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Abstract 

In this work, cross-flow filtration experiments using a brackish water reverse osmosis polyamide 
membrane have been performed to gather boron rejection data as function of feed concentration, 
pressure, pH and salinity. Increasing transmembrane pressure increases the permeation of boron 
indicating that convective flow is important. This result is in contrast to the normal assumption that 
solution diffusion dominates in such systems. The extended Nernst-Planck equation with a Donnan-
steric partition coefficient is used to analyse the transport mechanisms of both neutral boric acid 
and negatively charged borate ions through the RO membrane. The contribution of surface charge is 
experimentally determined by streaming potential measurements and the electrokinetic surface 
charge density is then calculated as a function of ionic strength and pH. It is found that a 0.380 nm 
pore radius and an effective membrane porosity of 0.05 shows good agreement with experimental 
data. Charge screening becomes more dominant with increasing ionic strength and this contribution 
is readily incorporated into the model. The study extends our understanding of the transport 
mechanism of boric acid and borate ions which can assist in predicting the performance of 
polyamide reverse osmosis membranes. It also raises questions as to the true mechanism of 
transport through such a membrane. 
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1. Introduction 

Reverse osmosis is a versatile method that has been widely adopted in water treatment applications 
such as desalination. Nonetheless, it is often difficult to attain drinking water standards for neutral 
solutes such as boron using this technique. Boron is present in seawater with average 
concentrations of 4-6 mg/L [1-6].  Excessive boron consumption can result in health problems, thus,  
according to the World Health Organization (WHO), the maximum limit for boron in drinking water is 
0.5 mg/L [7]. Extensive research has been conducted into boron removal using polyamide reverse 
osmosis membranes [1, 2, 5, 6, 8-13].  

One widely-known mathematical model that has been employed to analyze the rejection of such 
neutral solutes is the Spielger-Kedem (Kedem-Katchalsky) model [10, 14-16]. This model describes 
water flux and solute flux  as follows: 

Equation 1    𝑱𝑱𝒗𝒗 =  −𝑨𝑨 (𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅
−  𝝈𝝈 𝒅𝒅𝒅𝒅

𝒅𝒅𝒅𝒅
)                                

Equation 2    𝑱𝑱𝒔𝒔 =  −𝑩𝑩 𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

+  (𝟏𝟏 − 𝝈𝝈)𝑱𝑱𝒘𝒘𝒅𝒅�  =  𝑱𝑱𝒗𝒗𝒅𝒅𝒑𝒑    

The permeate flux (Jv) is dictated by both the pressure (P) and osmotic pressure (π) gradient. The 
effect of the osmotic pressure difference is corrected by a theoretical reflection coefficient 
(Staverman reflection coefficient, 𝜎𝜎) that represents the correction for non-ideality in a semi-

permeable membrane � 𝜎𝜎 ≡ �Δ𝑃𝑃
Δ𝜋𝜋
�
𝐽𝐽𝑣𝑣 =0

� . For an ideal semi-permeable membrane, which passes 

water but has 100 % rejection of solutes, 𝜎𝜎 = 1; while for a completely non-selective  porous 
membranes 𝜎𝜎 = 0  [17]. The solute flux (Js) combines the contribution of a diffusion term 
(embedded in the solute permeance, B) as well as the convection of bulk solution.  

For salt transport through a reverse osmosis membrane, it is generally assumed that  𝜎𝜎 ~ 1, due to 
the  high rejection of ions [2, 13, 18-21]. It is argued that as RO membranes possess free volume 
elements (or pores) that are comparable or smaller in size to the rejected ions, and as these 
elements fluctuate in position and volume on the time scale of permeation, the active layer of the 
membrane should be considered as non-porous [22, 23]. This assumption leads to the derivation of 
the solution-diffusion model [16, 18, 23] in which the flux of solute is independent of the applied 
pressure (or water flux) and the second term in Equation 2 can be eliminated. This means that the 

solute flux is only governed by the diffusion (i.e. solute permeance = 𝐵𝐵 =  𝐷𝐷𝐾𝐾
𝐿𝐿

𝑙𝑙
 ) and is no longer 

affected by the bulk convection.  Wijmans and Baker [23] suggest that the transition from a pore 
flow model to a solution diffusion model occurs at a free volume element size of 5 to 10 Angstroms. 

However, the solution diffusion approach has proved less successful in the modeling of boron 
rejection at lower pH values, and Equations 1 and 2 can better predict the rejection of boron [10, 
15]. In this case, 𝜎𝜎 <  1, indicating that solute and water transport are not independent and that 
some convective flow occurs.  However, the approach is empirical and does not explain the 
transport mechanisms across the membrane. Further, it does not include contributions from Donnan 
exclusion and ion interactions [16, 24]. Finally, the assumptions of a constant reflection coefficient 
and water permeability carry inaccuracies since these fitted parameters (𝜎𝜎 and B) are greatly 
affected by experimental variables such as pH, pressure and ionic strength [16, 24].  
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This study focuses on understanding the transport mechanisms across a reverse osmosis membrane 
by incorporating contributions of both pore size and surface charge. The surface charge of the 
membrane is experimentally determined by streaming potential measurements. Since the size and 
number of the free volume elements within a reverse osmosis membrane are not widely reported, 
the pore radius and the effective membrane porosity are both optimized to match the experimental 
data. The effects of pH, pressure and ionic strength toward rejection of boric acid and borate ion are 
investigated and analyzed using a model developed by Bowen and co-workers [25-27]. This model 
has been extensively used to represent the transport of charged solutes through nanofiltration 
membranes [28-33]. yet to our knowledge, it has not been applied previously to dense thin-film 
reverse osmosis membranes. We show that this model can satisfactorily represent the transport of 
small molecules, both charged and uncharged, through a reverse osmosis membrane. The approach 
can provide a more sophisticated understanding than the solution diffusion model which is more 
commonly used.   

