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Abstract 

 

Understanding Membrane Fouling Mechanisms through 

Computational Simulations  

 

This dissertation focuses on a computational simulation study on the organic 

fouling mechanisms of reverse osmosis and nanofiltration (RO/NF) membranes, which 

have been widely used in industry for water purification. The research shows that through 

establishing a realistic computational model based on available experimental data, we are 

able to develop a deep understanding of membrane fouling mechanism. This knowledge 

is critical for providing a strategic plan for membrane experimental community and 

RO/NF industry for further improvements in membrane technology for water treatment. 

  This dissertation focuses on three major research components  (1) Development 

of the realistic molecular models, which could well represent the membrane surface 

properties; (2) Investigation of the interactions between the membrane surface and 

foulants by steered molecular dynamics simulations, in order to determine the major 

factors that contribute to surface fouling; and (3) Studies of the interactions between the 

surface-modified membranes (polyethylene glycol) to provide strategies for antifouling. 
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Chapter 1 

Introduction 

 

1.1 Motivation and Fundamental Questions 

 The shortage of portable water is a global challenging problem. 1-3 Water pollution, 

global human population growth and overexploitation of groundwater aquifers will worsen 

this situation in the future.4 In order to deal with this portable water shortage, alternative 

water resources are needed,5, 6 such as seawater desalination and wastewater reclamation. 

Membrane separation, since its development in the 1960s, is considered to be a very 

promising technique to address this issue.7-9 In particular, reverse osmosis and 

nanofiltration (RO/NF) membranes are commonly used for drinking water purification 

(Fig.1.1).1, 10-13 However, membrane techniques also have their own shortcomings. One of 

the important issues is membrane fouling,10, 14, 15 which is induced by the accumulation of 

foreign substances on membrane surfaces. Membrane fouling could significantly reduce 

membrane performance, such as water flux and effluent quality. Fouling control often 

requires intense chemical/physical cleaning, which shortens membrane lifespan, increases 

operating costs, and in an unsustainable manner, releases chemical waste into the 

environment.  Therefore, fouling is a major obstacle against efficient use of RO/NF 

membranes.   
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Figure 1.1. Reverse osmosis (RO) membranes for drinking water purification (from Ref. 12). 

 

In order to systematically and efficiently design high-performance, antifouling 

membranes on a rational basis, fundamental understanding of fouling mechanisms is 

essential.  However, there exists a significant knowledge gap between the macroscopic 

membrane fouling behavior and the atomic-scale membrane material properties. So far, it 

is still not quite understood the relationship between the molecular details of a membrane 

and its fouling behavior.10, 14-19  Without this key information, designing high-performance, 

antifouling membranes is impossible. 

In recent years, computational simulations, especially molecular dynamics (MD) 

simulations, provide an alternative approach between laboratory experiment and theory, 

and have contributed significantly to the molecular understanding of water and solute ions 
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transport mechanisms and molecular rejection in membrane separation.20-50 MD 

simulations provide molecular details that are unavailable from experiments.  However, it 

is surprising that until very recently51-54 molecular simulation has not yet played a 

significant role in the study of RO membrane fouling and material design/characterization 

of this novel material. This is primarily because of the lack of accurate molecular models 

and simulation methods to describe the properties of membrane surfaces and their 

interactions with a variety of foulants, but also because of the lack of sufficient efforts from 

the computational community to pay more attention to study membrane-foulant interfacial 

phenomena. In this dissertation, we describe molecular models and computational methods 

to perform comprehensive molecular simulations to understand RO/NF membrane fouling 

behavior at the molecular level, thus to facilitate the design of antifouling membranes, 

especially through the surface modification of membranes. We find that through 

establishing a realistic computational model based on current available experimental data, 

we are able to develop a deep understanding of membrane antifouling mechanism. This 

knowledge is critical for providing a strategic plan for membrane experimental community 

and RO/NF industry for further improvements in membrane technology for water treatment. 

This dissertation focuses on a model system, the thin-film-composite polyamide 

membrane and its modification by the polyethylene glycol (PEG) coating. Polyamide 

membrane is the most widely used RO membrane material in water treatment industry. 

However the unmodified polyamide membrane has a relatively high fouling potential. 

Polyamide membranes with PEG coatings are believed to have a better antifouling property 

than the bare membrane. This dissertation includes the following three parts: 
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¶ Developing a computational simulation approach for building realistic membrane 

models to represent the polyamide membrane properties (chapter 2); 

¶ Fundamental studies of the interactions between the polyamide membrane surface 

and foulants by steered molecular dynamics (SMD) simulations, in order to determine the 

major factors that contribute to surface fouling (chapter 3 and 4); 

¶ Fundamental studies of antifouling mechanisms of surface-modified membranes 

(polyethylene glycol) to provide strategies for antifouling design (chapter 5); 

 

1.2 Background and Relevant Work 

1.2.1 State-of-the-art knowledge on RO/NF membrane fouling 

During the past decades, significant efforts have been made to elucidate 

mechanisms that control different types of fouling in RO/NF membranes. Fouling can be 

broadly classified into four categories, depending on the nature of the foulants species: (1) 

colloidal/ particulate fouling, (2) biofouling, (3) scaling, and (4) organic fouling.10, 11, 55 

These fouling mechanisms are rarely independent of each other.56, 57 In general, membrane 

fouling may be attributed to more than one categories. However, each category of fouling 

has its own optimal method to deal with: (1) Colloidal fouling can be significantly reduced 

by implementing an ultrafiltration or a microfiltration pretreatment step prior to the RO/NF 

process, which is able to exclude majority of the large size particles; (2) Biofouling is 

caused by microbes forming a biofilm onto the membrane surface. The general treatment 

is to add the antimicrobial oxidants to the feed water, such as chloramines without 

degradation of RO/NF membranes;58, 59 (3) Scaling is due to the deposition of inorganic 
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salts onto the membrane surface, which include calcite, silica, carbonate and other ions.10, 

11, 55 Scaling can be prevented by many methods, such as adding antiscalant compounds 

and changing the pH of the feed water; (4) Organic fouling is a result of the deposition of 

organic macromolecules onto membrane surfaces through a combination of physical 

(hydrodynamic) and chemical interactions.60-80 This type of fouling is the most difficult 

and hard one to predict and prevent, largely because of a variety of organic foulants found 

in natural waters and wastewaters.66, 81-83 Pores of membranes (in subnanometer range) are 

generally too small in size for foulants to enter (also called “pore clogging”), thus it is 

important to study the interaction between the membrane surface and common foulants. 

Strategy to prevent organic fouling should focus on the nature of the membrane surface 

itself in the hope of developing new fouling-resistant membranes. This, in turn, needs a 

deep understanding of the organic fouling mechanisms. 

 

1.2.2 State-of-the-art membrane modeling methods 

During the last two decades several innovative methods have been proposed to 

build polyamide membrane models to reflect the surface chemistry and thermodynamic 

properties of the membrane surfaces. Kotelyanskii et al. first designed a method for 

modeling cross-linked polyamide membrane materials.84, 85 They first used a random-walk, 

self-avoiding algorithm to build the starting configuration – an annealed self-avoiding 

Markov chain. They then built the dimeric units (Figure 1.2c) with m-phenylenediamine 

(MPD, Figure 1.2a) and trimesoyl chloride (TMC, Figure 1.2b) monomers to “decorate” 

the chain in a three-dimensional (3D) cubic periodic simulation box. The membrane model 
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contains 62 MPD+TMC subunits and was subsequently relaxed using the conjugate-

gradient method. Cross-linking of the membrane was realized by bridging free carboxylic 

groups separated by no more than 7±2Å with a difunctional MPD residue. Although the 

cross-linking rate is a little lower than recent experimental results,86 their model can 

represent some important features of the FT30 membrane materials and well describe the 

salt rejection and water permeation phenomenon. The key strategy of Kotelyanskii’s 

method is to insert pre-built subunits into the simulation box. This strategy has been 

adopted in recent MD simulations.51, 52  

 

 

Figure 1.2. Two molecular units in polyamide: (a) m-phenylenediamine (MPD) and (b) 

trimesoyl chloride (TMC). (c) Repeated dimeric unit in the polyamide chain molecule. 

 

Other methods without pre-built chain structure were also proposed. In 2009, 

Harder et al. developed a new method for building cross-linked polyamide membrane.50 

The building blocks are individual MPD and TMC monomers, rather than the dimeric 

subunits in Kotelyanskii’s model. They first randomly inserted these monomers into a large 

periodic simulation box, followed by gradually reducing the simulation box to reach a 

density of ~ 1.38g/cm3, the density of the membrane block. After the energy minimization, 
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amide bonds are introduced based on the separation criterion. If TMC and MPD residues 

are closer than 3.25 Å, the amide covalent bonds will be formed. The major difference of 

the Harder’s from the Kotelyanskii’s method is that all the amide bonds are formed 

according to the distance criterion, while in Kotelyanskii’s method, the majority of amide 

bonds are pre-built. Therefore, the membrane structure built by Harder’s method is 

intrinsically cross-linked. 

Ridgway et al. proposed a new algorithm57, 87 to build FT-30 polyamide membrane, 

which is totally different from the above two methods. In their algorithm, MPD and TMC 

monomers are alternately introduced into a cubic 3D lattice uniformly (Figure 1.3). The 

density of membrane could be controlled by selecting the distance between the monomers. 

Starting from one corner of the lattice, a random walk through the monomers matrix with 

MPD-TMC amide bonding is performed, creating a randomly folded self-avoiding 

polymer chain. Chain termination occurs when all possible bonding partners are used up. 

After the completion of the polymer chain, search for any chain-resident TMC monomer 

pairs that remain separated by a common as-yet non-bond MPD monomers is performed 

(see Figure 1.3 the two blue arrows pointing to a common MPD). A probability function 

is introduced to determinate whether a cross-linked structure is formed, and all nonbonded 

monomers will be deleted. Finally, energy minimization is performed to obtain the 

equilibrium structure. The biggest advantage of this algorithm is that the cross-linking rate 

is controllable. Another significant difference between the Ridgway’s algorithm and the 

previous two methods is that protonated forms of the TMC monomers is used as the 

building block, which is considered to be more realistic according to the experimental zeta 

potential results.88 During chain elongation and cross-link formation, atom partial charges 
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are progressively adjusted to compensate for the loss of partial charges due to bond 

formation.  

 

 

Figure 1.3. Ridgway’s random walk in a cubic 3D lattice uniformly filled with MPD and 

TMC monomers. The purple and green pathways represent two polymer chains. The blue arrows 

show the formation of a cross-linked structure. Colors: red, O; white, H; light blue, C; dark blue, 

N. 

 

At present the three methods discussed above are major methods for building cross-

linked polyamide membranes. Each method has its own advantages and disadvantages. 

Kotelyanskii’s method could guarantee the final chain conformation according to the 



 

9 

 

correct Boltzmann weight. However, the cross-linking heuristic method may generate 

unfavorable local structures with very high energy. It is also difficult for Kotelyanskii’s 

method to build membrane with any specific shape other than cuboid. On the other hand, 

Harder’s and Ridgway’s methods have more freedom of choosing membrane geometry. 

Moreover, Ridgway’s algorithm is able to control the cross-linking rate without disrupting 

local structures. But the uniformly arranged initial monomers lattice matrix may not 

faithfully represent the highly heterogeneous property of the membrane. In this dissertation, 

the main protocol to build membrane model is based on Kotelyanskii’s method, with some 

optimization. We will describe the detailed methods in the following chapters.   We will 

also reinvestigate the modelling issue in chapter 7. 

 

1.2.3 State-of-the-art molecular simulations of membrane fouling 

In general molecular simulations for nanomaterials could be performed either at the 

quantum mechanical (QM) level or at the classical-level MD simulations, depending on 

the level of approximation and system sizes. However, for simulating membrane-foulant 

interactions involving hundreds of thousands of atoms, MD simulation is the only way to 

efficiently simulate the membrane fouling behaviors, provided a good force field for 

interatomic potentials are available. The basic idea of MD simulation89, 90 is quite simple: 

Newton’s equations of motion of particles are propagated in a suitable molecular ensemble, 

such as the constant NVT canonical ensemble (constant number of particles, constant 

volume and temperature). The resulting trajectories and configurations can be analyzed to 

determine thermodynamic quantities, interaction forces, etc. MD simulation is also capable 
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of adapting real experimental settings: by modifying the equations of motion, one can work 

with a variety of ensembles, such as constant NPT ensemble (constant number of particles, 

constant pressure and temperature).89, 90 Within the classical MD simulations focused on 

in this dissertation, the key to the success of molecular simulation is the appropriate force 

field models with predictive capabilities and suitable molecular ensemble to mimic 

experiments, which we will talk about in chapter 2. 

In membrane related research, MD simulation has often been used to predict the 

molecular structures of RO membranes and water/solute transport behaviors through these 

membranes.35-50, 52 Recent simulation studies of interfacial polymerization of thin-film 

polyamide membranes yield better understanding of the membrane structure.44, 50 MD 

simulations were also performed to elucidate water transport or salt rejection 

machanisms.39, 42 However, until very recently51-54 molecular simulation has not yet played 

a significant role in the study of RO membrane fouling. Ahn et al. probed the interactions 

between a natural organic matter (NOM) molecule and the polyethersulfone (PES) 

membrane51(Figure 1.4). They focused on investigating the association of different metal 

ions (Ca2+, Mg2+ and Na+) with PES membrane and NOM molecule. However, the real 

interactions between NOM and membrane surfaces were not directly addressed in their 

study. It remains unclear whether fouling is caused by the cation-mediated NOM 

aggregation in solution or by stronger NOM–surface direct hydrophobic interaction.  Since 

only one NOM molecule was used in their model, NOM aggregation was also unable to be 

investigated. Hughes and Gale52 investigated the interaction of a polyamide membrane 

with small foulants such as glucose and phenol molecules, by using MD simulation in 

conjunction with umbrella sampling method (Figure 1.5). The reason to study glucose and 
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phenol is because these two molecules have relatively simple structures and are common 

building blocks of complex organic foulant. They showed that glucose molecules are able 

to bind to membrane surface through hydrogen bonding, while phenol molecules not only 

bind to the membrane surface, but also in some cases diffuse through the membrane pores. 

The interaction between membrane and phenol is due to the combined hydrophobicity and 

hydrogen bonding interactions. However, it is not clear to what extent their findings could 

be applied to real membrane-organic foulants (such as NOM and alginate) interactions. 

Further, no quantitative work about the role of surface morphology has been performed. 

 

Figure 1.4. Polyethersulfone (PES) membrane surface – NOM out-sphere complex (from ref. 51).   
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Figure 1.5. Glucose molecule (yellow) binding to the membrane surface (carbon, oxygen, 

nitrogen and hydrogen are dark grey, red, blue and white, respectively).  (from ref. 52) 

 

The complexity of membrane surfaces and their interactions with organic foulants 

impose a big challenge to molecular simulations of membrane fouling. We use steered 

molecular dynamics (SMD) simulations to study the interactions between polyamide 

membrane surface and foulants.53, 54 This computational tool enables us to overcome many 

energy barriers of membrane-foulant interactions by external mechanical pulling of 

foulants, therefore allowing us to explore the complexity of energy landscapes of 

membrane-foulant interactions and to determine the major factors that contribute to surface 

fouling. The detailed simulation method will be described in chapter 2. 
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1.2.4 State-of-the-art surface modifications for antifouling design 

Membrane surface modification could significantly influence the membrane 

performance, such as improving water flux and salt rejection, reducing fouling, and 

enhancing chlorine tolerance and thermal stability.91 Surface modification could be either 

physical or chemical. For physical modification, fouling-resistant and highly water 

permeable polymers or surfactants are physically adhered to membrane surface without 

changing the chemistry of the original membrane surface.92-94 Chemical modification 

refers to grafting antifouling materials onto membrane surface using radiation- or redox-

induced methods.95-98 Polyethylene glycol (PEG) and polyzwitterions (PZs) are often 

grafted onto membrane surface using this method.  

Among all of the antifouling monomers used for surface grafting, PEG and its 

derivates are most widely used. PEG is a neutral polymer with the chemical formula of 

HO-(CH2CH2O)n-H (Figure 1.6a). It has been proven to be an effective antifouling 

material due to its hydrophilicity, flexible long chains, large exclusion volume and 

solubility.98-103 The antifouling property of PEG coating is commonly explained by the 

steric repulsion effect and water binding ability.104-106 The steric repulsion effect is due to 

the loss of configurational entropy (by osmotic repulsion and volume restriction). Most 

investigations of PEG-modified membrane surfaces focus on grafting methodology or 

testing the different surface properties with different PEG derivates. However, fundamental 

aspects of antifouling mechanisms of PEG coatings are still poorly understood.  For 

example, it is still not clear how the PEG density and chain length influence the membrane-
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foulant interactions. The dynamic behaviors and conformational changes of PEG-foulant 

complex also need thorough investigations.  

Compared with PEG coating, PZs, such as poly(carboxybetaine) (pCB) (Fig. 1.6b) 

and poly(sulfobetaine) (pSB) (Fig. 1.6c), could bind water molecules even more strongly 

than PEG via localized charges.107 The very high hydration capability also makes the PZs 

excellent antifouling materials. PZs contain both positively and negatively charged 

functional groups within the same segment side chain, keeping its total charge neutrality. 

