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Abstract

Solution concentration processes such as evaporation, freeze concentration, and reverse 0osmosis
are commonly used in food processing and environmental applications. However, these processes
are frequently examined to lower energy costs and improve concentration ratios. This study
performed concentration tests and theoretical calculations for osmotically assisted reverse osmosis
(OARO) using a pilot scale hollow fiber membrane module. In the concentration test using NaCl
solution, water flux and concentration ratio were measured with changing flow rate, concentration,
and applied pressure. Water permeation and solution concentration were achieved, even using
concentrated salt solutions (0.5 and 1.0 M), with applied pressure of 8—12 bar, which was lower
than the osmotic pressure (25 bar for 0.5 M NaCl; 50 bar for 1.0 M NaCl). The calculation results
were in good agreement with the experimental results and the validity of the calculation model
was confirmed. Analysis revealed that the concentration gradient and concentration polarization
in the module changed with operating conditions and these factors affected the water flux and the

concentration ratio.



1. Introduction

Concentration technology is currently used in food preparation and environmental applications.'
For example, concentration technology is important in fruit juice processing to control product
quality and transport costs.”> The commonly used concentration technologies are evaporation,
freeze concentration, and reverse osmosis (RO). Evaporation and freeze concentration can achieve
high concentration, but can incur high energy and equipment costs. However, RO has the
advantage of lower energy requirements when compared with the two abovementioned methods
because RO does not need phase changes.* In addition, thermal damage to the solute is not a
cause for concern because RO is performed at low temperature.>® However, RO has a low
concentration ratio’ when compared with the evaporation method. According to a report on the
concentration of fruit juice, RO can condense up to about only half of that achieved by the
evaporation method.® The hydraulic pressure must be able to overcome the osmotic pressure of
the solution in the RO process. In the case of solution with high osmotic pressure, the operating
pressure becomes quite high. However, when the pressure resistance of the polymer membrane is
not high enough, the applied pressure should be limited, and this compromises concentration by
the RO method. For these reasons, alternative way that can achieve high concentration with low

energy consumption is required.

Very recently, osmotically assisted reverse osmosis (OARO) was proposed as a new
concentration technique.’'> The OARO process, which is schematically illustrated in Fig. 1, is
also known as draw solution-assisted reverse osmosis (DSARO),’ osmotically enhanced
dewatering-reverse osmosis (OED-RO),'! or cascading osmotically mediated reverse osmosis
(COMRO)." In this process, it is important to supply solutions of equal concentration on each side

of the semipermeable membrane. There is no osmotic pressure difference between the solutions



separated by the membrane, but water permeates according to the applied pressure from one side
to the other and concentration is promoted regardless of the concentration of the feed solution.
Therefore, the OARO process not only allows concentration of high-osmotic-pressure solution that
cannot be used in conventional RO, but also reduces energy costs and inhibits membrane damage
induced by applied pressure. Furthermore, there is no need for high-pressure-resistant material for
pipes and modules, and reductions in equipment costs can be expected. OARO has the advantages
of high water recovery and low reverse solute diffusion.’ !* Thus, to put OARO into practical use,
it is necessary to investigate the scale-up process and assess its feasibility. There are several pilot
scale membrane module types that can operate with different membrane structures and filling
methods. These modules have been studied in other membrane processes such as RO, pressure
retarded osmosis (PRO), and forward osmosis (FO).'*2° However, testing of the OARO process

using pilot scale membrane modules has not been investigated to date.
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Figure 1 Schematic diagram of the OARO process and concentration polarization, (a) without

applied pressure, and (b) initial operating stage (left) and concentrated stage (right).



In this research, we conducted fundamental studies of OARO using a cellulose triacetate
(CTA) 5-inch hollow fiber membrane module, which is widely used in Middle Eastern seawater
desalination plants.?! These tests investigated the influences of operating conditions such as flow
rate, concentration of feed solution, and applied pressure on concentration ratio and water flux.
Furthermore, we analyzed the concentration gradient and concentration polarization in the module

using a theoretical calculation model based on the module structure.

