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Abstract 7 

Sulfonic acid functionalized mesoporous silicas with various loadings of acid functionality 8 

were synthesized, characterized and applied as heterogeneous catalysts for the degradation 9 

of metaldehyde, a persistent organic pollutant in water supplies. Nuclear magnetic 10 

resonance spectroscopy showed that acetaldehyde was the only by-product of catalytic 11 

degradation, and a detailed mechanism is proposed. Kinetic studies revealed that catalyst 12 

performance is related to the accessibility of metaldehyde to active sites, such that high 13 

sulfonic acid content is undesirable since it reduces pore size, and decreases pore volume 14 

and surface area. Acetaldehyde produced via catalytic degradation, was successfully 15 

removed via chemisorption on a second mesoporous silica adsorbent modified with amine 16 

functionalities. However, limited by the surface condensation reaction mechanism, 17 

mesoporous adsorbents are less desirable than macroporous materials, with respect to 18 

acetaldehyde removal, hence, a macroporous ion-exchange resin was employed, which 19 

showed much superior performance than the amine modified silica, with a maximum 20 

capacity up to 441 mg/g. A dual-stage method is proposed to completely remove 21 

metaldehyde from drinking water by initial degradation of metaldehyde, using sulfonic acid 22 

functionalized mesoporous silica, into a single by-product, acetaldehyde, removed via 23 

chemisorption on amine bearing macroporous ion-exchange resin. The results present a 24 

promising system for removal of metaldehyde from drinking water supplies, with potential 25 

application to other contaminants. 26 
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1. Introduction 29 

Metaldehyde contamination of drinking water has attracted extensive attention since it 30 

was highlighted by the UK environmental agency in 2008 [1]. As a molluscicide, 31 

metaldehyde is used widely by farmers and gardeners to protect crops and garden 32 

vegetation from slugs and snails; however, quantities are washed off the land into streams 33 

and rivers, subsequently entering drinking water supplies where existing treatment methods 34 

fail to remove it to the current UK/EU standards of 0.1 µg L-1 [2]. In recent years, steps have 35 

been taken to combat this issue, however, these initiatives have not produced the results 36 

expected and, according to the latest British Geological survey and Water UK briefing, 37 

metaldehyde concentrations in many areas still exceed European and UK drinking water 38 

standards [3], with several regions reporting amounts higher than 10 times than permitted 39 

levels [4]. Concurrently, fundamental research has seen extensive work to control the 40 

situation but proposed methods are either prohibitively expensive [5] or suffer by-product 41 

issues [5, 6]. 42 

Highly ordered mesoporous silicas, first synthesized in 1998 [7], especially materials 43 

incorporating different organic functional groups, have been explored for applications such 44 

as ion exchange [8], heavy-metal-trapping [9, 10] and solid acid catalysis [11, 12]. In the 45 

case of solid acid catalysts, sulfonic acid functionalized SBA-15 has been extensively 46 

synthesized and used in esterification reactions [13-15]. The highly ordered uniform structure, 47 

high sure face area and big pore volume [16] have also allowed mesoporous silicas to be 48 

applied as adsorbents and it has been reported that mesoporous SBA-15 is an effective 49 

adsorbent for the remediation of selected pharmaceuticals from surface water and 50 

wastewater, through the mechanism of hydrophilic reactions [16]. Moreover, mesoporous 51 

silica has been applied for removal of various organics such as phenolic compounds [17, 18], 52 

and cyanuric acid [18]. Here we report the synthesis, characterization and application of 53 
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sulfonic acid functionalized SBA-15 materials as effective catalysts for the depolymerisation 54 

of metaldehyde into acetaldehyde, and subsequent optimization of the chemisorption of this 55 

single by-product to achieve the ultimate goal of complete removal of metaldehyde from 56 

drinking water.  57 

2. Experimental 58 

2.1 Materials used 59 

The synthesis of sulfonic acid functionalized mesoporous silicas (SA-SBA-15) was 60 

similar to that described previously [13, 15, 19]. Typically, 4 g of pluronic acid 123 (Aldrich) 61 

was dissolved in 125 g of 1.9 M HCl and the resulting solution heated to 313 K before 62 

addition of tetraethoxysilane (TEOS), 3-mercaptopropyltrimethoxysilane (MPTMS) and 30 wt% 63 

