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7 ABSTRACT: Structure of surfactants adsorbed on solid
8 surfaces is a key knowledge in various technologies and appli-
9 cations. It is widely accepted in the literature that the surface−
10 surfactant headgroup electrostatic interaction is a major driving
11 force of adsorption of ionic surfactants on charged substrates.
12 Our result shows that the adsorption of surfactants as mono-
13 mers is driven by both electrostatic and nonelectrostatic
14 interactions. Further adsorption of surfactants in aggregates is
15 essentially driven by the tail−tail interaction. To a great extent,
16 the substrate−tail interaction determines the structures of the
17 adsorbed surfactant aggregates. Water and counterions influ-
18 ence the headgroup−substrate and tail−substrate interactions.
19 We investigate two vastly different surfactants and substrates by molecular dynamics simulations: (1) SDS on alumina (SDS−
20 Al2O3), and (2) CTAB on silica (CTAB−SiO2). We study the adsorption of a single surfactant at the solid surface by the density
21 profiles and free energy of adsorption. In the SDS−Al2O3 system, we analyze the free energy of adsorption on the substrate
22 covered by aggregates of different sizes. We examine the configurations of surfactants and the distribution of water and ions at the
23 liquid−solid interface as the number of adsorbed molecules on the substrate increases. In the SDS−Al2O3 system, the headgroup
24 adsorption is mediated by the Na+ counterions; the adsorbed water molecules may be displaced by the surfactant headgroup but
25 unlikely by the hydrocarbon tails. As a function of the surfactant adsorption, we observe single surfactants, aggregates of different
26 morphologies, and bilayers. The CTAB−SiO2 system combines both electrostatic attraction of the surfactant headgroup and
27 affinity for the surfactant’s hydrocarbon tail. At low surfactant adsorption, aggregates and single surfactant molecules lie on the
28 substrate; hemimicelles form at intermediate adsorption; and micelles form at high surfactant adsorption. Our results agree with
29 experimental observations and indicate two different surfactant adsorption mechanisms where the tail−tail and tail−substrate
30 interactions play a fundamental role.

31 ■ INTRODUCTION

32 Surfactants are functional molecules consisting of a hydrocarbon
33 tail and a headgroup (ionic or nonionic).1 Adsorption of sur-
34 factants on surfaces from aqueous solutions is the basis of a variety
35 of technological applications such as froth flotation,2 enhanced oil
36 recovery,3 biotechnological processes,4,5 pollutant removal from
37 environment,6,7 among many others. The morphology of the
38 aggregates adsorbed on surfaces is determined by the ionic or
39 nonionic character of the headgroup, the surface charge of the
40 substrate, the strength of interactions between chains, the
41 hydrophobicity and hydrophilicity of the surface, the ionic concen-
42 tration in the solution, and pH. The adsorption of nonionic sur-
43 factants with a poly(ethylene oxide) (EO)n headgroup on silicon
44 dioxide is an example where the electrostatic attraction between
45 surfactant and the surface is weak.8−11 The measurements indi-
46 cate that a short surfactant headgroup (EO)6 forms bilayers,

8−10

47 whereas a long surfactant headgroup (EO)25 forms spherical aggre-
48 gates.8 Stable monolayers are observed in the adsorption of car-
49 boxylated surfactants on fluorite12−14 when there is electrostatic
50 attraction between the surface and the surfactant headgroup.

51The adsorption of a surfactant on a solid substrate is
52determined by measuring the residual surfactant concentration
53in bulk.8,15 Usually the adsorption isotherms are reported as
54the number of molecules per surface area as a function of
55the residual (equilibrium) bulk concentration. In a variety of
56systems the adsorption isotherms assume two general shapes
57referred to as the four-region isotherm15−17 and the two-step
58isotherm18−20 (see Figure S1 in the SI). A correlation between
59the isotherm shape and the morphology of the aggregates is
60suggested. The two-step adsorption isotherm is usually plotted
61in a linear scale and consists of two steps (see Figure S1a in the
62SI). In step 1 (s-1) the surfactants are adsorbed as individual
63molecules through interactions with the surface. In the second
64step (s-2), the adsorbed surfactants form “surface micelles”
65until the surface is saturated.17 The two-step isotherm is
66observed in different surfactants adsorbed on silica.18−23 In the
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67 adsorption isotherm of some ionic surfactants on hydrophilic
68 surfaces, three slope changes and a plateau in a log−log
69 scale define four regions (see Figure S1b in the SI).15−17

70 The individual surfactants adsorb electrostatically in region I.
71 In region II the surfactants associate as hemimicelles with
72 the headgroups oriented toward the solid surface, and the
73 hydrocarbon tails are in contact with the aqueous phase.
74 Higher concentration increases the number of surfactant aggre-
75 gates, and some molecules adsorb with opposite orienta-
76 tion. In region III the adsorption is through the growth of
77 aggregates formed in stage II turning into bilayers. In region IV
78 a bilayer is completely formed, and the surface does not adsorb
79 more surfactants.17 Ionic surfactants adsorbed on alumina, silica
80 gel, rutile, and cellulose follow the four-region trend.24

81 Linear and nonlinear spectroscopic techniques,25 neutron
82 reflectometry,26−28 small-angle neutron scattering,29 and atomic
83 force microscopy30 are used to investigate the morphology of
84 the surfactant aggregates adsorbed on substrates. A variety
85 of structures have been deduced for different surfactants and
86 substrates. Using sum-frequency spectroscopy and Raman scat-
87 tering, centrosymmetric aggregates have been resolved for cety-
88 ltrimethylammonium bromide (CTAB) adsorbed on amorphous
89 silica.25 Two headgroup orientations, one pointing toward the
90 substrate and one pointing toward the solution phase, are sug-
91 gested from spectroscopic measurements of sodium dodecyl
92 sulfate (SDS) adsorbed onto positively charged films.31 Atomic
93 force microscopy experiments reveal hemimicelles and hemi-
94 cylindrical structures of ionic surfactants on hydrophobic sub-
95 strates.32−34

