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Carbon nanotubes (CNT) have excellent mechanical properties and have the potential, if combined with
Ordinary Portland Cement (OPC), traditionally a brittle material in tension, to become a nano-composite
with superlative mechanical properties. However, highly attractive van der Waals forces between CNTs
create coherent agglomerates that prove difficult to disperse within the cement matrix and reduce the
fluidity of the fresh mixture. Good dispersion of CNTs, while maintaining good workability of fresh
OPC–CNT paste mixtures, is a prequalification before CNT-cement nanocomposites can be considered
as a future building and construction material with enhanced mechanical properties. This paper reports
the results of investigations of the dispersion, workability, and strength of CNT aqueous and CNT–OPC
paste mixtures, with and without several generically different dispersants/surfactants that are compati-
ble as admixtures in the manufacture of concrete. These include an air entrainer, styrene butadiene rub-
ber, polycarboxylates, calcium naphthalene sulfonate, and lignosulfonate formulations. Aqueous
mixtures were initially assessed for dispersion of CNTs, followed by workability testing of selected
OPC–CNT-dispersant/surfactant paste mixtures. A broad range of workability responses were measured
and the CNT dispersion within hardened pastes was qualitatively assessed by SEM analysis.

Crown Copyright � 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotube (CNT) fibers have superlative mechanical
properties and have future promise when combined with Ordinary
Portland Cement (OPC) as a nanocomposite. The first evidence of
tubular shaped carbon nanotubes was observed under transmis-
sion electron microscope by Radushkevich and Lukyanovich [1]
and Monthioux and Kuznetsov [2]. CNTs are macromolecules of
carbon atoms in a periodic hexagonal arrangement with a cylindri-
cal shell shape and categorized as single-walled nanotubes
(SWNTs) and multi-walled nanotubes (MWNTs). The structure of
a SWNT can be conceptualized by wrapping a graphene sheet into
a seamless cylinder while MWNT consists of multiple graphene
sheets rolled in on themselves to form a tube shape. CNTs can have
diameters ranging from 1–100 nm and lengths up to millimetres.
However, because of high attractive van der Waals forces between
CNT particles [3], considerable surface area, and high length/diam-
eter ratio, with lengths of tens of microns and diameters from 2 to
100 nm [4], it can be difficult to ensure uniform dispersion of CNTs
within the OPC paste. Insufficient dispersion of CNTs is cited a key
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diminishing factor in performance of composites incorporating
CNTs [5,6]. Poor dispersion of CNTs leads to the formation of many
defect sites in the nanocomposite and limits the efficiency of the
CNTs in the matrix.

Many past studies have focused on dispersion of CNTs within
CNT–polymer composites, however there are few published stud-
ies on dispersion of CNTs within OPC pastes. Many of the surfac-
tants that can effectively disperse CNTs in polymer liquids are
incompatible with cement hydration; they can retard or prevent
hydration, entrap substantial air in the paste, or undergo reactions
with water-reducing admixtures, resulting in reagglomeration [7].

When mixed in water, OPC–CNT paste mixtures are highly vis-
cous and difficult to place, even when only 2% CNT (weight of ce-
ment) has been admixed within cement paste prepared with a
0.8 w/c ratio [8]. When embedded as fillers, CNTs with poor disper-
sion act as crack initiators, thereby impairing the elastic properties
of the resultant composite [9].

Kowald [10] incorporated 0.5% MWNTs (% cement weight) and
measured 12% increase in compressive strength, however the con-
sistency of the paste (i.e. the ability of freshly mixed cement paste
to flow) was substantially reduced and pressures up to 125 MPa
were applied for more than 45 min for adequate compaction.

Methods for dispersing CNTs have included mechanical ultra-
sonication to disperse CNTs [11], or changing the surface tension
of the wetting liquid [12], or functionalization of the CNT surface
ights reserved.
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Table 2
Summary of CNT properties.

