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Abstract 

Water-based inkjet is one of the most abundant and versatile digital 

printing technologies. The subject of this thesis work is processes that 

take place once an inkjet drop lands on the surface of a porous 

printing media, with focus on liquid penetration due to capillary 

action (spontaneous imbibition) and aggregation of ink components. 

Knowing the details of these two sub-processes would allow 

optimization of printing processes as well as prediction of the final 

print result, based on material properties.  

The dynamics of drops as they land on different surfaces is captured 

at adequate time and length-scales by an optical imaging system 

coupled to an inkjet dispensing unit. The evaporation rate of drops is 

quantified and distinguished from imbibition, and their spreading 

behavior on porous substrates is characterized. A set of paper grades 

is used as examples to conclude that the events are captured 

accurately. Scaling laws for imbibition are derived from Darcy’s law 

for liquid flow through dimensional analysis and it is shown that the 

imbibition rate of drops is related to dimensionless volume and time 

groups, defined by the volume of the drop, porosity and permeability 

of the substrate, viscosity of the liquid and the Laplace capillary 

pressure that drives the imbibition. The approach is applied for two 

types of systems, one that includes simple liquids imbibing 

homogeneous and isotropic porous glass and the other that includes 

complex liquids imbibing heterogeneous and anisotropic paper. 

The addition of simple divalent salts to the paper surface is widely 

used to increase the print quality of water-based pigmented inkjet 

inks. Salt ions quickly diffuse into the inkjet droplets as they land on 

the paper and cause the ink to aggregate. This effect leads to the 

accumulation of colorant-pigments close to, or even on, the surface of 

the paper. Two salts, CaCl2 and MgCl2, are used to aggregate inkjet 

inks and their components. The interactions between the aggregated 

compounds are investigated by a set of experimental measurements 

that include sedimentation, confocal Raman microscopy, turbidity, 

rheology and electrophoretic mobility. It is concluded that the salt 
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induced aggregation is led by a non-color polymeric ink component 

used as a pigment dispersant, and that CaCl2 induces stronger 

interactions between polymeric carboxylate groups compared to 

MgCl2. This ion specific effect cannot be explained by the Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory for electrostatic interaction 

in colloidal systems.  

Keywords: Capillarity, imbibition, evaporation, inkjet, porous 

media, paper, printing, confocal Raman 

 



 v 

Sammanfattning 

Vattenbaserad bläckstråletryckning är en av de mest 

lättillgängliga och mångsidiga digitala tryckteknikerna. Denna 

avhandling beskriver processer som inträffar då en 

bläckstråledroppe träffar ytan av ett poröst tryckmedium, med 

fokus på vätskepenetration till följd av kapillärt flöde (spontan 

absorption), samt på aggregering av bläckkomponenter. 

Baserat på materialegenskaper kan detaljerad kunskap från 

dessa två delprocesser leda till optimering av tryckprocessen 

samt att man kan förutsäga det slutgiltiga tryckresultatet. 

Med hjälp av ett optiskt bildsystem, kopplat till en 

bläckstråledispensorenhet, undersöks droppars dynamik då de 

träffar olika ytor vid adekvata tids- och längdskalor. 

Avdunstningshastigheten hos droppar kvantifieras och särskiljs 

från absorptionen, och dess spridning på porösa substrat 

karakteriseras. För att kunna avgöra att analyserna görs på 

rätt sätt används olika typer av papper. Skalningslagar för 

absorptionen härleds från Darcys lag för vätskeflöde genom 

dimensionsanalys, vilket visar att dropparnas 

absorptionshastighet korrelerar med dimensionslös volym och 

tid. Dessa definieras av droppens volym, porositet och 

permeabilitet för substratet, vätskans viskositet och Laplace 

kapillärtrycket vilket driver absorptionen. Tillvägagångssättet 

appliceras på två typer av system, där det ena inkluderar enkla 

vätskor som absorberas på homogena och isotropa, porösa glas 

och det andra komplexa vätskor som absorberas på heterogena 

och anisotropa papper. 

Divalenta salter tillsätts i stor utsträckning till pappersytan för 

att förbättra tryckkvaliteten vid vattenbaserade pigmenterade 

bläckstråletryckning. Saltjoner diffunderar snabbt in i 

bläckstråledropparna då de träffar papperet och gör att bläcket 

aggregerar. Denna effekt leder till ackumulering av 

färgpigment nära, eller rent av på, papperets yta. Två olika 

salter, CaCl2 och MgCl2, användes för att aggregera 
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bläckstrålebläck och dess komponenter. Genom att använda en 

kombination av sedimentation, konfokal Raman mikroskopi, 

turbiditet, reologi och elektroforetisk mobilitet, undersöktes 

växelverkan i de aggregerade systemen. Slutsatsen är att den 

saltinducerade aggregeringen beror av en ofärgad 

bläckkomponent som utgör disperingsmedel för de färgade 

pigmentpartiklarna, samt att CaCl2 ger starkare växelverkan 

mellan polymera karboxylerade grupper jämfört med MgCl2. 

Denna jon-specifika effekt förklaras inte av Derjaguin-Landau-

Verwey-Overbeek (DLVO) teorin för elektrostatisk växelverkan 

i kolloidala system.  
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Summary of papers 

Below follows a short summary of the papers that are included 

in this thesis, followed by Table 1 that lists the main materials, 

methods and results in each paper. Hopefully, this will provide 

a convenient overview of my thesis work. 

Paper I 

In this paper we studied the imbibition, spreading and 

evaporation of water inkjet drops on solid impermeable surface, 

and on uncoated and coated paper grades. We were able to 

quantitatively describe the evaporation rate of water drops on 

impermeable solid substrates and found that inkjet water drops 

hardly imbibe into an uncoated paper but mostly evaporate to 

the air. We also observed that the imbibition rate of drops on 

two coated paper grades cannot be fully described by previous 

theories. In some cases the imbibition rates could be correlated 

with the layered structure of the paper.   

Paper II 

In this paper we studied the spreading and imbibition of simple 

one component liquids on homogeneous isotropic porous 

materials. We used dimensional analysis to derive 

dimensionless groups that describe the imbibition of drops on 

thick porous materials. Our experiments showed that the 

imbibition rate can be described by a simple power law only at 

intermediate range of dimensionless times, at which       ; 

where V and T are the dimensionless volume and time groups, 

respectively.     

Paper III 

In this paper we investigated the imbibition of complex inkjet 

ink formulations in two types of uncoated paper grades: one 

that had a surface treatment containing CaCl2, denoted Ca-
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paper, and a second containing NaCl, denoted Na-paper. We 

studied the imbibition by capillary liquid rise experiments in 

paper strips, and imbibition of inkjet drops. The rate of liquid 

capillary rise in the Ca-paper was significantly lower than the 

one in the Na-paper, an effect that is related to the 

destabilization of ink by the CaCl2 salt. However, the average 

imbibition rate of inkjet drops was similar on both the papers. 

The dimensional analysis presented in Paper II was modified to 

the case of anisotropic porous materials, and resulted in similar 

dimensionless groups of volume and time. Attempts to scale the 

imbibition of drops on anisotropic porous materials using these 

groups were successful.       

Paper IV 

In this paper we studied the aggregation and sedimentation of 

inkjet inks and their components. We used two types of salt to 

induce aggregation: CaCl2 and MgCl2. Sedimentation 

experiments showed that the key ingredient leading to 

aggregation is the dispersing polymer. The interactions 

between aggregated segments of the dispersing polymer showed 

ion specificity and were stronger in the case of CaCl2 induced 

aggregation than in the case of the MgCl2 induced aggregation. 

These observations were supported by measurements of 

rheological properties of the sediments, turbidity, confocal 

Raman microscopy and electrophoretic mobility.     

 



 xi 

Table 1. The main materials, methods and results according to the included papers. 

 Paper I Paper II Paper III Paper IV 

Materials 

Liquids 

 Simple one 

component: water 

 Simple one 

component: water, 

diiodomethane 

and formamide 

 Water based, 

complex  

 Water based, 

complex  

Substrates 

 Solid flat surfaces: 

glass and silicon 

wafer 

 Uncoated paper 

 Coated papers 

 Solid flat surfaces: 

glass and silicon 

wafer 

 Isotropic porous 

glass: CPG 

 Uncoated papers 

with CaCl2 or 

NaCl in the 

surface 

----------------------- 

Methods 

 Optical imaging 

 Surface 

characterization 

methods 

(AFM,XPS,SEM) 

 Optical imaging 

 Dimensional 

analysis 

 Optical imaging of 

drop imbibition 

and liquid 

capillary rise in 

paper strips 

 Capillary suction 

time 

 Salt induced 

sedimentation 

 Turbidity 

measurements 

 Confocal Raman 

microscopy 

 Rheological 

measurements 

Results 

 Method 

establishment to 

measure volume 

loss of inkjet drops 

on different types of 

surfaces 
 Distinguishing 

between 

evaporation and 

imbibition 

 Determination of 

the three stages in 

drop spreading 

 Dimensional 

scaling of drop 

imbibition on 

isotropic porous 

materials 

 Average drop 

penetration rates 

on heterogeneous 

rough paper 

 Successful 

attempt of 

dimensional 

scaling of drop 

imbibition on 

paper 

 The dispersing 

polymer is key 

ingredient in the 

aggregation process of 

water based 

pigmented inks 

 The interactions 

between aggregating 

moieties are ion 

specific 
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Abbreviations and 

Symbols 

Abbreviations 

C Coulombs  

oC 
Degrees Celsius (temperature measuring 

unit) 

CCC Critical coagulation concentration 

CIJ Continuous inkjet 

cm Centimeter 

CPG Controlled pore glass 

CRM Confocal Raman microscopy 

Deg Degree (angle measuring unit) 

DLVO Derjaguin-Landau-Verwey-Overbeek 

DOD Drop on demand 

FPS Frames per second 

g Grams or gravity (see in symbols) 

J Joule (energy measurement unit) 

K Kelvin (temperature measuring unit) 

LW Lucas Washburn 

m Meter 

M 
Molar or mole per liter (concentration 

measuring unit) 

mm Millimeter 

mM Millimolar (concentration measuring unit) 
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ms Millisecond 

nm Nanometer 

Pa Pascal (pressure measuring unit) 

pH Acidity measurement unit 

pL Picoliter 

Rad Radian 

Re Reynolds number 

RHS Right hand side (of an equation) 

s Second 

SEM Scanning electron microscope 

t Time 

μm Micrometer 

Symbols 

w% Weight percentage 

  Drop base radius (m) 

   Initial drop base radius (m) 

Hr Relative humidity  

D Water diffusivity coefficient (m2 s-1) 

 ̇ Mass loss rate (kg s-1) 

   
Saturated water vapor concentration (g 

mm-3)  

  Contact angle (Rad or Deg) 

     Advancing contact angle 

     Receding contact angle 

    Equilibrium contact angle 

  Pi constant 
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   Saturated water vapor concentration 

