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Abstract 

Water is one of the bulk transportation media for transmission of particulate 

contaminants. These contaminants are complex mixtures of particles; most of them are 

u ual ly maIler than 1000 ).lm in diameter. Chemical and biological aerosols (particulates) 

are frequently in the range of 1 -10 ).lm. The particulate matters may carry some adsorbed 

gaseous contaminants. The removal of particulate and biological contaminants is thus an 

important step in water purification process. Particulate contaminants if not removed tend 

to foul reverse osmosis membranes and severely reduce the throughput of the final 

purification step. The filtration industry is looking for more efficient high performance 

filters for fi ltration of particles smal ler than 0.3 ).lm and adsorbed toxic gases. 

Nanofibrous media have low basis weight, high permeabil ity and small pore size that 

make the appropriate for a wide range of filtration applications. In addition, nanofiber 

membrane offers unique properties such as high surface area (ranging from 1 -35 m2/g 

depending on the diameter of fibers), good interconnectivity of pores and potential to 

incorporate active chemistry or functionality on nanoscale. 

The current study investigated the formation of nanofibrous membranes, from a 

cel lulose precursor; cel lulose acetate, for water filtration. Membranes were prepared by 

an electrospinning technique that was based on the use of a high voltage power supply to 

force polymeric droplets to be sprayed in the form of fibers with different aspect ratios, 

depending on the process parameters. Different parameters affecting the structure, 

morphology and physical properties of the membranes were studied in detai ls in order to 

optimize them. Characterization of the membranes was carried out at every stage of the 
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electrospinning process by infrared spectroscopy (IR) and scanning electron microscopy 

(SEM). Physical properties of the membranes such as density, porosity, BET surface 

area, pore size distribution, viscosity and surface tension were determined. Thennal 

treatment effects on the structure and morphology of the membranes were studied. 

Regeneration of cel lulose was attempted by treatment of the membranes in alkaline 

media. Optimization of the alkali treatment process was also reached. Preliminary 

evaluation of the nanofibrous membranes for removing sol id particulates from simulated 

solutions was also carried out. Fi ltration efficiency results were compared to those 

obtained with two commercially available membranes . 

Results showed the possibi lity of obtaining nanofibrous membranes from 

solutions containing different concentrations of cellulose acetate, and showed a wide 

range of fiber and pore size distribution. Optimization of the electrospinning parameters 

led to the formation of highly porous membranes (with porosity approaching 94%) 

together with homogeneous fiber and pore size distributions. Structure instability was 

observed with the thermal treatment of these membranes and was found to be dependent 

on the membrane thickness. Treatment of the CA membranes in O.SM NaOH solutions 

yielded a fully regenerated cellulose after 1 0  hours, without affecting the morphology of 

the nanofibers nor the pore size and its distribution. Efficiency of the nanofibrous 

membranes prepared in the current study showed superiority over the commercial ly 

available membranes. 
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I. Introduction 

1.1 Water Pollution: 

Comprising over 70% of  the Earth's surface, water is undoubtedly the most 

precious natural resource that exists on our planet . Without the seemingly invaluable 

compound comprised o f  hydrogen and oxygen, l ife on Earth would be non-existent: it is 

essential for everything on our planet to grow and prosper. Water is not only used by all 

creatures on earth in their routine dai ly l ife, but is also used in a wide range of industries. 

Water exists in oceans, seas, l akes, rivers, . .  etc . Al l these water storage areas are, 

however, connected to each other through the natural water cycle that involves rain as 

\ el l .  Although we as humans recognize these facts, we disregard them by pol luting our 

rivers, lakes, and oceans. Subsequently, we are slowly but surely harming our planet to 

the point where organisms are dying at a very alarming rate. In addition to innocent 

organisms dying o ff, our drinking water has become greatly  affected as is our abil ity to 

use water for recreational purposes. In order to combat water pol lution, we must 

understand the problems  and become part of the solution [ 1 ] .  

Water pol lution is a major problem in the global context. It has been suggested 

that it is the leading worldwide cause of  deaths and diseases [2,3], and that it accounts for 

the deaths o f  more than 1 4,000 people daily [3] .  In addition to the acute problems of 

water po l lution in developing countries, industrialized countries continue to struggle with 

po llution problems as wel l .  In the most recent national report on water quality in the 

United States, 45 % o f  assessed stream miles, 47 % of assessed lake acres, and 32 % of 

assessed bay and estuarine square mi les were classified as pol luted [4] . Water pollution 

occurs when a body o f  water is adversely affected due to the addition of large amounts of 

materials to the water. When it is unfit for its intended use, water is considered 
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pol luted. Water po l lution is  also defined as "The alteration in composition or condition of 

surface water, either direct ly or indirectly as the result o f  the activities of man, which 

initiates the modification o f  ecological systems, hazards to human health and renders the 

stream less acceptable to downstream users" [5] .  Two types of water pol lutants exist; 

point source and nonpoint source. Point source po llution refers to contaminants that enter 

a waterway through a discrete conveyance, such as a pipe or ditch. Examples of  sources 

in this category include discharges from a sewage treatment plant, a factory, or a city 

storm drain. The U .S .  C lean Water Act (CWA) defines point source for regulatory 

enforcement purposes [6] .  Non-point source (NPS) pol lution refers to diffuse 

contamination that does not originate from a single discrete source. NPS po llution is often 

a cumulative effect o f  smal l  amounts o f  contaminants gathered from a large area. Nutrient 

runoff in stormwater from "sheet flow" over an agricultural field or a forest are 

sometimes c ited as examples of  NPS pol lution. Contaminated storm water washed off of 

parking lots, roads and highways, cal led urban runoff, is sometimes included under the 

category o f  NPS pol lution .  However, this runoff is typically channeled into storm drain 

systems and discharged through pipes to local surface waters, and is a point source. The 

CWA definition o f  point source was amended in 1 987 to include municipal storm sewer 

systems, as wel l as industrial storm water, such as from construction sites [7] . Other 

sources o f  water pol lution include agricultural runoff, urban runoff, construction runoff, 

mining runoff, septic systems, sewage treatment p lants and industrial faci lities [8] .  

Nonpoint sources are much more difficult to control .  Pol lution arising from nonpoint 

sources accounts for a majority o f the contaminants in streams and lakes. 

Pol lution is also caused when silt and other suspended so l ids, such as so il, 

washo ff p lowed fields, construction and logging sites, urban areas, and eroded river banks 

when it rains. Under natural conditions, lakes, rivers, and other water bodies undergo 
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Eutrophication, an aging process that slowly fills in the water bod 'th d '  Y WI se Iment and 

organic matter. When these sediments enter various bodies of  water fi h 
" , IS respiratIOn 

becomes impaired, plant productivity and water depth become reduced, and aquatic 

organisms and their envirorunents become suffocated [ 1 ]  In DAB and s' ' I  tn' , Iml ar coun es 

where desert usual ly surrounds cities, sand po llution of  both open and underground water 

is a common problem, Very fine sand particulates po l lute water col lected from wel ls and 

cannot be easi ly separated from water by traditional filtration systems. Sand Particulates 

with sub-micrometer (sub-f..lm) size usually pass through most common filters to drinking 

\l ater, and is eventual ly  settle and accumulate in certain body organs, causing health 

problems. 

1.2 Water Purification: 

Pol luted water should be treated in a process called water purification. This 

process removes undesirable chemical and bio logical contaminants, both so luble and 

insoluble, from raw water. The aim of this process is to provide water that is fit for a 

specific purpose such as human consumption. The water purification methods can be 

categorized into two main areas; physical methods and chemical methods. Methods such 

as heat treatment, reverse osmosis, disti l lation, filtration and sedimentation are considered 

physical methods, whi le methods such as chlorination, coagulation/flocculation agents, 

ozonation and the use o f  electromagnetic radiation such as UV l ight, are c lassified as 

chemical methods. Heat treatment can be carried out by boi l ing water for a long period of 

time to purify it o f  a l l  pathogens. After reaching a rol l ing boi l ,  boi l ing is normally 

maintained for some time (about 5- 1 0  minutes) in order to inactivate bacterial spores 

which can survive boi l ing. Reverse osmosis uses mechanical pressure that forces water to 

pass through a membrane that is impermeable to most contaminants. The water produced 
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by reverse osmosis lacks minerals and is c lose in purity to what is known as "distilled 

water". Therefore minerals are normal ly added to this water in certain pre-calculated 

amounts to make it suitable for human consumption. The disti l lation process is another 

method of" ater purification, in which water is boi led to produce water vapor that is free 

of mostly physical contaminants. This water vapor is then al lowed to condense on cool 

surfaces. The major disadvantage of  this process is the inabil ity to remove chemical 

contaminants, especial ly the so luble ones. These contaminants condense with the 

collected water. In the sedimentation process, the po l luted water slowly enters a large 

tank, al lowing sol id contaminants (floc) to settle at the bottom.  The fi ltration process is 

usual ly  performed after separating most floc,  and is considered the last step to remove 

remaining suspended partic les and unsettled floc .  However, the main disadvantage of this 

combined process is the inabi l i ty to remove the disso lved substances in the water such as 

heavy metal ions and so luble organics. In the chlorination process, as a chemical method, 

chlorine is usuall y  used to ki l l  many harmful organisms. The disadvantage of using 

chlorine in this technique, however, is that it reacts with natural organic pol lutants in 

water forming more hannful by-products such as trichloromethanes, which is a 

carcinogenic agent [5 ] .  Coagulation/flocculation is another chemical method in which 

turbidity and co lor are removed from water to make it clear and co lorless. In this process, 

a coagulant is used to col lect a l l  turbidity and color pol lutants, causing them to precipitate 

in the form very small  partic les. After stirring, these smal l particles stick together and 

form bigger particles that can be removed by simple physical methods such as fi ltration. 

This process removes most of the suspended matter in water. A major result of removing 

particles using this method is that it reduces the levels of pathogens, that are usually 

shielded from chemical and thermal destruction by these solid partic les [5] .  In the 

. (0 ) which is a powerful disinfectant, is used because of its 
ozonatlOn process, ozone 3, 
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toxic effect to most waterborne pathogens .  Ozonation process is widely used in Europe to 

purify water. Using UV l ight in puri fying water is  a very effective way to kil l pathogens 

if water is exposed to UV radiation for a long time. The efficiency o f  this technique 

depends on the water turbidity, where so lid particulates are known to di stract the incident 

UV radiation [5 ,  9, 1 0] 

1.3 Water Filtration: 

Fi ltration process IS a common practice that is used in a large scale for the 

removal of  sol id particulate contaminants present in different types of  waters. These 

contaminants are complex mixtures o f  partic les; most of  them are usually smal ler than 

1 000 11m in diameter. Chemical and biological aerosols (particulates) are frequently in the 

range o f  1 - 1 0  11m .  Moreover, sol id particulates may carry some adsorbed gaseous 

contaminants [ l 1 ] . The removal of particulate and biological contaminants is thus an 

important step in water purification process. If not removed from water, these particulate 

contaminants tend to fou l  reverse osmosis membranes and severely reduce the throughput 

of the final purification step. Therefore, fi ltration is highly recommended as a pre-reverse 

osmosis step, and is an important step in the series of  steps used for the purification of 

water in industry [ 1 1] . 

Commercial ly  available fi l ters are based on membranes or activated carbon beads. 

In the later type, activated carbon partic les, or beads, are packed in a column, through 

which water passes. Fi l tration in this case is based on the separation of  the so l id partic les 

by being trapped in the interstices created between the packed carbon beads. Moreover, 

being activated, these carbon beads provide the possibi lity of  adsorbing bad odors and 

gasses from solution on their surfaces. The disadvantage of  this type of  filtration system, 
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however, is that the avai lable porosity is sti l l  bigger than the possible wide range of tiny 

solid particulates and is thus limited to the separation of big particles only. In the 

membrane-type o f  filters, the physical and mechanical interlocking between the fibers 

making them provide networks or meshes with limited porosity to block sol id 

particulates, hence separating them from aqueous media. The avai lable porosity in this 

regard makes it more efficient than the activated carbon column filtration systems. 