In recent year, many methods have been proposed to create PZ coating on polyamide 

membrane surface, including chemical vapor deposition108, click chemistry109 and 

concentration-polarization-enhanced radical graft polymerization.110 PZs coatings exhibit 

more stable chemical properties than PEG coatings in the presence of oxygen and transition 

metal ions, and in recent years PZs coating has received growing interests.107-112  

 

 

(a)                      (b)                                                     (c) 

Figure 1.6. Structural units of (a) PEG, (b) Zwitterionic poly(carboxybetaine) (pCB), and (c)  

Zwitterionic poly(sulfobetaine) (pSB). Colors: red, O; white, H; gray, C; blue, N; and yellow, S. 
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As dendrimers (or hyperbranched polymers) hold some unique properties113, 114 

such as high density of surface functional groups, nanoscale size, well-defined molecular 

weight, low dispersity and high degree of branching units, this type of materials has 

attracted more attention in recent years in membrane antifouling research.115-117 By 

studying the membranes with different dendrimer coatings (e.g., the in-situ cross-linked 

amine-functional polyamidoamine (PAMAM) dendrimers, and PAMAM-PEG multi-arm 

star difunctional PEG cross-linker dendrimers), it was found that the coated membranes 

had a much better nonfouling behavior than the original polyamide membranes, without 

scarifying their salt rejection and with only moderate reduction in permeate flux.118 This 

study is important in the sense that it demonstrated the possibility of designing and 

controlling the surface chemistry at the nano scale to realize different antifouling properties, 

which is difficult to achieve by current direct PEG/PZ grafting methods.  

 In this dissertation, we will not cover all the above fascinating materials. Our 

detailed study on PEG grafted polyamide membrane and its interaction with foulants will 

be introduced in chapter 5.  

 

1.3 Structure of this dissertation 

  There are seven chapters in this dissertation. In chapter 2, the detailed simulation 

methodology and force field in our study will be provided, including steered molecular 

dynamics (SMD) simulation, configurational-bias Monte Carlo (CBMC) algorithm and the 

consistent valence force field (CVFF). 
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  In chapter 3, we investigate the hydrated polyamide membrane and its interaction 

with a single alginate molecule. The properties of the hydrated amorphous polyamide (PA) 

membrane are also investigated. This chapter focuses on the steered molecular dynamics 

(SMD) simulation of the binding between the PA membrane and an alginate model. It is 

shown that the carboxylate groups in both the PA surface and alginate exhibit strong 

binding with metal ions. This binding mechanism plays a major role in the PA−alginate 

fouling through the formation of ionic binding bridges.  

  Chapter 4 will discuss the aggregation of alginate molecules in the presence of Ca2+ 

ions, and the unbinding process between a PA membrane and an alginate gel complex. In 

this chapter, we will show that the adhesion force between alginate gel and PA surface 

during unbinding originates from several important molecular interactions. These include 

the short-range hydrogen bonding and van der Waals attraction forces, and the ionic bridge 

binding that extends much longer pulling distances due to the significant chain 

deformations of alginate gel and PA membrane. 

 Chapter 5 will investigate the antifouling property of a polyethylene glycol (PEG) 

grafted polyamide (PA) membrane. We will demonstrate in this chapter that the PEG 

coating could hold a tightly bound hydration water layer. When the alginate gel 

approaches the PEG coating surface, the compression of this hydration layer results in a 

strong repulsive force. In this chapter, we will also show the effect of PEG coverage on 

the membrane-foulant interactions. We find that the alginate gel has a strong tendency to 

drift to the uncovered PA surfaces (namely the PEG hollows).  

 Chapter 6 might not be directly relevant to the topic of membrane and water 

purification. However, it compares the liquid-vapor molecular dynamics (LVMD) 
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simulation method we use in the previous chapters with other simulation method, such as 

grand-canonical Monte Carlo (GCMC), and shows the advantage in applying the former 

method. In addition, it also reveals some very interesting phenomenon when nonpolar 

fluids are squeezed into nanometer-wide pores. In this chapter, we use a combined grand-

canonical Monte Carlo (GCMC) and molecular dynamics simulation technique to 

investigate the phase transition behavior of a simple liquid argon film confined between 

two solid surfaces. The results are compared with Prof. Leng’s previous work by a liquid-

vapor molecular dynamics (LVMD) method.  

Finally, we will make recommendation for future research in chapter 7, including 

the method to build the model of membrane surface which could precisely control the 

surface chemistry (such as surface charges, functional groups and morphology). This 

chapter will also discuss the issue of free energy calculation. 
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Chapter 2 

Force Fields and Simulation Methods 

 

2.1 Force Fields 

We use the CVFF (consistent valence force field)1-4 to describe the interatomic 

interactions among the foulant, the PA membrane surface and the PEG coating in an 

aqueous environment. Comparing with other popular manybody potentials for organic 

molecules, this force field has been specifically parameterized for organic molecules 

containing aromatic, amine, amide, ether, hydroxyl and carboxylate groups, and therefore 

is well-suited for our system. In the following chapters, we will show some examples to 

validate this force field. The flexible simple point charge (SPC) water model5, 6 is employed 

in MD simulations, which is compatible with the CVFF. We use the Aqvist SPC water 

compatible potentials7 for the monovalent Na+ and divalent Ca2+ ions. As the Aqvist's 

parameters are only available for alkali and alkaline-earth metal cations, we choose the 

potential parameters for halide Cl- ion developed by Joung et al.8 

In CVFF, the potential energy could be divided into several parts, including the 

bond-stretching (ER), the angle-bending (Eɗ), the dihedral angle torsion (Eű), improper 

cosine out-of-plane (Eɢ), the Lennard-Jones (ELJ) and the electrostatic (Eel) terms. 

 E = ER + Eɗ + Eű + Eɢ + ELJ + Eel (2.1) 

We illustrate all the terms in Table 2.1 



 

26 

 

Table 2.1. Potential energy terms in CVFF 

Name Illustration Form of the term 

bond-stretching 
 

ER = K ij(r-r0)
2 

angle-bending 

 

Eɗ = K ijk(ɗ-ɗ0)
2 

dihedral angle torsion 

 

Eű = K ijkl[1+dcos(nű)] 

improper cosine out-of-plane 

 

Eɢ = K1234[1+dcos(nɢ)] 

6-12 van der Waals 

 

Ὁ τ‐
„

ὶ

„

ὶ
 

electrostatic Ὁ
ὅήή

ὶ
 

 

 

The CVFF force field defines atom types for the 20 commonly occurring amino 

acids, most hydrocarbons, and many other organic molecules. In Table 2.2, we list all the 

atom types we use in our simulation. 
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Table 2.2. Definition of atom types 

No. in our 

simulation 
molecule 

CVFF 

notation 
example description 

1 

Polyamide 

(PA) 

c  ́

 

sp2 carbon in 

carbonyl (C=O) 

group in amide 

2 c- 

 

carbon in 

carboxylate (COO-) 

group 

3 cp 

 

sp2 aromatic carbon 

4 h 

 

hydrogen bonded to 

C 

5 hn 

 

hydrogen bonded to 

N 

6 n 

 

sp2 amide nitrogen 

7 n2 

 

nitrogen in amine 

group 

8 o  ́

 

oxygen in carbonyl 

(C=O) group 

9 o- 

 

oxygen in 

carboxylate (COO-) 

group 

10 
ions in 

solution 
NA Na+ sodium ion 
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11 

SPC water 

water O (SPC) 
 

SPC water oxygen 

atom 

12 water H (SPC) 
O

H

H

 

SPC water hydrogen 

atom 

13 

alginate 

c- 

 

carbon in 

carboxylate (COO-) 

group 

14 c1 

 

sp3 carbon bonded 

to 1 H, 3 heavy 

atoms 

15 h 

 

hydrogen bonded to 

C 

16 ho 

 

hydrogen bonded to 

O 

17 o 
 

sp3 oxygen in ether 

group 

18 o- 

 

oxygen in 

carboxylate (COO-) 

group 

19 oh 

 

oxygen bonded to H 

20 ions in 

solution 

CA Ca2+ calcium ion 

21 CL Cl- chloride ion 

24 

Poly(ethylene 

glycol) 

PEG 

c2 

 

sp3 carbon bonded 

to 2 H's, 2 heavy 

atoms 

25 h 

 

hydrogen bonded to 

C 

27 o 

 

sp3 oxygen in –(C-

C-O)- chain 

29 c3 

 

sp3 carbon in 

methyl (CH3) group 
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The bond-stretching (ER) uses the potential 

 ER = K ij(r-r0)
2 (2.2) 

where r0 is the equilibrium bond distance. Note that the usual 1/2 factor is included in Kij, 

the harmonic force constant. The bond-stretching potential parameters for all the species 

are listed in Table 2.3. 

Table 2.3. Bond-stretching (ER) parameters. 

 

 

The angle-bending (Eɗ) uses the potential 

No. Atom1 Atom2 

Kij  

(kcal/mol/  
Å2) 

r0  
(Å) 

No. Atom1 Atom2 

Kij  

(kcal/mol/  
Å2) 

r0 

(Å) 

1 c  ́ cp 351.2527 1.4720 16 c1 h 340.6175 1.105 

2 c  ́ n 388.0000 1.3200 17 c1 o 273.2000 1.4250 

3 c  ́ o  ́ 615.3220 1.2300 18 c1 oh 384.0000 1.4200 

4 c- cp 351.2527 1.4720 19 ho oh 540.6336 0.9600 

5 c- o- 540.0000 1.2500 20 c  ́ oh 400.0000 1.3700 

6 cp cp 480.0000 1.3400 21 ho oh 540.6336 0.9600 

7 cp h 363.4164 1.0800 22 c2 c2 322.7158 1.5260 

8 cp n 280.0000 1.4200 23 c2 h 340.6175 1.1050 

9 cp n2 388.0000 1.3200 24 c2 o 273.2000 1.4250 

10 hn n 483.4512 1.0260 25 c2 oh 384.0000 1.4200 

11 hn n2 457.4592 1.0260 27 o c3 273.2000 1.4250 

12 

water 

O 

(SPC) 

water 

H 

(SPC) 

554.1349 1.0000 28 c3 h 340.6175 1.1050 

13 c- c1 283.0924 1.5200 29 c2 n 377.5752 1.4600 

14 c- o- 540.0000 1.2500      

15 c1 c1 322.7158 1.5260      
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 Eɗ = K ijk(ɗ-ɗ0)
2 (2.3) 

where ɗ0 is the equilibrium value of the angle, and Kijk is a prefactor. Note that the usual 

1/2 factor is included in K. The angle-bending potential parameters for all the species are 

listed in Table 2.4. A1, A2 and A3 mean Atom1, Atom2 and Atom3, respectively. Atom2 

is the central atom (around which the angle is computed).  

Table 2.4. Angle-bending (Eθ) parameters. 

No. A1 A2 A3 

Kijk  

(kcal/mol/  

rad2) 

ɗ0 

(degree) 
No. A1 A2 A3 

Kijk  

(kcal/mol/  

rad2) 

ɗ0 

(degree) 

1 cp c’ n 82.0000 114 27 h c1 o 57.0000 109.5 

2 cp c’ o’ 54.4949 120 28 h c1 oh 57.0000 109.5 

3 n c’ o’ 68.0000 120 29 o c1 o 70.0000 109.5 

4 cp c- o- 65.0000 120 30 o c1 oh 70.0000 109.5 

5 o- c- o- 145.000 123 31 c1 o c1 60.0000 109.5 

6 c’ cp cp 34.6799 120 32 c1 oh ho 58.5000 106 

7 c- cp cp 34.6799 120 33 cp c’ oh 54.4949 120 

8 cp cp cp 90.0000 120 34 o’ c’ oh 145.000 123 

9 cp cp h 37.0000 120 35 c’ oh ho 50.0000 112 

10 cp cp n 102.000 120 36 c2 c2 h 44.4000 110 

11 cp cp n2 102.000 120 37 c2 c2 o 70.0000 109.5 

12 c’ n cp 50.0000 120 38 c2 c2 oh 70.0000 109.5 

13 c’ n hn 37.5000 115 39 h c2 h 39.5000 106.4 

14 cp n hn 37.5000 115 40 h c2 o 57.0000 109.5 

15 cp n2 hn 37.5000 115 41 h c2 oh 57.0000 109.5 

16 hn n2 hn 33.0000 125 42 c2 o c2 60.0000 109.5 

17 
water 

H 

water 

O 

water 

H 
45.7696 

109.4

7 
43 c2 oh ho 58.5000 106 

18 c1 c- o- 68.0000 120 44 c2 n c’ 111.000 118 

19 o- c- o- 145.000 123 45 c2 o c3 60.0000 109.5 

20 c- c1 c1 46.6000 110.5 46 h c3 h 39.5000 106.4 

21 c- c1 h 45.0000 109.5 47 o c3 h 57.0000 109.5 

22 c- c1 o 46.0000 110.5 48 c3 o c3 60.0000 109.5 

23 c1 c1 c1 46.6000 110.5 49 c2 n hn 35.0000 122 

24 c1 c1 h 44.4000 110 50 n c2 h 51.5000 109.5 

25 c1 c1 o 70.0000 109.5 51 n c2 c2 50.0000 109.5 

26 c1 c1 oh 70.0000 109.5       
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The dihedral angle torsion (Eű) uses the potential 

 Eű = K ijkl[1+dcos(nű)] (2.4) 

where Kijkl is a prefactor; d has the value of  +1 or -1; n is a non-negative integer (>=0). 

The dihedral angle torsion parameters for all the species are listed in Table 2.5. In this table, 

the 4 atoms (Atom1 to Atom4) are ordered linearly within the dihedral. The sign * means 

any kind of species.  

Table 2.5. Dihedral angle torsion (Eű) parameters. 

No. Atom1 Atom2 Atom3 Atom4 
Kijkl 

(kcal/mol) 
d n 

1 *  c  ́ cp *  10.0 -1 2 

2 *  c- cp *  10.0 -1 2 

3 *  cp cp *  12.0 -1 2 

4 *  cp n *  10.0 -1 2 

5 *  cp n2 *  10.0 -1 2 

6 cp c  ́ n cp 3.2 -1 2 

7 cp c  ́ n hn 1.2 -1 2 

8 o  ́ c  ́ n cp 3.2 -1 2 

9 o  ́ c  ́ n hn 1.8 -1 2 

10 *  c- c1 *  0.0 -1 2 

11 *  c1 c1 *  1.4225 1 3 

12 *  c1 o *  0.39 1 3 

13 *  c1 oh *  0.39 1 3 

14 *  c  ́ oh *  4.5 -1 2 

15 *  c2 c2 *  1.4225 1 3 

16 *  c2 o *  0.39 1 3 

17 *  c2 oh *  0.39 1 3 

18 *  c2 n *  0 1 0 

19 *  o c3 *  0.39 1 3 

20 c2 n c  ́ o  ́ 3.8 -1 2 

21 c2 n c  ́ cp 3.2 -1 2 

 

The improper cosine out-of-plane (Eɢ) uses the potential 
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 Eɢ = K1234[1+dcos(nɢ)] (2.5) 

where K1234 is a prefactor; d has the value of  -1; n is a non-negative integer (>=0). The 

improper cosine out-of-plane parameters for all the species are listed in Table 2.6. In this 

table, the improper dihedral angle is between the plane of Atom2, Atom3, Atom4 and the 

plane of Atom1, Atom3, Atom4. 

Table 2.6. Improper cosine out-of-plane (Eɢ) parameters. 

No. Atom1 Atom2 Atom3 Atom4 
K1234 

(kcal/mol) 
d n 

1 cp c  ́ n o  ́ 10 -1 2 

2 cp c- o- o- 10 -1 2 

3 c  ́ cp cp cp 10 -1 2 

4 c- cp cp cp 10 -1 2 

5 h cp cp cp 0.37 -1 2 

6 n cp cp cp 0.37 -1 2 

7 n2 cp cp cp 0.37 -1 2 

8 c  ́ n cp hn 0.05 -1 2 

9 cp n2 hn hn 0 -1 2 

10 c1 c- o- o- 10.0 -1 2 

11 cp c  ́ o  ́ oh 10.0 -1 2 

12 c2 n hn c  ́ 0.05 -1 2 

 

In CVFF, we use the standard 12/6 Lennard-Jones potential (ELJ), given by 

 Ὁ τ‐
„

ὶ

„

ὶ
            ὶ ὶ  (2.6) 

Here, for different atomic species i and j, the cross interaction potential parameters Ůij and 

ůij are calculated from geometric combining rules. rc is the cutoff distance, the default 

value in our simulation is 10 Å. LJ 12-6 potential parameters for different species are 

summarized in Table 2.7. 
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Table 2.7. Lennard-Jones potential (ELJ) parameters. 

No. Type 
Ů 

(kcal/mol) 
ů (Å) No. Type 

Ů 

(kcal/mol) 
ů (Å) 

1 c  ́ 0.1480 3.6170 16 ho 0.0001 2.4500 

2 c- 0.1480 3.6170 17 o 0.2280 2.8598 

3 cp 0.1480 3.6170 18 o- 0.2280 2.8598 

4 h 0.0380 2.4500 19 oh 0.2280 2.8598 

5 hn 0.0001 2.4500 20 CA 0.4497 2.4120 

6 n 0.1670 3.5012 21 CL 0.1001 4.4000 

7 n2 0.1670 3.5012 24 c2 0.2761 3.5000 

8 o  ́ 0.2280 2.8598 25 h 0.1255 2.5000 

9 o- 0.2280 2.8598 26 ho 0.0001 2.4500 

10 NA 0.0028 3.3304 27 o 0.5858 2.9000 

11 
water O 

(SPC) 
0.1554 3.1655 28 oh 0.7113 3.1200 

12 
water H 

(SPC) 
0.0000 0.0000 29 c3 0.0390 3.8754 

13 c- 0.1480 3.6170     

14 c1 0.0390 3.8754     

15 h 0.0380 2.4500     

 

In CVFF, the electrostatic (Eel) potential is given by, 

 Ὁ
ὅήή

ὶ
 (2.7) 

where C is an energy-conversion constant, qi and qj are the partial charges on the 2 atoms. 

Note that in CVFF the partial charges for all atoms are assigned not only based on the 

atom types, but also based on the detailed molecule structure, thus in Table 2.8, we only 

list typical values of partial charges in our simulation. The real value for a specific atom 

in the molecule may have some variation. 
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Table 2.8. Partial charges parameters. 

