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 The addition of s-slag can reduce the autogenous shrinkage of AAS.
 The s-slag shows a significant influence on the hygroscopic and water absorption properties.
 The resistance to carbonation of AAS can be improved after using s-slag.
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a b s t r a c t
The aim of this study is to investigate the feasibility of applying super-hydrophobic slag (s-slag) to reduce
the autogenous shrinkage and enhance resistance to carbonation of alkali-activated slag (AAS). The s-slag
is produced by milling slag with stearic acid. The influence of the s-slag on the wetting behaviour is characterized by the water contact angle. It was found that the addition of s-slag has a significant influence on
the hygroscopic and water absorption properties of the AAS. The hydration kinetics, reaction products,
internal humidity, surface tension of pore solution and carbonation depth are investigated in order to
explain the mitigation mechanism of the autogenous shrinkage and carbonation test. After applying
20% s-slag, the autogenous shrinkage and carbonation depth of AAS can be reduced by 68% and 70%,
respectively compared to the reference. The surface coating by stearic acid reduces the contact between
the slag and the activated solution, which decreases the heat release of AAS. The hydrophobic modification alters the wetting property of the AAS which is helpful to decrease the capillary pressure and
obstruct contact with CO2. As a result, the autogenous shrinkage and carbonation depth are dramatically
decreased. In addition, the introduction of the s-slag increases the compressive strength and flexural
strength of AAS.
Ó 2020 Elsevier Ltd. All rights reserved.

1. Introduction
Concrete is the most widely used artificial material in the world,
and ordinary Portland cement (OPC) is the most general cementitious material in concrete manufacture [1;2,3,4,5,6,7,8]. However,
the production of OPC involves high energy costs and a large
amount of emissions of greenhouse gases [9,10,11]. In order to
reduce the environmental impacts and natural resource consumption of cement production, alternative cementitious materials are
considered [12–13,14]). Over the past decades, lots of research
has been conducted on alkali-activated slag (AAS) due to the low
energy consumption and a satisfied engineering performance compared to OPC [15,16,17,18].
⇑ Corresponding authors.
E-mail addresses: fzhwang@whut.edu.cn (F.Z. Wang), G.Liu@tue.nl (G. Liu).
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Many studies have confirmed that AAS can develop comparable
or even better mechanical properties of concrete than using normal cement [16,19,20,18]. However, until so far, the large scale
application of the AAS is still limited due to the poor resistance
performance to carbonation and the high autogenous shrinkage
[15,19,18]. It has been reported that the carbonation resistance of
AAS concrete was much lower compared to OPC when exposed to
an environment composed of 10% to 20% of CO2 at 70% relative
humidity (RH) [21–22]. The low resistance to carbonation was generally identified to be induced by the lack of calcium hydroxide as
pH buffer compared to OPC, on the other hand, the potential high
shrinkage of AAS may cause cracks for CO2 penetration. Malolepszy
et al. found that the shrinkage of AAS mortars is 1.6 times higher as
compared to OPC mortars [23], which increases the risk of reducing
the resistance to carbonation. Therefore, it is necessary to find a
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method to mitigate the drawbacks of AAS and to achieve large
scale applications.
In order to improve the durability performance of the AAS,
numerous investigations have been conducted by applying various
methods [21–22,19,24,25,18]. Some studies have focused on the
carbonation of AAS whereas others focused on the shrinkage properties. Sumensh et al. investigated the effects of nano-materials on
the carbonation of geopolymers [23]. It is concluded that the addition of the nano-particles such as nano-TiO2 could refine the pore
structure hindering the penetration of water and CO2, then resulting in a decrease of carbonation depth [23]. The application of slag
with higher MgO contents is also useful because of the formation
of layered double hydroxides which have the capacity to bind
CO2 [22]. Palacios et al. investigated[24] the effects of the
shrinkage-reducing admixtures on the properties of alkaliactivated slag mortars and pastes. Polypropylene glycol-based
shrinkage-reducing admixtures can reduce autogenous shrinkage
by 85% and drying shrinkage by 50% in water glass-activated slag
mortars [24]. Kumarappa et al. applied pre-wetted lightweight
aggregates to mitigate the shrinkage of AAS [26]. The pre-wetted
lightweight aggregates act as an internal curing agent which can
control the development of autogenous shrinkage in AAS mortars
[26]. However, the most common methods aim at the improvement of the carbonation and shrinkage behaviour by changing
mixture design. Until so far, no positive result was reported based
on the surface modification of raw materials for improving both
shrinkage and carbonation performance.
Hydrophobic modification has been applied to improve the
durability of cementitious materials [27,25,28]. Due to the porous
microstructure of the hardened cement paste, most often occurring
mechanisms of deterioration of concrete are related to the penetration of fluids [29,30,31]. The hydrophobic treatment can alter wetting behaviour within internal pores or cracks which increases the
water absorption resistance of cementitious materials [28]. Among
the integral water-resisting admixtures, stearic acid has attracted
lots of attention due to its low price and good hydrophobic property [25,28]. Wong et al. found that the addition of stearic acid
coated waste paper sludge ash could reduce water absorption of
concrete by 84% [28]. Our previous study found that the addition
of stearic acid coated slag could decrease the chloride penetration
of lightweight concrete by 90% [25]. As water transport in the concrete plays a key role in the determination of the carbonation,
hydrophobic modification has the potential to improve the carbonation resistance of AAS [23;21,20]. Furthermore, the wetting property of the pore walls has a big influence on internal humidity
which is the driving force of the autogenous shrinkage of AAS
[25,28]. Kumarappa et al [26]investigated the mechanism of autogenous shrinkage of alkali activated slag mortars. They concluded
that the drastic drop in the internal relative humidity was the main
reason for the important increase in the shrinkage values of AAS
[26]. As reported by Shahidzadeh-Bonn et al. [32], a hydrophobic
glass beads-based porous system presented a capillary stress of
only one-tenth of the hydrophilic ones as the radius of menisci is
dramatically increased because of the hydrophobicity. Therefore,
hydrophobic modification has the potential to maintain the internal humidity of the cementitious materials and in turn, decrease
the shrinkage of AAS. So far, the existing strategies for hydrophobic
modification of concrete mainly involved additional surface treatment or bulk modification. As concrete surface suffers the threat of
cracks, bulk modification is ideal for the hydrophobic enhancement of cementitious materials.
The aim of this study is to evaluate the feasibility of applying
super-hydrophobic slag powder as a partial binder in order to mitigate the autogenous shrinkage and carbonation of AAS. The influence of the s-slag to wetting behaviour and water absorption are
investigated which are related to the carbonation resistance of

