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S1. Specifications of Aquaporin Inside™ HFFO220 Module 

Detailed information of the commercial HFFO module used in this study can be found in Table 
S1.  

Table S1. Specifications of the Aquaporin InsideTM HFFO2 module used in all the tests. ID, inner 
diameter; OD, outer diameter. 

Aquaporin InsideTM HFFO2 module  
Membrane Area Fiber ID Fiber OD Number of Fibers Fiber Length 

m2 mm mm - mm 
2.30 0.20 0.27  30800 270  

S2. Evaluation of the Water Permeability Coefficient A, Solute Permeability Coefficient B and 
Structural Parameter S for HFFO Modules 

To evaluate the intrinsic characteristics of HFFO membranes, it is essential to understand the 
forward osmosis process and its governing mechanisms. Figure S1 shows a schematic of the solute 
concentration gradients—Including ICP and ECP—across a thin-film composite membrane operating 
in FO mode (active-layer facing FS). The effective driving force for forward osmosis exists only 
between the interfaces of the selective polyamide layer. From the bulk DS, solutes must diffuse 
through the porous support to the interface between the support and selective layer. Once there, a 
small amount of solute diffuses across the selective layer to the lower-osmotic pressure FS. In 
addition, water molecules, moving from feed to draw, dilute the solute concentration on the porous 
substrate surface, creating a reduction in concentration between draw bulk solution and support 
layer surface (dilutive ECP). Conversely, water extraction from feed to draw, coupled with diffusion 
from solute across the selective layer, creates a zone where solute concentration is higher than in the 
feed bulk solution (concentrative ECP). 
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Figure S1. Illustration of the solute concentration profile at steady state across a thin film composite 
membrane in FO mode (active-layer facing FS), Adapted from Bui et al. [1]. 

These solution concentration gradients are mainly governed by intrinsic membrane parameters, 
namely A in L·m−2·h−1·bar−1, B in L·m−2·h−1, and S parameter in µm. The S parameter can be described 
as the membrane path length for the diffusion of solutes and is calculated based on the tortuosity, 
porosity and thickness of the membrane support structure. Hydrodynamic conditions such as cross-
flow velocities, viscosities, densities of FS and DS, and diffusivities of draw solutes directly impact 
mass transfer coefficients of the solutes at the different regions across the thin film composite 
membrane. For evaluation of the intrinsic parameters of the membrane (A, B, and S parameters), a 
model developed by Bui et al. [1] accounting for ICP, dilutive and concentrative ECP, coupled with 
the Js results is utilized. In this model, Jw and Js are calculated according to Equations S1 and S2, 
respectively: 

J୵ = A ൞ πୈ,ୠ exp ቂ−J୵( 1kୈ + SDୈ)ቃ  −  π୊,ୠexp (J୵k୊)1  +  BJ୵ ൜exp ቂJ୵k୊ቃ   −   exp ቂ−J୵( 1kୈ + SDୈ)ቃൠൢ (S1) 

Jୱ = B ൞ cୈ,ୠ exp ቂ−J୵( 1kୈ + SDୈ)ቃ  −  c୊,ୠexp (J୵k୊)1  +  BJ୵ ൜exp ቂJ୵k୊ቃ   −   exp ቂ−J୵( 1kୈ + SDୈ)ቃൠൢ (S2) 

where π is the osmotic pressure of the DS, c is the solute concentration, k is the mass transfer 
coefficient, and D is the solute diffusivity.  

While many papers have evaluated the A, B, and S parameters for flat sheet coupons or lab scale 
hollow fiber modules using a similar method, this is the first instance where the A, B, and S 
parameters are evaluated for an industrial HFFO module with a significantly larger surface area. The 
resulting large permeation through the membrane causes a significant change of the hydrodynamic 
conditions between the inlet and outlet of the module. For instance, the outlet feed stream has a 
significantly lower crossflow velocity, and a higher solute concentration than inlet feed stream. 
Therefore, another layer of non-linearity is built upon the Bui et al. [1] model to express π, c, k, and 
D as average parameters between inlet and outlet, and their respective dependency on Jw and Js. For 
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instance, for feed and draw side, an average crossflow velocity (vത୊ and vത୊) is defined according to 
Equations S3 and S4, respectively: vത୊ = 12 · ൤v୊,୧୬ + Q୊,୧୬  − J୵  ·  S୅ Sୌ୊ ൨ (S3) 

vതୈ = 12 · ൤vୈ,୧୬ + Qୈ,୧୬ +  J୵  ·  S୅ Sୌୈ ൨ (S4) 

