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Abstract —In this article, the architecture of hemp fibres & a
source of high strength cellulose is analyzed. Imé experimental
part, steam explosion technology is applied to disiegrate
technical hemp fibres to elementary fibres with theaim to find
out the best procedure, without resort to environmatally
harmful chemical pre-treatments, to solving the prblems on
further nano-level environmentally friendly hemp cdlulose
disintegration. Influence of pre-treatment intensity, steam
explosion process temperature and pressure are instigated on
disintegration level of fibres of hemp varietyBialobrzeskie and
the acquired results are discussed.
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|.INTRODUCTION

Some new industrial uses of plant cellulose havenbe

developed and are found to be promising. One ahtlethe
usage of cellulose nano-particles as fillers to roup

mechanical and barrier properties of biocompogitgswhich

form a rapidly developing branch of biotechnolo@ierefore,
it is of interest to determine the potential of Ipefibres, to
find appropriate solutions and sustainable systelmsthis

context, disintegration of technical hemp fibresstementary
fibres is an important milestone with the aim todfiout the
best technologies, without the usage of environaignt
harmful chemical pre-treatments, to solving thebpgms on
further nano-level environmentally friendly hemplig®se

disintegration.

Each lignocellulosic fibre is a natural compositewhich
rigid cellulose micro-fibrils are embedded in atsofatrix
composed of lignin and hemicellulose [2]. Hemiclelbes
and, to some extent, pectins are primary componehtbe
binding substance of the elementary bast fibreslewignin
plays the part of stabilizer and screen for otlierofyenious
substances (Fig. 1.) [3]. The degree of polymeonatin
hemicelluloses is much lower than in cellulose magdgrom
20 to 300. By attached ferulic acid and p-coumaegidues,
hemicellulose can form covalent bonds to
Hydrogen bonds are formed between xylan and cskulBue
to this linking effect of hemicelluloses, hemicddises
degradation leads to disintegration of the fibms icellulose
micro-fibrils resulting in lower fibre bundle strength [5
Mainly the acid residues attached to hemicellulosske it
highly hydrophilic and increase the fibre waterakgt, which
increases the risk of microbiological fibre degtéamta It has
been found that hemicellulose is thermally degraateal lower
temperature (150-180°C) than cellulose (200-2305¢C)wet
oxidation [6] and composite manufacturing [7].
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amorphous regions of fibres are susceptible to aitatk and,
under controlled conditions, could be removed legvi
crystalline regions intact.

To prepare harvested hemp for further processiffgrent
technologies could be used. During water rettingdew-
retting the hemp bast is separated into large flwadles,
after additional treatment is required to defiatd these
bundles into single fibres and/or small fibre bwsdlFor this
purpose degradation or disruption of the middle dbae
between the single fibres are necessary. Enzyraarient [8]
— [10], wet oxidation [11], [22] and NaOH treatm¢h2], [13]
can degrade pectin and lignin in the middle lanechatween
the single fibres. Physical defibrillation methadslude steam
explosion [14], [15] and ultrasound treatment [16].

As reported in [17], the content of cellulose imtgefibres
increased by steam explosion in retted hemp filn@a 73%
to 85-90%, but in raw hemp fibres from 60-64% te7B3%. It
is obvious that retting has to be included befoteam
explosion. The results of other studies showed thast
lignins from lignocellulosic fibres were removed,hen
oxidative conditions were applied since they were
decomposed to low molecular phenolic compounds and
oxidized to carboxylic acids [18].

[I.M ATERIALS AND METHODS

Disintegration of dew-retted hemp fibres of theier
Bialobrzeskie grown in the Agricultural Science Centre of
Latgale by alkali treatment and steam explosion basn
investigated. As first, alkali treatment methodibfes under
investigation with 3 wt. % and 4 wt. % NaOH durihdp at a
temperature 800°C has been used.