2. Theoretical aspects 

In seawater, boron commonly exists as the neutral boric acid (H3BO3). This is a Lewis acid that 
undergoes dissociation as well as hydrolysis following Reactions 1 and 2 [8, 9, 12, 34, 35]: 

Reaction 1   H3BO3 ↔ H2BO3- + H+   

Reaction 2   H3BO3 + H2O ↔ B(OH)4- + H+   

However, boric acid is electron deficient and so Reaction 2 is favoured [12, 36]. This electron 
deficiency also causes boric acid to have a large crystal radius that results in poor hydration [12]. As 
a consequence, boric acid has a small hydrated radius; reported to be between 0.244 -0.261 nm [12, 
35].  

The dissociation of boric acid through Reaction 2 is affected by pressure, temperature and ionic 
strength [12, 37]. At a standard temperature of 20 oC, the apparent pKa varies from 9.23 to 8.60 as 
the salinity varies from 0 to 400 g/L [5, 12, 36, 38]: 

  𝒑𝒑𝒌𝒌𝑨𝑨 = [𝑩𝑩(𝑶𝑶𝑶𝑶)𝟒𝟒−][𝑶𝑶+] 

Figure 1 presents the percentage of boric acid ionised with respect to pH and salinity based on this 
pKa data. For concentrations of boron lower than 22 mg/L, the formation of poly-borate compounds 
is negligible, therefore only B(OH)4

- and H3BO3 primarily exist in the solution [12, 39].  

2.1 Rejection of uncharged solutes 

At very dilute concentrations, where activity coefficients can be assumed equal to unity, the flux of 
an uncharged solute such as boric acid is given by the balance between diffusion and convective flow 
[25-27, 40]:  

Equation 3   𝒋𝒋𝒔𝒔
𝑨𝑨𝒌𝒌

= 𝑱𝑱𝒗𝒗𝒅𝒅𝒊𝒊𝒑𝒑
𝑨𝑨𝒌𝒌

= 𝑲𝑲𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝑱𝑱𝒗𝒗
𝑨𝑨𝒌𝒌

−  𝑫𝑫𝒊𝒊𝒑𝒑
𝒅𝒅𝒊𝒊𝒊𝒊
𝒅𝒅𝒅𝒅
− 𝒊𝒊𝒊𝒊𝑫𝑫𝒊𝒊𝒑𝒑

𝑹𝑹𝑹𝑹
𝑽𝑽𝒊𝒊𝒔𝒔

𝒅𝒅(𝒅𝒅−𝒅𝒅)
𝒅𝒅𝒅𝒅

     

Where the solute (js) and solution (Jv) fluxes are determined on a membrane area basis by 
accounting for the membrane effective porosity, (Ak). Dip is the diffusion coefficient in the pore, Kic 
the convective hindrance factor, Vis is the partial molar volume of the solute. Cip represents the bulk 
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permeate concentration of the solute i, while ci is the concentration within the pore at any position 
x. The net pressure gradient across the membrane is given by the difference between the bulk 
pressure (P) and the osmotic pressure (π) as a function of the distance through the membrane (x). 

This pressure gradient can be related to the volumetric solution flux if it is assumed that the 
membrane pores are cylinders and that flow through these cylinders can be described using the 
Hagen-Poiseulle equation: 

       Equation 4   𝑱𝑱𝒗𝒗 = 𝒓𝒓𝒑𝒑𝟐𝟐

𝟖𝟖𝟖𝟖�𝚫𝚫𝒅𝒅𝑨𝑨𝒌𝒌
� 

(𝚫𝚫𝒅𝒅 − ∆𝒅𝒅)      

Whereη is the solvent viscosity, rp is the pore radius and ∆x is the thickness of the active layer of the 
membrane. This approach assumes that the entire pressure drop occurs across this active layer and 
there is no significant pressure drop across the support layer. It also assumes that concentration 
polarisation is insignificant. If the pressure drop is assumed to be linear across the membrane 
thickness: 

Equation 5      𝐝𝐝(𝐏𝐏−𝛑𝛑)
𝐝𝐝𝐝𝐝

= 𝟖𝟖𝑱𝑱𝒗𝒗𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐𝑨𝑨𝒌𝒌 

 

Rearranging the equations above, the concentration gradient across the membrane is calculated  

    Equation 6    𝒅𝒅𝒊𝒊𝒊𝒊
𝒅𝒅𝒅𝒅

= 𝑱𝑱𝒗𝒗
𝑫𝑫𝒊𝒊𝒑𝒑𝑨𝑨𝒌𝒌

 [ �𝑲𝑲𝒊𝒊𝒊𝒊 −
𝑫𝑫𝒊𝒊𝒑𝒑
𝑹𝑹𝑹𝑹
𝑽𝑽𝒊𝒊𝒔𝒔

𝟖𝟖𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐
� 𝒊𝒊𝒊𝒊 − 𝒅𝒅𝒊𝒊𝒑𝒑 ]    

Kic and Kid can be calculated based on the ratio of solute to pore radius (Table 1). Dip is then 
determined from the bulk diffusion coefficient as 𝑫𝑫𝒊𝒊𝒑𝒑 = 𝑲𝑲𝒊𝒊𝒅𝒅𝑫𝑫∞.  

