
  

ABSTRACT 

SHARP, STEPHEN ROGER.  Development of Regenerated Cellulose Fiber Research 
Machine and Operations at the College of Textiles.  (Under the direction of Dr. Jon P Rust). 

Machinery and process for manufacturing approximately 200 grams per batch of regenerated 

cellulose textile fibers employing N-Methylmorpholine N-oxide (NMMO) as a solvent has 

been developed and commissioned.  Specifications for the machine were developed from 

literature and other information sources.  These specifications were then used to design and 

build various components of the machinery.  This system includes the use of a List AG 

Kneader Reactor for the dissolution of cellulose using NMMO solvent.  A custom built 

spinning and coagulation section was developed and manufactured to convert the dissolved 

cellulose spinning dope into fibers.  At commissioning, an operational protocol was 

developed during a series of trail runs.  Tests completed on fibers produced during these 

trials showed textile quality fibers can be produced using this equipment.  The establishment 

of this facility and protocols developed for operating it will facilitate future opportunities for 

researching materials and production methods of regenerated cellulose fibers. 
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BIOGRAPHY 

I spent a long time thinking about the starting point of this biography.  In my youth I had 

quite a few different jobs and a peppered educational past.  I have decided to start at a point 

that most people would consider the beginning of their adult life, their high school 

graduation.  I however will start at the point where I dropped out of high school.  I was 

disconnected and disenfranchised with school from middle school on.  I had a hard time 

sitting in a classroom as a youngster.  My family life was difficult as well, in that my parents 

were divorced, and I lived with my mother, who had a hard time dealing with a hyperactive 

young man.  We had just moved from Ft Lauderdale, Fl to Melbourne, Fl when I left high 

school.  I was working at a gas station pumping gas and fixing tires.  Working at the gas 

station provided a decent earning potential for a teenager with no diploma.  Though I worked 

there for four years, I knew this was not a life-long career path for me.  The owner sold the 

gas station, forcing me out of my comfort zone and back into the job market.  I was able to 

find work as an electrician’s helper, but this situation would not last long.  During my short 

tenure in this position, I was able to move into my own apartment.  Shortly thereafter, I was 

bitten on my right foot by a shark while surfing.  The bite, while not life threatening, required 

surgery to reattach severed tendons in my foot.  The following six week recovery time was 

devastating because I could not work or pay rent, and I had no family left in the immediate 

vicinity to help me.  During this time, however, I fully realized my mistake of quitting 

school. I decided to get my GED.  Thankfully, I was able to complete the GED exam 

quickly.  However, I was having real difficulty in finding a new job.  I spent a few years 

roaming around working various jobs, such as rebuilding starters and alternators, washing 

dishes, delivering Pepsi, and finally, back as a mechanic.  I was now 22 years old.  A friend 

offered me a job at a fabrication shop he managed.  I looked at this as an opportunity to learn 

a new skill; however, I did not expect it to turn into a lifelong career.  The name of the 

company was, and still is, Hills, Inc.  I worked in the fabrication shop for 2 years.  I learned 

how to weld and build industrial equipment, specifically fiber extrusion equipment.  While at 

Hills I worked with many engineers and technicians and came to realize my GED was not 
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enough; I needed to go back to school.  I began taking college prep classes at night.  Once I 

completed the necessary preparatory classes, I approached the owner of Hills and asked him 

if there was opportunity to work at night so I could attend school full time during the day.  

He found a place for me in the melt spinning laboratory.  The lab allowed Hills’ clients to try 

new processes before buying a machine.  This transition was a major turning point in my life 

and was the starting point of my current career.  During my time in this lab, I spent many 

hours learning about the technology and found I had a talent for process and product 

development.  I also built many relationships with researchers and scientists.  I finally 

finished my AA degree in 1996 and shortly thereafter I married my first wife and my son was 

born.  Soon after, I was approached by a client with whom I had built a good relationship.  

He offered me a job in Greenville, SC with a company called BBA Nonwovens.  This was a 

big change considering I had lived in Florida my whole life.  I also had worked for 

individuals or companies with less than 50 employees.  I found myself two states away at a 

company that had 24,000 employees, 600 at the site I worked at.  This was a different place 

than what I was used to, and I had to learn rather rapidly about politics in large companies.  

Despite the challenges, the job offered many advancement opportunities.  I became a team 

leader of 15 technicians; I was developing products for specific businesses; and I was now 

responsible for a great deal of equipment in a 15,000 square foot pilot facility.  The facility 

had over a dozen different types of pilot lines that mimicked many different production lines 

in the company.  I also became a Six Sigma Green Belt, learning new ways to improve 

processes and solve problems.  During this time my second son was born.  I became very 

comfortable in Greenville; however, BBA had a bad habit of laying people off so they could 

announce headcount reductions to boost the stock price.  I had survived four layoffs, but I 

was finally caught up on the fifth.  I suddenly found myself without a job, living on 

severance hoping I could find work before it ran out.  But, this was 2002, soon after the 

9/11/2001 terrorist attacks, and everyone was holding off on hiring.  This made it very 

difficult to find work.  Finally I found two very different options for work.  One was back in 

the automotive field as a manager of a repair shop in Orlando.  I was also offered a job at NC 
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State’s College of Textiles where a new nonwovens pilot line was being installed and 

expertise was needed to operate it.  I had a big decision to make.  I considered all the options, 

but I decided on coming to Raleigh.  It was a very difficult transition.  It was a cut in pay, and 

I did not know anyone in Raleigh.  I had a huge problem in adjusting to the working 

environment inside the University as it is very different from industry.  But, it has turned out 

to be a good move for my growth.  The department came to rely on me to run its spunbond 

and hydroentangling pilot line.  In 2003 my third child was born, a girl.  After some time at 

the College, I realized I needed to further my education, and I enrolled at Mount Olive 

College to take advantage of the night courses while working.  I earned a degree in 

management and organizational development.  Even though this is a liberal arts degree, I 

made sure I took many classes in science and math while at Mount Olive, with an eye 

towards an eventual engineering degree as well.  Before I had completed my bachelor’s 

degree, I began taking graduate classes at the College of Textiles.  After receiving my 

bachelor’s degree, I took classes to earn a graduate certificate in Nonwovens, which was 

completed in the fall of 2008.  At this point I decided it was time to concentrate more on my 

family and work.  But, in 2008 my marriage to my first wife dissolved.  I found myself a full-

time single father of three young children and working full time.  I thought this was the end 

of further academic pursuits.  Then it all changed, when I met my new wife and soul mate 

Melissa.  She has changed my life in so many ways, and with her support and encouragement 

as well as that of my boss, Dr. Behnam Pourdeyhimi, I applied to graduate school to fulfill 

my dream of an engineering degree.  This thesis represents the last step towards this degree.  

Oh….  Melissa and I are expecting a new addition to our family this May. 

  Epilogue: While writing the final edits of this thesis, the new addition to our family that my 

wife Melissa and I were expecting came early.  We welcome Norah Caroline to our family.   
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CHAPTER 1  Literature and Technology Review 
 

 

1.1 Introduction 

 

For over 150 years, and since the beginning of polymer science, there has been an effort to 

learn the best way to dissolve cellulose and shape it into fibers and films.  This work resulted 

in rayon, one of the most ubiquitous fibers in the world for many years, second only to 

cotton.  Because of the byproduct of CS2 from the rayon process, however, it became very 

undesirable to continue production of this fiber.  Since this realization there has been a race 

to figure out new ways to dissolve cellulose I and precipitate it into cellulose II.  There have 

been numerous attempts at this resulting in many methods.   

 

One of the most abundant materials on the planet is cellulose.  It is found in the cell walls of 

all plant life.  Since its discovery in the mid-1800s, along with the development of modern 

scientific methods, researchers have put forth a concerted effort to use this resource in many 

applications.  The first, and most obvious, is the application of cotton.  Cotton is composed of 

90% alpha cellulose, the strongest and most pure form of cellulose. (Figure 1.1)  Alpha 

cellulose is used in its native fiber form in cotton or derived from trees to make clothing and 

paper.  Others have realized the potential of the cellulose polymer chain as a raw material for 

spinning high performance fibers.  This realization has led to approximately 150 years of 

research and development of the process of forming fibers from this abundant raw material. 
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Figure 1.1  Cellulose Lewis Structure 

 

 

Forming alpha cellulose into fibers includes four basic steps in a wet spinning process shown 

schematically in (Figure 1.2).  This is done because the cellulose cannot be melted and must 

be dissolved chemically to create a liquid that can be pumped and extruded through a 

spinneret.  Step one is dissolving the cellulose with a solvent to break as many hydrogen 

bonds as possible in between the polymer chains, yielding a spinning dope with a proper 

viscosity for spinning.  The second step is to extrude the dope through a spinneret with an 

appropriate capillary diameter for the desired fiber size.  The third step passes the streams of 

spinning dope through a coagulation bath.  This bath contains a liquid that is a medium used 

to remove the solvent used to create the spinning dope but is not capable of dissolving 

cellulose.  This removes the solvent from the spinning dope, coagulating (or precipitating) 

the streams of cellulose solute into fibers while imparting fiber properties.  The fourth step 

includes washing and rinsing the remaining solvent from the fiber, drying the fiber and may 

include drawing the fibers to impart better fiber properties.  Before pulping the raw cellulose 

may have a degree of polymerization (DP) of 10,000; however, the alpha cellulose in the 

pulp entering this process has a DP of about 600 to 1000, having been reduced during the 

pulping process.  The DP may also be reduced in the spinning process as much as 10-20 

%.[1] 
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Figure 1.2 Simple Regenerated Cellulose Fiber Process Diagram 

 

 

1.2 Source (Pulping) 

 

Most of the cellulose coming from the natural environment in trees and other plants, such as 

pine, spruce and firs in the West and bamboo in the East, contain hemicellulose and lignin as 

well as alpha cellulose.  Before the plant material can be dissolved and spun into fiber, the 

lignin and hemicellulose must be removed, leaving alpha cellulose with a purity of 90 - 96%.  