The second applied method of steam explosion (STEX)
auto-hydrolysis (also referred as steam explos&team
explosion pulping, flash auto-hydrolysis or stearacking)
principally is a simple technique [18]. The biom&ssod or
non-wood forest material, agricultural waste antrdfi

ligning. [4 materials, waste from forestry, municipal and p#ioh

management) for sustainable use has been treatdd wi
saturated steam, usually at pressures up to 40sptmoces.
The treatment time varies from some seconds to some

. minutes.

SEM (VEGA Tescan 5136M) micrographs and FTIR
diagrams of both sample groups are analyzed. Riegardf
simplicity of process physics and its automatizgtio
experiments are time- and labour-consuming befodeadter
STEX treatment.

The
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Fig. 1. Sofeeof the cellulose cell wall and micro-fibril orgaation [44].

Fourier-transform infrared spectroscopy (FTIR) Heeen
used to characterize influence of treatment pararsaen such
hemp fibre constituents as lignins, hemicellulosasd
extractives. FTIR spectroscopy is a powerful amedyt
method, but the interpretation of the spectral datasually
complicateddueto peak overlapping and broadening.

I11.A LKALI TREATMENT

Sodium hydroxide (NaOH) is the most commonly useg

chemical for bleaching and/or cleaning the surfatelant
fibres. It is reported that alkali treatment rem®Jenins,
pectins, hemicelluloses, ash, and resulst in sorteaion
during the process [19]. Investigations of hempefilalkali
treatment effects show when the NaOH concentratias
increased, the density of the alkali-treated henipe$
decreased from 1.249 g/@mo 1.127 glcrh after alkali
treatment (6 wt.% NaOH), corresponding weight les$3.6
% [20]. At the same time, a range of investigatiamdicate
that rather severe pre-treatment regimes couldgehére fine
structure of the cristallic cellulose | to amorpbhaellulose I

[21]. Some resources report that alkalized plames used as

reinforcements in composites improve mechanicapgrties,
but other investigations show that effects areedéifit for
different plant origins, different varieties of fé types and
with different impact on such mechanical propertissensile
strength, modulus of elasticity and impact strerig#].

As seen from micrographs of Fig. 2, untreated efdarg
hemp fibres of the hemp varieBiatobrzeskieare joint in
bundles by amorphous matrix, at a higher magnitcathe
void regions present in the bundle become visilseme
surface and structure defects seen on the micrbgcapld
appear during hemp stalk primary processing or ¢ogng-ig.

1). After alkali treatment (4 wt.% NaOH, 1 h, T 8Q) some
fibre bundles are separated to smaller bundledemnentary
fibres (Fig. 3); surface of one to twon diameter elementary
fibres is quite clean, only a few non-soluble East probably
lignins are seen on fibre bundle surface (Fig. 3).
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Flg 2. Untreated hemp fibre micrographs at magaiifim of 100x and 500x.
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F|g 3. Alkali (4 wt % NaOH) treated hemp fibre nugraphs at magnlflcatlon
of 50x and 1000x.
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As micrographs are qualitative sources to follow
transformations which happen during treatments,ridou
transform infrared spectroscopy (FTIR) has beend use
characterize in detail the influence of alkali treant
parameters on such hemp fibres constituents asngign
hemicelluloses and extractives.
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Together with hemicellulose, lignins form a mattfiar
cellulose fibres. Lignins in fibres are complex hychrbon
polymers with aliphatic and aromatic constituefitsming a
three dimensional network. Apart from forming thatrix in
the secondary cell walls of plant fibres, ligninsoadecrease
the permeation of water through the cell walls.mechanical
properties of lignin (E 4 GPa) compared to cebel

morphology changes subjected to bleaching showlidnain

contents of untreated fibres under investigatioa @61 %
(4.89 % non-soluble, 1.72 % soluble) and after diézy they
decrease to 3.18 % (3.18 % non-soluble, 0.35 %bbxtu
hemicellulose content at the same time decreases 10.66
% (untreated fibres) to 1.85 % after treatment.

(E = 70-135 GPa) are low [23] and water through ¢leéd
walls of technical fibres has to be removed fortHer
applications, the removal of lignin from techniddires is
more than desirable.

