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Abstract
An industry compatible chemo-refining approach was tested for preparation of micro-nanofibrillated cellulose (MNFC) from 
bleached softwood pulp using sodium meta-periodate and sodium chlorite as oxidizers followed by refining in Valley beater. 
SEM and FTIR analyses confirmed micro-nano scale fibrillation and chemical functional group modification in laboratory 
prepared MNFC, respectively. The water retention value, carboxyl content and viscosity of MNFC were found comparable 
with imported NFC as reference (R-NFC). To evaluate MNFC as strength enhancer for paper properties, 5% MNFC addition 
to bleached mixed hardwood pulp showed 6% reduction in bulk with 36%, 24% and 97% increment in breaking length, burst 
index and double fold of the handsheets, respectively without affecting tear index and optical properties than the control. 
Surface properties were also improved. Pulp drainability (37°SR) after MNFC addition was found suitable for papermaking. 
These laboratory results confirmed the potential of MNFC as a suitable strength additive for paper quality improvement.
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Introduction

Paper is an essential product for human life. Cellulose, the 
most abundant organic material, is the base material for 
the production of paper. In recent years, researchers have 
focused their mind to search the new lignocellulosic raw 
materials (available in abundant amounts) and to reduce 
the dependency on softwood (provides strength due to long 
fibres) to overcome the shortage problem of raw materi-
als. Softwood fibres are generally mixed with hardwood, 
agro-residues and waste papers having comparatively short 
fibres to provide the desired strength properties as per the 
requirement of papermakers (Tripathi et al. 2017; Chau-
han et al. 2013; Hassan et al. 2011; Eriksen et al. 2008). 
Besides this, various chemicals (such as starch, acryla-
mide) and fibre fractions (micro/nano cellulosic fibres) 
have been studied and explored for various applications 
(Boufi et al. 2016).

According to TAPPI standard terms and their defini-
tion for cellulose nanomaterial (WI 3021) microfibrillated 

cellulose (MFC) is defined as the cellulose fibrils having 
width ~ 10–100 nm and length of 0.5–10 µm, usually pro-
duced by mechanical treatment of highly purified wood 
pulp or non-wood plant pulp, often preceded by pretreat-
ment method. Term MFC is synonymous with the term 
cellulose microfibrils (CMF). Whereas, nanofibrillated 
cellulose (NFC) is the cellulosic material having fibril 
dimensions between 5–30 nm and aspect ratio usually > 
50. NFC is either formed by bacteria or made by mechani-
cal treatment possibly preceded by pretreatment of plant 
materials. The term NFC is synonymous with the term 
cellulose nanofibrils (CNF). The morphology of NFC 
highly depends on cellulosic fibre source and preparation 
methods (Yousefhashemi et al. 2019; Besbes et al. 2011). 
NFC is an attractive strength additive for the paper due to 
high specific strength, high cohesive energy density and 
high specific surface area suitable for increasing the bond-
ing between pulp fibres (Khalil et al. 2012; Lavoine et al. 
2012; Yousefi et al. 2013; Aulin et al. 2010). The applica-
tion of NFC in papermaking has been reported to improve 
strength properties (tensile, burst and tear), density, barrier 
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properties/air resistance, filler retention and flocculation 
of cationic starch and calcium carbonate (He et al. 2016; 
Brodin et al. 2014; Aulin et al. 2010; Taipale et al. 2010; 
Eriksen et al. 2008). The main drawback of using NFC 
in papermaking at the industrial level is low drainage of 
water and high cost of NFC (Osong et al. 2016; Taipale 
et al. 2010).

Conventionally, NFC is prepared from lignocellulosic raw 
materials using the steps of material splintering, purifica-
tion (generally using pulping and bleaching followed dur-
ing papermaking), chemical and/or mechanical pretreatment, 
final mechanical treatment and NFC fractionation. Pulping 
is the process, which converts the wood chips/agro-residues 
into fibrous form (i.e., pulp) by different methods such as 
mechanical and chemical action. Generally, mechanical 
pulping of wood (softwood or hardwood) is done using a 
large amount of electrical energy. Fibre present in the wood 
is mechanically separated by the forceful entry of debarked 
logs between huge rotating discs of steel having teeth along 
with the passage of hot water. During chemical pulping, 
wood chips are cooked under high pressure and high tem-
perature at extreme pH using chemicals to separate the cel-
lulose fibers, for removal or solubilization of the most of 
lignin and partial hemicellulose present in the wood. The 
undesirable residual lignin provides brown colour, which 
causes a reduction in final brightness. Depending on the raw 
material, pulping process, and required final target bright-
ness, different bleaching sequences may be applied using 
various types of bleaching agents such as chlorine  (Cl2), 
chlorine dioxide  (ClO2), hydrogen peroxide  (H2O2), caustic, 
oxygen, ozone, hypochlorite, and sodium bi-sulfite alone or 
in combination (Biermann 1996). Due to recalcitrant nature 
(hard towards fibril separation) of lignocellulosic materials, 
after the purification step, usually, chemical pretreatment 
is carried out to introduce negative groups on fibre surface 
that are thought to facilitate the fibre to fibre repulsion and 

detachment during the mechanical treatment (Yuan et al. 
2019). This practice reduces the energy demand during the 
final mechanical treatment of starting material for its con-
version into nano level fibres (Spence et al. 2011). For this 
purpose, various chemical pretreatments such as carboxyla-
tion, sulfonation and carboxymethylation, etc. were used. 
Enzymatic applications were also found effective for pre-
treatment purpose (Onyianta et al. 2018; Martelli-Tosi et al. 
2016). The common mechanical treatments for the conver-
sion of purified and pretreated raw material into NFC are 
micro-fluidization (Kalia et al. 2014), high-pressure homog-
enization (Frone et al. 2011), ultra-grinding (Lahtinen et al. 
2014), disc-refining (Bilodeau et al. 2012), ultra-sonication 
(Mishra et al. 2011) and cryo-crushing (Wang et al. 2007).

