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Effect of Cellulose Nanocrystals on the Properties of Cement Paste
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The effect of the addition of cellulose nanocrystals (CNCs) on the properties of cement pastes is studied herein. The compressive
strength of CNC/cement paste was investigated under the curing conditions defined in this study. Two-dimensional micrographs
and pore size distributions were obtained by scanning electron microscopy, X-ray computed tomography (XCT), and nitrogen
adsorption. The addition of CNCs was found to significantly enhance the mechanical properties of cement pastes with a rapid
decrease in temperature and humidity. XCT and nitrogen adsorption analyses show that the addition of CNCs leads to a
refinement of the pore structure in the cement matrix. Almost no hydration products, including C-S-H, are formed in the
cement matrix without CNCs under extreme conditions. This is in contrast with the results for the cement paste with 0.5% CNCs.

1. Introduction

In recent decades, research on nanocrystals including organic
and inorganic materials has become a promising topic.
Owing to their excellent properties, nanocrystals have been
applied in medicine, catalysis, biology, and composites. How-
ever, most nanocrystals have been prepared by chemical syn-
thesis, such as SiC nanocrystals, ZnO nanocrystals, GaAs
nanocrystals, and poly (butylene carbonate). Although the
size and shape of synthetic nanocrystals can be controlled
when compared to CNCs, the preparation of nanocrystals
will lead to the destruction of resources and result in environ-
mental pollution [1–9]. However, CNCs are manufactured
from natural sources such as trees and plants. Thus, CNCs
have developed rapidly in recent years as nanofibers that
are environmentally friendly and renewable. Furthermore,
they have many extraordinary properties when compared
to other nanofibers, such as an ultrafine diameter, low den-
sity, and low cost. They also show good water dispersibility
without the need of any modification or the addition of any
surfactant [10, 11].

Cellulose nanocrystals (CNCs) have become a potential
nanofiber material that can improve the properties of cement

paste. Previous research has shown that the addition of CNCs
can prevent microcracking and improve the mechanical prop-
erties of cement paste [12–16]. An addition of only 0.2% vol-
ume of CNCs can increase the flexural strength of cement by
approximately 30% [15]. After ultrasonication, this can reach
up to 50% [16]. Furthermore, the degree of hydration
(DOH) of cement pastes can be improved by employing
CNCs. Short-circuit diffusion mechanism is more dominant
than steric stabilization; this explains the increase in DOH
caused by CNCs [15]. Cao et al. [16] found that when a simu-
lated pore solution of cement paste replaces deionized water,
CNCs will be more probable to agglomeration at a lower con-
centration. This shows that the dispersion of CNCs plays a key
role in improving the flexural strength of the cement paste,
particularly at a high concentration of CNCs.

This study investigated the tremendous influence of
CNCs on cement pastes under the curing conditions defined,
which is detrimental to cement hydration.

2. Materials and Methods

2.1. Materials. Ordinary Portland cement is used in this
study. Table 1 lists the chemical composition and physical
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properties of this type of cement. The CNC materials are
manufactured by the laboratory of Nanjing Forestry Univer-
sity. The CNCs are extracted from cotton cellulose fibers.
Firstly, the microcrystalline cellulose of cotton is hydrolyzed
with 64wt.% H2SO4, after which the solution is diluted with
distilled water and the suspension is centrifuged. After
repeating the dilution and centrifugation, the precipitates
collected are further dialyzed with distilled water from a dial-
ysis tube (Biosharp; molecular mass cutoff=14400, USA)
until its pH becomes 7.0. Subsequently, the CNC suspension
is ultrasonically dispersed for 30min. Therefore, the CNC
material is a suspension at a concentration of 1.1wt.%. The
width and length of CNCs are 4–9nm and 100–400nm,
respectively.

2.2. Mixing and Specimen Preparation. Table 2 shows the
proportion of cement paste mixtures. The cement pastes
are created in a rotary mixer. Cement is added first, after
which water and the CNC solution are introduced and the
pastes are mixed. The pastes are then poured into 30 × 30 ×
30 mm molds. All samples are demolded after 24 h and then
cured at 20 ± 2°C and a relative humidity ðRHÞ ≥ 95% for 7 d.
Subsequently, these samples were moved to a curing room
and treated at 4 ± 2°C and RH of 55 ± 5% for 21d.

