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ABSTRACT 

Mortars containing biocidal chemicals are widely applied as they show resistance to 

microbiological growth, thus preventing the aging of heritage materials. However, factors such 

as ultraviolet radiation, the weather etc. could greatly affect the biocidal activity of the active 

principles in mortars. The aim of this study was to optimize the preparation of several 

complexes of the biocide carbendazim (CBZ) with clays: natural Wyoming montmorillonite 

SWy-1 and two commercial organoclays, Cloisite® 10 and Cloisite® 20, and to test their 

antimicrobial activity for their potential application in restoration mortars. The optimized 

material here proposed would minimize the amount of active principle needed avoiding its 

leaching and consequently reducing its environmental impact with a maximum heritage 

compatibility. 

Prepared organoclay-CBZ adsorption complexes were inoculated with microorganisms 

(algae and fungus) to assess the antimicrobial activity. In this sense, one of the CL20-CBZ 

adsorption complexes which showed the best algicidal and fungicidal activity was used to 

prepare the antimicrobial mortar, and subsequently compared to those with pure CBZ as a 

antimicrobial additive. Furthermore, the mortars specimens were subjected to a standardized 

leaching test to check the effectiveness of the antimicrobial activity. After the leaching tests, 

the antimicrobial action of mortar containing only CBZ was lower compared to CL20-CBZ 

which had a good antimicrobial effect. We can conclude from these results that the heritage 

lime mortars could be easily prepared and have good efficiency against microbial 

contamination. 
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1. Introduction 1 

Most of the cultural heritage in our cities, such as monuments and facades, are built with 2 

plaster, lime mortars or stones of different nature (limestone, dolomite, marble, etc.) [1]. With 3 

time, they suffer alterations, which are very heterogeneous and complex in nature, since the 4 

materials and techniques used for their preparation are very diverse. The phenomena of 5 

alteration and deterioration are produced either by the normal aging of the materials, or induced 6 

by environmental agents such as humidity, temperature, light, CO2 concentration or biological 7 

factors [2–4].  8 

Among these deterioration factors, microbial activity is one of the most important and 9 

aggressive. The microflora of the external surface of the stone is a complex ecosystem formed 10 

by fungi, algae, bacteria, lichens and even protozoa [5]. These microorganisms induce 11 

biological processes promoting deterioration to monuments, one of the least studied 12 

mechanisms of heritage biodeteroration [6]. Moreover, this deterioration phenomenon is being 13 

accelerated due to the increase in environmental urban pollution and also the absence of 14 

preventive conservation systems [7].  15 

One way to address the problem is by incorporating biocidal compounds as one of the raw 16 

materials used in the building and restoration tasks concerning the cultural heritage. According 17 

to the 98/8/EC, 1 (BDP) European Directive on biocide products (chemicals used to eliminate 18 

the growth of undesirable biological species) these can be classified into four groups: 19 

preservatives, pest control, disinfectants and other biocidal products [8]. Of importance, the 20 

biocidal product must have high efficacy against biological agents, no interference with the 21 

constituent materials of the monument, low toxicity and low risk of environmental 22 

contamination [9]. Nowadays, there is a wide variety of commercial biocide compounds whose 23 
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function and effectiveness depends on their chemical composition and field of application 24 

[10,11].  25 

Restoration mortars are perhaps the most frequently used building material in the 26 

intervention tasks on historical and archaeological constructions, because their composition can 27 

be formulated in a similar manner to those of pristine materials, thus minimizing the apparition 28 

of aesthetical or mechanical/degradation failures [12]. The development of an additive with 29 

biocidal properties which could be properly incorporated into a mortar formulation, is an 30 

interesting and simple way to avoid or minimize the deterioration of historical buildings by 31 

microorganisms [13]. Most commercial biocides are not suitable for use in mortars, because 32 

they exhibit some residual activity or instability at the high pH values found in mortars. Among 33 

the different biocide compounds, the pesticide carbendazim (CBZ) could be an attractive option 34 

due to its low cost and low water solubility (8 mg L-1), the latter being a key factor in avoiding 35 

leaching from mortar cladding into outdoor environments. In fact, CBZ is a fungicide with 36 

broad spectra to control a range of diseases and is one of the most frequently used as a 37 

preservative in agriculture (corn, tomatoes, fruit, etc.) [14].  38 

Moreover, the expected durability of the biocide application for mortar must be longer than 39 

that of other biocidal applications (cleaning gels, containers, etc.), thus, the biocide additive 40 

must be retained in the mortar for as long time as possible. Actually, an extended duration of 41 

biocidal activity can be achieved by incorporating an active agent into an adequate carrier. Thus, 42 

the biocide could be released more gradually, its activity being extended. Also, carriers shield 43 

the biocidal compound from any harmful effects of environmental exposure, making its 44 

handling easier, safer and with better environmental performance. For instance, recently 45 

