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Abstract
Two cellulose nanocrystals (CNCs) with different aspect ratios in dimension derived from raw microcrystalline cellulose 
were prepared and presented in this paper. The morphological features of nanostructures were explored with TEM. Then 
the structure analysis, surface charge and thermal degradation behavior of CNCs were characterized and determined by 
FTIR/X-ray diffraction, zeta potential and TGA, respectively. Furthermore, the hybrid CNCs nano-composite membranes 
were facilely fabricated via vacuum-dewatered process for effective removal of cationic dyes (up to 99.9% removal of 
methylene blue at 10 mg/L and 97.9% removal of rhodamine B at 20 mg/L). The mechanism of such effective cationic 
dye removal is derived from the combined effect of both electrostatic interaction and steric hindrance between the 
CNC composite membrane and the cationic dyes during the filtration process. In addition, the permeation flux and dye 
removal efficacy of the composite membrane are CNCs loading-concentration dependent.

Keywords Cellulose nanocrystals · Aspect ratio · Dye removal · Composite membrane

1 Introduction

Cellulose nanocrystals (CNCs) are renewable and eco-
friendly materials that maintain the basic structures of 
cellulose, but possess many special characteristics such 
as large specific surface area, high crystallinity, high spe-
cific modulus and strength, and low cost [1, 2]. Therefore, 
CNCs have been widely utilized as a reinforcement addi-
tive of vast nanocomposite materials, tissue engineering 
scaffolds, drug carriers, separators, flocculants, and adsor-
bents [3–5].

In general, various approaches have been applied to 
prepare the CNC samples, i.e. acid hydrolysis via indi-
vidual or combined sulfuric acid, hydrochloric acid or 

acetic acid under ultrasonic or microwave irradiation 
[6–8], 2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO) 
mediated-oxidation [9], ammonium persulfate (APS) 
oxidation [10], enzymatic hydrolysis [11], and physical 
ball-milling [12].

Meanwhile, the sources of CNCs are also abundant 
originated from diverse bacterial, cotton, microcrystalline 
cellulose (MCC), ramie, tunicate, and wood [13]. Despite 
so many methods in preparing the CNCs, little attention 
has been paid to their dimension difference, especially 
the aspect ratio (AR) factor of influence for their applica-
tion. Normally, the dimension of CNCs is approximately a 
few nanometers in width, but from tens of nanometers 
to several micrometers in length. The AR, defined as the 
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length-to-width (L/W value) spans a very broad range 
window. In general, higher AR of CNCs contributes to a 
better reinforcing effect, resulting in improved mechanical 
properties [14].

Sun et al. [15] reported the transparent cellulose films 
from CNC but with two distinct aspect ratios. It was found 
that the films made from larger aspect ratio exhibited 
higher optical transmittance and larger tensile strength, 
while the one from smaller aspect ratio showed better 
thermal stability, higher crystallinity and lower coefficient 
of thermal expansion. However, the two individual sam-
ples were obtained via different preparation methods from 
the same bleached wood pulp, by converting the hydroxy-
methyl groups on their side chain to the either carboxylic 
[16, 17] or sulfate forms [18], respectively. Thus, it is hard 
to tell whether the aspect ratio is the key influence factor 
to the final properties of CNC nanopapers. Kalashnikova 
et al. [19] studied cellulosic colloidal nanorods with vari-
ous aspect ratios at the oil–water interface for Pickering 
emulsion, but the raw materials are derived from different 
origins.

Currently, textile dyes are the most important world-
wide pollutant source in water [20]. The increasing of dye 
pollutants in water is extremely hazardous to the plant, 
animal and human life [21]. Sometimes it is difficult to 
treat the dye pollutants in water since they have stable and 
diverse molecular structures which makes them more dif-
ficult to be biodegraded [22]. Therefore, solving this water 
pollution issue by removing the dye contaminants with 
low-cost adsorbents is a major concern that benefits the 
environmental remediation [23, 24].

