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ABSTRACT

Aspartame is widely used as an artificial sweetener and has been ubiquitously detected in various
water sources, it is unstable and can produce some harmful degradation products under certain
storage conditions. In this study, the degradation of aspartame through adsorption, single ozone, and
catalytic ozonation was investigated. In order to create an eco-friendly catalyst, pumice surface was
covered with nano-TiO, and physicochemical surface properties of the catalyst were systematically
investigated by SEM, EDX, FT-IR, BET, DLS, and pH,,.analysis. It was proved by SEM and EDX anal-
ysis that the nanostructures were homogeneously dispersed onto the catalyst surface and the surface
of the catalyst was enriched at 5.5% by weight relative to the uncoated state. After coating, the catalyst
surface area expanded by about 10 times and the pore diameters from 0.008 to 0.044. After character-
ization studies, the role of sole adsorption and sole ozonation in catalytic ozonation has been tried to
be determined by using different doses of aspartame, catalyst, and ozone. In the catalytic ozonation
experiments, reaction kinetics were analyzed in the presence of tert-butyl alcohol (TBA) that is a rad-
ical scavenger, and it was confirmed that the activity of *OH radicals increased after using n-TCP as a
catalyst. The results demonstrated that sole ozonation and adsorption of aspartame was not effective
for removal. The rate of removal increased significantly with combining adsorption and ozonation.
Synergism percentage was calculated to be 91.53. The benefit of surface adsorption, hydroxyl radicals,
and sole ozonation to catalytic ozonation was determined as 2.96%, 72.20%, and 24.84%, respectively.
Although ozonation of aspartame was initiated by *OH radical, both *OH" radical and O, might be
involved in the aspartame removal.
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1. Introduction

Aspartame, known as a highly addictive artificial
sweetener and flavor enhancer, was discovered by James
M. Schlatter in 1965 and has long been a subject of credi-
bility after its ratification in the United States in 1974 [1].
Aspartame is used in over 10,000 products worldwide
and a non-nutritive and low caloric sweetener which is
approximately 180-200 times sweeter than artificial sweeten-
ers such as sucrose [2]. Aspartame consists of aspartic acid,
phenylalanine, and methanol. These substances commonly
occur at various foods. The three forms of aspartame have
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neurotoxic effects on the human body [3]. In addition, arti-
ficial sweeteners are considered emerging contaminants
in environmental sciences recently because it causes brain
tumor and liver cancer [4]. The tendency about the fate and
ecotoxicological effects of sweeteners is increasing day by
day [5,6]. There are lots of studies related with carcinoge-
nicity, genotoxicity, and toxicity about aspartame [2,7-9]. In
recent years, artificial sweeteners from various resources are
detected in wastewater, surface water, and groundwater [6].
The presence of these organic compounds in water since most
of them are neurotoxic, endocrine disrupting, mutagenic or
potentially carcinogenic at very low concentrations [10].

The removal of sweeteners is difficult with conven-
tional treatment plants [11]. Therefore, advanced oxidation
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process (AOP) has been used as an effective method to
degrade organic pollutants [12-14]. AOPs involve the gen-
eration of strong oxidants (hydroxyl radicals), which are
highly reactive species. These radicals are able to oxidize
pollutants (especially, organic pollutants) and transform
them to CO,. With the addition of hydrogen peroxide
(H,O,) oxidation, the treatment plants with AOPs, such as
ozonation (O,) or ultraviolet (UV) radiation have shown
to transform a broader range of organic pollutants such as
artificial sweeteners [15].

Therefore, the removal of such compounds can be
achieved by O,-based AOPs, which combine O, with a homo-
geneous or a heterogeneous catalyst in all producing utilized
strong oxidizing species produced in situ such as hydroxyl
radicals (*OH) to induce a number of reactions that convert
organic compounds into one or more double bonds and
smaller and less harmful substances such as CO,, H,O, and
organic short chain acids [1]. These technologies are of great
influence because, in addition to O, direct reactions, they con-
tain the action of HO produced allows different synergies to
be discovered [16]. In literature, there are a lot of studies about
catalytic ozonation for degradation of organic contaminants
via alumina [17], for chlorinated VOCs via ZSM-5 zeolites
[18], and alumina and for paracetamol via zeolite [19].

