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ABSTRACT: Cellulose nanofibers were prepared using TEMPO/NaBr/NaClO oxidation of kraft pulp and successive ultrasonic treat-

ment, and the properties were characterized by conductimetric titration, X-ray diffraction, and atomic force microscopy. The resulting

product was then applied as an anionic microparticle to constitute a microparticulate system with cationic polyacrylamide (CPAM),

to induce the flocculation of the kaolin clay suspension. The flocculation effect was evaluated by determining the relative turbidity of

clay suspension. The results showed that the obtained cellulose nanofibers had cellulose I structure with higher crystallinity than that

of the kraft pulp, and their cross-sectional dimension was in the range of 3–5 nm. They had more negative zeta potential at neutral

and alkaline conditions. It was found that the microparticulate system showed high flocculation effect on kaolin clay at a very

low level of nanofiber addition, and a high shear level after CPAM addition was helpful for the flocculation. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40450.
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INTRODUCTION

With increasing paper machine running speed, recycled fiber

utilization and water closed circulation, increased retention of

fine fibers and fillers and improvement of the runnability of

the paper machine are becoming more important in the paper

industry.1–3 Therefore, the demands on retention and drainage

aids are greatly increasing. Fillers place particularly high

demands on retention aids. Not only because filler particles are

too small to be directly retained by the typical forming fabrics

used on paper machines, but also because the specific surface

area is relatively high.4 The mechanism for filler and fines

retention depends on mechanical entrapment and colloidal

aggregation. In modern high-speed paper machines, such as

twin-wire gap formers, the mechanical entrapment for filler

retention is significantly reduced, and consequently the impor-

tance of colloidal aggregation increases.5 However, conventional

retention aids, such as natural and synthetic polymers,6 are not

effective on high-speed paper machines, where high-shear forces

tend to disrupt formed flocs.7 Microparticle retention and

drainage aid system is widely used in high-speed paper

machines, which not only increases the fines and fillers reten-

tion and improves the pulp drainage but also provides pro-

duced papers with a better formation and air permeability.8

Much of the literature on microparticle applications in the

papermaking industry pertains to anionic microparticles used

in conjunction with a cationic polymer of high molecular

weight.9–11 In the first stage of this retention system, the cati-

onic polyelectrolyte (cationic polyacrylamide or cationic starch)

adsorbs onto fibers, fines, and fillers resulting in aggregates

which are dispersed in areas with high shear rates. Then, an

anionic microparticle (bentonite or colloidal silica) is added to

the suspension to form bridges between polymer layers on the

surfaces of paper components and to reflocculate the sys-

tem.11,12 Surface charge of fibers, conformational behavior of

the cationic polymer on the surfaces, and the number of

extended parts (loops and tails) of the cationic polymer affect

the adsorption of anionic microparticles (bentonite or colloidal

silica).13 The shape and size of microparticles play key roles in

the retention improvement and drainage promotion. An

increase in flocculation effectiveness or first-pass retention is

consistent with the increase in particle size of microparticles.14

Montmorillonite has a high bridging ability due to its high

width to thickness ratio. Mueller et al. found that the micropar-

ticle had a dominant effect on flocculation whenever bentonite

was used.15
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Cellulose is the most abundant renewable biopolymer which

