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a  b  s  t  r  a  c  t

Forward osmosis has motivated practical applications in seawater desalination and agri-

cultural irrigation due to its potential advantage of osmotic dilution. However, water flux

decline accompanies with continuous dilution of the DS, which will cause extra membrane

expenditure, until final osmotic equilibrium. Without the help of additional driving force, it

is  impossible to reduce driving force loss in OD. In this study, concentration-dependent

hydraulic pressure is exactly introduced as an auxiliary driving force. Investigations on

water flux decline behavior in OD showed that water fluxes at lower initial concentra-

tion difference, lower initial solution volume and AL-DS orientation suffered more severe

decline; furthermore, it implied that additional hydraulic pressure could alleviate adverse

effects of greater concentration difference variation generated by pressure-induced water

flux  increment on water flux. For given dilution of the DS, minimized change in bulk FS

concentration was conducive to ensure the effectiveness of constant hydraulic pressure on

reducing water flux decline. Validation experiments demonstrated that current model equa-

tions were more appropriate under lower hydraulic pressures, and stable water flux also

relied on concentration difference variation corresponding to applied hydraulic pressure.

Potential implications were highlighted in the context of technical progress of membrane

preparation and application potential of OD.

© 2016 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1.  Introduction

Compared to pressure-driven membrane processes (i.e., reverse osmo-

sis), forward osmosis (FO) has drawn a widespread attention due to

lower energy input (Klaysom et al., 2013; Lutchmiah et al., 2014; Shaffer

et al., 2015), less fouling propensity (Lee et al., 2010; Li et al., 2012; Coday

et al., 2014; Chuna et al., 2015), and simpler membrane cleaning (Chuna

et al., 2015; Mi and Elimelech, 2010). Consequently, the essential advan-

tages have recently motivated academic researches in some potential

applications including pre-treatment for RO desalination (Cath et al.,

2010; Blandin et al., 2015; Yangali-Quintanilla et al., 2011) and desali-

nation for irrigation purpose (Sahebi et al., 2015; Phuntsho et al., 2012;

Phuntsho et al., 2011). In these cases, FO played a role to dilute seawater

or fertilizer draw solution with wastewater effluent or brackish water

with purpose of osmotic dilution (OD), as a result, without regeneration

of draw solution (DS).

However, FO is in fact a concentration-based membrane separa-

tion process and thereby the water flux decline occurs along with

concentration difference variation between the feed solution (FS) and

DS. If the primary purpose is to dilute the DS in terms of direct use

or energy saving consumption for the post-treatment process, the

water permeation from the FS side to the DS side will result in con-

tinuous dilution of the DS and simultaneous concentration of the FS

until concentration-driven water flux becomes negligible (Phuntsho

et al., 2014). At this point, the final concentration of the DS produces

equivalent osmotic pressure with that of the FS. Although the final

concentration of the DS is attained as expected, the water flux decline

tendency is inevitable during the whole process because of one intrinsic

limitation of FO—positive correlation between water flux and concen-

tration difference. In addition, lower water flux in the final stage of OD

is incline to cause extra expenditure of FO membranes with the aim of

given concentration of diluted DS. Therefore, the driving force decline

(i.e., concentration difference variation) and osmotic equilibrium limi-

tation determine the dilution efficiency for the DS in FO.

Recent studies have indicated that additional hydraulic pressure

exerting onto the FS side can act as an auxiliary driving force to

enhance water flux (Coday et al., 2013; Lutchmiah et al., 2015; Oh

et al., 2014; Shibuya et al., 2015; Blandin et al., 2013; Duan et al., 2014a)

and final dilution of the DS beyond osmotic equilibrium (Sahebi et al.,

2015). Besides, hydraulic pressure is required in industrial FO applica-

tions to overcome hydraulic resistance in both flow channels of the

FS and DS (Cath et al., 2006; Kim and Park, 2011). Combining with

both aspects, pressure-assisted forward osmosis termed as PAFO is an

indispensable process in practical application of FO. Nowadays, most

of related studies preferred continuous and constant hydraulic pres-

sure, and ignored investigations of hydraulic pressure on water flux

decline. Some researchers had made use of pulsation techniques to

realize discontinuous hydraulic pressure control with the purpose of

lower energy input, instead of stable water flux (Lutchmiah et al., 2015).

Furthermore, discontinuous hydraulic pressure had adverse impact on

process performance, owing to that the pressure release resulted in a

more significant increase of reverse solute flux compared to water flux.

For factor-dependent hydraulic pressure specific to concentration dif-

ference variation, it is very likely to pointedly compensate driving force

loss and thus maintain stable water flux in OD. However, to the best of

our knowledge related studies have been rarely involved until now.

The objective of this work is exactly to introduce and validate

concentration-dependent hydraulic pressure to compensate driving

force loss resulting from concentration difference variation in OD. We

first investigated the water flux decline behavior under different oper-

ation conditions (i.e., initial solution volume, membrane orientation,

and initial concentration difference). Next, we compared effects of con-

stant hydraulic pressure on reducing water flux decline under different

concentration controls (such as constant and variational bulk FS con-

centrations). Through modeling concentration-dependent hydraulic

pressure, we validated its positive effects on maintaining stable water

flux. Based on experimental results and theoretical analyses, we gained

some insights into potential implications of concentration-dependent

hydraulic pressure in OD.

Table 1 – Transport parameters for applied TFC FO
membrane.

Label Model A (L/m2 h bar) B (L/m2 h) K (m2 h/L)

TFC SD 6.90 3.00 0.14

2.  Materials  and  methods

2.1.  Feed  and  draw  solutions

Feed solution: ultrapure water with a resistivity of 18.2 M� cm,
provided by a Millipore water purification system (Milli-Q, Aca-
demic, Millipore Corporation, Billerica, MA).

Draw solution: 0.5 M or 1.0 M sodium chloride (NaCl), repre-
senting osmosis pressure comparable to that of the seawater
or seawater RO brine.

2.2.  FO  membrane  and  transport  parameters

A newly commercial flat-sheet forward osmosis membrane
dissembled from a 4040 membrane element (Toray Chemi-
cal Korea Company Limited, Jung-gu, Seoul, South Korea) was
used in our current work. The FO membrane is a thin-film
composite (TFC) membrane, which consists of three layers:
the dense polyamide active layer, the porous support layer,
and the ultrathin support backing.

Membrane pure water permeability (A), salt permeability
(B), and solute resistance to diffusion within the porous sup-
port (K) in solution-diffusion (SD) model were determined
using three tests including (1) pure water permeability tests,
(2) low pressure PRO/RO tests, and (3) FO tests. Detailed meth-
ods can be found in several references (Duan et al., 2014a;
Hancok et al., 2011; McCucheon and Elimelech, 2007). For ref-
erence, transport parameters determined by SD model were
listed in Table 1.

2.3.  Modeling  of  concentration-dependent  hydraulic
pressure

According to SD model, water fluxes together with concen-
tration polarization (CP) and reverse solute flux (RSF) can be
expressed as shown below (Duan et al., 2014b):
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In these equations,CF,b and CD,b are solute concentrations
in bulk feed and draw solutions, � is the mass transfer coef-
ficient (� = 2.7 × 10−5m/s, detailed calculation method can be
found in Ref. (She et al., 2013)), i is the dimensionless van’t
Hoff factor, R is the universal gas constant, and T is the abso-
lute temperature, respectively. K is the solute resistance to
diffusion within the membrane support layer defined by:

K = tS�

Dsε
(3)
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