H2O2 solution, all supplied by Sigma-Aldrich Co. The molar composition of the different 64 

mixtures for 4 g of copolymer was set as TEOS/MPTMS = 0.041(1-x)/0.041x, where x = 0.1, 65 

0.2, 0.33, 0.5, 0.75, corresponding to functionalization levels of 10, 20, 33, 50 and 75%. The 66 

molar amount of H2O2 was kept at 10 times that of MPTMS. The mixture was stirred at 313 K 67 

for 20 h, aged at 373 K for 24 h, then filtered and dried at room temperature overnight. Dried 68 

samples were extracted using absolute ethanol under reflux to remove the template. Amine 69 

functionalized silicas (AF-SBA-15) were synthesized using a similar procedure, with TEOS 70 

and 3-aminopropyltrimethoxysilane, as described previously [19]. Macroporous ion 71 

exchange resin A830 was supplied by Purolite, UK; the sample incorporates a number of 72 

complex amine functional groups. 73 

2.2 Experimental techniques 74 

As-prepared silica samples were characterized by small-angle powder X-ray diffraction 75 

(PXRD), using X'pert pro, from Panalytical, to determine structural characteristics. Textural 76 

characterization was performed using nitrogen sorption measurements on an ASAP 2420 77 

supplied by Micrometrics, at 77 K. Surface areas were calculated using the Brunauer-78 

Emmet-Teller (BET) method [20]. Pore size distributions were calculated using the Barrett-79 
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Joyner-Halenda (BJH) model applied to the desorption isotherm branch [21]. Scanning 80 

electron microscopy (SEM) was carried out on a Hitachi S-3700N system. Sulfonic acid 81 

contents (SAC) of SA-SBA-15 were determined by titration, as described elsewhere [13, 15]. 82 

Nitrogen contents of AF- SBA-15 were determined by CHN elemental analysis. Nuclear 83 

Magnetic Resonance (NMR) spectra were recorded on a Bruker AV400 system. 84 

Heterogeneous catalytic degradation of metaldehyde using SA-SBA-15, with varied SA 85 

loadings, was performed by adding 200 mg of catalyst to 200 mL of metaldehyde solution 86 

with initial concentration 200 mg g-1 (5.6812 mmol L-1). Samples were taken at 87 

predetermined time intervals and the concentration of metaldehyde and acetaldehyde 88 

determined.  The kinetic investigation of acetaldehyde chemisorption onto AF-SBA-15 and 89 

A830was performed by adding 100 mg of adsorbent to 200 mL acetaldehyde solution with 90 

initial concentration of 20 mg L-1. Samples were taken at selected time intervals. The 91 

adsorption isotherm of acetaldehyde onto A830 at 293 K was determined by bottle-point 92 

method, where 50 mg of A830 was added to 200 mL of acetaldehyde solutions with varying 93 

concentrations and the system allowed to equilibrate. 94 

Metaldehyde concentrations of aqueous samples were determined by gas 95 

chromatography (GC), as described previously [2]. Acetaldehyde concentrations were 96 

determined using a Shimadzu Prominence high performance liquid chromatograph (HPLC) 97 

equipped with UV-Vis detector. Water samples were reacted with 2,4-dinitrophenyhydrazine 98 

(DNPH), 97% purity supplied by Sigma-Aldrich Co., to yield acetaldehyde-DNPH, which was 99 

detected by UV-Vis. A VP-ODS column (150 mm L × 4.6 mm D), supplied by Shimadzu, was 100 

used for separation and the mobile phase was 50/50 v/v water/acetonitrile, with a flow rate 101 

1.5 mL min-1. The wavelength was set as 365 nm. An external standard quantification 102 

method was applied and analytical standard grade acetaldehyde-DNPH, supplied by 103 

Supelco, used as the external standard material.  104 
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3. Results and discussion 105 