Membrane separation and filtration technology has 
been a promising technology with lower energy cost 
to separate substances from a mixture by filtering that 
mixture through a porous membrane [25]. Nanofiltra-
tion (NF), a pressure-driven membrane separation pro-
cess, has practical applications in water treatment for 
rejection of salts and dyes [26]. The mechanism is based 
on the steric hindrance (sieving) effect and electrostatic 
interaction (Donnan) effects [27]. The main drawbacks 
of membrane filtration are relatively short membrane 
life which limited their application for treating dye 
wastewater [28].

Cellulose acetate (CA) is a commonly used mem-
brane material for both ultrafiltration (UF) and reverse 
osmosis (RO) filtration [29]. It is served as one of the 
ideal polymer matrix candidate in fabricating mem-
branes due to its renewable characteristics, long-term 
good mechanical strength as well as the superior film-
forming ability. However, one drawback of CA mem-
branes is the lack of reactive functional groups on the 
polymer backbones to enhance the separation effi-
ciency of the membranes.

In this work, we firstly assessed the effect of prepa-
ration conditions on morphological, crystalline, and 
thermal behavior of CNC from the same raw resource, 
i.e. MCC, to exploit their potential application as nano-
composites membrane for dyes removal. In order to 
eliminate the discrepancy of residual modified groups 
on the final CNC products, the sulfuric acid, a well-
known agent used to remove amorphous regions of 
cellulose, was applied as the only hydrolytic media dur-
ing the entire preparation process. Finally, the nano-
composite membrane of CNC was conducted through 
vacuum dewatering process onto a sheet of mixed CA 
(MCA) membrane and further used for effective dye 
removal of three kinds of dyes, i.e. methylene blue 
(MB), methyl orange (MO) and rhodamine B (RhB). The 
MB and RhB are used as model cationic dyes for waste-
water treatment, while the MO shows negative charges 
in neutral solution due to its sulfuric groups.

2  Experimental

2.1  Materials and methods

Micro-crystalline cellulose (MCC) 25 μm (order item No. 
C104843, denoted as MCC-25) and 250 μm (order item 
No. C104844, denoted as MCC-250) were purchased 
from Aladdin Chemical Co., Ltd. (Shanghai, China). Con-
centrated sulfuric acid (98%) was obtained from Tianjin 
Chemical Reagent Co., Ltd. Methylene blue (≥ 98.5%), 
methyl orange (AR), rhodamine B (AR) were supplied by 
Tianjin Dingguo chemicals, Tianjin Kermel chemicals and 
Tianjin Yingda Rare chemicals, respectively. The mixed cel-
lulose acetate (MCA, 50 mm in diameter, 0.22 μm in pore 
size) membranes was obtained from Shanghai Xinya scav-
enging material plant.

The particle size distribution of raw MCC was meas-
ured by laser granulometry using Mastersizer 3000 
(Malvern). The microstructure and morphology of the 
MCC and CNC and corresponding composite samples 
were analyzed by transmission electron microscopy 
(TEM, 2010FEF, Japan Electronics Co., Ltd.) at 200 kV 
and atomic force microscopy (AFM, asylum research 
AFM Cyphers, Oxford Instruments). The AFM imaging 
was performed in a Multimode AFM with ARC SPM 
controller. All images were recorded in AC mode (peak 
force tapping mode) at room temperature in air. The 
AFM tips of spring constant value 0.4 N/m was pur-
chased from ASYLUM AFM probes. Meanwhile the 
modulus, mechanical strength of the crystals and sur-
face roughness of composite membranes was meas-
ured by AFM. To further evaluate the CNC dimension, 
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an image analysis software (Image J) was utilized to 
analyze the size of CNC with randomly 50 counts of 
each sample in TEM images. The crystalline patterns 
were evaluated by means of a wide-angle polycrys-
talline X-ray diffractometer (XRD, D8 Advance, Bruker 
Technology, Germany). FTIR absorption spectra were 
recorded on a fourier transform infrared spectrometer 
(NICOLET 6700, Thermo Fisher Scientific Technology 
Co., Ltd). The measurements were carried out over the 
400–4000 cm−1 range at room temperature. The scan 
number was 32 per spectrum with the spectral resolu-
tion of 4 cm−1. The ZETA potential was measured by the 
Nano-90 (Malvern). The thermal behavior of CNC was 
studied using a thermogravimetric analyzer (TGA-50, 
Shimadzu, Japan) in  N2 at a heating rate of 10 °C/min 
from 100 to 700 °C. UV spectra of dyes solution before 
and after filtration were detected on Shimadzu-1700 
from 400 to 800  nm. Scanning electron microscopy 
(SEM, JSM-6700F, JEOL) at 10  kV was used to exam-
ine the surficial and internal composite membrane 
micro-structures. For the cross-sectional view of the 
membranes, they were firstly dipped into liquid  N2 to 
become fragile and freshly cut to produce the cross-
sectional interface for SEM observation. Meantime, 
Elemental mapping of C, H, O, and S was performed on 
Vario MACRO cube, Element.

