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Abstract: In this study, the effects of five different ionic and nonionic surfactants on the physical properties and microstructures of 
a metakaolin-based geopolymer (MKG) were investigated. It is the first comprehensive comparative study of the effects of sodium 
lauryl sulfonate (SLS), alkyl polyglycoside (APG), benzalkonium chloride (BAC), sucrose fatty acid esters (SE), and stearic acid 
(STA) on MKG. Viscosity, densities, apparent water absorption, and compressive strength were measured, and pore structures, 
micro-defects, and gels observed through scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP). In the 
MKG slurry, a high affinity of surfactants to liquid-air interfaces increased viscosity and promoted the generation of bubbles. 
Based on both the ionic types and molecular configurations of the surfactants, stronger adsorption of a surfactant on the surface of 
the metakaolin resulted in better dispersion of metakaolin particles and a denser microstructure of the MKG. The surfactants with 
weaker adsorption (SLS and APG) caused higher porosity, a larger pore size, and more micro-defects, while those with stronger 
adsorption (BAC, SE, and STA) led to relatively lower porosity and denser microstructures. Density, water absorption, and 
compressive strength were closely related to the total intrusion porosity of the MKG. The mechanisms underlying surfactant 
adsorption to the surface of metakaolin are proposed. 
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1  Introduction 
 

Geopolymers are synthetic materials manufac-
tured using aluminosilicate raw materials with a 
highly concentrated aqueous alkali hydroxide or sil-
icate solution (Duxson et al., 2007a). In addition to 
the properties of high mechanical strength (Palomo 

et al., 1992; Duxson et al., 2005), strong bonding 
performance (Kriven et al., 2006), and fast and con-
trollable setting (Lee and van Deventer, 2002), geo-
polymers have great durability, including strong 
chemical resistance (Palomo et al., 1992; Duxson et 
al., 2007b), high temperature resistance (Lyon et al., 
1997; Kong et al., 2007, 2008), and antifreeze capac-
ity (Slavik et al., 2008). These outstanding properties 
make them suitable for onshore and offshore engi-
neering buildings exposed to harsh natural conditions. 
Because of the lower energy consumption and lower 
CO2 emissions involved in their manufacture (Turner 
and Collins, 2013), geopolymers are also regarded as 
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superior to ordinary Portland cement in terms of en-
ergy conservation and environmental protection. 

Manipulating the microstructure of geopolymers 
is a feasible approach to regulating their mechanical 
properties (Duxson et al., 2005) and durability (Ismail 
et al., 2013b; Nasvi et al., 2014; Zhang and Wang, 
2015). Extensive test data indicates that their micro-
structure is affected by their raw materials (Morsy 
et al., 2014; Duan et al., 2016; Tchakouté et al., 
2018), mixture proportions (Rowles and O’connor, 
2003; Duxson et al., 2005; Brylewska et al., 2018), 
and curing conditions (Rovnaník, 2010; Baščarević et 
al., 2013; El-Naggar and El-Dessouky, 2017). In 
addition, chemical additives used as modifiers have 
attracted attention, and have been used to synthesize 
geopolymers with high quality and good performance 
(Tchakouté et al., 2018). 

Surfactants, as amphiphilic compound additives, 
are widely used in the dispersion of additives for 
geopolymers such as carbon nanotubes (Yang et al., 
2014; Parveen et al., 2015; MacLeod et al., 2019), 
graphene oxide (Zhao et al., 2018; Wang and Deng, 
2019), carbon microspheres (Saleh and Ali, 2018), 
fibers (Curosu et al., 2017; He et al., 2017), and 
mineral admixtures (Külaots et al., 2003; Naden, 
2016). However, the surfactant will also affect the 
geopolymer through its adsorption onto the surface of 
raw materials, gels, and interphase boundaries (Mul-
ligan et al., 2001; Zhang et al., 2001). Previous studies 
have revealed that surfactants can optimize the bubble 
generation, pore distribution and microstructure of 
geopolymers (Masi et al., 2014; Bai and Colombo, 
2017; Samson and Cyr, 2018). Protein-type surfac-
tants cause a reduction of open porosity and total 
porosity in metakaolin-based geopolymer (MKG) 
(Bai et al., 2018). The cationic surfactant cetylpyri-
dinium chloride (CPC) promotes a mixed ordered- 
disordered hierarchical meso-structure of geopoly-
mers, which exhibit a narrow pore size distribution 
and a large pore volume (Yuan et al., 2002). The 
nonionic surfactant Triton X-100 accelerates the 
generation of a homogeneous microstructure of ge-
opolymers in open cells (Bai et al., 2018). For  
cement-based materials, the use of some surfactants 
can lead to smaller pore size, lower porosity (Ouyang 
et al., 2008), and higher strength (Sarda et al., 2003). 
These surfactants facilitate the better dispersion of 
cement particles, and promote the entanglement and 

densification of the microstructure (Wang and Zhang, 
2014). Other surfactants tend to produce high levels 
of total porosity and interconnected cell structures 
(Cilla et al., 2014).  

Nonetheless, the complex effects of surfactants 
on the microstructure and properties of geopolymers 
have not been comprehensively studied. Furthermore, 
the underlying mechanisms have not been discussed, 
especially in terms of surfactant molecules. There-
fore, it is important to systematically explore the 
effects of surfactants on geopolymers. 

In this work, five different ionic and nonionic 
surfactants including sodium lauryl sulfonate (SLS), 
alkyl polyglycoside (APG), benzalkonium chloride 
(BAC), sucrose fatty acid esters (SE), and stearic acid 
(STA) were studied. Their effects on the viscosity, 
density, apparent water absorption, compressive 
strength, and microstructure, including pore struc-
tures, micro-defects, and gels, of an MKG were ex-
plored. Furthermore, the underlying mechanisms of 
surfactant adsorption onto the metakaolin surface are 
proposed, and relevant recommendations are pro-
vided for the research and engineering applications of 
surfactants to geopolymers. 
 
