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Abstract 14 

 A novel molecular dynamics (MD) model was presented to investigate the transport 15 

mechanisms and desalination performance of a series of thin-film composite membranes. Firstly, 16 

polyamide (PA) and polysulfone (PSF), or PSF/UiO-66 was constructed by cross-linking reactions 17 

as an active layer and a support layer of the composite membrane. Subsequently, feed solution and 18 

three draw aqueous solutions with salt concentrations of 0.5, 1.0 and 1.5 M were generated by 19 

GROMACS, a molecular dynamics software that can places different solutions into separate boxes. 20 

Thirdly, these aqueous boxes and membranes were combined such that the active layer faced the 21 

feed solution or the draw solution. The forward osmosis (FO) process was then applied to anatomize 22 

the membrane fouling, water flux, and salt rejection. The results indicated that the PA-PSF/UiO-66 23 

membrane exhibited a strong antifouling effect, high water transport and salt rejection performances 24 

compared to the pristine PA and PA-PSF membranes. This simulation work provided important 25 

insight in guiding the design and synthesis of the FO membrane. 26 

 27 

Keywords: Forward osmosis; Molecular dynamics; Salt rejection; Thin-film composite membrane;  28 

 29 

Introduction 30 

 Production of clean water consumes large amounts of nonrenewable fossil fuels and has a large 31 

carbon emission footprint. Recently, membrane filtration technology has become increasingly 32 

prevalent in addressing the sustainability challenges in this water-energy nexus. Some novel 33 

membrane processes such as assisted forward osmosis (AFO), forward osmosis (FO), pressure 34 

retarded osmosis (PRO), and reverse osmosis (RO) are emerging quickly. FO, for example, utilizes 35 

the osmosis pressure difference to drive water through the membrane with no external force [1]. 36 

Thus, water naturally permeates from a low concentration solution or so-called feed solution (FS) 37 

to a high concentration solution, the draw solution (DS). Other treatment processes are similar to 38 

FO but use other driving forces besides osmosis pressures.  39 

 Many different models were developed to describe the particle transfer mechanism inside and 40 

outside the thin-film composite (TFC) membrane [2–4]. A mass transfer model at the FO and PRO 41 

processes indicated that the performance of power generation is determined by solvent and solute 42 

permeability coefficients, mass transfer coefficients, and solute resistivity [5]. This model 43 

considered internal and external concentrated polarization effects of the cellulose triacetate (CTA) 44 

membrane. After validating via practice, the model results, including water flux and power density, 45 

were closely aligned with the experimental results. However, reverse salt flux from the DS to the 46 
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FS side should be considered for non-ideal semipermeable membranes [6]. To improve this mass 47 

transport modeling, salt rejection coefficients were taken into account in a discretization model for 48 

plate membranes [7]. A numerical method was employed to divide the membrane into two-49 

dimensional grids to predict permeable effectiveness. An iteration algorithm was employed to 50 

estimate and eventually determine to permeate flux and salt rejection in each gird. Dinesh, et al [8] 51 

considered TFC orientations of both the active layer face feed solution (ALFS) and the active layer 52 

faces draw solution (ADFS) to improve the osmotically driven membrane model. The Spiegler 53 

Kedem (SK) model was also proposed for osmotically driven membranes [9] to correct errors of 54 

total volume flux and other variables. The solute diffusion (SD) model was also used to predict the 55 

dilution factor and membrane area of the flat sheet needs [10], with considerations of the non-56 

linearity osmotic driving force, concentration polarization, and mass conservation. However, the 57 

pressure dropped through the membrane and the salt rejection was not properly predicted. Our group 58 

recently presented the multiple iteration model to analyze the salt rejection effects in the nano-fiber 59 

composite membrane for wastewater [11]. However, the permeation coefficients of the numerical 60 

model were obtained from the experiments, which may increase uncertainties in prediction 61 

especially in the presence of different types of DS solutes (e.g. bivalent salt). Quantum chemistry 62 

and statistical mechanics are purely theoretical methods of the micro-structure model where 63 

parameters were only determined by their potential energies. Theoretical methods not only save the 64 

experiments time but also reduce the tediousness of mathematical modeling derivation. Therefore, 65 

a micro-structure model that considers the bonds, angles and functional groups of molecules should 66 

be developed to further correct this simplification treatment and improve prediction precision. 67 

 Quantum chemistry could enable the construction of a micro-structure model but primarily 68 

delineates a few atoms scale due to the computer speed limitation. The molecular dynamics (MD) 69 

simulation is a statistical mechanics method to builds micro-particle models based on Newton 70 

mechanics [12]. Meanwhile, Metal-organic frameworks (MOFs) is a precursor organic materials for 71 

membrane fabrication that have caught researcher hearts by their considerable separation and 72 

adsorption performances [13–16]. It is valued for incorporating MOFs into a membrane to fabricate 73 

a novel material to control pore size and coordinate active sites of atoms on membranes [17]. A 74 

seawater pervaporation model was successfully demonstrated using MD to predict water permeation 75 

and salt rejection through different metal-organic frameworks (MOFs) membranes from the DS to 76 

the FS [18]. The model first packed water molecules and ions into a box as the DS solution, then a 77 

series of the MOFs as the pervaporation membrane setting in front of the DS solution. The molecular 78 

dynamics simulations were executed by the leapfrog algorithm using GROMACS [19]. Krihna M. 79 

et.al applied the different membranes to predict the rejection effect on a RO micro-structure system 80 