96 Coarse grain and atomistic molecular dynamics simulations
97 are employed to study the aggregation morphologies of
98 surfactants adsorbed on different solid surfaces.35−44 A variety
99 of morphologies are observed in MD simulations of SDS
100 adsorbed on a silica surface with different degrees of hydro-
101 xylation and charge density.36,41 Bilayers have been observed in
102 MD simulations of sodium sulfate surfactants (with single and
103 double tail) adsorbed on alumina.37 Surfactant adsorption and
104 water structure have been investigated in surfaces such as
105 graphite and carbon nanotubes.38,44,45 Previous studies have
106 not addressed the adsorption of single surfactants on mineral
107 substrates. Basic questions related to the interaction of a single

108surfactant with a surface and how it is related to the
109morphology of the aggregates remain open.
110In this work, we perform MD simulations to investigate
111the free energy of adsorption of single surfactants on a solid
112surface. Then we analyze the morphology of the aggregates by
113varying the number of surfactants adsorbed on the substrate.
114We choose two systems widely investigated experimentally:
115(1) SDS on α-alumina (SDS−Al2O3) and (2) CTAB on silica
116(CTAB−SiO2). The first represents a system exhibiting a four-
117region isotherm, while the second shows a two-step isotherm.
118We observe significant differences between the two systems
119related fundamentally to the way the surfactant tail is adsorbed
120on the surface. Even the adsorption of a single surfactant mole-
121cule is significantly different in the two systems. Our first objec-
122tive is to determine the interaction of surfactants and mineral
123substrates using MD simulations. Second we characterize the
124morphology of aggregates formed by the adsorbed surfactants.
125Finally, we shed light on the adsorption mechanisms. The paper
126is organized in three sections. First, we present the models and
127simulation methods. Second, the results are split in a subsection
128for SDS adsorption on α-alumina and a subsection for CTAB
129adsorption on silica. Finally conclusions are drawn.

130■ METHODS

131We investigate the adsorption of surfactants on a mineral
132substrate. The molecular structure of the surfactants sodium
133dodecyl sulfate (SDS) and cetyltrimethylammonium bromide
134(CTAB) and the mineral substrates α-alumina (α-Al2O3) and
135silica α-cristobalite (SiO2) are shown in Figure 1a. The alumina
136substrate is built by cleavaging the α-Al2O3 crystal

46 along the
137oxygen-terminated (0001) surface which is then fully proto-
138nated to give rise to a hydroxyl-terminated surface. The hydrogen
139atoms are bonded to oxygen atoms of the alumina, but they are
140free to rotate around the oxygen atoms. Fully hydroxyl-
141terminated surfaces yield an OH coverage of 15.5 per nm2.
142According to ab initio simulations, a fully protonated surface of
143α-alumina is favored in the presence of water.47 The total
144charge of the solid is zero. The thickness of the alumina slab
145from the center of aluminum atoms at the bottom to the center
146of oxygen atoms at the top is 1.2 nm. The z coordinate of the
147center of oxygen atoms in the hydroxyl group of alumina is
148defined as z = 0. The silica substrate is built by cleavaging the

Figure 1. (a) Sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) and crystalline structures of α-alumina (Al2O3) and
silica α-cristobalite (SiO2), simply referred to as silica. (b) Snapshot of a simulation box containing NaCl aqueous solution and a single SDS molecule
adsorbed on the alumina surface. The snapshot is for Run 1A in Table S1. The composition and box sizes of the simulated systems are given in
Tables S1 and S2. The color code is as follows: Sodium (Na+) is dark blue, chlorine (Cl−) is green, bromide (Br−) is pink, sulfur (S) is tan, nitrogen
(N) is purple, aluminum is gray, silicon is yellow, oxygen is red, hydrogen is white, and methyl (CH3) and methylene (CH2) groups are cyan.
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149 silica α-cristobalita crystal on the 101 plane. Hereinafter
150 silica α-cristobalite is simply referred to as silica. The exposed
151 silanol groups are at a surface density of 4.7 per nm2. A full
152 protonation of silanol groups results in a hydroxyl-terminated
153 surface and occurs at pH = 2. In our simulations we assume
154 pH = 7 where about 9% of the silanol groups of silica are
155 not protonated which translates into a surface charge density
156 of 0.43 O− atoms/nm2 (−6.9 μC/cm2) on the surface of
157 silica.48−50 The charge of silica is balanced by Na+ ions in the
158 solution; 11 Na+ ions are required to balance the charge of a
159 silica surface of about 5.2 × 4.9 nm2. Hydrogen atoms are free
160 to rotate around the oxygen atoms of silica. The thickness of a
161 silica slab from the center of aluminum atoms at the bottom
162 to the center of oxygen atoms at the top is about 2.2 nm.
163 The SPC/E model51 is employed for water and the OPLS
164 united atom model52 for the surfactants’ tail. The parameters in
165 refs 37 and 53 are used for the sulfate and trimethylammonium
166 headgroups, respectively. Alumina is modeled using the
167 CLAYFF parameters,54 while silica is represented using the
168 parameters from ref 50. The charge of each atom or group in
169 alumina and the surfactant molecule is presented in Table S3.
170 Our systems consist of a slab of the mineral substrate next
171 to an aqueous solution containing the surfactant molecules.
172 The simulation box is prismatic with the size of Lx × Ly × Lz
173 along the x, y, and z directions, respectively. The z-direction is
174 perpendicular to the solid surface exposed to aqueous solution.
175 Periodic boundary conditions are imposed in the x- and
176 y-directions. In the z-direction the simulation box is constrained
177 by a virtual wall imposed by means of a 9-3 Lennard-Jones
178 potential: uij

w(z) = 4ϵwπρwσw
3/3 [(σw/z)

9/15 − (σw/z)
3/2];

