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Abstract

Developing countries, such as Indonesia, has abundance of water resources, either fresh and salty water. However,
improved drinking water is still uneasy to access. While centralized water treatment facilities do not provide a ready use
drinking water due to expensive cost and extensive on-site process or distribution system, bottled water generally
accepted for daily consumption. Nevertheless, bottled drinking water is significantly expensive and the left over used
plastic bottle become major contributor for plastic pollution. A mobile and compact point-of-use drinking water treatment
appliance is a pivotal answer to provide clean, healthy and low cost drinking water and user-friendly instrument for low
income households and communities. This paper reported design and assessment of the device. Water qualities were
measured for biological, physicals and chemicals properties, and met the International Organization for Standardization
(ISO) 5667-5: 2006, for instance nitrate content was decreased from 33.36 mg/L to 4.6 mg/L; nitrite content decreased
from 0.1169 mg/L to 0.0248 mg/L; ammonia content decreased from 0.2693mg/L to 0.16 mg/L; manganese content
decreased from 0.015 mg/L to 0.0136 mg/L and fluoride content decreased from 4.721 mg/L to <0.00625 mg/L. Long
term application of 30 days operation was also reported. The volumetric flowrates were stable at 16-22 L/min and the
hydraulic pressure were constant at about 0.6 bar behind UF membrane, indicated very low fouling observed. The design
is finally could be adapted and implemented in any local and low income communities worldwide, to maintain the supply

of healthy and safe drinking water.
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1. Introduction

Water is very valuable resource, a paramount for food and
energy nexus [1.. Water is required to produces food and
important aspect to provide energy for human activities.
Clean water supply becomes essential need for people, either
in developed or in developing countries. While centralized
drinking water treatment provide substansial reserve for
developed countries, the contrary condition being occured
for developing countries [2]. Centralized drinking water
treatment involves higher capital expenses for main
treatment unit, piping and pumping, meanwhile provides
healthy and sufficient clean water [3]. Thereupon, bottled
drinking water is consumed extensively in many developing
countries due to expensive and extensive process of
centralized drinking water facilities [4]. It is estimated 275
tonnes of plastic wastes produces annually in the world.
Problem raised from plastic waste from bottled drinking
water become very common in developing countries,
including in rural communities [5,6].

In order to provide sufficient clean drinking water
supply, low-cost, grid-independent and easy to handle, a
point-of-use (PoU) system is an alternative solution [7].
Typically, a PoU system consist of physical-based water
treatment using absorption, filtration and disinfection
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systems [8]. Absorption using carbon active is commonly
used for a PoU system [9]. A membrane-based filtration
system is widely used for PoU system, due to robust
capability to provide drinking water supply [10]. However,
membrane filtration for drinking water treatment also
suffered from fouling, i.e. organic, inorganic or biological
fouling [11,12]. Nonetheless, point-of-use drinking water
treatment could reduce the fouling potential, especially for
biological type fouling such as bacterial and its extracellular
polymeric substance [13]. Due to this finding, the utilization
of point-of-use drinking water treatment is promising,
particularly in the region where centralized drinking water
systems unable to install, due to cost restriction or remote
location [14].

In this study, a design of mobile UF (ultrafiltration)
based point-of-use drinking water appliance was developed
and implemented in local communities. The appliance
consists of sand and activated carbon filters to remove
organic debris and particles, and ultrafiltration to remove
unwanted macromolecules such as humic and also harmful
microorganisms. Moreover, the ultraviolet (UV) emmited to
kill remain microorganism and preventing infection.

Membrane-based drinking water appliance was selected
due to high efficiency rate of the technology. Even
membrane-based drinking water appliance could be operated
either by using electric or non-electric pressure driven
systems [7]. UF process could eliminate pathogenic
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microorganisms as well as inorganic contaminants [11]. A
cheaper option filtration process by using sand filtration also
widely used prior to membrane unit, enhancing the water
quality produced [7]. While, activated carbon capability to
adsorb contaminants present in water also long-established
[2]. As for UV treatment, could be used to induce DNA
structural falsification, prevent transcription and replication
and furthermore promote cell casualties [15]. Moreover, UV
also induces oxidation which lead to a deterioration of
organic contaminants in water [16]. A long term operational
assesment was also conducted to evaluate the capability and
feasibility of the appliance. This study is aiming at the
implementation of meso-scale drinking water supply for
local communities, especially in remote areas.