Atom Type Typical Value (e) Atom Type Typical Value (e) 

c  ́ 0.201 - 0.231 o  ́ -0.38 

c- -0.039 - 0.14 o- -0.57 

cp -0.1 - 0.179 NA 1 

h 0.1 CA 2 

hn 0.28 CL -1 

n -0.39 Water O (SPC) -0.82 

n2 -0.665 Water H (SPC) 0.41 

c1 -0.07 - 0.2 oh -0.38 

ho 0.35 c3 -0.15 

o -0.3 c2 -0.05 

 

2.2 Simulation Methods 

2.2.1 Steered Molecular Dynamics (SMD) Simulation 

Steered molecular dynamics (SMD) was originally developed to investigate 

unbinding of ligands and conformational changes in biomolecules on time scales 

accessible to molecular dynamics simulations. Time-dependent external forces are 

applied to a system, and the responses of the system are analyzed. SMD has already 

provided important insights into biologically relevant problems.9-12 In our study, we also 

adopt this method to analyze foulant – membrane surface adhesion interaction. Actually, 

there are also some other methods which can complete this task, such as umbrella 

sampling and free energy perturbation. However, these methods requires extremely slow 
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manipulation and, therefore, prohibitively expensive simulations, which we will give 

detailed discuss in chapter 7. 

 

Figure 2.1. Schematic of the SMD model for the calibration of ionic binding strength. 

 

In SMD simulations time-dependent external forces are applied, for example, to a 

foulant to facilitate its unbinding from the membrane surface, as shown in Figure 2.1. 

The analysis of the interactions of the dissociating foulant with the membrane surface, as 

well as the recording (as a function of time) of applied forces and foulant position, yields 

important structural information about the structure-function relationships of the foulant-

membrane complex, binding pathways, and mechanisms underlying the surface 

chemistry. The detailed setting and application of SMD will be illustrated in the next 

chapters. The center of mass of the foulant is connected to a driving spring to mimic the 

adhesion force measurement in experiment. The equations of motion for the center of 

mass of the foulant are described by 
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 ὓὼ Ὧ ὺὸ ὼ ὡ ὼ ȟώ ȟᾀ Ƞὢὸ  (2.8) 

 ὓώ Ὧ ὺὸ ώ ὡ ὼ ȟώ ȟᾀ Ƞὢὸ  (2.9) 

 ὓᾀ Ὧ ὺὸ ᾀ ὡ ὼ ȟώ ȟᾀ Ƞὢὸ  (2.10) 

where M is the mass of the foulant, Wx, Wy and Wz are the binding forces applied on the 

foulant, which depend on the position of the center of mass of the foulant (xCOM, yCOM, zCOM) 

and system configuration X(t) at time t. kx, ky, and kz are the spring constants. vx, vy and vz 

mean the pulling speed (i.e. the moving velocity of the tether point). The detailed value 

for each parameter will be given in the next several chapters. 

 

2.2.2 Configurational-bias Monte Carlo (CBMC) Method 

A simulation workflow typically begins with the specification of an initial structure. 

For crystalline materials this job is usually very easy, as it only involves setting the correct 

lattice parameters, ensuring the short and long range orders which characterize those 

materials. Amorphous materials, on the other hand, lack long range order, so a construction 

algorithm is required that generates the correct short range correlation, without introducing 

long range order. 

Actually there are many methods to realize this requirement. For example, we can 

start from a crystal and subsequently melt at the required temperature in a dynamics 

simulation. The long range order will typically disappear in a short time interval. This 

method is usually suitable for atomistic glasses or molecular liquids. 
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As the molecules increase in size, however, there is an additional requirement for 

an amorphous structure, namely the molecular conformation must be representative of the 

equilibrium distribution. For polymers, in particular, the conformational distribution in the 

amorphous structure is very different from that in the crystal. Moreover, the relaxation of 

a crystalline conformation to amorphous one is a very slow process. Consequently simply 

melting a polymer crystal will not generally result in realistic initial structures. 

Configurational-bias Monte Carlo (CBMC) is one method which has been 

developed to deal with such complicated situation. CBMC allows for constructing a 

molecule piece-by-piece with properly and efficiently sampling the intromolecular and 

intermolecular energies. The whole construction task could be divided into a series of 

growth steps where each step attempts to find reasonable positions for a small set of atoms. 

The new small set configurations are used in the subsequent growth steps. The position and 

orientation of the first segment of all components are assigned first, followed by the first 

torsion of all components, which will position the second segment, proceeding through all 

torsions in sequence, until all segments have been positioned.  

In each of the above procedures, a number of "candidate" states will be proposed. 

The energy of inserting the associated segment into the system, Ei, will be evaluated. After 

that, the associated Boltzmann weight wi is calculated, defined as: 

 ύ ÅØÐ 
Ὁ

ὯὝ
 (2.11) 

where kB is the Boltzmann constant, and T the absolute temperature. The higher the energy 

of insertion, Ei, the lower the Boltzmann weight. The result of this sampling method is that 
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insertions at low energy sites are preferred over insertions that lead to high energies, which 

is precisely what the Boltzmann distribution dictates. The final step is to select one 

candidate from the ensemble of candidates, to provide the ultimate placement of the 

segment. We will show the application of this method in the next chapters.  
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Chapter 3 

Hydrated Polyamide Membrane and Its 

Interaction with a Single Alginate Molecule 

 

3.1 Introduction 

Organic fouling is a result of the deposition of organic macromolecules onto 

membrane surfaces through a combination of physical (hydrodynamic) and chemical 

interactions.1-4  There are wide varieties of organic molecules which are capable of fouling. 

In the present study, we chose alginate as foulant for two reasons: (1) comparing with other 

organic foulants (like natural organic matter (NOM) or some kinds of bacteria), alginate 

has a relatively simple and unambiguous structure, which makes it easy to simulate and 

analyze; (2) Alginate contains a few functional groups which are widely believed to play a 

significant role in membrane fouling. Simulation results obtained from alginate may shed 

light on the fouling mechanisms of many more complicated macromolecules which contain 

these functional groups.  

It is widely believed that membrane-foulant interactions play a key role in 

governing organic fouling. Theoretically, fouling process could be broadly divided into 

several stages, (1) initial attachment, (2) foulant accumulation, and (3) in the case of 
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biofouling, the biofilm growth. The first step involves foulant-membrane interactions. The 

latter steps are dominated by foulant-foulant interactions. Although the foulant-foulant 

interaction has been extensively studied recently, 5-8 there are few reports on foulant-

membrane interaction at molecular level.9 Studies have shown that, although 

hydrodynamic forces do bring particles and macromolecules close to the membrane surface, 

interactions between different functional groups are the driving forces that bind particles 

and macromolecules to the membrane.10, 11  Therefore, it is important to understand these 

interactions at atomic level for the purpose of systematic and efficient design of high-

performance, antifouling membranes.  

In the present chapter we focus on the structural and dynamics properties of 

hydrated membrane, and in particular, investigate its local binding structure and 

interactions with a single alginate foulant. We select polyamide (PA), the most widely used 

RO membrane material, as the model semi-permeable membrane. In the next section, we 

briefly describe the method to build the amorphous PA membrane model based on our 

experimental data. Simulation results will be discussed in section 3.3, followed by our 

summary and further discussion in section 3.4.    

 

3.2 Molecular Models and Simulation Methods 

3.2.1 Experimental Characterization of Membrane 

In this section, we describe the experimental characterization of PA membrane 

surface. This work was accomplished in collaboration with Professor Baoxia Mi’s group. 



 

41 

 

Experimental characterization of surface functionality and elemental composition of a lab-

synthesized membrane were performed to provide critical information to establish a 

reasonable simulation model for PA membrane. The PA membrane considered in this 

dissertation was prepared by interfacial polymerization of trimesoyl-chloride (TMC) and 

m-phenylenediame (MPD) on the surface of a pre-casted polysulfone support.  The 

synthesis of polysulfone support layer and polyamide active layer follows procedures 

provided in previous literature12, 13 .   

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) 

was used to characterize the surface chemical functional groups of the PA membranes.  

ATR-FTIR spectra were obtained by a Thermo Nicolet Nexus 670 spectrometer (Waltham, 

MA) with a Smart ARK ATR accessory with a ZnSe crystal window (Madison, WI).  Data 

collections and analysis were performed using the OMNIC software 6.2 that was provided 

with the instrument.  Six replicate membrane samples were scanned for each membrane 

type and the representative spectrum were compared.  All spectra (120 scans at a resolution 

of 4 cm−1) were recorded at room temperature. The background spectrum was obtained 

before each measurement.  We compared the spectrum of PA membrane with the 

polysulfone support in Figure 3.1. 

Comparing the FTIR spectra of PA and polysulfone membranes, the PA membrane 

has three distinct peaks that differentiate from the polysulfone support layer. 14  (1) The 

peak at wave number 1541 cm-1 represents an amide II functional group (C-N stretching); 

(2) the peak at wave number 1663 cm-1 represents amide I band (C=O); and (3) the peak at 

wave number 1609 cm-1 represents an aromatic ring breathing .  
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Figure 3.1. Comparison of FTIR spectra of the PA membrane and the polysulfone support. 

 

We used X-ray photoelectron spectroscopy (XPS) to characterize the surface 

elemental composition of the PA membrane.  Surface scans were performed using a high 

sensitivity AXIS 165 spectrometer (Kratos, Analytical Company, Chestnut Ridge, NY) 

equipped with a monochromatic Al X-ray source (1×10−9 Torr chamber pressure, 13 kV).  

A 90 take off angle with a normal sample can detect carbon (1s), nitrogen (1s), and oxygen 

(1s).  XPS results showed that all the membrane surfaces contained predominantly oxygen, 

nitrogen, and carbon. The relative elemental composition was determined based on the 

intensity of the peaks of C(1s)  O(1s),  and N(1s) which centered around 284, 532, and 399 

eV, respectively. As shown in Figure 3.2, peaks of 1s core level of C, O, and N are clearly 

visible, and small peak of 1 Na is also observed. Trace amount of sodium chloride (0.25%) 
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was observed on membrane surface, which resulted from the NaOCl used during 

membrane synthesis.  Based on the XPS data, the O/N ratio of the PA membrane is about 

1.64, which indicates the existence of free carboxylate functional groups on membrane 

surface.  
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Figure 3.2. XPS spectra of the PA membrane. 

 

3.2.2. Molecular Models 

PA membrane According to the data from the experiment, the oxygen to nitrogen 

ratio in polyamide membrane is about 1.64. A structural building block of the polyamide 

chain corresponding to this value is built in Figure 3.3, which shows the basic atomic 

arrangement of the chain molecule. The chemical formula of this model is C192H123N28O47. 
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Many sophisticated algorithm and methods have been developed to form amorphous block 

polymer, as we discussed in the previous chapter.15, 16 Here we use the configurational-bias 

Monte-Carlo algorithm,17 which was initially developed for sampling chain molecules in a 

dense monolayer, and later for sampling branched and cyclic molecules. This algorithm 

could significantly increase the acceptance rate for insertions of polyatomic chain 

molecules, and in the meantime guarantee that all chain conformations are generated with 

the correct Boltzmann weight.18  

 

Figure 3.3. The molecular model for the polyamide chain as the basic building block for the PA 

membrane. Color code: red: O; white: H; light blue: C; dark blue: N. 

 

 Initially, 18 polyamide chain molecules are introduced into the simulation box that 

has dimensions of 72Å × 36Å × 40Å. Periodic boundary conditions are applied in the x- 

and y-directions. In the z-direction, two parallel Lennard-Jones (LJ) walls are introduced 

on the upper and lower boundaries of the simulation box, and no chains are allowed to 

cross the z-boundaries. After all the chains are folded into the simulation box, the LJ walls 
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are then removed and the size of the simulation box in the z-direction is expanded to 200Å. 

A total of 6560 water molecules are introduced into the simulation system. After 5ns MD 

equilibrium run a fully hydrated PA membrane is obtained, which contains water and ions 

within the film. A vapor phase is maintained above the water- PA complex (not shown in 

Figure 3.4), allowing the system pressure comparable to the water vapor pressure.19, 20  

At equilibrium of the system, the density of hydrated PA membrane is found around 

1.35g/cm3 (the density of PA membrane itself after subtracting water content is about 

1.1g/cm3). The result is consistent with experimental14 and other simulation results 

(1.38g/cm3.)15, 16 Figure 3.4 shows a snapshot of the hydrated PA membrane immersed in 

water. A total of 198 sodium ions are added to the molecular system to balance the charged 

sites in PA membrane. 

 

Figure 3.4. The snapshot of the hydrated PA membrane in solution. Color code: red: O; white: H; 

light blue: C; dark blue: N. 
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Alginate foulant  Alginates are linear polymer chains containing β-D-(1­4)-

mannuronic acid (M) and α-L-(1­4)-guluronic acid (G) residues. It has been reported that 

the alginate molecules which contain α-L-(1­4)-guluronic-guluronic (GG) disaccharide 

subunits have special spacing and geometry of the carboxylate functional groups for cation 

binding,21 and plays an important role in membrane fouling. In this study, we only focus 

on this GG structure, as shown in Figure 3.5. All the carboxyl groups are considered as 

deprotonated, and metal ions such as sodium (Na+) ions are added to the simulation system 

to compensate the extra charges. The conformation of the alginate chain is mainly 

determined by two torsional angles (Figure 3.5): ū (O5 - C1- O4 - C4) and Ɋ (C1 - O4- C4- 

C5). A previous study indicated a common global energy minimum for disaccharide models 

at Φ= 274±7°, Ψ=227±5°. 21 The initial torsional angles of ū and Ɋ are set according to the 

above data.  

 

  

Figure 3.5. Structure of the alginate molecule that contains three L-guluronic acid (G) residues. 

Color code: red, O; white, H; and gray, C. The arrow indicates one possible hydrogen bond. 

 

3.2.3 Simulation Method 
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All the MD simulations are performed using the LAMMPS computational 

package.22 Periodic boundary conditions are applied in the three directions. The CVFF 

(consistent valence force field) 23 is used to describe the interactions between all atoms. 

The CVFF is a popular force field which has been widely employed to investigate 

interactions of various organic molecular systems, including some recent research on 

membrane-foulant and cation - foulant interactions in aqueous solution.9, 24 In this force 

field, the total energy are composed of bonded interactions (such as bond-stretching, angle-

bending, single-cosine torsion, improper terms) and non-bonded interactions (Coulomb 

electrostatic and Lennard-Jones terms). We use flexible simple point charge (SPC) water 

model25-27 which is consistent with the CVFF and could give the reasonable values of radial 

distribution function (RDF) and diffusion coefficient. Particle-particle-particle-mesh 

solver is employed to calculate long-range electrostatic interactions.28 The cut off distance 

of short-range interactions is set to 10Å. The equation of motion is propagated via the 

velocity Verlet algorithm with a time step of 1 fs in constant-NVT ensemble. The 

temperature is controlled at 300K using the Nose-Hoover thermostat.  

 

3.3 Results 

3.3.1 The Surface Morphology of Hydrated PA Membrane  

The surface morphology of hydrated PA membrane is an important factor related 

to membrane fouling, as it determines the local pore distribution and docking environment 

for foreign foulants. The effect of surface morphology on fouling has been investigated 

recently.29-32 However, the relationship between morphology and fouling is still not quite 
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clear, as it is not easy to be separated from other concurrent effects, such as functional 

groups and surface charge distributions. In our study, we attempt to use a fairly flat PA 

membrane surface (see Figure 3.4) to focus on the functional group effect. Figure 3.6 shows 

the top views of the equilibrated PA surface at different times. Water molecules in the 

snapshots are removed for clarity. Although the overall configuration of PA surface is 

stable, the local atomic morphology presents some variations, which influence the local 

pores distribution (Figure 3.6). These local variations are mainly due to the PA branches 

on the surface that have some free movements. Hughes and Gale also reported this so-

called surface fluidity that leads to variability in the properties of the membrane.16 We find 

that the surface morphology fluctuations could influence the surface-foulant interaction 

and binding. This will be further discussed in section 3.3.3. 

 

 

Figure 3.6. The snapshots of the PA membrane surface morphology at different times. 

Snapshots are taken at (a) 0 ns, (b) 0.5 ns, (c) 1 ns, and (d) 2 ns. The white circles highlight some 

fluctuations of pores on the PA surface. 
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3.3.2 Diffusion Behaviors of Water near and within the Hydrated 

PA Membrane 

 It is important to understand how the water diffusion behavior changes due to the 

presence of PA membrane. The diffusion coefficient of water molecules can be calculated 

from the Einstein relation: 
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< - >
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r r
 (3.1) 

where the numerator is the mean-square displacement (MSD) of water molecules within 

time t. In order to improve the statistical quality, the time average is computed on the basis 

of the molecular number average and time origin average. The resulting MSD is shown in 

Figure 3.7. We divide the water block right above the PA surface into several bins away 

from the PA surface (a reference ruler is drawn in Figure 3.4), with the height of 0.2 nm 

for each slab. The MSDs of water molecules in these bins are then calculated. If one water 

molecule at time t and t0 is located at different bins, one-half of the MSD will be contributed 

to each bin. Figure 3.7 shows the MSD versus time of water molecules in different positions 

away from the PA surface. The diffusion coefficients of water in these slabs are calculated 

according to equation (3.1). It is seen that water diffusion is retarded near the PA surface. 

At approximately 2 nm distance away from the surface, the diffusion is close to the bulk 

value (2.3 × 10-9m2/s, see Figure 3.7)33, while at the vicinity of the PA surface (0.2 nm in 

Figure 3.7), the value is decreased to 1.595 × 10-9m2/s. The decrease in diffusion coefficient 

is clearly related to the hydrogen bonding between water molecules and the hydrophilic 
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groups at PA surface (mainly carboxylate groups), as well as the PA surface roughness and 

dynamic morphology changes.  

The average MSD of water within the PA membrane is also shown in Figure 3.7. 

We have seen that the diffusion coefficient of water within the PA membrane (about 

0.12×10-9m2s-1) is roughly an order of magnitude slower than in bulk solution. This result 

is comparable to other studies, for example, Harder et al.15 found the diffusion coefficient 

of water in membrane is about 0.5×10-9m2s-1, and Hughes and Gale16 obtained a value of 

0.2×10-9m2s-1. These different results obtained from different studies are primarily 

attributed to the different internal channels and pore structures within the film.  