Parameter MWCNT-1020 MWCNT-1030 MWCNT-60100

Purity >95% >95% >95%
Diameter 10–20 nm 10–30 nm 60–100 nm
Length 5–15 lm or

1–2 lm
5–15 lm or
1–2 lm

5–15 lm or
1–2 lm

Amorphous carbon <3% <3% <3%
Ash (catalyst residue) <0.2% <0.2% <0.2%
Special surface area 40–300 m2/g 40–300 m2/g 40–300 m2/g
Thermal conductivity �2000 W/m k �2000 W/m k �2000 W/m k
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[9,13,14] to change the surface energy of the nanotubes. However,
chemical functionalization of the CNT surface has the potential for
damage to the CNTs following this treatment [11,15]. Although
previous dispersion investigations have been undertaken on
OPC–CNT-surfactant paste mixtures [16–20], none link the simul-
taneous need for aqueous dispersion of both CNTs and OPC parti-
cles; a key factor when considering future applications that
involve future placement and fabrication of CNT–OPC mixtures.

This paper reports the results of preliminary investigations of
the dispersion and rheology of CNT–OPC paste mixtures, with
and without dispersants/surfactants. The work was conducted over
the following stages:

(i) Initial screening of aqueous solutions containing CNTs and
several generically different types of admixtures that were
designed to disperse OPC particles.

(ii) Based on the results of (i), a short-list of OPC–CNT-admix-
ture combinations were selected for consistency and com-
pressive strength testing.

(iii) Hardened samples from (ii) were fractured and the fracture
surface was assessed by SEM for distribution of CNTs within
the cement paste.

2. Materials and experimental program

2.1. Materials

Ordinary Portland Cement (OPC), conforming to the require-
ments of Australian Standard AS3972 as a Type GP cement, was
used as the binder material [21]. The chemical composition and
properties of the binder is summarized in Table 1. The multiwalled
CNTs (MWCNTs) used in the experiments were sourced from
Nanotech Port Corporation (Shenzhen, China). The physical proper-
ties of the MWCNTs used in the investigation are summarized in
Table 2, and are distinguished by diameters within the ranges of
10–20 nm (MWCNT-1020), 10–30 nm (MWCNT-1030), and 60–
100 nm (MWCNT-60100), with corresponding lengths of 5–
15 lm for each MWCNT type.

The chemical admixtures used in this investigation are disper-
sants and surfactants used for manufacture of Portland cement
concrete and conform to the requirements of Australian Standard
AS1478.1 Admixtures for Concrete [22]. The following types of dis-
persants/surfactants were chosen because of the known compati-
bility when utilized in cement pastes:

� Air Entraining Agent based on alkylbenzene sulfonic acid (AEA).
� Styrene butadiene rubber co-polymer latex (SBR).
Table 1
Chemical composition and properties of OPC.

Constituent/property (%) OPC

SiO2 19.90
Al2O3 4.70
Fe2O3 3.38
MgO 1.30
CaO 63.93
Na2O 0.17
TiO2 0.245
K2O 0.446
MnO 0.079
P2O5 0.063
SO3 2.54
LOI 2.97
Fineness, m2/kg 360
Specific gravity 3.15
� Aliphatic propylene glycol ether including ethoxylated alkyl
phenol (SR).
� Polycarboxylate (PC#1 and PC#2).
� Calcium naphthalene sulfonate (CNS).
� Naphthalene Sulphonic Acid Derivative (NSAD).
� Lignosulfonate (WDRA).

2.2. Sedimentation within aqueous solutions

All solutions were generated initially by magnetically stirring
50 ml of water with 0.05 gm of CNT in the presence of 0.5–1.5 ml
of chemical admixture (based on the Suppliers’ recommendations
for use in general concrete manufacture). The initial magnetic stir-
ring was in all cases only partially effective in dispersing the CNT.
The phials were sealed and immersed in a Branson ultrasonic bath
(Unisonic SXP12D 0.9 A, 40 V 2 by 150 W disk transducer unit) and
were ultrasonicated for 12 min. Samples were observed for the vi-
sual effectiveness of dispersion and transferred into 40 ml phials
for storage and longer-term study. Visual observations of sedimen-
tation were taken over 1–30 days and initial conclusions were
drawn as to the most effective additives based on solution stability.
Samples showing little initial sedimentation were chosen for sub-
sequent mini-slump testing of OPC–CNT-Admixture pastes.

2.3. Mini-slump and compressive strength testing

Paste mixtures were made to assess consistency arising from
the following variables:

(i) Variation of CNT diameter and length (MWCNT 60100,
MWCNT 1020, and MWCNT 1030).

