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ABSTRACT

Providing clean and affordable water to meet human needs is a grand challenge of the 21st
century. Worldwide, water supply struggles to keep up with the fast growing demand, which is
exacerbated by population growth, global climate change, and water quality deterioration. The
need for technological innovation to enable integrated water management cannot be overstated.
Nanotechnology holds great potential in advancing water and wastewater treatment to improve
treatment efficiency as well as to augment water supply through safe use of unconventional water
sources. Carbon nanotubes (CNTs) are microscopic, hollow, cylindrical tubes made out of
graphene sheets. They contain several different, unique functions. Two functions in particular,
mechanical and antimicrobial, cause nanotubes to be lethal to microbacteria, as well as being
small, strong and flexible. This has allowed nanotubes to be produced as decontaminant filters.
The main objective of the present study is to develop a filter targeting the removal of microbial
pathogens from river water. An experimental setup was constructed in which the multiwall
carbon nanotubes (MWCNT) are used directly as a layer in the filter. The parameters investigated
in the present work includes; the pressure, the temperature, the quantity of MWCNT utilized, and
the thickness of MWCNT.

The present investigation reveals that the percentage reduction in total bacterial count, total
coliforms count, fecal coliforms count and fecal streptococci count increases with the increase of
the water temperature and larger thickness of CNTs. However, increase water pressure results in
lower percentage reduction in total bacterial count, total coliforms count, fecal coliforms count
and fecal streptococci count.

1. .INTRODUCTION
Access to safe drinking water is a basic necessity for human life [1]. Water crisis is one of the
greatest challenges of the present time. The lack of fresh and clean water is a ubiquitous problem
around the world [2]. To address the undeniable need of pure water, various water treatment
technologies have been proposed and applied at experimental and field levels. These
technologies are commonly fall into primary (screening, filtration, centrifugation, separation,
sedimentation, coagulation and flocculation); secondary (aerobic and anaerobic treatments); and
tertiary (distillation, crystallization, evaporation, solvent extraction, oxidation, precipitation, ion
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exchange, reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration (MF),
adsorption, electrolysis and electrodialysis) level water treatment technologies [3]. In recent
years, nanotechnology has introduced different types of nanomaterials to water industry that can
have promising outcomes. Since their discovery in 1991 [4], carbon nanotubes (CNTs) have
attracted much attention in various scientific communities, with a myriad of applications in
electronics, composite materials, fuel cells, sensors, optical devices, and biomedicine. Moreover,
CNTs, because of their high surface area, electronic properties, and ease of functionalization,
have excellent nanosorbent properties for filtering contaminants from water [5, 6]. Previous
studies in this field have focused on the use of bare CNTs or CNTs functionalized with inorganic
nanoparticles for adsorption of inorganic contaminants and toxic metals from water [7-9]. Other
studies have explored the use of CNTs for adsorption of low molecular weight organic
contaminants [10] and toxins [11] from water.

In particular, CNTs have been studied as filters for the removal of viruses or bacteria. Single-
walled carbon nanotube (SWCNT) filters have shown high bacterial retention [12], and multi-
walled carbon nanotube (MWCNT) filters have high viral removal efficiency at low pressure
[13], both through the effects of size exclusion. Moreover, a SWCNT-MWCNT hybrid filter
achieved efficient bacterial inactivation and viral retention at low pressure [14]. The application
of an external electric field markedly enhanced the viral removal by the CNT filter, because of
the increased viral particle transport [15]. Also, CNTs have been studied as filters for the
removal of heavy metals and natural organic matter (NOM) [16-19]. Furthermore, in order to
enhance the antibacterial ability of the CNT filter, vertically aligned MWCNT arrays were
combined with silver nanoparticles [20, 21], and CNT/cotton membrane was combined with
silver nanowires [22]. A recent study demonstrated scalable applications of this technology that
use low-cost and widely available CNTs for inactivation of microbes [23-25]. For viral removal
by CNT-hybrid filters, filtration performance was also tested under various solution chemistries
[26]. These CNT-based filters remove the micrometer-sized bacterial cells through a sieving
mechanism, whereas depth (physicochemical) filtration governs the adsorption of nanoscale
viruses throughout the thickness of the matrix [27].

The present study aims at the use of CNTs as a sandwich layer in the filter as a method of raw
water purification. The raw water samples are withdrawn from an urban natural stream. The
removal of natural contaminants and suspended particles found in such stream is studied. Also
the removal of any probable infectants as bacteria will be presented. The study parameters
include temperature variation which was not presented in such survey. Also the amount of CNT
filters is taken into consideration. The effect of pressure variation of the water inlet to the filter
also will also be investigated.