 
2  Materials and experimental methods 

2.1  Materials 

2.1.1  Metakaolin 

The industrial Metamax metakaolin used to 
make geopolymer paste was bought from BASF SE 
(Germany). The chemical composition of the me-
takaolin, tested by an X-ray fluorescence (XRF) 
method using a Thermo Fisher Scientific ARL XRF 
analyzer (USA), is shown in Table 1. The morphol-
ogy of metakaolin particles obtained through scan-
ning electron microscopy (SEM) is shown in Fig. 1, 
and the distribution of particle size obtained using a 
Mastersizer 2000 laser particle size analyzer (UK) is 
shown in Fig. 2. The average particle diameter of the 
metakaolin powder was around 5.91 μm, and 90% of 
the particles were smaller than 13.59 μm. 

2.1.2  Alkaline activator 

An alkaline activator solution was obtained by 
mixing sodium silicate solution and sodium hydrox-
ide solid at a mass ratio of 9.25:1. Sodium hydroxide 
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solid was added to the sodium silicate solution, and 
the mixed solution was stirred until the solid was 
completely dissolved. Then the alkaline activator at 
ambient temperature and clearance was prepared for 
use. The alkaline activator modulus of the silicate 
(equivalent to the SiO2/Na2O molar ratio in the acti-
vator solution) was 1.62, and the water content was 
39.37%. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

The sodium silicate solution, produced by Hen-
gli Chemical Co., Ltd., China had a molar ratio of 
SiO2/Na2O of about 3.28 (SiO2=26.0% (in weight), 
Na2O=8.2% (in weight)). The sodium hydroxide, 
produced by Sinopharm Chemical Reagent Co., Ltd., 
China was a flaked solid with analytical purity (AR) 
of ≥96%. 

2.1.3  Surfactants 
 
Five cationic, anionic, and nonionic surfactants 

were used in experiments. BAC is an important kind 
of quaternary ammonium salt cationic surfactant 
containing a hydrophobic benzene ring. Generally, 
STA reacts to form stearates with surface activity in 
strong alkaline solution, and is regarded as an anion 
surfactant for a geopolymer system. SLS is also an 
anion surfactant, but the hydrophilic head and the 
length of the stretched hydrocarbon chain are differ-
ent from those of STA. APG is a nonionic surfactant 
with a relatively complex structure. The molecule 
contains a large hydrophilic head with four hydroxyl 
groups and two ether groups, and a hydrophobic hy-
drocarbon tail of 12 carbon atoms. SE is a nonionic 
surfactant that partially decomposes into stearates 
(the same as STA) and hydrophilic molecules in al-
kaline solution. So, it is considered to provide both 
nonionic and anionic surfactants in a geopolymer 
system. 

Table 2 lists details of the five surfactants. pH 
values were measured at a concentration of additive/ 
water equal to 1 g/100 mL at the room temperature of 
24.5 °C and atmospheric pressure of 101.1 kPa. The 
effective structural formula, electric charge, and 
length of the stretched hydrocarbon chain of each 
surfactant are shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Morphology of metakaolin particles obtained 
through SEM 
(a) Magnification of 100 000; (b) Magnification of 20 000 

Fig. 2  Distribution of metakaolin particle size 

Table 1  Composition of the metakaolin 

Component 
Mass content 

(%) 
Component 

Mass content 
(%) 

Al2O3 42.45 K2O 0.15 
SiO2 54.25 MgO 0.14 
TiO2  1.87 P2O5 0.09 
Fe2O3 0.48 CaO 0.07 
Na2O 0.29 Other 0.21 

Fig. 3  Effective structural formula, electric charge, and 
length of stretched hydrocarbon chain of different 
surfactants 
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2.2  Paste mixes 
 
According to their elemental composition, the 

mass ratio of the three raw materials (metakaolin: 
sodium silicate solution:sodium hydroxide solid) was 
determined as 5.79:9.25:1. Thus, the molar ratio of 
the three main elements (nSi:nAl:nNa) in the geopoly-
mer was 1.85:0.96:1. The calculation process was as  
follows: 

 

MK 1 SS 1 MK 2
Si Al Na

1 2

MK 3 SS 3 SH

3 4

2
: : :

2( )
: ,

m a m b m a
n n n

M M

m a m b m

M M

é ù é ù+ê ú ê ú= ê ú ê úë û ë û
é ù+ê ú+ê úë û

       (1) 

 
where nSi, nAl, and nNa are the amount of substance of 
Si, Al, and Na, respectively. M1, M2, M3, and M4 are 
the molar masses of SiO2, Al2O3, Na2O, and NaOH, 
respectively. mMK, mSS, and mSH are the mix masses of 
metakaolin, sodium silicate solution, and sodium 
hydroxide solid, respectively. a1, a2, and a3 are the 
mass contents of SiO2, Al2O3, and Na2O in  
metakaolin, respectively. b1 and b3 are the mass con-
tents of SiO2 and Na2O in sodium silicate solution, 
respectively. 

