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ABSTRACT
As billions of people in developing regions have limited access to safe drinking water sources, it
is apparent that more affordable and available water purification methods are needed.
Developing a drinking water treatment device with Moringa oleifera seeds enables a locallysourced and less expensive alternative to traditional water purification methods in developing
world. Moringa oleifera trees grow rapidly in equatorial regions around the world, and their
seeds contain an antimicrobial cationic peptide (MOCP) that kills bacteria by fusing cell
membranes. After adsorbing MOCP onto sand through a simple mixing and rinsing procedure,
the Moringa-functionalized sand (f-sand) carries positive charge of +20 mV, with much less
organic residues in the material compared to the conventional flocculating method. The f-sand
can then be packed in sand columns that can achieve higher removal of pathogen, E. coli, than
bare sand columns. Previous series of f-sand column experiments using microspheres suggests
the particle removal and column lifetime can be predicted using the Clean Bed Filtration theory.
This f-sand filter demonstrated ∼4 log removal of 1 μm polystyrene particles and >8 log removal
of Escherichia coli compared to <0.1 log removal for bare sand. Fluorescent E. coli cells were
adsorbed onto f-sand after filtration, visualized by fluorescent microscopy, in comparison to no
bacteria being adsorbed onto bare sand. Preliminary data indicates f-sand filter does not reach
breakthrough until 100 pore volume of the column. Regeneration tests of f-sand columns after
breakthrough, and column tests using lower influent concentration to mimic the real-life
wastewater situation will be performed.
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CHAPTER 1 Background and Introduction

Introduction
Drinking water is a limited resource around the world, but a lot of people still take it for granted.
Nowadays, around 700 million people in 43 countries suffer today from water scarcity (Fig. 1)
(WWDR4, 2012). The employment of point-of-use technologies for household level water
purification reduces diarrheal disease by 30−40% (Clasen, et al., 2007); proposed techniques
include boiling, chlorination, bio-sand filters, and ceramic filters. Boiling is one of the most
common way to treat water, however, it takes 540kcal of heat to boil 1kg of water. Nevertheless,
their application in developing areas remains limited because of the inaccessibility of available
raw materials. Furthermore, the World Health Organization (WHO) has reported that 2.2 million
deaths were caused by waterborne diseases in 2016 (Efstratiou, et al., 2017). Therefore, it is
critical to provide water purification technologies that are affordable, effective, and derived from
locally produced materials to provide safe water in the developing world.

Figure 1: Map showing countries facing water scarcity issues.
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Background
Moringa oleifera tree is called the “miracle tree”, where its nutrient-rich leaves can be used for
tea after drying, and its oil-rich seeds can be used for biodiesel by extracting. Coincidentally,
many of the areas where safe drinking water is limited are overlapped with areas that Moringa
oleifera trees grow (Fig. 2). Previous researches have shown that Moringa seeds cationic,
antimicrobial protein that will flocculent the negatively-charged particles, including bacteria. The
antimicrobial properties are caused by the presence of a helix− loop− helix motif (Fig. 3) that
causes fusion of inner and outer cell membranes (Shebek, et al., 2015). Traditionally, sand
columns are used to filter water, but they are unable to purify water to drinking standards. People
tried to use Moinga oleifera for water purification, however, it has not been widely accepted.
Previous studies show that water treated by Moringa will foul over time because of those
remaining organic matter, and results show that it only removes 90% to 99% of bacteria and dirt
(Ndabigengesere, Narasiah, &Talbot, 1995).

Figure 2: Map showing where Moring oleifera trees grow.

Figure 3: MOCP is a cationic and antimicrobial protein.
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CHAPTER 2 Purpose and Hypotheses

Purpose
Previous study has shown that Clean Bed Filtration Theory could be used to predict the log
removal. This research is mainly focusing on determining removals using Moringa oleifera
modified sand columns based on the data and model obtained by previous researchers. Column
regeneration is another aspect considered for this research project. Determining the method of
protein desorption and re-adsorption of f-sand columns can make this point-of-use water
purification method more sustainable.

