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Abstract Cellulose was extracted at a yield of

59.8% from jute fibres based on the formic acid/

peroxyformic acid process at an atmospheric pressure.

The amounts of dissolved lignin and hemicelluloses

were determined in the spent liquor. The results

showed that the spent liquor contained 10.6% total

sugars and 10.9% lignin (based on jute). Microcrys-

talline cellulose (MCC) was further prepared from the

jute cellulose based on the acid hydrolysis technique.

A very high yield, 48–52.8% (based on the jute raw

material) was obtained. The acid hydrolysate of

cellulose contained 2.7% glucose and 0.2% xylose.

The MCC samples obtained from two different

conditions, one at a low acidity and the other at a

high acidity, were characterized by means of Thermo

Gravimetric Analysis, Fourier Transform Infrared,

X-ray detraction, Scanning Electron Micrograph, and

Transmission Electron Micrograph techniques.
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Introduction

Jute has played a significant role in the socio-

economic development in some Asian countries. For

example, Bangladesh has earned the largest amount of

foreign currency by exporting jute, and jute goods

have played an important role in the country’s

economy and have provided considerable employment

opportunities to the country’s work force. The tradi-

tional uses of jute as sack, bag, jute hessian cloth/

burlap, jute gunny sack, jute gunny bag, jute yarn,

woven bag/sack, carpet backing, etc., have recently

declined. Therefore, it is important to develop new

products from jute to regain its economic importance.

Jute and its subsequent conversion into value-added

products may regain the lost glory of jute.

The acetic acid or formic acid process is an

effective alternative method to fractionate lignocellu-

losic materials to produce cellulosic pulp/other prod-

ucts (Poppius et al. 1991; Jimenez et al. 1998; Lam

et al. 2001; Kham et al. 2005; Jahan et al. 2007d; Jahan

2009). The process can be carried out at an atmo-

spheric pressure. The acid used in the process can be

easily recovered by distillation and reused in the

process (Muurinen 2000). The method has been used

to separate cellulose, hemicellulose and lignin from
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lignocellulosic materials (Jahan et al. 2007d; Pan and

Sano 2005; Seisto and Poppius 1997). The lignin thus

obtained is an optimal feedstock for many value-added

products due to its favourable physical and chemical

properties (Kubo et al. 1998; Cetin and Ozmen 2002).

The sugars from hemicellulose are readily convertible

to chemicals and fuels, therefore, the overall process

concept fits well with the vision of biorefinery

(Amidon et al. 2008; Li et al. 2010; Ragauskas et al.

2006; van Heiningen 2006; Yoon et al. 2008).

The percentage of crystallinity of jute fibre

(73.4%) was considerably high than other non-woods

(52–53%; Jahan et al. 2009). The higher crystallinity

in jute fibre indicates its suitability in the preparation

of micro-/nano-cellulose crystal (MCC/NCC). MCC/

NCC can find many high value-added applications,

including the production of light-weight and high-

strength hybrid composites (Samir et al. 2005). It was

reported that a controlled acid hydrolysis can produce

cellulose nanocrystals with an elastic modulus of 150

GPa, which is higher than that of the S-glass (85 GPa)

and Aramid fibres (65 GPa; Samir et al. 2004).

Different methods have been reported on the isola-

tion of MCC/NCC from lignocellulosics. Moran et al.

(2008) isolated MCC from sisal fibres by: (1) treatment

with sodium chlorite, followed by NaOH; (2) acid

hydrolysis. Alemdar and Sain (2008) isolated NCC from

wheat straw and soy hull by: (1) soaking them in NaOH;

(2) HCl treatment and peroxide bleaching; (3) cryoc-

rushing. Wang et al. (2009) isolated MCC from jute fibre

by: (1) mercerization with 12% NaOH at room temper-

ature for 2 h; (2) acid hydrolysis; (3) finally treated with

NaOH. Lee et al. (2009) prepared NCC from micro-

crystalline cellulose by: (1) acid hydrolysis in 2.5 N

H2SO4; (2) followed by sonication.

