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 42 

Highlights 43 

• Natural Na-montmorillonite (SWy-2) adsorbed 0.88 meq/g amitriptyline (AMI) from 44 

water. 45 

• AMI adsorption was fast (<4 h) and exceeded the clays CEC. 46 

• AMI removal was mainly via a cation exchange mechanism  47 
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• AMI removal was unaffected by pH in the range 2 to 11. 48 

• Amine groups and benzene rings in AMI controlled molecular orientation in the clay 49 

interlayer. 50 

 51 

Abstract 52 

Amitriptyline (AMI) is one of the most common tricyclic antidepressant personal care 53 

medications. Due to its environmental persistence and bioaccumulation, release of AMI into the 54 

environment via wastewater streams in elevated levels could lead to significant ecological and 55 

human health impacts. In this study, the adsorption of AMI by montmorillonite (SWy-2), a 56 

naturally abundant smectite clay with sodium ions as the main interlayer cations, was 57 

investigated. Maximum AMI adsorption (276 mg/g) occurred at pH 7-8. After adsorption, 58 

examination of the adsorbent’s X-ray diffraction pattern indicated that interlayer expansion had 59 

occurred, where chemical stoichiometry confirmed cation exchange as the principal adsorption 60 

mechanism. AMI adsorption reached equilibrium within 4 h, with kinetic data best fitting the 61 

pseudo-second order kinetic model (R2 = 0.98). AMI adsorption was unaffected by solution pH 62 

in the range 2 to 11, where adsorption was endothermic, and molecular simulations substantiated 63 

by Fourier transform infrared spectroscopy and thermogravimetric investigations indicated that 64 

the orientation of AMI molecules in the interlayer was via an amine group and a benzene ring. 65 
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Overall this research shows that SWy-2 has significant potential as a low cost, effective, and 66 

geologically derived natural material for AMI removal in wastewater systems. 67 

 68 

Keywords: Adsorption; Amitriptyline; Cation exchange; Molecular simulation; Montmorillonite. 69 

 70 

1. Introduction 71 

Organic and inorganic pollutants can both have significant negative impacts on water and soil 72 

environments, as well as living organisms, including humans, due to their innate toxicity. The 73 

efflux of medical drugs into the environment can thus detrimentally effect ecosystem health and 74 

the organisms therein, and is consequently of increasing emerging concern due to the potential 75 

for the development of drug induced bacterial resistance as well as damage to ecosystem 76 

balance, and plant growth and development [1]. This has resulted from the overuse of many 77 

medicinal drugs and the dramatic increase in personal maintenance products. In addition, such 78 

pollutants can enter the human body through food chain contamination and cause allergic 79 

reactions as well as food poisoning in severe cases [2, 3]. Indeed, many drugs are also known to 80 

have carcinogenic, teratogenic, mutagenic or hormonal effects, which seriously interfere with 81 

human physiological functions and threaten human health. Thus, there urgently needs to be a 82 

range of methods which both reduce the efflux of medicinal drugs into the environment and 83 



6 

where this is unavailable, efficiently remove them from the environment once efflux has 84 

occurred. 85 

Clay minerals are naturally available and play an important role in the hydrosphere where they 86 

can influence the migration and interaction between organic and inorganic chemicals. Hence, 87 

clays have become an important, relatively inexpensive, natural remediating agent for use in the 88 

cleanup of environmental contamination [4, 5]. However, the specific mechanisms of interaction 89 

between clay minerals and drugs is not clear and needs to be better understood if clays are to be 90 

practically used to efficiently remove emerging medicinal drugs from contaminated 91 

environments. 92 

Today, there is also an increasing concern that the active compounds present in medical drug 93 

formulations constitute a significant pollutant in the aqueous environment, and can thus lead to 94 

significant physiological human and animal effects even at very low concentrations. Many 95 

medicinal drugs also survive passage through conventional wastewater treatment plants, having 96 

been detected in the outlets of sewage treatment plants [6-9], and are thereafter detected in both 97 

soil and aqueous systems [10-12]. Furthermore, drugs often produce ecotoxicity, resistance to 98 

pathogens, and act as endocrine disruptors to many environmental organisms [8, 13, 14]. Drugs 99 

also persist in the environment for a long time, and can therefore be passed to human populations 100 

through both food chain contamination and via drinking water. Since many drugs are polar 101 
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molecules (so that they can be efficiently consumed and absorbed in animal and human systems), 102 

which are highly soluble in water, their detection and removal in complex environment matrices 103 

is a major challenge [15, 16]. 104 

Amitriptyline (AMI) is one of the most common tricyclic antidepressant personal care 105 

medications, which produces antidepressant effects by inhibiting the reuptake of serotonin and 106 

norepinephrine, and is commonly prescribed for the treatment of major depression [17]. 107 

However, its use is not without some concern, because it is highly toxic with no specific antidote, 108 

and can only be used in a narrow safety range to avoid severe poisoning exhibited by strong 109 

heart, central system, and respiratory toxicity [18, 19]. Epidemiological studies showed that in 110 

the 1990s, tricyclic antidepressant use in Australia and the UK accounted for 8- 12% of all drug 111 

overdoses, with a 15- 33% lethality [20, 21]. Thus, after narcotic drugs, tricyclic antidepressants 112 

have emerged as the most common harmful drug [18]. While the amount of personal care 113 

products discharged into the environment is relatively low compared to the most widely used 114 

chemicals, such as pesticides and fertilizers, it would not initially pose a great threat to the 115 

environment at low doses, but due to its persistence and accumulation over a long period of time, 116 

would lead to significant potential impacts. This indicates that in the future, to prevent the 117 

destruction of environmental ecology or reduce the threat to human health, effective means to 118 