This is done in the pulping process, resulting in material referred to as Kraft pulp.  Several 

types of pulp are derived from two respective processes:  the sulfate process and the pre-

hydrolysis Kraft process.  Other processes for pulping, such as mechanical and thermo-
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mechanical, exist; however, these do not lead to pulps with a high enough alpha cellulose 

content to spin into cellulose II fibers.[2,3]  

 

The sulfate process was developed in the late 1800s and was used as the dominant pulping 

process in the late 19th and early 20th centuries.  This process used sulfur dioxide and water to 

produce sulfuric acid.  The acid is then mixed in liquor with either Na+, NH3
+, Mg2+, K+ or 

Ca2+ depending on the pH required to solubilize the lignin in the species of feedstock. 

 

The Kraft pulping process has become the dominant process since 1940 due to the ability to 

recycle most, if not all, of the chemicals used in the process (Figure 1.3).  The process cooks 

the wood chips in water or uses acid hydrolysis to break down and depolymerize the wood 

components.  During this stage half of the hemicellulose is dissolved.  The wood is then de-

lignified by cooking in a liquor of Na2S at pH of 12 for up to 3 hours.  This yields an alpha 

cellulose content of 95 - 99%.[2,4] 
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Figure 1.3 Kraft Pulping Process Diagram (Copyright © EPA 1990) [5] 

 

 

1.3 Regenerated Cellulose Fibers 

 

Using feedstock of alpha cellulose from the above processes, fiber and other shapes, such as 

films, can be made from a viscous dope of dissolved alpha cellulose.  Active research and 

development of solvents and processes used to form cellulose into fiber and films has been 

ongoing since the 1850s.  The results of this research yielded two “traditional” solvents and 

processes that have been used to make the majority of cellulose based fibers.   

 

The first is the viscose process, used to make rayon fibers for many years, and the second 

process uses cuprammonium solvent.  These two processes have dominated the regenerated 
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cellulose fiber industry for many years.  However, due to the by-products that are very 

unfriendly to the environment, there has been a great effort in the last 30 to 40 years to 

develop new solvents to dissolve the cellulose in a more environmentally friendly way.  The 

results of this research have yielded three “novel” and promising solvents, one of which has 

already been commercialized.  These three processes include the NMMO, used in the Lyocel 

process, urea, and finally, the ionic solvents.  The older rayon and cuprammonium process 

and the newer solvent processes are reviewed below. 

 

1.3.1 Traditional Regenerated Cellulose Fiber Processes 
 

From 1908 until the development of manmade thermoplastic fibers, rayon was the most 

widely used man-made fiber in the world.  In creating rayon fibers, the cellulose is steeped in 

a sodium hydroxide solution to swell and convert the cellulose into sodium cellulosate as 

shown in Figure 1.4.  It is then reacted with carbon disulfide to form sodium cellulose 

xanthate.  This is then extruded through a spinneret into a coagulation bath of sulfuric acid, 

sodium sulphate, zinc sulphate and water, neutralizing and acidifying the filaments.  Through 

stretching and decomposition of the cellulose xanthate to cellulose, fiber properties are 

formed.  The fibers are then washed to remove acid and sulfur and then cut to create staple 

fibers. [6] 
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Figure 1.4 Viscose Fiber Process Diagram (Copyright © engr.utk.edu 2004) [6] 

 

 

Due to the difficulty in reclaiming the process chemicals and their environmental impact, this 

process has declined in the United States and is more common in Asia. 

The cuprammonium process involves dissolving the cellulose in cuprammonium hydroxide 

then extruding the resulting dope into a bath of sulfuric acid to dissolve the cuprammonium 

complex as shown in Figure 1.5. 
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Figure 1.5 Cuprammonium Fiber Process Diagram (Copyright © CRC Press, Woodhead 

Publishing 2001) [2] 

 

 

The cuprammonium process is high in cost and yields relatively poor fiber properties, 

making this a less favorable process for regenerating cellulose.[2]   

 

1.3.2 Recent Regenerated Cellulose Processes 
 

Fiber production from cellulose is moving forward with the use of three types of solvents that 

are relatively new to regenerated cellulosic fiber production; NMMO, urea and ionic liquids.  

In the last few decades, several organizations have concentrated on research and 
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development of these processes and solvents.  The NMMO, or N-Methylmorpholine-N-

Oxide, process has yielded great promise and is being used to make Lyocel fibers with good 

properties.  The other two are still in the development stage and show promise but need some 

more work.  These three solvents are much more environmentally friendly and are easily 

recovered and reused in the fiber making process. 

 

1.3.2.1 Lyocel (NMMO) 

 

Amine oxides as solvents for cellulose were first mentioned in a patent in 1939, but it was 

not until 1969 that Dee Lynn Johnson of Eastman Kodak described it as a solvent used to 

strengthen paper.[7]  NMMO has been used in the process of making fiber since the early 90s 

when Courtaulds first introduce Tencel fiber.[2]  Before this, several efforts had been made 

by American Enka/Akzona Inc in the 70s.  Courtaulds began their work in 1979.  A 

production plant was brought online in Mobile, Alabama in 1992 by Lenzing.  This was 

followed by new production facilities in Austria by Lenzing and in Grimsby, UK by 

Courtaulds.  [2] These facilities continue to make fiber and expand production.. 

 

 

 
Figure 1.6 NMMO Molecule 

 

 

The Lyocell process begins with the mixing of about 20% water, 68% NMMO and 12% 

cellulose.  This mixture is mixed into slurry.  This swells the cellulose and opens it up to 
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accept the NMMO.  However, at this point the NMMO cannot react with the hydrogen 

bonding site on the cellulose because of the amount of water.  The interaction between the 

NMMO and the cellulose does not occur until the molar ratio between the NMMO and water 

is less than one.[8]  Some of the water must be removed to achieve the lower molar ratio 

between the NMMO and water by either thin film evaporator or vacuum.  The thin film 

evaporator was the first technology deployed.  In the thin film evaporator process, the slurry 

is extruded into a sheet and passed through a dryer removing water from the slurry as shown 

in Figure 1.7. [2] 

  



 

 

 

 11 

 
Figure 1.7 Thin Film Evaporator of NMMO Process Diagram (Copyright © CRC/Taylor & 

Francis 2007) [3] 

 

 

Around 1996 List Ag of Switzerland introduced a twin shaft kneader reactor used to dissolve 

cellulose with NMMO.  This reactor added mechanical shear to the dissolution process and 

removed the water with vacuum in one step as shown in Figure 1.8. [3] 
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Figure 1.8 List Twin Shaft Kneader Reactor (Copyright © LIST AG 2001) 

 

 

After the excess water is removed from the slurry the ratio is about 14% cellulose, 10% water 

and 76% NMMO.  At this point, the dissolution of the cellulose via the NMMO takes place.  

There is still not a very good understanding of the chemistry of the dissolution process; 

however, it has been shown that there is no reaction between the cellulose and NMMO.  It is 

assumed that the NMMO replaces the hydrogen bonds between cellulose and water and 

between adjacent polymer chains.[9]  After the proper ratio of water, NMMO and cellulose is 

achieved, the spinning dope is then pumped through a filter to remove any remaining 

undissolved cellulose or other contaminants and transferred directly, or by batch, to a 

spinning apparatus.  This may also require a degassing step to remove any gas in the dope 

that may cause interruption in the spinning process.  This is usually done with vacuum or 

centrifuge.[2] 

 

After filtering, the dope is then forced through a spinneret containing holes of about 50 to 

150 microns depending on the fiber size that is being targeted, then into a bath of water.  

Before the streams of spinning dope leaving the spinneret enter the coagulation bath, they 

pass through a gap of air ranging in a distance of between 20 and 250 mm with a flow of air 



 

 

 

 13 

being passed over them.  It has been shown that an air gap of about 100mm is optimal for 

generating best fiber tenacity and elongation.  See table 1 for a summary of research reported 

by Fink et al, regarding the influence of air gap distance on mechanical properties for fibers 

made by the Lyocell process. 

 

 

Table 1 Tenacity and elongation VS Air gap in Lyocell process (Copyright © Progress in 
Polymer Science) [10] 

 
 

 

It is theorized that the spin gap adds some stress to the fibers, imparting orientation.  If the 

gap is too long, too much time may elapse allowing the fiber to relax before it is coagulated, 

thereby reducing the effect of the air gap induced spin stress. [8] 
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Figure 1.9 Overview of Lyocell Dry/Wet spinning process (Copyright © Progress in Polymer 

Science) [10] 

 

 

After the air gap, the gel like fibers enter the spin bath as shown in Figure 1.9, which 

contains deionized water.  Here the hydration of the NMMO and the cellulose takes place 

rapidly desolvating the cellulose chains.  This occurs very rapidly, within 1 or 2 seconds, as 

the NMMO has a much higher affinity for water and quickly diffuses out of the cellulosic 

fibers.  This process can be slowed down by adding a concentration of NMMO to the 

coagulation bath.  Slower precipitation of the fiber leads to higher fiber breaking elongation 

which is often desired.[10]  By far the most important factor in the spinning process to 

maximize fiber tensile properties are the take up speed and spin draw ratio.  It is shown that 

as the take up speed is increased to about 60 meters per minute, a high degree of 

crystallization takes place above 45%.[10]  Spin draw ratio is defined as the ratio of take up 

velocity of the fiber to the velocity of the spin dope passing through the spinneret orifice.  As 

the spin draw ratio increases, the tenacity of the fiber increases, and the elongation at break 

decreases.[10]  Draw ratios up to 8.4 and spinning speeds up to 100 meters per minute have 
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been reported with spinneret diameters in the range of .05 to .15mm.  Table 2 shows the 

effects of draw ratio and length to diameter (L/D) of the spinneret orifice. 