This composition of geopolymer had been con-
firmed to have a good workability and mechanical 
performance in previous studies (Yan et al., 2016). 
Geopolymer paste in a blank group (N) was made 
according to the above ratio without any additive, 
while the other test groups had specific surfac-
tantsadded. The dosages of surfactants generally 
ranged from 1 to 20 g/L with reference to the relevant 
literature (Sarda et al., 2003; Atahan et al., 2008; 
Kaddami and Pitois, 2019). Therefore, the selected 
concentration of surfactants was 10 g/L (0.54%, in 
weight) in a mixed paste to ensure both sufficient 
 
 
 
 
 
 
 
 
 
 

addition and simple calculation. For cross comparison, 
the dosage was kept constant. Details of the proportion 
of raw materials in the mix are shown in Table 3. 

During slurry production, surfactants were first 
added to the alkali activator solution. The mixed so-
lution (alkaline activator and surfactant) was stirred to 
the maximum extent of dissolution or dispersion. 
Then the metakaolin and mixed solution were added 
to a container in sequence and stirred, at a low speed 
for 2 min and a high speed for 1 min, using an 
NJ-160A cement slurry mixer (Wuxi Jianyi Experi-
ment Instrument Co., Ltd., China). Finally, the slurry 
was poured into cubic molds with 40-mm sides, and 
was cured at a relative humidity (RH) of >99% and 
temperature of (20±1) °C for 7 d. Then, the samples 
were cured at an RH of (50±5)% and temperature of 
(20±1) °C for 21 d. 

2.3  Experimental methods 

2.3.1  Viscosity 

The viscosity of the slurry (1 min after mixing) 
was measured using an NDJ-8S digital viscometer 
(Sithai Experiment Instrument Co., Ltd., China). The 
viscometer was leveled, and warmed up for 20 min 
before testing. A No. 4 rotor and 12 r/min starting 
speed were chosen to measure the viscosity (with the 
full measurement value range of 0–50 000 mPa·s). 
During the measurement, each group was tested 
twice. The difference between the test values and the 
average value was less than 10%. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Group arrangements with different surfactants 

Group Surfactant 
Molecular 

weight (g/mol)
Manufacturer pH 

SLS Sodium lauryl sulfonate 273 Meryer (Shanghai) Chemical Technology Co., Ltd., China 9.49 

APG Alkyl polyglycoside 348 Karl·Golden (Zhejiang) Biotechnology Co., Ltd., China 12.22 

BAC Benzalkonium chloride 354 Titan (Shanghai) Technology Co., Ltd., China 8.60 

SE Sucrose fatty acid esters 594 Karl·Golden (Zhejiang) Biotechnology Co., Ltd., China 8.15 

STA Stearic acid 284 Dibo (Shanghai) Biotechnology Co., Ltd., China 5.92 

 

Table 3  Mix proportion of raw materials 

Mixture Specific content (g/L) 

Metakaolin 666.97 

Sodium silicate solution 1066.74 

Sodium hydroxide solid 115.27 

Surfactant 10.00 
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2.3.2  Mercury intrusion porosimetry 
 
Mercury intrusion porosimetry (MIP) was per-

formed using an AutoPore IV9500 automatic mercury 
intrusion meter manufactured by the Micromeritics 
Instruments Corporation (USA). The analysis range 
was from 6 nm to 1000 μm. Referring to GB/T 
21650.1-2008 (AQSIQ and SAC, 2008), samples 
were processed into particles of about 3 mm in di-
ameter, and dried at 80 °C for 48 h. Density, porosity, 
and pore distribution were measured by MIP. 

2.3.3  Scanning electron microscopy 

SEM was performed using an FEG650 field 
emission microscope (FEI, USA). SEM was em-
ployed to observe microstructural features and ana-
lyze micro-area components. The porosity at a certain 
range was characterized by backscattered electron 
(BSED) imaging. Six images were taken for each 
group and the average porosity was calculated. The 
details of the image analysis process will be discussed 
in detail below. 

During the measurements, the samples were 
observed in the 20 kV voltage field in a high vacuum 
environment. Some were cut and dried for porosity 
observation, and others were cut, polished, and dried 
for microstructural observation. 

2.3.4  Apparent water absorption 

Referring to ASTM C642-13 (ASTM, 2013) and 
GB/T9966-2001 (AQSIQ, 2001), apparent water 
absorption was measured by the water saturation 
method. Samples cured for 28 d were washed and 
dried before weight measurement. Then they were 
kept in deionized water for 48 h at (21±5) °C. After 
soaking, the surface of the samples was dried and the 
saturated mass was weighed and recorded as W. After 
replacing the water with absolute ethanol for 5 h, 
samples were dried in an oven at 65 °C for more than 
48 h (Ismail et al., 2013a). The weight after drying 
was obtained and recorded as w0. The water absorp-
tion rate (A) was calculated based on the above pa-
rameters as 

 

0

0

100%.
W w

A
w

-
= ´                      (2) 

 

The average value of three samples was taken as the 
apparent water absorption in each group. 

2.3.5  Compressive strength 
 
Referring to GB/T 17671-1999 (SBQTS, 1999), 

the compressive strength of cubic samples cured for 
28 d was measured using an Instron 8802 universal 
testing machine (UK). A loading speed of 2.4 kN/s 
was chosen to keep a quasi-static loading process and 
calculate compressive strength. The average value of 
six samples from each group was taken as the com-
pressive strength. 
 