remove residual medicinal drugs from the environment will be an urgent issue. 119 
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Currently, one of the most important research gaps limiting the wider application of clay 120 

minerals for the remediation of emerging contaminant drugs is a thorough understanding of the 121 

mechanisms of interactions between clay minerals and drugs in contaminated waters. While a 122 

wide variety of different pollutants have successfully been removed using a wide variety of 123 

different clay modification and removal methods, this study uses a naturally available sodium-124 

rich montmorillonite (Na-montmorillonite) to specifically remove (through adsorption) AMI, 125 

which has not been previously reported. As a natural adsorbent, the use of montmorillonite is 126 

practically important because it is inexpensive, widely available, and has high cation exchange 127 

capacity (CEC), which makes it an outstanding candidate for both industrial and domestic 128 

wastewater treatment. Additionally, water treatment with a natural material like montmorillonite 129 

also involves minimal greenhouse gas emission, no thermal energy requirement, and minimal 130 

risk of secondary pollution. Therefore, in this study the adsorption behavior of the antidepressant 131 

drug AMI on SWy-2 was studied as a potential practical remediation technique, and the removal 132 

mechanism elucidated by a combination of systematic experiments and molecular simulations. 133 

 134 

2. Materials and methods 135 

2.1 Materials 136 
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The HCl form of AMI (molar mass = 313.87 g/mol; pKa = 9.4; CAS number 549-18-8) was 137 

obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan [22] (Fig. S1) and had a purity 138 

≥ 98%. The computed molecular size of AMI was 10.68 Å×8.57 Å×5.89 Å [23]. A dioctahedral 139 

raw smectite clay, Na-montmorillonite (SWy-2), was obtained from the Clay Minerals Society 140 

and used as received. The physicochemical properties of the clay mineral are given in the 141 

Supplementary Materials (Table S1). Analytical grade chemicals such as NaOH and HCl were 142 

used to adjust the solution pH during the pH effect experiments. An ion chromatographic 143 

standard of Na+, K+, Mg2+ and Ca2+ (Custom Mix, 4 Elements, 125 mL mg/L in 5% HNO3; 144 

product number: OTS-160786-02-01) was purchased from www.bgw.org.cn and was used for 145 

cation analysis. 146 

 147 

2.2 Adsorption kinetics, isotherm and regeneration 148 

For the adsorption kinetics study, SWy-2 clay mineral (0.1 g) was mixed with AMI solution (20 149 

mL) to give a solid: solution ratio of 1:200 (w/v) and an initial AMI concentration of 500 mg/L 150 

in a 50 mL centrifuge tube, and wrapped with aluminum foil to prevent AMI photodegradation. 151 

The final solution pH was between 7 to 8, due to the innate buffering action of the clay mineral. 152 

The clay mineral-AMI solutions were shaken for 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0 and 24.0 h. 153 

The solid: solution ratio and basic operating conditions in all subsequent experiments were 154 
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identical to the kinetic experiments with a few parameter changes based on the goal of that 155 

experiment as noted hereafter. For the pH adsorption edge experiment, the equilibrium solution 156 

pH was varied between 2 and 11 (where pH was maintained by dropwise judicious addition of 157 

either 2M NaOH or 2M HCl) with an initial AMI concentration of 500 mg/L. For the 158 

temperature-dependent adsorption study, temperature was varied and maintained at either 303, 159 

318, or 333 K. During the adsorption isotherm study, the initial AMI concentrations were 50, 160 

100, 200, 300, 400, 500, 600, 700, and 800 mg/L. Choosing such high concentration range of 161 

AMI was necessary to properly elucidate the mechanisms of adsorption via physicochemical 162 

characterization of the adsorbent so that detectable changes are obtained in the AMI-loaded 163 

adsorbent samples. Otherwise, in all experiments, all solutions were shaken on a thermostatic 164 

oscillator (SHZ-82) at a constant temperature of 303 K with agitation at 150 rpm for 24 h to 165 

ensure equilibrium conditions. After reaching equilibrium, the solutions were then centrifuged 166 

(5000 rpm for 5 min), filtered (< 0.22 µm), and analyzed using either an UV-Vis spectrometer or 167 

ion chromatography. All experimental studies were conducted in duplicate. 168 

To evaluate thermal regeneration of SWy-2, the adsorbent was initially completely loaded with 169 

AMI by reacting the clay mineral (4 g) with a 800 mg/L AMI solution (1600 mL) for 24 h. 170 

Preliminary experiments had confirmed that under these conditions, the entire quantity of 171 

adsorbent had reached maximum adsorption capacity. Following total AMI adsorption, the 172 
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adsorbent clay was separated (by centrifugation at 10,000g 20 min) and washed twice with 173 

deionized water. The sample was then heated at 600oC in a muffle furnace for 2 h to remove the 174 

AMI via thermal decomposition. Finally, the regenerated clay was then reused to conduct the 175 

adsorption isotherm experiment again. 176 

The AMI adsorption kinetics data were fitted to pseudo-first order, pseudo-second order, intra-177 

particle diffusion, and Elovich models, while the adsorption isotherm data were fitted to 178 

Freundlich and Langmuir models using non-linear fitting methods (Supplementary Materials). 179 

For the model fitting exercise, various statistical parameters were calculated, and the values so 180 

obtained were compared amongst the various models to determine the optimal model fitting [24] 181 

(Supplementary Materials). 182 

 183 

2.3 Analysis 184 

AMI concentrations were quantified at 240 nm [25] using a DR5000 UV-Vis spectrometer 185 

(Hach, Loveland, USA), where standard AMI solutions were maintained at a similar pH to the 186 

samples. Calibration curves were constructed from five standards varying in concentration 187 

between 1 and 20 mg/L, and were accepted when R2 > 0.999. 188 

During the adsorption of AMI, cations Na+, K+, Mg2+, and Ca2+ released (exchanged from the 189 

clay mineral) in the solution were analyzed by Integration high-pressure ion chromatography 190 



