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13 
ABSTRACT 14 

Montmorillonite pillared with titanium and doped with Cr3+ or Fe3+ has been tested for 15 

the photo-degradation of the antibiotic trimethoprim (trimethoxybenzyl-2,4-16 

pyrimidinediamine) under different conditions, namely, in the dark or in UV light, with 17 

or without catalyst, finding excellent catalytic performance under photocatalytic 18 

conditions. The degradation by-products were preliminary analysed by mass 19 

spectrometry. The results suggested that the molecule broke in two halves, 20 

corresponding to its two existing rings. The process continued with the breakage of new 21 

fragments from the trimethoxybenzene half, these fragments later reacted with the 22 

methoxy groups in this part of the molecule, giving species with m/z values higher than 23 

that for the starting molecule, and with the breakage of new fragments. 24 

© 2018. This manuscript version is made available under the CC-BY-
NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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1. Introduction 28 

Industrial and technological development of society involves in many cases release 29 

of harmful substances to the environment. To study different methods of bioremediation, 30 

so that their release into the environment remains within acceptable limits has become 31 

necessary. Pillared clay minerals have properties that could be interesting alternatives 32 

considering their high exchange capacity, low permeability, swelling ability, chemical and 33 

mechanical stability, high specific surface area and relatively low price. Similarly, clay 34 

minerals can be used for the removal of hazardous substances, such as heavy metals, dyes, 35 

biocides or pharmaceuticals, including antibiotics, from aquatic systems (Ismadji et al., 36 

2015). 37 

Titanium dioxide is the most widely used photocatalyst, due to its low cost, 38 

chemical inertness, photostability and biocompatibility (Scheneider et al., 2014), being 39 

widely used in photocatalytic degradation of pollutants (Nakata and Fujishima, 2012; 40 

Barbosa et al., 2015). Montmorillonite belongs to the smectite group, and is able to adsorb 41 

cations because of its exchange capacity and high specific surface area (Lv et al., 2017). 42 

The intercalation of polyoxocations between the sheets of clay minerals and their 43 

subsequent calcination give rise to structures stable up to high temperatures. This process 44 

of pillaring allows the use of clay minerals as adsorbents and catalysts (Gil et al., 2010), 45 

clay minerals pillared with titanium even showing greater photoactivity than TiO2 particles 46 

(Kočí et al., 2011). Other successful method for incorporating TiO2 to clay minerals is the 47 

formation of nanocomposites, by precipitation, sol-gel, etc. The TiO2-clay solids have been 48 

widely used for photocatalytic removal of contaminants, particularly by Fenton reactions, 49 
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although other conditions have been widely explored in the last years. Dyes have been the 50 

most studied contaminants, although other contaminants have also been widely considered 51 

(Ramírez et al., 2010; Szczepanik, 2017). 52 

The large use of antibiotics causes an increase of drug levels in the environment 53 

due to the high percentage of unmetabolized active ingredient that is excreted by the living 54 

organism (30-90%) (Putra et al., 2009). As a result, bacteria are generating resistance to 55 

them; for this reason, a large number of researchers have carried out studies on the 56 

adsorption of antibiotics from water by using different clay minerals (Chang et al., 2009; 57 

Molu and Yurdakoc, 2010; Liu et al., 2012; Yan et al., 2012; Wu et al., 2013; Zhang et al., 58 

2013; Sturini et al., 2015).  59 

Trimethoprim (C14H18N4O3, TMP) is a bacteriostatic antibiotic derived from 60 

trimethoxybenzylpyrimidine that belongs to a group of chemotherapeutic agents known as 61 

inhibitors of dihydrofolate reductase, mainly used for the treatment of urinary tract 62 

infections, although it is also used in acute attacks of chronic bronchitis, acute otitis media 63 

in children and enterocolitis (Liu et al., 2017). TMP is not completely metabolised during 64 

the therapeutic process, and about 80% is excreted in its pharmacologically active form (Ji 65 

et al., 2016; Zhang et al., 2016). The concentration of TMP found in the aquatic 66 

environment has been reported to be 660-710 µg/L (Hirsch et al., 1999), with values of 67 

600-760 µg/L in a Swedish hospital sewage water (Lindberg et al., 2004), 120-160 µg/L in 68 

