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ABSTRACT

Methyl tert-butyl ether (MTBE) is a well-known environmental pollutant. Its removal from
water bodies is a challenge associated with ensuring the chemical is present only within the
prescribed limits. Tert-butyl alcohol (TBA) and tert-butyl formate (TBF) are the two main
intermediate (stable and toxic) compounds that are obtained during the decomposition of
MTBE. The accumulation of these intermediates in water bodies raises serious issues about
their chemical toxicity, as they are suspected carcinogens in humans. In this work, palla-
dium-doped zinc oxide is utilised as a photocatalyst to decompose these contaminants in
the presence of UV light. These photocatalysts have been found to efficiently degrade
100 ppm aqueous solutions of TBA and TBF using 100 mg of each of these photocatalysts
and UV irradiation over a period of five hours.
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1. Introduction

Methyl tert-butyl ether (MTBE) has been used in
the United States since the 1970s as an octane enhan-
cer, replacing lead in mid- and high-quality gasoline.
The reformulated gasoline contains approximately
11-15% MTBE by volume (approximately 2.7% by
weight) [1-4]. Subsequently, this reformulated gasoline
has been used worldwide, and due to is large scale
usage and for other reasons, such as accidental spills,
leakage in storage tanks and pipelines, etc., groundwa-
ter has become contaminated with MTBE [5-8]. MTBE
is a polar compound that is not easily absorbed into
soils, is highly soluble in water and possesses a lower
density than water. As a result, MTBE easily contami-
nates groundwater. Moreover, the presence of MTBE
also increases the solubility of many aromatic com-
pounds (contained in gasoline) in water through the
co-solvent effect, another potentially harmful effect [9].
The widespread presence of MTBE in surface water,
groundwater and treated water has attracted great
interest from the scientific community and health
agencies due to its potential human carcinogenicity
[10]. Though the use of MTBE has been banned in the
United States, it is still highly utilised in other parts of
the world. Even in the event that MTBE were to be
banned worldwide, there is still the challenge associ-
ated with addressing the degradation of the MTBE
already released into the environment. There are many
reports on how to degrade MTBE using biological,
chemical and advanced oxidation methods. As a
result, the scientific community has taken notice that
some of the degradation intermediates of MTBE are
toxic, potentially carcinogenic and more stable than
MTBE itself [11-14]. Tert-butyl alcohol (TBA) is also
a fuel oxygenate and is commonly found as a
co-contaminant along with MTBE in groundwater.
TBA is a co-product of MTBE manufacturing and an
important degradation by-product of MTBE [15-17]. It
is highly soluble in water and therefore moves
throughout the groundwater system. Presently, TBA
has been listed as a United States EPA priority pollu-
tant. However, in states such as California and New
Jersey, its presence in drinking water has been
restricted to 12 and 100 pg/L, respectively [18-20].
TBA is also a known toxin and a suspected human
carcinogen. Its presence in water has raised serious
concerns in the scientific community about its treat-
ment and degradation [21,22]. TBA has unique physi-
cal properties including high water solubility, a low
adsorption tendency and a lower Henry’s constant
than MTBE, which hinders treatment by conventional
means. Treatment methods such as adsorption over
activated carbon and air stripping have been found to

be ineffective for TBA removal from contaminated
water. It is important to note that TBA has a lesser
tendency than MTBE to be attracted to activated car-
bon surfaces. Due to TBA’s low Henry’s constant, it
cannot be effectively and easily removed using the air
stripping method, in which a very high air/water
ratio is required to reach the desired efficiency. The
biodegradation of TBA has also been reported to be
less effective than MTBE, which biodegrades to TBA
in water. Therefore, TBA is likely to accumulate in
groundwater. Failure of the aforementioned conven-
tional treatment methods to effectively remove TBA
has forced the scientific community to search for
alternative methods to solve this serious problem.
Tert-butyl formate (TBF) is also a major intermediate
produced during biodegradation, chemical oxidation
and advanced oxidation of MTBE [23,24]. TBF has
been detected in exhaust emissions from automobiles
using MTBE containing reformulated gasoline [25].