179 ρw = 20 atoms/nm3, ϵw = 1.3 kJ/mol, and σw = 0.37 nm.55

180 The box length in the z-direction is adjusted to keep the
181 average pressure around 100 bar.
182 We employ different box sizes in our simulations. A snapshot
183 of the simulated box employed to calculate the potential of
184 mean force and to simulate the adsorption of a single surfactant
185 molecule is shown in Figure 1b; the dimensions are about
186 5.2 × 4.9 × 9.6 nm3 in the SDS−Al2O3 system (see runs
187 A1 to A4 in Table S1) and about 5.2 × 4.9 × 10.8 nm3 in the
188 CTAB−SiO2 system (see run B1 in Table S2). To simulate the
189 formation of aggregates we employed a variable number of
190 surfactants in a simulation box (see Figure S2 in the SI).
191 The box dimensions are about 10.5 × 9.9 × 19 nm3 in the
192 SDS−Al2O3 system and about 10.25 × 9.9 × 20 nm3 (see runs
193 A5 to A10 Table S1) in the CTAB−SiO2 system (see runs B2
194 to B8 in Table S2). We place Ns surfactant molecules uniformly
195 distributed in the x−y plane with the heads pointing toward the
196 solid surface. We allow about a 1 nm thick layer of water
197 molecules between surfactant heads and the solid surface
198 (see Figure S2a in the SI). We verified the reproducibility of
199 our results using other initial conditions (see Figures S2a and
200 S2b and Figure S7a and S7b in the SI). The composition of the
201 SDS−alumina systems is given in runs A5 to A10 in Table S1,
202 while that for the CTAB−silica systems is given in the runs
203 B2 to B8 in Table S2. The simulation time is at least 80 ns;
204 above this simulation time the density profiles do not change in
205 two 10 ns consecutive intervals. Within this time scale we
206 observe diffusion of molecules adsorbed on the substrate and
207 aggregation of monomers adsorbed on the substrate. When the
208 aggregates are adsorbed on the substrate surface, by diffusion
209 they travel distances in the order of 1 nm in time intervals of
210 50 ns. In the aggregates the surfactant molecules exchange
211 positions.

212The free energy of adsorption is calculated through the
213potential of mean force (PMF) introduced by Kirkwood.56

214The negative of the gradient of the PMF gives the average force
215on the target atom as a function of the distance to the solid sur-
216face. We use umbrella sampling57 to calculate the PMF. This tech-
217nique overcomes limited sampling of energetically unfavorable
218configurations. The sampling is achieved by restraining the
219target molecule at a set of pre-established positions (windows)
220along the reaction coordinate (z-direction), then allowing the
221molecule to sample a large number of configurations in each
222window. The surfactant is restrained by means of a spring force
223applied on the sulfur (S) atom in SDS and on the nitrogen (N)
224atom in CTAB. To perform umbrella sampling simulations we
225generate a set of configurations at different separation distances
226between the surface and the surfactant headgroup. We use 36
227windows for the umbrella sampling simulations of SDS on
228alumina (runs A1 to A4 in Table S1). At headgroup separation
229distances z < 0.4 nm from the solid surface the windows’
230spacing is 0.05 and 0.1 nm for z ≥ 0.4 nm. The simulation time
231in each window is 10 ns. In runs A2 to A4 we allow formation
232of aggregates on the alumina surface prior to performing
233umbrella sampling simulations. We construct the surface with
234aggregates by placing Ns surfactant molecules uniformly
235distributed in the x−y plane and with the heads toward the
236solid surface: Ns = 12, 25, and 121 (runs A2 to A4 in Table S1).
237We allow a 1 nm thick layer of water molecules between
238surfactant heads and the solid surface. We run a 30 ns MD
239simulation to equilibrate the system. The set of initial con-
240figurations is generated by pulling a surfactant from the center
241of the aggregate to the bulk liquid phase; the pulling is applied
242through the sulfur headgroup atom. The umbrella sampling
243simulations in runs A2 to A4 are performed following the same
244protocol discussed above for the uncovered surface (run A1).
245Umbrella sampling calculation of the CTAB−silica system is
246carried out using 42 windows of 0.05 and 0.1 nm (run B1 in
247Table S2). The movement of the surfactant headgroup is
248restrained in the z-direction by means of a harmonic potential;
249a spring constant of 2000 kJ mol−1 nm−2 is used. The molecule
250is allowed to move freely in the x- and y-directions, and in
251the z-direction the headgroup has only small variations around
252the initial position. The results of all windows are combined to
253obtain the PMF. Overlapping of the windows is the key to
254obtain a homogeneous sampling and reliable PMF. We use
255the weighted histogram analysis method (WHAM)58 to
256obtain PMF with minimum error. The Krafft temperature is
257the minimum temperature required for micellization. Our
258simulations are performed at T = 298 K which is just above
259the Krafft temperature for CTAB and well above for SDS.59,60

260The temperature is controlled using the Nose−́Hoover ther-
261mostat.61,62 We used the GROMACS simulation package
262version 16.1.63−65 The code is run in a Linux environment
263(Ubuntu 16.1) using Tesla K40 and P100 GPU cards from
264Nvidia.

265■ RESULTS
266SDS Adsorption on α-Alumina. We first simulate the
267adsorption of a single SDS molecule on the alumina surface.
268Initially, the surfactant head is placed at about 0.8 nm from
269the solid surface with the tail up. We perform a 20 ns MD
270simulation run leaving the surfactant free to move. During the
271simulation time the surfactant may go away from the surface
272and return to it. Figure 2a shows the equilibrium density
273profiles of atoms and ions from the 20 ns MD simulation.
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274 The origin is set at the center of the outermost oxygen atom
275 layer of alumina. The sodium ions (Na+) are adsorbed at z ≈
276 0.20 nm, replacing some adsorbed water molecules. Adsorption
277 of salt ions has been reported onto other solid surfaces such as
278 mica66 in the presence of aqueous solution with NaCl.
279 The water oxygen atoms (Ow) and the three oxygen atoms
280 of the sulfate headgroup (Os) are adsorbed at z ≈ 0.25 nm; the
281 sulfate replaces water molecules from the first adsorbed layer.
282 The peak of the sulfur atom profile is at about z ≈ 0.35 nm.
283 The peak of adsorption of the tail-end methyl group is at z ≈
284 0.6 nm. In the thermodynamic modeling literature,67−69 various
285 authors assume 0.55 nm layer of adsorbed water and ions
286 between the surfactant head and solid surface. Our simulations
287 show the adsorbed water molecules replaced by the surfactant
288 head due to the strong electrostatic interaction between the
289 charged surfactant head and the solid surface. Both the sodium
290 ions and sulfate headgroups are adsorbed by releasing their
291 hydration water and replacing the first adsorbed water layer.
292 The density profiles of the oxygen and hydrogen of water are
293 consistent with MD literature of water adsorption on the
294 hydroxylated alumina surface.70 Structured water is observed
295 experimentally in the hydrated α-alumina (0001) surface.
296 The oxygen of water in the first layer is at z = 0.23 nm,

