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Abstract: A forward osmosis (FO) membrane was developed from a mixture of chitosan and
Dioscorea hispida starch, cross-linked using glutaraldehyde. The cross-linked chitosan/starch membrane
was revealed to have high mechanical properties with an asymmetric structure. The prepared membrane’s
performance was investigated as an FO filter assembled in a polypropylene water filter bag and aluminum
foil plastic. In order to study the FO process, brackish water was used as a feed solution, drawn using
three types of solution (fructose, sucrose, and fructose/sucrose mixture, each with 3 M concentration).
The maximum water flux (5.75 L/m2 h) was achieved using 3 M sucrose. The cross-linked membrane
restrained the ions in the feed with a rejection factor value close to 100%. The water quality parameters
were evaluated for the physical, chemical, and biological criteria, such as pH, salinity, conductivity,
total dissolved solids (TDS), heavy metals, and Escherichia coli content. The water quality parameters
for the FO-processed water met that set by the World Health Organization for drinking water. FO filter
bags with cross-linked chitosan/starch membranes can be an option to produce drinking water during
an emergency.

Keywords: filter water bag; chitosan; Dioscorea hispida; starch; forward osmosis membrane; glutaraldehyde;
emergency

1. Introduction

Water is a natural resource that is essential for human life and supports various daily activities [1].
Water is the primary component of life and contributes to vital functions within the human body [2].
The demand for clean and fresh water, especially for consumption purposes, is expected to increase
annually, along with the surge in human population and an increase in global water pollution [2].
For instance, global water consumption in the 1900s was 358 km3 per year and it increased five-fold to
1500 km3 per year in the 2000s. Water sources on earth can be obtained from seawater, spring water,
groundwater, freshwater lakes, rivers, and the atmosphere. However, most available water sources in
nature cannot be accessed and used directly as a source of clean and safe drinking water. Despite the
abundance of the earth’s water sources, only about 1% of them can be consumed directly, while the
other 97% are in the form of seawater, which is unsafe to consume directly [3]. Therefore, water is
considered a significant world resource problem, along with food and energy [4].

Moreover, the demand for clean and fresh water during emergencies, increases compared to
normal conditions due to the potential interruption to public utilities. Yet, the water qualities should
be maintained to meet the established standards [5]. A more practical alternative method and tool is
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needed to provide clean drinking water during insurgencies, such as in disaster areas, conflict zones,
water crises, and other emergencies. Membrane technology driven by applied pressure and osmotic
gradients is suitable for use in emergencies [6]. The membranes commonly used are microfiltration
(MF); followed by ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and forward osmosis
(FO) [7,8]. Large contaminants in the range of 0.1–5 µm, such as bacteria, viruses, and protozoa in raw
water can be removed using MF and UF membranes. Advantages of MF and UF membranes operating
at relative pressures. Nanofiltration (NF) and reverse osmosis (RO) membranes were applied to remove
smaller size contaminants (ionic components). NF membranes can effectively detect divalent ions,
whereas RO membranes can reject monovalent ions. RO membranes are commonly utilized to produce
clean and potable water from brackish and seawater. Meanwhile, the FO membrane is a membrane
method currently developing with the driving force of the osmotic gradient, without the need to
exert external pressure to force fluid flow across the membrane. For practicality in an emergency,
forward osmosis (FO) membrane-based filter bag can be proposed as a potential alternative [5,9].
FO membranes are a water separation process that uses the difference in osmotic pressure to produce
a water flow through the semipermeable membrane, for separation of water from the dissolved
solute [10]. The process of purifying water with FO is carried out by utilizing an osmotic pressure
gradient that draws solutes so that water from the feed solution (FS) passes through the semipermeable
membrane towards the draw solution (DS) side [11]. Over the past few years, the FO method attracted
much attention on both a laboratory and industrial-scale because FO provides many benefits, such as
lower energy use, lower tendency for fouling, and better water purification results [12]. Due to its
energy efficiency and simple instrumentation, the FO technology provides a great potential for water
purification options during emergencies.

FO membranes are manufactured using polymeric materials, both synthetic and natural polymers.
Previous studies showed that chitosan as a natural polymer can be used as a membrane for brackish
water purification [5,9] and seawater desalination [13,14]. An initial study on the manufacture of
drinking water bags using chitosan-based FO membranes was conducted [9]. The results showed that
the chitosan-based FO membrane possesses a great potential in brackish water purification because
it can produce water that is free of salt, metals, bacteria, and other dissolved materials, therefore,
meeting the standards for drinking water. However, it was also reported that pure chitosan membranes
are likely to be rigid, fragile, and not acid-resistant. A potential solution is to modify the chitosan
membrane to create a better quality membrane and to overcome the limitation of the pure chitosan
membrane [12].

The chitosan membrane can be modified through the addition of other polymers through a
cross-linking method. Via the cross-linking method, the polymer becomes resistant to acids, thereby
increasing its mechanical and chemical stability [15]. Natural polymers from non-food plants are
widely used as a source of starch. Dioscorea hispida tubers are known as natural starch sources that
are cheap and easily found in tropical regions [16]. The advantage of D. hispida is its high starch
contents, which surpasses 70% yield [17]. D. hispida also contains crude protein around 3.6–9.8%.
The fat content is relatively low at 1.99–9.36% and the ash content is at 0.29–1.24%. The main mineral
is phosphorus, with a value of 11.7–46.9 mg/100g. The cyanide content in tubers is 379–739 ppm.
However, this cyanide can be easily removed by washing, using water repeatedly. The D. hispida-based
starch can be used for a variety of applications, including membrane preparation [18]. The membranes
made from a mixture of natural materials can be used as an alternative, environment-friendly material
with a great potential production and economic value. Glutaraldehyde is widely used as a cross-linking
agent to produce composite films [19] and chitosan membranes [20]. Meanwhile, the properties of
pure chitosan membranes that lead to a stiff form can be overcome by adding plasticizers. Glycerol is
a commonly used plasticizer to make starch–chitosan mixture films [21] and starch–chitosan edible
films [22].

