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Abstract 

We report a first application of vertical small angle X-ray scattering to investigate the drying 

process of a colloidal suspension by overcoming gravity related restrictions. From the 

observation of the drying behavior of charge-stabilized colloidal silica in situ, we find the 

solidification of the colloidal particles exhibits an initial ordering, followed by a sudden 

aggregation when they overcome an electrostatic energy barrier. The aggregation can be 

driven not only by capillary pressure but also by thermal motion of the particles. The 

dominating contribution is determined by the magnitude of the energy barrier at the 

transition, which significantly decreases during drying due to an increased ionic strength. 
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1. Introduction 

 

Drying of colloidal dispersions to create thin solid films is a common process for various 

applications such as photonic crystals, secondary batteries and ceramic films1, 2. When a 

liquid film solidifies during drying, the concentration not only of particles but also of other 

components increases and the corresponding particle interaction changes over time. As a 

consequence, the structure of the resulting solid film may be different from expectation 

derived from the original composition of the suspension3. Therefore, understanding the 

drying process in terms of the phase transition is of importance for controlling the structure 

and properties of the final film.  

In-situ synchrotron X-ray or neutron scattering has proven to be one of the most promising 

tools in understanding the non-equilibrium phase behavior of colloids4. However, 

conventional synchrotron beams are horizontal to the ground, thus they are not able to pass 

perpendicular through the colloidal suspension which intrinsically settles in a horizontal 

plane due to gravity. Because of this limitation, scattering has been applied only for a limited 

number of cases in drying research; for instance, grazing incidence X-ray scattering5, or in 

special applications as spray drying6, sessile drops7 or dip coating8 for which horizontal 

SAXS can be applied. Recently, a unique rheo-SAXS setup has been developed to allow a 

synchrotron X-ray beam to pass vertically through the plate/plate geometry of a rheometer9. 

From the viewpoint of drying research, this setup allows a beam passing perpendicular 

through a liquid film, enabling one to probe the structural change of drying colloidal 

suspensions in-situ. 

As solvent evaporates, a colloid film inevitably undergoes a liquid/solid transition, often 

with complicated and intriguing phenomena such as cracking10, buckling11 and formation of 

optically anisotropic structure12. For charge-stabilized suspensions, the liquid/solid transition 



is discussed as an initial ordering of non-touching particles, followed by subsequent 

aggregation, as capillary pressure overcomes the repulsive interaction of adjacent particles11, 

13. However, a clear understanding how a colloidal dispersion experiences the liquid/solid 

transition is not fully established yet. This is because the evolution of structure during 

ordering and aggregation could not be precisely measured in previous studies. In addition, the 

changes in ionic strength and DLVO potential due to solvent evaporation could not be taken 

into account, thus the calculation of interparticle force at the transition has been based on 

assumptions of the actual particle concentration. 

In the present study, we report the in situ observation of the drying process of charge-

stabilized colloidal silica using vertical SAXS. From the analysis of the structure factor, we 

track the volume fraction and the particle interaction with respect to drying time, which 

enables us to determine the evolution of phase behavior during drying. The liquid/solid 

transition is described by an initial ordering transition, followed by irreversible aggregation 

of the particles. The irreversible aggregation into a solid film occurs when the particles 

overcome the electrostatic energy barrier. We find that the level of the electrostatic energy 

barrier decreases during drying due to the increasing ionic strength. This lowering of the 

barrier leads in the current case to a situation where the drying-induced aggregation at which 

the particles overcome the energy barrier can be driven not only by capillary pressure but 

eventually also by thermal motion.  

 

2. Materials and experimental method 

An aqueous colloidal silica of 30 wt% which is charge-stabilized at pH 9.8 (Ludox HS-30, 

Aldrich, USA) was used without further treatment. A SAXS study of the silica particle 

reported a radius r = 8 nm with σ/r = 0.14 where σ is the width parameter of the Schulz 

distribution function8. The colloidal silica particles have a specific surface area of 220 m2/g 



and a density of 2.37×103 kg/m3. The suspension contains Na+ and OH- without surfactant 

according to supplier. Its zeta potential was measured to be -30 mV by electrophoretic 

measurement (Zetasizer nano zs, Malvern instruments Ltd, UK).  

