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Abstract 
Clean water is necessary for human survival and there is a need for 
development of cheap and easy water purification techniques to use in 
emergency situations when there is no access to safe drinking water. 
Bacteria contaminated water can cause lethal diarrheal diseases and is 
globally the second most common cause of death among children less 
than five years of age. 

Bacteria adsorbing filter paper made from cellulose could be an 
environmentally and economically sustainable alternative for disposable 
water purification filters. This thesis investigates the possibility to use 
polyelectrolyte multilayer modified cellulose pulp fibers and filter papers 
to adsorb and remove bacteria from water. The bacterial removal 
efficiency of the modified materials has been tested both in suspension 
and through filtration. 

The surface modification provides the cellulose fibers with a positively 
charged surface that can attract and bind the negatively charged bacteria. 
The bacterial adsorption through electrostatic interactions makes it 
possible to remove bacteria, even when the pore size of the cellulose 
filters is larger than bacteria. Bacterial reduction tests shows that it is 
possible to remove over 99.9 % of the bacteria when filtering water 
through the modified materials. An increased amount of adsorbed 
cationic polyelectrolyte, polyvinylamine, resulted in an increased 
bacterial removal capacity. It has also been shown that the bacterial 
removal efficiency increases with an increased the amount of bacteria 
adsorbing materials in the filter.  

The modified materials have been compared with a commercial 
product and the filtration efficiency has shown to be greater for the 
polyelectrolyte-modified materials, under the test conditions used in this 
thesis. Tests with natural water samples shows that it is important to use 
a filtration mode to remove particles from the water in combination with 
the bacterial adsorption, as the particles interfere with the bacterial 
adsorption. 
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Sammanfattning 
Säkert dricksvatten är nödvändigt för överlevnad och det finns ett stort 
behov av att utveckla nya billiga och enkla tekniker för att rena vatten i 
nödsituationer där det inte finns tillgång till detta. Dricksvatten förorenat 
av bakterier kan orsaka dödliga diarrésjukdomar och är globalt den näst 
vanligaste dödsorsaken bland barn under fem år. 

Denna avhandling undersöker möjligheten att använda cellulosafibrer 
och filterpapper, ytmodifierade med multilager av katjoniska 
polyelektrolyter, för att adsorbera och avlägsna bakterier från vatten. 
Bakterieradsorberande filterpapper tillverkat av cellulosa kan vara ett 
miljövänligt och ekonomiskt hållbart alternativ för vattenreningsfilter för 
engångsbruk. De modifierade materialens förmåga att adsorbera 
bakterier har testats både i suspension och via filtrering. 

Ytmodifieringen ger cellulosafibrerna en positivt laddad yta som kan 
attrahera och binda de negativt laddade bakterierna. Avlägsnandet av 
bakterier genom elektrostatisk interaktion gör det möjligt att ta bort 
bakterier, även när filtret har en porstorleken som är större än 
bakterierna. 

Bakteriereduktionstesterna visar att det är möjligt att avlägsna mer än 
99,9 % av bakterierna vid filtrering genom de modifierade materialen. En 
ökad mängd adsorberad katjonisk polyelektrolyt, polyvinylamin, 
resulterade i en ökad bakterieavlägsningskapacitet. Det har också visat sig 
att effektivitet ökar väsentligt med ökad mängd bakterieadsorberande 
material i vattenfiltren. 

De ytmodifierade materialen har jämförts med en kommersiell 
produkt för vattenrening med goda resultat. Filtreringstesterna utförda i 
den här avhandlingen visar att de modifierade materialen tar bort mer 
bakterier än vad det kommersiella filtret inaktiverar. Tester med 
naturliga vattenprov visar att det är viktigt att använda filtrering för att 
avlägsna partiklar från vattnet för att uppnå en önskad 
bakterieadsorption, eftersom partiklarna påverkar bakterieadsorptionen 
och minskar effektiviteten hos de bakterieadsorberande materialen. 
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Chapter 1: Introduction 

Critical need for safe and clean water 

Fresh water is the most important resource for survival and access to 
sufficient amounts of clean water is one of the greatest challenges that we 
face during the next coming decades.1 An increasing population in 
combination with the global climate changes will lead to a lack of access 
to fresh ground water around the world, which further enhance the 
importance of good sanitation and well functioning water management 
systems.1, 2 Diarrheal disease caused by waterborne fecal bacteria, like 
Vibrio cholerae and Escherichia coli, is one of the most common causes 
of death in the world. 663 million people lack access to safe water today 
and the 6th goal in United Nations Agenda 2030 for sustainable 
development is to ensure availability and sustainable management of 
water and sanitation for all.2, 3 These goals are both ambitious and 
necessary; preventable diarrheal diseases, related to contaminated 
drinking water, is globally the second most common cause of death 
among children under five years of age, and it would be possible to save 
millions of lives by providing cheap and easy solutions for water 
purification.4, 5 

Another emerging issue when it comes to safe drinking water in 
developing countries, besides contamination with pathogens, is the 
increasing levels of toxic chemicals and pharmaceuticals in freshwater. 
The aim with Agenda 2030 is, among others, to achieve safe drinking 
water for all but also to reduce pollution of water by minimizing the 
release of hazardous chemicals into the environment.2 To achieve this 
goal, focus should be on developing decontamination and purification 
processes without leaching any toxic chemicals into the water.  
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Point-of-Use purification 

The increasing demand for access to clean and safe water makes it 
necessary to invest in new methods to purify water, both for large-scale 
production but there is also a need for portable alternatives that can be 
used on site to obtain safe water, e.g. during emergency situations or in 
remote areas where no permanent water purification facility is available. 
There are many innovative ways to purify water but the methods must be 
cheap and easy to use for successful implementation in developing 
countries.4 The problem with contaminated drinking water is however 
not just an issue in developing countries. In Sweden, several outbreaks of 
waterborne diseases have been recorded during the last decade due to 
microbial contamination of drinking water sources and new temporary 
emergency purification devices for drinking water could be useful when 
the usually safe water sources gets contaminated.6, 7 