 

 

Table 2 The effects of draw ratio and length to diameter (L/D) of the spinneret orifice 
(Copyright © Progress in Polymer Science) [10] 

 
 

 

Review of this information makes it clear that the effect of spin draw ratio on Lyocell 

spinning is critical.  When designing a process to make a fiber for a particular application, 

care must be taken to choose the proper spinneret capillary diameter and L/D ratio of the 

capillary to achieve the desired fiber properties.  When reviewing the literature, no mention 

of take up speeds above 100 meters per minute are mentioned.  This may be the limit for now 

of the maximum speed and spin stress the gel-like fibers in the air gap can sustain during 
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processing without failure.  There may also be a limitation on the take up speed of the fibers 

due to the hydraulic drag affected on the filaments in the spinning bath.   

During processing, the cellulose undergoes a transformation from cellulose I to cellulose II.  

It has been shown that this transformation can be mapped by the concentration of cellulose, 

NMMO and water in the slurry dope and fiber as shown in Figure 1.10.  As stated before, the 

slurry initially contains high amounts of water and NMMO.  Later, the molar ratio of NMMO 

to water in the slurry is reduced to less than one, allowing dissolution to take place.  As the 

fibers are passed through the coagulation bath, the NMMO content in the fibers rapidly 

decreases, and at the end of coagulation, it is hypothesized that there is only water and 

cellulose remaining in the fiber.  At this point, the content of water is about 78% and the 

content of cellulose is about 12%.  The fiber is then dried to remove the water allowing 

further hydrogen bonding to occur between the cellulose polymer chains and an increase in 

crystallization.[10]  The resulting fiber has a cellulose content of 90% with the rest being 

water.  During review of literature, no mention of any trace or measurable amounts of 

NMMO in the fiber after drying was found. 

 

 



 

 

 

 17 

 
Figure 1.10 Ternary Phase Diagram [1] 

 

 

Lyocel fibers have shown considerable improvement over viscose fibers in at least two 

respects.  The Lyocel fibers have been shown to have a more round shape than those formed 

in the viscose process, which exhibit a lobulated shape as shown in Figure 1.11.  Incomplete 

coagulation or precipitation leaves needle like voids reducing fiber properties and causing 

fibrillation.  Lyocell has been shown to have fewer voids as compared to viscose.[10]  The 

crystallinity of Lyocel fibers has been shown to be above 45%, where viscose fibers only 

have crystallinity around 27%.[10]  The higher crystallinity improves the mechanical 

properties and makes the fibers more resistant to strength loss when wet as water cannot 

penetrate the crystalline regions. 
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Figure 1.11 Round Lyocell Fiber Versus Lobulated Viscose[10] 

 

 

Lyocel fibers have a tendency to fibrillate easily.  This is due to the higher crystallinity and 

greater modulus.[3]  There has been research conducted to address this issue.  One approach 

to reducing fibrillation is to slow the rate of coagulation.  Experiments have been run using 

alcohols as a first step in the coagulation bath.  Some improvement was gained but there was 

a loss of tenacity as well, and since regenerated cellulose fibers have poor tenacity to begin 

with, this was not an acceptable solution.[10]  Others have noted that increasing the air gap 

and having high humidity in the air flow in the air gap reduces fibrillation. [3] 

Process safety has been an important topic for the processing of Lyocell fibers.  Heat is 

added to the process to aid in dissolution and spinning.  This heat causes the decomposition 

of NMMO forming free radicals that can result in runaway exothermic reactions.  These 

decompositions are due to heterolytic degradation processes, involving resulting 

formaldehyde and intermediates such as N-(Methylene)morphloinium ions, and these 

reactions can be induced by transition metal ions.  These undesirable reactions are avoided 

by careful control of processing temperatures, the prevention of metal ions such as copper 

from entering the reactor or spinning vessel and the addition of process stabilizers.  The most 

common process stabilizer currently used in Lyocell processing is propyl gallate.  Propyl 

gallate acts as a free radical scavenger, reacting with N-(Methylene) morphloinium and other 

ions.[11]  Another stabilization technique has been investigated using N-benzylmorpholine-
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N-oxide (NBnMO) that when decomposed, itself results in ions that react with the N-

(Methylene) morphloinium stabilizing the solution.[12] 

 

If the spinning dope reaches a temperature near 150C, the exothermic reaction will run out of 

control creating an explosion.  To prevent this, the machinery is carefully designed to prevent 

higher temperatures.  Most processes are run in the area of 100 to 110 C.  Equipment such as 

the List kneader reactor is outfitted with a water quench system that will flood the chamber if 

a runaway side reaction is detected by temperature sensors or reactor pressurization.[2] 

 

Though NMMO has been shown to be an outstanding solvent for making regenerated 

cellulose fibers, the cost is high enough to be a serious threat to economics of the business.  It 

has become a must for the industry to recover and reuse the solvent.  Most of the solvent 

finds its way into the coagulation and rinse baths.  These baths are mostly water and other 

byproducts such as degraded NMMO and formaldehyde.  It is easy enough to concentrate the 

NMMO through distillation or reverse osmosis.[2]  However, after continuous reuse, the 

solvent will become undesirably contaminated with byproducts, making the solvent less 

effective, compromising fiber properties or reducing process safety due to exothermic 

reactions mentioned above.  After searching the literature, no mention of methods to remove 

byproducts were found.  It appears this is competitive know-how closely guarded by the 

companies practicing Lyocell technology. 

 

1.3.2.2 Urea/Thiourea 

 

Urea technology has been examined recently as a solvent for cellulose, and it has been found 

that it can dissolve cellulose quickly.  However, the mechanism of the dissolution is not yet 

understood.  Urea, sodium hydroxide (NaOH) and water are mixed at a ratio of 7% NaOH, 

12% urea and 81% water.  The solution is then cooled to -12C before it is mixed with 

cellulose.  The cellulose has a lower enthalpy than the solvent, resulting in a negative 
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activation energy for dissolution.[13]  The solution will dissolve the cellulose within 5 

minutes.  There is mention of the instability of the resulting solute; however, there is no 

information as to the result of this instability or its causes. 

 

The resulting dope is then pumped through a filter and extruded through a spinneret 

immersed in the coagulation bath.  The coagulation bath for this process consists of 15% 

H2SO4 and 10% NaSO4, with a second bath of 5% H2SO4 to wash out remaining acids and 

salts.   

 

A pilot line was constructed by Chang et al and trials run to evaluate fiber properties.  In the 

resulting publication tenacities of 1.7 grams per denier at an extension of 19% were 

reported.[14]  These fiber properties are fairly low, although they could be acceptable as 

textile fibers.  The best improvement in the fiber was the increased resistance to fibrillation 

as compared to Lyocel fibers.  The fibers are formed directly out of the spinneret in the bath 

without an air gap.  This results in lower spin stress and less orientation and crystallization.  

It was mentioned in the Lyocel literature that a longer air gap and slower coagulation resulted 

in fibrillation resistance but lower tenacity.  It seems that the lower fibrillation from the urea 

process may only be a result of the slower coagulation and lower modulus.  There has yet to 

be further literature examining the effects of spinning conditions. 

 

The contents of the spin bath will have to be evaluated and a process for recycling the solvent 

and removing any containments will have to be realized before this process can be scaled up 

to pilot production.  The presence of sulfuric acid in the bath and in the spinning apparatus 

will have an impact on machine life, worker health, worker safety and will most certainly 

result in the off gassing of fumes that will have to be collected and exhausted into the 

environment. 
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1.3.2.3 Ionic Liquids 

 

Several types of ionic liquids have been evaluated for the dissolution of cellulose.  Most of 

these contain a high concentration and activity of a chloride anion that is effective in 

disrupting the hydrogen bond network of cellulose.  Like other solvents, the presence of 

water reduces the effectiveness of the solvent due to competition with water for hydrogen 

bonding sites.[15]  This is advantageous because it allows the use of water as the coagulant.  

Two of the ionic liquids showing the most promise include 1-butyl-3-methylimidazolium 

chloride (BMIMCL) and 1-allyl-3-methylimidazolium chloride (AMIMCI).  These can be 

used to make spinning dopes containing up to 25% cellulose, a comparatively high 

concentration.[16]   

 

A pilot trial was run using BMIMCL at 8% cellulose content and mixed under vacuum for 

three hours.[17] This was spun at 85C into a bath of water with 50mm long air gap.  No 

mention of spinning speed was made, but it was reported spin draw ratios of 2.4 and 3.5 were 

run.  In the abstract of the paper, fiber tenacity of 3.87 grams per denier were reported; 

however, in the table of results, the sample spun at a 3.5 draw ratio was reported to have a 

tenacity of 2.8 grams per denier.  It was also reported to have better resistance to fibrillation 

than Lyocell and a more round fiber, but again this may be due to low spin stress and 

elongation as compared to Lyocell fibers spun with the same properties in an alcohol 

coagulation bath.   

 

1.4 Why NMMO Lyocell Pilot Line 

 

After 150 years of experimentation and evaluation, several viable options for producing 

regenerated cellulose fibers have been reported.  As of now, the NMMO process seems to 

hold the most promise and growth in the use of this method is expected as more applications 

are found.  Due to the use of acids and salts to coagulate the fiber, low fiber quality and the 
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two-step process of dissolution requiring nearly freezing the solvent it is unlikely that urea 

will make a strong competitor as a viable solvent for making regenerated cellulosic fibers.  

