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Cellulose nanocrystals are promising materials for application in the 
biomedicine, pharmaceutical, and food industries. There are various 
methods for CNC synthesis, but acid hydrolysis is the most common one. The 
optimization of the acid hydrolysis process is still in progress. In the present 
study, different CNC suspensions were prepared to find out the more efficient 
acid ratio for CNC production. Whatman #1 filter paper was hydrolyzed via 
64 wt% sulfuric acid at an acid-to-paper ratio of 10:1 mL/g, 20:1 mL/g, 30:1 
mL/g, and 40:1 mL/g. The synthesized CNCs were characterized by DLS, ELS, 
and AFM. The suspensions with acid-cellulose ratio of 20:1 mL/g & 30:1 mL/g 
resulted in CNCs with more negative surface charge and uniform size. The 
CNCs showed chiral nematic phase and regular self-organization after layer-
by-layer deposition. It was found that the higher acid-to-paper ratio does not 
necessarily produce high-quality CNCs. The size and surface charge of CNCs 
are highly dependent on acid hydrolysis parameters that affect their behavior 
in nano-composites. Despite many published papers around CNC synthesis by 
acid hydrolysis, there are still some details that must be investigated more to 
prepare the most efficient and applicable CNCs.
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INTRODUCTION
Cellulose and its derivatives are widely used 

for developing and constructing smart organic/
inorganic hybrid materials (1). Cellulose 
nanocrystals (CNCs) are one of the fantastic 
derivatives of cellulose. They have outstanding 
properties, such as inherent renewability, 
biodegradability, flexibility, printability, low 
density, high elastic modulus, high porosity, 
dimensional stability, and optical transparency. 
CNC has been successfully conjugated with other 
nanomaterials, yielding new nanohybrid materials 
with different applications, including materials 

science, electronics, and medicine (2-5). Several 
nanomaterials can be utilized for the degradation 
of pollutants from aqueous environments (6-12). 
In this regard, the application of CNCs in the 
bioremediation field is promising, both in metal 
sorption from wastewater or as an alternative for 
water desalination (13). CNC colloidal suspension 
can also be used in various biotechnological and 
biomedical fields (14). Thus, researchers are still 
working on the efficient obtainment and smart 
application of CNCs (4).

The dimensions of CNCs vary in the literature. 
They are in the range of 5–50 nm in diameter and 
100–500 nm in length (15). The basic principle of 
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nanocrystalline cellulose synthesis is the isolation 
of the amorphous regions in the cellulose fiber 
structures (16). Acid hydrolysis is one of the most 
common methods of CNC production. During 
acid hydrolysis, the β-1,4 glycosidic bond is broken, 
which will shorten the polymer chains and decrease 
the physical dimensions (17). Nascimentoa et al. 
(18) showed that the acidic route is an efficient 
method for obtaining monodisperse cellulose 
nanowhiskers from industrial cotton wastes. 
Acid hydrolysis results in CNCs with a higher 
crystallinity index and better size dispersion (19).  

Sulfuric acid (H2SO4) is a suitable acid to 
generate stable, homogeneous, and re-dispersible 
CNCs due to the electrostatic repulsive interaction 
of negatively charged sulfate groups with hydroxyl 
groups of CNCs (16, 20). Lu & Hsieh (21) utilized 
sulfuric acid to remove amorphous cellulose and 
produce isolated cellulose nanocrystals with newly 
introduced sulfate groups on the nanocrystal 
surfaces. So the surface of CNCs is expected to be 
full of hydroxyl groups of cellulose and negatively 
charged sulfate half-ester groups after sulfuric acid 
hydrolysis (22). The strong acid sulfate half-ester 
groups diminish the negative zeta-potential and 
improve the colloidal stability of aqueous CNC 
suspension (15, 22). Indeed, sulfuric acid extracted 
CNCs are  material with comparable particle 
dimensions and properties (23).

The efficiency of hydrolysis reaction can be 
promoted by changing the hydrolysis conditions, 
including the acid type, acid concentration, acid/
cellulose ratio, temperature, as well as reaction time, 
and these factors influence the shapes, sizes, and 
properties of isolated CNCs (15, 16). Moreover, the 
uniform dispersion of CNCs in a polymer matrix is 
a big challenge, since aggregation or agglom eration 
often occurs (2). 

Surface charge density, crystallinity, and particle 
dimensions can affect CNC behavior. There are 
abundant hydroxyl groups on the surface of CNCs 
that can be used for functionalization (24). The self-
assembly and formation of chiral nematic phases in 
CNC suspensions are indicators of good particle 
behavior. The CNC properties must be evaluated 
through complete characterization (23). However, 
DLS and AFM are among the most important 
prerequisites. DLS (Dynamic Light Scattering) 
presents the hydrodynamic “apparent particle size” 
of cellulose nanocrystal suspensions. Zeta potential 
shows surface potential and colloidal stability (23). 
The determination of zeta potential is valuable for 

controlling the stability of a colloidal system (25). 
DLS technique is very helpful to better clarify the 
role of the colloidal interactions (26). The atomic 
force microscope (AFM) is also an important 
imaging tool to prove successful CNC synthesis. 
It can provide us CNC images with good contrast 
and relatively low cost. The shape and dimensions 
of CNCs are determined by AFM. The atomic force 
microscope measures interaction forces between 
the sample and a tip attached to a cantilever as the 
tip is raster scanned across the surface (27). Thus, 
DLS and AFM together can provide primary useful 
information about the size and shape of CNCs.