Portable purification devices that are used on site to provide clean 
water is often referred to as point-of-use (POU) techniques and the most 
common POU method used today is disinfection with chlorine.8 
Chlorination of water is an easy POU method that can purify quite large 
amounts of water and it provides the water with some lasting protection 
against recontamination, as the chlorine will remain in the water after 
treatment. The problems with chlorination arise when the treated water 
contains dirt and particles that interfere with the disinfection. Field 
studies of chlorination of household water has shown to be less efficient 
than treatment under laboratory conditions.8 It is known that 
chlorination is not as efficient in killing bacteria in turbid water, which is 
often the case when using surface water where water is a scarce resource. 
Another issue with chlorination is the creation of toxic chlorinated 
organic compounds that can be formed when organic matter is present in 
the water and reacts with the chlorine, which is neither good for human 
health or the environment.9 

 
Water filtration 

Another option for POU water purification, rather than to inactivate 
bacteria through addition of toxic chemicals, is to filter the water to 
remove both particles and microbes from the water. Filtration of water is 
often done on large-scale water treatment through sand filters, but is also 
a promising technique for POU purification devices.10 There are many 
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ways and materials that can be used to create filters for water 
purification; the most common commercial ones on the market today are 
ceramic membranes or synthetic polymer filters.10 However, the interest 
for bio-based POU water filters has increased with the emerging need and 
request for environmentally sustainable products.11-13 
 

Cellulose based filters 

Cellulose based water filters could potentially be a great option for 
disposable filters as cellulose is a renewable resource. It is fairly cheap, 
biodegradable and the light weight of cellulose should prompt for lower 
transportation costs. Cellulose filters has traditionally been used for 
filtration because it is a cheap material that can remove particles 
depending on size and it is today utilized for a wide range of applications, 
from air filters in cars to standard filter paper in the lab. Using cellulose 
based materials for water purification is not a new idea, e.g. sari cloths 
made of cotton has been used for a long time to sieve water and coffee 
filters and newspaper has been used water to remove particles from 
water, but the pore size of the cellulose filters has previously been too 
large to exclude bacteria and viruses.14 Today there are a lot of research 
going on that aim to provide simple cellulose filters with new properties 
e.g. by adding chemical components, modifying the fiber surface or 
creating micro porous membranes using cellulose nanofibrils (CNF).12, 15 
Karim et al. have created ultrafiltration membranes from CNF to remove 
dies from water, Gustavsson et al. have developed a cellulose filter that 
can remove viruses and Rohrbach et al. have created water filters that can 
separate oil from water by modifying cellulose filters with CNF 
hydrogel.16-18 

An efficient method that has got a lot of publicity in resent years is to 
incorporate noble metal particles in the filters, mainly silver ions or silver 
nano particles, which will kill the bacteria by rupturing the cell membrane 
of the bacteria, denaturing proteins, interfere with DNA reproduction and 
in the end lead to cell death.19, 20 Dankovich et al. has done extensive 
research and development of cellulose filter paper infused with noble 
metal nanoparticles that has shown to be efficient in killing bacteria in 
water, both in lab set up and in field studies performed in South Africa.11, 

21, 22 A POU product called Safe Water Book sold by Folia Water, based on 
this silver infused cellulose filter paper, was launched on the market in 
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the beginning of 2017 and it has been used as a commercial reference in 
this thesis. 

However, even though sterilization with noble metals like silver is 
efficient in killing bacteria, provided that the concentrations are high 
enough, it also has considerable drawbacks. Water filters based on a 
release of chemicals will provide the treated water with traces of the used 
biocides, which can be harmful both for humans and the environment. 
Noble metals are known to be very toxic for water living organisms and 
research have shown that even trace amounts of silver can select for both 
silver resistant and antibiotic resistant bacteria.20, 23-25 Research regarding 
vaccinations and probiotic bacteria have shown that inactivated bacteria 
and traces of bacteria can cause biological immune reactions in the body. 
26-28 Immunological reactions could potentially be an issue with 
inactivated coliform bacteria left in the water after treatment with 
chlorine or silver, especially in individuals with impaired immune system 
such as small children and elderly people, but this issue could probably be 
prevented by physically removing bacteria from water during the 
purification process. 

 
Bacteria adsorbing surfaces 

Cellulose filters do usually have pores with a radius much larger than 
bacteria, which makes it difficult to remove the pathogens just by 
straining the water. There are however methods to remove bacteria and 
other small particles through electrostatic interaction. Bacteria are often 
modeled as negatively charged particles with a diameter of 1-2 µm, due to 
the negatively charged groups on the surface on the cell wall, and it is 
known that positively charged water filters can trap negatively charged 
particles.29-31 Cellulose pulp fibers are naturally slightly negatively 
charged but the fibers can be modified to gain a positive surface net 
charge (Figure 1).32 This can be done through either chemical or physical 
modification. For example, it has been shown that filter paper made from 
nitrocellulose i.e. cellulose nitrated using nitric acid to introduce positive 
charges, can remove both bacteria and viruses from water even when the 
pore size of the filter is larger than the filtered pathogens.33 Nitrocellulose 
is however highly flammable and has historically been used for 
explosives.34  
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Figure 1. Principal illustration of bacterial adsorption on contact-active cationic cellulose. 
 

Polyelectrolyte multilayer modification 

An easy way to alter the surface charge on cellulose fibers in is to coat 
them with positively charged polyelectrolytes. This can be done through 
physical adsorption and the polyelectrolyte adsorption on the fiber 
surface can be enhanced by altering positively and negatively charged 
polyelectrolytes. This multilayer adsorption technique is often referred to 
as Layer-by-Layer (LbL) modification.35 Studies of LbL modification on 
cellulose have previously shown that it is possible to create a bacteria 
adsorbing cellulose fiber using multilayer adsorption of cationic 
polyvinalamine (PVAm) and anionic polyacrylic acid (PAA).36, 37 LbL 
modification using PVAm and PAA can be done in a water based system 
at ambient room temperature, which makes it both economically and 
environmentally interesting.  

