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A B S T R A C T

Lack of suitable draw solutes is one of the major limiting factors hindering commercial realization of forward
osmosis (FO) desalination process. This study investigates the feasibility of ferric sulfate as draw solute in FO
desalination. A laboratory-scale, cross-flow FO apparatus utilizing commercial FO membrane (cellulose triace-
tate-based) was used to desalinate synthesized (5000 ppm NaCl) brackish water and (40,000 ppm NaCl) sea-
water using 280,000 ppm ferric sulfate draw solution at ambient conditions. The observed average water flux
was 3.75 and 1.61 L/m2 h in case of brackish and seawater, respectively. Using deionized water as feed solution,
reverse ferric sulfate flux of 1.88 g/m2 h was observed. Product water was recovered from the diluted draw
solution by precipitation reaction using barium hydroxide. Pure water samples with salt contents of 60 and
80 ppm were obtained by desalinating brackish and seawater feed, respectively.

1. Introduction

Forward osmosis (FO) is a natural osmotic process that involves
permeation of water molecules across a semipermeable membrane from
a feed solution of higher water chemical potential (lower osmotic
pressure) to a solution of lower water chemical potential (higher os-
motic pressure). Ideally, the semipermeable membrane allows only
water molecules to pass through while the salts are rejected by the
membrane and remain in the feed solution. Typical feed solutions for
FO desalination process include brackish and seawater. The solution of
lower water chemical potential is often termed as the draw solution,
osmotic agent, or osmotic media and is typically a highly concentrated
salt solution. After extraction of water molecules from the feed solution,
pure water has to be subsequently recovered from the draw solution.

Research investigations into FO have been mainly stimulated to
provide solutions to the increased need and challenges in the desali-
nation industry. These include augmenting the global supply of pure
water in a sustainable manner, decreasing the aggravated cost and
energy requirements, and providing alternative solutions to the current
energy-intensive conventional desalination processes such as thermal
and reverse osmosis (RO) desalination [1–7]. Compared to conven-
tional desalination technologies, FO is considered cost-effective and
energy efficient since it neither requires high hydraulic pressure nor
high thermal energy [8,9]. It also exhibits lower and reversible mem-
brane fouling [10–14], promotes higher salt rejection [15–20], and
minimizes brine discharge [17,21]. Despite its inherent advantages and
extensive industrial and academic research efforts involved,

commercial deployment of FO desalination has not been adequately
possible owing to some major limitations including unavailability of
suitable FO membranes, concentration polarization effects, and lack of
suitable draw solutes that are easy to regenerate and separate from
product water [8,17,21–23].

Development of draw solutes is one key area of research in FO de-
salination. The ideal draw solute for FO desalination must meet the
following criteria: (i) ability to generate high osmotic pressure, (ii)
highly soluble in water, (iii) chemically inert to the FO membrane, (iv)
non-toxic and safe to human health and environment, (v) ability to
minimize the concentration polarization effects and reverse draw solute
flux, and (vi) easily separable from product water [24–29]. Based on
these criteria, several novel draw solutes and product water recovery
methods have been proposed for FO applications. These research efforts
are presented in Table 1 along with a summary of product water re-
covery technique and the advantages and disadvantages for each draw
solute [30–77].

Generally, the draw solutes can be classified as volatile, organic-
based, inorganic-based, and nanoparticle-based draw solutes. Despite
extensive research on the applicability of different types of draw so-
lutes, FO desalination technology is still in its infancy owing to several
existing challenges related to energy efficiency, toxicity, produced
water flux and quality, and reverse salt flux of each type of draw solute
[28]. Volatile draw solutes [30–37] generally offer low osmotic pres-
sure and low regeneration [27]. In addition, heating is required in most
cases in order to recover product water which tends to decrease the
energy efficiency of the FO process. All these factors combined together
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