For uncharged solutes, the boundary conditions for this equation are given by the steric partition 
coefficient Φi which is a function only of the ratio of the solute and pore radii (Φi = (1-λ)2): 

Equation 7  𝒊𝒊𝒊𝒊 𝒅𝒅=𝟎𝟎
𝒅𝒅𝒊𝒊𝒊𝒊

= 𝒊𝒊𝒊𝒊 𝒅𝒅=𝚫𝚫𝐝𝐝 
𝒅𝒅𝒊𝒊𝒑𝒑

= 𝚽𝚽𝐢𝐢    

Integrating Equation 6, the rejection of uncharged solute can then be estimated as follow: 

Equation 8   𝑹𝑹 = 𝟏𝟏 − 𝒅𝒅𝒊𝒊𝒑𝒑
𝒅𝒅𝒊𝒊𝒊𝒊

=  𝟏𝟏 −  
 �𝑲𝑲𝒊𝒊𝒊𝒊−

𝑫𝑫𝒊𝒊𝒑𝒑
𝑹𝑹𝑹𝑹 𝑽𝑽𝒊𝒊𝒔𝒔

𝟖𝟖𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐
�𝝓𝝓

𝟏𝟏−𝐞𝐞𝐝𝐝𝐞𝐞(−𝒅𝒅𝒆𝒆′)�𝟏𝟏−𝝓𝝓 �𝑲𝑲𝒊𝒊𝒊𝒊−
𝑫𝑫𝒊𝒊𝒑𝒑
𝑹𝑹𝑹𝑹 𝑽𝑽𝒊𝒊𝒔𝒔

𝟖𝟖𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐
��

 

Where𝑃𝑃𝑒𝑒′ is a modified Peclet number given by  
�𝐾𝐾𝑖𝑖𝑖𝑖−   

 𝐷𝐷𝑖𝑖𝑖𝑖
𝑅𝑅𝑅𝑅 𝑉𝑉𝑖𝑖𝑖𝑖

8𝜂𝜂
𝑟𝑟𝑖𝑖
2   � 𝐽𝐽𝑣𝑣 Δ𝑥𝑥

𝐷𝐷𝑖𝑖𝑖𝑖𝐴𝐴𝑘𝑘
.  The properties of the 

membrane such as the ratio of thickness to porosity ( Δ𝑥𝑥
𝐴𝐴𝑘𝑘

 ) as well as the pore radius are commonly 

determined through fitting  water flux and neutral solute rejection data to  Equations 4 and 8. The 
effective membrane porosity 𝐴𝐴𝑘𝑘 can then be estimated provided that the membrane thickness is 
known.  

 

2.2.2. Rejection of ions 
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The transport of ions is further complicated by the addition of an electrochemical potential.  
Utilisation of the Extended Nernst-Planck equation leads to: 

Equation 9   𝒅𝒅𝒊𝒊𝒊𝒊
𝒅𝒅𝒅𝒅

= 𝑱𝑱𝒗𝒗
𝑨𝑨𝒌𝒌 𝑫𝑫𝒊𝒊𝒑𝒑

��𝑲𝑲𝒊𝒊𝒊𝒊 −
𝑫𝑫𝒊𝒊𝒑𝒑
𝑹𝑹𝑹𝑹
𝑽𝑽𝒊𝒊𝒔𝒔

𝟖𝟖𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐
� 𝒊𝒊𝒊𝒊 − 𝒅𝒅𝒊𝒊𝒑𝒑� −

𝒛𝒛𝒊𝒊𝒊𝒊𝒊𝒊𝑭𝑭
𝑹𝑹𝑹𝑹

 𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

 

Equation 10   𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

=
∑  𝒛𝒛𝒊𝒊𝑱𝑱𝒗𝒗
𝑨𝑨𝒌𝒌 𝑫𝑫𝒊𝒊𝒑𝒑

��𝑲𝑲𝒊𝒊𝒊𝒊−
𝑫𝑫𝒊𝒊𝒑𝒑
𝑹𝑹𝑹𝑹 𝑽𝑽𝒊𝒊 𝒔𝒔

𝟖𝟖𝟖𝟖
𝒓𝒓𝒑𝒑𝟐𝟐
�−𝒅𝒅𝒊𝒊𝒑𝒑�

𝑭𝑭
𝑹𝑹𝑹𝑹∑𝒛𝒛𝒊𝒊

𝟐𝟐𝒊𝒊𝒊𝒊
 

The electroneutrality condition also leads to the constraint that: 

Equation 11    ∑𝒛𝒛𝒊𝒊𝒅𝒅𝒊𝒊 =  𝟎𝟎 

    Equation 12    ∑𝒛𝒛𝒊𝒊𝒊𝒊𝒊𝒊 =  −𝑿𝑿𝒅𝒅 

where Xd is the membrane fixed charge density. Our recent work has indicated that the charge on 
both sides of the active layer of a polyamide membrane is comparable [41].  Therefore, it is assumed 
that this charge density is constant.  

The electrokinetic surface charge density of the membrane can be calculated from zeta potential 
data by using the equation reported by Ariza et al [42]: 

Equation 13   𝝈𝝈𝒔𝒔 = 𝟐𝟐𝑹𝑹𝑹𝑹𝜺𝜺𝒐𝒐𝜺𝜺𝒓𝒓 𝒌𝒌
𝒛𝒛𝑭𝑭

𝒔𝒔𝒊𝒊𝒔𝒔𝒔𝒔 � 𝑭𝑭𝑭𝑭
𝟐𝟐𝑹𝑹𝑹𝑹

� 

The contribution of ionic strength is represented as k (1/debye length), where the debye length k-1 
can be calculated as follows:  

Equation 14    𝒌𝒌−𝟏𝟏 =  �𝜺𝜺𝒓𝒓𝜺𝜺𝒐𝒐𝒌𝒌𝒃𝒃𝑹𝑹
𝟐𝟐𝑵𝑵𝑨𝑨𝒆𝒆𝟐𝟐𝑰𝑰

           

Equation 13 is derived from the Grahame equation [43] and is valid only for zeta potentials 
measured using symmetrical background electrolytes. The membrane fixed charge density (mol/m3) 
can then be estimated by assuming that the surface charge in a pore is equal to the charge on the 
surface[29, 31]. 