Carboxylation has been one of the most preferred chemi-
cal pretreatment methods for NFC preparation. It refers to 
the introduction of negatively charged carboxyl groups on 
the cellulose fibre surface. The negatively charged groups 
are supposed to have a positive effect on fibre to fibre detach-
ment during physical treatment. There are two main chemi-
cal compounds, which are being used for carboxylation, one 
is 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) and the 
second one is sodium periodate  (NaIO4). Both the chemi-
cals oxidize alcoholic groups of cellulose into an aldehyde. 
These aldehyde groups are further converted into carboxylic 
groups by the associate chemicals (NaBr/NaClO for TEMPO 
and  NaClO2 for  NaIO4) (Puangsin et al. 2017; Yang et al. 
2015). Oxidation with  NaIO4 is a selective stereo-specific 
reaction that produces two aldehyde groups after breaking 
the C2–C3 bond of cellulose’s glucopyranose unit. Addition-
ally, scission of cellulose chain and removal of β alkoxy also 
happened during the oxidation reaction that is reflected by 
a reduction in viscosity (Errokh et al. 2018). The chemical 
schemes of carboxylation are given below and for other pre-
treatment reactions, readers may refer to reviews of Kumar 
et al. (2020) and Nechyporchuk et al. (2016).

TEMPO mediated carboxylation

Periodate mediated carboxylation

Primary alcoholic groups
(Cellulose chains)

TEMPO

Oxidation
Aldehyde groups
(Cellulose chains)

NaBr/ NaClO

Oxidation
Carboxylic groups
(Cellulose chains)

Secondary alcoholic groups
(Cellulose chains)

NalO4

Oxidation
Aldehyde groups
(Cellulose chains)

NaClO2

Oxidation
Carboxylic groups
(Cellulose chains)
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Among various mechanical treatments, refining (beat-
ing) is the simplistic and industrial oriented process for NFC 
preparation. Refining is used by the paper industry for the 
fibrillation of pulp fibres during the papermaking process. 
There are three main types of refiners, which were being 
used for NFC preparation—disk refiner, PFI mill and Val-
ley beater. Usually, these were used by researchers only for 
pre-mechanical treatment and main mechanical treatment 
for NFC preparation was provided by microfluidizers, high-
pressure homogenizers and ultrafine grinders. The use of 
refining as a main/final mechanical treatment was reported 
by very few studies (Santucci et al. 2016; Karande et al. 
2011). The shear and frictional forces generated during 
refining make fibres more flexible, soft, swollen, collapsed 
and fibrillated (Boufi et al. 2016).

The present work was aimed to prepare micro-nanofi-
brillated cellulose (MNFC) from bleached softwood pulp 
using lower chemical doses for pretreatment and to inves-
tigate the efficiency and compatibility of Valley beater as 
final mechanical action device. MNFC prepared in this study 
was a mixture of highly entangled cellulose fibrils having 
nano and micro level fibrillation, especially compatible for 
papermaking as a strength enhancer. The present method 
differs from other MNFC preparation methods in respect of 
using optimized low doses of pretreatment chemicals, taking 
a high amount of starting pulp and use of Valley beater as 
the main mechanical action device. The prepared MNFC was 
characterized for morphology, fibre fractions, water reten-
tion value, carboxyl content and viscosity. Further, it was 
evaluated as strength additive in papermaking and the results 
were compared with imported NFC (R-NFC).

Experimental

Materials

Bleached softwood pulp was obtained from a nearby paper 
mill and was used as starting raw material for MNFC 
preparation. For paper handsheets preparation, bleached 
mix hardwood pulp was also obtained from the same paper 
mill. Potassium hydroxide (KOH), sulphuric acid  (H2SO4), 
sodium hydroxide (NaOH), sodium meta per-iodate  (NaIO4) 
and sodium chlorite  (NaClO2) were purchased from Fisher 
Scientific. All the chemicals used in the process were of 
analytical grade. For reference purpose, NFC (R-NFC) was 
purchased from the University of Maine, USA.

Methods

Micro‑nanofibrillated cellulose (MNFC) preparation

360 g oven-dry (OD) weight basis of bleached softwood 
pulp (9°SR—Schopper Riegler number) was alternatively 
treated with pretreatment chemicals (e.g., KOH,  NaIO4 
and  NaClO2) and mechanical actions (beating or refining) 
for MNFC preparation. All the chemicals were taken as an 
equivalent basis to kg/t or g/t of OD pulp. Firstly, the pulp 
was treated with KOH (60 kg/t) at 10% consistency (cy) for 
3 h at 80 °C. KOH was removed from the pulp by washing 
with tap water. Next, the pulp was refined in a Valley beater 
(Universal Engineering Corporation, India) at ~ 1.56% cy for 
1 h. The free water from the refined pulp was removed by 
filtration. Then, the pulp was treated with  NaIO4 (60 kg/t) 
at 50 °C for 5 h and after treatment, this pulp was washed 
till the neutral pH was attained. Further, the pH of pulp 
was adjusted to about 5.0 with the help of 1 N  H2SO4, and 
 NaClO2 (50 kg/t) treatment was conducted at 4% cy for 
24 h at ambient temperature. After treatment, chlorite was 
removed by washing till the neutral pH of pulp slurry and 
again the pulp was refined for 1 h using Valley beater. In the 
end, the free water from the pulp slurry was removed using 
300 mesh screens. During all the filtration steps, the first 
filtrate was recycled to avoid the loss of fines. To see the 
effect of the addition of only refined pulp (without periodate 
and chlorite pretreatment) on strength properties of paper 
handsheets, BSWP was refined using Valley beater under 
same conditions given to the chemical treated pulp and it 
was designated as refined only pulp (ROP). The MNFC and 
ROP slurries were stored at 4 °C in a sealed container to 
avoid contamination until further application. The specific 
beating energy consumed during mechanical treatment for 
MNFC preparation was calculated according to Eq. (1) (Atic 
et al. 2005).