  Density (kg m-3) 

    Volume decrease due to evaporation (m3) 

      Volume of an evaporating drop (m3) 

  Imbibed liquid volume (m3) 

   Drop volume (m3) 

   Initial drop volume (m3) 

     Total liquid volume (m3) 

  Superficial velocity vector  

  Permeability tensor 

    
The ii component in the permeability 

tensor (m2) 

k Scalar permeability (m2) 

  Dynamic viscosity (Pa s) 

  Pressure (Pa) 

    Pressure inside the liquid (Pa) 

     Pressure outside the liquid (Pa) 

   Pressure inside a drop (Pa) 

   Capillary pressure (Pa) 

  
Gravitational acceleration (m s-2) or 

grams (see abbreviations above) 

z Height (m) 

   Characteristic velocity (m s-1) 

   Characteristic length (m) 

   Characteristic time (s) 

Wc Work of cohesion (J) 

Wij Work of adhesion between media i and 
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media j (J) 

  Liquid surface tension (N m-1) 

    
Interfacial tension between media i and 

media j (N m-1) 

   
Local radius of curvature of the liquid air 

interface (m)  

  Capillary radius (m) 

   Expansion velocity (m s-1) 

   Retraction velocity (m s-1) 

   
Distance of the imbibing liquid front in i 

geometry (m) 

   
Radius of the liquid front in i geometry 

(m) 

  
   Debye length (m or nm) 

  Relative permittivity 

   Vacuum permittivity (C2 J-1 m-1) 

   Boltzmann’s constant (J K-1) 

   Concentration of the ith ion (m-3) 

  Elementary charge (C) 

T 
Temperature (K) or (oC) or dimensionless 

time 

   Ion valance state 

  Bulk porosity (m3 m-3) 

S Specific surface area (m2 cm-3) 

   Pore diameter (nm) 

U Dimensionless superficial velocity vector 

P Dimensionless pressure 

V Dimensionless volume 
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Ti 
Dimensionless time groups in the ith 

direction   

C Kozeny constant 

   Material constant (Pa m2) 

   Power law exponent 

   
Integrated Raman peak intensity of the jth 

compound 

    Polymer volume fraction (m3 m-3) 
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1 Introduction 

This work constitutes a study of some of the processes that take 

place once an inkjet drop lands on a porous substrate. A short 

background to the subject of digital graphic inkjet printing is 

provided below, with the purpose of giving a wider context to 

this thesis work, and to explain the motivation behind it.       

1.1 Digital printing methods and inkjet 
printing 

Digital printing serves as a title for a group of technologies 

where printed images or patterns are generated according to 

digitally encoded information that is transferred to a printing 

device. Thus printing of different images does not require any 

change in hardware, only modification of the encoded 

information that is transferred. In the traditional methods 

(offset-lithography, rotogravure and flexography) images are 

created by previously produced static image carriers (plates for 

example) that are  pressed against the paper [1]. The relatively 

high production cost of the image carriers is paid off by fast 

production rates and long production runs, where large 

numbers of copies are produced, usually in the order of several 

thousand or more. At short production runs with a number of 

copies that is closer to a thousand or even less, the price per 

copy becomes too high using traditional methods. The 

increasing demand for short runs together with the decreasing 

demand for long runs, are the main economic motivation behind 

the development of industrial digital printing.  

Inkjet printing is one of the most abundant, and probably most 

versatile, digital printing methods[2]. Here, images or patterns 

are produced by inkjet print heads that dispense micrometer 

sized drops against the surface at chosen locations. Inkjet print 

heads can be roughly divided into two groups, i) drop on 

demand (DOD) where a small amount of liquid is pushed 
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through a nozzle using sufficient energy to allow it to detach 

from the nozzle and fly towards the surface and, ii) continuous 

inkjet (CIJ) where a liquid is continuously pushed through a 

nozzle to create a stream. Due to surface tension instabilities, 

the liquid stream naturally breaks into small drops that are 

directed to either hit the surface or recirculate back into the 

system.         

1.2 The main components of graphic 
inkjet inks 

The purpose of the inkjet drops is to deliver colorant agents to 

the surface. These agents can be molecules (dyes) or particles in 

the sub-micrometer rage (pigments). In some cases the 

colorants are molten waxes that are ejected at elevated 

temperatures, but the more common cases are dyes that are 

dissolved, or pigments that are dispersed, in a liquid carrier. 

Thus an ink is a formulation that contains colorants and a 

carrier. The inkjet method requires low viscosity liquids, 

therefore the colorants constitute only about 5 w% of the entire 

ink, whereas the remaining 95 w% is the carrier. There are two 

main types of graphic inkjet inks, identified by the main 

component of the liquid carrier, i) organic solvent based inks, 

simply referred to as solvent based inks and, ii) water based 

inks, which concerns this work. Water based ink formulations 

contain several ingredients besides colorant agents and water, 

e.g., dispersing polymers that stabilize the formulation, co-

solvent that prevents ink from drying at the print head, and 

surfactants that adjust the surface tension [2].  

1.3 Paper and paperboard – common 
media for graphic inkjet printing 

Paper and paperboards are the most common substrates used 

for graphic inkjet printing, and in fact, for any type of graphic 

printing. They find use in packaging, newspapers, books or any 
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communications that is delivered via paper. The paper 

structure can be described as a porous network of 

interconnected cellulosic fibers and mineral pigment particles 

that also contains additives added during the process of paper 

making. The porous structure and the chemistry of the paper 

directly affect the printing result, and often chemical additives 

or designated coating layers are introduced to the surface of the 

paper in order to enhance the quality of the printed image.  

From a physical point of view, the complex structures of these 

materials present a major challenge to any analysis. Even more 

challenging is the analysis of drop behavior on such materials, 

that was described as a “tough nut to crack”[3].   

1.4 Print quality 

The print outcome in the shape of images and patterns can vary 

in terms of sharpness of the details (resolution) and the 

intensity of the colors. These parameters define the print 

quality and they can be accurately measured. The print quality 

is a result of the distribution of the dry colorants that compose 

the image. One example of an effect that reduces the resolution 

of images concerns the borders of printed lines that become 

blurred due to liquid spreading. If two lines are printed close to 

one another, this effect may turn them into a single thick line. 

If these lines are of different colors, unwanted color blending 

can also occur. Another example concerns color intensity. In 

general, color intensity depends on the density of the colorants 

in the final dry printout. A dense layer of colorants located on 

top of, or close to, the surface of the paper would give intense 

color. Reduced color intensity is a result of colorants that are 

more diluted in space, either because they are spread out on the 

surface, or have penetrated into the paper. In the case of 

penetration, intensity reduction is also a result of colorants that 

are hidden behind a layer of paper fibers. In the heart of these 

examples stand the impinged drops and their behavior on the 

surface.  
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One of the main challenges in achieving high print quality 

using inkjet printing technology is the tendency of the ink drops 

to spread on the surface and penetrate into the porous paper, 

an action that may result in reduced colorant density and 

reduced print quality. The motivation for this work is to 

understand the behavior of single inkjet drops on porous 

substrates and by that aid in finding solutions that can enhance 

the final printing result.    
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2 Theoretical background 

This chapter introduces some of the theories and concepts 

necessary for the description of the phenomena discussed in 

this thesis. The major portion of the thesis deals with flow in 

porous materials. This research area is so immense that I have 

chosen to only refer to a general textbook, see [4], and to focus 

the Theoretical background section to phenomena of direct 

relevance to drop evaporation and drop imbibition in porous 

media. 

2.1 Evaporation  

At typical graphic printing conditions of, say, 20 oC and 

moderate relative humidity, the main component in water 

based inkjet inks, water, will evaporate to the air. A picoliter 

sized ink drop that lands on a porous substrate such as paper 

will drain into the substrate at the same time as it evaporates 

to the air. For example, evaporation of 60 pL water droplet can 

take less than a second on impermeable surfaces, a time range 

that is close to the total penetration time of the same drop on 

certain porous materials. Evaporation from droplets has been 

studied frequently, also directly related to inkjet printing[5], 

arriving at the need for numerical solutions to the governing 

equations. For the purpose of relating the extent and timescale 

of evaporation to imbibition in this work, the evaporation 

process is quantified using a semi-empirical model by Hu and 

Larson [6]. There are two basic assumptions in this model, i) 

the vapor concentration right at the surface of the drop is 

assumed to always be saturated, and decreases moving away 

from the surface until it reaches the ambient conditions and, ii) 

evaporation is considered as a quasi-steady-state process, i.e., 

the time it takes for the water vapor concentration at the 

surface of the drop to adjust to possible changes in that surface 

is rapid compared to the total evaporation time of the drop. 
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This adjustment time can be estimated by    ⁄  where a is the 

drop base radius, defined according to Figure 2.1, and D the 

water vapor diffusivity. For the case of inkjet drops considered 

in this work         , the water diffusivity coefficient is 

              ⁄  [6-7], making    ⁄       , much shorter 

than the typical experimentally measured evaporation time of 

approximately 1 s.  

 

Figure 2.1. Drop on a solid surface with a contact angle   and base radius 

    . 

According to Hu and Larson the net evaporation rate  ̇ [g/s] 

reads:  

  ̇            
  

   
                   (1) 

where      [m] is the measured base radius at time t, cv [g/mm3] 

the saturated water vapor concentration, and      [Rad] the 

measured contact angle at time t. The minus sign implies that 

the drop decreases in mass. Dividing both sides of Eq. 1 by 

    , with   being the liquid density [kg/m3], gives the 

volumetric evaporation rate       ⁄  [m3/s]:   

 
    

  
  

      

    
   

  

   
                   (2) 

The evaporation rate depends more strongly on a(t) compared 

to     . This is because most of the vapor escapes the drop close 

to the contact line regardless of the value of the contact 

angle[6]. Eq. 2 can be integrated with respect to time to give 

volume decrease due to evaporation        [m3]: 
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         ∫ [
      

    
(  

  

   
)   (             )]

 

 
    (3) 

In this definition      . Considering a drop of initial volume 

   [m3], the model predicts that the temporal volume evolution 

of a drop that evaporates to the air,          [m3], is: 

                    (4) 

2.2 Darcy’s law for flow in porous 
material 

Darcy’s law is named after Henry Darcy who about 150 years 

ago investigated the flow of liquid through sand filters in the 

system of fountains of the city of Dijon, France. The law 

describes a simple dependency between the volumetric flow rate 

(volume per unit time) at the exit point from the filter (he could 

not measure the velocity of the liquid inside the filter), to the 

length of the filter and its inclination.. Darcy’s law uses average 

global parameters [4,8] such as permeability, pressure gradient 

and average velocity, and it assumes that these parameters 

describe the porous material from large to small scale in a 

continuous manner. Darcy’s law can be also derived rigorously 

from first principles of fluid mechanics [4]. One of the main 

assumptions in this derivation is that in each point inside the 

porous material where liquid flows, the force resisting that flow 

is proportional to the average velocity at that location, and 

acting oppositely to the direction of the flow.  