2. Theory
2.1. Permeability model in OARO

Figure 1 shows a schematic diagram of the OARO process. Solutions of the same concentration
are supplied to both sides of the semipermeable membrane (Fig. 1 (a)). Initially, there is no osmotic
pressure difference between the solutions. Therefore, water permeates when pressure is applied on
one side regardless of the feed solution concentration (Fig. 1 (b)). Both external and internal

22224 wwere considered for

concentration polarizations, which are important for water permeation,
the water and solute permeation model. In this work, the CTA membrane contained of an active
layer (AL) with separation function and a support layer (SL). At the interface of the active layer,
water permeates across and salt is rejected. Then, a solute concentration increase called external
concentration polarization (ECP) occurs at the active layer surface. However, the solution is
diluted by the permeation of water in the support layer. Then the concentration reduction called

internal concentration polarization (ICP) occurs. When the osmotic pressure differences caused by

ECP and ICP are defined as Amgcp [bar] and Amycp [bar], respectively, and the bulk osmotic



pressure difference caused by concentration and dilution is defined as Amy, [bar], the water flux

(Jw [L-m 2-h7']) is expressed by the following equation:

Jw = A(AP — Amegr)
(1)

= A{AP — (Amgep + Amicp + Amtpund)},
where A [L-m 2-h™!-bar™!] and AP [bar] are the water permeability coefficient and the hydraulic
pressure difference, respectively. Furthermore, Equation (1) is transformed into the following

equation using the relationship of material balance:!?
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where k [L-m2-h"!] is the mass transfer coefficient in the boundary layer at the active layer surface,
Tcp [bar] and mpy, [bar] are the bulk osmotic pressures of concentrated and diluted sides,
respectively, S [m] is a structure parameter, D [m*>-h™!] is the solute diffusion coefficient, and B
[L-m2-h™'] is the solute permeability coefficient. In addition, the solute flux (Jg [mol'm2-h"']) is

given by:
Js = (8P — 22, 3)

where 8 is the van’t Hoff coefficient, R [bar-L-mol'-K™'] is the gas constant, and T [K] is

temperature.

2.2. Water flux and concentration change



Figure 2 shows schematic diagrams of the hollow fiber membrane module used in this study,
including the feed flow of the shell side (outside the hollow fiber membrane) and the bore side
(inside the hollow fiber membrane) solution in the module. At the center of the module, there is a
perforated dispersion pipe, from which the shell side solution is supplied in the radial direction.
The hollow fiber membranes are arranged in a cross-wound configuration around the dispersion
pipe and the bore side solution is supplied in the axial direction. Because the volume of the pilot
scale module is large, the conditions such as concentration, pressure, and flow rate change at each
point inside the module. Therefore, as shown in Fig. 3 (a), we divided the module zone into radial
and axial directions, and conducted stepwise segmental calculations.?’ The division number was
100 in the radial direction (r) and 100 in the axial direction (z), such that the total division number
was 10,000. For a certain section (n, m), the flow rate (Q) and the solute concentration (C) on the
shell side and bore side are given by the following equations from the relation of material balance

as shown in Fig. 3 (b).

QShell(n,m+1) = QShell(n,m) _]w(n,m)Am(n,m): 4)

QBore(n+1,m) = QBore(n,m) +]w(n,m)Am(n,m)a (5)

__ Csnell(n,m)@shell(n,m)~Js(n,m)Amnm)

CShell(n,‘m+1) - Qshell(n,m+1) ’ (6)

_ CBore(n,m) QBore(n,m) +]S(n,m)Am(n,m)

CBore(n,m+1) - > (7)

QBore(n+1,m)

where Qgpe [L/min] and Qgqre [L/min] are the flow rates of shell side and bore side, respectively,

AQ [L/min] is the permeated water volume, Cgey [mol-L™!] and Cgope [mol-L7!] are the



concentrations of the shell side and bore side, respectively, and A4, [m?] is the membrane area.

The water flux was calculated by the following equation:

— QBore,Out_QBore,In
]W - s

Am

(8)

where Qpore,out [L/min] and Qgore n [L/min] are the flow rates of the bore side outlet and inlet,

respectively.
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Figure 2 Schematic diagram of hollow fiber membrane module.
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Figure 3 (a) Division calculation method and (b) mass balance in small section.
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The influence of the division number in the radial direction and the axial direction on the

calculation results of water flux is summarized in Fig. 4. The condition in the calculation is shown

in the figure caption. The standard deviations when comparing Jy which is calculated from the

division number (r = 100 and z= 100) with those from the division numbers (r = 500 and z= 100)

or (r =100 and z= 500) were 5.4 X 10 and 1.2 X 1073, respectively. There was little difference in

the results of water flux calculated by dividing both radial and axial directions into more than 100

segments. Thus, it was confirmed that a division number of 100 in both radial and axial directions

was sufficient.
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Figure 4 Effect of division number on water flux (Qspep =4 L/min, AP = 12 bar, C;, = 1.0 M).

