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Abstract

The aim of this study is to investigate the performance of specific organic osmotic agents, namely, Sucrose draw
solution and Glucose draw solution against deionized water in a Forward Osmosis (FO) process using NF flat sheet
membrane. The key parameters affecting the FO process studied were: temperature, flow rates of osmotic agent
and feed water, and concentration of osmotic agent. The experimental results showed that increasing the
concentration of osmotic agents yield lower water flux, recovery percentage and permeability, along with an
apparent increase in the specific energy consumption. Although the findings indicated superior performance of
Glucose over Sucrose as a better osmotic agent, it has to be emphasized that both organics were ineffective draw
solutions against deionized water for the Nano-filtration (TFC-SR2) membrane used in this study and the given
operating parameters.
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i Introduction
energy consumption; NF membrane

Desalination technologies such as Reverse Osmosis (RO), thermal

Abbreviations: Multi-Stage-Filtration (MSF) and Multi Effect Distillation (MED) play
a primary role in meeting the global fresh water demand.
Greek symbols Unfortunately, these technologies are energy intensive, thus leading to
high water production cost [1]. In recent years, FO has emerged as one
Am Osmotic pressure gradient of the low-cost alternative technologies in the water-treatment

industry. As such, FO potentially can be used as an alternative for both

n Viscosity " . . . .
traditional desalination and brine treatment technologies due to its

Subscripts lower energy requirements. Some researchers suggested that low

energy consumption and suitable seawater desalination technologies

FO Forward osmosis need to be developed [2-9].
IcP Internal concentration polarization In FO process, net water movement occurs through a semi-
ECP External concentration polarization permeable membrane from a low-concentration solution (feed) to a

higher-concentration solution (DS) under the osmotic pressure
FS Feed solution gradient across the membrane [10]. Because of the higher osmotic

pressure of the DS, water permeates from the feed stream across the

bs Draw solution membrane without the addition of external energy, thus making FO a
AL Active layer relatively low-energy process. FO has been successfully used for the

production of potable water by desalination (<200 mg/l) [4] and by
SL Support layer treating wastewater [11,12]. FO has also been used to treat industrial
oc Degree Celsius wastewaters to concentrate landfill leachate by increasing water flux

[13-16]. FO is also used to treat liquid foods in the food industry to

mg/l Milligram per litre increase concentration of sugar contents in smaller rather than bigger

industries [17-25].

NaCl Sodium chloride
RO and other conventional water-treatment processes require more
Sbs sucrose draw solution pressure than the FO process [26], while the removal of different types
GDS glucose draw solution of contaminants is possible with lower membrane fouling [27,28]. The
FO process requires an extra step to separate the water from the DS
NF Nano Filteration [29]. Although FO has many potential applications in osmotic
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pressure-based separation, the quest to find the ideal DS remains a
challenge. The desired properties of ideal DS/osmotic agents are (i)
significantly higher osmotic pressure than the feed solution [30-32],
(ii) easy separation from water [27,32], (iii) easy regeneration and
reuse [27,33], (iv) non-toxic and membrane compatible and (v) solutes
of high liquid diffusivity and low permeability across the membrane to
minimize losses and fouling [27,28,34,35]. Another limiting factor of
an FO process is the decline in the permeate flux due to concentration
polarization. Previous studies on various FO processes indicated that
measured fluxes were significantly lower than the theoretical values.
The lower-than-expected flux is mainly due to internal and external
concentration polarizations (ICP and ECP, respectively) during the
mass transport process, which significantly reduce the available
osmotic driving force [36]. Preparation of a suitable membrane that
reduces the effect of concentration polarization, fouling and reverse-
solute diffusion is also a challenge in FO processes.

Recent studies proposed several guidelines in selecting the optimal
DS [27,37]. Three main criteria for optimal DS are (i) high osmotic
pressure, (ii) ease of recovery with minimum cost and (iii) minimized
ICP effect [10,27,32,37]. Nevertheless, the interrelation between these
factors does not always make the choice of the solution easy. For
example, Kerr and Reid, [38] and, Zhao and Zou [39] demonstrated
that the DS’s viscosity, diffusion coefficient, and ion/molecule size have
a significant impact on ICP.