The biorefinery concept has received much atten-

tion recently (Amidon et al. 2008; Chambost et al.

2008; Jahan et al. 2009; Leschinnsky et al. 2009; Yoon

et al. 2008; Liu et al. 2010) with the objective of

producing multiple products, including fuels, poly-

mers, chemicals, so that the value of lignocellulosic

materials can be maximized. In this project, we

followed the same concept to process jute fibre. The

scope of the study includes: (1) jute fibre was

fractionated into cellulose, hemicelluloses and lignin

based on the formic acid and peroxyformic acid

treatment processes; (2) the cellulose fraction was

subsequently converted into micro-crystalline cellu-

lose (MCC) based on the weak and strong acid

hydrolysis; (3) the prepared MCC samples were

characterized based on the Thermo Gravimetric

Analysis, Fourier Transform Infrared (FTIR), X-ray

detraction, Scanning Electron Microscope (SEM), and

Transmission Electron Microscope (TEM) techniques.

Experimental

Materials

Retted jute fibre was collected from the Narayangong

District in Bangladesh. The chemical compositions

were: 0.6% acetone extractive content, 12.7% Klason

lignin, 13.9% pentosan, 15.8% hemicelluloses, 65.0%

a-cellulose and 2.1% ash.

Formic acid treatment

The jute fibre was refluxed with Formic Acid (FA) in

a hotplate under the following conditions:

– 90% (v/v) formic acid concentration

– 120 min reaction time at boiling temperature

– Liquor to fibre ratio: 8 (v/w).

At the completion of the reaction time, the fibre was

filtered in a Büchner funnel and washed with fresh

formic acid, followed by hot distilled water.

Peroxyformic acid treatment

The formic acid treated fibre was further delignified with

peroxyformic acid (PFA) at 80 �C. PFA was prepared

by mixing 90% formic acid with 4% H2O2. The reaction

was carried out in a thermostatic water bath. At the

completion of 120 min, the fibre was filtered off and

washed using an 80% formic acid solution.

Bleaching

Bleaching experiments of unbleached pulp were

carried out at a 10% pulp concentration. The pH was

adjusted to 11 by adding the required amount of

sodium hydroxide (NaOH). The hydrogen peroxide

charge was 4% (on fibre material). Other conditions

were 80 �C, and 1 h. The pulp yield was determined

gravimetrically. The a-cellulose content in the

bleached jute fibre was determined according to the

Tappi Test Method (T 203 om-88).
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Preparation of MCC

The acid hydrolysis of FA/PFA/H2O2-treated fibre was

conducted according to the method of Batitista (1975).

Fifteen grams were hydrolyzed in 375 mL of 2.0 N

sulphuric acid at 100 �C for 120 min with constant

agitation using a ground-joint electrical stirrer. The

reaction mixture was allowed to cool to room temper-

ature and filtered. The filtrate was collected for sugar

analysis. The white residue obtained was washed

repeatedly with distilled water, diluted ammonium

hydroxide solution (5%), and more distilled water until

becoming acid-free (the filtrate showed a near neutral

pH). The residue was then dried in a vacuum oven to a

constant weight and ground in a Wiley mill into fine

powder (designated as MCC1).

The other MCC sample was produced by follow-

ing a literature procedure (Dong et al. 1998) under the

conditions of 64% w/w sulphuric acid solution for 5 h

at 45 �C with constant stirring. The hydrolysis was

cooled by adding a large volume of water to the

reaction mixture. The resultant mixture was washed

with cold water and centrifuged repeatedly. The

residue was then dried in a vacuum oven to a constant

weight for 48 h and ground in a Wiley mill into fine

powder (designated as MCC2).

Isolation of lignin and sugar

The lignin dissolved during the FA/PFA process was

precipitated by adding water to the concentrated spent

liquor (five times more than the volume of formic acid).