The shape and size of the CNCs are dependent 
on the source material as well as the synthesis 
conditions (28). There are numerous descriptions 
of the acid hydrolysis process for CNC synthesis 
in the literature. Some studies utilized an acid-to-
cellulosic material ratio of 10:1 mL/g and the others 
utilized 20:1 mL/g. For example, Lu et al. (21) & 
Feng et al. (29) hydrolyzed filter paper at the acid-
to-paper ratio of 10:1 mL/g by 64 wt% sulfuric acid. 
Hamad (30) suggested an acid-to-pulp ratio of 6 
- 8.75:1 mL/g by 64 wt% sulfuric acid to produce 
CNCs. Santana et al. (31) hydrolyzed cotton linter 
by 65 wt% sulfuric acid at an acid-to-cotton ratio 
of 20:1 mL/g. Mascheroni et al. (32) utilized an 
acid-to-fiber ratio of 17.5:1 mL/ g for hydrolyzing 
cotton linters by 64 wt% sulfuric acid. Gray et al. 
(33) also hydrolyzed Whatman cotton powder with 
64 wt% sulfuric acid at an acid/cellulose ratio of 
17.5:1 mL/g.

Despite the numerous published papers around 
CNCs, there are still points that need to be explored 
further. The effect of the acid-to-cellulose ratio has 
not been completely investigated in the literature. 
Moreover, it is well-known that changes to cellulose 
source and hydrolysis conditions can drastically 
impact CNC properties and behavior (23). So, 
this study was done based on the question “What 
is the more efficient acid-to-paper ratio for CNC 
extraction, especially from filter paper?”. Then, 
different CNC suspensions were prepared and 
characterized to evaluate the size, surface charge, 
and shape of the produced CNCs via DLS, ELS, and 
AFM, respectively. 

MATERIALS & METHODS:
Materials:

Whatman #1 filter paper (Qualitative, 7cm, 
England), Whatman #541 hardened ashless filter 
paper (9 cm, pore size 22 μm, England), Sulfuric 
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acid (H2SO4 95-97%, Merck, Germany), Dialysis 
tubing membrane (43 mm, MWCO 12-14 kDa, 
Sigma-Aldrich, Germany), Acetone (CH3COCH3 
99.5% purity, Asiapajohesh Co, Iran), Ethyl 
Alcohol (C2H5OH 96% v/v, Nasr Alcohol Co, 
Iran), Hydrogen peroxide (H2O2 3%, Kimiagartoos 
Co, Iran), Double distilled water (ddH2O, Nabet 
Co, Iran), Microscope cover glass (18×18 mm, 
0.13-0.17 mm thickness, Sail Brand, China). (All 
chemicals were used without further purification)

CNC synthesis:
The process of CNC synthesis was designed 

based on previous studies (16, 20, 21, 29, 34-40). 
The Whatman #1 filter paper (2.5 gr) was ground, 
and hydrolyzed by sulfuric acid (64 wt%) at 45 
°C for 60 min by gentle mechanical stirring. Four 
samples were prepared at an acid-to-paper ratio of 
10:1 mL/g, 20:1 mL/g, 30:1 mL/g, and 40:1 mL/g 
and named CNC-I, CNC-II, CNC-III, and CNC-
IV, respectively (2.5 gr filter paper for each sample). 
The hydrolysis reaction was quenched with 10-fold 
chilled ddH2O (3 °C). The solutions were allowed to 
settle for 3 days. After that, the clear supernatants 
were decanted and the resultant white slurries were 

centrifuged at 4100 rpm for 30 minutes. The clear 
supernatants were discarded again and the thick 
white pellet redispersed in ddH2O by mechanical 
agitation. The resulting CNCs were dialyzed 
against ddH2O until the pH of dialysate remained 
constant and conductivity remained below 5 µS/
cm. Then CNC suspensions were undergone 
probe sonication for 10 min at 60% amplitude 
with a 9.5 mm diameter tip, continuously. After 
that CNC suspensions were filtered via Whatman 
#541 ashless filter paper. Finally, they were stored 
at + 4 °C for later characterization. The appearance 
and concentration of final suspensions can be seen 
in Fig. 1. All photographs were taken by a digital 
camera.  

Characterization:
Dynamic Light Scattering (DLS):

The particle size distribution and zeta-
potentials were determined by dynamic light 
scattering (DLS) and electrophoretic light 
scattering (ELS), respectively. Particle Size 
and Zeta Potential Analyzer (Brookhaven 
Instruments, NanoBrook, 90Plus Zeta Particle 
Size Analyzer, USA), was utilized at a detection 

 

Fig. 1. The final synthesized CNC slurries with corresponding acid-to-paper ratio and concentration.
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angle of  90° for size measurement, 15° for zeta-
potential determination, and wavelength of  640 
nm. A 35-mW red diode laser was utilized as 
the light source. The NanoBrook 90Plus has 
a sizing range of > 1 nm to 6 µm diameter in a 
concentration range of 2 ppm to 50 mg/mL for 
DLS and a size range of 1 nm to 100 µm in a 
concentration range of 40% v/v, for ELS. Mobility 
values are converted to zeta-potentials using the 
Smoluchowski equation. All four suspensions 
were probe-sonicated for 10 min at 60% amplitude 
with a 9.5 mm diameter tip (Ivymen, CY-500, 
Homogeneizador, Spain) continuously, before 
DLS and ELS to obtain a homogeneous suspension 
before the measurement. Measurements were 
performed in ambient conditions. Around 2 ml 
of sample was placed in a cuvette and placed in 
the instrument for DLS analysis. The apparatus 
performed measurements of samples in triplicate 
for DLS and 30 times for ELS and measurements 
were averaged together. The suspensions were 
analyzed with two different concentrations for 
a better conclusion. First, the original primary 
suspensions with corresponding concentrations 
(Fig. 1) were analyzed by DLS and ELS, and then 
the diluted suspensions (0.025 wt%) were analyzed 
according to previous studies (23, 41).   

