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KEYWORDS Abstract The objectives of this study were to analyze the influence of different operational vari-
Ni xerogel; ables and to determine the time course of total organic carbon (TOC) and medium toxicity during
Amitrole; amitrole (AMT) photodegradation in the presence of Ni xerogel (X-Ni) as photocatalyst. A further
Photodegradation; study objective was to analyze the influence of the type of water on the photodegradation process.
Catalysis Results show that the degradation rate is directly proportional to the initial X-Ni concentration up

to a maximum of 250 mg/L with a slight decrease thereafter, indicating progressive photon absorp-
tion saturation of the catalyst for a given incident radiation flow. At concentrations close to 250 mg/
L X-Ni, the AMT photodegradation rate is not affected by further increases in X-Ni concentration.
In addition, AMT photolysis is highly pH-dependent and is generally favored at pH values at which
AMT is in its ionic form. The increase observed in AMT degradation rate under alkaline conditions
can be attributed to the higher generation of HO" radicals. The presence of chloride reduces the
AMT degradation rate, because Cl~ anions behave as h™ and HO" radical scavengers. The degra-
dation rate is also decreased by addition to the medium of organic matter, which acts as a filter. The
behavior of TOC removal kinetics during AMT degradation in the presence of X-Ni is similar to
that observed for AMT degradation kinetics. Finally, we highlight that photocatalysis is more effec-
tive in ultrapure water than in wastewater or tap water. In all systems, the optimal catalyst concen-
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TNM, tetranitromethane; TOC, total organic carbon; UV, ultraviolet; X-Ni, niquel xerogel.
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tration is 250 mg/L. The medium toxicity increases with longer treatment time, indicating the for-
mation of by-products that are smaller than AMT and can more readily penetrate the cell.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Amitrole (AMT) is a non-selective herbicide with a very wide spectrum
of activity against annual and perennial broad leaf and grass type
weeds. It is sometimes used instead of prohibited herbicides and is
extensively employed for weed control in agriculture and along road-
sides and railways (Catastini et al., 2004; Da Pozzo et al., 2005;
Oesterreich et al., 1999). Due to its high solubility, relatively high
AMT levels can be found in surface water and contribute to ground-
water contamination via leaching. AMT has been reported to be an
endocrine disruptor and possible carcinogen (Andersen et al., 2013;
Da Pozzo et al.,, 2005; Mugadza and Nyokong, 2010; Watanabe
et al., 2005). Increasingly strict environmental restrictions in the pres-
ence of these compounds in effluents and natural systems require treat-
ment technologies that minimize environmental risks at a reasonable
cost.

Advanced Oxidation Processes (AOPs) are promising technologies
for the removal of organic compounds resistant to biological treat-
ments. They include photocatalytic processes that involve the use of
luminous radiation capable of electronically activating the catalyst;
the energy content of this radiation must be in the visible or ultraviolet
(UV) region. Moreover, the photocatalyst should be made of a semi-
conductor material with an electron structure capable of generating
electron/hole pairs after irradiation at a given wavelength. The elec-
tron/hole pairs promote the formation of highly reactive radical species
that participate in the pollutant degradation. These radicals result
from reduction and oxidation reactions when promoted by the electron
and by the positive hole generated, respectively (Ahmed et al., 2011;
Rivera-Utrilla et al., 2012; Velo-Gala et al., 2013).

TiO, is one of the most widely used photocatalysts in water treat-
ments, either alone or in combination with others that act as dopers
and/or material supports (Ahmed et al., 2011; Leon and Radovic,
1994; Shan et al., 2010; Teh and Mohamed, 2011). However, there
are drawbacks to the use of these materials, including the following:
(i) their difficult removal from the treated effluent, (ii) the need for
their recovery and reutilization, (iii) their reduced percentage solar
spectrum radiation absorption, and (iv) their high electron/hole recom-
bination level. Recent studies have centered on photocatalysis pro-
cesses that reduce these shortcomings, including the preparation of
semiconductors that have a large surface area or are placed on porous
carbon materials (Back et al., 2013; Cordero et al., 2007; Leary and
Westwood, 2011; Li Puma et al., 2008; Lim et al., 2011; Rivera-
Utrilla et al., 2012; Tryba et al., 2003). The textural and chemical prop-
erties of activated carbons improve the performance of photocatalytic
processes when used as photocatalyst supports, largely attributable to
the increased contact surface between photocatalyst and pollutant
(Figueiredo and Pereira, 2010; Matos et al., 2009; Rodriguez-