Ionic fluids show more promise to compete with Lyocel.  Considering the scientific literature 

makes little mention of cost of production, it will have to be seen if ionic fluids can compete 

economically and in terms of fiber properties, with the NMMO process.  It would mostly rest 

on the cost of the solvent and its ability to be recycled.  Regenerated cellulosic fibers made 

from the NMMO process have found markets in high end apparel and packaging and are 

increasingly being utilized.  When considering the possibility of using reclaimed cellulose 

from newsprint or cardboard as a raw material for the process, investing in research 

equipment for this process is the best choice compared to using urea or ionic liquids.  
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CHAPTER 2  Objectives 
 

 

The work proposed here has the objective of establishing a small pilot line at the NC State 

University’s College of Textiles to evaluate the process and fiber formation of regenerated 

cellulosic fibers that have been dissolved in NMMO.  This is commonly referred to as the 

Lyocell process.  This process has become the lead replacement for the viscose process that 

yields rayon fibers.  It has the advantages of being less difficult to work with due the absence 

of acid in the coagulation bath, far less waste byproducts, low toxicity of the NMMO solvent 

and the ability to recover the NMMO from the coagulation bath.  This process must still 

overcome the additional cost of the NMMO, which results in a more expensive fiber.  In 

addition to establishing an operational machine, the development of the base skill of making 

these fibers is a key objective.  Much of the knowledge of how to actually make fibers using 

NMMO is not available in the literature and will have to be investigated and developed 

during this study.  The establishment of expertise in the College of Textiles will allow 

researchers to further investigate and advance this process adding a new dimension of 

capability in the College. 

 

The establishment of the pilot line will require the design and construction of a spinning 

section to convert the dope made from cellulose and solvent to fibers.  Also, the installation 

of a reactor that can remove water from cellulose and dissolve the cellulose in NMMO is 

required.  The original project proposal is located in appendix B. 

 

Through the next 3 chapters the description of the equipment and its design and installation 

will be discussed.  First the Kneader Reactor will be discussed in chapter 3, and then the 

spinning section will be discussed in chapter 4.  Finally chapter 5 documents the startup and 

initial process development for manufacturing regenerated cellulose fibers using NMMO 

solvent.  
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The specific objectives of this research, equipment and process development include:  

1.  Design and fabricate a wet spinning line, including all material and parts specifications, 

instrumentation and process controls, 

 

2.  Acquire and install a reactor for dissolving cellulose from cellulose pulp including 

designing and building all the necessary infrastructure and facilities,  

 

3.  Develop the expertise to create regenerated cellulosic fibers from these new installations. 
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CHAPTER 3  List Kneader Reactor 
 

 

3.1 Introduction 

 

The List AG kneader reactor was identified early on as the best way to dissolve the spinning 

dope, and a partnership with LIST AG was developed where a 2.5 liter kneader reactor was 

loaned to the College of Textiles in an effort to establish this capability.   

 

The kneader reactor delivered by List AG required other components and installation.  After 

reviewing the literature written about the Lyocell process and many conversations with the 

engineers at LIST AG, the process and mechanisms of the dissolving process were then 

understood.  Now the specification for installation and the additional facilities and equipment 

can be defined.  The function of the kneader reactor and the process is outlined below along 

with the specification of work for installation and operation as developed for this project. 

 

3.2 Function and Process of Kneader Reactor 

 

Before fibers can be made, a high quality spinning dope must be prepared.  To prepare this 

spinning dope the cellulose received from the pulp mill must be completely hydrolyzed.  This 

hydrolyzed cellulose must then be mixed with NMMO and then the water removed.  As the 

water is removed, the NMMO has the opportunity to react with cellulose and disassociate the 

secondary bonds between the cellulose polymer molecules thereby dissolving it.  The result 

is a viscous liquid that can be drawn into a fiber.  The original process hydrolyzed the 

cellulose, then mixed it with the NMMO and then removed the water by extruding the 

mixture into film where it was heated and the water was evaporated.  This was a process that 

took a great deal of time and required more equipment and floor space.  The List Ag 

dissolving process simplified and reduced the foot print of this process.  This kneader reactor 
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also requires less heat to dissolve the cellulose due to the shearing action of the mixing 

screws.  The shearing action from the intermeshed screws aids in dissolution and with their 

tight clearance to the wall of the kneader reactor they keep the dope from stagnating in dead 

spots where it can lose molecular weight and begin to oxidize.  The heat is delivered to the 

kneader reactor by a hot oil system.  The hot oil system circulates the heated oil in a jacket 

encasing the kneader reactor.  With the uniform heating and shearing action the dope 

oxidizes much less, making a safer and more stable process.  The kneader reactor also 

removes the water while heating and shearing.  This is done by keeping the dissolving 

chamber near zero absolute pressure while the mixing, heating and shearing occurs.  The 

lower pressure reduces the vapor pressure of the water allowing it to be removed more 

readily at lower temperatures. 

 

The process is relatively simple but requires the appropriate dosing and settings to occur 

properly.  The process begins by grinding or shredding the pulp into a fine enough size that 

the water can readily enter the structure and completely hydrolyze the pulp as shown in 

Figure 3.1.   This is usually done in a premixer, where the pulp and a recorded amount of 

water are mixed and agitated for at least a few hours.  It is simple to tell when the pulp is 

hydrolyzed because it becomes swollen and has a glob like appearance as shown in Figure 

3.1 at right.   In a lab batch process of this size it this easily achieved with a simple stand 

mixer.  In an industrial setting, a premixer is installed that feeds directly to the kneader 

reactor.  This is then added to the kneader reactor along with the correct amount of NMMO.  

It is critical at this point to know the amount of cellulose and water that have been added.  

This needs to be mixed in the correct ratio with the NMMO.  In most cases NMMO is 

delivered as a 50% aqueous solution.  The amount of NMMO must be in the correct ratio 

with the cellulose since they are the two components driving the reaction.  The water is used 

to carry the cellulose into the process, and it begins the dissolution process by attaching to 

the many OH groups of the cellulose reducing the hydrogen bonding.  This is where the core 

of the process takes place.  As the kneader reactor runs, it heats the mixture under vacuum 
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and shears it with the counter rotating mixing screws under vacuum.  The heat and vacuum 

remove the water.  The theory is, that as the water is removed it frees up the OH groups on 

the cellulose, which are then free to attract the very polar NMMO molecule.  The shearing 

action of the kneader reactor mixing screws further disassociates the secondary bonds of the 

cellulose allowing the NMMO molecules to enter and attach to the cellulose chain keeping 

them from bonding again. 

 

 

 
Figure 3.1 Premix 

 

 

3.3 List Kneader Reactor Installation 

 

The scope of the reactor’s instillation included power wiring, hot oil, purge water and 

vacuum connections.  A single zone 4 kilowatt oil circulation heater was specified and 

sourced to heat the reactor.  High temperature flexible corrugated steel hose was used to 

plumb the hot oil unit for the reactor’s heating jacket.  The heating unit, the vacuum pump 

and the hydraulic drive for the screws needed 3 phase 480 volt power.  A service was 

installed and sourced from a nearby electric bus bar with appropriate distribution center 

including circuit breakers for each individual load.  Plumbing to the city water supply was 

attached to one of the reactor ports, controlled by a ball valve, to allow a rapid flush of 
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cooling water if required as shown in Figure 3.2.  The final plumbing of the vacuum and 

condenser was then installed as outlined in the following section.
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Figure 3.2 List Kneader Reactor Installed 
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3.4 Condenser 

 

An important function to be carried out during the dissolution is the collection of the water 

vapor being removed by vacuum.  The reactor included in its delivery from List AG a 

vacuum pump to apply the negative pressure to the reaction chamber.  It did not, however, 

include a way to collect the vapor from the kneader reactor being removed by the vacuum or 

the plumbing and connections.  The water and the gas being removed from the kneader 

reactor must be condensed.  This requires the installation of a heat exchanger and bubbler 

between the kneader reactor and the vacuum pump as shown in Figure 3.3.   

 

3.4.1 Design 
 

Having outlined the process and requirements, a design was developed taking into 

consideration the available resources and the space where the machine is to be installed. 

Given the ability of NMMO to oxidize most metals and its propensity to oxidize rapidly with 

any copper compound, the choice of materials becomes critical.   

 

After speaking with the engineers at List AG a condenser/heat exchanger with an area of 

about 1 square meters was suggested.  With this specification in mind, many were evaluated 

including those made from glass.  These were very small or very expensive.  A stainless heat 

exchanger made for heating swimming pools was located.  It is all stainless construction and 

is constructed of ¼” internal tubes surrounded by chilled water.   

 

This is mounted vertically allowing the condensate to flow down the tube into a glass sphere 

where the air and condensate can be separated and collected.  The glass sphere also allows 

the operator to view and measure the amount of water removed from the kneader reactor.  

The amount of water removed indicates to the operator the concentration of water versus 
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NMMO.  All but a small amount of water that went into the reactor, about 5 or 10%, must be 

removed before dissolution can take place. 

 

 

 
Figure 3.3 Diagram of Condenser Section  
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3.4.1 Installation 
 

The installation of the condenser involved the purchase and mounting of the heat exchanger, 

the glass sphere, referred to as the bubbler, and plumbing.  The heat exchanger was mounted 

to a scaffolding of strut channel typically used for mounting electrical boxes and conduit.  

This scaffolding was placed behind the kneader reactor so the various items mounted to it 

would be in close proximity to the kneader reactor.   

 

The heat exchanger was mounted in a vertical orientation to allow all of the condensate to 

flow from the top to the bottom then out to the bubbler where it can be collected and 

measured.  The bubbler was placed on the floor directly beneath the heat exchanger.  The 

chilled water for cooling the heat exchanger, thus causing the condensation, was delivered 

from the building’s HVAC recycled cooling water.  This is all shown in the photograph in 

Figure 3.4.  

 

It was observed that when the heat exchanger was installed, the pressure difference between 

the chilled water inlet and chilled water outlet of the heat exchanger was very low.  This 

leads to a suspicion that not enough cooling water would flow through the exchanger 

reducing its efficiency and effectiveness to remove the majority of the water and NMMO 

vapor from the flow.  To increase the flow, an auxiliary circulation pump was supplied and 

plumbed into the system increasing the flow of water through the system.  This increased the 

capacity of the system to remove heat.    