PVAm is known to have antibacterial properties due to the positively 
charged amine groups on the polymer chain (Figure 2). The antibacterial 
effect of polymer in suspension has been ascribed to the charge density of 
the large polymer chains and the risk of selecting for resistant bacteria is 
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thought to be low since cationic polymers affect the bacteria cell wall 
through electrostatic interactions.38 

There are several benefits of removing contaminants from water based 
on electrostatic charges. The polyelectrolyte modification is stable and no 
chemicals will leach into the treated water and the bacteria should not 
cause an immunological response in the body as they are attached to the 
filter.37 The pores of the water filter can potentially be larger than the 
bacteria since the retention is based on charge instead of size, which may 
allow a higher flow through the filter. Another promising advantage is 
that positively charged filters could adsorb other negatively charged 
contaminants in the water, e.g. Larsson et al. showed that it is possible to 
adsorb virus on LbL modified paper using cationic polyallyamine 
hydrochloride and PAA.39 
 

 
Figure 2. Chemical structure of PVAm and PAA, in the charged state used for multilayer 

adsorption.  
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Chapter 2: Objectives 
The aim with this licentiate thesis is to investigate the potential of using 
polyelectrolyte multilayer modified cellulose for water purification in 
emergency situations. The functionalized modification used in this thesis 
creates a bacteria adsorbing surface, which previously has shown to 
attract large amounts of bacteria when applied to cellulosic pulp fibers.36 
The focus has been on water purification by physically removing the 
bacteria from water, instead of inactivating them through addition of 
bactericides.  

This is the first step towards the development of a bacteria adsorbing 
disposable water purification device that could be used without electricity 
in emergency situations. 
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Chapter 3: Experimental Methods 
Materials and chemicals 

Bleached chemical softwood pulp fibers (cellulose fibers) were supplied 
by SCA Hygiene Products (Mölndal, Sweden). Two types of filter paper 
has been modified and evaluated in this thesis. Water stable Whatman 
filterpaper, grade 113, with a reported pore size of 30 µm was obtained 
from Sigma-Aldrich (Stockholm, Sweden) and a commercially available 
coffee filter paper made of bleached cellulose was obtained from 
Klimabolaget AB (Staffanstorp, Sweden). 

Commercial coffee filter paper was used to show that the LbL 
modification utilized in this thesis can successfully be applied on a variety 
of filter papers and the paper does not have to be made of pure cellulose 
like the Whatman filter paper, intended for controlled laboratory usage. 
The POU product Safe Water Book was obtained from Folia Water 
(Pittsburgh, PA, USA) and its filter paper was used as a commercial 
reference.  

Cationic polyvinylamine Lupamin 9095 was supplied by BASF SE 
(Ludwigshafen, Germany) with a molecular weight of 340 kDa, and 
anionic polyacrylic acid was obtained from Sigma-Aldrich (Stockholm, 
Sweden) with a reported molecular weight of 240 kDa.  
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) was obtained from 
Sigma-Aldrich (Stockholm, Sweden). 
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Methods 

Oxidation and surface modification 

Pretreatment with TEMPO-oxidation 

TEMPO-oxidation, where the primary hydroxyl group in the glucose 
chain is oxidized into a carboxyl group, was performed on a fraction of 
the cellulose fibers to increase the negative net charges and thereby 
increase the polymer adsorption.37, 40 A scaled-up version of Saito’s et al. 
TEMPO-oxidation was used, in which 20.0 g of cellulose fibers were 
purified during agitation for 1 hour at 60°C in an acetate buffer solution 
at pH 4.6 with a NaClO2 concentration of 3.00 g/L.40 The cellulose was 
rinsed in deionized water (dH2O) and thereafter oxidized over 4 hours at 
60°C in a phosphate buffer solution at pH 6.8, containing 10.50 g/L 
NaClO2, 8.33 g/L NaClO and 0.17 g/L TEMPO. The oxidation reaction 
was terminated by rinsing the cellulose fibers in dH2O. 

Layer-by-Layer modification 

Cellulose fibers, TEMPO-oxidized cellulose fibers (referred to as TEMPO 
cellulose), coffee filter paper and Whatman filter paper were modified 
with multilayer adsorption of polyelectrolytes using the LbL adsorption 
method. Three types of multilayer adsorption modifications were 
evaluated; 1 layer of PVAm (1 L), 3 layer modification PVAm-PAA-PVAm 
(3 L) and 5 layer modification PVAm-PAA-PVAm-PAA-PVAm (5 L) 
(Table 1).  

The polyelectrolytes were adsorbed, at a material-water ratio of 
1 wt./wt. %, over 10 minutes in a 0.1 g/L polyelectrolyte water solution 
with 100 mM NaCl. The PVAm layers were adsorbed at pH 9.5 and the 
PAA layers were adsorbed at pH 3.5. The material was thoroughly rinsed 
with dH2O between the adsorption steps to prevent non-adsorbed 
polyelectrolytes to aggregate in solution.  

To increase the available mobile charges of the final material, the pH 
of the modified material was rinsed with dH2O set to a pH of 3.5.41 The 
cellulose fibers and TEMPO cellulose were thereafter freeze-dried, while 
the filter papers were dried at ambient room temperature.  
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Table 1. Summary of performed and evaluated LbL modifications on the cellulose materials. 

Material Unmodified 1 L 3 L 5 L 

Cellulose fiber X  X  

TEMPO cellulose X  X  

Coffee filter paper X X X X 

Whatman filter paper X  X  

Material characteristics 

Measuring the cellulose fiber size 

The length (l) and width (w) of the cellulose pulp fiber were measured 
using L&W Fiber Tester Plus (ABB Lorentzen & Wettre Products, Kista, 
Sweden) and the results were weighted against the fiber area (A) 
according to Eq. 1 and 2. 
 

𝑙 = !!×!!!
!!!

   Eq. 1 

 

𝑤 = !!×!!!
!!!

   Eq. 2 

 

Nitrogen analysis 

Nitrogen analysis was performed using ANTEK MultiTek analyzer (PAC, 
Houston,TX, USA). The amount of PVAm adsorbed to the materials can 
be estimated by measuring the nitrogen content in comparison with the 
reference material, as the cationic polyelectrolyte is the only nitrogen 
containing substance added in the modification process. The nitrogen 
count per mg of material was converted to mg PVAm adsorbed onto the 
coffee filter samples, using a calibration curve for pure PVAm. 

Pore size of the coffee filter 

The pore size of the coffee filter paper and the Whatman filter paper was 
evaluated using automatic pore volume distribution (APVD) using a 
TRI/Autoporosimeter version 2008−12 (TRI/Princeton, Princeton, USA). 
The culminated pore volume was analyzed using chamber pressures 
corresponding to 15-150 µm pore radius.  
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Bacterial assays  

Preparation of bacterial suspensions 

The bacteria removal efficiency, growth inhibition and filtration efficiency 
were evaluated with the non-pathogenic bacterial strain Escherichia coli 
ATCC 11775 obtained from SIK (Gothenburg, Sweden) and the number of 
viable bacteria in water was determined as colony-forming units (CFU) 
per mL.  

