy
and produces an electron-hole, and then hydroxyl
free radicals (OH) form on the surface of the photo-
catalyst. The ‘'OH in the presence of strong oxidizing
agents can degrade HA to H,O, CO, and other small
molecular compounds [11, 12].

In various photocatalysts, TiO, is the core of the
photocatalysis technology because it is highly chem-
ical resistant and non-toxic, and has a high catalytic
activity, strong oxidation ability and low cost [13, 14].
However, TiO, as a photocatalyst is not exactly per-
fect because certain disadvantages limit its further
application. TiO, can only be triggered by ultraviolet
light (4 < 387.5 nm) as the energy gap between the
valence and conduction bands is ~3.2 eV, implying
that only ~4% of sunlight has enough energy to
trigger TiO, [15, 16]. Additionally, the photogener-
ated electron-hole easily recombines if the electron is
not transferred out in sufficient time [17]. A high
electron-hole recombination rate means low quan-
tum efficiency [18, 19]. Numerous studies have been
devoted to reduce the width of the forbidden band
and electron-hole recombination rate.

Graphene comprises a single sheet of sp*-hy-
bridized carbon atoms in a hexagonal lattice and has
received increased attention in various industries
because of its high surface area (2630 m* g™ '), and
attractive electronic, mechanical, thermal and optical
properties [20, 21]. As a derivative of graphene, gra-
phene oxide (GO) is suitable for application in water
treatment because of the hydrophilic oxygen-con-
taining functional groups (e.g., carboxyl groups,
hydroxyl groups, epoxy groups) [22]. GO is often
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used as an adsorbent, having a good effect on the
removal of metals and organic matter [23, 24].
Notably, GO in high-temperature anoxic environ-
ment is often converted to reduced graphene oxide
(RGO) which contains less oxygen-containing func-
tional groups but owns higher charge carrier mobility
than GO [25].When TiO, combines with GO, an
electron can be quickly conducted out by GO or RGO
to avoid electron-hole combination. Additionally, Ti-
O-C bonds will form and therefore expand the light
absorption range [19, 26]. Studies show that the best
amount of GO in a TiO,/RGO composite to promote
photocatalytic performance is 5% [27].

Nitrogen-doping of TiO,, which replaces oxygen
vacancies with nitrogen (N;) or introduces nitrogen
to TiO, interstitially (Nj), is efficient in reducing the
energy gap between the valence and conduction
bands [28, 29]. Nitrogen-doping of TiO, is considered
a promising photocatalyst with increased photocat-
alytic efficiency. Nitrogen-doping makes sense not
only for TiO,, but also for graphene. Studies show
that nitrogen-doping of graphene can change the
electronic structure of graphene [30], promote free
carrier density [31], open the band gap and adjust the
conductive type [32]. In photocatalysis, nitrogen-
doping of graphene can improve the photocatalytic
effect more than that of graphene [13, 33].

Predecessors have conducted significant research
on TiO,, TiO,/graphene materials, nitrogen-doping
of TiO,/graphene-family materials (both nitrogen-
doping of TiO, and nitrogen-doping of graphene-
family  materials) and their characteristics
[13, 18, 19, 33]. Their work laid a solid foundation for
further research. In this study, we adopted a
hydrothermal method for mixing nitrogen sources,
TiO, and GO to dope nitrogen into TiO, and RGO (N-
TG) simultaneously, and the optimal nitrogen-dop-
ing amount and the form of nitrogen in N-TG were
analyzed. Then, the HA removal ability of N-TG was
tested; and the influence of the initial HA concen-
tration, temperature and pH on the HA removal
ability was investigated. Additionally, the synergistic
effect of TiO, and RGO on HA removal were
discussed.
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Materials and methods
Nanoparticles and chemicals

Anhydrous ethanol (purity > 99.7%), tetrabutyl tita-
nate (purity > 98.5%), glacial acetic acid (pu-
rity > 99.5%), hydrochloric acid (HCI, 6 M), urea
(purity > 99.0%), sodium hydroxide (purity > 99.5%)
were purchased from Sinopharm Chemical Reagent
Co. Ltd., China. Humic acid (HA, purity > 95.0%) was
purchased from Alfa Aesar Co. Ltd., China. Graphene
oxide (GO, purity >99.5%, powder, diame-
ter = 0.5-5 pm, thickness = 0.6-1 nm) was purchased
from Hengqiu Graphene Technology Co. Ltd., China.
Deionized water (DI) used in this study was produced
by a Milli-Q integral system.