As hemp belongs to Angiosperm phylum community hen
lignins are hardwood type lignins [24], which haveigher
methoxyl content, are less condensed and are nmoeaable
to chemical conversion than lignins derived fromiéers.

Hemp fibre hardwood lignins contain residues detifrem
both coniferyl and sinapyl alcohols (lignin type GS8G ratio
0.8).

FOURIER-TRANSFORM INFRARED SPECTROSCORFTIR)

Some of the infrared radiation is absorbed by thede
and some of it is passed through (transmitted). rEselting
spectrum represents the molecular absorption
transmission, creating a molecular fingerprintref sample.

An infrared spectrum represents a fingerprint afaaple
with absorption peaks which correspond to the feagies of
vibrations between the bonds of the atoms makingthgp
material. As each different material is a uniquebmation of

—

atoms, no two compounds produce the exact samareéofr

TABLE 1
INFRARED PRINCIPAL BANDS45]
Wavenumber . .
1 Vibration Source
(em™)
3300 O-H linked shearing Polysaccharides
2885 C-H symetrical stretching Polysaccharides
2850 CH?2 symetrical stretching Wax
1732 C=0 unconjugated Xylans (Hemicelluloses)
1650-1630 OH (water) ‘Water
1505 C=C aromatic symetrical stretching Lignin
’ ; Pectins, lignins,
) CH2 symetrical bending C=C 2 S i
1425 5 : 5 hemicelluloses, calcium
stretching in aromatic groups
& 5 pectates
1370 in-the-plane CH bending Polysaccharides
1335 C-0 aromatic ring Cellulose
1240 C-O aryl group Lignin

1162 C-O-C asymetrical stretching  Cellulose, hemicellulose

895
670

glycosidic bonds
C-OH out-of-plane bending

Polysaccharides
Cellulose

spectrum. Therefore, infrared spectroscopy canltrésua
positive identification (qualitative analysis) ofexy different
kind of material. In addition, the size of the pgak the
spectrum is a direct indication of the amount ofterial
present [25].

FTIR allows the measurement of variations of heibpef
composition after chemical treatment. Table 1 surizea the
major bands observed in the FTIR spectrum of heied
and their assignments to chemical group vibrati@msl
molecules.

Although infrared spectroscopy is useful for selvéypes
of analysis, but at the same time a range of inéagon
problems appear becoming apparent sometimes
diametrically opposite explanations of FTIR graffis@ption
bands.

The intensities of peaks around 1327 and 1271 (ing
breathing of S and G units, respectively) afterohgson
enhancement could be used to estimate the S aodiénts.

Absorbance peak at the frequency 1618cmith the
highest absorbance value was found as more inereid
broad (1605 to 1639 cM for hemp lignins [26].
Unfortunately lignin content of hemp fibres depengson
hemp variety and could be in a range from 3Uadj till 13 %
(Futura 77 [27], and supposedly the family of lignins differ
too.

As seen from graphs of Fig. 4, absorbance interestya

FTIR graphs (Fig. 4, 5) for B hemp variety fibrdstained
in our experiment show disappearance of the akisarpand
corresponding to the frequency range 1700-1758 with the

peak at 1732 cth Such absorption band is addressed to

functional groups of C=0 or COOH- [29] by most aitlzors,
where 1738 correspond to hemicellulose, 1736 tdinseand
waxes. At frequency ranges 1732-1720 absorbanceaksss,
if hydrolyzed hemicellulose is removed from fibnerface as
seen from graphs of Fig. 4. As a result of 4 wt.N&OH
treatment, pectins and waxes are removed as wgl &)
[22].

iNThe (methyl-esterified) carboxyl groups are absdriethe
range of 1749 cthand the absorbance at 1605-1630"dm

caused by the ionized COO - groups [30] — [36]. The

following ratio has, therefore, been used as a mea®r the
degree of esterification [32], [37]:

DM = al749/(a1630+al749). (1)

DM values calculated by using the equation (1) ease
from 0.21 (non-treated) to 0.16 for 4 wt.% NaOHatesl
fibres. Actually values of this factor are impossibto
calculate precisely after treatment because absoebpeak
has been removed at all.