In this study, FO membrane sheets were synthesized from chitosan–D. hispida-starch cross-linked
by glutaraldehyde. The FO sheet was further applied to manufacture drinking water filtration bags.
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Membrane modification was done by referring to previous studies [18]. The modified membrane was
applied to the drinking water bags made of polypropylene (PP) plastic and aluminum foil plastic. The FO
filter water bag was evaluated in terms of its performance drinkability substance as draw solution, such as
fructose, sucrose, and a mixture of both solutions. Brackish water was used as a feed solution, mimicking
the water contamination that might be present in an emergency, while the FO process was intended to
produce direct drinking water. The water quality parameters were evaluated based on the physical,
chemical, and biological criteria by analyzing pH, salinity, conductivity, metal content (As, Cd, Cr, Cu,
Fe, Hg, and Zn), and Escherichia coli bacteria content.

2. Materials and Methods

2.1. Materials

The chitosan was purchased from a local chitosan manufacturer that met international medical and
food-grade standards, with an acetylation degree of up to 94 mol% (CV. Multiguna, Cerebon, Indonesia).
Starch extracted from D. hispida tubers was used as a polymer mixture. Glacial acetic acid (Merck,
Darmstadt, Germany) was used as a solvent. Sodium bisulfite (Merck, Darmstadt, Germany) was
used to prevent browning in starch isolation. Sodium hydroxide was used to neutralize the acetic acid
content during membrane cleaning. Fructose and sucrose (Merck, Darmstadt, Germany) were used
as draw solutions. Silver nitrate (Merck, Darmstadt, Germany) was used in cyanide qualitative tests.
Glycerol (Merck, Darmstadt, Germany) was used as a plasticizer. Glutaraldehyde (Merck, Darmstadt,
Germany) was used as a cross-linking agent. Aluminum foil, packaging caps, and PP plastic were
obtained from the local plastic store (Banda Aceh, Indonesia). The FO feed solution was brackish
water obtained from the Krueng Aceh River and the dam water was obtained from the Limpok area,
Aceh Besar District, Indonesia.

2.2. D. hispida-Based Starch Extraction

To extract the starch, D. hispida tubers were firstly peeled and washed thoroughly, using distilled
water. Then, the clean the tubers were sliced into a smaller size and added with sodium bisulfite
(1.12 g/L), followed by mashing with a crusher to obtain a tuber pulp. It was soaked into distilled
water and squeezed using gauze. The filtrate was allowed to settle for 24 h to produce a precipitate.
The water in the upper layer was slowly removed. Distilled water was added to dissolve the precipitate,
followed by a filtration using a Buchner vacuum. The tubers were washed several times to remove
the cyanides. The successful removal was tested using 2 M silver nitrate, where the addition did not
change the color of the mixture solution into brown. The precipitate was oven-dried for 24 h at 70 ◦C.
The dried precipitate was sieved with a 100-mesh sieve to obtain starch flour [16].

2.3. Membrane Preparation

The membranes were prepared using a chitosan/starch (2:1) mixture. To obtain the mixture, starch
paste and chitosan solution were first produced. To produce a starch paste, starch flour was suspended
in distilled water and stirred evenly. The mixture was then heated at 75–80 ◦C for 10–15 min, to reach
gelatinization. Meanwhile, the chitosan was dissolved in a 1% (v/v) acetic acid solution and stirred to
obtain a chitosan solution. The chitosan solution and starch paste were mixed and stirred at 75–80 ◦C
for ±10 min, and then it was left at room temperature. Afterward, 5.6 × 10−5 mol glutaraldehyde and
0.4% (v/v) glycerol were added. The solution was stirred for ±20 min until homogeneous, cast on a
ceramic plate, and oven-dried at ±30 ◦C. Once dried, the membrane was removed from the mold,
washed with 1% (w/v) NaOH, and rinsed with distilled water. Finally, the membranes were air-dried
at room temperature [18]. The membrane was then assembled into a filter water bag and tested for its
performance in FO.
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2.4. Drinking Water Bags Fabrication

The fabrication of drinking water bags was done by using the prepared membranes, PP plastic,
and aluminum foil. Two pieces of PP plastic and one sheet of aluminum foil were cut to a designated
size (12.5 × 19 cm2). In the middle of one of the PP plastic pieces, a hole with a size of 6 × 10.5 cm2

was made. After that, the FO membrane (8 × 13 cm2) was attached to a PP plastic that was given
a hole. The membrane was attached using VHB double-sided foam tape. Three layers consisted
of PP plastic (1), PP plastic with attached FO membrane (2), and aluminum foil (3); all layers were
assembled from top to bottom, sequentially. The bags were glued by lamination, using a sealing
machine. Finally, the lid was installed on the front and backside of the bag.

2.5. Assessment of Drinking Water Bags

Three different DSs (fructose, sucrose, and fructose/sucrose mixture, each with 3 M concentration)
were used, respectively, to assess the FO membrane performance in the drinking water bag. Brackish and
dam water was used as an FS. Drinking water bags were filled with 100 mL DS through the front
opening. Then, the drinking water bag’s back opening was filled with 200 mL FS to initiate the FO
process (up to 1 h). The water flux (L/m−2 h−1) and rejection factor (%) were then calculated using
Equations (1) and (2), respectively.