East Aurora and Holland wastewater effluents (Batt and Aga, 2005), and 13-15 µg/L in US 69 

streams (Kolpin et al., 2002). The presence of TMP in water, even at the level of traces, 70 

poses risks for the aquatic ecosystem, due to its ecotoxicological effects on aquatic 71 

organisms and the inhibition of the growth of freshwater microalgae. Adsorption of 0.14-72 

0.44 mmol of TMP per gram of montmorillonite has been reported (Bekçi et al., 2006). 73 
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In this work, the photocatalytic degradation of trimethoprim in aqueous solution 74 

was studied, catalysed by montmorillonite pillared with titanium and doped with Cr3+ or 75 

Fe3+. Up to our best knowledge, pillared clay-based catalysts have not been used for the 76 

photodegradation of trimethoprim, and the degradation of this molecule under 77 

photocatalytic treatment using clay-based catalysts, namely bentonite and vermiculite, has 78 

been reported only in one previous article (Martínez-Costa et al., 2018). 79 

 80 

2. Experimental 81 

2.1. Source material  82 

The clay mineral used in this work was a raw montmorillonite (Mt) from Cheto, 83 

Arizona, USA (supplied by The Clay Minerals Repository, reference code SAz-1). It was 84 

purified by dispersion–decantation, collecting the ≤2 µm fraction. Its cation exchange 85 

capacity was 0.67 meq/g, its basal value 13.60 Å and its BET specific surface area 49 m2/g 86 

(González-Rodríguez et al., 2015).  87 

 88 

2.2 Preparation of the solids 89 

Preparation of Ti-pillared Mt was carried out by modifying the method reported by 90 

Lin et al. (1993), doping with Cr and Fe by addition of these elements, as trivalent cations, 91 

to the Ti-solution before polymerization (González-Rodríguez et al., 2015). These solids 92 

were denoted as MtTiCr and MtTiFe, respectively. The characterization of the solids and 93 

the adsorption of TMP by these materials have been already reported (González-Rodríguez 94 

et al., 2015; González et al., 2017, respectively). Montmorillonite was correctly pillared by 95 

Ti-polycations, and their polymerization was strongly affected by the dopant elements. 96 

Solids with high acidities were obtained, with specific surface areas close to 300 m2/g (for 97 

the solids used in the present work, 300 m2/g for the Fe-doped solid, 272 m2/g for the Cr-98 
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doped solid, and 80 m2/g for natural montmorillonite, all calcined at 500ºC) (González-99 

Rodríguez et al., 2015).  100 

 101 

2.3 Photocatalysis and mass spectrometry  102 

For the photodegradation reaction, an MPDS-Basic system from Peschl Ultraviolet, 103 

with a PhotoLAB Batch-L reactor and a TQ150-Z0 lamp (power 150 W), integrated in a 104 

photonCABINET was used. Its spectrum is continuous, with the mean peaks at 366 nm 105 

(radiation flux, φ 6.4 W) and 313 nm (φ 4.3 W). The reactor was vertically oriented and it 106 

was refrigerated by circulating cold water (Fig. S1). In each test, 750 mg of catalyst was 107 

added to 750 mL of a TMP solution (25 mg/L) in EtOH/H2O (1:1 v/v) (this solvent was 108 

used due to the low solubility of TMP in water). The concentration of TMP (Sigma-109 

Aldrich, ≥98% (HPLC)) in the solutions after reaction was determined by UV-visible 110 

spectroscopy, using a Thermo Electron Helios Gamma spectrophotometer. The absorption 111 

was measured at 288 nm, the wavelength corresponding to the maximum absorbance of 112 

TMP. The calibration at this wavelength showed that the absorbance had a linear response, 113 

according to the Beer-Lambert law, in the concentration range from 1 to 50 mg/L. 114 

In order to determine the by-products generated during UV degradation, the 115 

solutions were analysed after various treatment times by mass spectrometry. The 116 

equipment used for this purpose was an Agilent 1100 HPLC coupled to an ultraviolet 117 

detector and an Agilent Trap XCT mass spectrometer. Identification and evaluation of the 118 

decomposition products were performed by mass spectrometry analysis, by direct injection 119 

of the samples and ionization by positive electrospray at a voltage of 3.5 kV. These 120 

analyses were carried out at Servicio Central de Análisis Químico, Cromatografía y 121 