Equation 15   𝑿𝑿𝒅𝒅 = 𝟐𝟐𝝈𝝈𝒔𝒔
𝑭𝑭 𝒓𝒓𝒑𝒑

 

Boundary conditions at the membrane surface are also no longer just a result of steric effects. Zhu et 
al. 2011 [31] claims that solvation of ions into the membrane is now governed by both steric 
exclusion (represented by Φi) and the Donnan potential difference between the bulk solution and 
the membrane structure (∆ψD). 

Equation 16     𝒊𝒊𝒊𝒊𝒅𝒅=𝟎𝟎
𝒅𝒅𝒊𝒊𝒊𝒊

= 𝚽𝚽𝐢𝐢 𝒆𝒆𝒅𝒅𝒑𝒑 �−
𝒛𝒛𝒊𝒊𝑭𝑭
𝑹𝑹𝑹𝑹

 𝜟𝜟𝒅𝒅𝑫𝑫|𝒅𝒅=𝟎𝟎�    ;   

   
𝒊𝒊𝒊𝒊𝒅𝒅=𝚫𝚫𝓵𝓵
𝒅𝒅𝒊𝒊𝒑𝒑

= 𝚽𝚽𝐢𝐢 𝒆𝒆𝒅𝒅𝒑𝒑 �−
𝒛𝒛𝒊𝒊𝑭𝑭
𝑹𝑹𝑹𝑹

 𝜟𝜟𝒅𝒅𝑫𝑫|𝒅𝒅=𝚫𝚫𝒅𝒅� 

The Donnan potential difference (∆ψD) can be determined mathematically at both the membrane 
interfaces 𝑥𝑥 = 0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥 = Δ𝑥𝑥 by substituting Equation 16 into Equation 12, if the charge density is 
known: 
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Equation 17   

   ∑𝒛𝒛𝒊𝒊  𝒅𝒅𝒊𝒊𝒊𝒊 �𝚽𝚽𝐢𝐢 𝒆𝒆𝒅𝒅𝒑𝒑 �−
𝒛𝒛𝒊𝒊𝑭𝑭
𝑹𝑹𝑹𝑹

 𝜟𝜟𝒅𝒅𝑫𝑫|𝒅𝒅=𝟎𝟎��
𝒅𝒅=𝟎𝟎

=    ∑𝒛𝒛𝒊𝒊  𝒅𝒅𝒊𝒊𝒅𝒅 �𝚽𝚽𝐢𝐢 𝒆𝒆𝒅𝒅𝒑𝒑 �−
𝒛𝒛𝒊𝒊𝑭𝑭
𝑹𝑹𝑹𝑹

 𝜟𝜟𝒅𝒅𝑫𝑫|𝒅𝒅=𝚫𝚫𝒍𝒍��
𝒅𝒅=𝚫𝚫𝒅𝒅

=  −𝑿𝑿𝒅𝒅 

 
3. Materials and Methods 

3.1 Materials 

All chemical reagents utilized were analytical grade. Sodium chloride (NaCl, min 99.0%), sodium 
hydroxide (NaOH, min 97.0%), hydrochloric acid (HCl, 37.0%), N-N dimethyl formamide (N-N DMF, 
98%) and sodium bicarbonate (NaHCO3, 99.7%), were purchased from ChemSupply, boric acid 
(H3BO3, 99.5%) was purchased from Merck and sodium tungstate dihydrate (Na2WO4.2H2O, 99.0%) 
was purchased from Sigma Aldrich. The reagents were used as received without further purification. 
Water utilized for filtration experiments had a resistivity greater than 15.5 MΩ-cm, while buffer and 
stock solutions for analysis were prepared using water with resistivity greater than 18.2 MΩ-cm. 

The membrane utilized in this study was a brackish water membrane, BW30LE provided by Dow 
Filmtec© and supplied as dry coupons. This membrane is believed to be an uncoated polyamide 
material on a polysulfone support Prior to any experiment, the membrane was rinsed and soaked 
overnight in purified water to ensure maximum hydration. 

3.2 Experimental Methods.  

Filtration experiments were conducted utilizing a cross flow filtration rig (Figure 2) consisting of 
three parallel cells (Sterlitech CF042). Each cell had a membrane feed channel of width 4.6 cm, 
length 9.2 cm and depth 2.3 mm. A low foulant (34 mil) feed side spacer (Sterlitech) was used to 
minimise concentration polarisation. The feed flow was delivered by a Hydra-Cell G10 positive 
displacement pump (Warner Engineering).  The feed line was immersed in a water bath to maintain a 
temperature of 25oC and the line pressure was monitored using a digital pressure indicator (C62 
series, Hydracell). The retentate was recirculated back to the feed tank through back pressure 
regulators (Swagelok BP-60 Series) and flow meters (Blue-White Industry). The pressure was 
monitored using analogue pressure indicators (Floyd) connected independently to each cell.  

Prior to conducting any experiment, the hydrated membrane was compressed at 2000 kPa for 8 
hours using deionised water. The boron concentration in the feed tank was prepared to a 
concentration of 0 to 20 mg/L by adding H3BO3. The pH was adjusted by the addition of NaOH or HCl 
2 M. In studying the effect of ionic strength on boron rejection, NaCl was added to adjust the salinity 
from 0.5 g/L up to 15 g/L. A pH meter (Orion 720A+) and conductivity meter (CRISON basic 30+) 
were utilised to monitor pH and salinity, respectively. The water flux was measured by weighing the 
amount of permeate in 5 minute intervals. All experiments were repeated three times for 
consistency. Concentration polarization was determined using the Sutzkover [44] method and found 
to be negligible as the concentrations used were low and spacers were employed.  

