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Abstract Hemp bast (a-cellulose 79.4%, Klason

lignin 4.9%) was directly oxidized by 2,2,6,6-tetram-

ethylpiperidine-1-oxyl radical (TEMPO)-mediated

oxidation in water at pH 10 and room temperature

for 2 h. The level of added NaClO in oxidation varied

from 5 to 30 mmol/g (based on dry weight of hemp

bast). Weight recovery ratios of the TEMPO-oxidized

hemp bast celluloses were in the range of 81–91%, and

their carboxylate contents increased up to 1.2 mmol/g

with the increased NaClO addition level. The lignin

contents decreased to 0.5–0.9% after oxidation, and

the viscosity-average degrees of polymerization

decreased from 1100 to 560 because of depolymer-

ization during oxidation. Thus, direct TEMPO-medi-

ated oxidation of hemp bast introduced a significant

number of carboxylate groups and simultaneously

achieved sufficient delignification. Small amounts of

xylose, mannose, and rhamnose originating from

hemicelluloses remained in the TEMPO-oxidized

hemp bast samples prepared by oxidation with

5–20 mmol/g NaClO. However, oxidation with

30 mmol/g NaClO completely removed these

hemicellulose-originating sugars, and produced

almost pure TEMPO-oxidized cellulose. When

TEMPO-oxidized hemp bast samples were mechani-

cally disintegrated in water, their nanofibrillation

yields were 58–65%. After removal of unfibrillated

fractions by centrifugation, transparent dispersions

showed birefringence when observed between cross-

polarizers, while atomic force microscopy images

showed near-individually dispersed nanofibril ele-

ments with widths of *2 nm.
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(TEMPO) � Hemp bast � Direct oxidation � Cellulose
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Introduction

The production of cellulose nanomaterials from

renewable plant cellulose, which is the most abundant

biopolymer on earth, has gained increasing attention in

recent years. Plant cellulose fibers prepared by pulping

and bleaching with or without pretreatment can be

converted to nanofibrillated and microfibrillated cel-

luloses by disintegration in water (Kalia et al. 2011;

Klemm et al. 2011). Various pretreatments of wood

celluloses or bleached chemical pulps (such as kraft

and sulfite pulps) before mechanical disintegration

have been reported to reduce energy consumption in

the following mechanical fibrillation process in water.

Mild endo-type cellulase treatment (Pääkkö et al.
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2007; Henriksson et al. 2007), carboxymethylation

(Wågberg et al. 2008), phosphorylation (Ghanadpour

et al. 2015; Noguchi et al. 2017), periodate treatment

(Sirviö et al. 2014; Yang et al. 2015), cationization

(Horvath et al. 2008), and others are included in the

pretreatments reported so far.

The catalytic oxidation of wood celluloses with

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical

has been reported as one of the most efficient methods

to prepare TEMPO-oxidized cellulose nanofibrils

(TOCNs). The fibrils are typically 3–4 nm wide,

several micromters long, and are dispersed in water

with good homogeneity (Saito et al. 2006, 2007, 2009;

Isogai et al. 2011; Isogai 2013). The cast and dried films

prepared from aqueous TOCN dispersions are trans-

parent, have high mechanical strengths, and high

oxygen barrier properties under dry conditions, which

are caused by the dense nanolayered structures in the

film cross sections (Fukuzumi et al. 2009, 2011; Saito

et al. 2011). When aerogels and cryogels are prepared

from aqueous TOCN dispersions, they have unique

thermal conductivities, filtration behaviors, and

mechanical properties (Kobayashi et al. 2014; Nemoto

et al. 2015; Sakai et al. 2016).

Softwood bleached kraft pulps (papermaking

grade), in which glucomannan is present at 10–15%

(w/w) as the main hemicellulose component, have

been primarily used as the original wood cellulose to

prepare and characterize TOCNs. When hardwood

bleached kraft pulps (papermaking grade), which have

xylan as the main hemicellulose component, are used

to prepare TOCNs, some xylan tends to remain in the

product because xylan has no C6–OH groups and is

resistant to oxidative degradation (Rodionova et al.

2012; Tanaka et al. 2012). TOCNs prepared from

hardwood bleached kraft pulp by mechanical disinte-

gration under the same conditions therefore have

lower light transparency or lower nano-dispersibility

because hydrophobic xylan molecules remain present.