The vertical SAXS experiments were performed at the BW1 beamline at DESY (Hamburg, 

Germany)9. The incoming X-ray beam with a wavelength of 1.26 Å is reflected vertically by 

a special optics made of diamond and passed through a support frame, a lower plate, the 

drying suspension and subsequently an upper plate (see Fig. 1a). The support frame and the 

plates were made of VESPEL (Dupont) which provides sufficiently high transmission for X-

rays in the applied energy regime of 9.85 keV 9. The diameter of the lower and upper plates 

was 38 mm. The optics and geometry were installed in commercial rheometer (Haake Mars, 

Thermo scientific, USA) which was specially modified to meet the purpose of vertical SAXS 

experiment. A sample of 0.5 ml of the colloidal silica is loaded onto the lower plate using a 

pipette, resulting in a film of a diameter of 20 mm and a corresponding height of 1.6 mm 

assuming a cylindrical geometry. The suspension wetted moderately well the surface of the 

lower plate. The contact angle was approximately 70° at the edge of the film outgoing from 

the known contact angles of DI water on a polyimide14. We positioned the X-ray beam (area 

of 400 × 400 µm2) at 5 mm from the center of the drying sample, allowing the drying front 

which moves inward during drying to pass through the beam position (see Fig. 1b). 

Temperature was controlled at 20±2°C and a relative humidity of 20±5 % was maintained 

using nitrogen gas purging the environmental chamber at a flow rate of 3 L/min. In situ 

SAXS images of the drying colloids were detected with a Pilatus 100K detector. The sample 

to detector distance was set to 2.43 m, covering a q range of 0.08 – 0.70 nm-1, which is 

analogous to a circular scattering image on the detector of 19.0 mm radius. We captured time 

averaged images over 10 sec at every 30 sec until the film was dried and the image did not 

change any more. The data analysis of scattering intensity is based on the assumption that the 



vertical cross section of the sample is homogeneous at any particular time of drying. This 

assumption holds for the sample composition investigated in this study. However, this is not a 

necessity for more dilute or less stable system, for which the recorded X-ray patterns can be a 

superposition of scattering patterns corresponding to different structural states formed 

vertically across the sample thickness during drying. Performing experiments with varying 

sample thickness also gave reproducible results, further supporting that the structure in the 

cross section of the film under investigation was homogeneous during drying. Settling of 

particle during drying can be also a limitation for the measurement of vertical SAXS which 

results in an inhomogeneous structure in a thickness direction. Peclet number for 

sedimentation15 defined by Pesed = UH/D where U, H, D is sedimentation velocity, film 

thickness and diffusion coefficient, respectively, gives Pesed = 0.005 << 1 in this system 

assuming H = 1 mm. This suggests that the sedimentation on the timescale of the drying 

studies is not playing a role. 

 



 

 

FIG. 1 (color online). Schematics of the drying experiment setup for vertical SAXS. (a) The 

incoming X-ray beam is reflected vertically by a diamond mirror and passes through the 

plates and the drying sample. (b) Top view of the drying colloidal silica on the lower plate 

and the position of x-ray beam.  

 

 

3. Results and discussion 

3.1. Interpretation of the scattering intensity 

Since the vertical SAXS technique is used in the current study for monitoring the drying 

behavior of colloid film for the first time, the limitations and possible experimental artifacts 

which may affect the analysis of the scattering intensity were carefully checked. For this, the 



form factor of the silica particles obtained with the vertical SAXS setup (BW1) is compared 

to results determined with a conventional horizontal SAXS (PLS-II 9A U-SAXS beamline, 

Pohang accelerator laboratory, Korea). To obtain the form factor, we prepared a dilute 

suspension of the silica particles of 0.05 wt% that was charge screened by the addition of 0.5 

M HCl. The SAXS intensities from the two measurement modes, displayed in Fig. 2, show 

excellent agreement at lower q, but exhibit a deviation in the high q region (q > 0.5 nm-1).  