Reinoso, 1998; Wang et al., 2007). In these cases, carbon plays a mere
support function, although it was recently demonstrated (Haro et al.,
2012; Velasco et al., 2012; Velasco et al., 2013) that activated carbons
may act as photocatalysts under the action of UV light, which consti-
tutes a new and promising approach to pollutant treatment. Garcia-
Cruz et al. (2014) studied the immobilization of nickel (Ni) on various
carbon supports and its application as electrocatalyst to oxidize
propargyl alcohol in alkaline medium. The results revealed the impor-
tance of the phase of the metal within the carbon structure, with
nanoparticles Ni yielding the highest performances. The combined
effect of UV radiation and carbon has been widely studied by Velo-
Gala et al. (2013), who analyzed the effectiveness of four commercial
carbons to remove sodium diatrizoate in the presence of UV radiation.
The results demonstrated that the catalytic contribution exceeds 53%
after 1 min of treatment. This catalytic activity is increased in samples
with higher percentage surface oxygen, mainly when this is formed by
ester/anhydride groups and carbon atoms with sp? hybridization.

There have been few studies on herbicide removal from water by
photocatalysis (Andersen et al, 2013; Catastini et al., 2004;
Mugadza and Nyokong, 2010; Watanabe et al., 2005). Orellana
et al. (2016) analyzed AMT photocatalytic degradation in aqueous
solution in the presence of organic aerogels and xerogels doped with
different transition metals. The results suggest that the positive holes
generated in the valence band and the electrons that promote the con-
duction band play an essential role in the mechanism by which xerogels
promote AMT photodegradation. Band-gap energy values are closely
related to the presence of —C=—0/—OH groups in the structure of the
gels. Thus, Ni xerogel (X-Ni) has the highest —C=0O/—OH group con-
tent and photocatalytic activity.

With this background, the objectives of the present study were as
follows: to determine the influence of different operational variables
on the photodegradation process, including the initial herbicide and
catalyst concentrations, medium pH, ionic strength, natural organic
matter (NOM), light intensity, and the presence of TiO,; to analyze
the time course of total organic carbon (TOC) and medium toxicity
during AMT photodegradation with Ni xerogel; and to establish the
influence of the type of water (ultrapure, tap, and wastewater). Deter-
mination of these parameters is essential for the correct design of tech-
nological applications of this photocatalytic process.

2. Materials and methods

2.1. Reagents

All chemical reagents used in this study (amitrole, hydrochlo-
ric acid, monobasic sodium phosphate, dibasic sodium phos-

Table 1 Chemical properties of amitrole.
Structure Molecular formula Molecular weight Solubility in water pK; pK,
g/mol mg/L
Nﬁ
H2N—<\ CoH4N, 84.1 28 x 10* 4.3 10.4
N _—-NH
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phate, sodium hydroxide, and phosphoric acid) were of high
purity analytical grade and supplied by Sigma-Aldrich. All
solutions were prepared with ultrapure water obtained with
Milli-Q equipment (18.2 MQ cm). Table 1 exhibits some chem-
ical properties of AMT. The speciation diagram of AMT as a
function of solution pH and its pK, values was previously
determined by potentiometric titration (Orellana et al.,
2015). Thus, AMT can exist in protonated, neutral, or depro-
tonated state depending on the solution pH (virtually proto-
nated at pH <3, neutral at pH 6-9, and completely
deprotonated at pH > 12), and its pK, values are 4.3 and
10.4 (Orellana et al., 2015) (Table 1).

2.2. Materials

A nickel organic xerogel (X-Ni) was used for this study. The
procedure for the preparation of X-Ni has been described else-
where (Orellana et al., 2016). The organic gel was character-
ized by N, adsorption at —196 °C using an Autosorb 1
analyzer from Quantachrome. The BET surface area was
103 m?/g, and its micropore volume was 0.040 cm?/g with
mean micropore width of 1.99 nm from DR and Stoeckli equa-
tions. The mesopore volume, obtained from the difference
between the amount of N, adsorbed at a relative pressure of
0.95 and the micropore volume, was 0.295 cm?/g. The pH of
the point of zero charge (pHpzc) of X-Ni was 3.4, obtained
from potentiometric titrations (Orellana et al., 2016).

