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ABSTRACT

Humic-like substances (HLS) extracted from urban wastes have been tested as auxiliaries for
the photo-Fenton removal of thiabendazole (TBZ) under simulated sunlight. Experimental design
methodology based on Doehlert matrices was employed to check the effects of hydrogen
peroxide concentration, HLS amount as well as TBZ loading; this last parameter was studied in
the range 25-100 mg/L, to include values below and above the limit of solubility at pH = 5. Very
satisfactory results were reached when TBZ was above solubility if HLS and H,O, amounts were

high. This could be attributed to an interaction of HLS-TBZ that enhances the solubility of the
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pollutant. Additional evidence supporting the latter interaction was obtained by fluorescence

measurements (excitation emission matrices) and parallel factor analysis (PARAFAC).
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Synopsis: Humic-like substances extracted from urban wastes enhance photo-Fenton removal

of scarcely soluble pollutants under UV A-visible irradiation
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1. INTRODUCTION

The presence of hazardous species in the environment is a serious concern. Compounds such as
pesticides or fungicides can easily accumulate in plants, soil or water bodies because of its
resistance to the action of sunlight or microorganisms. Furthermore, the solubility of many of
these pollutants is low and they are applied in suspensions or emulsions at concentrations above
their solubility limit to ensure its presence in plants or soils during large periods of time (Ibarz et

al. (2016)).

Advanced oxidation processes (AOP) have been successfully explored as a procedure to treat
low soluble pollutants present in soil by combining a washing step with a later oxidation process
(Villa et al. (2010). One of the most used AOP is the photo-Fenton process, which consists in the
use of iron salts to catalyze the decomposition of hydrogen peroxide into highly reactive species,
such as hydroxyl radical (Pignatello et al. (2006)). The reaction has an optimum pH, namely 2.8,
in order to prevent iron deactivation via formation of hydroxides. Irradiation results in an
acceleration of the photocatalytic process and sunlight can be used for this purpose (Malato et al.
(2009)). However, this acidic pH is a major drawback for large scale applications or ‘in situ’
treatments. Hence, research on modified photo-Fenton processes able to work at mild conditions
is meaningful (Santos-Juanes et al. (2017)). One of these strategies involves the use of chemical
auxiliaries to extend the photocatalytic role of iron salts to a milder pH, by forming photoactive
complexes with iron. Carboxylates such as oxalate, EDDS or citric acid have been used for this
purpose with satisfactory results, although in most cases these chemicals are consumed in the

process (Soares et al. (2015), Huang et al. (2012), Klamerth et al. (2012), De Luca et al. (2014)).
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Macromolecules have been employed as chelating agents for photo-Fenton, among them, humic-
like substances (HLS). HLS can be obtained from different sources; for instance, soluble
bioorganic substances (SBO) are a group of HLS that can be isolated from urban wastes
following a procedure described elsewhere (Montoneri et al. (2011)). Some experiments have
shown that SBO are able to extend the domain of applicability of photo-Fenton to pH values of
ca. 5, with only a slight loss of efficiency which could be considered as acceptable (Gomis et al.
(2015a)). Interestingly, recent fluorescence measurements have demonstrated the high ability of
SBO to complex iron at an optimum pH of 5 (Garcia Ballesteros et al. (2017)). In addition to
this, SBO have been described to have surface active properties (Negueroles et al. (2017)). The
surfactant behaviour of SBO would result in a double benefit, as in addition to iron complexation
to extend photo-Fenton, they might also enable dissolving scarcely soluble pollutants and a pre-
association between the target compound and the catalyst, namely the Fe-SBO complex.
Potential applications for this strategy are rinsing of bottles or surfaces exposed to chemicals
(Malato et al. (2000)) or soil remediation (Mulligan et al. (2001)). Substances such as organic
fungicides might be involved in both scenarios as they commonly show low solubility; when
fungicides are applied, only partly reach the crops, while and important amount of them can be
found in soils (Reichenberger et al. (2007)). In addition, bottles containing these substances and
plastics of greenhouses must be cleaned before disposal, generating a polluted effluent. In this
context, there is some information on the use of photo-Fenton for soil washing effluents

containing pesticides (Villa et al. (2010)).