[20]. This study further attributed the mechanisms of salt rejection to absorption and repulsion. 81 

Mohammad Kebria. et.al combined the ZIF-8 with chitosan chains to achieve a thin-film composite 82 

air gap membrane [17]. Then, they simulated the water diffusion coefficient and interaction energy 83 

without studying the salt rejection. Hao-Chen Wu, et.al employed the peptide nanotube to reject the 84 

ions in the FO process [21]. Six peptides were set into the center of the box and a water channel was 85 



4 

 

created. The simulation was executed by the universal force field (UFF). However, all the 86 

simulations above were only single-layer membrane. Meanwhile, water density could not reach 87 

nearly 1000 kg m-3 because some commercial software could not fit a large scale number of 88 

molecules calculation that would limit computation speed. Consequently, a better program and 89 

method should be applied and established to construct a more reasonable and accurate MD model 90 

of the FO’s membranes. UiO-66 nanoparticles as a novel MOF material is a zirconium(IV)-91 

carboxylate porous material with that have a higher permselectivity and great water diffusivity, and 92 

thermal stabilities [22]. They fit well with the FO membrane [23, 24], showing highly ordered pore 93 

structures and a large specific surface area, which is largely enhanced into the FO process. However, 94 

UiO-66 is always researched in real experiments and few study can be found in FO membrane via 95 

MD simulation. 96 

 Therefore, a novel micro-structure double-layer membrane model was built to investigate the 97 

performance of FO’s desalination. The active layer and support layer substrate structures were 98 

created through cross-linking reactions. TFC membranes (pristine and UiO-66 incorporated) were 99 

combined by merging the aqueous boxes at the ALFS or ALDS ways. Then, the forward osmosis 100 

(FO) model was optimized and simulated in the canonical ensemble conditions. The water flux, 101 

rejections, and membranes fouling were measured in the MD simulation by GROMACS software. 102 

The results were used to further analyze the potential antifouling mechanisms of the PA-PSF/UiO-103 

66 membrane and salt rejections to provide new insight into the design and fabrication of functional 104 

FO membranes.  105 

Methodology 106 

Simulation method 107 

The active layer of the FO membranes was fabricated using polyamide (PA) which is composed 108 

of M-phenylenediamine (MPDA, C6H8N2) and 1,3,5-trimesoyl chloride (TMC, C9H3Cl3O3). The 109 

support layer based on polysulfone [PSF, (C27H22O4S)n] was composed of 4-[2-(4-110 

hydroxyphenyl)propan-2-yl]phenol (BPA, C15H16O2) and 4,4'-Dichlorodiphenyl Sulfone (DCDDS, 111 

C12H8CL2O2S). Two different forms of support layers were created, the pristine PSFs film, and the 112 

PSFs incorporating UiO-66s, a kind of hydrophilic MOF [25]. Additionally, a pristine PA single 113 

layer membrane was compounded as a control group.  114 

TMCs and MPDAs monomers were used to compound the PA chains as an active layer through 115 

a cross-linking reaction. Both monomers are generated in Fig. 1 (a)-(b). 84 MPDAs and 55 TMCs 116 

were randomly set into separate boxes with the same dimension of 30.53 Å × 30.53 Å × 30.53 117 

Å. The PA chain was generated by cross-linking polymerization using a modified method [26]. 118 

Briefly, the simulation of the cross-linking reaction was achieved by the polymatic_v1.1 program 119 

[27]. The annealing process was achieved at first in the heating system, where the temperature was 120 
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first increased from 298.15 K to 1000 K at 100 ps. The system then ran in 1000 ps in the conditions 121 

of the canonical ensemble with a temperature stabilized at 1000 K. Then, the temperature was 122 

decreased from 1000 K to 298.15 K at 100 ps. Finally, the MD simulation of the system continued 123 

processing at 1000 ps, sustaining a constant temperature of 298.15 K.  124 

The cross-linking reaction was simulated in the canonical ensemble at 100 ps and 298.15 K. 125 

Then, the TMC and MPDA molecules were examined to see if the distance between carbon atoms 126 

in the acid chloride group of TMCs and nitrogen atoms in the amino group of MPDA was less than 127 

the criterion level of 5.0 Å [26]. If their distance was less than 5.0 Å, the chloride atom in acid 128 

chloride group of TMC and one of the hydrogen atoms in MPDA will be removed or disconnected 129 

as well as a bond of the nitrogen and carbon atom will be added and connected. Next, the above two 130 

steps were repeated until all molecules completed the cross-linking reaction. Finally, unreacted 131 

monomers were removed from the system. The residual chlorides of the system were replaced by 132 

hydroxyl groups. The annealing process was then enacted again to stabilize the new polymer 133 

structures by varying the temperature from 298.15 K to 1000 K at 100 ps. At last, the MD simulation 134 

of this system was processed at 10 ns to obtain the best-optimized structure of the PA polymers.  135 

 136 

Fig. 1 Chemical structure of the (a) MPDA monomer and (b) TMC monomer; (c) BPA monomer 137 

and (d) DCDDS monomer; (e) structure of the UiO-66 unit; (f) PA chain; (g) PSF chain; the white 138 

spheres were hydrogen atoms; the green spheres represented the chloride atom; the red spheres 139 

were oxygen atoms; the grey spheres were carbon atoms; the blue spheres were nitrogen atoms; 140 

the yellow spheres were sulfur atoms; the cyan spheres were zirconium atoms..  141 