2.2  Preparation of CNCs

CNC was prepared by following method under the ice-
bath condition: in brief, 10 g of microcrystalline cel-
lulose (MCC 25 μm or 250 μm) was mixed with 34.7 g 
of deionized (DI) water, then the pre-cooled 65.3 g of 
concentrated sulfuric acid (98%) at 0  °C was added 
dropwise slowly within 30 min under ice bath to avoid 
overheating of the mixed solution. The reaction was 
then transferred to perform at 45 °C for 2 h with con-
stant stirring. The reaction was then halted by adding 
a tenfold excess of cold DI water. After standing over-
night at 4 °C, the raw product of CNC was well precipi-
tated and the supernatant water was decanted away. 
Then the settled sedimentation was collected and 
washed by centrifugation for 10 min at 9000 rpm/5 °C 
for three repeated cycles and dialyzed against DI water 
for at least 48 h using regenerated cellulose dialysis 
bags (molecular weight cut off = 12,000–14,000) until 
the pH of the solution reached neutral. Sonication 
was performed on the neutral CNC solution for 15 min 
under an ultrasonic processor (JY92-II, Ningbo Scientz, 
China) while immersed in an ice bath to obtain uniform 
solution and finally lyophilized to obtain solid CNC 

products, denoted as CNC-25f and CNC-250f, respec-
tively for further characterizations and tests.

2.3  Fabrication of nano‑composite membrane 
and dye‑removal tests

The fixed 3.0  mL of as-prepared dispersed CNC-25f 
(10.5  mg/mL) or CNC-250f (0.35  mg/mL, 1.06  mg/mL, 
3.53  mg/mL, and 10.6  mg/mL) solution was vacuum-
dewatered onto an individual sheet of commercial MCA 
membranes as support substrate, respectively. The over-
all bulk density of CNC-25f@10.5 and CNC-250f@10.6 is 
0.402 g/cm3 and 0.406 g/cm3, respectively (Table S1). Then 
the CNC solution was left to dewater through vacuum 
pump until a deposited layer of CNC was clearly observed 
on the surface of the membrane. Then 5 mL of three kinds 
of dyes, i.e. methylene blue (MB, 10 mg/L), methyl orange 
(MO, 10 mg/L), Rhodamine B (RhB, 20 mg/L) solution was 
dropwise added onto the thus obtained nano-composite 
membrane sheets and pump vacuumed for filtration. The 
filtrate of the dye solution before and after was monitored 
by UV spectra and the removal percentage of dyes was 
calculated according to the following Eq. (1).

where  A0 is the λmax absorbance intensity of each dye at 
initial concentration and  A1 is the λmax absorbance inten-
sity of each dye after filtration. (λmax = 664 nm for MB, 
λmax = 464 nm for MO, λmax = 554 nm for RhB).

