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A B S T R A C T

In this research study, a direct contact membrane distillation (DCMD) system was used in the concentration of
raw brine from a full-scale reverse osmosis desalination plant for further zero-liquid discharge (ZLD) applica-
tions. Several operating conditions such as feed inlet temperature (Tf), feed (Qf) and permeate (Qp) flow rate, and
feed concentration (Cf) were tested to obtain the optimum permeate flux across the membrane, salt rejection and
specific thermal energy consumption (STEC). The highest flux of 16.7 LMH, salt rejection of 99.5% and STEC of
152 kWh/m3 were achieved at Tf, Qf, Qp, and Cf of 85 °C, 75 L/h, 48 L/h and 57,500 ppm, respectively.
Furthermore, this study was carried out for a long term operation of 77 h in which the membrane was found to
be prone to significant fouling thereby resulting in a flux decline across the membrane of 69%. To mitigate
fouling, novel membranes were prepared through the surface coating of commercial membranes with graphene
nanoplatelets (GNPs) at 0.08, 0.16 and 0.2 wt%. Over a 10 h operation, membranes coated with 0.08 and 0.16 wt
% GNP reduced membrane fouling by 59 and 78%, respectively.

1. Introduction

In recent years, membrane processes are being used in desalination
applications due to their competitive benefits over thermal distillation.
This includes advantages such as lower energy consumption and reduced
environmental impact. Reverse osmosis (RO) is one of such membrane
processes that have been established for the commercial use in saline
water desalination processes [1]. Currently, more RO desalination plants
exist worldwide than other plants that employ other desalination tech-
nologies where it is the fastest growing desalination technology in terms
of the number of installed plants [2]. However, one of the main problems
associated with RO desalination is the discharge of its highly saline by-
product known as RO brine or concentrate [3]. The salinity of brine re-
jected from seawater RO (SWRO) might be greater than that of seawater
by about 1.3 to 1.7 times. SWRO brine is a major threat to the environ-
ment because it contains pretreatment chemicals at elevated temperatures
[4], which can disrupt the ecological interactions among organisms in the
biosphere. Sodium hypochlorite (NaOCl), ferric chloride (FeCl3) and
sulfuric acid (H2SO4) are all examples of pretreatment chemicals that
might be present in SWRO brines [5,6]. Additionally, pretreatment che-
micals and high temperatures might alter the metabolism of aquatic life
and cause species mortality at long exposure times [7].

RO brine production continues to increase at an exponential rate
due to the spatial and temporal expansion of RO technology. As a result,
the need for cost-effective brine management solutions has become
essential to further concentrate brine through enhanced recovery of
pure water, using low-grade energy sources [8]. This concentrated
brine can be converted to a zero-liquid product through the recovery of
the solids in the concentrated brine. This principle is known as zero-
liquid discharge (ZLD) and is used to prevent the discharge hazardous
liquid brine into the environment [9]. This process allows for the fur-
ther recovery of water from brine while further separating concentrated
brine into solid and liquid phases [3,10]. The ZLD process is composed
of two stages, the first is used to reduce the volumetric load of brine
while the second involves the recovery of solids from the concentrated
brine via crystallization or evaporation. The results and findings re-
ported in recent studies on ZLD are shown in Table 1.

Brine concentration is a crucial ZLD stage due to its significant in-
fluence on the overall energy consumption of the process as well the
cost of brine management [3]. The SWRO brine concentration stage
serves as the pre-treatment stage and the optimum recovery of salt in
the succeeding stage. This stage is termed as the “life wire” of the SWRO
ZLD process. Brine concentration has been achieved in a number of
previous studies through the use of different methods such as multi-
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