With this background, the aim of this work is to investigate the positive role of HLS on photo-

Fenton process, as both chelating agent and solubility enhancer, when treating suspensions of
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pollutants at concentrations beyond their limit of solubility. Thiabendazole (TBZ) has been used
as model compound, as it is a widely employed broad-spectrum systemic fungicide used in all
kinds of crops, especially fruit and vegetables (Ibarz et al. (2016)). It exhibits moderate-low
solubility in the mild acidic pH domain (Cassens et al. (2013)) what enables performing
experiments below and above this value. SBO were the type of HLS chosen, as important
information on their behaviour in photo-Fenton systems at different pH values is available.
Experimental design methodology based on Doehlert matrices has been employed to obtain
surface responses, which are useful to study the effect of operational parameters on TBZ

degradation.

2. EXPERIMENTAL SECTION

2.1. Reagents

TBZ was supplied by Sigma-Aldrich. Its purity was 99% and it was used as received. FeCl;.6H,0
(Panreac) was used as source of iron. Hydrogen peroxide (30% w/w) was also provided by

Panreac. Water employed in all solutions was Milli-Q grade.

The type of SBO employed in this work was CVT230, which was kindly supplied by University
of Turin. Home gardening and park trimming residues (GR) piles aerated for 230 days were used
as sourcing materials. The procedure as well as the characterization of the product have been

previously described in detail (Montoneri et al. (2011)). The SBO isolation was performed in a
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pilot plant at the Studio Chiono&Associati in Rivarolo Canavese, Italy. It consists in different
stages: a) basic digestion of the raw sourcing material, b) elimination of the non-soluble fraction,
c) concentration of the macromolecules also by ultrafiltration and d) drying of the retentate.
CVT230 contains a 38% of carbon and a 4% of nitrogen, with a 72% of volatile solids. Aliphatic
chains represent about twice the aromatic structures, carboxylic acids being the most
representative of the functional groups. More details on the physicochemical properties of these

substances can be found elsewhere (Gomis et al. 2015b)

2.2. Experimental set-up

Experiments were performed in a cylindrical Pyrex vessel (55 mm i.d.). Irradiations were carried
out with a solar simulator (Sun 2000, ABET Technologies) equipped with a 550 W Xenon Short
Arc Lamp; a glass filter was employed to cut off the residual radiation below 300 nm. With this
configuration, the solar simulator had an irradiance of 75 W/m?®. This value was obtained with an

Acadus 85 radiometer with a response range between 290 and 370 nm.

For each experiment, the reactor was loaded with 250 mL of solution containing the SBO (in the
range 10-70 mg/L), the pollutant (25-100 mg/L) and iron (5 mg/L). The initial pH was adjusted
to the desired value (2.8 or 5.0) by adding diluted sulphuric acid and was left free once the
reaction started. The initial concentration of H;O, was in the range 34-510 mg/L. Samples were
periodically taken for analysis; they were diluted 1.6:0.3 with methanol to ensure complete
dissolution of thiabendazole and to prevent further changes in the composition due to the excess

of H,0,; then they were filtered through polypropylene (VWR, 0.45 um).
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2.3. Analysis

The concentration of TBZ was monitored by liquid chromatography. A Perkin Elmer model
Flexar UPLC FX-10 was employed, equipped with a reverse phase column (Brownlee Analytical
DB-C18). The eluent consisted in an isocratic mixture of acetonitrile (5%) and water (95%) at a

0.3 ml/min flow. Detection was based on UV-vis spectrometry at 300 nm.

Samples were also analysed by UV-vis spectroscopy, using a UH5300 spectrometer (Hitachi).
Spectra were recorded in the 190-500 nm range. Fluorescence emission-excitation matrices were
obtained with a modular fluorimeter QuantaMaster (PTI). Samples were excited in the range
250-550 nm and emission was recorded in the range 300-600 nm. Before measurements, 2 ml of
sample were diluted with 1 ml of methanol and 3 ml of water. pH measurements were performed

using a Crison (BASIC 20" model) pH-meter.