2.3. Photocatalytic degradation of AMT in the presence of X-Ni
andfor TiO,

The photoactivity of X-Ni under UV light was evaluated for
AMT degradation in water. Experimental details have been
reported elsewhere (Orellana-Garcia et al., 2015, 2016). Briefly,
the oxidation experiments were carried out using 0.7 L of a
0.30 mmol/L AMT solution in the presence of 250 mg/L of
X-Ni. Solution pH was adjusted to the desired value by adding
0.1 mol/L NaOH or 0.1 mol/L HCI solutions. In each experi-
ment, after stabilizing the lamp (a low-pressure [LP] mercury
lamp) and controlling the temperature (25 °C), the photoreac-
tor was turned on, and aliquots were withdrawn from the
reactor at different time intervals in order to assess the herbi-
cide concentration and TOC. Samples were immediately fil-
tered with Millipore disk filters (0.45 um) to remove the
organic xerogel. Experiments were also carried out using a
UV reactor system 2 (UV Consulting Peschl) provided with
a medium-pressure (MP) mercury vapor lamp (TQ 150, nom-
inal power 150 W).

Table 2 Physicochemical characteristics of water samples.

2.4. Analytical methods

AMT concentrations in solution were determined by reversed-
phase high performance liquid chromatography (HPLC) using
a chromatograph (Thermo-Fischer) equipped with UV8000
photodiode detector. The chromatographic column was a
Hypersil GOLD 250 x 4.6 mm. The mobile phase for AMT
was water (pH = 6, using phosphate buffer) in isocratic mode
at an elution flow rate of 1 mL/min. Injection volume was
20 pL in all samples. Detector wavelength was 202 nm.

AMT mineralization was followed by measurement of the
medium TOC using a Shimadzu V-CSH analyzer with ASI-V
autosampler and subtracting the inorganic carbon value in
each sample from the total carbon value.

The superoxide radicals (O3 ) generated were determined
by reaction with tetranitromethane (TNM), evaluating the for-
mation of nitroform anions (C(NO»)3), which were deter-
mined at 350 nm (Shao et al., 2010).

HO" radical concentrations were measured by following
their reaction with dimethyl sulfoxide to quantitatively form
formaldehyde, which reacts with 2,4-dinitrophenylhydrazine,
giving rise to the corresponding hydrazone, determined by
HPLC-UV (Tai et al., 2004).

The toxicity of degradation products was assessed by means
of the normalized biotest (UNE/EN/ISO 11348-2) of lumines-
cent inhibition of Vibrio bacteria (NRRL B-11177) using the
LUMIStox 300 system (Dr. Lange GmbH) with LUMIStherm
incubator. The toxicity was defined as the percentage inhibi-
tion at 15 min of exposure. In all cases, the percentage inhibi-
tion was determined by comparing the response of an
established control saline solution with that of the study
sample.

The influence of the chemical composition of the water on
herbicide photodegradation was studied in ultrapure water,
tap water, and urban wastewater from the city of Jaen
(Andalusia, Southern Spain). After characterization of these
waters, they were filtered and refrigerated until use. Table 2
displays the characteristics of the water samples.

3. Results and discussion

According to the results obtained in a previous study
(Orellana-Garcia et al., 2016), the reduction in AMT concen-
tration by photodegradation in the presence of Ni xerogel is
attributable to three processes: (a) direct photolysis, (b)
adsorption, and (c) synergic effect produced by the presence
of the xerogel. Hence, AMT removal in the presence of X-Ni
can be mathematically described by the following equation:

Water pH TOC T (%) [HCO3] [SO%7] [NO5] [Ca® "] Mg>*]
mg/L mg/L mg/L mg/L mg/L mg/L
Ultrapure 6.1 0.0 100.0 0.0 0.0 0.0 0.0 0.0
Tap 8.0 0.0 99.1 245.0 10.2 12.5 86.1 11.2
Wastewater 8.1 142 63.9 290.6 97.6 25.3 119.9 112

? Transmittance (%) at 254 nm.
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Table 3 Experimental conditions and kinetic parameters for AMT removal in the presence of Ni xerogel.

“TOCSEuv,GeL

%

“TOCAMTuy GeL

%

a
SEuv/GeL
%

“AMTuyy,GeL

[X-Ni] pH [AMT] [NaCl] [GA] kop-10° kuv-10° kaps-10° ksp-10°
mg/L %

Exp.
No.