For three dimensional flow of one component fluid in 

anisotropic porous materials the Darcy equation reads [4]: 

    
 

 
          (5) 

where u is the superficial velocity vector,   is a second order 

permeability tensor,   viscosity,   pressure,   density,   

gravitational acceleration,   height with respect to a reference 

plane,”   ” dot product and   the gradient operator. For an 
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isotropic porous material the permeability turns into a scalar   

and the Darcy equation reduces to: 

    
 

 
         (6) 

Darcy’s law (Eqs. 5 and 6) is valid for laminar flow and when 

inertial effects are negligible compared to the viscous effects, 

the flow regime sometimes referred to as creeping flow. This 

flow regime occurs when the relation between the inertial and 

viscous forces is small enough. This relation is described by the 

dimensionless Reynolds number, Re, that reads: 

    
     

 
 (7) 

In Eq. 7    is the characteristic velocity in the system and    the 

characteristic length, the exact definition of which depends on 

the system. Usually, Darcy’s law is valid for Re<10. 

The applicability of Darcy’s law to spontaneous imbibition in 

porous media has been clearly demonstrated [5,8-10], however, 

the validity of negligible inertial effects has been questioned 

[11-12].  

2.3 Capillarity, wetting, spreading and 
imbibition 

2.3.1 Surface and interfacial tension   

The physical origin of surface tension can be understood by 

recognizing that the total attractive interaction experienced by 

a molecule that is stationed at the surface is lower than that of 

a molecule inside the bulk, since the surface molecule has lower 

number of molecules that it interacts with. Therefore the 

process of increasing surface area of a bulk material is 

thermodynamically unfavorable. Surface tension is defined as 

half of the work of cohesion, Wc, which is the reversible work 

done when two surfaces of the same media, each of one unit 
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area, are separated from contact to infinity in vacuum. The 

interfacial surface energy,    , between two immiscible media 1 

and 2 is somewhat more elaborate to define, and reads:  

     
 

 
     

 

 
         (8) 

where     and      are the works of cohesion of media 1 and 2, 

respectively, and     is the work of adhesion defined as the 

reversible work done when two unit area surfaces of different 

media are separated from contact to infinity in vacuum [13]. 

The immiscible media can be solid-liquid, liquid-liquid or solid-

solid. 

2.3.2 Laplace pressure 

The Laplace pressure is a result of the surface tension. Along a 

curved surface a force is created that point in a direction 

normal to the tangent of each point along the surface. Since 

every curve is defined by two perpendicular axes in the 

tangential plane, two radii of curvature,    and   , are needed to 

define the curviness. The Laplace pressure    is the pressure 
difference across the interface, defined according to: 

               
 

  
 

 

  
  (9) 

where     being the pressure inside the liquid,      the pressure 

outside (in the case of liquid-air interface) and   the liquid-

vapor surface tension. The sign of the radius of curvature can be 
either negative or positive as shown in Figure 2.2. In the case of 

a spherical drop,         and       ⁄ , which is positive, 

i.e., the pressure inside the drop is larger than the atmospheric 

pressure.   
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Figure 2.2. Schematic of a two dimensional liquid-vapor interface with 

varying local curvatures.     

2.3.3 Contact angle and Young’s equation 

One of the parameters that is important to the processes 

investigated in this work is the apparent contact angle or 

simply the contact angle  , shown in Figure 2.1. It is defined as 

the angle between the liquid-air and solid-liquid interfaces at 

the perimeter of the liquid-solid interface. This perimeter is 

also known as the contact line. The contact angle can be 

measured in any system where an interface between two 

immiscible fluids (either two liquids or liquid and a gas) meets 

a well-defined solid surface. The contact angle can also be 

measured when a liquid advances on the solid surface. This is 

known as the advancing contact angle,     . Similarly, when 

the liquid retracts the receding contact angle,     , can be 

determined.  

The equilibrium contact angle of a sessile drop,    , is a 

macroscopic measure of a stationary state, where a drop rests 

on a solid surface that is flat and chemically homogenous. In 

this case              . The macroscopic forces (per unit 

length) that act close to the contact line in the case of     can be 

resolved, by considering the interfacial tensions as shown in 

Figure 2.3. When the components in the direction parallel to 

the solid surface are balanced the result is the Young’s equation 

[14]: 

                 (10) 
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where     and     mark the solid-liquid and solid-vapor 

interfacial tensions, respectively.  

 

 

Figure 2.3. The resolved forces per unit length acting at the contact line for 

the equilibrium contact angle,    , in terms of the surface and interfacial 

tensions:   (liquid-vapor),     (solid-liquid) and      (solid-vapor). 

Non-equilibrium contact angle can be encountered, for example 

on surfaces that are structurally and/or chemically 

heterogeneous, where the contact line may become pinned 

which prevents the equilibrium state to be reached.  

2.3.4 Wetting and spreading on impermeable 
and permeable surfaces of hydrophilic 
substrates 

In cases where      , a drop of liquid that comes in contact 

with flat and chemically homogeneous surfaces will strive to 

spread and form a thin liquid film. This situation is called 

complete wetting. If    , the drop will adopt the stationary 

state of a sessile drop described in Figure 2.3, known as partial 

wetting [15]. In many cases solids are described in terms of the 

contact angle of water, i.e., hydrophilic surfaces for       
   , hydrophobic surfaces for             , and 

superhydrophobic surfaces for       . In the latter the 

contact angle is not always in thermodynamic equilibrium [16-

17] and therefore the eq notation is omitted.  
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The dynamics of a drop that spreads on impermeable solid flat 

surfaces is thoroughly discussed in the literature (see for 

example [18] and citations therein). It is worth noting that even 

the seemingly simple event of a spreading drop poses a 

considerable theoretical challenge, mostly because of 

singularities associated with the movement of the contact line 

[19]. More relevant to this work is the spreading of a drop on 

porous hydrophilic materials (see for example [20-26]) which 

can be described in a qualitative manner, in terms of the 

temporal evolution of the base radius of a drop     . To this 

end, Starov’s aggregated velocity,     ⁄  [22, 27] can be used:    

 
  

  
       (11) 

where    and    are the expansion and retraction velocities of 

the base radius, respectively.    is a result of capillary forces 

acting to wet the surface of the substrate, and    a result of 

liquid that escapes the drop by imbibition and evaporation.  

2.4 Spontaneous imbibition  

2.4.1 Definition 

Imbibition is the action inside porous media where one fluid is 

displaced by another immiscible fluid. This can be achieved in 

two ways, i) a displacing liquid that is forced into the porous 

material and pushed out a displaced liquid, known as forced 

imbibition and, ii) by allowing capillary forces to spontaneously 

propagate the displacement, known as spontaneous imbibition 

or simply imbibition. This work discusses imbibition where a 

liquid phase is displacing a gas phase. In this case, the 

advancing liquid-gas interface inside the porous material is 

called the liquid front.  
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2.4.2 The relation between the geometry of the 
liquid front and imbibition rate   

Over the years, imbibition experiments have been conducted in 

a variety of geometries and materials, some of which are shown 

in Figure 2.4. The first geometry that was fully described was a 

liquid that advances inside a capillary tube with circular cross 

section of radius r and hydrophilic surface (         ), as 

shown in Figure 2.4a. In the laminar flow regime, under 

Poiseuille flow profile and assuming  negligible gravitational forces, 

the temporal evolution of hLW defined in Figure 2.4a, is given by 

the Lucas Washburn (LW) [28-29] equation: 

             (12) 

where     √           ⁄ . An example of another geometry 

is imbibition in isotropic porous material with a unidirectional 

liquid front, shown in Figure 2.4b [8], where        . 

Capillaries with axial variations such as the one in Figure 2.4c, 

have been also investigated [30]. It was found that at short 

distances they can be approximated to give a LW-like power 

law, but at long distances they approximately give a power law 

of         ⁄  in the two dimensional case and         ⁄  in the 

three dimensional case. The case of spherical imbibition where 

the liquid enters the material from a point like source [9] is 

shown in Figure 2.4d. Here, at long distances the power law is 

approximately       ⁄ . Experimental observations of radial 

geometry [31], Figure 2.4e, show a behavior similar to that 

found in spherical geometry, with       ⁄ . Layered porous 

materials, such as the one in Figure 2.4f, have been also given 

attention and the rate of liquid uptake was manipulated by 

varying the number of layers and the characteristics of each 

layer [10, 32]. Other investigations included thin porous 

membranes with complex shapes [33]. 

The examples in Figure 2.4 assume that the region behind the 

advancing liquid front is fully saturated with liquid and that 

the liquid fronts themselves are smooth. Rough liquid fronts 

have been also investigated [34-38]. In this situation the liquid 
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front inside the material varies with respect to the average 

advancing distance due to local structural variations, which 

may lead to regions behind the liquid front that are not fully 

saturated with liquid. Rough liquid fronts have been observed 

in paper media [39] as well as in porous structures with 

elongated pores [40].  

It is noted that none of the examples given in Figure 2.4 can 

serve as an analogue to the case of drop imbibition. This is 

because in these examples the opening between the liquid 

reservoir and the porous material is constant. In the case of a 

drop, this opening is defined by the interface between the drop 

and the surface of the porous material, which changes with 

time in an unpredictable (but observable) manner.  

   

a. Tube (LW) b. Unidirectional  c. Axial 

   

d. Spherical e. Radial f. Layered material 

Figure 2.4. Spontaneous imbibition in different geometries. 
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2.5 Dimensional analysis 

The dynamic interface between the drop and the porous 

material poses a major difficulty in solving the governing 

equations that describe drop imbibition. In such case, the 

equations can be either solved numerically using a computer, or 

they can be written in dimensionless form, in which the 

approach was taken in this work. This procedure, most common 

in the discipline of fluid mechanics, relies on the principle of 

dimensional homogeneity which states that all the additive 

terms in equations that describe physical phenomena have the 

same dimensions [4,41]. In writing an equation in 

dimensionless form, it is assumed that there exists a model 

system that is similar to the experimental (prototype) system. 

By similar it is meant that the ratio between a quantity in the 

experimental system and the same quantity in the model 

system is constant. This quantity can be geometrical (length), 

kinematic (velocity) or dynamic (force). In most systems only 

partial similarities can be kept, meaning that the ratio of only 

some of the quantities is kept constant. Dimensional analysis is 

applied in section 5.3, Paper II and Paper III, where the 

governing equations that describe drop imbibition are written 

in dimensionless form.   

