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Highlights

Incorporating Convection into the Solution-Diffusion Framework
Enhances Modeling Accuracy in Reverse Osmosis

Mingheng Li, Joseph Li

e Developed multiple linear correlation equations based on the solution-
diffusion theory.

e Identified inconsistencies within the solution-diffusion model through
extensive data analysis.

e Improved model accuracy by integrating convective transport across
the membrane.
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Abstract

Several linear correlation equations are derived from the classical solution-
diffusion theory and applied to analyze over 100 experimental datasets col-
lected under constant and sinusoidally varying feed flows and pressures.
While the theory provides reasonable predictions for water flux, it fails to
accurately model permeate concentration, particularly in cases of membrane
degradation. Incorporating convective transport over a small portion of
the membrane successfully captures the recovery rate and permeate qual-
ity across all scenarios studied (R? > 0.99). This enhanced model, with only
three parameters, holds significant potential for advancing future membrane
transport modeling efforts.

Keywords: reverse osmosis; solution-diffusion; transport modeling; data
analysis; convection

1. Introduction

Transport modeling of water and salt is critical for the design and op-
timization of reverse osmosis (RO) desalination processes. The solution-
diffusion model remains the most widely adopted framework for RO mod-
eling [1]. According to this theory, the membrane is considered non-porous
or characterized by extremely small pores, effectively preventing convective
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transport of salts. Separation is achieved through the dissolution of water
and salts into the membrane, followed by diffusion driven by concentration
gradients. The solution-diffusion model relies on two key parameters: water
permeability and salt permeability. When combined with pressure drop and
mass transfer correlations, it provides reasonably accurate predictions of RO
performance [2].

Recent advancements in transport modeling have introduced the solution-
friction model [3], which is based on a pore-flow mechanism. This model
accounts for interactions between water molecules and salt ions, as well as
the force balances acting on the species moving through the membrane. For
neutral solutes, and in the absence of friction between solutes and the mem-
brane matrix, the solution-friction model simplifies to the Spiegler-Kedem-
Katchalsky model [4], which was derived from irreversible thermodynamics.
While the solution-friction model may offer a deeper mechanistic insight into
water and salt transport in membranes [3], it introduces additional parame-
ters, thereby increasing numerical complexity during the implementation of
large-scale RO design and optimization.

This study aims to develop a simple yet accurate model for water and
salt transport. The data used for model development were sourced from the
literature, involving tests on a single FilmTec™ SW30-2540 spiral-wound
element under constant and periodically varying flows and pressures [5]. A
summary of these data is presented in Table 1, which is accessible via Mende-
ley Data (DOI: 10.17632/hws49dsfvc.1). Experiments categorized under the
“sst” case in Table 1 were performed with a new membrane element, whereas
data under the “ssr” case were collected after membrane degradation. In the
degraded state, the membrane exhibited a slight increase in water permeabil-
ity but a substantial surge in salt passage [5].

An analysis of these data using the classical solution-diffusion theory re-
vealed intrinsic inconsistencies, which could potentially be resolved by incor-
porating an additional salt transport mechanism into the model.

2. Methods and Results

2.1. Solution-diffusion model

Based on the traditional solution-diffusion theory, the water and salt
transport equations are as follows:

Jo = L(P—P) — (7 — )] (1)



Table 1: Experimental data sets from literature [5].

Case Description Feed Pressure Recovery
rate (bar)
(1/min)
sst 35 data sets under steady state feed 6-16 34-60 3-23%
flow and pressure conditions
sin 45 data sets under sinusoidally varying 8-12* 41-55*  7-14%
flows and pressures
SSS 12 data sets under steady state condi- 10-12 35-60 3-14%
tions after sinusoidal experiments
SST 12 data sets under steady state condi- 10-12 34-60 3-16%

tions after rectified sinusoidal experi-
ments that led to membrane degrada-
tion
* These are cycle-average values reported by the authors. The
instantaneous flow and pressure are estimated to be 5-15 1/min and 25-70
bar, respectively.

and
Js = By(Cy,—Cp) (2)

where J,, and J, represent water and salt fluxes, respectively. L, and B, are
the water and salt permeability coefficients, respectively. P, and P, are the
hydraulic pressures in the retentate and permeate channels, respectively.
and 7, are the osmotic pressures at the membrane wall and in the permeate,
respectively, while (', and C, are the salt concentration at the membrane
wall and in the permeate, respectively. When the salt concentration is low,
it exhibits a linear relationship with osmotic pressure, i.e., 7 = f,,C, where
fos 1s a coefficient.