3.1 Materials characterization 106 

 107 

Figure 1: a) low-angle PXRD patterns of as-synthesized sulfonic acid and AF-SBA-15; b) scanning 108 

electron micrograph of as-synthesized 10% SA-SBA-15 with magnification 10,000x. 109 

Figure 1a shows the small-angle PXRD pattern of five functionalized silica samples 110 

synthesized in this study. Three of the five SA-SBA-15 samples, i.e. those at 10%, 20% and 111 

33%, exhibited three well-resolved peaks, which can be indexed as (1 0 0), (1 1 0) and 112 

(2 0 0); these are known diffractions associated with the highly ordered two-dimensional 113 

hexagonal symmetry (space group p6mm) of mesoporous silica SBA-15. Although it has 114 

been reported that functionalization could go as high as 60% [22, 23], in this work silicas with 115 

SAC > 75% failed to form solids, and samples with SAC of 50% and 75% formed solids but 116 

failed to show well-resolved PXRD peaks. Both AF-SBA-15 samples exhibited well resolved 117 

peaks, indicating highly ordered mesoporous structures for these samples. SEM images, 118 

shown in Figure 1b, reveal that the as-prepared silica samples consist of many rope-like 119 

domains with relatively uniform sizes, aggregated into wheat-like macrostructures similar to 120 

those found for conventional unmodified SBA-15 [7, 15]. 121 

Figure 2 shows nitrogen sorption isotherms and pore size distributions for all SA-SBA-122 

15 samples,  and it is evident that three well-distinguished regions of the isotherms can be 123 

identified, indicating some small micropore capacity, capillary condensation, showing the 124 

presence of mesopores, and eventual plateauing at high relative pressures. Titration results, 125 
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calculated structural parameters, BET surface areas and pore volumes are given in Table 1. 126 

Pore volumes were determined from the p/p0 = 0.985 adsorption point ,and pore sizes were 127 

calculated using BJH analysis [21].  128 

 129 

Figure 2: a) nitrogen sorption isotherms at 77 K for as-synthesized SA-SBA-15 with different sulfonic 130 

acid contents (SAC); b) pore size distributions for as-synthesized SA-SBA-15 samples. 131 

It is clear, from Figure 2b, that significant shrinkage in mesopore diameter is observed 132 

as SAC increases. Also, broader hysteresis loops were observed for samples with higher 133 

SAC, as seen in Figure 2a, again indicating partial blockage of the pores. Partial pore 134 

blockage in SBA-15 by organic functional groups has been observed extensively [22, 24-27], 135 

and is notable at pore entrances [23], and the observation of a H2 hysteresis loop in highly 136 

functionalized samples confirms the presence of blocking effects [28]. The observed 137 

decrease in pore volumes and surface areas for high SAC materials, shown in Table 1, is 138 

also ascribed to pore blocking.  139 
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Table 1: Textural parameters, titration results and first order rate constants for as-synthesized sulfonic 140 

acid functionalized silica samples 141 

Level of acid 

functionalization 

SBET 

(m2 g-1) 

APD 

(nm) 

PV 

(cm3 g-1) 

SAC 

(mmol g-1) 

k 

(min-1) 

10% 828 ± 6.5 7.16 1.23 1.28 3.2 x 10-3 

20% 770 ± 4.5 5.06 1.03 1.71 2.4 x 10-3 

33% 350 ± 6.8 3.95 0.31 1.94 1.5 x 10-4 

50% 334 ± 3.8 3.81 0.41 2.05 1.3 x 10-4 

75% 394 ± 3.5 3.79 0.79 2.09 1.2 x 10-4 

APD = Average Pore Diameter; PV =  Pore Volume; SAC = Sulfonic Acid Content; k = 142 

first-order rate constant. 143 

3.2 Catalytic degradation of metaldehyde 144 

It is has been reported that metaldehyde can be degraded by the presence of strong 145 

acids (e.g. HCl) [29, 30], but no detailed mechanism has yet been presented. Since -SO3H 146 

has very similar properties to HCl, it is reasonable to propose that -SO3H can similarly 147 