The residue was filtered in a Büchner funnel, and

washed with water and vacuum dried over P2O5. The

filtrate was subjected to the sugar analysis.

Sugar analysis

The sugar concentrations were determined by using an

Ion Chromatography unit equipped with CarboPacTM

PA1 column (Dionex-300, Dionex Corporation, Can-

ada) and a pulsed amperometric detector (PAD; Li et al.

2010). The further acidic hydrolysis of the pre-hydro-

lysis liquor (PHL) was carried out at 121 �C and 4%

sulphuric acid in an oil bath (Neslab Instruments, Inc.,

Portsmouth, NH, USA) to convert oligosaccharide to

monosaccharide. The PAD settings were E1 = 0.1 V,

E2 = 0.6 V and E3 = -0.8 V. De-ionized water was

used as the eluant with a flow rate of 1 mL/min, 0.2 N

NaOH was used as the regeneration agent with 1 mL/

min flow rate and 0.5 N NaOH was used as the

supporting electrolyte with 1 mL/min flow rate. The

samples were filtered and diluted prior to analysis. The

sugar content in the PHL before the acid hydrolysis

represented the monomeric form while the oligomeric

sugars were calculated from the difference with and

without the acid hydrolysis (Li et al. 2010).

Scanning electron microscope and transmission

electron microscope analyses

Scanning electron microscope (JEOL 6400, Tokyo,

Japan) was used for the microstructural analysis of

the MCC samples with gold coating. All images were

taken at an accelerating voltage of 15 kV. The TEM

observations were made with JOEL 2011 STEM. For

TEM, a 20 lL drop of solution was pipetted onto a

carbon coated copper grid.

Thermo gravimetric analysis

The thermal gravimetrical analysis was performed

with about 5 mg of air-dried sample using a Perkin-

Elmer set-up (TAQ 500) and a heating rate of 20 �C/

min under a nitrogen atmosphere.

FTIR analysis

The dried samples were embedded in KBr pellets, and

were analyzed by using a Shimadzu FTIR spectrometer

(model 8201PC). The spectra were recorded in the

absorption band mode in the range of 4,000–400 cm-1.

X-ray diffractometry

The X-ray powder patterns for a-cellulose, MCC1 and

MCC2 were scanned and recorded using the Bruker D8

Advance spectrometer with a D-5000 rotating anode

X-ray generator from 10 to 40 of 2-theta (scanning

angle), using Cu Ka radiation generated at 30 mA and

40 kV. The crystalline indices of samples were calcu-

lated from the X-ray diffraction patterns based on the

following equation (Hermans and Weidinger 1950).

Xc ¼ I002 � Iam=I002 � 100

where, Xc is crystallinity index, I002 is the peak

intensity from the 002 lattice plane (2-theta = 22�)

and Iam the peak intensity of the amorphous phase.
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Results and discussion

Fibre fractionation

Shown in Table 1 are the results of jute fibre

fractionation after the formic acid/peroxyformic

acid/hydroxide peroxide (FA/PFA/H2O2) process.

The cellulose fraction has very high a-cellulose

(97.8%) content, indicating that hemicelluloses and

lignin were effectively removed in the FA/PFA/H2O2

process. The cellulose yield was 59.8%. This is a very

high in comparison of other non-wood material; for

example, Pan and Sano (2005) obtained 44.2% yield

from wheat straw in the acetic acid process. The yield

from reed canary grass from the formic acid treatment,

followed by peroxyformic acid treatment, was 50.9%

(Seisto and Poppius 1997). The FA/PFA treatment of

dhaincha gave a yield of about 49.2% at a Kappa

number of 20 (Jahan et al. 2007b), while the kraft

process of dhaincha gave a yield of 44% at a Kappa

number of 21 (Jahan et al. 2007c). The much higher

yield from jute in such a process is due to: (1) very

high a-cellulose content in the initial raw materials

(Jahan et al. 2007d); and (2) the a-cellulose is highly

protected in the FA/PFA process (Pan and Sano 2005).