Espectrometría de Masas (University of Salamanca). 122 

 123 
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3. Results and discussion 124 

3.1 TMP photodegradation  125 

The degradation experiments were carried out under different conditions. First, the 126 

experiment was carried out under UV-light but in absence of any catalyst (photolysis). The 127 

C/C0 ratio (C=concentration at time t, C0=initial concentration) has been plotted vs. 128 

reaction time (Fig. 1), showing that UV light degraded up to 37% of the antibiotic after 240 129 

min reaction. 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 
 139 

Fig. 1. Photolysis of TMP (degradation in the presence of UV-light and the absence of 140 

catalyst).  141 

 142 

Degradation of TMP was studied in the presence of parent Mt and of the two 143 

doped-, Ti-pillared montmorillonites (Fig. 2). The degradation was studied in the darkness 144 

(left panel) and in the presence of UV light (right panel). In the darkness, the decrease in 145 

the concentration of TMP should be due to adsorption on the solids, allowing to compare 146 

with the true degradation caused in the presence of UV light. 147 
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 148 

 149 
Fig. 2. TMP degradation in the darkness (left) and under UV irradiation (right), using 150 

parent Mt and the doped- Ti-pillared montmorillonites as catalysts. Photolysis results (with 151 

no catalyst) were included in the right panel for comparison. 152 

 153 

Concerning the experiments carried out with no UV illumination (Fig. 2, left 154 

panel), a removal of approximately 50% was observed after 120 min, which was 155 

maintained for longer reaction times, for sample MtTiCr. This result was rather different 156 

from those obtained when using parent Mt, which showed a removal of TMP merely close 157 

to 2-3% even after 240 min reaction, proving that the treatment of the clay, and specially 158 

the presence of Cr, were key factors for the degradation. In the case of the solid doped with 159 

iron, adsorption may also dominate the process, although removal of TMP increased at 160 

longest times (180 minutes), suggesting that degradation also took place.  161 

For the photocatalytic experiments, the degradation observed on Mt was lower than 162 

in the photolysis experiment. This may be explained by the turbidity of the dispersion 163 

induced by the presence of the catalyst. That is, the presence of montmorillonite hindered 164 

complete access of light to the dispersed particles, and this provoked degradation of the 165 

antibiotic to be lower than in the absence of catalyst. The sample doped with iron degraded 166 
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TMP in a lower amount than photolysis up to 125 min, also probably because of a turbidity 167 

effect, but degradation overcame photolysis at longer times, reaching 50% after 240 min. 168 

Again under these conditions, the sample doped with chromium showed the best 169 

behaviour, reaching a degradation of 76.3% after 180 minutes, and keeping constant for 170 

longest times. For a better observation of the degradation of TMP, the experiments carried 171 

out with each catalyst were compared (Fig. 3). 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 
Fig. 3. Photodegradation of TMP for each of the catalyst under the different conditions 188 

tested: photolysis, in the presence of catalyst but in absence of UV light, and in the 189 

presence of catalyst and of UV light.  190 

 191 

The possible leaching of the transition cations was not evaluated, but it should be 192 

considered that pillared clay minerals incorporating transition metal cations have been used 193 
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as catalysts in different oxidation reactions under harsh conditions, and their leaching was 194 

usually very low, even negligible (Galeano et al., 2014). 195 

Martínez-Costa et al. (2018) have recently reported 55.1% of TMP 196 

photodegradation in a solution containing 40 ppm TMP using 10 mg of bentonite. Cai and 197 

Hu (2017) reported 98% and 84% photodegradation for 300 ppb and 1 ppm solutions, 198 

respectively, using 0.05 g/L P25 TiO2 in a continuous photoreactor (and only 12% when 199 

the experiment was performed in the dark). Oros-Ruiz et al. (2013) deposited Au 200 

nanoparticles on TiO2-P25 obtaining in this case 81% degradation after 300 minutes (54% 201 

if UV irradiation was suppressed). Even with the obvious difficulties for comparing very 202 

different reaction conditions, it can be concluded that the results obtained with the Cr-203 

containing catalyst were comparable to the best results previously reported. 204 

 205 

3.2 Mass spectrometry 206 

Measurement of the TMP degradation by the catalysts might be affected by the 207 

presence in solution of the by-products formed, that is, the degradation can give rise to 208 