presents primarily in wood biomass.16 For the past few decades,

cellulose has attracted attention as one of the promising poly-

saccharides for accomplishing highly engineered nanoparticles,

which can be applied in many areas.17–20 By applying mechani-

cal, chemical, physical, or biological methods, cellulosic fibers

can be disintegrated into cellulose substructures with microsize

or nanosize dimensions.21 Nanocellulose demonstrates excellent

properties, including high aspect ratio, large specific surface

area, unique optical properties, and high Young’s modulus

resulting from high crystallinity.22 Furthermore, it has the

advantages of bio-based materials such as being light-weight,

biodegradable, biocompatible, and renewable.23

Turbak et al. discovered nano fibrillation cellulose (NFC) and first

suggested their application in papers in 1983.24 It was reported

that NFC can be used for improving the physical properties of

papers and cellulosic films.25–27 Cellulose nanofibrils prepared by

2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO)-mediated oxida-

tion of native cellulose followed by mechanical disintegration,

namely TOCN, have uniform widths of 3–4 nm and lengths of a

few microns.28 When TEMPO/NaBr/NaClO oxidation is applied

to native celluloses, the C6 primary hydroxyls of cellulose can be

entirely and selectively converted to sodium carboxylate groups.29

The high aspect ratio, nanometer width, and the high negative

charge nature may impart TOCN a high bridging ability, thus

constituting a microparticulate system with a cationic polymer

that retains the fillers by inducing flocculation among filler par-

ticles. In our previous study,30 nanocrystalline cellulose (NCC)

was prepared from bleached aspen kraft pulp through sulfuric

acid hydrolysis and then applied as pulp strengthening additive

and retention aid in the deinked pulp. The formation of micro-

particulate retention systems during the application of NCC

together with cationic polyacrylamide and cationic starch was

able to improve pulp retention and strength properties without

negative influence on drainage.

The aim of this study was to investigate the effect of nanocellu-

lose on the flocculation of kaolin clay, a widely used filler in a

variety of paper grades. TOCN, prepared by using TEMPO/

NaBr/NaClO oxidation of kraft pulp combined with ultrasound

treatment, was applied in the kaolin clay suspension, as an ani-

onic microparticle to constitute a microparticulate system with

cationic polyacrylamide (CPAM), to induce the flocculation

between clay particles. It was found that the CPAM/TOCN sys-

tem showed high flocculation effect at a very low level of

TOCN addition. A high shear level after CPAM addition was

helpful for the flocculation.

EXPERIMENTAL

Materials

Bleached softwood kraft pulp was provided by Yinxing Paper

(Jinan, China). The 2,2,6,6-tetramethyl-piperidine-1-oxyl

(TEMPO) with purity of 99% was purchased from Sigma–

Aldrich. Cationic polyacrylamide (CPAM) with molecular

weight of 5–8 million and a charge density of 1114.28 leq g21

was provided by Huatai Group (Dongying, China). Kaolin clay

was purchased from Sinopharm Chemical Reagent, with average

particle size of 6.5 mm. The other chemicals used were all analy-

tical pure reagents.

TEMPO/NaBr/NaClO-oxidation

TEMPO/NaBr/NaClO-oxidation was carried out in a three-neck

round bottom flask. About 1 g of never-dried pulp in 100 mL

water was added to the flask, and the pulp suspension was

stirred continuously at 400–500 rpm with an overhead stirrer.

NaBr (0.1 g, 0.97 mmol) and TEMPO (0.016 g, 0.1 mmol) were

added to the pulp suspension, and then a certain amount of

NaClO, corresponding to 2, 4, 6, 8, 10 mmol g21 pulp, was

slowly added into the solution. The pH of the mixture was

maintained at 10.0–10.5 by the addition of a Na2CO3-NaHCO3

buffer solution. The reaction was carried out at 25�C for 24 h,

and then was stopped by adding 100 mL of ethanol. The oxi-

dized pulp was recovered by vacuum filtration, washed several

times with deionized water to neutral pH, and then dialyzed

against deionized water for 5 days. The resultants were stored as

a never-dried state at 5�C. The carboxyl content of each sample

was determined by conductometric titration as described below.

Preparation of Cellulose Nanofibers

The above TEMPO-oxidized pulps were sonicated to obtain cel-

lulose nanofibers. The sonication was performed with a Bilon-

500 Ultrasonic Sonifier for 20 min (with power of 300 W, each

circulation with 1 s of ultrasonic wave, and 8 s of interval), in a

specially designed double-walled beaker connected to a cooling

bath to minimize overheating of suspensions. After ultrasonica-

tion, a small amount of residue unfibrillated fibers, floating in

the sonicated suspensions, were removed by centrifugation

(4500 rpm, 30 min) using a centrifuge. The acquired disper-

sions, namely TOCN1-TOCN5, according to the NaClO addi-

tion of 2–10 mmol g21 pulp, were stored at 5�C until used.