mmol/L

0.30
0.30
0.30
0.12
0.59
1.07
0.30
0.30
0.30
0.30
0.30
0.30
0.30

14.1

333

21.0

66.8

9.4
18.7

2.0

12.8

24.2

100
250
500
250
250
250
250
250
250
250
250
250
250

16.3
43

429

24.4
8.4

77.6

5.6
8.5
6.7

12.8

37.1

43.8

74.4

14.6

12.8

359

50.0

92.0

62.6
7.3

64.8

14.8
7.8

31.8

21.6

61.6

14.8

4.7

23

24.4
8.9

20.0 10.8

2.9

33.9

0.5

3.7

15.0

37.0

69.6

2.5

18.2 4.9

25.6

24.9
39

66.7

25.1

96.9

444

7.1

22.2

73.7

12

42.8

13.8
5.3
9.4

75.9

11.7
5.3

5.3
3.9

4.7

14.6

31.6

35.7

66.9

15.9

25.1

10

10

11

26.7

72.9

9.4

16.1

30.2

0.03
0.09
0.18

23.5
5.0

57.3

2.8

17.8

20.3
5.2

12
13

18.8

L.5

10.9

% 45 min of irradiation.

dAMT
—Vop = —% = —(Vuv + Vaps + Vse)
= —(kuy + kaps + ksg) - [AMT] (1)

where kyvy is the AMT removal constant due to direct photol-
ysis, kaps is the adsorption rate constant, and kg is the influ-
ence of the xerogel present in the medium on kop (synergic
effect). Therefore, the calculation of ksg requires separate
determinations of the contributions of direct photolysis and
adsorption.

The rate constant values for the different experimental con-
ditions are listed in Table 3, which also include the percentage
removal by synergic effect of X-Ni at 45 min irradiation. This
value was calculated by subtracting the adsorptive and pho-
tolytic contributions from the total percentage removal in
the UV/X-Ni system (Eq. (2)).

%SEUV/GEL = %AMTUV/GEL — % AMTyy — % AceL (2)

where % SEyv gL is the percentage AMT removal due to the
synergic effect produced by the presence of xerogel during
exposure to UV radiation, % AMTyy,geL is the percentage
total AMT degradation in the UV/X-Ni photocatalytic pro-
cess, %o AMTyy is the percentage AMT degradation by direct
photolysis, and % AggL is the percentage AMT degradation
by adsorption on X-Ni. We discuss below the influence of
the different experimental variables on AMT removal.

3.1. Influence of X-Ni concentration

In photocatalytic processes, the amount of photocatalyst is a
key parameter that can affect the herbicide photodegradation
rate. The effect of the baseline photocatalyst concentration
on AMT removal kinetics was analyzed by conducting exper-
iments at different X-Ni concentrations from 100 to 500 mg/L.
Fig. 1 depicts the results obtained. AMT photodegradation
kinetics (Fig. 1) were adjusted to a pseudo-first order kinetic
model, obtaining the photocatalytic degradation constant,
kog. Table 3 (Exp. Nos. 1-3) lists the values of kinetic param-
eters of AMT photodegradation as a function of the initial
X-Ni concentration. Thus, it can be observed that kgg is
directly proportional to the baseline X-Ni concentration up
to a maximum with a slight decrease thereafter, indicating pro-
gressive catalyst saturation of photon absorption at a given
incident radiation flow. The results show that at concentra-
tions close to 250 mg/L X-Ni, the AMT photodegradation rate
is not affected by an additional increase in the initial X-Ni con-
centration (Fig. 2). This may be attributable to (i) aggregation
of X-Ni particles at high concentrations, decreasing the num-
ber of active sites available for light absorption and thereby
reducing the photodegradation rate (Parra et al., 2004), and
(i) increase in light dispersion and consequent reduction in
its penetration through the solution, given the excess concen-
tration of particles in suspension (Parra et al., 2004; Fenoll
et al., 2012). A rise in the catalyst dose increases the number
of active adsorption sites, with a percentage AMT of 5% at
45 min of irradiation with a catalyst dose of 100 mg/l and
26% with a dose of 500 mg/L; likewise, the adsorption rate
constant also rises from 2.0 x 107 to 8.5 x 107> min™"
(Table 3). The balance between these opposed phenomena
results in an optimal catalyst dose for the photocatalytic
reaction (Adesina, 2004), in the present case one of around
250 mg/L, which yields the highest kop and ksg values and per-
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Cc/C,

Figure 1 AMT photodegradation as a function of irradiation
time at different initial catalyst (X-Ni) concentrations. pH = 7,
[AMT] = 0.30 mmol/L. (o) Direct photolysis; (A) 100 mg/L; (O)
250 mg/L; () 500 mg/L.

30.0 -

20.0 -

% SE

10.0 +

0.0

0 100 200 300 400 500
[X-Ni] (mg/L)

Figure 2 Variation of synergic effect as a function of initial X-Ni
concentration at 45min of irradiation. pH =7, [AMT)]
= 0.30 mmol/L.