2.4. Experimental design

To assess the effect of three operational variables (TBZ, SBO and hydrogen peroxide
concentrations) an experimental design methodology based on a Doechlert array was used
(Ferreira et al. (2004)). A total of 15 experiments (k*+k+1, where k is the number of analysed
variables, 3 in this study, plus two replicates of the central point) were performed. Being the aim

of this work determining the effect of SBO in the treatment of non-soluble substances, the range
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of studied TBZ concentrations should be above and below the limit of solubility for this
compound, which was ca. 70-75 mg/L at pH = 5; hence, initial concentrations of 25 mg/L, 62.5
mg/L and 100 mg/L were tested. The concentration of SBO were varied between 10 and 70 mg/L
at seven levels. Finally, hydrogen peroxide was tested at five levels in the range 34 mg/L — 510
mg/L; this range was chosen because of the different amounts of oxidizable organics present in
the experiments: the upper limit was the stoichiometric amount of hydrogen peroxide required to
completely mineralize the highest concentration of TBZ plus an excess of 20%, and the lower
limit was the stoichiometric amount required to oxidize the lowest concentration of TBZ minus a
20%. The initial pH was in all cases 5. Experimental conditions of all experiments can be found

in Table 1.

The irradiation time required to decrease TBZ to 50% of its initial concentration (tsg,), obtained
from the plot of the relative TBZ concentration vs. time, or the absolute initial TBZ degradation
rate (calculated from the initial slope of TBZ profile against time) were used as responses. The
software Statgraphics Centurion XVI was used for response surface model fitting by means of

the least squares method.

2.5 Analysis of fluorescence datasets

Parallel factor analysis (PARAFAC) (Andersen and Bro (2003)) was used to decompose the sets

of Excitation-Emission-Matrices (EEMs) into independent factors (Garcia-Ballesteros et al.



W J 0 Ul b WN B

Ao O OO UTUTUTUTUTOTOTOTOUOUT R DD BB DBRDDWWWWWWWWWWNHNNMNNMNMMNOMNMMNMMNMMNMNMRRPRPRERERRRPRPRERRERERR
O WNhNRPRPOWOLVWOJIONULE WNEFEFOWOIONULE WNPFEPFOWOVUOIONUTE WNRPRPOWVWOIONULE WNE OWOJOU P WNDE O

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

(2017), Su et al. (2015)). Briefly, given a 3-way array structure containing the EEMs of several
samples (X), the PARAFAC algorithm decomposes X into three matrices that contain the
relative contribution profiles (A), the normalized emission spectra (B) and the normalized
excitation spectra (C), for each of the factors that compose the observed fluorescent signals. Pre-
processing steps, including the correction of inner-filter effects (i.e., primary and secondary),
blank subtraction and the removal of scattering signals (i.e., Rayleigh and Raman), were
followed (Ohno (2002), Bahram et al. (2006)). PARAFAC models from two to six factors were
tested. In all cases, non-negativity and unimodality constraints were used to obtain chemically
relevant results. The correct number of factors was assessed by the analysis of the physical sense

of spectral loadings as well as the evaluation of the distribution of residuals.

3. RESULTS AND DISCUSSION

3.1. Mild photo-Fenton to remove TBZ in the presence of SBO

A first series of experiments was performed to determine if the presence of SBO was able to
improve the ability of photo-Fenton to remove TBZ. The following experiments were carried
out: a) Fe(Ill) + H,O, at pH = 5 under dark conditions, b) irradiation of TBZ + H,0, at pH =5,
c¢) photo-Fenton at pH = 5 without SBO, d) photo-Fenton at pH = 5 with SBO, e) photo-Fenton
at pH = 2.8 without SBO, f) photo-Fenton at pH = 2.8 with SBO. The concentration of TBZ was
62.5 mg/L which is a value close to its solubility limit at pH 5 (i.e., 75mg/L); iron concentration