12 

(HPIC) (Dionex, Thermo Fisher Scientific™, Waltham, USA). Chromatographic retention times 191 

for Na+, K+, Mg2+, and Ca2+ were 2.7, 3.78, 5.92, and 7.38 min, respectively. The instrument was 192 

equipped with a Dionex IonPacTM CS12A-5μm column (3×150 mm), and using an aqueous 193 

mobile phase of 20 mM methanesulfonic acid (1.922 mL in 1L of water) with flow rate of 0.5 194 

mL/min. 195 

X-ray diffraction (XRD) patterns of powdered samples were obtained on a Bruker D8 Advance 196 

A25 Diffractometer (Bruker, Hamburg, Germany) with the LynexEye Linear detector and a 197 

monochromatic Cu Kα1 (λ=1.54 Å) source. The diffraction patterns were recorded in the 2ϴ 198 

range of 2-10° with a counting time of 1.25 s/step. 199 

Field emission scanning electron microscope (FE-SEM) images were recorded on a TESCAN 200 

MAIA3 Triglav (Ametek, Berwyn, USA) (acceleration voltage:15 kV). The energy dispersion 201 

spectrum (EDS) of platinum-coated samples was obtained using an Aztec X-max N50mm2 202 

detector attached to the SEM. 203 

Thermogravimetric (TG) analyses were conducted under N2 atmosphere on a NETZSCH STA 204 

449 F5 Jupiter instrument (Netzsch, Deutschland, Germany) (sample weight: 5-10 mg) with a 205 

heating rate of 10 °C/min. 206 

Fourier transform infrared (FTIR) analysis of dry powdered samples was carried using the KBr 207 

pellet method on a Nicolet iS10 spectrometer (Thermo Fisher Scientific™, Waltham, USA) 208 
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(typically 256 scans, resolution 4 cm-1), with scanning in the 4000 to 400 cm–1 region. 209 

 210 

2.4 Molecular simulation 211 

Molecular simulations were performed to identify AMI intercalation in the interlayer of SWy-2 212 

using the Forcite module of the Materials Studio 2017 software. The model supercell was 213 

established by 12 unit cells at 4a×2b×1c. The crystal structure of montmorillonite was 214 

characterized by a combination of two-layers of Si-O tetrahedrons (T-layer) with one layer of Al-215 

O octahedrons (O-layer) in between. The TOT layer of montmorillonite (thickness = 6.6 Å) [26] 216 

was composed of two oxygen atomic layers and hydrated cations in the interlayer space. 217 

Assuming that isomorphic substitution has taken place for Al3+ with Mg2+ in the octahedral sheet 218 

of SWy-2 [Na0.625Si8(Al3.375Mg0.625)O20(OH)4], the total layer charge becomes –5 which is 219 

balanced by Na+ in the interlayer space [27, 28]. Geometric optimization was performed at 303 220 

K with a simulation time of 1 ns and a time step of 1 fs. The computed molecular size of AMI 221 

was 10.68 Å×8.57 Å×5.89 Å [23]. The simulation was undertaken in the interlayer space of the 222 

clay mineral during AMI adsorption by cation exchange by allowing specific interaction of 223 

positively charged AMI functional groups with the crystal layers.  224 

 225 

3. Results and discussion 226 
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3.1 Kinetics of adsorption 227 

Studies of adsorption kinetics of AMI on Na-montmorillonite showed that equilibrium was 228 

reached in about 4 h (Fig. 1). Previous reports suggested that the adsorption of AMI on to Ca-229 

montmorillonite and palygorskite reached equilibrium much more quickly, in about 1 h and 230 

within a few minutes, respectively [15, 16]. Among the four kinetic models evaluated, namely 231 

pseudo-first order, pseudo-second order, intra-particle diffusion, and Elovich model 232 

(Supplementary Material; Fig. S2), the adsorption data were best fitted to the pseudo-second-233 

order kinetic model (R2 = 0.98; ratio of performance to the deviation (RPD) = 6.97) (Table 1). 234 

As calculated from the pseudo-second order model fit [29], the equilibrium constant for AMI 235 

adsorption on SWy-2 was 0.02 g/mg.h, and the corresponding equilibrium amount adsorbed (qe) 236 

was 201 mg/g (Table 1). Thus, the qe value obtained from kinetic data agreed reasonably with 237 

the calculated value of 276 mg/g obtained from the well-established Langmuir adsorption 238 

isotherm of AMI (Table 2) [30]. The adsorption kinetic data suggested that over time AMI 239 

adsorption became a rate-limiting step [30-34]. Compliance with the pseudo-second order model 240 

alone cannot by itself be used to infer either a surface-controlled adsorption process or 241 

chemisorption as is often assumed [34]. Thus, the validity of the pseudo-second order model for 242 

this system was further substantiated by considering other boundary parameters such as the 243 

equilibrium or rate constant, the initial concentration of the reactants and the total site density 244 
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[35]. Here, the equilibrium constant for the pseudo-second order kinetic model was 0.02 g/mg.h 245 

(Table 1) and a high initial AMI concentration (500 mg/L) was used throughout the adsorption 246 

kinetic experiment which partially corroborated with the hypothesis postulated by Reggazoni 247 

[34]. Cation exchange was identified as the mechanisms of AMI adsorption onto the SWy-2 clay 248 

mineral (Fig. 2a), which was also supported by the pseudo-second order kinetic model [15]. The 249 

kinetic study also showed that adsorption of AMI was relatively fast and reached 84% of the 250 

maximum adsorption capacity within 1 h, indicating a much faster adsorption of AMI onto the 251 