 
3  Results 

3.1  Viscosity 

The viscosity of slurry is an important index for 
evaluating the working performance of materials and 
affects various properties of hardened materials. The 
slurry of the MKG without surfactant was very sticky 
with a dynamic viscosity reaching up to 8326 mPa·s. 
Moreover, as in similar studies (Samson and Cyr, 
2018), adding different surfactants increased the 
viscosity of the slurry to a variable extent. Fig. 4 
shows the dynamic viscosity of all groups. Clearly, 
BAC had the most significant effect on increasing the 
viscosity, which was 12.11 times as high as in the 
blank group (N). SLS and APG also had considerable 
viscosity enhancing effects with a threefold increase. 
SE and STA improved the viscosity by around 50% 
compared with the blank group, which can be ignored 
in comparison to the effect of the other surfactants. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Microscopically, the extent of viscosity im-

provement is closely related to the surfactant  
type, molecular structure, ionic strength, gelatin 
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Fig. 4  Dynamic viscosity of MKG slurry after mixing
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composition, and ionic strength (Greener et al., 1987; 
Marchon et al., 2016). APG, BAC, and SLS have 
large molecular structures with long hydrophobic tails 
and strong hydrophilic heads (Fig. 3), which increase 
the crosslinks between hydrocarbon chains of micel-
lar media. Among these three surfactants, BAC, as a 
cationic surfactant with a hydrophobic benzene ring, 
is easier to combine with metakaolin particles whose 
surfaces are negatively charged and aggregated into 
mass. Although SE and STA have long single chains, 
the molecular structures of their active ingredients are 
relatively simple. Their molecular repulsion causes a 
larger distance between molecules, which signifi-
cantly inhibits entanglement of hydrocarbon chains. 
This also indicates that the surfactants SE and STA 
have good dispersion capability. 

The state of the mixing slurry after 1-min 
standing (Fig. 5) indicates that the generation of 
bubbles is affected by viscosity. Clearly, the surface 
has many small bubbles in low viscosity groups, and 
is smooth in high viscosity groups. Surfactants bound 
to the metakaolin surface can increase the contact 
angle, which enhances adsorption of particles on the 
interfaces, and creates a protective layer to stabilize 
bubbles (Denkov et al., 1992). The electrostatic re-
pulsion between surfactant layers also contributes to 
the stabilization of liquid films in foams (Zhao et al., 
2004; Feneuil et al., 2017). 

The bubbles in the mixture directly affect the 
microstructure (1 μm–1 mm) of hardened MKG, 
which is reflected in many physical properties. 
Therefore, density, apparent water absorption, and 
compressive strength were tested. 

 
 
 
 
 
 
 
 
 
 
 

3.2  Density 

Fig. 6 shows the bulk density and skeletal den-
sity of hardened MKGs measured by MIP. These two 

kinds of densities are related to porosity, and increase 
as the total intrusion porosity decreases. The SLS 
group had the lowest bulk density, 14.50% lower than 
that of the blank group (N). The bulk density of the 
APG-group was 9.16% lower than that of the blank 
group, but changes in the other groups were small and 
could be ignored. Skeletal density was clearly re-
duced in the SLS, APG, and SE groups, but showed 
almost no change in the other groups. 

In general, the BAC and STA surfactants had 
little effect on the density of the MKG, while SLS, 
APG, and SE reduced the density to some extent. The 
trends of density and total intrusion porosity were 
similar, except for the SE group, which showed a 
noticeable decrease in density but no change in po-
rosity. It is possible that in samples of the SE group a 
few small pores could not be detected by MIP, and 
that gel structure was affected. Usually, the geopol-
ymer gel contains not only highly distributed 
nano-pores, but also aluminosilicate clusters of the 
order of 5 to 10 nm (Duxson et al., 2005). However, 
more evidence is needed at nano-scale (1 nm–1 μm) 
to confirm this phenomenon in further studies. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.3  Apparent water absorption 

Apparent water absorption can characterize the 
effect of surfactants on the apparent pores of MKGs, 
and also can reflect the adsorption of surfactant 
molecules onto the gas-liquid interface system. 

Fig. 7 shows the apparent water absorption 
tested using the water saturation method. SE and STA 
had almost no effect on apparent water absorption, 
while SLS, APG, and BAC elevated the absorption 

Fig. 5  Examples of the mixing slurry with different vis-
cosities after 1-min standing 
(a) BAC, high viscosity; (b) APG, medium viscosity; (c) 
Without surfactant, low viscosity 

Fig. 6  Bulk density and skeletal density measured by MIP
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with growth rates of 12.15%, 9.39%, and 6.63%, 
respectively. Like the effect on pores inside (next 
sections), surfactants can increase or decrease open 
pores on the surface. Apparent water absorption 
showed the same trend as total intrusion porosity, in 
which high porosity led to high apparent water ab-
sorption. This result is consistent with previous 
studies (Borges et al., 2016; Mobili et al., 2016). 
Compared with the change of apparent pores, the 
effect caused by surfactants in pore solution can be 
ignored. In addition to porosity, defects in samples of 
the SLS, APG, and BAC groups probably increased 
the number of tunnels, which enhanced capillary 
absorption. Water absorption indirectly represents the 
distribution of apparent pores, as a pore characteristic. 
The details of porosity and pore distribution charac-
terized by MIP and SEM were analyzed to verify the 
consistency of the MKG microstructure. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.4  Compressive strength 

The mechanical properties of MKGs are af-
fected by microstructure and macro-defects to a 
certain extent. Generally, MKGs have a high com-
pressive strength due mainly to the formation of gel 
structures with a strong load (Shi et al., 2006). Fig. 8 
shows that the compressive strength of all samples, 
except STA, decreased after surfactants were added. 
The trend of compressive strength is consistent with 
the total intrusion porosity, and with results from 
other studies (Park et al., 2016). It results mainly 
from the decrease in compactness, and the capability 
to change bonding. Slipping of the raw materials and 

the gels caused by surfactants is also a significant 
contributing factor. 