Fluorescent E. coli K-12 (HB101) (Bio-Rad, Solna, Sweden), 
transformed with a pGREEN plasmid (Carolina Biological, Burlington, 
North Carolina, USA) to express green fluorescent protein, was used for 
the bacteria adhesion evaluation through fluorescence microscopy. 

Bacterial suspensions were prepared for all bacterial assays by 
inoculation and cultivation over night in a nutrient broth medium 
(Scharlab, Barcelona, Spain) at 37°C and agitation before harvesting the 
bacteria through centrifugation (5 000g, 5 min) and re-suspending the 
bacteria in ¼-strength Ringer’s solution (Merck, Darmstadt, Germany), 
an isotonic saline solution used to avoid osmotic pressure disturbances. 
The harvested bacteria were washed on time by a second centrifugation 
cycle and re-suspension in ¼-strength Ringer’s solution.  

The bacterial removal efficiency of the modified materials was 
evaluated both in suspension and by filtering water with E. coli through 
the materials. Filter paper from the Safe Water Book was used as a 
commercial reference material. 

Bacterial removal efficiency 

The reduction tests, where the cellulose materials was incubated with 
bacteria in suspension, was performed to evaluate how well the modified 
materials adsorb and remove bacteria from water.  

Duplicate samples of 0.10 g of material in dH2O or in a saline  
¼-strength Ringer’s solution with an E. coli concentration of 
106 CFU/mL, were shaken during 4 hours at ambient temperature and the 
remaining bacteria in suspension was evaluated by cultivation. The 
bacteria solutions were cultivated in duplicate on Petrifilm (3M, Solna, 
Sweden) and the number of CFU was calculated using the ImageJ image-
analysis tool.42 The bacterial removal efficiency was calculated using 
Eq. 3, where Ci is the initial bacterial concentration and Cafter is the 
bacterial concentration (CFU/mL) after filtration. 
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𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙  𝑅𝑒𝑚𝑜𝑣𝑎𝑙  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  [%] = 100 − 100×
!!"#$%  
!!

   Eq. 3 

Bacterial growth test 

The growth inhibiting effect of the different multilayer modifications, on 
the coffee filter and the Whatman filter, where analyzed by adding 1 mL 
of nutrient broth to the bacterial suspensions after 4 hours incubation 
with the materials. The bacterial growth was analyzed as change in optical 
density (OD) of the bacterial suspensions, before and after incubation 
with nutrition over night. The OD was measured at a wavelength of 
620 nm with a MultiSkan FC microplate photometer (Thermo Scientific, 
Göteborg, Sweden). 

Dependence of bacterial load, time and material-water ratio 

The bacterial reduction test in suspension was performed several times by 
varying one parameter at the time to evaluate the bacterial reductions 
dependence of volume, bacterial load and contact time.  

The bacterial load dependence was evaluated by using different initial 
bacterial concentrations (104, 105, 106 and 107 CFU/mL), while keeping 
the water volume constant at 10 mL.  

The contact time dependence was evaluated by incubating the 
bacterial suspension with modified material and collecting water samples 
with 1-hour increments over a 4-hour period and cultivating the water on 
Petrifilm.  

The material-water ratio dependence test was performed by varying 
the volume of bacteria suspension between 10 - 100 mL, while keeping 
the bacterial concentration constant at 106 CFU/mL or 105 CFU/mL. 

Water samples from nature 

The bacterial removal efficiency in real water was evaluated using three 
different natural water samples; water from the Mississippi River (New 
Orleans, LA, USA), water from Nybroviken (Stockholm, Sweden), and a 
very turbid water sample from a ditch (Vallentuna, Sweden). The initial 
bacterial concentration in the samples was determined by cultivation of 
dilution series. The bacterial removal capacities of the modified materials 
in solution were tested following the bacterial reduction test but changing 
the bacterial solution to the real water samples. The turbid ditch water 
sample, which contained a significant amount of clay, was filtered 



Chapter 3: Experimental Methods 22 

through a coarse qualitative filter paper to remove large particles before it 
was used in the bacterial reduction test. 

Filtration tests 

Filter efficiency 

Water filters used for the filtration tests were prepared by assembling 
circular sheets of filter paper, with a diameter of 25 mm, in a plastic 
syringe filter holder, sealed with an o-ring.  

The bacterial removal efficiency of the water filters was evaluated by 
filtering 10 mL of ¼-strength Ringer’s solution with an E. coli 
concentration of 106 CFU/mL through filters, using duplicate samples. 
The filtered solution was cultivated on Petrifilm to determine the number 
of remaining CFU left in the filtrate. Filters with unmodified materials 
were used for all microbiology tests as control reference sample and one 
sheet of filter paper from Safe Water Book was used as a commercial 
reference. The number of sheets added per water filter varied from 2-20, 
depending on material and modification. The efficiency of the water filter 
after multiple usages was evaluated by repeating the filtration test 5 times 
using the same filter. Filtration was performed both in a controlled mode 
using a syringe pump, with a flow rate set to 1 mL/min, and by free flow 
filtration through gravity (Figure 3). 
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Figure 3. Setup for controlled flow filtration using a syringe pump. 
 

Fluorescence microscopy  

Water filters, made of 15 sheets of coffee filters, unmodified filter 
respectively 3 L modified filters, where assembled in the plastic filter 
holders. The pGREEN transformed fluorescent E. coli was cultivated over 
night and harvested as the bacteria for the reduction- and filtration tests. 
A bacterial concentration of 106 CFU/mL was prepared in ¼-strength 
Ringer’s solution and 10 mL of the bacterial suspension were filtered 
through prepared water filters. Fluorescence microscopy images were 
captured for each sheet in the stacked water filters.   
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Chapter 4: Result and Discussion 
The aim with this thesis was to investigate if it is possible to purify water 
from bacteria using bacteria adsorbing LbL modified cellulose. Two 
different methods of removing bacteria from water has been evaluated; 
the modified material incubated together with contaminated water during 
agitation or using the material as filter for filtration of the water. The 
amount of bacteria remaining in the filtrate was analyzed by cultivation.  

Material characteristics 

Fiber size 

The length and width of the cellulose pulp fibers were measured using 
L&W Fiber Tester Plus. The average length of fibers, weighted towards 
fiber area, was 2.2 mm and the average width of the fibers, weighted 
towards fiber area, was 32 µm. The average area of a cellulose pulp fiber is 
approximately 0.13 mm2, if the fiber is modeled as a thin ribbon.  