where v୊,୧୬ and vୈ,୧୬ are feed and draw cross-flow velocity at the inlet to the module, Q୊,୧୬ and Qୈ,୧୬ are volumetric flows rated for feed and draw at the inlet to the module, S୅ is the surface area of 
the module and Sୌ୊ and Sୌୈ are cross-sectional areas for feed and draw sides, respectively. The 
same logic is applied for calculation of the average solute concentration on the feed and draw side: cത୊ = 12 · ቈc୊,୧୬ + Q୊,୧୬ · c୊,୧୬  +  Jୱ  ·  S୅ Q୊,୧୬  −  J୵  ·  S୅ ቉ (S5) 

cതୈ = 12 · ቈcୈ,୧୬ + Qୈ,୧୬ · cୈ,୧୬ −   Jୱ  ·  S୅ Qୈ,୧୬ + J୵  ·  S୅ ቉ (S6) 

where c୊,୧୬ and cୈ,୧୬ are feed and draw solute concentrations at the inlet to the module. In the same 
way an average density ρത୊(ୈ), viscosity ηത୊(ୈ) and diffusivity Dഥ୊(ୈ) are estimated for the feed and 
draw streams:  ρത୊(ୈ) = f(cത୊(ୈ)) ; ηത୊(ୈ) = g(cത୊(ୈ)) ; Dഥ୊(ୈ) = h(cത୊(ୈ)). (S7) 

Function f(c), g(c), and h(c) are empirical correlations [2] that express dependence of the solute 
concentration on density, viscosity and diffusivity at ambient temperature, respectively. An average 
Schmidt number for FS and DS, Scഥ ୊(ୈ), can be, therefore, calculated according to Equation S8: Scഥ ୊(ୈ) =  ηത୊(ୈ)Dഥ୊(ୈ) · ρതതത୊(ୈ)  (S8) 

An average Reynolds number Reതതതത୊(ୈ) for FS and DS is calculated from Equation S9: Reതതതത୊(ୈ) =  vത୊(ୈ) ·  d୦,ୈ(୊) · ρത୊(ୈ) ηത୊(ୈ)  (S9) 

where dh,i represents hydraulic diameters for the feed or for draw side. For the HFFO modules, dh,F 
is just fiber inner diameter (ID = 195 µm) and dh,D is calculated from Equation S10 to be 226 µm for 
the shell side. D୦,ୈ =  4 · Sୌୈ C୵  (S10) 

where Cw is the internal area of the cross-section. For the feed side, to assess the Sherwood number 
(Sh), the Graetz number (Gz) can be calculated according to the Shen et al. [2] correlation:  Gzതതത୊ =  Reതതതത୊ · d୦,୊ · Scഥ ୊ l  (S11) 

where l indicates the length of the fiber in HFFO modules, which is 275 mm. The Sherwood number 
(Sh) for the feed side was calculated from Equation S12 and S13: Shതതത୊ =  1.62 × Gzതതത୊଴.ଷଷ       for       Gzതതത୊  ≥  6 (S12) Shതതത୊ =  0.50 × Gzതതത୊ଵ.଴        for       Gzതതത୊ < 6. (S13) 

For the shell-side correlation proposed by Asimakopoulou et al. [3] for a liquid-liquid system 
with a fiber dimension similar to those in the HFFO modules (ID ~ 200 µm, and packing ~ 50%) the 
following equation was selected: 
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Shതതതୈ =  1.615 · (0.6 + 1.7∅) · ቈReതതതതୈ ·  d୭୳୲ · Scഥ ୈ l ቉଴.ଷଷ for   3 < Re < 75 and 0.05 < ∅ < 0.45 (S14) 

where dout is the outer dimeter of fiber (265 µm) and ∅ is the packing density of the hollow fiber 
module. Other unknowns in Equations S1 and S2 such as π, c, k, D, Jw, and Js can be experimentally 
determined, leaving behind only three unknowns (A, B, and S parameters) to be simultaneously 
solved from this system of non-linear equations. At each experimental condition of pre-selected feed 
and draw solute concentrations, two equations can be set-up for Jw and Js respectively. In order to 
determine the A, B and S parameters for a particular solute type, four sets of experimental conditions 
with various draw solution concentrations were conducted, establishing, in total, 8 sets of equations, 
where the A, B, and S parameters are the only unknowns. With 8 equations and 3 unknowns, we have 
an over-specified system of equations, which are usually redundant but necessary in this case to 
account for possible experimental errors. Therefore, an RMSE minimization problem was set-up:  