2. Experimental Methods

The appliance consist of three different parts, i.e.: treatment
materials, treatment process equipment and frame supporting
materials. Silica sand, powdered activated carbon, cartridge filter,
hollow fiber ultrafiltration membrane and UV sterilisator were
used as treatment materials. Fiber reinforced plastics (FRP) filter
tube, 3 way valve, pump, polyvinyl chloride (PVC) water piping,
selenoid, pressure gauges, flowmeter, feed tank with a buoy, and
faucets were used as treatment process equipment. Finally,
stainless steel 304 plate, iron plate, and hollow iron tube were
utilized as frame supporting materials.

2.2. Functional and Structural Design

The main function of the appliance is to provide high quality
of drinking water for small communities. The raw water at
first treated by silica sand and activated carbon filter, then
processed in series of cartridge filter and UF membrane,
before finally going through UV light sterilization. Figure 1
depicted the schematic diagram of the process.

2.1. Materials
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Fig. 1. Schematic diagram of mobile point of use drinking water appliance.

Figure 2 shows the 3D-graphical design of mobile point-

of-use drinking water appliance. The water treatment started
by collecting raw water into a 1050 L feed tank. The raw
water should produced from a pre-treatment process to
remove debris or other large particles. In order to maintain a
long term utilization of the device, a minimum standard of
raw water material should follow a standard of tap water
quality. From the feed tank, the raw water will pass the %
inch piping system made of PVC material (Rucika Pipes,
Indonesia) and each treatment unit until is ready to drink.
A semi-jet pump (Goldenfoss-250, Indonesia) pressurized
water into filtration system and provide sufficient driving
force for the ultrafiltration membrane. The pump required
electricity of 250 W, 220 V and could provide 11 m head
power and capacity of 4600 liters/hour. The raw water was
then firstly entered a FRP 1054 filter tube (KSH, Indonesia)
with diameter of 10 inches and 1500 mm height. It contains
as much 50 kg 8-16 mesh silica sand (Alinco, Indonesia) and
occupied approximately 65 cm of total height of the tube.

Silica sand filter was used to filter large particles in
water such as mud and soil. The water was then entered
another FRP 1054 filter tube containing as much 25 kg 8-30
mesh activated carbon (Haycarb, Srilanka) and occupied
approximately 70 cm from height of tube. The activated
carbon has iodine value of 1000-1050 mg/g. Activated
carbon filter was used to filter organic matter, odor, and
metal substances. Since both filters were normally suffered

Backwash

from any type of fouling materials, the piping system was
also designed to provide backwash line by change the flow
direction using 3-way valve. The backwash could provide
the periodic cleaning of the membrane. Subsequently, the
water flowed into a series of 4 cartridge filters (Nanotec,
USA) with pore size of 0.1 pm. The filter housing used a
clear housing to facilitate visual controlling of the filter to
measure exact time for cleaning or replacing. By cartridge
filter, normally only certain microbes which could passed
through, allowing the biofilm growth in the filter surface. It
is therefore serial fiters were installed in order to maintain
switches of the filters.

Pump
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Fig. 2. Design of mobile point-of-use drinking water appliance
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After treated in cartridge filter, the water was then
treated in ultrafiltration hollow fiber membrane (Hyna HN
UF 4040, China) with pore size of approxymately 10 nm.
The UF membrane module has diameter of 4 inches, length
of 1061 mm, and capable to handle flow rate of 300-500
L/hour and operated at pressure of 1-5 bar. UF filter
prevented the colloid particles and microbes, including
viruses and coliform to pass through its pores, while salts
and minerals were still able to pass trough, thus providing
high quality of drinking water.

Final treatment provided by 12 GPM ultraviolet lamp
(KSH, Indonesia) with wavelength of 254 nm. The
wavelength lies on UV-C spectrum which 254 nm is the
highest peak for bacterial inactivation [17]. The sterilizer
was covered housing stainless steel 304 L with 920 mm
length and 64 mm diameter, has channel duct of % inches,
glass sleeve, UV ballast of 40 Watts, O-ring, and clamp. The
UV sterilize water by eliminating microorganism, thus final
product water was comply drinking water standard in term
of physical, chemical and biological properties.

Final water product collected in a stainless steel 304 tank,
plate thickness of 1.5 mm, with dimensions of 600 mm x
541.6 mm x 400 mm and capacity of 130 liters. Inside the
tank, a buoy was installed 10 cm from upper level of the
tank. It connected to solenoid valve, and provided an
automatic system to set the pump shutted or on, and
maintain the tank filled with 70-80% product water. When
the drinking water tank reaches upper limit of the buoy, the
pump will be automatically shut down and selenoid valve
closed. When it reaches lower limit of the buoy, the pump
will automatically start and the solenoid opened. By the
control system, could also reduce the use of electricity.
When the user want to drink, they could use the clean water
by opening 3 pieces of output faucets.