Past studies have also focused on the analyses of various DSs.
Simple NaCl solution was quite popular among the researchers mainly
due to being highly soluble, non-toxic at low concentrations and easy
to re-concentrate [27,40-42]. Volatile gas DSs were used for the ability
to separate or recover the DS, while sugars were preferred for the
ability of their solutes to become easily re-concentrated at lower
pressure levels.

A relatively novel approach to draw solutes was proposed by
McCutcheon [31], who combined water-soluble NH; with CO,
containing NH;HCO;. It was shown that the mixture is capable of
providing higher water fluxes and only moderate heat (approximately
60°C) is required to recover the solute. The issue with this method,
however, is the strong ammonia odour retained in the purified water
[43]. Some other natural chemicals and even inorganics have been
tested as the draw solutes [27]. However, according to Zhao [44], there
is hardly a naturally existing chemical that can become a perfect draw
solute.

The primary objective of this study was to investigate the
performance of organic osmotic agents such as Sucrose and Glucose
using an NF membrane to regenerate them. Special attention was given
to the use of NF flat sheet membrane in the FO process. The effects of a
wide range of operating parameters (such as the solutes’ concentration,
DS and feed water flow rates, DS and feed water temperatures) on the
performance of the FO process were also considered.

Methodology

Materials

Sucrose powder (from Tate & Lyle) and Glucose (from Sigma-
Aldrich) were used in this study. DSs at desired concentrations were
then prepared by dissolving the organic powders in deionized water.

Membrane testing apparatus

Figure 1 shows a schematic diagram of the membrane cell
containing a flat sheet NF membrane. The membrane cell unit
consisted of a two-compartment FO flat sheet cell fabricated using
Perspex, as shown in Figure 2. 10 L polyethylene tanks, equipped with
an immersion heater, were used to store osmotic agents and feed water.
Digital balances were used to compute fluid fluxes where weight
differences of each polyethylene tanks were recorded during the course
of test runs. Two small centrifugal pumps (capacity: 0-10 1/min) were
used to pump the solutions into the FO cell. Inlet streams of the FO
cells were monitored using a pressure gauge and Rotameter. Only PVC
pipes, fittings and valves were used in these studies. A magnetic stirrer
was used to mix and prepare osmotic solutions. OLI stream analyzer
software was used to determine the osmotic pressure of Sucrose and
Glucose solutions. A Mettler-Toledo conductivity meter and an HPLC
instrument (Varian 385-LC ELSD with evaporative scattering detector
column and with 80% Acetonitrile phase, flow rate 3.0 ml/min) were
used to measure the conductivity and salinity of feed water and sugar
solution, respectively. Finally, the unit was designed to recycle both the
osmotic agent and feed water to their respective tanks.

1 | Tank B (DS) 6 | Rotameter (Feed water in) 11 Digital Balance

2 | Digital Balance 7 | Rotameter (Feed water out) | 12 Tank A (Feed Water)
3 | Rotameter (Drawout) | 8 | Pump 13 FO Membrane Cell
4 | Rotameter (Draw in) 9 | Heat Regulator 14-15 [ Valves

5 | Pump 10 | Heating Coil 16-19 Pressure Gauges

Figure 1: Schematic diagram of the flat sheet FO bench-scale

apparatus.

Figure 2: Disassembled membrane testing apparatus showing flow
channels.

Process operation

The membrane test cell was configured for counter-current
operation with a flow rate of 10 I/min for both feed and draw solutions.
All of the experiments were performed using deionized water as FS
and Sucrose or Glucose solutions as DSs. The specifications of the
nanofiltration membrane (TFC-SR2) used in this work are shown in
Table 1. The FS was pumped on the active layer while the DS flowed on
the support layer. The flat sheet membrane was fixed between the two
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compartments within the cell. The effect of DS concentration, flow
rates of DS and feed water, and temperatures on water flux (J,,), water
recovery percentage (%R), water permeability (Ay), specific energy
consumption (SEC) and Sucrose and Glucose solute flux (J;) were
studied.