2.3. Testing. The micromorphology of CNCs in water was
observed by transmission electron microscopy (TEM)
(JEM-1400, Japan). The compressive strength of cement
pastes was measured at defined ages. To study the 2D micro-
structure and pore size distribution of cement pastes, the
samples were crushed into pieces and soaked in ethanol for
48 h to stop the hydration of cement. The samples were then
dried in an oven at 45 ± 5°C for 48 h, and the dried samples
were stored in a dryer. Scanning electron microscopy
(SEM) was used to characterize the 2D microstructure of
the samples. The samples, after curing for a defined number
of days, were cut into 1:5 ± 0:5 cm thick slices; central cylin-
ders with a diameter of 1 cm were obtained using a water saw.
Then, three-dimensional (3D) images were obtained, and the
defect distributions of cement pastes without any prior dam-
aging preparation were tested via X-ray computed tomogra-
phy (XCT; Xradia 510 Versa, Zeiss, Germany). The voltage
and current of the X-ray tubes were 80 kV and 87 μA, respec-

tively. The pore size distributions of the cement paste were
determined by nitrogen adsorption via the Barrett–Joyner–
Halenda (BJH) analysis.

3. Results and Discussion

3.1. Micromorphology of CNCs. Figure 1 shows the micro-
morphology of CNCs in water. It is observed that CNCs are
dispersed well in deionized water.

3.2. Mechanical Properties. Figure 2 shows the compressive
strength of the cement pastes. The compressive strength of
cement pastes without CNCs cannot be obtained because of
the cracking destruction of specimens. Firstly, cement pastes

Table 1: Chemical composition and physical properties of cement.

Chemical composition (wt.%)
Special surface area, Blaine (m2·kg–1) Compressive strength (MPa)

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Ignition loss

63.6 21.2 3.2 3.0 1.0 2.5 2.3 385 52.1

wt.% represents mass fraction.

Table 2: Mixture proportions.

No. Cement/g CNCs/g Water/g

C1 100 0 50

C2 100 0.2 50

C3 100 0.5 50

C4 100 0.2 40

1 𝜇m

Figure 1: Micromorphology of CNCs.
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Figure 2: Effect of CNCs on compressive strength of cement pastes.
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without aggregates have higher shrinkage and the higher
water-cement ratio increases the shrinkage and brittleness
of cement pastes. Secondly, the rapid decrease in temperature
and humidity causes higher temperature and dry shrinkage
deformation and worsens the hydration process of cement.
Most surprisingly, it was found that a mere 0.5% CNCs addi-
tion could improve the mechanical properties of cement
pastes significantly under the detrimental curing system. It
was seen that CNC addition has excellent effect in preventing
cement pastes from cracking. This notable result indicates
that CNCs have exciting application prospects in concrete
construction under lower temperatures, but not freezing
environments.

3.3. Micrographs. In order to avoid the interference caused by
the selected areas, several photos were taken with different

magnifications in different zones of the cement pastes. The
effect of CNC addition on the microstructure of cement
pastes is very evident. Figures 3(a) and 3(b) show the SEM
images of cement pastes without CNCs; Figures 3(c) and
3(d) show the SEM images of cement pastes with 0.2% CNCs;
and Figures 3(e) and 3(f) show the SEM images of cement
pastes with 0.5% CNCs. It is observed that the cement paste
without CNCs has many gas holes and loosing structures.
The microstructure of cement pastes is enhanced when
CNCs are introduced into the samples. Figures 3(e)–3(f)
show that 0.5% CNCs compact the cement paste and evi-
dently reduce pores and cracks.

3.4. XCT. Figures 4(a) and 4(b), Figures 5(a) and 5(b),
Figures 6(a) and 6(b), and Figures 7(a) and 7(b) show the
3D defect images of CNC/cement pastes with different

Holes
Cracks

(a) SEM images of sample C1 × 5000

Holes

(b) SEM images of sample C1 × 100000

Holes

Holes

(c) SEM images of sample C2 × 5000

Holes

(d) SEM images of sample C2 × 100000

(e) SEM images of sample C3 × 5000 (f) SEM images of sample C3 × 100000

Figure 3: SEM images of samples C1, C2 and C3.
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amounts of CNCs. Figure 8 shows the two-dimensional (2D)
images of the defect segmentation. It is evident that the shape
of sample C1 is irregular because it is so fragile that the cen-
tral cylinders cannot be obtained with a water saw. A box has
been cropped from the initial 3D images in order to avoid the
boundary layer interaction. It is observed that the defects in
sample C3 reduce; 0.5% CNC addition can improve the
mesoscopic structure significantly under a detrimental
environment.