SWy-2 clay mineral adsorbent than other adsorbents such as palygorskite and kaolinite where 252 

intercalation of AMI was not likely to occur easily [16, 35]. 253 

 254 

3.2 Adsorption isotherm  255 

AMI adsorption isotherm data were fitted to the Langmuir and Freundlich isotherm models 256 

(Supplementary Material; Fig. S3a-b), and results suggested that the experimental data were best 257 

fitted to the Langmuir model (R2 = 0.66; RPD = 2.06) (Table 2). The maximum adsorption 258 

capacity for AMI was 276.3 mg/g (Table 2), which was well above 120, 76, 53 and 4.7 mg/g 259 

previously observed for activated carbon, granular activated carbon, palygorskite and kaolinite, 260 

respectively [16, 35-37], but was slightly below the value of 330 mg/g previously observed for 261 

Ca-montmorillonite [15]. This indicated that not only was the type of adsorbent important, but 262 
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for the same clay mineral the main counter ion was also important in determining AMI’s 263 

maximum adsorption capacity. Furthermore, the good fit to the Langmuir adsorption isotherm 264 

suggested that monolayer adsorption of AMI occurred on the clay mineral surface of SWy-2, 265 

since this one of the underlying assumptions of the Langmuir adsorption isotherm. 266 

Regeneration of SWy-2 was conducted by a heat treatment (600oC, 2 h) of the AMI-loaded 267 

sample to enhance potential reuse during environmental remediation. Unlike the original SWy-2, 268 

the isothermal AMI adsorption on the regenerated sample fit slightly better to the Freundlich 269 

model rather than Langmuir model (Table 2; Fig. S3c-d), which was most likely due to partial 270 

change of the heterogeneous surfaces on the clay mineral following the heat treatment. After one 271 

cycle of regeneration, the material displayed a reasonable 71.7 mg/g adsorption capacity (~26% 272 

of the original adsorbent) (Table 2), indicating potential for reuse in AMI removal from 273 

wastewater. 274 

 275 

3.3 Desorbed cations 276 

The concentration of desorbed cations from SWy-2 during AMI adsorption was positively 277 

correlated (R2 = 0.984) with the amount of AMI adsorbed (Fig. 2a). Specifically, the amounts of 278 

K+ released during exposure to AMI were lower than Na+, and invariant with the amount of AMI 279 

adsorbed. The amount of Mg2+ released was only slightly correlated with the amount of AMI 280 
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adsorbed, which was likely due to the higher MgO content of the SWy-2 clay mineral (Table S1). 281 

However, Na+ seemed to be completely desorbed by deionized water even without any AMI 282 

adsorption after 24 h, and desorbed Na+ even increased above the initial AMI concentration of 283 

300 mg/L (Fig. 2b). While complete desorption of Na+ derived from raw SWy-2 required 24 h to 284 

reach equilibrium (Fig. 2b), adsorption of AMI on SWy-2 needed only 4 h (Fig. 1a). Therefore, 285 

the release of Na+ was not entirely caused solely by solvation in deionized water during AMI 286 

adsorption. Instead, some of the desorbed Na+ ions were desorbed via AMI adsorption, and 287 

consequently cation exchange controlled the adsorption procedure even under low adsorbate 288 

concentrations. 289 

The ratio of the total desorbed cations to adsorbed amounts of AMI was 1.02, which was 290 

obtained from the slope of a plot of the amount of AMI adsorbed versus the amount of cations 291 

desorbed (Fig. 2a), and indicated that cation exchange was the dominant mechanism for AMI 292 

adsorption on SWy-2 [15, 16]. The maximum AMI adsorption capacity of 276.3 mg/g, equivalent 293 

to 0.88 meq/g, was just slightly higher than the CEC of SWy-2 (0.85 meq/kg), and since AMI 294 

adsorption was also accompanied by cation desorption (Fig. 2), this suggested that CEC of SWy-295 

2 was the main controlling factor for AMI adsorption rather than simple electrostatic attraction. 296 

Unlike raw SWy-2, after adsorption of AMI on to the regenerated SWy-2, the concentrations of 297 

Na+, K+, Mg2+ and Ca2+ in the supernatant was < 3 mg/L, which indicated that the adsorption 298 
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mechanism of AMI on the regenerated sample did not involve substantial cation exchange. This 299 

is interesting, since it points to heat treatment regeneration fundamentally changing the removal 300 

mechanism for AMI. However, a thorough analysis of the physiochemical properties of the 301 

regenerated SWy-2 would be required to fully understand altered AMI adsorption mechanism, 302 

which was not the focus of this study. 303 

 304 

3.4 Effect of system pH on AMI adsorption 305 

The solution pH oftenregulates contaminant adsorption through electrostatic attraction; which is 306 

a function of the surface charge of the clay-mineral adsorbent [37-41]. Hence, potential variation 307 

of adsoption capacity with pH becomes an important consideration. However, here the variation 308 

in AMI adsorption capacities with pH was negligible (Fig. S4) despite the pHpzc (the pH where 309 

the net surface charge on the clay mineral surface is zero) of SWy-2 being 8.35 [25]. This 310 

indicated that the pHpzc was not the key factor determining AMI adsorption. For example, at an 311 

initial AMI concentration of 500 mg/L, when the solution pH was > 9.4, the adsorption capacity 312 

for AMI was still maintained at a relatively high value (199 mg/g), despite AMI being neutral 313 

above pH 9.4 (Fig. S1b), and theoretically unable to participate in cation exchange. This suggests 314 

that there must be some contribution to adsorption from specific chemical bonding between the 315 