Fitting the SAXS intensities of the conventional beamline experiment with a theoretical form 

factor of homogeneous spheres with a Schulz size distribution4 (solid line in Fig. 2) gives a 

good agreement at high q range. A slight deviation between experimental and theoretical form 

factor are observed at low q, which can be attributed to a remaining weakly repulsive particle 

interaction. The fit of the theoretical form factor yields an average diameter of the particle of 

r = 7.5 nm with σ/r = 0.145, which is in good agreement with reported size data8. On the 

other hand, it was not possible to fit the scattering intensity of the vertical SAXS at large q 

with the same parameters obtained for the conventional SAXS fits. The comparison of the 

two measurements to the theoretical fit indicates that the systematic deviation of the 

scattering intensity of the vertical SAXS at higher q (q > 0.5 nm-1) is caused by experimental 

artifacts, and does not originate from the silica particles. This artifact was not observed in a  

previous work reported for the same setup obtained, however, with a short sample to detector 

distance9, and it might thus be attributed to an enhanced noise resulted from the longer 

distance. We are therefore going to employ the theoretical form factor obtained above for 

calculations of the structure factor in the following.  

 



 

FIG. 2 (color online). The experimental form factor obtained from vertical SAXS (×) and 

conventional horizontal SAXS (○). They are arbitrarily shifted to fit with the theoretical form 

factor (solid line).   

 

 

  Scattering images of the colloidal silica suspension are displayed with respect to drying time 

in Fig 3a. The scattering image at t = 0 min exhibits a bright peak at q = 0.3 – 0.4 nm-1, which 

is related to the average particle distance controlled by electrostatic repulsion16. The position 

and the intensity of the bright peak change with time, which indicates a structural change 

during drying. To further interpret the image in Fig 3a, the intensity as a function of q is 

obtained by averaging over an azimuthal angle of 15° of a scattering image after removing 

the background scattering.  

 

 

FIG.3 (color online) (a) Scattering images during the drying of charge-stabilized colloidal 

silica. Images are partly cropped from the original image (see white dashed line in (b)). bg: 

background measured after removing the dry film. (b) Scattering image obtained from the 



detector at t = 0 and 46 min, respectively. 

 

The scattering intensity I(q) in Fig. 4a displays a gradual shift of the position of the peak 

during drying, indicating a reduction of the average distance between the particles due to the 

increasing volume fraction of silica particles. In order to relate the position of the peak to the 

volume fraction, the packing structure needs to be known. Studies on phase behavior of 

highly charged colloidal particles indicate that strong electrostatic repulsion of monodisperse 

particles may induce a crystal structure at low particle volume fractions17. However, the 

scattering images from the colloidal silica in this study do not show the signature of a crystal 

structure (e.g. speckle pattern), likely due to the polydispersity of the particles. Still we 

assume in the following the suspended particles to be arranged on a primitive cubic lattice, as 

this has been shown to predict best an average particle distance and volume fraction of 

colloidal particles when the suspension exhibits a liquid structure18,19. The relation between 

the volume fraction of silica particles and the position of peak can then be expressed by 

( )
3 3

26 peak
r qφ
π

=           (1) 

where qpeak, φ and r are the position of peak intensity, the volume fraction of silica particles, 

and the radius of the silica particle, respectively. The scattering intensity in Fig 4a yields φ = 

0.173 at t = 0 min, as displayed in Fig 4b. This is the same as the volume fraction, φ = 0.172 

calculated from the density of silica within experimental error. φ increases gradually during 

drying but abruptly jumps from φ = 0.43 to 0.637 at t = 40 - 42 min. After t = 42 min, the 

position of peak does not change anymore, and φ remains constant at φ = 0.637, indicating no 

further structural development. The final volume fraction in silica film, φ = 0.637 is close to, 

but slightly higher than the random close packed volume fraction (φrcp) of monodisperse 

particles, 0.634. A study on the maximum packing density of polydisperse hard-sphere 



suspension20 shows that polydispersity increases φrcp,	  as smaller particles can be incorporated 

into spaces between larger particles. Since the silica suspension has a polydispersity (i.e. σ/r 

= 0.145), the slight deviation of the volume fraction from the case of monodisperse particles 

can be attributed to the polydispersity of the silica particles.  

  In Fig. 4a, the scattering intensities at low q gradually increase during drying up to t = 40 

min which could indicate a partial aggregation of silica particles. However, a comparison of 

the background intensity to the scattering intensity (inset of Fig. 4a) gives a firm similarity. 

This suggests that the increased scattering intensity at low q can be interpreted as originating 

from the background intensity, rather than the aggregation of particles.  