Only samples from the STA group showed in-
creased compressive strength (by 5.16%). This results 
mainly from their low porosity, homogeneous gels, 
and dense microstructure due to full geopolymeriza-
tion. Samples from the SLS and APG groups had the 
lowest compressive strength, reduced by 21.08% and 
30.04%, respectively. With the addition of SLS or 
APG, the porosity greatly increased, and the micro-
structure became looser. In particular, APG had the 
capacity to promote the generation of macro-pores, 
leading to the lowest compressive strength (Farhana 
et al., 2013). The lubricating effect of clustered APG 
molecules was also an important factor reducing 
compressive strength. Samples of BAC and SE 
showed smaller reductions of 13.45% and 9.19%, 
respectively. Although they had a denser gel structure 
and fewer defects, their strength was still lower than 
that of the blank group. For the BAC group, which 
had the highest viscosity, more micron-scale bubbles 
caused the lower ultimate compressive strength. The 
surfactants may also have had an impact on the con-
nection between the clusters of raw materials and the 
gel clusters. Surfactants adsorbing on the surface of 
the particles generate repulsive forces and block some 
parts of the adhesion, probably causing direct relative 
slip of the clusters. 

Mechanical properties are of great significance 
for evaluating the value of applying surfactants to 
geopolymers. To explore the mechanisms of action of 
surfactants at micro scale, we observed and analyzed 
the microstructures. 
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3.5  Microstructure analyses 
 
Micro-defects are an important indicator for 

evaluating the microstructure of MKGs and can to 
some extent determine their physical properties. 
Fig. 9 shows the secondary electron images (ETD) of 
the microstructures in magnification of 20 000. 

Compared with the blank group, there were 
many more micro-defects in samples from the SLS 
and APG groups than in those from the BAC, SE, and 
STA groups. In the blank group, there were many 
narrow micro-cracks running in different directions. 
After adding SLS or APG, more defects of unreacted 
metakaolin appeared in different forms. In the SLS 
group, metakaolin particles were interlaced and the 
micro-cracks were jagged. In the APG group, the 
layers were well-ordered and the micro-cracks were 
long and wide and ran in similar directions. In the 
APG group, several closed global bubble pores with a 
diameter of about 200 nm were found. This was 
probably due to APG introducing stable and dispersed 
micro-bubbles smaller than 1 μm. The BAC group 
had fewer defects that were composed of neatly ar-
ranged pieces of unreacted metakaolin. The micro-
structure of the STA and SE groups was the densest, 
with a uniform gel and few defects. 

To further describe the effects of surfactants on 
the compactness of the MKG, the porosity and pore 
distribution observed through MIP and SEM were 
analyzed. The mechanism by which the surfactants 
affected the microstructure will be discussed in detail. 

3.6  Porosity characterization 

MIP is widely used to calculate the porosity, pore 
distribution, and other parameters of cement-based 
materials. As shown in the schematic representation 
in Fig. 10, materials contain two types of pore con-
nections: (a) a fine pore connected to the exterior of 
the sample through a large pore; (b) a large pore 
connected to the exterior of the sample through a fine 
pore. For the first type, the Washburn equation model 
provides a correct tally of volume versus pore diam-
eter (Diamond, 2000). However, for the second type, 
the result tested by MIP is somewhat biased. The large 
pores are intruded when they reach the threshold 
pressure of the connecting fine pores. All of the 
volume is recorded as the fine pore volume, and the 
existence of the large pores is undetected (Diamond, 

2000). This bias is called the ‘ink bottle’ effect (Sze-
kely et al., 1971). Geopolymer is a material with a 
large number of pores (Zuda et al., 2008), and the 
pore diameter is concentrated mainly in the range 
from 5 to 50 nm (Rovnaník, 2010; Provis and van 
Deventer, 2013). As a result, its porosity in different 
ranges obtained by MIP is greatly affected by the ‘ink 
bottle’ effect. Although the MIP technique has its 
limitations in the characterization of total porosity, it 
is still useful for providing threshold diameters and 
intrudable pore space measurements of pores from 
6 nm to 1000 μm (Diamond, 2000). The total intru-
sion porosity measured by MIP has a significant effect 
on the mechanical properties and durability of MKGs. 
The bubbles and pores in the SEM images are also 
connected and intrinsic. The total intrusion porosity 
still serves as a significant comparative index for the 
capacity of pore systems. 

To weaken the impact of the ‘ink bottle’ effect, 
researchers have applied the MIP method and image 
analysis to characterize the porosity of cementing 
material (Abell et al., 1999; Romero and Simms, 
2008). In this study, the porosity obtained through 
MIP and SEM (Fig. 11) was combined to give an 
accurate comparison of pore distribution. The pores 
were divided into three ranges: large pores (d≥ 
20 μm), medium pores (150 nm≤d<20 μm), and small 
pores (6 nm≤d<150 nm). 

Fig. 12 is an illustrative diagram of BSED image 
analysis in different diameter ranges. Based on the 
color order histogram of each raw image, the point 
with a slope k of tan45° (k=1) was regarded as the 
threshold point for binarization, which was consistent 
with a manual check of the pores. The pixels with a 
gray value lower than the threshold were set to 0, 
while others were set to 255 after binarization, and 
clear black and white images were obtained. The 
pixels of pores were counted by the image analysis 
program and checked manually to ensure that all 
pores were identified. The identified pixels of bub-
bles, pores, and cracks were black, and bubbles and 
pores were highlighted in yellow. The detailed po-
rosity calculation process was as follows: 

1. In the BSED images in magnification of 100, 
the discernable inner diameters of bubble pores and 
defects were larger than 20 μm. These pores were 
denoted as large pores, and the porosity (ΦL) was 
calculated as 
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where S1 is the pixel value of bubble pores and S2 is 
the pixel value of the MKG matrix in magnification of 
100. 