Scarfato et al. [15] proposed a novel carrier based on a natural halloysite for the biocide Biotin 46 

T, effective in prolonging the activity of the chemical for 2 years. 47 
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The use of clay minerals as adsorbents of pesticides has been extensively studied in the field 48 

of agricultural and environmental sciences. Mainly, the 2:1-type phyllosilicates, which contain 49 

a layer of octahedral alumina and two linked tetrahedral silicate layers, such as smectites, are 50 

good adsorbents for cationic and polar organic compounds, as a consequence of their 51 

hydrophilic and negatively charged surfaces [16]. Nevertheless, the affinity of these materials 52 

towards anionic or hydrophobic compounds can be improved by a simple modification of their 53 

surfaces after the incorporation of organic cations in their interlayer space through an exchange 54 

reaction, forming a new material generally called organoclay [17–19]. Quaternary ammonium 55 

surfactants which are found as cations in nature, are one of the most common modifiers used in 56 

the preparation of organoclays [20,21]. They usually contain short aliphatic chains or benzyl 57 

groups that are incorporated along with at least one long aliphatic chain (C12–C18) resulting 58 

in a higher interlayer space which is capable of housing the organic compounds, among other 59 

pesticides [20]. Consequently, smectites can be modified to improve their affinity for a 60 

particular pesticide [16,22]. Furthermore, quaternary ammonium surfactants have been 61 

approved by the European Biocide Directive as an additive for commercial biocides in the 62 

context of the monuments’ cultural heritage conservation [23]. 63 

Hence, these materials, smectites and organoclays, have been used as supports for the slow 64 

release of pesticides, in such a way that the active ingredient is not in an immediately available 65 

form, controlling the amount of pesticides and therefore avoiding undesirable leaching losses 66 

thus reducing their environmental impact [24,25]. In this work, we hypothesized that they can 67 

be good carriers for the control release of the biocides in mortars, due to the peculiarity of their 68 

structures and their compatibility as a component in mortars [26–29]. There are studies dealing 69 

with the controlled release of biocides from paints [30–33], but few regarding the release from 70 

mortars. In this study, we present new results obtained in the development of a long-lasting 71 

biocidal additive using carbendazim as a broad spectrum biocide, using the reference Wyoming 72 



6 
 

montmorillonite, SWy-1 and two commercial organoclays, Cloisite® 10 and Cloisite® 20, as 73 

its encapsulation and protection system. The biocidal activity of a restoration mortar with CBZ-74 

clay complex and free CBZ was also evaluated. The information provided would be beneficial 75 

as an alternative of the current commercial biocides in the context of using less amount of active 76 

compound ensuring their bioefficacy and avoiding its leaching with a maximum heritage 77 

compatibility.  78 

 79 

2. Materials and methods 80 

 81 

2.1. Biocide 82 

 83 

Carbendazim (CBZ) is a benzimidazole biocide with a molecular weight of 191.21 g mol-84 

1, water solubility of 8 mg L-1 and pKa of 4.2 (weak base). Pure analytical CBZ (purity = 99.5 85 

%), purchased from Sigma-Aldrich (Spain), was used to prepare the external standards for its 86 

analysis, preparation of the composites and for sorption experiments. The chemical structure is 87 

represented in Fig. S1. 88 

 89 

2.2. Adsorbents 90 

 91 

Three layered materials were assayed as adsorbents for carbendazim. The reference used 92 

was Na-rich Wyoming montmorillonite (SWy-1) from The Clay Minerals Society (Purdue 93 

University), labeled as SW, had a basal spacing d001 of 15.1 Å, cationic exchange capacity 94 

(CEC) of 76.4 meq/100g, with principal exchange cations Na+ and Ca2+ and surface area of 11.5 95 

m2 g-1.  Two commercial organoclays, Cloisite® 10 and Cloisite® 20, which were generously 96 

provided by BYK Additives & Instruments, are labeled as CL10 and CL20, respectively. These 97 
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two are organobentonites modified with dimethyl, benzyl, hydrogenated alkyl tallow 98 

quaternary ammonium and with dimethyl-bis (hydrogenated alkyl tallow) quaternary 99 

ammonium cations, respectively. The schematic structures of the interlayer cations are shown 100 