AAS. The hydrophobic performance of AAS is evaluated by the
water contact angle value. In order to know the mitigation mechanism of the autogenous shrinkage, the internal humidity, surface
tension of pore solution are also investigated.

2. Experiments
2.1. Materials
The ground granulated blast furnace slag (GGBS) is supplied by
ENCI (the Netherlands). The elemental composition of the GGBS is
determined by X-ray fluorescence, as: 34.61% SiO2, 37.63% CaO,
13.26% Al2O3, 9.94% MgO, 0.47% Fe2O3, 1.24% SO3, 0.47% K2O,
0.98% TiO2, 0.01% Cl, and 0.46% L.O.I. The superhydrophobic slag
is prepared through a ball milling method for 1 h (100 rpm) using
1% stearic acid as a hydrophobic surface functionalizing agent as
reported in our previous work [25]which is the optimum processing conditions to prepare the superhydrophobic slag (the slag
without stearic acid is prepared with the same procedure). The
resultant s-slag possesses a water contact angle (WCA) of 153°
which can be classified as super-hydrophobic [33]. The activator
is prepared by using the sodium hydroxide pellets, and commercial
sodium silicate solution (27.69% SiO2, 8.39% Na2O and 63.92% H2O
by mass). The designed activators are prepared by mixing an
appropriate amount of sodium hydroxide pellets into the sodium
silicate solution and then cooling down to room temperature
before casting. The equivalent Na2O content is 6.2% by the mass
of slag. The activator modulus and water/binder ratio are kept constant as 1.2 and 0.45, respectively. The dosage with the s-slag is
10%, 20% and 30% as shown in Table 1.

2.2. Testing methods
2.2.1. Calorimetric test
The influence of the s-slag on the hydration of the AAS is investigated by a TAM Air isothermal calorimeter. The reaction kinetic
experiments are carried out for 80 h and the temperature of the
measuring cells is kept at 20 ℃. The calorimetry results are normalized per gram of solid powders (slag and s-slag).