2. In the BSED images with magnification of 
2000, pores with diameters from 150 nm to 20 μm 
were denoted as medium pores, and the porosity (ΦM) 
was calculated as 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  ETD images of the microstructures observed using SEM 
The ETD images show the micron-scale microstructure in magnification of 20 000 of samples from different groups. Green boxes 
indicate the micro-cracks; yellow boxes indicate defects of unreacted metakaolin; red boxes indicate unconnected global bubble 
pores 

(a) (b) 

Fig. 10  Schematic representation of two types of pore 
connections in materials 
(a) A fine pore connected to the exterior of the sample through 
a large pore; (b) A large pore connected to the exterior of the 
sample through a fine pore 

Fig. 12  Illustrative diagram of BSED image analysis and the porosity calculation process in different diameter ranges
Pores and defects in different diameter ranges are observed by SEM in raw images. Based on color order histogram analysis and 
image binarization, pore distribution and porosity can be calculated using pixels 

Fig. 11  BSED images of large- and medium-sized pores observed using SEM 
The first row of BSED images were in magnification of 100, and bubble pores larger than 20 μm can be counted. The second row 
of BSED images were in magnification of 2000, and pores with a diameter from 150 nm to 20 μm can be counted 
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where S3 is the pixel value of the pores and S4 is the 
pixel value of the MKG matrix in magnification of 
2000. 

3. MIP directly measures the total intrusion po-
rosity (ΦT) within the measuring range of the sam-
ples. The porosity (ΦS) of the small pores with di-
ameters from 6 to 150 nm was calculated as 

 

S T M L.F F F F= - -                        (5) 

 
4. Cracks in the view were due mainly to inevi-

table high-level vacuum drying before the SEM ob-
servation (Ismail et al., 2013a). Their presence is 
method-dependent rather than material-dependent, 
which is beyond the scope of this paper. Thus, these 
cracks were not included in the calculation and  
discussion. 

Fig. 13 demonstrates the porosity characterized 
by SEM and MIP. The order of the groups is in ac-
cordance with their total intrusion porosity from high 
to low. Clearly, all the surfactants, except STA, in-
creased the total intrusion porosity to some extent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Small pores with diameters from 6 to 150 nm 

were the most common among the three ranges men-
tioned above. The pores in this range include some gel 
pores (d<10 nm) and capillary pores (10 nm≤d≤ 
1000 nm), which come mainly from the porous 
amorphous phase and geopolymerization of the sys-
tem (Bose and Saha, 2003). In regard to the porosity 

of small pores, the APG group was the only group that 
showed a decline, of 19.77%, while the other groups 
all showed an increase compared with the blank 
group. The biggest improvement, of 36.16%, oc-
curred in the STA group. This indicates that most 
surfactants can promote the generation of gels, and 
the pore size becomes smaller. The threshold diame-
ter increased by about 10 nm only with the addition of 
SLS, and increased less than 5 nm with the addition of 
the other surfactants. The nano-scale pores were dis-
tributed within a range instead of being concentrated 
on a certain pore size in the different groups (Fig. 14). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

For medium pores with diameters ranging from 
150 nm to 20 μm, most of the capillary pores and 
small bubbles were included in the range. Except for 
the APG group, the porosity decreased, especially the 
porosity of the STA group, which was only 32.26% of 
that of the blank group. Studies have shown that po-
rosity and threshold pore size affect the permeability 
of materials (Garboczi, 1990; Ma et al., 2013). 
Therefore, it is important to control the porosity in 
this range in geopolymers which contain a large 
number of micron-pores. 

For large pores with diameters of more than 
20 μm, the porosity of all groups increased compared 
with the blank group. The APG, SLS, and BAC 
groups showed the largest increases, with porosities 
2.53, 2.18, and 2.13 times that of the blank group, 
respectively. The porosity of the STA group increased 
slightly. Pores in this range are composed mainly of 
bubbles, which originate from entrapped air (Du and 
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Fig. 13  Porosity of different diameter ranges character-
ized by SEM and MIP 

Fig. 14  Pore distribution obtained by MIP 
The distribution of pores with diameters within the range 
from 5 to 60 nm are shown in the chart inset on the right 
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Folliard, 2005; Cantat et al., 2013), and the interface 
space between metakaolin particles and gels 
(Rodríguez et al., 2013). 

Different surfactants had different effects on 
pores of different sizes. In general, SLS and APG led 
to higher porosity, looser microstructures, and more 
micro-defects for a relatively low level of geopoly-
merization. BAC led to a denser pore structure with 
smaller pores. Both SE and STA led to a relatively 
low porosity and dense microstructures for more 
complete geopolymerization. Therefore, understand-
ing the mechanisms of action of surfactants at the 
level of molecular interaction is of great significance 
for their application in the field of geopolymers. In the 
next section, the mechanisms underlying the adsorp-
tion of surfactants will be proposed to further explain 
their effects on MKGs. 