 

Choosing the materials and methods for plumbing were important to ensure the safety and 

longevity of the system.  The materials used between the kneader reactor and the heat 

exchanger are stainless steel to reduce the propensity of the material to oxidize when exposed 

to NMMO in a gas state.  The heat exchanger is constructed of stainless as well.  The only 

other material that would have been acceptable would be glass.  This however, was not 

practical due to its cost and inflexibility.  The kneader reactor is on wheels and getting in and 
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around the machine is required for both operation and maintenance, so the plumbing between 

the components solidly mounted to the floor and kneader reactor must be flexible.  For this 

reason, a stainless hose was employed between the kneader reactor and the heat exchanger.  

Also for this reason, a length of coiled aluminum was used to connect between the glass 

bubbler and the vacuum motor that is also mounted to the same frame as the kneader reactor.  

The coiled aluminum adds flexibility to the plumbing similar to a spring.  Aluminum was 

used due to its low cost and reduced oxidation.  The aluminum is exposed to much less 

NMMO and water than the upstream materials due to its location after the heat exchanger 

and bubbler.  It also offers much less bending rigidity so it can be flexed in the coil.  The 

aluminum also lends itself to flaring so easily disassembled flared connections could be made 

without any difficulty.  Finally its lower cost would allow easy and cheap replacement if 

required.  
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Figure 3.4 Condenser Instillation  
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CHAPTER 4  Spinning Machine Requirements and Layout 
 

 

4.1 Introduction and Facility 

 

The goal of this project has been to create a system to go from pulp to regenerated cellulose 

fibers.  With the resources and scope provided, the best course of action decided upon was to 

do this in two steps.  Interviews with engineers at List Ag and observations of the process at 

the pilot plant at TITK in Salfeld, Germany led to the conclusion that it could be, and had 

been carried out in the past, in two steps.  There was general agreement that the spinning 

dope could first be prepared in the List kneader reactor unit, and then the spinning dope 

could be transferred to a spinning apparatus.  A design was created and proposed, and then a 

quote was secured from a manufacturer to build the spinning machine to our specifications. 

(Figure 4.1)  Funding was awarded, and the machine was purchased. 

 

A room at the College of Textiles was specifically designed to be used as a wet spinning 

laboratory.  This room contains canopy style chemical fume removal, chilled water, power 

and drains; all required for the wet-spinning machine.  The room is 35 feet by 10 feet, and the 

canopy fume hood exhaust spans the entire length.  The machine was designed from the 

beginning with the intention to fit inside this room. 
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Figure 4.1 Spinning Machine Design Proposed 



 

 

 

 37 

4.2 Spinning Machine Design 

 

The design and construction of the spinning machine took into the consideration several 

factors in addition to those discussed above.  Since there are few examples, descriptions or 

drawings of these machines in the public domain, the requirements learned in the literature 

review were the main guide to design, see section 1.3.2.1.  During the construction of the 

machine, a visit to TITK in Germany, where a pilot machine exists, added some final 

considerations but did not instigate a redesign of the machine.  In the following sections the 

machine is broken down into its main constituents where its design is detailed. 

 

During the design phase the drawing shown in figure 4.1 was given to Hills Inc. of West 

Melbourne, Florida.  Hills Inc. then drafted a P&ID (Process and Instrumentation Diagram) 

drawing taking into account the requirements, available construction methods and 

components.  This is shown in Figure 4.2.  This P&ID drawing shows a 1000-hole spinneret 

designed for another process and was not used in this project.  After approval of the P&ID, 

they submitted the drawing shown in Figure 4.3 and construction was approved.
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Figure 4.2 Hills P&ID Drawing 
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Figure 4.3 Hills Final Assembly Drawing
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The Hills Inc. scope did not include heater and motor control electronics for the spin head.  

The controls were designed and constructed. This is outlined in section 4.4.9   

 

4.2.2 Spinhead Design 
 

The spinhead consists of the major components to convert the cellulose spinning dope into 

fibers and is shown in photograph and schematic in Figure 4.4.  It consists of the reservoir 

that holds and heats the dope before processing, a pump to pump the dope, the mixer, the 

filter and finally the spinneret.  Each of these items is housed in one assembly in a vertical 

arrangement sequencing from reservoir to spinneret respectively. 

 

 

 
Figure 4.4 Spinhead Assembly  
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4.2.3 Spinning Dope Reservoir 
 

The reservoir, shown as the greenish-blue tank in figure 4.4 and marked as item “10” in the 

schematic, is the section right before the pump that holds, heats and feeds the dope into the 

pump.  Since the spinning section of the machine is designed to be matched with the LIST 

kneader reactor, the size of the reservoir is matched to the volume of the kneader reactor at 

2.5 Liters.   

 

One of the major functions of the reservoir is to heat the dope to the correct temperature 

before spinning.  Since even heating is paramount, the reservoir length is 5 times its 

diameter, giving it a high surface area between the surface of the interior and the dope.  The 

reservoir is wrapped in an aluminum jacket.  This jacket has 4 thin band heaters, two inches 

in width, wrapped around the circumference.  The aluminum jacket acts is an excellent heat 

conductor transferring heat from the band heaters and spreading evenly around the reservoir 

metal casing and into the dope.  Aluminum is a common choice for applications like this due 

to the high heat transfer coefficient and is commonly used in plastic machinery, cookware 

and electronics to spread and dissipate heat. 

 

Typically, it is important to have head pressure on a pump when feeding to assure that it does 

not cavitate.  Cavitation is a phenomena in which vapor cavities can form in the dope thereby 

potentially causing breaks in the filaments during extrusion.  In order to make sure the pump 

is not starved while feeding, the reservoir can be pressurized with gas.  In this case the 

reservoir would be pressurized with N2 to help prevent oxidation of the spinning dope while 

it is in the reservoir.  Additionally, the reservoir was attached to a vacuum pump to 

accommodate any requirements for de-gassing of the spinning dope.  The reservoir is made 

of enough metal and sealing strength to accommodate pressures up to 100 PSI.  It has been 

fitted with 3 ports for gas on the lid of the reservoir:  one for adding N2 or vacuum, one to 

relieve the vacuum or pressure, and a third for a safety relief valve. 
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4.2.4 Pump 
 

Between the spinneret and the reservoir is the pump for metering and feeding the spinning 

dope through the spinneret and filter assembly.  The pump is a typical high viscosity positive 

displacement planetary gear pump, used on many melt spinning machines.  These pumps 

have very close tolerances, in the micron range, between the gears and the wall of the pump 

and between the respective gears.  Along with the viscous nature of the fluids being metered 

by these pumps they have a very precise throughput based on each revolution.  The pumps 

are typically sized in units of cubic centimeters per revolution.  The pumps are usually driven 

by a motor gear box combination to precisely control the rotational velocity of the pump. 

 

 

 
Figure 4.5 Typical Metering Pump 
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The pump chosen for this application is a 0.168 cc/rev single stream pump.  The size of the 

pump is specified by the following variables: Number of spinneret holes and the throughput 

per holes required to achieve fiber properties.  By multiplying the number of holes by the 

throughput per hole one can size the pump appropriately. 

 

 
𝐺𝐻𝑀 𝑥 𝐻
𝜌 ∗ 𝑅𝑃𝑀 

=
𝐶𝐶
𝑅𝑑𝑣

 

 

 

Where: 

GHM = Grams per hole per minute 

H = Number of Holes in spinneret 

ρ = Density of fluid in grams per cubic centimeters 

RPM = Revolutions per minute 

CC/Rev = Definition of pump capacity for specification of purchase 

 

By using the GHM required for fiber formation, the throughput rate (cc/rev) can be 

calculated by substituting various speeds in RPM.  Pump manufacturers publish speed ranges 

in RPM where their pumps perform best, this is usually somewhere between 5 and 100 

RPMs.[18]  The calculations and variables for GHM definition are covered in section 4.4.7. 
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The pumps are capable of generating great pressures far beyond what will be encountered in 

this application.  In melt spinning applications, these pumps generate up to 2000 PSI of 

pressure, and the specification sheets delivered with them specify pressures of up to 5000 

PSI, although they start to lose some capacity at higher temperatures and lower viscosities 

depending on the fluid being pumped.[18]  These pressures can far exceed the limitations of 

the seals and the spinneret.  For this reason, a safety relief device, commonly referred to as 

rupture disk, is installed between the pump and filtration as shown in figure 4.6 and figure 

4.9 item 26.  If the spinneret back pressure is too high or the polymer solidified or the filter 

completely blocked, the disk will rupture releasing the pressure before permanent damage 

occurs. 

 

 

 
Figure 4.6 Rupture disk 
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4.2.5 Filtration 
 

Before the dope can be spun into fibers, any contaminants that may have found their way into 

the dope need to be removed.  These contaminants can cause the spinneret holes to clog 

requiring a die change, or they can interrupt spinning, causing a fiber break during the fiber 

formation process.  To achieve the decontamination, a stainless steel screen is placed just 

before the spinneret and after the pump.  This screen sits atop the support plate, commonly 

called the breaker plate.  This plate is filled with many small holes to allow the dope to travel 

through while offering some support to the filter screen.  In this case, we have chosen a 150 

mesh screen as the final filtration.  The choice of this size represents about 10 micron 

filtration rating.  In this case, the filter represents about 5% to 10% of the spinneret size and 

about 50% of the fiber size.  The filter also can catch any undissolved cellulose. 

 

4.2.6 Spinneret 
 

The spinneret is by far the most important factor when setting up the process for fiber 

extrusion.  Spinneret parameters will affect the as-extruded fiber size, fiber properties and 

throughput rate.  When choosing the specifications for a spinneret, three major dimensions 

must be determined.  First is the diameter of the capillary where the polymer passes through 

to be formed into a fiber.  This diameter along with the throughput of polymer through the 

capillary will dictate polymer velocity.  The ratio of polymer throughput and capillary 

diameter will affect the elongational shear.  A second important dimension is the length of 

capillary.  Along with the diameter, the length will affect the overall shear strain being 

applied on the polymer as it is passing through the capillary.[3] The increased area from a 

longer capillary length will increase the overall shear.  The third critical dimension is the 

number of capillaries in the spinneret.  This will dictate the overall throughput of the 

spinning position and the number of the fibers in the bundle or thread line. 
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When choosing the appropriate capillary diameter, the desired draw ratio between the 

capillary velocity and the take up speed must be considered.  It was found in the literature 

that a ratio of from 4:1 to 8:1 has been used with success.  There have been many take-up 

speeds reported in the literature, but in this case a take up speed of 30 meters per minute was 

chosen for several reasons such as the dwell time in the coagulation bath which allows for 

more coagulation time, rinsing and ease of string up. 