2.3. Pressure drop
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The pressure drop in a pilot scale membrane module is an important parameter because it greatly
affects the water flux. In particular, the inner diameter of the hollow fiber membrane was very
small (85 pm) and the number of membranes installed in the vessel was large (216,720). Therefore,
it was necessary to accurately assess the pressure drop across the module. The pressure drop in the
5-inch hollow fiber membrane module used in this study has been reported previously.'*2° For a
certain section (n, m), given that the inside of the hollow fiber membrane has laminar flow, the
pressure drop of the bore side (inside of hollow fiber membrane) can be expressed by the following

equation using the Hagen-Poiseuille equation:

_ 128XuXQbore(n,m) 1\
APdrop,Bore(Tl,m) - TXFN(m,m) % (dmem) az v

where u [bar'min] is viscosity, and Fy(n, m) and d e, [m] are the number and inner diameter of
hollow fibers, respectively. However, the pressure drop of the shell side (outside of hollow fiber
membrane) is expressed by the following equation using Ergun’s equation to cover laminar flow

to turbulent flow:

2
ISOXUZX”XuShell(n,m) 1'75X0xpxushell(n,m)} d'r (10)
)

APdrop,Shell(n,Trl) - { (1-0)3%(1.5Dmem)? (1-0)3X1.5Dmem

where o is the packing density, ughe [m'min~'] is the linear velocity, Dyem, [m] is the outer

diameter of the hollow fiber, and p [kg-m™] is the solution density.

2.4. Module efficiency (7)

Here, an ideal separation without concentration polarization, pressure drop, and solute permeation

through the membrane is considered. When the initial concentration is C, [mol/L], the volumes of

11



the concentrated side and the diluted side are V [L] and Vp [L], respectively, the amounts of

substances N¢ [mol] and Np [mol] are expressed by the following equations:

Nc = Cy - Ve, (11)

ND = CO - VD' (12)

Here, subscripts (C) and (D) denote the concentrated and diluted sides, respectively. When the
pressure (AP) is applied and water of AV [L] permeates, the concentrations of the concentrated

side and diluted side (C¢ [mol/L] and Cp [mol/L]) are expressed by the following equations:

CO'VC

CC = m, (13)
_ Co'Vp
D™ yptar (14)

According to the van’t Hoff equation, the osmotic pressure of the concentrated side and the diluted
side (m¢ [bar] and mp [bar]) and the osmotic pressure difference (Am [bar]) are defined by the

following equations:

nc = BCcRT, (15)
mp = BCpRT, (16)
Amt = e — mp. (17)

In the OARO process, water permeates until the osmotic pressure difference (Am) becomes equal
to the applied pressure (AP). Thus, the maximum permeated water amount, Vi4e4 [L] can be
calculated from initial concentration condition by considering the ideal separation without

concentration polarization, pressure drop, and solute permeation through the membrane. By

12



using Vigear [L] and the permeated water amount measured in the experiment,Vey,, [L], the module

efficiency (1 [%]) is defined by the following equation:

= Jexp- . 100, (18)

Videal

3. Experimental
3.1. Materials and methods

For the concentration experiment using the OARO process, sodium chloride (NaCl) solution was
used as a model solution. NaCl was analytical grade (purity > 99.5%) and was obtained from Wako
Pure Chemical Industries (Osaka, Japan). The initial concentration of the solution was adjusted to