in Fig. S2.  101 

 102 

2.3. Preparation of biocide-sorbent complexes  103 

 104 

Carbendazim-sorbent complexes were prepared by adding, in duplicate, 30 mg of each 105 

layered sorbent to solutions of CBZ at different concentrations. Methanol (MeOH) and 106 

dimethylformamide (DMF) 25 % (v/v) in water were used as solutions. The volume and pH of 107 

the solution and the CBZ concentration were variable, and in this way, the optimization sorption 108 

process was planned. The initial conditions assayed are compiled in Table 2. The suspensions 109 

were equilibrated for 24 h at 20 ± 2 ºC until centrifugation (10 min, 10000 rpm). The 110 

supernatants were removed, filtered (0.45 µm) and the concentration of CBZ was determined 111 

by high-performance liquid chromatography (HPLC). The solids, CBZ-complexes, were dried 112 

overnight at 70 ºC for the characterization and bioassays experiments. Samples without 113 

adsorbents were also shaken for 24 h and served as controls. The amount of CBZ adsorbed on 114 

the layered materials was calculated by the difference between the initial (Ci) and final 115 

concentration after the equilibration time (Ce) biocide concentrations as follows: 116 

 117 

Cs = [(Ci-Ce) × V]/m 118 

 119 

Where Cs is the adsorbed amount of CBZ (mg g-1), Ci is the initial concentration of CBZ (mg 120 

L-1), Ce is the concentration of CBZ after the equilibration (mg L-1), V is the volume of the 121 

assayed solution (L), and m is the mass of the adsorbent (g).  122 
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 123 

2.4. Biocide analysis by HPLC 124 

 125 

Carbendazim concentration in samples was determined by high performance liquid 126 

chromatography (HPLC) using a Perkin Elmer Flexar chromatograph coupled to a UV diode-127 

array detector. The analytical conditions were: Brownlee Analytical C18 column (150 mm 128 

length × 4.6 mm internal diameter and 5 µm); eluent mixture, 35:65 acetonitrile/water at a flow 129 

rate of 1 mL min-1; 25 µL injection volume and UV detection at 280 nm. Data acquisition and 130 

the processing system were carried out with Chromera software. External calibration curves 131 

with four standard solutions between 26.2 and 261.5 µM were used in the calculations. 132 

 133 

2.5. Characterization of the biocide-adsorbent complexes  134 

 135 

The basal spacings (d001) of layered complexes were determined with a Discover diffractometer 136 

(Bruker) with CuKα radiation, and the step size and step counting time used were 0.02° (2) 137 

and 0.65 s respectively. Attenuated total reflectance infrared (ATR-FTIR) spectra were 138 

recorded on a Perkin Elmer Dos spectrometer using 20 scans from 450 to 4000 cm-1 with a 139 

nominal resolution of 4 cm-1. Zetasizer Nano ZSP (Malvern Instruments) was used to measure 140 

zeta-potential at 25 oC and at two pH values (4.0 and 6.6). Adsorption isotherms of N2 on 141 

samples were measured at 77 K, using a Micromeritics ASAP2020 gas adsorption analyzer, to 142 

obtain the specific surface area (SSA) by applying the Brauner-Emmet-Teller (BET) method. 143 

TG-curves of the complexes were recorded on a Setaram Setsys Evolution 16/18 apparatus, in 144 

air atmosphere using a heating rate of 10 °C min-1 until reaching the final temperature of 600 145 

ºC.  146 

 147 
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2.6. Biocidal assays  148 

 149 

The bioactivity of clay-supported and free carbendazim as well as the untreated clays 150 

was tested by means of antimicrobial assays to determine their fungicidal and algaecide 151 

bioefficacy. For the biocidal assays, 100 mg of the sample were used: 15 mg of the biocide 152 

agent or the CBZ-complexes were dispersed in 85 mg of dolomite, a standard filler in building 153 

materials. This amount of each sample was placed in Petri dishes containing an inoculated strain 154 

of algae (Stichococcus bacillaris, UTEX 2542) or fungus (Aspergilius Niger, ATCC 16404) 155 

contained a specific agar for each microorganism. The Petri dishes were incubated at 22 ± 2 ° 156 