 

 

Figure 3.7. The mean-square displacements (MSDs) of water molecules versus time near 

and within the PA membrane. 
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3.3.3 The Alginate-PA Surface Interaction: The Formation of 

Ionic Bridge and its Binding Strength and Binding Structure 

Ionic bridge. In order to investigate the interaction between alginate and PA 

membrane surface, we introduce one alginate molecule into the solution. Metal ions (either 

Na+ or Ca2+) are added to compensate the deprotonated carboxyl groups on either alginate 

or PA membrane surface. Initially, we find that if the position of the alginate molecule is 

above the PA surface by a distance, for example, over 1 nm, the hydrated alginate molecule 

will not be able to deposit on the PA surface. The simulation time could be as long as over 

10 ns without seeing foulant-PA attachment. We therefore apply a small pulling force (~ 

0.01 - 0.1nN) to drag the alginate molecule toward PA surface to a distance around 0.5 - 

0.6 nm, then release the alginate molecule. Usually the molecule could be docked on the 

PA surface. As we mentioned early, this small pulling force could be considered as a 

hydrodynamic force that brings the two species together before actual fouling happens.  

Whereas several methods have been developed to study the docking of protein 

surfaces, 34-36 search for the lowest free energy in a dynamic aqueous system is still quite 

challenging. Considering the constant changing of the surface morphology of PA 

membrane in the hydrated environment and high mobility of alginate molecule in solution, 

we instead directly use a drag-and-release approach to search the alginate-PA binding 

configurations at different locations on PA surface. Figure 3.8 shows typical alginate-PA 

binding configurations at equilibrium state. We find that these configurations always 

involve sodium ionic bridges formed between the negatively charged carboxylate groups 

on alginate molecule and the PA surface. In Figure 3.8 the left panel shows the single ionic 



 

52 

 

bridge and the right panel shows an example of two bridges. We find that the two-ionic 

bridge binding is not formed simultaneously. Initially, one bridge is formed when the 

alginate molecule reaches the membrane surface, and after a long period of relaxation time 

the second ionic bridge is formed. We find that binding of one alginate molecule could 

change the local surface morphology of PA membrane due to the very flexible chains on 

the surface, showing that the energy landscape of the alginate-PA interaction is very 

complicated and dynamic. We conclude that the formation of ionic bridges between 

alginate and PA membrane is a major cause of fouling.  

 
 

Figure 3.8. The snapshots of typical binding configurations of the alginate-PA complex at 

equilibrium state.  

 

The binding force and structure of ionic bridge. The complexity of the energy 

landscape of foulant-ion-membrane system also involves the different hydration structures 

of metal ions,6, 9, 24, 37, 38  In order to calibrate the binding strength of different ionic bridges, 

we use the steered molecular dynamics (SMD) simulation to characterize the Na+ and Ca2+ 

binding bridges. A schematic of the mechanical model of SMD is shown in Figure 2.1. The 



 

53 

 

center of mass of the alginate is connected to a driving spring to mimic the adhesion force 

measurement in experiment. The variation of the quasistatic spring force versus moving 

distance will give a force-distance profile for the binding site. For Na+ and Ca2+ ionic 

binding bridges, ten force measurements at different binding sites on PA surface have been 

conducted for each. The pulling speed is 1.5 m/s. The results show that the maximum 

binding forces of these binding sites are comparable. However, the initial moving distances 

where the spring force begins to significantly increase are quite different at different 

locations, which is largely due to the different initial configurations of the alginate-PA 

complex. As a result, we shift all the force curves horizontally to the zeros at which the 

spring forces begin to increase dramatically. The averaged spring force curves are shown 

in Figure 3.9.  
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Figure 3.9. (a) The averaged binding force-distance profiles for the Na+ and Ca2+ ionic 

binding bridges. Note the distance is the shifted pulling distance of the alginate center of mass. 

Points A, B, C and D correspond to configurations shown in Fig. 3.10 respectively. (b) The 

evolution of the torsional angle ū in SMD simulation. 

 

 

Figure 3.10. A typical trajectory of the alginate molecule during the unbinding of Ca2+ ionic 

bridge. 
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A typical trajectory of alginate during the breakdown of Ca2+ ionic bridge is shown 

in Figure 3.10. The large cyan ball represents the calcium ion. The dashed lines show the 

distance between the calcium ion and the carboxylate oxygen atoms. From these snapshots, 

we see that the alginate molecule could rotate itself during upward pulling, but keep the 

binding distance almost unchanged. When the backbone of alginate is almost perpendicular 

to the PA surface, further pulling will lead to detachment. For the sodium ionic bridge 

system, the pulling trajectory of alginate molecule exhibits similar pattern. However, there 

are also different binding behaviors for the two ionic bridges. The average bond length 

before breakdown between carboxylate group and calcium ion is about 0.24-0.26 nm 

(Figure 3.10), which is larger than the bond length of 0.21-0.24 nm for the sodium bridge 

(not shown in the figure). The maximum binding force for Ca2+ bridge is about 50% larger 

than the Na+ bridge, but the time to sustain the binding during pulling is shorter than that 

of the Na+ bridge, as shown in Figure 3.9. Obviously, Ca2+ ion leads to stronger alginate-

PA binding than Na+ ion, even though it has shorter time to keep this binding during 

detachment.  

It has been reported that Ca2+ ion can significantly promote the aggregation of 

alginate chains (we will see this in great detail in the next chapter).8, 38-40 Here we 

demonstrate that Ca2+ ion can also lead to a strong binding between alginate and PA 

membrane surface, which is one of the major contributions to the membrane fouling. Figure 

3.9 also shows that the binding force does not increase monotonically.  There is a small 

peak around 0.2nm [see Figure 3.9(a)]. The subsequent force decrease is associated with 

the change of torsional angle ū in alginate molecule during the SMD pulling. To illustrate 
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this, Figure 3.9(b) shows the variation of angle ū of the GG subunit (the one that is closest 

to the PA surface) versus pulling distance. During the SMD pulling, the torsional angle ū 

was initially stretched from 280° to 320°, accompanied by the increase in binding force 

from zero to 0.2 nN. As the alginate swings from configuration B to configuration C 

(Figure 3.10), the torsional angle ū suddenly drops to 200°, resulting in a decrease in 

binding force.   

To further give insights into the binding structure of ionic bridges in alginate-PA 

complex, we have calculated the coordination numbers of oxygen atoms around the 

hydrated metal ions Ca2+ and Na+. These oxygen atoms are contributed from the alginate 

and PA membrane carboxylate groups, as well as from the water molecules in the first 

hydration shell. Figure 3.11 shows the detailed partition of oxygen atoms from different 

species. The equilibrium binding structures of Ca2+ and Na+ ionic bridges are shown in 

Figure 3.12. It is seen that the bridging Ca2+ ion is associated with two carboxylate groups 

– One from the PA surface and the other from the alginate molecule. Two relatively stable 

configurations are observed. In the first configuration, the two carboxylate groups replace 

the four (out of eight) hydration water molecules in the first hydration shell [see Figure 

3.11(a) and Figure 3.12(a)]. Ca2+ ion stays at approximately the same distance away from 

the four oxygen atoms in the two carboxylate groups (this is a two-bidentate configuration6). 

The other four coordinated oxygen atoms are taken by water molecules. In the second 

configuration, which is shown in Figure 3.12(b), only one oxygen atom in the alginate 

carboxylate group binds to Ca2+ (the so-called monodentate configuration6). The remaining 

coordinated oxygen atoms include the two oxygen atoms in the PA carboxylate group 

(bidentate state) and five water molecules in the first hydration shell. The observed 
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bidentate and monodentate configurations for Ca2+ have been discussed by Kalinichev et 

al.6 for the Ca2+-NOM complex.6, 24 Our MD simulations show that for Ca2+ ion, the 

bidentate inner-sphere binding configuration is dominant, while the monodentate inner-

sphere coordination is relatively rare.  

Figure 3.12(c) shows the hydration structure of Ca2+ when the alginate is 

completely detached from the PA membrane surface, where one carboxylate group from 

PA and six water molecules around Ca2+ form an inner-sphere hydration model for the ion. 

Comparing with the Ca2+ ionic bridge, the binding structure of Na+ ionic bridge only finds 

two-bidentate, inner-sphere coordination configuration, as shown in Figure 3.11(b) and 

3.12(d). The first hydration shell consists of four oxygen atoms from the two carboxylate 

groups in alginate and PA membrane, and two hydration water molecules. Further 

animation analysis during the SMD pulling shows that for the Ca2+ binding, the final 

breakdown of the ionic bridge generally corresponds to the bidentate-to-monodentate 

transition at the binding between Ca2+ and alginate carboxylate group, but occasionally the 

bidentate bonds can break up simultaneously. However, for Na+ ionic bridge, the latter 

scenario is more common. 

There are substantial discussions on the binding models between different metal 

ions and NOM interaction.6, 9, 24, 37, 38 For example, Ahn et al. 41 reported that Na+ and Ca2+ 

ions can form predominantly outer-sphere model with NOM molecules, in which 

carboxylate oxygen atoms stay in the second hydration shell of these ions. Non-specific 

binding of ions and solvent-separated binding (outer-sphere model) of metal ions to 

alginate carboxylate groups were frequently seen.38 However, recent study6 shows that 

either inner-sphere or outer-sphere binding models could be formed between NOM and 
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Ca2+. These different results indicate that significant efforts are still needed to understand 

the binding mechanism of metal ions with foulant molecules. Our studies using SMD 

simulations clearly show that the two-bidentate, inner-sphere binding complex is the major 

driving force for the PA membrane fouling by alginate.  

One explanation concerning the shorter binding time for Ca2+ compared to Na+ 

during the SMD unbinding simulation, as seen in Figure 3.9(a), could be related to the very 

strong hydration free energy for Ca2+ (-380.6 kcal/mol) compared to that for Na+ (-98.5 

kcal/mol).42 When the distance between the Ca2+ ion and caboxylate groups becomes 

slightly larger during the SMD pulling, the stronger hydration capability of Ca2+ ion makes 

the water molecules much easier to jump in between, resulting in fast detachment between 

Ca2+ ion and carboxylate groups. As a result, the detachment occurs at a shorter pulling 

distance in Ca2+ ionic bridge than in Na+ case.  

 

 

Figure 3.11. The coordination numbers of oxygen atoms contributed from water and 

carboxylate groups in either alginate or PA surface for (a) Ca2+ and (b) Na+ ionic bridges. In both 

cases the binding configuration is the two-bidentate model. 

(a) (b) 
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Figure 3.12. The binding structures of Ca2+ and Na+ ionic bridges. The coordinated oxygen 

atoms are connected to the metal ions with purple lines. Ca2+ and Na+ ions are represented in cyan 

and blue. Panels (a) and (b) show the bidentate-bidentate and monodentate-bidentate inner-sphere 

structures for Ca2+ cation, respectively; Panel (c) shows the local hydration structure after the 

detachment between Ca2+ ion and PA carboxylate group, and panel (d) shows the Na+ two-bidentate, 

inner-sphere binding structure. 

 

3.4 Summary and Further Discussion 

 The foulant-surface interaction is a complicated physical and chemical process due 

to the combination of foulant geometry, chemical functional groups, surface morphology 

of membrane, pH value of the solution, and many other effects. In this study, based on 

primary experimental measurements we performed molecular dynamics simulations on the 
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structure and dynamics of hydrated PA membrane and its interaction with alginate 

molecule. Surface morphology of the PA membrane is found dynamically changing 

constantly due to the flexible movement of branched chains. The calculated density of 

hydrated PA membrane is consistent with experimental measurement. Water diffusion near 

PA membrane is retarded, and is about an order of magnitude less than the bulk value 

within the membrane. We particularly focus on analyzing the binding structure and binding 

strength of metal ionic bridges (Ca2+ and Na+) that play a major role in membrane fouling. 

SMD simulation results show that both Ca2+ and Na+ can form very strong inner-sphere 

complexes, and the ion binding is predominantly in the form of bidentate configuration, 

with occasional monodentate binding for Ca2+.  

A fundamental question concerns how the aggregation of small foulants influences 

the fouling pattern of the membrane. It would be interesting to look at how the multiple 

alginate molecules (after aggregation) influence the fouling on the PA membrane surface. 

This will be an interesting question discussed in the next chapter. 
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Chapter 4 

Aggregation of Calcium Alginates and Its 

Interaction with Polyamide Membrane 

 

4.1 Introduction 

As we mentioned in chapter 1, two types of molecular interactions – the foulant-

foulant and the foulant-membrane interactions, and their competitions with each other, can 

dramatically influence membrane fouling. Recent simulation studies on the foulant-foulant 

interactions1-4 revealed several binding mechanisms. Kalinichev et al. reported the binding 

behavior of Ca2+ metal ions with natural organic matter (NOM) in aqueous solutions.2 They 

found that Ca2+ ions have strong binding with carboxylic groups in NOM and indicated 

that this could be a driving force for the NOM aggregation.2 Plazinski et al. studied gelling 

of alginates in the presence of divalent metal ions.5 They concluded that the association of 

alginate chains is mediated by calcium ions and carboxylic groups that form stable 

configurations.  

In the previous chapter, we reported single alginate molecule and its interaction 

with polyamide (PA) membrane surface.6 PA is selected as a model semi-permeable 

membrane because it is the most widely used RO membrane material and has been studied 

extensively by other researchers,7-13 while alginate is widely distributed in the environment 

and is believed to be one of the major contributors to organic fouling. Through a steered 
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molecular dynamics (SMD) simulation, we demonstrated that metal ions can form very 

strong ionic binding complexes between the alginate molecule and PA surface through 

"ionic bridge". We further analyzed different binding structures and their binding strengths 

in different alginate-ion-membrane systems.  

In this chapter, we investigate the fouling mechanism when a multi-alginate gel is 

in contact with a PA surface in the presence of calcium ions. This situation is more general 

and realistic, though more complicated than those of single alginate-PA interactions. Our 

focus will be on the origin of gel-membrane binding forces. More explicitly, besides the 

ionic bridging forces, we will look into other major forces and factors that could contribute 

to membrane fouling. The effect of different metal ions on the formation of alginate gels 

will also be investigated. In section 4.2, we briefly describe the methodology of building 

amorphous PA membrane model with cross-linking structure. Simulation results will be 

discussed in section 4.3, followed by our summary and further discussion in section 4.4. 

4.2 Molecular Models  

 PA Membrane. As mentioned in the previous chapter, generally, three main steps 

are performed to build membrane model. The first step is to fold the linear PA chains into 

the simulation box based on the configurational-bias Monte-Carlo algorithm.14 A total of 

18 PA chain molecules are folded into the simulation box with each chain molecule 

containing six repeated units (Figure 4.1c). 
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Figure 4.1. (a) Meta-phenylenediamine (MPD) molecule; (b) Benzene-1,3,5-tricarboxylic acid 

chloride (TMC) molecule; (c) Repeat unit in the polyamide chain molecule; (d) Snapshot of 
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cross-linking PA membrane. The "bridging" C-N covalent bonds between PA chains are 

highlighted as red lines; (e) Top view of the equilibrated PA surface. The purple circles indicate 

the locations where the SMD are performed. Color code: red, O; white, H; light blue, C; dark 

blue, N.  

 

The second step is to create cross-linking structure for both intra- and inter-

molecule chains. We use a common protocol first proposed by Kotelyanskii et al.10, 11 and 

now adopted by several other research groups.8, 9 MPD monomers are randomly inserted 

into the initially non-crosslinked PA membrane. After several energy minimizations, MPD 

monomers are allowed to be connected with the carboxylate groups in PA chains to form 

cross-linking structures. The rule of building these structures is based on the distance 

between the carboxylate carbon atom in PA membrane and the amine nitrogen atom in 

MPD. If the two amine nitrogen atoms in one MPD are within 6.5Å distance of the 

corresponding carboxylate carbon atoms in PA membrane, then the two new C-N bonds 

will be created to form a cross-link in PA membrane. At the same time one oxygen atom 

in each of original carboxylate groups in PA membrane and one hydrogen atom in each of 

original amine group in MPD will be removed. MPD monomers that do not fully participate 

in cross-link will be eventually deleted. One of the advantages of this protocol is that we 

can directly control the cross-linking rate by inserting a predetermined number of MPD 

monomers. We can take this quantity as an adjustable parameter to fit experimental data. 

The final configuration of PA membrane is shown in Figure 4.1d with a cross-linking rate 

at about 60%, which approximately matches the experimental result.15-18  

The third step is to introduce water molecules into the simulation system to fully 

hydrate the cross-linked PA membrane. For the current simulation system, we introduce a 
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total of 6560 water molecules to hydrate the amorphous PA membrane, whose dimensions 

are around 72Å × 36Å × 40Å. A total of 96 sodium ions are also added to the system to 

balance the charged sites in PA membrane. A vapor phase is maintained above the water-

PA complex, allowing the system pressure to be comparable to the water vapor pressure.19, 

20   

 Alginate Foulant.  Figure 3.5 shows the molecular model of alginate consisting of 

three L-guluronic acid (3G) residues. According to the acid-dissociation-constant (pKa) of 

alginic acid (3.38 - 3.65),21, 22 under the neutral pH condition all the carboxyl groups should 

be deprotonated.22 Therefore, we introduce three sodium ions (Na+) for each alginate 

molecule to compensate the negatively charged sites on deprotonated carboxyl groups. A 

total of 27 Na+ cations are added to the simulation system for the 9 alginates. More details 

about alginate model can be found in the previous chapter. 

 

In order to investigate the effect of different metal ions on the formation of alginate 

gels, Ca2+ ions are also introduced into the simulation system. Details of the simulation 

procedure will be further discussed in section 4.3.1. 