Absorption intensity of bands at frequency rangét3450

result of alkali treatment (4 wt% NaOH) decreasesm™ are higher for alkali treated hemp fibres. Cryitiy
substantially in frequency range 1600 — 1800'@nd 3300 — index

3550 cni.
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Investigations [28] of hemp fibre structural
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Fig. 4. FTIR spectrograms of untreated and alkedited (4 wt.% NaOH) hemp fibres.

(Crl) supposed to be some kind of the measure laflase The baseline-corrected absorption peaks at 143088iid

crystallinity level [38], [29]: cm® correspond to the sensitive absorption frequenoies
crystalline and amorphous cellulose structurespaetively
Crl =al372/a2900.(2) [39], [40], [29].

Calculations of Crl after baseline corrections @n 2) LOI = a1429/a893(3)

shows the increase in crystallinity after 4 wt.%Q\h alkali

treatment from 0.17 to 0.21 (29%). According to the LOI values decrease for alkali treated fibres fram3 to
calculated Crl values, alkaline-treated fibre ekbiba 2.25 (7%). LOI describes the order of crystallimiather than
substantial increase in crystallinity. It corresgsito the thesis the amount of crystalline cellulose. This obsenatis in
that alkalization depolymerizes the native cellelod accordance with the results reported in the litemtwhere no
molecular structure producing short length crysea([22]. significant change or the increase in LOI is pui@id for

similar treatment conditions [41], [42], [22].

Absorption

| N
i hN
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~er Sample € Controlsample - ---SampleA —— sample B

Fig. 5. FTIR spectrograms of hemp fibres subjettesteam explosion treatment corresponding to freqy range 1000-1800 ¢m
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The disappearance of the peak among 1245—125%éter
alkalization seen in Fig. 4 indicates the removdl
hemicellulose materials rather than lignins [22].

One of the most noticeable modifications of FTIRrs

and surroundings blasts the material providing Hactve

adeliberation of wood or other plant biomass.

After treatment, within a split second, the biomadss
decompressed (exploded) to one atmosphere. Enipyiritae

(Fig. 5)before and after STEX treatment is the pligmrance so-called severity parameter or the reaction otdifRacan be
of the absorbance peak centred at 1732 atna pressure of expressed as [18]:

23 bar, characteristic of hemicelluloses.

Substantial decrease in absorbance intensity at
frequency range 1580-1680 cm-1 allows to suppastlitnin
content in the dry residue decrease after STEXnreat (log
Ro = 3,42). Investigations of [28] reported that liggof hemp
have most powerful absorption band at the frequeacge

theRo = t * exp [(T- 100)/ 14.75](4)

where: duration of treatment (t, minutes) and tenajpee
(T, °C) express the STEX severity against the base
temperature Jse Or reference = 100C. R, dimension is

1605-1639 crii. Crystallinity index calculated by using theminutes, but in practice logyRs used. In the current article,

equation (1) has increased by 47 % (from 0.29 4@)0after
STEX treatment at a pressure of 23 bar and at teype
220°C. Values of lateral order index LOI increasmnf 2.4 till
3 after treatment.

IV.STEX

logR, falls under the range from 2.36 to 3.42 (Table 2).
Since the lignocellulosic material, under condisoonf
steam explosion, can provide “self-sufficient” cheah and
physical transformation, both hydrolysis and détfiftion can
be achieved just by the “tools” inherent in thetsys itself,
without any additional reagents except steam. [urth

Among the number of chemical and physical proCessgglctionation of the biomass products after SEArasher

occurring during the STEX treatment, two of thene &ne
most important:

the functional groups are cut off during the pssand
thereby acid molecules are formed in the systemefample,
acetic groups in hemicellululoses provide formatiointhe
acetic acid). These newly formed acids act as ysttalof
hydrolysis of the treated material (auto-hydrolysis

«after abrupt release of the pressure at the entdeoBEA
process, the difference of pressure in the tisstifse material

simple [2].