0.5 M or 1.0 M using tap water that had been purified with an activated carbon filter.

3.2. Hollow fiber membrane module

A 5-inch hollow fiber membrane module was provided by Toyobo (Osaka, Japan). The module
was 58 cm long, had an inner diameter of 12 cm, and contained 216,720 hollow fiber membranes.
This configuration gave a packing density of 54.2% and a membrane area of 76.8 m2. The hollow
fiber membranes were made from CTA, and had inner and outer diameters of 85 um and 175 pum,
respectively. The active layer with separation function faced the shell side, and the intrinsic
membrane parameters such as water permeability coefficient (4), solute permeability coefficient
(B), and structure parameter (S) were 0.27 L-m >-h!-bar!, 0.035 L-m>-h™!, and 1000 pm,

respectively.!® The hollow fiber membranes are cross-wound on a dispersion pipe.?'"?
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3.3. Pressure drop test

Pressure drop tests were carried out using the equipment shown in Fig. 5. Purified tap water was
prepared in the shell side tank and the bore side tank. The shell side solution was supplied using a
feed pump (MD-55FY, Iwaki, Japan) and a high-pressure pump (APP1.0, Danfoss, Japan), while
the bore side solution was supplied using a low-pressure pump (CRN1-13, Grundfos, Japan). The
feed solution temperature was controlled at 25 + 1 °C with chiller units (RKE2200B1, Orion,
Japan). Pressure drop tests were conducted with low flow rate (4.5 L/min) and high flow rate (8.0
L/min) at the shell side. The active layer of the membrane faced the shell side while the support
layer faced the bore side. Because water should permeate from the shell side to the bore side, it
was necessary to set the flow rate in such a way that the pressure on the shell side was always
higher than the pressure on the bore side. Therefore, the bore side flow rate was changed from 3.0
to 4.5 L/min when the shell side flow rate was low (Qgpen; = 4.5 L/min), and was changed from
3.0 to 8.0 L/min when the shell side flow rate was high (Qgpe;; = 8.0 L/min). The shell side and
bore side pressures, flow rate, and temperature were recorded with a data logger (GL820-UM-801,

Graphtec, Japan) connected to a computer.

Membrane
module

Diluted solution

Concentrated solution

@ : High pressure pump © : Pressure gauge
@ : Low pressure pump []: Flow meter
@ : Feeding pump pd : Valve
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Figure 5 Schematic diagram of evaluation system.

3.4. Concentration test with OARO

Concentration tests using the OARO process were carried out using the equipment shown in Fig.
5. The initial concentrations of both the concentrated and diluted solutions were the same (0.5 M
or 1.0 M). NaCl solution with the same concentration was prepared in the shell and bore side tanks,
and electrical conductivity measurements (ES-71, Horiba, Japan) confirmed that the concentration
remained constant. The active layer faced the shell side and water permeated from outside to inside
the hollow fiber membranes by pressurizing the shell side. As a result, the shell side solution
became concentrated and the bore side solution was diluted. The concentration of the shell side
solution discharged from the module was measured with an electrical conductivity meter. The
concentrated and diluted solutions were sent to a drain tank and returned to the shell side and bore
side tanks using a circulation pump. The bore side flow rate was fixed at 3.5 L/min and the shell
side flow rate was adjusted from 4.2 to 10.0 L/min. The pressure difference across the membrane

was changed from 8 to 12 bar. The water flux was calculated by using Equation (8).

4. Results and discussion

4.1. Pure water flux and pressure drop

The pilot scale hollow fiber membrane module included a large number of hollow fibers with long
effective length. Therefore, it was necessary to consider the pressure drops in the membrane

module, which were affected by experimental conditions such as applied pressure and flow rates

15



in both the shell and bore sides. The effects of various operating conditions on the pressure drops
in the membrane module were investigated using purified tap water. Figure 6 shows the effects of
the shell side applied pressure on water flux (a, b) and the bore side pressure drop (c, d) when the
bore side flow rate (Qgore) Was changed from 3.0 to 8.0 L/min with the shell side flow rate (Qspen)
set at 4.5 or 8.0 L/min. Generally, water flux increased with increased shell side applied pressure.
Water flux decreased with increased bore side flow rate, Qpqre, €specially as shown in Fig. 6 (b).
Figure 6 (c) and (d) show that the higher bore side flow rate led to a higher pressure drop

(APgrop,Bore)- The bore side pressure at the module outlet was atmospheric pressure because the

bore solution was exposed to the atmosphere, as shown in Fig. 5. Thus, the inlet bore side pressure
increased with increased flow rate. This effect reduced the hydraulic pressure difference (= shell
side pressure — bore side pressure) and therefore decreased the water flux. Thus, it was found that
the bore side flow rate should be set as low as possible to reduce the pressure drop and to enhance

the water flux.