2.6 Stabilization and aggregation of 
colloidal suspension 

2.6.1 Stabilization  

One challenge encountered in pigment based inks is 

aggregation of the pigments, caused by the inherent instability 

of any dispersed system [42] and special attention has to be 

given to the stabilization of the pigments. Stabilization is 

achieved by inducing repulsive forces between the pigments 

that keeps them separated. Two types of mechanisms can be 

used to achieve interparticle repulsion, one is electrostatic 
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stabilization that occur between particles carrying similar 

charges, and the other is steric stabilization induced by 

polymers that adsorb or graft to the surface of the particles, 

keeping them apart even at close distances [43]. In water based 

pigmented inks, similar to many practical systems, these two 

mechanisms are combined by using charged polymers chains, 

polyelectrolytes, which adsorb to the particles.        

Electrostatic stabilization, described in the frame of the 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, is a sum 

of two competing interactions, i.e., repulsive double layer forces 

and attractive van der Waals interactions [13,43]. The van der 

Waals interactions are a combination of dipole-dipole (Keesom), 

dipole-induced dipole (Debye) and dispersion (London) 

interactions that occur between molecules and atoms. In large 

molecular or atomic assemblies such as colloids, the dispersion 

interactions originating from charge fluctuations in molecules 

or atoms, are of most importance [43] although other 

interactions also play a role. Repulsive double layer 

interactions occur when two regions enriched in counter ions 

that surround nearby charged particles overlap. These regions 

are composed of counter ions that are temporarily bound to the 

charged surface (Stern or Helmholtz layer) and ions that 

thermally diffuse around the charged surface, creating a diffuse 

electrostatic double layer [13]. The characteristic decay length 

of the repulsive double layer forces is given by the Debye 

length,   
  : 

   
   ∑ √

      

   
   

   (13) 

where   and    are the relative and vacuum permittivity, 

respectively,    the Boltzmann constant, T temperature in 

Kelvin, ci the concentration of the ith type of ion in the liquid, e 

the elementary charge and zi the valance of the ith ion. If   
   is 

sufficiently decreased, for example by adding salt to the system, 

the attractive van der Waals forces would become predominant 

and aggregation will occur. For aqueous solutions and 1:1 salt 

(such as NaCl), the Debye length, in units of nm, reads 

  
        √          ⁄  where            is the molar salt 
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concentration, and for 1:2 salt (such as CaCl2) it reads   
   

     √          ⁄ . Thus, the 1:2 salt has more effect on the 

Debye length compared to the 1:1 salt. This difference 

manifests itself in the experimental observation that the 

concentration of salt needed to aggregate a given colloidal 

dispersion, also known as the critical coagulation concentration 

(CCC), is extremely sensitive to the valance of the counter ions 

and in many cases varies as   ⁄  
 
. This relation is known as the 

Schultze-Hardy rule. 

2.6.2 Sedimentation 

Unlike stabilized particles, aggregates composed of coagulated 

particles are usually denser than the surrounding liquid, and 

they will tend to settle at the bottom of the vessel by buoyancy 

(gravitational) forces, creating sediment. The sediments 

resemble gels, i.e., they are macroscopic three dimensional 

networks made of bonded subunits (molecules, polymers, fibers 

of colloids) that maintain a structure that embodies liquid [44], 

and have characteristic “solid-like” rheological behavior, i.e., 

they are viscoelastic [45].  

2.7 Specific ion effects        

The DLVO theory treats ions only as point charges and do not 

distinguish between the type of ions. However in some cases, 

ions carrying the same charge may differ in the response they 

induce, in what is generally referred to as specific ion effects. 

This phenomena was found already 100 years ago by Franz 

Hofmeister who showed how the solubility of proteins in 

aqueous media can be changed depending on the concentration 

and type of salt (ions) [46-47]. Since then, specific ion effects 

have been shown to exist in a variety of interfacial phenomena 

that the DLVO theory fails to predict, e.g., solubility of 

macromolecules other than proteins [48], surface tension of 

electrolyte solutions and binding to micelles [49-50], colloidal 
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aggregate structure [51-52], and ice adhesion to surfaces coated 

with polyelectrolyte brush layers [53]. 



19 

3 Materials 

3.1 Porous material substrates  

Two types of porous materials are used in this work: isotropic 

and homogeneous porous glass and anisotropic heterogeneous 

papers. 

3.1.1 Homogeneous and isotropic materials – 
CPG plates 

Controlled pore glass (CPG) plates, a speciality porous glass 

also known as Vycor glass [54-55], serve as a model material for 

chemically homogeneous and structurally isotropic porous 

materials. A simulated structure of the cross section of such a 

glass is shown in Figure 3.1. The solid-air interface of these 

plates contains a large number of silanol groups, Si-OH, that 

makes it hydrophilic. This glass is available in a variety of pore 

sizes, surface areas and porosities. Six CPG plates were 

provided by Vitrabio GmbH, Steinach, Germany, and their 

properties as provided by the supplier, are listed in Table 2.  

 

Figure 3.1. Simulated cross section of a CPG plate, done by using Fortran 

code according to the algorithm by Cahn [56]. 
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Table 2. Properties of the porous CPG plates: Dimensions, 

average pore diameter dp, porosity  , and specific surface area s. 

Porous CPG 

plate 

Dimensions 

(mm·mm·mm) 

dp 

(nm) 

  

(m3/m3) 

s 

(m2/cm3) 

Sample A 20·20·0.3 2 0.195 503 

Sample B 20·20·0.3 10 0.538 412 

Sample C 20·20·1 60 0.535 75 

Sample D 20·20·1 100 0.516 61 

Sample E 20·20·1 200 0.617 99 

Sample F 20·20·1 280 0.691 71 

 

3.1.2 Uncoated paper samples 

Uncoated paper samples were used in the imbibition 

experiments (see Paper I and Paper III). In Paper III, both were 

produced on the same paper machine (Husum paper mill, 

Metsä Board, Sweden) under similar conditions. Their average 

thickness is 92±2 µm, porosity is 50 % and grammage is 80 

g/m2. Figure 3.2 shows an example of the surface and cross 

section structure of these papers that contains cellulosic fibers 

(dark) and calcium carbonate filler particles. The difference 

between the two paper types is in their surface chemistry, one 

of them contains CaCl2 in typical quantities of 5 kg per ton of 

paper, this paper is denoted Ca-paper, and the other contains 

NaCl in typical quantities of 2 kg per ton of paper, and this 

paper is denoted Na-paper. When water based pigmented inkjet 
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inks are used, the addition of CaCl2 greatly improves the print 

quality on the Ca-paper, compared to that on the Na-paper 

(Paper III).  

  

a. Surface b. Cross section 

Figure 3.2. SEM images of the surface (a) and the cross section (b) of the Na-

paper sample. Calcium carbonate filler particles appear in light grey, while 

cellulosic fibers appear in darker grey. The same features are observed for the 

Ca-paper. White scale bars are 50 μm. 

3.2 Liquids and formulations 

Two types of liquids were used in this work, simple one 

component liquids, such as water, and formulations of many 

components, with the example of inks. 

3.2.1 Simple one component liquids 

A list of the simple liquids and some of their characteristics is 

shown in Table 3. These liquids were used in the imbibition 

experiments on the CPG plates, except for hexadecane that was 

used only for the paper capillary rise experiments. The contact 

angle values are used for the expression of the capillary 

pressure shown in Paper II, Eq. 9 and they were taken on clean 

silicon wafer that share the same surface chemistry as the CPG 

plates.  
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Table 3. Simple liquids and some of their characteristics: 

molecular weight, density   (at 25 oC), viscosity μ (at 25 oC), 

surface tension σ and contact angle  †
. 

Liquid Molecular 

weight 

[g/mole] 

  

[g/cm3] 

μ 

 [mPa s] 

σ 

[mN/m] 

 † 

[Deg] 

Water  18.015 0.997 0.89 72.0 0 

Formamide  45.04 1.129 3.34 58.0 0 

Diiodomethane  267.84 3.325 2.6  50.8 50 

Hexadecane  226.44 0.773 3.005 28.12 ---- 

† Measured on silicon wafer that was cleaned using the same procedure as 

for the CPG.   

3.2.2 Ink formulations 

Ink formulations, all water based, were used for the 

aggregation study (Paper IV) and for the imbibition study on 

paper (Paper III). Details of the composition of these 

formulations are given in Table 4. The DOD-Y is a commercial 

water-based-pigment-ink (HP 38 Yellow Pigment Ink Cartridge 

C9417A, Hewlett-Packard Development Company, L.P., USA) 

used in desktop inkjet printers with drop on demand 

technology. The solid and pigment contents of this ink were 

estimated using a gravimetric method described in Paper IV, 

section 2.1. Any other details concerning the chemical 

composition of these inks are not known to the author. The 

DOD-Y0 is the same ink as the DOD-Y, only it contains almost 

no pigments, thus the zero notation. The pigments in this 

sample were separated by means of centrifugation, as described 

in Paper IV, section 2.1. Three generic water-based-ink 

formulations, CIJ-Y, CIJ-Y0 and CIJ-B0, were supplied by 

Eastman Kodak Company. The CIJ notation signifies that 
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these formulations are similar, but not identical, to commercial 

continuous inkjet inks, and they serve as model formulations 

for understanding the behavior of commercial CIJ inks. The 

CIJ-Y formulation and CIJ-Y0 are similar excluding pigments 

that were added to the former but not to the latter. The CIJ-B0 

formulation is free from pigments but similar to a black color 

formulation. Two types of dispersing polymers in these 

formulations, namely P1 and P2, were used. P1 is a proprietary 

polymer provided by Eastman Kodak Company and P2 is a 

commercial product named JonCryl HPD696 (BASF chemical 

company, www.basf.com). Both polymers contain charged 

carboxylate groups neutralized with potassium hydroxide and 

have similar acid numbers of 200-230. They differ in their 

molecular weight, 7000-10 000 Da for the P1 compared to 

16 000 Da for the P2. The P1 polymer contains hydrophobic 

benzyl groups lacking from the P2 polymer. 

Table 4. pH and composition of the ink formulations used in the 

aggregation study, Paper IV.  

Formulation pH Total 

solids 

[w%] 

P1 

[w%] 

P2 

[w%] 

Pigment 

[w%] 

Humectant 

[w%] 

DOD-Y 9.0 10 -- -- ~3 -- 

DOD-Y0 9.0 7 -- -- ~0 -- 

CIJ-B0 8.0 7.5 0.6 0 0 4.5 

CIJ-Y0† 7.9 8.3 0.9 0.65 0 6 

CIJ-Y† 8.2 11.3 0.9 0.65 3.0 6 

P1 solution 8.8 0.9 0.9 0 0 0 

P2 solution 8.2 0.65 0 0.65 0 0 

P1/P2 solution 8.7 1.55 0.9 0.65 0 0 

†  The remaining components in the ink formulations (0.75 w%) are for 

adjusting pH and conductivity; surfactants, biocides and anticorrosive 

additives. 

http://www.basf.com/
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Table 5 lists the formulations used in the spreading and 

imbibition studies on paper, together with the parameters 

important in terms of their properties, i.e., surface tension, 

viscosity and density. The SP1 and SP2 solutions are similar to 

the P1 and P2 solutions, only here a surfactant is added to 

adjust their surface tension. A magenta colored ink that is used 

in Paper III is missing from that table. This ink is used in DOD 

inkjet print heads of industrial inkjet presses, and was provided 

by Canon Europe (www.canon-europe.com).    