C for 7-14 days (Aspergilius Niger) or 30 days (Stichococcus bacillaris). At the end of the 157 

incubation, the antimicrobial properties of the samples were analyzed visually for the 158 

presence/absence of microorganisms. The same procedure was used to assess the antimicrobial 159 

activity of the mortars by placing the mortar specimens (with or without active principle) onto 160 

inoculated Petri dish. Based on the obtained results, the CL20-CBZ adsorption complex was 161 

selected as an additive for the mortar preparation 162 

 163 

2.7. Mortar specimens with biocide additives   164 

 165 

Lime mortars specimens (height = 5 mm) were prepared using a water-to-mortar ratio 166 

of 0.19. The mortar dosage is shown in Table 1. In order to prepare biocidal mortars, two 167 

powdered biocidal additives were added to the initial composition, the active ingredient (CBZ) 168 

dosage being 0.1 % w/w over the mortar. The selected additives were pure CBZ, and the 169 

prepared adsorption complex CL20-CBZ. The specimens were placed in a silicone mould and 170 

were kept at 20 ± 2 ºC for one week. After that, the specimens were removed from the moulds 171 

and left to cure in a curing chamber (20 ± 2 °C and 65 ± 5 % relative humidity) for 21 days. As 172 
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the high pH of the mortars prevented the growth of microorganisms even without any biocide 173 

in their composition, it was necessary to age all the mortar samples in a CO2 chamber for a 174 

month (1% CO2; 21 ± 2 ºC; 60 ± 10 % relative humidity) in order to carbonate the mortar 175 

surface. The chosen time was established after carrying out the fungicidal and algicidal activity 176 

assays on a reference mortar (i.e. without antimicrobial additives) aged for several periods in 177 

the CO2 chamber. Finally, the aged mortars were subjected to biocidal activity assays and 178 

leaching tests. 179 

 180 

2.8. Leaching tests 181 

 182 

The ability of the mortars to keep the biocidal properties was checked after performing 183 

a standardized leaching test. The procedure is detailed in EA NEN 7375:2004 (Netherlands 184 

normalization institute standard, 2004) and is used to simulate the leaching of inorganic 185 

components from moulded and monolithic materials. The round mortar specimens (h = 5 mm, 186 

d = 25 mm) were placed in a sealed tank containing 180 mL of distilled water and the eluate 187 

was replenished at different times (0.25, 2.25, 4, 9, 16, 36, and 64 days). At the beginning (0.25 188 

and 2.25 days) and at the end (64 days) of the leaching test, 2 mL were filtered (0.45 µm) and 189 

analyzed by using HPLC-UV to obtain the CBZ concentration. Once the leaching test was 190 

finished, the mortar specimens were dried and used for biocidal assays. 191 

 192 

3. Results and discussion 193 

 194 

3.1 Preliminary study of biocide adsorption on adsorbents 195 

 196 
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 The amount of CBZ adsorbed by the layered compound at different ratios and solvent 197 

proportion is shown in Table 2. Adsorption values, Cs, were higher for a solution/adsorbent 198 

mass ratio equal to 1000. Slight adsorption was measured only when the methanol solvent was 199 

used while the adsorption was pH-dependent. In this way, the organic-modified layered 200 

materials, CL10 and CL20 displayed greater affinity at pH 6.6 instead of pH 4.0 (Table 2), 201 

which can be attributed to the hydrophobic environment provided by the organic modifiers, 202 

since at this pH (6.6), CBZ was predominantly present in the solution as a neutral form [35]. 203 

Alternatively, under the same conditions but at pH 4.0, the amount of CBZ adsorbed on SW 204 

was Cs = 24.6 mg g-1 while there was no adsorption at pH of 6.6. This result was indicative of 205 

the importance of the pH for ionizable compounds, which is the case of CBZ. The fungicide is 206 

a weak base with a pKa of 4.2 meaning that during the adsorption experiment at pH of 4.0 207 

(Table 2) was partially protonated showing affinity for the negatively charged surface of SW, 208 

according to the zeta-potential measured (Table S1). CBZ could be also adsorbed by ion 209 

exchange in the interlayer space [36,37], as will be confirmed by XRD technique. This has been 210 

well-documented for the sorption of other basic pesticides in their sorption on montmorillonites 211 

and soils [36,38,39]. The greatest adsorption of CBZ on SW was registered when DMF (25%) 212 

was the background solution, with the same trend as in the case of MeOH (25%), at pH 4.0. On 213 

the other hand, the organic adsorbents displayed the highest adsorption values at pH 6.6 (Table 214 

2). This fact can be explained by the high solubility of CBZ in DMF (5 g L-1) [40], which 215 

provides a higher number of free biocide molecules in the solution, facilitating contact with the 216 

clay surface.  217 

 218 

3.2. Characterization of the selected CBZ-complexes 219 

 220 
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XRD characterization. The XRD patterns of CBZ, unmodified SW, CL10 and CL20 221 

and the CBZ-complexes are shown in Fig. 1. The layered materials exhibited the classical 222 

patterns characteristic of this type of materials, the diffraction peak of the basal plane, d001 223 

appearing for SW and the Cloisites (Fig. 1), representative of a crystalline layered structure. 224 

