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Based on the results of nitrogen adsorption and
dynamic vapour sorption as well as analysis by the
Hailwood–Horrobin (H-H) model, the effects of γ-
methacryloxypropyltrimethoxysilane (MPTS) on the
agglomeration and moisture sorption properties of fumed
silica particles were investigated. After adding various
concentrations (2%, 4%, 6% and 8%) of MPTS, different degrees
of silanization were obtained by showing various −OH
group contents on the silica surface, which resulted in silica
agglomerates with different porous structures. The bigger
mesopores in the unmodified silica agglomerates became
smaller and finally disappeared after MPTS modification
and the Bruanuer–Emmett–Teller surface area decreased
more gradually with an increase in MPTS concentration.
The H-H model fitted the sorption isotherms very well, and
both hydrated water and dissolved water showed decreasing
trends with the increase in MPTS concentration, showing
reduced hygroscopicity. Up to 6% MPTS, the −OH groups
decreased with increasing MPTS concentration, as indicated
by reduced Kh and W parameters, while at 8% MPTS an
extensive self-condensation of MPTS occurred. Adsorption
hysteresis appeared for moisture sorption on silanized silica,
especially at low relative humidity values and at low MPTS
concentrations, which could be explained by a synergistic effect
of the surface −OH group content and pore characteristics.
These results could aid our understanding of the applications
of silane-modified silica particles.
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1. Introduction
Silica particles have received considerable attention because of their special physical and chemical
properties. They can be used as additives, polishing materials, pigments, free-flow agents (in particles),
medicinal and industrial adsorbents, [1–3], and in any other unconventional fields. For example, they
can serve as a solid emulsifier in Pickering emulsions, which generally require amphipathicity of the
silica surface [4,5]. However, plenty of spectral and chemical data have unambiguously substantiated the
presence of hydroxyl groups (−OH) on the surface of silica particles [6–8], which result in agglomeration
between silica particles and also provide a reaction site for chemical design. As a result, the silica
surface is generally hydrophilic and easy to agglomerate, and it has negative effects on compatibility and
emulsion stability when used with an organic polymer matrix and as an emulsifier, respectively, which
greatly restricts the application of silica. Therefore, the silanization of the silica surface is very important
in practical surface chemistry, especially in chemical, pharmaceutical and particle-stabilized emulsions
(Pickering emulsions). The degree of silica surface silanization can influence the surface hydrophilicity
as well as the final product design, production processes and properties [9–11].

In addition, with regard to porous adsorbents, a wide range of materials have been reported, including
silica, porous carbons and metallo-organic frameworks [12–14]. Among these, porous silica is one of
the most frequently used water or gas adsorbents and has gained significant attention in the scientific
community, especially silica functionalized with different groups [15,16]. This is mainly due to its low
production costs and widely adaptable temperature range. There have been some reports revealing
the effect of silanization on the pore characteristics of porous silica [17,18]. However, for fumed silica
particles (non-porous), the loose agglomeration creates inter-particle voids, which can be treated as
‘pores’ in some instances. Understanding the characteristics of these pores and the water adsorption
properties of agglomerated silica is also of great importance, especially for silica with different degrees
of silanization. Ridaoui et al. [19] studied the interaction between water and fumed silica modified by
a controlled partial silylation with dimethyldichlorosilane and found the high grafting ratio exhibited
a high temperature dependence on immersion heat. Khalfi et al. [20] used inverse gas chromatography
(IGC) to investigate interactions between silica and poly(dimethylsioxane) (PDMS) and found that PDMS
oligomers are very good at interacting with silylated silica, that is, PDMS oligomers can be used as
powerful IGC probes to study the capacity of interaction of a silylated silica with a PDMS elastomer.
However, few studies have focused on the ‘pore’ structure between fumed silica particles with partial
silanization and its effect on moisture adsorption. Moreover, this can be viewed as an approach to
characterize the effect of silanization on the agglomerated behaviour of fumed silica particles. Also,
due to the hydrophobicity of silanes, water vapour sorption on fumed silica with different degrees of
silanization as well as its relation to ‘porosity’ is another characteristic that should be investigated.