2.2.2. Mechanical properties
The flexural and compressive strength of the AAS samples with
a curing age of 7, 14 and 28 days are determined according to EN
196–1 standard [34]. The samples are cured in a climate room
(20 ℃ and RH 50%) sealed with plastic wrap. 40  40  160 mm3
samples are used for the flexural strength test and
40  40  40 mm3 samples are used for the compressive strength
test.

2.2.3. Water absorption
The capillary water absorption of the AAS and hydrophobic
modification AAS is tested according to EN 480–5 [35]. AAS samples with 28 days curing age are used for the capillary water
absorption test. All of the samples are immersed under the water
with a depth of about 3 mm for 43 days. A digital balance is used
to measure the mass of the AAS samples periodically during the
water absorption test.

2.2.4. Sessile drop test
Sessile drop method is applied the measure the water contact
angle with a piece of AAS samples curing 1 day with a diameter
of 5 cm.

3

Z.Y. Qu et al. / Construction and Building Materials 264 (2020) 120665
Table 1
Mixture proportions of AAS pastes with different dosages of S-slag.
Mixture

Slag (g)

S- slag (g)

SiO2 (mol)

Na2O (mol)

H2O (g)

Ref
H-10%
H-20%
H-30%

1000
900
800
700

0
100
200
300

1.2
1.2
1.2
1.2

1
1
1
1

450
450
450
450

2.2.5. Extraction of the pore solution and surface tension tests
Pore solution of hardened AAS paste is obtained by squeezing
the cubic specimens with a pressure of 70 MPa. The surface tension
of the pore solution at 1 d and 7d measured with a surface tension
analyser. The surface tension of distilled water by the analyser is
72.22 dyne/cm.
2.2.6. Internal humidity
The internal relative humidity (RH) of AAS mortars is measured
by Hygropin moisture meter (Newa Techniek B.V.) with in-situ RH
sensor probes. The measuring sleeves with 6 cm depth are embedded in the fresh mortar in a 10  10  10 cm3 mould and the surface of the cast samples are sealed with plastic wrap. The internal
RH is tested every day over a period of 28 days. Three replicate
measurements are recorded to calculate the average internal RH.
2.2.7. Autogenous shrinkage measurements
The autogenous deformation test is measured according to
ASTM C 1698–09 [36]by corrugated polyethylene tubes with a
length of 420 mm and a diameter of 29 mm. All of the AAS samples
are stored in a stable environment with 20 °C.

3.2. Reaction products
The FTIR spectra of the AAS are shown in Fig. 2 (a). All the AAS
samples present similar patterns which indicates that the reaction
products formed are similar. The peaks at 3305 cm1 and
1640 cm1 belong to water [38]. It should be noted that the AAS
containing s-slag present two bands at 2916 cm1 and
2848 cm1. These are attributed to the asymmetric stretching
vibration and symmetrical stretching vibration of C–H bonds as
the stearic acid contains many –CH2 groups in its structure
[25,38]. The intensity of these two peaks is very weak as the stearic
acid content is quite low in the AAS. The bands at 940 cm1 can be
assigned to the formation of calcium aluminosilicate hydrate
which is one type of C-A-S-H gel (Z. [3]. The bands at 872 cm1
and 641 cm1 are attributed to the deformational vibrations of
Si-O-Si or Si-O-Al [38]. The XRD results of the AAS samples are
shown in Fig. 2 (b). All the samples present similar XRD patterns
that confirm the FTIR results. The main phases are hydrotalcite
as well as C-A-S-H with a minor amount of portlandite [39]. Based
on the FTIR and XRD results, it can be concluded that the addition
of the s-slag does not change the reaction products of the AAS.
3.3. Mechanical property

2.2.8. Carbonation test
The AAS is cast into a cylinder mould with a diameter of 10 cm
and a depth of 6 cm. After casting, the AAS samples are covered
with plastic wrap and stored in the climate room (20 ℃ and RH
50%) until testing. After curing for 28 days, the bottom and sides
of the cylinder surface are coated with epoxy to allow CO2 ingress
only from the lateral cast surfaces. The AAS samples are moved to
the carbonation test chamber with a setting of 20 °C, 65% RH with a
20% CO2 concentration. The test duration is 2 weeks. The carbonation depth of sample is identified by using spraying of phenolphthalein (1% with absolute ethyl alcohol).