where, SBEn = specific beating energy in the process step, 
(Wh/kg); EPA = effective power applied [TMP-NPL], (W); 
n = sample removal step; BTn = beating time in step, (h); 
FMn = oven dry fibres mass processed in the process step, 
(kg); TMP = total motor power; NLP = no load power.

Characterization of MNFC

Yield The measurement criterion for MNFC yield was 
based on its papermaking application. MNFC yield was 
measured using the gravimetric method (Eq. 2). The crite-
rion to measure the MNFC yield based on only nano level 

(1)SBEn =
[EPAn × BTn]

FMn
,
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dimension fibres is not considered as it is not industrially 
feasible and for paper sheet making, the nano-level fibril-
lation on the surface of pulp fibres may fulfil the bonding 
requirements.

where, W2 = final weight (OD) of the pulp (g); W1 = initial 
weight (OD) of pulp (g).

OD weights of the pulps were calculated by determining 
the moisture content in the test samples as per TAPPI test 
method T 412 (TAPPI Test Methods 2011).

Fibre morphology Morphology of MNFC fibres was stud-
ied using a scanning electron microscope (JEOL JSM-6510 
LV). For the preparation of the test specimen sample slurry 
of 0.05% cy was used. After gold coating, specimens were 
observed and recorded at 5000× and 30000× using 15 kV 
accelerating voltage.

Fibre classification Bauer Mc-Nett classifier was used to 
classify the weight percentage of various fibre fractions 
(including fines) present in BSWP, MNFC and R-NFC. The 
procedure was followed according to the TAPPI test method 
T 233 cm-06. Control pulp and R-NFC were also fraction-
ated using the same method. The weight percentage of fibre 
fractions (+ 28, + 48, + 100, and + 200) and fines in a sample 
were calculated using Eqs. (3) and (4):

where WF = OD weight of each fibre fraction pad (g); 
WS = OD weight of test sample (g)

where WA = OD weight percentage of all fractions (g).

Water retention value (WRV) The water retention value of 
BSWP, MNFC and R-NFC was determined according to 
standard method SCAN-C 62:00. In a G grade silica cru-
cible, 1.3665 g (OD basis) NFC was taken for preparation 
of 1700 g per square meter (g/m2) pad and samples were 
vacuum-filtered to remove the maximum amount of water 
followed by centrifugation at 3000 rpm for 30 min to take 
away the remaining amount of water. After centrifugation, 
the weight of samples (X1) was measured and samples were 
dried in an oven at 105 ± 2 °C for 12 h and weighed again 
(X2). The WRV was calculated using the following equation 
(Eq. 5):

(2)Yield (%) =
W2

W1

× 100,

(3)Weight percentage =
WF

WS

× 100,

(4)Fine content (%) = 100 −W
A
,

where, X1 = weight of centrifuged sample (g), X2 = weight 
of OD sample (g).

Carboxyl content The carboxyl content of the test samples 
was determined using the TAPPI test method T237 cm-98. 
2.5  g (OD basis) of the test samples (BSWP, MNFC and 
R-NFC) were taken and crumbled in distilled water using 
magnetic stirrer followed by filtration. The sample was 
mixed with 250  ml of 0.1  N HCl and filtered after 2  h 
through a filtering funnel. During filtration, it was washed 
with  CO2 saturated distilled water until the pH 6.8. Next, 
50 ml of sodium bicarbonate-sodium chloride solution was 
added to the sample for 1 h and using methyl red as an indi-
cator, 25  ml of the filtrate was titrated with 0.01  N HCl. 
The sample was boiled for 1 min after the first change in 
color to expel the  CO2 and process was continued till the 
pink endpoint. The carboxyl content (in milliequivalents per 
100 g sample—meq/100 g) was calculated using the follow-
ing equation (Eq. 6):

where A = volume of 0.01 N HCl in ml consumed in titra-
tion of 25 ml of sample filtrate; B = volume of 0.01 N HCl 
in ml consumed in titration of 25 ml of sodium bicarbonate-
sodium chloride solution; C = weight of water in sample 
pad (1 ml = 1 g); N = normality of HCl used in titration; 
W = weight of OD test sample (g); 50 = volume of sodium 
bicarbonate-sodium chloride solution added to the test speci-
men (ml); 200 = (2 × 100), 2 is a factor to account for 25 ml 
aliquot taken for titration, and 100 is to express the result on 
100 g of sample.