Hypotheses
To obtain the value of sticking coefficient , we first assumed its value is 1, indicating the all
particles are stick onto the sand particle surfaces. After obtaining consistent results of log
removal, coefficient  would be back-calculated to determine the actual likelihood of a particle
stick to sand surface. The E.coli particle we used for experiments determining pathogen
removals has a rod shape with about 1.2 μm in diameter and 3.7 μm in length (Redman, et.al,
2004). Thus, when predicting pathogen removals of f-sand columns, we used particle diameter of
1.5um for bacteria. For regeneration test, we assume the MOCP can be washed off from the sand
particles using high concentration of saline water. In this experiment we used 600mM NaCl, and
this data is obtained by pervious unpublished study by Dr. Velegol.
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CHPATER 3 Material and Methods

F-sand Preparation
Moringa seeds ground by coffee grinder is firstly mixed with deionized water for 5 min and then
be filtered through a 1.5 μm glass fiber filter (Whatman) and a 0.22 μm cellulose acetate filter
(Millipore). The seed extract was mixed with unwashed glass beads (Sigma-Aldrich, St. Louis,
MO) for 5 min; the supernatant was discarded, and the glass beads were rinsed with DI water
three times to remove organic residues (Jerri, et al., 2012). The glass beads coated with Moringa
protein is then being used to pack glass columns.

Figure 4: Procedure of preparation of a f-sand column.
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Column Experiments
Bio-rad glass columns of 10 cm in length and 1.5 inner diameter (Fig. 5) are used for column
experiment testing log removal. Smaller columns with 5 cm in length and 1 cm inner diameter
are used for longevity tests determine the time that columns break through. Glass beads after
rinsed three times were poured into columns and packed with DI water overnight by gravity.
Before switching to influent solution, the columns were equilibrated with the same background
electrolyte for 20 pore volumes. Previous experiments using green-yellow fluorescent
FluoSpheres® polystyrene particles with a diameter of 1 μm (Life Technologies) as model
particulate contaminants have been performed to adjust the model of Clean Bed Filtration
Theory. Polystyrene particles of 1 μm size were chosen because their size and charge represent
many target microbial contaminants (such as coliform bacteria) and the collector efficiency is
typically the lowest at this size as predicted by CBF models. For the experiments using
polystyrene particles, Flowsight Imaging Flow Cytometer was used to analyze particle
concentration in influent and effluent samples. E. coli strain TG1 containing plasmids that
express red fluorescent protein (pCA24N-rfp-lasR) were used as model pathogens at an influent
concentration of 108 colony-forming units (CFU)/mL suspended in 10-fold diluted phosphatebuffered saline (PBS) buffer (0.016 M). Culture medium chemicals were removed from the cell
suspension by rinsing pellets three times with PBS buffer. A conventional plate counting method
was used to quantify CFU (Fig. 6). Confocal laser fluorescence microscopy (CLM) was utilized
to visualize the attachment of E. coli to the sand surface after filtration. Images (20Å~ objective
lens) were taken at a laser excitation of 561 nm and emission of 595 ± 50 nm using a Nikon
Inverted Eclipse Ti2-E System with a Nikon A1R+ confocal detector system. Chloramphenicol
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(Cm) antibiotic stock with a concentration of 50 mg/mL was used to prevent contaminations in
E. coli experiments.

Figure 5: Picture showing laboratory f-s

Figure 6: LB plates showing plate counting technique.
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Model Calculation

Clean Bed Filtration Theory
Classic Clean Bed Filtration Theory has been widely applied describe the colloidal/particle
deposition and transport in saturated porous media (Logan, et al., 1995). The extent of deposition
can be estimated from the collector efficiency (η0), defined as the probability of a particle
striking a collector given the column specifics and hydrodynamic conditions. Equation 1
demonstrates the correlation between log removal and η0:
𝑁

3 (1− 𝜖)𝐿𝛼𝜂0

𝑙𝑛(𝑁0) = − 2

Equation (1)

𝐷𝑠

where Ds is the collector diameter, ε is the column porosity, and L is the column length. The
model developed by Tufenkji and Elimelech (TE model) was used to calculate the theoretical η0
because of the superior agreement of the predicted values with experimental data (Tufenkji and
Elimelech, 2004). The sticking coefficient, α, describes the probability of a particle sticking to a
collector upon collision and has a theoretical range from 0 to 1.