Inductively coupled plasma optical emission spectroscopy (ICP-OES, 720ES, Varian) was used to 
analyse the boron concentration in both the feed and permeate. This instrument is sensitive to 
0.1 𝜇𝜇𝜇𝜇/𝐿𝐿 boron. Standard solutions ranging from 0 to 50 mg/L of boron were used for calibration. 
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An Electro Kinetic Analyser (EKA, Anton Paar GmbH) was utilised to measure the streaming potential 
of the membrane.  Two membranes with the active layers facing each other were mounted in a 
rectangular cell. A PTFE spacer with thickness 0.28 mm was used to create a flow channel. The 
potential difference was detected using reversible Ag/AgCl electrodes and the data then utilised to 
calculate the zeta potential value by employing Helmholtz-Smoluchowski equation with Fairbrother 
and Matsin substitution. The zeta potential was measured using a background electrolyte of 0.6 ± 
0.05 g/L (9.8 ± 1.3 mM) NaCl [2, 11] and boron additions of 0 to 20 mg/L. An experiment varying pH 
from 3 to 10.5 was also conducted by adding 0.1 M NaOH or HCl to increase or decrease the pH 
respectively.   

The thickness of the polyamide layer within the BW30LE membrane was measured using Scanning 
Electron Microscope (SEM). The polyester support layer was physically peeled off and the flattened 
polyamide-polysulfone layer was mounted on circular templates of 0.5 cm diameter. Samples were 
then washed using N-N DMF until the polysulfone layer was completely dissolved and then rinsed 
with Milli-Q water [41, 45]. The polyamide layer was dried at room temperature and then crushed to 
acquire sharp edges for cross-sectional thickness measurement.  

The membrane thickness was also confirmed using Transmission Electron Microscopy (TEM). The 
polyester backing layer was peeled off and the polyamide-polysulfone layer was stained using 
Na2WO4  as describe by Freger [46].  The sample was immersed in 1mM HCl and then immersed in 
5% Na2WO4 solution for 15 mins. The stained membrane was washed using deionised water followed 
by EtOH and air dried at 50oC. Finally, the sample was fixed in araldite resin and sliced using an 
ultramicrotome to size 60-90 nm for TEM measurement.  
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3.3 Mathematical Modelling.  

The solute data using in modelling is provided in Table 2. MATLAB® R2012b was utilised as the 
computational software to fit the relevant equations to the experimental data. A block diagram 
outlining the sequence of calculation is provided in Figure 3. 

 
4. Results and Discussion 
4.1. Preliminary Experiments 

The charge within a membrane structure is affected by both pH and ionic strength. Increasing pH 
causes the surface potential to become more negative until a plateau value is reached at about pH 
10 (Figure 4a). This is due to protonation of amine groups at low pH and deprotonation of 
carboxylate groups at high pH. Beyond pH 12 (OH- = 10 mM), the concentration of NaOH added to 
the solution exceeds the background electrolyte concentration, causing the measured potential to 
decline further. However, it is generally accepted that this further decline is an experimental artefact 
and hence in later modelling a constant value (at pH ≈ 10.5, where NaOH is 3 % of the background 
electrolyte concentration) is taken as the zeta potential value at all pH values in excess of 10.5.  

Increases in the ionic strength cause the streaming potential value to become less negative at low 
concentrations (Figure 4b). However, at higher concentrations, the value stabilises as the surface 
charge is effectively screened by the bulk electrolyte. When the electrolyte concentration is greater 
than 100mM, the voltage measurement carries a significant error [47]. Hence in our mathematical 
modelling we assume a constant zeta potential for ionic strengths greater than 100mM. Separate 
experiments conducted at increasing boron concentrations at this pH (data not shown) confirmed 
that the addition of borate to a level of 20 mg/L Boron had a negligible effect on this potential.  

The streaming potential measurements have been utilised to calculate the electrokinetic surface 
charge density using Equation 13, with results presented in Figure 5. At higher ionic strengths, the 
debye length (k-1) is compressed and more charge can accumulate in the vicinity of the membrane. 
Hence, the magnitude of the charge density increases in an opposite trend to the zeta potential 
data. The valence, z, in Equation 13 is the valence of the background electrolyte, in this case NaCl, 
thus a negative streaming potential  results in a negative electrokinetic charge density [48, 49].  

Accurate measurement of the water flux through the BW30LE is important, as it dictates the 
transport of the solute via convection. A preliminary run at 2 g/L NaCl was conducted to validate the 
membrane performance against the manufacturer specifications. A strong linear relationship 
between water flux and pressure was obtained as expected (Figure 6) with the resulting water 
permeance (A, Equation 1) consistent with the manufacturer data [50] and independent of the 
boron concentration. A slight increase in water flux was observed with increasing pH (data not 
shown). Such an increase has been noted by some groups [21, 51, 52], although Childress and 
Elimelech [53]  indicate that the water flux should reach a maximum at the isoelectric point.  

The thickness of the polyamide active layer in BW30LE has not yet been widely reported. A wide 
variation of thickness was observed across the membrane area when SEM and TEM measurements 
were conducted. An average value of 105 ± 36 nm was utilised in the model, based upon these 
measurements. As above, this membrane thickness and pore size might change due to swelling 
depending upon the pH of the solution, the degree of hydration as well as the salinity. However,  
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Freger [45] reports that for heavily cross-linked reverse osmosis membranes, the maximum swelling 
is approximately 11% of the dry thickness. This degree of swelling is within the error bars of the 
thickness measurement itself. Hence, to simplify the current study, the membrane thickness and 
pore size of the membrane are assumed to be constant.  

4.2 Experimental Results for the Rejection of Boron 
 
It is known that the rejection of boron is primarily controlled by the rejection of borate ions. As 
shown in Figure 7, at low pH the rejection is low, reflecting the low concentrations of this ion (Figure 
1). Minimum ion rejection is commonly observed at the isoelectric point [24, 53]. However, in this 
case at the isoelectric point (pH =4, Figure 4), less than 0.1 % of boric acid is ionised and since the 
rejection of neutral solute is unaffected by the membrane charge, no effect is observed. Increases in 
the rejection are observed at a pH greater than 8 reflecting increasing concentrations of the borate 
ion. Furthermore, as shown in Figure 5, the surface potential and charge density is more negative at 
higher pH which will further enhance rejection of negatively charged species. 