The average length of E. coli varies between 1.6 to 3.1 µm and the 
average width is between 0.7 to 1.1 µm, depending on the strain and the 
cultivation conditions.43 If the contact area between the E. coli and the 
cellulose fiber is roughly estimated to 3 µm2, then approximately  
46 000 bacteria could theoretically fit in a monolayer on an average 
cellulose pulp fiber.  

The fiber population of softwood pulp is usually somewhere between 
2.3 to 5.2 million fibers per g of pulp.44 If the theoretical values for 
optimized bacteria attachment onto cellulose fibers where true, then 1 g of 
pulp fibers could adsorb 1011 E. coli, which means that 1 g of pulp could 
theoretically remove all bacteria from 100 L of water with a bacterial 
concentration of 106 CFU/mL. These are theoretical estimations but could 
be interesting when estimating the potential of using free fibers in a POU 
water purification process.  
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Nitrogen analysis 

The amount of cationic PVAm adsorbed onto the cellulose materials were 
estimated through nitrogen analysis. PVAm is the only  
nitrogen-containing compound added in the modification process, which 
makes it possible to calculate the amount of adsorbed PVAm from the 
nitrogen count. Modified TEMPO oxidized cellulose fibers were expected 
to have a higher nitrogen content than the modified cellulose fibers, 
because the TEMPO oxidation increases the negative charge on the fiber 
and thereby increases the possibility to adsorb cationic PVAm.40, 45 The 
unmodified reference cellulose fibers and unmodified TEMPO oxidized 
cellulose fibers did not contain any nitrogen, while the unmodified coffee 
filter paper did contain a small amount of nitrogen, which is most likely 
due to the polymer addition for increasing the wet strength of the filter.45  

No significant difference in the nitrogen content was observed for the 
pulp fibers when taking the large variations into account, shown by the 
error bars (Figure 4). The nitrogen content in the TEMPO cellulose was 
lower than the results presented in the study by Illergård et al., which 
indicated the potential to adsorb more cationic PVAm onto the oxidized 
fibers and enhance the bacteria adsorbing effect.45  

The coffee filter where modified with three different types of LbL 
modification; 1 L, 3 L and 5 L multilayer modifications. The nitrogen 
analysis for the coffee filter shows that each added layer of PVAm 
increase the amount of PVAm absorbed on the fibers with approximately 
twice as much as the previous layer (Figure 5).  
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Figure 4. Result from the nitrogen analysis for 3 L modified cellulose pulp fibers. The error 
bars represent a 95 % confidence interval.  

 

Figure 5. Result from nitrogen analysis showing the amount of adsorbed PVAm onto the 
modified coffee filters, the error bars represent the standard deviation.  
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Pore size of coffee filter 

The pore size distribution was determined for the coffee filter paper and 
the Whatman filter paper using APVD. The majority of the pore in the 
coffee filter have a radius less than 30 µm, and less than 45 µm for the 
Whatman filter (Figure 6). The pore size distribution of the coffee filter 
decrease with a larger pore size while the Whatman filter has a second 
peak at 35 µm. The pore size distribution was measured for both the 3 L 
modified and unmodified filter papers but the difference in pore radius 
was approximately the same. The pore size distribution was measured 
between 15 and 500 µm but no large peaks was observed above 100 µm. 

Measurements of polyelectrolyte multilayers in previous studies show 
that the thickness of a few layers of polyelectrolytes, assembled by LbL 
modification, is in the nanometer range.46 An increased thickness of the 
fibers due to multilayer adsorption, resulting in a decrease in the pore 
diameter between the fibers, should not be detected by APVD, which 
measures pores in the micrometer range. Both the coffee filter and the 
Whatman filter shows pores with a radius larger than 15 µm, which 
should allow bacteria to pass through if there is no other hindrance, like 
the electrostatic interaction between the modified fibers and the bacteria.  

 
Figure 6. Pore volume distribution in unmodified coffee filter and Whatman filter paper.  
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Bacterial assays 

Bacterial removal efficiency in suspension 

The bacterial removal efficiency of the modified materials was tested in 
dH2O and ¼-stength Ringer’s solution and the initial bacterial 
concentration in this study was set to 106 CFU/mL.  

All materials were compared with unmodified material as control 
reference samples, which showed no bacterial reduction. The bacterial 
reduction test in solution showed that the modified materials removed 
99.87 - 99.98 % of the initial bacteria after 4 hours of incubation with the 
modified materials (Figure 7). The highest bacterial removal capacity, 
99.98 % of the initial bacteria after 4 hours, was noted for the cellulose 
fibers in dH2O and TEMPO cellulose in ¼-Ringer’s solution. The 
commercial reference inactivated all bacteria in dH2O and 99.997 % of 
the bacteria in ¼-strength Ringer’s solution.  

The reduction test performed in dH2O had a slightly higher efficiency 
for all materials, except for TEMPO cellulose, compared to the reduction 
test performed in saline ¼-strength Ringer’s solution. This might be an 
effect of an increased osmotic pressure inside the bacteria when using 
dH2O, as the ion concentration is higher inside the cell than in the water. 

Previous investigations of the bacteria adsorbing effect of  
multilayer-treated fibers have mainly been conducted using ¼-strength 
Ringer’s solution to provide a more beneficial environment for the 
bacteria, but it is still unclear how the ion strength affects the bacterial 
adhesion.36, 47, 29 Some studies report that increasing the ionic strength 
will increase the bacterial adhesion, while others report the opposite.48-50 
Illergård et al. reported that no difference in bacterial removal was 
observed when analyzing the bacterial removal efficiency of bacteria 
adsorbing cellulose in different salt concentrations.37 The ions in water 
will interact with the charged polyelectrolytes, but bacterial adhesion to 
surfaces is complex and is affected by many different parameters, e.g. 
bacteria strain, salt concentration, pH etc. 
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The bacterial reduction test shows no significant difference when using 
dH2O and ¼-strength Ringer’s solution for the TEMPO cellulose and for 
the filter papers, while a decrease in the bacterial reduction can be seen 
for the cellulose fibers when using ¼-strength Ringer’s solution 
compared to using dH2O (Figure 7). However, the bacterial removal 
efficiency is high compared to other recently published studies for new 
ideas for water purification methods.51-53 

 