was 5 mg/L and, when present, the SBO concentration was 40 mg/L and the initial amount of
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hydrogen peroxide was the stoichiometric amount required to mineralize TBZ, namely 272
mg/L. Kinetic profiles can be found in Figure 1; photo-Fenton at pH = 2.8 was always faster than
that at pH = 5; this is not a surprising result, as 2.8 is the optimum pH for photo-Fenton. In fact,
at pH = 5 only photo-Fenton in the presence of SBO could achieve a complete TBZ removal; this
agrees with previous results, which shown that SBO enhanced photo-Fenton at circumneutral pH
by avoiding, via iron complexation, catalyst inactivation (Gomis et al. (2014)). In the same work,
it was reported that SBO may play a detrimental role at pH = 2.8, most probably due to a
competition between SBO and pollutant for the reactive species. However, in experiments here
reported, the effect of SBO was positive even in acidic media: this cannot be attributed to iron
complexation (this is not required at this pH to prevent iron inactivation) and suggests that the
surfactant role of these macromolecules might result in a pre-association of TBZ with the
SBO/Fe system, thus favouring the reaction between the short-lived reactive species and the
pollutant. This effect should be more predominating at higher pollutant concentration, as the

competition of SBO for the active species is not so relevant.

In order to gain further insight into the role of SBO in photo-Fenton at pH = 5 and different TBZ
initial amounts, a [TBZ] = 62.5 mg/L was chosen for the central point of the experimental design
because, as stated above, it is close to the solubility limit of this compound. The lowest and the
highest TBZ loadings were 25 and 100 mg/L, with TBZ being completely and partially soluble,
respectively. Both the time required to decrease TBZ to 50% of its initial value (tsoy,) and the

absolute initial degradation rate (i) were used as response parameters.

It is important to mention that some decrease from the initial pH value of 5 was observed, since

10
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values slightly below 4 were recorded at the end of the process. This is a very well-known
behaviour due to the release of carboxylic intermediates. However, this change was slow enough

to have negligible effect on the kinetics at the early stages of the reaction.

Despite the experimental problems associated with the use TBZ loadings above the solubility
limit, the regression coefficient was reasonable (91.4%). Pareto chart (see supplementary
material, FS1), show that concentration of hydrogen peroxide and SBO were the most significant

parameters. The response surface describing tsgo, values is given by Equation 1

tso, = 37.7 - 024 [H,0,] - 021[SBO] + 1.34[TBZ] + 0.00034-[H,0.]> +
0.00007-[H,0,]-[SBO] - 0.00030-[H,0,]-[TBZ] + 0.0024:[SBO]* - 0.0056:[SBO]-[TBZ] -
0.0071-[TBZ]*

(Equation 1)

Despite valuable information can be extracted from the analysis of coefficients of Equation 1, it
is difficult to visualize the effect of each parameter in the three-dimensional domain described by
this response surface. For this reason, different bi-dimensional functions were obtained by fixing
one parameter at a given value; since they can be represented by contour plots. Figure 2 shows
plots obtained by using the coefficients of Equation 1 and fixing each parameter at three levels:

high, central and low value.

Plots obtained when fixing [SBO] at high, low and central levels (65, 40 and 15 mg/L

11
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respectively) followed similar patterns: the tsqo, value was mostly ruled by the concentration of
peroxide below 150-250 mg/L. Above this point, tso, became nearly independent of H,O,,
although a certain loss of efficiency can be appreciated at the highest oxidant concentrations; the
detrimental effect of an excess of H,O, has been reported elsewhere and it is attributable to
scavenging of the reactive species, namely "“OH (Santos-Juanes et al. (2011)). Finally, it can be
observed that TBZ loading has only a minor effect at high concentrations of SBO, while for low
amounts of added SBO, an increase in TBZ loading results in a higher tso, and hence, a loss of

efficiency. This seems a first hint that SBO plays a favourable role by enhancing TBZ solubility.

The initial loading of TBZ was also fixed at three points (90, 62.5, and 35 mg/L). The effect of
H,0, was also clear in this case, with optimal values in the range 300-400 mg/L. However, very
important differences in the plots can be appreciated regarding to the effect of SBO
concentration. For the lowest TBZ amount, the contour lines are predominantly vertical, showing
that the effect of [H,0O,] is much more important than that of [SBO]; however, as TBZ loading
approaches to the solubility limit, contour lines become more oblique, showing an increase of the
importance of the [SBO]; this agrees with this macromolecule playing a surfactant role, hence

favouring the contact between the reactive species and the pollutant.