 

4.3 Results 

4.3.1 Aggregation of Multiple Alginates and Gel Formation 

The interactions between ions and foulants have been investigated by many 

research groups.1, 4, 5, 23-28 It has been reported that Ca2+ ion can significantly promote the 

aggregation of alginate chains.4, 5, 27, 28 Previous simulation studies usually focus on alginate 
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aggregation in pure water. In our present study we will investigate the aggregation behavior 

of alginates in different ion environment. Here, the monovalent sodium ions and divalent 

calcium ions may co-exist, leading to possible competition in ion binding and ion exchange 

during the gel formation. Two independent NPT MD simulations are performed at T = 300 

K and P = 1 bar pressure. In the first simulation the system contains nine 3G alginate 

molecules and 3504 water molecules, together with 27 Na+ ions to balance the charged 

sites in carboxylate groups. In the second simulation, the system contains extra 18 Ca2+ 

ions and 36 Cl- co-ions, corresponding to a CaCl2 solution with a concentration of 0.25M. 

Initially, all of the Na+ ions are intentionally placed close to the negatively charged 

carboxylate groups, and the Ca2+ and Cl- ions are distributed randomly in the solution. 

During the MD simulation we are able to observe how Ca2+ ions can exchange Na+ ions, 

leading to gel formation. 

To quantify the degree of alginate aggregation, we adopt a similar approach 

proposed by Kalinichev et al.2 The center of mass (COM) of each alginate molecule is 

monitored throughout the simulation and the radial distribution function (RDF) of COM is 

calculated at different time period. For the 20 ns MD simulation run, we divide the whole 

process into 20 segments at 1ns intervals and monitor the evolution of the RDF versus time. 

Figure 4.2 shows the RDFs at the 10th and 20th nanosecond for System 1 (with only Na+ 

existing) and System 2 (with Na+, Ca2+, and Cl- coexisting). For System 2 the peak at 

around 7Å is quite obvious, indicating the very strong, Ca2+-induced aggregation of 

alginate molecules and the ion exchange process of Na+ by Ca2+. The degree of this 

aggregation could also be seen by looking at the different RDF curves at the 10th and 20th 

ns time period (Figure 4.2). In contrast, System 1 with only Na+ present does not show 
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strong evidence of alginate aggregation. The RDF curve at the 20th ns exhibits more random, 

non-aggregated structure.  

 

Figure 4.2. Radial distribution functions (RDF) for the center of mass (COM) of alginate 

molecules at different time and in different ion system. 

 

To further give insights into the structure of alginate gels in Ca2+ ions solution, we 

calculate the coordination numbers of oxygen around the hydrated metal ions Ca2+ and Na+. 

Figure 4.3 shows the detailed partition of oxygen atoms from different species. From the 

calculation, we find that the major contribution to the coordination comes from the 

carboxylate group in alginate and water molecules in the first hydration shell. Other 

negatively charged oxygen species, such as the oxygen atoms from the hydroxyl or ether 

groups of alginate, contribute much less (less than 0.5) to the total coordination number. 

Note that the coordination number for Na+-O (carboxylate) pair is almost zero (Figure 4.3b), 

indicating that Na+ ions are completely exchanged by Ca2+ ions. Further calculations show 

that out of 18 Ca2+ ions, there are 10 - 11 Ca2+ ions are coordinated by four carboxyl 



 

70 

 

oxygens from two opposite carboxylate groups belonging to two different chains (the so-

called two-bidentate configuration2, see Figure 4.3a and Figure 4.4) and, additionally, by 

four oxygens from water molecules. Further, there are other 4 - 5 Ca2+ ions are coordinated 

by two oxygens from one carboxylate group (the so-called bidentate configuration2) and 

six oxygens from water molecules. The remaining Ca2+ ions are fully hydrated in aqueous 

solution. These results for the coordinate numbers of Ca2+ and Na+ ions are consistent with 

other simulation studies.29, 30 

 

Figure 4.3. Coordination numbers of main negatively charged atoms around the (a) Ca2+ 

ions and (b) Na+ ions in alginate- CaCl2 solution system. 

 

Figure 4.4. Typical structure of Ca2+ alginate gel. The coordinated Ca2+ ions are connected 

to carboxylate groups with purple lines. Ca2+ ions are represented in cyan. 
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Figure 4.4 shows one of the typical equilibrium structures of calcium alginate gel. 

Here we only display three alginate chains and the coordinated Ca2+ ions. The remaining 

alginate chains and ions are shown as transparent for clarity. The three different chains are 

tagged by different colors. It is seen that all of the alginate molecules are connected through 

calcium ions, forming a web structure. Each Ca2+ ion is associated with two carboxylate 

groups from two different alginate molecules, forming a two-bidentate binding state. In 

previous work, Plazinski et al. reported several possible stable alginate aggregation 

configurations.5 The majority of them are formed by two or more carboxylate groups 

coordinating to Ca2+ ions in the first hydration shell. The distances between Ca2+ ion and 

the coordinated oxygens are approximately equal to the same value of 2.4Å31. Our 

simulation results are consistent with these findings. Very few Ca2+ ions (less than 10%) 

are coordinated by only one oxygen atom from carboxylate group (the so-called 

monodentate configuration2). We also find that in our CaCl2 solution system each Ca2+ ion 

tends to connect with two carboxylate groups from two alginate molecules (corresponding 

to 1c configuration reported by Plazinski et al.5) and, binding of Ca2+ ion with more than 

two carboxylate groups is not observed. We attribute this to the relatively high 

concentration of Ca2+ ions that provide sufficient binding cations for the two-bidentate 

binding configurations. This alginate gel will be used in the subsequent gel-PA membrane 

interaction studies. 

 

4.3.2. Interaction between Alginate Gel and PA Membrane: The 

Origin of Binding Forces and Associated Binding Structures 
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 Steered-MD Simulation and Binding Force Characteristics. Upon the formation 

of Ca2+ alginate gel in CaCl2 solution, the whole aqueous system is combined into the 

hydrated PA membrane to form a larger molecular simulation system, whose dimension is 

now increased to 72Å × 36Å × 130Å with a vapor phase remained above the liquid block. 

Figure 4.5 shows the molecular configuration of the simulation system. The initial distance 

between the center of mass (COM) of alginate gel and PA surface is about 2.5nm. 

Following the same procedure used in the previous chapter,6 a small pulling force in the 

range of 0.1 - 0.3 nN, which could be considered as a hydrodynamic force, is applied to 

drag the gel toward PA surface. When the distance between the nearest gel-PA atom pair 

is within 0.5 nm, the pulling force is released and the alginate gel will dock onto the PA 

surface. We use this drag-and-release approach at more than eight different sites on the PA 

surface. After an equilibrium time of over 10 ns, the steered molecular dynamics (SMD) 

simulation is performed to calibrate the binding strength of the gel-membrane system on 

each site. The detailed SMD simulation method is described in the previous chapter.6 

Basically, the COM of alginate gel is attached to a driving spring to mimic the adhesion 

force measurement in experiment. This COM is updated during SMD simulation to reflect 

the flexible changing of the gel geometry under pulling. The variation of the quasistatic 

spring force versus moving distance will give a force-distance profile for the specific 

binding site. The pulling speed is 0.015Å/ps, a reasonable value in MD regime.  
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Figure 4.5. Molecular configuration of the simulation system, including the hydrated PA 

membrane, alginate gel and ions. Color code: red, O; white, H; light blue, C; dark blue, N. In 

solution: dark blue balls, Na ions; light blue balls, Ca ions; yellow balls, Cl ions. 

 

A typical averaged spring force curve is shown by the blue line in Figure 4.6. The 

force-distance variation exhibits an initial large force peak, followed by two or more 
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smaller force peaks until the final breakdown. These force peaks signify different 

molecular binding events and will be discussed in detail below. They also quantitatively 

reflect the adhesion forces at different binding stages and therefore may find practical 

applications in experimental measurements.  

 

 

Figure 4.6. Averaged force - distance curves during the SMD simulations for three 

situations: blue line: the original (reference) SMD force curve; green line: force curve for turning 

off pair interaction for hydrogen bonds (between oxygen atoms of carboxylate group from PA and 

the hydrogen atoms of hydroxyl group from alginate); red line: van der Waals attraction (the r-6 

term in LJ potential) between the alginate gel and PA during SMD. 

 

A total of 8 SMD simulations at different locations on the PA membrane surface 

are performed. These binding sites on PA surface are shown in Figure 4.1e.  We find that 

although the distances at which the spring forces begin to increase dramatically are 

different at different locations, the characteristics of the force-distance variations are very 
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similar and the force maxima at different locations are also comparable. Figure 4.6 the blue 

line shows the averaged spring force-distance curve at the binding site 7 on PA surface. 

There are essentially two binding stages during the gel-PA detachment: (1) The first force 

peak occurs at a distance between 0 to 5Å with a value around 1-1.2 nN. This force peak 

is usually the global maximum during the breakdown, which is very different from the 

single alginate-PA membrane interactions.6 We will show that this binding force is related 

to the hydrogen bonding (H-bonding) and van der Waals attraction forces between alginate 

gel and PA membrane. (2) At the distance between 5 - 20 Å, there are 1-2 significant force 

peaks with a magnitude around 0.6-0.8 nN. Occasionally, there are more than 2 force peaks 

which count less than 10%. We will show that these force peaks are related to the ionic 

bridge binding, as has been seen in the previous chapter of single alginate-PA membrane 

interactions.6  

 Deformation of Alginate Gel. An interesting question concerns how the alginate 

gel evolves in structure during the unbinding from PA surface. Unlike other high molecular 

weight foulants, such as NOM or small bacteria, alginate gel are composed of individual 

molecular chains aggregated through cation-induced binding. Its packing structure may not 

be as compact as other foulants. Because of this binding character, alginate gel should be 

more flexible to change its size and geometry. This property may have some consequence. 

For example, the gel is easier to adapt to the morphology of membrane surface, increasing 

the contact area with PA membrane. Consequently, the size and geometry of the gel close 

to the membrane surface will be different from that in bulk water. To investigate the 

structural evolution of the gel during unbinding process, we calculate the RDF of alginates 

in the gel at different driving distance. Figure 4.7 shows the RDF curves at three driving 
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distances. These RDFs are calculated based on the COM coordinates of alginate chains.  

When the gel is still in close contact with PA membrane (the initial driving distance of 0.1 

nm), the first RDF peak is at 5 Å, which is much smaller than that in bulk solution (7 Å, 

see Figure 4.2). This indicates that the packing of the gel is very compact due to strong 

attraction between the gel and PA membrane. As the alginate gel is gradually pulled off 

from the PA surface, the first RDF peak gradually shifts towards larger distances, 

indicating that the gel is becoming less compact. The implication of this “distance-

dependent” volume change of alginate gel near PA membrane is that, in practical industry, 

the cross-flow cleaning technique32 for PA membranes may not work well for alginate 

foulant, if the alginate gel is already attached to PA surface. 

 

 

Figure 4.7. Radial distribution functions (RDF) for the center of mass (COM) of alginate 

molecules at different driving distance during SMD. 
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Hydrogen Bonding and van der Waals Interactions. In Figure 4.6, the first large 

force peak occurring within 5 Å driving distance indicates that there is a very strong, short-

range interaction force existing between the alginate gel and PA membrane. Two possible 

short-range interactions may contribute to this strong binding force, the electrostatic and 

van der Waals interactions. It has been reported that the intramolecular hydrogen bonding 

(H-bonding) could happen within an alginate molecule consisting of G residues. This is 

shown in Figure 3.5 where the favorable geometry of GG structure allows the H-bonding 

between the carboxylate O6 and the hydroxyl group in the contiguous monomer to be 

formed (indicated by the arrow in Figure 3.5). It is therefore instructive to find out whether 

the H-bonding between the alginate gel and the PA membrane could be formed when they 

are in close proximity. Based on the RDFs for different atomic pairs and the geometric 

criteria for H-bonding,33 we find that the most possible contact pair for H-bonding comes 

from the carboxylate oxygen from the membrane surface and the hydroxyl hydrogen from 

the alginate molecule. Figure 4.8 the blue line shows the RDF of O (PA carboxylate) - H 

(alginate hydroxyl) contact pair. The first RDF peak at 2Å distance signifies the formation 

of H-bonding. As a comparison, the RDF curve for O (PA amide) - H (alginate hydroxyl) 

pair does not show any significant peak within short distances, in other words, no H-

bonding is formed in between. 
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Figure 4.8. Radial distribution functions (RDF) for pairs: (1) between oxygen atoms of 

carboxylate groups from PA and the hydrogen atoms of hydroxyl groups from alginate. (2) between 

oxygen atoms of amide groups from PA and the hydrogen atoms of hydroxyl groups from alginate. 

The former indicates the formation of hydrogen bond. On the contrary, hydrogen bond could hardly 

be formed between the latter. 

 

To further prove that the H-bonding has a major contribution to the first force peak 

in Figure 4.6, we deliberately turn off the O (Carboxylate, PA) - H (hydroxyl, Alginate) 

interactions (including electrostatic and van der Waals interactions). The new SMD force-

distance curve is shown in Figure 4.6 by the green line. Evidently, the amplitude of the first 

force peak is decreased dramatically. Additionally, since the H-bonding directly influences 

the local hydration structure, artificially removing H-bonding also leads to the overall 

changes of the force-distance profile. For example, the last two force peaks in the original 

force curve are shifted to the left by roughly 5 Å. However, the magnitudes of these two 

force peaks have almost no change, suggesting that they come from different molecular 

interactions, which will be discussed in the next subsection.   
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In Figure 4.6 we also draw the van der Waals (vdW) attraction (the r-6 term in LJ 

potential) between the alginate gel and PA membrane versus the spring driving distance 

(the red line). The vdW force clearly exhibits a fast decay within a distance of 5 Å, which 

accounts for almost 50% of the total binding force. We conclude that the origin of the first 

large force peak shown in Figure 4.6 comes from the H-bonding and van der Waals 

interactions between the alginate gel and PA membrane.  

 

 

 

Figure 4.9. Averaged force - distance curves during the SMD simulations for three different 

case: blue line: the original (reference) SMD force curve (same as Figure 4.6, blue line); red line: 

force curve for turning off pair interaction between carboxylate groups in PA membrane and the 

bridging ions. In this case, ionic bridges are not able to be formed; green line: SMD force curve for 

membrane with higher cross-linking rate. 
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Ionic Bridge Binding. The force peaks at distances between 5 - 20 Å, as shown in 

Figure 4.6, are mainly contributed from the ionic bridge bindings between the alginate gel 

and PA membrane. This could be easily verified by deliberately turning off the interactions 

between the carboxylate groups (including C and O atoms) in the PA membrane and the 

bridging Ca2+ ions. As shown in Figure 4.9, the new force curve (the red line) does not 

show any significant force peaks at larger distances, while the first force peak contributed 

from the H-bonding and vdW interactions are almost intact. We emphasize that the 

artificial force curves, derived by turning off some force components as shown in Figure 

4.6 and Figure 4.9, do not represent any realistic physical processes. They are used solely 

for the purpose of identifying the different origins of binding forces.34  

 

Figure 4.10 shows the two ionic binding configurations between the alginate gel 

and PA surface at the last two force peaks. Figure 4.10a shows that there are two Ca2+ ions 

forming two-bidentate, inner-sphere binding complexes at different binding sites. This 

binding configuration corresponds to the first ionic binding force peak in Figure 4.6 or 4.9. 

As the alginate gel is further pulled apart from the PA surface, one of the Ca2+ ionic bridges 

breaks down. Further pulling makes the ionic binding force approaches the last force peak 

in Figure 4.9, corresponding to the second snapshot in Figure 4.10. Ionic bridges often 

break down individually during SMD. The simultaneous detachment of two ionic bridges 

occurs only with the possibility less than 10%. 
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Figure 4.10. Snapshots of alginate gel during the SMD simulation. These two pictures 

indicate the binding bridges break down in sequence. The ionic bridges are indicated with purple 

lines. Two PA chains participated in the ionic bridges are distinguished by different color. Other 

PA chains on the surface are represented by white surface for clarity. Water molecules and other 

ions are removed for clarity. 
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It is seen from Figure 4.6 and Figure 4.9 that the H-bonding and vdW interactions 

are mainly responsible for the short-range adhesion forces (within 5 Å distance), while the 

ionic bridge interactions extend to a much longer distance due to the gel-PA deformation 

under pulling. These characteristics could also be observed by tracing the atomic pair 

distances during the unbinding process. Figure 4.11 shows a typical example in a SMD 

simulation. It is seen that the H-bonding pair breaks down within a driving distance less 

than 2 Å, while the breakdown of the ionic bridge occurs at a distance of 14 Å. A slightly 

larger pair distance of 3.8 Å before breakdown corresponds to the monodentate 

configuration of Ca2+ ionic bridge. Obviously, the "survival driving distance" for the ionic 

bridge binding is much longer than that of H-bonding. This phenomenon could be 

attributed to different free energy they need for detachment. Less energy is needed for H-

bonding, thus detachment is earlier and easier. 

 

 

Figure 4.11. Distances of atom pairs which have participated in binding during SMD. (1) 

Hydrogen bond pair (represented by distance between oxygen atom of carboxylate group from PA 
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and the hydrogen atom of hydroxyl group from alginate); (2) ionic bridge pair (represented by 

distance between one oxygen atom of carboxylate group from alginate and Ca2+ ion) 

 

 

Figure 4.12. Snapshot of ionic bridges near the cross-linking point. The ionic bridges are 

indicated with purple lines. Two PA chains participated in the ionic bridges are displayed and 

distinguished by different color. Other PA chains on the surface are represented by white surface 

for clarity. Water molecules and other ions are removed for clarity. 

 

Many factors are able to influence the survival driving distance of ionic bridges. 