Restrained Electrostatic Potential (RESP) charges were the most suitable atomic charges for 142 

fitting to the molecular mechanics of flexible molecules and polymers including dynamics, 143 

conformational analysis, molecular docking which largely solved the aforementioned problems 144 

related MK/CHELPG charge [28, 29]. For obtaining the atomic charges of each atom in the PA 145 

polymers, the density functional theory (DFT) was employed by firefly 8.0 [30, 31] and Multiwfn 146 
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software [32]. The polymers was calculated using B3LYP/def2TZVP as a functional and base set, 147 

which is a popular way to calculate the single point energy on the quantum chemistry theory. 148 

Because of the limitation of the computation, a simple PA chain molecule containing four MPDAs 149 

and three TMCs monomers shown in Fig. 1 (f) was used to calculate the RESP charges.   150 

Similarly, 45 BPA monomers and 30 DCDDS monomers as shown in Fig. 1 (c)-(d) were used 151 

to compound the PSF chains as a support layer through the cross-linking reaction. These monomers 152 

were randomly set into a box (29.25 Å ×29.25 Å ×29.25 Å) for cross-linking polymerization. 153 

The criterion distance between hydrogen atom at the hydroxyl group of BPA and chloride atom at 154 

the DCDDS was set to 3.0 Å. The polymerization removed the hydrogen atoms in the hydroxyl 155 

group of the BPA monomer and the chloride atoms in the DCDDS monomer to bind the oxygen 156 

atom and carbon atom. RESP charges of the PSF were also obtained by the B3LYP/def2TZVP 157 

functional and basis set. Fig. 1 (g) shows the PSF chain containing two BPA monomers and two 158 

DCDDS monomers that were used to calculate the RESP charges. 159 

The structure of UiO-66 in Fig. 1 (e) has 12 zirconium atoms, 64 oxygen atoms, 30 carbon 160 

atoms, and 26 hydrogen atoms. The RESP charge calculations of UiO-66 were different from the 161 

PA and PSF above. The pseudopotential basis set of LANL2DZ was employed to calculate the 162 

number of zirconium atoms, while the other atoms were calculated using the def2TZVP base set. 163 

The B3LYP functional was chosen to solve the UiO-66 unit for all of the atoms.  164 

The cross-linking reaction of the PSF/UiO-66 support layer was similar to the pristine PSF 165 

substrates. Four UiO-66s were first incorporated into a box size of 33.07 Å × 33.07 Å × 33.07 166 

Å. Then, 45 BPA monomers and 30 DCDDS monomers were packed in. The hydrogen atoms in the 167 

hydroxyl group of the BPA monomer and the chloride atoms in the DCDDS monomer were then 168 

removed through a reaction process when the distance was less than the 3.0 Å. 169 

The molecular dynamics (MD) method was employed to simulate the FO process by 170 

GROMACS 2019.4 [19, 33], which is a versatile package to perform molecular dynamics. The 171 

topology files (.top and .itp) were generated using the OBGMX program based on Open Babel [34, 172 

35]. Water molecules were packed both in the feed solution (FS) and draw solution (DS) using the 173 

SPCE model [36]. The sodium and chloride ions replaced some water molecules at the draw solution, 174 

where the concentrations of the ions were 0.5 M, 1 M, and 1.5 M, respectively. The aqueous box 175 

size of both FS and DS were reset to 43.48 Å × 43.48 Å × 60.00 Å. The PAs consisting of 84 176 

TMCs and 55 MPDAs were packed into a box with a size of 43.48 Å × 43.48 Å × 43.48 Å for 177 

the same surface area as an aqueous box. The PSF polymer chains made of 45 BPAs and 30 178 

DCDDSs monomers were also reset to 43.48 Å × 43.48 Å × 43.48 Å box. Four UiO-66 were 179 

incorporated into the PSF polymer chain which was reset to a size of 43.48 Å × 43.48 Å × 53.48 180 

Å. The energy minimization and geometry optimization of the four boxes as illustrated in Fig. S2 - 181 

S8 in Supplementary Information 2 were all executed by the steepest descent algorithm (SDA) in 182 

the estimated UFF force field, in which the Lennard−Jones (L-J) potential function was employed 183 

as follows Eq. 1 [37] and the parameters are illustrated in Table S3. 184 
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U = ∑ 4𝜀𝜀𝑖𝑖𝑖𝑖 ��𝜎𝜎𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖�12 − �𝜎𝜎𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖�6� + ∑ 𝑞𝑞𝑖𝑖𝑞𝑞𝑖𝑖4𝜋𝜋𝜀𝜀0𝑟𝑟𝑖𝑖𝑖𝑖  , (1) 185 

where U is the potential energy, εij was the strength of the interaction; σij defined the interaction and 186 

repulsion at the cut off distance rc; rij was the distance between atoms i and j (rij < rc); q was the 187 

atomic charge of atoms; ε0 was the permittivity of vacuum, ε0 = 8.8542 × 10−12 C2 N−1 m−2
 [20]. 188 

 The optimization parameters included (1) a minimization step size of 0.01; (2) stop 189 

minimization when the maximum force between two atoms was less than 1000.0 kJ mol-1 nm-1; (3) 190 

a short-range electrostatic cut-off of 1.4 nm; (4) the short-range Van der Waals cut-off was at 1.2 nm. 191 

