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ABSTRACT: Cellulose diacetate was produced from hemp fiblek® main stages
were required to produce the product; pulp productdelignification) by soda pulping
and acetylation of the pulp to cellulose diacetateda pulping of hemp fibers was
carried out under various conditions of temperatun@ liquor concentration. From a
consideration of the Kappa number of pulps obtaiftenbuld be inferred that the
optimum condition for pulp production is a liquamcentration of 5-10 wt% NaOH at
about 168C. These conditions produced pulp with a maximumpéanumber of about
5. The degree of polymerization of the celluloseantsd from pulping at 16C using
15 wt.% sodium hydroxide solution was found to ppraximately 450 indicating that
considerable degradation of the cellulose strudtackoccurred. This lends weight to
the desirability of reducing the liquor concenwatio the suggested range. The
cellulose content obtained was over 98 wt.%. Qudleiacetate flake/film was
produced from the pulp in three main stages; attimaacetylation and hydrolysis.
Activation was carried out by mixing hemp pulp with equal amount of glacial acetic
acid followed by acetylation at 30 °C and finallydnolysis to diacetate.

INTRODUCTION

In recent times there has been a shift in techyotogiards the use of processes that
are sustainable and environmentally friendly. lewiof environmental concerns such
as global warming and limited oil reserves, itagital that process technology moves
towards minimizing the use of fossil fuels.

Cellulose acetate is a biopolymer produced by tetytation of cellulosic biomass.
In many respects it is similar to the more commossil fuel based polymers and
therefore possesses the potential to replace salgimers in certain applications. The
table below shows a comparison of some physicgbaaties of cellulose acetate and
some bulk polymers.



Table 1 Some physical properties of cellulose acetateodimer bulk polymers.

Property Cellulose acetate Polyvinyl  Polystyrene LDPE
chloride

Tensile strength (MPa) 30 20 42 10

Flexural modulus (GPa) 1.7 0.03 25 0.25

Twmer (°C) 170-240 170-190 210-260 220-260

Strain at yield (%) 3.9 - 2.4 19.0

Cellulose acetate also possesses some uniqueepitiat make it indispensable in
certain areas. These properties include: good teaespy, toughness, a natural feel and
comfort, glossiness, water absorbency and biodabibiy. For this reason it is
especially suited to the manufacture of cigaralter$, textile fibers, photographic and
packaging films, LCD displays, tool handles and roaldapplications.

The production of cellulose acetate is more enwiremtally friendly than the
production of polymers from fossil fuels. For exdenphe CQ exhaust during the
production of 1 kg PE/PP is approximately 1.8 kor the production of Cellulose
Acetate, the net CQOemission is approximately zero kg, because thelymbis
produced from biomass, which consumes, @@xing the growth. Cellulose acetate has
not been able to break into the market for bullyp@rs because it has a relatively high
cost. It is at least four times as expensive avemtional polymers like polyethylene
and polystyrene. This is mainly due to the high od$he raw materials current used in
industry, namely cotton and wood pulp. For exangseat 1998, the price of dry hemp
fiber was between $95 and $200/ton in Western Eusspcompared to $1500/ton and
$630/ton for cotton and wood pulp respectively {®theim et al, 1998, Lange, 1998,
Rymsza, 2000).

The purpose of the present study is to explore thesipility of effecting a
substantial reduction in the cost price of celleloscetate by the substitution of
cotton/wood pulp by biomass streams like hemp ax fas raw materials in the
production process. However before they can beylated thea-cellulose has to be
separated from the other components present indsisntignin is removed in order to
obtain a colorless product, minimize acetic antdelitonsumption and hasten the rate
of acetylation while hemi-cellulose is removed hessa a wide molecular weight
distribution of cellulose in the pulp compromiséeg ttensile strength of the product.
The objective of this project is to produce acetptale cellulose pulp from hemp/flax.
This means a minimura -cellulose content of 96 wt.% and degree of poljna¢ion
(DP) above 1000. These criteria are based on thigygohwood and cotton derived
dissolving pulps for cellulose acetate productidnrfer, 2003).