TiO, has been widely applied in nanosize forms to pro-
vide the higher surface area. However, the challenges related
to the separation and recovery of nanosize particles required
the exhaustive efforts [20,21]. A number of studies have min-
imized this problem by coating TiO, on a variety of support
materials, such as pumice, glass, silica gel, metal, ceramics,
polymer, thin films, fibers, zeolite, alumina clays, activated
carbon, cellulose, reactor walls, etc. [22].

In this study, the pumice surface was modified with
nano-titanium dioxide in order to increase the efficiency of
ozonation. The aspartame removal in aqueous solution was
investigated by nano-titanium coated pumice (n-TCP)/O,
process.

To the best of our knowledge, removal of aspartame in
aqueous solution has not been studied by catalytic ozonation.
Therefore, the aim of the study involves different parts such
as: (i) effect of nano-TiO, loading on pumice due to structure
and surface properties, (ii) contributions from direct/indi-
rect ozonation and surface adsorption effects on aspartame
removal, (iii) to examine the synergistic effects of different
operational parameters such as different pollutant and cat-
alyst dosages on the heterogeneous catalytic ozonation,
and (iv) identification of TBA effect on the performance of
catalytic ozonation.

2. Materials and methods
2.1. Catalyst preparation

The natural pumice stone was procured from a Hasan
Mountain Area, Aksaray Province, Turkey. These samples
were separated into four different particle size fractions
with sieve analysis. After that, the raw samples were washed
several times with distilled and deionized water (DDW) to
purify the impurities until the effluent turbidity reached
less than 1 NTU and then dried at 55°C for 72 h. The sur-
face porosity was increased by adding 1 M HCl and dried
at 60°C for 24 h. The surface voids of dried pumices were

cleaned with acetone solution and dried at 55°C for 24 h. TiO,
was added by weight of 40% to pumice and six drops of 6 M
NaOH solution was added per gram of mixture. This suspen-
sion was shaken for 24 h at 200 rpm at a temperature around
60°C. Then the suspension was filtered, followed by washing
of pumice several times with DDW and dried at about 70°C
for 168 h. After the coating process, the nano-titanium coated
pumice (n-TCP) samples were washed several times until the
effluent turbidity was reached less than 1 NTU. The washed
pumice samples were dried for 36 h at 40°C. The resulting
surface-modified pumice was used throughout the study.
The chemicals used in the present study are all of analytical
grade obtained from Sigma-Aldrich, Israel.

2.2. Materials

TiO, anatase (anatase > 99%, crystalline size 10 nm) was
purchased from Ege Nanotek Kimya Sanayi (Ege Nanotek
Chemical Industry), Turkey. NaOH and H,SO, were
purchased from Merck, Turkey. Aspartame was procured
from Sigma-Aldrich, Turkey. All the chemicals were used as
received without any further purification. All solutions were
prepared using ultrapure water from Milli-Q synthesis Unit
(Millipore).

2.3. Analyses and experimental procedure

All experiments were carried out in a 1 L borosilicate
cylindrical reactor equipped with bubbling and agitation
and inlets for measuring temperature, ozone concentration,
sampling point. The experimental procedure has been given
in detail in a previous study [23]. In all the experiments, at
determined intervals, aliquots of samples were withdrawn
from the reactor and filtered (0.22 pm microfilter) to retain
n-TCP particles and to obtain a clear solution. A certain
amount of sodium sulfite solution (0.1 M) was added into the
taken aqueous sample to trap the residual ozone.

Aspartame decomposition products were analyzed by
means of a Shimadzu QP2010 Plus GC/MS (Tokyo, Japan)
and an RTX-624 column (60 m x 0.25 mm, 1.40 um). The
characteristic ions of aspartame decomposition products
were shown in Table 1. The oven temperature program was
35°C for 1 min, from 35°C to 215°C at 30°C min™, and finally
3 min at 215°C. Mass spectroscopy was performed under
electron impact (70 eV) from 40 to 350 m z™* (1 scan s™).
Column flow and average velocity values were 2 mL min™
and 31.82 cm s, respectively. The interface and transfer
lines were maintained at 200°C and 230°C, respectively. The
injector was at 250°C and injections (2 pL) were performed
in split mode (split ratio 1/120).

