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ABSTRACT 
In recent years, paper-based analytical devices have been widely applied in many 

areas such as chemical analysis, disease diagnosis, and contaminant sensing. From the 
most common utility in pH paper to novel electrochemical sensing devices for 
monitoring heavy metals or glucose (2), paper-based analytical devices have shown 
great potential to become alternative analytical technologies. In paper based analytical 
device, commonly, the samples are transport by the capillary force from enter site 
toward the testing area. However, there is still not enough information of sample 
transportation in paper. This research focused on understanding the patiicle movement 
during elution in paper in order to provide some useful information for design and 
manufacture of paper analytical devices. 

There are many factors that influence the particle movement in paper, such as 
particle properties (i.e. surface potentials), paper properties (i.e. salt content on paper) 
and ambient factors (i.e. humidity). The effects of those factors on particle movement 
in paper were studied by the elution experiments. The elution experiments were 
conducted by veliically dipping the bottom 1 cm of paper strips (Whatman No.1) into 
polystyrene latex solutions. The latex solutions were eluted up by the capillary force 
of paper, which was spontaneously occuned due to the porous stmcture of paper. Then, 
by varying the testing factors, respectively, the effects caused by those factors can be 
investigated. 

Since paper is composed of cellulose with many carboxyl groups, it is negatively 
charged. Therefore, the surface potential of particles was considered as an impOliant 
factor that influences particle movement and deposition. More deposition was 
observed when particles with more positive charge were eluted in paper and vice versa. 
In addition, the influence of the flow velocity on particle movement during elution 
was also studied. The flow velocity was varied by changing the shape of paper strips. 
No obvious influence of the flow velocity on anionic particle deposition was observed, 
while the raise of the flow velocity increased cationic particle deposition. Moreover, 
the patiicle (cationic and anionic) deposition was increased when latexes flowed 
through paper strips with salt content. The salt was dissolved once it contacted by the 
elution flow, which resulted in the increase of ionic strength in the elution flow. As a 
result, increased particle deposition were observed due to the reduced electrical double 
layer repulsive forces (particle-particle and anionic particle-paper surface) caused by 
increased ionic strength. 

Nevertheless, in all the experiments described before, it was noted that there was 
always a band shape of concentrated particles at the elution end (where elution flow 
stopped flowing forward). This phenomenon was caused by the mass flow (MF E), 
which OCCUlTed in order to refill the water loss due to evaporation. After the capillary 
flow reached the elution end, the suspended particles were canied continuously up to 
the elution end by MFE and concentrated gradually. To describe the movement of this 
evaporation-driven flow, the model suggested by Fries (29) (Eq. 4.2.11) was applied. 
The results predicted from this model fitted the experimental data well. The influences 
of evaporation on elution flow movement were fmiher investigated based on this 
modeL The effects of paper properties on the maximum elution distance were also 
examined based on the model of Fries (29) (Eq. 4.2.11). The results showed the 
influences of paper properties were in the order as: pore radius (capillary radius (Rs)) 
> permeability (K) thickness (8) > contact angle (8s»> porosity (</» (no effect). 
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Chapter One: Introduction 

1.1 Paper based analytical device 

I 1.1.1 Paper structure 

~ Paper is a continuous porous medium mainly composed of cellulose fibers. 

I According to the definition in William Clark Bliesner's Ph.D thesis (1): paper is a 

compressible and anisotropic porous medium. Paper is compressible so that the bulk 

dimension of paper can be changed by the application of an external force. Paper is 

also anisotropic since cellulose fibers generally lie with their axes preferentially in the 

plate of sheet (which named mechanical direction)(1), which causes different 

permeabilities and penetration velocities in the mechanical and cross section 

directions. Back studied the spreading behaviour of a fluid drop onto paper sheets and 

he found that the capillary penetration velocity for most papers is 5-15% larger in the 

machine direction than that in the cross section direction (2). Similarly, Horstmann et 

al. tested the permeabilities of Fourdrinier neutral sized bleached kraft paper in both 

directions and suggested that the machine direction permeability is about 20% 

higher than the cross-direction permeability (2). 

There are some channels existing in paper network stmcture which made the 

flow and penetration of fluids (gases or liquids) through paper possible. These 

channels, connecting pores of various sizes and shapes, are branched or 

interconnected to form paper as a whole. Thus, it is difficult to measure a definite 

dimension which is characteristic of a particular pore space (1). As a result of this 

stmcture, the pore size or pore size distribution of paper porous media can only be 

defmed by experimental techniques (i.e. mercury intrusion) and model approach. 