Commercial ly avai lable fibrous membranes are made of synthetic polymers such as 

po lypropylene, Nylon, cellulose, and polystyrene. The common feature of all these 

fibrous membranes is their morphology in tenns of the size of the fibers and the porosity 

provided for the fi ltration process as a result of the interlocking of these fibers. In most 

commercial ly avai lable membranes, fibers are in the �m-mm range and the available 

porosity can thus fil ter certain size range of particles; usually above 1 00 �m. The 

filtration industry is  looking for more efficient high performance filters for fi ltration of 

particles smal ler than 1 00 �m [ 1 1 ] . Nanofibrous media have low basis weight, high 

penneabi l ity and small pore size that make it appropriate for a wide range of filtration 

applications. In  addition, nanofiber membrane offers unique properties such as high 

surface area (ranging from 1 -35 m
2
/g depending on the diameter of  fibers), good 

interconnectivity o f  the interstitial space, and above all, the nano-scaled fiber diameter 

which give rise to an increased surface area as compared with the conventional nonwoven 

filter media composed o f  currently avai lable texti le fibers with typical diameters of 

several microns [ 1 2] .  

1.4 Methods of making nanofibers: 

Different techniques are used to make polymeric nanofibers. These include 

drawing [ l 3] ,  template synthesis [ 1 4] ,  phase separation [ 15 ] ,  melt fibri l lation [ 1 6], island-
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in-sea [ 1 7], gas jet [ 1 8], nanol ithography [ 1 9] ,  sel f-assembly [20] and electro spinning 

[2 1 ] . Each o f  these techniques has its own advantages and disadvantages. The usefulness 

of these techniques is l imited by combinations of restricted material ranges, possible fiber 

assembly, cost, and production rate [22] . Electrospinning is considered by many 

researchers the most convenient o f  these techniques, to make polymeric nanofibers [23-

28] . It has received a signi ficant interest as a simple, versatile, very effective, and low-

cost" ay to produce nanofibers. This technique was first studied by Zeleny in 1 9 1 4  [29] ,  

was first patented by Forrnhals in  1 934 [30], while the physics of  the process was first 

studied by Taylor in  1 964 [3 1 ] .  Interest in this process was low for the fol lowing forty 

years and was then re-gained in the last decade. In this process, a high voltage power 

supply is used to charge pol ymer droplets that emerge from a nozzle [28] .  Under the 

effect of  the appl ied high voltage, droplets elongate, get stretched and accelerated towards 

a grounded col lecting substrate [28] .  Depending on the grounded geometry and 

mechanics of  the grounded col lector, woven or non-woven fibrous mats can be fabricated. 

Figure 1 shows schematics o f  two electrospinning setups in which woven and non-woven 

nanofibrous mats could be produced. As shown in both schematics, a typical 

electro spinning standard setup consists of four main components: a spinneret with 

metallic needle, h igh voltage power supply, syringe pump and grounded collecting plate 

(col lector) [32-3 3 ] .  In both types of  setups shown in Figure 1 ,  the alignments of  the 

syringe with respect to the grounded col lector can be vertical or horizontal. In the former 

setup, the ejected po l ymer stream is  also influenced by an additional force; gravity [33] .  

Studies have shown, however, that this additional force does not influence the 

morphology nor the properties of  the produced nanofibers . In fact, variables such as 

operating voltage, type o f  polymer, type of  solvent, concentration of  the polymer solution, 

flow rate distance between needle tip and col lector, needle gauge, and spinning 
, 

8 



Synngo 
Solution ,Jet 

F.��...L..- \ 

Synngo Pump 

1-

/= 
Htgh VO"II90 
Power Supply 

\r r�.: .. �: . � 

(B) 

Collector 

HIgh Speed C.,mertl Computor 

Figure 1 .  Schematic diagram of  the electrospinning setup for the production of A: 

non-woven [32] ,  and B: woven nanofibrous media [33]  
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atmosphere do indeed affect the morphology of the deposited fibers as wel l as the intra­

fibrous porosity [27,  28 ,  36,  37 ] .  The syringe used is  driven by a syringe pump, 

which contro ls  the flow rate and the volume of the pol ymer solution ejected during the 

experiment. The po l ymer solution loaded into a syringe is first ejected from the needle as 

a droplet [ 38 ] .  The applied voltage could be positive or negative, depending on the 

polarity of  the high vo ltage generator [38] . When this voltage is applied to the needle, the 

droplet is deformed into a conical shape cal led the Taylor cone after the pioneering work 

of Taylor [3 1 ] . In this case the applied electrostatic force is in equi l ibrium with the 

surface tension of  the droplet. This cone is unstable and the charged jet seeks a path to the 

ground. Then, the polymer so lution is charged to high voltage that is sufficient to 

overcome the surface tension forces of  the polymer. When the electrostatic force (due to 

the high voltage potential  o f  the polymer solution) overcomes the surface tension, a 

charged tiny jet is ejected from the surface of  the droplet towards the grounded col lector 

plate where it deposits randomly as a nanofiber mesh [3 1 ] .  As the jet propagates toward 

the col lector, the so lvent in  the jet stream gradually evaporates. This al lows the jet to be 

stretched to nanometer-scale diameters (first the jet moves in a nearly straight line and 

then it bends into a complex path) and produce the non-woven fibers. Figure 2 shows the 

process o f  Taylor cone formation and the elongation of  the charged polymeric stream 

afterwards. After the solvent evaporates solid nanofibers are left [40-43] .  

E lectrospinning process has been investigated o n  po lymer so lutions [45-54] as 

well as po lymer melts [55, 56] . In the later case, polymer is continuously heated to a 

temperature j ust above the melting temperature o f  the po lymer in order to achieve and 

maintain the proper viscosity desired for spinning the polymer. Moreover, the distance 
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Figure 2 .  An actual photograph taken by a high speed camera showing the process 

o f  Taylor cone formation and the stretching of the charged polymer 

stream forming nanofibers [44] 
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between the need le that contains the molten polymer and the grounded col lector is shorter 

and a higher voltage is used, for the spinning of molten polymers [ 57) .  

1.5 Applications of nanofibers: 

Polymeric nanofibers produced by electrospinning have shown great potential for 

a \: ide range o f  applications in health care, biotechnology, environmental engineering, 

defense, security and energy generation [22, 50) . By having the abi lity to mass-produce 

nanofibers, electrospinning can become one of the most significant nanotechnologies of 

this century [22 ] .  E lectrospun fibers have shown potential applications in high 

performance air fi lters [58 ] ,  protective texti les [59-6 1 ] , sensors [62,63] ,  advanced 

composites [64-66], photovoltaic cells [67], wound dressing [68,69] and as scaffolds in 

t issue engineering [ 70-74] and more recently as membranes in separation teclmology [75-

80] . Electrospun polymeric nanofibers are either used as produced or further processed to 

other structural materials .  As an example of the later case, pre-ceramic polymers 

containing silicon (Si)  were successfully electrospun into nanofibers that were further 

thermally treated in reducing atmospheres, producing Sil icon Carbide (SiC) nanofibers 

for a wide range of  advanced structural applications [8 1 ) .  Ultrasensitive chemiresistors 

were made of electrospun t it anium oxide (Ti02) nanofibers by loading oragno-Ti 

compounds onto a poly (vinyl acetate), which in turn was electrospun into fibers [82] .  

Control led burning of  these nanofibers yielded the Ti02 chemiresistors [82) . Moreover, 

biodegradable polymeric solutions were pre-loaded with drugs and electrospun into 

nanofibers carrying these drugs [83-85] .  These were used to deliver these drugs on a 

control led basis to sites inside the human body where targeted treatment is  required. On 

the other hand, and because of the similarity between the morphology of the non-woven 

nanofibrous mesh and the extracel lular matrix (ECM), biocompatible nanofibrous 
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scaffolds were used in tissue engineering, specifically for the successful regeneration of 

bone and other hard tissues as well as other related tissue engineering applications [86, 

87] .  Electrospun nanofibers were also used in the fabrication of protective clothing for the 

safety of soldiers to capture and neutralize the chemical and biological warfare agents that 

are harmful for the soldiers without impedance of the air and water vapor pem1eability to 

the clothing [88-90] . Polymeric nanofibers have also been used for the production of a 

novel c lean generation energy [45, 9 1 -93 ] .  

1.5.1 Environmental applications of nanofibers: 

In the field of  environmental engineering, a high efficiency filtration is always 

required for an efficient air and liquid purification. It was estimated that the future 

filtration market would be up to US $700 bil lion by the year 2020 [94]. Nanofibrous 

media, especial ly those produced by electrospinning, have many properties which make 

them the best media for fi ltration appl ications [ 1 1 ] .  They have been used as filters to filter 

moisture, dusts and bacteria. Some important properties make the nanofiber webs an 

excel lent material for making fi lter media. These include high porosity, interconnectivity, 

microscale interstitial space and large surface-to-volume ratio in addition to high filtration 

efficiency and low air-blowing resistance [ 1 1 ,  39] . Especially designed affinity 

membranes with tailored surface chemistry that can capture specific target molecule (or 

ligates) on the membrane surface, have been studied. These permit the purification of 

molecules according to the physical/chemical properties or biological function in which 

they are different from the conventional fi ltration that depends on the molecular 

weight/size [94] . These affinity membranes were produced by chemically immobil izing 

certain chelating (capturing) agents (or l igands) onto the membrane nanofibrous surfaces 

[95-96] .  These membranes have been used for the removal of organic waste heavy metal 
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pollutants from water. As an example, electrospun polyamide nanofibers on a sub-micron 

glass fiber substrate in order to provide the mechanical strength for the filter. The 

resu lt ing modified fi Iter showed an enhanced capabil ity of capturing oi l  droplets with 2 1 0  

nm diameter very effectively [97, 98] .  Using a nanofibrous membrane for the remove of 

solid part ic les from air, Gibson et . al .  proved that the nanofiber membrane was an 

extremely effect ive removal for the partic les in the air with diameters ranging between 1 

11m and 5 11m by physical trapping and adsorpt ion [59, 99] . Simi larly, Steffens et . al. 

successful ly used a nanofibrous polyester fi lter to remove nano-sized aerosol particles 

[ 1 00) . A commercial ly avai lable automobi le air fi lter, called AMSOIL, is made of 

cel lulose microfibers on which polymeric nanofibers were deposited via electrospinning, 

as shown in Figure 3A.  This modified air fi lter is c laimed to last for more than 1 00,000 

miles due to its extraordinary propert ies and enhanced efficiency of air fi ltration to 

remove t iny particles in air [ 1 0 1 ] . Figure 3B shows a comparison between the unmodified 

filter versus the modified one in terms of their efficiency of  air fi ltration. Gopal et . al .  

developed polysul fone nanofibrous pre-filters and used them for the removal of micro­

particles from solution [ 1 02). Their studies showed that these membranes were able to 

remove above 99% of 1 0, 8 and 7 )..lm partic les without any permanent fouling [ 1 02] .  

Kaur et. al . used l igands immobil ized on nanofibrous media for the removal of organic 

wastes, such as phenolphthalein, from water [ 1 03 ] .  Similarly, Saeed et. al .  chemically 

modified polyacrylonit ri l e  (PAN) nanofibers and used them for the adsorption of metal 

ions from solut ions [ 1 04] . Their studies showed the abi l ity to adsorb eu(II) and Pb(II) 

ions from aqueous media. Gopal et al. successfully produced polyvinylidene fluoride 

nanofibers in the form o f  non-woven membranes and were used for the separat ion of 1 ,  5 

and 1 0  11m polystyrene particles from simulated aqueous media [ 1 02] .  These membranes 
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Figure 3 .  A .  A scanning electron micrograph of an air fi lter modi fied by 

nanofibers; AMSOIL. B. A comparison between the efficiency of the 

unmodified to the modified air filters [ 1 0 1 ]  
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were found successful in rejecting more than 90% f th · ·  
. 

o 0 e mlcro-partlcles from solutIOn 

[ 1 02] .  

The above mentioned citations t th t h sugges a t e use of nanofibers in making 

membranes for the filtration of air and water were found to dran1atically enhance the 

filtrat ion efficiency o f  these membranes for most types of  pollutants. As well be 

mentioned in the objectives of  the current study, nanofibrous fi ltration media made of 

cellulose will be tested for their efficiency for the removal of solid particulates from water 

compared to commercially available water filters. 