Atomic Force Microscopy (AFM):
Atomic Force Microscopy (AFM) was carried 

out by using a Nanosurf Easyscan C3000 (Firmware 
version 3.5.0.29, Software version 3.5.0.29, 
Switzerland). AFM tip radius was 10 nm. Four 
images were obtained at a resolution of 256×256 
pixels from each sample. The vibration frequency 
was 139.386 kHz. The vibration amplitude, 
excitation amplitude, cantilever type, head type, 
and setpoint were 250 mV, 666 mV, Tap190AI-G, 
FlexAFM, and 50%, respectively. Imaging was 
performed with non-contact and phase contrast 
mode at room temperature in the air. Scans of 
10×10 μm2 and 5×5 μm2 were performed to 
analyze the shape of CNCs. CNC suspensions 
were adjusted to 0.001 wt%, sonicated for 10 min 
at 60% amplitude (continuous, 9.5 mm diameter 
tip), then dropped (0.3 ml) onto a microscope 
cover glass and allowed to dry in the air for 4 
hours. Moreover, 3 drops (0.3 mL/drop) of original 
primary suspensions without further dilution were 
deposited on microscope cover glass with layer 
by layer technique. The first drop was deposited 
on the substrate and after drying the second drop 

was deposited and allowed to dry. At last, the third 
drop was deposited with the same procedure. This 
process was done to make a comparison regarding 
morphology between concentrated and diluted 
CNCs. The CNC films were placed in a polystyrene 
Petri dish before the AFM test, as there was a gap 
between film preparation and AFM analysis. The 
main goal of AFM characterization was only to 
prove the production of CNCs by their rod-shaped 
or needle shape.

RESULTS & DISCUSSIONS:
CNCs were extracted from Whatman #1 

filter paper (cotton cellulose) by sulfuric acid 
hydrolysis. The acid cleaves the glucosidic linkages 
in the amorphous region of cellulose and leaves 
the CNCs. Fig. 1 shows the final CNC suspensions. 
Here, produced CNCs were characterized by DLS, 
ELS, and AFM. The dynamic light scattering was 
used to determine the size distribution of CNCs. 
This method measures the translational diffusion 
of the particles in the suspension (42). AFM 
can also be utilized for the size measurement of 
CNCs, but it was done only to prove the presence 
of cellulose nanocrystals and show their shape as 
needle-like or rod-like. In fact, the size analysis via 
AFM is so time-consuming (43). It needs at least 
100 individual CNCs in AFM images to report a 
reliable estimation of CNC dimensions. DLS can 
provide rapid evaluation of particle size (43). The 
colloidal stability of produced CNCs was assessed 
by ELS and zeta potentials. 

DLS-ELS: Original CNC suspensions
The average hydrodynamic diameters of 

CNCs are summarized by details in Table 1. The 
CNCs’ diameters by intensity are consistent with 
previous studies (31, 32, 41, 44, 45). The apparent 
diameter of CNC-II and CNC-III are lower than 
CNC-I and CNC-IV. The CNC-III suspension had 
the smallest particles (Table 1). The diameters of 
particles in CNC-I and IV suspensions were 484.56 
± 66.10 nm and 465.82 ± 149.64 nm, respectively. 
Vanderfleet et al. (41) did not consider CNCs with 
large particle sizes around 351 ± 6 as true CNCs, 
partly because of the large size and partly because 
of the brown color observed after hydrolysis. It 
seems that harsh acid hydrolysis conditions beyond 
a certain point can damage the crystalline region. 
The brown color of the hydrolysis mixture might 
be due to the furfural and 5-hydroxymethyl-2-
furfural (HMF), which are degradation products 
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from the hydrolysis of CNCs (41). So, the yellow 
to brown color of the CNC-IV mixture during 
hydrolysis can be due to the huge amount of 
acid (Fig. 2). However, the color of the CNC-I 
hydrolysis mixture was brown, despite the lower 
acid volume. Moreover, the apparent diameter of 
CNC-I was larger than CNC-IV (Table 1). The 
mechanical stirring rate of the hydrolysis mixture 
was not constant in this research, as stirring was 
done manually with a glass rod. Despite our effort 
to preserve the other hydrolysis conditions (acid 
concentration, time, temperature) constant for all 
four samples, it would be possible that the stirring 
rate of the CNC-I mixture was more vigorous than 
three other samples leading to the brown color of 
CNC- I mixture. 

There was a reasonable decrease in particle size 
as the acid-to-paper ratio was increased, and it can 
be seen that CNC-III has the smallest particle size. 
But the size of CNCs increased again by changing 
the acid-to-paper ratio from 30:1 mL/g to 40:1 
mL/g (Table 1). Although the average intensity-
based diameters obtained for CNC-I and CNC-
IV are large numbers, the diameters by number 
and volume are smaller for CNC-I. Moreover, 
the diameter by number is smaller for CNC-IV, 
too. So, it is almost evident that the intensity-
based diameters were overestimated mostly due 
to agglomeration that can’t be distinguished by 
DLS. The DLS analysis will overestimate particle 

dimensions because it cannot differentiate between 
aggregates and single particles (17).

The intensity-based results of DLS can be 
affected by larger clusters (46). Because large 
agglomerates might dominate the obtained signal 
and mask the presence of smaller CNCs (13). Thus, 
size distribution by number and corresponding 
mean values were presented in Fig. 3 and Table 
1, respectively. Size graphs by number are narrow 
with only one peak (Fig. 3). They help to understand 
better the CNCs’ size and subpopulations. 
Therefore, it would be possible to make a reasonable 
comparison between suspensions. Fig. 3 shows 
that CNC-III had better homogeneity as three 
measurement peaks are rather overlapped which 
indicates more reliability (47). Three distribution 
graphs of CNC-III are sharper and narrower, too. 
On the other hand, multiple peaks can be seen in 
the graph of CNC-IV, partly due to agglomerations 
and partly due to its lowest concentration (Fig. 1). 
Because dilution of the sample affects the DLS size 
distribution graph based on Zhou et al.’s (48) study.  

