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ABSTRACT

In this study, an electron paramagnetic resonance/spin trap (EPR/ST) technique was used to investi-
gate hydroxyl radical generation on the surface of NP-modified and unmodified graphite pencil lead.
A chemical process was used to modify the graphite flacks on the pencil surfaces with a photoactive
titania-nanoparticles (TiOx). The morphology of the graphite surfaces, modified and unmodified,
has been investigated by SEM, TEM, XRD spectroscopic techniques. Different types of UV-irradi-
ation light sources indicated that UV-B light source of A__ = 310 nm is the best for the remediation
of organic pollutants on the surface of the modified graphite pencil. Moreover, the use of H,O,/
UV-B/titania-GP combination removes 8 times better the organic contaminants namely, ethylene
glycol (EG), than the use of H,0,/UV-B/GP system. These results correlate well with the observed
oxygen active intermediate trapping experimental results on the modified graphite under the same
conditions. It also supports a proposed homolytic fission mechanism of hydrogen peroxide (H,0,)
that affects directly the advanced oxidation processes (AOPs). These optimum conditions resulted
in a faster remediation with a minimal ever reported peroxides for the removal of organic pollutants
from a model wastewater.

Keywords: EPR/spin trapping, Graphite pencil, Advanced oxidation processes (AOPs), Nano-metal

oxide (Titania), Peroxide oxidation.

1. Introduction

The AOPs using UV/H,O, reaction mixture usually
involve the formation of the hydroxyl radical (-OH). These
radicals are responsible for the destruction of a range of
organic compounds in water [1-5]. Various AOPs have
been reported in the literature for the remediation of
ethers, including UV/H,0O, process [6-10], UV-Fenton and
Dark-Fenton [11], ozone and ozone/peroxide [12], also
photocatalytic oxidation [13]. However, detailed laboratory
studies on the hydroxyl radicals’ generation have not been
conducted to test hydroxyl radicals’” productivity.

The metallic and nonmetallic properties of graphite
lead attracted several researchers to propose electrochem-
ical methods by using graphite pencil as working elec-
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trodes (PGEs) to quantify a variety of analytes [14-16]. The
electrodes have proven to provide high sensitivity, selec-
tivity, and economical tool [17,18]. Modification of lead’s
surface enhances the detection limit of some biologically
active materials to a multi-order magnitude [18,19]. More-
over, graphite and activated carbon were widely utilized
to remove organic pollutants from wastewater samples,
but via an adsorption process [20,21]. To the best of our
knowledge, no AOPs wastewater treatment work has been
reported on a surface of a graphite pencil leads or any of its
modified forms.

In this work, a simple and inexpensive layer-by-
layer (LbL) assembly technique, developed by Decher
and co-workers [22,23], was used to prepare a covered
micro-structured graphite pencil surface with a deposited
TiOx-nano-oxide film. The activities of the modified and
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unmodified rods toward the AOPs activities have been
investigated by EPR/DMPO (5,5-dimethyl-1-pyrroline)
spin trap technique. The results show a superior activity of
the modified graphite surfaces toward the hydroxyl radical
generation compares to the unmodified ones from aque-
ous/H,0, systems by UV-B light irradiation. They also used
to propose a new peroxide hemolytic fission mechanism
that postulated the presence of oxygen atom in addition to
hydroxyl radical in the AOPs. Moreover, impressive results
on the remedjiation of organic water pollutants, namely eth-
ylene glycol, have been reported.

2. Experimental
2.1. Materials and method of preparations
2.1.1. Spin trapper and EG aqueous sample preparation

The DMPO free radical trapper was obtained from
Aldrich-Sigma. Hydrogen peroxide (H,0,), 31.4% (with-
out stabilizer), of analytical reagent grade was obtained
from Fluka. EG of 99.4% purity, boiling point 55°C, was
purchased from Burdick & Jackson, manufactured by
Honeywell USA. All solutions were prepared with Milli-Q
water. The glassware was rinsed, sequentially with the
AlconoxTM cleaning solution, 0.1 M nitric acid, tap water,
methanol, and deionized water. Organic systems, ethylene
glycol (EG, methanol, and acetone were of HPLC grade
and were purchased from Fisher Scientific. A 5% H,O,
solution was prepared by diluting 31.4% H,O,. An 80 mM
DMPO stock solution was freshly prepared for each exper-
iment and kept in the refrigerator during the analysis.