 

To further complicate this part of the design, the final fiber size will only be about 13% of 

the spun fiber size.  This is due to the facts that the dope only contains about 12% solids and 

that the fiber being dried to a water content of 10% after spinning.  Achieving a desired final 

fiber linear density or denier needs to consider the loss of mass from coagulation and drying.  

This is given in the tertiary chart in figure 1.10.   

 

Some conservative starting points were chosen to begin the startup of the equipment.  A final 

denier of 50 was chosen with the take-up speed of 30 meters per minute.   

 

Considering these factors, Figure 4.7 describes the calculation used to choose a capillary 

diameter.  
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Figure 4.7 Capillary diagram and calculation. 
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A spinneret size of about 135 microns was calculated.  Because this machine will be used for 

other products and assuming higher draw ratios may need to be used in future studies, a 

spinneret with capillary diameter of 150 microns was ordered. 

 

The length to diameter ratio has been mentioned in the literature to have some effect on fiber 

properties[10].  It has been shown that a larger ratio results in higher fiber tenacity.  Some 

compromises had to be made with the spinneret so it could be used with another project that 

was willing to fund the fabrication of the spinneret, so a length to diameter ratio of 2 was 

selected.  This should accommodate both projects, and if further funding is available a 

second spinneret with a larger ratio can be fabricated and then a comparison can be done. 

 

The pump size on the machine is 0.168 cm3 per revolution.  The pump speed operating 

window is 10 to 100 RPMs so a target of 50 RPM was targeted.  To achieve this, the hole 

count of the spinneret was calculated by using the throughput per hole, the pump capacity 

and a targeted pump speed of 50 RPM. 
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With this number in consideration, a hole count can be targeted that would take into 

consideration the total throughput and an efficient layout of the spinneret.  A spinneret design 
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with 69 holes was chosen.  This is well within the pump’s optimal range and should result in 

a pump speed of about 45 RPM. 

 

 

 
Figure 4.8 Spinneret 

 

 

4.2.7 Instrumentation 
 

In order to monitor and control the process, several instruments were designed into the spin 

head.  These instruments are strategically placed on the spin head and in the pathway of the 

spinning dope.  The reservoir portion of the spinhead and the lower portion of the spinhead 
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containing the spinneret both have thermocouples attached to their casing to monitor the 

temperature at all times as shown in figure 4.9 item 28. 

 

 

 
Figure 4.9 Spinhead Instrumentation 

 

 

The path of the dope has several instruments in contact directly with it.  Before the metering 

pump there is an immersed thermocouple shown in figure 4.9 item 25 to monitor dope 

temperature.  This thermocouple is insulated from the pump housing and casing.  The tip of 

the thermocouple extends from the edge of the feed tube between the reservoir and pump.  

This gives an accurate method to monitor the actual temperature of the dope.   
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Between the pump and the spinneret is a pressure transducer.  The tip containing the strain 

gauge is mounted flush to the inside edge of the tube.  The pressure monitors the pressure 

being applied to the spinneret.  Since the dope is being pumped at a specific rate the pressure 

is an indication of the sheer strain being caused by the viscosity and sheer stress in the 

spinneret.  Also it can be an indicator of the condition of the filter.  When the filter becomes 

fouled the pressure will increase markedly. 

 

4.2.8 Control 
 

The spinning section of the machine was not delivered with controls.  Controls needed to be 

designed and fabricated.  Using the P&ID drawing sent from Hills Inc., the needs of the 

controls could be evaluated and a schematic developed. 

 

During this development, many specifications needed to be considered, most importantly the 

safety of the operator followed by the requirments of the machine.  Correct circuit protection 

such as breakers and fuses need to be properly deployed along with the correct conductor 

sizes, switching, disconnects, enclosures and most importantly proper grounding. 

 

The temperature of the reservoir and spinneret casing are controlled from this control cabinet 

via the use of individual temperature controllers and solid state relays.  The temperature 

controller uses thermocouples to monitor the actual temperature of the metal it is controlling.  

This actual temperature is displayed on the front of the controller.  The controller receives a 

set point from the operator and compares the two and uses the error and a calculation called a 

Proportional-Integral-Derivative (PID) equation to adjust the output to the heaters.  The 

output is accomplished through the use of a solid state relay that can switch electrical current 

on and off millions of times without wear.  The relay switches are turned on and off every 10 

seconds.  The time proportion between off and on during the 10 seconds constitutes the 

percentage output of the heater.  This is a much simpler and cheaper solution than using 

rheostats or a silicon controlled rectifier.  This is used very often in the plastic industry where 
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the hysteresis of metal parts is far greater than the 10 second cycle time.  In some cases, 

where the cycle time of ten seconds may be a problem it can be reduced to a lower time 

band; however, this will add wear and tear to the solid state relay and the instruments due to 

the increased number of switching events.  There are also several temperature readouts where 

the immersed melt thermocouple’s signal is displayed. 

 

 

 
Figure 4.10 Closed Loop Temperature Control Schematic 

 

 

The pump is driven by an alternating current induction motor.  The induction motor’s 

rotational speed is directly correlated to the incoming frequency of the alternating current.  

The speed of this motor needs precise regulation to accurately meter the spinning dope to the 

spinneret.  This is accomplished via a variable frequency drive located in the control cabinet.  

The drive inverts the incoming alternating current power from the main feed to direct current.  

It then switches the direct current power at high frequency to create a new sine wave with a 

frequency required for the motor’s desired speed.  The operator sets this speed using the 

drive control panel remotely mounted to the outside of the panel.  Due to the size of the 

control schematic it is located in Appendix A.    
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4.3 Coagulation bath 

 

After the dope is drawn into a fiber shape, or sometimes known as a gel fiber, it must then be 

coagulated.  In this step, as mentioned before, the solvent (NMMO) has a higher chemical 

attraction to the water then the cellulose thus drawing it form the active hydrogen bonding 

sites on the cellulose and replacing it with an OH from the water from the bath.  This 

exchange increases the concentration of NMMO in the bath.  NMMO is very expensive and 

is recycled in industry for re-use in the dissolving step.  However, this step is complex and 

requires special equipment with high capital cost.  This process is not found anywhere in the 

literature, so a description cannot be provided here.  For these reasons this part of the process 

was not included in the scope of this project.  The NMMO will be used only once.  Since it is 

nontoxic, its disposal from a used bath is relatively simple.  See figures 4.2 and 4.3 for bath 

depiction. 

 

In this project the coagulation step will be carried out in simple trough shaped baths.   This 

arrangement was chosen for its simplicity and fit to the existing infrastructure.  Two baths 

will be used; one for the first step of coagulation, then a second one for rinsing and finishing 

coagulation.  It is assumed the second bath will have a lower amount of NMMO in the 

solution.   

 

4.3.1 Dwell 
 

Dwell time is a critical consideration in the design of the baths.  They need to have sufficient 

length to let the coagulation process occur while maintaining the speed of the drawing 

process.  As mentioned in some of the literature the time required for coagulation for most 

textile fiber sizes is low, only about 1 to 2 seconds. [10]  Considering a fiber draw speed of 

30 meters per minute, a bath of 1.8 meters was incorporated in the design, leading to a dwell 

time of 3.5 seconds.  This will accommodate the planned process fiber speed and any further 
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speed increases up to 54 meters per minute.  Also, these lengths will fit under the fume 

removal in the facility.  This length is for the first and second bath, so each bath is 1.8 meters 

long ensuring an adequate length for spinning and rinsing.  The baths are identical and are 

250mm wide by 350mm depth of water giving a volume of 226 liters.  This volume is to 

ensure a low concentration of solvent and should last through several batches of dope, 

considering there is only a maximum of 2.5 liters of dope for each batch from the reactor. 

 

4.3.2 Temp 
 

There was no mention of bath temperature found in the literature.  But after some preliminary 

observations, it was found that a bath of higher temperature would speed the coagulation 

process.  Some immersion heaters for the bath were purchased and after filling the bath with 

warm tap water they were used to maintain a temperature of about 40 to 50 C.  Any hotter 

and the fibers would not be able to be manipulated by hand.  This was observed to be 

adequate in aiding in the coagulation. 

 

4.3.3 Rinse 
 

The rinse is predominantly accomplished in the second bath mentioned above.  It is 

important that the final rinse remove as much as the residual solvent as possible so it does not 

affect fiber properties after drying or be delivered with the final product.  It was observed 

during a visit to a production scale pilot machine there are multiple rinse sections in the 

production process.  Since this is only a batch process that can produce only 250 to 300 

grams of fiber at one time, the final rinse will take place after the fiber is wound in the 

bobbin where it can be submersed under a stream of water offline. 
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4.4 Take up 

 

After fiber formation, a take-up device is required to pull the fibers at a rate of 20 to 100 

meters per minute and roll the fibers into a cylindrical package. 