Hemicellulose recovery in acid hydrolysates cany dm
maximized at lower treatment severities, whereag th
development of substrate accessibility requiresentnastic
conditions in which sugar losses are inevitable].[4Bo
account for this heterogeneity, such STEX treatment
parameters as temperature, residence time intostbam
reactor, steam pressure are considered as expénardables
(Table 2).

V.TABLE 2
STEAM EXPLOSION TREATMENT PARAMETERS

Moisture, % STEX parameters
) Evaporable
Variants . o
Before STEX After STEX fractions, % Time, s Temperature,’C Pressure, bar | logR
A 6,51 ~75 7,0 60 180 10 2,36
6,51 ~75 7,0 60 200 16 2,94
C 6,51 ~75 8,4 60 220 23 3,42

00 um

Fig.6. Hemp fibre SEM micrographs after STEX, puoess23 bar,
temperature 228C.

To more severe STEX treatment (IggR 3,42) hemp
fibres, seen in micrographs of Fig.6, are subjectetkere

40

fibore bundles are separated to 10-20n diameter
components and extracted amorphous clusters ofixmatr
seen as separate units or loose appliques on dibfaces.
Some of non-cellulosic substances are evaporatsd 8,4

% of weight) during STEX treatment (Table 2).
Disintegration and/or weakening of the binding ibfds in
the bundles are decisively important for furthepasation

of the hemp fibres in subsequent operations.
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TABLE 3

HEMP FIBER ABSORPTION PEAKS BEFORE AND AFTERTEX

I, cmit

3425| 2920 | 2850 | 1730 | 1620 | 1430 | 1372 | 1335

1318

1280 | 1238 | 1205 | 1160 | 1103 | 1058 | 1030 | 893

I, cm?

3410 | 2910 | 2850 | - 1635 | 1430 | 1372 | 1335

1320

1280 | 1245 | 1205 | 1160 | 1112 | 1058 | 1030 | 893

| Frequencies, corresponding to absorption peeikemp fibres, cr
Il Frequencies, corresponded to absorption peaks &TEX, crit

[7]
VI.CONCLUSIONS

With growing STEX intensity from log & 0 to log R =
3.42 to a considerable extent (2.4 times) the etitna level of
water soluble components increases.

Examination of FTIR spectrograms of untreated aedtéd
hemp fibres allow evaluation of alkali and steaxplesion
treatment removal effectiveness of hemicellulogses@ectins.

4 wt% NaOH treatment and medium severe STEKO]
treatment results in the growth of cellulose crjistisdy index
28 % and 47 % respectively showed that both treatsried to
depolymerization of the native cellulose | molecig&ructure
producing short length crystallites. A high crybtéty index
results in stiff, strong fibres. [12]

Medium severe STEX treatment combined with follagvin
hydrothermal and alkali treatments allow removing o
approximately 26 % constituents from hemp fibreduding
hemicelluloses, pectins/waxes, water.

Medium severe STEX treatment (log R 3,42) leads to [14]
partial disintegration of hemp fibre bundles. Masevere
STEX intensity (higher log Rvalue) could increase the level;s)
of disintegration. —The use of mechanical/phystcaatment
just after STEX treatment could separate fibre tesmdo the
micro-level diameter fibres.

More extensive research is needed, aimed directithe
mechanical homogenization of cellulose fibres.

(8]

(9]

(11]

(16]
(17]
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Anna Putnina, Silvija Kukle, Janis Gravitis. Ar STEX apstradato un neapstiadato kanepju Skiedru salidzino& struktur ala analize