Calculation of predicted of log removal

Log removal pred =

−3(1−ε)L η0α
2dc
−log10 [e
]

σlog removal = −log10 (e) (

−3(1−ε)L η0
) σα
2dc

Equation (2)
Equation (3)
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Calculation of 
The sticking coefficient, α, describes the probability of a particle sticking to a collector upon
collision and has a theoretical range from 0 to 1. It was back-calculated by equation 1.
Calculation of Fractional coverage, f, and saturation model
The maximum fractional coverage, f, used to express the maximum fraction of sand area that is
occupied by microbes or particles, was defined using eq.4 :
𝑓=

As Ns

Equation (4)

JpVbAp

where As is the surface area of one sand particle, Ns 90 is the total number of sand particles in the
column, Jp is the flux of influent particles, Vb is the volume filtered at breakthrough and Ap is the
cross-section area of an influent particle. Experimental breakthrough time was calculated using
eq.5:
Time =

6𝑓(𝐷𝑐)2 𝐿(1−𝜖)
𝑛 𝑄 𝐷𝑠 𝐷𝑚2

[=]𝑚𝑖𝑛

Equation (5)

where n, f, Q, 𝜖, L, Dc, Ds, Dm, are the influent concentration, the maximum fractional
coverage, the flowrate, porosity of sand, the height of sand in column, diameter of column,
diameter of sand, and diameter of microbes, respectively.

Interaction area calculation of sphere and rod-shape bacteria
The interaction area between spherical polymer particle with a diameter (2r) of 1 μm is estimated
using equation 6 (Velegol, 2016):
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𝐴=2πrκ-1

Equation (6)

The interaction area between rod-shape bacteria with a diameter of 1.2 μm and a length (L) of
3.7 μm is estimated using this equation 7:
𝐴 = 2𝐿 √rκ-1

Equation (7)

Where κ-1 (nm) is the Debye length10 in 1 mM NaCl. The calculation was under the assumption
of the distance between particle or bacteria and sand surface is equal to the Debye length. The
sand surface is considered a flat surface given the significant size difference between particle and
sand.
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Regeneration
To regenerate f-sand columns, two different protein desorption processes were used in the
experiment. In this regeneration test, we use filtration experiment to test the removal of columns
to determine whether they perform as f-sand or bare sand. Trial (a), as shown in Appendix 1, is
used to test in-situ protein desorption and regeneration. To do that, regular f-sand column is
made and packed overnight by DI water. After equilibrating with 1 mM NaCl solution as
background electrolyte, filtration experiment using 1 um sPSL particles is performed to test the
removal of regular f-sand column. Using the same flow rate, column is rinsed by 600 mM NaCl
for 5 pore volumes to achieve in-situ protein desorption (the salt concentration is obtained from
previous unpublished study). Trial (b), shown in Table 1, is used to test ex-situ protein
desorption and regeneration. After making f-sand, s, we rinsed f-sand with 20mL (~ 3 pore
volumes) 600mM NaCl by stirring the solution for 20 minutes before overnight packing in the
glass columns to achieve ex situ protein desorption. Trial (c), is a bare sand column used to test
adsorption of MOCP on bare sand in situ. For all three trials, after filtration tests to determine the
removals, MOCP serum in pumped through the columns for 10 minutes with a slower flow rate
to achieve longer contacting time between protein and sand particles. Then equilibration and
filtration tests are again performed to test if regeneration works.
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Table 1: Table showing regeneration test procedures. (a) regeneration of f-sand with in situ desorption. (b) regeneration
of f-sand with ex situ desorption. (c) regeneration of bare sand.