Figure 7. The percentage of removed bacteria from solution after 4 hours of incubation with 
3 L modified materials in dH2O and ¼-strength Ringer’s solution. The initial 
bacteria concentration was 106 CFU/mL. Cellulose and TEMPO cellulose are 
freely dispersed pulp fibers and SWB is the silver infused commercial reference 
Safe Water Book. 
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Bacterial growth test 

The change in OD after incubation over night with nutrition was 
analyzed, for both coffee filter paper (Figure 8) and Whatman filter paper 
(Figure 9), to evaluated the growth inhibiting effect of the modified 
materials. The results show that both types of modified filter paper 
inhibited bacterial growth, while the unmodified filter papers enhanced 
the bacterial growth compared to the positive reference sample without 
any material added to the bacteria solution (Figure 8 & 9). It has 
previously been observed that unmodified cellulose pulp fibers increase 
the bacterial growth in water with nutrition, the bacteria might be able to 
use cellulose as an additional nutrient resource or the pulp may act as a 
support for biofilm formation that promotes bacterial growth.45, 54  

Figure 8. Increase in optical density after 18 hours incubation with coffee filter, unmodified 
and modified with 1 L, 3 L and 5 L. + is the reference bacteria solution without 
exposure to cellulose material and SWB is the commercial reference Safe Water 
Book. The error bars represent the standard deviation. 
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Figure 9. Increase in optical density after 18 hours incubation with Whatman filter, 
unmodified and modified with 3 L. + is the reference bacteria solution without 
exposure to cellulose material and SWB is the commercial reference Safe Water 
Book. The error bars represent the standard deviation. 

Time dependence 

The time it takes to remove bacteria is an important parameter when 
treating drinking water. The amount of bacteria remaining in suspension 
after 1, 2, 3, and 4 hours of contact-time was analyzed to evaluate the time 
dependence of the bacterial removal efficiency. The test shows that all 
modified materials greatly decreased the bacterial concentration after 
only one hour of contact-time (Figure 10). The TEMPO cellulose removed 
99.89 % of the bacteria from the suspension within the first hour while 
the cellulose fibers and the filter paper removed 99.65 % and 98.03 % of 
the bacteria during the first hour, respectively.  

The filter paper needed longer time to remove the same amount of 
bacteria as the cellulose fibers and the TEMPO cellulose did. The reason 
for this is most likely because the cellulose and TEMPO cellulose fibers 
are being freely dispersed in the solution compared to the fixed fibers in 
the coffee filter paper. This difference will increase the probability for the 
fibers to encounter bacteria in suspension and the free fibers have a larger 
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surface area exposed that can adsorb bacteria. The results from the time 
dependence test are promising, as many techniques used to purify water 
require several hours to obtain safe drinking water. Water disinfected 
with chlorine needs to be treated for at least 30 minutes, while other 
types of POU filtration treatments such as ceramic filters have a flow rate 
of 1 - 3 L per hour.10 
 

Figure 10. The results from the time dependence test showing the percentage of 
bacteria remaining in suspension, in hourly increments, after 4 hours of 
incubation with 3 L modified materials. The initial bacterial concentration 
was 106 CFU/mL and the error bars represent the standard deviation. 

Concentration dependence 

The concentration dependence test shows that the number of bacteria 
remaining in the suspension depends on the initial bacterial 
concentration (Figure 11). The number of remaining bacteria in the water 
increases significantly when the initial bacterial concentration increases 
from 106 CFU/mL to 107 CFU/mL. However, the percentage of bacteria 
removed actually increases when the initial bacterial concentration 
increases. This behavior has previously been demonstrated by Lichter 
et al., using multilayers of polyallylamine and PAA on aminoalkylsilane 
coated glass, and by Illergård et al. using multilayer modification on 
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cellulose.37, 55 This is an effect of the large increase in applied bacterial 
load compared to the increase of remaining bacteria in suspension, when 
increasing the initial bacterial concentration. The amount of bacteria 
remaining in suspension is approximately six times larger when the initial 
bacterial concentration increase from 105 to 107 CFU/mL, while the 
increase in applied bacterial load is 100 times larger.  

 
Figure 11. Result from the concentration test showing the number of remaining bacteria in 

suspension and the percentage of removed bacteria after 4 hours of incubation 
with 1 wt./wt. % of modified TEMPO cellulose. The initial bacterial load ranges 
from 104-107 CFU/mL. The error bars represent the standard deviation. 

Material-water ratio dependence 

The material-water ratio dependence test shows that the bacterial 
removal decreases when the volume of water increases but the amount of 
fibers remain constant (Figure 12). However, the results show that it is 
possible to use a 0.2 wt./wt. % material-water ratio, and still obtain a 
bacterial removal efficiency greater than 99.9 %. The result from the 
material-water ratio dependence test indicates that it should be possible 
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to use less material for a scaled-up version of the water treatment method 
with bacteria adsorbing cellulose fibers freely dispersed in water. 

The difference in bacterial reduction for the four ratios is rather small 
compared to the initial bacterial concentration, only 0.16 percentage 
points differs between the smallest and largest material-water ratio 
tested. The bacterial removal efficiency was observed to be slightly lower 
when using the higher initial bacterial concentration for the 1 wt./wt. % 
material-water ratio, which contradicts the observations in the 
concentration dependence test. The difference is however small and could 
be an effect of variation in bacterial viability.  

 
Figure 12. Result of the material-water ratio dependence test showing the percentage of 

removed bacteria vs. the material-water ratio after 4 h of incubation with 
modified TEMPO cellulose. Ci is the initial bacterial concentration. The error 
bars represent the standard deviation.  
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Water samples from nature 

To get a more realistic lab set-up, the modified materials bacterial 
removal efficiency was tested with three different water samples from 
nature. Chlorine is known to be less efficient for sterilization of turbid 
water with a significant amount of particles and it is important to test new 
POU techniques with water samples containing different turbidities.56 
The Mississippi River water contained approximately 1.5 x 105 CFU/mL, 
the water sample from Nybroviken contained approximately 
2 x 104 CFU/mL and the turbid ditch water sample contained 
approximately 8 x 103 CFU/mL, determined through cultivation. Natural 
water samples can contain a huge number of different microorganisms, 
and it is known that only a few of them will be possible to cultivate under 
laboratory conditions.57 The used water could therefore contain a higher 
number of bacteria than could be calculated in this analysis. 