Preparation of TiO,

TiO, nanoparticles were prepared using a sol-gel
approach. First, 10.0 mL tetra butyl titanate was
slowly added to 40.0 mL anhydrous ethanol to form
Solution A. Solution B was a mixture of 10.0 mL
anhydrous ethanol, 4 mL DI and 2 mL glacial acetic
acid. After the pH of Solution B had been adjusted to
2 using HCI, Solution B was added dropwise into
Solution A with intense mixing. A further 0.5 h stir-
ring was needed to ensure intensive mixing. Then,
the mixture was settled for ~3 h to form a pale yel-
low transparent gel. A dry atmosphere at 100 °C was
used to dry the mixture and form yellow crystals. The
solids were transformed to a white powder by
grinding. After calcining at 300 °C for 1 h and then at
450 °C for 2h, the preparation of TiO, was
completed.

Preparation of nitrogen-doping TiO,/RGO
(N-TG)

N-TG was prepared using a hydrothermal method.
First, 0.05 g GO was dispersed in 70 mL DI with
ultrasonic treatment for 2 h. A further 1-h ultrasonic
treatment was needed after the addition of 0.95 g
TiO, and a certain amount of urea (the corresponding
urea weights for N-TG is shown in Table 1). Then, the
solution was moved to a 100 mL Teflon-lined stain-
less autoclave. N, was transported to the solution to
discharge other gases in the solution and keep a
nitrogen balance in the reactor. The reactor was held
in a high-temperature atmosphere at 200 °C for 12 h

Table 1 N content in TG, N-TG1, N-TG2 and N-TG3 as ana-
lyzed by XPS

TG N-TGl N-TG2 N-TG3

Urea weight in preparation (g) 0.0 5.0 10.0 15.0
N content in composites (at.%) —  0.84 1.46 1.79

and cooled to room temperature naturally. Finally,
the suspension was centrifuged at 5000 rpm followed
by washing with DI at least three times, and then
dried under vacuum at 80 °C. The TG was prepared
by the same process but without urea.

Characterization of samples

Scanning electron microscopy (SEM, Hitachi SU8010,
Japan) and transmission electron microscopy (TEM,
JEM-2100F, Japan) equipped with element mapping
equipment were used to characterize the morphology
of the samples. X-ray diffraction (XRD, X'Pert PRO
MPD, Netherlands) was used to characterize the
crystal planes of TiO, and other composites. The
element compositions of the samples were analyzed
by X-ray photoelectron spectroscopy (XPS, ESCA-
LAB250Xi, England). The diffuse reflectance absorp-
tion spectra (DRS) of the samples were in the range
from 200 to 800 nm as detected by a UV-Vis spec-
trophotometer (Cary 5000, America). The photocur-
rents were measured using a standard three-
electrode cell (RST5200, China). The zeta potential of
the samples in solutions of different pH was mea-
sured by the Zetasizer Nano (Zetasizer Nano ZS90,
England). The total organic carbon (TOC) of HA
solutions is measured by the TOC analyzer (Aurora
1030W, America).

Preparation and measurement of HA
solution

A 900-mL NaOH solution at pH = 11 was prepared
first, and 1 g HA was dissolved in the solution with
rapid mixing. Then, the pH of the solution was
adjusted to 7 using HCI. DI was added to the solution
to make the solution volume reach 1 L accurately.
This HA solution was filtered through a 0.45-pm filter
membrane to remove the insoluble substances. The
insoluble substances (M;;, mg) were weighing after
drying, and the concentration of the HA solution was
calculated [c = (1000 — M;)) mg L™'.  The HA
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solution was kept out of the sun in the freezer at 4 °C
before using.