3. Results and discussion
3.1. Reaction kinetics
The heat evolution and total heat release of the AAS samples are
shown in Fig. 1 (a) and (b). The heat release curves present four
reaction stages similar to Portland cement-based materials and
other previous research on AAS (Z. [3,37]. The characteristic peak
of the acceleration period is located at about 5 h which is in line
with the AAS reported in other research. It can be seen that with
the addition of the s-slag, the acceleration peak of AAS exhibits
lower intensity which is in accordance with the influence of the
s-slag to the OPC [25]. This can be attributed to the surface coating
of stearic acid which decreases the contact between the alkaline
solution and slag. The stearic acid coating decreases the reaction
between slag and the alkaline solution which in turn decreasing
the heat release. This is in line with the cumulative heat evolution
of the AAS samples. The s-slag contained samples that present a
lower total heat release. However, the addition of s-slag did not
change the reaction process as it can be seen that the duration of
each period of the AAS samples is the same[25].

The compressive and flexural strength of the AAS pastes is
shown in Fig. 3 (a) and (b). It should be noted that the influences
of s-slag on the compressive strength and flexural strength are different. As shown in Fig. 3 (a), the incorporation of the s-slag results
in a continuous decrease of the compressive strength from
61.81 MPa to 52.61 MPa at 1 d, from 81.14 MPa to 71.64 MPa at
7 d and from 94.4 MPa to 83.72 MPa at 28 d. This is due to the less
formation of the reaction products as the coating of stearic acid
reduces the contact between the slag and activator which is in line
with the results of influence to the heat release as shown in Fig. 1
(a). On the contrary, the incorporation of s-slag increases the flexural strength of the AAS from 3.56 MPa to 4.72 MPa at 7d and from
3.81 MPa to 6.03 MPa at 28 d as shown in Fig. 3 (b). This can be
attributed to the mitigation of micro-cracks development through
the addition of the s-slag. As reported by previous studies [40]; Z.
[3,41], AAS suffering a high risk of micro-cracks due to the high
rate of autogenous shrinkage while flexural strength is more sensitive to the micro-cracks than the compressive strength. This indicates that the addition of s-slag may also contribute to the
reduction of the micro-cracks development in alkali activated slag
systems.
3.4. Internal humidity and surface tension of the pore solution
The influences of s-slag dosages on the internal RH of AAS are
presented in Fig. 4 (a). The internal RH decreases with the time
increasing for all samples which can be attributed to the continuous hydration of the slag [28, 32]. However, the addition of s-slag
significantly retards the reduction of the internal humidity of the
AAS. At 1d, the reference sample presents an internal humidity
value of around 85% which is lower than the other samples. Then
it has a quick decrease to around 72% at 7d and then it continuously decreases to around 67% at 28d. With s-slag incorporation,
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Fig. 1. Normalized heat flow (a) and cumulative heat release (b) of the AAS paste with different dosages of s-slag.

Fig. 2. FTIR (a) and XRD (b) spectra of the alkali-activated slag.

Fig. 3. Compressive strength (a) and flexural strength (b) of AAS pastes.

Z.Y. Qu et al. / Construction and Building Materials 264 (2020) 120665
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Fig. 4. Internal humidity (a) and surface tension (b) of the pore solution of AAS.

the humidity decreases much more slowly. For the H-30% sample,
the internal humidity is 96% at 1d and then slightly decreases to
90% at 28d. According to the Kelvin and Laplace equations, higher
internal humidity results in a lower pore pressure which is beneficial for the mitigation of the autogenous shrinkage of AAS [26]; Z.
[3]. Usually, the surface tension of pore solution plays a key role in
the determination of the internal humidity and reduction of the
surface tension of pore solution is a usual strategy to maintain
the internal humidity to mitigate the autogenous shrinkage of
AAS [42]; Z. [3,43]. In order to figure out the mechanism of the
slow humidity drop, the surface tension of the pore solution of
the AAS is analyzed as shown in Fig. 4 (b). It can be seen that for
all the AAS samples, the surface tension increases from 1d to 7d
which is also observed in a previous study [26]. This can be attributed to the continuous hydration of the AAS and more ions were
released from the slag to the pore solution [26]; Z. [3]. The addition
of s-slag seems to slightly reduce the surface tension due to the
lower reaction intensity compared to reference as shown in
Fig. 1. The differences of the surface tension from the different
samples are not obvious which is not the cause of the retardation
of the internal humidity drop.