The grid neighbor list searching method adopted the Verlet algorithm. The modified frequency of 192 

the grid neighbor list was 1 meaning the atoms neighbor list updated at each step. PME electrostatic 193 

interactions were employed to treat long-range forces. The periodic boundary conditions were in all 194 

3 dimensions (x, y, and z-axis). After the 50000 steps of optimization, a new coordination files (.gro) 195 

was generated. Then, the FS, active layer, support layer, and DS were put together making a FO 196 

model by Java program 1 in Supplementary Information 1, orderly. The order of the combinations 197 

are FS, active layer, DS, active layer, FS for pristine PA membrane. The FS, active layer, support 198 

layer, DS, support layer active layer for ALFS of PA-PSF and PA-PSF/UiO-66 membranes. The FS, 199 

support layer, active layer, DS, support layer, active layer for ALDS of PA-PSF and PA-PSF/UiO-200 

66 membranes. The final combination for the three types of boxes were those of size 43.48 Å × 201 

43.48 Å × 266.96 Å for the pristine PA membrane, 43.48 Å × 43.48 Å × 353.92 Å for the 202 

ALFS process, and 43.48 Å × 43.48 Å × 353.92 Å for the ALDS process. At last, the FO 203 

process simulation coordination file underwent minimization and geometry optimization. The 204 

parameters were the same as the above. All the water molecules were assumed as rigid bodies during 205 

the MD of the canonical ensemble process. The numerical integration algorithm used the leapfrog 206 

algorithm. The electrostatic cut off distance was set to 1.4 nm. The long electrostatic interaction 207 

adopted the Particle Mesh Ewald (PME) model and the cut off distance was 1.4 nm with a grid 208 

spacing of 0.12 nm. The updated frequency of the grid neighbor list was 20 meaning the atoms 209 

neighbor list would be updated at 20 steps. The periodic boundary was also set in x, y and z 210 

directions represented infinite spaces. The total time of the simulation was 1 ns with the time step 211 

of 1 fs.  212 

Then, non-equilibrium molecular dynamics was processed, which added pressures into the two 213 

membrane at the both sides. The periodic boundary was set in x and y planes which represented 214 

infinite space for x and y-axis. Two carbon atom walls were set to z = 0 and the z = z – L locations, 215 

where L is the box size of the z-axis. The L-J potential function was applied to the walls which 216 

prevented particles from exceeding the z boundaries when particles neared the walls. The trajectory 217 

was recorded for 5000 fs.  218 

 All the calculations were performed on a personal computer of i7-9700K CPU, RTX2070 219 

Super display card, and 96 G memory on the Centos-7 operating system. 220 
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Calculations and analysis 221 

 The transport dynamics of salt ions and water under the FO conditions were analyzed. The 222 

diffusion coefficient D was applied to characterize permeability, which could be obtained by the 223 

fitting equation of the slope of the mean square displacement (MSD) based on the Einstein equation 224 

[37]. 225 

 𝑀𝑀𝑀𝑀𝑀𝑀 =
1𝑁𝑁𝑚𝑚∑ < [𝑟𝑟𝑖𝑖(𝑡𝑡0 + 𝑡𝑡) − 𝑟𝑟𝑖𝑖(𝑡𝑡0)]2 > = 𝐵𝐵 + 6𝑀𝑀𝑡𝑡, (2) 226 

where ri is the position of the atom i; t0 is the initial time; t is the time variable; B is the intercept of 227 

MSD; D is the diffusion coefficient; Nm is the number of atom m; <> denotes variance of the mean 228 

of all time steps.  229 

 The fluid state was characterized by the radial distribution function (RDF). The three-230 

dimension RDF calculation was achieved with a histogram of discretized distribution function [38]. 231 

g(𝑟𝑟𝑛𝑛) =
𝑉𝑉ℎ𝑛𝑛2𝜋𝜋𝑁𝑁𝑚𝑚2 𝑟𝑟𝑛𝑛2∆𝑟𝑟, (3) 232 

where rn is (n-0.5)Δr; n is the size of the histogram of discretized pair separations; Δr is (ri-rj); V is 233 

the volume of the MD box; and hn is the number of atom pairs. 234 

  The average water around the ions was derived using Eq. 3. The probability of water that 235 

existed in the length of dr was ρg(r)dr. Thus, the average number of water surrounding the ions was 236 

4πρg(r)r2Δr in three-dimension coordination. The hydration number of ions was calculated by: 237 

𝑛𝑛 = ∫ 4𝜋𝜋𝜋𝜋𝜋𝜋(𝑟𝑟)𝑟𝑟2d𝑟𝑟𝑅𝑅0 , (4) 238 

where n is the hydration number of water; R is the radius of the hydration sphere. 239 

Results and discussion 240 

Cross-linking reactions of PA, PSF and PSF polymers incorporating the UiO-66 support 241 

layer 242 

Table S1 summarizes the final product PA via the cross-linking reaction. We found that 86.90% 243 

of the MPD monomers (with 73 monomers) were converted and transformed into the compound of 244 

the PA. Meanwhile, 83.64% of TMC (with 46 monomers) was converted and involved in the 245 

reaction shown in Fig. S1. Moreover, 23 wt% water molecules [26] were added into this membrane 246 

due to the high hydrophilicity of the PA film which has 852 carbon atoms, 636 hydrogen atoms, 146 247 

nitrogen atoms, and 164 oxygen atoms. Thus, 260 water molecules were randomly inserted into the 248 