Centage AMTUV/GEL’ SEUV/GEL’ and TOCSEUV/GEL degrada-
tion (Table 3).

The proposed mechanism to explain the photoactivity of
nickel organic xerogel was previously described (Orellana-
Garcia et al., 2016). In brief, the presence of xerogels during
AMT photodegradation promotes the generation of superox-
ide and hydroxyl radicals through the photogeneration of
electron-positive gap pairs. Figure SM 1 depicts the time
course of HO" and O3 radicals as a function of the catalyst
dose added. It can be observed that the concentration of both
radicals increases with higher doses of added matter. We also
highlight the elevated oxygen consumption, with complete dis-
solved oxygen removal (regardless of the catalyst mass) at
45 min of treatment.

Investigation of catalyst reuse and stability is very impor-
tant for evaluating its applicability for industrial and real
wastewater treatment. Figure SM 2 shows the evolution of

AMT removal with time for four consecutive photocatalytic
runs performed with the same catalyst sample, recovered by fil-
tration and thoroughly washed with water, after each cycle. As
can be seen in this figure, only few differences are observed
among the four cycles, and AMT removal slightly dropped
from 96.9% to 93.1% in the fourth consecutive cycle, less than
4% loss of catalyst activity. These results indicate that the X-
Ni catalyst exhibits a high efficiency under consecutive runs.

3.2. Influence of AMT concentration

The effect of the initial AMT concentration on photodegrada-
tion was analyzed by using initial concentrations ranging
between 0.12 and 1.07 mmol/L. Figure SM 3 in Supplementary
Material shows AMT photodegradation kinetics as a function
of initial concentration. Table 3 exhibits the kinetic parameters
(Exp. Nos. 2, 4-6), showing that kop values decrease from
64.8 x 10710 8.9 x 107> min~" when the initial AMT concen-
tration increases from 0.12 to 1.07 mmol/L. Results obtained
indicate that increasing numbers of herbicide molecules are
adsorbed on the photocatalyst surface with the rise in herbi-
cide concentration but the AMT degradation rate decreases.
This may be due to the following: (i) the generation of interme-
diate compounds that can be adsorbed on the catalyst surface,
deactivating the active photocatalyst sites (Bahnemann et al.,
2007) and (ii) the higher concentrations of degradation com-
pounds generated, producing a greater consumption of oxidiz-
ing species in the catalytic photodegradation process (Ahmed
et al., 2011).

Results indicate that the percentage degradation at 45 min
irradiation is also reduced at higher AMT initial concentra-
tions, decreasing from 92% to 33.9% with a rise in the initial
concentration from 0.12 to 1.07 mmol/L, which is also accom-
panied by a reduction in the percentage mineralization from
50.0% to 10.8%. These results indicate that by-products are
not mineralized to the desired extent, with by-products that
have a lower molecular weight than AMT remaining in the
medium during the treatment. Interestingly, the order of vari-
ation of the rate constant, kgg, is the same as that of kog.

c/C,

t (min)

Figure 3 Effect of pH on AMT photodegradation. [AMT)]
= 0.30 mmol/L, [X-Ni] = 250 mg/L. (A) pH 3; () pH 7; (o) pH
12.
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According to the present findings, an appreciable synergic
effect requires a minimum pollutant concentration of
0.59 mmol/L, whereas AMT is removed by photolysis and
adsorption alone at lower concentrations.

3.3. Influence of pH

The influence of solution pH on AMT photodegradation was
analyzed by conducting experiments with pH values between
3 and 12, selected according to the pK, values (Table 1) and
AMT species distribution diagram (Orellana-Garcia et al.,
2015). Fig. 3 depicts AMT degradation kinetics at different
pH values, and Table 3 exhibits the corresponding kinetic
parameters (Exp. Nos. 2, 7, and 8). Results indicate that
AMT photolysis is highly pH-dependent and is generally
favored at pHs in which AMT is in ionic form. Thus,
kuyy = 12.8 x 10> min~" at pH 7, 18.2 x 10 > min~" at pH
3, and 22.2 x 107> min~"' at pH 12. However, the photodegra-
dation constant, kop, increases from 25.6 x 107> min~! at pH
3t0 73.7 x 107> min~" at pH 12. There is also higher degrada-
tion (96.9%) and mineralization (66.7%) at pH 12. The same
trend is observed for SEyv,ger and TOCSEyy,geL values,
with SEUV/GEL of 2.9% and TOCSEUV/GEL of 15% at pH 3
versus SEUV/GEL of 25.1% and TOCSEU\//GEL of 24.9% at
pH 12. It should also be noted that at 45 min of reaction,
the amounts adsorbed increase from 2.9 mg/L at pH 3 to
3.2mg/L at pH 7 and 3.4 mg/L at pH 12.