Characterization of TOCN

Zeta potential of TOCNs at various pH was measured with a

Malvin Zetasizer. The carboxylate content of the oxidized pulp

was determined by conductimetric titration with a DDS-11A

Digital Conductivity Meter (Shanghai Hongyi Instrumentation,

China). Nearly 50 mg of cellulose sample was suspended into

15 mL of 0.01 M hydrochloric acid solution. After being stirred

for 10 min, the suspensions were titrated with 0.01 M NaOH

standard solution. The titration curve was obtained and the

total amount of carboxyl groups was calculated based on the

following equation,

C5
ðV12V0Þ3 CNaOH

m

where C is the carboxyl content; V1 and V0, are the equivalent

volumes of added NaOH solution; CNaOH, is the concentration

of NaOH solution, and m is the dry weight of oxidized fiber.

X-ray diffraction analysis was performed with a D8 Powder X-

ray diffractometer (Bruker AXS, Germany), which was equipped

with a Cu Ka X-ray tube. The crystallinity was calculated

according to the X-ray diffraction curve by the ratio of the crys-

talline area to the total area.31

A Multimode 8 Nanoscope V System AFM (Bruker Corpora-

tion, Germany) was used for studying the surface characteristics

of the NCC samples. A drop of sample was air dried overnight
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on a clean mica surface at ambient conditions for the analysis.

Images from several different places on the samples were

scanned.

DP values of TOCNs were measured according to the litera-

ture.32 About 0.5 g of TOCN samples were further treated with

50 mL of 1% NaClO2 at pH 4.8 and room temperature for 2

days to oxidize small amounts of C6-aldehydes present in the

oxidized cellulose to carboxyls. All carboxyl groups were con-

verted to sodium carboxylate groups with a diluted NaOH solu-

tion. The NaClO2-oxidized TOCNs were then dialyzed against

water and subsequent freeze dried. The intrinsic viscosity meas-

urements were performed according to ISO 5351-1(1981, option

B) with cupriethylendiamine as the solvent. Degree of polymer-

ization was calculated from intrinsic viscosity data.

Flocculation

The flocculation experiment was carried out according to the

literature33 by using a photometric dispersion analyzer

(PDA2000, Rank Brothers, UK), which was connected to a

dynamic drainage jar (DDJ). The degree of flocculation was

evaluated by the relative turbidity, calculated from the variation

of direct current voltage signals. First, 500 mL of tap water was

poured into a DDJ without mesh and circulated for several

minutes to keep the flow steady. Then, 8 mL of clay suspension

(100 mg L21) was added to the DDJ at a rotation speed of 500

rpm. The clay in the DDJ was circulated through the PDA in a

plastic tube at a flow rate of 20 mL min21. The initial base volt-

age (V0) was reduced to the unflocculated suspension voltage

(Vi). After 200 s, the rotation speed was increased to 750 rpm,

and CPAM was added to induce the flocculation of clay. Nearly

30 s later, the rotation speed was further increased to 1500 rpm

and maintained for 30 s. Then, the rotation speed was lowered

to 500 rpm and a certain amount of TOCN was added to

reflocculate the clay. The final suspension voltage (Vf) was

recorded 90 s after the TOCN addition. The relative turbidity

was calculated according to the equation below,

Relative turbidity5
ln V0=Vf

ln V0=Vi

where Vo is the initial base DC voltage, Vi is the unflocculated

suspension DC voltage, and Vf is the final suspension voltage.