PA film as shown in Fig. S2.  249 
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In the generation of the pristine PSF support layer as illustrated in Fig. S3, 88.89% of the BPAs, 250 

or 40 BPA monomers were converted. Meanwhile, 96.67% DCDDSs or 29 DCDDS monomers were 251 

converted, shown in Table S1.   252 

The final structure of the PSF polymers incorporating the UiO-66 support layer is shown in 253 

Fig. S4. The conversion rate of the BPAs was 80.00% (36 out of 45). Meanwhile, 100% of the 30 254 

DCDDSs were converted. Due to the hydrophilic material of UiO-66, 415 water molecules (23 wt%) 255 

were added to the PSF polymers. Finally, the RESP charges were added into the PA, PSF, and 256 

PSF/UiO-66 film, shown in Table S2 by the Java program as detailed in Supplementary 257 

Information 1. 258 

Aqueous boxes 259 

 The aqueous box size of both FS and DS was reset as the above. 3719 water molecules were 260 

packed in both the FS and DS, shown in Fig. S5. For the DS, the concentrations of the ions were 261 

0.5 M, 1 M, and 1.5 M respectively. Then, parts of the water molecules were replaced by sodium 262 

atoms and chloride atoms, shown in Fig. S6 - S8. The composition of FS and DS is shown in Table 263 

1. The energy minimization and geometry optimization of the four boxes were all executed by 264 

GROMACS using program 3 in Supplementary Information 1. 265 

 266 

Table 1 the composition of the FS and DS of the FO system. 267 

Labels Water molecules Sodium ions Chloride ions Concentration (M) 

FS 3719 0 0 0.0 

DS-1 3651 34 34 0.5 

DS-2 3583 68 68 1.0 

DS-3 3515 102 102 1.5 

 268 

FO model 269 

 After the aqueous boxes and the membranes were generated, the packing FO model process 270 

was executed with Java program 1 in Supplementary Information 1. First, for the pristine PA 271 

single-layer membrane, the FS was placed on the left, with the PA layer added 60.00 Å on the second 272 

left behind the FS, as shown in Fig. 2 and other DS concentrations all like that. The coordination of 273 

the DS was added 103.48 Å to the right of the PA membrane. Then, a mirrored image is generated 274 

with the center of the DS. At last, the carbon walls were added into the boundaries of z = 0 and z = 275 

L. 276 
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 277 

Fig. 2 The FO model for the pristine PA membrane: (a) pure water at FS, 0.5 M salt solution at DS 278 

(b) 1.0 M salt solution at DS (c) 1.5 M salt solution at DS. 279 

 For the PA-PSF double layer membrane, there were two types of FO as shown in Fig. S9. There 280 

were ALDS and ALFS [39]. For the ALFS, the FS was on the left with the coordination of the PA 281 

active layer added 60.00 Å on the second left behind the FS. Next, the coordination of the PSF 282 

support layer all added 103.48 Å on the second right. The coordination of the DS all added 143.48 283 

Å and was put on the right. a mirrored image is generated with the center of the DS. At last, the 284 

carbon walls were added into the boundaries of both z = 0 and z = L. Similarly, for ALDS, the 285 

positions between PA and PSF layers were reversed.  286 

The PA-PSF/UiO-66 double layer membrane also consisted of ALFS and ALDS as shown in 287 

Fig. S10. With ALFS, the FS was on the left and the PA active layer added 60.00 Å on the second 288 

left behind the FS. The coordination of the PSF/UiO-66 support layer added 103.48 Å on the second 289 

right. The coordination of the DS added 143.48 Å on the right. Lastly, the carbon layer atoms were 290 

added into the boundaries both z = 0 and z = L. Similarly, with the ALDS, positions between the PA 291 

and PSF/UiO-66 layers were reversed.  292 

MD simulation 293 

 After the MD simulation for 13 ns (equilibrium and non-equilibrium molecular dynamics 294 

simulation), the salt rejection could be obtained with respect to their z coordination from 0 to 60 Å 295 

and 293.92 to 353.92 Å in the FS side for ALFS of PA-PSF/UiO-66 and PA-PSF membrane. The 296 

PA had little difference in z-coordination due to their thinner layers. The z-coordination of ions 297 

beginning from 0 to 60 Å and 206.96 to 266.96 Å were the FS side. Table 2 summarizes the results 298 

of the salt rejections that decreased as the concentration increased from 0.5 M to 1.0 M at the DS 299 

side. The equation of rejection rate can be expressed as Eq. 5. 300 

𝑅𝑅 = �1− 𝑁𝑁𝐷𝐷𝑁𝑁𝐷𝐷0� × 100% (5) 301 
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 Where Nd is the final salt ion concentration of DS (sodium ions or chloride ions or total ions); 302 

Nd0 is the initial salt ion concentration of DS. 303 

The osmotic pressures were enhanced when the temperature was constant, according to the 304 

Van’Hoff equation [40]:  305 

∆𝜋𝜋 =
𝑁𝑁𝑖𝑖𝑖𝑖𝑛𝑛𝑅𝑅𝑔𝑔𝑇𝑇∆𝐶𝐶𝑀𝑀𝑤𝑤   (6) 306 

Where ∆𝜋𝜋 is the osmosis pressure difference between FS and DS; Rg is the molar gas constant; 307 

Nion is the ionization number; Mw is the molar mass of the solute; T is the absolute temperature; and 308 