BACKGROUND
The figure below shows a simplified scheme of tHeilse acetate production process

from biomass. The major process steps are outlingeflyb in the subsequent
paragraphs.
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Figure 1 Outline of the process steps.
RAW MATERIAL SELECTION

As previously mentioned cellulose acetate is culyemade from cotton and wood
derived cellulose. In searching for suitable rephaents of these expensive raw
materials, a number of criteria were applied to plossible biomass sources: cotton,
bagasse, straw, jute, kenaf, sisal, hemp, flax, @eh garden waste. The applied
criteria were:

(1) Quality of the biomass source: Weight fraction cofcellulose and degree of
polymerization. Cotton is used as a benchmark.

(2 Price.

(3) Availability in the Netherlands.

(4) Ease of separation: Extractionwfcellulose.

(5) Waste disposal.

By this means hemp and flax were chosen as thealteshatives to cotton. The table
below shows a summary of the composition of hempflax in comparison to cotton
and wood.

Table 2 Approximate composition and degree of polymeraraf different cellulosic
materials. (Han, 1998, RISO, 2002 & Saijonkari, 200

Cotton Wood Flax Hemp bast

linters fibers
a -cellulose content (wt% ) 93 40-50 62 67
Lignin content ( wt% ) 0 20-30 3.3 2.0
Degree of polymerization of 6500-7000 8000 2990 3270

cellulose




RETTING

Retting (rotting) softens and separates the fibrow® of the plant from the woody

outer layer. Also water soluble compounds are resdaluring this process. There are
two common methods of retting: dew-retting and waé¢ting. Dew-retted biomass is

spread on the ground and exposed to dew and rhia.pfocess is dependent on the
weather conditions and can take up to six weekgek\fatted biomass is produced by
submerging the stems in either stagnant or moviatew Water retting takes about
three days. Retting does not occur at all beloW §Facteria are inactivated) or above
40 °C (destruction). Dew retted hemp and flaxrsbeere used in this work.

PULP PRODUCTION

The process of pulp production from annual planthsas flax and hemp is not well
established industrially unlike for wood. Studies the pulping of different kinds of
wood are well documented.

Annual crops are not widely used at present, eifbermpaper production or for
acetate grade dissolving pulp. There has been sesgarch on the pulping of kenaf
(Aziz and Scott, 1998, Han 1999), straw (Leathwdif#b?), corn stover (Tucker and
Kyoung, 2003), jute (Jahan, 2001), sugarcane bag&agostino and Richard, 1997)
and bamboo (Dhamodaran and Co, 2003). Thus thalidigisign of a pulping process
for hemp and flax was based on current methodsanditions for these materials and
systematically optimized for hemp and flax.

The aim of pulping is to obtain a cellulosic matedantaining at least 96 % -
cellulose by weight, remove most of the lignin drami-cellulose while minimizing
degradation and removal of thecellulose. Lignin and hemi-cellulose are degralboed
the alkaline pulping environment into phenolic caupds and simple sugars
respectively. The degree of polymerization of dele is decreased during the pulping
reaction due to alkaline peeling and hydrolysisctieas. Peeling is the gradual
shortening of the cellulose chain beginning atréucing end of the molecule, while
hydrolysis involves cleavage of beta-1, 4-glycasidonds. Studies have also shown
that the molecular weight stabilizes after someetuolne to occlusion reactions; a type
of peeling reaction which produces a product tkeiibzes the cellulose chain (Tapia,
2001).

A number of possible pulping processes are availafdme of which include soda
pulping, Kraft pulping, Steam explosion and the &ar process. In this work Soda
pulping is used because this it is suitable foruahplants with al low lignin content.

