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Abstract 

The penetration of water–glycerol mixtures in a porous material is studied by using 
NMR (Nuclear Magnetic Resonance) measurements in view of understanding and 
improving water based inks performance on paper. Al2O3 samples are used as 
well-defined model systems to quantify the penetration of each mixture 
component. We investigated the dependence of glycerol concentration in water on 
the penetration speed, and quantify to what extend the mixture separates in the 
porous material. We visualized water and glycerol as a function of time and link 
the behavior of this mixture to the rheological properties. Finally, we investigated 
the effect of pore size on the imbibition behavior. 
     We found that water–glycerol mixtures penetrate the porous material as a single 
liquid in both 200 nm and 1100 nm porous Al2O3. Furthermore we showed that 
the imbibition process can be described by a modified version of Washburn’s 
equation and that the behavior can be scaled with liquid and media parameters to 
result in one generic curve. This implies that the complex mixture behaves as a 
homogeneous liquid and the sorption behavior is determined by the average 
viscosity and surface tension of the mixture. 
Keywords: NMR imaging, complex mixtures, imbibition, porous media, 
Washburn’s equation, paper. 
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1 Introduction 

Research on porous media, and more specifically, liquid sorption in porous media 
has been performed for over a century with pioneers like Darcy [1], Washburn [3] 
and Richards [2], all starting their research in the late 19th and early 20th century. 
Their research is still valuable and their equations still form the bases for the 
current analytical and numerical models that describe liquid penetration in porous 
materials. 
     Over the years, the complexity and accuracy of the models has increased due 
to the interest of the industry on this fascinating group of materials. Especially in 
the field of (microbial) enhanced oil recovery (Sarkar et al. [4]), CO2 storage [5, 
6] and membrane fuel cell technology (Wang et al. [7]), understanding the process 
of liquid penetration in porous media is necessary to keep improving the current 
techniques and to remain economically and environmentally feasible in the future. 
     The latest models are capable of describing deformable porous media [8–10], 
multiphase flow [11, 12], wettability influences (Blunt [13]) and particle 
containing flows [14, 15]. An overview of the existing multi-scale and multi-
physics methods is given by Helmig et al. [16]. Although current research focusses 
on modelling of liquid sorption in porous media, experimental data is required to 
provide to validate these models for real life applications. 
     Experimental data exists for techniques ranging from optical techniques on 
transparent samples [17–19] and micro-models (Stevar and Vorobev [20]) to 
averaging methods on sand columns, packed beads [21] and ‘real’ materials such 
as bricks (Pel et al. [22]), and thin films (Reuvers et al. [23]). However, 
experimental data describing the dynamics of liquid penetration in paper is scarce. 
     The paper industry existed far before Darcy, Washburn and Richards did their 
research, with paper existing for thousands of years and the first printing press 
invented in the 14th century. Although paper is in existence for a long period of 
time, the printing industry is still developing as a result of the economic and 
environmental pressure to manufacture cleaner inks. In the printing industry, the 
search to reduce the volatile components in ink has led to the development of 
water-based inks. Water-based inks are complex mixtures containing, among 
others, water, co-solvent (e.g. glycerol, ethanol or isopropanol) and particles (e.g. 
pigment). In order to improve present water based inks, we need to understand the 
imbibition of these complex mixtures in porous materials in general and paper in 
particular. 
     The penetration of the fluids and particles in the paper influences the quality of 
the printed image. In order to better understand the process of forming a polymeric 
film on paper, we focus on the four dominating processes in paper-ink interaction 
which are schematically drawn in fig. 1. These include capillary suction, 
evaporation, sorption into the paper fibres and agglomeration of the pigment 
particles. The focus of this research will be on capillary suction of liquid mixtures. 
Due to the complexity of paper, Al2O3 cylinders are used as a simple porous 
material to understand the key processes in real printing paper. To measure the 
imbibition of liquid mixtures in these Al2O3 samples, Nuclear Magnetic 
Resonance (NMR) is used. NMR [22–24] is a non-destructive method that can be 
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used to determine the position of specific atoms which can be used to visualise the 
liquids in the porous samples. 
 

 

Figure 1: The four dominant processes in ink penetration in paper. 