Viscosity The viscosity of BSWP, MNFC and R-NFC sam-
ples was measured according to the TAPPI test method T 
230 om-99. This method describes the techniques for dis-
solving pulp sample and viscosity measurement of the pulp 
solution. The pulp solution viscosity indicates the average 
degree of polymerization of the cellulose. The viscosity 
of cellulose solution (0.5%) was determined using 0.5  M 
cupriethylenediamine (CED) solvent in capillary viscom-
eter. The test sample (equivalent to 0.1250 ± 0.0005 g oven-
dry pulp) was taken in duplicate and after hand tearing the 
sample, 25 ml CED solution was added. The mixture was 
stirred until it was dissolved completely. Further, the lower 
bulb of viscometer was filled with CED solution and vis-
cometer was placed vertically at 25.0 ± 0.1  °C in a water 
bath. With the help of suction bulb, the solution was drawn 
up into measuring leg of viscometer and then the solution 

(5)WRV =

(

X1

X2

− 1

)

× 100,

(6)

Carboxyl content =
[

B −

{

A +

(

A ×
c

50

)}]

× N ×

(

200

W

)

,
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was allowed to drain down. The efflux time was determined 
(± 2.0%) by drawing the liquid above the upper mark and 
time required for the meniscus to pass between two marks 
was measured. The viscosity was calculated by the follow-
ing equation (Eq. 7):

where, V = viscosity of CED solution at 25.0 ± 0.1 °C (mPa s 
or centipoise—cP), C = viscometer constant; T = average 
efflux time (s); D = density of the NFC solution (g/cm3).

Fourier‑transform infrared spectroscopy (FTIR) To observe 
the changes in chemical structure (functional groups) of 
treated pulp, FTIR spectroscopy was carried out using a 
Perkin Elmer FT-IR (Frontier-104287) fitted with an ATR 
reflection accessory.

Preparation of paper handsheets

The effect of MNFC and R-NFC addition on paper qual-
ity was examined by preparation of paper handsheets using 
British handsheet former machine according to the TAPPI 
test method T 205 sp-02. The components were mixed 
using a laboratory disintegrator (Universal Engineering 
Corporation, India) and were taken in equivalent basis to 
kg/t or g/t of OD fibre. Firstly, ROP or MNFC or R-NFC 
was mixed (50 kg/t) into BMHWP followed by the addition 
of other components like 200 g/t alcofix (polydiallyl dime-
thyl ammonium chloride-cationic polyDADMAC), 3.0 kg/t 
(i.e., 20 kg/t as such basis having ~ 15% solid) alkyl ketene 
dimer (AKD) and 200 g/t retention aid (Percol 47) one by 
one. In one set, only BMHWP was used instead of mixing 
either of ROP or MNFC or R-NFC and it was considered as 
the control set. The target grammage for paper handsheets 
was 70 g/m2.

Measurement of strength and optical properties of paper 
handsheets

Various strength properties of prepared paper handsheets 
were examined after the conditioning at 65 ± 5% humidity 
and 27 ± 1 °C temperature for 24 h. The thickness, burst 
index, breaking length, tear index and folding endurance 
were measured using Lorentzen & Wettre (L&W) Micro 
Meter Tester version C, Burst Strength Tester—SE 101, Ten-
sile Strength Tester—SE 108, Tear Tester—SE 009 and MIT 
Folding Endurance Testing Machine (Tinius Olsen Testing 
Machine Co. USA), respectively according to standard meth-
ods IS 1060 Part I—1966, IS 1060 Part I—1966, IS 1060 
Part I—1966, IS 1060 Part I—1966 and ISO 5626-1993, 
respectively. Optical properties like brightness (IS 1060 Part 
II-1960), yellowness (IS 1060 Part II—1960), whiteness (IS 

(7)V = C × T × D,

1060 Part II—1960) and opacity (IS 1060 Part I—1966) 
were measured using L&W Brightness Tester—070E (with 
Elrepho software). The surface properties like porosity 
(using L&W Air Permeance Tester—SE 166), smoothness 
(using L&W Bendtsen Tester—SE 164), average contact 
angle and surface energy (using Drop Shape Analyzer DSA 
10Mk2-, Kruss GmbH, Germany),  Cobb60 and wax pick 
of handsheets were measured according to IS 4006 (Part 
I)-1985, IS 9894-1981, TAPPI T458 cm-04, IS 1060 (Part 
I) and IS 1060 (Part III), respectively.

Results and discussion

MNFC preparation

In the current study, KOH was used to swell and remove 
remaining impurities (mainly hemicellulose) from the pulp 
fibres before first refining (Rajinipriya et al. 2018; Chen et al. 
2011). Refining was conducted using Valley beater and it 
was used as a main mechanical treatment device for nanofi-
brillation of fibres. The objective behind the selection of this 
machine was to test its efficacy and avoid the application of 
costly machines like microfluidizer, high-pressure homog-
enizer and ultra grinder etc. for NFC preparation. Refining 
is the conventional practice of a paper mill and its applica-
tion in NFC preparation leads towards production scale-up 
of the NFC. The purpose of first refining of swelled pulp 
fibres was to open the complex fibre structure for subsequent 
oxidative chemical treatments of sodium meta-periodate and 
sodium chlorite. The refining is also reported to help expose 
of hydroxyl groups of the pulp fibres (Meng et al. 2016). The 
main objective of this chemical pretreatment was to convert 
hydroxyl groups of fibres into carboxylic groups. Sodium 
periodate converts hydroxyl groups into aldehyde groups 
and further aldehyde groups are converted into carboxylic 
groups by sodium chlorite. It is believed that the introduction 
of carboxylic groups on cellulose fibres facilitates fibre to 
fibre separation during mechanical treatments (Liimatainen 
et al. 2012).