Non-wood cellulose fibers such as cotton (de Morais

et al. 2010; Soni et al. 2015), hemp, bamboo, and

bagasse pulps (Puangsin et al. 2013a), hemp holocel-

lulose (Puangsin et al. 2013b), and rice straw and

kenaf holocelluloses (Kuramae et al. 2014) have been

used as resources to prepare TOCNs. Because most of

these non-wood cellulose fibers are delignified or

bleached beforehand, they contain almost no lignin but

do contain various hemicelluloses. Kuramae et al.

(2014) reported that TEMPO-oxidized celluloses

prepared from various plant holocelluloses by the

TEMPO/NaBr/NaClO system in water at pH 10

contained almost no xylose or mannose, when suit-

able oxidation conditions were adopted. Thus, TOCNs

prepared from various plant holocelluloses by using

the TEMPO/NaBr/NaClO system have similar sugar

compositions and nanofibril widths, although their

lengths and length distributions tend to vary. In

contrast, TEMPO-oxidized celluloses prepared from

non-wood cellulose fibers contain significant amounts

of mannose and xylose because of the presence of

glucomannan and xylan (Kuramae et al. 2014;

TEMPO/NaClO/NaClO2 system in water at pH *7).

All plant celluloses, including agricultural wastes,

have the potential to produce TOCNs with similar

morphologies and properties. When the TEMPO/NaBr/

NaClO oxidation is applied under suitable conditions

(Kuramae et al. 2014), such non-wood resources may

provide effective alternatives to paper pulp sources for

TOCNs, particularly in developing countries. In our

previous study, hemp holocellulose fibers were sub-

jected to TEMPO/NaBr/NaClO oxidation to prepare

TOCNs (Puangsin et al. 2013a, b). The TOCNs

prepared from hemp bast holocellulose fibers had

morphologies, chemical compositions, and film prop-

erties similar to those prepared from wood celluloses.

However, in this case, the original hemp bast was first

delignified and bleached by the Wise method (Puangsin

et al. 2013a, b) to prepare hemp bast holocellulose

fibers. Such pulping and bleaching processes, even for

non-wood plants, require well-controlled and large-

scale plant facilities to minimize any environmental

burden caused by effluents and air emissions. Further-

more, the need for sequential process facilities for

pulping, bleaching, and TEMPO-mediated oxidation

make it difficult for local areas to use agricultural

wastes as starting resources for TOCN production.

Because most agricultural wastes and some grass

plants contain less lignin than wood resources, it may be

possible for such lignin-containing non-wood cellulose

resources to be pulped, bleached, and TEMPO-oxidized

in one step to prepare TEMPO-oxidized celluloses with

properties similar to those prepared from wood pulps.

This one-step preparation process would be advanta-

geous for local areas because it would require the

installation of relatively small-scale facilities for TOCN

production. Okita et al. (2009) and Ma and Zhai (2013)

reported TEMPO-mediated oxidation of lignin-rich

softwood thermomechanical pulps (TMPs) for
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preparation of TOCNs. They found that oxidation using

TEMPO/NaBr/NaClO in water at pH 10 removed

lignin and hemicelluloses in TMPs, and oxidized C6–

OH groups present on the crystalline cellulose microfib-

ril surfaces simultaneously. Moreover, the TEMPO/

NaBr/NaClO oxidation appears to be a more efficient

delignification process for TMPs than oxidation with

NaClO alone (Okita et al. 2009).

In this study, TEMPO/NaBr/NaClO oxidation was

directly applied to lignin-containing stick-like hemp

bast (Cannabis sativa L. ssp. sativa) in water at pH 10

with various conditions. The prepared TEMPO-oxi-

dized hemp bast samples were subjected to chemical

analyses, including carboxylate, aldehyde, and lignin

contents, sugar compositions, and viscosity-average

degrees of polymerization (DPv) values. The prepared

TEMPO-oxidized hemp bast samples were mechani-

cally disintegrated in water under the same conditions,

and the nanofibrillation behaviors of the samples were

characterized by atomic force microscopy (AFM) and

by measurements of dispersion transparency.