Water f lux =
∆V

A ∆t
(1)

Rejection f actor = 1−
Cp

C f
× 100% (2)

where ∆V, ∆t, and A represent the volume of FO-processed water (L), the FO duration (hour),
effective membrane surface area (m2). Meanwhile, Cp and Cf are solute concentrations (TDS) in the
processed water and FS, respectively.

2.6. Foward Osmosis Water Product Analysis

The water quality produced was determined by pH, salinity, conductivity, metal content,
and E. coli bacteria content. The pH, salinity, and TDS level was measured using pH meter CT-6022
(Shenzhen Kedida Electronics Co. Ltd., Shenchen, China), Salinity Meter SA287 (Guangzhou
3win Electronic Technology Co. Ltd., Guanhzhou, China), and conductivity meter WTW LF320
(Wissenschaftlich-Technische-Werkstätten GmbH, Weilheim, Germany), respectively. Metal contents
(As, Cd, Cr, Cu, Fe, Hg, and Zn) were measured using atomic absorption spectrometer (AAS) Shimadzu
5960A (Kyoto, Japan). Finally, the E. coli content was determined using the most probable number
(MPN) method [23].

3. Results and Discussion

3.1. D. hispida-Based Starch Extraction

The isolation of starch was carried out using distilled water as a solvent and the solubility of starch
was assisted by the addition of sodium bisulfite into the D. hispida slurry. Sodium bisulfite also helps
to prevent the browning of starch and activation of bacteria. The process of starch isolation requires
repeated washing with water to remove cyanide toxin compounds. Previous studies reported that the
cyanide toxin content, in the form of HCN, can reach 700 mg/kg [16]. It can be removed by repeated
washing. As a result, the starch was free of cyanide toxin, qualitatively marked by the unchanged
color after the addition of 1 M silver nitrate addition. Dried D. hispida-based starch powder obtained in
this study had a yield of 7%.
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3.2. Forward Osmosis Membrane Preparation

The membrane prepared in this research was based on the optimum condition in our previously
published report [18]. During the preparation of starch paste, prior to the making of chitosan/starch
mixture, the gelatinization process caused the starch granule crystals to absorb water, swell, then break,
and dissolve in water. To cross-link the chitosan and starch, glutaraldehyde was used, where its
excessive addition could promote the formation of aggregates, resulting in an inhomogeneous
mixture. Hence, the optimum concentration of glutaraldehyde was determined at 5.6 × 10−5 mol.
A previous study reported that cross-linking in chitosan causes increased mechanical properties.
Meanwhile, the addition of plasticizers in the form of glycerol was intended to overcome the stiffness
property of chitosan membranes.

The FO membranes appeared yellowish, thin, and transparent, with strong physical characteristics,
a dense porous structure, and a good FO performance [18]. The chitosan/starch FO membrane was
revealed to have better characteristics and performance, compared to that made from neat chitosan.
The chitosan/starch membrane had a thickness of 0.035 mm, a swelling degree of 28.98%, a porosity of
54.36%, a tensile strength value of 87.63 kgf/mm2, and an elongation of 16.08%. The chitosan/starch
membrane had an asymmetric structure (as shown in Figure 1), where the top layer was thinner and
tighter than the bottom layer. There were no macrovoid found in the membrane structure and the
membrane had a stable interconnection, indicating strong mechanical properties [22]. In the FO test,
this membrane had a water flux of 4.0 L/m2 h, where 1 M sucrose was employed as a DS.
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Figure 1. SEM Images (350× magnification) of the structure and morphology of the cross-linked
chitosan/starch membranes made with a composition of 3% chitosan, 1.5% D. hispida starch, 5.6 × 10−5 mol
glutaraldehyde, and 0.4% glycerol. (a) Top layer, (b) Cross-section, and (c) Bottom layer.

3.3. Drinking Water Bags

The drinking water bags were made by referring to previous studies [9]; illustrated in Figure 2.
The bag was made of three main materials, namely PP plastic, aluminum foil, and modified membrane.
It is worth noting that the chitosan/starch membrane could not be laminated directly using a simple
sealing machine because, based on the thermal analysis, the membrane material did not have a glass
transition temperature [18]. After the moisture from the membrane material evaporated, the membrane
was immediately observed to decompose at a temperature of 320 ◦C.

Design of the drinking water bag was similar to commercially available FO filter bags. The three
layers were arranged as follows—the PP plastic was assembled as the top layer, the membrane-attached
PP plastic as the middle layer, and aluminum foil as the bottom layer. All three were glued altogether
through lamination using a sealing machine, where the caps were added to the front and back sides,
as shown in Figure 2. The manufactured drinking water bags had a total volume capacity of ±400 mL,
with a volume capacity of ±200 mL in each side. The effective surface area of the membrane contact in
this bag was 41.25 cm2.
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Figure 2. A drinking water bag made from a combination of aluminum foil and PP plastic with a
chitosan/starch membrane filter inside. (a) Water bag design (1 = the lid on the front of the bag, 2 = the
lid on the back of the bag, 3 = polypropylene plastic, 4 = chitosan-starch membrane, 5 = draw solution),
with the photographs of (b) the front side and (c) backside of the bag.

3.4. Forward Osmosis Process

The water bags were used in FO testing with an FS of brackish and dam water. These feed solutions
had different chemical characteristics (Table 1). Three types of DSs (fructose, sucrose, and their mixtures)
were employed to investigate the chitosan/starch membrane’s performance in the water drinking bag.
A total of 200 mL FS was and 100 mL DS was added to the back and front sides of the bag, respectively.