2.1.2. Graphite pencil surface and TiO, nano-oxides film
preparation

Black pencil leads of types HB were obtained from the
local market of Pentel trademark. They are of a 60 mm total
length and a 0.5 mm diameter. Their surfaces were oxidized
in hot concentrated nitric acid at 100°C for about 5 h, then
washed and neutralized with 5 M NaOH solution. The dry
neutral-oxidized leads were first immersed in a 1.0 mg/mL
poly(diallyl dimethyl ammonium chloride), (PDDA, low
MW of 100,000-200,000, 20 wt. % solution in water, from
Sigma-Aldrich) for 20 min to render the substrate positively
charged, followed by rinsing with DI water twice for 1 min
each time and drying with N, flow. The pencil rods were
then transferred to a 1.0 mg/mL poly(sodium 4-styrene-sul-
fate), (PSS, C8H7NaO3S, FW 206.2, Typical MW 70,000, 30
wt.% solution in water, from Sigma-Aldrich) for 10 min,
rinsed twice with DI water for 1 min each time, and then
blown with dry N, flow. The PDDA /PSS coating cycle has
been repeated seven times to fabricate a multilayer film of
superhydrophobic pencil surface.

The deposition of the TiO, film on the LbL-coated
graphite rod surface was prepared via a hydrothermal
method. In this preparation, several positively coated
pencil rods were placed in 50 mL aqueous solution of
10-1000 mmoles of titanium(IV) bis (ammonium lactate)
dihydroxide (50 wt.% in water, Sigma-Aldrich) solutions
in a polytetrafluoroethylene (PTFE) vessel. The PTFE solu-

tion vessel was then placed in a stainless steel autoclave
reactor (Parr, USA) and kept in the synthetic oven (280A,
Fisher Scientific) at 180°C for 24 h. After the completion of
the reaction, the pencil rods with the titania coat and some
the colloidal titania NP that is centrifuged from the bulk
solution were collected for further investigation. All were
washed with water, absolute ethanol, acetone, and vacu-
um-dried at 80°C for 8 h. The dried pencil rods and the
collected white solids were calcined at 550°C under a flow
of N,-gas for 4 h.

2.2. Deposited Titania and pencil surface characterization

The diffractograms of the synthesized nanometal oxide
were recorded using a Smart Lab X-ray diffractometer
(Rigaku, Japan) having Cu-Ka X-rays radiation (A = 0.15406
nm) source. All the patterns were attained with a diffrac-
tion angle (20) range of 15-65° at a scan rate of 2°min™. The
pencil surface morphology and the nanostructure of the
produced oxides were performed by field emission multi-
modal electron microscope (LVEMS5, Delong, Brno, Czech
Republic) that is the only benchtop SEM with the ability to
also image in TEM and STEM modes. SEM stub and TEM
grid were prepared by putting 1 mm of pencil rods, and 5
pL dilute slurry of the materials onto the special microscope
stub and a 400 mesh carbon-coated Cu grid, respectively.
After 1 hour of degassing in the spectrometer, the samples
were examined.

2.2. Irradiation photochemical reactor setup

Two irradiation procedures were conducted in this
study. The first procedure takes place in a Rayonet photo-
chemical reactor (Southern New England Ultraviolet Com-
pany, model # PR-100) equipped with a circular array of
RPR UV-lamps. The DMPO-H,0, reaction mixtures were
placed in Quartz vessel in the photo-reactor for irradiation
with unfiltered standard 12 inches, 8-W, RPR-Rayonet fluo-
rescent lamp(s). In the second procedure, the DMPO-H,O,
reaction mixture was placed in a standard EPR quartz flat
cell (ER 160FC-Q). The mixture was then irradiated by a
monochromatic light from a Bausch & Lomb UV-Vis light
source equipped with a mercury high source SP 200 and
high-intensity monochromator with 1350 groove/mm.
During the irradiation period, EPR spectra were taken
every 5 min to monitor the formation of the DMPO-radical
adducts.