     Gombia and Bortolotti [25] used NMR to validate models of water imbibition 
in treated and untreated porous media but NMR can also be used to look at 
colloidal deposition in a porous medium, as shown by Fridjonsson et al. [26]. They 
used NMR to investigate the spatial deposition of particles in a colloidal 
suspension when penetrating in a porous material. 
     Summarizing, the behavior of liquid sorption in porous media has been the 
subject of study for over a century. However, especially in cases when looking at 
(very) complex liquid mixtures or complex porous materials, our understanding is 
still inadequate. In this study we aim to understand the imbibition of liquid 
mixtures consisting of water and glycerol in a porous material. This research 
focusses at understanding how far and how fast each component penetrates. 

2 Theory 

Since the focus of this work is on capillary suction, we consider one of the simplest 
cases describing imbibition of a mixture in a porous material. Most porous media 
can be approximated by an array of cylinders, for which the Bell-Cameron-Lucas-
Washburn equation, commonly referred to as Washburn’s equation, is valid. This 
equation uses the next basic assumptions (Bell and Cameron [27]): 
1. The imbibing mixture can be regarded as a homogeneous liquid with one 

(constant) viscosity. 
2. The cylinders are considered straight without branches. 
3. The Reynolds number is considered low (laminar flow). 
4. Dynamic effects in surface tension and capillary pressure can be neglected. 
Washburn’s equation (eqn (1)), describes the flow in a bundle of fully wetting 
capillary tubes (Washburn [3]). 

ଶܮ ൌ
ఊ௧

ସఎ
                                                            (1) 

wherein D is the average diameter of the capillary, ߛ the surface tension of the 
penetrating liquid, ߟ the dynamic viscosity and t the time it takes the liquid to 
penetrate over a length L into the porous material. 
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     This equation can be modified for capillaries that are not perfectly wetting 
(non-zero contact angle) by including the contact angle ߠ for the liquid in this 
capillary. By adding the tortuosity ߶ one can make the equation applicable to ‘real’ 
porous media. The tortuosity corrects for the longer path length the liquid has to 
take when imbibing into the porous material. This results in: 
 

ଶܮ ൌ
ఊ௦ሺఏሻ௧

ସఎథమ
                                                  (2) 

3 Materials and methods 

3.1 NMR imaging 

NMR is a method which probes molecular properties by measuring the interaction 
of atomic nuclei with external and static magnetic fields and radio-frequency 
radiation. Basically NMR is the r.f. communication between the laboratory 
electronics such as transmitters and receivers on the one hand, and the magnetic 
polarization of the atomic nuclei on the other (Blümich [28]). The frequency with 
which the atomic nuclei respond is called the Larmor frequency, which is related 
to the strength of the magnetic field B and is given by. 

߱ ൌ െ(3)                                               ||ߛ 
     The gyromagnetic ratio ߛ is a constant depending on the type of nucleus. In 
order to use NMR imaging, inhomogeneous magnetic fields are used to make the 
atoms at a specific location resonate. This makes 2D or even 3D images of a liquid 
in a porous medium possible. The position dependent magnetic field is achieved 
by applying a magnetic field gradient Gx. 

 ൌ    (4)                                             ࢞࢞ࡳ
     Magnetic field inhomogeneities (either by a gradient or magnet 
inhomogeneities) causes dephasing, this is reversible as was discovered by Hahn 
[29], and a rephasing pulse can be applied to rephase the spins. This is now known 
as the Hahn spin echo sequence. The measured signal is proportional to the amount 
of excited atoms and therefore to the amount of liquid. A more detailed description 
of NMR principles and pulse sequences can be found in Blümich [28] and 
Callaghan [30]. 

3.2 Samples and mixtures 

In this research, we use Al2O3 cylinders as a first model approximation for printing 
paper. The cylinders are 20 mm in diameter and 50 mm in length with a well-
defined pore size distribution. We used Al2O3 cylinders with an average pore 
diameter of 200 nm which is similar to the pore size generally found in the coating 
of printing papers. The cylinders with an average pore diameter of 1100 nm act as 
a representation of the pores in the bulk of the paper. Note that a pigment particle 
used in water-based inks is typically about 60–100 nm. The pore size distribution 
is measured by mercury intrusion porosimetry (MIP). 
     The liquids used in this research are demineralised water, glycerol (min. 
99.0%) and a mixture of both. The mixtures were defined by weight using a lab 
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scale (Mettler Toledo PG2002-S) with an accuracy of 0.01 g. Glycerol is used as 
an example of a co-solvent. 