1.6 Cellulose N anofibers: 

Cellulose is one of  the most abundant renewable polymer resources, and has been 

widely used for fibers and films [ 1 05 ) .  Natural cellulose fibers normally have dimensions 

within the micrometer scale. Recently, the formation of cellulose nanofibers has attracted 

a great deal of  attention due to their good thermal stabil ity, chemical resistance, 

biodegradabi lity, and others [ 1 05 ] .  These properties have resulted in a wide range of 

applications in affinity membranes, biosensors, chemosensors, protective cloths, 

reinforced nanocomposites, and others [ 1 05) .  In addition, cellulose has been investigated 

for the manufacturing of  filtration membranes [ 1 06) . The molecular structure of cellulose 

as a carbohydrate polymer, as shown in Figure 4, comprises of repeating �-D-

glucopyranose units which are covalently linked through acetal functions between the OR 

group of the C4 and C, carbon atoms (� - 1  ,4-glucan) [ 1 07) .  Cellulose is a large, linear­

chain polymer with a large number of hydroxyl groups (three per anhydroglucose (AGU) 

unit) and present in the preferred 4C ,  conformation [ 1 07) . Cellulose has a ribbon shape 

which allows it to twist and bend in the direction out of the plane, so that the molecule is 
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moderately flexible. There is a relatively strong interaction between neighboring cellulose 

molecules in dry fibers due to the presence of the hydroxyl (-OR) groups, which stick out 

from the chain and fonn intermolecular hydrogen bonds [ 1 07 ] .  Regenerated fibers from 

cellulose contain 250-500 repeating units per chain. This molecular structure gives 

cellulose its characteristic properties of hydrophilicity, chirality and degradabil ity. 

Chemical reactivity is largely a function of the high donor reactivity of the OR groups 

[ 1 07] .  Cel lulose and its precursor; cellulose acetate, have been widely used for making 

nanofibrous membranes for environmental applications. The chemical structure of 

cel lulose acetate is also shown in Figure 4.  A limited number of  researchers have 

investigated the electro spinning of cellulose due to its weak solubil ity in traditional 

solvents .  Instead, cellulose acetate was used in different solvent systems to produces 

nanofibers, that were then converted to cellulose by de-acetylation. 

Kim et al directly spun cellulose nanofibers from two different solvents mixtures: 

LiClIDMAc and N-methyl morpholine oxide/water. The obtained nanofibers of 250-750 

nm size range [ 1 08] . Moreover, Xu et al investigated the direct electrospinning of 

cellulose in a room temperature lOmc liquid ( l -allyl-3-methylimidazolium chloride 

(AM IMCl)), with the introduction of a co-solvent dimethyl sulfoxide (DMSO), found that 

it enhanced the spinnabi l i ty of cellulose [ 1 09] .  On the other hand, Ma et al [75] ,  Lu et al 

[ 1 1 0] ,  Zhang et al [ 1 1 1 ] , and Ritcharoen et al [ 1 1 2] investigated the electrospinning of 

CA in a 2 :  1 acetone : D MAc solvent mixture at a maximum CA concentration of 1 5% by 

weight. Son et al obtained micro fibrous CA membranes after electrospinning solutions 

containing a max o f  1 2  wt% of CA in acetone and acetone/water solvent mixtures [ 1 1 3] .  

The obtained fibers had a size range o f  2.25-3 . 23 rnm. Liu  et ai, on the other hand, 

electrospun CA after dissolving it in a acetone, dimethylacetarnide (DMAc), as well as 
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their mi ture [ 1 07] . Using DMAc alone, only beads were formed. Using acetone as the 

sole solvent helped in the formation of a mixture of fiber and bead morphologies. Using a 

solvent mixture of acetone and DMAc (2 :  1 by weight) produced beads-free nanofibers, 

\ hile nanofibers with smoother surfaces were produced when an acetone-DMAc mixture 

of 1 0 : 1 by volume was used [ 1 07 ] .  Yoon et at produced CA nanofibers after 

electrospinning its solutions in methylene chloride/ethanol solvent (in different 

proportions) mixtures at a maximum concentration of CA of 5 wt % [ 1 1 4] .  Han et at 

electrospun a 1 7  wt % CA in a mixed solvent of acetic acid and water (3 : 1 ), noticed an 

increase in the average diameter of the spun fibers with increasing the acetic acid content 

in the mixed solvent [ 1 06 ] .  Tang et at made membranes with high visible light 

transmittance from a poly vinyl alcohol reinforced by CA nanofibers [ 1 1 5] .  The later 

were made by electrospinning 20 wt % solutions of CA in a 2 :  1 acetonelDMAc solvent 

mixture. Taepaiboon et al made a vitamin-loaded electrospun CA mats to be used as 

transdermal and dermal therapeutic agents of vitamins A acid and vitamin E. He started 

with a 1 7  wt % CA solution in the same solvent mixture [83] . Ma et at made electrospun 

regenerated cellulose nanofibrous affinity membrane, then functional ized it with protein 

AlG for immunoglobulin ( IgG) puri fication. The regenerated cellulose fibers were 

originally  produced from the spinning of  CA solutions in acetonelDMF/trifluoroethanol 

(3 : 1 : 1 )  solvent mixtures, fol lowed by deacetylation in 0. 1 M NaOH solution for 24 hours 

[ 1 1 6] .  

Nanofibrous composites containing CA and other polymers have been also 

investigated. Shukla et at electro spun hydroxypropyl cellulose fibers in two different 

solvents :  anhydrous ethanol and 2-propanol . They used as a template to make Sn02 fibers 

on micro electromechanical systems (MEMS) [ 1 1 7] .  Zhang et at electrospun a mixture of 
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hydroxyethyl cellulose and polyacrylonitri le then cross-linked them using gluteraldehyde 

obtaining a highly hydrophi lic nanofibrous network [ 1 1 8] .  Zhang et aI electrospun a 20 

wt % binary mixture o f  CA and poly(ethylene oxide) in DMF or 1 : 1  DMF/dioxane 

mi ture. They concluded that using dioxane improved the spinnabil ity of the mixture 

compared to DMF as a sole solvent [ 1 1 9] .  Chen et al electrospun a mixture of CA and 

polyeth lene glycol and used the produced nanofibrous as a thenno-regulating composite. 

They first dissolved CA in a 2 :  1 acetonelDMAc solvent mixture then added the 

polyethylene glycol fol lowed by spinning the produced mixture [ 1 20] . 

Based on the above c itations, it is apparent that in absence of a proper solvent for 

cellulose spinning o f  cellulose acetate is considered an acceptable pathway towards the 

formation of cellulose nanofibers . It is also apparent that the choice of a suitable solvent 

for the preparation of CA solutions to be electro spun is an important parameter that 

affects the characteristics of the produced nanofibers. Apart from the solvent effect, the 

concentration of  the CA solutions as well as the other electro spinning parameters are also 

as important and effective towards the fabrication of nanofibrous membranes with 

characteristics that are superior to those of the available membranes. 
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C h apter II. Obj ectives 

The objecti es of the current study were 

1 .  To scan the li terature for the previous research perfonned in the area of water 

puri fication using fibrous membranes, especially those based on nanofibers. A 

thorough literature review on cel lulose was intended. 

2. To optimize the electrospinning process parameters in order to prepare 

nanofibrous media with homogeneous fiber dimensions, homogeneous pore size 

distribution and interconnectivity of the pores. 

3. To characterize the fonned media in tenns of its chemical composition, and 

morphology, in addition to their physical properties 

4. To evaluate the prepared nanofibrous media by measuring their efficiencies for the 

fi ltration of simulated water samples containing different sizes of particulate 

materials compared to commerc ially avai lable filters. 
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I II. M aterials and M ethods 

I l L !  Materials: 

Most of the materials utili zed in the current study were purchased from Sigma-

Aldrich, SA. Cellulose acetate (CA) contained 39.7 wt% as acetyl content with an 

average A1n ca of  50,000 (by GPC). Cellulose was obtained in the form of 

microcrystalline powder with an average particle size of 20 ).I.m.  Both cellulose and 

cellulose acetate were characterized by infrared spectroscopy (IR), differential scanning 

calorimetry (DSC), and scanning electron microscopy (SEM), to fully identify their 

structure and characteristics and ensure their phase purities. De-ionized water was made 

in the department of  chemistry using Culligan deionizer, Bogolona, Italy. N,N-dimethyl 

acetamide (DMAc)  was obtained as a ReagentPlus® with a min. assay of 2: 99%. Ethyl 

alcohol was also obtained as an analytical reagent with a min. assay of 96%. Acetone was 

purchased from Merck, Darmstadt, Germany with a min. assay of 2: 99.8%. Both sodium 

hydroxide and calcium phosphate (CaP) were also obtained from Sigma-Aldrich, USA in 

a powder form as A .C .S .  reagents of 99+% min. assay. The particle size and particle size 

distribution of the CaP powder were measured by scanning electron microscopy (SEM). 

1 1 1 .2 Methods: 

A solvent mixture containing acetone and DMAc with a volume ratio of 2 :  1 was 

prepared by stirring their respective volumes at room temperature for 1 hour. Solutions 

containing 1 0, 1 2, 1 5 , 1 7  and 20 % of CA, as weight of CA per volume of the solvent 

mixture, were prepared by dissolving the appropriate amount of CA powder in the solvent 

mixture with warming at a temperature around 30-35°C. The viscosity of each of these 

solutions was measured. Solutions were kept in their beakers, completely sealed by a 
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parafilm and Aluminum foil  to avoid evaporation of the solvents, until being used in 

electrospinning. 

To carry out an electro spinning experiment, a 20 cc syringe was fil led with 5 cc of 

a polymer solution, hocked onto the automatic syringe pump. The positive electrode of 

the high voltage power supply was connected to the tip of the stainless steel needle of the 

syringe. A 5 cm long needle with gauge 1 8  was used throughout the study. The high 

oltage power supply used in the current study produces a maximum of 40 kV, and was 

purchased from Gamma H igh Voltage Research, Florida, USA. The syringe-pump 

assembly was held vertically with the needle pointing downward. A flat square shape 

copper collector completely covered with aluminum foi l  was placed in front of the tip of 

the needle, and was grounded. The whole system was kept inside a home-made plexiglass 

box, with a 9 mm wall thickness, to avoid the effect of external air flow and changes in 

temperature around the system when it is in use. Figure 5 shows a photograph of the 

electro spinning assembly.  The fol lowing parameters were studied: 

1 .  Type of  atmosphere within the plexiglass box in which electrospinning 

experiments were carried out. 

2 .  Status of  the grounded collector, whether fixed or moved in front of the fixed 

syringe. 

3 .  Concentration of  the cellulose acetate (CA) : 1 0, 1 2, 1 5 , 1 7  and 20 wt/vol in  an 

acetonelDMAc solvent mixture (2 : 1 by volume) 

4 .  Operating voltage, provided by the high voltage power supply: 1 2, 1 5 , 1 8 , 20, 

22 kV 

5 .  Flow rate, as control led b y  the automatic syringe pump: 4 - 1 00 mLlhr 

6. Distance between the tip of the needle and the grounded collector: 1 0-20 cm 
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Figure 5 .  A photograph of  the eiectrospinning setup used for making CA nanofibrous 

membranes 
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t the end of  every experiment the fibrous mat col lected on the Al foil was kept 

in the fuming hood at room temperature for 24 hours, to evaporate the remaining solvents. 

Each sheet was further dried at 80°C for another 24 hours to ensure the removal of all 

trapped sol ents. The dried sheets were then characterized for their composition by 

infrared spectro copy ( IR),  and morphology by scanning electron microscopy (SEM). 

Moreover, the BET surface area, porosity, pore size distribution and average pore volume 

characteristics were measured by nitrogen (N2) adsorption. In addition, the average 

molecular weight of  a selected membrane was measured by gel permeation 

chromatography (GPC). The apparent bulk density and % porosity of the dried 

electrospun membranes were determined using the following formulas [ 1 2] 

Where 

Density(p) 
= ( Mass(g) 3 J Volume(cm ) 

%Porosity = ( 1 -� )Xl 00 

D :  manufacturer' s  provided bulk density of cellulose acetate (1 . 3 g/cm3) 

or cellulose (0. 5 g/cm3) 

After optimizing the electrospinning parameters, selected membranes were used to 

study the effect of thermal treatment on their structure and morphology. Thermal studies 

were carried out by plac ing each CA fibrous sheet in a sandwich between square 3mm 

Teflon sheets, which in tum were heated in an oven for 1 hour at 1 50, 200 and 208°C. In a 

parallel experiment, selected membranes were placed in open Pyrex beakers and heated at 

the same temperatures for the same time periods. At the end of each thermal treatment, 

the heated membranes were taken to room temperature, and then analyzed for their 

structure and morphology using IR and SEM, respectively. 

27 



Regeneration of  cellulose is known to take p lace in alkaline media, where the 

acetyl groups on the CA structure are replaced by hydroxyl groups. To study the process 

of cellulose regeneration, CA nanofibrous membranes made at the optimized 

electrospinning conditions were first weighed, on dry basis, then soaked in acetone/de-

ionized water ( 1 : 1 by volume) mixtures for 24 hours. This is known to help in the 

S\ ell ing of the membranes, increasing the distance between the fibers, which is expected 

to faci l itate the alkali treatment [ 1 2] A pre-calculated volume of a O .SM solution of 

NaOH, in ethanol, was added to each membrane soaked in the acetone-water solutions. 