(ii) Proportion of CNT (0%, 0.5%, 1%, and 2% weight of cement).
(iii) Water to cement ratio (0.4, 0.5, and 0.6).
(iv) Addition of admixtures (selected after aqueous sedimenta-

tion trials).
(v) Agitation by ultrasonic methods.

Mixing of the CNT–OPC-Admixture pastes was conducted with-
in a 10 l stainless steel mixing bowl. The total quantity of material
used for any given batch ranged from 0.5 to 1.0 kg. Mixing was
conducted by machine mixing at 98 rpm in a Kenwood KNM20
planetary mixer. The sequence of mixing consisted of: 2 min mix-
ing followed by 2 min cessation of mixing, followed by further
mixing for 2 min.

Consistency was assessed by the mini-slump test [23], of
dimensions: top diameter 19 mm, bottom diameter 38 mm, and
height 57 mm (Fig. 1). The mold was placed firmly on a flat and
horizontal plastic sheet and filled with paste and compacted with
a spatula. When the mold was full, the top surface was levelled,
and the excess paste removed. The mold was removed vertically,
ensuring minimal lateral disturbance, and to avoid sample distur-
bance the slumped sample was left to harden over 24 h. The
diameter of the hardened base was measured at five locations



Fig. 1. Set-up for mini-slump test [24].

Fig. 2. Selected samples, following sedimentation trials of CNT in aqueous
solutions.
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around the outline and the mean was used to calculate the area of
the base.

Paste cylinders, measuring 50 mm diameter by 100 mm length,
were tested for compressive strength at 28 days. Following mixing
of paste, the molds were filled and compacted on a vibrating table
for 30 s. The samples were then covered with polythene film to en-
sure minimal air circulation over the sample. Following elapse of
24 h, the samples were removed from the molds and each end of
the sample was machine linished to ensure smoothness and per-
pendicularity. Following linishing, the final length of the sample
was close to 100 mm, ensuring a length to diameter ratio of almost
2.0. Samples were fog room cured at 23 �C and 100% relative
humidity (RH) until testing for compressive strength. Compressive
strength testing was conducted in a Baldwin loading machine that
has an accuracy of ±1% for loads greater than 2 kN. Rubber caps,
consisting of 3 mm thick natural rubber with a nominal Shore A
Durometer hardness of 50, were placed at each end of the samples
prior to testing. A total of three cylinders were made for each data
set.

2.4. Scanning electron microscopy

Selected hardened paste samples from the mini-slump trials
were investigated under SEM to examine the dispersion of CNTs
within the matrix. All paste mixtures were composed with
water/cement ratio of 0.5, CNT type was MWCNT 1030, and all
mixtures contained 0.5% CNT (% weight of cement). The mixture
types were as follows:
(i) OPC + CNT
(ii) OPC + CNT + air entrainer

(iii) OPC + CNT + polycarboxylate2

At 28 days the hardened samples were broken to expose the
CNT’s crossing the fracture surface. The samples were sputter-
coated with 15 lm thick gold layer and were examined using an
Oxford Instruments JEOL JSM-840A scanning electron microscope.
The microscope was operated at 5–15 kV.
3. Results and discussion

3.1. Sedimentation in aqueous solutions

Although there are methods to quantify dispersion (e.g. image
analysis and UV–vis spectroscopy), the purpose of the visual obser-
vations of aqueous solutions containing carbon nanotubes, with
and without dispersants, was to identify those mixtures that
showed very clear contrasts, for the purpose of selecting mixtures
for subsequent cement paste mixes. There was little ambiguity of
the opaque black CNT agglomerations that separated from the mix-
ture, settling underneath a very clear and transparent supernatant.
At present we are currently undertaking UV–vis spectroscopy on
further aqueous mixtures where there is not such a clear contrast
in the visual observations. Fig. 2 shows a selection of aqueous solu-
tions containing CNTs, with and without dispersing admixtures.
Control solutions containing solely CNT + water developed agglom-
erations almost immediately and showed negligible dispersion de-
spite magnetic stirring and ultrasonication (Sample 1, Fig. 2).