In this study, we adopted UV,s4 to express the HA
concentrations; thus, a concentration—absorbance
standard curve was needed before the tests. The
absorbance of the HA solutions which were diluted
to 2.5, 7.5, 12.5, 25 and 50 mg L~! was measured by
ultraviolet and visible spectrophotometer at 254 nm.
A fitting degree more than 0.999 was considered
desirable in the concentration—absorbance standard
curve. The concentration—-absorbance standard curve
had to be re-measured every time the solution impact
factors (e.g., temperature and pH) were changed.

Results and discussion
Characterization and nitrogen-doping effect

Figure 1 shows the images of the SEM, TEM and
element mapping for the as-prepared N-TG2 com-
posite. RGO is on the sheet, while TiO, is intensively
distributed on both sides of the RGO as shown in
Fig. 1a. Only a few parts of RGO were exposed,
which is beneficial for utilizing a light source because
exposed RGO will absorb light. However, the TiO,
particle is partly agglomerated, which may be due to
the high-temperature atmosphere in the preparation,
while the crystal planes of TiO, are unchanged as
shown in Fig. S1. The TEM image shown in Fig. 1b

confirms the irregularity of TiO, in size. The ele-
mental mapping patterns of Ti (Fig. 1d), O (Fig. 1le),
C (Fig. 1f) and N (Fig. 1g) corresponding to the boxed
area in Fig. 1c are listed, the percentage of elements
in composite are 56.97, 38.96, 3.29 and 0.78 wt%,
respectively. The superior elements dispersion
implies the success hybridization of TiO, and RGO,
and N-doping in the composite.

The prepared composites were investigated using
XPS spectra to analyze the element compositions.
Figure 2a shows the XPS spectra of N-TG2, the peaks
at 38, 63, 285, 400, 459, 530 and 565 eV can be
assigned to Ti 3p, Ti 3s, C 1s, N 1s, Ti 2p, O 1s and Ti
2s, respectively. The peak of C 1s as shown in Fig. 2b
can primarily give credit to C=C bonds (284.8 eV),
the peaks at 285.6, 286.6 and 289.6 eV could be
assigned to C=N and C-O bonds, C=O and C-N
bonds and other C-O bonds (such as Ti-O-C bonds).
As doping may cause the change in electric charge
distribution both in and out of the nucleus, the
binding energy of elements may adjust slightly. Thus,
the binding energy of elements and their bonds are
not always the same but may be similar as has been
previously reported [19, 33].

The N 1s XPS spectra in Fig. 2c show the slight
peak at ~400 eV, which may be from N, in the
preparing of TG, but the amount was too small, while
the ratio was almost zero in the elemental composi-
tions of TG as shown in Table 1. The N content in
N-TG1, N-TG2 and N-TG3 is also shown in Table 1.

Figure 1 a SEM images of N-TG2, b, ¢ TEM images of N-TG2; and elemental mapping patterns of d Ti, e O, f C and g N corresponding

to the boxed area in (c).
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Figure 2 a XPS spectra of N-TG2, b C 1s XPS spectra of N-TG2; N 1s XPS spectra of ¢ TG and d N-TG2.

The ratio of N increased with the increase in urea. In
the preparation of N-TG, though the doping amount
of N was a few parts of the urea, most of the urea was
transformed to NH; and other nitrides in the high-
temperature atmosphere during the preparation. The
N 1s XPS spectra of N-TG2 as shown in Fig. 2d could
be fitted to B-N (397.8 eV), y-N and pyridinic N
(399.3 eV), pyrrolic N (400.4 eV) and graphitic N
(401.8 eV). The B-N could be assigned to N (Ti-O-N
or/and Ti-N), while y-N could be assigned to N; (N,
or/and NO). The N; is considered a promising dop-
ing form because it can form an impurity energy level
which is ~0.75 eV above the valence band, while the
impurity energy level made by Ny is ~0.14 eV above
the valence band [28]. Obviously, the peak area of y-
N is larger than B-N, which is conducive to reducing
the forbidden bandwidth.