After the incorporation of CBZ into the complexes, structural differences were observed. The 225 

incorporation of CBZ in SW slightly decreased the d001 value from 13.3 to 12.8 Å, Fig. 1A. 226 

This could be due to the strong interaction between the N-H groups of the biocide and the 227 

negative layer charges of SW, possibly maintaining the layers closer together [41], which is 228 

also in good agreement with the adsorption mechanism proposed above. It has been observed 229 

that for certain organic cations, the amino groups could be keyed into the ditrigonal cavities of 230 

the clay mineral, which hampered the expansion of the layers [19]. However, for CL10, the 231 

position of the basal reflection (d001) is shifted to higher 2θ values which indicates an increase 232 

in the distance between the layers (from 18.7 Å to 19.7 Å) (Fig. 1B) probably because of the 233 

CBZ incorporation into the adsorbed  alkyl chains of the modifier, a phenomenon known as 234 

“adsolubilitation” [42]. This expansion of basal spacing reveals that the host-guest interaction 235 

has taken place between clay layers. Conversely, for the CL20 sample, quite a substantial 236 

decrease in the basal spacing occurred (from 30.8 Å to 25.1 Å) when CBZ was incorporated 237 

(Fig. 1C). In this case, a very high basal spacing of the CL20 was caused by the organic modifier 238 

type, which possesses two alkyl tallows leading to a more paraffinic structure. Thus, the initial 239 

interactions between the alkyl chains of the modifier molecules have probably been altered by 240 

means of the organic solvent (DMF) used during the adsorption test, giving rise to a lower 241 

interlayer distance by the re-arrangement of the alkyl chains in the interlayer space [43] . 242 

Notwithstanding, the adsorption of CBZ in this case probably also occurs through a partitioning 243 

mechanism, formerly reported for this type of host-guest interactions [18,44,45]. 244 

 245 
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 FTIR Spectroscopy. The FTIR spectra of SW, CL10 and CL20 treated with CBZ, 246 

together with those of the blank clay samples and the pure biocide, were recorded to ascertain 247 

the presence of CBZ in the prepared complexes (Fig. 2). Band assignation was performed 248 

according to Bellamy [46]. In CBZ, the most important band recorded at 3325 cm-1 was 249 

assigned to the N-H stretching vibrations. Additionally, those appearing in the range of 2500-250 

3000 cm-1 were attributed to the -CH stretch aromatic group. In addition, the band recorded at 251 

1700 cm−1 was assigned to the carbonyl –C=O stretching vibration from the ester group -252 

COOCH3, whereas the bands at 1625 cm-1 and 1585 cm-1 also corresponded with the bending 253 

of –N-H groups with the contribution of the carbonyl group, but were assigned as a part of 254 

carboxylate. Peaks at 1430 and 1600 cm−1 were attributed to C=C stretching of aromatic carbon 255 

bonds, which can overlap with the stretching -C=N bands, as well as the band recorded at 1392 256 

cm-1 which was assigned to -C-N vibration. Regarding the layered materials, they exhibit their 257 

representative bands which were previously recorded for the montmorillonites samples (SW, 258 

CL10 and CL20). The presence of CBZ in the complexes was corroborated since the bands 259 

described above for the compound were detected in the samples. Specifically, the bands 260 

belonging to C=C and -C=N stretching ranging between 1625 cm-1 and 1585 cm-1, were more 261 

noticeable for the cases of CL10 and CL20 in comparison to SW (Fig. 2).  262 

 263 

Thermogravimetric analysis. The thermal stability of the CBZ and the complexes was 264 

also evaluated and the TGA curves are shown in Fig. 3. The mass losses are compiled in Table 265 

S2. The thermogravimetric analysis of the samples showed accordance with the data reported 266 

for the thermal decomposition of layered materials [47,48]. They are characterized by an initial 267 

mass loss due to the dehydration corresponding to the physisorbed water [19,48], as is shown 268 

for SW with a mass loss of 9.9 % around 100 ºC (Table S2). The dehydroxylation of the clay 269 

minerals usually occurs at temperatures higher than 700 ºC [49]. Therefore it was not possible 270 
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in our case to detect this step since the analyses were done at temperatures lower than 600 ºC 271 

[50]. For the organoclays, the mass losses occurring between 200-600 ºC are attributed to the 272 

loss of the organic cation, phase which can occur in several steps [49,51], as is shown in the 273 

case of CL20 (Fig. 3).  274 

The presence of CBZ in the different complexes had a different effect on the thermal 275 

stability. For instance, for CL10-CBZ, the second step was delayed in comparison with the 276 

pristine clay, suggesting some interactions of CBZ with the alkyl tallow of the CL10 (Fig. 3). 277 