RESULTS AND DISCUSSION

Characterization of TOCNs

Table I shows the carboxyl content, crystallinity, DP and yield

of aspen kraft pulp and TOCNs. The carboxylate content

increased significantly after the oxidation, which suggested the

formation of anionic carboxylate groups with high density on

the nanofiber surface. This is in agreement with the results of

the prior literatures.28,34 The carboxylate content increased with

the increase of added NaClO, and it reached a plateau when

NaClO addition was 8 mmol g21.

The negative zeta potential of TOCNs increased with the

increase of the NaClO addition, which is consistent with the

increase of the carboxylate content. Zeta potential of TOCN4

Table I. Effect of NaClO Addition on the Carboxyl Content, Zeta Potential, DP, Yield, and Crystallinity of Aspen Kraft Pulp and TOCNs

Sample
Carboxyl content
(mmol g21) Zeta potential (mv) Yield (%) DP Crystallinity (%)

Bleached kraft pulp 0.02 221.2 – 1200 56.8

TOCN1 1.17 233.6 99.0 480 67.7

TOCN2 1.59 242.0 98.0 430 72.3

TOCN3 1.87 257.1 97.0 350 77.3

TOCN4 2.0 263.5 95.0 320 81.7

TOCN5 2.03 267.8 94.8 310 80.9

Figure 1. Zeta potential of TOCN 4 at various pH.

Figure 2. Wide-angle X-ray diffraction patterns of kraft pulp and TOCNs.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 3. Dimensional dynamic AFM image of TOCN. Z-profile graphs were taken across the image from an arbitrary horizontal line. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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versus pH is shown in Figure 1. Obviously, it was significantly

affected by the pH of the solution. Zeta potential was more neg-

ative with the increase of pH from 3 to 6, and remained

unchanged under neutral and moderately alkaline conditions,

due to the dissociation of carboxylate groups. This attribute is

very important to extend its application in the papermaking

process, because the environment of the wet end of papermak-

ing is usually under neutral or mild alkaline conditions.

Carboxylate content is the key factor that influences the degree

of nanofiber conversion of TEMPO-oxidized celluloses.35 The

yields of TOCNs were more than 90%, which was in accordant

with the results of Saito et al.,36 who proved that TEMPO-

mediated oxidation facilitated the defibrillation process. Besbes

et al.37 reported that when the carboxylate content was more

than 0.5 mmol g21, the nanofiber yields exceeded 90%.

As shown in Table I, DP values of TOCNs were far lower than

that of the kraft pulp (1200), indicating a significant depoly-

merization during the TEMPO-oxidation. This is consistent

with the results of Fukuzumi,38 who reported a DP value

decrease from 1200 to �250–400 by TEMPO-oxidation with

5–10 mmol g21 of NaClO.

The wide-angle X-ray diffraction patterns of kraft pulp and

TOCNs were investigated (Figure 2). The peaks at 2h 5 14–18�,
22.5�, and 34.5�, which were characteristic of the structure of

cellulose I,39 indicated that the crystal structure of cellulose I

was not changed after the oxidation. Compared to the untreated

kraft pulp, higher crystallinity was achieved for the TOCNs.