2.3. EPR spectrometer

The electron paramagnetic resonance (EPR) measure-
ments were performed using and SPINSCAN X EPR spec-
trometer from Adani, Belarus, equipped with a frequency
meter, auto-gain, fast registry, and flow flat cell. The spec-
trometer is operated at the CW X-band and is fully auto-
tuned. The spectrometer parameters were: field sweep
width = 335.0 + 7.0 mT; power = 4 mW; modulation ampli-
tude = 500 mT; microwave power within the range 100-
1000 mW. The EPR spectra were recorded at time intervals
of 30 s to 15 min of the exposure to a UV-light source of
Rayonet.
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3. Results and discussion

The hydrothermal treatment of the LbL assembled poly-
mer on the pencil rods produced mechanically durable TiO,
nanoparticle thin film on the surface of the unmodified
HB-pencil rods (Fig. 1a) as captured by a series of high-res-
olution SEM images presented in Figs. 1c-1g. The TEM
microscopic image (Fig. 1b) confirms the uniform distribu-
tion of the titania NP and its 5 nm size. Similarly, the SEM
images show the generated roughness after the pencil oxi-
dation with nitric acid (Fig. 1d), followed by a LbL-polym-
erization (Fig. le) then solvothermal-titania modification
(Fig. 1f) that finally calcined at 550°C to produce the tiny
TiO, nanoparticles thin-film on the GP-surface of the rods
(Fig. 1g).

X-ray diffraction pattern of the synthesized TiO,
nanoparticles compare to the commercial TiO, sample is
shown in Fig. 2. The experimental XRD pattern agrees with
the JCPDS card no. 075-2546 (anatase TiO,) and confirming
the formation of single phase [24]. The strong diffraction
peaks around 26 position 25° and 48° indicating TiO, in the
anatase phase. There is no any spurious diffraction peak
found in the sample for impurities. Moreover, high inten-
sity of the peaks reflects that the formed TiO, NPs are crys-
talline and narrow diffraction peaks indicate the very small
size crystallite.

Testing the activities of pencil rods toward the AOPs
required to identify the nature and types of emission nature
that could be beneficial out of four standard RPR-Rayonet
UV-lamps namely RPR-3500 A, the RPR-3000 A, the RPR-
2537 A and RPR-1849 /2537 A. The emission spectra of these
lamps are acquired with a Spectra Suite software of Ocean
Optic by using a UV-Vis USB2000 spectrometer equipped

with a Sony ILX5112048-element linear silicon CCD array
detector that provides a measuring range of 200-1100 nm
wavelength and 1.0 nm resolution.

The emission spectra indicated that the lamps have dif-
ferent irradiation proﬁle The RPR-3500 A and RPR-3000 A
lamps have broad emission bands in the UV-A region (400-
316 nm) and the UV-B region (315-281 nm), respectively,
while the emission of RPR-2537 A and RPR-1849/2537 A
lamps produce several sharp emission bands in the UV-C
region (280-235 nm) at much shorter wavelengths, starting
with a strong band around 254 nm. An early investigation
by Spiro and Stigliani [25] of hydroxyl radical generation
from aqueous solution indicated that hydroxyl radicals
could be formed by the reaction of a water molecule with
energetic singlet D-Oxygen atom (1D O) produced by pho-
tons having wavelength lower than 310 nm. Thus, RPR-3500
A lamp should not be used for hydroxyl radical generation
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Fig. 2. XRD pattern of synthesized TiO, nanoparticles compares
to the commercially available titania NPs.