Recently, advanced oxidation processes (AOPs)
have garnered intense interest for their removal of
toxic compounds from contaminated water. AOPs
involve combinations of ozone (Os;), hydrogen perox-
ide (HyO,), ultraviolet light (UV), and metal oxide
semiconductors (e.g., TiO,, ZnO, etc.) [26,27]. The main
advantage of AOPs is attributed to the formation of a
hydroxyl radical (.OH), which non-specifically attacks
almost any organic compound with a very high reac-
tion rate constant. In addition, the .OH oxidises a large
number of organic toxic pollutants into nontoxic inter-
mediates and end products (CO, and H,0), compared
to conventional treatment methods, such as activated
carbon and air stripping, where pollutants are trans-
ferred from water to another medium that may need
further treatment before final disposal [28]. There are
only a few reports that have focused primarily on the
treatment and removal of TBA contaminated water
using AOPs [20,22]. Dindar and Icli [29] used Fenton's
reagent method to degrade TBA and other MTBE
degradation intermediates. Eslami et al. used a ZnO/
UV/H,0; process to degrade TBA during the degrada-
tion of MTBE wuntil complete mineralisation was
achieved [30].

In this work, we consider the various environmen-
tal concerns posed by TBA and TBF. From our recent
reports [2-4,10] on the photocatalytic degradation of
MTBE in water using Pd-doped zinc oxide, where
identified TBA and TBF as the main intermediates
produced from the photocatalytic degradation of
MTBE. Therefore, the main objective of this study is to
photocatalytically degrade TBA and TBF in an aque-
ous solution in the presence of UV light and a
Pd-doped zinc oxide in a batch reactor.
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2. Material and methods

MTBE, TBA, and TBF from Sigma-Aldrich, double
distilled water, palladium nitrate and zinc oxide
(ZnO) (J.T. Baker, USA) photocatalyst were used
during this work.

2.1. Preparation of the catalyst

The palladium (Pd) doping of ZnO was performed
by the well-established incipient wetness impregnation
method [31-35]. In a typical procedure, the required
amount of precursor salt for Pd (palladium nitrate)
was dissolved in de-ionised water to prepare a solution
of an incipient volume. Later, the required volume of
palladium nitrate solution was added to solid ZnO
powder. The mixture was kept undisturbed at room
temperature for an hour and dried at 100°C overnight.
The sample was then calcined at 450°C for 3 h before
being cooled to room temperature to obtain the final
catalyst.

2.2. Characterisation technigues

The synthesised photocatalyst samples were char-
acterised using advanced instrumentation techniques.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) of the samples were per-
formed to determine the morphology and size of the
particles. The X-ray diffraction patterns were obtained
using an X-ray diffractometer equipped with a mono-
chromatic high-intensity Cu K radiation (=1.5418 A,

HFW det

M | 30.00kV | 104 pm | LFD | 400

40 kV, 100 mA). The X-ray photoelectron spectroscopy
(XPS) surface elemental analysis was conducted using
a Thermo ESCALAB 250 Xi with Al K Alpha radiation
(1486.6 eV). Spectrum acquisition and processing were
performed using Thermo Advantage Software, version
4.58. The binding energy was referenced to the C1 s
line at 284.6 eV for calibration. The sample was intro-
duced into the preparation chamber with the sample
holder and degassed until a good vacuum was
achieved. Then, the sample was transferred to the
analysis chamber where the vacuum was set to 9-10

mBar. The analyses were performed using the
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Fig. 1. XRD diffractogram of the 1.0% doped ZnO

photocatalyst.

Fig. 2. SEM micrograph of the 1.0% Pd-doped ZnO photocatalyst.
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Fig. 3. TEM micrograph of the 1.0% Pd-doped ZnO photocatalyst.

Table 1

BET Surface areas, pore volumes and pore sizes for the different prepared Pd/ZnO

Sample SBET m/g Pore volume cm/g Pore size nm
0.5% Pd/ZnO 4.34 0.009 8.8

1.0% Pd/ZnO 4.08 0.009 8.9

1.5% Pd/ZnO 3.16 0.011 13.4

following parameters: a pass energy of 20 eV, a dwell
time 50 ms and a step size 0.1 eV. A standard charge
compensation mode flood gun was employed to
neutralise the charge build up on the surface of the
insulating samples.

The nitrogen (N,) adsorption-desorption isotherms
were determined at the liquid nitrogen temperature
(-=195°C) using an automatic ASAP 2010 Micromeritics
sorptiometer equipped with an outgassing platform and
an on-line data acquisition and handling system operat-
ing standard BET [36] and BJH [37] analytical software
for the adsorption data following the experimental rec-
ommendations that were previously reported [36]. The
99.999% pure N, gas was purchased from KOAC
(Kuwait), and the test samples (Cerias - 300 = 2 mg)

were pre-outgassed at 110°C and 5-10 Torr for 3 h. The
reproducibility of the adsorption—desorption isotherms
was determined to be better than 95%.