No noticeable reduction in bacterial concentration was observed for 
the ditch water sample treated with the modified materials (Table 2). This 
is probably due to the high amount of small particles in the ditch water 
sample, which may interfere with the bacterial adsorption. The highest 
removal efficiency of all natural water samples, 97 % bacterial reduction, 
was observed for the water sample from Mississippi river treated 3 L 
modified cellulose fibers. The bacterial concentration in the sample from 
Nybroviken was reduced more than 90 % with both the 3 L modified 
cellulose fibers and 3 L TEMPO cellulose, while the bacterial reduction 
was only 68 % after 4 hours of incubation with the 3 L modified coffee 
filter (Table 2). The modified materials were far less efficient in removing 
bacteria from the natural water samples compared to the previous tests, 
even tough the majority of the bacteria were removed from the 
Mississippi river sample and Nybroviken water sample. This implies that 
it is important to remove the particles from the water to get an efficient 
bacterial adsorption for natural water samples. 

 
Table 2. Bacterial reduction for natural water samples, incubated with modified materials. 

Water sample 
Bacteria 

conc. 
[CFU/mL] 

3L Cellulose 
fibers 

[%] 

3L TEMPO 
cellulose 

[%] 

3L Coffee  
filter 
[%] 

Ditch 8 x 103 < 60  < 60  < 60  

Missisippi 1.5 x 105    97     95     94  

Nybroviken 2 x 104    92    90     68  
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Filtration tests 
The bacterial removal efficiencies of the prepared water filters were 
evaluated through controlled flow filtration, 1 mL/min, of bacterial 
suspension through the filters. Paper filter from the Safe Water Book was 
used as a commercial reference, one sheet was used in the plastic filter 
holder as the filter is supposed to be folded as a cone for the POU water 
filtration.  

No reduction in bacterial concentration was observed when filtering 
the bacterial suspension through sheets of unmodified filter paper. This 
was expectes as the APVD measurements on the unmodified filter papers 
showed that the majority of the pores, in both the coffee filter and the 
Whatman filter, had a pore diameter larger than the diameter of E. coli.  

Increasing the number of polyelectrolyte layers 

Surprisingly, all combinations of filter paper modified with the LbL 
method outperformed the commercial reference paper filter. The 
commercial silver infused reference filter had a bacterial reduction of 
almost 100 % when tested in the bacterial reduction test in suspension, 
when incubated with bacteria during 4 h, but it did only remove 65 % of 
the bacteria during the controlled flow filtration (Figure 13). The water 
filter with five sheets of 3 L modified coffee filter had approximately the 
same bacterial reduction as the silver infused filter, while the water filter 
consisting of two sheets of 3 L modified Whatman filter removed 93 % of 
the bacteria. It should however be mentioned that the Safe Water Book is 
intended to be used with free flow filtration.  

The number of polyelectrolyte layers in the modification affects the 
bacterial removal efficiency of the water filter, however, the 1 L 
modification had somewhat higher bacterial removal efficiency than both 
the 3 L modification and the 5 L modification did (Figure 13). This 
indicates that it might not be necessary to have a complex multilayer 
sequence for an efficient bacterial removal through filtration. 
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Figure 13. Bacterial removal efficiency of controlled flow filtration, 1 mL/min, through coffee 
filter modified with different numbers of multilayers. SWB is the commercial 
reference Safe Water Book. The error bars represent the standard deviation. 

 

Increasing the number of filter sheets 

The bacterial removal efficiency was drastically improved when 
increasing the number of sheets used in the water filter. The removal 
efficiency increased from 66.3 % removal when using five sheets of 3 L 
modified coffee filter paper, to 99.9 % removal when using twenty sheets 
of 3 L modified coffee filter paper (Figure 14). The water filter prepared 
with Whatman filter paper contained the two sheets of filter paper, as it 
corresponded to the same weight as for five sheets of coffee filter. The 3 L 
modified Whatman filter paper removed more bacteria than the thin 
modified coffee filter. The water filter made of five sheet of coffee filter 
left four times more bacteria in the filtrated than the water filter made of 
two sheets of Whatman filter paper (Figure 14). This might be a result of a 
denser paper in the Whatman filter in combination with a more narrow 
pore size distribution, compared to the commercial coffee filter paper. 
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Figure 14. Bacterial removal efficiency of controlled flow filtration, 1 mL/min, through 

different numbers of sheets in stacked water filters. SWB is the commercial 
reference Safe Water Book. The error bars represent the standard deviation. 

 

Reusing the filter 

The water filters durability was tested by filtering contaminated water five 
times through the same water filter and evaluating the bacterial removal 
efficiency for each time used. The performance of the filter did not 
decrease when reusing the filter, on the contrary the second to fifth 
filtration had a higher bacterial removal efficiency than the first one 
(Figure 15). This might be due to an increased charge availability of the 
polyelectrolyte modification once the filter is wet.   

This is both an interesting and promising result. It is known that filter 
systems based on trapping particles by electrostatic interactions have a 
limited life span, as the adsorbed particles will eventually block the 
charges on the filter surface.58 This is however an issue for POU methods 
based on a leaching process too, as the amount of leaching biocides will 
decrease with time. More tests need to be performed to reach the filters 
adsorption limit and evaluate how much water that can be purified using 
this kind of bacteria adsorbing filter.  
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It would be very beneficial if it is possible to detect when the filters 
starts to get saturated with bacteria and needs to be replaced with a new 
one. Bio-interactive paper is a hot topic in research right now and there 
are several projects working on paper based diagnostic tools for 
developing countries and simple detection of pathogen bacteria.59, 60  
 
 
 

 
 

Figure 15. Bacterial removal using five consecutive free flow filtrations, through 20 sheets of  
3 L modified coffee filter paper. The error bars represent the standard deviation. 
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Fluorescence microscopy  

Fluorescence microscopy was used to visualize the bacterial adsorption 
on the different sheets in the stacked water filter. The gray scale 
micrographs show the fluorescent E. coli as clear white dots, as well as the 
cellulose fibers in light gray that are slightly auto-fluorescent (Figure 11). 
The reference filter shows an even amount of bacteria throughout the 
stacked filter, as it does not adsorb bacteria onto the fibers, which was 
expected since the bacteria reduction filtration test showed no noticeable 
reduction of bacteria for the unmodified filter. The 3 L modified filter 
binds most bacteria in the first few sheets of the stacked water filter. It is 
possible to see a few bacteria remaining on the 9th sheet in the modified 
water filter while no bacteria can be seen on the 15th sheet.  