clay surface and the amine groups of AMI even in its neutral form. Thus, overall, the two key 316 
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factors governing AMI adsorption on SWy-2 seem to be a combination of CEC and high affinity 317 

between SWy-2 and AMI in the aqueous system. 318 

 319 

3.5 Effect of temperature on SWy-2 adsorption 320 

The adsorption of AMI increased with an increase in temperature (Fig. S5), indicating an 321 

endothermic adsorption process, when the initial AMI concentration was 500 mg/L and the 322 

solution pH ranged between 7 and 8. Thermodynamic analysis under these conditions showed 323 

that Gibbs free energy (ΔG) was negative (Table 3) and thus confirmed that adsorption was a 324 

spontaneous process with high affinity between SWy-2 and AMI [42, 43]. This had initially been 325 

demonstrated by the experimental isotherm and kinetic adsorption data but was quantified here 326 

via thermodynamic analysis. Likewise, the positive value for ΔH confirmed that the adsorption 327 

process was endothermic, and corroborated two previous studies that had shown endothermic 328 

adsorption of AMI on Ca-montmorillonite and palygorskite [15, 16]. The relatively positive 329 

value of ΔS, a measure of increased molecular morphology disorder, suggested that the reaction 330 

was spontaneous due in part to an increase in system randomness as AMI molecules randomly 331 

distributed across SWy-2 surfaces. The values of ΔG calculated in this study (–6.0 to –22 332 

KJ/mol) were consistently less than the free energy of micellization [44]. This indicated that AMI 333 

micelle formation on the surface of SWy-2 was not likely. Thus, for AMI adsorption on the 334 
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surface of SWy-2, physical adsorption, like cation exchange, took place rather than micellization 335 

[15, 16]. 336 

 337 

3.6 XRD analysis 338 

While the normal d-value of SWy-2 with one hydrated layer is 12.5 Å [45], here raw SWy-2 had 339 

a d-value of 15.0 Å (Fig. 3a), which compared well with 15.1 Å for a previous study [46], and 340 

thus indicated that the clay used here contained two hydrated layers, potentially due to high 341 

humidity. Following exposure to increasing amounts of AMI, the d-value expanded to 16.9 Å, 342 

which was less than 18.7 Å observed for methylene blue adsorption on SWy-2 [46], and much 343 

less than 20.6 Å previously observed for AMI adsorption on SAz-2 [15]. The specific change in 344 

d-value depends on a variety of parameters including molecular size, contact model and 345 

adsorption capacity, which makes direct comparisons with disparate studies difficult. However, 346 

what is important to note is that the expandable amplitude of d-value across all studies plays a 347 

significant role in determining the morphology inside the interlayers of swelling clays such as 348 

SWy-2, SAz-1 and rectorite. Essentially the maximum interlayer d-value limits the space 349 

available to adsorb large molecules. However, the d-value is not always stable and as observed 350 

here, after heating at 600 C for 3 h (Fig. 3b), the breakdown of the structure of SWy-2 resulted 351 

in disappearance of d001 reflection after adsorption. In addition, the inset SEM images (Fig. 3a-b) 352 
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showed different clay morphologies, being lamellar and highly textured, and massively granular, 353 

respectively, before and after heat treatment. After heating, the lumpy structure indicated partial 354 

decomposition of SWy-2 (Fig. 3b). However, despite this, after heating, the AMI adsorption 355 

capacity still reached 71.7 mg/g, indicating that despite partial decomposition SWy-2 could still 356 

be reasonably reused as a material for the treatment of wastewater containing antidepressants, 357 

albeit at a reduced capacity. 358 

     359 

3.7 Derivative thermogravimetric (DTG) analyses 360 

For SWy-2, the thermogravimetric (TG) and derivative of TG (DTG) exhibited a peak at 78 C 361 

with a mass loss of 8.3%, corresponding to the removal of adsorbed water, and a subsequent 362 

peak at 115 C attributed to interlayer water loss [47] (Fig. 4a). The total mass loss of adsorbed 363 

and interlayer waters was about 10% for SWy-2, which gradually decreased to 5 and 2% as CEC 364 

increased from 0.71 to 1.03 (Fig. 4a). This indicated that AMI replaced water in the interlayers. 365 

The increase in total mass loss suggested the presence of AMI either on the surface or in the 366 

interlayer of SWy-2 (Fig. 4a). In comparison, AMI by itself exhibited a 99.5% mass loss (Fig. 367 

4a), with a decomposition temperature of 270C. The increase in AMI decomposition 368 

temperature to 281C after adsorption (Fig. 4b) was attributed to AMI-clay intercalation [15, 48]. 369 

The total mass loss of 1.03 CEC was about 17% at 600C (Fig. 4a), which was slightly lower 370 
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than the amount of AMI adsorbed on to SWy-2 (276 mg/g) corresponding to a total mass loss of 371 

22%. Thus, the mass loss of SWy-2 loaded with AMI at the highest level of 1.03 CEC agreed 372 

well with the data obtained from the isotherm study. 373 

 374 

3.8 FTIR analysis 375 

The FTIR spectra (Fig. 5) showed characteristic bands attributable to AMI at 1252, 1163 and 376 

1097 cm-1 suggesting the presence of C-N stretching vibrations of the (CH3)2-N-377 

CH2- groups [49]. However, Si–O vibrations were also observed in the range of 600–1600 cm-378 

1 [50], masking some expected AMI bands (Fig. 5). Bands at 3057 and 3011 cm-1 corresponding 379 

to aromatic =C-H stretching vibrations in AMI shifted to 3047 and 3006 cm-1, respectively, in 380 

1.03 CEC SWy-2-AMI (Fig. 5). A broad band (Fig. 5) in the region 2400–2700 cm-1 was 381 

attributed to amine N-H groups [51], and was shifted considerably towards higher frequencies. 382 