The cellulose nanofibers were observed using an atomic force

microscope, and their morphologies are shown in Figure 3. The

nanofibers were rod-like crystals, with cross-sections in nano-

meter range. Their morphology were quite similar to what has

been reported in the literature.40 The height profiles of the line

along the length of the cellulose nanofibers were plotted, which

revealed that the widths of the nanofibers were in the range of

3–5 nm. The widths changed insignificantly irrespective of the

amount of NaClO used during the oxidation process. However,

the lengths decreased with the increase of the NaClO addition,

which agrees well with the results reported before.28 The disper-

sibility of TOCN by using a larger amount of NaClO was better,

likely due to the higher carboxylate content introduced during

the oxidation, which consequently increased electrostatic repul-

sions between the nano particles. The appearance of TOCN dis-

persions varied from translucent to transparent (Figure 4).With

the increase of the NaClO addition, the transparency was

improved. The low transparency of TOCN1 might result from

the aggregates of nanocellulose fibers (Figure 3). In contrast,

individual nanofibers with widths of 3–5 nm were obtained

with a higher amount of NaClO addition, due to the formation

of more carboxylate contents. The widths were smaller than the

wave length of visible light, which caused the high transparency

of the dispersions.28 The light transmittance rate of TOCN1 and

TOCN4 was measured as examples of low and high carboxylate

contents, respectively (Figure 4). The transparency was con-

firmed by the transmittance curve of TOCN under visible light.

Flocculation Effect of CPAM/TOCN on Kaolin Clay

TOCN4, with a cayboxyalte content of 2.0 mmol g21 and a uni-

form width of 3–5 nm, was used as an anionic microparticle,

together with CPAM, consitituting a microparticle retention

system, to investigte its flocculation effect on kaolin clay. The

effect of TOCN addition on the relative turbidities is shown in

Figure 5. The relative turbidity decreased from 1.0 to 0.87 by add-

ing the negatively charged nanocellulose alone, suggesting that a

weak flocculation was induced. This is very similiar to the action

of anionic high molecular mass polymer reported by Liu et al.41

Nanocellulose might be considered as a potential natural reten-

tion aid due to its large surface area and high aspect ratio.30

Bridges between clay particles could be formed by long and

Figure 4. Dispersion states and visible light transmittance of TOCN1(a)

and TOCN4 (b). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Effect of TOCN addition on the relative turbidity of kaolin clay

suspension. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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narrow nanofibers, thus inducing the weak flocculation. When

CPAM was added to constitute a microparticulate retention sys-

tem with TOCN, the turbidity greatly decreased, indicating an

improved flocculation. The addition of CPAM resulted in the pri-

mary flocculation of kaolin clay, which is shown in Figure 6(a).

These flocs were large, loose and easily broken down by shear

forces mainly through breakage of polymer chains.4 The redistrib-

ution of CPAM may create fresh CPAM-covered surfaces, which

refers to surfaces covered with CPAM with extended conforma-

tion. Then, nanocellulose whiskers interacted with the CPAM

chains with loops and tails to form folcs between clay particles,

and thus induced a rapid consolidation and dewatering of the

floc, resulting in smaller, denser, and stronger flocs, as shown in

Figure 6(b). The relative turbidities decreased with the increase of

TOCN addition and reached the minimum at an addition of

0.04%, much fewer than the dosage of conventional micropar-

ticles, which suggests that the bridging effect of nanocellulose

among the CPAM-covered clay particles played an important role

in the flocculation.

Effect of pH on the Clay Flocculation

The influence of pH on the clay flocculation is shown in

Figure 7. The CPAM and TOCN addition were 0.02 and

0.04%, respectively. The relative turbidity decreased when the

pH varied from pH 3–6 and reached a plateau when the pH

was higher. The maximum flocculation was obtained under

neutral or mild alkaline conditions, which is consistent with

the change of zeta potential of nanocellulose at various pH

(Figure 2). pH influences the zeta potential of nanocellulose

and kaolin clay, and hence may affect the CPAM adsorption

on the clay particles, as well as the interaction between clay-

adsorbed CPAM and nanocellulose. The more negative zeta

potential of nanocellulose, the lower relative turbidity of kaolin

clay suspension. The decrease in turbidity may be attributed to

the improvement of the electrostatic attraction between nano-

cellulose and clay-adsorbed CPAM chains, resulting from the

more negative zeta potential of nanocellulose. The relative tur-

bidity at various pH and zeta potential did not change signifi-

cantly (from about 0.15–0.05), which indicates that in this

Figure 7. Effect of pH on the relative turbidity of kaolin clay suspension.