In order to check the effect of CNCs on 3D defect distri-
bution of cement pastes, the defect counts of the same vol-
ume (309, 550, 999, and 395.70 μm3) were statistically
studied. Figures 9(a) and 9(b) show the effect of CNCs on
3D defect distribution of cement pastes. Figures 9(a) and

9(b) show that the count of the total 3D defects reduces when
CNCs are introduced into the cement pastes. When the
amount of CNCs is 0.5% of cement by weight, the 3D defect
count is the lowest between 1000 μm3 and 10000μm3; how-
ever, the 3D defect count greater than 10000μm3 is slightly
higher than that in sample C4. It is observed that CNCs play
an important role in decreasing 3D defects between
1000 μm3 and 10000μm3 of cement pastes.

3.5. Pore Size Analysis by Nitrogen Adsorption. Figure 10
shows the effect of the addition of CNCs on micropore and
mesopore distribution in cement pastes. It is seen that sample
C3 has the highest volume of pores between 0 and 250nm. In
comparison, Figure 10 shows that the count of 3D defects

(a) Initial image (b) Cropped image

Figure 4: 3D images of sample C1 with 0.0% CNCs.

(a) Initial image (b) Cropped image

Figure 5: 3D images of sample C2 with 0.2% CNCs.

(a) Initial image (b) Cropped image

Figure 6: 3D images of sample C3 with 0.5% CNCs.
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between 1000 and 10000μm3 (the pore size is approximately
10–20μm) in sample C3 is the lowest. Thus, the addition of
CNCs has a positive effect on the pore size distribution of
cement pastes; this addition also leads to a pore structure
refinement.

Furthermore, a very interesting discovery was made. In
order to avoid the possibility of this being an accidental find-
ing, repetitiveness of the nitrogen adsorption test was vali-
dated. It was found that 4–12 nm pores in sample C1, 3–
7nm pores in sample C2, and 3–8nm pores in sample C4
disappeared.

Numerous studies show that there is no obvious separa-
tion between the C–S–H interlayer space width, gel pore
width, and the sizes of interhydrate and capillary pores of
cement pastes [17–20]. However, Valori et al. [21] and

Muller et al. [22, 23] do define the interhydrate pore width
in cement matrix and the size of the C–S–H interlayer space
and gel pore size. The size of the pores that disappeared in
sample C1 is in good agreement with the C–S–H interlayer
space size, gel pore size, and interhydrate pore size obtained
in their research results. When the CNC content is increased
to 0.5% (sample C3), 3–10nm pores appear completely.
Figure 1 shows that the compressive strengths of samples
C1 and C3 are 0MPa and 21:6 ± 0:7 MPa, respectively.
Therefore, almost no hydration products including C-S-H
gel were formed in sample C1 under extreme conditions.
The absence of 3–7(8) nm pores in samples C2 and C4 shows
that almost no C-S-H gel is formed in those samples either. It
is possible that a rapid decrease in temperature and humidity
leads to a difficulty in the formation of CSH.

(a) Initial image (b) Cropped image

Figure 7: 3D images of sample C4 with 0.2% CNCs.

(a) Sample C1 (b) Sample C2

(c) Sample C3 (d) Sample C4

Figure 8: 2D images of the defect segmentation.
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4. Conclusions

The effect of the addition of CNCs on the properties of cement
composites has been studied in this work. Encouragingly, we
find that this addition can improve the properties of cement
pastes significantly under the curing conditions defined when
a rapid decrease in temperature and humidity occurs.

The pore distributions of cement pastes show that the
addition of CNCs improves the microstructure of cement
paste; the pore structure refinement in the cement matrix
has happened. The nitrogen adsorption results show that
almost no hydration products, including C-S-H gel, are
formed in cement pastes without any addition of CNCs
under extreme conditions. A rapid decrease in temperature
and humidity leads to a difficulty in the formation of CSH.

The addition of CNCs has an excellent effect in promot-
ing the hydration of cement and preventing cement pastes
from cracking under extreme conditions. CNCs have poten-
tial application prospects in concrete construction under
lower temperature but not in an environment that promotes
freezing.
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Figure 9: 3D defect distribution in cement pastes.
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