It was reported (Jahan et al. 2007a, b; Pan and Sano

2005) that acetic acid and formic acid can effectively

remove lignin and hemicelluloses from other ligno-

cellulosics, such as dhaincha, and wheat straw, at an

atmospheric pressure.

Mass balance

The total biomass recovered in the FA/PFA/H2O2

process was 81.3%, which is the sum of 59.8%

cellulose yield as the solid residue, 10.7% total

dissolved sugars and 10.9% lignin in the spent liquor

(Table 1). This was relatively lower, most likely due

to: (1) some biomass such as lignin, hemicelluloses,

volatile compounds (e. g. methanol) was lost during

alkaline peroxide treatment. This has been well

supported by literature results; for example, in the

alkaline peroxide process, He et al. (2004a, b)

reported that methanol is formed and a pulp yield

loss of about 4–12%; (2) the formation of 4-O-methy

glucuronic acid and other degradation products (He

et al. 2005); (3) inorganics dissolved from jute.

The spent liquors from the FA/PFA treatments

were further concentrated, followed by dilution with

water, so that lignin can be precipitated. The extracted

lignin was 10.9% (based on original material), which

represented 85.8% of the klason lignin content of jute.

The formic acid treatment (in 90% v/v formic acid

solution) of rice straw at an atmospheric pressure

dissolved about 90% of lignin present in the raw

material (Lam et al. 2001). Seisto and Poppius (1997)

found 11.3–13.0% lignin (based on original materials)

from different grasses in the FA/PFA process, which

accounted for 56–59% of the klason lignin. Following

the biorefinery concept, Yoon et al. (2008) extracted

loblolly pine in hot water prior to pulping and

obtained 5.11% lignin in the prehydrolysate. The

lignin content in hot-water extract of sugar maple was

3.27% (Amidon and Liu 2009). Lignin can be the

starting material for high value-added applications in

renewable polymeric materials development (Sath-

eesh et al. 2009). The value added applications of

lignin not only helps to boost the economic viability

of the biorefinery but also serves as a source of

renewable materials.

The sugar compositions (monomeric and oligo-

meric) in the formic acid spent liquor are shown in

Table 2. Under the employed conditions, 10.6% of

the sugars of the jute can be extracted. Xylose/xylan

accounted for nearly 80% of the total sugars

dissolved during the treatment, while the glucose/

glucan content was only 8.9% of the total sugars in

the spent liquor. Pan and Sano (2005) reported that

63.5% of xylose/xylan was dissolved in the spent

liquor during the acetic acid treatment of wheat straw,

while cellulose was highly protected. Lam et al.

(2001) observed that above 80% of pentose sugars

were dissolved from rice straw in the formic acid

treatment at an atmospheric pressure. Xylose/xylan

Table 1 FA/PFA/H2O2

fractionation of jute fibre
Cellulose fraction Spent liquor

Yield (% on

original material)

a-cellulose

(% on cellulose)

Total sugar (% on

original material)

Lignin (% on

original material)

59.8 97.8 10.6 10.9
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can be converted into xylitol, yeast, furfural and

others in the chemical or enzymatic processes.

Microcrystalline cellulose preparation

Microcrystalline cellulose can be prepared from the

acid hydrolysis (Yu and Atalla 1998; Dong et al.

1998). This is because acid hydrolysis is effective in

dissolving the amorphous cellulose, leaving behind

the micro-cellulose crystalline. The yields of MCC1

and MCC2 were 88.3 and 80.2% on cellulose (after

the FA/PFA/H2O2 treatment), respectively, which is

equivalent to 52.8 and 48.0% on jute. Their yields are

exceptionally high, which can be attributed to the

very high crystalline proportion in jute cellulose. In

our earlier study, it was found that the cellulose

crystallinity proportion of jute fibre (73%) was much

higher than that from other non-wood (Jahan and

Mun 2009) or wood species (Andersson et al. 2003;

Fengel and Wegener 1989).