The measured zeta-potentials (Table 1) are 
consistent with previous studies (13, 18, 20, 42, 
49), which show the presence of negatively charged 
CNCs in the final aqueous suspensions. The Zeta 
potential (ζ) is derived from the measurement of 
the particle mobility distribution when applied to 
an electric field (electrophoretic mobility) and is 
used to examine the stability of the nanocellulose 
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Fig. 2. The appearance of hydrolysis mixtures.
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suspension in water (23, 42). The magnitude of 
the zeta-potentials in the present study shows 
the stability of the CNC suspensions due to the 
electrostatic repulsion between the sulfate groups 
on the surface of CNC rods (45). Although, nano-
particle dispersions with zeta potential value of 
± 20–30 mV are classified as moderately stable 
dispersions (50). The CNC aqueous suspensions 
were homogenous and there was not any observable 
precipitation (Fig. 1). This is mainly due to the 

electrostatic interactions of CNCs in colloidal 
dispersion (51).

The CNC-III had the highest absolute zeta-
potential value (32.24), which means the more 
negative surface charge (Table 1). So, it can 
be considered electrostatically stable due to 
the absolute value of zeta potential higher than 
25mV (42). In fact, sulfate groups on the surface 
of CNCs induce electrostatic repulsive forces 
between nanocrystals, making the CNCs colloidal 

 

Fig. 3. The size distribution of original CNC suspensions obtained from DLS. (Red: first run, Green: second run, Blue: third run)
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suspension more stable over an extended time 
(52, 53).

It seems that, as the acid-to-paper ratio 
increased, there was a kind of logical increase in 
the absolute value of zeta-potential from CNC-I 
to CNC-III, regardless of CNC-IV (Table1). This 
result shows that a higher acid-to-paper ratio can 
induce more hydroxyl groups on the surface of 
CNC, resulting in more sulfate ester groups (54). 
The increased sulfate ester groups have a remarkable 
negative zeta-potential (51, 55). However, at a 
critical point, the zeta-potential absolute value 
decreased again (CNC-IV) (Table 1).

The final pH of CNC aqueous suspensions is 
consistent with previous studies (23, 56) (Table1). 
As the pH increased, the zeta-potential value 
decreased and became more negative in agreement 
with previous works (13) (Table 1). In other words, 
at higher pH, the absolute value of zeta potential 
increased which means that the electrical potential 
at the surface of the charged particle also increased; 
so the electrostatic repulsion forces between the 
charged particles become higher than the Van der 
Waals attractive forces, and the colloidal system 
will become stable (25). It is also worth mentioning 
that cellulose nanocrystals carry carboxylic acid 
groups, which undergo deprotonation at higher 
pH leading to negatively charged surfaces. As a 
result, the zeta-potential decreases with increasing 
pH (Table 1) (57) and becomes more negative, or 
in other words the absolute value of zeta-potential 
increases. Furthermore, cellulose nanocrystals, 
with their greater number of deprotonated carboxyl 
groups can improve the dispersive property in 
nanocomposites (57). The basis of the zeta-potential 
measurement is the Einstein−Smoluchowski 
electrical mobility equation. Accordingly, the 
results obtained are not absolute values, indeed 
DLS cannot accurately estimate the particles in the 
suspension, but the qualitative numeric results can 
be obtained quickly and can be used to compare 
samples qualitatively (49, 58). Zeta potential 
(estimated as surface charge) can be calculated by 
tracking the moving rate of negatively or positively 
spherical charged particles across an electric field 
(19). It is important to note that when calculating 
the zeta potential using the Smoluchowski or 
Hückel equation that assumptions are made about 
particle shape and behavior in an electric field. It 
would be more accurate to report electrophoretic 
mobility, yet zeta potential is usually presented in 
the literature (23). The electrophoretic mobility 

of CNC-I to CNC-IV was - 1.61, - 2.23, - 2.52, 
-1.88 (µ/s) (V/cm), respectively, which proves 
the higher mobility of CNC-II and CNC-III. It 
must be mentioned that electrophoretic mobility, 
and ultimately zeta potential, is influenced not 
only by sulfate ester content but particle shape 
and surface morphology (23). Although, sulfate 
half ester content is an important factor in CNC 
behavior and determines the colloidal stability of 
the particles (23). 

The concentration of CNC aqueous suspension 
can affect the measured zeta-potential (26), too. 
So, the higher zeta-potential of CNC-II and 
CNC-III can be partly attributed to their higher 
concentration in comparison with CNC-I & IV 
(Fig. 1, Table 1). 

Kandhola et al. (28) considered polydispersity 
index between 0.3 and 0.5 as a moderately 
homogeneous particle size distribution. The 
polydispersity index of more than 0.7 means that 
the suspension contains large particle agglomerates 
(13). The mean value of the polydispersity index 
was about 0.2-0.3 for all four suspensions (Table 
1). It shows that the suspensions had rather good 
stability and consisted of uniform size distribution. 
Thus, the mean particle size achieved by DLS is 
reliable. However, the presence of agglomerates 
couldn’t be ruled out completely just by the 
polydispersity index. Because there were several 
peaks in the size graphs based on intensity (Fig. S1). 
These peaks can be due to the rapid aggregation 
of nanocellulose suspended in water (19, 59), 
different size nano-particles, or a single particle 
rotating around different dimensions (45, 60, 
61).  The polydispersity index will be diminished 
with sonication energy (62). It is also likely that 
sonication energy or duration was not sufficient to 
break agglomerations. It is supposed that sonication 
at 60% amplitude for 10 minutes, can make only a 
moderately homogenous suspension of CNCs. 