Overall, the FTIR results showed the involvement of N-atoms (from the amine group) of the 383 

aliphatic chain of AMI during AMI adsorption in the SWy-2 interlayer, which indicated some 384 

degree of chemisorption reaction [52]. The strongest band at 750 cm-1 corresponded to 385 

hydrogens on the benzene ring of AMI molecule [53], being shifted to 775 cm-1 after 386 

intercalating into the interlayer of SWy-2. The intensity of the above peak increased as the 387 

amount of AMI adsorption increased (Fig. 5), confirming the preservation of AMI after 388 
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intercalation [52]. 389 

 390 

3.9 Adsorption mechanism and interlayer morphologies 391 

The maximum AMI adsorption capacity of SWy-2 was slightly higher than the CEC of the clay 392 

mineral (1.03 CEC equivalents). The slope of a plot of total ions desorbed versus the amount of 393 

AMI adsorbed was 1.02 (Fig. 2a), which suggested a cation exchange mechanism was involved. 394 

In addition, since variation in solution pH did not significantly influence the amount of AMI 395 

adsorbed (Fig. S4), this suggested high affinity between AMI and SWy-2 independent of either 396 

clay surface or AMI charge. 397 

Since the size of the T-O-T layer in a 2:1 structure clay mineral is about 6.6 Å [54], compared to 398 

a d-value for the 1.03 CEC clay sample of 16.9 Å (Fig. 3), the interlamellar space of SWy-2 had 399 

about 10.3 Å left for accommodating AMI molecules which had dimensions of 10.68 Å×8.57 400 

Å×5.89 Å. The calculated occupied areas of AMI molecules were 60.0, 30.0, 15.0, 10.0, 7.6, 6.2, 401 

5.2, 4.7 and 4.3 Å2 corresponding to 0.7, 0.15, 0.30, 0.44, 0.58, 0.71, 0.84, 0.94 and 1.02 CEC 402 

equivalent adsorption capacity of the clay mineral, respectively. Since the occupied area of an 403 

AMI molecule laying on the surface of SWy-2 in a horizontal alignment (91.5 Å2) was greater 404 

than the maximum calculated area (60 Å2), this indicated that AMI could not wholly habitat the 405 

clay horizontally. However, the AMI molecule could be still vertically aligned either within the 406 
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interlayer or on the surface. However, this also seemed unlikely because and occupied area 407 

would still be 50.5 Å2 which was still unsuitable for a vertical aligned inclusion of AMI. From 408 

the 3D view, the length and width of AMI were 9.5 Å and 8.3 Å, respectively. Examination of 409 

side view of the 3D clay and molecular models indicated that it was theoretically possible for 410 

AMI to be adsorbed on the interlayer corresponding to the minima calculated occupied area with 411 

contact between NH2 groups attached to SWy-2 surfaces (Fig. 6a), as was indicated by the FTIR 412 

results (Fig. 5). Consequently, the most reasonable contact model was obtained for 1.03 CEC 413 

(Fig. 6a) which showed AMI tilted in the interlayer. 414 

While the ideal contact model of AMI was initially proposed based on FTIR results (Fig. 6a), the 415 

actual morphologies could be different from a 3D perspective. Therefore, molecular simulations, 416 

were conducted using either two, three or four AMI molecules within 12 unit cells, which 417 

reasonably mimicked practical changes from low to high adsorbed capacities. This simulation 418 

showed the same contact model, which was interacted through the NH2 group and benzene ring 419 

of AMI (Fig. 6 b-d), and close interaction of the four vertically orientated AMI molecules as one 420 

layer within the basal planes of SWy-2 (Fig. 6d). These theoretical calculations thus supported 421 

the observed experimental results, and suggested that for AMI, the swelling of the interlayer 422 

space of SWy-2 limited the options for AMI interlayer morphology to one layer even though the 423 

maximum adsorbed capacity suggested AMI could potentially occupy two layers [15]. 424 
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 425 

4. Conclusions 426 

This study for the first time reports on the adsorptive removal of an antidepressant drug AMI 427 

from water using a naturally available Na-montmorillonite (SWy-2), describing the drug 428 

adsorption behavior, mechanisms and reusability of the adsorbent. Montmorillonite was shown 429 

to have significant advantages as an antidepressant drug absorbent being inexpensive, with high 430 

cation exchange capacity, which make this material appropriate for the treatment of both 431 

industrial and domestic wastewater loaded with cationic drug compounds. The removal of AMI 432 

by SWy-2 was relatively fast (< 4 h), and efficiently, with an optimal adsorption capacity of 276 433 

mg/g corresponding to 0.88 meq/g, which was slightly higher than the total CEC of 0.86 meq/g 434 

of SWy-2. AMI adsorption was best described by the Langmuir isotherm model. Adsorption of 435 

AMI coincided with desorption of inorganic cations, which indicated that the main mechanism of 436 

AMI removal was via cation exchange of AMI+ by mainly Na+ in SWy-2. AMI adsorption on 437 

SWy-2 was independent of the solution pH. Thermodynamic analysis revealed that AMI 438 

adsorption on SWy-2 was endothermic, where AMI adsorption increased with temperature. The 439 

small positive value of ΔS suggested that the adsorbed AMI molecules adopted a random 440 

arrangement on the SWy-2 surfaces or in the interlayers. The participation of the amine and 441 

benzene groups of AMI in a tilted one layer orientation in the interlayers of SWy-2 was indicated 442 
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by molecular simulations, and was confirmed by XRD, TGA and FTIR results. Future research 443 

needs to be conducted to verify the performance of SWy-2 clay mineral in removing 444 

antidepressant drugs from real wastewater, and optimizing the process parameters in pilot scale 445 

application under column filtration system, as well as more practically efficient methods for the 446 

regeneration of the spent adsorbent. 447 
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Table captions  551 