As shown in Fig. 6 (¢) and (d), the bore side pressure drop increased with increased shell side
applied pressure. The higher applied pressure brought about higher water flux and higher bore side

flow rate, which caused the pressure drop to increase.

The theoretical calculation results for the pure water flux and the bore side pressure drop are
shown in Fig. 6 as solid lines. The calculated results were in good agreement with the experimental

data under various operation conditions.
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Figure 6 Effects of shell side pressure on water flux (a, b) and bore inlet pressure (¢, d) when the
bore side flow rate (Qgore) Was changed: (a), (¢) Qspen =4.5 L/min and (b), (d) Qspenp = 8.0 L/min.

The purified tap water is used in this experiment.

4.2. Concentration test utilizing OARO process
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Concentration tests were performed utilizing the OARO process with a bore side flow rate of 3.5
L/min. Figure 7 shows the changes of concentration for the concentrated side (a, b) and water flux
(c, d) when the shell side flow rate (Qspe);) Was changed from 4.5 to 10.0 L/min and the applied
pressure was changed from 8 to 12 bar (initial concentration of solution (Cy) = 0.5 or 1.0 M). The
increase of concentration on the concentrated side was confirmed in this OARO process at any
applied pressure and flow rate. These results demonstrate that use of the OARO process with low
applied pressure allowed concentration of solution with high osmotic pressure up to 50 bar (1.0
M). The higher relative degree of concentration (concentration divided by initial concentration)
was achieved in the case of lower initial solution concentration. In addition, the water flux was
found to increase by increasing the shell side flow rate as shown in Fig.7 (c¢) and (d). These results

are discussed in sections 4.3 and 4.4.

The theoretical calculation results for the change of concentration and water flux are shown
in Fig. 7 as solid lines and are in good agreement with the experimental data under various

operating conditions.
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Figure 7 Results of concentration test utilizing OARO. Change of concentration of concentrated

side (a, b) and water flux (c, d) against shell side flow rate. The initial concentration (Cy) was 0.5

M (a, ¢), and 1.0 M (b, d).

4.3. Effect of shell side flow rate on water flux
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A difference in the concentration distribution is expected between the shell side and bore side
because concentration occurs at the shell side and dilution occurs at the bore side toward the exit
of the module. The difference of the concentration distribution may affect the water flux even
though solution of the same concentration was supplied to both sides. To confirm the effect of the
shell side flow rate on the water flux, the osmotic pressure distribution inside the module was
calculated for different shell side flow rates (Qgpe = 4.5 and 10.0 L/min), as shown in Fig. 8. The
change in the osmotic pressure difference (Amp, ) between the concentrated solution and the
diluted solution in the module is shown using different colors. The applied pressure was 12 bar
and the initial concentration was 0.5 M. The yellow and orange colored regions for high flow rate
(Qspen = 10.0 L/min) were narrower than those for low flow rate (Qgpe = 4.5 L/min), which
indicates that the osmotic pressure difference for high flow rate was not high. This is because the
residence time of the shell side solution in the module became shorter and the amount of the
transported water was lower. This would explain why the water flux increased and the

concentration on the concentrated side decreased by increasing the shell side flow rate (Fig.7 (c)

and (d) and Fig. 7 (a) and (b)).
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Figure 8 Osmotic pressure difference in module: (a) Qgpep = 4.5 L/min and (b) Qspep = 10.0

L/min. Applied pressure, 12 bar; initial concentration, 0.5 M.