Table 1. The quality of the feed water used in the FO process.

Sample
Parameter

pH Salinity (ppt) Conductivity (µS/cm) TDS (mg/L)

Brackish Water 7.91 9.3 15.83 1297
Dam Water 7.19 0.1 0.39 27

Figure 3 illustrates the water fluxes from the FO process using the three respective DSs. The optimum
water flux was evident with a 3 M sucrose DS, which was 5.75 L/m2 h. This value was higher than in the
previous study (5.25 L/m2 h), which employed an unmodified chitosan membrane and the same DS [9].
The cross-linking using glutaraldehyde was proven to improve membrane performance, where a better
flux was observed. Lower water fluxes, 2.5 and 3.25 L/m2 h, were obtained from the fructose and the
fructose/sucrose mixture DSs, respectively.

The use of sucrose as a DS was reported in several studies related to the FO process, in which
it was found to generate a higher water flux compared to others [9,24–28]. This was ascribed to the
higher osmotic pressure produced by the sucrose solution than fructose, glucose, and their mixture.
The higher osmotic pressure of the draw solution led to a higher potential of the water flow permeation
from the feed, which could be observed, based on the flux differences produced by fructose and sucrose.
In this study, the chitosan/starch membrane was also evaluated using dam water; it was carried out
with the same effective membrane surface area employing 3 M sucrose. Brackish water and dam water
have different characteristics and produce different water flux values, as presented in Figure 4.

Figure 4 shows that the flux value generated from the dam water FS was higher (8.5 L/m2 h) than
from brackish water (5.25 L/m2 h). The results could be associated with the feed water’s different
characteristics, including pH, salinity, conductivity, and TDS. The dam water had lower ion contents
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than the brackish water; the more significant difference of concentrations between the feed solution
and draw solution, and the greater the pressure produced led to a higher water flux [29].Membranes 2020, 10, x FOR PEER REVIEW 7 of 14 
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In addition to the flux value, the chitosan/starch membrane performance could also be observed
from the percent of a rejection factor value. Figure 5 shows the rejection percentage ranging from
90.2–99.8%. Based on the results, the percent rejection in this study showed a high separation of ion
particles. The highest rejection percentage (99.8%) was obtained in the FO process from brackish water
with a 3 M sucrose draw solution. On the contrary, the lowest percentage of rejection (92.2%) was
obtained in the FO process with a 3 M fructose draw solution. The flux value and percent rejection
factor obtained from the FO process in this study indicated that the modified chitosan membrane’s
performance was better than the unmodified chitosan membrane, as reported in a previous study [9].

Based on the water flux and the rejection factor value, it could be seen that the changes in the
membrane water flux affected the rejection factor of the membrane. Changing the draw solution from
3 M Fructose to 3 M sucrose increased the membrane water flux and simultaneously increased the
rejection factor. The sucrose 3 M as a draw solution, the amount of water solvent that moved to the
draw solution was increased and the feed solution became more concentrated. The salt concentration
contributed to the rejection factor’s increase in using the 3 M sucrose draw solution. Increasing
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the water flux did not cause the transfer of dissolved ions in the feed solution to the draw solution.
The same phenomenon was also observed in using a draw solution for a mixture of fructose and
sucrose 3 M, where an increase in the water flux simultaneously resulted in a better rejection factor
from the membrane.
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3.5. FO Water Quality

Several water quality parameters was analyzed to assess the water quality of the Lamnyong
River, Limpok village, Aceh Besar district. The main parameters related to brackish water quality
are salinity, TDS, pH, conductivity, heavy metal content, and E. coli bacteria content. The results are
shown in Tables 1 and 2. According to the WHO [30] and Indonesian Health Ministry standards [31],
several brackish water characteristics do not meet acceptable drinking water quality standards.
According to the brackish water properties, the brackish water sample has a salinity value of 9 ppt,
which indicates the dissolved salt contents. The presence of dissolved salts was also evidenced by the
high TDS value of 1297 mg/L, attributed to the number of ions in the water. The high salinity value and
dissolved ion contents in the water were expected to be separated by a forward osmosis membrane.
However, low concentration heavy metal contents were observed in brackish water, which was still
acceptable for quality drinking water and sanitation standards. All the metals analyzed (As, Cd, Cr,
Cu, Fe, Hg, Mn, and Zn) were still relatively low in drinking water content. Moreover, the brackish
water samples also tested negative for E.coli and coliform bacteria.

Table 2. The results of the analysis of heavy metal contents in brackish water and FO-processed water.

No Parameter

Metal Content (mg/L)
FO Product Water Standard (mg/L)

Brackish Water Sucrose Fructose Mixture

1 Mercury (Hg) <0.001 <0.001 <0.001 <0.001 0.006
2 Arsenic (As) <0.003 <0.003 <0.003 <0.003 0.01
3 Zinc (Zn) <0.01 <0.01 <0.01 <0.01 3
4 Copper (Cu) <0.0007 <0.0007 <0.0007 <0.0007 2
5 Chromium (Cr) <0.002 <0.002 <0.002 <0.002 0.05
6 Iron (Fe) 0.1071 0.0634 0.0214 0.0219 0.2
7 Cadmium (Cd) <0.002 <0.002 <0.002 <0.002 0.003
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For cases where the parameters fell behind the quality standard, the water could be drinkable
afterward by using our drinking water bag. The water would then contain sugar from the DS. The use
of sucrose and fructose as a draw solution contributed to adding this drinking water bag’s practicality.
The quality of the processed water was analyzed against the changes in all parameters of the brackish
water. The following was the water quality produced after the FO process, carried out for one hour.