297and ordering of water is extended to 1 nm into the bulk fluid,
298in agreement with experiments of refs 71 and 72, respectively.
299Next, we examine the free energy of adsorption for a single
300SDS molecule on the alumina surface. The potential of mean
301force (PMF) is calculated with respect to the sulfur atom at the
302headgroup. Figure 2b portrays the PMF profile of an SDS
303molecule and density profile of water molecules. The PMF
304profile has three clear minima (at z ≈ 0.35, 0.6, and 1.0 nm)
305and then increases from about 1.3 to 2.1 nm, and it becomes
306constant for z ≳ 2.1 nm. There is a free energy barrier of about
307ΔW = 0.35 kBT for transferring the surfactant headgroup from
308the minimum at z ≈ 1 nm to the minimum at z ≈ 0.6 nm: in
309this location one layer of structured water is between the
310surfactant head and solid surface. A higher free energy barrier of
311about 1.6 kBT has to be overcome to transfer the surfactant
312headgroup from z = 0.6 nm to the lowest free energy position
313at z = 0.35 nm. Based on the analysis of the density profiles and
314PMF, the surfactant is adsorbed on the alumina surface though
315the sulfate oxygen atoms and the tail lying on top of a water
316layer. Figure 2c shows one of the most likely configurations.
317To examine the orientation of the surfactant molecule we
318trace the position of the tail-end methyl group (CH3) when the
319headgroup is at a fixed position. In Figure 3 we analyze the
320position of the surfactant tail at different headgroup separation
321distances from the surface. At the minimum of the free energy
322profile (at z = 0.35 nm, Figure 3a) the probability of finding the
323tail lying on the first adsorbed layer of structured water is higher
324than in any other configuration. Similarly, when the headgroup
325is at z = 0.6, the 1 nm methyl group is found adsorbed next to
326the first structured water layer (Figures 3b and 3c). The first
327layer of structured water at z = 0.25 nm is in-between the
328methyl group and solid surface. As mentioned above, the tail of
329SDS does not replace the adsorbed water. At z = 1.3 nm the
330tail adsorption on the structured water layer decreases. From
331z ≳ 1.6 nm the head is sufficiently far from the surface, and
332the tail is symmetrically distributed around the head (see
333Figures 3(e) and (f)); there is no preferential location of the
334surfactant tail.
335To investigate formation of different structures we compute
336the free energy of transferring one SDS surfactant molecule
337from the bulk to the alumina surface covered with surfactant
338aggregates. As mentioned above, the aggregates are built by
339placing Ns surfactant molecules uniformly distributed in the
340x−y plane and simulated for 30 ns. The aggregates are made of
341Ns = 12, 25, and 121 surfactant molecules (runs A2 to A4 in
342Table S1). Figure 4 shows the PMF profile and snapshot of the
343aggregates: in (a) and (b) the aggregate is made of Ns =
34412 surfactants, in (c) and (d) Ns = 25, and Ns = 121 in (e) and
345(f). The PMF profiles have similar characteristics, that is, a
346plateau when the headgroup is away from the aggregate surface,
347a free energy drop when the tail comes into contact with the
348adsorbed aggregate, a slow varying interval when the headgroup
349enters into the aggregate, and a free energy minimum. For the
350smallest aggregate (Ns = 12), the surfactant comes into contact
351with the aggregates at about z ≈ 3 nm (see Figure 4a). When
352the aggregates are made of Ns = 25 and Ns = 121 surfactants the
353contact occurs at z ≈ 3.5 nm and at z ≈ 4 nm, respectively (see
354Figures 4b and 4c). The slow varying region extends more in
355the z-direction as the aggregate number increases. For Ns =
35612 and 25 the PMF profiles have a local minimum at z ≈
3570.6 nm and a maximum at z ≈ 0.5 nm. For Ns = 121 the PMF
358profile decreases to an absolute minimum and shows two
359shoulders at z ≈ 0.5 and 0.8 nm. For the three aggregate sizes

Figure 2. Adsorption of one SDS molecule on α-alumina (Run A1 in
Table S1). (a) Free surfactant molecule. Density profiles of the sulfur (S)
and oxygen (Os) headgroup atoms, and the tail-end methyl group (CH3)
of SDS, the sodium ions in the solution, and the water oxygen atoms
(Ow). The left scale is for S, Os, CH3, and Na

+, while the right scale is for
Ow. (b) Potential of mean force (PMF) profile from umbrella sampling
simulations for an SDS molecule pulled by the sulfur atom from the bulk
solution to the alumina surface; the density profile of water oxygen atoms
is shown for reference. (c) Surfactant configuration at the minimum of
free energy. z = 0 is at the center of the outermost layer of alumina
oxygen atoms. The color code is the same as in Figure 1.
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Figure 3. Adsorption of the SDS hydrocarbon tail on the alumina surface (Run A1 in Table S1). Density profiles of the sulfur headgroup atom (blue
line) and the tail-end methyl group (black line) of SDS. The sulfur atom is kept fixed at different separation distances from the alumina surface: (a) z ≈
0.35 nm, (b) z ≈ 0.6 nm, and (c) z ≈ 1.0 nm correspond to the first, second, and third PMF minima, respectively (see Figure 2b); (d) z ≈1.3 nm and
(e) z ≈1.6 nm are in the region where the PMF has a constant slope, and (f) z ≈ 2.5 nm is at the PMF flat region (see Figure 2b).