The surface charge density of CNCs originates 
from sulfate ester groups during sulfuric acid 
hydrolysis. It was also suggested that sulfur content 
may not be a good criterion of hydrolysis severity. 
The degree of sulfation and surface charge density 
can be determined with different methods, such 
as elemental analysis, zeta-potential (mV), and 
conductometric titration, which make it hard to 
make direct comparisons of data among studies. The 
degree of sulfation of CNCs is strongly dependent 
on hydrolysis circumstances, such as hydrolysis 
duration, acid concentration, acid-to-pulp ratio, 
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and temperature (28). It seems that a higher acid-
to-paper ratio could increase the degree of sulfation 
as CNC-III suspension had a higher zeta-potential. 
However, CNC-IV had a lower degree of sulfation 
based on zeta potential which shows the effect of 
acid-to-paper ratio is not permanent (Table 1). On 
the other hand, Kandhola et al. (28) did not observe 
a strong correlation between acid concentration, 
hydrolysis duration, and CNC sulfur content.   

The increased particle size observed in CNC-I 
and CNC-IV is likely due to particle agglomerations, 
because the number-diameters and volume-
diameters are somewhat lower than intensity-based 
diameters (Table 1). The concentrated acid (64 wt% 
H2SO4) was used during hydrolysis destroyed the 
majority of cellulose hydrogen bonding harshly, so 
the acid hydrolysis reaction was homogeneous and 
complete, which lead to a narrower nanocellulose 
size distribution (19) in CNC-III (Fig. 3) but not 
necessarily the higher surface charge, as CNC-
IV has lower zeta-potential in comparison to 
CNC-III (Table 1). This result can prove that the 
concentration of acid is more effective than the 
volume of acid during hydrolysis reaction. 

CNC-III had the highest zeta-potential and 
smallest size particles (Table 1). CNC-I & CNC-IV 
had apparent larger particles and weaker surface 
charge in comparison with CNC-II and CNC-III, 
which might be originated from nanocellulose 
inherent hydroxyl groups (19) (Table 1). CNC-I 
and CNC-IV had a relatively poor size dispersion 
based on size distribution graphs. Lower surface 
charge makes the suspension susceptible for 
aggregation and induces agglomerate of insoluble 
nanocellulose particles, resulting in wide-size 
dispersion (19) (Fig. 3, Table 1).

Longer hydrolysis duration and higher acid-
to-pulp ratio have been shown to synthesize CNCs 
with shorter dimensions and narrower particle 
length distributions (63, 64). This claim can be 
rather true but not definite because CNC-III had 
shorter particles and a narrower distribution graph 
(Fig. 3) in comparison with CNC-II. However, 

CNC-IV had wider particle size distributions in 
comparison with the other suspensions (Fig. 3).

DLS-ELS: Diluted CNC suspensions (0.025 wt%)
The average intensity-diameters of CNC-II 

& III were lower than CNC-I & IV (Table 2). On 
the other hand, CNC-I had the largest diameter 
based on intensity (3878.19 ± 506.40 nm). This 
value can’t be reliable mostly due to aggregation. 
The intensity-based graphs show several peaks 
for all four suspensions that mean the presence 
of agglomeration and clusters (Fig. S2). So, it was 
preferred to compare suspensions based on number 
distribution graphs (Fig. 4). Although the number-
based graphs of CNC-I are superposed (Fig. 4), 
it can’t rule out the presence of clusters (Fig. S2). 
Moreover, the polydispersity index of CNC-I was 
larger than three other samples that can show the 
presence of aggregations (Table 2). The number-
based distribution patterns of diluted CNC-IV 
had also roughly two peaks for small size and large 
size particles (Fig. 4) that indicate the presence of 
clusters.

The zeta potentials obtained from diluted 
suspensions were in agreement with previous 
works (18, 65). It was mentioned before that 
dilution can affect DLS results and make them 
inaccurate. For all four suspensions, the obtained 
diameters are larger than the original suspensions 
(Table 1 & 2). This can be due to the fast aggregation 
of nanocellulose in water suspension (19). The 
presence of small aggregates has a rather large 
effect on DLS, too (27). It is reported that a strong 
surface charge prevents the nanocellulose particles 
from agglomeration (19). So, it seems that the zeta-
potential in the range of 20-30 mV is not sufficient 
to prevent agglomerations in CNC suspensions, as 
the zeta-potential of CNC-I was - 24.58 mV, but the 
CNC diameter was overestimated mostly due to 
aggregations (Table 2).

On the other hand, the Brownian motion of 
negatively charged CNC particles is expected to be 
slowed down due to the presence of counterions in 

− 
− 
− 
− 
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the double layer, that called electroviscous effects 
(66, 67). This, as a result, decreases the translational 
diffusion coefficient and apparent particle size 
appears bigger than the real size (45). So it is 
assumed that the higher negative charge of diluted 
samples (especially CNC-I, III & IV) intensified the 
counterions in the double layer, so the translational 
diffusion decreased. As a result, the diameters 
of CNCs in diluted samples became larger than 

the original suspensions (Table 1 &2). Reid et al. 
(23) also reported that DLS measurements of less 
concentrated samples show multiple peaks and 
lead to inaccurate data due to the low scattering 
count, in contrast at higher concentrations, 
particle agglomeration will increase which causes 
larger apparent particle sizes. This claim can’t be 
definite, either. Since the mean diameter of CNCs 
in the original suspensions was lower than diluted 

 

 

Fig. 4. The size distribution of diluted CNC suspensions (0.025 wt%) obtained from DLS. (Red: first run, Green: second run, Blue: 
third run)
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samples in the present study (Table 1 & 2).  
The CNC-II & CNC-III had higher absolute 

zeta-potentials in comparison with CNC-I and 
CNC-IV (Table 2) similar to previous results 
of original suspensions (Table 1). The CNC-III 
sample had the lowest diameters both in original 
and diluted suspensions (Table 1 & 2). It was also 
expected from the synthesis process that CNC-
III would be a high-quality suspension because 
it had the best homogenous dispersion during 
the dialysis stage and a very nice light blue color 
(Fig. 5). There was sedimentation in dialysis tubes 
of CNC-I, CNC-II, and CNC-IV, but there was 
not any observable aggregation or precipitation 
in the dialysis tube of CNC-III. The DLS results 
confirmed the first prediction about the quality of 
CNC-III suspension. 