A similar effect was also observed for CL20-CBZ, since various steps were registered in the 278 

range of 180-600 ºC, a most likely consequence of the different interactions between CBZ and 279 

the organoclays (Fig. 3), which also justified the re-arrangement of the alkyl chains by the 280 

presence of CBZ in the interlayer space according to DRX data. Interestingly, CBZ started to 281 

decompose at lower temperatures in the complexes in comparison to the free biocide. This fact 282 

has been also observed for the adsorption of CBZ on alumina particles [52]. The authors 283 

explained that lower thermal energy is required for the degrading of the adsorbed CBZ 284 

molecules, compared to those necessary for decomposing CBZ crystal lattice and its 285 

transformation into individual molecules.  286 

 287 

Specific surface area. In general, all adsorbents showed low specific areas, following 288 

this order: CL20 (9.55 m2 g-1) < SW (11.5 m2 g-1) < CL10 (36.30 m2 g-1). There was no 289 

correlation with adsorption capacity of the adsorbent and SSA values. This is a consequence of 290 

the fact that the SSA values are not a crucial factor defining the adsorption capacity of these 291 

layered materials, since N2 is not able to access all the adsorption sites [18].  Thus, we can 292 

conclude here that the portioning mechanism has a key role here, meaning that the hydrophobic 293 

interactions are predominated. 294 

 295 
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3.3. Biocidal assays of CBZ-complexes powder samples 296 

 297 

 A preliminary biocidal assay was performed to assess the antimicrobial effect of the 298 

pure adsorbents (clays). The existence of antimicrobial effect was considered positive by the 299 

presence of a halo surrounding the powder placed on the dishes, determined by the visualization 300 

of the samples. Different antimicrobial behaviour was found for the different clays. None of 301 

them were able to preserve the fungal growth at 7 or 14 days of incubation (Fig. 4). The CL10 302 

adsorbent was able to inhibit any algal growth and the CL20 exerted a protection halo 303 

preventing this growth. It is known that alkylammonium salts are used as biocide compounds 304 

[53], therefore, this observed antifungal activity could be associated to the modifier, since the 305 

montmorillonite SW did not show this feature. Moreover, it suggested that the alkylammonium 306 

groups were more bioavailable in CL10 as compared with CL20, in spite of the greater 307 

interlayer space of CL20 compared to CL10. 308 

 Subsequently, the fungicidal and algicidal activities of the CBZ-complexes were 309 

evaluated, with the aim of assessing the activity of a dry mix powder (using dolomite as filler) 310 

which could potentially be used as a biocide additive in mortar. Following the composition 311 

compiled in Table 2, the assays of biocidal activity were observed for the samples with low 312 

(Fig. 5) and high content (Figs. 6 and 7) of carbendazim, Cs. The samples were denoted SW-313 

xx, CL10-xx and CL20-xx, where xx means the Cs value measured for each CBZ-clay 314 

complex/dolomite mixture powder sample (Table 2).  315 

 In the case of the antifungal effect on Aspergilius Niger, Fig. 5 shows that samples with 316 

Cs around 1.0 mg g-1 were ineffective. The samples with Cs around 11.0 mg g-1 were able to 317 

stop the fungi growth within the first 7 days but not after 14 days. Only the sample SW-25, due 318 

to its higher Cs value, was effective as an antifungal compound (Fig 5). In Fig. 6, it was 319 

observed that all CBZ-complexes, once the Cs values are higher than 50 mg g-1, exhibited an 320 
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antifungal effect during every period of the microorganism incubation. Moreover, a bacterial 321 

contamination appeared on CL10-58 and CL20-79 samples due to the sample manipulation. 322 

Thus, it could be possible that the CBZ effect against bacteria is less effective in comparison to 323 

Aspergillus Niger. Following the fungi grown assays, the high content CBZ samples were 324 

studied as anti-algae ingredients against Stichococcus Bacillaris, Fig 7. In this case, the best 325 

response as algaecide was found for powder samples when comprised of pure CBZ. However, 326 

a certain activity in a wider halo is also observed for CL10-58 and CL20-79 CBZ-complexes, 327 

being this inexistent for the SW-52 sample. By observing the algaecide response of the three 328 