f-sand/ bare sand

(a)

(b)

(c)







preparation


Ex situ Protein
Desorption






Filtration Experiment







In situ Protein



Overnight Packing
and Equilibrium

Desorption

Filtration Experiment



Re-adsorption with







Equilibration







Filtration Experiment







Serum
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Protein Concentration Measurement
Absorbance test is used to measure the protein adsorption and desorption over time during
regeneration. Protein concentration is analyzed using Thermo Scientific NanoDrop by measuring
absorbance at 290nm wavelength. Calibration curve, as shown in Fig. 7, was firstly generated by
measuring the absorbance of MOCP serum with different dilution. To test protein desorption
over time, samples are taken at 0.5, 1, 1.5, 2, 2.5, and 3 pore volumes and analyzed by
NanoDrop. The data of absorbance is plotted on the calibration curve to determine protein
concentration in the samples. For adsorption test, samples are taken at 1, 3, 5, and 10 minutes
and then analyzed to determine the protein concentrations.

Figure 7:Calibration curve showing linear relationship between
MOCP serum protein concentration and absorbance at 290nm
wavelength.
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CHAPTER 4 Results and Discussion

Log Removal
The moringa coated sand filter achieved 3-4 log removal of 1 μm particles (1 mM NaCl),
compared to 0.060 log removal by the bare sand filter under identical flow conditions (Fig. 8),
data shown in Appendix C. We determined that the f-sand filters removed >8 log red fluorescent
E. coli (Fig. 9), as no bacteria were detected in the effluent (1 mL sample volume at pore
volumes of 4, 6, and 8) when the influent concentration was 108 CFU/mL. Bare sand achieved
only 0.05 log removal of E. coli under the same flow conditions. CLSM images of f-sand after
filtration show bacteria (red dots) attached to the f-sand surface, while little to no bacterial
accumulation was observed on bare sand (Fig. 10). Previous Baclight stain tests have also
demonstrated the loss of viability of the bacteria attached to the f-sand surface (Jerri, et al.,
2012), likely because of the membrane fusion by the MOCP (Martin, Logan, et al., 1996). The
experimentally determined 8 log removal of E. coli is higher than the predicted value of 4.7. This
predicted value is based on an equivalent diameter of 1.7 μm. The lack of agreement is likely due
to the larger interaction area between flexible rod-shaped bacteria and that of rigid 1 μm
polystyrene spherical particles.
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Figure 8: f-sand Filters Achieved 3-4 log removal of 1um sPSL particles.

Figure 9: f-sand filters achieved >8 log removal of E. coli compared to 0.05 log removal by bare sand

Figure 10: CLSM images. Right picture with bare sand shows no bacteria attached after filtration for 8 pore volumes (2.8
bed volumes) of E. coli (108 CFU/mL), compared to left picture with red fluorescent E. coli attached to f-sand. Light gray
contours are glass
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Column breakthrough
To estimate the capacity of the filter, we determined a fraction, f, of the sand surface area
covered by polystyrene particle contaminants (projected area) at an experimentally determined
breakthrough point. The breakthrough point occurred when N /N0 increased above 0.1. The two
pore volume values right before and after breakthrough were averaged and used to estimate the f
–value using eq.4. Previous longevity tests using polystyrene particle contaminants showed that a
breakthrough pore volume of 350 ± 116, which corresponds to 400− 600 mL, generating an f
value of 4.1 ± 2% (Fig. 10). By plating and diluting effluent to determine when the E. coli is no
longer adsorbing to the sand as well as at the start of the column test around 100 pore volume
(Fig. 11), which is likely due to inhomogeneous shape of bacteria compared to sphere shape of 1
μm particles. The f value calculation from longevity test can be used for preliminary scale-up
design and requires further validation with breakthrough experiments at different column scales.