Addition of air entrainer (AEA) showed good visible dispersion,
following magnetic stirring and ultrasonication (Sample 2, Fig. 2),
with the mixture showing a uniform opaque black color that re-
mained stable up to 9 days. However, when ultrasonication was
not applied, limited initial dispersion of CNT particles occurred,
and following 9 days the CNT agglomerates had settled to the bot-
tom of the phial, leaving a clear supernatant (Sample 3, Fig. 2).

SBR provided poor dispersion, as evidenced by CNTs floccula-
tion into large clumps (Sample 4, Fig. 2). Sample 5 (Fig. 2), based
on glycol ether (Type SR), also showed poor dispersion, with
agglomerates quickly settling to the base of the phial and forming
a clear supernatant. The polycarboxylates (Samples 6–8, Fig. 2)
showed mixed results. Sample 6, containing polycarboxylate1, re-
sponded to ultrasonication and provided a uniformly black solu-
tion, however following 9 days, a black precipitate of CNTs was
visible at the base of the phial (Sample 7, Fig. 2), although limited
dispersion was evident. In contrast, polycarboxylate2 dispersed the
CNTs to a uniformly black opaque solution that remained un-
changed when observed at 9 days (Sample 8, Fig. 2). The differ-
ences in dispersion performance between polycarboxylates 1 and
2 are currently under further investigation and could relate to
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several reasons, including: (i) molecular weight (MW) and MW
distribution; (ii) the nature of the polycarboxylate chain (linear
or branched); (iii) level of functionalization, and whether free polar
carboxylate functionalities are present. Samples containing admix-
tures based on calcium naphthalene sulfonate (Sample 9, Fig. 2) re-
sponded poorly, with black agglomerates of CNTs forming shortly
after ultrasonication. The lignosulfonate-based admixture pro-
vided reasonable dispersion, displaying a uniformly dark emulsion
that remained unchanged when observed at 9 days (Sample 10,
Fig. 2).

Further work, in addition to visual observation, such as laser
particle size analysis or UV adsorption profiles and their variation
with time, would quantify these visual observations. Nevertheless,
visual observations of the sedimentation performance in aqueous
solutions showed clear differences in dispersion of CNT and were
used at this stage for the purpose of screening a number of feasible
admixtures for subsequent cement paste consistency trials. Based
on the results of sedimentation trials, the following admixture
types were selected for further testing within OPC–CNT paste
mixtures:

(i) Air entrainer.
(ii) Polycarbonate#2.

(iii) Lignosulfonate.

3.2. Mini-slump and compressive strength of CNT–OPC mixtures

3.2.1. Effect of CNT dosage
The mini-slump test results for the OPC paste control samples

(i.e. 0% CNT), with w/c’s of 0.4, 0.5, and 0.6, are summarized in
Fig. 3a. The results show expected mini-slump consistency increas-
ing with increasing w/c [23,24]. When CNTs are added in small
proportions (0.5%, 1%, and 2% by mass of OPC), significantly re-
duced consistency was evident. At w/c = 0.4, addition of 0.5% CNT
causes the consistency to reduce 19.5% and, at 1% and 2% CNT
dosages, the paste samples displayed minimal mini-slump spread
(i.e. 38 mm is the lower limit of the test). At w/c = 0.5, the slump
Fig. 3. Effect of CNT dosage and water/cement on: (a) measured mini-slump diameter; (b
each measurement point.
diameter reduced by 14.5% when 0.5% CNTs was added, however
considerably greater losses were measured at higher CNT dosages:
32.8% and 48.9% when 1% and 2% CNTs were mixed respectively. At
w/c = 0.6, similarly high losses in consistency were measured, with
up to 38.3% loss of consistency measured at the 2% CNT dose.

The compressive strength of companion test cylinders made
from the same batch of paste as utilized for the mini-slump tests
showed interesting trends (Fig. 3b):

(i) The OPC paste control samples (i.e. 0% CNT) showed
expected strength differences between pastes comprising
w/c’s of 0.4, 0.5, and 0.6.