These images support the hypothesis that the modified filters will bind 
the bacteria and prevent them from passing through the filter while the 
unmodified material will let the bacteria to easily pass through the water 
filter and it will not lead to a reduction in the bacterial concentration. The 
water gets cleaner the further down the filter, which is also shown in the 
filtration tests where different numbers of sheets in the water filter have 
been evaluated.  

An interesting observation while capturing the micrographs was that 
the bacteria on the modified filters seemed to be fixated on the fibers 
while the bacteria on the unmodified filters were seen floating around 
and not being fixated on the fibers. The sheets of coffee filter paper were 
not rinsed before taking the micrograph. This was done to get a more 
realistic visualization of how the filter will look straight after filtration of 
bacteria contaminated water. It is therefore possible to see bacteria on the 
micrographs that are not adsorbed and fixated on the fibers, these ones 
could probably been rinsed away with clean water. It can also been seen 
that the bacteria is unevenly adsorbed on the modified cellulose fibers in 
the 1st sheet in the modified water filter. This type of bacteria adsorbing 
islands have previously been seen when using the same type modification 
on CNF films.61 
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Figure 11. Fluorescence micrographs, presented in gray scale, of the 1st, 5th, 9th and 15th 

sheet in stacked water filters, made of 15 sheet of coffee filter paper, after 
filtration of fluorescent E. coli in suspension. The column to the left shows 
the unmodified reference filter and the right column shows the 3 L modified 
filter. 
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Comparison with the literature 

The maximum bacterial removal efficiency obtained for the filters used in 
this thesis is greater than 99.9 % but it could probably be improved by 
filtering the water through more sheets of modified material. The 
limitation when performing this work has been the filtration setup and 
the bacterial removal efficiency could be improved by designing a filter 
that will force the water to penetrate all sheets in the water filter without 
any leakage.  

It is difficult to compare the bacterial removal efficiency of the 
modified materials in this thesis with results in literature for other 
materials used for POU filtration because most research has been focused 
on leaching materials that require a slightly different experimental setup. 
A bacteria log reduction value of 6 was reported for cellulose filters 
impregnated with silver particles, similar to the commercial reference in 
this study, compared to a log reduction of 3-4 for the cellulose modified 
with multilayers in this study.11 The study with silver infused cellulose 
filters used a higher initial bacterial concentration, 108 CFU/mL, but the 
number of remaining bacteria in the effluent water was in the same range 
as for the modified materials used in this thesis.11  

Zeng et al. reports that they obtained a bacteria reduction over 97 % 
when filtering water containing E. coli with a concentration of 105 
CFU/mL through bactericidal hydrogel filters made from reduced 
graphene oxide and silver, which is less efficient than the bacteria 
adsorbing materials used in this thesis.51 

The commercial POU products on the market today often refer to 
different standards for water treatment when promoting their products. 
The Swedish invention SOLVATTEN (Solvatten AB, Sweden), based on 
sterilization by sunlight, reports that it fulfill the World Health 
Organisation’s (WHO’s) requirements for safe drinking water when 
treating water with a bacterial concentration of  
2 x 104 CFU/mL, which is in the same range as the lowest concentration 
tested in this thesis during the concentration dependence test.62 
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Chapter 5: Conclusion 

The results in this thesis shows that it is possible to remove bacteria from 
water using bacteria adsorbing cellulose materials and it evaluates the 
initial stages of developing an affordable and environmentally friendly 
disposable POU treatment, using LbL modified cellulose materials. The 
bacteria adsorbing materials do not release any biocides to water, which 
is a significant advantage compared to other POU methods for water 
filtration that are often combining filtration with release of silver nano 
particles that kills the bacteria.9, 11, 45  

Cellulose materials, both pulp fibers and filter paper, modified with 
PVAm and PAA, using the LbL technique, have capacity to remove more 
than 99.9 % of E. coli in water. The bacteria adsorbing material can be 
used to remove bacteria from water by keeping the material free in 
suspension or it can be use for creating bacteria adsorbing water filters. 
The controlled flow filtration test showed that the LbL modified filters 
performed better than the commercial reference filter when it comes to 
reducing CFU in the filtrate.  

The filtration tests show that it is possible to adsorb bacteria from 
water during filtration mode through the modified materials, both during 
free flow filtration due to gravity and during controlled flow using a 
pump. The bacterial removal efficiency is dependent of the amount of 
adsorbed cationic PVAm onto the fibers, the amount of bacteria 
adsorbing material used in the filter and the initial bacterial load. The 
filtration tests showed that 1 L modification was most efficient in 
removing bacteria in filtration mode, and the bacterial reduction 
increased greatly with more sheets of paper used in the water filters.  

The materials bacterial removal efficiency in turbid water samples 
from nature was much lower than for the experimental conditions with 
E. coli, when using the material in suspension to remove bacteria. This 
could probably be avoided by using the modified materials in filtration 
mode. More researched is needed to evaluate the filtration efficiency on 
real water samples.  
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Chapter 6: Further Work 
The work done in this thesis is the first step in evaluating if it possible to 
create bacteria adsorbing cellulose filters. There are many steps that need 
to be evaluated and optimized for making a commercial product. The 
experimental work has been done on small laboratory scale, next step 
would be to upscale the filtration process to see if it is possible to purify 
larger amounts of water.  

The limit for approved drinking water disinfection recommended by 
WHO is a bacterial reduction >99.9999 %.63 The thesis shows that the 
bacterial removal efficiency could greatly be improved by increasing the 
sheets of filter paper in the water filter. Working on the filter design and 
an innovative way to perform the filtration could probably develop a 
commercial purification device that reaches the standards for water 
purification.  

One important issue when testing and optimizing the bacterial 
removal efficiency of the filters is to make sure that all water passes 
through the filter and not leaking on the sides. If the high standards 
should be fulfilled, basically all bacteria in the water need to be removed 
and this is not possible if even a small amount of water remains 
untreated. The bacterial removal efficiency of 99.9 % is however high and 
could probably save lives if a product was on the market today. The test 
with natural water in this thesis shows the importance to test the 
developed methods in conditions similar to the real life. Several field 
studies have shown that most POU devises works much better in a 
controlled lab environment than they do out in the field and this could be 
improved by developing the materials at an early stage by performing the 
tests on natural contaminated water. 
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