Figure 11: Graph with 6 different data point showing column breakthrough starts from 300 pore volumes.
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Figure 12: Preliminary longevity test shows
column breakthrough at about 100 pore volumes.

Regeneration
Rinsing with 600mM NaCl reduced the removal of 1 um particle of f-sand column.
Experiments (data shown in Appendix B) showed that f-sand rinsed in situ with 600 mM NaCl
has an average log removal of 0.280.4, while f-sand rinsed ex situ has an average log removal
of 0.390.3, as shown in Fig. 10. This experiment shows that 600mM NaCl solution, determined
by pervious study (data unpublished), is strong enough to reduce the electrostatic interaction
between surface of sand particles and protein. F-sand is rinsed ex situ for 20 minutes in this
experiment and this time period can be considered as a sufficient time to achieve protein
desorption. Future experiment would be performed to optimize the rinsing time to make this
method more efficient.
Protein desorption occurs when rinsing f-sand with 10mL of 600mM NaCl in situ.
Desorption tests (Fig. 11) measuring absorbance showed that protein desorption occurs after 1.5
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pore volume, which corresponds to about 10mL of 600mM NaCl solution. This protein
absorbance test is to determine the minimum volume of 600mM NaCl solution used to desorb
protein from f-sand particles. At 1.5 pore volume, the protein concentration in the effluent
reached the highest indicating the protein is desorbed from the sands. The decrease of protein
concentration from the samples at 1.5, 2, and 3 pore volume shows that MOCP is no more
attracted to sand particles.

Figure 13: Log removal of column packed with fsand and 600 mM NaCl rinsed f-sand in situ and
ex situ.

Figure 14: Protein concentration in the effluent
during desorption.

Recharging Moringa serum to rinsed column regained log removal of f-sand column.
Filtration tests (Fig. 12) shows that in situ rinsed f-sand and bare sand can achieve the log
removal as high as original f-sand after recharging Moringa serum. Filtration tests show that
electrostatic forces between sand particles and MOCP can be regained by pumping Moringa
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serum through columns. In this experiment, columns are rinsed by Moringa serum for 10 minutes
with a flow rate of 1.2 mL/min. Future absorbance tests would be performed to determine the
time when achieving protein re-adsorption so that the rinsing time could be optimized. Readsorption tests with different flow rate would be performed as well to determine the optimum
flow rate to make this method more sustainable.

Figure 15: : Log removal of column packed with 600 mM NaCl rinsed f-sand, bare sand and recharged f-sand, bare sand.
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CHAPTER 5 Economic Perspective and Scaling Up Design

Economic Perspective
The outcome of this study provides the scientific basis for a synthetic chemical-free method
employing Moringa seed extract to enable sustainable drinking water treatment in the developing
world. Using the α and f experimentally determined here, preliminary scale-up analyses were
conducted considering a point-of-use household scale (five people) filter. We required that the
filter provide 10 L/day and >4 log removal of 1 μ m particles given a heavily contaminated
source water (104 /100 mL) with an appropriate head loss. The analyses (Table 2) indicate that
an f-sand filter, 5 cm in diameter and 1 m in length (and 3 cm head loss), would require 0.21 kg
of seed/year (a 2-year-old Moringa tree produces 480 kg of seeds/year) (Ayerza, 2012). Similar
analyses were conducted for a community-based scale filter (1000 people). In addition, our
calculation shows that the filter longevity was not limited by the sand surface area capacity. To
fully implement the proposed filter in the field, we propose to further validate the values of α, f,
and longevity in more complex solution environments, such as various concentrations and types
of natural organic matter, colloids, and pathogens. Filter regeneration should also be considered
for further work. Table 2 is the scale up specifics of f-sand filter. Two different scales were
considered: 5 people household scale for point-of-use, and 1000 people community scale.
Assumptions: 2 L/ day/person, porosity 0.39. 1 µm particle at 104 /ml concentration, sand size
0.5 mm, fraction of coverage: 4%, filter will not reach breakthrough in 140 years, although filters
are assumed to be replaced every three months based on protein stability and effectiveness with
sand being reused. Unit price of locally sourced sand is $0.018/ kg (Ladlow, 2015). For the
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treatment of highly turbid source waters, we propose a hybrid column with a regular sand
column on top of an f -sand column. In addition, testing in the field is required before
comprehensive environmental implications can be assessed.
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Table 2:Scale up specifics of f-sand filter. Two different scales were considered: 5 people household scale for point-of-use,
and 1000 people for community scale.