For silanization, γ-methacryloxypropyltrimethoxysilane (MPTS) is a widely used coupling agent
because of its dual-functional groups. It can be hydrolysed in aqueous solution and the equilibrium
between hydrolysis and condensation can be adjusted by changing the hydrolysis conditions such as
the hydrolysis time [21]. Li et al. [22] used MPTS and octylphenol polyoxyethylene ether (7) (OP-7) to
modify SiC/SiO2 powder and found a significant improvement in hydrophobicity. Krysztafkiewicz et
al. [23] investigated the effect of silane coupling agents, including MPTS, on the dispersion properties
of sodium–aluminium silicates. Their study showed that the methacryloxy in MPTS could react with
methyl methacrylate (basic components of dispersion paints), which improved the sedimentation
behaviour in potassium metasilicate. Generally, the modified process by MPTS can be accomplished
by the chemical reaction between the trimethoxy groups of silane molecules and the −OH groups on the
silica surface, whereas the other functional group of the silane molecule may remain unchanged [24,25].

This study provides an insight into the porous properties of the surface of silanized fumed silica
agglomerates modified by different concentrations of MPTS. The silanol content and moisture adsorption
behaviour were characterized. In addition, the influence of MPTS on the characterization of pore size
distribution, pore volume and the specific surface area were also determined by nitrogen adsorption
experiments, which can reflect the effect of silanization on silica agglomeration. The moisture adsorption
behaviour was tested by the dynamic vapour sorption (DVS) approach, which was able to provide
accurate isotherms over a wide relative humidity (RH) range and temperature. This method was
used to investigate the sorption properties of hygroscopic materials, such as natural fibres and food
powders [26–28]. Based on these, the Hailwood–Horrobin (H-H) model, which was used to analyse
the moisture sorption behaviour of hydrophilic materials such as wood, food and textiles, was applied
to further analyse the moisture adsorption characteristics of silica particles. The findings of this study
aim to contribute to an improved understanding of fumed silica agglomerates with various degrees of
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silanization and the reactive adsorption of water on these agglomerates, which could provide guidance
for the design of silica surface modifications for application in desiccants or functional modifiers.

2. Experimental
2.1. Materials
Hydrophilic fumed silica particles were purchased from Degussa AG (Frankfurt, Germany) in powder
form. The Bruanuer–Emmett–Teller (BET) surface, as determined by the manufacturer, was 220–
300 m2 g−1, and the particles’ size was 30–40 nm. The water dispersion of silica was characterized at
25°C by a laser particle analyser (Delsa Nano C; Beckman Coulter, USA), and the average particle
size was found to be 350 nm. The difference between the diameter of the primary hydrophilic silica
particles, as provided by the manufacturer, and their measured average diameter after dispersion in
aqueous solutions could be ascribed to the agglomeration of the particles inherently taking place in dry
nanoparticles [29]. MPTS (purity ≥ 95%) was purchased from the market with a density of 1.04 g cm−3.
Ethyl alcohol, as the diluting agent, was an analytical reagent and was purchased from Beijing Chemical
Co., Ltd. of China. The pH values were determined automatically (FE20; Mettler Toledo, Switzerland).

2.2. Preparation of variously silanized silica particles
The MPTS at different concentrations (2%, 4%, 6% and 8% based on silica weight) was added to ethanol–
water solution (9:1 vol.%) to hydrolyse it sufficiently. The pH of the solution was adjusted to 3–4 by using
acetic acid solution (0.1 mol l−1). Then, the hydrophilic silica particles were added into the above solution.
The mixture was heated at 60–70°C in a water bath and stirred at 500 r.p.m. for 30 min. Afterwards, the
particles were filtered and the silanized product was immersed in deionized water for 24 h, and then
washed several times with deionized water to eliminate the influence of physical adsorption. Finally, the
silanized silica particles were dried at (103 ± 5)°C for 24 h to obtain a constant weight. The modified silica
was labelled as MPTS-2, MPTS-4, MPTS-6 and MPTS-8 for different MPTS loadings.