Morphology of the CNCs by AFM:
A significant portion of particle behavior can 

be attributed to particle morphology (23). Figs. 
6-9 display representative 5 × 5 μm & 10 × 10 
μm AFM images of CNCs from each suspension. 
AFM images proved the presence of rod-shaped 
CNCs in all four suspensions. However, there were 
numerous aggregations in CNC-IV images that 
made it difficult to distinguish rod-shaped particles 
(Fig. 9A). The appearance of cellulose nanowhiskers 
was similar to previous studies (68, 69). Moreover, 
AFM images proved that the intensity-based 
diameters of CNC-I and CNC-IV obtained from 
DLS were not accurate and reliable. The length of 
two representative CNCs were shown in Fig. 10. 
It proves that DLS measurements of CNC-I and 

CNC-IV were absolutely overestimation. 
The AFM images of CNC-II and CNC-III 

show that CNCs preserved their rod shape even 
after layering deposition (Fig. 7 & 8, C). Moreover, 
the annular pattern and chiral nematic structure 
of CNCs can be seen in Fig. 7C. The CNC-III 
suspension adopted a uniaxillary aligned nematic 
phase (Fig. 8C) like previous studies (33). But 
CNC-I & IV didn’t have any special structure 
after layer by layer deposition (Figs. 6 & 9, C) and 
numerous agglomerations can be seen in Fig. 9C, 
too.  

To summarize, all four suspensions contained 
nano dimension and rod-shaped cellulose 
crystalline (CNC) in this research that was 
confirmed by DLS and AFM results. Zhao et al. 
(51) reported that a lower acid-to-pulp ratio and 
the hydrolysis temperature result in CNCs with 
higher aspect ratios, which leads to the chiral 
nematic structure of CNCs. They found that 
the acid-to-pulp ratio is more effective than the 
hydrolysis temperature on the chiral nematic liquid 
crystal behavior. In contrast, the more harsh acid 
hydrolysis can ruin the lattice planes of cellulose, 
consequently disrupting the formation of the 
chiral nematic structure of CNC (51). The results 
of the present research signify this idea, too. AFM 
images of CNC-II and CNC-III showed annular 
and regular arrangements of CNCs (Figs. 7C & 8C) 
somewhat like chiral nematic patterns. In contrast, 
there wasn’t any defined structure in AFM images 
of CNC-IV except some agglomerations (Fig. 9C) 
that can be due to higher acid-to-paper ratio and 
crystals cleavage. 

 

 

Fig. 5. A,B) The appearance of CNC-III suspension during dialysis, C) CNC-III suspension after evacuation from 
dialysis tube, D) CNC-III suspension after sonication and filtration.
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Fig. 6. AFM images of CNC-I suspension. A) Topography images of diluted CNCs (0.001 wt%) on silicon wafer with 
scan size of 10×10 µm and 5×5 µm, B) Correspondent amplitude images, C) Topography images of original suspension 
after layer by layer deposition

Fig. 7. AFM images of CNC-II suspension. A) Topography images of diluted CNCs (0.001 wt%) on glass substrate with 
scan size of 10×10 µm and 5×5 µm, B) Correspondent amplitude images, C) Topography images of original suspension 
after layer by layer deposition.
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Fig.  8. AFM images of CNC-III suspension. A) Topography images of diluted CNCs (0.001 wt%) on glass substrate with 
scan size of 10×10 µm and 5×5 µm, B) Correspondent amplitude images, C) Topography images of original suspension 
after layer by layer deposition (The black ellipsoids show artifacts, and yellow arrows show CNCs with needle shape)

 

Fig.  9. AFM images of CNC-IV suspension. A) Topography images of diluted CNCs (0.001 wt%) on glass substrate with 
scan size of 10×10 µm and 5×5 µm, B) Correspondent amplitude images, C) Topography images of original suspension 
after layer by layer deposition. (The yellow arrows show CNCs with rod shape)
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It is supposed that CNC-IV was over-
hydrolyzed. The aggregates of over-hydrolyzed, 
degraded, re-precipitated cellulose, and large 
clumps were also observed, especially during the 
dialysis stage of the CNC-IV sample. There are also 
numerous micrometer size agglomerations in the 
AFM images of CNC-IV (Figs. 9A, B). It seems 
that the higher acid-to-paper ratio leads to shorter 
CNCs, due to more acid molecules available 
per unit mass of cellulose, on the contrary over 
hydrolization breaks nanocrystals and makes them 
susceptible for rapid agglomeration, too. 

The AFM results of CNC-II and CNC-III 
prove that cellulose was uniformly dissolved 
with 64% sulfuric acid at 45 °C (Figs. 7C & 8C). 
The diameters and zeta potentials of CNC-II and 
CNC-III in diluted and original suspensions were 
consistent with each other, too. The intensity-based 
diameters of CNC-II and CNC-III had a minimum 
difference in original and diluted suspensions 
(Tables 1&2) which confirms the produced CNCs 
were homogenous at least in length.

It should be noted that CNCs are polar 
materials with surface charge and they will 
develop better interaction with a solvent that has 
a high solubility parameter through ion-dipole 
interactions (70, 71). The unsuitable solvents make 
CNCs undergo aggregation and cohesive particle-
particle interactions (72). In the case of this study, 
double-distilled water was utilized in every phase 
of research. The diameter of CNCs increased after 
dilution in all four samples (Table 1 & 2). So, it is 
supposed that larger dimensions of CNCs after 
dilution can be somehow due to the application 
of double-distilled water that made the CNCs 
prone to aggregation. In contrast, there was not 
any significant change in the zeta-potentials after 
dilution (Table 1 & 2). It seems better to utilize 
deionized water for dilution of CNC suspensions to 
get more accurate and reliable results.