minRMSE = min(ට∑ (୎౭,౛౮౦౤ି୎౭,౦౨౛ౚ౟ౙ౪౛ౚ౤)మ ౤భ ା ∑ (୎౩,౛౮౦౤ି୎౩,౦౨౛ౚ౟ౙ౪౛ౚ౤)మ౤భ  ଶ୬ ) (S15) 

where n is the number of experiments sets, each with distinct bulk concentration of DS and 
corresponding Jw and Js. Lastly, Matlab code was compiled to evaluate the intrinsic parameters the A, 
B, and S parameters based on the model developed above. Matlab optimization function selects the 
A, B, and S parameters to predict Jw and Js based on Bui et al. [1] model. The A, B, and S parameters 
are determined when RMSE errors are minimized. In addition, R2 for Jw and Js are maximized to 
achieve best fitting of experimental and theoretical values. Constraints set for the A, B, and S 
parameters are as follow: 0.5 L·m−2·h−1·bar−1 < A < 6.0 L·m−2·h−1·bar−1, 0.01 L·m−2·h−1 < B < 2.00 L·m−2·h−1, 
0.03 mm < S parameter < 0.50 mm. Minimum value of the S parameter is set based on the known wall-
thickness of the hollow fiber, while the range of A and B values are set based on the LPRO results 
that determines water permeability and NaCl solute rejection for the tested modules. The model may 
yield solutions with a minimum RMSE, but that greatly differs from the experimental values of A 
and B. Consequently, some qualitative assessment of solutions of the minimization function was 
needed to evaluate these intrinsic parameters. Some constraint values for the model were changed to 
allow for more realistic and reasonable results, which are closer to experimental values of the A and 
B. The testing conditions, setup design, and governing equations used to carry out experimental 
evaluation of the A, B, and S parameters are described in section 2.2.3.  

S3. Statistical Analysis  

The statistical software JMP Home (SAS) was used to analyze the compared data in this study. 
Depending on the sample size of each experiment, the software recommended the corresponding 
type of ANOVA (one-way, two-way) to calculate the probability values (p-value) of significance. The 
probability value used as reference was 0.05, where anything below that number represents a 
significant difference between factors. Table S2 shows the p-values of the compared Jw between the 
two types of HFFO modules and between the variation of each test condition. In contrast, Table S3 
shows the p-values of the compared Js/Jw values. For example, in Table S2, for the test where feed 
flow rate was varied from 60 to 140 Lh-1, the p-value shows that there is a significant difference in Jw 
between different flow rates for both membranes. Furthermore, the p-value for the membranes shows 
that there is a significant difference between the HF-C and HF-O modules in terms of Jw.  

Table S2. Probability values (p-value) from the statistical analysis ANOVA of Jw between the two 
types of HFFO (HF-C, HF-O) and between the tests studied in this article. “Membranes” represents 
the significant differences in Jw between HF-C and HF-O. “Test” represents the significant differences 
in Jw for each test conditions for both HF-C and HF-O. p-values < 0.05 show a significant difference 
between the groups. 

ANOVA Analysis - Response Factor Analysed: Jw 

FS: RO water p-value < 0.05 FS: Artificial Seawater p-value < 0.05 
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rate 

Membranes 
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TMP 
Membranes 

TMP 
Membranes 
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Membranes 

PRO vs FO 
Membranes 

Test  Test 

Flow 
orientation 

Membranes  Flow 
orientation 

Membranes 

Test  Test 

Temperature 
Membranes        

Test        

Draw Solute Tests p-value < 0.05       

NaCl 
Test     

Membranes     

MgCl2 
Test     

Membranes     

MgSO4 
Test     

Membranes     

Table S3. Probability values (p-value) from the statistical analysis ANOVA of Js/Jw between the two 
types of HFFO (HF-C and HF-O) and between the tests studied in this article. “Membranes” 
represents the significant differences in Js/Jw between HF-C and HF-O. “Test” represents the 
significant differences in Js/Jw for each test condition for both HF-C and HF-O. p-values < 0.05 show a 
significant difference between the groups. 

ANOVA Analysis - Response Factor Analysed: Js/Jw 

FS: RO Water p-value < 0.05 Draw Solute Tests p-value < 0.05 

Feed flow rate 
Membranes 

NaCl 
Membranes 

Test  Test 

Draw flow rate 
Membranes 

MgCl2 
Membranes 

Test  Test 

TMP 
Membranes 

MgSO4 
Membranes 

Test  Test 

PRO vs FO 
Membranes        

Test        

Flow 
orientation 

Membranes        
Test        

Temperature 
Membranes        

Test        
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