Membranes were removed from these alkaline solutions after S 1 0  I S  20 and 24 hours ) , , , 

rinsed with fresh de-ionized water for more than S times, then dried until a constant 

weight . Each of the post-treatment alkaline solutions was titrated against O.SM HCI 

solution to determine the exact volume of NaOH used in the de-acetylation of CA 

nanofibrous membranes. Completely dry CA membranes were then examined for their 

composition and morphology by IR and SEM techniques, respectively. BET surface area, 

porosity, pore size distribution and pore volume were also determined for those 

membranes alkali-treated for 24 hours. 

Selected electrospun membranes were used in the fil tration experiments using a 

simple fil tration system, shown in Figure 6, that was connected to a vacuum pump 

operating at a maximum pressure of 4 bar. Two commercial ly avai lable membranes were 

also evaluated for the sake of  comparison with those prepared in the current study. The 

first commercial  membrane was a micro fibrous cellulose in the form of 1 0  cm x 1 0  em 

square sheets with a thickness of S mm, and is usually used for fi l ter press machines to 

remove c lays and simi lar solid materials from water. The second commercial membranes 
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Figure 6. The filtration setup using for testing the commercial and prepared nanofibrous 

membranes 
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was made of  polypropylene microfibers and is usually used for home filtration systems, 

in the form o f  a cylinder that is 20 cm long, with internal diameter of 7 cm and external 

diameter o f  8 . 5  cm. This membrane was longitudinal ly sliced and flattened. Both 

commercial membranes were sl iced to make filtration samples of 5 cm in diameter and 

1 -2 mm in thickness. The internal morphologies of both commercial membranes were 

investigated by SEM. 

One type of  solid particulate pollutant was used in the simulation of contaminated 

\: ater solutions; calcium phosphate (CaP). This was selected because of its limited 

solubi lity in water (Ksp = 6 .8  x 1 0-3\ The morphology, partic le size, and particle size 

distribution of CaP powder were investigated by SEM before suspending it in water. 

Simulated solutions containing 300 and 1 000 ppm were prepared by suspending the 

proper amount of  CaP in water and continuously stirred throughout the fi ltration 

experiments to maintain their homogeneity. Aqueous suspensions, 50 cc each, containing 

CaP sol id particulates were carefully poured onto each of the commercial and prepared 

membranes until  the whole amount of suspension was passed through the membranes. 

Around 5 cc of Dr water was further used to confirm the transfer of al l  solid particulates 

from the stock suspensions through the membranes under investigation. The fi ltration 

efficiency o f  al l  membranes was investigated by measuring the change in the total 

calcium in the fi ltered suspensions relative to the unfiltered ones. In addition, completely 

dried membranes were investigated for their morphologies by SEM. The abi lity of these 

membranes to separate solid particulates from water was also confirmed by analyzing the 

trapped sol id  particulates by energy-dispersive X-ray analysis (EDX). 
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1 1 1 .3 C haracterization: 

Different techniques were used throughout the current study to characterize the 

starting materials nanofibrous membranes made at different electrospinning conditions, 

during the thennal and alkaline treatments and to follow up the filtration experiments. 

Structural composition of  the samples was fol lowed by Fourier transfonn infrared 

spectroscopy using a Nicolet Nexus 470 spectrophotometer, USA. All samples were 

scanned over the nonnal range of 4000-400 cm-1 using a reflectance mode. A pre-weighed 

sample was mixed with a dry KEr and pressed at 1 0  tons fonning a thin disk on which 

reflection of IR was recorded . 

Molecular weights of the starting and as-spun CA samples were measured using 

gel penneation chromatography (GPC) (Agilent (Santa Clara, USA) (HP 1 200) apparatus 

connected to HPchem data acquisition system. The separation column was Agilent PLgel 

mixed-C 300 rnm l ength, 7 . 5  internal diameter, and 5 �m packing particle size. Column 

temperature was 25 °C. Tetrahydrofuran (THF) was used as mobile phase at a flow rate 

1 .0 mL/min. isocratic elution was used over 1 5  minutes. Injection volume was 20 �L. 

Detection was obtained using refractive index detector and a UV detector at wavelength 

254 nm. The GPC was pre-calibrated with 1 2  narrow Molecular weight distribution 

polystyrene standards over the molecular weight range of 1 62 glmol to 5 .0x 1 06 glmol 

The thennal characteristics of as received cel lulose acetate and cellulose, as 

electrospun cel lulose acetate and after the de-acetylation process, were measured using a 

di fferential scanning calorimeter (DSC 200F3-NETZSCH), Gennany. Samples were 

heated at a rate of 20 °C/minJor a maximum temperature of 270°C. 
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Morphologies of the nanofibrous membranes as well as the CaP used to prepare 

the simulated waste water samples, were assessed using a Quanta inspect scanning 

electron microscope (SEM), The Netherland, operating at a maximum voltage of 20 kY. 

Uncoated sanlples morphologies were col lected at both low and high vacuum modes; 

depending on the samples surfaces features and charging problems faced during the SEM 

sessions. The identification of solid partic les trapped by the nanofibrous membranes, as a 

result of fi ltering them out from the simulated water solutions, was carried out using SEM 

together with energy dispersive X-ray spectroscopy (EDX). 

Viscosities of al l solutions were measured usmg a Rheometer, Anton Paar, 

Austria, while the interfacial tensions were determined using a ring tensiometer. All 

physical properties shown in Table 2 were measured at a room temperature (25°C). 

Results were processed using a Rheolab plus software. For the purposes of this study, the 

shear-thinning behavior of CA as a non-Newtonian fluid was captured quantitatively by a 

power-law expression, while its elastic behavior was only characterized qualitatively by 

classifying the suspending fluid as weakly elastic, or highly elastic. The power law model 

used for the analysis is given by the fol lowing equation [ 1 2 1 ] : 

where l1 i s  viscosity in mPa.s, 

. . - 1  r I S  shear rate m s , 

m is consistency index in mPa.s, and 

n is flow behavior index . 
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BET surface area, porosity, pore Size distribution and pore volume of the 

electrospun membranes, in the form of cellulose acetate and regenerated cellulose, were 

measured using nitrogen gas adsorption at 77 K employing a Quantochrome NOV A 1 000 

volumetric gas sorption instrument; Autosorb, USA. Dried membranes were cut into 

small pieces, around I cm in diameter, then fi l led into the glass tube attached to the 

instrument. 

Analysis of the filtered solutions was carried out using an inductively coupled 

plasma-atomic emission spectroscopy (lCP-AES). Results were measured as ppm of total 

calcium concentration in these solutions. 
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Chapter IV 
Results and Discussion 

34 



IV. Results and Discussion 

I V. l  Characterization of cellulose acetate (CA): 

Cellulose acetate obtained from Sigma-Aldrich was in the form of coarse 

elongated particles with an average particle size of 300 !-lm, as determined from the 

analysis of its SEM micrograph in Figure 7 .  The as-received CA powder was further 

characterized by IR  to confirm its chemical structure and purity. Figure 8 shows an 

infrared spectrum of as-received CA. Interpretation of the spectrum was carried out by 

comparing the positions at which different functional groups in the CA absorb with their 

corresponding data obtained from the literature [ 1 22], and is given in Table 1 .  All 

functional groups present in CA, such as C-C, C-H, and C-O-C, were observed in the IR 

spectrum of CA, confirming its chemical structure purity. The presence of the acetate 

groups in the structure of CA was confirmed by locating the acetyl carbonyl (C=O) group 

at 1 760 em- I . Moreover, based on the information provided with the material, CA is 

supposed to contain 39 .7 wt% as acetyl content. CA is also known as cellulose triacetate, 

considering substitution of the three hydroxyl (-OH) groups in cellulose by acetate. 

However, the uniformity of substitution, and the presence of this percentage of acetate 

groups in the structure of CA could not be confirmed by IR. The average number-based 

molecular weight (Mn)  of CA provided with the material was 50,000 (by GPC). To 

confirm this information, GPC was used to measure the average molecular weight of the 

as-received CA. Figure 9 shows a GPC spectrum for the as-received CA using a UV and 

refractive detectors. Based on the data obtained from the spectra of both detectors, the 

calculated average molecular weight of the as-received CA was found to be 46,000, 

which is sl ightly lower than what was provided from the suppl ier. 
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Figure 7 .  SEM micrograph of as-received CA powder 
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Table 1 .  Infrared absorption frequencies for the main functional groups in CA [ 1 22] 

Fu nctional Type of Compound Frequ ency (cm-I ) I n tensity 
G roup 

C=O Carboxylic acid 1 730- 1 750 Strong 

Carboxylate ester 

O-H Carboxylic acid 3590-3650 Variable 

Carboxylate ester 3200-3650 Variable 

1 050- 1 1 50 Medium 

1 260- 1 340 Medium 

1 370- 1 440 Medium 

C-O Carboxylic acid 1 050- 1 1 70 Strong 

Carboxylate ester 500-650 

C-C Aliphatic 1 350- 1 400 Medium 

C-H Aliphatic 1 350- 1 400 

1 360- 1 460 

1 425- 1 475 

1 000- 1 1 00 Medium 

900- 1 000 

800-900 

700-800 
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To study the effect of thermal treatment of CA, di fferential scanning calorimetry 

(D C) \i as used in this regard. Figure 1 0  shows a DSC graph of the as-received CA 

sample heated up to 270°C .  The glass transition ( Tg) and melting ( Till) temperatures of CA 

are known to be around 1 98-205°C and 224-230°C, respectively [ 1 07, 1 23] Results in 

Figure l Ob show a transition around 1 80°C, wruch can be considered the Tg of the as­

recei ed CA. Two endotherms were observed in the DSC spectrum with peak 

temperatures of  1 07 .2  and 236. 1 °C, respectively. The first broad endotherm is attributed 

to the evolution of water vapor, which is strongly adsorbed on the CA powder by 

hydrogen-bonding. The second endothenn may be attributed to Till of CA. Thermal results 

of CA thus confinn its structure and suggest a temperature range for thennal treatment of 

CA to be within a range of > 1 80 to < 236°C to avoid degradation of CA. 

IV.2 Electrospinning of CA: Preliminary results: 

A cel lulose acetate solution prepared by dissolving a 1 7  wt% of CA powder in a 

solvent mixture (of acetone and DMAc), was electrospun at different operating voltages 

and a constant flow rate of 1 00 mllhr and at a 1 5  cm distance from the collector. 

Operating voltage was varied between 1 0  to 20 kV at a step of 2 kV. A normal Taylor 

cone-shape was visually observed at the tip of the needle attached to the syringe that 

contains the CA solution. At the end of the cone-shape, an elastic polymeric filament was 

observed and was attracted to the oppositely charged collector. These observations were 

found nonnal and in a good agreement with the known mechanism of electrospinning 

[3 1 ] . The direction of the polymer stream was perpendicular to the grounded collector at 

low operating voltages. Despite the formation of non-woven fibrous deposits on the 

grounded col lector at al l operating voltages, a deflection in the direction of the stream 

was observed when the operating voltage was increased up to 20 kV. Figure 1 1  shows the 
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extent of this deflection with voltage. It was observed that this deflection was in the 

direction of approaching the edges of the grounded collector, which is known to have the 

highest opposite charge to that on the polymer stream. A maximum attraction is thus 

expected as the charge on the polymer stream was increased by increasing the operating 

voltage. The increase in the operating voltage is known to draw more fluid from the 

polymer solution reservoir, and to decrease the velocity of the deposition, causing a 

deflection in the pathway to occur [ 1 24] . Moreover, increasing the applied voltage causes 

the transiently charged fibers to carry a larger charge density, increasing the width of the 

deposition path and an overall deflection from a normal perpendicular deposition of the 

polymer steam [ 1 24] . Based on these results, an optimum operating voltage of 1 2  kV was 

chosen to be applied throughout the electrospinning experiments of CA. 