2.3. Silanol content
The silanol (Si−OH) content was determined by acid–base titration of the silica against aqueous sodium
hydroxide [30]. About 2 g of silica particles were added to the mixture containing 25 ml of ethanol and
75 ml of 20% (w/w) sodium chloride solution. After that, the silica system was uniformly dispersed by
magnetic stirring for 10 min. The pH of the above system was adjusted to 4 with dilute hydrochloric acid
(0.1 mol l−1). Then, the titration was carried out manually with aqueous sodium hydroxide (0.1 mol l−1)
to adjust the pH from 4 to 9 and was kept steady for about 20 s. The titre was that volume required to
raise the pH from 4 to 9. The silanol numbers of the silica were calculated by the following formula:

N(per nm2) = CVNA × 10−3

Sm
,

where N (per nm2) is the number of −OH groups; C (mol l−1) is the concentration of the NaOH solution;
V (ml) is the volume of NaOH solution required to raise the pH from 4 to 9; NA is Avogadro’s number
(6.02 × 1023); S (nm2 g−1) is the specific surface area of silica; and m (g) is the weight of silica. The relative
content of residual Si−OH on the silica surface was calculated as follows:

relative Si−OH content (%) = Si−OH content in modified silica
Si−OH content in unmodified silica

× 100%.

2.4. Pore characterization
The pore size distribution of silica agglomerates was determined by nitrogen adsorption experiments
at 25°C on an Autosorb-iQ automatic analyser (Quantachrome, Boynton Beach, FL, USA). The specific
surface area (SBET) was calculated by the BET method based on nitrogen adsorption isotherm data [31].
The total pore volume (Vtot) was evaluated by converting the amount of nitrogen adsorbed at a relative
pressure of 0.995 to the volume of liquid adsorbate. The mesopore volume (Vmeso) was calculated by the
Barrett–Joyner–Halenda method.
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2.5. Moisture adsorption
The DVS apparatus (IGAsorp; Hiden Isochema Ltd, England) was applied to investigate the moisture
adsorption behaviours. The dried samples prepared as above of weight approximately 5 mg were placed
in the sample holder, which was connected to a microbalance by a hanging wire and was located in a
thermostatically controlled cabinet. A constant flow of nitrogen gas, into which nitrogen containing a
preset amount of water vapour was mixed, was passed through the chamber to maintain a given RH.
The temperature in the cabinet was kept constant at 25°C, while the RH was increased from 0% to 90%
and then decreased back again to 0% at intervals of 5%. The instrument was maintained at each RH
value for at least 10 min until the sample moisture content changed by less than 0.002% per min and the
value was recorded as the equilibrium moisture content (EMC). Prior to the adsorption process, a drying
process at 0% RH was conducted until the sample weight was stable.

2.6. Hailwood–Horrobin model
A solid solution-based model, the H-H model [32], was applied to describe the moisture sorption
properties of silica. It was extensively used to investigate the sorption behaviour of porous materials
containing hydroxyl groups. For simplification, some assumptions were used in the derivation of
the H-H model. The adsorbed moisture was assumed to exist in two states, one formed a hydrate
with a definite unit of the adsorbent and the second formed a solid solution in the adsorbent. Then,
the adsorbent–water system could be assumed to consist of three chemical components; namely, dry
adsorbent, hydrated adsorbent and dissolved water, which could be treated as an ideal solution. Here,
the three components correspond to dry silica agglomerates, hydrated silica agglomerates with moisture
adsorbed on the silica surface via a hydrogen bond, which is surface-bound water (Mh), and dissolved
water (Md), which can be treated as multilayer-adsorbed water.

