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Abstract
In this study, spray-drying yield and morphological characterization of spray-dried cellulose nanofibril (CNF) and 
TEMPO-oxidized nanocellulose (TONC) depending on spray-drying condition and surfactant addition was investigated. 
As spray-drying temperature increased, the yield of spray-dried CNF was increased. The highest spray-drying yields 
in both nanocelluloses were found at didecyl dimethyl ammonium chloride (DDAC) addition of 2.5 phr at all investigated 
temperatures. The spray-dried CNF was the sphere-like particle, but the spray-dried TONC showed both rod and sphere-like 
morphology. The average diameter of spray-dried CNF was decreased with increasing DDAC addition amount, resulting 
in the increase of specific surface area.
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Introduction

The nanocellulose is generally well dispersed in polar 
solvents, especially water, with keeping its nanoscale mor-
phological characteristics (Peng et al. 2012a). However, the 
nanocellulose is easy to be aggregated into microscale be-
cause of hydrogen bonding between cellulose molecules 
during drying condition (Iwamoto et al. 2008; Peng et al. 
2012a). The aggregated nanocellulose is difficult to be 
re-dispersed into nanoscale even in water (Iwamoto et al. 
2008). Thus it is very important to develop the efficient 
drying process of nanocellulose to maintain its nanoscale 
morphology for further applications such as nanocomposite 
and coating. Drying process is also important for trans-

portation and storage of nanocellulose in the view point of 
improving economic feasibility, because the bulky water 
volume of nanocellulose suspension results in an increase of 
a large storage space and a high transportation cost. Peng et 
al. (2012b) investigated effect of drying method on mor-
phology of dried nanocellulose by oven drying, freeze-dry-
ing, supercritical drying and spray-drying. They stated that 
the spray-dried nanocellulose with a particle shape in nano 
or micron size is suitable for the use as a reinforcing filler in 
composites, whereas the demerit of a spray-drying method 
is the low drying efficiency with yield from 10% to 40%. 

In this study, in order to improve efficiency of spray-dry-
ing, effect of surfactant addition and surface modification 
by TEMPO-oxidation on spray-drying efficiency of the 
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nanocellulose suspension was investigated. The morpho-
logical and dimensional properties of the obtained spray- 
dried nanocellulose were also investigated.

Materials and Methods

Materials

The Bleached kraft pulp (BKP) for preparation of the 
nanocellulose was obtained from moorim P&P. The dis-
tearyl dimethyl ammonium chloride (DDAC) was used as a 
surfactant for spray-drying.

Preparation of cellulose nanofibril (CNF) and TEMPO- 
oxidized nanocellulose (TONC)

The BKP was suspended at 2.0 wt% concentration, then 
the suspension was subjected to wet disk-milling (WDM, 
Supermasscolloider MKCA6-2, Masuko Sangyo, Japan). 
The rotational speed was set at 1,800 rpm, and the clear-
ance between upper and lower disks was reduced to 80-100 
um from zero point at which the disks begin to rub. The 
operation was repeated until 27 pass. 

For the preparation of TEMPO-oxidized nanocellulose 
(TONC), the BKP (1 g) was suspended at 1.0 wt% con-
centration (100 mL). The TEMPO (0.016 g) and NaBr 
(0.1 g) was put into the suspension, then stirred at 200 rpm 
for 1 h. The reaction was initiated by adding 12% NaClO 
(3.5 mL). The pH of the suspension was dropped during 
the reaction as a result of the oxidizing hydroxyl group of 
C6 to carboxyl group. The pH of the suspension was main-
tained at 10 using auto titrator (TitroLine easy, SI 
Analytics, Germany) by adding 0.5M NaOH. The re-
action was carried out until no more 0.5M NaOH was 
consumed. The obtained residue was washed with distilled 
water by vacuum-filtration with glass filter. The TONC 
was re-diluted to 0.3 wt% suspension, then dispersed using 
high-pressure homogenizer with pressure of 30,000 psi in 
order to disperse the TONC in nano-scale. 