Using this voltage, a solution containing 1 7  wt% of CA was electrospun at a flow 

rate of 1 00 mVhr at a tip-col lector distance of I Scm. Figure 1 2  shows scanning electron 

micrographs of the col lected non-woven fibers at different magnifications. The 

randomness of the fibers distribution is a mam characteristic of fibers made by 

electrospinning [3 1 ] . This results in an interlocking between the fibers, creating 

interconnected porosities with different dimensions. Despite its random depositions, the 

overall distribution of the fibers is sti l l  homogeneous, and is thus expected to result in a 

homogeneous pore size distribution as well, as shown in Figure 1 2A. In addition to the 

high surface area of  these electrospun fibers, another advantage is the possibi lity of 

forming interconnected pores similar to those observed in Figure 1 2A. The fiber size 

distribution, as calculated from the micrograph in Figure 1 2  C, is shown in Figure 1 3 . It is 

evident that most of the formed fibers were sub-micron in diameter, while around 25% of 

the fibers were sl ightly above one micron in diameter. 
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Figure 1 2 . SEM micrographs of CA nanofibers at different magnifications 
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Despite these findings, few beads with an average thickness of 1 5  /-lm, were 

ob erved within these fibers. This is shown in Figure 1 2A, referred to by arrows. Bead 

fom1ation is one of the possible outcomes of electrospinning is thought to depend on the 

eleclrospinning parameters, including the polymer solution characteristics [36] . After 

spinning a total volume of 20 cc, a membrane with a 1 0  cm in diameter and a thickness of 

1 50-250 /-lm was prepared. Figure 1 4  shows a cross section of this membrane showing the 

thickness of the membrane at di fferent points. A close look at the fibers in the cross­

section of this membrane confirms the homogeneity of the deposited nanofibers and the 

absence of solvent accumulation at the bottom of the membrane. This is attributed to the 

complete dryness of  the deposited fibers as a result of the evaporation of the solvents 

during the trip of the fibers towards the grounded collector [36] .  

In addition to the nanofibrous morphology obtained after spInnmg a 17 wt% 

solution of CA, different morphologies were also obtained during the electro spinning of 

CA solutions with different contents of CA at variable spinning conditions. These were 

obtained during the process of optimization of the process, and are worth noting here to 

clari fy all possible morphologies that may result from electrospinning of polymers in 

general, and CA in particular. Figure 1 5  shows micrographs of fibrous membranes with 

different morphologies. Formation of drops as a sole event, as shown in Figure 1 5B, 

results from spinning low operating voltages. The electrospinning phenomena is based on 

a competition between the surface tension and applied voltage. At low operating voltages, 

the surface tension of  the po lymer droplets emerging from the spinneret is higher than the 

electrostatic charge deve loped on the droplets as a result of the applied voltage [28] . In 

such a case, a Taylor cone is not formed, and the emerged polymer droplets keep their 

spherical morphology until they deposit as such on the 
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Figure 1 4 . SEM micrograph showing a side view of the electro spun CA fibrous 

membrane 
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Figure 1 5 . SEM micrographs showing different morphologies obtained during 

preliminary electrospinning of CA 
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grounded collector [28] .  Figure l 5C shows a situation in which solvent is covering the 

fibrous assembly. This results from the use of relatively di lute polymer solutions together 

\ ith an improper drying of the electrospun fibers. As stated before, a solvent mixture 

containing acetone and DMAc was used in the dissolution of CA. These solvents are 

supposed to evaporate during the passage of the fibers towards the collector. Using di lute 

polymeric solutions together with high flow rate conditions lead to lower chances for 

sol ent evaporation hence their existence with the deposited fibers. In some cases, extra 

sol ent deposited with the fibers may lead to fusion between the fibers, and the eventual 

formation of continuous fi lms instead of fibers. In contrast to the fibers shown in Figure 

1 5A ribbon-like morphology was also observed in the micrograph shown in Figure 1 5D. 

Ribbon morphology indicates stretching of the nanofibers in the side direction, in addition 

to its nonnal stretching while being attracted to the grounded collector. This is attributed 

to possible blocking of  the needle orifice by sudden drying of polymer droplets while 

exiting it. This results in the emerge of a ribbon stream of the polymer solution, which 

keep its ribbon morphology after deposition on the collector. As shown in Figure l 5D, the 

presence of ribbon morphology results in an increase in the overall fiber size distribution, 

a subsequent decrease in the pore size distribution, and an increase in the compactness of 

the fibrous membranes. In order to avoid these circumstances, the effect of saturating the 

electrospinning chamber with acetone was studied. A beaker containing around 50 cc of 

acetone was placed inside the chamber around 30 minutes before starting the 

electro spinning experiment. Figure 1 6  shows two SEM micrographs of fibrous mats 

collected with and without pre-saturation of the chamber with acetone. Both non-woven 

mats were col lected for the same polymer solution at constant applied voltage, flow rate 

and distance from the collector. It is evident that pre-saturating the electrospinning 

chamber with acetone highly affected the morphology of the produced fibers. This was 
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Figure 1 6. SEM micrographs of electrospun CA fibers in A) presence and B) 

absence of acetone inside the spinning chamber with and without acetone 
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previously found to improve the quality of the col lected fibers especially in situations 

\ here highly volati le solvents were used [ 1 25] .  More fibers with ribbon-like morphology 

\ ere observed in the absence of acetone, whi le the presence of acetone was found to slow 

down the evaporation of the solvent from the fibers during their trip towards the collector 

and afterwards. This incomplete dryness of the fibers, in presence of acetone, gave fibers 

\ ith almost complete cyl indrical geometry. Optimization of the electro spinning 

atmosphere is thus considered an important parameter that was strongly considered for 

the formation of fibers with normal cylindrical morphology. Collection of nanofibers, 

produced by electrospinning, was previously studied on fixed collectors or col lectors that 

are mounted on motors [ 1 26, 1 27 ] .  When a grounded collector is fixed, non-woven fibers 

are produced, while woven fibers are normally produced when moving collectors are 

used. Using rotating col lectors, single fibers were formed for specific studies [ 1 28] . Using 

fixed collectors is known to produce non-woven fibrous mats due to the random 

collection of the fibers on these col lectors. Although these non-woven fibrous mats are 

useful for many  applications, the disadvantage of using fixed collectors is the inabi lity to 

control the homogeneity of fibers distribution and the thickness of the produced sheets. 

Due to these findings, the effect of using a col lector mounted on a shaker, on the 

morphology of the produced fibrous membranes, was investigated. Figure 1 7  shows SEM 

micrographs of fibers col lected on a fixed collector versus those collected on a collector 

that was mounted on a shaker adjusted at 1 00 rpm. It is evident that using a moving 

collector resulted in thinner fibers that are more homogeneously distributed on the 

collector. Using a fixed collector was shown to result in a non-homogeneous distribution 

of relatively thick fibers in which solvent was sti l l  believed to exist. Using a moving 

collector, on the other hand, is thus believed to accelerate the evaporation of the solvent 

from the deposited fibers, leading to unified fibers with smaller diameters. Using a 
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Figure 1 7 . SEM micrographs of electrospun CA fibers collected in the 

A) presence and B) absence of a shaker rotating at a 1 00 rpm 
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mo mg collector together with pre-saturating the electro spinning chamber were thus 

found to improve the quality of the collected nanofibers . These conditions were , 

therefore, considered for the rest of the electrospinning experiments carried out in the 

present study. A closer look at the above results indicates the importance of optimizing 

the electrospinning conditions and controll ing the parameters that would eventually lead 

to the formation of homogeneous fibrous membranes. 

In order to confirm the chemical structure stability of CA after electrospinning, a 

san1ple of the electrospun membrane was analyzed by IR and GPC techniques. Figure 1 8  

shows an infrared spectrum o f  as-spun CA compared to that of as-received CA. A close 

match can be seen between the spectra of both samples; before and after spinning. This 

indicates the structural stabi lity of CA. Figure 1 9  shows GPC spectra of as electrospun 

CA fibrous sample from a solution containing 1 7  wt% of CA. Molecular weight analysis 

obtained using the UV and refractive index detectors revealed the same Mn value of 

46,000 for the as spun sample, which is the same as what was previously measured for the 

as-received sample. Both IR and GPC results indicated that electrospinning did not affect 

the structural characteristics of the polymer nor did reflect signs of degradation as a result 

of the high voltage imposed on the polymer. 

IV.3 Electrosp inning of CA: Effect of polymer concentration and 

viscosity: 

Solutions containing 1 0, 1 2, 1 5, 1 7  and 20 wt% of CA in a solvent mixture of 

acetone and DMAc (2 :  1 by volume) were used in these experiments. After saturating the 

electrospinning chamber with acetone for 30 minutes, around 5 mL of each of these 
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solutions were fi l led in a 25 mL syringe and electro spun at a constant operating voltage of 

12 kV, a constant distance of 14 cm and a constant flow rate of 1 00 mUhr. In addition, a 

shaker adjusted at an average speed of 1 00 rpm was used. Figure 20 shows SEM 

micrographs of the fibrous membranes of all concentrations collected at these conditions. 

Results indicate the formation of beads-free homogeneous fibrous mats in all 

experiments. However, fibers morphologies can be seen to differ with the concentration 

of the starting polymer solution. Thicker fibers, with an average diameter of up to 5 )lm 

were observed in the SEM micrograph in Figure 20E for the CA20 samples. The fiber 

diameter decreased by decreasing the starting polymer concentration solution to an 

average of sub )lm to 1 )lm size fibers in the SEM micrographs in Figure 20 A,B. Figure 

2 1  summarizes the fiber size distribution for the nanofibrous meshes obtained from 

different concentrations of CA. It should be mentioned that it was relatively difficult to 

spin the CA solution containing 20wt% and beyond because of its relatively higher 

viscosity. 

The rheological behavior of each of the CA 1 0, 1 2, 1 5 , 1 7  and 20 solutions was 

studied. Both viscosity and surface tension of these solutions were measured. Results of 

the modeling analysis are reported in Table 2 for values of m and n .  The shear-dependent 

viscosities and shear stress of the CA fluids used in the experiments are shown in Figures 

22-23 .  Higher concentration of CA fluids exhibited qualitatively similar (shear-thinning) 

viscous behavior as shown in Figure 22. The CA20 solution is highly elastic whi le the 

CA l O  solution is weakly elastic. This difference in behavior, that is related to their 

concentrations variation, was previously found to affect the morphology of the produced 

nanofibers. The elastic nature of the CA solutions is demonstrated by the strain 

dependence 0 f the shear shown in Figures 23 .  The reduction in shear stress (at constant 
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Figure 20. SEM micrographs of CA nanofibrous membranes prepared from solutions 

containing A) 1 0, B) 1 2, C) 1 5 , D) 1 7  and E) 20 wt % of CA in a solvent mixture of 

acetone and DMAc (2 : 1 )  

57 



"r----:-:-=------------.. 
# Fibers counted = 25 

; . 
cS • 

D 

• 

• 

§ J o 
(,,) 

D 

A # Fibers cou nted = 33s 

# Fibers cou nted = 1 4  C • # Fi bers 
cou n ted = 1 3  

• 

D 

CII , . :'f_I.�.) 1111) 
ZD 

# Fibers cou n ted = 5 E 
aD 

§ ,.  o 
(,,) 

1 0  

DO 
1111) 

GIl 

o 

Figure 2 1 .  Fiber-size distribution obtained by an image analysis of the SEM micrographs 

of the CA nanofibrous membranes prepared from solutions containing A) 1 0, B) 1 2 , C) 

1 5 , D) 1 7  and E)  20 wt % of CA in a solvent mixture of acetone and DMAc (2: 1 )  

58 



Table 2. Physical properties of Cellulose acetate used in the experiments 

Viscosity ( 11, mPa.s ) Surface Tension 
[CAl (% by wt) 

m n ( mN/m) 

1 0  0.95 0.99 36.0 

1 2  1 .65 0.97 4 1 .0 

1 5  4.2 1 0.93 52 .0 

1 7  7 .09 0.90 93 .5 

20 9.63 0.99 -
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shear rate) increased with the increase in the CA concentration. Lower concentrations of 

CA (CAl O, CA 1 2) e hibited a constant slope, suggesting that these CA solutions behave 

as ev tonian fluids. 

The ariation of the surface tension with CA concentration is shown in Figure 24. 