The sorption equation for this model is expressed as follows:

M = Mh + Md = 18
W

KhKdh
1 + KhKdh

+ 18
W

Kdh
1 − Kdh

(2.1)

and
h
M

= A + Bh − Ch2, (2.2)

where M is the EMC (%); W is the molecular weight of the silica substance necessary to bond 1 mol of
water (mol mol−1); Kh is the equilibrium constant, defined as the ratio of the activity of silica hydration
to the activities of unhydrated silica and dissolved water; Kd is the equilibrium constant between the
dissolved water and the vapour in the atmosphere; and h is the RH. By rewriting equations (2.1) and
(2.2), the parameters of A, B and C, as well as Kh, Kd and W, can all be derived by plotting h /M against
h; and the calculation can be expressed as follows:

Kh = C

AKd
2 , (2.3)

Kd =
−B/A +

√
(B/A)2 + 4C/A

2
(2.4)

and W = 18B(Kh + 1)
Kh − 1

. (2.5)

3. Results and discussion
3.1. Relative silanol content and porous characteristics
Figure 1a shows the relative Si−OH content of unmodified and MPTS-modified silica, which decreased
from 100% for the control to 47% for 8% MPTS-modified silica. The relative Si−OH content decreased
almost linearly with increasing MPTS concentration. However, above 6%, the decreasing trend was more
gradual. This can be attributed to monolayer adsorption between MPTS and silica during the initial
process, while, above the critical value, multilayer adsorption of MPTS can occur on the silica surface
and introduce extra −OH groups. The MPTS modification decreased the amount of −OH groups on the
silica surface, which can reduce H-bonding between particles and reduce the agglomeration tendency.

To demonstrate the effect of MPTS on silica agglomerates, figure 1b shows the pore size
distributions formed by agglomeration of unmodified and MPTS-modified silica, which were obtained
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Figure 1. Relative Si−OH content on the silica surface (a) and pore size distribution (b) of unmodified and MPTS-modified silica
agglomerates.

Table 1. Porous characteristics of unmodified andMPTS-modified silica agglomerates. SBET, specific surface area calculated from the BET
method; V tot, total pore volume; Vmeso, mesoporous volume. Decrease in V tot was defined as the ratio of the change in V tot values for
adjacent two samples (e.g. for MPTS-4= (V tot of MPTS-2− V tot of MPTS-4)/ V tot of MPTS-2).

label SBET (m2 g−1) V tot (cm3 g−1) Vmeso (cm3 g−1) decrease in V tot (%)

control 271.8 2.47 2.44 —
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-2 210.4 0.77 0.63 68.8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-4 172.1 0.66 0.53 14.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-6 145.1 0.58 0.46 12.1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-8 90.8 0.49 0.37 15.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

by using density functional theory. No micropores (less than 2 nm) were observed in all samples; the
dominating structure for nitrogen adsorption was mesopores (2–50 nm). Numerous mesopores were
also observed on unmodified silica, indicating the clear aggregation behaviour. The mesopore peaks at
7–11 nm and 26–37 nm in unmodified silica disappeared with the modification by MPTS, which could be
attributed to the pore-filling or grafting of MPTS that makes the original mesopores smaller. Therefore,
the peaks at 4–5 nm and 6–10 nm changed after MPTS modification. After 2% MPTS modification, the
pore volumes within both size ranges were very high, and then with the increase of MPTS concentration,
the pore volumes in the mesopore regions (4–5 nm, 6–10 nm, 12–15 nm and 19–25 nm) all showed a
decreasing trend, indicating that more and more MPTS filled the pores (grafted on the silica surface)
with the increasing concentration. It was suggested that MPTS reacts with the −OH groups on the silica
surface through the formation of hydrogen bonds or covalent bonds, which prevents the formation of
the pore structure caused by agglomeration. This reaction was confirmed by previous studies. Rodriguez
et al. [33] used MPTS to modify a slate surface, which is generally constituted by silicates, and found that
MPTS can be adsorbed onto the slate surface by hydrogen bonding. Furthermore, Li et al. [22] found the
MPTS can be covalently bonded onto a silica surface to improve the surface hydrophobicity of SiC/SiO2
powder. Additionally, their study showed that, when the MPTS was overloaded, part of MPTS would
participate in multilayer adsorption rather than surface grafting [34].