Low pressure, selective rejection, NF
Type of membrane element
Membrane chemistry Proprietary TFC membrane
Typical operating pressure 3.45-7 bar
Maximum operating pressure 34.5 bar
Maximum operating temperature 45°C
Rejection % of Sucrose and
Glucose 97.53
Flux (GFD) 57.2
Allowable pH-continuous operation | 4-9

Table 1: TFC-SR2 specifications (Koch membrane systems Ltd, UK).

The various parameters in the FO process were calculated as
summarized below.

Water flux (Jw): The water flux (J,,) of feed water through the
membrane was estimated using the following equation.
W = Qrwin ~ rwout 1)

A
m

where, Q FWin is the volumetric flow rate of feed water entering the
membrane, Qpyy ..., is the volumetric flow rate of feed water leaving

the membrane and Am is the active surface area of membrane (m?).

Water permeability (A,): The water permeability (A,,) through the
membrane in the FO process was estimated using the following
equation.

w

" NDP

where, J,, is the water flux (I) and NDP is the Net Driven Pressure
(bar) across the membrane surface during the FO process.

Recovery percentage (%R): The recovery percentage (%R) of the
feed water was estimated using the following equation.

Qryyrin, — @
%RFW _ ( FWin FWout) % 100 (3)

Crwin

where, Qpyy/;,, is the quantity of feed water entering the membrane
and the Qpyy/,. . is the quantity of water leaving the membrane during

the FO process.

Salt flux (Js): The salt flux (Js) of the diffused osmotic agent was
calculated by the following equation.

J = (CFWM - QFWOM,)_ (CFWm - QFWm)
Am (4)

Where C FiWout 1S the concentration (mol/l) of feed water leaving the
membrane, C FWin 18 the volume in litres (1) of feed water leaving the
membrane, C FWin 18 the concentration (mol/l) of feed water entering

the membrane and where, is the volume (1) of feed wter entering the
membrane.

SEC: The SEC of the FO process (assuming 100% efficiency) was
calculated using the following equation.

_ ®, DS, ~ QDS,.,,)' ®, DS, ~ QDS,.”)

QFWH, - QFWM (5)

SEC

Where, Prw;, is the pressure (bar) of the feed water entering the
membrane, QFwi, is volume (1) of feed water entering the membrane
and QFwou is the volume (1) of feed water leaving the membrane
during the FO process.

Osmotic agent concentration effect: Sucrose solutions of various
concentrations ranging from 170-400 g/l were prepared and stored in
the DS feed tank. On the other hand, the feed water tank was filled
with deionized water (conductivity of 10-15 uS/cm). Samples of
solution were collected and the initial weights of DS and feed water
tanks were recorded. DS and feed water were simultaneously pumped
into the FO module at a rate of 1.5 I/min and 2.5 /min, respectively.
The temperature of both streams was kept at 25°C for the entire two
hours of operation. At the end of the study, samples were collected
again and the final weights of the tanks were recorded.

The above-mentioned procedure was repeated using Glucose
solution of different concentrations ranging from 90-250 g/l. The
concentrations of Sucrose and Glucose were determined using HPLC
equipment and the results are presented in Figures 3-9.

3 —a—Sucrose OA —=—Glucose OA

2.5
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Figure 3: Effect of concentration of Sucrose and Glucose DS on
water flux (J,,).
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Figure 4: Effect of water flux (J,,) on osmotic pressure differential.
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Figure 5: Effect of concentration of Sucrose and Glucose on
viscosities at 25°C.
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Figure 6: Effect of concentration of Sucrose and Glucose DS on
water recovery rate using NF membrane.
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Figure 7: Effect of concentration of Sucrose and Glucose DS on
SEC.
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Figure 8: Effect of concentration of Sucrose and Glucose DS on
water permeability.
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Figure 9: Effect of flow rate of feed water on water flux.

DS and feed water flow rate effect: Several experiments were carried
out to evaluate the effect of different feed water flow rates (2-4 1/min)
on various water flux, percent recovery, permeability, SEC and solute
flux. The concentration of GDS (250 g/l) and the temperature (25°C)
were kept constant.
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To determine the feed water flow rate (2-4 1/min) effect on the FO
parameters, the temperature (25°C) and the concentration of SDS (275
g/l) were kept constant during the experiment. The same set of
experiments was repeated for each concentration of SDS varying from
170-400 g/1.