organic intermediates which may absorb in the same or very close range as TMP. The 209 

nature of the possible by-products was checked by mass spectrometry. 210 

The mass spectrum of original TMP (Fig. 4) showed a single peak at m/z 291.3, 211 

which corresponded to protonated trimethoprim (C14H19N4O3
+) (Zhang et al., 2016). It is 212 

remarkable that the trimethoprim sample used in this study was extremely pure; Barbarin 213 

et al. (2002) found in their study a bromine analogue of TMP that should be formed during 214 

the synthesis of the antibiotic; the peak involving the presence of bromine was absent in 215 

our spectrum. 216 

 217 
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        218 

Fig. 4. Mass spectrum of the TMP (left) and formula of protonated TMP (right). 219 

 220 

The spectra recorded after different degradation times using the best catalyst 221 

(MtTiCr) (Fig. 5 and Fig. S2, Supplementary material), evidenced the development of new 222 

peaks due to the degradation products. After degradation, the molecular peak was still 223 

recorded, and in addition new peaks with m/z ratios of 110, 185, 215, 242, 260, 277, 315, 224 

337, 353, 381 and 433 were detected. The evolution of the intensity of the peaks with the 225 

photoreaction time was interesting (Fig. S3). For short photoreaction times, the molecular 226 

peak continued being the most intense one and, in addition, a relatively intense peak at m/z 227 

242 was formed, followed by low intense peaks at larger m/z values than the molecular 228 

one. Then, the new peaks appeared and their intensities progressively increased, while the 229 

intensity of the molecular peak decreased one order.  230 

 231 
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  232 

   233 

Fig. 5. Mass spectra of the reaction solution after different degradation times (15 (up, left), 234 

30 (up, right), 75 (down, left), 180 (down, centre) and 210 (down, right) minutes, 235 

respectively) using MtTiCr as catalyst. 236 

 237 

To analyse the possible degradation routes, the molecular structure of TMP can be 238 

split into two analogous substructures corresponding to 2,4-diaminopyridine (DAPD) and 239 

1,2,3-trimethoxybenzene (TMBz) (Ji et al., 2016) (Fig. 6). The TMBz fragment, including 240 

the CH2 bridging group, was found to appear at m/z 181 while the DAPD fragment was 241 

responsible of a signal at m/z 110.  242 
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 243 

Fig. 6. Fragmentation of the molecular structure of TMP into two substructures. 244 

 245 

From the development and changes in the intensities of the different peaks, it was 246 

evident that the first effect caused by photocatalysis was the formation of a fragment 247 

responsible for the peak at m/z 242 and almost simultaneously the peak at m/z 337 248 

developed. The peak at 242 may correspond to the condensation between two adjacent 249 

methoxy groups forming ether (epoxide), which may elapse with the removal of C2H6 or, 250 

more probably, •CH3 or CH3O• radicals (Barbarin et al., 2002; Eckers et al., 2005). 251 

The mass loss by removal of a methoxy group (30 amu) and a –OH fragment (16 252 

amu) was coincident with the mass gained by the fragment appearing at m/z 337 (46 amu) 253 

with respect to the molecular peak. This suggested that the groups initially broken from the 254 

TMP molecule can recombine with new molecules before being further degraded. Ethoxy 255 

and hydroxyl groups from the water:ethanol reaction medium may also participate in the 256 

reactions. Methoxy group in TMP can be substituted by larger groups, such as 257 

CH3CH2COO–, CH3COCH2O– or CH3CH2CH2CH2O–, all of them giving rise to mass 258 

increases compatible with the values found (Barbarin et al., 2002). These routes were 259 

expected, since the hydroxyl radicals react preferentially via addition to carbon-carbon 260 

double bonds or by abstracting a proton from C–H, N–H or O–H units (Buxton et al., 261 