The membrane performance of permeation flux was 
determined by MB solution (10 mg/L) for each as-prepared 
membrane under certain operation pressure at 25 °C. And 
the factor Flux (F) was calculated by Eq. (2):

where F (L/m2/h) is the flux, A  (m2) is the effective area of 
the membrane; V (L) is the volume of permeated MB solu-
tion through the membrane during the time t (h).

3  Results and discussion

One of the common processes for the isolation of CNC 
from cellulose fibers is based on acid hydrolysis. The dis-
ordered or para-crystalline regions of cellulose are more 
preferentially hydrolyzed to acid attack, whereas the crys-
talline regions can remain intact due to their rigid struc-
ture with higher acid resistance [30]. Therefore, after an 
acid treatment, the amorphous regions of cellulose were 
removed, and the rod-like CNCs are produced. As shown 
in TEM images, the raw MCCs are amorphous fibril net-
works in morphology (Fig. 1a, c). After the acid treatment 

(1)Removal% =
(

A0 − A1

)

∕A0 × 100%

(2)F = V/(A × t)
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of cellulose in this study can successfully produce rod-like 
cellulose nanocrystals. The micron-size scale of raw mate-
rial MCC are shown in Table S2, where the Dv(50) value is 
15.9 μm and 210.1 μm for MCC-25 and MCC-250, respec-
tively. Since the size scale of raw MCC-25 and MCC-250 is 
25 μm and 250 μm according to the supplier’s order infor-
mation, it is believed that the Dv(50) values matches closer 
to its commercial description.

The morphology of obtained CNC is nano-whiskers as 
similar as reported previously [31]. After a statistical exami-
nation, it was found that the geometry of the two CNCs are 
quite different, i.e. length (L), width (W) and correspond-
ing AR values. Detailed results are shown in Fig. 1e, f and 
Table S3. For instance, the CNC length obtained by 25 μm 
of MCC (MCC25) is distributed around 150 nm (CNC-25f, 
Fig. 1e), while for the CNC-250f is ca. 280 nm (Fig. 1f ). After 
statistically calculation, the distinct AR values of CNC-25f 
and CNC-250f are 10.7 ± 5.9 and 34.8 ± 18.2, respectively 
(Table S3).

As seen from Fig. 2a, all the hydrolyzed CNC samples 
exhibited a typical cellulose I type crystalline structure 
[8, 32, 33], with no traces of a mixed lattice type as indi-
cated by the XRD peaks in the diffractogram located at 
approximately 14.9°, 16.3°, 22.5° and 34.6° (2θ), which 
corresponds to ( 11̄0 ), (110), (200) and (004) reflection 
planes, respectively [15, 34]. The FTIR spectra of the 
MCCs and obtained CNCs are shown in Fig.  2b. The 
characteristic spectra of both the CNC samples were 
similar, but slightly different from that of original MCC 
from 400 to 4000 cm−1, indicating the basic cellulose 

structures remain the same after the acid treatment. 
The broad band ranging from 3000 to 3750 cm−1 region 
is assigned to O–H stretching vibrations, the band at 
2910 cm−1 to C–H stretching vibrations, and 1384 cm−1 
to the C–O–H deformation vibration [35]. Compared 
with the corresponding MCCs, the CNCs exhibited 
increases in the intensities of the bands at 1055 and 
1110 cm−1 assigned to the C–O–C stretching of pyra-
nose and glucose ring skeletal vibration, respectively, 
which implies the increase of the crystalline cellulose 
content in CNCs [36]. Moreover, the minor peaks at 
709 cm−1 and 3270 cm−1 assigned to the O–H out-of-
plane bending and the O–H stretching for native cel-
lulose Iβ structures [37]. It is also worth noting that a 
new minor peak at 1205 cm−1 assigned to S=O stretch-
ing from sulfate groups appeared in the CNC samples, 
indicating the success of hydrolyzing cellulose with 
sulfuric acid to form esterification with the hydroxyl 
groups during acid hydrolysis. The broad peaks cen-
tered at 3420 cm−1 are the stretching vibration of the 
OH groups derived from cellulose [38].