The increased AMT degradation rate in alkaline conditions
can be attributed to a higher HO" radical generation due to the
presence of more OH™ ions on the catalyst surface. At pH 12,
X-Ni is negatively charged (pHpzc = 3.4), and there is a large
amount of OH™ in the medium. Elevated OH™ concentrations
would increase the scavenging of photogenerated holes and
yield highly oxidative HO" species through Eq. (3) (Wei
et al., 2009).

OH +h" — HO' (3)

In contrast, the catalyst surface is positively charged at pH
3, and the degradation reaction mainly results from photogen-
erated holes, whose oxidizing capacity is somewhat lower than
that of HO" species (Wei et al., 2009; Wu et al., 2009).

3.4. Influence of chloride anions in the medium

Natural waters are complex matrixes containing anions such
as chlorides, which can interfere with photocatalytic AMT
degradation by reacting with the radical species formed during
photocatalysis. This effect was analyzed by adding increasing
amounts of NaCl (1-10 mmol/L) to 0.30 mmol/L AMT solu-
tions. Results are displayed in Table 3 (Exp. Nos. 2, 9, and
10) and Figure SM 4 in Supplementary Material. Experimental

Table 4

results demonstrate that an increased NaCl concentration has
an inhibitory effect, reducing the photodegradation rate con-
stant (kog) from 37.1 x 1073 min~! to 25.1 x 10> min~" in
the absence and presence of 10 mmol/L NaCl, respectively.
This inhibitory effect is also observed for SEyy,ge. and
TOC. This effect of the chloride anion can be explained by
the reaction of positive holes and HO" radicals with the chlo-
ride anions, which behave as scavengers of h™ and HO" radi-
cals in agreement with reactions (4) and (5), reducing
photocatalytic AMT mineralization (Chen et al., 2010; Wu
et al., 2009).

Cl" +h" —CI (4)

HO +ClI” — OH™ +CI' (5)

The chloride atoms generated have a lower reactivity in
comparison with the positive holes and HO" radicals (Chen
et al., 2010; Mahmoodi et al., 2007).

3.5. Influence of the presence of NOM in the medium

NOM is generally present in natural waters, and its effect on
AMT degradation was analyzed by using gallic acid (GA),
structural unit of NOM, as reference substance. Increasing
amounts of GA, ranging from 0.03 to 0.18 mmol/L, were
added to solutions of 0.30 mmol/LL AMT. Figure SM 5 in Sup-
plementary Material depicts the photodegradation kinetics of
AMT in the presence and absence of GA. Table 3 (Exp.
Nos. 2, 11-13) exhibits the values of AMT photodegradation

c/C,

t (min)

Figure4 Comparison of AMT photodegradation in the presence
of different photocatalysts. pH = 7, [AMT] = 0.30 mmol/L,
[Catalyst] = 250 mg/L. (o) Direct photolysis; (A) TiO,; (O) X-
Ni; (¢) X-Ni/TiO,.

Influence of the water matrix and type of lamp on AMT removal. [AMT] = 0.30 mmol/L, [X-Ni] = 250 mg/L, pH = 7.

Exp. No. Water matrix Lamp kOB' 103 kUV' 1 03 kADS' 103 kSE' 103 AMTUV/GEL SEUV/GEL L‘TOCAMTUV/GEL uTOCSEUV/GEL
min"'  min"'  min! min ' % % % %

2 Ultrapure LpP 37.1 12.8 5.6 18.7 77.6 24.4 429 16.3

14 Tap LP 19.0 6.6 3.0 9.4 54.1 23.0 27.8 12.8

15 Waste LpP 9.7 4.1 2.5 3.1 36.3 14.3 21.1 10.0

16 Ultrapure MP 42.0 17.0 5.6 19.4 81.2 15.1 55.6 23.9

% 45 min of irradiation.
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kinetic parameters at different baseline GA concentrations.
The photodegradation rate constant (kog) decreases at higher
GA concentrations, and the addition of large amounts of GA
to the medium eliminates the synergic effect. These results are
explained by the following: (i) a reduction in light transmission
and therefore in photocatalytic degradation rate with increased
GA concentrations, and (ii) competition between GA and
AMT both for the highly oxidizing radicals generated in the
solution in photodegradation (Lin and Lin, 2007) and for
the adsorption centers on the xerogel surface in adsorption.