CELLULOSE ACETATE PRODUCTION FROM PULP

This process consists of three main steps: activagicetylation and hydrolysis.
Activation

Cellulose pulp containing 4-7 wt.% moisture waxedi with equal parts of water or

preferably glacial acetic acid to swell the poréshe fibers and thereby enhance mass
transfer for the subsequent reaction steps. lrpe&in by previous researchers



(Procede 2000) on cotton pulp showed that activaelp is acetylated far more
quickly compared with non-activated pulp.

Acetylation

Activated pulp reacts with acetic anhydride witlaagihl acetic acid as solvent and a
small amount of concentrated sulfuric acid actiag&atalyst.

(C,H,,0,), +(CH,CO),0+H,SO, - (C,H,0,(OSO,H),,(CH,CO0),,),

10

Acetate groups easily substitute the sulfoesteuggoThe reaction is carried out at less
than 50 °C and the product is cellulose tri-acetatee to the susceptibility of cellulose
to acidic media, some reduction in the degree dfrperization of the cellulose will
occur. The rate of the reaction as well as the ntxté cellulose degradation is
dependent on the amount of acid and the reactiopesgature.

CHEO._ 0._..CH,0COCH,
3 o —> H— + 3CH,COOH

Cellulose + Acetic Anhydride = Cellulose triacetatécetic acid
AH=-1.03kJ/g cellulos
Hydrolysis

Cellulose tri-acetate, the product from the presiogaction, was partially hydrolyzed,
which consumes the excess anhydride to obtain losudiacetate. The reaction
between water and acetic anhydride is highly exatfeand the quantity of water
added should be such that after hydrolysis thetoe@ontents consist of about 7wt%
water.

It is at present not possible to obtain the douhipstituted form of cellulose
directly via the acetylation phase due to the matirthe solid-liquid reaction. A higher
water content helps to minimize the degradatiocetifilose.

CTA+O.55HZO - CDA+ 0.5%H 3COOH A H=-3.3kJ/g wai

The reaction is terminated by the addition of magmescalcium or sodium acetate.
EXPERIMENTAL 1: PULPING

The experimental work was divided into two main pathe production of hemp/flax
pulp and the subsequent production of celluloseedée. In this part the pulp

experiments is described.

MATERIALS AND METHOD



Materials

Dry dew-retted flax fibers, sodium hydroxide, deeralized water.

Apparatus

0.5 L High pressure steel reactor, oven, 500 mL &ed&ng, plastic pail, and scissors.
Procedure

Extraneous materials were removed from the fibehdyd picking, followed by size
reduction; cutting the fiber into approximately 20n pieces using a pair of scissors. A
15 wt% aqueous sodium hydroxide solution (cookiigidr) was then prepared by
dissolving 150g of sodium hydroxide pellets in 8a@gle-mineralized water.

The reactor, a non-stirred pressure vessel, wasl fillith 300 mL of cooking liquor
and then 50g of chopped fibers added to give afiga fiber ratio of 6:1 (The liquor
concentration was varied with subsequent trialsg fidactor was then sealed and the
oven switched on to a temperature of 160 °C. Thetigga was carried out for a
maximum of 2 hours, the reactor cooled to about'®Dwhen the pressure in the
reactor was almost atmospheric. Liquor was thennddaifrom the reactor. The
remaining solids were removed using metal tongsveahed with copious amounts of
water in a plastic pail. Washed pulp was dried tomstant weight in the oven at 70 °C.

RESULTS
Color

The pulp was dark brown in color before washing kgtat grey after drying. Liquor
drained from the reactor was black. This is whatferred to in the paper industry as
“black liquor”. The organic materials in black liquaonsist mainly of degradation
products of dissolved lignin and hemi-cellulose.

Texture and appearance

After the pulp was removed from the reactor it iretd a fibrous but pulp like
appearance and after drying became softer, resggntaitton. However the texture was
coarser than cotton.