The average water and salt fluxes can be calculated by integrating Equa-
tions (1) and (2) over the spatial domain and dividing the results by the
membrane area:

Jo = LJ(TMP — (7, — 7)]
— L((THP — fu(Co — )] )

and

J, = By(C,—C,) (4)



where TMP = P, — P, is the spatial average (denoted by overbar) of the
transmembrane pressure.

For a single RO element, where the recovery rate is typically low, it is
reasonable to assume that the spatial variation in flux is minimal. Under
these conditions, the spatial average of salt concentration in the bulk of the
feed channel may be calculated as [6]:

C = [(1-Y)/Y]C (5)

where subscript 0 denotes the inlet condition, and Y is the recovery rate.
The term —In(1 —Y)/Y can be interpreted as the inverse of the logarithmic
mean of 1 and 1 — Y. It is crucial to include this term for the analysis of
a commercial RO element, as it differs significantly from a short membrane
coupon test cell typically used in laboratory settings, where the recovery rate
is likely much less than 1% [7].

Due to concentration polarization, the wall concentration (C,,) is higher
than the bulk concentration (C'). The concentration polarization factor
(CPF) is given by exp(Jy/km), where k,, is the mass transfer coefficient.
In the absence of a well-validated correlation for k,,, the following equation
for CPF in a single RO element, as adopted by DuPont FilmTec for RO
system design and analysis, may be used [§]:

CPF = exp(0.7Y) (6)

Given that the salt concentration in the permeate channel is much lower
than in the feed channel under typical operating conditions, Equation (3)
can be simplified as:

Juw = Ly{TMP —7o[-In(1-Y)/Y]CPF} (7)

where 7 is the feed osmotic pressure. Rearranging Equation (7) yields:

TMP [—In(1—Y)/Y]|CPF 1
7 7. Tt T (8)

p

The permeate salt concentration at the outlet of the RO channel (C,) is



calculated as:

where A,, is the membrane area. Note that C,, is distinct from C, = J,/J,,
which is commonly used in the literature and may be applicable for a short
membrane test cell.

Combining Equations (3), (4) and (9) gives:

- =5 Jos 4 7
Jp = LP[TMP_ECPOJM] (10)
or equivalently:
TMP fos 1
I - B et I (11)

By combining Equations (8) and (11) the parameter L, can be eliminated:

B, [~In(l-Y)/Y]CPF

Cpo = Eﬂ'g Jw
[~ In(1 - Y)/Y]CPF (12)
- BSCO j

Equation (12) can also be derived from Equations (4), (5) and (9) with-
out assuming the linear relationship between salt concentration and osmotic
pressure.

Equation (8) suggests that a plot of TM P/ .J,, versus [—In(1 —Y)/Y|CPF/J,
should yield a straight line. The slope and intercept of this line correspond
to mp and 1/L,, respectively. Similarly, Equation (11) indicates that a plot of
TMP/J, versus C,, should yield a straight line, where the slope and inter-
cept are fos/ B, and 1/L,, respectively. Furthermore, Equation (12) suggests
that a plot of C,, versus Cy[—In(1 —Y)/Y]|CPF/J, should yield a straight
line passing through the origin, with the slope equal to Bs.



The correlation results for all data sets using Equation (8) are shown in
Figure 1(a). The feed osmotic pressure 7 is determined to be 25.2 bar for
case “sst” and 25 bar for case “ssr”, which are slightly lower than the value
calculated based on the experimental conditions (35,000 ppm TDS in the feed
and 27 °C), yielding a value of 26 bar [9]. The water permeability coefficient
(Lp) is 1.06 Imh/bar for case “sst” and higher in case “ssr” at 1.16 Imh/bar,
as observed by the authors who conducted the experiments [5]. Notably, the
straight line derived from case “sst” correlates the data in cases “sin” and
“sss” very well, and it is parallel to the straight line derived from case “ssr”.

The correlation results for all data sets using Equation (11) are shown in
Figure 1(b). The data appear to be divided into two distinct groups. While
linear correlations are observed, some discrepancies cannot be reconciled.
First, the value of L, for case “sst” is determined to be 1.51 Imh/bar, which
differs by more than 40% from the value shown in Figure 1(a). Second, the
case of “ssr” exhibits a negative intercept, leading to a negative, non-physical
L,. Finally, when L, and f,,/B;, based on Figure 1(b), are combined with
Equations (4) and (9) to calculate C,,, under-predictions occur, as shown in
Figure 2. The average error is -15%.