Figure 3a shows the UV-Vis diffuse reflection
spectra of TiO,, TG, N-TG1, N-TG2 and N-TG3. TiO,
had an absorption band lower than 387 nm, which is
consistent with anatase TiO,. With the presence of

RGO, a wider range of absorption band appears
because of the broad absorption range of RGO
[14, 34] and the Ti—-O-C bonds that formed between
TiO, and RGO. The introduction of N into the TiO,/
RGO composite has a further increase in the
absorption range because of the formation of impu-
rity energy levels in the TiO, band structure. How-
ever, an increased N-doping amount does not
increase absorptance results, as N-TG1 exhibits the
widest absorption range among N-TG1, N-TG2 and
N-TG3. We hypothesize that the best N-doping ratio
to wider absorption range is in the range of
0-1.46 at.%. The corresponding band gap is shown in
Fig. 3b, which is estimated from the plot of the
transformed Kubelka—Munk function versus the light
energy. The band gaps for TiO,, TG, N-TG1, N-TG2
and N-TG3 are 3.21, 3.11, 2.82, 2.86 and 2.96,
respectively.

Figure 4a shows the residual HA concentration
when the initial concentration is 30 mg L™ treated
by TiO,, TG, N-TG1, N-TG2 and N-TG3 at 25 °C in
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Figure 3 a UV-Vis diffuse reflection spectra of TiO,, TG, N-TG1, N-TG2 and N-TG3, b the corresponding plot of the transformed

Kubelka—Munk function versus the light energy from (a).
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Figure 4 HA removal performance of TiO,, TG, N-TG1, N-TG2 and N-TG3 in a UV light and b sunlight.

UV light. The HA removal efficiency of TiO, after
being treated for 120 min was 38.3%. The HA could
have been degraded completely given sufficient time,
but the degradation rate was not satisfactory. With
TiO, and GO composite (TG), the HA removal effi-
ciency was increased to 81.3%, verifying the immense
effect of RGO on promoting the advantages of TiO,.
While nitrogen was doped into the composite of TiO,
and RGO (N-TG), a further enhanced photocatalysis
emerged. The HA removal efficiency was increased
by at least 7% compared to that of TG, its efficiency is
brilliant compared with other HA removal tech-
nologies reported previously [5, 7, 9]. This outcome is
consistent with the result of the UV-Vis diffuse
reflectance spectra as shown in Fig. 3 because the
N-doping would reduce the forbidden bandwidth.
Similar HA removal tests exposed in sunlight were
tested, and the results are shown in Fig. 4b, all the
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efficiencies have improved compared with which
exposed in UV light except TiO,, while the HA
removal efficiency of N-TGl1 owns the largest
improvement which is almost the same with N-TG2
because N-TG1 owns the narrowest forbidden
bandwidth.

Additionally, the N-doping gives the composite a
higher electrical conduction ability as shown in
Fig. 5. Though the forbidden bandwidth of N-TG2
was wider than N-TGI1, its electrical conduction
ability was faster, and thus the highest HA removal
efficiency was made by the N-TG2, in which the
N-doping ratio was 1.46 at.%. We hypothesize that
the best N-doping ratio to increase the TG photocat-
alytic ability is ~1.46 at.%.
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Figure 5 Transient photocurrent response for TiO,, TG, N-TG1,
N-TG2 and N-TG3.

Influences of initial HA concentration,
temperature and pH

A series of tests with different initial HA concentra-
tions treated by 1 g L™' N-TG2 at 25 °C in UV light
were conducted. The HA solutions were diluted to
10, 20, 30, 40 and 50 mg L~! with the HA solution
previously prepared without any other reagent, so
the pH of the solutions was ~7. As shown in Fig. 6,
the residual HA concentrations after being treated by
N-TG2 for 120 min were 1.1, 1.9, 2.5, 3.1 and
3.7 mg L', and the corresponding removal efficien-
cies were 89.0, 90.5, 91.7, 92.3 and 92.6%. With the
increase in the initial HA concentration, the residual
HA concentration and HA removal efficiency
increased simultaneously, which confirmed the
pseudo-first-order kinetic model [16]. The pseudo-
first-order kinetic models of the different initial HA
concentrations were calculated and are listed in
Table 2. When the initial HA concentration was

HA concentration (mg/L.)