Pulp quality

Two parameters were used to determine the qudlitiyeopulp: the weight fraction of
a-cellulose in the pulp and the degree of polyméiora of the a-cellulose. As

previously mentioned, the target was a DP of a$tld®00 and minimum cellulose
weight fraction of 0.96. The weight fraction af -cellulose was determined using



TAPPI test method T203 OM-93 while the degree ofyparization was determined
by intrinsic viscosity measuremenising CED (Copper-Ethylenediamine) as solvent.

The degree of polymerization of the pulp was deteeahiby soaking about 30mg of
pulp in 25 ml of water in an Erlenmeyer flask ovgitifollowed by dissolution in
25ml of CED for 3 hours, filtration and finally, msurement of the filtrate flow time in
an Ubberholde viscometer.

The weight fraction oft —cellulose was determined by reacting the pulf &it.5
wt% aqueous sodium hydroxide solution for aboubtriollowed by filtration. 10ml
of 0.5N potassium dichromate solution was the addezb ml of the filtrate in a 350
ml conical flask, acidified with 50 ml conc. sulftracid and titrated against 0.1N
ferrous ammonium sulphate solution.

The Kappa number was calculated by the determinaifothe amount of 0.1N
potassium permanganate consumed by 1g of pulp mid0tes at 2% in the presence
of 0.1N sulfuric acid. Kappa number is an indirgetthod of lignin quantification by
the determination of the amount of permanganats mmsumed by lignin. The test
method used was to react 1g of the pulp with 0.bMigsium permanganate solution,
terminating the reaction after 10 minutes by théitamh 1N potassium iodide solution.
The amount of consumed permanganate was then de&stroy back titration of free
iodine with 0.1N sodium thiosulphate solution. Tygiealues for the Kappa number of
bleached wood pulp is between 1.4 and 5.5 for bleéhspruce pulp depending on the
method of pulping (Knoblauch J. et al, 2000) andutbb for commercial spruce
dissolving pulp.

The results and conditions are shown in the fighsdsw

In the figure below a graph is presented of the pigtld as function of the residence
time in the reactor. The yield is defined as the@am of pulp after the pulping process
divided by the amount of added biomass to the oea8&ubsequent figures show the
effect of temperature and liquor concentration be kappa number of the pulp
produced.
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Figure 2 Variation of mass yield of hemp with time duringda pulping (15 wt.%
NaOH solution and 160 °C).
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DISCUSSION OF RESULTS

As expected the yield of the pulping process (edoly losses during washing)
increased with a reduction in the total reactoidessce time and liquor concentration
while thea-cellulose content of the obtained pulp is suffitig high. The DP of the
pulp obtained from the 15wt% NaOH solution at ABWas 469, about half the desired
value and less than 20% of the estimated valubeotihtreated hemp fibers, indicating
that treatment conditions were too severe. Latds w8l investigate the influence of
liquor concentration on the DP. However the DP ilieeth the same between a
residence time of 5 hours and 19 hours. This sugdbkat cellulose degradation does
not continue indefinitely, but stabilizes to a dams value with time for a given set of
conditions. Thus the bulk of degradation most {jketcured during the earlier part of
the reaction, a phenomenon also observed in thaingubf eucalyptus globulus and
pinus radiata (Tapia et al, 2001). The desired degfeeellulose polymerization is
therefore to be obtained either by a reductiongarating temperature or caustic soda
concentration (because of the long cooling time tloé reactor). This will be
investigated in future work.

The Kappa number of the pulp dropped with tempeeatuithin the range of
temperatures investigated. For 10 wt.% NaOH comagan, there was a steeper drop
in Kappa number with temperature at higher tempegatanges; between 10 and
130°C there is only about 11% drop in kappa numberoaspared to about 60% drop
between 13 and 166C. The results of tests on the influence of ligoencentration
on pulp Kappa number showed that the kappa nunsb&smewhat less dependent on
liquor concentration than temperature. The maxim@duction in Kappa number
between 2.5 and 30 wt.% NaOH concentrations wastalfi%s. The greatest reduction
in kappa number occurred between 5 and 15 wt.% NaOhtentration. From a
consideration of the results obtained therefore,dptimum liquor concentration to be
used for pulp production is between 5 and 10 witt% @emperature not less than
155°C.