2.3. Photocatalytic reaction procedure

A batch photoreactor made of quartz and
equipped with cooling jacket was used for the photo-
catalytic degradation reaction of TBA and TBF. A high
pressure mercury UV lamp was placed in the photore-
actor. A volume of 350 mL of 100 ppm of MTBE, TBA
and TBF in distilled water was transferred into the
photoreactor and 100 mg of each of the photocatalysts,
including 0.5% Pd-doped ZnO, 1.0% Pd-doped ZnO
and 1.5% Pd-doped ZnO were added to each reaction
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Fig. 4. N, adorption-desorption isotherms for the different synthesised Pd/ZnO samples.

mixture. The temperature of the reaction mixtures was
controlled by a cold water stream at a temperature of
18 + 1°C during the irradiation process. The reaction
mixtures were stirred for half an hour to achieve
homogeneity with oxygen gas (O,) passed through the
reactor at a moderate flow rate over a period of half
an hour. Then, the O, flow was stopped and the UV
lamp was turned on and allowed to glow for a few
minutes in open air before placing it inside the photo-
reactor. The experimental setup was covered with an
aluminium foil and left for a period of five hours. A
sample was collected at the end of every hour during
that period.

3. Results and discussion
3.1. X-ray diffraction studies

X-ray diffractogram of the 1% Pd-doped zinc oxide
is shown in Fig. 1. Specified 26 peaks from the diffrac-
togram are observed at 31.77705 (100), 34.43169 (002),
36.2632 (101), 47.55247 (102), 56.60973 (110), 62.86751
(103), 67.95329 (112), and 69.09436 (201). These are
rounded to two digits significant figures, permitting
confirmation of the hexagonal wurtzite structure of
ZnO from the diffractogram [38-40]. It also important
to mention that Pd peaks could not be determined
from the XRD diffractogram and at the same time, no
specific changes were observed in the diffraction pat-
tern of the ZnO nanoparticles. This can be attributed
to the small amount of particles, their small size and
their homogeneous distribution [2].

3.2. Electron microscopy studies of the photocatalysts

The size and the shape of the particles of the pho-
tocatalyst play an important role in its activity. There-
fore, FESEM and TEM were both used to study the
shape and the size of ZnO particles doped with 1%
Pd. The morphology of these nanoparticles is shown
in Fig. 2 and is cubic/cuboid in shape despite being

Pd/ZnO + hv. ———» & + h'

(Og)ads. + ¢ —— 0,

HO —> OH + H

+ °
0, + H —> HOO

HOO + ¢ —> HOO
+
HOO + H _— H202

H0, + ¢ ——> 20H

H0, + # ——> H + OH

Fig. 5. Proposed mechanism for the formation of hydroxyl
radicals using a photoexcitation reaction.
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Fig. 6. Proposed mechanism for the formation of TBA, TBF and acetone from the photodegradation of MTBE and the

path to the final products.

different sizes. Due to their small numbers, the Pd
nanoparticles could not be observed by SEM on the
surfaces of the ZnO nanoparticles. To overcome this
limitation, TEM was employed. The TEM micrograph
of the 1% Pd-doped ZnO photocatalysts are shown in
Fig. 3.

3.3. N, adorption-desorption isotherms

As shown in Table 1, upon doping the ZnO with
Pd, the surface area tended to decrease slightly as the
concentration of Pd increased, which suggests that the
Pd dopant enhances the growth of the particle size.
All three samples exhibit a type III isotherm, which
shows a low N, uptake at a low relative pressure (as

seen in Fig. 4). This indicates that the studied samples
exhibit weak interactions between the adsorbate (N,)
and the adsorbent (Pd/ZnO). The absence of clear
hysteresis in the three samples indicates a very low
porosity (as shown in the reported pore volume in
Table 1). The surface characterisation of the different
amounts of Pd revealed that the optimal amount of
Pd is 1% and any greater amount causes the surface
area and the intensity of the XPS peaks to decrease.

3.4. Photocatalytic degradation study

Recently, we presented work on the photocatalytic
degradation of MTBE when exposed to UV light in
the presence of Pd-doped ZnO as a photocatalyst [10].
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Fig. 8. Photocatalytic degradation of TBF in the presence
of a series of photocatalysts.