Figure 3 illustrates the thermal properties, i.e. TGA 
(Fig.  3a) and DTG (Fig.  3b) curves of the prepared 
CNCs via different MCCs. It can be seen that cellulose 
nanocrystals obtained from different MCC sources 
show a similar trend in thermal behavior. At a relative 
low temperature of around 130 °C, the CNCs started a 
thermal degradation in TGA curves, and nearly 40% of 
mass were lost in the 130–240 °C region. With further 
increases of treated temperature up to 700 °C, further 

Fig. 1  TEM images of each sample. a MCC-25, b CNC-25f, c MCC-250, d CNC-250f. Size distribution (Length (L) × Width (W)) of as prepared 
CNC samples, e CNC-25f, f CNC-250f (n = 50 counts)
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decomposition of CNCs occurred with ca. 40 wt% resi-
dues. However, the CNC-250f shows a bit faster ther-
mal-decomposition property than CNC-25f. The differ-
ences in thermal behavior among these CNCs may be 

explained by the fact of the sulfuric acid hydrolysis [18]. 
The existence of surface sulfated groups would signifi-
cantly lower the degradation temperature of CNCs due 
to the sulfated anhydroglucose elimination required 
less energy [39]. Thus, during the thermal degradation 
process, sulfuric acid molecules could be released at 
much lower temperatures [40]. Then, the released sul-
furic acid would further facilitate the decomposition 
or depolymerization of cellulose by removing some of 
the hydroxyl groups either via a direct catalysis or an 
esterification mechanism. Since the amount of modi-
fied sulfate groups varied (Table S4), thus leading to 
different TG curves of the CNCs.

Furthermore, the CNC-25f and CNC-250f were used 
to prepare nano-composite membrane for dye removal 
(Fig. 4a). MB and RhB were used as models to test its fil-
tration ability. As shown in Fig. 4b, c, the percentage of 
MB removal is very efficient up to 98.3% and 99.9% for 
the composite CNC-25f and CNC-250f nano-composite 
membrane, respectively, whilst the neat MCA membrane 
can only remove 39.2% of total MB. Interestingly, when 
comes to the RhB removal (Fig. 4d, e), the CNC-250f nano-
composite membrane still shows a good candidate as high 
as ca. 98% of RhB removal after the filtration. However, 
only 66.9% and 56.8% of RhB can be removed after pass 
through the CNC-25f composite membrane.

To further investigate the concentration effect of 
CNC-250f in composite membrane for the MB removal, 
serial 0.35  mg/mL, 1.06  mg/mL, 3.53  mg/mL, and 
10.6 mg/mL of CNC-250f batch solution with fixed vol-
ume (3 mL) was used to prepare composite membranes 
via same procedure and denoted as CNC-250f@0.35, 
CNC-250f@1.06, CNC-250f@3.53 and CNC-250f@10.6, 
respectively. The overall MB removal results are shown 
in Fig. 5a, b. The CNC-250f composite filter membrane 
showed obvious concentration-dependent effect for 
the MB dye removal. At lowest loading amount at 
3 mL of 0.35 mg/mL CNC-250f (CNC-250f@0.35), only 
the 70.4% of total MB can be removed after filtration 
compared with 39.2% of neat MCA membrane (Fig. 5b). 
With further increasing loading contents of CNC-250f 
from 1.06 mg/mL to 10.6 mg/mL, the percentage of MB 
removal can be achieved to 97.2%, 98.9% and finally 
up to 99.9% (Fig. 5b), respectively. From typical images 
shown in Fig. 5c, the filtrate solution became clear after 
passing through CNC-250f@3.53 and CNC-250f@10.6 
composite membranes, while the CNC-250f@0.35 and 
CNC-250f@1.06 treated samples still bear with some 
bluish color visually, indicating incomplete removal 
of MB dyes. Overall, all the CNC composite membrane 
samples show an improved dye removal capacity 
than the neat MCA membrane. Meantime, the satu-
rated adsorption capacity of CNC-250f@10.6 mg/mL 