3.3 Experimental set-up 

The NMR measurements were performed with a home built NMR scanner which 
has the possibility to measure hydrogen profiles (Kopinga and Pel [31]). The 
magnetic field of the scanner is generated by a water-cooled iron cored 
electromagnet resulting in a Bo field of 0.7 T. Furthermore gradients of 0.45 T/m 
can be applied to measure the hydrogen concentration at a specific position. A step 
motor was used to position our sample holder through the sensitive part of our set-
up to measure the whole sample. In our measurements we used 4 averages at each 
position and an echo time of 700 ms. This resulted in a measurement time of 10 
minutes for the whole sample. Fig. 2 gives a picture of our set-up as well as a 
schematic drawing. Apart from the coils an important part of the set-up is the 
insert. The insert contains a tuned r.f. coil to send and receive signals and a faraday 
cage to reduce the noise. 
 

 

Figure 2: Picture of the experimental set-up (left) and schematic drawing of the 
set-up (front view) including the magnetic field (right). 

     The sample holder used in our experiments is made of PVC and consists of two 
parts. The sample holder is schematically drawn in fig. 3. The bottom part of the 
sample holder contains a reference liquid that is separated from the actual 
measurement area. The reference liquid used in this study is CuSO4 0.01M. This 
mixture gives short relaxation times, which ensures that short measurement times 
are possible. It is used to verify that the measured signal does not change over  
time due to variations of the environment or the NMR electronics. 
     The measurement compartment holds the liquid below the Al2O3 samples to 
exclude air trapping in the samples. Another advantage of having the liquid below 
the sample is to prevent leaking from the sides of the sample. This ensures all the 
liquid penetrates the sample from the bottom. The liquid is fed to the measurement 
compartment by two peristaltic pumps (Lead Fluid BQ50s). At all times the flow 
through the outlet tube is kept higher (30 rpm) than the flow in the inlet tube (5 
rpm) to ensure a constant liquid level. The connecting tubes have an inner diameter 
of 2.4 mm and a wall thickness of 0.8 mm. 
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Figure 3: Sample holder used for the NMR experiments with a reference 
compartment and a measurement compartment containing the liquid 
and the porous Al2O3 sample. 

4 Experiments 

We conducted four sets of experiments with the porous Al2O3 samples. We 
measured the penetration of water and water–glycerol (50 wt %) in the 200 and 
1100 nm porous samples. However, the penetration of water in the 1100 nm porous 
Al2O3 samples was very fast so that only one profile could be recorded before the 
sample was fully saturated. The results from this measurement are therefore 
excluded. 

4.1 Water sorption in 200 nm Al2O3 

We started with measurements of water penetrating into 200 nm porous Al2O3. 
The resulting signal profiles as a function of time are given in fig. 4. It takes 10.5 
minutes to record a signal profile of the entire sample and reference. The signal 
intensity is related to the moisture content in the sample. The higher the signal, the 
higher the number of hydrogen atoms in the measurement domain, which means 
more liquid at this position. 
     In order to compare the found signal profiles with theoretically expected 
behavior, we determined the position of the wetting front. This is defined as the 
position, where the height of the moisture profile is half that of the saturation 
value. Plotting this position as a function of time, gives a basis for comparison of 
the experimental values to the modified version of Washburn’s equation as given 
in eqn (2). 
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Figure 4: The measured signal profiles for a water uptake experiment in 200 nm 
porous Al2O3. Each profile takes 10.5 minutes, so it takes water about 
70 minutes to fully saturate the sample. 

     To do this, the properties of the liquid (ߛ and ߟ) need to be known as well as 
the properties of the sample (D, ߶ and ߠ). The liquid parameters can be found in 
the literature and the average pore diameter of the sample can be determined by 
MIP measurements. However, the contact angle of water on porous Al2O3 is not 
available and, up to this point, the tortuosity of the samples is not measured yet. 
Therefore we used the tortuosity and the contact angle as a fitting parameter, to 
check whether the speed of the wetting front can be captured by the modified 
Washburn equation. The experimental data and the theoretical prediction are given 
in fig. 5. We measured 3 samples with the same dimension and average pore size 
in three subsequent measurements. 
 

 

Figure 5: Comparison between experimental data and theoretical prediction for 
water penetration in 200 nm porous Al2O3. 
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     From fig. 5 we can see that the modified Washburn’s equation captures the 
phenomena adequately in the case that the fitting parameter cosሺߠሻ/߶ଶ ൌ 0.17. 
When we assume perfect wettingሺߠ ൌ 0ሻ, this appears a reasonable value since 
this gives a tortuosity of about 2.4. Generally the tortuosity of a porous medium is 
between 1 and 10. 