 

	  

FIG. 4(color online). (a) Scattering intensity with respect to drying time. Inset: t = 54 min, 42 

min and background intensity from the top to bottom. The background intensity was 

arbitrarily shifted to help the comparison of the scattering intensity at t = 42 min. (b) 

Scattering power Qd (○), and volume fraction of colloidal silica φ (×) with drying time. 



 

 

The measured scattering intensity I(q) is influenced not only by the spatial arrangement of 

the particles, but also by the evolution of sample thickness during drying. The film thickness, 

which is not strictly related to the shape of SAXS intensity can be obtained from the 

scattering invariant, Q: the integration of the measured scattering intensity over all scattering 

vectors4, 21. As I(q) in Fig 4a is not scaled by sample thickness, the scattering invariant for a 

drying film is expressed by8 

( ) ( )22 2

0
( ) 2 1p mQd I q q dq dπ ρ ρ φ φ

∞
= = − −∫ .

     (2) 

where d is the film thickness and (ρp - ρm)2 is the scattering contrast, the square of the 

difference between the scattering length densities of the particles, ρp and of the medium, ρm. 

Qd obtained from the integration of I(q) over q in the range of q = 0.08 – 0.7 nm-1 displays 

initially a gradual decrease during drying that accelerates when approaching t = 35 min (Fig 

4b). As φ is already obtained from Eq. 1, Eq. 2 only has one unknown assuming a constant 

(ρp - ρm) 8: the film thickness d. Therefore, the evolution of Qd with respect to the drying time 

in Fig 4b allows us to estimate the evolution of d during drying. With ρp = 1.70×1015m-2 and 

ρm = 0.94×1015m-2 8, d is calculated to be 1396 µm at t = 0 min and decreases during drying 

to d = 351 µm at t = 44 min (Fig 5). The calculated d shows an excellent agreement with that 

obtained from K/φ, where K is a constant (K = 230 µm), shown as solid line in Fig 5.  

Replacing d in the right hand side of Eq. 2 with K/φ gives a physical meaning to the constant 

K as the scattering intensity reduced by the volume fraction of solvent. A good agreement of 

film thickness d, obtained from Eq.2 and from K/φ implies that the number of particles is 

conserved in the scattering area during drying, suggesting there is no net flow of the particles 

during drying. This argument is supported by the visual observation that the solid film does 



not display the signature of a coffee ring effect at the edge. This can be attributed to a balance 

of the gradient of osmotic pressure and the drag force exerted on the particles by capillary 

flow toward the drying front, as extensively discussed by Li et al.8 . We note that film 

thickness can be biased in case the sedimentation occurs during drying, as the volume 

fraction from peak intensity would rise faster in time than the one from the scattering 

invariant. In our study, this was not observed, supporting the ignorable sedimentation during 

drying.  

 

 

FIG. 5 Thickness of the drying silica film, d, obtained from Eq. 2 (open circles) and from K/φ 

(solid line), with a constant K = 230 µm and φ as the volume fraction of silica calculated 

from qpeak and Eq. 1. 

 

 

In Fig 4b, Qd shows an upturn from t = 46 min onwards, whereas φ does no longer change. 

This can be attributed to an increase in scattering contrast, resulting from the replacement of 

water between the particles with air without any further structural change. This argument is 

supported by the scattering curves shown in the inset of Fig. 4a that display an increase in I(q) 

over the whole q range from t = 42 min to t = 54 min without any considerable change in 

shape. It is worthwhile noting that the scattering image at t = 46 min in Fig. 3b shows an 



appearance of sharp streaks at low q which stretch radially to higher q, and that this coincides  

with the emerging bright part at low q (q < 0.12 nm-1) in Fig. 3a. Since the silica film displays 

cracks after drying, the evolution of these images suggests that the cracks form when air 

intrudes into the pore space of the silica packing and replaces the water, which is consistent 

to other observations of the onset of cracking in colloid films 10, 13, 22, in particular for 

particles with low plasticity23. It should be noted that the formation of larger, wet cracks as 

reported by Goehring et al.13 cannot be probed by the length scale of the SAXS 

measurements in this report.  