 
 

4  Discussion 

4.1  Surfactant adsorption capacities 

Generally, surfactants can adsorb onto solid- 
liquid interfaces, or self-associate into micelles or 
liquid crystals (Marchon et al., 2016). Like other 
inorganic salts and oxides, metakaolin has a high 
surface energy which leads to strong adsorbability 
(Andrejkovičová et al., 2016). Thus, surfactants with 
different molecular structures can adsorb onto the 
surface of metakaolin particles in various configura-
tions (Partyka et al., 1984; Marchon et al., 2016). On 
the hydrophilic surface of metakaolin, the main rea-
son for adsorption is different for ionic and nonionic 
surfactants. For ionic surfactants, adsorption behavior 
is governed by the charge of the surface and counter 
ions present in the electrolytes (Tadros, 2005). For 
nonionic surfactants, it can be driven by hydrogen 
bonding of the polar moieties (hydrophilic heads) 
(Nicoleau et al., 2014). The adsorption capacities of 
the five surfactants were compared with the following 
results: 

1. The cationic surfactant BAC had the strongest 
adsorption capacity. The surface of metakaolin is 
negatively charged in alkaline conditions. According 
to the model of a modified double-electrical layer 
proposed by Grahame (1947), water film connecting 
with the surface of particles is divided into two layers: 
an inner layer with adsorbed cations and an outer 

layer with adsorbed anions (Konan et al., 2009). 
Therefore, the hydrophilic heads of the anionic sur-
factants SLS and STA exist in the outer layer, while 
the hydrophilic heads of the cationic surfactant BAC 
are bonded in the inner layer. Saleh et al. (2014) 
proved that nitrogen is easily adsorbed under certain 
conditions, which can further promote the adsorption 
capacity of BAC. 

2. For anionic surfactants, adsorption of SLS 
was weaker than that of STA and SE. According to 
the theory of electronegativity proposed by Pauling 
(1949), the acidity of sulfonic acid is stronger than 
that of carboxylic acid, so the sulfonates (R-SO3

−, 
SLS) have a weaker ability to attract positive charge 
than the carboxylates (R-COO−, STA and SE). 
Therefore, we conclude that the adsorption capacity 
of SLS is weaker than that of STA and SE. 

3. The effective adsorption of STA is stronger 
than that of SE. Though the active ingredient is stearic 
acid (CH3-(CH)16-COO−) in both the STA and SE 
groups, the adsorption is different. There are free 
hydrophilic heads in the SE group, which compete for 
the adsorption site on the metakaolin surface (Mar-
chon et al., 2016), resulting in a stronger adsorption of 
STA than that of SE. 

4. The nonionic surfactant APG had the weakest 
adsorption capacity. Generally, ionic bonds have a 
much stronger force than hydrogen bonds (van der 
Waals forces). Consequently, the adsorption of the 
nonionic surfactant APG on the metakaolin surface 
was the weakest, and could even lead to ineffective 
adsorption. 

5. The adsorption capacities of the five surfac-
tants ordered from the strongest to weakest were: 
BAC>STA>SE>SLS>APG. 

4.2  Microstructure effects 

Like cement material (Uchikawa et al., 1992; Du 
and Folliard, 2005), the geopolymerization and mi-
crostructure of MKGs are affected by different sur-
factant adsorption capacities. As shown in the sche-
matic representation (Fig. 15), the five kinds of sur-
factants were adsorbed onto the surface of metakaolin 
particles to variable degrees, and could be divided 
into two types based on their looser or denser micro-
structure. Compared to micron-scale metakaolin par-
ticles (average particle diameter of 5.91 μm), nano- 
scale surfactant molecules can, theoretically, enter 



Yan et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2021 22(2):130-146 
 
 

141

between the layers, and this may also be affected by 
the size, configuration, and adsorption capacity of 
molecules. 

Based on the adsorption mechanisms shown in 
Fig. 15, the surfactants SLS and APG can lead to 
looser microstructures. Their molecules are less 
readily adsorbed onto the surface of metakaolin be-
cause of their relatively weak adsorption. A large 
number of molecules are held together and self- 
associate into micelles by their long hydrophobic 
tails, making it harder for them to enter the gaps be-
tween metakaolin particles. Therefore, the metakaolin 
cannot be well dispersed and in good contact with the 
activator, which leads to relatively low level of geo-
polymerization. A small number of aggregated sur-
factant molecules enter the gaps, which causes dis-
orderly slip between metakaolin particles which leads 
to more micro-defects.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The SLS surfactant resulted in obvious massive 

defects at the micron-scale. Some molecules are free, 
and some adsorb onto the metakaolin surface to 
crosslink with cluster-forming molecules. This ad-
sorption behavior leads to disorderly slip between 
metakaolin particles, which causes more chaotic and 
shorter micro-cracks. APG, as a non-ion surfactant, 
has a large hydrophilic head with hydroxyl and ether 
groups which can form multiple hydrogen bonds with 
oxygen in metakaolin (Konan et al., 2009). However, 
the weak adsorption capacity and large molecular 
volume prevent APG from being evenly distributed 

on the surface, and promote the formation of more 
molecular clusters. This causes lateral displacement 
of layers to accommodate the clusters, leading to long 
micro-cracks. Furthermore, APG is probably easier to 
wrap on clusters of multilayer metakaolin to block the 
geopolymerization, and causes a loose and hetero-
geneous structure due to the strong intermolecular 
forces. 

The surfactants BAC, SE, and STA led to denser 
microstructures. They have stronger adsorption ca-
pacities which makes them bond to the metakaolin 
surface uniformly and firmly. These surfactants lead 
to steric repulsion between grains, which is beneficial 
for dispersing the metakaolin particles (Flatt and 
Schober, 2012). They can efficiently promote the 
geopolymerization of metakaolin, and lead to denser 
gels and fewer defects (Saleh et al., 2018). 

BAC can make pores smaller and leads to a 
denser pore structure. As a cationic surfactant, the 
hydrophilic head of BAC can be strongly fixed at the 
inner layer of the water film due to the ionic bond. 
Thus, BAC can effectively disperse metakaolin par-
ticles to promote geopolymerization. The relatively 
free hydrophobic groups, including carbon chains and 
benzene rings, can promote crosslinking and coupling 
between molecules, leading to the orderly arrange-
ment of metakaolin particles (Fig. 9). However, the 
compressive strength of samples from the BAC group 
was still lower than that of the blank group. This 
results mainly from the presence of more micron- 
scale bubbles due to the high viscosity. Therefore, the 
effect of surfactants on mechanical properties needs a 
comprehensive consideration of defects, pore distri-
bution, microstructure, and geopolymerization. 