The same procedure was followed with the concentration of hydrogen peroxide. Very similar
values of tsoe, were obtained at the central and high levels (272 and 450 mg/L) while treatment
efficiencies significantly decrease at the lowest level (100 mg/L), indicating that a certain
amount of hydrogen peroxide is required for achieving important conversion degrees within the

first hour of treatment. Interestingly, in all three scenarios the worst performance was reached at

12
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high pollutant loadings and low [SBO], indicating that close or above TBZ solubility the

presence of SBO is required for an efficient treatment, in agreement with previous observations.

A response surface was also obtained (equation 2) from the absolute initial reaction rates (Tin,
given as mg converted per minute and litter) of TBZ removal (data shown in Table 1). The
regression coefficient was also good (93.7%) and Pareto chart (see supplementary material, FS1)
shows that in this case all three parameters became significant, as well as the interaction between
the concentrations of SBO and TBZ. Data based on riyi; can provide complementary information
to tso, as the time required to decrease the initial concentration in a 50% is a relative value that
characterizes the overall transformation rate while the initial rate is an absolute parameter

describing the system behaviour at the beginning of the treatment.

Iinit (mg L™ min™) = 1.13 + 0.967-107[H,0,] — 27.4 -107-[SBO] = 21.7 -107-[TBZ] - 3.02 -10°
8.[H,0,]* + 47.3-10°[H,0,] [SBO] — 9.62-10°°-[H,0,]-[TBZ] — 6.94-10°[SBO]* + 0.498-107
-[SBO]-[TBZ] + 0.086-107[TBZ]*

(Equation 2)

As done with tsy, contour plots were obtained by fixing each parameter at three different levels
(Figure 3). When fixing [SBO], it can be appreciated that at the highest level, the riyi; increases
with the amount of TBZ if there is enough availability of hydrogen peroxide. In fact, the plot
shows values ranging from below 0.3 mg/(L-min) to above 3 mg/(L-min). The same behaviour is
observed at the central [SBO] although variation in riy is not so remarkable (values in the range

0.3-1.8 mg/(L-min)). On the contrary, for the low [SBO] no significant variation of rj,;; in the

13
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experimental region was observed. When fixing TBZ loading at the highest level, a clear positive
effect of SBO can be appreciated, as reaction rate increases with the concentration of this
macromolecule; this effect is observed to a minor extent at the central TBZ value and it is
practically not found for TBZ fixed at the lowest loading, clearly below the solubility of this
compound. Finally, when fixing hydrogen peroxide at the three levels, a strong interaction
between the amounts of TBZ and SBO was observed in all cases, as the reaction was faster in the

region where the levels of both, SBO and TBZ, were high.

Putting all results together, it can be stated that SBO has a positive role on the decomposition of
TBZ when the loading of this pollutant is close or above its limit of solubility, while it is not so
evident at lower amounts of TBZ; this is more clearly appreciated when analysing riyi; than tsgo.
Furthermore, it can be appreciated that, for high TBZ loadings, increasing [SBO] results in an
enhancement of the reaction rates. This is a different behaviour from that reported for other
pollutants (pesticides and pharmaceuticals) at concentrations of 5 mg/L (Gomis et al. (2015)),
where an optimal SBO concentration was observed and beyond this point, further addition of this
substance was detrimental. This was attributed to competition of SBO with the pollutant for the
reactive species and the inner filter effect exerted by this coloured substance, which became
more important than the enhancement in reactive species generation associated with the iron-
complexing ability of SBO. However, when pollutants are close to their solubility limit, an extra
factor must be considered, namely the ability of SBO to act as surfactant, which favours the

contact between the reactive species and TBZ in solution.