An experiment was run to evaluate the effect of GDS flow rates (2-4
1/min). The GDS of different concentrations (90-250 g/l) was prepared
and pumped to the FO membrane. The feed water flow rate (1.5 I/min)
was kept constant throughout these experiments.

In the feed water study, different feed water flow rates (2, 2.5, 3, 3.5,
4 I/min) were used. The concentration of GDS (250 g/1) and its flow
rate (1.5 I/min) were kept constant. The above mentioned experiments
were conducted at 25°C. The results are presented in Figures 10-15.

45 —s—Sucrose OA —+—Glucose OA
40 4
35 A
30 A
o 251
2 2 4
15 4
10 A
5 -
0 T T T T T 2
15 2 25 3 3.5 4 4.5

Feed water flow rate (1/min)

Figure 10: Effect of flow rate of feed water on water recovery
percentage.
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Figure 11: Effect of flow rate of feed water on SEC.
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Figure 12: Effect of flow rate of feed water on water permeability.
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Figure 13: Effect of flow rate of DS on water flux.
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Figure 14: Effect of flow rate of DS on the water permeability.
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Temperature effect: Several experiments were carried out to evaluate
the effect of different temperatures (25-35°C) of SDS on water flux,
permeability, recovery percentage, SEC and solute flux. The
temperature (25°C) and the flow rate (2 I/min) of feed water were kept
constant. The concentration of SDS was 200 g/l and pumped into the
membrane for 2 hours.

In addition, several experiments were carried out to evaluate the
effect of different temperatures (25-35°C) of feed water on various FO
parameters. The concentration of SDS (200 g/1) and the flow rate (2 I/
min) were kept constant.

Similarly, numerous experiments were carried out to evaluate the
effect of different temperatures (25-35°C) of GDS on water flux,
permeability, recovery percentage, SEC and solute flux in the FO
process. The temperature (25°C) and the flow rate (2 1/min) of feed
water were kept constant. The concentration of GDS was 90 g/l and
pumped into the membrane for 2 hours.

In addition several experiments were carried to evaluate the effect of
different temperatures (25-35°C) of feed water on various FO
parameters. The concentration of GDS (90 g/1) and the flow rate (2 I/
min) were kept constant. The experimental results are presented in
Figures 3-24.

== Sucrose OA =t+=—Glucose OA

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

I, UV(hm?)

OA temperature (°C )

Figure 16: Effect of temperature of DS on water flux.

Figure 17: Effect of temperature on viscosity of Glucose and Sucrose
DS.
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Figure 19: Effect of temperature of DS on SEC.
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Results and Discussion

DS concentration effect

A number of experiments were carried out to investigate the effect
the draw solution concentration and the results are presented in terms
of flux, viscosity and recovery rate. Figure 3 shows that the water flux
declined from 1.40-0.5 1/(m%h) on increasing the Glucose
concentration from 90-250 g/l. A similar trend was observed when
operating the FO module with SDS. This could be due to the fact that
these osmotic agents are less viscous at higher osmotic potential
differential (Figure 4). In addition, the water flux decreased from
2.75-1.75 1/(h.m?) with increased SDS concentration from 170-400 g/1.
This might be due to a decrease in the viscosity of Sucrose and Glucose
with increasing concentration, as shown in Figure 5. The decrease in
viscosity resulted in a lower pressure differential across the membrane
surface, thus causing decreased water flux. In addition, the ICP on the
membrane surface caused low water flux.

Figure 6 shows a decreasing trend of water recovery percentage
from 45-30% as Sucrose concentration increased from 170-400 g/l
whereas water recovery percentage decreased from 25%-5% with the
increase in Glucose concentration from 90-250 g/l. This clearly
indicates that both flux and recovery percentage of deionized water
decreased at higher osmotic concentration. This decrease in both of
these parameters may be due to higher ICP on the active layer of the
membrane than the ECP.
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Figure 7 shows that the increasing trend in SEC was linear with an
increase in the concentration of osmotic agents. The decrease in SEC
was from 3.25-1.0 kWh/m? and 0.75-0.1 kWh/m3 using SDS and GDS,
respectively. From the results in the Figure 7, it seems that using
Glucose as DS agent consumed lower energy than Sucrose in NF
membrane. Figure 8 shows that water permeability (A,) decreased
from 0.3-0.09 1/(h.m?.bar) using Glucose as DS, while a decrease from
1.0-0.02 1/(h.m2.bar) was observed in the Sucrose-related studies,
although the overall A,, was lower for Sucrose. It is important to notice
that, at higher osmotic concentration, the decline is not as rapid as in
the Glucose test.