1988; Pignatello et al., 2006). In addition, the TMBz fragment was more reactive for OH 262 

radicals than the DAPD fragment (Dodd et al., 2006).  263 
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At longer treatment times, smaller fragments appeared, mainly at m/z 184 and 110, 264 

as well as larger fragments, at m/z 315, 337, 353 and 381. The fragment at 110 has been 265 

assigned to the DAPD fragment of the original molecule (Barbarin et al., 2002; Eckers et 266 

al., 2005). The peak at 184 was close, although not coincident, to the mass of 182 assigned 267 

to the TMBz fragment of the molecule maintaining the bridging group (m/z 183). Other 268 

possibility would be the substitution of the terminal –CH3 group of the molecule (once 269 

broken) by –OH, leading to a mass of 184, in agreement with the m/z 185, also detected in 270 

the spectra. The presence of fragments at m/z 315, 337, 353 and 381 suggested the 271 

incorporation of new groups to the molecule, probably chains previously broken from 272 

other molecules and/or groups from the solvents, groups that may be incorporated to the 273 

reactive methoxy groups in TMP. Other fragments, as those with m/z 277 or 215, have also 274 

been reported and explained elsewhere, assuming the DAPD fragment of the molecule, 275 

more stable, having different substituents (Barbarin et al., 2002; Eckers et al., 2005). 276 

Possible structures for these fragments were included in Table S1. As indicated, a 277 

discrepancy of 1-3 amu was found in some cases between the peaks now found and those 278 

reported in the literature. 279 

The most complete studies on fragmentation of TMP were those from Barbarin et 280 

al. (2002) and Eckers et al. (2005). Barbarin et al. characterized the impurities and the 281 

degradation products existing in three commercial samples of TMP, while Eckers et al. 282 

studied the electrospray ionisation tandem mass spectrometry behaviour of trimethoprim 283 

and compounds with a similar structure containing alkoxy-phenyl groups. Eckers et al. 284 

(2002) found fragments at m/z 275, 261, 257 and 230 related to the reaction involving 285 

methoxy groups and/or their removal. The DAPD fragment gave rise to peaks at m/z 110 286 

(the own DAPD fragment) and 123 (containing additionally the CH2 group). Barbarin et al. 287 

(2005) reported two significant impurities in trimethoprim composition: in one of them, 288 
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one of the methoxy groups in the TMBz fragment was substituted by an ethoxy group, 289 

leading the molecular peak expected at 304, while in the other case one of the methoxy 290 

groups was substituted by a bromine atom, the molecular peak thus appearing at 338 and 291 

340, according to the isotopes of this element (also chlorine may substitute the methoxy 292 

groups). These authors suggested that the DAPD fragment was rather stable, only one 293 

degradation route was suggested, with the removal of a H2NCN moiety and formation of a 294 

four-membered ring (m/z 81), while the TMBz fragment showed a large number of parallel 295 

degradation routes, including the reaction of adjacent methoxy groups to form a cycle, the 296 

transformation of the methoxy groups into OH groups, the total removal of these groups, or 297 

the reaction of these groups with other outgoing fragments, among other possibilities.  298 

Comparing our results with these reports, some of the fragments generated after 299 

photocatalysis were similar to those previously reported while, in other cases, the 300 

fragments were different. Considering the fragments found by mass spectrometry and the 301 

evolution of the intensities of their peaks with time, it can be proposed that the 302 

photodegradation of TMP followed a pathway similar to that found when this molecule 303 

was submitted to electrospray ionisation or in the own degradation of the molecule in 304 

commercial samples of this antibiotic, although the photocatalysis also produced new 305 

fragments not reported in previous studies. The general procedure seemed to be the 306 

breakage of fragments in the TMBz fragment of the molecule, with further reaction of 307 

these fragments with the own molecule, mainly with the very reactive methoxy groups, 308 

leading to species larger than the initial molecule, followed by further degradation steps. 309 

This mechanism, and also the toxicity of the intermediate species, would merit more 310 

detailed studies. 311 

 312 

4. Conclusions 313 
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Titanium pillared montmorillonites, doped with Cr3+ or Fe3+ in the step of 314 

preparation of the pillaring solution, have been used as catalysts for the photo-degradation 315 

of the antibiotic trimethoprim. The solid doped with Cr3+ showed the best behaviour, with 316 

photodegradation close to 76% after 180 minutes of reaction. The degradation mechanism 317 

was investigated by mass spectrometry. The process seemed to include the breakage of the 318 

molecule in its two well-differentiated fragments, the trimethoxybenzene and 319 

diaminopyridine halves, the breakage of small fragments mainly from the 320 

trimethoxybenzene half of the molecule, the reaction of these fragments with the methoxy 321 

groups of other molecules giving to species larger than the initial molecule, and the 322 

subsequent breakage to new fragments. 323 
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