ΔC is the concentration difference between the membrane between the FS and DS sides. 309 

Water and salt all had stronger pressure forces to move in order to maintain the balance of the 310 

solution. The pressures of 0.5 M, 1.0 M and 1.5 M DS were 24.78, 49.55, and 74.33 bar, respectively, 311 

with respect to the Eq. 6. In this equation, the passing rate of particles will improve while the 312 

osmosis increased. However, the rejection decreased as salt ions increased from 0.5 M to 1.5 M that 313 

violate to the rule of the Van’Hoff equation. For this reason, the coordination of salt ions were 314 

analyzed at the last time of non-equilibrium simulation (12 ns). The coordination distributions of 315 

the salt ions for the PA membrane were illustrated in Fig. 3. The number of salt ions increased inside 316 

the membrane when the concentration increased. At a sodium chloride solution concentration of 0.5 317 

M, few ions were inside the membrane. However, at a concentration of 1.5 M, a huge number of 318 

ions were absorbed into the surface of the PA substrate, which polluted the membrane and impeded 319 

the ion passage. Thus, the rejection decreased when the salt concentration increased. Meanwhile, 320 

salt rejection had the same dependence on the osmotic pressure and the extent of the membrane 321 

pollution at the double-layer PSF membrane in Fig. S11 – S12 of Supplementary Information 2. 322 

However, the PA-PSF/UiO-66 showed no obvious dependence on salt ions and membrane pollution. 323 

The salt rejection keep balance as the salt concentration increased on PA-PSF/UiO-66 membrane, 324 

indicating that ions in solution and membrane were remain stable when the UiO-66 was 325 

incorporated as illustrated in Fig. S13 – S14. The number of ions sharply increased inside the 326 

membrane compared with the PA-PSF membrane. The steric hindrance and repulsion effect 327 

dominate the transportation of ions. The number of ions inside the membrane were 38, 82, and 111 328 

for 0.5, 1.0 and 1.5 M of PA-PSF membrane with ALDS process. The number of ions were 43, 92, 329 

and 114 for 0.5, 1.0 and 1.5 M of PA-PSF/UiO-66 membrane with ALDS process. The number of 330 

ions inside the membrane have a obvious increased, which restrained the ions pass through. The 331 

number of ions inside the membrane were 46, 80, and 97 for 0.5, 1.0 and 1.5 M of PA-PSF 332 

membrane with ALFS process. The number of ions were 48, 86, and 116 for 0.5, 1.0, and 1.5 M of 333 

PA-PSF/UiO-66 membrane with ALFS process, respectively. Thus, the rejections in different 334 

concentration keep a stable extents. It also showed that the steric hindrance effect restrained the ions 335 

pass through. The PA membrane was so thin that balance was difficult to keep, where 24, 43, and 336 

67 ions inside the membrane with concentrations of 0.5-1.5 M. Thus, the rejection rates were low. 337 

However, the rejections for ALDS are less than ALFS. It could explain that the pressure osmosis 338 
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and particles’ flow washing the membrane and some small ions were driven to the FS side with the 339 

direction of water flowing, which decreased the rejection rates.  340 

 341 

Table 2 The salt rejections both sodium and chloride ions 342 

Membranes Concentration of DS (M) 
Rejections (%) 

Total rejection Sodium ions Chloride ions 

PA 

0.5 73.53 73.53 73.53 

1.0 72.06 72.06 72.06 

1.5 61.76 62.75 62.25 

PA-PSF 

(ALFS) 

0.5 85.29 88.24 86.76 

1.0 80.88 77.94 79.41 

1.5 62.75 64.71 63.73 

PA-PSF 

(ALDS) 

0.5 88.24 85.29 83.82 

1.0 85.29 85.29 85.29 

1.5 72.55 71.57 72.06 

PA-PSF/UiO66 

(ALFS) 

0.5 85.29 97.06 91.18 

1.0 91.18 97.06 94.12 

1.5 85.29 91.18 88.24 

PA-PSF/UiO66 

(ALDS) 

0.5 91.18 100.00 95.59 

1.0 92.65 94.12 93.38 

1.5 91.18 86.27 88.73 

 343 
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 344 

Fig. 3 Distributions of (a) sodium ions and (b) chloride ions for PA membrane of FO process at 12 345 

ns. 346 

The water flux was calculated with respect to the number of water molecules through the 347 

membrane. The coordinated water molecules were extracted at the last 2 ns and the water at bulk 348 

solutions both FS and DS were checked every 5 ps. The results of five different conditions are shown 349 

in Fig. 4. The tendency of the water flux agrees with a paper we published previously [11]. The 350 

water flux increased as the salt ion concentration increased, which fitted with the Van’Hoff equation. 351 

The reason is that osmosis pressure take a dominated role on water molecules transportation. The 352 

water flux of the PA-PSF/UiO-66 membranes were both higher than the PA-PSF membrane, which 353 

suggested that incorporated UiO-66 can improve particles passing rate. The PA-PSF/UiO-66 354 

become more fitness for water molecules permeation. According to the RDF analysis in Eq. 3, water 355 

around the membrane frameworks could be represented by the distance of oxygen in water 356 

molecules and particular elements in membranes. Thus, the oxygen atoms in water molecules were 357 

selected to represent the center of the water. Then, three types of atoms: carbon, oxygen, and 358 

nitrogen were chosen to represent the PA membrane. Meanwhile, carbon, oxygen, and sulfur atoms 359 

were employed for the PSF membrane and zirconium carbon, oxygen, and sulfur atoms were used 360 

for the PSF-UiO-66 membrane. The RDF curve of PA, PSF, and PSF-UiO-66 are shown in Fig. 5. 361 