This discrepancy is also evident in the correlation results derived from
Equation (12). As illustrated in Figure 1(c), the straight lines do not pass
through the origin. In the case of “sst”, based on a brand-new membrane [5],
the slope and intercept are 0.057 Imh and 26 ppm, respectively. In the case
of “ssr”, the slope and intercept are 0.126 Imh and 226 ppm, respectively.

These intrinsic inconsistencies within the theoretical framework of the
solution-diffusion theory suggest the presence of additional mechanisms for
salt transport. For example, if a small portion of the membrane is defective,
it may provide an alternative pathway for salt to pass through the membrane.
In fact, commercial RO membranes often feature minor structural imperfec-
tions, such as microvoids, cracks, or pinholes, which can notably influence
salt rejection [10]. Furthermore, chemical attacks, excessive pressures, and
the deposition of foulants can worsen these existing defects. The concept
of incorporating defects into the solution-diffusion model is not new; it was
presented by Eriksson at FilmTec over three decades ago [10]. Similar ap-
proaches have also been intermittently applied to pressure assisted forward
osmosis [11], pressure retarded osmosis [12], and RO [13]. However, it has
never gained widespread attention.

It is important to note that extreme pressure fluctuations can potentially
cause leakage at the glue seams holding the RO element together. While
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Figure 1: Correlation between (a) TMP/J,, and [~ 1In(1 —Y)/Y]CPF/Jy, (b) TMP/J,
and Cp,, and (c) Cpo and Co[—In(1 —Y)/Y]|CPF/J,. The two straight lines are based
on cases “sst” and “ssr”, respectively.
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Figure 2: Under-predictions of permeate concentration by the solution-diffusion model.



this mechanism may help explain the increased water flux and reduced salt
rejection observed in case “ssr”, it does not appear to account for the under-
predictions of permeate salinity in case “sst”, where a new membrane element
was used [5].

2.2. Solution-diffusion-with-defects model

It is assumed that the defects are uniformly distributed over the entire
membrane area. The flow through the defective pores is proportional to the
TMP. Additionally, salt transport through the defects is fully convective and
is not subject to concentration polarization. The water and salt transport
equations are as follows:

Jo = Ly[(P = F,) = (mw — m)] + BLy[(Fr — )] (13)

and
Js = By(Cy—Cp) + BL,[(Pr — P)]C (14)

where [ (< 1) represents the membrane’s defect ratio, and C' is the salt
concentration in the bulk of the feed channel.

Following the approach outlined in the previous section, the average flux
and the concentration of the final permeate product can be calculated as:

Jo = L{TMP —m[In(1/(1—Y))/Y|CPF} + BL,TMP

o _ (BsCPF + BL,TMP)Cy[In(1/(1 -Y))/Y] (15)
po J—w

The parameters (L,, B, 8 and m) are determined by minimizing the
relative discrepancy between the measured and modeled flux and permeate
concentration. Mathematically, this is formulated as:

7 2 del 2
Jmodel Crgo
min J = Wi ] R
BB, Z( T T\ o

7

(16)
s.t.
Equation (15)

The results are L, = 1.06 lmh/bar, B; = 0.044 lmh, and 5 = 0.05% for
case “sst” and L, = 1.15 Imh/bar, B; = 0, and 8 = 0.49% for case “ssr”. In
either case, my = 25.1 bar. Notably, the hydraulic permeability coefficients
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and the feed osmotic pressure are almost identical to those shown in Figure
1(a). The defect ratio is so small that it has virtually no impact on water
permeation results, but it does affect salt passage. In this context, the clas-
sical solution-diffusion theory provides excellent results for water transport
in high-salt-rejection membranes, even when these “defects” are completely
ignored.