(ii) Despite ultrasonication, all samples had decreasing com-
pressive strength when dosed with increasing CNT. The sam-
ples with w/c of 0.4 demonstrated the most significant
changes: 2% CNT dosed samples had only 24% of the com-
pressive strength of the control samples. It should be noted
that samples with w/c of 0.4 displayed minimal consistency
following all doses of CNT and entrapped voids would have
reduced the strength. However, all samples, regardless of
w/c, show similar trends, and it is likely that agglomerations
of CNT within the hardened cement paste have lead to local
stress raisers that have impaired the strength. The agglomer-
ations were visible as black streaks of nanotubes were
noticeable within the fresh paste samples following mixing
and ultrasonication, as shown in Fig. 4.

3.2.2. Effect of length/diameter (l/d) of CNT
The effect of l/d on the mini-slump of OPC–CNT pastes with

w/c = 0.5 and CNT dose 0.5% (% weight OPC) is summarized in
Table 3. The l/d of CNT samples ranged from 150–250 (MWCNT-
1030) to 750–1500 (MWCNT-1020). There was little variation in
measured mini-slump values corresponding with changes in l/d:
the mini-slump reducing between 13–15.2% from the OPC control
paste mixture. The compressive strength showed little variation
between samples when comparing l/d of CNT’s (Table 3). Subsequent
paste tests therefore utilized the one type of CNT, MWCNT-1030.
) Compressive strength. Note: the error bars represent the coefficient of variation at



Fig. 4. Fresh paste sample showing agglomerations of CNTs (w/c = 0.5, 0.5% CNT (%
weight cement).
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3.2.3. Effect of air entrainer (AEA)
The OPC control paste mixtures showed expected improved

mini-slump with addition of AEA, while ultrasonication produced
lower consistency, most likely due to egress of entrained air from
the paste agitation. However, when the water-CNT-AEA premix
was added to the OPC paste, significantly reduced minislump
diameter of 20.8% (Table 3) was measured and, following ultrason-
ication, higher loss was evident (28.9%). Although air entrainment
promotes better dispersion of CNTs in aqueous solutions, as evi-
denced earlier in Fig. 2, addition of AEA significantly reduces
OPC–CNT paste consistency.

Without CNT’s, the polar group of the AEA attaches to the ce-
ment particles, while the non-polar end forms a hydrophobic outer
surface where stable air bubbles displace water within the paste: a
stable air-cement-air ‘‘bridge’’ yields improved cohesion and rela-
tively free motion in shear, with the stabilized air bubbles acting
like compressible bearings. However, CNTs compete with cement
for the non-polar group within the AEA, leading to formation of
Table 3
Summary of minislump and compressive strength of OPC paste mixtures showing the effe

Mixture w/c % Admixturea,b % CNTa l/d (CNT) Ultr

OPC 0.4 0 0 Control No
OPC 0.5 0 0 Control No
OPC 0.6 0 0 Control No
OPC/CNT 0.5 0 0.5 150–250 No
OPC/CNT 0.5 0 0.5 500–1500 No
OPC/CNT 0.5 0 0.5 750–1500 No
OPC/CNT 0.5 0 0.5 150–250 Yes
OPC/AEA 0.5 0.4 0 Control No
OPC/AEA 0.5 0.4 0.5 Control Yes
OPC/CNT/AEA 0.5 0.4 0.5 150–250 No
OPC/CNT/AEA 0.5 0.4 0.5 150–250 Yes
OPC/WRDA 0.5 0.3 0 Control No
OPC/WRDA 0.5 0.3 0 Control Yes
OPC/CNT/WRDA 0.5 0.3 0.5 150–250 No
OPC/CNT/WRDA 0.5 0.3 0.5 150–250 Yes
OPC/PC 0.5 0.1 0 Control No
OPC/PC 0.35 0.8 0 Control No
OPC/PC 0.35 0.8 0 Control Yes
OPC/CNT/PC 0.35 0.8 0.5 150–250 No
OPC/CNT/PC 0.35 0.8 0.5 150–250 Yes

a % Weight of cement.
b Chemical admixture notation: AEA (Air Entraining Agent); WRDA (Water Reducing
c Numbers in brackets are the % coefficient of variation.
CNT-air-cement-air-CNT and/or CNT-air-CNT ‘‘bridges’’ that are
far more cohesive and more conducive towards forming agglomer-
ates than cement–water-AEA mixtures. The resultant mixtures
have reduced shear motion and lower consistency, as demon-
strated by the mini-slump test results. Likely agglomeration of
CNT’s is reflected in the compressive strength results (Table 3),
demonstrating 10.9% lower strength of OPC–CNT–AEA mixtures
when compared with OPC–AEA control samples, while ultrasonica-
tion produced 14.6% lower strength.