3.2. Mechanistic studies

14



W J 0 Ul b WN B

Ao O OO UTUTUTUTUTOTOTOTOUOUT R DD BB DBRDDWWWWWWWWWWNHNNMNNMNMMNOMNMMNMMNMMNMNMRRPRPRERERRRPRPRERRERERR
O WNhNRPRPOWOLVWOJIONULE WNEFEFOWOIONULE WNPFEPFOWOVUOIONUTE WNRPRPOWVWOIONULE WNE OWOJOU P WNDE O

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

As the positive role of SBO in the degradation of TBZ in photo-Fenton systems should be
attributed to a kind of interaction between the pollutant and the humic-like substance, devoting
further research to investigate of the nature of this interaction seems interesting. Since UV-vis
spectra did not provide clear evidence of TBZ-SBO interaction, fluorescence measurements were
performed. The excitation-emission matrices (EEM) were recorded in solutions containing 20
mg/L of TBZ at increasing concentrations of SBO (0, 25, 50, 75 and 100 mg/L) at pH=5. EEM
are bi-dimensional plots showing the emission of fluorescence at a given wavelength upon
excitation at another wavelength (Garcia Ballesteros et al. (2017), Ohno (2002), Bahram et al.

(2006), Ohno et al. (2008)); the obtained EEM can be observed in Figure 4.

In order to gain further insight into the composition of the system under the studied conditions, a
PARAFAC analysis was performed. This is a mathematical procedure commonly employed to
study complex mixtures, which allows determining the number of fluorescent contributions as
well as their spectral features. In this case, the aim of this analysis was to obtain valuable
information that supported the interaction between the SBO and the model pollutant. PARAFAC
analysis of EEMs shown in Figure 5 indicated that the experimental data could be adequately
fitted to a model consisting in 5 components, the emission and excitation spectra of which can be
seen in Figure 5. Two of these components, with emission maxima at 344 nm and 350 nm, were
also observed for TBZ solutions free of BOS and may be ascribed to the acidic (F1) and neutral
(F3) forms of TBZ, respectively. Other two factors (whose emission maxima are at 444 and 532
nm) could be assigned to SBO (F4 and F5), according to previous studies performed with these

substances (Garcia Ballesteros et al. (2017)). Interestingly, a fifth factor (F2) was found, whose
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emission maximum was close to 360 nm; this component can solely be observed for solutions
where both TBZ and SBO were present, and hence it should be assigned to an interaction TBZ-

SBO. Noteworthy, the contribution of this latter factor increases with increasing [SBO].

Additional tests were performed to characterize the fluorescent behaviour of acid and neutral
forms of TBZ. In this context, EEM were recorded for TBZ solutions of different pH in the
absence of SBO (Figure SF3, Supporting Information). PARAFAC analysis yielded two main
factors, corresponding to acidic and neutral forms of TBZ. Interestingly, a third contribution
appeared and it was observed to increase at pH above 4.5. This value is close to the pK, of TBZ
(4.8 according to the literature (Cassens et al. 2013)), in coincidence with the predominance of
neutral form of TBZ, which is less soluble than the corresponding acidic form. Furthermore, the
first order Rayleigh dispersion band increased, which is commonly observed in the presence of
suspended material in the sample (Ohno et al. (2008)). Hence, this third contribution could be
associated with the formation of aggregates of the neutral form of TBZ, due to its
hydrophobicity. It is important to remark that in the presence of SBO and at pH = 5, the EEM
analysed showed no evidence of aggregates, thus providing an additional piece of evidence of

the interaction TBZ-SBO, which prevents precipitation of the pesticide.

4. CONCLUSIONS

Humic-like substances have been demonstrated as interesting additives for the removal of
scarcely soluble pollutants, close or above their limits of solubility, via photo-Fenton processes.

This result is interesting in view of applying a procedure that involves combination of soil
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washing with the SBO, followed by a solar photo-Fenton to treat the obtained effluent. Hence,
further research in this field is meaningful, namely with simulated or real soils polluted with the

pesticide.

Photophysical studies, based on the analysis of EEM-datasets by the PARAFAC algorithm, have
shown the existence of an interaction between the SBO and the model pollutant. This
methodology has appeared as especially interesting to unveil mechanistic aspects of photo-

oxidative processes when dealing with complex mixtures.
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