Table 5. Properties of the complex liquids used in the paper 

imbibition experiments.  

Formulation σ 

[mN/m] 

μ
† 

[mPa s] 

 †† 

[g/cm3] 

CIJ-B0 34.5 1.20 1.013 

CIJ-Y0 34.8 1.55 1.014 

CIJ-Y 35.4 1.72 1.023 

SP1††† 34.1 1.02 0.998 

SP2††† 32.4 1.02 0.999 

† Measured at 25 oC. 
†† Measured at ambient conditions of 23 oC. 
††† The surface tension in these formulations is adjusted by adding 1 w% of 

a nonionic surfactant (Surfynol 440, Air Products Corporation Inc., 

www.airproducts.com).  

http://www.canon-europe.com/
http://www.airproducts.com/
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4 Methods 

In this section the main methods used during the course of this 

work are introduced.  

4.1 Optical imaging of spontaneous 
imbibition  

The imbibition experiments in this work were performed using 

an optical imaging system DataPhysics OCA40 Micro 

(www.dataphysics.de). The main components of the instrument 

include a light source and a camera. The temporal resolution of 

the camera can be set between 50-2200 frames per second 

(FPS), and it is coupled to an optical system comprising 

zooming options and magnifying lenses. The whole apparatus is 

controlled via computer by a designated software. Two drop 

dispensing units were used: a syringe unit that generates drops 

in the microliter volume range, and a piezoelectric dispensing 

unit that impinges drops in the pL volume range, which is the 

same range that is used in commercial inkjet printers. 

Illustrations of the different experimental setups are shown in 

Figure 4.1.  
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Figure 4.1. Optical imaging of imbibition experiments. A light source faces an 

optical system that is coupled to a camera that images the region of field of 

view. In this region different experiments can be performed: (left) imaging of 

drops that are dispensed from a piezoelectric unit and impinged on 

horizontally or vertically positioned plates. In the vertical position the drop as 

well as the liquid inside the porous material can be imaged, (middle) imaging 

of drops that are impinged on rough paper samples which are mounted on 

slightly curved surfaces to minimize shading effects, and (right) imaging of 

the advancing liquid front in liquid capillary rise experiments in paper strips. 

Snapshots taken from real experiments are shown in the bottom row.   

The analysis of liquid rise experiment was done using an open 

source software ImageJ (http://imagej.nih.gov). The analysis of 

drops was performed in the designated software coupled to the 

instrument, as illustrated in Figure 4.2. The evaluation of 

contact angles proceeds as follows. A base line is manually 

placed by the user and the software finds the profile of the drop. 

Once the profile is found, a linear curve is automatically fitted 

to the contact line region (Figure 4.2a) so that the contact angle 

is defined. Drop volume calculations (Figure 4.2b) assume that 

the two dimensional image reflects a perfectly symmetrical 

drop. Each row of pixels that comprises the drop is regarded as 

http://imagej.nih.gov/
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a disk of a certain volume and the total drop volume is 

calculated by adding these volumes. The fitted drop profile 

always divides the top pixel row so that the drop area does not 

completely fill this row. For this reason the top disk is 

calculated assuming that it has the shape of a spherical cap.  

 

a. Screen shot 

 

b. Volume analysis (not to scale) 

Figure 4.2. Drop analysis. (a) Screen shot of a drop image analyzed by the 

software showing the base line chosen, the profile fitted to the drop and the 

linear curves fitted to the contact line region that were used in measuring the 

contact angle. (b) For the volume calculation each row of pixels comprising the 

drop area is treated as a disk with a certain volume. The top pixel row is 

treated as a spherical cap.       

4.2 Capillary suction time 

Capillary suction time was measured using a capillary suction 

time apparatus (Triton WPRL, Type 130) modified to evaluate 

imbibition through a thin porous material. The modification is 
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shown in Figure 4.3. Two electrodes, 1 and 2, are placed on a 

paper sample. Below the paper there is a metal base that serves 

as a third electrode. Electrodes 1 and 2 are separated at a 

distance of about 5 mm. The apparatus starts to count the time 

once the first (top) electrical circuit between electrodes 1 and 2 

is closed by liquid that is placed in between them. The liquid 

has to contain free ions that can conduct electric charge. The 

time count stops once the liquid has reached the third electrode, 

thereby closing a second electrical circuit.     

 

Figure 4.3. Capillary suction time apparatus modified to evaluate imbibition 

through thin porous material.  

4.3 Confocal Raman microscopy  

Confocal Raman microscopy (CRM) measurements in this work 

were performed using a WITec alpha300 instrument (WITec 

Gmbh, Germany). The Raman effect is a result of rare inelastic 

photon scattering events, in which the wavelength of incident 

photons that interact with molecules is slightly shifted. The low 

probability of such events necessitates the use of high intensity 

laser beams. CRM is a combination of a Raman spectroscope 

and a confocal microscope. This combination allows 3D sample 

imaging that is based on the Raman signature of the 

compounds in the sample. Mapping is performed by scanning 

the sample spot by spot in a plane parallel to the surface or 
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perpendicular to it (depth scans). A complete Raman signal is 

recorded in each of the spots and the compounds are identified 

in a post processing procedure. The spots are assigned to pixels 

that comprise full images. The actual concentration of each 

compound in the analyzed pixel is very hard to determine since 

the intensity of the Raman signal, besides being sensitive to the 

experimental conditions, depends on the compound and the 

specific peak that is chosen. However, the intensity of a specific 

Raman peak, defined by the integrated area underneath it, is 

directly proportional to the concentration of the compound in 

the analyzed spot (or pixel) [57].  

 

4.4 Viscosity and oscillatory shear 
rheometry  

Rheology measurements were made using a Kinexus rheometer 

(Malvern Instruments Ltd., England) with two geometries that 

are shown in Figure 4.4. A double gap geometry (Figure 4.4a) 

was used for measurements of low viscosity fluids. In this 

geometry the liquid surrounds both sides of a rotating cylinder. 

A cone and plate geometry (Figure 4.4b) was used for 

measuring the oscillatory shear response of sediments, where 

the cone diameter was 40 mm. Sediments that contained high 

amounts of water were mounted on the plate and then the cone 

was brought downwards until a certain distance where the 

sample almost filled the space underneath the cone. Surface 

tension forces created a meniscus that kept the liquid sample in 

between the cone and the plate. The distance between the cone 

and the plate was always much larger than the size of the 

sedimenting particles.   
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a. Double gap b. Cone and plate 

Figure 4.4. Geometries used in the rheometry measurements, (a) double gap 

and, (b) cone and plate.   
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5 Results 

This chapter presents the main results of my thesis work. It 

starts with drop evaporation, followed by an illustrative 

comparison between drops that spread on impermeable and 

porous substrates. It continues with analysis of drop imbibition 

on thick porous materials, and ends with aggregation of water 

based inks components induced by salts of divalent cations – a 

common paper additive that enhances print quality of water 

based pigmented inks.  

A note should be made here about the influence of the kinetic 

energy of the flying drop on the spreading and imbibition 

process. It is accepted that this energy is dissipated at a period 

shorter than 0.4 ms in the case of inkjet drops [58-59]. Since the 

temporal resolution of the camera used in this work is 0.4 ms, 

this dissipation process is experimentally inaccessible to the 

equipment used in this work. 

5.1 Drop evaporation  

An example of inkjet drops that evaporate on an impermeable 

flat surface is provided in Figure 5.1. Here, the volume and 

base radius       of a water droplet (Figure 5.1a) and those of a 

CIJ-Y ink drop (Figure 5.1b) are shown.      in the latter case 

is nearly constant throughout the measurement and equals 

a=37± 3 µm. In both examples the volume loss is compared with 

the prediction of the evaporation model (see section 2.1, Eqs. 3 

and 4). This model considers only water evaporation and uses 

the following parameters: D=26.1 mm2/s and cv=2.32×10-8 

g/mm3 (these two values were used also by Hu and Larson and 

taken from reference [7] for the temperature of 25 oC) together 

with the actual ambient conditions of Hr=45 % and T=23 oC.   

The drying rate of the water drop is accurately predicted by the 

evaporation model. It is constant at the beginning and slightly 

decreases towards the end. As mentioned, the vapor escapes 
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from the drop mostly at the contact line region regardless of the 

contact angle value, which is the explanation for the correlation 

between a(t) and the evaporation rate, both being constant in 

the beginning and decreasing towards the end. Further 

examples that verify the evaporation model can be found in 

Paper I, for the cases of impermeable glass and silicon wafer 

surfaces with different initial contact angles.  

Non-aqueous components in the CIJ-Y ink drop induce quite a 

different behavior compared to that of pure water. In the initial 

0.25 s the decrease in volume is reasonably described by the 

water evaporation model, implying that water is the main, if 

not the only, evaporating component. It is noted that the 

constant evaporation rate predicted by the model is a result of a 

constant a(t). After 0.25 s the drop reaches half its original 

volume and the amount of water in the drop is reduced by 

nearly the same factor, which considerably reduces the 

evaporation rate. After about 0.5 s the drop stops to decrease 

since most of the water has evaporated. This illustration shows 

that during the initial 0.25 s the evaporation rate of the pL 

water based inkjet ink drops used in this work can be 

quantified using the evaporation model of Eq. 3. As shown in 

the following, this time period is in most cases larger than the 

typical measured drying time for full imbibition of drops 

measured in this work.         
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a. Water 

 

b. CIJ-Y ink 

Figure 5.1. Drop evaporation on impermeable flat surface of (a) water and (b) 

CIJ-Y ink. Shown are the experimental volume loss and drop base radius, a, 

together with evaporation according to the model of Hu and Larson. 
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5.2 Drop spreading 

5.2.1 Completely wetted substrates - 
comparison between impermeable silicon 
wafer and porous controlled pore glass 

Examples of drop spreading are provided in Figure 5.2, where 

spreading on a CPG plate - sample B (average pore diameter of 

10 nm), is compared to that on an impermeable substrate - 

silicon wafer. The substrates share similar surface chemistry, 

dominated by surface silanol (Si-OH) groups, and are 

completely wetted by the liquid, formamide in this case. 

Spreading is monitored in terms of the relative drop base 

radius (Figure 5.2a)       ⁄ , where    is the initial base radius, 

as well as by the contact angle (Figure 5.2b). The contact angle 

values in both systems are quite similar and decreases 

monotonously. This is unlike      that shows a monotonous 

behavior on the silicon wafer, but on the CPG plate is 

characterized by three successive periods (Paper II, section 5.1): 

(I) expansion, (II) constant width, and (III) retraction. 