The B, for case “sst” appears to be close to the value for SW30 mem-
branes reported in literature [13]. However, for case “ssr”, it remains unclear
whether the deviation is due to convective transport through defects over-
shadowing diffusion or the limited number of data points (i.e., 12). Interest-
ingly, by setting a minimum value for the parameter B, in case “ssr”, results
can still be obtained that, although suboptimal, remain reasonably accurate.
A sensitivity analysis reveals that as Bj increases from 0 to 0.1 Imh, the
value of 3 that best fits the data decreases from 0.49% to 0.29%, while L,
and 7 remain nearly constant. The objective function J in Equation (16)
increases monotonically from 0.018 to 0.095, signifying a gradual decrease in
correlation. If § is constrained to zero, the model fails to establish a strong
correlation with salt concentration, underscoring the critical role of convec-
tive transport. Further investigation, supported by additional data points,
may be necessary to determine the optimal pairing of B, and . If By in
case “ssr” is assumed to be no less than the value for the new membrane,
the parameters are determined to be By = 0.044 lmh, 8 = 0.4%, L, = 1.15
Imh, and my = 25.1 bar.

Based on the complete experimental dataset, the pressure drop in the
feed channel (APy) is correlated as a function of the average flow rate in the
feed channel:

1.45
AP, = 0.0277 {Qf il Q;(l — Y)} (17)

where AP}, is measured in bar, and the feed rate (@) is in L/min. Using
the specified membrane parameters, along with the feed rate, feed pressure
(Pf), and feed osmotic pressure as inputs, the enhanced model and the pres-
sure drop equation are solved simultaneously to determine the recovery rate,
average water flux, and permeate concentration. The procedure for solving
the predictive model is as follows:

1. Given L,, By, 3, m, Q, Py and A,,.
2. Assume a recovery Y.



3. Calculate pressure drop (Equation (17)), TM P, and CPF (Equation
(6)).

4. Calculate J,, and Cpo from Equation (15).

Calculate recovery Y = J,A,,/Q;.

6. Compare the calculated recovery with the assumed recovery. If the
difference is within the specified threshold, report the results and exit.
Otherwise, proceed to step 2.

ot

The above procedure is implemented in MATLAB using the fsolve func-
tion. The modeling results and their corresponding measurements are shown
in Figure 3. The model with parameters derived from case “sst” provides
accurate predictions for cases “sst” as well as “sin” and “sss”. This serves to
cross-validate the model for the membrane before the occurrence of degra-
dation. The correlation results, with R? > 0.99 for both the recovery rate
and permeate quality across the entire dataset, demonstrate the excellent
performance of the enhanced model.
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Figure 3: Comparison between solution-diffusion-with-defects model and experiment for
(a) recovery (R? > 0.99) and (b) permeate concentration (R? > 0.99). The model is based
on L, = 1.06 Imh/bar, B, = 0.044 Imh and 8 = 0.05% for cases “sst”, “sin”, and “sss”
and L, = 1.15 Imh/bar, B; = 0.044 Imh and § = 0.4% for case “ssr”. my = 25.1 bar in
all cases.

If the convective salt transport through the leak is assumed to be influ-
enced by concentration polarization (or C' in Equation (14) is replaced by
Cy), the model yields results that are nearly identical to those shown in Fig-
ure 3, with only slight differences in By and § (For example, B; = 0.049 Imbh,
B = 0.04% for case “sst”).

It is important to note that the model presented in this study assumes
a constant CPF and negligible variation in water flux, which are reasonable
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simplifications for a single RO element. For a pressure vessel containing
multiple elements arranged in series, the system can be analyzed sequentially
by using the outlet conditions of one element as the inlet conditions for the
next [8].

3. Conclusions

This work introduces several data correlation methods for one RO ele-
ment. For the classical solution-diffusion model, plotting TM P/.J,, against
[~ In(1-Y)/Y]CPF/J, should result in a straight line, with the slope and
intercept corresponding to my and 1/L,, respectively. Similarly, plotting C,
versus Co[—In(1 — Y)/Y]|CPF/J, is expected to yield a straight line passing
through the origin, with the slope representing Bi,.

An analysis of 104 datasets from the literature revealed intrinsic discrep-
ancies that cannot be reconciled within the solution-diffusion model frame-
work. Introducing an additional salt transport mechanism provides a plau-
sible explanation for the under-predicted salt passage.

By incorporating a small membrane defect ratio into the solution-diffusion
model, the enhanced approach effectively correlates water recovery and per-
meate quality across all cases of interest, including both intact membranes
and those that have undergone degradation. This improved model relies on
just three parameters—membrane permeability, salt permeability, and mem-
brane defect ratio-making it straightforward to apply for RO modeling and
optimization. However, this does not imply that the model is applicable to
all cases of membrane degradation, as different types of degradation may
exhibit distinct characteristics.
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