Flow rate study effect

Feed water flow rate: The data in Figure 9 shows that the water flux
increased from 0.6-2.5 1/(h.m?) and from 0.4-1.55 1/(h.m?) for Sucrose
and Glucose DS, respectively, on increasing the feed water flow rate
from 2-4 I/min. Data in Figure 10 indicates that water recovery rate
(%R) increased from 5-40% and 3.0-30% for SDS and GDS,
respectively, with increasing the feed water flow rate from 2-4 1/min.
This indicates that the water flux and water recovery percentage
increase with increasing the feed water flow rate. However, SDS
exhibited higher water flux than GDS at the same osmotic pressure.
This may be attributed to the difference in viscosity between these two
DSs at the same concentration. In addition, an increase in the feed
water flow rate may have reduced the osmotic pressure on the active
layer of the membrane more than on the support layer. From the data
in Figure 11, it can be seen that the SEC decreased from 12-1.8
kWh/m? when the feed water flow rate was increased from 2-4 l/min
using SDS. In addition, it decreased from 2.2-0.8 kWh/m?® on
increasing the water flow rate from 2-4 1/min for GDS. This may be
due to an increase in the fluxes with increasing feed water flow rate.
The experimental data shows almost the same value of solute flux i.e.,
2.6 1/(h.m?) from DS side to feed water side using the NF membrane.
Figure 12 shows that water permeability (A,) increased from
0.005-0.02 1/(h.m2.bar) using GDS and 0.01-0.05 1/(h.m?.bar) using
SDS. Overall, it was observed that for both of the DSs (Sucrose and
Glucose), water permeability increased constantly with increasing the
feed water flow rate. This increase may be due to increased osmotic
pressure resulting from high feed water flow rate from active layer to
support layer of the membrane.

DS flow rate: From Figure 13, it can be seen that the water flux
increased from 0.2-0.9 1/(h.m?) and 0.2-0.7 1/(h.m?) for SDS and GDS,
respectively, on increasing the flow rate from 2-4 1/min. This increase
in water flux may be due to increased osmotic pressure across the
membrane surface with increasing DS flow rate.

From the data in Figure 14, it was observed that the NF membrane
is more permeable using the GDS than using SDS. In addition, when
the flow rate was increased from 2-4 1/min, the water permeability of
both the Sucrose and Glucose DS increased from 0.05-0.3 1/(h.m?2.bar)
and 0.1-0.35 1/(h.m?.bar), respectively. As mentioned previously, the
increase in permeability may be due to increased osmotic pressure
across the membrane surface when the flow rate was increased from
2-4 1/min in the FO process. It was also observed from Figure 15 that
recovery percentage showed an increasing trend from 5.5-15.5% and
4-12% for SDS and GDS, respectively, on increasing the flow rate from
2-4 l/min. This increase in recovery percentage may be due to
increased pressure across the membrane with increasing flow rate, thus
enhancing the water recovery percentage using the NF membrane.