Table 1
Retention time and mass spectrometric data for the target
compound

Peaks tR Molecular weight  Characteristic
ions (m z7)
Toluene 718 92 91
Ethylbenzene 798 106 91
Ethenylbenzene 829 104 78
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3. Results and discussion
3.1. Catalyst characterization

The SEM micrograph as illustrated in Fig. 1 revealed that
the particle size of n-TCP was in the nanometer range. This
small particle size provides large surface area for hydroxyl
ions (OH") of the solution come in contact with the n-TCP
surface to form hydroxyl radical, which is a strong oxidizing
agent and oxidize a large amount of aspartame molecules
adsorbed on the surface of n-TCP. It was also observed from
the figure that the particles were spherical shaped, smooth
informally distributed and the shape of the catalyst was in
homogeneous structure and no odd structures were detected
on the surface.

The surface area of raw and nano-TiO, coated pumice
was determined from desorption isotherms while applying
BET-N, method. After the coating process, the weight of Ti
was 5.55%. After coating with the TiO,, catalyst surface area
expanded (17.445 m? g™) approximately 10 times. Despite
this lower surface area of raw pumice compared with n-TCP
alone, the highest removal efficiencies were observed with the
lowest dosage of n-TCP. This phenomenon can be explained
as follows: n-TCP becomes easily oxidized and aggregated
due to a higher specific surface area. The point of zero charges
of n-TCP and raw pumice was determined by mass titration
method [24] and found to be 7.09 and 6.97 (Table 2).

n-TCP enters into a reaction with anionic pollutants within
acidic pH ranges due to its neutral pH,,, thus allowing the
pollutant to be adsorbed and/or oxidized. If the pH of the

solution is below the pH,,., the more thicker double layer
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can be observed because of electrostatic repulsion among
the surface and the cations. This situation is limited to the
adsorption between the pollutant and the surface.

FT-IR is an analysis method that can give information
about the spectra of carboxyl, carbonyl, hydroxyl, amino,
and other functional groups, as well as double and triple
bonds. FT-IR spectrum of n-TCP showed various characteris-
tic peaks as shown in Fig. 2. When the spectra are compared,
the changes in the absorption peaks in the spectra belonging
to n-TCP are striking. The strongest adsorption peaks were
observed at 3,000 and 3,600 cm™, which indicates hydroxyl
groups. It is considered that this is due to the moisture
content of the hydroxyl groups and related to stretching and
vibrating of free intermolecular and intramolecular H bonds
[25]. FT-IR spectrum of the n-TCP sample shows transmit-
tance peaks in the range 500-1,000 cm™. This is assigned to
the vibrations of Ti-O and Ti-O-Ti framework bonds, which
is the characteristic peaks of TiO,.

3.2. Adsorption of aspartame

The catalytic ozonation is a complex reaction which
involves gas, liquid, and solid (three phases) [26]. The solid
catalyst may affect the mass transfer of O, and its decom-
position rate in aqueous solution [27]. The adsorption of
ozone and pollutant to generate radicals is an essential step
for initiating a favorable catalytic reaction. For this reason,
in order to determine the adsorption ability of the cata-
lyst, adsorption capacity was investigated in both different
diameters and different pollutant doses. Since adsorption in
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Fig. 1. SEM photograph of the catalyst: ((a) and (b)) raw pumice, and ((c) and (d)) TCP.
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Table 2
Physicochemical properties (BET, DLS, and EDX analysis) of raw
and nano-TiO, coated pumice

Material Raw pumice n-TCP
Surface area (m? g™) 1.792 17.445
Pore volume (cc g™) 0.008 0.044
Total pore volume (cc g™) 8.582 ¢® 6.264 ¢
Weight of Ti (%) - 5.55
pH,, 6.97 7.09
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Fig. 2. FT-IR spectrum of raw and nano-TiO, coated pumice.

photocatalytic processes can be a crucial step to improve the
efficiency of oxidation. However, regardless of the experi-
mental conditions applied, adsorption of aspartame on the
n-TCP surface was approximately 20% after 60 min treatment
as observed in Figs. 3 and 4. These results indicate that sole
adsorption was not good enough to remove the aspartame
and the time needed to be extended to 60 min as same as
literature [16].