CBZ-clays complexes, and that illustrated in Fig. 4, it seems that the anti-algae effect of CL 329 

organoclays is due to their chemical composition (including the structural alkylammonium 330 

groups) and not to the adsorbed CBZ, the latter probably in too low an adsorbed amount to 331 

produce an effective algaecide response.  332 

It is worth noting the good biocide response exhibited by the CBZ-complexes when 333 

compared to the pure CBZ sample (Figs. 5 and 6), considering that the amount of carbendazim 334 

present in the dolomite mixtures of SW, CL10 and CL20 samples was around 93 % wt lower 335 

than those of the dolomite mixture of CBZ. This is indicative of the favourable dispersion of 336 

the biocide in the substrate itself giving rise to efficient responses substantially lowering the 337 

amount of biocide needed, which serves to reduce  potential secondary environmental problems 338 

associated with the use of biocides [54]. 339 

 340 

3.4. Biocide mortars 341 

 342 

The biocide-mortar activity was performed on lime-based mortars, which are mainly 343 

used in the rehabilitation tasks on cultural heritage buildings, in which the presence of 344 

microorganisms on their facade leads to serious external damages. 345 
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Among the three CBZ-complexes studied, the CL20-79 sample showed the best 346 

response to both fungicidal and algicidal activity. This sample was chosen as an additive to 347 

prepare a mortar with antimicrobial activity. Firstly, the antimicrobial activity of the mortar 348 

without any CBZ or CBZ-complex additives was studied as a blank, because the mortar high 349 

pH could also have biocidal properties. Thus, the mortar specimens were studied before and 350 

after accelerated aging, for 30 and 60 day periods. A halo protection towards the growth of 351 

Stichococcus Bacillaris microorganism was observed for the sample mortar before aging, 352 

although the halo evanesced after 30 and 60 days of aging (Fig. 8). In this sense, the mortar 353 

carbonation process should have completed in 30 days (giving rise to the mortar surface pH 354 

decrease), as it reported in a similar study using clay additives in lime mortars [55]. Therefore, 355 

30 days aged samples are of interest to clearly discern the antimicrobial activity of the biocide 356 

additive. 357 

Fig. 9 illustrates the antimicrobial effect exhibited by CBZ-Mortar and CL20-79-358 

Mortar. In order to carry out a comparative study and to evaluate the effectiveness of supporting 359 

biocides in clays, both samples of mortars were prepared with the same charge of carbendazim, 360 

70 mg per kg of mortar. The first observation concerns the leaching effect on mortars. Before 361 

leaching, both samples exhibit a powerful fungicidal and algicidal activity. However, after the 362 

leaching test, and due to the carbendazim release from the mortar, the antimicrobial effect 363 

clearly decreased. Moreover, the leaching test could also induced a decrease of surface pH of 364 

the mortars, so the microbial growth could be favoured. Of importance, the halo protection 365 

remained greater in the CL20-79-Mortar which would indicate that the stronger carbendazim 366 

bonding to the clay adsorbate preserved its release into the environment to a greater extent in 367 

comparison with the CBZ-Mortar. In fact, the released amount of CBZ was measured at the 368 

beginning and at the end of the performed leaching tests (Table 3), the results indicating a lower 369 

amount of released active for the CL20-79-Mortar. Thus, taking into account the total moles 370 
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leached for every mortar sample, 17.8 % less of CBZ is released from CL20-79-Mortar in 371 

comparison with the CBZ-Mortar. The best leaching data observed for the adsorption complex 372 

are explained by the stronger interactions between the CBZ molecules and the organic modifier, 373 

slowing down the release of CBZ molecules into the environment. 374 

 375 

4. Conclusions 376 

 377 

 We have prepared different complexes of the biocide carbendazim based on layered clay 378 

minerals natural Wyoming montmorillonite SWy-1 and two commercial organoclays, 379 

Cloisite® 10 and Cloisite® 20. The characterization of the samples showed the presence of the 380 

biocide in all the prepared composites. XRD and TGA techniques confirmed that the part of the 381 

CBZ was adsorbed in the interlayers of the clay minerals studied here. The bioassays showed 382 

that the CBZ-clay complexes displayed appreciable fungicidal activities when Cs was higher 383 

than 50 mg g-1, whereas the CL20-CBZ complex showed the best fungicidal and algaecidal 384 

effect. The use of clays as biocides supports significantly decreased the amount of active 385 

necessary to obtain mixed powders with a positive antimicrobial response and its corresponding 386 

environmental benefits. Furthermore, the CL20-CBZ adsorption complex was used as an 387 

additive in a typical lime mortar, providing a positive biocidal effect. Finally, the endurance of 388 

the biocidal action present in the mortar was checked after 64 days of leaching tests. In this 389 

sense, the amounts of leached biocide were lower for CL20-CBZ-Mortar compared to CBZ-390 

mortar. The fact that carbendazim was attached to the clay, and not only mixed with the mortar 391 

components, would enhance the preservation of the active principle over time. Because of the 392 

antimicrobial activity developed by clays-complexes containing only low amounts principle 393 

active and their preservation on time, the prepared complexes are highly interesting for its 394 

potential application as biocide additives for building materials.  395 
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FIGURE CAPTION 573 