3.5.1. Physicochemistry Water Properties

The water produced from the FO process was evaluated for pH, salinity, conductivity, and TDS,
as shown in Figure 6. The draw solution’s pH value did not significantly change from before the
FO process, ranging from 7.6–7.45 pH (Figure 6a). In line with these findings, the previous research
reported that the FO process did not result in significant changes in pH values [5]. Hence, it could be
expected that the pH values of the processed water, using the three DSs, were within the allowed range
for drinking water quality standards (pH 6.5–8.5), according to the WHO [30] and the Indonesian
government [32]. In addition to the pH, the salinity, conductivity, and TDS also showed promising
results. The salinity of the FO-processed water (Figure 6b) ranged from 0.1 to 0.8 ppt. The lowest salinity
(0.1 ppt) was obtained in the FO-processed water using 3 M sucrose DS. Meanwhile, the highest salinity
value (0.8 ppt) was obtained from the water drawn using 3 M fructose. The salinity obtained from
this study was lower than those in previous studies. It was reported that the salinity values obtained
from FO with neat chitosan membranes were within the range of 0–1.3 ppt [5]. The chitosan/starch
membrane could restrain salt particles better, as indicated by the lower salinity in the processed water.
Based on these results, water produced by the FO process in this study was classified as freshwater
with salinity levels that met the general quality standard (0.5 ppt) used for drinking water [33].
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The water produced by the FO process in this study was also evaluated for TDS and conductivity
to determine its ability to conduct electricity and also the number of dissolved solids present in the
water. Figure 6c,d show the value of TDS and water conductivity resulting from the FO process.
TDS values obtained were in the range of 2–116 mg/L and the conductivity values were in the range of
0.3–1.43 µS/cm. These results are known to be better than the TDS and conductivity values reported in
previous studies [5]. It was reported that TDS and conductivity values after the FO process using an
unmodified chitosan membrane ranged from 2–353 mg/L and 1.92–393 µS/cm. Based on these results,
it was concluded that the modified chitosan membrane can hold particles better than the unmodified
chitosan membrane. The maximum TDS value determined as the quality standard for drinking water
by the WHO [30] was less than 600 mg/L.

3.5.2. Heavy Metal Content

The FO process’s water was evaluated for the content of heavy metals As, Cd, Cr, Cu, Fe, Hg,
Mn, and Zn, using an AAS. The content of heavy metals in water was essential because it is one of the
WHO’s mandatory parameters in drinking water quality standards. The results of testing heavy metal
content are shown in Table 2.

Table 2 above shows that the feed solution used in this experiment contained heavy metals in low
concentrations. Thus, the change of heavy metal contents in the water after the FO process was also
minimal. However, if the brackish water feed contained monovalent, divalent, or multivalent ions,
based on the literature, it was possible to be retained by the chitosan-based FO [5]. The cross-linked
chitosan/starch membrane in this study had a rejection factor above 90%, indicating a high ability
to retain dissolved salt in brackish water. Most studies report high rejections of almost every type
of heavy metal by FO-like membranes [32,34–36]. You et al. [37] reported that the FO membrane
was able to reject heavy metals whose hydrated ion diameters were smaller than the membrane
pore size; the charge–interaction should be responsible for heavy metal rejection. The FO water
filtration membrane bags have N- and O-containing functional groups that allows heavy metal ions
retention via electrostatic repulsion and chelation [38]. However, the FO’s heavy metal rejection
could also be attributed to the role of the retained multivalent anions from the FS in maintaining the
electroneutrality [39]. High diffusion during the FO process, as a consequence of maintaining the DS’s
electroneutrality, led to a counter ion transfer. Hence, ion exchange between the two solutions did not
occur, proven by our FO-processed water’s low ion contents.

3.5.3. Biological Water Properties

Other than being beneficial to humans, water is also a good medium for bacterial life. Bacteria are
divided into two categories, namely pathogenic and non-pathogenic bacteria. Pathogenic bacteria can
cause disease and diarrhea. Clean water that is safe to drink must meet the requirements set by the
government and WHO. One of these standards relates to the microbiological conditions, where the
E. coli should not be found in 100 mL of the water. E.coli itself is one of the pathogenic bacteria.

Saiful et al. reported that the chitosan-based drinking water bags are able to filter all types of E. coli
and coliform bacteria [5,9]. Escherichia coli is a rod-shaped bacterium. Each of the bacteria was measured
approximately to be 0.5 µm in width by 2.0 µm in length. Its dimensions are those of a cylinder
1.0–2.0 µm long, with a radius of about 0.5 µm [40,41]. E. coli and coliform bacteria have a larger size
and are retained by the chitosan-dense membrane; bacteria from the FS side cannot pass through the
membrane to the DS side. Moreover, chitosan is well-known for its antibacterial properties, by changing
the permeability of the bacterial cell wall. It allows the bacteria to be killed on the membrane surface,
leading to its application in anti-biofouling membranes [42]. However, based on the test results
from the Aceh Health Laboratory Aceh Province and FMIPA Chemistry Laboratory, Department of
Chemistry, Syiah Kuala University, the brackish water used in the FO process did not contain E. coli
and coliform bacteria. As a result, the contribution of the FO process carried out by the drinking water
bag in eliminating the E. coli was insignificant. Nonetheless, the process could be very helpful to



Membranes 2020, 10, 414 11 of 13

sterilize the water from microbial content during an emergency, where the level of contamination was
expected to be high [43].