0 T T T T T 1
0 20 40 60 80 100 120

Time (min)

Figure 6 HA removal performance of N-TG2 in different initial
HA concentrations.

Table 2 Pseudo-first-order kinetic model parameters of different
initial HA concentration

C3 (mg L")  Pseudo-first-order kinetic model R™

10 In(C%Co) = —0.01832° — 0.00283  0.99969
20 In(C/Cy) = —0.01949¢ — 0.00635 0.99891
30 In(C/Cy) = —0.02070¢t — 0.00474 0.99825
40 In(C/Cy) = —0.02098¢t — 0.10226 0.99294
50 In(C/Cy) = —0.02142¢ — 0.12035 0.98963

® Co (mg L") is the initial HA concentration

® C(mg L") is the HA concentration at any time ¢
¢ t (min) is the time

4 R? is the coefficient of determination

10 mg L™, the coefficient of determination was more
than 0.999, implying a good fitness of pseudo-first-
order kinetic model. While the correlation coefficient
does decrease with increasing initial HA concentra-
tion, the pseudo-first-order kinetic model maintains a
high level of accuracy over the tested concentration
range.

The influences of temperature were tested and are
shown in Fig. 7a. In this test, 1 g L' N-TG2 was
used to photodegrade the HA solution in which the
initial concentration was 30 mg L !at5, 15, 25 and
35 °C, the pH of the solution was adjusted to 7, and
an ultraviolet lamp was used as the light source.

Because the activation energy for the photocatalytic
reaction is not high, the influence of temperature on
photocatalysis is small. Thus, the residual concen-
trations of the HA treated by N-TG2 after 120 min at
different temperatures were not entirely different.
However, temperature does affect the adsorption
performance of N-TG, particularly RGO, which is
always used as an adsorbent in water treatment. The
residual HA concentrations after being treated by
N-TG2 for 120 min at 5-35 °C indicated a downward
trend. We hypothesize that the difference in concen-
tration curves for the different temperatures was
primarily caused by the adsorption performance of
N-TG2. The difference was not noticeable because the
amount of RGO was at such a low level.

To ensure the adsorption performance of N-TG2
across changing temperatures, a similar test was
conducted in darkness. As shown in Fig. 7b, the HA
removal efficiency increased with the increase in
temperature from 5 to 25 °C, and the HA removal
efficiency at 35 °C was similar to that at 25 °C. A
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Figure 7 HA removal performance of N-TG2 at different temperatures in a UV light and b darkness.

photocatalyst cannot provide ‘'OH without a light
source, and adsorption will become the primary
cause for reducing the HA concentration in the
solution. When temperatures increase, the molecular
motion is more intense, leading to an increasing
potential for effective contact, and therefore, a better
adsorption effect. However, most of the adsorption
belongs to the exothermic reaction [35], which means
a high temperature is not beneficial for adsorption.
Thus, an optimum temperature for N-TG2 to remove
HA may exist, and we hypothesize that the optimum
temperature is in the range of 25-35 °C.