EXPERIMENTAL 2: CELLULOSE ACETATE PRODUCTION FROM HEMP
MATERIALS AND METHOD
Materials

Pulp, glacial acetic acid, acetic anhydride, casndfuric acid, sodium acetate, de-
mineralized water and acetone.

Apparatus

1L jacketed glass reactor, thermostat bath, comderisml syringe, four 20 ml
syringes, 10ml syringe, one 20ml syringe with ladi@meter steel needle, 2L flask,
measuring cylinders, filtration flask, funnel, wasbttle, vacuum pump, nitrogen
cylinder, nitrogen flow-meter.
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Figure 6 Sketch of acetylation reactor.

(1) Reactor.

(2) Water bath.

(3) Liquid feed for acetic acid. 8

(4) Liguid feed port for syringes.

(5) Water condenser.

(6) Stirrer.

(7) Cooling jacket.

(8) Nitrogen feed bottle. 9
(9) Reducer.

(10) Flow controller.

Procedure

The pulp was shredded by hand to reduce the sidenanimize potential mixing
difficulties. Water was sprinkled onto the dry ptitpbring it to about 5wt.% moisture
content. Pulp was then put in the reactor, the elefisshed with nitrogen aa then
activated by putting in an equal amount of glaeiggtic acid while stirring vigaréusly
for 2 hours at room temperature. After activatioa pulp had a fluffy appearance.

Acetylation was then initiated by introducing gkdcacetic acid from the feed bottle
into the reactor followed by acetic anhydride aimdify concentrated sulfuric acid as a
catalyst. The reaction was allowed to proceed &t desnperature for about 1.5 hours.
During this procedure the fibers became complededgolved and the reactor contents
appeared like a viscous quality similar to glue.

After acetylation, hydrolysis was initiated by guadly introducing water into the
reactor and hydrolysis continued until such a tiagea sample became soluble in
acetone. This was used as a quick test of the csiomeof the triacetate to diacetate. At
this point the cellulose diacetate was stabilizgdhe addition of sodium acetate for
about 30 minutes.



Following stabilization, the cellulose acetate prodvas precipitated out by slowly
pouring the reactor contents into a stirred veseataining a volume of water about
thrice the reactor contents. The light flakes pitaied were filtered and washed in de-
mineralized water using vacuum filtration to speedhe filtration process.

The wet flakes were then dried to a constant weight.

RESULTS

Color:

The color of the reactor content was dark brownoteefprecipitation. The wet
precipitated flakes were light brown and semi-tp@ment in color with some quantity

being precipitated as films. Upon drying the flaklzskened considerably, becoming
dark brown. For a picture of the cellulose acetaterence is made to figure 7.

Texture and appearance:

The product after precipitation was in the formflakes and films, after drying the
flakes assumed a more crispy looking appearance.

Pulp quality

The quality of the cellulose acetate product wasessed by consideration of the
degree of substitution and the degree of polymeoiza

Table 3 Production of Cellulose Acetate.