The doses of chemicals (KOH,  NaIO4,  NaClO2) and beat-
ing or refining time were selected based on fibrillation on 
pulp fibres, which were sufficient to manage the compatible 
drainage rate during papermaking and strength improve-
ment in paper handsheets (the optimization data is not pre-
sented here). Unlike most of the earlier studies (Hietala et al. 
2016; Kekalainen et al. 2014; Tejado et al. 2012), a higher 
amount of starting material (360 g, BSWP) and lower doses 
of chemicals were used to estimate the possibility of scal-
ing up this process in the future. Hietala et al. processed 6 g 
neutral sulphite semi-chemical birch pulp using 82% (w/w) 
 NaIO4 at 55ºC for 3 h and 100% (w/w)  NaClO2 at 28 °C for 
48 h followed by 5 passes in microfluidizer/homogenizer 
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(Hietala et al. 2016). Tejado et al. treated 3 g bleached 
softwood kraft pulp at room temperature using 66% (w/w) 
 NaIO4, 390% (w/w) NaCl, 78% (w/w)  NaClO2 and 78% 
(w/w)  H2O2 (for 20 h) followed by blending and homog-
enization processes (Tejado et al. 2012). Kekalainen et al. 
treated 18 g hardwood kraft pulp using 82% (w/w)  NaIO4 
at 55 °C for 3 h and 133% (w/w)  NaClO2 at 28 °C for 48 h 
followed by 1 h homogenization (Kekalainen et al. 2014). 
After the process, 93% yield of MNFC (334 g) was obtained. 

The specific beating/refining energy consumed during the 
refining process in Valley beater was 460 kWh/t and total 
energy consumption was 3456 kWh/t. This energy was lower 
than the total energy consumption reported in previous stud-
ies (6000–30,000 kWh/t) using various mechanical action 
devices (Osong et al. 2016; Spence et al. 2011).

Fig. 1  Scanning electron micrographs of MNFC at 5000× and 30,000× magnification
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Characterization of MNFC

Morphology

The presence of nano-scale fibrillation in the test sample 
was studied using scanning electron microscopy. The inter-
twined fibrils with micro-nano range diameters confirmed 
the preparation of MNFC in the laboratory test samples. The 
estimated diameters of prepared MNFC fibrils using Image J 
software were found within 100 nm range (10–95 nm) with 
fibre backbone of around 0.20–0.25 µm of diameter. These 
morphological results proved the usefulness of the given 
chemical and mechanical treatment.

The detailed study on nanocellulose morphology was 
conducted by Wang et al. (2012). Curled and twisted nanofi-
brils of different scales entangled and cross over the back-
bone fibres depicted in Fig. 1 are classified as “net” type of 
morphology by these authors. In present study, the prepared 
MNFC also contains highly entangled fibrils without clear 
separated ends and such type of findings were also reported 
by Afra et al. (2013) and Hassan et al. (2012). For the visual 
examination of fibre dispersion/settling for 24 h, samples 
of BSWP, MNFC and R-NFC were kept in glass bottles 
(Fig. 2). The pulp slurry in BSWP bottle was separated into 
a clear supernatant and a fibre fraction in just 20 min. The 
slurry of MNFC was slightly settled after 2 h in the MNFC 
suspension where settling was observed to higher fibre frac-
tion height than the fibre fraction height of the settled BSWP 
while no settling (the highest height of settled fibre frac-
tion i.e. no appearance of water as clear supernatant) was 

observed in the R-NFC slurry after 2 h and slight settling 
was observed after 24 h while the height of settled fibre frac-
tion in the BSWP bottle was further decreased due to more 
settling. The fibre fraction height of settled MNFC was also 
further decreased but it was still significantly higher than 
the BSWP and lower than the R-NFC. The settling experi-
ment shows the dispersion tendency of fibres in aqueous 
suspension. The cellulose fibrils having higher numbers of 
negatively charged groups (carboxyl groups) on the surface 
have a stable dispersion state due to electrostatic stabiliza-
tion created by electrostatic repulsion between negatively 
charged fibril surfaces. The stable dispersion of micro and 
nanofibrils in papermaking slurry is helpful for enhanced 
bonding between pulp fibres (Besbes et al. 2011; Taipale 
et al. 2010).

Water retention value (WRV)

The water retention value was found to be increased 
from 1.20 ± 0.11 g/g (BSWP) to 3.17 ± 0.34 g/g (ROP), 
5.21 ± 0.23  g/g (MNFC) and 6.62 ± 0.31  g/g (R-NFC) 
(Table 1). Such a type trend in WRV increment from original 
pulp to micro and nanofibrillated cellulose (333% in the pre-
sent case) was also reported by Spence et al. (2010) (450%). 
Gu et al. (2018) and Kerekes (2005) were also reported the 
significant increment in WRV of micro and nanofibrillated 
cellulose. WRV is the main method for estimation of the 
water holding or retaining capacity of pulp fibres or fibrils 
(micro-nano). The total amount of water retained in thin 
layers of external surfaces and pores of fibres or fibrils after 
centrifugation is the water retention value of samples (Luo 
et al. 2011). WRV also shows fibre pores’ volume, indi-
rectly (Jaturapiree et al. 2008). It is an important indicator 
for dewaterability of fibres on paper machine and develop-
ment of fibre sheet strength after the consolidation of fibres. 
The chemical and mechanical treatments like pulping, 
bleaching, pretreatments (chemical or enzymatic) in case 
of NFCs, and refining highly influence the WRV of fibres 
(Mayr et al. 2017). The WRV is also related to fibre swelling 
and increased fibre swelling is reported after the beating or 
refining due to delamination or inter-fibrillation caused by 

Fig. 2  Fibre settling of BSWP, MNFC and R-NFC (left to right)

Table1  WRV, viscosity and carboxyl content of BSWP, ROP, MNFC 
and R-NFC

Particulars WRV (g/g) Viscosity 
(mPa s-centipoise-
cP)

Carboxylic con-
tent (meq/100 g)