Figure 4. Free energy of transferring one SDS surfactant molecule from the bulk solution to the alumina surface with adsorbed SDS aggregates.
Left (a,c,e): Potential of mean force (blue line) and density profile of water oxygen atoms (red line). Right (b,d,f): Snapshot of the adsorbed
aggregate on the substrate and the pulled surfactant molecule; (a) and (b) are from run A2, (c) and (d) from run A3, and (e) and (f) from run A4 in
Table S1. The color code is the same as in Figure 1.
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360 the absolute minimum is located at z ≈ 0.35 nm like in the
361 surface free of aggregates (see Figure 2b). The free energy
362 minimum is about −12, −18, and −35 kJ/mol for Ns = 12,
363 25, and 121, respectively. When the alumina surface is free
364 from adsorbed surfactants the free energy minimum is about
365 −3.8 kJ/mol (see Figure 1b). The surfactant adsorption becomes
366 more favorable as the aggregate size increases. This result
367 suggests a connection with the steep increase in the experimental
368 adsorption; the increase could be due to increased tail−tail
369 interaction.
370 The water oxygen density profile shows a peak at z ≈ 0.25 nm,
371 a local minimum at z ≈ 0.4 nm, and a second maximum at
372 z ≈0.6 nm. The density profiles do not change significantly
373 when the aggregates are made of 12 and 25 surfactant molec-
374 ules; however, an important reduction of the adsorption peak is
375 observed for aggregates of Ns = 121. Water is nearly depleted
376 from the bilayer region at 0.4 nm ≲ z ≲ 3 nm.

377We investigate the morphology of the aggregates as a
378function of the surfactant concentration (runs A5 to A10 in
379Table S1). As explained above, the surfactants are initially
380distributed in the x−y planes, uniformly, perpendicular to the
381solid surface, and with the headgroups pointing toward the
382substrate. We analyze the density profiles of the sulfur head-
383group atoms (S), the tail-end methyl groups (CH3), the sodium
384ions (Na+), and the water oxygen atoms (Ow). Figure 5 shows
385the density profiles (right) and a snapshot of an equilibrium
386configuration (left): Ns = 12 in (a) and (b); Ns = 48 in (c) and
387(d), Ns = 196 in (e) and (f), and Ns = 484 in (g) and (h). Other
388results from our simulation runs are presented in Figure S4 in
389the SI.
390The sulfur (S) and Na+ density profiles have a main peak at
391z ≈ 0.35 and 0.2 nm, respectively; the height of the adsorption
392peak increases as the number of surfactants in the system
393Ns increases. At low surfactant concentration (Ns ≲ 48) the

Figure 5. Structures of SDS surfactant molecules adsorbed on alumina. Left (a,c,e,g): Density profiles of the sulfur (S) headgroup atoms and tail-end
methyl groups (CH3) of the SDS molecules, the sodium ions Na+ in the solution, and the water oxygen atoms (Ow). Right (b,d,f,h): Snapshot of the
SDS aggregates adsorbed on the alumina surface; (a) and (b) are from run A5 (Ns = 12), (c) and (d) from run A7 (Ns = 48), (e) and (f) from run
A9 (Ns = 196), and (g) and (h) from run A10 (Ns = 484) in Table S1. The color code is the same as in Figure 1.
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394 adsorbed surfactants are facing toward the alumina surface.
395 As Ns increases, a maximum is developed in the sulfur density
396 profiles at z ≳ 2.1 nm (see Figures 5e and 5g). This maximum
397 represents the headgroup accumulation in a second layer away
398 from the solid surface. The density profiles of the tail-end
399 methyl groups (CH3) show the hydrocarbon region within
400 0.3 nm ≲ z ≲ 2 nm. As Ns increases the height of the CH3

401 density profiles increases at around z ≈ 1.8 nm, indicating a
402 higher surfactant tail packing. The water density profile has a
403 main adsorption peak at z ≈ 2.5 nm. As Ns increases, the height
404 of the water adsorption peak decreases due to the water
405 displacement by the surfactant headgroups and Na+ ions. Water
406 is strongly depleted from the bilayer region at the highest
407 surfactant adsorption (see Figure 5g).
408 The snapshots in Figure 5 (right side) display the mor-
409 phology of the SDS aggregates adsorbed on α-alumina from
410 our MD simulations. The main properties of the aggregates are
411 summarized in Table 1. Most of the surfactants in the aggre-
412 gates formed at low surfactant adsorption are facing toward the
413 substrate, and the tails are pointing upward (see Figures 5b
414 and 5d and Figure S3a and S3b in the SI); these aggregates
415 are called hemimicelles. At higher surfactant adsorption the
416 substrate coverage is by aggregates with bilayer structure
417 (see Figures 5f and Figures S3c and S4d in the SI). At Ns =
418 484 a single bilayer is formed (see Figure 5h and Figure S3d in
419 the SI). The morphologies of the aggregates in our MD simu-
420 lations are in agreement with the structures in the four-region
421 isotherm model:15−17 in region I the surfactant molecules are
422 adsorbed as monomers; in region II the surfactant molecules
423 form hemimicelles (see Figure 5b and 5d); in region III the
424 aggregates possess the structure of a bilayer (see Figures 5f and
425 Figure S4d in the SI); and in region IV the substrate is covered
426 by a surfactant bilayer (see Figure 5h). The mean aggregation
427 number (n̅a), the mean area per aggregate (A), and the thick-
428 ness (l) of the surfactant layer increase with the surfactant
429 adsorption (Γs) (see Table 1). At the highest surfactant adsorp-
430 tion about 96% of the surface is covered by a continuous
431 bilayer. The adsorption layer thickness is about 1.5 and 2.8 nm
432 at the at the lowest and highest adsorption, respectively.
433 From positron annihilation spectroscopy measurements the
434 hydrocarbon core radius of SDS micelles in aqueous solu-
435 tion is estimated to be between 1.19 and 1.5 nm. By taking into
436 account the size of the polar sulfate group the total SDS
437 micelle radius is about 1.8 nm.73 Small-angle neutron scatter-
438 ing (SANS) and small-angle X-ray scattering (SAXS) experi-
439 ments74−76 reveal spheroidal geometry (oblate and prolate) of
440 the SDS micelles in bulk. The spheroids are characterized
441 by the minor and major axis lengths a and b, respectively.
442 The minor axis length is usually found to be between 75 and 90%
443 of the length of a fully extended surfactant hydrocarbon tail.