The spreading behavior can be interpreted in term of Starov’s 

velocity     ⁄  [22,27]. During the expansion period, strong 

capillary forces acting to spread the drop gives a dominance of 

the expansion velocity   . In the constant width period,    is 

reduced to a level where it is equal in magnitude but opposite 

in sign to the retraction velocity,   . The latter is a result of 

hydrodynamic action caused by liquid that escapes the drop 

into the porous material. During this period     ⁄    and the 

contact line is stationary (pinned). In the retraction period,    

is the dominant velocity and the contact line retracts. On the 

impermeable silicon wafer a slow evaporation rate is the reason 

for the domination of    over   . Here, the missing retraction 

period may well appear at a later time. This is because the 

expansion velocity decreases with time while the evaporation 

rate that depends on      (see Eq. 2) increases together with   .  
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a. Relative drop base radius 

 

b. Contact angle 

Figure 5.2. Temporal evolution of formamide drops that spread on silicon 

wafer (filled symbols) and on CPG plate – sample B (empty symbols), in terms 

of (a) the relative drop base radius and, (b) contact angle.   
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5.2.2 Spreading of imbibing drops on porous 
rough surfaces - uncoated paper samples 

Drop spreading on an uncoated paper sample is illustrated in 

Figure 5.3 for the case of magenta colored ink drops with initial 

volume of 35-55 pL, that spread on Na-paper. This ink has a 

viscosity of 11.34 mPas and a surface tension of 35.1 mM/m. 

Spreading is characterized by the same three successive 

spreading periods mentioned earlier, i.e., expansion, constant 

width and retraction. However, in this case spreading of the 

drops varies significantly, a feature not observed on the 

substrates having flat surfaces, namely CPG plates and silicon 

wafers. These variations are also expressed in the final shape 

and width of the printed dots (Figure 5.3, right panel). This is a 

result of the chemical and structural heterogeneities that that 

reside on the surface of the paper and vary on a length scale 

similar to the size of the drops. A quantitative example for the 

variations in roughness and how they depend on the size of the 

examined area (mask diameter) is given in Paper III, section 

5.1.     
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Figure 5.3. Temporal evolution of the base diameter,      , of six magenta 

inkjet drops impinged on Na-paper sample (left panel), together with images 

and measured width of the respective imprinted dots (right panel). The initial 

volume of the drops ranges at 35-55 pL. The measurements of the imprinted 

dots are taken in the direction that corresponds to the measurement of the 

base diameter. The width of the imprinted dots is always larger than the 

maximal width of the drop base diameter, implying that liquid transport in 

the plane parallel to the surface is significant and affects the final 

distribution of colorant pigments.     

5.3 Spontaneous imbibition of drops 
on thick porous substrates 

The first experiments made of drop imbibition were on coated 

paper samples (paper I) where imbibition rates were analyzed 

using a modified LW equation. The main difficulty with this 

approach is that the liquid is assumed to imbibe the porous 

network only in the thickness direction, while in practice it is 

free to advance in all directions. Another difficulty was the 

bimodal pore size distribution in the coating layer of one of the 

papers that added to the complexity of the system. Indeed, the 

imbibition rates were never found to exactly fit the LW model. 

For this reason the analysis according to the LW model made in 

Paper I is not further discussed here.  
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In the following experiments a more defined system was used, 

consisting of one-component liquids (formamide, diiodomethane 

and water) and structurally isotropic and chemically 

homogeneous porous glass (CPG plates). Despite these 

simplifications this system still remains considerably difficult, 

mostly because the dynamics of the contact line, i.e.,     , which 

are very hard to predict, and treated only qualitatively in this 

work. This is in addition to a not well defined liquid front 

geometry, which is a result of the contact line dynamics. For 

this reason the imbibition rate is analyzed using dimensional 

analysis rather than a solution of the governing equations of 

motions, an approach that eventually produced dimensionless 

groups that could be confirmed experimentally.  

The final imbibition experiments were made using inks and 

uncoated paper, i.e., complex formulations and anisotropic 

heterogeneous porous material, and an attempt was made to 

describe the imbibition using modified dimensionless groups. 

This step necessitated modification of the theory as well as the 

experimental procedures. The results suggest that the 

dimensionless groups can scale imbibition of inkjet ink drops on 

uncoated paper.           

5.3.1 Dimensional scaling of drop imbibition on 
thick, homogeneous and isotropic porous 
materials 

5.3.1.1 Derivation of dimensionless groups 

Before introducing the actual dimensionless groups the model 

is described and then the assumptions are explained. The 

imbibition process is considered to maintain cylindrical 

symmetry which allows a two dimensional representation of the 

system, shown in Figure 5.4. There are two domains in the 

problem, one is the drop above the material and the other is the 

imbibed fluid inside it. The drop has a base radius      and 

volume       and the material is described as being isotropic 

with scalar permeability  , porosity   and specific surface area 
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s. A Newtonian in-compressible liquid drains into the material 

from a drop in the region             . Inside the material, 

the liquid volume of      has already penetrated and occupies a 

fully saturated region of a volume      ⁄ . This region is 

bounded by the liquid front inside the material. The material is 

referred to as thick, meaning that the liquid front never reaches 

the bottom end of it. 

 

Figure 5.4. Two dimensional illustration of drop imbibition on thick isotropic 

porous materials. See text for detailed description.  

The liquid front is assumed to be smooth. Thus, although on the 

length scale of a single pore liquid may progress at different 

rates due to structural variations (for example pores with 

different size), these differences are prevented from developing 

to large length scales by the interconnectivity and isotropic 

nature of the porous network. Indeed, a smooth liquid front was 

experimentally observed in drop imbibition experiments with 

vertically positioned CPG plates (Paper II, Fig. 5). The pressure 

gradient that drives the liquid imbibition always acts in the 

normal direction to the liquid front, pointing outwards (marked 

n in Figure 5.4).  

Another assumption is that the imbibed fluid dominates the 

imbibition process rather than the drop. Support for this 

assumption can be found by examining the dominating 
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pressure term. There are two pressure terms in the problem, 

one is the pressure inside the drop given by        ⁄ , where   

is the liquid surface tension and    ⁄  the local curvature of the 

drop-air interface, and the other is the capillary pressure, 

acting to spread the imbibed fluid:    2   ⁄ , where    ranges 

as the size of the pores inside the material. In the experiments 

considered in Paper II,    is in the order of few millimeters, 

while    is in the order of the average pore radius, namely 2-300 

nm. This makes 2   ⁄  2   ⁄  and therefore    is the dominant 

pressure term in the problem.  

The governing equations describing the flow of the imbibed 

fluid can be written as follows: 

       (14) 
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        (15) 

where         is the superficial velocity vector (bold notation 

signifying a vector entity), and   is the dot product. Eq. 14 

represents mass conservation and Eq. 15 is the equation of 

motion, where the terms on the left hand side account for 

inertial effects due to the acceleration and deceleration of the 

fluid. Three terms are found on the right hand side of Eq. 15, 

the first accounts for the pressure gradient, the second is a 

Darcian expression that accounts for the drag resistance to the 

liquid flow, and the third term accounts for gravitational body 

forces.  

The dimensional analysis continues by choosing characteristic 

dimensional parameters:    for velocity,    for time,    for 

length and the above    for pressure. These characteristic 

parameters define the dimensionless variables (capital letters) 

according to: 

  
 

  
   

 

  
   

 

  
    

 

  
   

 

  
 

For the sake of this discussion only the equation of motion (Eq. 

15) is written in dimensionless form, as follows: 
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where    is the gradient operator that uses dimensionless 

coordinates. The exact definition of the characteristic 

parameters is done according to the discussion in Paper II, 

section 3, starting with   , the characteristic velocity is defined 

by the pressure gradient that drives the imbibition and the 

force that resists it. In practice, the prefactor of     that is the 

first term in the right hand side (RHS) of Eq. 16, is equaled to 

the prefactor of   (second term in RHS of Eq. 16), which gives 

          ⁄ . Next comes    that is defined by the total volume 

occupied by the imbibed fluid at the end of the imbibition, i.e., 

   √     ⁄ 
, where      is the total liquid volume participating 

in the experiment. Finally,    is defined according to 

        ⁄     
    ⁄ .  

At this point we can calculate the magnitude of the 

dimensionless prefactors in Eq. 16 according to the 

experimental conditions and the characteristic parameters 

listed in Paper II, Table 3. This calculation shows that the 

magnitude of the pressure term (first in the RHS) is about 103, 

the inertial term (left hand side) is 10-9 or less, and the 

gravitational term (third on the RHS) equals about 10-7 or less, 

making inertial and gravitational effects negligible. The 

equation of motion now turns into the Darcy equation, which is 

the starting point of the dimensional analysis performed in 

Paper II, section 3. 

The experimental results are analyzed using a dimensionless 

volume group, V, and a dimensionless time group, T, defined 

by: 

   
    

  
  

     

    
     

 

  
 

    

 
(

 

    
)

 

  (17) 

The multiplicity of     can be measured experimentally using 

capillary rise experiments, as discussed below, or it can be 

calculated according to: 

   
   

        
        

           

 
 (18) 
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where the Kozeny-Carman expression for permeability is used 

for k, with C being the Kozeny constant and according to 

Carman [60] it equals 0.2, and pc is an expression according to 

Marmur [8] for imbibition in uniform porous materials, who 

derived it using thermodynamical considerations.   

5.3.1.2 Experimental verification of the 
dimensionless groups 

Imbibition experiments with simple liquids (formamide, water 

and diiodomethane) on six different CPG plates using a variety 

of liquid volumes (    ) were conducted according to the 

procedures specified in Paper II, section 4. In these 

experiments, evaporation turns out to be negligible and the 

volume of the imbibed liquid is calculated according to  

                 (19) 

Verification of the dimensionless volume and time groups (Eq. 

17) was done by comparing the plot of v versus t to the plot of V 

versus T, as shown in Figure 5.5 for the case of formamide. 

Compared to the scattered dimensional data (Figure 5.5a), the 

dimensionless data (Figure 5.5b) falls on what seems like a 

master curve, a sign that the scaling works well and 

similarities are obtained. A similar result is obtained in the 

dimensionless plots of water and diiodomethane drops, shown 

in Figure 5.6.    
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a. b. 

Figure 5.5. Experiments 1-8 (see Paper II, table 3 for experimental 

parameters) of imbibition of formamide drops on CPG plates. A plot of 

dimensional v versus t (a) is compared to dimensionless plot of V versus T (b). 

 

a. Water 

 

b. Diiodomethane 

Figure 5.6. Dimensionless plots of V versus T of drop imbibition on CPG 

plates for water, experiments 9-14 (a) and diiodomethane, experiments 15-20 

(b). For experimental conditions see Paper II, Table 3.  