It is thought that the physical adsorption and aspar-
tame removal effect of the catalyst having a size greater than
200 mesh with a surface area of 17.445 m? g™ is limited by
the restriction of pore volumes. The particle size was con-
firmed as the significant influence on adsorption in this
study. Studies have shown that particle size generally has a
strong relationship with adsorption capacity [28,29]. There is
an opposite relation between the mesh ratio and the radius
of particles. Adsorption study showed that the adsorp-
tion capacity increased due to the highest particle capacity
(>200 fraction [the smallest particle radius] as same as our

25 1 e B0 eedrees 120 eerileess 200 e @eer 5200
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Fig. 3. Adsorption of aspartame at different particle sizes
([Asp.] =100 uM; [TCP] =50 mg L; pH = 6.9; 600 rpm).
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Fig. 4. Adsorption of aspartame at different initial concentrations
(ITCP] =50 mg L™'; pH = 7.1; 600 rpm).

study; Fig. 3). As indicated in the literature, the interlayer
structure of fine fractions adsorbed more compounds than
did coarse fractions [30].

3.3. Sole ozonation of aspartame

In the second series of experiments, ozone was applied
by varying its concentration in the gas fed to the reactor. To
understand the sole ozonation activity for removal of aspar-
tame, different ozone dosages (6-12 mg L) was utilized.
Fig. 5 displays the degradation rate of aspartame in sole
ozonation processes. After reaction for 60 min, the aspartame
removal rate is 25.39% and 30.08% at 10-12 mg L™ ozone
dosages. With increasing of ozone dosage, the degradation
efficiency increased. Thus, direct ozone cannot effectively
remove aspartame as indicated in the literature [31].

3.4. Synergic effect of combined n-TCP/ozonation

Heterogeneous catalysts with higher stability can improve
the efficiency of ozone decomposition, and due to these
advantages, the heterogeneous catalytic ozonation is used
widely in treatment. The most important factor for the het-
erogeneous catalytic system is the choice of catalysts such as
metal oxides, and metals or metal oxides on supports [32].
This mechanism proposes that the metal oxide catalysts can
increase the solubility of ozone and initiates the ozone decom-
position. Ozone and organic pollutants are adsorbed to the
catalyst surface, a series of radical chain transfer occurred to
generate much HO, which can oxide the organic pollutants
in aqueous media. The percentage degradation of aspartame
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Fig. 5. Sole ozonation of aspartame at different initial ozone
concentrations ([Asp.] =100 uM; pH =7.1).
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increased with the increase of catalyst dosages as depicted
in Fig. 6. This is because when the aspartame was allowed
to remain in contact with the catalyst for more time, more
amount of aspartame adsorbed onto the catalyst surface and
consequently, more amount of aspartame was degraded due
to the generation of the increased amount of hydroxyl rad-
icals by the catalyst. But after 50 mg L™ catalyst dosage, the
increasing aspartame reaction rate was not as high as expected
because of competition for degradation between the reactant
and the intermediate products formed during degradation.
The slow degradation after 50 mg L~ catalyst dosage is due to
the slow reaction of short-chain aliphaticentity with hydroxyl
radicals and a short lifetime of catalyst because of active sites
deactivation by strong by-products deposition [33].

In the final step of experiments, the combination of ozone
with catalyst (n-TCP) was utilized for effectively improving
the aspartame removal. The presence of n-TCP could improve
the mass transfer of ozone and the solubility of ozone in
aqueous solution leading to an enhancement of aspartame
removal. These results are clearly shown in Figs. 6 and 7. The
similar implication was done by some researchers [29,34]. In
literature, there was one study about removal of aspartame
by advanced oxidation systems. In this study, researchers
aimed to remove aspartame by the electrochemical advanced
oxidation system. They used a carbon-felt cathode and a Pt
or boron-doped diamond (BDD) anode. They found that the
optimal conditions are: [Fe] = 0.2 mM, intensity = 200 mA
at BDD anode. The removal rate was approximately 100%
at 15 min. But electrochemical systems are more difficult to
utilize than catalytic ozonation. The results show clearly that
the heterogeneous catalytic ozonation system was substantial

Removal Efficiency (%)

Time (min.)

Fig. 6. Catalytic ozonation of aspartame at different catalyst
dosages ([O,] =10 mg L7; [Asp.] = 50 uM; pH =7).
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Fig. 7. Catalytic ozonation of aspartame at different initial
concentrations ([TCP] =50 mg L; [O,] =10 mg L; pH =7.1).

for the removal of aspartame than other advanced oxidation
methods.