The sugar analysis of the acid hydrolysate was

carried out based on the ion chromatographic method

and the results are presented in Table 3. In the MCC1

and MCC2 preparation ‘‘4.5% glucose and 0.3%

xylose’’ and ‘‘5.2% glucose and 0.32% xylose’’ were

dissolved (based on cellulose), respectively. Some of

the glucose and xylose formed may be further

converted to hydroxymethyl furfural (HMF) and

furfural under the present conditions because it is

well known that in a high acid concentration HMF and

furfural are generated from the hexoses and pentoses

(Leschinnsky et al. 2009). The glucose and xylose

present in the hydrolysate can be further utilized for

the production of cellulosic ethanol following the

biorefinery concept, as reported by many recent

studies (Bothast et al. 1999; Chandrakant and Bisaria

1998; Sedlak and Ho 2004.

Microcrystalline cellulose characterization

SEM and TEM observations

MCC is known to have strong mechanical properties,

therefore can be used in the production of high-

strength and low-abrasive products (Eichhorn and

Young 2001; Mathew et al. 2005). It is well accepted

that the dimensions of the MCC are vital in yielding

these mechanical properties (Sakurada et al. 1962).

The dimension characteristics of the MCC samples

prepared from jute cellulose based on the acid

hydrolysis are shown in Table 3. It can be seen that

the average diameters are 8.1 and 7.5 lm for MCC1

and MCC2, respectively, which are lower than those

reported by others; Wang et al. (2009) reported that

microfibrils of 40–80 nm can be produced from the

mercerization/steam acid/alkali process of jute fibre;

Alemdar and Sain (2008) produced MCC of

10–15 lm from rice straw and soy hull. Shown in

Fig. 1 are the SEM micrograph of the MCC1 and

MCC2 prepared from jute cellulose. It is evident that:

(1) both MCC1 and MCC2 are well-defined fibrils; (2)

more fibrillation was observed in MCC2 as compared

to MCC1. The TEM results for the MCC1 and MCC2

are shown in Fig. 2. They revealed that some of MCC2

Table 2 Chemical compositions of spent liquor (% on original material)

Arabinose Galactose Glucose Xylose Mannose Ramnose Total

Mono- sugars 0.12 0.32 0.15 7.50 0.20 0.11 8.40

Oligo- sugars 0.19 0.12 0.80 0.95 0.23 0 2.29

Total 0.31 0.44 0.95 8.45 0.43 0.11 10.69

Table 3 Dimension characteristics of MCC1 and MCC2 and sugar composition in cellulose acid hydrolysis liquor

Diameter, lm Acid hydrolysis liquor (% on cellulose)

Max Min, Avg (SD) Glucose Xylose

MCC1 10.1 5.6 8.1(1.35) 4.5 0.31

MCC2 9.8 4.4 7.5(1.82) 5.2 0.32
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fibrils are defibrillated to nanofibre from the cell walls

and the width were in the range of 15–40 nm.

Thermo gravimetric analysis

The thermal properties are critical for many applica-

tions, including the use of MCC for the production of

biocomposites; in these applications, the processing

temperature may rise above 200 �C. Many studies

related to the decomposition of lignocellulosic mate-

rials can be found in specific literature. For example,

Yang et al. (2007) showed that in the thermal

analysis, cellulose decomposition started at 315 �C

and continued until 400 �C. The maximum weight

loss rate was reached at 355 �C. At 400 �C almost all

cellulose was pyrolyzed, and the solid residuals were

relatively small (6.5 wt%). It can be seen in Fig. 3

that there were no other degradation peaks except that

of cellulose, which supported the conclusion that the

MCC samples we prepared are very pure. The weight

losses of these products have three stages: (1)

dehydration of absorbed water (\200 �C), (2) cellu-

lose chain scissions (200 * 380 �C) (Gassan and

Bledzki 2001), due to the breaks of C–C and C–O

bonds; (3) aromatization ([380 �C), leading to the

formation of the residual char. The decomposition

peaks of the maximum mass loss were at 337, 313

and 315 �C for cellulose and MCC1 and MCC2,

respectively. The negatively charged sulfate groups

introduced into the outer surface of the cellulose

crystals decreased thermal stability (Fahma et al.