In the piping system, 5 GPM flow meters were installed
to measure volumetric flow rate of the water between the
treatment units, including water flow through pump, filter
tubes, cartridge filters, ultrafiltration membrane and
backwash flow. In order to measure the pressure developed
in the treatment units, 2.5 bar pressure gauges were installed.
The pressure gauges were installed in the piping system
which specifically located at the flow through the pump,
adsorbent tubes, cartridge filters, ultrafiltration membrane
and UV sterilization.

136 cm 60 cm
LSS Bi = ki
| 1 | 1
| 15 | |
: i 3 | 1
| AAa [ | ip
e e e Y pr=====
[ooo00 coo | i
| S | ! €
| I S
¥ | ] ol
_________________ | L
| 1] 1] ! I 1
| 1] 1] ! I 1
| 1] 1] & | !
| 1] 1] | | |
| n 1] 1] I
| 1] 1] ! § |
| Il 1] [ I
e S e - j’ ——————

[
o |
T¢__-———_—_t_}__1 I
& B====1==t l;___l____lj

Fig. 3. Design of supported frame for mobile point-of-use drinking
water appliance.

This appliance is finally served as integrated filtration
system using macro filters, micro filters, ultrafiltration
membrane and sterilization using UV radiation, designed as

a direct supply of drinking water solutions. The appliance
was framed by using frame supporting materials made from
perforated iron with size 30 mm and iron plates (see Figure
3). The final appliance dimension was 1360 mm x 600 mm x
1800 mm, with the total empty weight approximately 100 kg.
By this dimension and weight, the device could transported
easily by using a small cargo car to remote area or for using
as emergency drink water source during crisis or disaster.
The appliance parts can be connected and disconnected
easily, in order to maintain transportability.

2.3. Method for Water Quality Assessment

Assesment is important before apply the device in the
application site, and very useful to check the appliance is
working properly as expected. Assesment was consisted of
testing for device performance and quality of drinking water
produced.

Physical, chemical and biological properties of raw
water, water treated by macrofilters (sand and activated
carbon filters), water treated by cartridge filters, water
treated by ultrafiltration membrane and final product water
after UV sterilization were tested in the lab. Drinking water
quality should meet the standard quality of the Regulation of
the Minister of Health of the Republic of Indonesia Number
492 Year 2010, and the World Health Organization (WHO)
covering microbiological, chemical, and physical parameters
[18, 19]. The biological parameter includes Escherichia coli
and total coliform numbers. The physical parameter consists
of odor, taste, total dissolve solid (TDS), turbidity and
temperature. While chemical parameter comprises the
amount of nitrate, nitrite, manganese, hardness, chloride,
ammonia, pH, fluoride, sulfate, cyanide, color, arsenic,
cadmium, copper, total chrome, selenium, zinc, aluminum
and iron.

The water samples were tested in accredited laboratories
to ensure accurate testing results. The number, frequency
and sample points are based on conditions and depend on the
type of inspection performed. Physical and chemical
properties examination requires £+ 1.5 liters of water, and
bacteriological examination requires = 100 mL of water.
Sampling and conditioning of the samples are carried out
aseptically according to procedures based on the Indonesian
National Standard (SNI) 7828: 2012, equivalent with the
International Organization for Standardization (ISO) 5667-5:
2006, concerning drinking water sampling.

2.4. Long-Term Operational Assessment

Operational assessment of the appliance consisted of several
parameters such as volumetric flowrate, pressure,
temperature, TDS, and pH. Water flowrates were measured
by flowmeters at each inspection node, namely after pump,
after macrofilter, after microfilter, after ultrafiltration
membrane and after UV sterilization. The measurements
were repeated 8 times for 150 L/day of drinking water
produced.

Pressure measurement was done by measuring water
pressure after pump, after macrofilter, after microfilter, after
ultrafiltration membrane and backflow of ultrafiltration
membrane. It observed changes from pressure gauge,
repeated 8 times for 150 L/day of drinking water produced.
Measurement of temperature, TDS and pH were done using
Sensordirect-150 water testing (Lovibond, UK). Samples of
raw water, water after macrofilter, water after microfilter,
water after ultrafiltration membrane and water after UV
sterilization were evaluated. In order to investigate the
stability of operational condition, the observation was
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conducted for 30 days (28 days without backwash and 2
days with backwash). Backwash normally conducted when
the initial fouling occurred, when the pressure across the
filter increasing, due to fouling restriction. However,
periodic backwash can be conducted to maintain the system
clean dan prevent irreversible fouling occurred [11].