One of them is the rigidity of the PA surface chain, which is determined by the cross-

linking on the membrane surface. As an illustration, we rebuild a membrane block with a 

higher cross-linking rate (about 80%, compared with the original 60%). The averaged 

force-distance curve is shown in Figure 4.9 (green line). Obviously, the two ionic bridge 

force peaks shift to the left, indicating shorter survival driving distances. As shown in 
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Figure 4.12, due to the cross-linking point, PA surface chain is not able to move long 

distance with alginate gel in order to keep the ionic bridge. This situation will increase the 

rigidity of surface chains and decrease the survival driving distances. Note that only the 

cross-linking points near the binding sites (generally within a distance of 8Å) are able to 

influence the survival driving distances. Cross-linking points in the center part of PA block 

have almost no significant effect.  

Packing structure could also influence the survival driving distances of ionic 

bridges. It is interesting to study the green line in Figure 4.6, which indicates shorter 

survival driving distances of ionic bridges, just like the green line in Figure 4.9. However, 

the mechanisms for these two situations are different, as turning off H-bonding has no 

effect on the structure of membrane surface. Further investigation indicates the principal 

reason may be the packing structure of alginate gel. Gel-membrane Interaction without H-

bonding may lead to a more compact gel structure, shortening the survival driving distance. 

More detail is in "deformation of alginate gel" section. Another interesting point is no 

matter how long the survival driving distances are in different systems, the amplitude of 

the binding almost keeps the same (about 0.6-0.8nN). This implies that the strength of the 

ionic bridge is an intrinsic parameter. The environment (ex. initial configuration, cross-

linking rate and so on) only has limited influence on it. 

 

4.4. Summary  

 In this chapter, we perform molecular dynamics simulations to study the 

aggregation of multiple alginate molecules, the structure of alginate gel and its interaction 

with PA membrane surface. Special attention has been paid on the effect of different metal 
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ions on the formation of alginate gels. Ca2+ ions can significantly promote the aggregation 

of alginate chains through forming two-bidentate, inner-sphere binding structure. The 

structural analysis of alginate gel is consistent with other research groups. We particularly 

focus on analyzing the forces that play a major role in membrane fouling. SMD simulation 

results show that the adhesion force between membrane and alginate gel has multiple 

origins: hydrogen bond (H-bonding) and van der Waals interaction in the short-range; ionic 

bridges in the long-range. The survival driving distances of ionic bridges are determined 

by the rigidity of membrane surface chains and packing structure of alginate gel. Alginate 

gel significantly deforms during the pulling procedure.  
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Chapter 5 

Poly(ethylene glycol) Grafted Polyamide 

Membrane and Its Interaction with a Calcium 

Alginate Gel 

5.1 Introduction 

In recent years, membrane surface modifications provide important ways to deal 

with the fouling problem, which also improve the membrane performance in other aspects, 

such as improving salt rejection, increasing chlorine tolerance, and enhancing thermal 

stability.1 Among many antifouling monomers used for the surface grafting, polyethylene 

glycol (PEG) and its derivates are most widely used in membrane research and industry 

community.2 PEG has some very important properties, such as hydrophilicity, flexible long 

chains, large exclusion volume and solubility.3-8 The antifouling property of PEG coatings 

is commonly explained by the steric repulsion effect (loss of configurational entropy) and 

water binding ability.9, 10 Most investigations of PEG-modified membrane surfaces focus 

on grafting methodology or testing the different surface properties with different grafted 

PEG derivates.2, 11-13 However, the antifouling mechanism of the PEG coating on a 

membrane surface still needs to be fully investigated.  For example, how does a foulant 

molecule interact with a PEG coating when they are in close proximity? How does the 

surface coverage of the PEG coating influence the foulant-membrane interaction? 
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There have been substantial researches in the PEG related molecular simulation 

studies.14, 15 Deshmukh et al. probed solvation dynamics and conformational changes of a 

PEG in the bulk water.16 They calculated the radius of gyration (Rg) changes of the PEG, 

the radial distribution function (RDF) of the PEG carbon atoms surrounded by water 

molecules, the average residence time of water molecules near PEG and hydrogen-bonding 

life-time between PEG and water molecules. They found that PEG has a fast diffusion in 

the bulk water and also has fast exchange kinetics with the proximal water molecules, 

which help maintaining the high-level hydration of PEG. Lee et al. investigated other 

interesting properties of PEG, such as the persistence length, the hydrodynamics radius 

(Stokes radius, Rh) and the shape anisotropy of PEG in the bulk water.17 Various 

applications of PEG coating materials have also been reported.18-22 For example, Zheng et 

al. performed molecular simulations to study the interaction force between a protein with 

the Oligo (Ethylene Glycol) self-assembled monolayer (SAM). Simulation results showed 

that there is a repulsive force acting on the protein, which is due to the SAM’s flexibility 

and the tightly bound water layer adjacent to the monolayer.18 In the membrane related 

studies, Kim et al.23 reported molecular simulation study of a membrane surface with PEG 

derivative coating, in which the sulfonated PEG acrylate diblock copolymer entrapped into 

polysulfone (PSF) membrane was investigated. They studied the water structure around 

the membrane surface and showed that the sulfonated PEG diblock copolymer enhanced 

the hydrophilicity of the PSF membrane surface. However, no foreign foulant molecules 

were introduced in their simulation system to explicitly address the foulant-PEG coating 

interactions. 
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In the previous chapter, we have investigated the cross-linked polyamide (PA) 

membrane, the aggregation of alginate molecules in the presence of Ca2+ ions, and their 

molecular binding mechanisms in an aqueous solution.24 We found that the adhesion force 

between the alginate gel and the PA membrane surface during an unbinding process 

originates from several important molecular interactions, which include the short-range 

hydrogen bonding, the van der Waals attraction, and the ionic bridge binding forces.  

In the present chapter we will focus on the foulant-membrane surface interactions 

when the PEG coating is introduced. We will also investigate the effect of PEG coverage 

on these interactions. In section 5.2, we briefly describe our molecular models and the 

methodology of building the amorphous PA membrane and the grafted PEG coating. 

Simulation results will be discussed in section 5.3, followed by our summary and further 

discussion in section 5.4. 

5.2 Molecular Models 

PEG Grafted Layer. Several methods have been developed for the grafting of PEG 

chains on membrane surfaces.25-28 In this work we adopt the method proposed by Kang et 

al.,29 in  which amino PEG monomethylether (MPEG-NH2) with 36 repeat units (the 

chemical formula CH3-(-CH2CH2O-)36-NH2) is used as the grafting polymer chain. During 

the polymerization process of the PA membrane, some acyl chloride groups (-COCl) will 

survive without reacting with amine groups to form amide bonds. These acyl chloride 

groups will be eventually hydrolyzed to carboxyl acid / carboxylate groups (depends on 

the pH value of the solution). Since the hydrolysis reaction of acyl chloride is a relatively 

slow process, modifying the newly-formed PA membrane surface with these acyl chloride 
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groups by chemical coupling with MPEG-NH2 is feasible. This surface modification 

process is illustrated in Figure 5.1d. 

 

Figure 5.1. Structure of (a) meta-phenylenediamine (MPD); (b) trimesoyl chloride (TMC); 

(c) repeated units for polyamide chains; (d) procedure of grafting MPEG-NH2 to polyamide 

membrane surface. (e) alginate molecule that contains three L-guluronic acid (G) residues.  

 

 

An immediate question following the grafting of MPEG-NH2 chains on the PA 

membrane surface concerns the molecular packing structure of the PEG chains on the 

surface. Early experimental studies30 showed that on the glass surface which has a very 

high hydroxyl group density, PEG polymer chains tend to extend and form a brush-like 

self -assembled monolayer (SAM) at low molecular weight (MW=750), whereas for the 
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large molecular weight sample (MW=5000), the longer polymer chains tend to 

interpenetrate each other, forming a amorphous PEG monolayer on the surface. The PEG 

chain used in our simulation has 36 -CH2-CH2-O- repeat units with a molecular weight of 

1584, which is rather large. We expect that these PEG chains on the PA membrane surface 

could easily form amorphous coating, especially considering the low density of grafted 

functional groups on the PA membrane surface. This was verified by initially building PEG 

chains on the surface in a brush-like SAM conformation. After initial equilibration, these 

chains twist and collapse to form an amorphous layer on the PA membrane surface. 

In order to build an amorphous PEG monolayer on the PA membrane surface, first, 

we search all the carboxylate groups in a surface layer of 3Å in the PA membrane (which 

could represent the initial activated acyl chloride groups on the surface). A total of 12 

carboxylate functional groups are found. These positions of functional groups are set to be 

the starting points for inserting the 12 MPEG-NH2 chains. The distance between the N 

atom in the MPEG-NH2 molecule and the corresponding C atom in the carboxylate group 

of the PA membrane is set to be about 1.3 Å. The next step is to use the configurational-

bias Monte Carlo algorithm to build the MPEG-NH2 amorphous layer above the PA 

membrane surface, similar to the PA membrane folding. Finally the new C-N bonds will 

be created to connect the PA membrane surface with the MPEG-NH2 chains. At the same 

time one oxygen atom in the original carboxylate groups in the PA membrane surface and 

one hydrogen atom in the original amine group in the MPEG-NH2 chain will be deleted. 

We find that the 12 PEG chains (with each chain containing 36 -CH2-CH2-O- repeat units) 

can make the PEG coating on the PA membrane surface reaching a 90% coverage, which 
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is defined as the ratio of the projection of the van der Waals PEG surface to the PA surface 

area (Figure 5.8a).  

Upon the relaxation of the PA-PEG complex is completed, a total of 8560 water 

molecules are added to the system to fully hydrate the membrane-coating complex. A vapor 

phase of about 20 nm is maintained above the solution phase, allowing the system pressure 

to be comparable to the water vapor pressure.31 

 

 Alginate gel.  Following the previous chapter,24 in order to make a calcium alginate 

gel in CaCl2 solution, 18 calcium ions (Ca2+) and 36 chloride co-ions (Cl-), together with 

the 9 alginate molecules and 27 Na+ ions, are added to a water block containing 3504 water 

molecules, resulting in a 0.25M CaCl2 solution. The alginate molecules eventually form an 

aggregate of gel at equilibrium through calcium binding.24 We combine this gel system 

with the previously built PA-PEG system, making a larger simulation system for the study 

of the foulant-PEG coating interactions (see the discussion below). 

 

Figure 5.2 shows the molecular configuration of our simulation system. The PA 

membrane has a thickness around 4 nm. The thickness of the grafted PEG coating is around 

1.6 nm. The PA-PEG complex is completely immersed in a bulk solution. The Ca2+ alginate 

gel is located right above the PEG coating in the bulk solution. In addition to a vapor phase 

of about 20 nm above the solution phase, the solution (~2 nm thick) and vapor (~10 nm 

thick) phases are also maintained below the hydrated PA membrane (not shown in Figure 

5.2).24 This arrangement of molecular system would allow the system pressure to be 

comparable to the water vapor pressure.31 
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Figure 5.2. A snapshot of the simulation system containing hydrated polyamide membrane, 

PEG coating and alginate gel in electrolyte solution. Color code: red, O; white, H; light blue, C; 

dark blue, N. In solution: dark blue balls, Na+ ions; light blue balls, Ca2+ ions; yellow balls, Cl− 

coions. A reference ruler for distance is indicated in the right with d=0nm as PA–PEG interface. 

Schematic of the SMD pushing model is also illustrated. 
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5.3 Results 

5.3.1 PEG Coating on PA Membrane: Density Profiles and Water 

Diffusion near PEG Surface 

Initially, the PEG block on the PA membrane surface was built in two different 

density conformations. The first PEG conformation corresponds to a folded block in a 72 

× 36 ×13 Å box, with an initial dry density of 1.4 g/cm3. The second PEG conformation 

corresponds to a folded block in a 72 × 36 ×20 Å, with an initial dry density of 0.9 g/cm3. 

After 20 ns MD equilibrium runs in solution, the two PEG conformations converged to a 

fully hydrated state on the PA membrane surface, with a thickness around 1.6 nm (Figure 

5.2). 

Figure 5.3 shows the density profiles of the PA membrane and the PEG coating in 

a fully hydrated state. Water density profiles across the PA-PEG complex and in the bulk 

solution are also shown in the figure. As discussed in chapter 3,32 the density profile of the 

PA membrane (around 1.08¤0.02 g/cm3) is consistent with other experimental and 

simulation results.33-35 The density of the hydrated PEG coating in the range of 0.4-1.3 nm 

distance is around 1.15¤0.03 g/cm3. Considering the packing density of hydrated PEG 

coating usually decreases as the chain length increases,36 for the PEG chain used in our 

simulations (which contains 36 repeat units), we find that the hydrated PEG density is 

comparable to recent experimental results by Sagle et al.8 The water density profile across 

the PA membrane and the PEG coating is slightly lower than that in the PA membrane 

alone,32 largely because of the partial blocking of pore sizes at the PA-PEG interface. This 

effect also makes the density distribution of the PA membrane asymmetric (see Figure 5.3). 
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Figure 5.3. Density profiles of polyamide membrane, PEG coating and water molecules 

along the surface normal direction in fully hydrated state. 

 

It is widely believed that the hydrophilic groups in the PEG coating (primarily the 

oxygen atoms in the -CH2-CH2-O- units) are able to form hydrogen bonding with water 

molecules, leading to the formation of surface hydration layer.2, 37, 38 To understand the 

dynamics of water molecules near the PEG coating, in Figure 5.4, we plot the mean square 

displacements (MSDs) of water molecules at different locations above the PEG coating 

and compare with those near the PA membrane surface. The detailed calculation method 

was given in chapter 3.32 In general, the diffusion of water molecule near the PEG coating 

is more retarded than that near the PA membrane surface. 
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Figure 5.4. Total mean-square displacements (MSDs) of water molecules versus time near 

the PA membrane and PEG coating. 

 

 

5.3.2 Repulsive Hydration Force between Alginate Gel and PEG 

Coating 

In order to calibrate the interactions between the PEG coating and the alginate gel, 

we use the steered molecular dynamics (SMD) simulation to probe the interaction forces 

between the two objects in an aqueous solution. In contrast to the strong attractive forces 

found between the gel and the PA membrane in previous chapters,24, 32 we find that the 

force between the gel and the PEG coating is repulsive, making the alginate gel readily 

drift into the solution, instead of binding to the membrane surface. To investigate this 

repulsive interaction in more detail, we first drag the alginate gel molecule close to the 

PEG surface, making the nearest distance between the gel atoms and the PEG atoms at 
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about 0.4¤0.1 nm. At this distance (corresponding to the zero distance in Figure 5.5) we 

find that the repulsive force between the gel and the PEG coating is already quite large 

during the 5 ns MD equilibrium runs.  

 

 

Figure 5.5. Force-distance curves obtained from SMD pulling simulation. The alginate gel-

PEG attractive force is due to vdW attractions. The total repulsive force is mainly due to the 

disruption of surface hydration layer near PEG coating. PA total force and vdW attraction are 

duplicated from chapter 4 for comparison. 

 

Over ten independent SMD simulation runs are performed at different locations of 

the PEG surface, as marked in Figure 5.8a. During the SMD pulling, the center of mass 

(COM) of the alginate gel is attached to a driving spring to mimic the adhesion force 

measurement in experiment. This COM is updated during the SMD pulling to reflect the 

flexible changes of the gel geometry. The variation of the quasistatic spring force versus 
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moving distance will give a force-distance profile for the specific SMD run. The pulling 

speed is 0.015Å/ps, a reasonable value in the MD time regime.  

We find that all the curves obtained from the independent SMD simulations at 

different PEG locations are similar. In Figure 5.5 the blue curve represents a typical spring 

force curve at location 3 (Figure 5.8a). Here, repulsive forces correspond to negative values 

and hence, attractive forces are always positive. The repulsive force at zero distance is as 

high as 0.5nN. The force begins to decrease monotonically as the gel is pulled away from 

the PEG membrane surface, vanishing at about 7 Å distance. This result is similar to the 

interaction forces reported by Zheng et al.18 for the simulation of hydrophilic oligo 

(ethylene glycol) SAMs in contact with a protein molecule (lysozyme).  

The repulsive interaction between the amorphous PEG coating and the alginate gel 

could be attributed to the strongly bound hydration water layer around the PEG coating, 

especially around the hydrophilic oxygen groups in PEG. To further illustrate this, in 

Figure 5.6a and 5.6b we plot the radial distribution functions (RDFs) of the O (PEG)-O 

(water) and the C (PEG)-O (water) contact pairs under initial and compressed states by the 

alginate gel. These RDFs show the hydration structural properties of both the oxygen and 

carbon atoms in the PEG coating. For example, the first and second hydration shells of the 

O atoms in PEG are located at about 3 Å and 5 Å distances (Figure 5.6a), and water 

molecules are usually further away from the C atoms at a distance about 3.8~3.9 Å. These 

results are consistent with other simulation results.15, 17, 23 The RDFs of an extended PEG 

chain in the bulk water are also shown in the figure for comparison, which are somewhat 

higher than those of the amorphous PEG coating. This is simply because more water 

molecules are surrounding the extended PEG chain. It is interesting to see that when the 
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PEG coating is under compression, the magnitude of RDFs have almost no changes, 

indicating that hydration water molecules are tightly bound to PEG chains. To further 

illustrate this, in Figure 5.7 we plot the densely populated hydration water molecules 

between the alginate gel and the PEG coating. Our simulation shows that under a 

compressive force of 1 nN the number of water molecules in between is only reduced from 

the original 91¤4 to 89¤5, a clear indication of strongly bound hydration layer that 

contributes to the repulsive forces seen in Figure 5.5.  