The parameters of the pores in unmodified and MPTS-modified silica agglomerates, mainly including
SBET, Vtot and Vmeso, are listed in table 1. The results in this table are consistent with those shown
in figure 1b. The SBET gradually decreased with increasing MPTS concentration, whereas the Vtot and
Vmeso decreased abruptly from control to 2% MPTS modification, and thereafter decreased gradually.
By calculating the decreasing rate in Vtot, we found that the decrease in Vtot was significant (68.8%)
for MPTS-2 and then became more gradual for MPTS-4 (14.3%), MPTS-6 (12.1%) and MPTS-8 (15.5%).
The changing trends between the surface area and volume were due to the different size distributions
caused by different degrees of agglomeration due to various degrees of silanization. For unmodified
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hydrated water (Mh) and dissolved moisture (Md) derived from the H-H model (b–f ).

silica agglomerates, the total and mesopore volumes were greater because of the existence of numerous
−OH groups on the silica surface that resulted in more agglomerates. After 2% MPTS modification,
some mesopores became smaller due to the grafting (pore-filling) on the silica surface, which resulted
in an abrupt decrease in pore volume, but the surface area just decreased gradually because the number
of small pores increased, which contributed significantly to the relative increase in specific surface area.
With the further increase in MPTS modification, the number of pores decreased, indicating improved
dispersity, especially for the smaller mesopores; therefore, the volumes and surface area both decreased
gradually.

3.2. Analysis of moisture adsorption data by the Hailwood–Horrobin model
The moisture adsorption data were fitted by the H-H model to obtain the moisture adsorption isotherms
(figure 2) shown as type II [35], suggesting that the adsorbate–adsorbent interactions were relatively
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Table 2. Hailwood–Horrobin model parameters.

label A B C R2 Kh Kd W

control 0.4845 0.3546 0.0032 0.9685 83.0900 0.0089 6.54
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-2 3.3838 0.5009 0.0040 0.9411 20.4881 0.0076 9.94
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-4 3.0643 0.5523 0.0044 0.9637 24.5832 0.0076 10.78
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-6 5.0321 0.7924 0.0070 0.9386 19.7749 0.0084 15.78
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

MPTS-8 2.1735 0.8578 0.0054 0.9857 64.6775 0.0062 15.93
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

stronger than the adsorbate–adsorbate interactions. This was because the moisture molecules could
attract −OH groups on the silica surface through hydrogen bonds. As shown in figure 2, the moisture
content decreased with the increase in MPTS addition. This was because the MPTS is hydrophobic, and
could partly replace the −OH groups on the silica surface via hydrogen bonding or chemical grafting,
resulting in the increase in surface hydrophobicity.

The parameters of the H-H model are listed in table 2. The R2 values were all between 0.9386 and
0.9857, suggesting that the regressive equation fitted the experimental data very well. From the change
in Kh, it can be seen that the unmodified silica agglomerates were inclined to form hydrated silica during
moisture adsorption by showing a high Kh value of around 83. After MPTS modification from 2% to
6%, the value of Kh decreased greatly, suggesting a decrease in the formation of hydrated silica. After
8% MPTS modification, this constant increased again to around 65. The reason for this will be discussed
later. Also as an indicator of the moisture adsorption state, W represents the molecular weight of silica
bound to 1 mol of water [32]. With the increase in MPTS concentration, W increased gradually with
increasing MPTS concentration from 2% to 6% and then changed only slightly, also suggesting a decrease
in adsorption sites in silica after MPTS modification up to 6%.