3.6. FO Filter Bag Durability

As a filter bag, this cross-linked chitosan/starch filter bag has some advantages despite the facts
that there are always more room for improvement. First, with chitosan and starch raw materials
available in nature that can be processed quickly, the price of drinking water bags can be competitive
with existing products in the market. Moreover, with regards to membrane lifetime, as a drinking
water bag is mostly made for single-use, the chitosan/starch membrane used in this study can be stored
for a relatively long time. In a preliminary study, the FO drinking water bag did not change and
leaked for about two weeks, which was indicated by no change in the TDS of the feed solution and the
withdrawal solution, after reaching an equilibrium osmotic pressure that led to zero net flux.

4. Conclusions

This study indicated that the modified chitosan membrane was successfully applied to manufacture
drinking water bags for the FO process. The different flux values produced in this study were attributed
to the type of draw solution and ion content in the FS. The highest water flux was generated by the
FO-drinking water bag using 3 M sucrose DS with values of 5.75 L/m2 h and 8.5 L/m2 h for brackish
water and dam water FSs, respectively. The percentage of rejection produced in this study also showed
a positive performance of the modified chitosan membrane, with a 99.8% value. This research also
showed that the modified chitosan membrane was indicated to be successful in retaining salt, metals,
bacteria, and other solutes. During the FO process, the filtered water met the WHO’s quality standards
set for drinking water. Based on these results, it can be concluded that the modified chitosan membrane
has the potential to be used as an alternative water purification process in emergency water purification
in order to produce drinking water containing sugar as an energy source for the body.

Author Contributions: Conceptualization, methodology, formal analysis, supervision, funding acquisition, S.S.,
M.A., and M.M.; resources, writing—original draft preparation, S.S., and M.A.; writing—review and editing, Y.W.,
S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by the Ministry of Education and Culture Republic of Indonesia. The PDUPT
research program supported this work.

Acknowledgments: The authors appreciate the Ministry of Education and Culture of the Republic of Indonesia
for funding support and the Department of Chemistry at Syiah Kuala University, Indonesia, for the support of
laboratory facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hossain, M. Water: The most precious resource of our life. Glob. J. Adv. Res. 2015, 2, 1436–1445.
2. Bidaisee, S. The importance of clean water. Biomed. J. Sci. Tech. Res. 2018, 8, 17–20. [CrossRef]
3. Nugroho, W.A.; Nugraha, R.; Wibisono, Y. Autonomous framework on governing water for sustainable

food and energy. In Proceedings of the Sharia Economic Conference, Hannover, Germany, 9 February 2013;
pp. 37–41.

4. Wibisono, Y.; Nugroho, W.A.; Devianto, L.A.; Sulianto, A.A.; Bilad, M.R. Microalgae in food-energy-water
nexus: A review on progress of forward osmosis applications. Membranes 2019, 9, 166. [CrossRef] [PubMed]

5. Saiful, S.; Borneman, Z.; Wessling, M. Double layer mixed matrix membrane adsorbers improving capacity
and safety hemodialysis. In Proceedings of the IOP Conference Series: Materials Science and Engineering,
Banda Aceh, Indonesia, 12–20 October 2018; Volume 352, p. 012048. [CrossRef]

6. Shamsuddin, N.; Das, D.B.; Starov, V. Membrane-based point-of-use water treatment (PoUWT) system in
emergency situations. Sep. Purif. Rev. 2014, 45, 50–67. [CrossRef]

7. Peter-Varbanets, M.; Zurbrügg, C.; Swartz, C.; Pronk, W. Decentralized systems for potable water and the
potential of membrane technology. Water Res. 2009, 43, 245–265. [CrossRef]

http://dx.doi.org/10.26717/BJSTR.2018.08.001719
http://dx.doi.org/10.3390/membranes9120166
http://www.ncbi.nlm.nih.gov/pubmed/31817329
http://dx.doi.org/10.1088/1757-899x/352/1/012048
http://dx.doi.org/10.1080/15422119.2014.973967
http://dx.doi.org/10.1016/j.watres.2008.10.030


Membranes 2020, 10, 414 12 of 13

8. Loo, S.L.; Fane, A.G.; Krantz, W.B.; Lim, T.-T. Emergency water supply: A review of potential technologies
and selection criteria. Water Res. 2012, 46, 3125–3151. [CrossRef]

9. Saiful; Riana, U.; Marlina; Ramli, M.; Mahmud, N. Drinking water bags based on chitosan forward osmosis
membranes for emergency drinking water supply. In Proceedings of the IOP Conference Series: Materials
Science and Engineering, Banda Aceh, Indonesia, 12–20 October 2018; Volume 273, p. 012047. [CrossRef]

10. Haupt, A.; Lerch, A. Forward osmosis application in manufacturing industries: A short review. Membranes
2018, 8, 47. [CrossRef]

11. Wibisono, Y.; Bilad, M.R. Design of forward osmosis system. In Current Trends and Future Developments on
(Bio-) Membranes; Basile, A., Cassano, A., Rastogi, N.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 57–83.