 574 

Fig. 1. X-ray diffraction patterns of CBZ, unmodified SW, CL10 and CL20 and the CBZ-575 

complexes. 576 

 577 

Fig. 2. The FTIR spectra of CBZ, SW, CL10 and CL20 treated with CBZ, indicating the main 578 

characteristic bands. 579 

 580 

Fig. 3. Thermogravimetric analysis (TG) of CBZ and complexes prepared with SW, CL10 581 

and CL20. 582 

 583 

Fig. 4. Preliminary bioassay showing the algaeicidal and fungicidal activity of layered SW, 584 

CL10 and CL20 at different incubation times. 585 

 586 

Fig. 5. Petri dishes photographs showing the fungicide activity of CBZ-complexes containing 587 

CBZ at low biocide content on the growth of Aspergilius Niger. 588 

 589 

Fig. 6. Petri dishes photographs showing the fungicide activity of CBZ-complexes containing 590 

CBZ at high biocide content on the growth of Aspergilius Niger. 591 

 592 

Fig. 7. Petri dishes photographs showing the algaecide activity of CBZ-complexes containing 593 

CBZ at high biocide content on the growth of Stichococcus bacillaris. 594 

 595 

Fig. 8. Petri dishes photographs of reference mortars tested after different accelerating ageing 596 

times. 597 

 598 

Fig. 9. Petri dishes photographs of biocidal mortars tested before and after the leaching test 599 

 600 

 601 



 

 

Table 1 

 Composition for biocide and reference mortarsa 

Component Dosage (% wt) 

Aggregates 80 - 90 

Lime 10 - 20 

Pozzolan 0-1 

Additives 0.0025 - 0.25 

a Real dosage is protected by Grupo Puma S.L. manufacturer rights 
 

Table 1



Table 2 

Solvent, absorbents, pH and concentration values used in the preparation of the CBZ-

complexes compounds.  

Solvent pHa 

CBZ solution 

concentration 

(mg L-1) 

Solution/adsorbent 

ratio (mL per 0.03 g) 

Csb (mg g-1) 

SW CL10 CL20 

25% 

MetOH 

6.6 33 

50 0 1.2 1.3 

667 0 0 0 

1000 0 10.4 11.6 

4000 0 0 0 

4.0 40 1000 24.6 0 0 

25% 

DMF 

6.6 181 1000 0 58.2 79.0 

4.0 181 1000 52.5 0 0 

a pH adjusted with HCl or NaOH as requested 

b Amount of CBZ in adsorbents assayed after 24 h equilibration. 

Table 2



Table 3 

Amount of CBZ leached during the standardized leaching test of the mortars. 

Time (h) 
(C C0

-1) x 100 (%) 

CL20-79 CBZ 

6 2.52 3.52 

54 2.70 2.88 

1536 0.42 0.47 

 

Table 3



 

 

Fig. 1. X-ray diffraction patterns of CBZ, unmodified SW, CL10 and CL20 and the 

CBZ-complexes. 
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Fig. 2. The FTIR spectra of CBZ, SW, CL10 and CL20 treated with CBZ, indicating the 

main characteristic bands. 
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Fig. 3. Thermogravimetric analysis (TG) of CBZ and complexes prepared with SW, 

CL10 and CL20. 
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Fig. 4. Preliminary bioassay showing the algaeicidal and fungicidal activity of layered 

SW, CL10 and CL20 at different incubation times. 
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Fig. 5. Petri dishes photographs showing the fungicide activity of CBZ-complexes 

containing CBZ at low biocide content on the growth of Aspergilius Niger. 
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Fig. 6. Petri dishes photographs showing the fungicide activity of CBZ-complexes 

containing CBZ at high biocide content on the growth of Aspergilius Niger. 
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Fig. 7. Petri dishes photographs showing the algaecide activity of CBZ-complexes 

containing CBZ at high biocide content on the growth of Stichococcus bacillaris. 
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Fig. 8. Petri dishes photographs of reference mortars tested after different accelerating 

ageing times. 
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Fig. 9. Petri dishes photographs of biocidal mortars tested before and after the leaching 

test 
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