Using these parameters, the values of Mh and Md can be calculated by equation (2.1). The results
for unmodified and MPTS-modified silica agglomerates are presented in figure 2. The Mh curves are
shown as type I isotherms [35], which approached saturation after a certain RH. This part of the water
was tightly connected with silica by forming hydrated water. Table 3 listed the values of Mh and Md
for unmodified and MPTS-modified silica agglomerates at 90% RH. Compared with unmodified silica
(2.71%), this saturation point of silanized silica gradually decreased with MPTS concentration within
the range from 2% to 6%, and then slightly increased for MPTS-8 (1.10%). This tendency was consistent
with the Kh and W results, and can be explained by the reduction of −OH groups on the silica surface
and the self-condensation of MPTS. Namely, when a small amount of MPTS is added, it will occupy the
−OH groups on the silica surface and then reduce the amount of −OH groups available for moisuture
adsorption; but when excessive MPTS is added, these MPTS can undergo self-condensation in the form
of multilayers rather than reacting with −OH groups on the silica surface [33]. This condensation process
can produce extra adsorption sites (−OH groups) on the silica surface, as illustrated in figure 3.

Additionally, the Md curve shown as type III isotherms [35] (figure 2) increased sharply within the
whole RH region. The values of Md at 90% RH for unmodified and MPTS-modified silica agglomerates
are also depicted in table 3. These values decreased with the increase in MPTS concentration, that is,
the amount of dissolved water was also influenced by the degree of silanized silica, but this influence
included the pore characteristics of the silica agglomerates. As the −OH groups on the silica surface were
firstly occupied by hydrated water, very few or even no −OH groups were still available for dissolved
water adsorption, which made the pore structure become very important in the process of dissolved
water adsorption.

3.3. Moisture sorption hysteresis
The EMCs achieved by the adsorption/desorption processes were compared and the hysteresis ratios
(A/D) are described in figure 4. It is clear that, at a given RH condition, the A/D values are all lower
than 1.0, suggesting that the EMCs from adsorption were lower than those from the desorption process.
This phenomenon is referred to as adsorption hysteresis, indicating irreversible mass gain during the
adsorption/desorption process. This is partly because the sorption behaviour in mesopores depends not
only on the fluid–wall attraction, but also on the attraction interactions between fluid molecules [34].
Especially, water molecules are polar molecules and it is easy for them to form attraction interactions
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hydrolysis

condensation

Figure 3. Idealized MPTS self-condensation during silica surface modification.

Table 3. Values ofMh andMd for unmodified and MPTS-modified silica agglomerates at 90% RH.

moisture adsorption types control (%) MPTS-2 (%) MPTS-4 (%) MPTS-6 (%) MPTS-8 (%)

Mh 2.71 1.69 1.58 1.07 1.10
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Md 11.18 3.91 3.68 3.51 1.43
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 4. Sorption hysteresis ratio (A/D) distribution of unmodified and MPTS-modified silica agglomerates at different RH conditions
(A/D= EMC value of adsorption/ EMC value of desorption at a particular RH).

among themselves through hydrogen bonding (40 kJ mol−1), and they can strongly interact with the H-
bonded −OH groups on the silica surface, which partly come from the dry state prior to the adsorption
[36,37]. Therefore, the moisture adsorption sites in the initial states of adsorption and desorption should
be different, that is, the effective adsorption sites for moisture at the beginning of adsorption should be
less than those for desorption.

In figure 4, the hysteresis ratio changed with both RH and MPTS concentration. Generally, the
hysteresis ratios of unmodified silica agglomerates all changed from 0.95 to 0.99, and increased slightly
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Figure 5. Schematic diagram of the proposedmechanism for the adsorption hysteresis of moisture on the surface of silica agglomerates
at a low RH condition in an ideal single cylinder pore.

with increasing RH. After modification with 2% or 4% MPTS, A/D values decreased greatly, especially
at low RH conditions. For example, the A/D value for MPTS-2 at 10% RH fell to 0.72. However, with the
further increase in MPTS concentration to 6%, the hysteresis ratios increased again and approached the
level of unmodified silica. After excessive loading of MPTS at 8%, the hysteresis ratios depended greatly
on RH.