2. EXPERIMENTAL TECHNIQUE
2.1. Materials

Multi-walled CNTs type was used in the process of water disinfection in the present
study. Multi-walled CNTs (MWCNTSs) with different functional groups were purchased from
Cheap Tubes Inc. (Vermont, USA). To provide consistency among the CNTs under
investigation, this study was restricted to this single commercial manufacturer. Important
characteristics and unit costs (as reported by the manufacturer) of CNTs used in the experiments
are shown in Table 1. According to the manufacturer, the pristine CNTs were prepared using
chemical vapor deposition and further purified or functionalized using plasma methods.
The river water used in this study was obtained from Ismailia Canal. The collected water
preserved at the room temperature in a clean plastic tank for use in subsequent test works.

Table 1 Characteristics of the used CNT:

Type of Outer diameter Length Specific surface area | Purity Unit cost
CNT (nm) (nm) (m?/g) (Wt%) | ($/9)

MWCNT 20 - 40 10 - 30 >110 >90 0.45
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2.2. GENERAL DESCRIPTION OF THE EXPERIMENTAL TEST-RIG

The paraphernalia in figure (1) illustrates the setup of the laboratory-scale water treatment plant
which is designed and constructed to be used to evaluate the use of CNTSs as adsorption granular
filter media. It is constructed mainly of two stages; the first stage consists of two tubes used for
filtration process to get rid of any material or impurities found in raw river water which helps to
keep CNT pipes longer in use. These tubes contain more than one element of the traditional
elements that are used in water purification. The most common material used in water
purification is sand. Sand of high quality has been used in this research. Active carbon is also
used in the water purification process within the filter, and to remove odors. The tubes are

filled with the same size and thickness of the sand layer (of fine sand and coarse grains) and the
active carbon layer.

Another layer of materials that is used during the first stage of water purification is a layer of
polypropylene (PP). This layer is located at the end of each tube so as to reserve both of sand and
active carbon from coming out with filtered water, and also to improve the water purification
process before it enters the second phase of disinfection.

The second stage of the laboratory-scale water treatment plant is the stage of disinfection. This
stage contains a tube and there are two layers of PP material inside this tube between them the
layer of CNT is put as a sandwich. This layer is responsible for retaining the bacteria from the
water to make it safe for drinking.

A water heating system is employed in the present test rig to examine the effect of inlet water
temperature on the purification process. The parameters considered in the present investigation
include inlet water temperature and pressure, as well as CNT amount and thickness.

Samples were collected in one liter sterilized wide mouth glass bottles. These bottles were
presterilized at 180°C for 30 minutes. Bottles were transported in sampling cooled box to the
national research center to be examined within four hours form collection.

Figure (1) The Setup of the Laboratory-Scale Water Treatment Plant.
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3. Results and Discussion

The effect of water pressure, water temperature, thickness of carbon nanotubes (CNT), and the
amount of the CNT, on the total bacterial count for samples at the human blood temperature
(37°C), and the average water temperature (22°C), are investigated.

3.1 Effect of the Water Pressure

The variation of percentage reduction of total bacterial count per 1 ml versus water pressure at
two different temperatures 37 °C and 22 °C for the same inner diameter of 54 mm and different
masses of carbon nanotubes is shown in the figures (2a — 2c). It is observed that, a decrease of
the percentage reduction in total bacterial count for the analysis at 37 °C and 22 °C is associated
with the increase of water pressure. Raising water pressure may push water including bacteria
through the CNT holes, however, the disinfection process is done by the retainment of the
bacteria on the outer surface of the CNT. Therefore, the water pressure may force the bacteria
approximating to the size of CNT holes to get out through the CNT hexagons holes.

It is also shown in the figures that, the percentage reduction in the total count of bacteria at the
average water temperature (22°C) is higher than that at the human blood temperature (37°C).
This can be explained as follows; the bacteria at 22 °C are weaker than the bacteria found at a
temperature of 37 °C, so if exposed to any external influence like a change in pressure or
temperature or made reservation to it, the bacterial membrane may explode. Meanwhile, at a
temperature of 37 °C, the bacterial membrane may tend to vesiculation to resist any external
effects.
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Figure (2a) Variation of Percentage Reduction of Total Bacterial Count with Water Pressure for Inner Tube
Diameter = 54mm and CNT mass =5, 10gm.
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Figure (2c) Variation of Percentage Reduction of Total Bacterial Count with Water Pressure for Inner Tube
Diameter = 54mm and CNT mass = 30, 40gm.