Spray-drying of nanocellulose suspension

The CNF and TONC suspensions were diluted to 0.5 
wt%, and the suspensions (500 mL) were spray-dried using 
a spray-dryer (SD-1000, EYELA, Japan). To investigate 
effect of surfactant addition on the yield and properties of 
the spray-dried nanocellulose, DDAC of 1.0, 2.5, 5.0 phr 

was added on the basis of the solid weight of the nano-
cellulose in the suspension. The spray-drying was con-
ducted at 120, 130 and 140oC with the blowing rate of 0.55 
m3/min and the spray speed of 5.0 mL/min. The yield of 
spray-drying was calculated by comparing the initial weight 
of nanocellulose and spray-dried nanocellulose.

Morphology observation

The CNF suspensions of 0.001 wt% were prepared, and 
sonicated using a ultrasonicator (VCX130PB, Sonics &　
Materials, U.S.A.) for 1 min. The suspensions were vac-
uum-filtrated on a polytetrafluoroethylene (PTFE) mem-
brane filter with a pore size of 0.2 m (Toyo Roshi Kaish, 
Japan). The filtrated CNFs, which are stacked up on the 
PTFE filter, were immersed in tert-butyl alcohol for 30 
min. This procedure was repeated thrice to completely ex-
change water with ter-butyl alcohol. The CNFs were 
freeze-dried using a freeze dryer (FDB-5502, Operon, 
Republic of Korea) at -55oC for 3 h to prevent the ag-
gregation of CNFs. The freeze-dried sample was coated 
with osmium tetroxide using a osmium plasma coater 
(HPC-1SW, Vacuum Device, Japan). The morphologies 
were observed using a Scanning Electron Microscope 
(SEM, S-4800, Hitachi, Japan) in the Central Laboratory 
of Kangwon National University.

The morphology of TONC was observed by atomic 
force microscope (AFM) (Nanoscope 5, Bruker, U.S.A.) 
in the Central Laboratory of Kangwon National University. 
The samples for AFM observation were prepared by the 
following method. First, the newly cleaved mica disk was 
immersed in polyethyleneimine (PEI) solution (0.1%) for 
10 min and then dried in air condition at room temperature. 
Then, the TONC suspension (0.05%) was dropped on the 
mica disks and spin-coated using a spin coater (ACE-200, 
Dong-ah Trade, Republic of Korea) for 1 min at 3,000 rpm. 

The morphological characteristic of spray-dried CNF 
and TONC were also observed by SEM after platinum 
coating using ion sputter (E-1010, Hitachi, Japan).

Measurement of particle size and specific surface 
area (SSA)

The suspensions of spray-dried CNF, TONC (0.008- 
0.01%) were subjected to a particle size analyzer (Mastersi-
zer 2000, Malvern Instruments, U.K.), and the particle 



Park et al.

J For Env Sci 33(1), 33-38     35

Fig. 1. SEM micrograph of CNF 
(A) and AFM topography of 
TONC (B) before spray drying.

Table 1. Spray-drying yield of CNF and TONC suspensions at 
different temperatures with different DDAC addition amount

Temperature 
(oC)

Addition amount of 
DDAC to 

nanocellulose (phr)

Yield of 
spray-drying 

(%)

CNF 120 1.0 12.0
2.5 16.4
5.0 12.4

130 1.0 11.6
2.5 19.2
5.0 12.8

140 1.0 12.2
2.5 30.4
5.0 14.8

TONC 140 - 8.12
1.0 10.8
2.5 12.4
5.0 11.9

size and specific surface area (SSA) were investigated. The 
particle size was measured at the range of 0.02-1000 m. 
The specific surface area (SSA) was calculated from the 
particle diameters and density by following formula 1.

  


×



 

× 



 (1)

where asphere corresponded surface area of the spray-dried 
CNF and TONC (m2), Vsphere and D were volume (m3) 
and surface weighted diameter (m), respectively. The den-
sity of CNF and TONC are assumed to be 1.5 g/m3 
(Henriksson et al. 2008).

Results and Discussion

Yield of spray-drying

Table 1 indicated the effect of the spray-drying temper-
ature and DDAC addition amount on the spray-drying 
yield of the CNF and TONC suspensions. There is no data 
about spray-dried CNF in the absence of DDAC, because 
the spray-dried product was paper sheet-like form, not par-
ticle form in the drying chamber. In CNFs, the increasing 
tendency of spray-drying yield was shown with increasing 
spray-drying temperature. And the highest spray-drying 
yields were found at DDAC amount of 2.5 phr in all 
temperatures. The yield of spray-dried TONC was in-
creased with increasing DDAC amount from 0 to 2.5 phr, 
and then slightly decreased. Compared to the spray-dried 

yield of CNF at 140oC, the yield of spray-dried TONC 
was lower in all addition amount of DDAC. 