Fig. 1. (a) SEM image of the 0.7 mm HB pencil rod and (b) TEM image of the produced hydrothermal Titania NP confirming the
uniform 5 nm diameter size. The high-resolution SEM images of unmodified HB surface (c), HB-HNO, oxidized surface (d), HB-
LbL polymer treated surface (e), HB- LbL-polymer-TiO, solvothermal modified surface (f), and finally the calcined HB-TiO , graphite

pencil surface at 550°C (g).
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from aqueous solution as most of its emitted photons of a
lower energy than the amount needed to trigger the pro-
cess. On the other hand, the RPR-3000 A lamp and the oth-
ers produced photons with enough energy that can be used
to generate hydroxyl radical from aqueous media. Another
important parameter that directly influences the radical
generation and their dynamics is the irradiance density per
lamp. Table 1 summarizes the values of the irradiance den-
sity at every wavelength of the first three lamps.

The energy distribution of the irradiance values in
Table 1 agrees well with the emission profile in Fig. 3 where
RPR-3000 A lamp produced the highest irradiance densities
at 312 nm wavelength about 52% compare to the PRP-3500
and PRP-2537, which give 32% and 27%, respectively. Fur-
ther investigations of the lamps activities take place by test-
ing the oxygen (O,) gas evolution reaction in a 5% peroxide
aqueous solutions in a Pyrex tube. The plot of the pressure
gas production versus time proves that the formation pro-
cess is zero order as shown in Fig. 4 supported with images
of the evolved gases. The results indicated a superior activ-
ity of the RPR-3000 A lamp compared to other lamps. More-
over, the plot of the slope of the gas production versus the
irradiance percent of each lamp at 312 nm gives linear cor-
relation (Fig. 4, in-situ) of a 0.96 correlation coefficient.

In the case of the quartz tubes, still, the UV-B lamp pro-
duce the superior results even in the presence of unmodi-
fied pencil rods as shown in Fig. 4, bottom graph and image.
The observed high production of oxygen gas by the UV-B
lamp confirms the irradiation-flux effect of the light source.
The glass effect is clear from the observed enhancement of
the UV-C production lamp from Pyrex to quartz that could
be explained on the basis of the Pyrex cut-off limit of the
high energy part of the irradiation. Moreover, the reduction
in UV-C compare to UV-B is attributed to a greater oxida-
tion power of UV-C lamps to trigger the self-decay radi-
cals more than gas formation at an earlier time than that
observed by UV-B gas formation process. Accordingly, the
Pyrex glass and the UV-B source together produced a supe-
rior amount of oxygen gases (Fig. 4). The major factors that
affect directly the production of the oxygen amount should
be the amount of generated radicals as well as their types.
Satterfield and Stein [26,27] proposed the following homo-
geneous dissociation mechanism of hydrogen peroxide
(H,0,) (Fig. 5):

In the mechanism, two types of radical intermediates
were proposed, hydroxyl (OH) and hydrogen-dioxide

Table 1
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(HO,) radicals. Several kinetic investigations have been
performed to estimate the hydroxyl radical life time and
activation energy of the different processes in the proposed
Fig. 5 [28-30]. Although the hydroxyl radicals are the essen-
tial intermediate of this process as the most important reac-
tive species, none of the work addressed the presence of the
hydrogen-dioxide radical. To point to the formation of radi-
cal intermediates in peroxide aqueous solution and provide
direct results an exploiting in situ EPR spin trap technique
with suitable spin trapper has been conducted. The known
efficiency of 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
molecule in trapping hydroxyl radical and other short-lived
radical species, such as superoxide radical (OOH), methyl
radical (CH,) and many anion radicals [31] make it the spin
trapper of choice for this investigation. Fig. 6 shows the
nitroxide spin trapped radical(s) of aqueous solutions con-
taining 20 mM DMPO and 200 mM H,O, irradiated with
various UV-light sources.

Thus all the three UV-lamps produce a 1:2:2:1 quartet
EPR spectrum, peaks 1-4, identical to those of hydroxyl
radical (DMPO-OH:) adduct as previously demonstrated
[32,33]. The results also confirm the powerful ability the
UV-B lamp compared to others to produce the most stable
and largest quantity of radicals. On the other hand, another
radical species has been observed in the reported spectra of
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Fig. 3. Emission spectra of the Rayonet UV-A, UV-B, UV-C and
V-UV Lamps [added factors were used to split the emission
spectra up]. Below the dashed vertical line photons are ener-
getic enough to produce hydroxyl radicals from peroxides [25].