444Along the major axis direction (b-direction), the aggregate size
445increases at higher electrolyte and surfactant concentration
446and may be significantly elongated. In our MD simulations, the
447length of the fully extended SDS hydrocarbon tail is about
4481.52 nm from the center of the first carbon to the center of
449the end carbon. In the SDS adsorbed aggregates from our
450MD simulations, the hydrocarbon region is about 1.5 nm in
451hemimicelles and about 2 nm in the bilayer geometry. Next to

Table 1. Adsorption of SDS on α-Alumina from MD Simulationsa

Ns Γs [molecules/nm
2] na n ̅a A [nm2] l [nm] morphology

12 0. 08 1−6 2.6 1.8 1.5 hemimicelle
28 0. 21 1−12 7.3 3 1.7 hemimicelle
48 0. 39 8−14 13.6 3−4.5 1.65 hemimicelle-bilayer
128 1. 01 11−33 20.8 3−7.5 1.8 hemimicelle-bilayer
196 1. 20 15−47 31 3.5−13.5 1.9 bilayer
484 4.65 484 484 96 2.8 bilayer

aNs is the number of surfactant molecules in the simulation box; Γs is the adsorption; na is the aggregation number; na̅ is the mean aggregation
number; A is the area covered per aggregate; and l is the mean aggregate thickness. The right-most column gives a brief description of the aggregate
morphology.

Figure 6. Adsorption of one CTAB molecule on silica (Run B1 in
Table S2). (a) Free surfactant molecule. Density profiles of the
nitrogen atoms (N), methyl (Ch) headgroups, and tail-end methyl
groups (CH3) of CTAB, and the water oxygen atoms (Ow). The left
scale is for Ch, N, and CH3, while the right scale is for Ow. (b)
Potential of mean force (PMF) profile from umbrella sampling
simulations for a CTAB molecule pulled by the nitrogen atom from
the bulk solution to the silica surface; the density profile of oxygen
atoms of water molecules is shown for reference. (c) Surfactant
configuration at the minimum of free energy. z = 0 is at the center of
the outermost oxygen layer of silica. The color code is the same as in
Figure 1.
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452 the substrate, the sulfur headgroup atoms are strongly localized
453 within a layer of about 0.2 nm. In the region next to the
454 aqueous phase in the bilayer aggregates, the sulfur atoms are
455 distributed within a layer of about 0.8 nm.
456 CTAB Adsorption on Silica. Now we investigate the
457 adsorption of CTAB surfactant on silica. First we simulate the
458 adsorption of a single free surfactant molecule with the con-
459 ditions in run B1 in Table S2. Figure 6a shows the equilibrium
460 density profiles when the surfactant is adsorbed. Initially, the
461 surfactant head is placed at about 1 nm away from the solid
462 surface. The origin is located at the center of the outermost
463 oxygen layer of silica. The water oxygen atoms (Ow) adsorbed
464 on the silica surface are located at z ≈ 0.3 nm. Water adsorption
465 is stronger on α-alumina than on silica: the adsorption peak is
466 about 140 nm−3 for alumina (see Figure 2a) and about 50 nm−3

467 for silica (see Figure 6a). The three methyl groups of the
468 surfactant head (Ch) are adsorbed at z ≈ 0.35 and 0.65 nm
469 indicating two Ch groups close to the surface, while the other
470 group is away. The adsorption peak of the nitrogen headgroup
471 atom is at z ≈ 0.5 nm. The peak of the tail-end methyl group is
472 at z ≈ 0.35 nm indicating the adsorption slightly above the
473 water oxygen layer at z ≈ 0.35 and at the same distance as the
474 two adsorbed methyl headgroups. Figure 6b portrays the PMF
475 profile for the headgroup nitrogen atom of the CTAB molecule
476 and the density profile of water molecules. The PMF profile has
477 a clear minimum close to z ≈ 0.5 nm and a flat region at z ≈
478 0.6 nm from where the PMF profile increases and is zero from
479 z ≈ 2.4 nm. Figure 6c shows the most likely configuration of
480 the surfactant adsorbed on silica, lying on the surface slightly
481 above the adsorbed water layer. The adsorbed methyl and
482 methylene groups are nearly at the same distance from the
483 surface. A configuration with the surfactant tail perpendicular
484 to the substrate is very unlikely, ruling out the formation of
485 monolayers.
486 The adsorption of SDS on alumina is significantly different
487 from the adsorption of CTAB on silica. On alumina, the SDS
488 oxygen headgroup atoms are adsorbed at the same distance as
489 the first water layer, and the tail-end methyl group is on top of