3.2.4. Effect of lignosulfonate (WRDA)
Lignosulfonate additions to fresh OPC paste (without CNT) pro-

vide expected improvement in consistency and similar compres-
sive strength, as shown in Table 3. However companion mixtures
containing 0.5% CNT had 30.1% lower consistency and 28.4% lower
strength. There is competition between the OPC and CNT for ligno-
sulfonate. In aqueous solutions, CNTs are highly attracted to ligno-
sulfonates [25]. Besides the hydrophobic attraction of the alkyl
chains to the CNTs, the high number of aromatic rings within the
lignosulfonate chemical structure also provides many active
attaching sites onto the sidewalls of CNTs. Lignosulfonates are ad-
sorbed so that the sulfonate groups in their molecules point away
from the CNT surface, conferring a negative charge to the CNTs,
thereby providing repulsion between adjacent particles and dis-
persion in water. Nevertheless, it is clear that significantly higher
doses than the supplier’s recommended limits of lignosulfonate
are needed to provide sufficient dispersion. However, at high dos-
ages, Lignosulfonate have a reported history of delaying the setting
time of Portland cement mixtures to the detriment of reasonable
setting times (for hardening) and early-age strength development
[26], and therefore use of lignosulfonate in our studies was
discontinued.

3.2.5. Effect of polycarboxylate (PC)
Polycarboxylate addition to the OPC paste mixtures was consid-

erable and the mixture was free-flowing when the water/cement
ratio was 0.35 or greater (Table 3). The effect of CNT addition on
the consistency of OPC–PC mixtures is only 4.7%, and the mini-
slump was considerably better than control OPC mixtures that
had much higher w/c. The compressive strength of mixtures con-
taining CNT was 25% higher that control OPC mixtures with w/c
cts of CNT, ultrasonication, and chemical admixtures.

asonication Minislump diameter (mm)c Compressive strength (MPa)c

55.1 (5.1) 34.6 (7.3)
79.8 (4.6) 23.1 (6.2)
100.2 (4.9) 15.6 (6.7)
68.2 (5.3) 21.3 (7.8)
67.6 (5.0) 21.6 (5.5)
69.4 (4.5) 20.5 (6.1)
70.1 (4.3) 69.4 (5.8)
82.0 (5.2) 22.7 (5.3)
75.1 (4.7) 22.5 (6.2)
63.2 (4.0) 20.4 (5.9)
56.7 (3.1) 19.4 (6.3)
97.00 (4.5) 24.2 (5.7)
108.7 (5.3) 25.1 (4.8)
55.75 (4.3) 17.3 (5.5)
53.1 (5.8) 16.2 (6.2)
97.7 (4.5) 22.4 (5.7)
123.9 (4.1) 42.0 (6.8)
136.3 (4.6) 43.3 (6.5)
118.4 (3.5) 52.84 (5.9)
121.3 (4.7) 53.2 (5.6)

Admixture based on Lignosulphonate); PC (Polycarboxylate).



Fig. 5. SEM images taken from 28 day CNT–OPC hardened paste samples. Effect of
admixtures on dispersion of CNT’s: (a) No Admixture; (b) Air Entrainer; and (c)
Polycarboxylate.
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of 0.35. This indicates the improved dispersion of the CNTs
throughout the OPC paste by addition of polycarboxylate is a key
factor towards improvement of strength. Polycarboxylates were
the best performed admixture in the earlier sedimentation trials
in aqueous solutions and have shown significantly better OPC
paste consistency at low dosage levels when compared with air
entrainment and admixed lignosulfonate options. Dispersion is
partly due to electrostatic repulsion owing to the carboxylate
groups, but primarily to the steric repulsion associated with the
long lateral ether chains [27,28]. Polycarboxylates have active
non-polar groups to disperse CNTs (non-polar) while the polar
groups disperse cement and water, thereby creating stable disper-
sions while contributing higher consistency. While maintaining
low w/c of 0.35, the CNT–OPC mixtures show promise towards
the future development of high strength nanocomposites.
3.3. SEM results