Energy distribution of three Rayonet lamps at specific spectral regions. The bold numbers present the highest irradiance per lamp

Lamp type

RPR-3500 (UV-A) RPR-3000 (UV-B) RPR-2537 (UV-C)
Region Range, Dose, % energy Dose, % Dose, Y%

nm mW m= mW m™ energy mW m™ energy

uvC 235-280 368 0.67 2049 313 75011 88.59
UVB 281-315 3209 2.19 35337 5394 1673 1.98
UVA 316-400 52670 95.51 20986 32.04 1415 167
Visible 401-700 711 1.29 6693 10.22 6108 721
NIR 701-850 187 0.34 443 0.68 464 0.55
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Fig. 4. The gas production of 5% H,0, aqueous solutions in Py-
rex tubes using a “Pressure” Measuring Module from PHYWE
irradiated with the four types of UV-lamps (Top). In-situ is the
plot of the slope of the gas productivity vs. the relative irradi-
ance of the four lamps at 312 nm wavelength. Gas productivity
in the irradiated 5% peroxide solutions in quartz tubes with
three types of UV-lamps (bottom). On the left-hand side, imag-
es of the evolved gases in the different tubes (top and middle of
Pyrex and the bottom of quartz).

H,0, + M —» 2.0H # M*

.OH + H,0, _5 H,0 + HO;

HOy + H,0, __ 5 H,0 + O, ¥.0H
2 HOy + M*  _—» H0, + 0, ¥+ M

Fig. 5. A homogenous mechanism of hydrogen peroxide disso-
ciation [26,27].

the trapped systems. Detailed investigation of this radical
indicated that an atomic oxygen could be also trapped by
DMPO to form a DMPO-O-. that has been included in the
simulated spectrum with a relative concentration 65% of
the hydroxyl-DMPO adduct, a = 1.524, a,, = 1.500 mT, and
35% of the oxygen-DMPO adduct, a,, = 1.488, a,, = 0.781,
a,, = 0.695. This, in turn, accounts for the low quantities
of radical-adduct produced when the UV-A or UV-C light
irradiation. It is also revealing, for the first time, that cheap
Pyrex vessels may be used in place of expensive quartz for
the AOPs if a UV-B irradiation is applied and a modified
mechanism based on the formation of atomic oxygen can be
proposed as shown in Fig. 7.

The EPR spectra in Fig. 8A are a representative sample
of the produced radical adducts on the untreated and titania
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Fig. 6. (A) Experimental EPR spectra of spin trapped oxygenated
Radicals of a 20 mM DMPO and 200 mM H,O, irradiated with
different UV-Light source and (B) the experimental and simu-
lated spectra of the UVB-light source (A =300 nm, irradiance
10 mW/cm?; exposure 500 s) and its simulated spectrum by us-
ing two nitroxide spin-adducts (relative concentration % 65, a
=1.524,a, = 1.500 mT, g = 2.0052, and % 35, a, = 1.488, a,, = 0.781,
a,, = 0.695, g = 2.0055).

Initiation:
hv
H0, + M —» 2.0H + M*
A <310 nm
Propagation:
2+-0OH I H,0 + O
O + H,0 > 2-OH
Termination:
0" + H0, —» HO0 + O,
2.0H + M* — H,0, + M

Fig. 7. A modified homogeneous mechanism of hydrogen per-
oxide dissociation using M as reaction quencher, which could
be another H,0, molecule, HO, radical, or the reaction vessel

glass type.