3.6. Influence of light intensity

Light intensity determines the degree of light adsorption by the
photocatalyst at a given wavelength. The formation of
electron-positive hole pairs in the photochemical reaction is
highly dependent on this intensity (Cassano and Alfano, 2000).

Figure SM 6 in Supplementary Material depicts the AMT
photodegradation kinetics obtained with the LP and MP mer-
cury lamps. Table 4 exhibits the kinetic parameters (Exp. Nos.
2 and 16). As observed, kop values increase from 37.1 x 1073
with LP lamp (A = 254 nm) to 42.0 x 10> min~' with MP
lamp (150 W). AMT degradation effectiveness is slightly
higher under irradiation with MP lamp (81.2%) versus LP
lamp (77.6%). Increased irradiated light intensity on the solu-
tion produces a higher electron/hole pair photogeneration rate
on the catalyst surface, increasing the oxidation capacity of the
system. Chen et al. (2007) reported similar results for dimetho-
ate degradation.

3.7. Influence of the presence of TiO,

Fig. 4 depicts AMT photodegradation kinetics in the presence
of X-Ni, TiO,, and X-Ni/TiO, combined, alongside the direct
photolysis results. Degradation is faster in the presence of
X-Ni/TiO, than in the presence of X-Ni or TiO, alone. The
percentage AMT adsorption on X-Ni at 45 min is 12.7%,
compared with no adsorption in the case of TiO, and 7.6%
using X-Ni/TiO,. The amounts of catalyst were 250 mg/L in
the X-Ni system and 125 mg/L X-Ni with 125 mg/L TiO, in
the X-Ni/TiO, system. Although the percentage adsorption
is lower with the X-Ni/TiO, system, the AMT degradation is
faster (Table 5).

Table 5 exhibits the kinetic parameters and the percentage
degradation and mineralization values for the studied systems.
Percentage AMT removal is 77.6, 70.4, and 85.1% in the pres-
ence of X-Ni, TiO,, and X-Ni/TiO,, respectively. AMT
removal by direct photolysis is 40.5% at 45 min of irradiation.
According to these results, AMT removal is due to the com-
bined effects of adsorption and catalytic oxidation.

Table 5 shows that rate constant, ko, is higher with X-Ni
(37.1 x 1073 min~") than with TiO, (28.9 x 1073 min~') and is
highest with the X-Ni/TiO, combination (41.0 x 1073 min~1),
which is therefore the most active system. This increased pho-
toactivity is due to the increased synergic effect of the presence
of both materials. This effect was evaluated during the reaction
by determining synergic factor R (Eq. (6)), based on the com-
parison among AMT degradation rate constants (kog) by
adsorption, direct photolysis, and photocatalysis (Gu et al.,
2010; Matos et al., 2013):

__ kos
kuv + kaps

The R value for X-Ni is 2.0, evidencing a significant syner-
gic effect due to interaction between UV radiation and X-Ni
particles. The R value for the X-Ni/TiO, system is 2.6, indicat-
ing a higher synergic effect.

The AMT removal rate is much higher with the X-Ni/TiO,
combination than with the X-Ni or TiO, system alone. This
may be attributable to the presence of surface carboxylic acid
groups on X-Ni, as confirmed in a previous study using a UV/
TiO,/activated carbon system (Rivera-Utrilla et al., 2012).
Accordingly, carboxylic acid groups act as catalytic reaction
centers, capturing dissolved electrons from the photoactivation
of TiO,. This reaction reduces carboxylic acid and ketone and
generates H>O,, which is decomposed into HO" radicals, while
the ketone generated is subsequently transformed into a sur-
face alcohol group, giving rise to additional HO" radicals
(Rivera-Utrilla et al., 2012).

(6)

3.8. Influence of the water matrix

The influence of the water matrix on AMT photodegradation
in the presence of X-Ni was analyzed by conducting experi-
ments with waters of different chemical compositions (Table 2).
Wastewaters have higher TOC and electrolyte content and
lower transmittance. Fig. 5 depicts the AMT photodegrada-
tion kinetics as a function of water type. Table 4 (Exp. Nos.
2, 14, and 15) lists the rate constants and percentage degrada-
tion and mineralization values obtained in the studied waters.
kog and ksg values decrease in the order ultrapure water > tap
water > urban wastewater. The highest percentage AMT
degradation (24.4%) and mineralization (16.3%) due to the
synergic effect are obtained in ultrapure water.