(a)

(b)

Fig. 2  a XRD patterns of as-prepared CNC-25f and CNC-250f sam-
ples, b FTIR spectra of commercial MCCs and the as-prepared CNCs
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nano-composite membrane was also determined (Fig. 
S1). It is revealed that such membrane can remove up 
to 99% of total 120 mL of MB filtrate@10 mg/L. Then the 
removal efficacy gradually declined to ca. 85% when 
another portion of 30 mL of MB filtrate@10 mg/L was 
added, indicating it’s a good candidate when comes to 
treat a large amount of cationic dye pollutants in water.

These results could be mainly interpreted by steric hin-
drance, electrostatic adsorption and repulsion interac-
tion between the CNC components and dye molecules. 
Firstly, surface roughness is a crucial factor to interfere 
with the effect of nanofiltration [41]. Thus, as determined 
by AFM (Fig. 6a–c), after a successful deposition of the 
CNC onto a MCA sheet, the surface morphology became 
much smoother compared to the neat MCA membrane. 
Further quantitative results are shown in Fig. 6d, the RMS 
(root-mean-squared) roughness were calculated with 
17.6 ± 5.0 nm, 3.2 ± 0.4 nm, and 3.4 ± 0.4 nm for neat MCA 

membrane, CNC-25f, and CNC-250f composite mem-
branes, respectively. The relatively smooth and compact 
stack composites contribute to the effective retention of 
dyes during the nanofiltration process. Secondly, the sur-
face of composite membranes is negatively charged due 
to existence of the sulfate groups in the both the CNC-25f 
and CNC-250f with zeta potential values of − 59 mV and 
− 66 mV (Fig. 6e), respectively. The more negative surface 
charge of CNC-250f may be due to its relatively higher sul-
fate content (Table S4). Since the MB and RhB molecules 
are cationic in solution, they can be easily absorbed by the 
negatively charged CNC composite membranes through 
electrostatic interaction [42]. Thus, the CNC-250f nano-
composite membrane with more negatively charged sur-
face results in an excellent and better cationic dye removal 
performance to both MB and RhB dyes. Such hypothesis 
can also be verified by another MO dye removal test, which 
is a negatively charged dye due to the benzene sulfonate 

Fig. 3  TGA (a) and DTG (b) 
curves of the CNC-25f and 
CNC-250f

(a) (b)

(a)
(b)

(d)

(c)

(e)

Fig. 4  a The schematic process of neat MCA and as-prepared CNC nano-composite membranes for selective MB (b, c) and RhB (d, e) 
removal monitored by UV spectra. Insets: Images of the filter membrane after removal of MB (c) and RhB (e)
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groups in neutral solution. And after the same filtration 
process, it was found that the percentage of MO removal 
for all the membranes was relatively low, i.e. 42.2%, 50.9%, 
and 56.3% for MCA membrane, CNC-25f, and CNC-250f 
composite membranes, respectively (Fig. S2). This indi-
cates that the strong electrostatic repulsive effect occurred 
between the CNC and MO dyes due to their same nega-
tive surface charge, thus leading to poor removal efficacy. 
In addition, the permeation flux (F) of composite mem-
brane was also determined. For the neat MCA membranes, 
it showed relatively high flux at 60 L/m2/h (Fig. 6f ). Then 
the F values gradually decreased with the increasing load-
ing contents of CNC-250f as the functional entities which 
serve as adsorbents in the composite membranes. The 
lowest F is ca. 12 L/m2/h for the CNC-250f@10.6, indicating 
the strongest steric hindering effect as well as highest dye 
removal efficiency of the composite membranes.