44 

5.3.2 Dimensional scaling of drop imbibition on 
anisotropic thick substrates 

5.3.2.1 Derivation of the dimensional groups 

The symmetrical imbibition of drops on the CPG plates is in 

stark contrast to the reality one meets when observing drop 

dynamics on paper. This is due to the anisotropic structure and 

heterogeneous chemistry of the paper, as well as the rough 

surface of the paper. The picture is even more complicated if 

ink formulations are involved. The approach taken in this work 

is to approximate this complex reality to a simple model 

schematically shown in Figure 5.7.  

 

Figure 5.7. Approximative model of drop imbibition on paper. See text for 

detailed description. 

The differences between this approximative model and the 

previous isotropic model (Figure 5.4), concern the structure of 

the porous material which now has a rough surface and an 

anisotropic porous network, the latter described by a second 

order permeability tensor that contains two diagonal terms (see 

Figure 5.7)     and    , while the former represents the plane 

parallel to the surface and the latter perpendicular (thickness) 

direction. In reality, liquid capillary rise experiments (Paper 

III, section 5.2) reveal slight differences between the two 

directions that span the parallel plane, i.e., machine and cross 
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directions. This implies that the actual permeability tensor has 

three diagonal terms rather than two. However, examination of 

the shapes of dry imprinted ink dots, such as the ones shown in 

Figure 5.3, showed no preferential spreading towards any of the 

lateral directions. For this reason the two are taken as being 

equal in terms of permeability. Finally, as a result of the 

structural and chemical variations, the liquid front is no longer 

expected to be smooth. Indeed, rough liquid fronts have been 

observed in newspaper sheets [39] and paper substrates [61].  

Assuming that the Darcy equation is applicable, it is written as: 

    
 

 
    (20) 

where K is the permeability tensor. The dimensional analysis 

continues in a similar manner to the isotropic case, only this 

time it is done for each of the x and y directions separately, as 

described in Paper III, section 6.1. The result is a dimensionless 

volume group defined as before, but two dimensionless time 

groups, marked    with      , that read: 
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  (21) 

where         . The reason for introducing the    is the 

difficulty in separately measuring    or     and especially    , 

in thin paper materials. This difficulty is solved by realizing 

that    can be determined in a straight forward manner by 

utilizing paper liquid rise experiments and capillary suction 

time experiments as described in Paper III, section 6.2.  

5.3.2.2 Experimental verification of the 
dimensionless groups on paper 

The size of the structural and chemical variations in paper 

often has a magnitude similar to the size of inkjet drops. For 

this reason the spreading and imbibition of individual drops is 

expected to vary from one location to the other. Thus, rather 

than analyzing data for a single drop, it is preferable to obtain 

information about the statistical behavior. This is done by 
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measuring the average imbibition rate of a set of drops of the 

same formulation and the same volume that are impinged on 

random locations. Their averaged temporal volume is calculated 

according to the procedure described in Paper III, section 4.2. 

An example of a set of imbibition experiments is shown in 

Figure 5.8. Each drop imbibes at a different rate as seen in 

Figure 5.8a. Calculation of the imbibed volume in this case was 

done by considering evaporation, according to: 

                        (22) 

with        being the volume loss due to evaporation as defined 

in section 2.1, and      the initial volume of a single drop. 

The average curve, shown in Figure 5.8b, is taken for the initial 

imbibition period of 15 ms, for which the data from all of the 

drops can be used. During this initial period, the error in the 

volume measurement due to asymmetrical spreading of the 

drop is reduced, because of the relatively short spreading time.  

Average imbibition curves of different solutions and drop 

volumes are shown in Figure 5.9a. The relatively large 

standard deviation is a result of the data scattering between 

the drops. These curves are also presented using the 

dimensionless groups V versus Tx (Figure 5.9b) and V versus Ty 

(Figure 5.9c). Considering the experimental error both Tx and 

Ty seem to scale the phenomena reasonably well, with Tx values 

being an order of a magnitude larger than the Ty values. 

Different values between Tx and Ty are also to be expected since 

the model is distorted, i.e., kinematic similarities (characteristic 

velocities) are not maintained. Furthermore, in distorted 

systems each direction has a unique characteristic length scale, 

a fact that is not considered in this treatment which takes 

   √     ⁄ 
 for both directions.           
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a. 

 

b. 

Figure 5.8. A set consisting 15 drop imbibition experiments on random paper 

locations with individual drop volume of     = 75 pL. The solution is CIJ-Y 

ink. (a) Some of the drops take more than 250 ms to dry and imbibe while 

others less than 50 ms. (b) The average curve is taken for the initial period of 

15 ms where data from all the drops can be used. 
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a. Average imbibition curves  

 

b. Scaling using the x direction c. Scaling using the y direction 

Figure 5.9. (a) Average imbibition curves of complex liquids on paper. The 

volume of the impinged drop (    ) for each formulation was: 160 pL for SP1, 

125 pL for SP2, 75 pL for CIJ-B0, 20 pL for CIJ-Y0, and 75 pL for CIJ-Y. 

Standard deviations are used as error bars. (b) Dimensionless plot of V versus 

Tx, data for the CIJ-Y is missing from this curve. (c) Dimensionless plot of V 

versus Ty. The experimental parameters used in the scaling are according to 

Paper III, table 4. 
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5.3.3 Comparison between the CPG and paper 
systems 

A comparison between the two very different systems of CPG, 

which is isotropic and homogeneous, and paper, which is 

anisotropic and heterogeneous, must be done with special care 

and only limited conclusions can be drawn. The discussion 

starts with the observation that scaling the paper system using 

the Ty group (Figure 5.9c) produced values that are similar in 

range to values produced by the dimensional scaling of the CPG 

system (Figure 5.5b and Figure 5.6). The proximity in values is 

further demonstrated in Figure 5.10. This result shows that if 

two such systems are to be compared, and the characteristic 

length scale is defined as    √     ⁄ 
, then the most 

appropriate scaling in the case of the anisotropic system should 

be according to the thickness direction. It is most likely that 

this choice of lc is the correct one for the y (thickness) direction, 

a conclusion that can be investigated further in future work by 

comparing different types of papers. Such a comparison may 

also help in defining the characteristic length scale for the x 

direction.   

The second observation concerns the imbibition rates in the two 

systems. The comparison is done in terms of a power law 

relation between the dimensionless volume and time groups: 

       (23) 

where    is the value of the power law exponent, with j = CPG 

or paper, denoting CPG plates or paper substrates, respectively. 

Figure 5.10 consists of two logarithmic plots: one of imbibition 

on CPG plates (Figure 5.10a), and another of imbibition on 

paper (Figure 5.10b) using Ty. The exponential power law on 

the CPG plates is not constant through the entire experimental 

range of Ln(T), but in the intermediate range of            
     a linear curve can be fitted that produces         .  

The experimental range of Ln(Ty) values for the paper substrate 

is much more narrow compared to the CPG, which limits the 
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conclusions that can be drawn. However, at the available range 

of Ln(Ty) values           . This value resembles the power 

law obtained in liquid capillary rise experiments in newspaper 

sheets [39] that was related to roughening of the liquid front. 

As mentioned above, a rough liquid front is expected to occur in 

the case of drop imbibition on paper due to flow along fibers 

[61], and local pinning of the liquid front due to pore 

morphology [62]. Another plausible explanation for the small 

       is significant lateral or radial imbibition [31], for which 

the experimental power is 0.3.     
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a. CPG plates 

 

b. Paper 

Figure 5.10. (a) Plot of Ln(V) versus Ln(T) for imbibition on CPG plates with 

data from the experiments shown in Figure 5.5 and Figure 5.6, compared to 

(b) a plot of Ln(V) versus Ln(Ty) of average imbibition curves on paper, of the 

sets shown in Figure 5.9. Linear curves are fitted to the data, and their 

slopes, αCPG and αpaper, are shown as well as the coefficient of determination  

R2. In the case of the CPG plates vertical dashed grey lines mark the range 

used for the linear regression:                    .     
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5.4 Destabilization of inks by divalent 
cationic salts 

Adding salt with divalent cations to the surface of uncoated 

papers has been proven to be an efficient method to enhance 

print quality when water based pigmented inks are used. Once 

the ink drop comes in contact with the surface of the paper, 

highly solubilized salt quickly diffuses into the drop [63] 

reaching estimated concentrations that are above 0.1 M (see 

Paper IV, section 3.1). As a result, the ink dispersion is 

destabilized and pigment aggregates separate from the liquid 

vehicle and deposit close to, or even on, the surface of the paper. 

An example of dry pigment distribution on paper with and 

without salt is given in Paper IV, section 3.1. This effect causes 

enhanced print color intensities (gamut values). In this chapter, 

the interactions that control the aggregation will be explored 

and the polymer dispersant will be identified as the key 

ingredient in the aggregation mechanism.  

5.4.1 Sedimentation experiments  

The interactions that control the salt induced aggregation of the 

pigmented inks were studied in a few different ways, beginning 

with a series of sedimentation experiments. In these 

experiments ink formulations with or without pigments were 

mixed with CaCl2 or MgCl2 salts solutions at 1:1 volume ratio, 

creating salt induced aggregation. The aggregating solutions 

were left for one month during which period the aggregates 

settled by the effect of buoyancy, creating sediments. The 

results of these experiments and their conclusions are 

summarized in the following.  

An example of sediment appearance is shown in Figure 5.11. 

The first observation is that sediments of the pigment free 

formulation (CIJ-Y0) have similar appearance as those of the 

pigment containing formulation (CIJ-Y in Figure 5.11), and 

being more voluminous in the CaCl2 case compared to the 

MgCl2 case. This observation leads to the conclusion that the 
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key interacting components are part of the matrix surrounding 

the pigments rather than the pigments themselves. The same 

behavior was noticed for other water-based formulations (see 

Paper IV, section 3.2).  

 

Figure 5.11. Sediment appearances of three formulations: one with pigments 

CIJ-Y (top), one that is without pigments CIJ-Y0 (middle), and P1 dispersing 

polymer solution (bottom). Specified above the image are the type of salts 

used to induce sedimentation, CaCl2 or MgCl2. Sedimentation of the CIJ-Y 

and CIJ-Y0 formulations was carried out at 100 mM salt concentration in 

plastic tubes of 9.3 cm inner diameter and 3.95 cm height, and that of the P1 

solution at 30 mM salt concentration in cuvettes with the dimensions of 1.0 

cm × 1.0 cm × 4.5 cm. Liquid menisci and sediment are marked for clarity.  

The main component primarily responsible for the aggregation 

was explored by noticing that the formulations consist mainly 

of water, humectant and dispersing polymer, in our case, P1 

and P2. Further experiments showed that the humectant, much 
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like water, dissolves the salts and is not subjected to any 

aggregation. At the same time, P1, P2 and P1/P2 polymer 

solutions aggregate and form sediments in a similar manner to 

the one exhibited by the CIJ-Y and CIJ-Y0 formulations, as 

shown in Figure 5.11. Thus, aggregation occurs due to the effect 

of the added salt on the polymer dispersants. 