 

 

(a) 



 

100 

 

 

(b) 

Figure 5.6. Radial distribution functions (RDFs) for the contact pairs between (a) oxygen 

atoms in PEG and oxygen atoms in water; (b) carbon atoms in PEG and oxygen atoms in water 

 

Figure 5.7. Snapshot of hydration layer near the PEG layer from (a) side view and (b) top 

view. PEG are represented by white surface for clarity. 
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We note that although the PA membrane surface contains some hydrophilic groups 

(such as carboxylate groups), the very low density of these groups (only about 10 –COO- 

groups on a surface area of 3.2 × 7.2 nm, compared to over 100 -CH2-CH2-O- repeat units 

on the same area of PEG surface) will not be able to form a stable hydration water network 

to prevent the direct binding between the membrane surface and the alginate gel. In Figure 

5.5, we also present the force-distance curves of the PA membrane and the alginate gel 

interactions from chapter 4.24 Because of the direct PA-gel contact, during unbinding, the 

total adhesion force consists of the initial short-range (within 0.6 nm distance) hydrogen 

bonding and van der Waals attraction contributions (the first largest force peak of 1-1.2 nN) 

between the alginate gel and the PA membrane surface. At large pulling distances (1.4~1.7 

nm) the ionic binding force with a magnitude around 0.7-0.8 nN emerged. For the hydrated 

PEG-alginate gel contact, the densely populated hydration water network in between 

completely blocks the van der Waals attraction between the alginate gel and the PEG 

coating (the green curve in Figure 5.5). This van der Waals attraction obviously cannot 

fully compensate the strong repulsive force induced by the compression of the surface 

hydration layer near the PEG coating. Moreover, we find that most metal ions in our 

simulation system reside close to the carboxylate groups in the PA membrane surface and 

the alginate gel, and we do not observe any Ca2+-PEG binding pairs (see Figure. 5.12), 

which is consistent with other simulation results.39  

 

5.3.3. Effect of PEG Coverage 
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Figure 5.8. Snapshots of the PEG-grafted polyamide membrane surface with the coverage 

of 90%, 70% and 50%, respectively. The red part indicates the PEG grafting layer and the blue part 

indicates the polyamide surface. The white circles indicate the starting points of the SMD 

simulations. 

 

The PEG coating made from 12 PEG chains on the PA membrane surface 

corresponds to 90% surface coverage (Figure 5.8a). We have further investigated the effect 

of different PEG coverage on the membrane-foulant interactions. In many situations the 

PA membrane surface will not be fully covered by PEG due to the fact that not all the 

surface acyl chloride groups will react with MPEG-NH2 molecules.29 Moreover, the 

heterogeneous surface structure and uneven distribution of functional groups on the PA 

membrane surface will make it difficult to produce a homogeneous PEG coating. For this 
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reason, we have built two additional PEG models made from 9 and 6 PEG chains, with 

each chain containing the same 36 -CH2-CH2-O- repeat units. These chains are randomly 

attached to 9 or 6 out of a total of 12 possible sites on the PA membrane surface, 

corresponding to 70% and 50% surface coverage, respectively. Figure 5.8b and 5.8c show 

the equilibrium snapshots of these two PEG coatings after 20 ns MD equilibrium runs. 

Alginate Gel Drift Phenomenon during Force Measurements. At fractional PEG 

coverage the membrane surface becomes more heterogeneous. The measured force-

distance curve will be highly dependent on the location of the surface. Similar to the case 

of 90% PEG coverage, we select over ten locations on the membrane surface (see Figure 

5.8b and 5.8c) to perform independent SMD simulations of detachment. Initially, the 

alginate gel is located at 4.5 nm above the PA membrane surface (Figure 5.2). The gel is 

subsequently pushed downward to the membrane surface without any constraint in the 

lateral directions. The pushing speed is set to 0.005 Å/ps, a much lower speed than the 

SMD pulling speed (section 5.3.2.), to make the whole system in an approximately 

quasistatic state.  

An interesting phenomenon emerges during the SMD pushing. We find that the 

alginate gel has a strong tendency to drift to the bare PA surface, regardless of its initial 

location before pushing. Figure 5.9 shows one example of the case of 50% PEG coverage. 

The alginate gel is initially located at 3 nm right above the PEG coating (Figure 5.9a), 

corresponding to the site 3 in Figure 5.8c. When it is gradually pushed downwards to the 

PEG surface, the whole body of the gel begins to drift into the PEG hollow right above the 

uncovered PA membrane surface (Figure 5.9b). Since the size of the alginte gel is slightly 

larger than the PEG hollow site in this case, the gel cannot be fully accommodated by the 
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PEG hollow to make a direct contact with the PA membrane surface. Further pushing of 

the gel will lead to significant deformation of the PEG hollow edge, resulting in a strong 

repulsive force. The similar gel drift phenomenon was also observed in the case of 70% 

PEG coverage, but was not seen in the case of 90% PEG coverage. We attribute this gel 

drift behavior to the strongly bound hydration water layer around the PEG coating (Figure 

5.7), namely, during the slow approach to the membrane surface, it is more favorable for 

the alginate gel to move to the places where it could, to the largest extent, avoid 

compressing the hydration water layer around the PEG coating.  

 

Figure 5.9. The drift of alginate gel in the system which has a PEG coverage of 50%. The 

red part indicates the PEG grafting layer and the blue part indicates the polyamide surface. The top 

panels are side views and the bottom panels are top views. 
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Figure 5.10. Force-distance curves obtained from SMD pushing simulation for coverage rate of 

90%, 70% and 50%, respectively. Note that in Figure 5.10 and Figure 5.11, the horizontal 

axis indicate the position of COM of the gel, for intuitive purpose, which is different 

from Figure 5.5. 

 

The gel drift could be further studied by examining the force-distance curves. Three 

SMD simulations are further carried out for the different PEG coverage cases. The initial 

locations of the alginate gel are all right above the PEG coating surface, corresponding to 

the site 5 for 90% coverage, the site 5 for 70% coverage, and the site 3 for 50% coverage, 

as shown in Figure 5.8a-c. Although all of the three SMD simulations end up with repulsive 

forces (solid lines in Figure 5.10), the distances at which the forces begin to dramatically 

increase are different. The repulsive force corresponding to the highest PEG coverage (90%) 

starts to increase much earlier, ending with the highest force magnitude. The retarded force 

increase for the 50% PEG coverage indicates that initial pushing of the alginate gel largely 

corresponds to the gel drift. The PEG-gel van der Waals attractive forces are also shown 
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in Figure 5.10. While overall they are much smaller than the repulsive forces, the attractive 

force at 50% coverage is almost negligible due to the fact that only a small number of atoms 

in the PEG coating (mostly located near the edge of the PEG hollow in Figure 5.9c) have 

the short-range interactions with the alginate gel.  

 

Alginate Gel Deformation. During the SMD pushing, we also analyze the variation 

of the gel radius of gyration (Rg) versus its COM position. Rg usually measures the size of 

the alginate gel during its binding to or detaching from the membrane surface, which is 

defined as 

 Ὑ
ρ

ὓ
ά Ἲ░ Ἲ╒╞╜  (5.1) 

Here, rcom is the center of mass and M is the total mass of the alginate gel, and the 

summation is over all the atoms in the gel. Figure 5.11 shows the variations of Rg versus 

the COM position during the SMD pushing for the three different PEG coverage cases. 

Initially, the alginate gel in each system has almost the same size (Rg = 15 Å) at a further 

distance of 3.5 nm. During the SMD pushing, Rg in the case of 90% coverage gradually 

decreases to about 12.5 Å at a distance of 3.1 nm, indicating a geometric change of the gel 

to a more compact conformation. The reverse increase of Rg as the COM position is less 

than 3.1 nm is due to the partially flattening of the gel under severe compression. In the 

case of 70% coverage, Rg is only decreased by less than 1 Å during the entire SMD pushing. 

It is quite evident that in the case of 50% coverage, Rg has almost no change during the gel 

drift and compression. The alginate gel almost accommodated by the PEG hollow (Figure 

5.9b) will likely keep its original geometry under further compression.  
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Figure 5.11. Radius of gyration (Rg) of alginate gel during the SMD pushing for coverage 

rate of 90%, 70% and 50%, respectively. 

 

The deformation of the alginate gel in the case of 90% coverage could be also seen 

from the snapshots shown in Figure 5.12. Figure 5.12a shows the gel configuration at the 

COM position of 5 nm, exhibiting a loose conformation. Figure 5.12b shows the gel 

configuration when it approaches the PEG coating at a distance of 3.3 nm, at which a more 

compact structure is observed. Unlike other high molecular weight foulants, such as NOM 

or small bacteria, the alginate gel is composed of individual molecular chains aggregated 

through cation-induced binding.24 This structural feature makes it more flexible to change 

its size and geometry. Consequently, the change of Rg could be a good indicator for the 
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evaluation of the average repulsive force between the alginate gel and the PEG coating at 

full coverage.  

 

 
Figure 5.12. Snapshots of the deformation of the alginate gel near the PEG layer of 90% 

coverage rate. Configurations (a) and (b) correspond to the distance of 5.0 and 3.3 nm, respectively. 

Color code: red, O; white, H; light blue, C; dark blue, N. In solution: dark blue balls, Na+ ions; 

yellow balls, Ca2+ ions. 

 

5.4. Summary and Further Discussion  

 In the present study, we employ molecular simulations to investigate the 

interactions between a PEG grafted PA membrane and an alginate gel. It is well known 

that PEG coatings could significantly improve the membrane antifouling properties. 

However, molecular understanding of these properties is still needed for the future 

membrane antifouling design. For the specific reverse osmosis PA membrane used in water 
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purification, our simulation results revealed several important features related to the 

antifouling behavior of PEG on the PA membrane surfaces:  

(1) The hydrophilic property of the PEG coating, largely contributed from the 

densely populated oxygen atoms in the -CH2-CH2-O- units in PEG chains, could retain a 

tightly bound hydration water layer. When a compression is applied between the alginate 

gel and the PEG coating, the tenacious hydration water network prevents the direct contact 

between the alginate gel and the PEG coating, resulting in a strong repulsive hydration 

force. 

(2) The grafting of PEG chains on the PA membrane surface also reduces the 

number of surface carboxylate groups. Since the majority of the PA membrane surface is 

covered by the PEG coating, which further reduces the free carboxylate groups exposed to 

the surface, the chance to form the ionic binding bridge between the alginate gel and the 

PA membrane surface becomes rather low. 

(3) It is very difficult for the alginate gel to form strong, short-range hydrogen 

bonding with PEG chains, largely because of the strongly bound hydration water layer 

existing in between. Moreover, van der Waals attractions between the PEG chains and the 

alginate gel are too weak to overcome the strong repulsive hydration force.  
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Chapter 6 

Phase Transition Behavior of Nanoconfined 

Liquid Argon by Grand Canonical Ensemble 

Molecular Simulations 

 

6.1 Introduction 

During the past decades the physical behavior of simple nonpolar fluids under 

nanometers confinement has been a subject that attracts considerable interest and 

research effort in the surface force apparatus (SFA) or surface force balance (SFB) 

experiments1-9. The topic is so interesting that many molecular simulations have been 

performed to study the layer transition and stick-slip friction10-15, 16-18. The fundamental 

questions concerning the squeezing and shearing behaviors of nanoconfined fluids are of 

particularly relevant to the field of nanotribology, biolubrication and surface engineering. 

In our previous molecular simulation work15, a liquid-vapor molecular dynamics 

(LVMD) simulation approach was applied to investigate the force oscillation and phase 

transition behaviors of liquid argon confined between two solid walls. The force-distance 

profile obtained from LVMD simulation was remarkably similar to those measured by 

the surface force balance (SFB)5, with an exponential decay length of 0.8 nm. Simulation 

results also demonstrated that the layering transition is an abrupt, liquid-to-solid phase 
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transition. The nucleation of solid phase starts at the central region of the confined film 

that can support a finite shear stress.  

The distinction of the LVMD simulation from other molecular simulations on the 

confined fluids could be summarized in two aspects: first, the introduction of vapor phase 

around the central liquid droplet prevents molecular trajectories from the perturbation of 

the scaling of particle coordinates to control the system pressure, while at the same time 

the existence of vapor phase maintains the system pressure close to the ambient 

condition15. Second, the driven dynamics introduced for the upper confining wall directly 

mimics the force measurement in SFB at a relatively higher compression rate. This 

normal approach rate, though is much higher than the experimental ones, is still an 

approximation to the quasistatic normal compression due to the very small molecular 

systems19.  

This chapter will combine the grand canonical Monte Carlo (GCMC) and 

molecular dynamics (MD) techniques to re-exam the force oscillation and phase 

transition behaviors of a simple nonpolar liquid argon droplet under nanoconfinement. 

The goal is to quantitatively evaluate the LVMD method against the GCMC simulation to 

gain the insights into the difference between the two methods. A variety of Monte Carlo 

simulation schemes were used to study phase transitions in confined systems20. The 

GCMC technique has been used as a natural way to simulate an open system specified by 

fixed temperature T, volume V and chemical potential m. The surface force experiment 

and clay swelling problems are typical examples of such open systems for which either 

the GCMC or combined GCMC/MD approaches were used21-23,24. In principle, LVMD is 

a generic canonical NVT MD method with the liquid and gas phases coexisting in the 
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simulation box15, 19. The natural squeeze out of the confined fluid in the central pore is 

equivalent to the “delete” of particles in the grand canonical ensemble, as long as the rate 

of normal compression in LVMD is sufficiently slow to keep the molecular system in the 

quasistatic state. However, we found that in the GCMC simulation the lack of the 

interface between the layered structure (a solid phase) and liquid phase significantly 

changes the physical picture of the liquid-to-solid phase transition and force oscillations. 

Further, the shift of the chemical potential due to the presence of confining walls20, 25 also 

makes the choice of chemical potential m difficult, and in many situations the choice is 

merely based on the bulk chemical potential. The present work will investigate the 

influence of the chemical potential m on the phase transition of liquid argon under 

confinement. In the next section, we will briefly describe the models for the simulation 

system and the combined GCMC and MD methods. Simulation results and discussions 

are given in section 6.3, followed by our conclusions in section 6.4.    

 

6.2 Molecular Model and Simulation Method 

For liquid argon confined between two solid crystalline surfaces, the simulation 

system includes two rigid face-centered cubic (fcc) crystal walls with (111) surfaces and 

liquid argon atoms in between. All the argon-argon and argon-wall interactions have the 

same potential parameters, i.e., the simple Lennard-Jones (LJ) atomic potential with e = 

0.2381 kcal/mol and s = 0.3405 nm26, as being used in our previous work15. A standard 

cutoff distance of 2.5s is used in the force and potential energy calculations. The typical 

dimensions of the simulation box along the x-, y-, and z-directions are 6.50nm, 6.62nm 
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and 3.3nm. A larger simulation box with 13.0 × 13.2 × 3.3 nm was also used without 

seeing the difference in phase transition behavior. The periodic boundary conditions are 

applied to the lateral x- and y-directions. All the simulations are performed at a 

temperature of 85K, corresponding to a liquid state of argon. In the present study, we 

combine the GCMC and MD techniques to investigate the phase transition of liquid 

argon confined between two solid crystals. The LAMMPS (large-scale atomic/molecular 

massively parallel simulator) package was used to carry out simulations27. The bulk 

chemical potential m for argon around 85 K was given in the literature28. The reference 

value from different thermodynamics calculations varies from –0.89 to –0.37 kcal/mol. 

However, given the fact that confinement usually induces a shift in chemical potential 

when considering the equilibrium between the slit pore and bulk fluid20, 25, a wide range 

of values (from -2.5 kcal/mol to 0 kcal/mol) for chemical potential m have been 

investigated. We found that a too low value of m (such as m = -2.3kcal/mol) will allow 

only a few argon atoms to be inserted into the pore (a very low pressure gas phase), while 

the bulk value between –0.89 to –0.37 kcal/mol will result in a much higher pressure. The 

system properties with different chemical potentials will be discussed in the next section.  

For the normal compression simulation, the initial wall distance is 2.86 nm. The 

GCMC move involves insertion and deletion attempts of argon atoms, as well as random 

translation of particles. After over three million GCMC moves the number of argon 

atoms in the slit pore reaches a stable average number of 1360. Subsequent compression 

is accomplished by gradually decreasing the wall distance with a small step distance of 

0.002 nm, followed by at least three million GCMC moves. The resulting configuration 
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of the previous simulation is used as the starting configuration for the subsequent 

simulation at smaller gap distance. The wall gap distance continues to decrease until it 

reaches 0.862 nm. The retraction simulation follows the reverse process of compression, 

beginning from the smallest gap of 0.862 nm. This procedure is repeated until the wall 

distance reaches 2.86 nm. According to the accepted rate, all argon atoms in the pore are 

substituted more than 20000 times during the simulation, so the implementation of 

insertion/deletion biasing techniques was not necessary. 

In order to calculate the normal approach and retraction forces, equilibrium MD 

simulation right after each GCMC run was performed at every wall distance, using the 

configuration obtained from the GCMC run as the starting configuration. The MD system 

was treated as a canonical NVT ensemble in which the total number of argon atoms N 

equals the average value from the GCMC mVT ensemble. The MD simulations are 

performed for a time period of 800 ps with a time step of 2fs. Longer MD simulations 

beyond 2 ns were also carried out and we obtained essentially the same force values.  

 

 

6.3 Results and Discussions 

6.3.1 Normal Approach and Retraction Force-Distance Profiles 

During the normal approach and retraction simulations by the combined GCMC 

and MD, a big challenging issue is the selection of chemical potential m that should 
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properly represent the connection between the slit pore and the bulk fluid. Initially we 

took the bulk value in the range of m = – 0.89 ~ – 0.37 kcal/mol to perform the 

simulations. While the force oscillations were observed, we did not see the monotonic 

decay of the force amplitude versus the wall distance, a common phenomenon observed 

in the surface force experiment that has been successfully predicted in the LVMD 

simulation. Consequently, we searched for other values of m outside this range. 

Considering the condensation of dilute gas in slit pore could occur under a chemical 

potential much smaller than the saturated chemical potential msat
25, we expect that stable 

liquid argon in slip pore should have a lower chemical potential than the bulk value. 