 

  

3.2. Structural evolution during drying  

To understand the drying process of colloidal suspension, it is important to obtain 

information about not only the volume fraction but also particle interaction with respect to 

drying time. Scattering techniques have been extensively utilized to understand the particle 

interaction, for example, not only electrostatic repulsion16,24,25 in charged colloids, but also 

steric repulsion26 or depletion attraction19,27 in a particle/polymer mixture. A typical 

procedure to evaluate the particle interaction in a suspension is to obtain the structure factor 

from the scattering spectra and to compare it to a suitable theoretical structure factor which is 

derived from particle interaction. Here, we track the evolution of particle interaction during 

drying in order for a complete understanding of the drying process of the silica suspension. 

For this, the structure factor is obtained from the SAXS intensity and compared with the 

Hayter-Penfold model (HP model) which considers electrostatic repulsion in the structure 

factor24.  

 The structure factor of drying silica film is thus obtained from I(q) using the following 

expression, 



( )2( ) ( ) ( )irr p mI q V d P q S qρ ρ φ= −        (3) 

where Virr, P(q) and S(q) are the volume of the sample irradiated by X-rays, form factor and 

the structure factor, respectively. In this study, S(q) was obtained from I(q) / P(q) by invoking 

the condition that S(q) à 1 at large q8. The obtained structure factor in Fig 6a exhibits a 

change in the intensity as well as the position of peak during drying. The peak intensity, 

S(qpeak) is displayed with respect to the drying time in Fig 6b, which increases from S(qpeak) = 

2.00 at t = 0 min to S(qpeak) = 2.73 at t = 37 min. The increase in S(qpeak) indicates that 

ordering of silica particles becomes stronger in the suspension during drying. According to 

the Hansen-Verlet criterion28, the theoretical value of S(qpeak) is 2.85 at a disorder/order 

transition for a mono-disperse hard sphere suspension, but this value is reported to be reduced 

by the polydispersity29. Therefore, S(qpeak) = 2.73 at t = 37 min may suggest that the silica 

suspension finally undergoes a disorder/order transition at this time, considering the 

polydispersity of silica particles in this study. Afterward, we observed that S(qpeak) abruptly 

reduces to 1.3 during between t = 38 min and 40 min, suggesting that the particles suddenly 

lose the ordered structure within this period. This loss of ordering will be discussed in more 

detail in the next section 

 



 

FIG. 6 (color online). Stucture factor, S(q) and the parameters for electrostatic repulsive 

particle interaction derived from S(q). (a) Structure factor of charged silica with respect to 

drying time indicated in the graph (unit: min). Solid lines are prediction from the Hayter-

Penfold model. Each curve is vertically shifted by a shift factor c: c = 10(0min), 8(16 min), 

6(28 min), 4(35 min), 2(38 min), 0(40 min). (b) Peak intensity of S(q) with increasing drying 

time. (c) Debye lengths and (d) Surface potentials obtained from HP model (○) and derived 

from volume fraction of particle (×). 

 

 

To further understand the drying process of colloidal silica from the structure factor, we 

compare the obtained structure factor with the HP model. The HP model gives a theoretical 

structure factor by calculating the Ornstein-Zernike equation of an electrostatic potential as a 

form of direct correlation function in a closed form24. The potential (Ue) used in the HP 

model is given by 

( )2
0 0( ) 4 exp 2eU h r h r hπεε ψ κ⎡ ⎤= − −⎣ ⎦      (4) 

where, h, ψ0, and κ are the distance between the particles, the surface potential and the Debye 

Hückel inverse screening length, respectively. ε and ε0 are the relative permittivity and the 

permittivity of vacuum, respectively. As a result, the comparison of the HP model to S(q) 



from scattering measurement yields values of the parameters in Eq. 4, κ and ψ0 . A least 

square fit of the HP model to the S(q) by means of the SASfit software30, (solid lines, Fig. 6a) 

gives a nice agreement with the experimental data up to t = 38 min with only a slight 

discrepancy at high q, which can be attributed to experimental artifacts in the vertical SAXS 

scattering intensity as discussed in the Fig. 1. The disability of HP model to fit the S(q) at t = 

40 min may be related to the reduction of S(qpeak), which suggests that the structure in the 

suspension at t > 40 min is not dominated by electrostatic repulsion described by HP model 

anymore. The Debye length κ-1 from the HP model (open circle in Fig. 6c) decreases with 

drying time, which is attributed to an increasing ionic strength during drying. To describe κ-1 

with drying time, we assume that ionic strength (χ) increases in a proportion with the volume 

fraction by χ~φ/(1-φ) during drying. Since κ-1 is proportional to 1 χ 	  31, it can be derived 

from φ via  

( )1 1Lκ φ φ− = −                  (5) 

where L is a constant. As the evolution of φ is determined with drying time in Fig 4b, κ-1 can 

be obtained from Eq. 5, which shows a good agreement with κ-1 obtained from the HP model 

(crosses in Fig. 6c) for L = 0.663 nm.  