490the first water layer (see Figure 2c). On silica, both the head
491and tail methyl groups of CTAB are adsorbed nearly at the
492same position as the first water layer. The surfactant free energy
493of adsorption (at the absolute minimum) in the SDS−alumina
494system is about −3.8 kBT and about −5.8 kBT in the adsorption
495of CTAB on silica. CTAB on silica has a lower free energy
496of adsorption than SDS on alumina (about 2 kBT) due to a
497stronger contribution from the tail.
498The CTAB tail adsorption is investigated in Figure 7 by
499examining the density profile of the tail-end methyl group
500(CH3) when the surfactant headgroup is located at different
501separation distances from the surface. When the CTAB
502headgroup is close to the substrate there is a high probability
503to find the tail adsorbed on the substrate as can be seen in
504Figures 7a, 7b, and 7c with the nitrogen headgroup atom at
505z = 0.5, 0.7, and 1.1 nm, respectively. At higher separation
506distances there is a probability of finding the tail in the liquid
507phase (see Figure 7d). When the head is sufficiently far from
508the surface the tail is symmetrically distributed around the head
509(see Figures 7(e) and (f)). The tail density profile ρ(z) is
510directly related to the tail free energy of adsorption Wc(z) by
511ρ(z) ∼ exp{−Wc(z)/kBT}. The maximum of the tail density
512profile is about 0.06 nm−3 for SDS-alumina (see Figure 3c),
513whereas it is about 0.2 nm−3 for CTAB-silica (see Figure 7a).
514This implies a lower free energy of adsorption of the hydro-
515carbon tail adsorbed on silica than on alumina. For the silica
516surface, the hydrocarbon tail is adsorbed just above the first
517adsorbed water layer. As discussed above, water is more
518strongly adsorbed on α-alumina than on silica.
519In Figure 8 we investigate the morphology of the aggregates
520as a function of the concentration of surfactant molecules
521(runs B2 to B8 in Table S2). We analyze the density profiles of
522the nitrogen headgroup atoms (N), the tail-end methyl groups
523(CH3), and the water oxygen atoms (Ow). Figure 8 shows the
524density profiles (right) and a snapshot of an equilibrium
525configuration (left): Ns = 12 in (a) and (b), Ns = 96 in (c) and
526(d), Ns = 196 in (e) and (f), and Ns = 360 in (g) and (h).
527Other results from our simulations run are presented in

Figure 7. Adsorption of the CTAB hydrocarbon tail on the silica surface (Run B1 in Table S2). Density profiles of the nitrogen headgroup atom (blue
line) and the tail-end methyl group of CTAB. The nitrogen atom is kept at different separation distances from the silica surface: (a) z ≈ 0.5 nm
corresponds to the position of the PMF minimum (see Figure 6b), (b) z ≈ 0.7 nm, (c) z ≈ 1.1 nm, (d) z ≈ 1.6 nm, (e) z ≈ 2.4 nm, and (f) z ≈ 2.8 nm.
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528 Figure S6 in the SI. The density profile of the nitrogen (N)
529 atom has an adsorption peak at z ≈ 0.5 nm; the range of the
530 density profile increases as the number of adsorbed surfactants

531Ns increases. The peak height is 0.6 nm
−3 for Ns = 12 and about

5323.2 nm−3 for Ns ≥ 64. This is an indication of saturation of the
533surface by surfactant headgroup adsorption. The density profile

Figure 8. Structures of CTAB surfactant molecules adsorbed on silica. Left (a,c,e,g): Density profiles of the nitrogen (N) headgroup atoms and tail-
end methyl (CH3) groups of the CTAB molecules and the water oxygen atoms (Ow). Right (b,d,f,h): Snapshot of the CTAB aggregates adsorbed on
the silica surface. (a) and (b) are from run B2 (Ns = 12), (c) and (d) from run B5 (Ns = 96), (e) and (f) from run B7 (Ns = 196), and (g) and (h)
from run B8 (Ns = 360) in Table S2. The color code is the same as in Figure 1.

Table 2. Adsorption of CTAB on Silica from MD Simulationsa

Ns Γs [molecs./nm
2] na n ̅a A [nm2] l [nm] morphology

12 0.12 1−2 1.5 n/a 0.3 flat
28 0.24 1−5 3 2.1−4.2 0.3 flat
64 0.52 4−14 7.5 4−9 1.0 hemimicelle
96 0.80 8−21 11.2 4−11 1.8 hemimicelle
128 0.87 12−24 20.2 7−13 1.9 hemimicelle
196 1.38 16−44 35 7−14.5 3.1 hemimicelle
360 3.54 80−93 86.5 13.5−18.5 5.0 micelle

aNs is the number of surfactant molecules in the simulation box; Γs is the adsorption; na is the aggregation number; na̅ is the mean aggregation
number; A is the area covered per aggregate; and l is the mean aggregate thickness. The right-most column provides a brief description of the
aggregate morphology.
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534 of the tail-end methyl group (CH3) has a peak at z ≈ 0.4 nm;
535 by increasing the concentration of surfactant molecules and for
536 Ns < 128 the height of the adsorption peak increases and
537 decreases at Ns > 128. This is an indication of the structural
538 change of the adsorbed aggregates. The snapshot at the right
539 side displays the morphology of the aggregates. At Ns = 12
540 most of the adsorbed surfactant monomers lie on the substrate
541 (see Figure 8b and Figure S5a in the SI). At higher concen-
542 tration the surfactants form aggregates of molecules stacking
543 on other molecules; most of the surfactants are still lying
544 on the substrate (see Figure 8d and Figure S5b in the SI).
545 At Ns = 196 hemimicelles form with the surfactant on the top
546 making hemispherical shape and the surfactants on the bottom
547 extended on the substrate (see Figure 8f and Figure S5c in
548 the SI). At the highest number of surfactants the aggregates are
549 full micelles (see Figure 8h and Figure S5d in the SI). The main
550 properties of the CTAB aggregates adsorbed on silica are
551 summarized in Table 2. The mean aggregation number (n̅a),
552 the mean area per aggregate (A), and the thickness (l) of the
553 surfactant layer increase with the surfactant adsorption (Γs)
554 (see Table 1). The aggregation number of the micelles at the
555 highest surfactant concentration (86.5) is in agreement with
556 the experimental value from fluorescent probe studies.22 The
557 aggregate thickness has strong variations associated with
558 structural changes: the aggregates are flat in the range of
559 0.3 nm ≲ l ≲ 1 nm; at 1.8 nm ≲ l ≲ 3 nm the aggregates are
560 hemimicelles; and l ≈ 5 nm represents full micelles of overall
561 radius about 2.5 nm. In neutron reflection experiments the
562 thickness of the adsorbed aggregates is estimated to be
563 3.2 nm26 which corresponds to the observed aggregate thick-
564 ness in hemimicelles (see Figures 8e and 8f). In our MD
565 simulations the structure of the CTAB aggregates adsorbed on
566 silica substrate is always discontinuous as observed in AFM
567 studies.21