 

 

 
Figure 4.11 Godet Take Up and Winder  

 

 

The fiber is attenuated and pulled through the process with the take-up system.  The system 

used here was recycled from a system donated to the university some years ago.  However, 

the maximum speeds of this system were very low, below 30 meters per minute. For this 

reason, the gear reducers had to be replaced.  The replacement of these gear reducers 

adjusted the speed range from a maximum of 30 to a higher range between 10 and 100 

meters per minute.  There are 3 total rollers that the fiber wraps.  There is one in between the 

coagulation tank and the rinse tank and 2 after the tank.  These rollers can be adjusted 

independently and can be used to add tension to the fiber to impart orientation by running a 

following roller slightly faster than the previous.  After the final roll the fiber will continue to 

a small traverse winder shown in Figure 4.11 in the left image.  
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4.4.1 Rolls 
 

The rolls on the take up system are typical of many fiber extrusion machines.  They are made 

of aluminum and have a chrome plated outer shell.  This very fine finish on the outer shell 

increases the friction between the fiber and the roll.  The rolls are 200mm in length and 150 

mm in diameter.  The fiber is wrapped around the roll multiple times increasing the friction 

between the roll and the fiber, ensuring it is not slipping on the surface of the roll.  These 

multiple wraps are separated by what is commonly called a canted separator roll placed 

several centimeters slightly off parallel to the roll which can be seen in Figure 4.12.  As the 

fiber wraps around the canted separator roll it is moved over slightly along the length of the 

roll.  The adjustment of this cant angle will adjust the separation of the fiber bundle.  The 

more angle from parallel to the godet the greater the thread line separation.  The rolls are also 

heated from the inside.  This heat is commonly used in the fiber extrusion of melt polymer 

based fibers to prepare the molecules for reorientation in a post draw process.  It remains to 

be seen if this heat will be helpful in drawing regenerated cellulose fibers.  There is little 

mention of a post draw process in the literature; however, heating these rolls may help to 

remove some of the water from the fiber. 

 

 

 
Figure 4.12 Separator Roll  

Separator roll 
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4.4.2 Winder 
 

In order to collect fiber for storage or further processing a winder needed to be employed to 

wrap the fiber onto a bobbin.  A simple winder with surface speed control and a slow traverse 

was used to collect the fibers.  This will build a small package about 50 to 100 mm in 

diameter and 200 mm wide.  They are made from plastic so the fiber can then be placed in a 

rinse tank while it is still on the bobbin and then placed in a vacuum oven for drying. 
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CHAPTER 5  Process Development 
 

 

With all of the machinery installed and in place, and with the knowledge gained from the 

literature review, a development of the process needed to take place.  It is understood that 

even though the process is explained in some detail in the literature, there are many 

unknowns and some of the knowledge of how to make the process work successfully is not 

published.  Also, just learning how to control, operate, clean and maintain the machine took 

some time to fine tune.  With this in mind, 25 liters of 50% Aqueous NMMO was purchased 

to allow approximately 10 batches to be produced.  As expensive as the solvent is, these trials 

needed to be well planned and any learning outcomes needed to be consolidated into the next 

trial.  The final goal in the commissioning of this machine was to make some textile grade 

fibers and have baseline operational understanding of the machine/process dynamic.   

 

The general process steps are as follows. 
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Figure 5.1 General Process Diagram 
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5.1 Trial 1 

 

The first trial using the reactor and dissolving cellulose was attempted on January 12, 2013.  

After careful review of the literature the following process was planned.  Cellulose was 

sourced from and graciously donated by Buckeye.  They sent type V-60 dissolving cellulose 

with a 91% alpha cellulose content and a DP of 832. 

 

 

 
Figure 5.2 Initial Process Flow Chart 
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This process started with premixing the materials.  This is usually done in a separate machine 

in the production process.  In this batch process this is not necessary and can be done in the 

reactor per a suggestion by LIST AG.   

 

Adding the pulp to the reactor presented a problem.  The pulp is delivered in sheets 

measuring 16 by 11.5 inches.  So the pulp needs to be made small enough to fit through the 

reactor fill opening.  This was attempted by tearing the sheets into small pieces. It quickly 

became clear that this was not effective.  The sheets would not disperse and swell easily and 

were prone to hang up in the reactor mixer teeth.   The batch was discarded and a new mix 

was prepared.  However, before this batch was premixed, the sheets were taken to a Wiley 

laboratory mill where the sheets were milled down as shown in Figure 5.3. 

 

 

 
Figure 5.3 Laboratory Mill 

 

 

When the reactor was closed and the heat and vacuum applied, some condensate was 

observed in the bubbler, but it was very little and the volume was not increasing.  The reactor 

oil temperature was then increased incrementally to 105C.  The bubbler then began to fill 

with condensate.  Soon the material in the reactor began to turn amber and thicken.  
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However, this took two hours to occur.  After removing material it was found to contain 

bubbles and to be very thick.  Also some brown flakes were observed, this is generally a sign 

of crystals forming in the dope due to overreaction. 

 

The dope was immediately transferred to the spin head vat where it was placed under 

vacuum in the vat to remove the gas in the dope.  There it was obvious it was too viscous to 

spin, so a small amount of NMMO was added to thin it out.  This NMMO, being aqueous, 

seemed to not harm it at this point.  Some dope was extruded but with no success for fiber 

formation.  The dope would not draw into the fiber from the spinneret.  Rather, it seemed to 

wet the face of the spinneret.  However, when the dope contacted the water, it was obvious it 

was coagulating.  It was also observed that the hotter the coagulation bath the faster the 

NMMO is removed from the fiber.  Heaters were subsequently purchased for the baths. 

 

There were four main learning outcomes from the first trial attempt.  The pulp needs to be 

reduced and “opened”, to use a carding term, before it can be mixed with the other materials.  

Using the laboratory mill seems to work very well.  A temperature of 105C to 110C is a good 

candidate for a reactor temperature to accomplish dissolution.  Since most of the water is 

removed there is little dope left over to spin - only about a liter.  Using this information a 

new process was designed using higher temperatures first and presoaking the pulp in water 

and milling first.  The immersed thermocouple in the reactor that tests the actual temperature 

of the dope begins to rise as the water approaches a concentration where dissolution occurs.  

This is a good indicator of dissolution beginning to occur. 
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5.2 Trial 2 

 

 

 
Figure 5.4 Trial 2 Process Flow Chart 

 

 

This trial attempt was fraught with equipment trouble.  The bubbler failed and the material 

would not dissolve.  The basic learning outcomes were to make sure all seals on the reactor 

were in good shape and new plumbing was installed on the bubbler.  Irrespective of the 

failure of this trial, some research and collaboration was done and the process design was 

updated.   
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5.3 Trial 3  

 

For this trial a redesign of the process resulted in a few ideas to shorten the long cycle time 

observed in the first trial.  The premixed feed material was mixed in a 4 liter quantity.  This 

mixture was then placed in a large stainless vat and agitated with a paddle wheel, then 

allowed to set overnight to fully hydrolyze.  Then it was further agitated before adding it to 

the reactor.  The intent was to add the premix continuously as the water is removed from the 

reactor.  Incorporating these concepts, the following process diagram was created, see figure 

5.5. 
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Figure 5.5 Trial 3 Process Flow Chart 

 

 

This trial resulted in some dope that was too thick and dispersed with gas to spin or feed into 

the spin pump from the vat.  It was noticed that dissolution was not complete, so the oil 

temperature was raised to 126C.  This seemed to have a very positive outcome in that 

dissolution took place quickly.  It was also observed that as the water was removed and the 

dissolution begun, the immersed thermocouple would approach about 90C from a starting 

point of about 64C. 
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This experiment was continued on July 28, 2013 beginning with 160C and premixed 

material.  Water removal was much faster and more reliable.  A liter was removed within 20 

minutes.  With the idea to improve the yield instead of allowing dissolution to continue, 

another liter of premix was added to the reactor.  Again, within 20 minutes another liter of 

water was removed.  Then a third liter of premix was added to the reactor.  With the reactor 

full, it seemed unlikely a fourth liter could be added.  It took 75 minutes for the reactor to 

complete the water removal and dissolution.  Again this was matched with a steady and 

predictable rise of the immersed thermocouple from 65C to about 92C. 

 

A portion of dope was taken to the spin chamber for degassing and spinning.  It was clear, 

however, that the dope was again very viscous, making degassing impossible.  A further 400 

ml of NMMO was added to the reactor to aid in degassing and thinning of the dope.  This 

still was inadequate so another 200 ml was added and a third dose of 300 ml was added.  The 

dope was then removed from the chamber.  It had a much clearer color compared to the first 

portion removed.  This dope was then transferred to the spin vat where it degassed easily and 

was readily pumped through the spinneret.  Some rudimentary fibers were made.  There was 

still a problem with the dope passing through the spinneret cleanly without wetting the face 

of the spinneret.  Several release agents were applied to the spinneret face with no positive 

impact. 

 

This was a very informative trial.  Some very important learning outcomes came from it and 

were employed in the next trial.  During these trials there was a target of solids content of 

about 12% in the dope to be used for spinning.  This however seemed to be an inadequate 

assumption.  

 

A second run was made to test the viscosity of the dope after dissolution to see if the 12% 

solid concentration was too high.  The reactor was loaded with 12% solid concentration 

premix with the intent of checking it and then diluting to 10% then 8% and rechecking.  This 
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test however turned out to be ineffective due to the extra time in the reactor to dilute from 

12% to 8%.  The extra time degraded the dope far too much to be usable for testing.  In 

addition to the time, there was concern the reactor may have had some leaks in a few of its 

seals, as bubbles in the reactor were noted during reactor cleaning.  A test of the 12% was 

made using the Brookfield viscometer with a RV6 spindle at 3 RPM, with a result of 78,000 

Centipoise.  The degree of polymerization of the cellulose we have was checked against the 

literature.  The literature commonly refers to a DP of 500 to 600, however the cellulose grade 

we have from Buckeye has a DP of 800+.  Taking into account the issue with the DP and the 

observations of high viscosity dope, a hypothesis of lowering the solids percentage to 8% 

was formed and was planned for the next trial. 
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Figure 5.6 Trial 4 Process Flow Chart 

 
5.4 Trial 4 

 

Before this trial the reactor was examined for leaks that were suspected during the last run.  