Kanepes ir atjaunojams dabas resurss ar lielu biomastas &s var uzskat par potendilu un bagtigu viegjo biomasas mateiiu plasam lietojumam. Saj
rakst tiek analizta kayepju &iedru strukiira ka augstas stipipas celulozes avots. Eksperiniaia dda tiek pielietota tvaika spdziena tehnolgija, lai sageltu
tehnislas kayepju %iedras elemeatajas &iedras, lai rastu lafko veidu, ki iegit iedras bez videi kagam kimiskam pirmsaps@&deém un risiratu probEmas
turpmiékai videi draudmai nanordroga kaepju celulozes dezinteapijai. Pirmapstides intensittes ietekme, tvaika sfiziena procesa tempelfied un
spiediens ietekinkanepju ¥irnes Bialobrzeskieldedru dezintegdicijas imeni. Palielinot STEX apsties tvaika spiedienddz 23 bariem SEM mikrografig
redzams, ka ie@rojami palielirajies elemeritrskiedru ipatsvars, & af notikusi autohidrake elemeritrSkiedru Emernt sapéSot Sinu sienpas; padidijusas
nanoizntra iedras. Torar Vel joprojam dda iedru kiliSu nav sadgusies. Eksperimenta rezatii jasecina, ka STEX apétte ar pierdroto intensvako
apstades refmu R, 3.42 un sekojoSudert istoSu un &ma &istoSu komponentu ekstrakciauj sadat kapepju &iedru kompleksus, dgi 11dz iznEriem, kas
atbilst \erpSanas suspensiju veidoSanai.

Anna Ilyrnuns, Cuasus Kykie, flnuc I'paButc. CpaBHUTe/IbHBIH CTPYKTYPHBI AHA/IH3 KOHOILISHOTO BOJIOKHA, 00pa0OTAHHOIO H He
ob6padoranHoro STEX

KoHoruist siBNIseTCS BO30OHOBIISIEMBIM PECYPCOM C BBICOKHM BBEIXOJOM OMOMAacChl M MOXKET PacMaTpUBATHCS, KaK MOTCHLMAIbHBI MECTHBI OMOMAacCHBII
MarepHa, TOAHBII I MUPOKOro psiaa MpUMEHEHHI. B 3Toii cTaThe aHanM3upyeTcst CTpOSHNE BOJIOKOH KOHOTIIM KAK OCHOBBI JUTS BBICOKOTIPOYHO LETITFOTIO3BI.
B skcnepuMeHTaNbHOI YacTh T AE3MHTErPUPOBAHIS BOJIOKOH KOHOIUIM HA 3JIEMEHTAapHbIE BOJIOKHA ObLTa MPUMEHEHA TEXHOIOTHS MApOBOTO B3PhIBA C IIEIBIO
HaWTY JTy4IIUi MeToJ] 6€3 MCTIONIb30BAHMS MPEIBAPUTENILHBIX XUMIYECKUX 00pabOTOK, BPEIHBIX JUIS OKPY’KAIOLICH CPEIbl, ¥ B MEPCIIEKTHBE PELINTh NMPodiIemMy
C JalbHEMIINM JKOJOTHYECKH IPY>KEeTOOHBIM CIOCOOOM JIE3UMHTETPHPOBAHKS HAHOYPOBHEBOI KOHOIUISIHOM LIEJUTIONO3BI. YBenuueHue mapa STEX mpu
obpaboTke naBiaeHueM 10 23 Gap, Mukporpagus SEM mokaspiBaeT, 4TO 3HAUMTENIBHOE YBEJIMYCHHE HOMM HAKaJMBaHUA TNPOM3OIIIO0 Ha YpPOBHE
nep(h)opupOBaHHOTO ABTOTMIPOJIM3A TIPU PaspbIBE CTEHKM KJICTKH, a TAK)KE BBISBICHUH NPU3HAKOB MOSBJICHHUS HAHOPAa3MEPHBIX BOJIIOKOH. TeM He MeHee, ewe
OCTaéTCs 4acTh PacCiIOCHHs, KOTopas He pasnaraercs. VccienoBaHO BIMSAHME MHTEHCUBHOCTH IPEABAPUTEILHBIX 00pPabOTOK, TeMIepaTypbl M JaBICHUS B
TpOIIECCE MAPOBOTO B3PbIBA HA YPOBEHB JIC3MHTETPUPOBAHMS BOJIOKOH KOHOILTH copTa branodpseckue, a Takxke pacCMOTPEHBI MOTy4YEHHbIE PE3YIbTaTHI.

42