Experimental

Materials

Hemp bast was kindly supplied by Queen Sirikit

Botanic Garden (QSBG) Project in Chiang Mai

Province, Northern Thailand. The hemp bast was air-

dried and cut into sticks (5–10 mm long) using

scissors. The stick-like hemp bast sample was soaked

in water for 24 h with continuous stirring to swell the

material. The resulting sample was washed thoroughly

with water several times by filtration on a grass filter. It

was stored wet at 4 �C before further treatment or

analysis. The original hemp bast sample had a-

cellulose and Klason lignin contents of 79.4 and

4.9%, respectively. TEMPO, sodium bromide, sodium

chlorite, 13% sodium hypochlorite solution, sodium

hydroxide, and other chemicals and solvents were of

laboratory grade (Wako Pure Chemicals, Osaka,

Japan) and were used without further purification.

TEMPO-mediated oxidation of hemp bast

Hemp bast sample (1 g based on dry weight) was

suspended in water (100 mL), containing TEMPO

(0.016 g) and sodium bromide (0.1 g). TEMPO-

mediated oxidation was initiated by addition of a

designated amount of NaClO (5–30 mmol/g) to the

slurry at room temperature. The mixture was stirred at

pH 10 with continuous addition of 0.5 M NaOH using

a pH stat for 2 h. The TEMPO-oxidized hemp bast

cellulose (TOHBC) thus obtained was washed thor-

oughly with water by filtration and was stored wet at

4 �C until further analysis. Weight recovery ratios of

TOHBCs were calculated from their dry weights

before and after the TEMPO-mediated oxidation.

Carboxylate and aldehyde contents of TOHBCs were

determined by conductometric titration (Saito and

Isogai 2004; Shinoda et al. 2012). TOHBCs were

suspended in water, gently agitated, and converted to

homogeneous handsheets by filtration on a Buchner

funnel. ISO brightness values were measured accord-

ing to TAPPI Test Method T452 om-08 (2011). Lignin

contents of TOBHCs were evaluated as micro-Kappa

numbers according to a previously reported method

(Okita et al. 2009). The neutral sugar compositions

were determined for TOBHCs by high-performance

liquid chromatography (HPLC) after acid hydrolysis

(Puangsin et al. 2013a).

Preparation of TEMPO-oxidized cellulose

nanofibrils

TOHBC sample (never dried) was suspended in water

(25 mL) at 0.1% (w/v) and then disintegrated using a

double-cylinder-type homogenizer and an ultrasonic

homogenizer according to the previously reported

method (Puangsin et al. 2013a) to prepare an aqueous

TOCN dispersion. Unfibrillated or partly fibrillated

fraction was removed from the dispersion by centrifu-

gation at 12,0009g for 20 min and the nanofibrillation

yield was measured by the dry weight of the residual

fraction (Shinoda et al. 2012). The morphology of the

nanofibrils was observed by tapping-mode AFM

(Nanoscope III Multimode, Digital Instruments, Mas-

sachusetts, USA), and TOCN fibril widths were

measured from AFM height images.

Results and discussion

TEMPO-mediated oxidation of hemp bast

The original hemp bast was cut into small sticks, and

these were directly treated with NaClO (0–30 mmol/
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g) as part of the TEMPO/NaBr/NaClO system in water

at pH 10 and room temperature for 2 h. The hemp bast

became swollen and partly turned to fibers or fiber

bundles as the oxidation and delignification pro-

ceeded. Figure 1 shows carboxylate contents, DPv

values, and weight recovery ratios of the TOHBCs.

The carboxylate contents increased up to *1.2 mmol/

g and the DPv values decreased from 1100 to 560 as

the amount of added NaClO increased to 30 mmol/g.

Low aldehyde contents (0–0.12 mmol/g) were

detected for the TOHBCs prepared under various

conditions. The weight recovery ratio decreased from

92 to 81% as the amount of added NaClO increased

from 5 to 30 mmol/g, respectively. Given that the a-

cellulose content of the hemp bast was 79%, the

weight recovery ratios shown in Fig. 1 indicate that

almost all lignin and hemicelluloses present in the

original hemp bast were degraded and removed in the

water-soluble fraction during the oxidation and wash-

ing processes, as described later. Thus, direct oxida-

tion of the hemp bast with NaClO (15–30 mmol/g)

gave TEMPO-oxidized celluloses in high yields, with

carboxylate contents and DPv values similar to those

prepared from wood pulps.

Photographs of the prepared TOHBCs are shown in

Fig. 2, together with their lignin contents and ISO

brightness values. More than 80% of lignin present in

the original hemp bast was removed by oxidation with

5 mmol/g NaClO, and then the lignin content gradu-

ally decreased to *0.5% (i.e., *90% removal of the

original lignin), as the oxidation was performed with

the increased amount of NaClO (20–30 mmol/g).