2010). It was reported (Alemdar and Sain 2008) that

Fig. 1 SEM micrograph of MCC1 and MCC2

Fig. 2 TEM micrograph of MCC1 and MCC2

456 Cellulose (2011) 18:451–459
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the degradation temperature of nano-fibrils from

wheat straw and soy hulls was 296 and 290 �C,

respectively. The solid residue was 12–14% at

600 �C. Based on the above results, we can conclude

that the MCC samples from jute have excellent

thermal stability and will be suitable in the produc-

tion of bio-composites.

FT-IR

The FT-IR spectra of jute MCC samples are shown in

Fig. 4. The band at 3,340–3,420 cm-1 related to

stretching of H-bonded OH groups and 2,900 cm-1 to

the C–H stretching (Wang et al. 2007; Cao and Tan

2004; Sun et al. 2008). A very weak shoulder at

1,714 cm-1 (indicated by arrow in Fig. 3) in cellulose

is indicative of either the acetyl and uronic ester

groups of the trace amount of hemicelluloses (Sain and

Panthapulakkal 2006; Sun et al. 2005). The absor-

bency at 901, 1,033, 1,114, 1,158 cm-1 increased

weakly, while it caused no change at 1,201, 1,237,

1,281, 1,316, 1,336, 1,373, 1,431, 2,900 cm-1. The

acid hydrolysis removed the amorphous cellulose on

the surface, therefore, more C–OH, C–O-C and C–C

bonds were exposed, resulting in the increases in the

stretching absorbency (Sun et al. 2008). For the two

MCC samples, there is an obvious absorption at

710 cm-1 and weak shoulder at 750 cm-1, which

were assigned to Ia (triclinic) and Ib (monoclinic)

cellulose (Sugiama et al. 1991; Oh et al. 2005). These

results indicate that these samples are rich in Ib
(indicated by arrow in Fig. 3). The Ib proportion in

the samples increased in the order of MCC2 [
MCC1 [ Cellulose.

X-ray diffraction

The X-ray diffraction pattern of the MCC samples is

shown in Fig. 5. The peak at 2-theta = 22� is sharper

for MCC2, indicative of a higher crystallinity degree

in the structure of MCC2. The crystallinity index of

cellulose of 68.7% was found, which increased to

74.9% for MCC2. It was reported that the crystallin-

ity degree increased with the transformation of micro

to nano- fibrils (Lee et al. 2009). Leonard and Martin

(2002) observed that the crystallinity degree of jute

fibre was 71%, which is similar to that of ramie or
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cotton (Ray 1969). The crystallinity index of flax and

rutabaga nanofibrils was estimated to be 59 and 64%,

respectively (Bhatnagar and Sain 2005). The higher

crystallinity is associated with its higher tensile

strength of the MCC.

Conclusion

The formic acid/peroxyformic acid/hydrogen perox-

ide process can effectively remove lignin and hemi-

celluloses from jute fibre. The cellulose yield in this

process was very high (59.8%). The dissolved lignin

and hemicelluloses can be recovered by other unit

operations. This study has demonstrated that a large

amount of sugars and lignin (about 106 kg of sugars

and 109 kg of lignin/ton jute) can be extracted, which

account for 76% of hemicelluloses and 85.8% of

lignin in jute. The yield of MCC was 48–52.8% on

jute. The TEM results showed that the diameter of

fibrillated MCC2 samples was 15–40 nm. The crys-

tallinity of the MCC2 sample was higher than that of

the MCC1 sample. The Ib proportion in the samples

increased in the order of MCC2 [ MCC1 [ Cellu-

lose. The MCC samples produced from jute have

good thermal stability. The high acid concentration

method produced MCC with better properties than

the low acid concentration method.
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