SAMPLE NO 1 2 3
ACTIVATION
Temp ©  Ambient Ambient Ambient
Time (hr) 3 2.5 2
Appearance Fluffy Fluffy Fluffy
ACETYLATION
Temp © 40 30 30
Time (hr) 3 2 2
Acetic acid (ml) 150 145 145
Acetic anhydride 60 75 75
(ml)
Sulfuric acid (ml) 2 2 1.2
HYDROLYSIS
Temp © 50 30 30
Time (hr) 2 0.5 0.5
Water (ml) 6 15 10
DRYING
Temp© 70 Ambient Ambient
Time (hr) 15 48

Appearance Grey Dark brown Large particles: black



grains flakes shriveled
Thin films: light brown

SOLUBILITY
Acetone Yes Yes Yes
Water No No No

DISCUSSION OF RESULTS

Cellulose diacetate was produced from pulped hernthirw5-7 hours. This was
considerably faster than the reaction time recoiddiderature for its production from
cotton. This may be due to the lower molecular Wweigf the pulp used here as
compared to cotton. A higher product quality wagaoted when the reaction
temperature during the acetylation was reduced #06nto about 30 °C. There was no
difference in the required reaction time even wiiem amount of sulfuric acid was
reduced from 1% to 0.5% (wt% based on pulp). Subsetganalysis will investigate
the DP of the cellulose acetate product and trediogiship with some of the reaction
conditions, particularly the amount of sulfuric caised, as cellulose is known to be
very susceptible to acidic conditions.

The precipitation and washing step was found todyg weritical. Cellulose acetate
obtained as 3-4 mm diameter particles darkeneck quihsiderably, becoming black
when dried even under ambient temperature condititm contrast particles, which
were precipitated as thin films/sheets and thikefadarkened only slightly, thinner
films being almost transparent. The pH of the larparticles was checked with
indicator paper and while the pH of the outsiddasie was almost neutral, the core
was found to be quite acidic (pH 3-4). It has beseggested that residual sulfuric acid
in the Cellulose Acetate product is responsibletii@ observed discoloration. Thus it
appeared to be very crucial that the cellulose adeebe precipitated as thinly as
possible to allow for effective washing.

TN,

Dryhemp fibers ™  Hemppulp — Cellulose diacetate

Figure 7 Raw materials and products of cellulose acetaidumtion from hemp fibers.
CONCLUSIONS/'RECOMMENDATIONS

It appears that cellulose acetate can be produwed hemp. The first step is the
production of pulp by the soda process using 13owaqueous sodium hydroxide

solution at 160 °C for about 2 hours. The degre@alymerization of the obtained
cellulose under these conditions was about 460. Vidlige is low compared to the DP



of cotton used in the cellulose acetate process &egere conditions would therefore
be more suitable to prevent cellulose degradation.

The pulp was activated using an equal amount ofiglacetic acid while stirring
vigorously for about 2 hours at room temperatureerafvhich it became fluffy.
Acetylation followed using reagents in the follogiiproportions relative to the pulp
mass; acetic anhydride (3:1), acetic acid as sol@#n:1), sulfuric acid (0.05-0.1:1) as
catalyst. The acetylation reaction did not startilutie catalyst was added and a
temperature rise of a few degrees was noted, itidgcthat the exothermic acetylation
reaction started. From that time the fibers begadissolve. The acetylation reaction
was carried out at 30 °C for 2 hours during whiellutose triacetate was formed. The
triacetate was then hydrolyzed to diacetate byatidition of water for 30 minutes at
30°C. The hydrolysis reaction was stopped by thetiaddof sodium acetate when the
reactor contents became soluble in acetone.

Precipitation of acetate flakes followed by pourthg reactor contents into a well-
stirred vessel of water, the particles were thiéeréd washed and dried. It is important
that particles are precipitated as thinly as pdssiis they are then more thoroughly
washed of sulfuric acid traces. Thus the strongadiisation of the product during the
drying process can probably be prevented.

The research will be continued by optimizing thectieam conditions of the pulping
and acetate production steps. First the optimumpipglconditions will be investigated
by a consideration of the degree of polymerizatioraddition to the concentratian
cellulose and the Kappa number of the pulp. Thi$ lvédlfollowed by optimization the
conditions for the cellulose acetate productionmfrpulp, applying the degree of
polymerization and degree of substitution of thedpict as quality criteria as well as
finding the best way to prevent product discolanati
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