3. Results and Discussion

3.1. Water Product Quality
The laboratory results of water quality was summarized in
Table 1. Based on the results of laboratory testing, some
water samples showed a change on physical and chemical
properties. Some parameters including TDS, turbidity,
nitrate, nitrite, manganese, ammonia and fluoride were
decreased. As shown, the TDS value increased after macro
filtering from 100.3 mg/L to 199 mg/L and also decreasing
TDS after micro filter until UV sterilization became 159.4
mg/L. Similar results are found elsewhere [20]. TDS values
represent the number of dissolved substances (organic and
inorganic substances) present in the solution. The increase in
TDS of water after treated in activated carbon bed was
caused by some activated carbon particles dissolving into
water as colloid particles and was not able to be settling.
Nitrate content was decreased from 33.36 mg/L to 4.6
mg/L; nitrite content decreased from 0.1169 mg/L to 0.0248
mg/L; ammonia content decreased from 0.2693mg/L to 0.16
mg/L; manganese content decreased from 0.015 mg/L to
0.0136 mg/L and fluoride content decreased from 4.721
mg/L  to <0.00625 mg/L. Effectiveness of decreasing
parameters when passing macrofilter and microfilter such as
nitrate is 81%; 25% decrease on nitrite; 74% decreased on
ammonia, 99.8% decrease on fluoride and 30% decreased on

Table 1. Water Quality Parameters Testing Results

chloride. The removal by UV light treatment was higher for
nitrate, nitrite and hardness compared to other units, since
UV could stimulate oxidation of the molecules [16].

As for Dbiological properties, percentage of
microorganisms removed by ultrafiltration membrane was
86%. Ultrafiltration has pore size which is able to restrict
bacteria cells and virus particles to pass through [I11].
Moreover, the UV light also able to -eliminate
microorganism cells [17]. Based on the analysis of
laboratory test results according to the Regulation of the
Ministry of Health of the Republic of Indonesia and the
World Health Organization, concerning drinking water
requirements, it is said that raw water meets the
requirements except for the fluoride parameters. The final
product water especially, was in accordance with 26
standard parameters and was suitable for drinking water.

3.2. Long term operation

3.2.1. Volumetric flowrate

Figure 4 shows the periodic volumetric flowrate in each
treatment unit of the device, up to 30 days.

As shown in Figure 4, the volumetric flow rate observed
daily were relatively contant, including before and after
backwash. The average flow rate of raw water, after
macrofilters, after microfilters, after UF membranes and
after UV sterilization were 22 L/min, 16 L/min, 15.5 L/min,
20 L/min and 19.5 L/min, respectively. The decreasing and
increasing of volumetric flow rates were occured due to
water friction in filter media such as silica sand, activated
carbon media, cartridge filters and ultrafiltration membranes.
When suspended solids begins to block filter media, the flow
rate become flowing slowly. Filtration flowrates affected by
pressure drop, filter contact area, filtration flow velocity,
cake resistance and filter media resistance.

Parameters Units Standard Raw Macrofilter Microfilter UF UV
(max) Water Membrane
Biologicals
E. coli MPN/100 0 0 0 0 0 0
mL
Coliform MPN/100 0 0 0 0 0 0
mL

Physicals
Odor - odorless odorless odorless odorless odorless odorless
Taste - tasteless tasteless tasteless tasteless tasteless tasteless
TDS mg/L 500 100.3 199 196 194 159.4
Turbidity NTU 5 0.86 0 0 0 0.54
Temperature °C +3 26.1 25 25 25 26.1
Chemicals
Nitrate (NO3) mg/L 50 33.36 6.078 6.65 6.5 4.6
Nitrite (NO») mg/L 3 0.1169 0.082 0.105 0.109 0.0248
Manganese mg/L 0.4 0.015 0.0001 0.0001 0.0001 0.0136
Hardness mg/L 500 81 133.32 123.22 129.28 86
Chloride (CI) mg/L 250 6.6 4.96 4.56 4.56 6.1
Ammonia mg/L 1.5 0.2693 0.07 0.29 0.195 0.16
pH - 7.5-8.5 7.54 7.5 7.5 7.5 7.45
Fluoride mg/L 1.5 4.721%* - - - <0.0625
Sulfate mg/L 250 0.2815 - - - 0.4946
Cyanide mg/L 0.07 <0.001 - - - <0.001
Color Pt.CO 15 <0.261 - - - <0.261
Arsenic mg/L 0.01 <0.0004 - - - <0.0004
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Cadmium mg/L 0.003 <0.0015 - - - <0.0015
Copper mg/L 2 <0.0117 - - - <0.0117
Total chrome mg/L 0.05 <0.01 - - - <0.01
Selenium mg/L 0.01 <0.0003 - - - <0.0003
Zinc mg/L 3 0.0065 - - - 0.0087
Aluminum mg/L 0.2 <0.0103 - - - <0.0103
Iron mg/L 0.3 <0.0003 - - - <0.0003
= 3.2.2. Pressure difference
"I benmamicotier Figure 5 shows the the pressure behavior of the flowing
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microfilter was 0.54 bar; after ultrafiltration membrane was
0.02 bar; and backflow of UF membrane was 0.37 bar. After
UV sterilization, the pressure is small because the flow does
not have any obstacles such as filters or others.