4.2 Water–glycerol (50 wt %) sorption in 200 nm porous Al2O3 

The next step towards water based inks is the inclusion of co-solvent in the 
imbibing liquid. We therefore moved to experiments with a water–glycerol 
mixture as the absorbing liquid, wherein the glycerol content is 50 wt %. We 
followed the same procedure as in the water case and plotted the front position as 
a function of time (fig. 6). 
 

 

Figure 6: Front position as function of time for water and water–glycerol 
sorption in 200 nm porous Al2O3. 

     From fig. 6 we conclude that the sorption of the water–glycerol mixture is 
significantly slower than the sorption of pure water in the same material which  
is expected due to the higher viscosity. Furthermore, there is a significant variation 
for the front speed of the 3 water–glycerol measurements. The origin of this 
variation is still unknown. Note that this variation was not visible when the same 
samples were used in the water sorption experiments. 
     We rescaled the graph of fig. 6 with the liquid parameters ߛ and ߟ and the 
average pore size D to investigate if there is a fundamental difference between  
the sorption of water and the sorption of the 50 wt % water–glycerol mixture. The 
parameters used for this rescaling are given in table 1 and the resulting graph is 
given in fig.7. 
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Table 1:  Liquid properties of water and water–glycerol mixture. 

 Water Glycerol 
50 wt % 

Water–Glycerol 

Density (kg/l) [32] 0.998 1.261 1.125 

Viscosity (mPa*s) [33] 1.005 1410 6.00 

Surface tension (mN/m) [34] 71.68 63.4 68.7 

 
 
 

 

Figure 7: Front position versus rescaled time for the sorption of water and 
water–glycerol mixture in 200 nm porous Al2O3. 

     Fig. 7 indicates that the sorption of the 50 wt % water–glycerol mixture can be 
governed by similar equations as in the water sorption case when looking at sample 
2. However, sample 1 and 3 show different behavior with a faster uptake rate. This 
could indicate a problem with the mixture (since a lower glycerol concentration 
would result in faster uptake) but up to now we have not found the origin of this 
variation. We do not know if this is a real effect or a measurement error which is 
being investigated. 
     In the case of the uptake experiment with sample 2, the possibility to describe 
the position of the liquid front with the modified Washburn’s equation suggests 
that the water–glycerol case can be regarded as a single mixture with an average 
viscosity and surface tension, since Washburn’s equation is only valid for a 
homogeneous liquid.  
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4.3 Water and water–glycerol sorption in 1100 nm Al2O3. 

Finally, the effect of the average pore size of the Al2O3 samples is investigated. 
Therefore, we measured water and water–glycerol sorption in the 1100 nm porous 
Al2O3 samples. The water–glycerol sorption experiments for the 1100 nm case are 
included in fig. 8. This shows that the behavior of water and water–glycerol in 
these Al2O3 samples can be approximated using the modified Washburn’s 
equation and implies the water–glycerol mixture moves into the 1100 nm samples 
as a homogeneous liquid. 
 

 

Figure 8: Front position as function of rescaled time for water–glycerol sorption 
in porous Al2O3. 

5 Discussion and conclusion 

In this study we investigated the behavior of water–glycerol mixtures penetrating 
in porous Al2O3 to determine how fast and how far each component  
penetrates. We found that the front speed of water and water–glycerol can be well 
described by the modified Washburn’s equation and the front position as function 
of time can be predicted by this simple formula. 
     We found that the results of the liquid sorption experiments can be mapped on 
a single line by scaling with the liquid properties (viscosity and surface tension) 
and the properties of the porous material (average pore diameter). This indicates 
that water–glycerol 50 wt % can be regarded as a homogenous mixture with an 
average viscosity and surface tension, when penetrating into the 1100 nm Al2O3 
samples. 
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     This also implies that there is no liquid separation during the imbibition 
process. 
     In the case of water–glycerol sorption in the 200 nm porous Al2O3 samples we 
found that 3 samples from the same batch show different behavior. Although the 
sorption in all measurements still scales with liquid parameters and with the square 
root of time, the slope cannot be explained with reasonable values for the contact 
angle alone. Secondly we know that the tortuosity of the samples is very similar 
since the water sorption experiments on the same samples give comparable results. 
Next steps will address this issue. 
     The next step towards understanding the liquid penetration of water-based inks 
in paper will be to add particles to the penetrating liquid and to investigate how 
this influences the sorption behavior. 
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