BSWP 1.20 ± 0.11 12.0 ± 0.37 0.84 ± 0.03
ROP 3.17 ± 0.34 4.72 ± 0.51 1.12 ± 0.08
MNFC 5.21 ± 0.23 4.10 ± 0.31 2.32 ± 0.12
R-NFC 6.62 ± 0.31 5.21 ± 0.74 3.41 ± 0.16
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mechanical treatment (Gu et al. 2018). Moreover, external 
fibrillation of fibres also found to be responsible for WRV 
increment and this might be one of the important factors 
for increased WRV of NFCs as there are more inter fibrils 
spaces and specific surface area present with NFCs (Kerekes 
2005). The positive effect of higher carboxyl content of 
fibres on swelling or WRV was explained by Mayr et al. 
(2017). In the present study, the increased WRV of MNFC 
showed the effectiveness of chemical and refining treatments 
for the conversion of BSWP into MNFC.

Carboxyl content

The carboxyl content of MNFC (2.32 ± 0.12 meq/100 g) 
was found higher than the BSWP (0.84 ± 0.03 meq/100 g) 
and ROP (1.12 ± 0.08 meq/100 g) (Table 1). This incre-
ment in carboxyl content showed the effect of chemical pre-
treatments given to the BSWP in the making of MNFC as 
this approach was focused on the introduction of carboxyl 
groups on BSWP fibres. These results are in good agreement 
with previous studies (Chen et al. 2017; Tejado et al. 2012; 
Hietala et al. 2016). It is a known fact that carboxyl content 
of NFC/MNFC affects their dispersion proclivity in water 
and NFC/MNFC with higher carboxyl content shows sta-
ble dispersion (less agglomeration) in the aqueous medium 
(Chen et al. 2017). The settling observation (Fig. 2) in this 
study supports the efficiency of given chemical pretreatment 
for carboxylation. The presence of anionic carboxylic groups 

on cellulose fibre or fibril surfaces generates repulsion 
(electrostatic) in the aqueous medium during the mechani-
cal action and thus helps fibre to fibre or micro-nano fibril 
to micro-nano fibril separation by reducing the cohesive 
forces created by hydrogen bonding (Yuan et al. 2019; Iso-
gai et al. 2011). Further, these anionic groups also prevent 
the equipment clogging and agglomeration or aggregation 
of the micro-nano fibrils and are helpful for dispersion in 
application media (Besbes et al. 2011).

Viscosity

Viscosity is an indirect method for cellulose chain length 
measurement and generally used to observe the effects of 
various chemical and mechanical treatments on cellulose 
chain length (Hassanzadeh et al. 2017). The viscosity of 
BSWP was found 56.6%, 60.7%, 65.8% higher than R-NFC, 
ROP and MNFC. The viscosity of MNFC was found lower 
than the viscosity of R-NFC and ROP (Table 1). The short-
ening of the fibre/fibril length of cellulose due to vigorous 
mechanical action might be the possible reason for this dec-
rement in the viscosity (Colson et al. 2016). The decrement 
of intrinsic viscosity of MNFC is a good deal with some pre-
vious studies (Hassanzadeh et al. 2017; Hai and Seo 2018) 
and is an indication of successful conversion of cellulose 
fibres into micro and nanofibrillated cellulose fibrils.
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FTIR

To examine the effect of given chemical pretreatments, 
FTIR analysis of BSWP, ROP and MNFC was conducted 
(Fig. 3). In MNFC sample, the appearance of peaks between 
1610–1550 cm−1 and 1675–1655 cm−1 showed the presence 
of carboxylate groups (Coseri et al. 2015) and conjugated 
carbonyl groups, respectively and the peak between 1738 
and 1725 cm−1 showed the presence of carboxyl groups 
(Liimatainen et al. 2012). These groups facilitate the repul-
sion process between fibrils to produce MNFC. These peaks 
were absent in control samples (BSWP and ROP) due to 
no chemical use for the conversion of hydroxyl groups pre-
sent on cellulose chains into the aldehydic and/or carbox-
ylic groups. Their presence of these groups in the MNFC 
sample confirmed the carboxylation effect induced by the 
given periodate-chlorite treatment. The FTIR spectra of all 
the samples showed the broadband in 3600–3000 cm−1 range 
and these bands indicate the presence of primary functional 
groups (OH and CH groups) in cellulosic chains helping in 
hydrogen bond formation during papermaking. The increase 
in the relative intensities of different bands was observed 
due to exposing groups after mechanical and chemical treat-
ments (Tian et al. 2016; Tonoli et al. 2016).