3.2.3. Total Dissolved Solid

Measurement of total dissoved of water sample for 30 days
were also taken from raw water, water after macro filter,
water after micro filter, ultrafiltration membrane water and
water after UV and shown in Figure 6.

As shown, the average TDS values before the backwash
were 141.2 mg/L for raw water; 139.7 mg/L after
macrofilters; 138.7 mg/L after microfilter; 138 mg/L after
UF membrane filter; and 137.5 mg/L after UV treatment.
After backwash, the average TDS for 2 days of raw water
was 140 mg/L; after macrofilters was 139.9 mg/L; after
microfilter was 139 mg/L; after ultrafiltration membrane was
138.4 mg/L; and after UV sterilization was 138.3 mg/L.
TDS values before and after the backwash were relatively
similar, but decreased every process.

3.2.4. Water Temperature

Observation of water temperature from each treatment unit
for 30 days was relatively constant. The temperature was
ranged between 24.5°C to 26°C as shown in Figure 7.

3.2.5. pH Value
As for pH value, as observed daily up to 30 days, shown in
Figure 8.

Before backwash, the average pH for 28 days of raw
water was 7.02; after macrofilter was 7.24; after microfilter
was 7.27; after ultrafiltration membrane was 7.28; and after
UV sterilization was 7.28. After backwash, the average pH
for 2 days of raw water was 6,97; after macrofilter was 7.21;
after microfilter was 7.25; after ultrafiltration membrane was
7.26; and after UV sterilization was 7.28. As mentioned, the
pH values before and after the backwash were relatively the
same, but increasing slightly every treatment process. The
highest increase was observed after activated carbon
filtration process. Activated carbon is a binding of metal
ions in solution. In the filtration process, metal elements in
water would be broken down into metal ions and hydroxide
ions. Metal ions would be attracted by activated carbon until
the remaining [OH-] ions reduced, [H +] ions cause an
increase in pH, although not significant.

3.3. Cost analysis and user satisfaction index
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Manufacturing cost of the device was not more than 1500
USD, based on Indonesian retail price. The device could
produce drinking water approximately 150 liters per hour or
3600 liters per day, and could provide drinking water for
approximately 144 households, assumed that every person
consumed drinking water about 5 liters per day [21].
Compared with centralized systems, the operational cost
may be higher, but the capital cost is much lower [22, 23]. It
is therefore the device as very suitable for low income
communities or local community during period of
emergencies or disasters. The device was manufactured and
installed in an elementary school as small communities.
Based on the recent study reported elsewhere, the user
satisfaction was higher as evaluated based on Importance
Performance Analysis (IPA) and Customer Satisfaction
Index (CSI) with the wvalues of 93.20% and 76%,
respectively [24].

4. Conclusion

Mobile UF-based point-of-use drinking water treatment
appliance was developed and evaluated. Operational
evaluation were conducted for 30 days, and as observed
volumetric flowrate and hydraulic pressure were relatively
constant. When backwash process conducted at the 28th day,
the effect was not significant. The physical, chemical and
biological properties of produced water were complied with
the Regulation of the Minister of Health of the Republic of
Indonesia and the World Health Organization standards.
Based on the evaluation, the mobile device could be used for
water treatment for providing high quality of drinking water
for low income communities.
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Nomenclature

PoU Point of Use

uv Ultraviolet

FRP Fiberglass Reinforced Plastics
446 Polyvinyl Chloride

UF Ultrafiltration

SNI Indonesian National Standard
GPM Gallons Per Minute

WHO World Health Organization

1SO International Organization for Standardization
TDS Total Dissolved Solids

MPN Most Probable Number
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