catalyze the depolymerisation reaction of metaldehyde, and a detailed mechanism, for 148 

sulfonic functionalities tethered to silica, is proposed in Figure 3.  149 

It has also been reported that ether functionalities can be cleaved by strong acids [31], 150 

and, initially, the authors assumed that the removal mechanism would be based on cleavage 151 

of the ether bond by sulfonic acid functionalities [2]. However, the experimental work 152 

undertaken herein, using a continuous fixed bed column reactor, has indicated that a by-153 

product exists in the effluent, which was masked in previous ‘batch’ studies [2] as a result of 154 

the contact times used and the position of the solvent peak; an additional peak was detected 155 

in the gas chromatograph, corresponding to acetaldehyde. Furthermore, NMR spectra, of 156 

which representative examples are shown in Figure 4, revealed that after treatment with 10% 157 

SA-SBA-15 the peaks corresponding to metaldehyde (d at 1.4, q at 5.4ppm) decreased to 158 

almost negligible levels as reaction time elapsed, with only characteristic peaks for 159 
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acetaldehyde (d at 2.2, s at 9.6ppm), and no other intermediates or by-products, observed.  160 

Full NMR data are available in Supporting Information. 161 

 162 

Figure 3: mechanism for depolymerisation of metaldehyde by sulfonic acid functionalized SBA-15 163 

 164 

Figure 4: NMR spectra of metaldehyde (in D2O) before and after addition of 10% SA-SBA-15. 165 

As a consequence of the improved understanding of the underlying mechanism, it was 166 

possible to determine the efficiency of the process.  Catalytic activity is a significant 167 
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parameter that measures the efficiency of a catalyst in converting reactants to products; the 168 

activity of a catalyst is defined as the rate of consumption of reactant, hence, the kinetics of 169 

the catalytic reactions were investigated, using: 170 

Metaldehyde (MD,  C8H16O4, )
Catalyst (C, RSO3H)
→               Acetaldhyde (AD,  C2H4O) 171 

r = −
d[MD]

dt
= kMD,C × [MD] × [C] = k

′
MD × [MD]                          (1) 172 

where r is the reaction rate of metaldehyde, [  ] denotes molar concentrations, kMD,C 173 

represents the second-order rate constant (mol-1 s-1) and k’MD is the first-order rate constant 174 

(s-1). Since the concentration of the catalyst is constant, and in significant excess, the rate of 175 

reaction is only dependent on the concentration of metaldehyde; therefore, a first-order rate 176 

Equation can be employed: 177 

𝐶𝑡

𝐶0
= 𝑒−𝑘𝑀𝐷

′ 𝑡                                                                  (2) 178 

where Ct is the concentration at time t, and C0 is initial concentration. Figure 5a shows the 179 

concentration evolution of metaldehyde as a function of time for silica samples with 180 

increasing SAC, and the resulting fits to the first-order kinetic equation; the rate constants, k, 181 

obtained are shown in Table 1. It is clear that the rate of reaction decreases with increasing 182 

SAC, and 10% SA-SBA-15 showed the best kinetic performance, with a rate constant one 183 

order of magnitude higher than all other samples studied. It may be expected that increasing 184 

quantities of active acid groups would enhance the rate of degradation but, as stated earlier, 185 

high SAC  reduces the surface area, pore size and pore volume, such that the most 186 

important step of the catalytic reaction, reactant diffusion from the bulk solution to reactive 187 

catalyst sites, is hindered by increasing diffusive resistance, reducing the reaction rate. 188 

Furthermore, the blocking of well-ordered pores by organic functional groups, especially 189 

significant blockage at pore entrances, also impedes the access of metaldehyde molecules 190 

to reactive sites. Figure 5b displays changes in molar concentration for metaldehyde and 191 

acetaldehyde as a function of time, using 10% SA-SBA-15 as catalyst. It is expected from 192 
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Equation (1) that the maximum theoretical change in molar acetaldehyde concentration 193 

should be 4 times that of the decrease in metaldehyde concentration, due to the production 194 

of 4 acetaldehyde molecules per each metaldehyde molecule degraded. It is clearly shown, 195 

in Figure 5b, that the experimental data fits the theoretical data extremely well, confirming 196 

the proposed mechanism quantitatively. 197 

 198 

Figure 5: a) kinetics of metaldehyde depolymerisation using as-synthesized SA-SBA-15 samples; b) 199 

change in molar concentration of metaldehyde and acetaldehyde as a function of time using 10% SA-200 