The variation of percentage reduction of total coliforms count per 100 ml versus water pressure
for the same inner diameter of 54 mm and different masses of carbon nanotubes is shown in the
figures (3a — 3c). It is also observed that increasing water pressure results in a decrease in the
percentage reduction in total coliforms count.
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Figure (3a) Variation of Percentage Reduction of Total Coliforms Count with Water Pressure for Inner Tube
Diameter = 54mm and CNT mass =5, 10 gm.
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Figure (3b) Variation of Percentage Reduction of Total Coliforms Count with Water Pressure for Inner Tube
Diameter = 54mm and CNT mass = 15, 20 gm.
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Figure (3c) Variation of Percentage Reduction of Total Coliforms Count with Water Pressure for Inner Tube
Diameter = 54mm and CNT mass = 30, 40 gm.



THE USE OF CARBON-NANOTUBES FOR REMOVAL OF BACTERIAL PATHOGENS FROM RIVER WATER

The variation of percentage reduction of fecal sterptococci count per 100 ml versus water
pressure for the same inner diameter of 54 mm and different masses of carbon nanotubes is
shown in the figures (4a — 4b). It is noticed that, the percentage reduction in fecal sterptococci
count decreases as the water pressure increases. The percentage reduction is higher if compared
with the reduction of total coliforms count, this could be attributed to the spherical shape of these
bacteria, and the nature of the outer surface shape of the tubes, which results in retaining larger
amount of this bacteria.

3.2 Effect of the CNT Thickness

The variation of percentage reduction of total bacterial count per 1 ml versus CNT thickness at
two different temperatures 37 °C and 22 °C for the different masses (20, 40 gm) of carbon
nanotubes for the case in which the water enters under gravity or pressurized with the minimum
pressure needed to overcome the pressure drop through the CNT is shown in the figures (5a —
5b). As expected it is shown that, increasing CNT thickness yields an increase in the reduction of
total bacterial count for both temperatures.
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Figure (4a) Variation of Percentage Reduction of Fecal Streptococci Count with Water Pressure for Inner
Tube Diameter = 54mm and CNT mass = 5, 10, 15 gm.
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Figure (4a) Variation of Percentage Reduction of Fecal Streptococci Count with Water Pressure for Inner
Tube Diameter = 54mm and CNT mass = 20, 30, 40 gm.
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This may be explained as follows; the increase of CNT thickness causes the water to take longer
time to pass througth the layer of the CNT which enhances the ability of carbon nanotubes to
retain a large amount of bacteria from water.
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Figure (5b) Variation of Percentage Reduction of Total Bacterial Count with CNT Thickness for CNT mass =
40 gm and Water Pressure 0, 4.5 bar.

The variation of percentage reduction of total coliforms count per 100 ml versus CNT thickness
for the different masses (20, 40 gm) of carbon nanotubes for the case in which the water exits
under gravity or pressurized with the minimum pressure required to overcome the pressure drop
through the CNT is shown in figures (6a-6b).
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Figure (6a) Variation of Percentage Reduction of Coliforms Count with CNT Thickness for CNT mass = 20
gm and Water Pressure 0, 3.3 bar.
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Figure (6b) Variation of Percentage Reduction of Coliforms Count with CNT Thickness for CNT mass = 20
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It is observed that, the increase of the percentage reduction of total coliforms count is associated
with increasing the thickness of the CNT. This may be a result of increasing the retained
coliforms due to the longer time that the water takes to pass from the CNT for larger thickness.

The variation of percentage reduction of fecal streptococci count per 100 ml versus CNT
thickness for the different masses (20, 40 gm) of carbon nanotubes for the case in which the
water exits under gravity or pressurized with the minimum pressure needed to overcome the
pressure drop through the CNT is shown in the figures (7a — 7b). The curves plotted in these
figures indicate that, increasing CNT thickness reveal an increase in percentage reduction of
fecal streptococci count due to the increase of the adsorption capacity with the increase of CNT
thickness.
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Figure (7a) Variation of Percentage Reduction of Fecal Streptococci Count with CNT Thickness for CNT
mass = 20 gm and Water Pressure 0, 3.3 bar.

3.3 Effect of the Water temperature

Figures (8a -8d) show the variation of percentage reduction of total bacterial count per 1 ml
versus water temperature at two different samples temperatures of 37 °C and 22 °C for the two
inner diameters (40, 54 mm) and two different masses of CNTs (20, 40 gm). Two cases are
investigated; a case in which the water exits under the gravity and the other case in which the
water exit under the minimum pressure needed to overcome the pressure drop in the CNT.
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Figure (8a) Variation of Percentage Reduction of Total Bacterial Count with Inlet Water Temperature for
Tube Inner Diameter = (40, 54 mm), CNT mass =20 gm and P = 0 bar.