3.5. Wetting property and autogenous shrinkage behavior
The results of water contact angles and autogenous shrinkage of
the AAS as a function of time are shown in Fig. 5. As hydrophilic
material, the original water contact angle of AAS is 0 which is
not listed in Fig. 5 (a). The water contact angle of AAS with 10%
replacement is 32° and then the water contact angle presents a
sharp increase to 79° and 81° at 20% and 30% replacements, respectively. It should be noted that the decrease of the autogenous
shrinkage presents a similar pattern as shown in Fig. 5 (b). The
addition of super-hydrophobic slag results in the decrease of
shrinkage of AAS in all mixtures. With a 10% replacement, the
shrinkage deformation is reduced by 38% and it increases to 68%
by 20% replacement. With 30% replacement, the autogenous
shrinkage deformation decreases 70% which is close to the result
of a 20% replacement. The results above indicate that the
hydrophobic property has an influence on the shrinkage of the
AAS. It can be seen with higher replacement (30%), the shrinkage
decreases not that much which is in line with the hydrophobic
property of the AAS. This indicates that AAS with a 20%
replacement of s-slag is also an optimum amount to decrease the

Fig. 5. Water contact angles and autogenous deformations of the AAS as a function of time.
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autogenous shrinkage of AAS. As shown in Section 3.3.1, the addition of the s-slag did not change the surface tension of the pore
solution that much which indicates that it is not the cause for
the decrease of the autogenous shrinkage of AAS. On the other
hand, the addition of s-slag changed the contact angle, consequently, the capillary stress can be influenced as well, which can
result in the variation of shrinkage behavior. This will be further
discussed in Section 3.7.

resulting in the formation of menisci between liquid and gas in
the capillary pores and then capillary stress rises [49,43] as shown
in Fig. 7 (a). The internal capillary stress can be calculated by the
Young-Laplace equation:

r¼

2ccosh
r

and Kelvin equation:

3.6. Carbonation resistance

InðRHK Þ ¼ 
The water absorption curves of the AAS pastes are shown in
Fig. 6 (a). The addition of slag dramatically decreases the water
absorption of the AAS. With a 10% replacement, the water absorption decreases by 32%. A sharp water absorption decrease can be
seen at a higher replacement dosage. It decreases by 62% and
69% separately at 20% and 30% replacement. A plausible mechanism is that the s-slag reacts with the activators left the stearic acid
on the surface of the internal pores or the s-slag bonds directly on
the with the hydration products of the AAS and then the wetting
property of the pore in the AAS are altered [28]. This decreases capillary suction and influences the liquid transport inside the AAS. It
should be noted that with higher replacement (at 30%), the water
absorption did not change much compared with 20% replacement.
This is in line with the hydrophobic property changes of the AAS
which illustrates that 20% addition of the superhydrophobic slag
is enough to modify the AAS for hydrophobic function. Carbonation
is a serious threat to the durability of AAS. The diffusion of CO2 can
change its initially strongly alkaline environment to lower pH values [44,45,46]. It has been concluded that AAS is prone to be damaged by carbonation compared with OPC under the same exposure
conditions [47,48]. The results of carbonation depth are shown in
Fig. 6 (b). It can be concluded that the addition of s-slag is beneficial to increase the carbonation resistance of the AAS. The reference
sample presents a carbonation depth of 24 mm. All the hydrophobic modification samples present a lower carbonation depth especially with a 20% replacement of s-slag, the carbonation depth
decreases 70%.
3.7. The modification mechanism by using super-hydrophobic coating
slag in AAS
Generally, autogenous shrinkage occurs because of the internal
moisture loss as the hydration proceeds and the water in the pore
system of AAS is consumed from large pores to small pores. Then