Fig. 5 shows SEM images taken from 28 day CNT–OPC hardened
paste samples. All paste mixtures were composed with water/ce-
ment ratio of 0.5, 0.5% CNT (% weight cement), and CNT type
MWCNT-1030 (10–30 nm diameter and 1–2 lm length). The
images are typical of the SEM observations that compare the dis-
persion of CNT’s within the following CNT–OPC mixtures: (a) no
admixture; (b) air entrainer (AEA); and (c) polycarboxylate2. The
sample containing no dispersing admixture had obvious agglomer-
ations of CNTs, despite prior ultrasonication, as shown in Fig. 5a.
There were no signs of distribution of CNTs throughout the paste
samples: thick clusters of CNT agglomerates were visible. Adjacent
to CNT agglomerates were areas of OPC paste that had no embed-
ded CNTs. Fig. 5b, showing a mixture containing AEA, also showed
little dispersion of CNT, although some CNTs were visible across
cracks. Despite the encouraging results from the prior aqueous
sedimentation trials, the AEA disperses smaller agglomerates of
CNTs rather than distributing CNTs more generally within the ma-
trix. This is confirmed by lower measured strength in the OPC–
CNT–AEA samples. In contrast, the polycarboxylate surfactant pro-
vided reasonably uniform dispersion of CNTs within the paste
(Fig. 5c). The white arrows shown in Fig. 5c represent several loca-
tions of CNTs dispersed within the sample, while agglomerations
were not visible. The improvement in compressive strength can
be attributed to the better dispersion of CNTs throughout the paste
by virtue of the polycarboxylate.
4. Conclusions

This paper reports the results of investigations of the dispersion
and consistency and strength of CNT-aqueous and CNT–OPC paste
mixtures, with and without several generically different disper-
sants/surfactants for OPC-based mixtures, including air entrainer,
styrene butadiene rubber, polycarboxylate, calcium naphthalene
sulfonate, and lignosulfonate. The outcomes of the work were:

(i) As per previous studies, CNTs in aqueous solutions agglom-
erate despite mechanical agitation by magnetic stirring and
ultrasonication.

(ii) Air entrainer dispersed CNTs in aqueous solutions, however
sedimentation occurred within days following mixing.
Mechanical agitation by ultrasonication greatly reduced sed-
imentation when observed at 9 days following mixing.

(iii) Following ultrasonication, polycarboxylate and lignosulfo-
nate admixtures provided good dispersion of CNTs in aque-
ous solutions, even 9 days following mixing, as evidenced by
little visible sedimentation. Styrene butadiene rubber and
calcium naphthalene sulfonate admixtures facilitated rapid
agglomeration of CNTs and were therefore not considered
further in this study.

(iv) Addition of CNTs to OPC paste mixtures significantly reduces
consistency and strength. SEM analysis confirmed the pres-
ence of agglomerates of CNT and these have most likely con-
tributed as stress raisers leading to lower compressive
strength.

(v) While the air entraining admixture and the lignosulfonate
showed initial promise in dispersing CNT in water, when
included in OPC paste mixtures, the CNTs competed with
OPC for reaction with the admixture, resulting in reduced
consistency and strength.

(vi) CNT–OPC paste consistency was greatly improved in the
case of polycarboxylate admixture addition, with highly
flowable mixtures achieved when w/c was as low as 0.35.
At w/c of 0.35, the compressive strength of OPC–CNT–PC



F. Collins et al. / Cement & Concrete Composites 34 (2012) 201–207 207
was 25% higher than companion OPC mixtures, indicating
the improved dispersion of CNT (visible when observed by
SEM analysis) has been a key contributing factor toward
strength improvement. The active non-polar groups within
the polycarboxylate molecule disperse CNTs (non-polar)
while polar groups disperse cement and water, thereby cre-
ating stable dispersions.

Consistency and strength are key factors toward future adop-
tion of OPC–CNT composite pastes, mortars, and concrete mix-
tures. Many past studies have focused on dispersion of CNTs
within CNT–polymer composites, however there are few published
studies on dispersion of CNTs within OPC pastes. This study has
shown that, with addition of polycarboxylate to the OPC–CNT mix-
ture, it is possible to achieve good dispersion of CNT at low w/c,
while maintaining good consistency and improved compressive
strength.
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