Design Parameter

Treatment
Capacity

Column
Specifics

Sand and
seed
consumption

Point of use

Community

Typical

Rapid sand

(5 people)

based (1000

slow sand

filter

people)

filter

Daily output (L)

10

2000

N/A

N/A

Yearly Output (L)

3,650

730,000

N/A

N/A

Flow rate (L/d)

10

2,000

N/A

N/A

Filtration rate (m/h)

0.21

0.22

0.05-0.2

5-15

Filter Volume (m3)

0.002

0.41

N/A

N/A

Media Diameter (mm)

0.5

0.5

0.3-0.45

0.5-1.2

Filter Diameter (m)

0.05

0.7

N/A

N/A

Filter Length (m)

1.04

1.06

0.9-1.5

0.6-1.8

Log removal

4.1

4.2

Minimal head (m)

0.03

0.03

0.9-1.5

1.8-3

Total sand (kg)

2.1

423

N/A

N/A

Cost of sand/person/year

0.03

0.03

N/A

N/A

0.054

42.91

N/A

N/A

0.043

0.043

N/A

N/A

($, Unit price: 0.018$/kg)
Total seed (kg)
Seed kg/person/year
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Scaling Up Practice in Field
Moringa Team traveled to ECHO Global Farm in Florida on the week of March 5th, 2018 to
make f-sand in field. Table 3 shows three columns that made in field. This is the first time that fsand column is made in the field. To test its efficiency, filtration tests were conducted. To
simulate the similar column test set up, PVC columns along with bucket full of water are placed
as what Fig. 16 shows. In field filtration test was done and result is shown is Fig. 15. Four
bottles from left to right are bamboo bare sand column, bamboo f-sand column, PVC bare sand
column, and PVC f-sand column. Bamboo columns are not as efficient as PVC columns due to
the remaining organic matter. Since it is a natural material, leaking occurred during filtration
tests, and it could possibly affect the results since pore volume is based on how much water has
been running through the columns.

Table 3: Table showing dimensions and parameters of three columns made in field.

Dimension

Sand (gram)

Seed (gram)

Pore Volume
(mL)

PVC f-sand

1.9 cm diameter

170

30

40

column

25 cm in length

Bamboo (bare

N/A

262.7

N/A

65.1

Bamboo (f-sand) N/A

305.3

45

88.6

sand)
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Figure 16: Filtration test result from in field column tests.
Figure 17:Column set up for overnight
packing in field.
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CHAPTER 6 Conclusion and Recommendations

Future Work
Column tests using MS2 bacteriophage virus are planning to conduct to test if Moringa oleifera
modified sand columns are effective. Preliminary experiment has been performed using double
agar method. However, virus did not grow rapidly on agar plates as planned. Possible reasons
and solutions are needed to be determined in the future. Also, regeneration tests using E. coli
particles would also be conducted.

Conclusion
There is no doubt that Moringa oleifera is a sustainable solution for point-of-use water
purification. The experiment has approved that this modified sand column can remove modeled
particles and bacteria. However, more future experiment will be done to optimize clean bed
filtration model since influent concentration is not a factor from the model we are using right
now. Especially for bacteria, due to its rod shape, it is hard to calculate predicted removal from
its diameter or length. Thus, future literature review and experimental tests are necessary.
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Appendix A

Flow chart diagram showing regeneration test procedures
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Appendix B

Raw Data for Regeneration Tests
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Appendix C
Raw Data for Filtration Tests using sPSL particles
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