Figure 8 presents data for the solute flux (Js) of boron at both pH 2.0 and pH 8.3 as a function of 
applied pressure. As discussed above, at pH ≤ 8, the boric acid is essentially uncharged (ionised 
portion < 3.5%, refer to Figure 1Figure 1). An increase in the solute flux as a function of applied 
pressure is observed. This is an important finding, as it implies that convective flow cannot be 
ignored. If the transmission of boric acid were to occur only through solution diffusion, then the 
solute flux would be independent of pressure [22]. These results show that boron permeation 
increases with pressure, because it is carried along (convected) with the increasing flux of water. 
Other workers have similarly found that simple solution diffusion is insufficient to describe the flow 
of boron through RO membranes and account for this with the use of Equation 1 and Equation 2 and 
reflection coefficients that are less than unity. In particular, Arias et al [54] show that the reflection 
coefficient can range between 0.6 – 0.9 for the solute flux of boron between pH 6-9. The 
nanofiltration model presented by Bowen and co-workers [26] allows for such effects in a more 
comprehensive manner and so forms the basis of the modelling in this paper.  

Further experimental data is presented in Figure 9 to Figure 12 and discussed in the context of the 
mathematical model in the following section. 

4.3 Mathematical Modelling the Rejection of Boron 
 
The rejection at low pH, where boron exists predominantly as the neutral boric acid, is dictated by 
the steric hindrance. Hence, Equations 3 and 8 were initially utilised to model the experimental data 

in this pH region. The optimum pore radius (rp) as well as Δ𝑥𝑥
𝐴𝐴𝑘𝑘

  are estimated through fitting 50 pairs  

of rejection and flux data for boric acid permeation at pH 2 - 4 (typical fitting results are shown in 
Figure 7 and Figure 9). The optimised pore radius of 0.380 nm is consistent with previous work. 
Bowen and co-workers [26, 31, 55] find values of 0.45 - 0.66 nm for a nanofiltration membrane, 
which would be expected to have larger pore radii, while the pore radius of a seawater RO 
membrane, which should have tighter pores than the brackish water membrane used here, has been 
measured utilising PALS (Positron Annihilation Lifetime Spectroscopy) as 0.278 nm [41]. It can be 
seen that in the low pH region, the predicted boron rejection is very sensitive toward changes in this 
parameter (Figure 7) due to changes in steric hindrance (Equation 7).  
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The value of  Δ𝑥𝑥
𝐴𝐴𝑘𝑘

  is also determined from the optimisation procedure. The optimised  value of 2 µm is 

consistent with the value presented by Bowen and Mohammad [25]. Utilising the active layer 
thickness of 105 nm measured experimentally, the effective porosity of the active layer is evaluated 
to be 0.05.  To confirm the validity of this value, the fractional free volume in the active layer was 
calculated using the well known Bondi method [56], which is usually applied to gas separation 
membranes. In this case, the volume occupied by the polymer chains is first evaluated from a group 
contribution method. This can then be converted to a fractional free volume using the polymer 
density. A density value of 1.38 g/cm3 was used in the present case [41], resulting in a predicted 
fractional free volume of 0.07. This value must be divided by the tortuosity to provide a value for the 
effective porosity. Given the tortuosity of a membrane is typically 1.5 to 2.5 [23] gives an estimate of 
between 0.03 and 0.05 for the effective porosity.  

The model correctly predicts the increase in rejection of boron at higher pressures (Figure 9). At high 
applied pressures, the impact of convection is greater and the contribution of the bulk convection 
term becomes more apparent. This is evident from the modelling results shown in Figure 10. 

In analysing the high pH region, where a portion of boric acid is ionised to borate ion, Equation 9 to 
Equation 16 are used to account for the contribution of electrochemical migration and Donnan 
potential (the calculation sequence is shown in Figure 3). The electrochemical potential difference 
across the membrane (Equation 10) is calculated by summing the contribution from both co-ions 
(B(OH)4

- and OH-) and counter ions (H+ and Na+). The contribution of Na+ and OH- must be included 
as the concentration of NaOH is high relative to the concentration of boron in the feed solution 
(particularly at pH 11 and above). At these high pH values the OH- binds H+ and shifts Reaction 2 
towards the right hand side, so that the dominant ions are OH-, B(OH)4

- and Na+.  Experimental data 
with fitted results are shown in Figure 9 and Figure 11.  

For B(OH)4
-, the rejection is enhanced by the surface charge of the membrane so that the rejection 

approaches 100% (Figure 9). The increased rejection relative to the uncharged species is due to the 
additional contribution from the electro repulsion between the negatively charged membrane and 
B(OH)4

-. Rejection is also increased by the large concentrations of OH- present. This anion will 
permeate preferentially with the sodium cation, Na+, due to its smaller size. It can also be seen that 
the effects of bulk convection are less important in this case, with rejection changing little in 
absolute terms as the pressure is increased.  

At intermediate pH values (pH 8), the rejection of boron is modelled based upon the results for both 
the ionised species (pH 11) and the uncharged species (pH 3). That is, the total rejection is 
determined from (Figure 3): 

[𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑏𝑏𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑏𝑏𝑏𝑏𝑎𝑎 × % 𝑢𝑢𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑢𝑢𝑅𝑅𝑎𝑎 𝑏𝑏𝑅𝑅𝑏𝑏𝑅𝑅𝑅𝑅 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎|𝑆𝑆𝑡𝑡𝑒𝑒𝑏𝑏𝑏𝑏𝑏𝑏 
+  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑏𝑏𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡𝑒𝑒 𝑏𝑏𝑡𝑡𝑖𝑖  ×  % 𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑢𝑢𝑅𝑅𝑎𝑎 𝑏𝑏𝑅𝑅𝑏𝑏𝑅𝑅𝑅𝑅 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎 |𝐷𝐷𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖  𝑡𝑡𝑖𝑖𝑎𝑎 𝑆𝑆𝑡𝑡𝑒𝑒𝑏𝑏𝑏𝑏𝑏𝑏] 

At this pH, a small decrease in the rejection is observed experimentally when the boron 
concentration is increased from 1 to 20 mg/L (Figure 11). This is in contrast to the usual case where 
the rejection of solute increases with increasing feed concentration. In such cases, the water flux 
decreases due to the osmotic pressure difference, causing a relative increase in rejection. However, 
in the present work, the contribution of the osmotic pressure difference is negligible and the 
decrease can be attributed to changes in the relative percentages of charged and uncharged species. 
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That is, as the feed concentration increases, there is a percentage increase in the concentration of 
uncharged boric acid, which has a lower rejection.   