Fig. 1 shows the morphology of CNF and TONC ob-
served by SEM and AFM, respectively. The CNF showed 
the uniform fiber morphology with a diameter of 20-50 nm. 
TONC also have uniform morphology with the diameter of 
approximately 6-10 nm.

Fig. 2 shows the micrographs of the spray-dried CNF 
and TONC at different temperature with different DDAC 
addition amount. All spray-dried CNF showed the sphere- 
like morphology with micron-scale and there are no sig-
nificant differences in the morphologies depending on 
spray-drying temperature and DDAC addition amount. 
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Fig. 2. SEM micrographs of spray-
dried CNF and TONC at different
temperature with different DDAC 
amount.

On the other hand, the spray-dried TONC showed both 
rod and sphere-like morphology. The length and width of 
the rod-like particles were found to be approximately 20 m 
and 4-8 m, respectively.

Average diameter and specific surface area of 
spray-dried CNF and TONC

Table 2 indicates the effect of the spray-drying temper-
atures and DDAC addition amount on the average diame-
ter and specific surface area of the spray-dried CNF and 
TONC, which are measured by particle size analyzer. In 
the spray-dried CNF, the decreasing tendency of the aver-
age diameter was found with increasing the spray-drying 

temperature. The average diameter and specific surface 
area were decreased and increased with increasing DDAC 
addition amount. It is natural that the decrease of the aver-
age diameter resulted in an increase of specific surface area. 
In contrast, there were no significant effect of DDAC addi-
tion amount on the average diameter and specific surface 
area of spray-dried TONC. At the same spray-drying con-
ditions, the average diameter of spray-dried TONC was 
larger than that of spray-dried CNF.

Size distribution of spray-dried CNF and TONC

Figs. 3 and 4 show the effect of spray-drying temper-
ature and DDAC addition amount on size distribution of 
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Table 2. Average diameter and specific surface area of spray-dried CNF and TONC depending on spray-drying temperature and DDAC ad-
dition amount

Temperature
(oC)

Addition amount of DDAC to 
nanocellulose (phr)

Average diameter
(m)

Specific surface area 
(m2/g)

Spray-dried CNF 120 1.0 8.50±5.45 0.605
2.5 8.38±5.21 0.618
5.0 7.14±4.86 0.655

130 1.0 8.39±5.25 0.616
2.5 8.37±5.46 0.620
5.0 7.20±5.01 0.666

140 1.0 9.06±5.87 0.581
2.5 7.88±4.89 0.637
5.0 7.26±5.03 0.642

Spray-dried TONC 140 - 9.90±6.14 0.606
1.0 9.89±6.05 0.609
2.5 9.90±6.53 0.605
5.0 9.93±6.44 0.603

Fig. 3. Size distribution of spray-dried CNF at different temperatures and DDAC addition amount.

Fig. 4. Size distribution of spray-dried TONC at 140oC with different 
DDAC addition amount.

spray-dried CNF and TONC, respectively. In all 
spray-drying temperatures, the size distribution was similar 
in DDAC amount of 1.0 and 2.5 phr, but became narrower 
with increasing DDAC addition amount to 5.0 phr. In 
spray-dried TONC, there was no effect of DDAC amount 
on size distribution. The range of the size distribution of 
spray-dried TONC was found to be broader than that of 
spray-dried CNF.

Conclusion

The effect of spray-drying temperature and surfactant 
addition on the spray-drying yield, morphological and di-
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mensional properties of spray-dried CNF and TONC were 
investigated. As spray-drying temperature increased, the 
yield of spray-dried CNF was increased. The highest 
spray-drying yields in both nanocelluloses were found at 
DDAC addition of 2.5 phr at all investigated temperatures. 
The spray-dried CNF was the sphere-like particle, but the 
spray-dried TONC showed both rod and sphere-like 
morphology. The average diameter of spray-dried CNF 
was decreased with increasing DDAC addition amount, re-
sulting in the increase of specific surface area. In contrast, 
there were no significant effect of DDAC addition on the 
diameter and the specific surface area of spray-dried 
TONC. Consequently, the addition of DDAC is expected 
to contribute the improvement of spray-drying yield and 
the size reduction of spray-dried products.
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