Temperature effect

DS temperature: Analysis of the data in Figure 16 reveals that the
water flux showed an increasing trend from 0.1-0.15 1/(h.m?) for SDS
and 0.15-0.17 I/(h.m?) for GDS with increasing the temperature from
20-35°C. This may be due to a decrease in the viscosity of the Sucrose
and the Glucose, as shown in Figure 17. This is because a decrease in
viscosity might have increased the movement and speed of water
molecules and the rate of diffusion across the membrane surface, thus
causing high water flux. In addition, the GDS exhibited higher water
flux than SDS. From the data in Figure 18, the water recovery
percentage (%R) increased from 0.4-2% for SDS and from 0.2-1.7% for
GDS on increasing the temperature from 20-35°C. This may be due to
the decrease in the viscosity of both the Sucrose and Glucose DS with
increasing temperature. It is obvious from the above results that water
recovery percentage increased on increasing the temperature of both
the DSs. In addition, the increase in temperature affects the movement
and speed of water molecules, and the rate of diffusion of water
molecules on the membrane surface. However, from Figure 19, it is
evident that the SEC decreased slightly from 1.1-0.6 kWh/m? for SDS
and from 1.5-1.3 kWh/m? for GDS on increasing the temperature from
20-25°C. This may be due to increased water flux on increasing the
temperature of the DS, because lower viscosity at higher temperature
promotes rate of diffusion of water molecules and increases the
movement of water molecules across the membrane surface. Moreover,
the GDS consumed less energy than the SDS being more viscous when
compared to GDS.

From the study data, it is evident that the Sucrose and Glucose DSs
exhibited constant solute flux i.e., 2.6 g/(h.m?) from the DS side to the
feed water side on increasing the temperature from 20-25°C.

From the data in Figure 20, it appears that the water permeability
decreased from 0.06-0.02 1/(h.m2.bar) for GDS and 0.03-0.01 1/
(h.m2.bar) for SDS on increasing the temperature from 20-35°C.

Feed water temperature: It is evident from Figure 21 that the water
flux increased from 0.2-0.8 1/(h.m?) for SDS and 0.5-1.1 1/(h.m?) for
GDS with the increase in the feed water temperature from 20-35°C.
This indicates that water flux increases with increasing feed water
temperature. This may be due to a decrease in the viscosity of water
and an increase in the membrane permeability on increasing the
temperature. This is because lower viscosity promotes diffusion of
water molecules and increases the movement of water molecules
across the membrane surface.

From the data in Figure 22, the water recovery increased from
3.0-25% and 6-30% for SDS and GDS, respectively, on increasing the
temperature from 20-35°C. This indicates that the water recovery
percentage increases on increasing the feed water temperature. In
contrast, from Figure 23, it is evident that SEC decreased from 6.5-1.0
kWh/m? and 8-1.5 kWh/m? for SDS and GDS, respectively, with
increasing the temperature from 20-35 °C. This may be due to an
increase in water flux on increasing the feed water temperature. The
permeability of feed water increased from 0.1-0.6 1/(m%h.bar) and
0.05-0.4 1/(m?.h.bar) for GDS and SDS, respectively, on increasing the
temperature from 20-35°C (Figure 24). In addition, the NF membrane,
being a loose membrane, showed higher permeability using GDS than
SDS.
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Conclusion

o With increasing the concentration of Glucose and Sucrose draw
solutions, the water flux, water recovery percentage and water
permeability decreased and the specific energy consumption
increased.

o When the feed water flow rate increased at constant other
parameters (concentration, temperature), the water flux, recovery
percentage and water permeability increased, while the specific
energy consumption decreased.

«  When the draw solution flow rate increased, the water flux and
water recovery percentage increased, while the specific energy
consumption decreased on increasing the flow rate from 2-4 1/min
for Glucose and Sucrose draw solutions.

o With increasing osmotic agent temperature, the water flux and
water recovery percentage increased, while the specific energy
consumption decreased and the solute flux did not show any effect
with increasing the temperature of draw solutions from 20-35°C.

o The water flux, water recovery percentage and water permeability
increased while the specific energy consumption showed a
reduction on increasing the feed water temperature from 20-35°C.
The permeability of feed water increased for both Glucose and
Sucrose draw solutions on increasing the temperature from
20-35°C. In addition, the NF membrane showed higher
permeability using GDS than SDS.

o The GDS showed higher efficacy than SDS using the NF membrane
in all the FO parameters (water flux, percent recovery,
permeability, specific energy consumption) in this work. The
experimental results showed that both the Sucrose and Glucose
may not be suitable draw solutions for the FO process. Because
these draw solutions are more viscous as compared to other draw
solutions such as NaClL

o It is also pointed out that in all of the experiments involving
concentration, temperature and flow rate of both the draw
solutions did not affect the solute flux. Therefore, the data are not
presented in this paper.
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