SBA-15 as catalyst; ΔcAD = ct,AD, ΔcMD = c0,MD - ct,MD 201 

3.3 Acetaldehyde adsorption 202 

It has been reported that vapor phase acetaldehyde can be adsorbed by amine 203 

functionalized materials via the following condensation reaction [32, 33]: 204 

H2N− R + CH3CHO → CH3CH = N − R + H2O                                     (3) 205 

It was assumed, by the authors, that a similar reaction would be possible in the 206 

aqueous phase, hence,  in order to remove the single by-product of the catalytic degradation 207 

of metaldehyde, materials with amine functionality were applied to treated aqueous phase 208 

samples. As stated earlier, SBA-15 has a tunable, highly ordered, uniform structure, high 209 

sure face area, large pore volume and, most importantly, the ability to host various organic 210 

functionalities. Hence, it was possible to synthesize SBA-15 with amine functionalities (AF-211 

SBA-15), which was applied for the removal of acetaldehyde. The amine content was kept 212 

low at only 2.6% and 10% as a result of the expected pore blocking effect for higher 213 
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concentrations, as observed for SA-SBA-15. Small-angle powder XRD patterns of the AF-214 

SBA-15 samples exhibited similar characteristic peaks to SA-SBA-15 (Figure 1a). Nitrogen 215 

adsorption characterization results of these two samples are shown in Table 3, as well as 216 

the nitrogen contents determined by CHN analysis. It can be clearly seen from Table 3 that 217 

the inclusion of amine functionalities partially reduced the silica porosity, causing a decrease 218 

in surface area from 420 m2 g-1 (2.6%) to 291 m2 g-1 (10%). A similar trend in pore volume 219 

was observed for pore volume, with a decrease from 0.41 cm3 g-1 to 0.23 cm3 g-1  as amine 220 

content increased. 221 

Table 2: Textural parameters, nitrogen contents and pseudo-second order rate constants for as-222 

synthesized AF-SBA-15 and ion exchange resin A830 223 

Sample code SBET 

(m2 g-1) 

APD 

(nm) 

PV 

(cm3 g-1) 

NC 

(%) 

k2 

(min-1) 

AF-SBA-15 2.6% 420 ± 1.1 3.5 0.41 0.23 5.37 × 10-3 

AF-SBA-15 10% 291 ± 1.9 3.4 0.23 1.39 1.33 × 10-2 

A830 1.82 ± 0.06 >100 0.01 2.14 3.04 × 10-3 

APD = Average Pore Diameter; PV = Pore Volume; NC = Nitrogen Content, determined by 224 

elemental analysis; k2 = pseudo-second-order rate constant[2]. 225 

As-synthesized AF-SBA-15 were applied to remove acetaldehyde from prepared 226 

samples and Figure 6a shows the kinetic profiles of sorption at 293 K. The experimental data 227 

were fitted to pseudo-first order and pseudo-second kinetic equations [2], And the modeling 228 

showed that the pseudo-second order equation describes the kinetic process better than the 229 

pseudo-first order equation, with the pseudo-second order rate constants presented in Table 230 

3, showing that the sorption rate of 10% AF-SBA-15 was significantly faster than that of 2.6% 231 

AF-SBA-15. However, the adsorption capacities showed the opposite trend, i.e. 2.6% AF-232 

SBA-15 demonstrated a greater capacity than that of 10% AF-SBA-15. These contradictory 233 

results are closely related to the pore structure of the samples and the adsorption 234 

mechanism. Increasing amine content increases the density of active sites, enabling 10% 235 
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AF-SBA-15 a higher efficiency for capturing acetaldehyde, hence, this sample showed better 236 

kinetic performance. However, as stated above, the pore size and pore volume of 10% AF-237 