4.4. The Effect of Total Salinity 

When NaCl is present in the solution alongside boron, a decrease in rejection is observed (Figure 12) 
despite an increase in the total amount of charged borate ions (Figure 1). This trend was not clearly 
observed by Koseoglu et al [4]; however it was observed by Oo et al. [2] for a brackish water RO 
membrane. A decrease in the borate anion rejection is expected as charge repulsion of this ion is 
reduced by charge screening of the membrane surface. However, in the present case, the fall in 
rejection primarily reflects changes in the concentration of the neutral boric acid, as at pH 8.5 less 
than 20% of boron is ionised. Rejection of the neutral species falls due to the increase in osmotic 
pressure which reduces the permeate flux (Jv). This causes the permeate concentration to rise. The 
rejection of NaCl falls for identical reasons. 

In modelling this system, the total potential difference (Equation 9) must also include contributions 
from the ions Na+ and Cl-. As depicted in Figure 4(b), the membrane streaming potential must also be 
adjusted for the increasing salinity, reaching a plateau at > 200 mM (> 11 g/L NaCl). This plateau is 
caused by the screening of the membrane charge by the accumulation of ions in the vicinity of the 
membrane surface. Measurement of zeta potential with electrolyte concentration lower than 1mM 
carries significant inaccuracy due to interference of surface conductance. On the contrary, beyond 
100mM the voltage measurement is no longer sensitive causing greater than 4mV error reading. 
Therefore, in calculating the surface charge density beyond concentration of 100mM, the zeta 
potential is set to be constant. The results from this modelling are also shown in Figure 12. The fit is 
extremely good, given that no parameter optimisation has been undertaken. Some discrepancy at 
higher NaCl concentration is observed and this might be associated with inaccuracy in the 
measurement of streaming potential as stated above. 
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5. Conclusion 
 
Experimental results for the permeation of boron through a reverse osmosis membrane have 
confirmed the findings of other authors, that such permeation requires the consideration of 
convective flow through a porous medium. In particular, the flux of boron increases with increasing 
water flux, a phenomenon that cannot be explained with a solution diffusion model. Analyses of 
boron rejection have been conducted by employing the model developed by Bowen and co-workers 
which utilises the Extended Nernst-Planck transport equation across the membrane. At low pH 
where boron primarily exists as neutral solute, the rejection is dictated by steric hindrance and 
found to be sensitive to the change in the pore size. The experimental data was satisfactorily fitted 
when a pore size of 0.380 nm was used with an effective membrane porosity of 0.05. At high pH 
where boric acid dissociates to form borate ions, the dependency on steric contribution and 
pressure is less evident. The surface charge results in high rejection of these ions (> 99%) at pH > 11. 
These effects can be modelled using experimental streaming potential data as the basis of the 
charge density in the membrane. The effect of salinity is also analysed utilising this model with no 
need for further fitting of any parameters.  
 
This modelling calls into question the true mechanism for transport of solutes through a reverse 
osmosis membrane. The solution diffusion model has been successfully utilised for decades to 
describe both salt and water transport through such substrates. However, this model requires the 
pressure inside the membrane to be constant throughout, and for solutes to move independently of 
the solvent. This work has confirmed that boron does not move through the membrane 
independently of water – increasing the transmembrane pressure increases boron permeation 
through convective transfer with the water phase. Such convective flow requires a pressure 
difference across the membrane and so it is unclear how it can be rationalised with a solution 
diffusion approach. 
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Nomenclature 
 

Solute flux (membrane area basis) 𝒋𝒋𝒔𝒔 mg/ m2 s 
Permeate flux (membrane area basis) 𝑱𝑱𝒗𝒗 m/s 

Bulk Diffusivity 𝑫𝑫∞ m2/s 
Pore diffusivity component i 𝑫𝑫𝒊𝒊𝒑𝒑 m2/s 

Hindrance factor of convention 𝑲𝑲𝒊𝒊𝒊𝒊 - 
Hindrance factor of diffusion 𝑲𝑲𝒊𝒊𝒅𝒅 - 

Sorption Coefficient in the liquid phase KL - 
Bulk concentration of i 𝒅𝒅𝒊𝒊 mol/m3 
Pore concentration of i 𝒊𝒊𝒊𝒊 mol/m3 

Water permeability A m/s Pa 
Solute permeability B m/s 

Thickness of the membrane 𝒅𝒅 m 
Valence 𝒛𝒛 - 

Ionic Strength I mol/m3 
Universal Gas Constant R 8.314 J/mol.K 
Absolute temperature T K 

Faraday constant F 96487 C/mol 
Boltzman constant 𝒌𝒌𝒃𝒃 1.381x10-23 J/K 

Pore radius 𝒓𝒓𝒑𝒑 m 
Stokes radius 𝒂𝒂𝒔𝒔 m 

Hydrated ion radius 𝒓𝒓𝒊𝒊 m 
Electron Charge e 1.602192 x 10-19 C 

Dielectric constant of the electrolyte solution 𝜺𝜺𝒓𝒓 - 
Avogadro’s Constant NA 6.022 x 1023 mol-1 