The ψ0 from the HP model decreases during drying similar to κ-1 (open circle in Fig. 6d). 

Here we also describe the behavior of ψ0 with drying time. In the HP model, ψ0 is linked to κ-

1 by24 

( )0
04 1

mZ
r r

ψ
πεε κ

=
+

                             (6) 

where Zm is a surface charge. Calculation of Eq. 6 using κ-1 and ψ0 obtained from the HP 

model gives Zm = 15e independent of the drying time, where e is the charge of an electron. 

The constant Zm implies that the surface charge is not neutralized upon solvent evaporation. 



This can be attributed to the fact that the Na+ ions used to stabilize the colloidal silica in this 

study are considered indifferent ions which are not adsorbed onto the silica surface, resulting 

thus in a constant surface charge31. The constant Zm = 15e allows us to calculate ψ0 from φ by 

inserting Eq. 5 into Eq. 6. Fig. 6d shows a good agreement between ψ0 calculated from φ 

(cross in Fig. 6d) and ψ0 obtained from the HP model. 

 The evolution of φ in Fig 4b and κ-1 and ψ0 in Fig. 6c and 6d, respectively, with drying time 

allows us to understand the complete phase behavior of colloidal silica during drying. For 

this, we calculate the interaction potential Ue with drying time and subsequently obtain the 

effective volume fraction (φeff) which includes a contribution of electrostatic repulsion. φeff is 

given by 

    
3

eff
eff

r
r
δ

φ φ
+⎛ ⎞

= ⎜ ⎟
⎝ ⎠

        (7) 

where δeff is an effective range of electrostatic repulsion that the approaching particles feel 

each other. δeff is calculated from Ue (Eq.3) by16  

 
( )1

2 2
1 expeff er

U kT dhδ
∞
⎡ ⎤= − −⎣ ⎦∫ . 

       (8) 

We show φeff and φ with respect to drying time in Fig. 7a and indicate the liquid state (φ<0.5), 

coexistence state (0.5 < φ < 0.55) and solid state (φ > 0.55)31. As solvent evaporates, φeff 

enters the solid phase regime at t = 37 - 38 min (indicated as τ1). The entrance of φeff into the 

solid regime coincides with the peak intensity, reaching S(qpeak) = 2.73 at t = 37 - 38 min, 

suggesting that the silica film experiences indeed a disorder/order transition. Since the 

volume fraction of silica particle is φ = 0.4 - 0.42 in this period, the dispersion is still a fluid 

and this transition at τ1 should be interpreted as a disorder/order transition induced by the 

overlap of the effective range of electrostatic repulsion31.  

 



 

FIG. 7 (color online) The mechanism of the liquid/solid transition. (a) Phase behavior of 

colloidal silica with drying time. Transitions occurs at times τ1 and τ2 where φeff (○)and φ(×), 

respectively, meet the boundary between the coexistence-phase and solid-phase. The first 

transition at τ1 occurs as the electrostatic repulsive layers make contact; the second step at τ2 

occurs as the surfaces of the particles make contact, denoting the formation of a virtually 

solid film. (b) Average center to center distance of particles, ha(●), and the position of the 

energy barrier, hb(○), with respect to drying time. (c) DLVO potential with respect to surface  

separation, h-2r at different drying time. The energy barrier (○) is indicated at each drying 

time. (Inset) the magnitude of energy barrier, Ub with respect to drying time. 