12. Zhao, S.; Zou, L.; Tang, C.Y.; Mulcahy, D. Recent developments in forward osmosis: Opportunities and
challenges. J. Membr. Sci. 2012, 396, 1–21. [CrossRef]

13. Padaki, M.; Isloor, A.M.; Fernandes, J.; Prabhu, K.S. New polypropylene supported chitosan NF-membrane
for desalination application. Desalination 2011, 280, 419–423. [CrossRef]

14. Shakeri, A.; Salehi, H.; Rastgar, M. Chitosan-based thin active layer membrane for forward osmosis
desalination. Carbohydr. Polym. 2017, 174, 658–668. [CrossRef]

15. Igberase, E.; Osifo, P. Equilibrium, kinetic, thermodynamic and desorption studies of cadmium and lead by
polyaniline grafted cross-linked chitosan beads from aqueous solution. J. Ind. Eng. Chem. 2015, 26, 340–347.
[CrossRef]

16. Saiful, S.; Helwati, H.; Saleha, S.; Iqbalsyah, T.M. Development of bioplastic from wheat Janeng starch for
food packaging. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Banda
Aceh, Indonesia, 12–20 October 2018; Volume 523, p. 012015. [CrossRef]

17. Saleha, S.; Saidi, N.; Rasnovi, S.; Iqbalsyah, T.M. Nutritional composition of Dioscorea hispida from different
locations around leuser ecosystem area. J. Nat. 2018, 18, 1–6. [CrossRef]

18. Saiful, S.; Rahmah, Z.; Ajrina, M.; Marlina, R. Chitosan-starch forward osmosis membrane for desalination of
brackish water. Rasayan J. Chem. 2020, 13, 13. [CrossRef]

19. Li, H.; Gao, X.; Wang, Y.; Zhang, X.; Tong, Z. Comparison of chitosan/starch composite film properties before
and after cross-linking. Int. J. Biol. Macromol. 2013, 52, 275–279. [CrossRef] [PubMed]

20. Silva, R.M.; Silva, G.A.; Coutinho, O.P.; Mano, J.F.; Reis, R.L. Preparation and characterisation in simulated
body conditions of glutaraldehyde crosslinked chitosan membranes. J. Mater. Sci. Mater. Electron. 2004, 15,
1105–1112. [CrossRef]

21. Li, F.H.; Chen, Y.M.; Li, L.; Bai, X.L.; Li, S. Starch-chitosan blend films prepared by glutaraldehyde cross-linking.
Adv. Mater. Res. 2012, 415–417, 1626–1629. [CrossRef]

22. Narlis, J.; Rahmi, H.H. Effect of plasticizers on mechanical properties of edible film from janeng
starch—Chitosan. Natural 2016, 16, 4. [CrossRef]

23. Fahrina, A.; Arahman, N.; Mulyati, S.; Aprilia, S.; Nawi, N.I.M.; Aqsha, A.; Bilad, M.R.; Takagi, R.;
Matsuyama, H. Development of polyvinylidene fluoride membrane by incorporating bio-based ginger
extract as additive. Polymers 2020, 12, 2003. [CrossRef]

24. Su, J.; Chung, T.S.; Helmer, B.J.; De Wit, J.S. Enhanced double-skinned FO membranes with inner dense layer
for wastewater treatment and macromolecule recycle using Sucrose as draw solute. J. Membr. Sci. 2012, 396,
92–100. [CrossRef]

25. Chekli, L.; Phuntsho, S.; Shon, H.K.; Vigneswaran, S.; Kandasamy, J.; Chanan, A. A review of draw solutes
in forward osmosis process and their use in modern applications. Desalin. Water Treat. 2012, 43, 167–184.
[CrossRef]

26. Ge, Q.; Ling, M.; Chung, T.S. Draw solutions for forward osmosis processes: Developments, challenges, and
prospects for the future. J. Membr. Sci. 2013, 442, 225–237. [CrossRef]

27. Hamdan, M.; Sharif, A.O.; Derwish, G.; Al-Aibi, S.; Altaee, A. Draw solutions for Forward Osmosis process:
Osmotic pressure of binary and ternary aqueous solutions of magnesium chloride, sodium chloride, sucrose
and maltose. J. Food Eng. 2015, 155, 10–15. [CrossRef]

28. Alaswad, S.O.; Al Aibi, S.; Alpay, E.; Sharif, A.O. Efficiency of organic draw solutions in a forward osmosis
process using nano-filtration flat sheet membrane. J. Biosens. Bioelectron. 2018, 9, 10. [CrossRef]

http://dx.doi.org/10.1016/j.watres.2012.03.030
http://dx.doi.org/10.1088/1755-1315/273/1/012047
http://dx.doi.org/10.3390/membranes8030047
http://dx.doi.org/10.1016/j.memsci.2011.12.023
http://dx.doi.org/10.1016/j.desal.2011.06.032
http://dx.doi.org/10.1016/j.carbpol.2017.06.104
http://dx.doi.org/10.1016/j.jiec.2014.12.007
http://dx.doi.org/10.1088/1757-899x/523/1/012015
http://dx.doi.org/10.24815/jn.v18i1.8504
http://dx.doi.org/10.31788/RJC.2020.1345664
http://dx.doi.org/10.1016/j.ijbiomac.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23107802
http://dx.doi.org/10.1023/B:JMSM.0000046392.44911.46
http://dx.doi.org/10.4028/www.scientific.net/AMR.415-417.1626
http://dx.doi.org/10.24815/jn.v16i2.5125
http://dx.doi.org/10.3390/polym12092003
http://dx.doi.org/10.1016/j.memsci.2012.01.001
http://dx.doi.org/10.1080/19443994.2012.672168
http://dx.doi.org/10.1016/j.memsci.2013.03.046
http://dx.doi.org/10.1016/j.jfoodeng.2015.01.010
http://dx.doi.org/10.4172/2157-7048.1000370