SE and STA led to the densest gel structure. 
Most of surfactant molecules adsorb onto the surface 
of particles, which makes the raw materials distribute 
evenly due to mutual exclusion of charges and cross-
linking of the long carbon chain. The dispersion of 
metakaolin provides ample reaction space for more 
complete geopolymerization. Previous studies have 
proved that hydrophilic groups can be deprotonated at 
the elevated pH of these systems (Labbez et al., 2006; 
Nicoleau et al., 2014; Adio et al., 2017), which ex-
plains once again why samples of the STA group  
(the only acidic aqueous solution) had the densest 
structure. 

Metakaolin 
particles

Surfactant 
molecules 

(a) (b) 

Weak adsorption Strong adsorption

Fig. 15  Schematic representation of the connection be-
tween surfactant molecules and metakaolin particles: (a) 
SLS, APG; (b) BAC, SE, and STA 
It is harder for molecules of SLS and APG to adsorb onto the 
surface of metakaolin, but they self-associate into micelles, 
making it harder for them to enter the gaps between me-
takaolin particles. BAC, SE, and STA molecules are more 
easily adsorbed onto the surface of metakaolin, and effec-
tively disperse metakaolin particles 
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4.3  Bubble formation 
 
Surfactants have a high affinity for liquid-air 

interfaces which affects the formation of bubbles 
(Marchon et al., 2016). The dynamics of surfactant 
adsorption is faster than surface formation at the 
air-water interface, which guarantees the creation of 
an interface (Cantat et al., 2013). Adsorbed surfac-
tants result in a lowering of surface tension, so less 
energy is needed to generate stable bubbles. Surfac-
tants adsorbing on both sides of a water film also 
cause steric interactions, making bubbles repel each 
other, resulting in large pores in MKGs (Feneuil et al., 
2017). APG has six hydrophilic groups including a 
hydroxyl and an ether group (Fig. 3), which stabilize 
its attachment to the water film. The hydrophilic head 
of SLS has a large molecular weight, and the hydro-
phobic part of BAC has a unique benzene ring 
(Fig. 3). Electrostatic interaction resulting from ionic 
surfactants such as SLS and BAC also can contribute 
to the stabilization of bubbles (Feneuil et al., 2017). 
The effective components offered by SE and STA  
are the same, and have relatively smaller steric  
interactions. 

 
 

5  Conclusions 
 

Surfactants with specific molecular configura-
tions affect the physical properties and microstructure 
of MKGs. All surfactants can increase the slurry 
viscosity and promote the generation of bubbles. 
BAC has the strongest capacity to increase viscosity, 
and APG the strongest capacity to produce bubbles. 
The trends of density, water absorption, and com-
pressive strength are related to the total intrusion 
porosity, which reflects the consistency of the mi-
croscopic and macroscopic, external and internal 
structures of MKGs. 

SLS and APG lead to a higher porosity, looser 
microstructure, and more micro-defects for the clus-
tered molecules due to their weaker adsorption. BAC, 
SE, and STA lead to a relatively lower porosity and 
denser microstructure for better geopolymerization, 
resulting from the stronger adsorption. Based on the 
experimental results, the mechanisms underlying 
surfactant adsorption on the surface of metakaolin are 

proposed, and suggest that stronger adsorption leads 
to a denser microstructure. 

The specific effects of the five surfactants on 
MKG were as follows: 

1. SLS is an anion surfactant with a relatively 
weak adsorption to metakaolin. It can not only greatly 
increase the total intrusion porosity, but also promote 
the development of small pores into large pores. Its 
loose microstructure leads to a low density and com-
pressive strength, and the highest apparent water 
adsorption. 

2. APG is a non-ion surfactant with a large hy-
drophilic head which exists between metakaolin par-
ticles mainly in the form of micelles. It can increase 
the total intrusion porosity. In particular, the pores 
larger than 150 nm had 2.53 times the porosity of 
samples from the blank group. Another outstanding 
feature of APG is that it can accelerate the creation of 
bubble pores due to its relatively high viscosity. 
Samples from the APG group had high apparent water 
absorption and low density. The lowest compressive 
strength was found in the APG group, mainly because 
of micro-defects. 

3. BAC is a cationic surfactant containing a hy-
drophobic benzene ring and a long carbon chain. It 
was not only firmly integrated in the metakaolin, but 
also led to strong coupling between molecules. BAC 
had only a slight impact on total intrusion porosity, 
apparent water absorption, and compressive strength. 
It is an effective and suitable thickener. Its viscosity 
was 12.11 times as high as that of the geopolymer 
slurry without an additive. 

4. SE and STA are both anion surfactants whose 
molecules are readily adsorbed on the surface of 
metakaolin. These two surfactants developed the 
densest microstructure and promoted a change from 
larger to smaller pores. Their effects on the viscosity 
and total intrusion porosity were almost negligible. 
The relative density of SE was reduced, suggesting 
that there were a number of closed pores. STA in-
creased compressive strength because of its denser 
microstructure and gels. 

This study was a preliminary experimental in-
vestigation of the use of surfactants to adjust the mi-
crostructure and properties of geopolymer materials. 
The results showed that the molecular adsorption 
capability of surfactants plays an important role in 
forming geopolymer binder structures. However, 
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further studies considering the interaction between 
the chemical additives and geopolymer gels are 
needed. A deeper examination of the mechanisms by 
which chemically bonded molecules influence the 
polymerization processes of geopolymers would also 
be valuable. 
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