Table 1. Estimated best fit kinetic model parameters for AMI adsorption on SWy-2. 552 

Table 2. Estimated best fit isothermal model parameters for AMI adsorption on the original and 553 

regenerated SWy-2 (600oC, 2 h). 554 

Table 3. Thermodynamic parameters for AMI adsorption on SWy-2 under different 555 

temperatures. 556 

 557 

Figure captions 558 

Fig. 1. Adsorption of AMI on SWy-2; (a) adsorption kinetics (pH 7, AMI concentration 500 559 

mg/L) (with best fitted pseudo-second order kinetic plot), (b) adsorption isotherm (with best 560 

fitted Langmuir isotherm plot) for the original SWy-2 (at pH 7~8), and (c) adsorption isotherm 561 

(with best fitted Freundlich isotherm plot) for the regenerated SWy-2 (heated at 600oC, at pH 562 

7~8). Data points represent average of duplicated results. 563 

Fig. 2. Desorption of metal cations from SWy-2 (a) as affected by the amounts of AMI adsorbed, 564 

and (b) as affected by equilibrium time in deionized water. Data points represent average of 565 

duplicated results. 566 

Fig. 3. XRD patterns of original SWy-2 and SWy-2 with different amounts of AMI intercalated 567 

having SEM image of 1.03 CEC sample in the inset (a), and the XRD patterns of regenerated 568 
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samples (600℃, 2 h) with SEM images of original SWy-2 (below) and the regenerated sample 569 

(top) in insets (b). 570 

Fig. 4. TG analyses of SWy-2, and SWy-2 with AMI adsorbed amounts equivalent to 0.15, 0.71 571 

and 1.03 CEC of the clay mineral (a), and corresponding DTG curves (b). The vertical scale of 572 

figures for raw AMI is on the right side, whereas those for AMI loaded on SWy-2 are on the left 573 

side. 574 

Fig. 5. FTIR spectra of SWy-2, AMI, and AMI loaded on SWy-2 in amounts equivalent to 0.15 575 

and 1.03 CEC of the clay mineral. 576 

Fig. 6. Illustration of intercalated AMI in the interlayer of SWy-2 based on FTIR signals at high 577 

AMI loading (a), and molecular simulations under two, three and four molecules of AMI within 578 

12 unit cells of the clay mineral (b, c, d). 579 

  580 
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Tables  581 

Table 1. Estimated best fit kinetic model parameters for AMI adsorption on SWy-2. 582 

Pseudo-first order Pseudo-second order Intra-particle diffusion Elovich 

Parameter Value Parameter Value Parameter Value Parameter Value 

qe (mg/g) 185.9 qe (mg/g) 201.1 kid (mg/g.h1/2) 18.9 α (mg/g.h) 26.8 

k1 (/h) 1.97 k2 (g/mg.h) 0.02 Ɵ (mg/g) 122.1 ß (g/mg) 0.05 

R2 0.98 R2 0.98 R2 0.52 R2 0.76 

Adj R2 0.97 Adj R2 0.98 R2
adj 0.49 R2

adj 0.75 

RMSEP 6.34 RMSEP 5.48 RMSEP 27.96 RMSEP 19.80 

RPD 6.30 RPD 6.97 RPD 1.02 RPD 1.73 

R2: co-efficient of determination; R2
adj: adjusted co-efficient of determination; RMSEP: root mean 

square error of prediction; RPD: ratio of performance to the deviation. 

 

 583 

 584 

  585 
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Table 2. Estimated best fit isothermal model parameters for AMI adsorption on the original and 586 

regenerated SWy-2 (600oC, 2 h). 587 

Parameter  

Adsorbent  

SWy-2 

Regenerated 

SWy-2 

Freundlich model 

KF [(mg/g) (L/mg)1/n] 87.0 40.9 

1/n (L/g) 0.21 0.12 

R2 0.54 0.84 

Adj R2 0.51 0.83 

RMSEP 61.40 8.23 

RPD 1.52 3.01 

Langmuir model 

qm (mg/g) 276.3 71.7 

b (L/mg) 0.14 7.62 

R2 0.66 0.64 

Adj R2 0.64 0.62 
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RMSEP 52.58 12.36 

RPD 2.06 1.88 

 588 

Table 3. Thermodynamic parameters of AMI adsorption on SWy-2 under different temperatures 589 

pH 

Ln Kc  △G (kJ/mol) 

△H (kJ/mol) △S (kJ/mol K) 

303K 318K 333K  303K 318K 333K 

7.0-8.0 3.31 4.38 8.66  -6.95 -14.63 -22.31 148.20 0.51 

 590 

  591 
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Figures 592 

 593 

Fig. 1. 594 

 595 
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 596 

Fig. 2. 597 
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 599 

Fig. 3. 600 
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 602 

Fig. 4. 603 

  604 
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  605 

Fig. 5.  606 
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  608 

Fig. 6.  609 
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 633 

SI texts 634 

1. Kinetic models 635 

The AMI adsorption kinetic data were fitted to pseudo-first order, pseudo-second order, intra-636 

particle diffusion, and Elovich models by non-linear regression using least square methods. The 637 

empirical equations are given below. 638 

Pseudo-first order: qt = qe (1- e –k
1

t)       (Eq. 1) 639 

Pseudo-second order: qt = qe
2 k2 t/ (1 + qe k2 t)     (Eq. 2) 640 

Intra-particle diffusion: qt =  kid t1/2 + θ      (Eq. 3) 641 

Elovich: qt = 1/β ln (αβ) + (1/β) ln t       (Eq. 4) 642 

where, qe is the equilibrium amount of adsorption of AMI on the SWy-2 adsorbent (mg/g), k1 is 643 

the rate constant of pseudo first-order adsorption (/h); k2 is the equilibrium rate constant of pseudo 644 

second-order (g/mg.h); kid is the rate constant (mg/g.h1/2), and 𝜃 (mg/g) is the intercept. α is the 645 

adsorption rate (mg/g.h), and β is the desorption constant (g/mg) during the experiment. 646 

mailto:b.sarkar@lancaster.ac.uk
mailto:qingyuan.yang@xjtu.edu.cn
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 647 