ð1Þ

2cMcosh
qrRT

ð2Þ

Where, r is the capillary pressure in MPa, c is the surface tension in N/m, h is the water contact angle of the wall of the capillary
pore, r is the radius of the pore in m, M is the molar volume of
water which is 18 cm3/mol, q is the pore solution density in kg/
m3 which is experimentally tested in this study, R is the universal
gas constant which is 8.314 J/molK and T is the absolute temperature which is 293.15 K.
Normally, as hydrophilic materials, h is taken the value of 0 and
the pore radius is equal to the Kelvin radius which is shown in
Fig. 7 (a). As the shape of the meniscus in the pore is concave, negative capillary pressure generates which is the driving force for the
shrinkage of cementitious materials [49,43]. Traditional methods
to decrease the autogenous shrinkage includes internal curing,
which can supply more water or addition of the shrinkage reducing
admixtures (SRA), which can decrease the surface tension of the
pore solution. However, the influence of the wetting property in
cementitious materials has not been investigated systematically,
as such, a parametric investigation is performed in this study to
see how contact angle influences the internal relative humidity
and capillary pressure. The influence of s-slag contents on relative
humidity and capillary pressure as a function of pore radius is
shown in Fig. 8 (a) and (b). It can be seen that the influence of sslag contents on internal humidity and capillary pressure is mainly
performed on the pores with a radius of less than 50 nm which
belongs to the capillary pores. This is in line with the previous
study [50,51,43], finer pores generate higher capillary stress resulting in higher autogenous or drying shrinkage. In this range of
pores, with enhanced hydrophobic property, meniscus curvature
increases as shown in Fig. 7 (b). Then the internal RH rises, and
the capillary pressure drops with the increase of the water contact
angle which is consistent with the evolution of internal relative
humidity results in Fig. 3 (a). The decrease of the capillary pressure
results in the mitigation of the autogenous shrinkage of the AAS.

Fig. 6. Water absorption (a) and carbonation depth (b) of the AAS samples.
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Fig. 7. The shape of the menisci in the pores and capillary stress with different water contact angles (h): a) h = 0°, b) 0° < h < 90°.

Fig. 8. Evolution of relative humidity (a) and capillary pressure (b) as a function of the pore radius for different contact angles.

On the other hand, the humidity and pore structure are the key
factors of resistance to carbonation for alkali activated materials
[52]. The moisture is necessary for the occurrence of the carbonation reaction because CO2 needs to be dissolved in water, at first
carbonic acid is formed, then react with Ca2+ leached from calcium
hydrate or C-A-S-H gel [44,45]. Usually, when the relative humidity is high enough, for example at RH > 80%, the pores or tunnel for
gas penetration can be clogged by the excess water [53].
Combining the presented results, the addition of s-slag significantly increases the internal humidity of AAS samples, which
subsequently slows down the CO2 transportation, then presented
as a decreased carbonation depth. Furthermore, the increased
water contact angle reduces the contact between water and
reaction products, which further inhibit the reaction of carbonation. Especially, the reduction of the autogenous shrinkage lowers
the micro-cracks’ formation (identified as enhanced flexural
strength), which reduces the risk of the fast CO2 penetration.
These all promote the resistance to carbonation of AAS containing
s-slag.

igation mechanism of the autogenous shrinkage of AAS by s-slag
were studied, based on a new mitigation strategy of the shrinkage
of AAS.

4. Conclusions

1. The addition of s-slag is efficient to decrease the autogenous
shrinkage of the AAS. At 28 days, the autogenous shrinkage of
AAS is decreased by 68% and 70% with 20% and 30% replacement. This is in line with the results of the water contact angle
and water absorption test. It illustrates that the 20% replacement is sufficient to make the AAS hydrophobic.
2. The mitigation of the autogenous shrinkage is attributed to the
increase of the hydrophobicity which limits the drop of internal
humidity of AAS resulting in a decrease of capillary stress.
3. The carbonation depth of the AAS is decreased after the addition
of s-slag. At 20% replacement, the carbonation depth is
decreased by 70% which is in line with the results of water
absorption.
4. The heat release and compressive strength of the AAS is
decreased due to less formation of reaction products. The flexural strength of the AAS is increased as the micro-cracks of
the AAS is reduced.

This study investigated the influence of superhydrophobic slag
(s-slag) on a wide range of properties of AAS. In addition, the mit-

This work presents a new way to mitigate the shrinkage of AAS
at the same time decreasing the carbonation. Through the addition
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of superhydrophobic slag, the hydrophobicity of the AAS is
increased which results in the increase of the shrinkage and carbonation resistance. Given the low cost and facile preparation of
the s-slag, this bulk hydrophobic modification methods have excellent potential for the large scale application of AAS.
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