4.4. Effect of initial concentration of feed solution on up-concentration

As mentioned in section 2.1., ICP occurs in the support layer, leading to the decrease in the
water flux. To confirm the effect of the initial concentration on the solution up-concentration, At
caused by ICP and apparent water permeability were calculated from Equation 2 in the case of
without considering module dimension and are shown in Fig. 9. The applied pressure was 12 bar.
The calculation was performed for the condition without bulk osmotic pressure difference (A k)
by equalizing the solution concentration between the shell side and the bore side. It was clear that
Amt caused by ICP increased and that apparent water permeability decreased with increasing
concentration of the initial solution. At the beginning of this OARO process shown in Fig. 1 (a),

the initial flux was the same regardless of the initial solution concentration because there was no
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difference in the osmotic pressures between the shell and bore sides. Because of the same water
flux, the initial dilution ratio in the support layer shown in Fig. 1 (b) was the same regardless of
the solution concentration. Even in the case of the same dilution ratio, the absolute concentration
decrease was higher in the case of the higher the initial solution concentration, although the relative
concentration decrease was the same. Thus, Am caused by ICP became higher with increased initial

solution concentration, which led to decreased water flux.
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Figure 9 Relationship between concentration of feed solution and Am caused by ICP and

apparent water permeability.

4.5. Evaluation of module efficiency (1)

Figure 10 shows the effects of the shell side flow rate on the module efficiency for initial feed

solution concentrations of 0.5 and 1.0 M. There was a maximum value for module efficiency for
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the shell side flow rate. In the low flow rate region, an increase in flow rate brought about a
decrease in ECP. Therefore, module efficiency increased with increased flow rate. However,
further increases in flow rate caused shorter residence time of the solution and decreased the
amount of transported water as described in section 4.3. This raised the water permeation with low
concentration on the concentrated side and high water flux, which led to lower module efficiency.
Thus, it was apparent that an optimal flow rate existed for operation of the pilot scale hollow fiber
membrane module. As mentioned in Section 2.4, this module efficiency is calculated from the
volume change based on an ideal separation without concentration polarization, pressure drop, and
solute permeation. On the other hand, a model which account for an effect of thermodynamics of
electrolyte solution on salt transport has been recently proposed?®?’ It was reported that
concentration polarization and thermodynamic non-ideality influenced salt transport coefficient in
RO membrane.?’ Further investigation utilizing above model would be helpful to evaluate OARO

process from the viewpoint of thermodynamic efficiency.
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Figure 10 Results of module efficiency: (a) 0.5 M and (b) 1.0 M.

23



5. Conclusions

In this research, we performed concentration tests and theoretical calculations for the OARO
process using a 5-inch CTA hollow fiber membrane module. Water permeation and solution
concentration were achieved with applied pressure at 8—12 bar, even in the case of NaCl solution
with high osmotic pressure (1t = 50 bar). The water flux was observed to increase with increasing
shell side flow rate. In addition, the effect of ICP decreased in the case of lower initial feed solution
concentration, leading to the higher up-concentration. The evaluation of module efficiency found
that a maximum value could be obtained and optimal operation conditions existed for the shell
side flow rate. Furthermore, the calculation model for OARO performance was presented, and

calculated results were in good agreement with the experimental results.

For realization of the OARO process, a high degree of concentration with appropriate
separation membranes with less affected ICP are desirable to improve the concentration ratio and
water flux. A multistage OARO process is another option to enhance concentration, and further

work in this area is now in progress.
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Figure captions
Figure 1 Schematic diagram of the OARO process and concentration polarization, (a) without

applied pressure, and (b) initial operating stage (left) and concentrated stage (right).

Figure 2 Schematic diagram of hollow fiber membrane module

Figure 3 (a) Division calculation method and (b) mass balance in small section

Figure 4 Effect of division number on water flux (Qgpe =4 L/min, AP =12 bar, Cy = 1.0 M)

Figure 5 Schematic diagram of evaluation system

Figure 6 Effects of shell side pressure on water flux (a, b) and bore inlet pressure (c, d) when the
bore side flow rate (Qg,re) Was changed: (a), (¢) Qgpen = 4.5 L/min and (b), (d) Qspenp = 8.0 L/min.

The purified tap water is used in this experiment.

Figure 7 Results of concentration test utilizing OARO. Change of concentration of concentrated
side (a, b) and water flux (c, d) against shell side flow rate. The initial concentration (C,) was 0.5

M (a, ¢), and 1.0 M (b, d)

Figure 8 Osmotic pressure difference in module: (a) Qspen = 4.5 L/min and (b) Qspep = 10.0

L/min. Applied pressure, 12 bar; initial concentration, 0.5 M

Figure 9 Relationship between concentration of feed solution and A caused by ICP and apparent

water permeability

Figure 10 Results of module efficiency: (a) 0.5 M and (b) 1.0 M
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