Here, we mainly report on the photocatalytic degrada-
tion of TBA, TBF and acetone, which have been identi-
fied as the main intermediates resulting from MTBE
degradation. The GC-MS chromatogram of the MTBE
degradation in the presence of UV light and the
Pd-doped ZnO is shown in Fig. 6 and the mass spec-
tra of the intermediates are shown in Figs. 1-3 of the
supplementary material.

The photocatalytic degradation of TBA and TBF in
water was studied utilising a series of (0.5, 1.0, and
1.5%) Pd-doped ZnO as photocatalysts. Photocatalytic
degradation data were obtained from these catalysts
when they were irradiated with UV light for a period
of five hours. The ZnO doped with 1.5% Pd was
found to have the most effective photoactivity against
the TBA and the 0.5% Pd-doped ZnO was found to be

Z.S. Seddigi et al. | Desalination and Water Treatment 57 (2016) 268-277
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Fig. 10. Kinetics of the photocatalytic degradation of TBF
in the presence of a series of photocatalysts.

most efficient against the TBF. This is may be
attributed to the selectivity of the catalysts toward the
photodegradation of both the two pollutants.

In the presence of this catalyst, almost complete
degradation of the TBA and the TBF was achieved.
Therefore, Pd-doped ZnO can be considered an effec-
tive photocatalyst for the degradation of TBA and TBF
to carbon dioxide and water

Initially, the rate of the photodegradation of the
TBA and the TBF was found to be very fast, as seen in
Figs. 7 and 8, respectively. This can be attributed to
the sufficient availability of the hydroxyl radicals
created by UV irradiation (Fig. 5).

However, as the reaction proceeds with time,
different intermediates are formed and compete with
the TBA and TBF parent molecules at consuming the
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hydroxyl radicals. As a result, the rate of the photocat-
alytic degradation reaction decreases. Another pro-
posed mechanism for the formation of the TBA, TBF
and acetone and then their decomposition into carbon
dioxide and water is presented in Fig. 6. The increased
efficiency of the Pd-doped ZnO is due to the fast
transfer of the photoexcited electrons from the surface
of the semiconducting photocatalyst to the Pd metal
surface, which acts as an electron reservoir [41-43].
Consequently, the recombination process of the photo-
generated electrons and holes is efficiently controlled
due to the presence of the Pd metal on the catalyst
surface [44]. This halt in the recombination of photoex-
cited species increases the photocatalytic activity of
the catalyst [45,46].

3.5. The kinetic studies of the photodegradation of TBA and
TBF

The process of heterogeneous photocatalysis starts
with the adsorption of the organic contaminant mole-
cules on the surface of the photocatalyst [40-42]. These
adsorbed molecules react with the hydroxyl radicals
(.OH) that form as a result of the reaction between the
water and the photogenerated species (electrons/
holes). The heterogeneous photocatalytic degradation
of the organic pollutants in water behaves according to
the kinetic model proposed by Langmuir-Hinshelwood
[33]. Accordingly, the rate of the photocatalytic
degradation of the organic pollutant is proportional to
the surface area covered on the photocatalyst by the
organic pollutant molecules:

Rate(R) = —(dC/dT)a0 )
k0 = (kKC/1 + KC) @)

If KC << 1, KC becomes negligible, and:

~In(C/Cy) = Kyppt 3)

where 6, K, k, and C are the surface coverage, the
adsorption coefficient of the reactant, the reaction rate
constant and the concentration of the reactant, respec-
tively. If the concentration C becomes very low (corre-
sponding to a significantly diluted solution), KC is
much less than 1. A plot of In(Cy/C) vs. the irradiation
time (T) yields a straight line, corresponding to a first
order reaction. The rate constant for the reaction can
be obtained from the slope of the plot (see Figs. 9 and
10). The rate constant of the photodegradation reaction
is highest for the 1.5% Pd-doped ZnO and the 0.5%
Pd-doped ZnO for TBA and TBF, respectively.

4. Conclusion

In this work, the photocatalytic degradation of
TBA and TBF in water was studied using both ZnO
and Pd-doped ZnO as photocatalysts. Almost com-
plete removal of the TBA and TBF was achieved
within five hours using 1.5% Pd-doped ZnO and 0.5%
Pd-doped ZnO, respectively. The efficient removal of
TBA and TBF is due to the higher concentration of
hydroxyl radicals and to the presence of Pd, which
controls the recombination of the photogenerated
electron/hole (e'/h™) pairs.
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