Figure 6. Optical micrographs of kaolin clay flocs without(a) and with(b)

adding TOCN. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Effect of rotation speed after CPAM addition on the relative tur-

bidity of clay suspension.
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CPAM/TOCN microparticulate system, although electrostatic

and bridging effects function together to improve the floccula-

tion of fillers, bridging effect plays a more important role at

this level of TOCN addition.

Influence of Shear on the Flocculation of Kaolin Clay

Retention aid performance is affected by shear.1 Various studies

have shown that flocs formed by CPAM do not form to the

same extent again after application of strong hydrodynamic

shear.4 In a typical microparicle application, the polymeric

bridges formed by a cationic flocculant are partly broken as the

furnish passes through a pressure screen before the addition of

anionic microparticle. The influence of shear after CPAM addi-

tion on the relative turbidity of clay suspension is illustrated in

Figure 8. The stirring of DDJ propeller was used to imitate the

shear in the papermaking process, and the addition of CPAM

and TOCN were 0.02 and 0.04%, respectively. The relative tur-

bidity remained unchanged when the rotation speed was lower

than 500 rpm, and decreased gradually with higher rotation

speed. The minimum relative turbidity was obtained when the

rotation speed reached 1500 rpm, and kept almost unchanged

even at a rotation speed of 2500 rpm. As the literature

reported,4 the shear force can reduce the flocculant’s molecular

mass and break down the flocs induced by the cationic polymer

before the microparticles are added. This exposes an increased

number of shorter but active CPAM chains with extended con-

formation, which are liable to interact with the microparticles,

and therefore enhance the reflocculation. A feature that sets

microparticle systems apart from single or dual polymer systems

is their ability to reflocculate.42 The CPAM/TOCN system dem-

onstrates a strong ability to reflocculate after shearing, provid-

ing strong and dense flocs.

Another feature of the microparticulate systems is the stronger

shear resistance of induced flocculation. A floc’s ability to resist

shear and turbulence in a paper machine headbox and forming

section is essential for its retention. If flocs are sensitive to these

hydrodynamic forces, they will break down, pass through the

forming fabrics, and accumulate in the white water.5 The shear

resistance property of clay flocculations induced by the CPAM/

TONC system was investigated by determining the relative

turbidity of clay suspension at varied rotation speed of DDJ

after the TONC was added, as shown in Figure 9. The relative

turbidity remained almost unchanged when the rotation speed

was increased from 250 to 1500 rpm, indicating a high shear

resistance of flocculation induced by the CPAM/TONC system,

which may result from the large bridging capacity of TOCN

and the strong and dense flocs formed after its addition.

CONCLUSIONS

Cellulose nanofibers were prepared by using TEMPO/NaBr/

NaClO oxidation of kraft pulp and successive ultrasound treat-

ment, and applied as an anionic microparticle to constitute a

microparticulate system with CPAM to flocculate the kaolin clay

suspension. The carboxylate content increased significantly after

the oxidation, which gave high dispersibility for the TOCN

sample. The resulting cellulose nanofibers maintained their crys-

talline form of cellulose I with higher crystallinity than that of

the kraft pulp, and their widths were in the range of 3–5 nm.

Zeta potential of TOCN was significantly affected by the pH

value. It was more negative with the increase of pH from 3 to

7, and kept stable under the moderately alkaline conditions.

The flocculation effect of TOCN on kaolin clay was demon-

strated by the measurement of the relative turbidity of the clay

suspension. The relative turbidity decreased from 1.0 to 0.87 by

adding TOCN alone, suggesting that a weak flocculation was

induced. When TOCN was used as an anionic microparticle to

constitute a microparticulate system with CPAM, the relative

turbidity decreased greatly, indicating a synergistic flocculation

effect. The CPAM/TOCN system gave a higher flocculation

degree under neutral and weak alkaline conditions and also at a

high level of shear after the CPAM addition. The flocs induced

by CPAM/TOCN were stronger and hence have higher shear

resistance than those by CPAM alone.
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