Application of NFC to improve quality of paper 
handsheets

The effect of ROP, MNFC and R-NFC addition (50 kg/t 
basis) on paper handsheets’ strength, optical and surface 
properties was observed. The results were also compared 
with control (without ROP/MNFC/R-NFC) set. The strength 
properties are depicted in Fig. 4. There was 15% (from 
4300 ± 162 m to 4965 ± 201 m), 36% (from 4300 ± 162 m 
to 5871 ± 159  m), and 38% (from 4300 ± 162  m to 
5970 ± 173 m) increment observed in breaking length after 
addition of ROP, MNFC and R-NFC to BMHWP, respec-
tively. The similar trend in breaking length improvement 
(61.5%) was also reported by He et al. (2017) after addi-
tion of cellulose nanofibrils. Afra et al. (2013) were also 
reported the increment in tensile strength (60%) after the 
addition of NFC. The positive effect of ROP, MNFC and 
R-NFC addition was also observed for the burst index of 
paper handsheets. There was 11% (3.72 ± 0.11 kPa m2/g), 
24% (4.15 ± 0.12 kPa m2/g) and 43% (4.77 ± 0.13 kPa m2/g) 
increment observed after the addition of ROP, MNFC and 
R-NFC to BMHWP, respectively. Such a positive effect of 
MFC/NFC addition on burst index of paper handsheets was 
also reported by Charani et al. (2013) (50–60% increment), 
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Gonzalez et al. (2013) (195% increment), and Delgado-
Aguilar et al. (2014) (42.9%). The burst index of the control 
set was 3.33 ± 0.14 kPa m2/g. The tear index of the paper 
handsheets was found comparable after the addition of 
ROP, MNFC and R-NFC and it was 8.73 ± 0.18 mN m2/g, 
8.75 ± 0.24 mN m2/g, 8.87 ± 0.20 mN m2/g and 8.67 ± 0.21 
mN m2/g for the sets of ROP, MNFC, R-NFC and control, 
respectively. These results are in good agreement with the 
findings of Kumar et al. (2016) and Hassan et al. (2011). 
The authors reported an initial increment in tear index after 
the addition of NFC and MFC. The increased numbers of 
double fold were observed after the addition of ROP (42 ± 3, 
16%), MNFC (71 ± 5, 97%) and R-NFC (94 ± 4, 161%) when 
compared with control set (36 ± 6).

The breaking length of paper mostly depends on bond-
ing between adjacent fibres during the sheet drying and 
consolidation. Due to the appearance of Laplace pressure 
between pulp fibres during drying, the fibres come together 
closely and cohesion increased by the hydrogen bonding 
(Boufi et al. 2016). Due to having smaller size with high 
surface area, ROP, MNFC and R-NFC are expected to 
enhance entanglement or bridging between fibres by filling 
inter-fibre crevices, increase contact area at fibre to fibre 
joint by filling pores and voids at fibre joint edge, provid-
ing more hydrogen bonding sites (He et al. 2017; Hollertz 
et al. 2017). Fibre length, orientation, contact area and paper 
sheet stretch are other important factors which highly influ-
ence paper sheet strength (Hollertz et al. 2017; Afra et al. 
2013). In this study, paper handsheets containing MNFC 
or R-NFC showed increased breaking length and the pres-
ence of micro-nano-fibrils may be responsible factor for this 
improvement. Tear index of a paper sheet depends on fibre 
length, number of fibres involved in a rupture and on inter 
fibre bonds. The unaffected tear index of ROP, MNFC and 
R-NFC added paper handsheets showed the positive effect of 
ROP, MNFC and R-NFC for preserving the tear resistance of 
handsheets (Hassan et al. 2011). The number of double fold 
for a paper sheet is influenced by the fibre brittleness, fibre 
length and bonding between fibres. The increased number of 
double fold in case of paper handsheets having ROP, MNFC 
and R-NFC showed their supportive role for the double fold.

Table 2  Bauer Mc-Nett classification of BSWP, ROP, MNFC and 
R-NFC

Mesh size Weight percentage (%)

BSWP ROP MNFC R-NFC

+ 24 84.7 ± 1.9 49.8 ± 1.1 0.44 ± 0.04 0.36 ± 0.02
− 24 and  + 48 4.79 ± 0.5 9.40 ± 0.72 3.04 ± 0.1 0.98 ± 0.03
− 48 and  + 100 2.58 ± 0.5 7.60 ± 0.55 12.5 ± 0.5 4.12 ± 0.34
− 100 and  + 200 1.00 ± 0.3 3.10 ± 0.49 13.0 ± 0.5 6.00 ± 0.5
Fines 6.93 ± 0.8 30.1 ± 1.2 71.0 ± 1.1 88.5 ± 1.8

Table 3  Strength, surface and optical properties of paper handsheets prepared from BMHWP with ROP, MNFC and R-NFC

Particulars Control ROP MNFC R-NFC

BMHWP, kg 1000 950
ROP/MNFC/R-NFC, kg 0 50
°SR 30 ± 1 33 ± 1 37 ± 1 42 ± 1
Drainage time, s
 600 ml 11 ± 1 13 ± 1 17 ± 1 27 ± 1
 700 ml 15 ± 1 21 ± 1 28 ± 1 43 ± 1
 800 ml 21 ± 1 30 ± 1 40 ± 1 59 ± 1

Grammage, g/m2 71.5 ± 0.7 70.9 ± 0.4 70.4 ± 0.5 70.3 ± 0.7
Bulk, cc/g 1.47 ± 0.02 1.42 ± 0.01 1.33 ± 0.02 1.29 ± 0.01
Surface properties
 Smoothness, ml/min (top/bottom) 160/550 160/540 140/530 120/510
 Average contact angle, º 101 ± 1.8 – 110 ± 1.0 116 ± 1.2
 Surface energy, mN/m 22.5 ± 0.5 – 15.7 ± 0.2 13.3 ± 0.4
 Cobb60, g/m2 27.4 ± 0.3 26.9 ± 0.4 20.2 ± 0.1 18.1 ± 0.1
 Porosity, s/100 ml 29 ± 1 33 ± 2 45 ± 2 70 ± 3
 Wax pick (clear) 16 16 18 18

Optical properties
 Brightness, % 76.0 ± 0.3 75.8 ± 0.2 75.9 ± 0.4 76.0 ± 0.2
 CIE whiteness 60.1 ± 0.3 59.8 ± 0.3 59.9 ± 0.2 60.8 ± 0.4
 Yellowness 8.97 ± 0.02 9.01 ± 0.04 9.11 ± 0.05 8.61 ± 0.03
 Opacity, % 76.6 ± 0.4 76.5 ± 0.3 76.6 ± 0.2 76.1 ± 0.2



112 Applied Nanoscience (2021) 11:101–115

1 3

After addition of MNFC, compatible pulp drainability 
(37°SR) was observed. Though it was lower (higher °SR) 
than the control set. The decrement in drainability is often 
seen after the addition of micro and nanofibrillated cellu-
lose farction (He et al. 2017; Taipale et al. 2010). It can be 
further clarified by fibre fractions (in weight percentage) 
classification of BSWP, ROP, MNFC and R-NFC using 
Bauer-McNett classifier (Table 2). The weight percentages 
of MNFC were found increased from + 24 to + 200 mesh 
size. The fibre fraction content between + 24 to + 200 mesh 
size in MNFC might be the possible reason for this compat-
ible drainage rate.