On the other hand, it is reported that particle 
sizes measured by DLS are not absolute and 
accurate (23, 48). Because DLS monitors the 
scattering intensity from particles undergoing 
Brownian motion and determines particle size via 
the Stokes-Einstein relation. This relation considers 
the diffusion coefficient constant but it is variable 
for rod-shaped particles such as CNCs. Since the 
diffusion constants perpendicular and parallel 
to the particle axis vary (23). The translational 
diffusion coefficient depends mainly on the particle 
length. Although the hydrodynamic diameter is not 

equal to actual particle length, it strongly correlates 
with particle length. The hydrodynamic radius of 
rods is much shorter than the actual particle length 
and does not have any physical meaning other than 
ranking rod-like particles of comparable diameters 
(45). Although DLS determines particle size based 
on a spherical model, if the sample is not aggregated, 
the particle size would be at least the size of the 
length (13). Boluk & Danumah (45) proposed 
to determine the length of CNCs by DLS and 
diameter (w) of CNCs by TEM or AFM. However, 
w (diameter) of CNCs would be overestimated 
due to the AFM tip broadening effect, and poor 
contrast of the particle edge in TEM images. There 
could be a complex relationship between the state 
of aggregation and surface charge which might 
affect either measurement (27). 

Although both DLS and AFM can be utilized 
for CNC size measurements, there are a variety of 
limitations around the measurement of CNC by 
AFM. CNC aggregation is a big challenge during 
sample preparation for microscopy (Fig. 9A) 
and only single CNCs are measured. However, 
it is sometimes difficult to determine if a specific 
feature is due to one or several CNC particles. It 
is also difficult to completely standardize the AFM 
data analysis as different analysts may use slightly 
various criteria (27). It is necessary to prepare 
fractionated samples with low numbers of clusters 
to analyze CNCs more accurately via microscopy. 
On the other hand, the dispersion has a large 
effect in DLS measurements but not the AFM 
measurement, which is due to the presence of 
aggregates that are considered in the DLS results, 
but they are not analyzed by AFM (27). This is 
justified by the apparent large diameters of CNC-I 
and CNC-IV in the present research mostly due to 
aggregations that could not be distinguished from 
individual CNCs by DLS. The AFM results also 
proved that the real size of CNC-I and CNC-IV 
were much smaller (Fig. 10). In general, DLS results 
can be utilized for the comparison of relative sizes 
of cellulose nanocrystals (59). It provides statistical 
data to analyze the structures and dynamics of 
colloidal particles suspended or dispersed in a 
liquid (48). Besides, DLS is currently the fastest and 
cheapest method for CNC size characterization 
and would be beneficial for large-scale industrial 
applications (27). 

It is important to optimize CNC synthesis and 
characterization techniques. Since CNC behavior 
and features affect its applications as rheological 
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modifiers and reinforcing agents. The uniform 
dispersion of nanocellulose is important to improve 
the mechanical properties of nano-composite 
products (19). CNC behavior at an interface in 
nano-composites is not only dependent on surface 
charge density but also the aspect ratio of particles. 
Particles with higher aspect ratios, form gels and 
percolated networks at lower concentrations, so the 
amount of material needed for specific applications 
will be reduced. It has been shown that the higher 
charge density in environments with elevated 
ionic strengths has a significant effect on particles 
behavior at interfaces (23).

Beck-Candanedo et al. (73) reported that a 
higher acid-to-pulp ratio decreases nanocrystal 
dimensions to some extent at the reaction time 
of 45 min. At the shorter reaction time of 25 min, 
the effect of the acid-to-pulp ratio on critical 
concentration and rod dimensions may be more 
apparent (73). In the present study, as the acid-to-
paper ratio was increased, there was a decrease in 
the diameters of CNCs. This reduction of diameters 
was also significant from 20:1 mL/g to 30:1 mL/g. 
However, increasing the acid-to-paper ratio from 
30 mL/g to 40 mL/g didn’t have a well-defined 
influence on the particle size reduction, in contrast, 
made the suspension prone to agglomerations 
(Table 1&2, Fig. 9).

Feng et al. (29) reported that the hydrolysis 
mixture became a yellow slurry after 45 min 
vigorous stirring to produce CNCs, but it was 
concluded from the present research that there is 
not any necessity for obtaining yellow slurry to be 
sure about CNC production. As it is seen in Fig. 
2, CNC-II and CNC-III hydrolysis mixtures are 

not yellow at all. In contrast, they are white and 
somewhat creamy, respectively. The hydrolysis 
mixture doesn’t have to be slurry, either. It seems 
that a hydrolysis mixture in the form of cream or 
porridge is more suitable for CNC production. On 
the other hand, vigorous stirring is not appropriate 
for CNC synthesis as Yang (16) also utilized a low 
stirring rate for CNC production. 

Beck-Candanedo et al. (73) reported that 
larger volumes of the 64 wt % acid can hydrolyze 
a given amount of pulp faster and produce shorter 
rods for a given reaction time, but the effect is not 
considerable. They found that the acid-to-pulp 
ratio did not have a well-defined effect on the sulfur 
content of the wood cellulose suspensions. They 
observed shorter rods and the lower total surface 
charge by a higher acid-to-pulp ratio (73).