Therefore, after trial and error, we find that m = – 2.0 kcal/mol is a reasonable one that 

can predict the force decays in both repulsive peaks and adhesion valleys. Figure 6.1 

shows the results of the normal approach and retraction force oscillations under m = – 2.0 

kcal/mol by the combined GCMC and MD simulations. The comparison with the LVMD 

results is also shown in the figure. The force oscillation and hysteresis1, 2, 4-6 during 

retraction can be clearly seen. During the normal approach, the repulsive force peaks 

predicted by the combined GCMC/MD with m = – 2.0 kcal/mol are higher than those by 

LVMD simulation. Further, the GCMC/MD results show more and stronger force 

oscillations than the LVMD force curves. However, during the n ­ n – 1 layer transition 

and subsequent solvation force relaxations, the two simulation methods give almost the 

same adhesion valleys. Upon retraction, the n – 1 ­ n layer transitions result in repulsive 

peaks that are usually less than one third of the compressive peaks, similar to what was 

seen in the LVMD simulations.  
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Figure 6.1. The normal approach and retraction force-distance profiles obtained from the 

GCMC/MD and LVMD simulations. In the GCMC/MD simulations, the equilibrium 

configurations obtained from the GCMC are used as the starting configurations in the MD 

simulations. All force data are collected from the MD equilibrium runs in a canonical NVT 

ensemble. The cyan diamonds indicate the stable force data after 2ns MD relaxations for n= 3, 5 

and 7 layers. The blue triangles show the force curve from a sequence of GCMC simulations 

without inheriting the configurations of the previous simulations.  

 

The differences found in the normal approach and retraction force-distance 

profiles between the GCMC/MD and LVMD results could be explained from the 

following analysis. In the LVMD simulation15, the phase boundary between the layered 
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structure in the central region and the liquid phase in the side region is always maintained 

during the normal approach and retraction processes. Very likely this is a scenario in the 

surface force experiment5. The squeeze out of one monolayer in the solid phase is 

proceeded in an inward fashion15, as was observed in drainage experiment9. The atoms 

being “deleted” in the layered structure follow the permeation process to be squeezed out 

into the liquid phase8, 15. In the GCMC/MD simulation, however, all the argon atoms 

confined between two crystalline walls are subject to the periodic boundary conditions in 

the lateral directions. Consequently, the confined fluid particles experience a "uniform" 

probability of GCMC move in the entire region. This may significantly change the 

physical picture of a natural squeeze out process. The lack of solid-liquid phase boundary 

(as seen in the LVMD simulation) results in a more compact solid phase that can support 

a significantly larger load. Because of this "perfect" solid phase, the force curve obtained 

from the combined GCMC/MD exhibits a steeper slope during the n ­ n – 1 layer 

transition than that in LVMD simulation. Consequently, the n ­ n – 1 layer transition in 

LVMD could happen at a relatively larger wall distance, namely, the solid phase structure 

would "collapse" more easily due to more defects near the solid-liquid phase boundary.  

The very large force magnitudes as well as the slow force decay observed in 

GCMC/MD simulations indicate that, perhaps, more force oscillations at larger distances 

would be possible. Therefore, we further investigated the normal approach and retraction 

by GCMC/MD at distance between 2.86 and 3.9nm. As shown in figure 6.1, the layered 

structure extends to n=11, much beyond what was seen from the LVMD simulations. The 
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results demonstrate that the perfect periodic boundary condition for the solid phase in 

GCMC/MD simulation is the origin for more force oscillations. 

The force magnitude from the current molecular simulations, if being converted to 

pressure unit, would always be in the mega pascal (MPa) range, which is about one order 

of magnitude larger than those measured in the surface force experiments1, 2, 4, 5. We point 

out that this is largely owing to the contact geometry and nanoscale size effect29. The 

hysteresis loops both in experiment and simulation are due to metastability; thus do not 

represent true equilibrium states. This history dependence phenomenon could generally 

attributed to the system trapped in a local minimum in the free energy. In our system, the 

approach process, for example, the huge repulsive peaks would indicate the solid states 

which correspond to the local free energy minima, so the system may be "trapped" in 

these states at pressures somewhat above the true thermodynamic transition pressures at 

some certain gap distances. Further approach would cause these local minima disappear 

and a small disturbance in the system would lead to deeper minima in the free energy; 

thus sudden, discontinuous jumps would arise. Calculation of force curve of the "true" 

thermodynamic equilibrium states is not an easy task, but it is reasonable to expect the 

retraction curve to give a closer approximation than the approach counterpart, because of 

more "continuous" insertions and deletions in the former. In order to investigate the 

influence of history dependence in simulations, we also performed a series of GCMC 

simulation at some certain distances without inheriting the configurations of the previous 

simulations. The pores of each distance were considered empty before performing the 

GCMC calculations. The results are also shown in Figure 6.1 (the blue triangles). We 

also show some configurations of the pore size between 1.25nm to 1.5nm (corresponding 
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to 3 - 4 layers) when the systems reach their equilibrium states. Solid - liquid- solid phase 

transition is quite obvious. It may imply that this phenomenon is inherent, no matter 

which simulation methods will be chosen.  

  

Figure 6.2. The force-distance profiles for different chemical potential. Dash lines indicate 

the approach simulations and solid lines for retraction. The red, green and blue colors demonstrate 

0, -1 and -2kcal/mol respectively. 

 

In theory, the blue triangles curve is more likely to be the "equilibrium" states in 

the system, since the state of the system is "uniquely" determined by chemical potential, 
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wall separation and temperature. However, the study of metastability may be as important 

as, if not more than, the "true" equilibrium one, as it is better in agreement with available 

experimental observations and it is necessary to reveal the mechanism of phase transition 

in the real world. Based on the above reasons, many researchers used the similar methods 

to ours to investigate the hysteresis loops and other properties in confined system. 

Interestingly, we found the non-history dependent force curve is very similar to the 

retraction force curve, in consistent with our previous prediction. 

 

6.3.2 The Effect of Chemical Potential on the Force-Distance 

Profiles 

In order to find out the relationship between the chemical potential m and the 

force-distance profiles, we have tested different values of chemical potential for argon, 

corresponding to different reservoir conditions. Figure 6.2 shows the normal approach 

and retraction force-distance profiles for three different values of m (m = 0, –1.0 and –2.0 

kcal/mol). It is seen that higher chemical potentials make the position of repulsive peaks 

shift to the left, especially at larger distances. This is largely due to the fact that the 

chemical potential m is roughly proportional to the pressure p, according to the relation 

(µm / µp)T = Vm 30, and the variation of mole volume Vm for liquid or solid argon under 

different pressures is comparably small. The relatively higher pressure makes the solid 

phase more compact and stable that would collapse or melt at relatively smaller wall 

distance during the n ­ n – 1 layer transition. The same is true for the n – 1 ­ n layer 

transition: a larger chemical potential favors early formation of solid phase at relatively 



 

123 

 

smaller gap distance. Figure 6.2 also shows that the larger chemical potentials almost 

eliminate the force decay in the investigated gap distance. In particular, the repulsive 

force peaks during normal approach exhibit irregular pattern. However, this is not seen in 

the retraction force profiles. The force minima have almost the same value, followed by 

different repulsive peaks upon the solidification of the liquid films.  

6.3.3. The phase transition mechanism 

To understand how the solid-liquid-solid phase transition is proceeded during the 

normal approach and retraction, we have further performed the grand canonical molecular 

dynamics (GCMD) simulations31-33 for n = 4­3 and n = 3­4 layer transitions.  The 

driving velocity is set to v=0.05m/s, as being used in our previous study15. To make all the 

argon molecules being sufficiently sampled, 5000 attempts of creation/ destruction of 

particles are performed after every 10 MD time steps. Figure 6.3 the panels show the 

detailed molecular configurations during the 4­3 and 3­4 layer transition. For the 4­3 

layer transition (Figure 6.3A), the argon molecules close to the two walls remain a very 

ordered structure. Initiation of melting starts somewhat randomly in the middle of the 

second and third layers (as shown by the arrows in panel A2), which is quite different from 

the inward shrinking observed in the LVMD simulation15. Note that this melting is 

accomplished by deleting argon molecules in the mid-layers. When the solidification at n 

= 3 is finished, the total number of argon atoms is reduced from about 680 (n = 4) to 510 

(n = 3). In the 3­4 layer transition (Figure 6.3B), a highly disordered liquid phase forms 

first (panel B2), which is similar to what was seen in the LVMD simulation15. Initiation of 

solidification starts randomly in the mid-layers (as shown by arrow in panel B3). Note that 
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this solidification is accomplished by inserting argon molecules in the mid-layers. When 

the solidification at n = 4 is finished, the total number of argon atoms is increased from 

about 510 (n = 3) to 680 (n = 4) 

 

Figure 6.3 The snapshots of the layer transitions of (A) n = 4­3 and (B) n = 3­4. 
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Table 6.1. Comparisons between the simulation results obtained from the LVMD and GCMC/MD 

on the number of argon molecules (N) and structure factor (q) in the different solidified films. 

The structure factor is calculated based on either the hexagonal close-packed (hcp) or face-

centered cubic (fcc) (in parentheses) crystalline structures. 

Number of argon molecules (N)                    Structure factor (q) 

    LVMD             GCMC/MD                LVMD                 GCMC/MD 

n = 3 (D = 1.166 nm)        512 ± 5          510 ± 3                    0.665 ± 0.05     0.633 ± 0.05 

n = 4 (D = 1.490 nm)        683 ± 7          680 ± 5                    0.685 ± 0.05     0.629 ± 0.08 

n = 5 (D = 1.811 nm)        848 ± 8          850 ± 7                    (0.714 ± 0.03)   (0.716 ± 0.02) 

n = 6 (D = 2.137 nm)        1016 ± 10      1021 ± 8                  0.557 ± 0.11      0.610 ± 0.08 

n = 7 (D = 2.487 nm)        1175 ± 12      1189 ± 10                0.05 ~ 0.26        0.36 ~ 0.40 

 

We further analyze the structural properties of the solidified films from the 

LVMD and GCMC/MD simulation methods. Table 6.1 presents the numbers of argon 

molecules and the related structure factors (q) for different solidified films during the 

normal approach. The results from the two methods compare remarkably well. For 

thicker solidified layers n = 5, 6 and 7 the GCMC/MD results are slightly higher than the 

LVMD results due to the more compact ordered structure in the former case. Previously, 

the structure factor q was calculated based on a reference system of hexagonal close-

packed (hcp) crystalline structures34, 35. However, a very low structure factor for n = 5 

layer was obtained and was attributed to a skewed hcp structure15. We notice that the fcc 

crystalline structure maybe more suitable to describe the atoms configuration than the hcp 

crystalline structure. Here we have recalculated q value for n = 5 based on the fcc 
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reference system. The results are shown in Table 6.1 (in parentheses) and evidently 

support the point. Indeed, from the figure 6.4 the snapshots of molecular configurations 

in side view, we see that the stacking sequence for n = 5 solid film (panel 6.3) follows a 

perfect fcc stacking sequence. The structure factor calculated varies from 0.68 ~ 0.75 

during compression, much higher than the value of 0.2 ~ 0.4 based on hcp reference 

structure15. For n = 3 and 4 (panels 1 and 2), as well as other thicker solid films, very 

often the stacking faults are introduced in the film in order to form a close-packed 

compact structure. 

 

Figure 6.4 The snapshots of side-view molecular configurations for n = 3 – 5 solidified 

films. 

 

6.4 Conclusions 

The grand-canonical ensemble molecular simulation technique has been used to 

re-exam the force oscillation and phase transition behaviors of simple nonpolar fluids 

under nanometers confinement. We quantitatively compared the results derived from the 

LVMD and the combined GCMC/MD simulations for the same argon liquid confined 



 

127 

 

between two crystalline solids. The similar force oscillation and phase transition 

behaviors are obtained from the GCMC/MD simulation. While the adhesion forces are 

essentially the same from the two methods, the repulsive peaks obtained from 

GCMC/MD are significantly higher than those from LVMD. The force decay from 

GCMC/MD simulation is also slower than LVMD counterpart. These differences could 

be attributed to different mechanism of squeeze-out procedure and periodic boundary 

conditions. In GCMC/MD simulation, the perfect solidified film without liquid-solid 

phase boundary results in a very high pressure in the ordered phase. We find that the 

force peaks and stable solid state could be retained at even smaller wall distance during 

normal approach, if a larger chemical potential is employed. This is because the chemical 

potential is almost proportional to the reservoir pressure that makes the solid phase more 

compact. The solid-liquid-solid phase transition mechanisms in the LVMD and grand 

canonical simulations have been compared. We propose that either an inward shrinking 

or outward shrinking of solid phase is the dominant mechanism in the dynamic phase 

transition. This physical picture would not be attainable through grand-canonical 

ensemble simulations by simply deletion or insertion of particles.  
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Chapter 7 

Summary and Future Works  

7.1 Summary 

In this dissertation, we develop a computational simulation approach for building 

realistic membrane models to represent the polyamide membrane properties, and illustrate 

the interactions between the polyamide membrane surface and foulants by steered 

molecular dynamics (SMD) simulations. We also show the antifouling mechanisms of 

surface-modified membranes (polyethylene glycol).  

In chapter 3, according to primary experimental measurements we performed 

molecular dynamics simulations to study the structure and dynamics of hydrated PA 

membrane and its interaction with single alginate molecule. We find that the membrane 

surface is dynamically changing due to the flexible movement of branched chains. Water 

diffusion near PA membrane is retarded, and is about an order of magnitude less than the 

bulk value within the membrane. We show the metal ionic bridges (Ca2+ and Na+) that play 

a major role in membrane fouling. The binding structure and binding strength are also 

analyzed quantitatively. SMD simulation results show that both Ca2+ and Na+ can form 

very strong inner-sphere complexes, and the ion binding is predominantly in the form of 

bidentate configuration, with occasional monodentate binding for Ca2+. 

In chapter 4, we study the aggregation of multiple alginate molecules in Ca2+ 

solution, the structure of this alginate gel and the interaction between the gel and PA 
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membrane surface. The effect of different metal ions on the formation of alginate gels has 

been investigated. Ca2+ ions can significantly promote the aggregation of alginate chains 

through forming two-bidentate, inner-sphere binding structure. On the contrary, no 

significant gel formation process is observed in Na+ solution. Through SMD simulation, 

we find that the adhesion force between membrane and alginate gel has several origins: 

hydrogen bond (H-bonding) and van der Waals interaction in the short-range; ionic bridges 

in the long-range, due to significantly deformation of alginate gel and membrane surface 

during the pulling procedure.  

In chapter 5, we investigate the antifouling mechanism of PEG grafted PA 

membrane. The hydrophilic property of the PEG coating, largely contributed from the 

densely populated oxygen atoms in the -CH2-CH2-O- units in PEG chains, could retain a 

tightly bound hydration water layer. The hydration water network prevents the direct 

contact between the alginate gel and the PEG coating, resulting in a strong repulsive 

hydration force. Van der Waals attractions between the PEG chains and the alginate gel are 

too weak to overcome the strong repulsive hydration force. In addition, the strongly bound 

hydration water layer can prevent the alginate gel to form strong, short-range hydrogen 

bonding with PEG chains. The grafting of PEG chains on the PA membrane surface also 

reduces the number of surface carboxylate groups. Thus the chance to form the ionic 

binding bridge between the alginate gel and the PA membrane surface becomes rather low. 

Therefore, the grafting membrane could significantly reduce the adhesion forces we reveal 

in chapter 4, and that is why it has better antifouling property. 
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7.2 Future Works 

7.2.1 Molecular Modelling 

In chapter 4, we develop a method which is based on configurational-bias Monte 

Carlo (CBMC) algorithm to build membrane model. This method meets the three 

requirements we talked about in chapter 2 and we use it in chapter 3 to chapter 5. The 

membrane surface models based on this method are able to properly reflect the 

representative membrane surface properties. However, sometimes, in order to analyze the 

relationship between a specific surface property (such as the charge density, functional 

group distribution, or morphology) and fouling, we also need models which allow the 

specific property parameter to be “adjustable”. These models are very useful to answers 

some “what if” questions, such as if we increase the negative charge density on the surface, 

how would it influence the membrane fouling potential? Or if the membrane surface is 

totally neutral, what would happen when the foulants gel approaches the membrane surface? 

These questions are also important, because they shed light on the “goals” of surface 

modification in experiment. For example, if we indeed know the neutral surface has very 

low fouling potential, we can try methods which could “realize” neutral surface through 

surface modification. How to develop a computational approach for building membrane 

surface with any given parameters remains an interesting and important work in the future. 

 

7.2.2 The competition between foulant-foulant and the foulant-

membrane interactions 
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In chapter 5, we demonstrate that even though the PA membrane surface is only 

partially covered by the PEG coating, and the alginate gel has a strong tendency to drift 

to the bare PA membrane surfaces (the PEG hollows), if the size of the alginate gel is 

comparable to or larger than the PEG hollow site, it is often impossible to realize the 

direct contact between the alginate gel and the PA membrane surface due to the PEG 

hollow edge effect. It remains an open question as to what will happen if an even smaller 

foulant molecule is docked into the PEG hollow site. In this scenario the subsequent 

foulant-foulant interaction may result in the gel growth, which may reduce the PEG 

antifouling performance. 

 

7.2.3 Free Energy Calculation 

In chapter 3 to chapter 5, we use steered molecular dynamics (SMD) to 

investigate the interaction between the foulants and the membrane surface. As we 

discussed in chapter 2, SMD is a suitable tool to analyze the force between them, with 

moderate computational load. If we want to calculate free energy change, which the 

chemists are usually interesting in, during the unbinding process, the calculation based on 

SMD is less accurate than other methods, such as umbrella sampling. However, there are 

several major difficulties to utilize umbrella sampling in our study. Umbrella sampling 

usually requires generates a series of configurations along a path. Thus how to find a 

reasonable path, along which the system evolves, is a major problem. Unlike the study on 

the unbinding process from regular surfaces, like clay or crystals, the membrane surface 

is highly heterogeneous, thus the common path which is perpendicular to the surface may 
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not a reasonable choice. However, if we do not predefine such a path, much more 

“windows” in umbrella sampling are needed, which means very expensive calculations. 

Developing a systematic method to find the optimal path and to generate suitable 

“windows” which could effectively reduce the computational load will be a very 

important task in the future. 
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