Correspondingly, the ISO brightness of the TOHBC

sheets increased to 80%. Thus, delignification and

introduction of carboxylate groups (and partial con-

version from stick morphologies to fibers and fiber

bundles) can be achieved by direct TEMPO-mediated

oxidation of stick-like hemp bast under suitable oxi-

dation conditions.

Direct TEMPO-mediated oxidations of lignin-rich

and wood-based TMPs were studied previously for

simultaneous delignification and introduction of car-

boxylate groups in the preparation of TOCNs (Okita

et al. 2009; Sbiai et al. 2011; Ma et al. 2012). However,

in these previous studies, longer oxidation times were

required to remove most of the lignin in the TMPs, and

consequently the weight recovery ratios decreased to

*40%. Because the lignin content of hemp bast is

much lower than that of wood, the direct TEMPO-

mediated oxidation is well suited to the treatment of

hemp bast to prepare TEMPO-oxidized celluloses in

high yield with little or no lignin. Because the NaClO

treatment in water at pH 10 did not efficiently remove

lignin from TMP (Okita et al. 2009), the combination

system of TEMPO/NaBr/NaClO in water at pH 10 was

likely to efficiently oxidize and degrade the lignin

component in the hemp bast and removed it from the

water-insoluble TOHBC fractions during oxidation

and washing processes.

The crystal structure and crystal sizes of the

original cellulose I of hemp bast are probably
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unchanged for TOHBCs prepared under various

conditions (Puangsin et al. 2013a, b). Thermal degra-

dation points of TOHBCs prepared in this study are

likely to be *200 �C as in the case of other TEMPO-

oxidized celluloses prepared from various plant cel-

luloses (Fukuzumi et al. 2010). Decarboxylation of

abundant sodium carboxylate groups present on

crystalline cellulose microfibril surfaces in TEMPO-

oxidized celluloses starts to occur at *200 �C.

Sugar composition analysis of TOHBCs

The neutral sugar compositions of the original hemp

bast and the TOHBCs prepared under various condi-

tions are listed in Table 1. The original hemp bast

sample contained 3.9% mannose and 2.7% xylose, as

hemicellulose-originating neutral sugars. However,

these values are lower than mannose content in

softwood or xylose content in hardwood, because the

Table 1 Sugar composition of TEMPO-oxidized hemp bast celluloses

NaClO added in oxidation (mmol/g) Sugar composition (%) Lignin content (%)

Glc Man Gal Xyl Ara Rha Othersa

0 78.5 3.9 0.0 2.7 0.0 0.7 14.2 4.9b

5 63.3 1.5 0.0 2.6 0.0 0.6 32.0 0.9c

10 56.3 1.0 0.0 2.4 0.0 0.6 39.7 0.7c

15 54.6 0.9 0.0 2.3 0.0 0.6 41.6 0.6c

20 52.3 0.7 0.0 2.2 0.0 0.5 44.3 0.5c

30 48.4 0.0 0.0 0.0 0.0 0.0 51.6 0.5c

a The ‘Others’ fraction was calculated by equation, Others (%) = 100 - [(Glc) ? (Man) ? (Gal) ? (Xyl) ? (Ara) ? (Rha)]
b Klason lignin content
c Lignin content calculated according to equation, Kappa number 9 0.15
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a-cellulose content of hemp bast is as high as 79%.

The weight ratios of these hemicellulose-originating

neutral sugars decreased as the amount of added

NaClO increased in the TEMPO-mediated oxidation.

Because hemicelluloses have more disordered struc-

tures and lower molecular weights than cellulose, they

are susceptible to degradation during oxidation and

become water-soluble (Isogai et al. 2009). Unlike

glucomannan in hemp bast hemicelluloses, xylan has

no C6–OH groups and are therefore more resistant to

degradation during oxidation. The ‘others’ fractions

(see Table 1) are likely to consist of glucuronic acid,

its dimers, and other compounds (Puangsin et al.

2013a, b). When 20 mmol/g NaClO was added, the

TOHBC contained no mannose or xylose, resulting in

the formation of pure TEMPO-oxidized cellulose from

the hemp bast.