treated HB graphite pencil and their yield during 15 min.
These runs were conducted with a homemade photo-reac-
tor equipped with a micro peristaltic pump that is used to
continuously pumping the aqueous solution at a 10 rpm to
the flat EPR cell for an in situ EPR detection of the produced
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Fig. 8. (A) and (B) EPR spectra of spin trapped oxygenated Rad-
icals of a 15 mM DMPO and 40 mM H,0, and 10 mM DMPO
and 10 mM H,O, irradiated with different UV-B light source
(... = 300 nm, irradiance 20 mW/cm?; exposure 500 s) and (C)
the rate of formation and decay of the spin trapped adducts at
time intervals 30 s on untreated (GP) and titania treated (Ti-GP)

graphite pencil surfaces at 25°C.

adduct radicals. This setup produced a reproducible rate of
the adduct formation and decay as presented in Fig. 8C.
The results agree well with the reported photo induced
reactivity of TiO, toward reactive oxygen radical species
production [34-38] and the observed effect of the UV-B
light enhancement of the radical production, which was
confirmed above by the highest productivity of oxygen gas
production as well. This ability is correlated with its high
intensity at the 310 nm and thereby produced the largest
radical amount compared to both UV-A source (with a
less intense 310 nm band) and UV-C source (with the high
dynamic that most possibly make the radical be self-scav-
enger and terminate so early). Therefore, the use of UV-B
light source has the additional advantage that the produced
hydroxyl radicals will have enough energy and adequately
long lifetimes to allow spin trapper is generating the larg-
est quantity of DMPO-radical adducts. The Part B of Fig. 8,
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Fig. 9. TOC results of the remediated 10 ppm EG-aqueous solu-
tions at different peroxide ratio (Top) after 60 min UV-B (A __ =
310) irradiation and the rate of 50 ppm EG-aqueous remediation
and its percentage removal from a 500 ppm peroxide aqueous
solution (bottom) on an untreated (Pencil) and a titania treated

(Pencil_TiO, NP) graphite pencil surfaces at 25°C.

confirm the continuous generation of the oxygen-DMPO
adducts especially by reducing the peroxide concentration
which is one of the most active scavengers of this interme-
diate as proposed in Scheme 2.

Furthermore, preliminary tests on ethylene glycol
(EG) removal have been conducted. In these tests, var-
ious EG-to-hydrogen peroxide molar ratios, from 1:1 to
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1:20 of EG:H,0O,, in aqueous solutions, were used. The
solutions were irradiated in separate experiments by a
UV-B light source, 2 = 310 nm, in the presence of the
untreated and titania-treated graphite pencils (top graph
of Fig. 9). The analysis of the total organic carbon (TOC)
takes place by Torch-TOC analyzer, Teledyne Tekmar,
USA, based on the combustion and the pressurized CO,
detection technique. The results indicated that 10 times
molar ratio of Peroxide to EG produced the best remedi-
ation outcomes. Moreover, the rate analysis of a higher
concentration EG-removal, the bottom graphs of Fig. 9
show similar results and confirms the superior remedi-
ation of the EG on the surface of the modified graphite
pencil (almost 8 times better than the unmodified one,
as ~80% removal is obtained on the modified surfaces
compare to 10% of the unmodified ones in 60 min UV-B
remediation). These results are also in good correlation
with the rate of hydrogen peroxide production (Fig. 8)
that confirm the dynamics of the hydroxyl radical during
the AOP remediation reaction process.

4. Conclusion

The results not only support the current belief that the
hydroxyl radical is the essential contributor to AOPs but
also introduce a reactive atomic oxygen as another import-
ant intermediate in the process. The production efficiency
of these reactive oxygen species strongly depends on the
UV-regions of the emitted light. The study also shows
that the best remediation of the organic pollutants could
be achieved by a proper combination of UVB-light source
that has emission within 281-315 nm range and the mod-
ified graphite carbon surfaces with photocatalytic species
via LbL-solvothermal technique. The high selectivity of
the trapped reactive oxygen radicals is attributed to their
molecular dynamic and lifetime, which are considered to be
optimal for a proper chemical reactivity and effective reme-
diation process. Total organic carbon (TOC) analysis con-
firms the efficiency of the UV-B light-GP system as direct
method for the water-organic contaminant content determi-
nation. Further work is in progress to optimize for real pet-
rochemical pollutant, model and real wastewater samples
especially groundwater ones.
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