2. Isothermal models 648 

The AMI adsorption isotherm data of the original SWy-2 and the regenerated adsorbent (heated at 649 

600 oC for 2 h) were fitted to Langmuir and Freundlich isotherm equations by non-linear regression 650 

using least square methods. The empirical equations are detailed below. 651 

Langmuir isotherm: qe = (b Ce qm)/ (1 + b Ce)     (Eq. 5) 652 

Freundlich isotherm: qe = KF Ce
1/n       (Eq. 6) 653 

where, Ce is the equilibrium concentration of AMI (mg/L), qe is the amount of AMI adsorbed 654 

(mg/g), qm is the potential adsorption maxima of AMI on SWy-2 (mg/g), b is the bonding energy 655 

constant or Langmuir constant (L/mg), and KF [(mg/g) (L/mg)1/n] and 1/n (L/g) are the Freundlich 656 

constant at equilibrium and exponential factor, respectively. 657 

 658 

3. Data modelling  659 

The details of formula for co-efficient of determination (R2) (Eq. 7), adjusted co-efficient of 660 

determination (R2
adj) (Eq. 8), root mean square error of prediction (RMSEP) (Eq. 9), and ratio of 661 

performance to the deviation (RPD) (Eq. 10) are given below: 662 

R2 = 1- [(∑i
n (qe’meas - qe’calc) 2) ÷ (∑i

n (qe’meas - qe’meas mean) 2)]          (Eq. 7) 663 

R2
adj = 1- (1- R2). 

(𝑛−1)

(𝑛−𝑝)
                           (Eq. 8) 664 
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RMSEP = √
1

n−1
 ∑i

n (qe’meas - qe’calc) 2       (Eq. 9) 665 

RPD = SD/RMSEP         (Eq. 10) 666 

where, n = number of data points; p = number of parameters in model equation, ‘meas’ means 667 

measured, and ‘calc’ means calculated. 668 

 669 

4. Thermodynamic parameters 670 

The thermodynamic parameters of AMI adsorption were deduced from the variation in 671 

thermodynamic equilibrium constant (Kc) with temperature. The Kc (dimensionless) value was 672 

obtained as the ratio of the amount of AMI adsorbed at equilibrium (Ca) (mg/L) to the amount of 673 

AMI in the solution at equilibrium (Ce) (mg/L). The initial AMI concentration was 500 mg/L. The 674 

thermodynamic parameters were calculated using Eq. 11 to 14 (Sarkar et al., 2012; Bhattacharya 675 

et al., 2008): 676 

𝐾𝑐 =
𝐶𝑎

𝐶𝑒
         (Eq. 11)                                                                                                    677 

∆𝐺 =  −𝑅𝑇lnKc      (Eq.12)                                                                                                      678 

𝐿𝑛 𝐾𝑐 = − 
∆𝐻

RT
+  

∆𝑆

𝑅
 (Eq. 13)                                                                                                      679 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (Eq. 14)                                                                                                          680 

where, T is the temperature (K), R is the universal gas constant (8.314 J/mol•K), ΔH is the enthalpy 681 

change (kJ/mol), and ΔS is the entropy change (kJ/mol•K). 682 
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SI Figures 683 

 684 

Fig. S1. SEM image of SWy-2 (a), speciation of AMI under different pH values (b), and the 685 

molecular structure of AMI (c). 686 

 687 
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 688 

Fig. S2. Non-linear kinetic model fitting curves for AMI adsorption on SWy-2 (Experimental 689 

conditions: pH = 7, initial AMI concentration = 500 mg/L); (a) pseudo-first order model, (b) 690 

pseudo-second order model, (c) intra-particle diffusion model, and (d) Elovich model. 691 

 692 
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 693 

Fig. S3. Non-linear isotherm model fitting curves for AMI adsorption on original and regenerated 694 

SWy-2 (600oC, 2 h) (pH 7~8 for both experiments); (a-b) Freundlich and Langmuir models for 695 

original SWy-2, and (c-d) Freundlich and Langmuir models for regenerated SWy-2.  696 
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 697 

 698 

Fig. S4. AMI adsorption on SWy-2 as affected by equilibrium solution pH at an initial AMI 699 

concentration of 500 mg/L. 700 
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 702 

Fig. S5. AMI adsorption on SWy-2 as affected by equilibrium temperature at pH 7-8 at an initial 703 

AMI concentration of 500 mg/L. 704 
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SI Tables 706 

Table S1. Physicochemical properties of SWy-2. 707 

Physicochemical property Values References 

Specific surface area 23 m2/g Dogan et al. (2006) 

SiO2 61.46% Mermut and Cano (2001) 

Al2O3 22.05% Mermut and Cano (2001) 

TiO2 0.09% Mermut and Cano (2001) 

Fe2O3 4.37% Mermut and Cano (2001) 

MgO 2.94% Mermut and Cano (2001) 

CaO 1.18% Mermut and Cano (2001) 

Na2O 1.47% Mermut and Cano (2001) 

K2O 0.20% Mermut and Cano (2001) 

Cation exchange capacity (CEC) 0.85 meq/g Borden and Giese (2001) 

Point of zero charge (PZC) 8.35 Panagiota et al. (2007) 
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