Moreover, the surface and internal microstructures 
of these composite membranes were also explored by 
SEM. The top-view and cross-section morphologies of 
the membranes are shown in Fig. 7. The neat MCA mem-
brane exhibited a random 3D porous microstructure 

with a fibrous network (Fig.  7a, b), in accordance to 
previous report [43]. When the cellulose nanocrystals 
(CNC-250f ) were introduced to deposit onto the pristine 
MCA membrane, both components can be compatible 
with each other, and some agglomeration clusters at the 
interface was observed at relative low loading content 
(CNC-250f@1.06, Fig. 7c) compared with the neat MCA 
membrane (Fig. 7a) from the top-view due to the similar 
chemical structures between CNC and MCA. Neverthe-
less, some perforated sheets of cellulose nanocrystals are 
formed on the top layer of CNC composite membranes 
when higher CNC-250f contents, i.e. CNC-250f@3.53 and 
CNC-250f@10.6, were applied (Fig. 7e, g). Further cross-
sectional examination of composite membranes can 
also detect some CNC self-aggregation knots or clusters 
within the bulk membranes (as dotted circle in insets 
of Fig. 7d, f, h). Higher loading content of CNC votes for 
more and larger CNC cluster aggregates, but overall the 
porous structures are still maintained favoring for the 
pass through of water during the dye removal test as 
shown in Figs. 4, 5, Fig. S1 and Fig. S2.

Fig. 5  Full UV spectra (a) 
and calculated percent-
age at λmax = 664 nm of 
MB dye removal (b) with 
CNC-250f@0.35 (red), 
CNC-250f@1.06 (yellow), 
CNC-250f@3.53 (purple) 
and CNC-250f@10.6 (green), 
respectively. c Images of filtrate 
MB solution before and after 
pass through each individual 
composite filter membrane

(a) (b)

(c)

(a) (b)

(c)
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Elemental mapping analysis also indicates the success-
ful fabrication of CNC composite membranes as shown in 
Fig. 7i–l. The neat MCA membrane show C, N and O ele-
ment signals. With increasing the loading contents of CNC, 
the characteristic S element appeared (insets in Fig. 7j–l) 
due to the existence of sulfate groups in CNCs.

4  Conclusion

Two different aspect ratios of the CNCs prepared from 
different MCCs were obtained through sulfur acid hydrol-
ysis via pre-frozen method. Among them, the CNC-25f 
bears the smaller aspect ratio of 10.7, while CNC-250f 
is slenderer with that of 34.8. Both of the CNC samples 
show similar nanowhisker morphology with a dimen-
sion of (150–300 nm in length) × (8–15 nm in width). 

The nanowhisker morphology, crystalline index and Iβ 
structure of obtained CNCs was confirmed by TEM/AFM, 
XRD and FTIR, respectively. The thermal stability showed 
40% of weight lost in the first 130–240 °C region and fur-
ther decomposed to 30% residual with further increas-
ing temperature up to 700 °C. Furthermore, such CNC 
samples can be fabricated into nano-composite mem-
brane, and the permeation flux of the membrane is CNC-
concentration dependent. The CNC-250f with higher AR 
value serves as a promising candidate, which facilitates 
its application in effective cationic dye removal, i.e. 
99.9% removal of Methylene Blue at 10 mg/L and 97.9% 
removal of Rhodamine B at 20 mg/L at an optimum con-
centration of CNC-250f@10.6 mg/mL with the MCA as 
the substrate. Such effect is due to the steric hindering 
and electrostatic interaction between the anionic CNCs 
composite membranes and cationic dyes.

Fig. 6  3D tapping mode 
of AFM surface images 
(1 × 1 µm2): a blank MCA mem-
brane, b CNC-25f composite 
membrane, c CNC-250f com-
posite membrane, d Statistical 
roughness measurements of 
RMS for 5 individual measure-
ments of each sample, e Zeta 
potential of CNC-25f and CNC-
250f, f the permeation flux 
(F) of composite membrane 
of neat MCA, CNC-250f@0.35, 
CNC-250f@1.06, CNC-250f@ 
3.53 and CNC-250f@10.6, 
respectively
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