Membranes 2020, 10, 414 13 of 13

29. Chen, G.; Wang, Z.; Nghiem, L.D.; Li, X.M.; Xie, M.; Zhao, B.; Zhang, M.; Song, J.; He, T. Treatment of shale
gas drilling flowback fluids (SGDFs) by forward osmosis: Membrane fouling and mitigation. Desalination
2015, 366, 113–120. [CrossRef]

30. WHO. Guidelines for Drinking-Water Quality; WHO-Press: Geneva, Switzerland, 2017.
31. KepMenkes. Regulation of the Minister of Health of the Republic of Indonesia Number 492/2010; Quality of

Drinking Water; Ministry of Health of the Republic of Indonesia: Jakarta, Indonesia, 2010.
32. Liu, C.; Lei, X.; Wang, L.; Jia, J.; Liang, X.; Zhao, X.; Zhu, H. Investigation on the removal performances of

heavy metal ions with the layer-by-layer assembled forward osmosis membranes. Chem. Eng. J. 2017, 327,
60–70. [CrossRef]

33. Maity, J.P.; Ho, P.R.; Huang, Y.H.; Sun, A.C.; Chen, C.Y. The removal of arsenic from arsenic-bearing
groundwater in In-situ and Ex-situ environment using novel natural magnetic rock material and synthesized
magnetic material as adsorbent: A comparative assessment. Environ. Pollut. 2019, 253, 768–778. [CrossRef]

34. Zhao, X.; Liu, C. Efficient removal of heavy metal ions based on the optimized dissolution-diffusion-flow
forward osmosis process. Chem. Eng. J. 2018, 334, 1128–1134. [CrossRef]

35. Wu, C.-Y.; Mouri, H.; Chen, S.-S.; Zhang, D.; Koga, M.; Kobayashi, J. Removal of trace-amount mercury from
wastewater by forward osmosis. J. Water Process. Eng. 2016, 14, 108–116. [CrossRef]

36. Mondal, P.; Tran, A.T.K.; Van Der Bruggen, B. Removal of As(V) from simulated groundwater using forward
osmosis: Effect of competing and coexisting solutes. Desalination 2014, 348, 33–38. [CrossRef]

37. You, S.; Lu, J.; Tang, C.Y.; Wang, X. Rejection of heavy metals in acidic wastewater by a novel thin-film
inorganic forward osmosis membrane. Chem. Eng. J. 2017, 320, 532–538. [CrossRef]

38. Iqhrammullah, M.; Marlina, M.; Khalil, H.P.S.A.; Lahna, K.; Suyanto, H.; Hedwig, R.; Karnadi, I.;
Olaiya, N.G.; Abdullah, C.K.; Abdulmadjid, S.N. Characterization and performance evaluation of cellulose
acetate–polyurethane film for lead II ion removal. Polymers 2020, 12, 1317. [CrossRef] [PubMed]

39. Irvine, G.J.; Rajesh, S.; Georgiadis, M.; Phillip, W.A. Ion selective permeation through cellulose acetate
membranes in forward osmosis. Environ. Sci. Technol. 2013, 47, 13745–13753. [CrossRef] [PubMed]

40. Council, N.R. Size limits of very small microorganisms: Proceedings of a workshop. In Proceedings of the
Workshop on Size Limits of Very Small Microorganisms, Washington, DC, USA, 22–23 October 1998.

41. Wibisono, Y.; Sucipto, S.; Perdani, C.G.; Astuti, R.; Dahlan, M. Halal compliance on drinking water industries:
A future perspective. In Proceedings of the 3rd International Halal Conference (INHAC 2016), Singapore,
21–23 November 2018; pp. 555–564.

42. Li, J.; Xie, B.; Xia, K.; Zhao, C.; Li, Y.; Li, N.; Han, J. Facile synthesis and characterization of cross-linked
chitosan quaternary ammonium salt membrane for antibacterial coating of piezoelectric sensors. Int. J. Biol.
Macromol. 2018, 120, 745–752. [CrossRef] [PubMed]

43. Sari, P.N.; Nofriya, N. The relationship of flood disaster with the incidence of diarrhea, water quality and
community resilience in water supply: A case study in the city of Bukittinggi. J. Kesehat. Masy. Andalas 2018,
12, 77–83. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.desal.2015.02.025
http://dx.doi.org/10.1016/j.cej.2017.06.070
http://dx.doi.org/10.1016/j.envpol.2019.07.048
http://dx.doi.org/10.1016/j.cej.2017.11.063
http://dx.doi.org/10.1016/j.jwpe.2016.10.010
http://dx.doi.org/10.1016/j.desal.2014.06.001
http://dx.doi.org/10.1016/j.cej.2017.03.064
http://dx.doi.org/10.3390/polym12061317
http://www.ncbi.nlm.nih.gov/pubmed/32526903
http://dx.doi.org/10.1021/es403581t
http://www.ncbi.nlm.nih.gov/pubmed/24152190
http://dx.doi.org/10.1016/j.ijbiomac.2018.08.153
http://www.ncbi.nlm.nih.gov/pubmed/30170059
http://dx.doi.org/10.24893/jkma.v12i2.371
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	D. hispida-Based Starch Extraction 
	Membrane Preparation 
	Drinking Water Bags Fabrication 
	Assessment of Drinking Water Bags 
	Foward Osmosis Water Product Analysis 

	Results and Discussion 
	D. hispida-Based Starch Extraction 
	Forward Osmosis Membrane Preparation 
	Drinking Water Bags 
	Forward Osmosis Process 
	FO Water Quality 
	Physicochemistry Water Properties 
	Heavy Metal Content 
	Biological Water Properties 

	FO Filter Bag Durability 

	Conclusions 
	References