Characterization of TOHBC nanofibrils

The TOHBCs prepared under various conditions were

mechanically disintegrated in water under the same

moderate conditions. Before centrifugation, the

TOHBC dispersions contained significant amounts

of unfibrillated materials, and consequently their light

transmittances were lower than 60% at 600 nm

(Fig. 3). Correspondingly, the nanofibrillation yields

ranged from 35 to 65% as the amount of added NaClO

was increased from 5 to 30 mmol/g in the TEMPO-

mediated oxidation. The photographs of the disper-

sions also suggested low nanofibrillation yields.

Although almost pure TOCN can be prepared from

hemp bast by TEMPO-mediated oxidation with

30 mmol/g NaClO (based on neutral sugar composi-

tion; see Table 1), the TOHBC dispersion had a low

nanofibrillation yield. When hemp bast holocellulose

was used as the starting material, the nanofibrillation

yield reached *80%, with a carboxylate content of

*1.2 mmol/g (Dufresne 2012; Puangsin et al. 2013a).

Thus, the small amounts of residual lignin present in

the TOHBCs may have caused the low nanofibrillation

yields, which should be taken into account (Fujisawa

et al. 2010; Chen et al. 2011).

After centrifugation to remove unfibrillated mate-

rial, all the TOHBC dispersions had high transparen-

cies of *90% at 600 nm (Fig. 4). Moreover, the

dispersions showed birefringence when observed

between cross-polarizers, which suggests the presence

of nearly individualized TOCNs in dispersion

(photographs in Fig. 3) (De Souza Lima and Borsali

2004). The base-line shift at 720–740 nm in Fig. 4 is

caused by a change of light source in the UV–vis

spectrophotometer. The results in Figs. 3 and 4 show

that it is difficult to prepare transparent dispersions

consisting of mostly individualized nanofibrils in high

yield from lignin-containing hemp bast by the direct

TEMPO-mediated oxidation.

Figure 5 shows AFM images of TOHBC nanofib-

rils prepared from hemp bast under different oxidation

conditions. The width distributions of the TOHBC

nanofibrils were measured from their AFM height

images. The average widths of TOHBC nanofibrils

were in the range of 1.6–2.1 nm. The TOHBC

nanofibrils prepared by TEMPO-mediated oxidation

using 5–20 mmol/g NaClO had relatively large width

distributions and showed some network structures in

the AFM images. In contrast, the TOHBC nanofibrils

prepared with 20 mmol/g NaClO were mostly indi-

vidualized and had a narrower width distribution. All

the TOHBC nanofibrils were several microns in

length. Thus, TOCNs with *2 nm widths and high

aspect ratios can be prepared from hemp bast by

TEMPO-mediated oxidation when suitable oxidation

conditions are adopted, although the nanofibrillation

yields are low compared with TOCNs prepared from

wood celluloses.

Conclusions

Direct TEMPO-mediated oxidation of lignin-con-

taining hemp bast efficiently achieves simultaneous

delignification (down to *0.5%) and introduces

carboxylate groups (up to *1.2 mmol/g) sufficient

for conversion to TOCNs by mechanical disintegra-

tion in water. When using 30 mmol/g NaClO in the

TEMPO/NaBr/NaClO oxidation system, the lignin

content decreased to *0.5% and almost no mannose

or xylose remained in the oxidized product. This

indicates that almost all hemicelluloses were

degraded and removed from the oxidized product.

The weight recovery ratio and DPv value decreased to

81% and 560, respectively, and these values were

higher than those of nanofibrils prepared by direct

TEMPO-mediated oxidation of softwood TMPs.

However, the TOHBC dispersion prepared from

hemp bast had a low nanofibrillation yield of 65%

and was not transparent. After removal of the

Cellulose (2017) 24:3767–3775 3773

123



unfibrillated fraction by centrifugation, the disper-

sion showed birefringence and contained mostly

individualized TOCNs with widths of *2 nm and

high aspect ratios.
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mäki J, Hormi OEO (2014) Strong, self-standing oxygen

barrier films from nanocelluloses modified with regiose-

lective oxidative treatments. ACS Appl Mater Interfaces

6:14384–14390

Soni B, Hassan EB, Mahmoud B (2015) Chemical isolation and

characterization of different cellulose nanofibers from

cotton stalks. Carbohydr Polym 134:581–589

Tanaka R, Saito T, Isogai A (2012) Cellulose nanofibrils pre-

pared from softwood cellulose by TEMPO/NaClO/NaClO2

systems in water at pH 4.8 or 6.8. Int J Biol Macromol

51:228–234
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