 

 

Subsequently, φ enters the solid phase regime at t = 40 - 41 min (indicated as τ2 in Fig 7a), 

stepping sharply from 0.45 to 0.637. This indicates that the colloidal silica collapses and 



experiences a transition to a virtual solid with direct contact of the bare silica particles. Here 

we note that there is a slight discrepancy between the time at which S(qpeak) starts to decrease 

(t = 38 min, Fig. 6b) and φ abruptly jumps (t = 40 min, Fig 7a), implying that the sudden 

aggregation of the silica particles into close packing structure is preceded by a loss of ordered 

structure. To obtain a clearer view on the aggregation process of particles, we further analyze 

the particle interaction. We first compare the average particle distance with the position of the 

energy barrier of the DLVO potential, UDLVO = Uvdw + Ue.  The electrostatic potential Ue is 

calculated from Eq. 3. The Van der Waals attraction, Uvdw, is expressed as31  

2 2 2 2

2 2 2 2

4 4 4( ) 2ln
12 4 4vdw
A r r h rU h
h r h r

⎛ ⎞−= − + +⎜ ⎟−⎝ ⎠
     (9) 

where A and h are the Hamaker constant and the average center-to-center distance, 

respectively. A is assumed to be constant at A = 0.85*10-20J during drying31. From the 

interparticle potential UDLVO(h) in Fig. 7c, we calculate the center-to-center distance of the 

particles at the energy barrier, hb. Comparing hb with the average particle distance ha, which 

is calculated from qpeakha = 2π, we find that ha becomes smaller than hb right at t = 41 min 

(Fig. 7b). It has been known that capillary pressure plays a dominating role in the aggregation 

of particles by letting the particles overcome the repulsive interaction of adjacent particles11, 

13. Therefore, ha < hb at t = 41 min may suggest that this transition is indeed the particles 

overcoming the electrostatic repulsive energy barrier by the capillary pressure. We note that 

the sudden increase in φ from 0.45 to 0.637 at τ2 is not happening simultaneously throughout 

the sample, but localized close to the drying front, so that indeed the observation of the 

collapse in the SAXS data coincides with the drying front passing through the beam. This is 

consistent with the observation of a sudden color change at the drying front10, 13, implying 

that the particles abruptly collapse into an aggregated state, forced by the capillary pressure.  

It is important to note that the level of the energy barrier, Ub in Fig. 7c decreases with drying 



time due to the increase in salt concentration. Ub becomes eventually comparable to kT at t = 

39 min (inset in Fig. 7c), where the reduction in S(qpeak) is observed in Fig. 6b. This suggests 

that also thermal motion of the particles needs to be taken into account as a possible cause for 

the particles to overcome the energy barrier. It should be noted that the coincidence of the 

times for overcoming the energy barrier by capillary pressure or by thermal motion is not 

necessarily related. A more strongly charged suspension than that used in this study would 

have a higher energy barrier at τ2, and its final collapse would be caused solely by capillary 

pressure, which results in a more close-packed ordered state. However, much more 

interesting is the scenario for the more weakly charge-stabilized suspension, in which the 

energy barrier would be overcome by the thermal motion before capillary pressure play a role. 

In this case it could be speculated that the suspension will irreversibly aggregate into a solid 

network by thermal motion during drying, where capillary pressure plays a minor role in 

particle aggregation. This would result in a more disordered film with less close packed 

structure, which can be observed for a drying colloidal gel32. This suggests that the 

arrangement of the particles in a dried film is determined by the level of the energy barrier at 

the liquid/solid transition, which determines the driving force for aggregation; either capillary 

pressure or thermal motion – a proposition that requires further investigation. The scope of 

this work was to demonstrate that the vertical SAXS technique is a useful tool in the analysis 

of drying processes. 

 

 

4. Conclusion 

We explore the drying process of charge-stabilized colloidal silica with vertical SAXS 

which enables to overcome gravity-relevant limitations in drying research. The silica 

suspension experiences an initial disorder/order transition by the overlap of the effective 



range of electrostatic repulsion among particles, followed by a sudden aggregation into a 

virtual solid with a direct contact of the bare silica particles when the particles overcome the 

electrostatic energy barrier. The energy barrier is found to decrease significantly during 

drying, suggesting that the dominant contribution to overcome the energy barrier, either 

capillary pressure or thermal motion, is determined by the level of the energy barrier at the 

liquid/solid transition. This new insight goes beyond the existing drying mechanism of 

charge-stabilized suspensions which only considers the role of capillary pressure 11, 13. 

Moreover, our new approach using vertical SAXS will motivate future researches to 

understand the fundamental issues in drying of colloids.  
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A study of the mechanism of solidification of charge-stabilized colloidal silica during drying, 

in situ monitored by means of a novel technique, vertical small angle X-ray scattering 

(vertical SAXS). 

 

 

	  
	  
	  