The surface tension exhibited an increasing trend as a function of the CA concentration, 

showing a relatively higher increase at higher CA concentration. 
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I V.4 Electrospin n ing of CA: Effect of flow rate: 

Based on the above results, a representative CA solution containing a 

concentration of 1 2  wt% of CA, that was shown to behave as a Newtonian fluid, was used 

to stud the effect of changing other electrospinning parameters on the morphology of the 

produced nanofibers. At constant operating voltage of 1 2  kV, distance of 1 4  cm, chamber 

pre-saturation with acetone, and using shaker running at 1 00 rpm, the effect of varying 

the flow rate on the morphology of the produced fibers was studied. The flow rate was 

aried at 5 ,  1 0, 25 50  and 1 00 mLIhr. Figure 25 shows SEM micrographs of the produced 

fibrous mats. It is evident that a high flow rate of 1 00 mLIhr is not advised, where few 

distinct fibers were observed, coated with layers of non-fibrous CA and solvent . This 

could be attributed to the high amounts of polymer solutions brought to the col lector. This 

is expected to minimize the chance of solvent evaporation in a suitable rate to produce 

fibers . Previous findings by Megelski et at showed that the fiber diameter and the pore 

diameter increased with an increase in the polymer flow rate [ 1 29] .  They found that at 

very high flow rates, fibers had pronounced beaded morphologies and the mean pore size 

increased from 90 to 1 50 run [ 1 29) .  Based on these findings, a high flow rate of 1 00 

mLIhr was avoided . It is  also evident from Figure 25 that the diameter of the produced 

fibers increased by increasing the flow rate, producing more fibers with ribbon-l ike 

morphology at a flow rate of 50 rnLlhr . Based on these observations and based on the 

fiber size distribution analyses of these meshes shown in Figure 26, a maximum flow rate 

of 25 mLIhr was recommended. Further experiments were carried out to investigate the 

morphology of  fibrous mats produced at a flow rate range of 5-25 mLIhr. Figure 27 

shows SEM micrographs of these fibrous mats, while the fiber size distribution in these 

micrographs is given in Figure 28 .  These results col lectively recommended the use of a 
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Figure 25 .  SEM micrographs of CA nanofibrous membranes prepared from a 1 2  wt% 

solution, at a flow rate of A)5, B) l O, C)25,  D)50 and E) 1 00 mLIhr 
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Figure 26. Fiber-size distribution obtained by an image analysis of the SEM micrographs 

of the CA nanofibrous membranes prepared from a 1 2  wt% solution, at a flow rate of 

A)5, B ) 1 0, C)25 ,  and D)50 mLIhr. 

[No fibers were observed in the sample prepared at a flow rate of 1 00 mLIhr] 
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Figure 27. SEM micrographs of CA nanofibrous membranes prepared from a 1 2  wt% 

solution, at a flow rate of A)5, B ) 1 0, C) 1 5 , D)20 and E)25 mUhr 
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Figure 28 .  Fiber-size distribution obtained by an image analysis of the SEM micrographs 

of the CA nanofibrous membranes prepared from a 1 2  wt% solution, at a flow rate of 

A)5, B ) l O, C) 1 5, D)20 and E)25 mLIhr 
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low flo\ rate of 5 mLIhr as an optimum value for obtaining fibers with small diameters , 

homogeneous size distribution, and consequently homogeneous pore size distribution. 

I V.S Electrospinning of CA: Effect of distance: 

The structure and morphology of electrospun fibers is easily affected by the 

nozzle to col lector distance because of their dependence on the deposition time, 

evaporation rate, as well as the Whipping or instability interval during the fibers 

deposition on the collector [39] . Therefore, the effect of varying the nozzle to collector 

distance between 1 2  and 20 cm (step 2 cm) was studied using a CA1 2  solution 

electrospun at a constant operating voltage of 1 2  kV, and constant flow rate of 5 mLIhr. 

In each of these experiments, the chamber was pre-saturated with acetone and a shaker 

was used at 1 00 rpm.  Figure 29 shows SEM micrographs of fibrous meshes prepared 

under these conditions. Results i l lustrated the presence of un-evaporated solvent as well 

as beads at almost all distances. However, at a distance of 1 4  cm, a more homogenous 

distribution of cyl indrical fibers was observed with a lower extent of beads and remaining 

solvent. Previous work done by many scientists have shown that increasing the spinning 

distance resulted in more chances for thinning of the polymeric stream on its way to the 

collector, and eventual ly  deposit as fibers with smaller diameter [ 1 1 4- 1 1 6] .  A closer look 

at the micrographs in Figure 29 shows an agreement with these previous observations. 

This is also evident from the graphs given in Figure 30 for the fiber size distribution 

obtained by image analysis of the micrographs in Figure 29. The presence of beads and 

un-evaporated solvent in these samples could, therefore, be related to other polymer­

specific parameters. Beaded structure is known to reduce the surface area, which 

ultimately influences the fi ltration abi lities of nanofibrous membranes [39] .  The absence 

of beads and the better fiber size distribution and homogeneity of the fibers morphology 
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Figure 29. SEM micrographs of CA nanofibrous membranes prepared from a 1 2  wt% 

solution, at a flow rate of 5 mUhr and a distance of A) 1 2, B) 1 4, C) 1 6, D) 1 8  and 

E)20 cm from the col lector 
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obtained at a spinning distance of 1 4  cm recommend this distance to be used as an 

optimum distance for the electro spinning of CA. 

I V.6 Electrospinning of CA: Porosity and surface area measurements 

As was previously mentioned, the electrospinning of CA20 was relatively 

difficult . Glassy membranes were mainly obtained after completely drying their 

membranes. Therefore, this concentration was temporari ly excluded from the rest of 

investigated concentrations for the coming experiments. Fibrous membranes made from 

solutions containing 1 0, 1 2, 1 5  and l 7  wt% of CA were dried in air at room temperature, 

fol lowed by drying at 1 00°C for 24 hours. Those membranes were obtained at the 

fol lowing optimized conditions: 

a) Operating voltage of 1 2  kV 

b) Flow rate of 5 mLIhr 

c) Distance of 1 4  cm 

d) Pre-saturation of the spinning chamber with acetone for 30 minutes 

e) Using a shaker running at a speed of 1 00 rpm 

Porosity is known to play an important role in determining the physical and 

chemical properties of porous membranes and have a deterministic effect on the 

performance of these membranes [36] . Measurements of adsorption isotherms, pore size 

distribution, surface area, and pore volume were carried out for CA ( 1 0, 1 2, 1 5 , 1 7) 

membranes made at the above mentioned optimized conditions. Results are shown in 

Figures 3 1 -34, respectively. These measurements were based on the adsorption of l iquid 

nitrogen on the fibers as well as the walls outlining pores. Due to the randomness of fiber 
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Figure 3 1  C .  Adsorption-desorption isotherms of CA nanofibers made from solutions 
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Figure 3 1 D. Adsorption-desorption isothenns of CA nanofibers made from solutions 

containing 1 0  wt % 
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size and their ali cnunent w'th '  h b 
. 0' I III t e mem rane, dI fferent types of porosities could be 

observed. Three main types of porosities are known [ 1 30] : 

a) M icropores; for pores of  internal width < 2 run 

b) Mesopores; for pores of  internal width 2-50 run 

c) l\ 1acropores; for pores of  internal width > 50 run 

This c lassification of  porosities is known to be applied for nano particles. In electrospun 

nanofibrous membranes, two types of pores can be identified [36] : 

a) Pores on/within each fiber 

b) Pores between fibers on a nanofibrous membrane 

Using N2 adsorption for measuring the porosity, BET surface area and pore volume of 

nanofibrous membranes is not widely used. This is attributed to its limitation that it is 

used to measure pore sizes to a maximum size of 200 run [36] .  Pores with bigger sizes are 

considered as open space and cannot be accurately quantified by N2 adsorption methods. 

Instead Hg-porosimetry methods are used. Based on these facts, the three types of pores; 

micro-, meso- and macropores, were expected to be found between the nanofibers as a 

result of their interlocking and can just be accurately quantified.  The differences between 

the adsorption/desorption of the different membranes in Figure 3 1  is contributed to the 

different morphologies of the fibers in these membranes and the subsequent variations in 

the pore types and geometries. The step-like shapes of the isotherms in Figures 3 1  A, C,D 

are attributed to the presence of different types and sizes of pores [ 1 30] . In contrast, 

membranes made from solutions containing 1 2  wt% CA showed a single type/size of 
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porosity, as indicated by its simple adsorption/desorption isotherm in Figure 3 1  B 

indicating its Uni fOffi1 pore distribution, as i l lustrated by the graphs in Figure 32. 

Membranes made of 1 2  wt% CA solutions showed the presence of one major type/size of 

porosity around 75 nm, while membranes made of other concentrations showed the 

presence of  two or more types/sizes of  porosities, mainly the micro- and meso- types. 

Based on the SEM results of  these membranes at high magnifications, it was evident that 

the formed fibers had smooth surfaces without noticeable surface topographies such as 

surface porosity. Therefore, the current results are only attributed to porosities arising 

from the interlocking and overlap of  the deposited fibers . Due to the limited sensitivity of 

the technique used in these experiments to pores with diameters beyond 200 nrn, the BET 

surface area and pore volume data extracted from Figures 33 ,  34 of all samples were only 

limited to a maximum pore diameter of 200 nrn . Both BET surface area and pore volume 

results are given in Table 3 .  

The apparent bulk density and % porosity of  membranes prepared at the above 

optimized conditions of electrospinning are shown in Figure 35 .  The increase in density 

with the concentration of CA in these membranes represents a normal trend, where more 

polymer is being deposited at the same electro spinning conditions. Comparing the density 

values of al l  membranes with the theoretical density of CA ( 1 . 3 glcm
3
) shows that the 

prepared membranes are highly porous. This was confirmed by measuring the % porosity 

of these membranes. A maximum % porosity of 94.2 was obtained for CA 1 0  membrane. 

This high porosity, together with the interconnectivity of these nano-to-micro pores 

highly recommend these membranes for filtration applications. 
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Table 3 .  BET surface area and pore volume of as-spun nanofibrous membranes 

Weight % of CA 10 12 15 17 

BET su rface area ( m2/g) 3 .4 1 .95 1 .75  2 . 1 5  

Pore vol u me (x l 0
3 

cc/g) 7 .50 1 5 . 5  8 .90 5 .30 

9 1  



o 1 8  

-.- Den sity 
- 0 - POroSity 96 

0 .1 6 

0 0 /" 
� 94 M E o 1 4  

u 
-- ::R (J) 0 

>- 9 2  ?;-
t; 
Ul 0 1 2  Ul 
c 0 

IlJ 
'-

0 v 
0 

0... 
0 1 0  90 

0 
0 0 8 88 

• • 

1 0  1 2  1 4  1 6  1 8  

CA co nte nt ( % )  

Figure 3 5 .  Apparent bulk density and percent porosity of  C A  ( 1 0- 1 7) nanofibrous 

membranes 

92 



I V.7 Thermal treatment of CA nanofibrou s membranes: 

Initial DSC analysis for the thermal behavior of  the as-received CA, shown in 

Figure 1 0  revealed a thermal stability at a temperature range of 1 80-236°C. Thermal 

treatment of  CA nanofibers was previously recommended in order to confirm the removal 

of remaining sol ents and improve the mechanical integrity of the membranes [ 1 2] .  A 

temperature of  208°C was selected in this regard [ 1 2] .  CA nanofibrous membranes 

prepared in the current study were first analyzed by DSC to compare their thermal 

beha ior results with that of as-received CA shown in Figure 1 0 . A DSC graph of a CA 1 2  

nanofibrous membrane i s  shown in Figure 36. A dehydration endotherm was absent in the 

DSC graph o f  the electro spun CA fibers. This is attributed to the evolution of al l water of 

hydration as a result of drying these membranes at 1 00°C for 24 hours before carrying out 

its DSC testing. A couple of endotherms were observed between 1 90 and 23S°C. The last 

endotherm, at 230°C, is attributed to the melting temperature ( Tm) of CA, which is in 

accordance with that observed for as-received CA; Figure 1 0. The three endotherms at 

1 90 208 and 2 1 SoC are, therefore, attributed to a series of events taking place at these 

temperatures before melting o f  the fibers . These events were explained based on detailed 

thermal investigation of these samples, as wil l  be shown later in this section. Figure 36B 

shows a glass transition temperature ( Tg) of around 1 86°C, which is sl ightly higher than 

that of the as-received CA shown in Figure l OB .  A final conclusion in this respect is the 

absence of any thermal events at temperatures below 1 86°C, indicating its expected 

stabil i ty up to this temperature. In fact, at temperatures below the melting temperature of 

CA, the chemical structure stabi lity of CA is presumably constant. 

Infrared investigation of CA 1 0- 1 7  membranes that were thermal ly treated at 

208°C, was carried out to study the structure stability of the produced membranes. Results 
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Figure 36.  DSC spectrum of as-electrospun CA from a solution containing 1 2  wt% 
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are shown in Figure 37 .  The IR spectra of CA 1 0  and 1 2  i l lustrate the thermal stabil ity of 

the C fibers as indicated by their simi larity to that of as received and as spun CA 

samples shown in Figure 1 8 . The IR spectra of CA 1 5  and 1 7, however, reflected the 

absence of  the C=O group that is characteristic to the acetyl group around 1 750 cm- I . This 

indicates the de-acetylation of the CA fibers and the formation of cellulose fibers instead , 

reflecting the instabi lity of  membranes made of these concentrations in particular to 

thermal treatment at 208°C. These later sheets showed brownish yel low color after 

them1al treatment, compared to a stable white color of the CA 1 0  and 1 2  membranes. 