These leaks could introduce oxygen to the rector being drawn in by the vacuum.  The O-ring 

seals and packing seals of the co-rotating mixers were examined and some wear and fouling 

were observed.  The packing seals were replaced along with some O-rings.  The reactor was 

then pressure tested for leaks and found to be sealed. 
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The trial was begun following the process flow diagram in figure 5.6 developed at the 

conclusion of trial 3.  During dope preparation, it was noticed the cellulose was not 

completely dissolved at an immersed thermocouple temp of 95C.  Due to this observation, 

the dope was removed at 100C.  It was then transferred from the reactor to the spinning 

vessel where it was degassed as planned.  It was observed that the dope was thinner and 

clearer in appearance the previous dopes.  Also, more yield was extracted from the reactor.  

Spinning was begun and the same issue of wetting on the spinneret was observed.  On a 

hunch based on 20 years of spinning experience, the spinneret face was immersed in the 

coagulation bath and throughput was reduced.  After a few gas bubbles passed, distinct dope 

streams were observed exiting the spinneret.  A spinning air gap of 100mm was attempted, 

however fiber breaks were observed.  The air gap was reduced until stable spinning was 

achieved, at about 30 mm.  It was also observed that the fibers were not coagulated enough to 

make the turn on the first guide bar.  To improve this situation, a piece of polyethylene pipe 

was weighted to the bottom of the tank and used as the first turning guide, where the fibers 

could coagulate a little longer before they made the turn.  The fibers were then strung to the 

next guide.  This guide was placed at the far end of the tank where only the very bottom of 

the guide was touching the water, reducing the angle required for the fibers have to turn.  The 

fibers were then strung over the driver roller and on to the winder.  The second bath was not 

used; it was observed that the fibers were coagulated enough after the first bath to wind up.  

The second bath only added to the hydraulic drag damaging the fibers.  The resulting bobbin 

can then be soaked in hot water to finish removing the remaining solvent.  Approximately 

500 to 750 mL of dope was made into fibers as seen in Figure 5.7.  
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Figure 5.7 Trial 4 Spin Process and Bobbin 

 

 

This trial was considered a success since fibers were collected and dried. Tensile tests were 

performed on individual fibers using a Favamat. With the peak grams from the Favimat data 

this gives a tenacity of approximately 1 gram per denier.  Using the size data from the fiber 
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cross section microtome the cross sectional area was estimated and the denier calculated to 

be approximately 48.  This is very high given all of the calculations were designed for a 

target of 5.  After further examination the spinhead was found to have a 1.68 CC/Rev pump 

and not a 0.168 as indicated on the P&ID drawing provided by the supplier.  The original 

P&ID sent to the supplier showed a 1.68 but it was assumed it was changed by the supplier 

due to availability.  The raw data for the denier calculation and tensile pulls are in appendix 

C.  Scanning electron an optical microscopes were used to attain the fiber dimensions, 

images seen in figure figure 5.9. 

 

 

Table 3 Fiber Properties Results Trial 5 

 Max Stress Strain at 

max Stress 

Average 

Diameter in 

microns 

Denier at 1.5 

G/CC Fiber 

density using 

elliptical cross 

section 

Average 

N=40 

51.8 Grams 21.4% 44.5 

 

47.8 

 

Standard 

Deviation 

10.8 Grams 5.2% 8.35 * 

 

 

FTIR was performed and showed the major constituent to be cellulose II, shown as Tencel 

and rayon (Figure 5.8)  There were two other compounds found in small quantities.  The 

dimethylsiloxane is most likely from the silicone used to lube and purge the pump at the end 

of the run.  The cyclodestrin’s source is unknown, but given it has a similar ring structure to 

cellulose, it may be decomposition by-product or other reaction.  This would have to be 

further researched to be understood. 
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Figure 5.8 FTIR Results 
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Figure 5.9 SEM and Cross Sectional Image of Fiber From Trial 4 
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5.5 Trial 5  

 

An additional trial was run after the previous success to confirm and improve on the trial 4 

method.  This trial yielded better results due to a few improvements.   

 

First the premixing was accomplished the same day the trial was performed.  The contents 

were added to the premixer and run for several hours the morning of the trial and while the 

machines were heating up and other preparations were going on.  NMMO’s being a powerful 

oxidizer may be causing decomposition in the premix if it is allowed to sit too long, as 

observed with premixes being utilized after a week and overnight as observed in previous 

trials.  This should be considered in further trials.  What happens to the premix over time still 

needs to be examined, but this trial shows that there is no necessity to leave the premix to sit 

overnight, and in fact, it may have negative effects, so it should be avoided until better 

understood.   

 

During this trial, additional premix was added to the mixing chamber of the list kneader 

reactor two additional times.  This brought the overall premix charging to 4.5 liters and 

increased the output greatly.  It was difficult to measure the output but it is estimated by the 

contents of the transfer flask to be between 1.5 and 2.0 liters. 

 

During spinning, the temperature was lowered on the spin head to 75C.  As the temperature 

decreased, spinning improved greatly.  We were able to spin fibers at 100 meters per minute.  

However, as time went on some spinneret holes began to lose flow due to blocking of the 

filter screen.  It will be imperative to improve upon the filtration of the dope before it gets to 

the spinneret filtration.  Several bobbins of fiber were made over a 30 minute period and 

dried. A few scanning electron microscope pictures were taken as shown in Figure 5.10.  

These pictures show a fiber with some surface imperfection possibly from the lower spinning 

temperature or faster spinning speeds as described by H-P Fink et al.  
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Figure 5.10 SEM From Trial 5 
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At of the conclusion of this trial series, the following process flow diagram in figure 5.11 has 

been developed to be used as a starting point of future work. 

 

 

 
Figure 5.11 Final Process Flow Chart 
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CHAPTER 6  Conclusions 
 

 

Establishing a regenerated cellulose fiber pilot facility as stated in the objectives has been 

accomplished.  With the establishment of this pilot facility capability, opportunities for 

researching this technology are now available.  There are many topics of inquiry that can be 

explored with respect to this process.  These topics include the evaluation of novel cellulose 

feedstocks, process settings and machine improvements.  The List Kneader Reactor and the 

wet spinning section can be used for other processes, as well.  It is well known that the List 

Kneader Reactor can be used to prepare other polymers and chemistries.  The wet spinning 

section can be used to spin other liquids into fibers. 

 

The first step to completing this project was to gather information from the literature and 

other sources to develop design specifications for the machine.  These specifications could 

then be used to design the various machine components.  The main component of the 

machine design was based on the List Kneader Reactor’s capability and capacity.  Other 

important considerations of the machine design are based on the needs of making fibers and 

developing the properties of those fibers and include components such as the spinneret spin 

pump, heaters, instrumentation, coagulation baths, godets, reactor condenser and dope 

reservoir.  Most important to the specification development is the material selection of every 

item that comes in contact with the NMMO due to its high propensity to cause oxidation.  

After the design specifications were established, the engineering and fabrication work could 

begin.  The engineering and fabrication required acquiring competency in multiple fields of 

engineering, including mechanical, electrical and process engineering and project 

management.  In addition to the engineering skills, basic trade skills were required to install 

and integrate the equipment sourced from the manufacturers and to fabricate other required 

components not supplied.  One large component of this project was learning the necessary 

textile and polymer chemistry and integrating that knowledge with the engineering necessary 

to design and build an operational machine.  



 

 

 

 78 

After completing the installation and check out of the equipment, a series of trials described 

in chapter 5 were performed to establish some baseline running conditions and operation 

details to be used as a starting point for further work.  The result of this is shown in Figure 

5.12 as a process flow diagram.  This diagram shows one possible process capable of 

producing fiber.  This is the last in a series of diagrams that show the process development 

progression from one trial to the next whose changes and improvements are based on 

observations from each trial.  Some of the learning outcomes from these observations include 

premixing technique, time and temperature during dissolution in the reactor, degassing 

technique of the spinning dope, cleaning steps, fiber coagulation, fiber collection, fiber 

drying and much more. This baseline capability will facilitate the beginning of new and 

original research for which this facility was built. 
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CHAPTER 7  Further Work 
 

 

Even though this machine has been proven to work, several improvements should be 

considered.   

 

The pump is found to be of the wrong size.  It can be replaced, or it can be used at lower 

RPMs and still get lower denier fibers.   

 

The application of driven rollers in the coagulation tanks would greatly improve fiber 

motivation through the coagulation bath.  An estimated 4 to 6 small driven rollers immersed 

in the tank will aid in the coagulation of the fibers by reducing stress from hydraulic drag.  

This can be easily achieved by using small poly rollers driven by a chain and a single motor.  

The rollers can be mounted by a cantilevered shaft penetrating the tank side wall and sealed 

with packings. 

 

The bubbler where the water removed from the reactor is collected after it is cooled should 

be replaced with a graduated cylinder where the amount of water removed can be more 

accurately measured.  This also should be further investigated as to the best percentage of 

water to be removed. 

 

The dope as it is removed from the reactor needs to be filtered for contaminants to improve 

spinning and fiber quality.  The dope contains solids contaminants.  These contaminants will 

blind the filter screen before the spinneret and cause difficulties during fiber formation.  A 

mechanism for filtering the dope between the reactor and the spin pump needs to be 

developed. 

 

Further work should be performed on the percentage of dope along with the degree of 

polymerization of the feed stock cellulose.  These two factors lead to spinning dope viscosity.  
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This type of work can also evaluate the best viscosity for spinning dope and will be a 

necessity for designing any spinning process. 

 

The effect of the air gap’s length, temperature and humidity has been shown to affect 

fibrillation tenacity and crystallinity.[10]  Controlling these factors will be important for 

further work.  Mechanisms to do so should be a high priority for machine improvements. 

 

Currently the drying mechanism is to dry fibers on the bobbin.  However H.- P.  Fink et al 

documented the effect of drying the fiber under tension to improve the order of 

crystallization. [10]  Using the existing godets, a drying chamber can be constructed to 

remove the water from the coagulated fibers hence improving fiber tenacity properties. 

[2-5,7,10,17,19-23][1,6,8,9,11-15,18,24-33] 
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Appendix A Electrical Schematics For Spin Head Control System. 
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Appendix B Original Machine Proposal 
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Appendix C Denier and Tenacity Data 
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