SBA-15 were already reduced comparative to 2.6% AF-SBA-15, and as adsorption 238 

progressed, the pores became blocked further by the products of the condensation reaction, 239 

as illustrated in Equation (3). This significantly increases blocking effects in the sample with 240 

greater functionalization, which eventually hinders access of acetaldehyde molecules to the 241 

reactive sites. So, even though 10% AF-SBA-15 has a greater number of reactive sites 242 

overall,  only those sites at the pore entrance are accessible, resulting in a faster kinetic 243 

performance yet lower adsorption capacity than 2.6% AF-SBA-15. 244 

It is notable that both AF-SBA-15 samples showed low adsorption capacities an 245 

impractical aspect for use in the water treatment industry. As the results obtained for these 246 

samples suggested  lack of accessibility to reactive sites is limiting to the adsorption capacity, 247 

it is reasonable to propose that materials with larger pores, such as macroporous resins may 248 

exhibit an increased  capacity, where reactive site number is still significant. To test this 249 

hypothesis,  a macroporous ion exchange resin (A830) with an acrylic matrix and complex 250 

amine functionalities was applied for the removal of acetaldehyde. Data for the kinetics of 251 

acetaldehyde sorption onto A830 are displayed in Figure 6a, together with comparative data 252 

for AF-SBA-15 samples. Figure 6b clearly shows that the capacity of A830 is much greater 253 

than the as-prepared mesoporous silicas; although the rate constant was much reduced, 254 

which is possibly due to the very small surface area and pore volume of the resin. Figure 6b 255 

shows the isotherm for acetaldehyde adsorption on A830 at 293 K and the subsequent fit to 256 

the Langmuir equation. The maximum capacity of A830 was obtained at 441 mg g-1, 257 

indicating that materials with similar properties to A830 could be promising candidates for 258 

acetaldehyde removal. Hence, it is proposed that a novel two-staged method consisting of 259 

an initial step to degrade metaldehyde into acetaldehyde, and a second stage to adsorb the 260 

acetaldehyde formed could be developed and operated subject to further optimization. 261 
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 262 

Figure 6: a) adsorption kinetics of acetaldehyde onto AF-SBA-15 and A830 and the fitting of 263 

experimental data to different adsorption kinetic equations; b) isotherm of acetaldehyde sorption onto 264 

A830 at 293 K and the fitting to Langmuir equation. 265 

4. Conclusions  266 

Well-ordered mesoporous sulfonic acid and amine functionalized SBA-15 has been 267 

synthesized via triblock copolymer template reactions. Sulfonic acid functionalized SBA-15 268 

showed excellent catalytic performance for the degradation of metaldehyde, with 269 

acetaldehyde as the only by-product. Kinetic studies showed that the rate of degradation is 270 

related to accessibility of metaldehyde molecules to the active sites present within the pores 271 

of the catalyst, such that pore size and pore volume have a dramatic effect on kinetic 272 

performance. Degradation of metaldehyde was shown to produce stoichiometric quantities of 273 

acetaldehyde and amine functionalized SBA-15 was shown to be capable of chemically 274 

adsorbing acetaldehyde through surface condensation reactions, akin to vapor phase 275 

studies, indicating that high amine content would increase adsorption capacity. However, 276 

increasing amine content decreased both pore size and pore volume of the as-made silica 277 

samples, such that acetaldehyde molecules cannot access to the functional sites, which is 278 

exacerbated by the fact that the product of the surface condensation reaction blocks the 279 

pore entrances further. Application of a macroporous adsorbent with high amine content 280 

(A830), to reduce the influence of pore blockage, showed an improved performance 281 

compared to the amine functionalized mesoporous silicas supporting the conclusion that 282 
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pore blocking reduces capacity and suggesting routes to materials development. The 283 

combined results of metaldehyde degradation and acetaldehyde adsorption indicate that a 284 

dual-stage column method could achieve total removal of metaldehyde from drinking water, 285 

via catalytic depolymerisation of metaldehyde into acetaldehyde and subsequent chemical 286 

adsorption. 287 
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