Despite thi s  coloration of the sheets, their mechanical integrity was not affected. A closer 

in estigation of al l  samples indicated that those thermal ly affected sheets were originally 

thinner (around 1 00 �m) than the CA l O  and 1 2  membranes. I t  should be mentioned that 

each membrane w as originally sandwiched between 3 mm Teflon sheets to avoid direct 

exposure of  the sheets to heat. The thermal instabil ity is, therefore, attributed to a local 

concentration of heat on these thin sheets, resulting in their instabi lity. To confirm these 

findings, A CA 1 2  membrane, with a thickness of around 1 00 �m, was cut to four equal 

sections. These were thermally treated at 1 50 and 200°C for 1 hour at each temperature. 

Two samples were similarly sandwiched between Teflon sheets, while the two other 

samples were kept in a Pyrex beaker at these temperatures. Figure 38  shows IR spectra of 

the fours samples. These spectra show the disappearance of  the acetyl carbonyl (C=O) 

group at 1 50° and 200°C in samples sandwiched between Teflon sheets. On the other 

hand, those samples treated in an open Pyrex beaker showed an initial decrease in the 

intensity of  the acetyl carbonyl group at 1 50°C compared to that of the as-spun spectrum. 

This band showed a further decrease in intensity by raising the temperature to 200°C. 

These results are therefore in agreement with those obtained for the CA 1 5  and 1 7  

samples previously shown in Figure 37 .  
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Figure 37 _  IR spectra of CA nanofibrous membranes containing A) 1 0, B)  1 2, C) 1 5  and 

D)  1 7  wt % After thennal treatment at 208°C for 1 hour 
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These findings indicate that what was known as thermal stabi l ity of CA up to 208°C [ 1 2] ,  

was most probabl y  of thick samples (> 1 00 )..tm thickness). Careful investigation of the IR 

outcomes, therefore, leads to an explanation of the thermal events previously shown as 

endothenns at 1 90, 208 and 2 1 SoC in the DSC spectrum of CA nanofibers; Figure 36. It 

can be concluded at this point that the removal of the acetate group from the CA 

nanofibers starts at temperatures right below 1 90°C, especial ly in thin membranes and/or 

smal l CA nanofibers, where both are characterized by high surface area, which can be 

considered a strong parameter that enhanced the thermal de-acetylation process. 

The effect of thermal treatment at 208°C on the morphology of CA 1 0- 1 7  

membranes i s  shown i n  the SEM micrographs i n  Figure 39 .  The common feature between 

the micrographs shown in Figure 39 is the absence of signs of remaining solvents as all 

solvents were evaporated at temperatures lower than 20g°C. This, however, is not shown 

to affect the morphology of  the fibers. In addition, the observed removal of the acetyl 

group from al l  CA samples after thermal treatment at 208°C, is neither shown to affect the 

morphology of  the fibers. An exception was observed with CA 1 S  SEM micrograph, 

where l inkages were developed between the remaining fibers. Comparing this micrograph 

with its corresponding micrograph in Figure 20C, indicates that CA 1 S  membranes 

contained relatively higher amounts of  the solvents even in the dried membranes. The 

presence o f  these excessive amounts of solvents is highly thought to result in the 

formation of  l inkages between fibers, as observed in Figure 39C. The fiber size 

distribution of these micrographs is summarized in Figure 40. After removal of all 

solvents from the studied membranes, it is evident from Figure 40 graphs that finer fibers 

were obtained in membranes containing 1 0, 1 2  wt% CA compared to higher 

concentrations. 
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Figure 39 .  SEM micrographs o f CA nanofibrous membranes prepared from A) 1 0, B)  1 2, 

C) 1 5 , D) 1 7  and E)  20 wt% solutions, after thermal treatment at 208°C for 1 hour 
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I V.8  Alkali treatment of cellulose acetate nanofibers and regeneration of 

cellulose: 

Treatment of  cellulose acetate in alkaline solutions is known to result in the 

removal of the acetate groups and the regeneration of cellulose [ 1 1 3] .  Therefore, the 

objective of this step was to investigate its effect on the integrity and morphology of the 

regenerated cellulosic fibrous membranes. As was discussed in the previous section, 

thermal treatment was found to result in the removal of the acetate group from the 

structure. Therefore, the first experiment in thi s  regard was to confirm the removal of this 

group from a thermally treated membrane in which traces of acetate group was sti l l  

observed in its IR spectrum. Figure 4 1 A  shows a SEM micrograph of a CA 1 2  membrane, 

1 00 11m thickness, that was sandwiched between Teflon sheets, thermally treated at 208DC 

followed by soaking in 0 . 5  M NaOH solution for 24 hours, then completely dried at 

1 00DC for 24 hours. Distortion of the fibers morphology is the main observation that can 

be implied from the micrograph. However, this was not found to affect the structural 

stabi lity of the membranes where its IR spectrum revealed the presence of cellulose as the 

only phase; Figure 4 1 B .  

These findings indicate that regeneration o f  cellulose from thermally treated may 

take place completely but on the expense of the qual i ty of  the fibers morphology. Based 

on the main objectives of  the current studies, the formation of high quality cellulose 

fibrous membranes is the optimum goal . Therefore, regeneration of cellulose was decided 

to be carried out on fibrous membranes that were only dried at 1 00DC without further 

thermal treatment. As a result of the alkali treatment, the volume of un-reacted NaOH was 

determined by titrating the remaining NaOH against a standard O .SM HCI solution. Figure 
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Figure 4 1 A. SEM micrograph of a CA nanofibrous membrane made from a solution 

containing 1 2  wt% after Thermally treated at 20g0C for 1 hour fol lowed by alkali 
treatment in a 0 .5  M NaOH solution for 24 hours 
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Figure 4 1  B .  IR spectrum of  a CA nanofibrous membrane made from a solution containing 

1 2  wt% after Thermally  treated at 20g0C for 1 hour followed by alkali treatment in a 0.5 

M NaOH solution for 24 hours 
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42 sho s the volumes of  HCI needed to neutralize the un-reacted NaOH in each of the 

alkal ine solutions after each time period of soaking the di fferent membranes in them. All 

samples showed a decrease in the volume of HCI needed to neutralize the remaining 

NaOH compared to the standard membrane-free titrations. This decrease is attributed to 

the consumption o f  variable amounts of NaOH for the removal of acetate groups from the 

CA structure, and the consequent regeneration of cellulose. This takes p lace according to 

the fol lowing reaction: 

Cel lulose-(CH3COO)3 + 3NaOH -+ Cellulose-(OH)3 

(Cellulose acetate,' CA ) (Regenerated cellulose,' RC) 

The difference in the volumes consumed between the various types of  membranes may be 

attributed to the original difference in their weights. It should be mentioned that the 

ariation of  the volumes of  HCI needed for each type of CA was not pronounced after a 

maximum of  1 0  hours treatment. This indicates a possible completion of the removal of 

acetate groups after 5 - 1 0  hours only. Lu et al previously regenerated cellulose by treating 

CA membranes in 0 .05M aqueous NaOH solution for 24 hours [ 1 1 0] .  Ma et al carried out 

the same reaction for 24 hours in a O. I M  NaOH in an (ethanol : water of 2 : 1 by volume) 

mixed solution [ 1 1 6] .  In a previous study, Ma et al regenerated cel lulose by treating CA 

membranes for 24 hours in a 0 . 1 M NaOH in an (ethanol :  water of 4: 1 by volume) 

solution [75 ] .  Using higher concentration of NaOH in the current studies is thus 

considered the main cause of lowering the time needed for the de-acetylation reaction to 

take place.  To confirm these findings, completely dried membranes were investigated by 

IR spectroscopy. Figures 43-46 show IR spectra of al l  membranes as a function of 

soaking time for each membrane. The IR spectra of as-spun CA and as-received cellulose 
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Figure 43 .  IR spectra o f CA l O  nanofibrous membranes after alkaline treatment in a 0.5 M 

NaOH solution for A) 5 ,  B )  1 0, C) 1 5 , D) 20 and E) 24 hours. Spectra of as spun CA and 

as received cel lulose samples are shown for comparison 
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Figure 44. IR spectra of  CA 1 2  nanofibrous membranes after alkaline treatment in a 0.5 

M NaOH solution for A)  5 ,  B )  1 0, C) 1 5 , D) 20 and E) 24 hours. Spectra of as spun CA 

and as received cellulose san1ples are shown for comparison 
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Figure 45 . IR spectra o f CA l S  nanofibrous membranes after alkaline treatment in a 0.5 

M NaOH solution for A) 5 ,  B )  1 0, C) 1 5 , D) 20 and E) 24 hours. Spectra of as spun CA 

and as received cel lulose samples are shown for comparison 
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Figure 46. IR spectra o f  CA 1 7  nanofibrous membranes after alkaline treatment in a 0.5 

M NaOH solution for A) 5 ,  B )  1 0, C) 1 5 , D) 20 and E) 24 hours. Spectra of as spun CA 

and as received cel lu lose samples are shown for comparison 
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are shown in each graph for the sake of comparison with the regenerated cellulose spectra 

in all samples. The band of interest in these spectra was that of the acetyl carbonyl (C=O) 

groups at around 1 750 cm- l . A semi-quantitative analysis was carried out to fol low up the 

disappearance of this band. Another band at 1 375 cm-l , which is characteristic to the C-C 

absorption, was chosen as a reference band. Variation in the relative intensity of the 

carbonyl band to that of  the C-C band ( Ic=o/Ic-c) with time was fol lowed . Results are 

shown in Figure 47 and revealed the complete disappearance of this band after a 

maximum of 1 0  hours, and the consequent regeneration of cellulose. These findings, 

therefore confirm the titration results previously shown in Figure 42. 

The variation in the morphology of the membranes as a result of treating them in 

alkaline solutions is  shown in Figure 48. The IR spectra in Figures 43-46 revealed the 

complete regeneration o f  cel lulose. The process of cellulose regeneration seems not to 

affect the overal l  integrity of  the fibers, where no distortion of the fibers was observed in 

al l  san1ples. H owever, comparing the fiber size distribution of these membranes, given in 

Figure 49, indicates a relative increase in the diameter of a l l  fibers compared to the as 

spun and those thennally treated at 208°C. This could be attributed to the swelling step 

that was carried out to increase the spacings between the fibers to faci l itate the alkal ine 

treatment reaction. 
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Figure 48 .  SEM micrographs of CA nanofibrous membranes prepared from A) 1 0, B) 

1 2, C) 1 5 , and D) 1 7  wt% solutions, after alkaline treatment in a 0 .5  M NaOH solution for 

24 hours 

1 1 1  



11 
10 

# Fibers c o u nted = 1 0  B 
I 

�s 

� 

� 1! I 8 1 1 & 
(.) 

' 0  

as 

OIl 

aJ IDI ZD «II IDI IDI \lID \ZD , ell \Ial 

f IN  r D _ I � r (l .) 

I '0 

# Fibers c o u nted = 1 4  C # Fibers cou nted = 1 0  0 

� 

D) «II IDI IDI '1m IDI aJ , CDI 

f _ r D " I � r (l .)  

Figure 49. Fiber-size distribution obtained by an image analysis of the SEM micrographs 

of  membranes prepared from A) 1 0, B )  1 2, C) 1 5 , and D) 1 7  wt% solutions, after 

alkaline treatment in a 0.5 M NaOH solution for 24 hours 

1 1 2 



Measurements of  the N2-adsorption isotherms, pore size distribution, surface area 

and pore volume were carried out for the alkali treated membranes after completely 

drying them at 1 00°C .  Results are shown in Figures 50-53, respectively. As was 

previously observed in the corresponding results of the as-spun membranes, the 

differences between the adsorption/desorption of the di fferent membranes are contributed 

to the di fferent morphologies of the fibers in these membranes and the subsequent 

variations in the pore geometries. Similar step-like shapes were observed in the isotherms 

of regenerated cel lulose membranes RC I O, 1 5 , 1 7  (Figures 50 A, C,D), while a normal 

adsorption/desorption isotherm was observed for the RC 1 2  membrane. These step-like 

isotherms are attributed to the presence of different types and sizes of pores, as was 

previously shown in their corresponding SEM micrographs. On the other hand, the 

smooth adsorption/desorption isotherm for RC 1 2  membrane reflects the presence of 

singly type/size of the porosity. These results were also confirmed in Figure 5 1  that 

shows the pore size distribution of these membranes. Due to the l imited sensitivity of the 

technique used in these experiments to pores with diameters beyond 200 nm, the BET 

surface area and pore volume data extracted from Figures 52, 53 of all RC membranes 

were only l imited to a maximum pore diameter of 200 run. Both BET surface area and 

pore volume results are given in Table 4.  