The obtained apparent rate constant values (k_,) both
surface adsorption, sole ozonation, and catalytic ozonation
are given in Egs. (1)-(3).

TCP +aspartame — products k. : 3.25+£0.05x10°M's™" (1)
O, +aspartame — products k, :6.06+1.10x10°M™'s™  (2)

:1.10+£0.55x10°M s ™
3

According to the results which are given (Egs. (1)-(3)),
the extent of synergism can be calculated by Eq. (4):

TCP/O, +aspartame — products kCaFO‘

kCahO3 - (kads + ko3 )

A synergisms =
kCahO3

4)

where k. . k, and k,  are first-order rate constants
corresponding to catalytic ozonation, sole ozonation, and
adsorption, respectively. Synergism percentage was calcu-
lated to be 91.53% due to Eq. (4). According to synergism, the
catalytic ozonation was crucial and combining the adsorption

and ozonation gave satisfactory results.

3.5. Radical scavenger effect on heterogeneous catalytic
ozonation performance

In the presence of an n-TCP catalyst, aspartame degra-
dation increases due to the formation of some active species
(hydroxyl radicals especially) during catalytic ozonation
system. The improvement of active species (OH*) formation
which causes the enhancement of catalytic ozonation should
be examined. Therefore, TBA that was known as a strong
organic radical scavenger [35] was used to prove OH* forma-
tion in catalytic ozonation. The molecular ozone reaction rate
constant was 3.0 x 10° M s [36,37], on the other hand the
constant of hydroxyl radical of TBA was 6.0 x 108 M~ s [38].
Additionally, due to its chemical and physical properties, the
repulsion between TBA and catalyst surface, so TBA cannot
be adsorbed on the catalyst surface [39,40]. Since TBA reacts
with hydroxyl radicals and terminates the chain reactions of
radicals and also it reduces the formation of OH* reacting
with organic molecules, TBA is a suitable indicator for radi-
cal type reactions. As clearly shown in Fig. 8, TBA reacts with
free radicals in the catalytic ozonation system.

To determine the molecular ozone and hydroxyl radical
contribution to catalytic ozonation, kinetic coefficients were
calculated via the presence of TBA.

In catalytic systems, the heterogeneous and homoge-
neous reactions occur on the catalyst surface and liquid
surface, respectively. Based on this scope, the aspartame
degradation kinetics fitted the first order degree.

d [Asp.]
7T = homogeneous heterogeneous
= (khomogeneous + kheterogeneous I:TCP])[ASP]
= kobservation [ASP:I (5)
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Fig. 8. TBA effect on catalytic ozonation via reaction rate
constants ([Asp.] =50 uM; [TCP] =50 mg L™; [O,] =10 mg L™).

observation  homogeneous kheterugeneuus (6)
Knomogencos = Ko, [ O3 ]+ ke [OH ] )
kheterogeneous =kt kaols-o3 [03] + kads—OH' [OH.] (8)

In Eq. (8) [TCP] Kypervations ko3' kot Kagy Kagoo, a0 K g opy,

terms were explained in other study [26]. Due to the addi-
tion of TBA that is known as a radical scavenger, into the
reaction chamber, the reaction between the organic pollutant
(aspartame) and hydroxyl radical was terminated especially
heterogeneous advanced oxidation systems such as catalytic
ozonation. The reaction system can be explained basically,
first of all ozone adsorbed on TCP surface and the basic
reactions about molecular ozone in the liquid phase. The
reactions and kinetics of TBA and aspartame can be described
by Eq. (9) [41,42] as follows:

d| Asp.
_% = kTBA [Asp.] )

kTBA = ko3 [Os:l + kads + kacls-o3 [Os][TCP] (10)

The OH* fraction (f,,) is calculated by Eq. (11) due to the
aspartame consumption and degradation.

total

(11)

As shown clearly in Figs. 8 and 9, increasing the TBA
doses causes the OH* fraction (f,,) to increase. The values
vary from 72.2% to 90.5% depending on the increased TBA
concentration (Fig. 9). The results show that the predominant
species based on the radicals, the hydroxyl radicals (OH*) are
predominant in catalytic ozonation systems.