These findings are largely explained by the presence in tap
and wastewater of inorganic anions and NOM, which compete
for the radicals generated in photocatalysis (Orellana-Garcia
et al., 2015). This reduces the availability of oxidizing radical
species to interact with AMT, giving rise to lower percentage
degradation. Wastewater has the lowest light transmittance,

Table 5 Comparison of X-Ni with TiO,-P,s and X-Ni/TiO,-P,5 mixture for AMT removal. [AMT] = 0.30 mmol/L, pH = 7.

Exp. No. Materials kog-10° gl @ Fenmeell@ *AMTuyv/GeL “TOCAMTuyv/GEL
min " min~! min~! % %

2 X-Ni 37.1 12.8 5.6 77.6 42.9

17 TiOy-P,s 28.9 12.8 0.0 70.4 32.1

18 X-Ni/TiO, 41.0 12.8 3.0 85.1 45.0

% 45 min of irradiation.
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Figure 5 Influence of the type of water on AMT photodegra-

dation. pH = 7, [AMT] = 0.30 mmol/L, [X-Ni] = 250 mg/L. (O)
Ultrapure; (o) tap water; (A) wastewater.
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Figure 6 Initial toxicity and toxicity after 45 min of irradiation

in different types of water. [AMT] = 0.30 mmol/L, [X-Ni]
= 250 mg/L.

absorbing UV radiation and considerably reducing the number
of photons that reach the catalyst surface. These results con-
firm that organic matter in wastewaters acts as UV light filter,
reducing the effectiveness of the treatment for AMT removal
from the medium.

At 45 min of irradiation, the percentage AMT degradation
is always higher than the percentage TOC removal, indicating
that not all of the degraded AMT is mineralized during photo-
catalytic degradation in any of the studied waters. The residual
TOC that remains in the medium is due to the presence of
degradation by-products that have not transformed into CO,
(Orellana-Garcia et al., 2015).

Fig. 6 depicts the AMT toxicity in all study waters along-
side the percentage AMT degradation and TOC removal.
Baseline percentage inhibition for 0.30 mmol/L AMT is
6.8% in ultrapure water, 8.1% in tap water, and 1.8% in
wastewater. At 45min of treatment in ultrapure water,

77.6% ATM is degraded and 42.9% of the initial AMT con-
centration is mineralized, while the toxicity increases from
6.8% to 38.9%. In wastewater, 36.3% AMT is degraded and
21.1% of the initial AMT concentration is mineralized, while
the toxicity rises from 1.8% to 3.8%. The lower toxicity in
wastewater than in ultrapure water is due to the lower percent-
age AMT degradation, which generates fewer by-products. As
observed in Fig. 6, the toxicity increases with longer treatment
time in all three types of water, indicating the formation of by-
products that are smaller than AMT and can more readily pen-
etrate the cell.

With the analysis of the above operational parameters on
the AMT photodegradation process, the best experimental
conditions can be established. In brief, the variables that favor
the AMT degradation rate are as follows: an increase in the
initial X-Ni concentration up to a maximum of 250 mg/L,
pH values at which AMT is in its ionic form, an increase in
the irradiated light intensity on the solution and the presence
of TiO,. Conversely, increased pollutant concentration, the
presence of chloride or organic matter in the medium causes
a decrease in the degradation rate.

4. Conclusions

The AMT degradation rate is directly proportional to the initial X-Ni
concentration up to a maximum of around 250 mg/L with a slight
decrease thereafter, indicating the progressive saturation of photon
absorption on the catalyst for a given incident radiation flow.

The stability of the catalyst used was evaluated during consecutives
cycles proving the relatively good stability of the X-Ni since only a
slight decrease in catalytic activity was observed.

AMT photolysis is highly pH-dependent and is generally favored
by a pH at which AMT is in ionic form. The increased AMT degrada-
tion rate in alkaline conditions is attributable to a greater generation of
HOr radicals due to the high concentration of OH™ ions on the catalyst
surface. The presence of chlorides reduces the AMT degradation rate,
because CI~ anions behave as h™ and HO" radical scavengers. The
degradation rate is also decreased by the addition of organic matter,
which acts as a filter and reduces the radiation reaching the X-Ni. In
addition, GA in the medium competes for active adsorption sites
and for the highly oxidizing radical species generated during
photodegradation.

TOC removal kinetics during AMT degradation in the presence of
X-Ni are similar to the AMT degradation kinetics.

Finally, we highlight that AMT photodegradation is more effective
in ultrapure water than in wastewater or tap water. In all systems, the
optimal catalyst concentration is 250 mg/L. The toxicity increases with
longer treatment time, indicating the formation of by-products that are
smaller than AMT and can more readily penetrate the cell.
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