The addition of MNFC and R-NFC also increased the 
consolidation of paper sheets and reduced bulk after MNFC 
(~ 6%) and R-NFC (~ 9%) (Table 3). Similar results were 
also reported by Delgado-Aguilar et al. (2014). The authors 
reported 6.7% reduction in bulk after the addition of MFC. 
This reduction in bulk is a result of a denser sheet structure 
caused by the addition of MNFC or R-NFC (Rantanen et al. 
2015). NFCs are known to provide consolidated homog-
enous structure to paper sheets which resulted in the form 
of better strength properties (Kang and Paulapuro 2006).

Comparable optical properties were obtained for the 
paper handsheets containing ROP, MNFC and R-NFC 
when compared with the control set (Table 3). Brightness 

and opacity of paper handsheets containing MNFC were 
observed close to the brightness and opacity of control set 
handsheets with slightly decrement in whiteness. Unaffected 
or marginally increased opacity after the addition of NFC 
was also reported by Gonzalez et al. (2013), Balea et al. 
(2016) Kumar et al. (2016) and He et al. (2017). However, 
some publications also report decrement in opacity and 
brightness after the addition of MFC and NFC (Eriksen 
et al. 2008; Boufi et al. 2016). Opacity is regulated by the 
light scattering magnitude throughout the different interfa-
cial areas. Materials used for reinforcement purposes having 
dimensions under one-tenth of visible light wavelengths do 
not scatter the light. The scattering of light is proportional 
to solid-air interface region and it is clear from the unaf-
fected opacity of paper handsheets that solid-air interface 
region remained unaffected after the addition of MNFC as 
the bonded region does not scatter the light (Gonzalez et al. 
2013; Yano et al. 2005).

Better smoothness was observed after the addition of 
MNFC and R-NFC. A clear improvement in hydrophobicity 
of paper handsheets having MNFC and R-NFC was seen and 
this was supported by higher contact angle and lower surface 
energy and  Cobb60 values than control. The decrement of 
55% and 141% was observed in the porosity of paper hand-
sheets containing MNFC and R-NFC, respectively. Porosity 
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in the paper shows the empty spaces or pores present in a 
paper sheet and decrement in porosity (or increment in air 
resistance, indirectly) represents the compactness of paper 
sheet. The possible reason for this decrement in porosity of 
paper handsheets may be sheet densification or compactness 
due to occupation of spaces and gaps by MNFC and R-NFC 
fibrils between large fibres of pulp and increased inter fibre 
connections by MNFC and R-NFC (Espinosa et al. 2019; 
Charani et al. 2013).

The effect of MNFC addition on hydrophobicity or 
water penetration resistance of paper surface was evalu-
ated by contact angle and  Cobb60 method. In contact angle 
measurement method, single drop of water was poured on 
the paper surface using micro-injection and drop’s angle 
with the paper surface was measured. In  Cobb60 method, 
100 ml water was poured on the paper surface for 60 s 
and absorbed water was calculated using the gravimetric 
method. Figure 5 depicted the trend of contact angle dur-
ing drop shape analysis for 60 s and more stability was 
seen in the contact angle of MNFC than R-NFC. The dec-
rement in surface energy (control 22.5 ± 0.5 mN/m, MNFC 
15.7 ± 0.2 mN/m) after addition of MNFC also supports 
the hydrophobic nature of prepared paper sheets. Water 
has low surface energy and in paper with high surface 
energy it penetrates easily. After mixing of MNFC, the 
surface energy of paper surface was found reduced and it 
is also supported by decreased  Cobb60 values (Bhardwaj 
et al. 2020). Increment in wax pick numbers was observed 
after addition of MNFC (18 clear). The numbers of wax 
pick for paper hand sheets without MNFC were 16. Usu-
ally wax pick numbers represent paper surface strength and 
it was found positively affected by the addition of MNFC 
(Bhardwaj et al. 2020). Thus, the paper handsheets having 
MNFC and R-NFC showed improved surface properties 
and it will be beneficial for manufacturing the paper, com-
patible with tacky ink printing and high printing speed.

Conclusions

The present laboratory work reported the successful conver-
sion of BSWP into micro-nanofibrillated cellulose with the 
gravimetric yield of 93%. Lower chemical doses for pretreat-
ment purpose were found effective and made the process 
environment friendly. Valley beater as the main mechanical 
action device successfully converted the pretreated BSWP 
into MNFC in an energy-saving and industrially feasible 
way. The laboratory prepared MNFC was found as a suita-
ble additive for strength and surface properties enhancement 
without affecting the optical properties of paper handsheets. 
MNFC showed better drainability and this will be beneficial 
for the overall production capacity of paper mills. Based 

on laboratory results, it was concluded that BSWP can be 
converted into MNFC in energy and cost-effective manner 
and the process has the possibility for adoption in paper 
industries with their existing facilities.
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