A schematic diagram was proposed to explain the moisture adsorption hysteresis of unmodified and
MPTS-modified silica agglomerates, as shown in figure 5. In this diagram, the −OH groups on the silica
agglomerates’ surface include three types; namely, free −OH groups ( 1©), H-bonded −OH groups ( 2©)
and MPTS-modified −OH groups ( 3©). For unmodified silica agglomerates, the adsorption hysteresis
can be explained in two ways: one is the reduction in the effective adsorption sites during the adsorption
process due to the hydrogen bonding between the hydroxyl groups on the silica surface formed in the
dry state (figure 5a), and the other is the difficulty of desorption of water molecules from the silica
surface because of the narrow mesopores after the adsorption process, which is also referred to as the ‘ink
bottle effect’ [38,39]. For MPTS-2 and MPTS-4, at RHs below 50%, the −OH groups on the silica surface
were partly replaced by MPTS (figure 5b), resulting in a further reduction in the number of moisture
adsorption sites. Moreover, the pore size was smaller than that in unmodified silica due to the pore-filling
or grafting of MPTS, which led to more difficult desorption of water molecules from silica pores than
from the unmodified silica. As a result, A/D showed smaller values than unmodified silica, that is, the
hysteresis increased. When 6% and 8% MPTS were added, MPTS condensation (multilayer adsorption)
occurred intensively, partly creating extra −OH groups on the MPTS-modified surface, which might be
potential adsorption sites for moisture or to form hydrogen bonds with other −OH groups (figure 5c);
also, the pore volume and quantities further decreased (figure 1), all of which resulted in an increase in
A/D values compared with MPTS-2 and MPTS-4.

Another interesting finding was that the A/D values of MPTS-modified silica agglomerates increased
slightly and were relatively close to those of unmodified silica within the RH range from 50% to 90%.
At lower RH levels (less than 50%), hydrated water was predominant in adsorbed water, while at higher
RH levels (greater than 50%), dissolved water played a more important role. It is not only the pore
structure but also the entire chemical surface of the hydrated silica agglomerates (surface hydroxylation
due to hydrated water adsorption) that decreases the pore structure effect. Therefore, at higher RH, the
self-saturated hydrogen bonds in the pore can be ignored, and also the dissolved water molecules are
easier to desorb from the silica surface than the hydrated water, which resulted in decreasing hysteresis.
A similar synergistic effect of pore size and surface chemical characters was also found in the study of
cycling water adsorption in micro- and mesoporous silica [40].
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4. Conclusion
Agglomerated fumed silica particles can form a pore structure, as determined by the nitrogen adsorption
experiment. The pore characteristics and moisture sorption behaviour of the agglomerated silica were
greatly influenced by MPTS concentration, which resulted in the change of relative Si−OH content on the
silica surface. With the increase in MPTS concentration from 2% to 8%, the silanol content decreased from
81% to 47%. Both unmodified and MPTS-modified silica agglomerates were characterized by a 2–50 nm
pore structure due to the agglomeration; the pore distribution changed with the MPTS modification at
different concentrations. The larger mesopores became smaller or disappeared after MPTS modification,
and therefore the number of small mesopores increased after 2% MPTS modification, and then decreased
at higher concentrations. Correspondingly, the pore volume decreased abruptly after 2% MPTS, and the
BET surface area decreased more gradually with the increase in MPTS concentration.

The H-H model fitted the sorption isotherms very well, and both hydrated water and dissolved water
showed decreasing trends with the increase in MPTS concentration, indicating reduced hygroscopicity.
Up to 6% MPTS, the amount of −OH groups showed a decreasing trend, as indicated by reduced Kh
and W parameters, which was also confirmed by the silanol content. Adsorption hysteresis appeared
for moisture sorption on silanized silica agglomerates, especially in the low RH region and at low
MPTS concentration. This could be explained by the synergistic effect of surface silanol content and
pore characteristics after modification by different concentrations of MPTS.
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