Permittivity of vacuum 𝝐𝝐𝟎𝟎 8.854185 x 10-12 C2/N.m2 
Dynamic viscosity of solution 𝟖𝟖 N s /m 

Ratio ion radius to pore radius 𝝀𝝀  - 
Steric partitioning 𝝓𝝓  (𝟏𝟏 − 𝝀𝝀)𝟐𝟐  

Effective membrane charge density 𝑿𝑿𝒅𝒅 mol/m3 
Donnan potential 𝚫𝚫𝒅𝒅𝑫𝑫 V 

Electrokinetic surface charge density 𝝈𝝈𝒔𝒔 C/m2 
Debye length 1/k m  

Staverman reflection coefficient 𝝈𝝈 - 
Osmotic pressure 𝒅𝒅 Pa 

Solute partial molar volume Vs m3 /mol 
Effective porosity Ak  

 Subscript  
Component or ion i 𝒊𝒊  

In the pore 𝒑𝒑  
In the feed side f  

In the permeate side 𝒅𝒅  
Bulk condition b  

On membrane surface (x= 0 or x = Δ l) m  
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Table Captions 

Table 1. The convective hindrance factor(Kic)  and diffusive hindrance factor (Dic), based on the ratio 
of solute to pore radius (λ)  [57]. 

Table 2. Data used in modelling. For consistency, Stokes radii were utilised [26]. Boric acid was 
modelled with a radius of 2.61 Å which is equivalent to the radius of the borate ion. This is due to 
the data for boric acid being unavailable. Furthermore, it is claimed that the hydrated size of boric 
acid and borate ion are comparable as the boric acid is poorly hydrated due to its large crystal radius 
[12]. 

Figure Captions 

Figure 1. Degree of dissociation of boric acid with respect to pH and salinity. The pKa for boric acid as 
a function of salinity is obtained from Dyrssen and Hansson 1972 [58].   

Figure 2. Schematic diagram of the cross flow filtration rig. 

Figure 3. Sequence of calculation. Pore radius and effective porosity have been previously 
determined by averaging over 50 data points using neutral solute rejection and flux data (from pH 2-
4) and using Equation 4 and Equation 8. 

Figure 4. Zeta potential data (a) as a function of pH at a background electrolyte concentration ≈ 0.6 
g/L (10mM) NaCl and (b) as a function of NaCl concentration at pH 8.5. 

Figure 5. Charge density (C/m2):  (a) as a function of pH at a constant ionic strength ≈ 0.6 g/L (10mM) 
NaCl  and (b) at pH ≈ 8.5 as a function of NaCl concentration. 

Figure 6. Water flux at constant pH≈ 8.5. 

Figure 7. Rejection of boron as a function of pH at constant applied P of 1200 kPa,                                                                               
constant boron feed concentration of 4mg/L and no NaCl. The symbols represent experimental data, 
while the curves indicate simulations with different pore radii (rp). Membrane thickness : 105nm 

Figure 8. Solute flux versus applied pressure at pH 2.0 and 8.3, showing that the solute permeation 
increases linearly with increasing water flux and thus that the solution diffusion model is no longer 
valid.  

Figure 9. Rejection of borate ion (pH ≈ 11.0) and boric acid (pH ≈ 2.0). Symbols are experimental data 
while the lines represent model simulations. Optimised pore radius is 0.380 nm (averaged over 50 
data points) and experimental surface charge values are from Figure 4. 

Figure 10. The proportion of the total flux of uncharged boric acid that can be attributed to both 
convection and diffusion as a function of water flux, based on model simulations. Convection has a 
more dominant effect at higher applied pressures, reflecting the greater water flows through the 
membrane. Membrane thickness : 105nm, rp : 0.380nm. 

Figure 11. Rejection of boron as a function of boron concentration for different applied pressures.  In 
all the experiments, the pH ≈ 8.1 and the salinity is zero. Symbols represent experimental data, while 
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the lines represent model simulations. In modelling, a pore radius of 0.380nm and thickness of 105 
nm is used. 

Figure 12. Rejection of NaCl and Boron, with constant P = 1200 kPa and pH ≈ 8.5, Boron 
concentration in feed ≈ 4 mg/L. Dotted lines represent values obtained from the mathematical 
model with rp = 0.380nm.  
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Table 1. The convective hindrance factor(Kic)  and diffusive hindrance factor (Dic), based on the ratio 
of solute to pore radius (λ)  [57]. 

0  < ( λi = ri/rp) ≤ 0.8 0.8  < ( λi = ri/rp) ≤ 1 

Kic = -1.0 + 0.054 λi – 0.988 λi2 + 0.441 λi3 
Kid = 1.0 -2.30 λi +1.154 λi2 + 0.224 λi3 

Kic = -6.83 + 19.348 λi – 12.518 λi2 
Kid = -0.105 +0.318 λi – 0.213 λi2 
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Table 2. Data used in modelling. For consistency, Stokes radii were utilised [26]. Boric acid was 
modelled with a radius of 2.61 Å which is equivalent to the radius of the borate ion. This is due to 
the data for boric acid being unavailable. Furthermore, it is claimed that the hydrated size of boric 

acid and borate ion are comparable as the boric acid is poorly hydrated due to its large crystal radius 
[12].  

 Stokes radius (Å) 

 

Partial Molar 
Volume 

(Vis ) cm3/mol 

Diffusion 
coefficient x 10-9  
m2/s 

Reference 

Na+ 1.84 -1.2 1.34 [26, 59, 60] 
Cl- 1.21 17.8 2.03 [26, 59, 60] 
H+ 0.28 -5.4 9.33 [59-63] 

OH- 0.46 1.2 5.27 [59-63] 
B(OH)4

- 2.61 29.2 1.62 [8, 12, 35, 64] 
H3BO3 - 39.2 1.47 [8, 12, 35, 64] 
H2O 1.4  - [26, 61] 
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