Thermal analysis of  a representative regenerated cellulose membrane; RC I 2, was 

carried out by DSC. For the sake of comparison, thermal analysis was also carried out for 

as-received cel lulose microcrystal l ine powder (with an average size of 20 �m). DSC 

results of both samples are shown in Figure 54. The as-received cellulose sample showed 

the absence o f  glass transition ( Tg) and melting ( Tm) temperatures when heated up to 

2700C . In contrast, the regenerated cel lulose (RC 1 2) DSC spectrum showed an average 

1 1 3 
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Figure 53D .  Pore volume of CA nanofibers made from solutions containing 

1 7  wt % after alkaline treatment in a 0 .5  M NaOH solution for 24 hours 
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Table 4 .  BET surface area and pore volume of all nanofibrous membranes : 

Weight % of RC 10 12 15 17 

BET su rface area Cm2/g) 1 .45 30.5 l .95 l .67 

Pore vol u me Cx l 0
3 cc/g) 2 .25 3 . 1 0  3 .00 2.28 
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Tg of 1 92 . 1 °C .  The pre ious confirmation of the de-acetylation process by IR analysis 

e cludes the possibil ity of presence of remaining CA in the tested membrane. Therefore, 

the presence o f  a Tg in the RC 1 2  sample may be attributed to partial crystal l ization of the 

regenerated cellulose, although it was not easily identified by x-ray diffraction. 

I V.9 Preliminary evalu ation of the regenerated cellulose membranes for 

filtration: 

Regenerated cel lulose membranes, as well as a representative CA nanofibrous 

membrane, were evaluated for their efficiency in the removal of  solid particulates from 

water samples. For comparison, two types of commercial fil ters were also tested in this 

regard. Simulated water samples containing 300 and 1 000 ppm of calcium phosphate 

(CaP) solid particulates were used in these experiments. Figure 55 shows a SEM 

micrograph of CaP solid particulates before suspending them in water. These solid 

particulates appeared with an almost round morphology with a wide particle size 

distribution; in the range of sub-!-lm to 1 2  !-lm. The wide partic le size distribution of this 

powder is thought to suite the different pore size distributions found in the cel lulosic 

membranes prepared in the current studies. Figure 56 shows SEM micrographs of the two 

commercial membranes used as blank membranes to be evaluated for the removal of 

these solid particulates from water. Figure 56A represents a fibrous commercial 

membrane that is made of fibers and non-fibers with an average size of few microns. This 

is normal ly  used for the removal of clays from water in fi lter press machines. Figure 55B, 

on the other hand, shows a highly porous commercial membrane made of polypropylene 

fibers, that is normally used for home water purification systems. Figures 57, 58 show 
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Figure 5 5 .  SEM micrograph of the CaP solid particulate sample used for the filtration 

experiments. Particulate sizes are shown on the graph 
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Figure 56 .  SEM micrographs of  the commercial membranes used in this study 

A. Commercial 1 ,  B .  commercial 2 
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Figure 57 .  Photos of  membranes after fi ltration of300 ppm suspensions 
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Figure 58 .  Photos of  membranes after fi ltration of 1 000 ppm suspensions 
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photos of  aU membranes after usmg them in the removal of CaP particulates from 

aqueous suspensions containing 300 and 1 000 ppm, respectively. All  membranes showed 

variable capabi lit ies of  removing CaP from suspensions. The polypropylene membrane 

showed the least amount of  solid CaP separated from solution, compared with other 

membranes . Thi s may be attributed to its relatively higher porosity compared to other 

membranes. Figures 59,  60 show SEM micrographs of these membranes, confirming the 

vi sual observations of  precipitations formed on the tested membranes. These micrographs 

show the superiority o f  the interlocking of  finer (nano-) fibers of both CA and RC 

membranes over the comm ercial filters in terms of dimensioning the porosities between 

these fibers, hence enhancing its abi lity to remove finer solid partic les from their 

suspenSIOns. On the other hand, the micro-fibrous cel lulosic commercial membrane 

showed a c lose similarity to the CA and RC nanofibrous membranes. However, a closer 

investigation of the microstructure of this membrane reflects the compactness of its fibers 

as well as the presence of different morphologies of fibers and non-fibers, presumably 

pressed together into this membrane shape during the recycling of cellulose. An EDX 

analysis of  the separated particulates was carried out for all membranes used with 

solutions containing 300 ppm of CaP particulates. Results are shown in Figure 6 1 .  All 

EDX spectra confirmed the identity of the separated particulates in all tested membranes. 

It should be mentioned that the Si peak detected in all samples is attributed to the vacuum 

lubricant that was used to avoid leakage during the fi ltration experiments. 

The fi ltrates were analyzed for their total calcium content and compared to that of 

the starting solutions; 300 ppm. The total calcium content is attributed to the solid CaP 

particulates passed through the membranes in addition to the dissolved calcium ions in 

solutions. However, contribution of the dissolved calcium ions to the total calcium 
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Figure 59 .  SEM micrographs of A) commercial l ,  B)  cornmercial 2, C) CA l O, D) RC 1 0, 

and E)  RC 1 5  membranes after fil tration of 300 ppm suspensions 
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Figure 60. SEM micrographs of  A) commercial l ,  B)  commercia1 2, C) RC 1 0  

membranes after fi l tration o f  l OOO ppm suspensions 
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.. 

, / 

Figure 6 1 . EDX analysis of  the CaP partic les trapped within the A) Commercial 1 ,  B)  

commercial 2 ,  C) CA l O, D) RC I O, and E) RC I 5  fibrous membranes after filtration 0[ 300 

ppm suspenslons 
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concentration is expected to be minimum due to the limited solubil i ty of the CaP in water 

(K - 6 8 -37 sp - . x 1 0  ). A clear de-ionized water sample was also analyzed as a reference. 

Figure 62 shows a comparison between the different membranes in terms of the 

total calcium concentrat ions in their fi ltrates .  The corresponding efficiencies of these 

membranes were calculated using the following formula: 

. ( 300 - X ) Efficlency = 300 
Where : 300 represents the total calcium content ( in ppm) in the starting CaP 

solutions 

x is the total calcium determined in each of the filtrate solut ions 

The efficiency results are shown in Figure 63 .  Combined with the results in Figure 62, 

these findings i l lustrate the relatively high efficiency of all membranes in the separation 

of solid particulates from aqueous media. This could be attributed to the fibrous nature of 

all tested membranes, and the subsequent presence of porosities with variable dimensions 

that are thus shown to separate different sizes of solid particulates from water. However, 

the variation between their efficiencies is mainly attributed to the differences in the pore 

size and pore size distributions in these membranes. The relatively high efficiency of 

fil tration observed with the first commercial membrane may be attributed to the 

compactness of the fibers and non-fibers in the first commercial membrane, shown in 

Figure 56A. On the other hand, the higher porous nature of the second commercial 

membrane shown in Figure 56B was reflected on its lower efficiency for fi ltering tiny 

particles from solutions. The high efficiency of the CA and RC membranes is attributed 
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to their relatively lower pore size and better pore size distribution. A maximum efficiency 

of 99% \ as achieved with RC I O  membrane. Figure 64 shows higher magni fication 

micrographs of RC 1 0 membrane after been used in the separation of particulates from 

300 ppm CaP solutions. These micrographs demonstrate the trapping of the different size 

particulates in the micro- and nano-size pores resulted from the interlocking of the RC 

fibers. Moreover, the further interlocking between the overlaying layers of nanofibers, 

shown in Figure 64 was found to help dimensioning the resulted pore size, hence 

enhancing the overall  capabi lity of  separating tiny partic les from their aqueous media. 
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Figure 64. SEM micrographs as different magnifications of Re l O  membranes after 

The filtration of 300 ppm suspensions-
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V. Conclusions 

The current study was intended to investigate the use of an electrospinning 

techn ique to prepare nanofibrous membranes to be used for the separation of tiny solid 

particulates from water. Results showed the high sensitivity of the morphology of the 

nanofibrous membranes to slight variations in each of the electrospinning parameters. To 

avoid the formation of di fferent non-fibrous morphology of the prepared membranes, the 

main objectives were to optimize the process parameters and fol low the structure and 

properties of  the formed fibers in order to achieve the most homogeneous fiber and pore 

size distribution. These two criteria were considered crucial for membranes that are 

intended to be used in water fi l tration. Variations in applied voltage (up to 20 kV), 

cellulose acetate concentration (up to 20 % by weight), flow rate (up to 1 00 mUhr), and 

the distance between the nozzle and col lector (for up to 20 cm) were studied in detai ls. 

Comparisons between the obtained membranes at each of these stages were 

carried out using two main characterization techniques : infrared spectroscopy and 

scanning electron microscopy. Variation in the physical properties of  the optimal as-spun 

membranes were also fol lowed for all membranes containing different concentrations of 

CA. Studies o f  the effect  of  thermal treatment on the optimal membranes structure and 

characteristics were also carried out. Optimization of  the alkaline treatment stage to 

regenerate the cel lulose without affecting the characteristics of the prepared membranes 

was also performed. Final ly, the prepared membranes as well as two commercially 

avai lable membranes were tested for their efficiency of separating solid calcium 

phosphate particulates from 300 pp solutions. 
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The current study investigated the formation of nanofibrous membranes, from a 

cel lulose precursor; cellulose acetate, for water filtration. Membranes were prepared by 

an electrospilUling technique that was based on the use of a high voltage power supply to 

force polymeric droplets to be sprayed in the form of fibers with different aspect ratios, 

depending on the process parameters. Different parameters affecting the structure, 

morphology and physical properties of the membranes were studied in detai ls in order to 

optimize them. Characterization of the membranes was carried out at every stage of the 

electrospinning process by infrared spectroscopy (IR) and scanning electron microscopy 

(SEM). Physical properties of the membranes such as density, porosity, BET surface area, 

pore size distribution, v iscosity and surface tension were determined. Thermal treatment 

effects on the structure and morphology of the membranes were studied. Regeneration of 

cel lulose was attempted by treatment of the membranes in alkal ine media. Optimization 

of the alkali treatment process was also reached. Preliminary evaluation of the 

nanofibrous membranes for removing solid particulates from simulated solutions was also 

carried out. 

Results were compared to those obtained with two commercially available 

membranes. Results showed the possibi lity of obtaining nanofibrous membranes from 

solutions containing different concentrations of cel lulose acetate, and showed a wide 

range of fiber and pore size distribution. It was found of an extreme importance to fully 

optimize the electrospilUling conditions to achieve membranes with the highest 

homogeneity of both fiber and pore size distribution. Optimum conditions reached as a 

result of  the current studies were: an operating voltage of 1 2  kV, a flow rate of 5 mLIhr, a 

distance between the nozzle and collector of 1 4  cm. The presence of acetone as a solvent 

to saturate the electro spinning chamber and the use of a shaker were also found crucial to 
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the morphology and homogeneity of the obtained fibrous membranes. Structure 

instabi l i ty was observed with the thermal treatment of these membranes and was found to 

be dependent on the membrane thickness. Drying the electrospun membranes at a 

maximum temperature of  1 00°C was found sufficient to remove the un-remaining 

solvents. Complete regeneration of cel lulose was found to take place after 1 0  hours of 

inmlersion of the membranes in O .SM NaOH solutions. Regeneration of cel lulose was 

found to take place without affecting the morphology of the fibrous media. Efficiency of 

the nanofibrous membranes prepared in the current study showed superiority over the 

cOnID1ercial ly avai lable membranes, achieving 99% for the removal of CaP solid 

particulates from 300ppm simulated aqueous solutions. 
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C h a pter V I :  Recommendations & future work 

Based on the findings of  the current study the fol lowing recommendations were drawn: 

1 .  It is was found convenient and productive to prepare nanofibers with the 

electrospinning technique, suggesting i ts future use for making nanofibers for 

a wide range of  applications, as was also supported by the li terature 

2 .  The importance of a full  optimization of all the process as well as polymer 

parameters, before final conclusions are to be taken for the development of 

nanofibrous membranes . 

3 .  Additional types o f  polymers may b e  pre-blended with C A  before spinning in 

order to provide extra elasticity to the membranes to avoid the effect of un­

expected over-pressure of the water flow. 

4. Following up the mechanical properties of the membranes are also 

recommended, especially after examining them for different cycles of water 

fi ltration. 

5. Investigating the effect of varying the thickness of the membranes on their 

efficiency of purification of water from solid contaminants 
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