The pH of natural water is generally in the range of
5-13 [36], so we adjusted the pH of the HA solution
to 5,7,9,11 and 13 to test the influence of pH on HA
removal. In this test, 30 mg L™' HA solutions with
1g L' N-TG2 or TiO,, respectively, at 25 °C and
various pH levels were exposed to UV light. We
measured the residual HA concentrations that were
being treated for 120 min and plotted a pH-removal
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efficiency changing curve as shown in Fig. 8a. After
being treated by N-TG2 for 120 min, the HA removal
efficiency in the solutions of pH =5, 7, 9, 11 and 13
was 87.3,90.7, 72.7, 58.0 and 48.7%, respectively. The
HA removal efficiency of N-TG2 decreased with the
increase in pH in neutral and alkaline solution, while
the highest HA removal efficiency appears in the
solutions of pH = 7. Several factors may be associ-
ated with this phenomenon. The rate of ‘OH gener-
ation may be different under different pH. Besides, a
photocatalyst has a particular pH called a point of
zero charge (pHp.c) [37] in which the positive charge
is equal to the negative charge in a solution. When
the pH < pH,,., the photocatalyst surface is in posi-
tive charge, when the pH > pH,,., the photocatalyst
surface is in negative charge. Additionally, the HA
has many carboxyl and hydroxyl groups, lending
electronegativity to the solution at 5 < pH < 13, and
its pHp,. is 1.8 as shown in Fig. 8b. Furthermore, the
solubility of HA in solutions of various pH levels is

®) 4.
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Figure 8 a HA removal performance of TiO, and N-TG2 at various pH levels, b the zeta potential of 1 g/L TiO,, N-TG2 and HA at

various pH levels.
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different [38], and HA does not dissolve in a solution
of lower pH so it may be easier to remove.

N-TG + 3hv — N-TiO,(3h*) +N-RGO(3e™) (1)
N-TiO, (3h") + 30H™ /H,O

— N-TiO, + 30OH + (3H™) (2)
N-RGO(2e") + 20, — N-RGO + 205 (3)
20, + 2H,0 — 200H + 20H" (4)
200H — O, + H,0, (5)
H,0; + N-RGO(e”) — N-RGO + OH + OH~

(6)

The process of ‘OH generation for N-TG may be
summed up into the above Egs. (1)—-(6). Alkaline pH
is more suitable for holes to oxidize OH™ or H,O and
form free 'OH, while acidic pH will promote elec-
trons react with dissolved oxygen to produce O,
and ‘OH successively. Obviously, neutral and alka-
line solution is beneficial for ‘OH generation.

The pHp,. of N-TG2 and TiO, were tested and
shown in Fig. 8b. The pH,,,. of N-TG2 was 4.3, which
was decreased by 2.1 compared with TiO,, and oxy-
gen-containing functional groups in RGO were
responsible for the decrease. In the solution at pH
range 5-13, the N-TG2 surface is in negative charge
and HA is also in negative charge. Thus, they cannot
easily be in proximity to each other because of elec-
trostatic repulsion. The electrostatic repulsion
increased with the increase in pH because the nega-
tive charge of both N-TG2 and HA was increased.
Meanwhile, the HA adsorbed by N-TG2 stopped HA
in solution from closing to the N-TG2 because of the
electrostatic repulsion, which will increase with the
pH likewise.

TOC test

UVys4 represents the chromogenic substances in HA
and is not typical enough to show the mineralization
of the pollutants. TOC is a comprehensive indicator
of the total amount of organic matter in water. The
TOC of the solution was measured, which the initial
HA concentration is 30 mg L™". The result is shown
in Fig. 9. The removal efficiency of TOC is always
slightly lower than HA concentration, implying that
most of HA was mineralized into inorganic small
molecular compounds, while part of HA changed to
other organic carbon. Similar result has been reported
by Yuan [39], who prepared Fe-Zn co-doped TiO,
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Figure 9 HA concentration and TOC removal efficiency curves
treated by N-TG2 in UV light.

and found the TOC removal efficiency was lower
than that of UVys, because of the presence of
intermediates.

Synergistic effect of TiO, and RGO

In the process of testing the influence of temperature
on HA removal, we find that adsorption performance
is one of the influential factors in HA removal effi-
ciency. With the effect of adsorption, the HA pho-
todegradation rate is faster. It is assumed that the
process of photocatalysis contains mass transfer,
adsorption, degradation and desorption [40, 41]. For
the N-TG composites, degradation primarily relies on
TiO,, while RGO greatly improves the adsorption,
i.e., HA removal is in the synergistic effect of TiO,
and RGO.