Obviously, the water around the PA produced three peaks: 4.70 Å, 2.70 Å, and 3.60 Å in C, O, and 362 

N elements, respectively, while the peak of the water around PSF’s elements, C, O, and S, had peaks 363 

of 5.18 Å, 4.62 Å, and 4.82 Å, respectively. The carbon atoms in the PSF impeded the water 364 

absorption, which rendered the water rapidly through it. The peak of the water around the UiO-66 365 

produced two peaks: 4.20 Å, 4.08 Å, and 5.04 Å in C, O and Zr elements, respectively. The average 366 

peak value of the pure PSF was 2.93 Å while the peak of UiO-66 was 2.69 Å. The water affinity of 367 

the PSF/UiO-66 support layer increased and the RDF decreased to 0.24 Å (0.048 Å, 0.017 Å, and 368 

0.005 Å, for the C, O, and S, respectively) when the UiO-66 was incorporated [20, 41]. The PA-369 

PSF/UiO-66 double-layer membrane was highly hydrophilic and effectively prevented the ion 370 

absorption and improved the water flux compared with the PA-PSF membrane that membrane 371 

fouling inside the membrane merely occurred for hydrophilic membranes. It means that the internal 372 

concentration polarization (ICP) decreased. 373 
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 374 

Fig. 4 The water flux of the five different salt ion concentrations at DS side. 375 

 376 

Fig. 5 The RDF of water around the membrane atoms among (a) PA, (b) PSF and (c) PSF-UiO-66 377 

for the FO process at 0.5 M of DS. OW represents oxygen molecules atom in water. 378 

To further analyze the mechanism of salt rejection, the diffusion coefficient of salt ions was 379 

calculated by Eq. 2. The coordination at the last 2 ns was chosen for calculation. The results of 380 

diffusion coefficients were shown in Table 3. The non-equilibrium molecular dynamics simulated 381 

diffusion coefficients of ions were considerably larger than experimental values due to osmosis 382 

pressure difference between FS and DS [42]. Higher diffusion coefficients were found for the bulk 383 

solution, while the lower coefficients were obtained inside the membrane. Meanwhile, the diffusion 384 

coefficient decreased when the salt concentration increased as the steric hindrance effect among the 385 

number of ions increased. In the PA film, the hydrophilicity of the amide groups (nitrogen and 386 

oxygen atoms and negative charges based on the RESP analysis) could absorb positive ions, thus 387 

sodium ions had a lower diffusion coefficient than chloride ions. The ions in PA-PSF of the ALDS 388 

process had greater diffusivity than the PA membrane because the hydrophilic PA substrate absorbed 389 
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the bulk water but the hydrophobic PSF substrate had difficulty carrying water into the DS and 390 

locking the water inside the PA substrate, which increased the salt concentration of bulk solution. 391 

The salt ion concentration more tended to dilute, thus ions trap into the water solution that increased 392 

the ions diffusion intensity. On the contrary, as the PSF was hydrophobic, the ions and water do not 393 

penetrate the PSF substrate easily and absorbed to it that increase the effect of ICP and thus have 394 

reduced diffusion coefficients at the ALFS process than ALDS process. For the PA-PSF/UiO-66 of 395 

the ALDS process, similar to the PA-PSF of ALDS, the ions and water inside the PSF substrate were 396 

also repulsed to the DS bulk but the UiO-66 had a hydrophilic effect that locked some water 397 

molecules in PSF substrate. The ion concentration in the DS bulk increased because some particles 398 

were absorbed to the UiO-66 particles, which decreased the ions to diffuse with water molecules 399 

decreasing the effect of ICP. Thus, the bulk solution and membrane diffusion coefficients decreased. 400 

For the PA-PSF/UiO-66 of the ALFS FO process, the UiO-66 had a hydrophilic effect. Water 401 

molecules were more easily drawn from FS into DS. As the salt ion concentration of the bulk 402 

solution increased, the sodium ion diffusion keep balanced. However, in the 1.5 M concentration, 403 

the ions deposited on and fouled the surface of the membrane. The steric hindrance increased due 404 

to effect of that increased the dilutive ICP (DICP) [8] and reduced the water transportation, as well 405 

as water molecules through the membrane become difficult. Thus, the diffusion decreased again for 406 

all the areas.  407 

 408 

Table 3 Diffusion coefficients of salt ions in bulks solution and inside the membrane 409 

Membranes 
Concentration of DS 

(M) 

Ions diffusion coefficients (10-5 cm2 s-1 ) 

        Sodium ions           Chloride ions 

Bulk Membrane Bulk Membrane 

PA 

0.5 3.9970 2.3494 5.1891 2.2988 

1 3.8312 2.2969 5.7440 2.0336 

1.5 3.6232 2.2823 5.9160 1.9921 

PA-PSF 

(ALFS) 

0.5 6.2008 2.2555 7.0773 2.4658 

1 6.3599 1.8462 6.8725 2.2486 

1.5 6.3814 1.4793 6.6145 1.9920 

PA-PSF 

(ALDS) 