The presence of TBA appears to be clearly evident in its
effect on the individual ozonation and catalytic ozonation
system, as in other similar studies where it significantly
reduces the removal efficiency [43]. The effect of TBA on sole
ozonation process only decreases the performance by 13.0%.
However, the inhibitory effect of TBA on catalytic ozonation
system was more effective. The hydroxyl radicals occur at

y = 0.0454x + 67.956
R*=0997%

FOHs
3

0 100 200 300 400 500 600
TBA (uM)

Fig. 9. TBA influence on a hydroxyl radical fraction.

higher amount in catalytic ozonation systems than in the
sole ozonation system. Eq. (12) can be written assuming that
almost all hydroxyl radicals (OH*) gave reaction at both sole
ozonation and catalytic ozonation.

kobservationfT'BA = kO3 |:OS:| + kads [TCP] (12)
In this study, adsorption kinetics can be explained by first
order kinetic model. Therefore, in adsorption processes:

B d [Asp.]

dt = kads I:TCP:II:ASP:I = kobservation—adsurption I:Asp] (13)

Aspartame degradation can be explained by three
mechanisms as follows: surface adsorption, direct (molecular
ozonation), and indirect (OH*) oxidation (Egs. (14)-(16)).

T‘lozone =100 - T‘IOH- - nads (14)
k b: tion-TBA o
Ny, =| 1 -eisenatonsTBA | 04100 (15)
observation
kobservation—ads 0,
1, =| —eemstinzads | 9410 (16)
kobservation

Based on Egs. (14)—(16), the contributions of sole adsorp-
tion, sole ozonation and catalytic ozonation (n and
Nadsorption) AT€ calculated (Table 3).

In sole ozonation experiments, the molecular ozone and
radicals play a vital role. In contrast, the hydroxyl radicals
contribute to the degradation of aspartame catalytic ozo-
nation process (Table 2). The studies were carried out in a
neutral pH value so there is no pH adjustment (pH = 7.04).
And also, there is no modification in catalyst due to the
expensive methods, but the coating procedure is used only
as a support surface for the development of reactions.

ozone’ nOH-’

Table 3
Contribution of oxidation type and adsorption to aspartame
degradation

Reaction type Nadsorption Now- Mozone
Sole ozonation - 5.51 94.49
Catalytic ozonation 2.96 72.20 24.84
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4. Conclusions

Removal of aspartame was successfully carried out by
combining the n-TCP and ozonation. The physicochemical
properties of the newly produced n-TCP catalyst were deter-
mined by SEM, EDX, FT-IR, BET, DLS, and pH,,,. analyses.
All results show that the pumice surface was successfully
coated with nano-TiO, and a new adhesion surface was
formed. There is a limited number of studies on aspartame
removal in the literature, so this study will be an important
step for other studies. In this study, the adsorption, the sole
ozonation, and their synergetic effect (catalytic ozonation)
have been studied systematically focusing the degradation
of aspartame at different aspartame, ozone, and catalyst
dosages. Aspartame removal efficiencies of sole ozonation
and sole adsorption were determined as 20.31%-30.08% and
12.62%—-21.95% in different operating conditions, respectively.
As seen in the results, the singular usage of these systems is
insufficient for aspartame removal. The results clearly show
that the efficiency of removal is markedly increased by the
synergistic effect provided from the combined use of these
systems. Synergism percentage was calculated to be 91.53.
As it is known, TBA is a radical scavenger used to inhibit the
removal efficiency of organic pollutants such as aspartame.
Therefore, the OH radical-based mechanism is responsi-
ble for the degradation of aspartame by n-TCP based cata-
lytic ozonation. The presence of TBA in catalytic ozonation
processes inhibited aspartame degradation performance
by 72.20%, while this rate remained at 5.51% in sole ozona-
tion processes. Since the formation of OH* radicals in the
individual ozonation is less than the catalytic ozonation, the
inhibitory effect of TBA, that is, the activity of OH* radicals,
is more pronounced in the catalytic ozonation processes. As a
result, the efficacy of catalytic ozonation processes in aspar-
tame degradation was proven and the reaction kinetics was
calculated as 1.10 £ 0.55 x 10° M s7I. Furthermore, the effect
of n-TCP catalyst used in this study on the degradation of
ozone and formation of OH* radical has been determined and
has been described as an environmentally friendly catalyst.
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