An experiment to test the adsorption capacity of
TiO, and N-TG2 was conducted. In this test, 1 g L™
N-TG2 or TiO, was distributed in 30 mg L™' HA
solution of pH = 7 at 25 °C in darkness, and N-TG2
in UV light was performed under the same condi-
tions. The adsorption efficiency is shown in Fig. 10.
The TiO, absorbed 2.8 mg L~! HA after 120 min,
while N-TG2 absorbed 5.4 mg L™". Because the mass
fraction of RGO in N-TG2 is only ~5%, the adsorp-
tion capacity increased by RGO is ~52 mg g~ ' in
theory. However, adsorption was not sufficient for
N-TG to remove HA because its adsorption ability
was limited due to an inherent adsorption equilib-
rium, which means it cannot adsorb HA continu-
ously. As shown in Fig. 10, the removal efficiency of
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Figure 10 HA adsorption performance of TiO, and N-TG2 in
darkness, and HA removal performance of N-TG2 in UV light.
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Figure 11 HA removal performance of N-TG2 with and without
pretreatment in darkness.

Figure 12 Schematic diagram
of N-TG.
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N-TG2 is 18.0%, which would increase to 91.7% with
the synergistic effect of degradation.

To ensure the performance of adsorption in HA
removal, two groups of 1 gL' N-TG2 were dis-
tributed in 30 mg L™' HA solution of pH =7 at
25 °Cin UV light with one group first being treated in
darkness for 60 min, and the result is shown in
Fig. 11. With the darkness treatment, the HA removal
efficiency was increased compare to that without
pretreatment, indicating the important role of
adsorption in HA removal. However, the pretreat-
ment in darkness helped to slightly increase the
efficiency, it would be better for an extra hour treat-
ment under UV light. Besides, too much HA absor-
bed on the surface of N-TG composite may hinder the
degradation because the N-TG cannot receive enough
light energy, which may explain the gradual lower
trend that appeared in the first 5 min as shown in
Fig. 11.

A model of N-TG is shown in Fig. 12. In N-TG
composite, TiO, is the basic material, and the adding
of RGO reduces the forbidden bandwidth and
transfers electrons rapidly. In the photocatalysis
process, RGO greatly strengthens the composite for
HA adsorption and promotes degradation efficiency
naturally; TiO, degrades HA, which is adsorbed on
the surface of the composite. Thus, adsorption would
never reach equilibrium, and the composite would
absorb HA continuously. The HA is removed more

0o ZIT

=
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efficiently with the synergistic effect of TiO, and
RGO.

Conclusions

In this study, GO, TiO, and urea (nitrogen source)
were mixed to dope nitrogen in TiO, and RGO
simultaneously and formed N-TG. Using XPS, UV-
Vis, transient photocurrent response and HA
removal tests, it was found that N-doping reduces
the forbidden bandwidth and transfers electronic
rapidly, with 1.46 at.% being the best N-doping ratio
for N-TG which the band gap is 2.86. When studying
the effect of the initial HA concentration, it was
confirmed that the HA removal process conforms to
the pseudo-first-order kinetic model, while lower
initial HA concentrations have a slight better fit. The
influence of temperature on HA removal was
understood by observing the adsorption ability in
different temperatures, and the most appropriate
temperature may be in the range of 25-35°C. A
higher pH meant faster ‘'OH generation rate but
stronger electrostatic repulsion; thus, the HA removal
was the best at pH = 7. TOC test confirms the min-
eralization of most of HA, while intermediates exist
meanwhile. Further studies to test the effect of
adsorption were conducted to confirm the synergistic
effect of TiO, and RGO on HA removal. The removal
efficiency of N-TG2 in darkness is 18.0%, which
would increase to 91.7% with the synergistic effect of
photodegradation; pretreated in darkness has an
extra improvement on HA removal efficiency. In
general, N-TG was efficient in removing the HA from
aqueous solution and is promising for further appli-
cation in water treatment.
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