568 In bulk, prolate ellipsoidal micelles of CTAB are found by
569 means of SANS.77,78 From the measurements the aggregation
570 number is estimated between 127 and 152 molecules; the
571 micelle hydrocarbon core radius is about 2.5 nm; and the
572 overall radius is about 2.9 nm. In our MD simulations, the
573 CTAB fully extended hydrocarbon chain length is about 2.0 nm
574 and is equal to the hydrocarbon core radius of the adsorbed
575 micelles at the silica surface (see Figure 8h).
576 Major differences are observed in the structures adsorbed on
577 the two substrates. Hemimicelles in the SDS−alumina system
578 are formed with the surfactant head facing the substrate and the
579 tail pointing toward the liquid phase. In the CTAB−silica
580 system, the hemimicelle surfactants are lying on the surface of
581 silica, and other surfactant headgroups are pointing toward the
582 liquid phase forming the hemispherical shape. At higher con-
583 centration, a bilayer structure is formed in the SDS−alumina
584 system even when the surface coverage is discontinuous. At the
585 highest adsorption the bilayer structure is continuous. The
586 CTAB−silica system goes from hemimicelles to full micelles by
587 increasing the surfactant concentration. The coverage of the silica
588 substrate is discontinuous.
589 To verify the reproducibility of our results we run our
590 simulations employing two different initial conditions of the
591 surfactants. Figure S2a shows the typical initial condition with
592 the surfactants aligned perpendicular to the solid surface and
593 uniformly distributed in the x−y plane. Figure S2b shows a
594 random initial configuration of the surfactant. In both systems
595 the number of surfactant molecules is Ns = 128 (see run B6 in
596 Table S2). The density profiles and a snapshot of the final

597configuration are presented in Figures S6e, S6f, S6g, and S6h.
598We observe similar results from both simulations. The shape,
599the peak location, and peak height of the density profiles are
600similar in Figures S6e and S6g. The aggregates from both
601simulations are hemimicelles (S6f and S6h).
602Another example where we used two different initial con-
603ditions for the surfactants is presented in Figure S7. In Figure S7a
604the surfactant molecules are uniformly distributed in the
605x−y plane and aligned perpendicular to the solid surface.
606In Figure S7b the surfactant forms two layers in the x−y plane,
607and the headgroups meet at the middle of the bilayer.
608In both simulations the surfactant forms spherical micelles
609(see Figure S7c and Figure S7d).
610The picture of CTAB adsorption on silica has gradually
611evolved. Early studies based on the adsorption isotherm mea-
612surements suggested the adsorption of a monolayer at low
613concentration and a bilayer at high concentration.23 In later
614experiments the substrate coverage by the surfactant is not
615continuous but in the form of discrete aggregates.18−22,25,26,79

616The aggregates are modeled as spherical structures with
617surfactant headgroups facing both toward the substrate and
618into solution.20,80 These structures were first called hemimicelles
619and later renamed as admicelles. Spherical aggregates, worm-
620like structures, and short rods are observed using atomic force
621microscopy.80−82 Our molecular dynamics results show discrete
622aggregates in agreement with the experiments. At low surfactant
623adsorption we observe single and small groups of surfactants
624lying on the substrate. Hemimicelles form at higher surfactant
625concentration. The hemimicelles observed in our simulations
626have some surfactant molecules lying on the substrate, and the
627headgroup of other surfactant molecules is pointing in the
628opposite direction of the surface. Fully adsorbed micelles are
629seen at the highest concentration. The functionality of the silica
630surface is likely to be very important as different treatments
631applied in experiments can change the proportion of siloxane,
632silane, and silanol groups on silica as well as the different types
633of silica, namely, hydrophobic, hydrophilic, crystalline, and
634amorphous. Therefore, adsorption of surfactants on silica may
635not fit a into a simple picture.

636■ CONCLUSIONS
637We investigate the adsorption mechanisms, structure, and
638morphology of ionic surfactants on mineral surfaces using
639molecular dynamics simulations in two different systems:
640(1) SDS on alumina and (2) CTAB on silica. Our study is
641performed as a function of the surfactant concentration. The
642structure and morphology of the aggregates are determined to a
643great extent by how the substrate interacts with ions and water.
644In the SDS−alumina system we highlight the following:

645• Water molecules and Na+ ions are strongly adsorbed on
646alumina leading to a weak binding and random orientation
647of the SDS surfactant tail.
648• The SDS headgroup is attracted by the outermost
649hydrogen atoms on the substrate and by the adsorbed
650Na+ counterions; the headgroup may remove structured
651water and come in direct contact with the hydroxyl
652groups of alumina.
653• As the number of adsorbed surfactant molecules increases
654we observe single adsorbed molecules, hemimicelles, and
655bilayers. When a single SDS molecule is adsorbed on
656alumina, the tail has a random orientation with some
657preference to lie on the water layer adsorbed on alumina.
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658 • As the aggregate size increases the surfactant free energy
659 of adsorption significantly decreases. Our results suggest
660 that adsorption is driven by the tail−tail interaction as
661 the aggregate size increases.

662 In the CTAB−silica system we highlight the following:

663 • The cationic CTAB headgroup is electrostatically attracted
664 by the negatively charged oxygen atoms of silica.
665 • There is a strong binding of the surfactant tail displacing
666 the weakly adsorbed water molecules.
667 • As the surfactant concentration increases we find single
668 and small groups of surfactant molecules lying on the
669 substrate, hemimicelles, and micelles.
670 • At low surfactant coverage electrostatic attraction is the
671 main driving force of the surfactant headgroup adsorption.
672 When the aggregates form on the substrate the tail−tail
673 interaction takes a central role in the surfactant adsorption.

674 The water−surface interaction, the configuration of the
675 adsorbed tail, and the tail−tail interaction play fundamental
676 roles, under certain conditions as important as the electrostatic
677 interactions.
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