0.5 6.9688 2.3108 7.2531 2.5617 

1 6.9615 1.4115  7.2376 2.3329 

1.5 6.8863 1.4051 7.1864 2.2860 
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PA-

PSF/UiO66 

(ALFS) 

0.5 5.9343 2.1100 7.0740 2.1265 

1 5.9312 1.7723 6.8876 2.1108 

1.5 5.9055 1.3012 6.8485 1.9992 

PA-

PSF/UiO66 

(ALDS) 

0.5 6.9802 2.2889 7.0328 2.4052 

1 6.6793 1.8514 6.8817 2.2234 

1.5 6.6324 1.6088 6.4681 2.1017 

 410 

The PA-PSF/UiO-66 in the ALFS process exhibited little dependence on the membrane, water, 411 

and salt concentration. To further delineate the salt rejection, the hydration number of the ions was 412 

solved by Eq. 4 and shown in Table 4. The water around the ions inside the membrane went down 413 

and the salts’ liquidity decreased. This explains why the diffusion coefficients decreased at the 414 

membrane. Meanwhile, the hydration number decreased in the membrane leading to the increase in 415 

bulk solution, which indicated the ions absorbed by the membrane. On the contrary, the part of water 416 

around the ions in the membrane was higher than the bulk due to the hydrophilic PA membrane 417 

facing the DS in the PA-PSF ALDS mode. The PSF carried water and ions and the PA absorbed the 418 

water molecules and ions through into the membrane, decreasing the rejection rate. However, in the 419 

PA-PSF/UiO-66 membrane, the hydration numbers at the bulk were similar to that in the membrane 420 

in 0.5 M and 1.0 M, indicating that the liquidity of the water molecules had the same distribution in 421 

the FO process. In 1.5 M, the ions in bulk solution were greatly larger than membrane, which 422 

indicated the most ions were retention in the DS As mentioned above, the PA-PSF/UiO-66 had a 423 

great effect on water transport and desalination in the ALFS process. 424 

Table 4 Hydration number of salt ions in bulks solution and inside the membrane 425 

Membranes Concentration of DS (M) 

Hydration numbers 

Sodium ions Chloride ions 

Bulk Membrane Bulk Membrane 

PA 

0.5 2.829 0.906 2.820 1.033 

1 5.670 0.758 5.627 0.753 

1.5 8.551 0.301 8.519 0.386 

PA-PSF 

(ALFS) 

0.5 2.142 1.360 2.133 1.272 

1 4.440 0.905 4.396 1.108 

1.5 6.606 0.567 6.558 0.438 
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PA-PSF 

(ALDS) 

0.5 2.193 5.234 2.176 5.339 

1 4.447 5.848 4.430 5.947 

1.5 6.592 5.578 6.587 5.551 

PA-PSF/UiO66 

(ALFS) 

0.5 2.226 2.587 2.025 2.112 

1 4.239 3.971 4.472 4.446 

1.5 6.671 2.789 6.395 2.443 

PA-PSF/UiO66 

(ALDS) 

0.5 2.193 2.200 2.176 1.626 

1 4.247 3.960 4.430 3.444 

1.5 6.592 4.305 6.587 4.676 

 426 

Conclusions 427 

The performances of water desalination of the PA, PA-PSF, and PA-PSF/UiO-66 membranes 428 

were investigated by MD simulations. With the different concentrations of DS, the transport 429 

mechanisms of water and ions were analyzed. The water flux increased when the DS concentration 430 

increased due to increasing of osmosis pressure difference. The rejection of ions decreased as the 431 

diffusion coefficient of the ions in the membrane increased, while the motility of the ions decreased 432 

as the hydration number decreased. These results indicated that the modified thin-film composite 433 

membrane with the UiO-66s could improve the rejection and water flux compared with pristine 434 

films. Therefore, the PA-PSF/UiO-66 membrane had a great effect on desalination and largely 435 

stabilized the permeate flux as the DS concentration changed. However, some disadvantages are 436 

obviously found. Firstly, the effects of different UiO-66 concentrations to the membrane 437 

desalination cannot be considered due to a small scale of molecular model. Secondly, the antifouling 438 

effect in the longer run should be affirmed in a mathematical way. Future work should develop new 439 

models to meet these requirements. Summing up the above, the PA-PSF/UiO-66 could serve as a 440 

promising support layer for the FO’s desalination process.  441 
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Figures

Figure 1

Chemical structure of the (a) MPDA monomer and (b) TMC monomer; (c) BPA monomer and (d) DCDDS
monomer; (e) structure of the UiO-66 unit; (f) PA chain; (g) PSF chain; the white spheres were hydrogen
atoms; the green spheres represented the chloride atom; the red spheres were oxygen atoms; the grey
spheres were carbon atoms; the blue spheres were nitrogen atoms; the yellow spheres were sulfur atoms;
the cyan spheres were zirconium atoms.



Figure 2

The FO model for the pristine PA membrane: (a) pure water at FS, 0.5 M salt solution at DS (b) 1.0 M salt
solution at DS (c) 1.5 M salt solution at DS.



Figure 3

Distributions of (a) sodium ions and (b) chloride ions for PA membrane of FO process at 12 ns.



Figure 4

The water �ux of the �ve different salt ion concentrations at DS side.



Figure 5

The RDF of water around the membrane atoms among (a) PA, (b) PSF and (c) PSF-UiO-66 for the FO
process at 0.5 M of DS. OW represents oxygen molecules atom in water.
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