It is observed that, the percentage reduction in total bacterial count for the both cases of the
sample analysis at 37 °C and 22 °C, increase for higher water temperature. It may be attributed
to, the rise in temperature of CNT which works to reduce the area of the holes located on the
surface of the tube as a result of the expansion and contribute to enhance the retention of
bacteria.
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Figure (8b) Variation of Percentage Reduction of Total Bacterial Count with Inlet Water Temperature for
Tube Inner Diameter = (40, 54 mm), CNT mass =20 gm and P = 3.3 bar.
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Figure (8c) Variation of Percentage Reduction of Total Bacterial Count with Inlet Water Temperature for
Tube Inner Diameter = (40, 54 mm), CNT mass = 40 gm and P =0 bar.
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Figure (8d) Variation of Percentage Reduction of Total Bacterial Count with Inlet Water Temperature for
Tube Inner Diameter = (40, 54 mm), CNT mass =40 gm and P = 4.7 bar.
Figures (9a — 9d) represent the variation of percentage reduction of total coliforms count per 100
ml versus water temperature for the two inner diameters (40, 54 mm) and two different masses of
carbon nanotubes (20, 40 gm). Two cases are considered, a case in which the water exit under
gravity and the other case in which the water exit under the minimum pressure needed to
overcome the pressure drop in the CNT.
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Figure (9a) Variation of Percentage Reduction of Coliforms Count with Inlet Water Temperature for Tube
Inner Diameter = (40, 54 mm), CNT mass = 20 gm and P =0 bar.
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Figure (9b) Variation of Percentage Reduction of Coliforms Count with Inlet Water Temperature for Tube
Inner Diameter = (40, 54 mm), CNT mass = 20 gm and P = 3.3 bar.
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Figure (9c) Percentage Reduction of Coliforms Count Variation with Inlet Water Temperature for Tube
Inner Diameter = (40, 54 mm), CNT mass = 40 gm and P =0 bar.
The curves presented in these figures indicated that, increasing water temperature results in an
increase in the percentage reduction of coliforms count. This may be explained as follows; CNT
expands at higher water temperature, this results in more adsorbed capacity of CNTs especially
for low pressure. Such improvement in adsorption capacity may yield water with good quality to
be used for human consumption.
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Figure (9d) Variation of Percentage Reduction of Coliforms Count with Inlet Water Temperature for Tube
Inner Diameter = (40, 54 mm), CNT mass =40 gm and P = 4.7 bar.

The variation of percentage reduction of fecal streptococci count per 100 ml versus water
temperature for the two inner diameters (40, 54 mm) and two different masses of carbon
nanotubes (20, 40 gm) under two cases, a case in which the water exit gravity and under the
minimum pressure required to overcome the pressure drop in the CNT is shown in figures (10a —
10d).
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Figure (10a) Variation of Percentage Reduction of Fecal Streptococci Count with Inlet Water Temperature
for Tube Inner Diameter = (40, 54 mm), CNT mass =20 gm and P =0 bar.

It is observed that, the percentage reduction of fecal streptococci count slightly increases with the
increase of the water temperature. This may be attributed to the same reasoning mentioned
before. However, the adsorption capacity of CNTs for fecal streptococci is much better than
coliforms because it is spherical shape.
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Figure (10b) Variation of Percentage Reduction of Fecal Streptococci Count with Inlet Water Temperature
40, 54 mm), CNT mass =20 gm and P = 3.3 bar.
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Figure (10c) Variation of Percentage Reduction of Fecal Streptococci Count with Inlet Water Temperature
for Tube Inner Diameter = (40, 54 mm), CNT mass = 40 gm and P = 0 bar.
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Figure (10d) Percentage Reduction of Fecal Streptococci Count Variation with Inlet Water Temperature for
Tube Inner Diameter = (40, 54 mm), CNT mass =20 gm and P = 4.7 bar.

4. CONCLUSIONS
The following conclusions could be deduced from the present work:

1- The percentage reduction in total bacterial count, total coliforms count, fecal coliforms
count and fecal streptococci count decrease with the increase of water pressure.

2- The percentage reduction in total bacterial count, total coliforms count, fecal coliforms
count and fecal streptococci count increase with the increase of the amount of CNT.

3- However, decreasing the tube diameter leads to increasing the thickness of CNT layer;
thereby enhance the efficiency of the disinfection process.

4- The water temperature has significant effect on the percentage reduction in total bacterial

count, total coliforms count, fecal coliforms count, and fecal streptococci count. The higher the
water temperature, the higher the efficiency of the disinfection process.

5- The use of CNT in the disinfection processes gives effective results and could make raw
water to be suitable for human consumption.
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