DLS results of CNC-I, CNC-II, and CNC-III in 
the present research showed that a higher acid-to-
paper ratio can lead to smaller size CNCs (Table 1 
& 2). This finding is almost consistent with Beck-
Candanedo’s (73) observations. However, the effect 
of a higher acid-to-paper ratio was not significant 
for CNC-IV. In fact, all three kinds of diameters 
(intensity, number, volume) obtained by DLS 
should be considered for an accurate conclusion 
about CNC size. In this regard, the higher acid-to-
paper ratio had tended to reduce particle size even 
in CNC-IV suspension (Table 1 & 2, Fig. 10), but 
this effect was not significant as Beck-Candanedo’s 
(73) claim. The acid-to-paper ratio did not have a 
well-defined effect on the polydispersity index in 
this research (Table 1 & 2), too. Moreover, a higher 
acid-to-paper ratio does not necessarily increase 
the surface charge of CNCs. As the acid-to-paper 

Fig. 10. The rod-shape and length of an individual CNC derived from AFM images (A: CNC-I, B: CNC-IV) 
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ratio was increased from 10:1 mL/g to 30:1 mL/g the 
surface charge also increased, but it decreased again 
after increasing the acid-to-paper ratio from 30:1 
mL/g to 40:1 mL/g (Table 1 & 2). This is consistent 
with Beck-Candanedo et al.’s (73) study. Brito et al. 
(74) also hydrolyzed Bamboo fibers with 65 wt% 
sulfuric acid at an acid/fiber ratio of 10:1 mL/g and 
15:1 mL/g at 60 °C for 12 minutes. As acid/fiber was 
increased, the zeta-potential changed from -59±2 
mV to -54±1 mV which shows the negative surface 
charge decreased. A similar result was obtained in 
this research, too. The negative surface charge of 
CNC-IV was lower than CNC-III in both original 
and diluted samples (Table 1&2).

In the end, it should be mentioned that no single 
characterization technique can determine particle 
behavior and properties precisely (23). Since 
aggregation of particles causes an overestimation of 
particle diameter using DLS, further analysis like 
AFM will be helpful to determine CNC diameter 
more accurately (17). However, DLS measures the 
whole suspension at once, while the sample set 
of particles used for size measurement in AFM is 
small and may not be representative of the bulk 
sample (27). Sonication may increase the number 
of larger individual particles available for AFM 
analysis because it disperses the agglomerates (62). 
So, AFM study of CNCs after sonication may result 
in higher size CNCs in comparison with DLS; 
this is exactly what was observed in Brinkmann 
et al.’s (62) study. They suggested that disrupting 
agglomerates by sonication changes the fraction of 
longer particles (62). DLS is good for inter batch 
comparisons particularly when the PDI of the 
sample is low, but DLS results cannot be directly 
correlated to the AFM results, because AFM 
enables the direct measurement of the particle 
length and height (27). Moreover, DLS provides an 
equivalent hydrodynamic diameter and intensity 
weighted distribution whereas microscopy gives 
a number weighted distribution. DLS provides 
insight into the dispersion of nanoparticles in 
suspension, while the size measurement of AFM is 
a physical size but a two-dimensional projection of 
a three-dimensional system (41, 62). So, it would be 
difficult to compare DLS and AFM results directly.

Despite the charged surfaces which lead to 
colloidal stable suspensions, CNCs have a high 
tendency to aggregate in suspension and when 
deposited on a substrate. This is an important 
limitation for microscopy since agglomerated 
particles must be excluded from the analysis. 

Sampling is a very challenging and time-consuming 
procedure for microscopic analysis of CNCs. 
The selection of individual CNCs for analysis is 
subjective, and the analyst decides which particles 
can be counted from microscopy results (62). On 
the other hand, the applicability of DLS for rod-
shaped nanomaterials and comparing intensity-
to-number-based distributions are the other 
challenges of CNC analysis. So both DLS and AFM 
techniques must be standardized for attaining the 
most reliable results about CNC dimensions.

CONCLUSIONS:
Cellulose nanocrystals (CNCs) were successfully 

extracted from Whatman #1 filter paper by acid 
hydrolysis. CNC suspensions were moderately 
stable electrostatically and showed rod-like shapes. 
The treatment of Whatman #1 filter paper with 64 
wt% sulfuric acid at an acid-to-paper ratio of 20:1 
mL/g & 30:1 mL/g at 45°C (60 min) is appropriate 
for CNC synthesis because CNCs had smaller size 
and more surface negative charge. Furthermore, the 
helical structures and regular orientation of CNCs 
were observed in AFM images. However, a higher 
acid-to-paper ratio does not necessarily produce 
smaller CNCs with higher zeta-potential, because 
the CNC-IV sample that was produced at an acid/
paper ratio of 40:1 mL/g had larger particles and 
lower zeta-potential. It is also found that white or 
creamy hydrolysis mixture results in homogenous 
CNCs with lower size, higher zeta-potential, and 
better self-organization. On the other hand, yellow 
or brown hydrolysis mixture decreases the quality 
of CNCs and it is a sign of damage to the crystals. 
The polydispersity index of CNC suspensions is 
better to be lower than 0.2 to get the most accurate 
and reliable dimension by DLS and make a 
reasonable comparison between CNC suspensions. 
The zeta-potential lower than -30 mV is suitable 
for CNC suspensions as a more negative surface 
charge enhances the stability of the suspension. The 
blue color of the final CNC aqueous suspension 
can be a kind of criteria for distinguishing high-
quality CNCs. Moreover, all three kinds of 
diameters via DLS (intensity-number-volume) 
should be considered for a better understanding 
of CNC subpopulations. It seems that a gentle and 
constant stirring rate is more appropriate for CNC 
production on a lab scale rather than vigorous 
stirring. It is also worth examining the stirring rate 
as an independent parameter for CNC synthesis 
in future studies. All beginners in the CNC field 
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may benefit from the procedures and results of this 
work. 

SUPPORTING INFORMATION:
Size distribution of original CNC suspensions 

by intensity (Fig. S1), the size distribution of diluted 
CNC suspensions (0.025 wt%) by intensity (Fig. S2)
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