Another important conclusion is drawn from the fact that 

sediments induced by CaCl2 are always larger (less dense) 

compared to those induced by MgCl2. Larger sediment volume 

is an evidence for larger compressive yield stress, caused by 

stronger attractive interactions between aggregating moieties 

[64-66]. It follows that CaCl2 induces stronger interactions 

compared to MgCl2. This conclusion is further supported by 

rheological measurements showing that the cohesive energy 

density, a measure of the network strength, is higher in 

sediments induced by CaCl2 compared to those induced by 

MgCl2 (see Paper IV, section 3.3).  

Careful inspection of the CIJ-Y and CIJ-Y0 sediments induced 

by MgCl2 shows that they maintained the shape of the plastic 

tube during their shrinkage, implying that even though the 

interactions here are weaker compared to the CaCl2 case, they 

are strong enough to maintain the initial structure, and 

dominate over gravity that tends to spread the particles on the 

bottom of the tube.   

5.4.2 Aggregation and restructuring mechanism  

The aggregation and restructuring mechanism leading to the 

sediment appearance is illustrated in a simplified way in 

Figure 5.12. As a result of salt addition, initially freely diffusing 

units of dispersing polyelectrolytes or coated pigments collide 

irreversibly with each other forming aggregates. Due to 

thermal energy, the particles inside each aggregate may still be 

able to move with respect to one another, in a process referred 

to as restructuring [67], where the relative particle movement 

aspires to minimize the free energy of the system by increasing 

the number of contacting neighbors. If a network is formed due 
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to aggregation, restructuring leads to shrinkage. The rate of the 

restructuring (shrinkage) process depends on the balance 

between the thermal energy and the attractive interactions per 

particle. With time, the number of contacting neighbors 

increases which, in turn, increases the total attractive 

interaction per particle, leading to a decrease of the 

restructuring rate. It seems that the interactions in the case of 

CaCl2 are so strong that restructuring slows down fairly quickly 

and stops at an early stage.  

 

Figure 5.12. Aggregation and restructuring. Left to right: isolated, freely 

moving particles are brought to close proximity, collide and form an 

aggregate. If particles within the aggregate are able to move with respect to 

one other, the structure undergoes changes towards an energetically more 

favorable, denser state where the number of contacts per particle is increased.     

5.4.3 Dispersing polymer content in single 
aggregates  

Aggregated P1 samples in aqueous solution were prepared 

according to the procedure described in Paper IV, section 2.6. 

The final P1 concentration in these samples is 0.0018 w% and 

that of salt is 0.1 M. The samples were left to aggregate for one 

day before taken to analysis. The Confocal Raman Microscopy 

investigation, described in Figure 5.13, is based on the fact that 

there are only two Raman active components in the solution, 

water and P1 polymer. A specific wavenumber region was 

chosen, shown in Figure 5.13a, where the signals from the two 

components can be adequately distinguished. The integrated 

Raman peak intensity I is proportional to the concentration of 

the specific component [57], meaning that the polymer volume 
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fraction     can be calculated from to the reduction in water 

signal according to: 

       
  

  
 (24) 

where    is the water integrated peak intensity that changes 

depending on polymer concentration in the measured pixel, and 

   is the water integrated peak intensity in a chosen pixel that 

contains only water.  

The systematic uncertainty in     based on the overlap between 

the water and polymer signals is about 0.1   . Images of single 

P1 aggregates are shown in Figure 5.13b for MgCl2 induced 

aggregation and in Figure 5.13c for CaCl2 induced aggregation. 

Local     values taken along profile lines of the aggregate 

images are shown in Figure 5.13d, and demonstrate how the 

local P1 concentration values can be as much as three times 

higher in the MgCl2 induced aggregates compared to the CaCl2 

induced aggregates. This observation correlates with the 

differences between the sediments described above, and imply 

that the interactions behind these differences occur between 

polymer segments rather than between well-defined aggregate 

particles. This conclusion is supported by electrophoretic 

mobility measurements as well as by aggregation experiments 

of dispersing polymer solutions, the former showing no 

differences between the charge of aggregates induced by the 

two salts (see Paper IV, section 2.7 and Table 2), and the latter 

that the polymers aggregate at 3 mM salt concentration for 

both salts. These results show that screening of the long range 

electrostatic interactions of the negatively charged polymers 

occurs in a similar manner for both salts, ruling out this 

mechanism as the possible source for the differences in 

sediment appearance.  
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a. Raman signal of P1-water-salt(MgCl2) solution and of pure water 

(inset) 

 

b. MgCl2 induced P1 aggregate 

 

c. CaCl2 induced P1 aggregate 

 

d. P1 concentration along line profiles 

Figure 5.13. CRM analysis of single P1 aggregates. (a) Signals from the CH 

stretching region of the P1 polymer (2820-3100 cm-1, yellow color) and from 

the OH stretching region of water (3100-3690 cm-1, blue color). Inset: water 

signal taken from an area without polymer. Dashed line marks the 

wavenumber 3100 cm-1. (b) MgCl2 induced aggregate imaged according to P1 

polymer concentration variations. (c) Same as b only for CaCl2 induced 

aggregate. (d) P1 concentration variations along the white line profiles shown 

in b and c.   
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Based on these findings and on previous published work [13, 

51,68-72] (for a review of this literature see Paper IV, section 

3.5) it is suggested that the source for the differences in the 

aggregation process of the inks are specific ion effects acting 

between the polymer carboxylate groups and Ca2+ and Mg2+ 

cations. In the presence of the Mg2+ cation, weak interactions 

between polymer strands allow the aggregated network to 

reform towards more efficient packing, which is energetically 

favorable. Strong interactions induced by the Ca2+ cation, 

plausibly due to formation of complexes consisting of the cation 

and carboxylate groups, create stiff contacts between the 

polymer strands which prevent network restructuring, 

resulting in a more open (less dense) structure.  
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6 Conclusions 

This thesis focuses on aspects of drop behavior in relation to 

graphic inkjet printing. The phenomena covered are 

evaporation, spreading, spontaneous imbibition and 

aggregation. These phenomena take place during a short period 

of time - less than a second - and mostly during only few 

milliseconds. The experimental set-up enables the observation 

of real inkjet drops, i.e., the time and length scales in the study 

are close, or even identical, to the time and length scales of 

drops in a commercial inkjet printing machine. The volume 

calculations assume a symmetrical drop shape, a condition that 

is fulfilled to a full degree on flat smooth substrates such as 

silicon wafers, glass slides, gloss coated papers and CPG plates, 

but to a less degree on rough paper substrates.  

The evaporation model works very well with drops of water 

based inkjet formulations, but only up to about 250 ms, when 

the solid concentration inside the drop reaches a level that 

affects the partial vapor pressure of the ink. Under real 

printing conditions, drops that are impinged in close proximity 

will induce reduction in the vapor flux at the contact line, which 

will slow down the evaporation rate.  

The spreading behavior follows three successive periods: 

expansion, constant width and retraction. In all of the drop 

imbibition experiments a very short expansion period was 

observed due to the fast imbibition rate. The case of drop 

spreading on impermeable substrates is quite different from 

that, since    dominates for much longer periods due to the 

relatively slow evaporation process.  

Dimensional analysis was utilized in analyzing the imbibition 

of drops on thick porous materials. The results of the analysis 

clearly showed that global average parameters can be used in 

scaling the phenomena and inertial effects can be neglected. In 

the case of homogeneous and isotropic porous materials, a 

simple power law that reads         can be fitted to 
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intermediate range of dimensionless time. Here, the exponent 

value is considerably larger than the LW exponent value of 0.5. 

The differences in the exponents are expected considering the 

difference in geometries between the LW case, where a liquid 

advances in one direction, and the case where a liquid imbibes a 

three dimensional thick porous material.  

The imbibition rate of drops on paper varied significantly 

despite the fact that the volume of the drop and the composition 

of the solution were kept constant, and it showed great 

sensitivity to the local structure of the specific impingement 

location. Scaling of average imbibition curves using the Ty or 

the Tx groups produced reasonable similarities between 

experimental sets of different volumes and solutions.  

The imbibition rate on paper is much slower compared to the 

imbibition rate on isotropic porous materials, and can be 

described in terms of a power law,     
    with i=x,y. The fact 

that the characteristic velocities and time in the anisotropic 

paper depend on the direction, is a result of the distorted model, 

in which kinematic similarities cannot be maintained. It is 

surprising to see that the scaled experimental points in the case 

of anisotropic paper, obtained by using the Ty group, are similar 

to the ones obtained in the case of the isotropic CPG plates. The 

reason may be due to that the perpendicular (thickness) 

direction of the paper dominates the imbibition rate.   

The aggregation induced by salts with divalent cations was 

studied by other methods than optical imaging of drops. 

Moreover, the imbibition rate of ink drops is not affected by the 

presence or absence of CaCl2 on the surface of the paper. 

Sedimentation experiments revealed that the dispersing 

polymers, rather than the colorant pigments, are the key 

ingredient leading the aggregation process. These experiments 

also showed that the interactions in the CaCl2 induced 

sedimentation are stronger compared to the interactions in the 

MgCl2 induced sedimentation. Confocal Raman microscopy 

measurements revealed that aggregates induced by MgCl2 are 

denser compared to their CaCl2 counterparts. This fact suggests 

that the difference between CaCl2 to MgCl2 induced aggregation 
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originates from intermolecular, rather than inter-aggregate, 

interactions, and that these interactions are ion specific. The 

ion specificity is most probably induced by carboxylate groups 

residing on the dispersing polymer chain.      
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7 Future work 

A large portion of this thesis work relates to imbibition rate of 

drops on porous materials. The scaling in the case of the 

isotropic media was experimentally confirmed for relatively 

small drops, with volumes smaller than 1000 pL (one 

nanoliter). More work is needed to confirm the range of 

applicability of this scaling. This can be done by performing 

experiments with drops in the nano and micro liter volume 

range.   

The experimental and theoretical results of imbibition of 

simple, one component liquids, on isotropic porous media was 

modified and adjusted to the more complex system of inks and 

heterogeneous anisotropic paper structure. The scaling study 

can be extended by considering intermediate systems that 

include inks on isotropic porous materials or simple liquids on 

paper.   

From an industrial point of view, finding simple and fast 

methods that can be correlated with print quality is of interest. 

The capillary suction time method described in Paper III is a 

promising candidate for such a method, as it already correlates 

with the imbibition rate of drops through the characteristic 

time scale that it measures. More work is required to correlate 

this method with actual print quality.   

The key role of the dispersing polymer in the salt induced 

aggregation demonstrates that careful choice of the dispersing 

polymer could benefit the print quality. It would be interesting 

to perform experiments with other types of polyelectrolytes and 

elucidate their effect on imbibition rate of drops and even print 

quality.       
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