1 
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1.1.2 Paper analytical device 

The first paper-based analytical device was invented during the early 20th 

century also known as paper chromatography. In the mean time, scientists started 

developing diagnostic and bio-detection devices on paper strips (3). Until now, paper 

based analytical devices are widely used in chemical analyses, disease diagnoses, and 

contaminant sensing. From the most common utility in pH paper to novel 

electrochemical sensors for monitoring heavy metals or glucose (4), paper based 

analytical devices show great potential to become alternative analytical technologies. 

In the next paragraphs, some significant developments are introduced. 

Paper is a thin material typically composed of cellulose fibers. Researchers 

focused on paper based analytical devices for many advantages (5, 6): (i) paper is a 

widely used and an inexpensive material (3). Therefore, most of paper-based devices 

can be fabricated at low cost. (ii) Paper is thin, light-weight (~ 100 g/m2), available in 

a wide range ofthiclmesses (0.07-1 rnrn), and is also easy to stack, store, and transport. 

(iii) The porous structure of paper provides spontaneous capillary flow energy for 

transpOliing samples without active pumping. (iv) Paper is bio-friendly and 

compatible with many bio-samples. (v) Paper is biodegradable and easily burned. 

Therefore, paper based devices can be easily disposed of, after dealing with hazardous 

samples. (vi) There are many well-developed surface modification technologies of 

paper such as printing, coating, surface grafting and sizing which facilitate application 

of paper in multi target samples. 

Recently, Whitesides and coworkers (3) invented a novel analytical strategy by 

patterning hydrophobic barriers on paper to form the micro channel device. By 

applying this device, multiplex analysis can be achieved with promising sensitivity 

2 
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and only a small amount of samples are required. In detail, this device works by 

printing pattel1ls on paper with Polydimethylsiloxane (PDMS) "ink" (7) or pattel1led 

paper by photo resist lithography (8) to form hydrophobic boundaries to direct fluids 

to the test area. 

Later on, Lu et at. (9) presented another simple and low cost method to produce 

paper-based micro channel device by using a wax printer to print designed wax micro 

channel pattel1ls on paper. Also, Abe et al. (J 0) introduced a new inkjet printing 

technology by etching polystyrene film pre-coated on paper with toluene to fabricate 

micro channels on paper. 

The first multiplex analysis by using paper-based micro fluidic devices was for 

urinalysis created by Whitesides and coworkers (J 1). They prepared micro fluidic 

devices with one inlet and three branched test zones by photo resist lithography. The 

urine samples were dipped in the inlet zone and carried to three separate test zones by 

paper capillary forces. Two well-known chemical reactions were introduced in the test 

zone to test glucose and protein in the urine samples (potassium iodide and 1:5 

horseradish peroxidase/glucose oxidase solution for the glucose assay, 

tetrabromophenol blue (TBPB) in pH 1.8 buffer for the protein assay). FUlihermore, 

by colorimetric method, the quantitative detection is also achieved. In their later 

work, Whitesides and coworkers applied imaging devices (camera phone or portable 

scanner) for more precise quantitative analysis (J 2). In detail, all assay results with 

different colour intensities were first recorded by an imaging device. These digital 

images were then transferred to an off-site laboratory for analysis by instmments with 

higher sensitivity and well-trained technicians. For the last step, the fmal analytical 

results were transferred back to the in-field testers. More recently, Whitesides' group 

3 
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created paper micro zone plates to make 96, 384 or even more working colorimetric 

assays in one device (13). Also, they invented 3D micro channel devices by 

assembling multilayer paper with channels pattemed in one device which is 

anticipated to make compact devices with more functions (14). Figure 1.1 shows all 

the works Whitesides' group have achieved. 

In comparison, Sentinel network lead by Dr. Pelton devotes their research to 

bioactive paper and makes significant contributions in this area. By introducing 

different immobilization strategies, they successfully placed bio-sensors on paper 

strips to prepare a bio-active paper device sensitive to selected pathogens (5). 

Su and coworkers successfully immobilized DNA aptamers and antibodies by 

applying carboxylated Poly(N-isopropylacrylamide) (PNIP AM) microgels as carriers. 

The biomolecules were covalently coupled with micro gels as "ink," then coated on 

paper by inkjet printing. The PNIP AM coupled biomolecules showed great 

immobilization results, and the biological functions of those biomolecules were also 

well maintained (15). 

Gold nanopartic1es (AuNP) are known to have unique color properties; AuNP 

shows red or blue depending on its dispersed or aggregated state, respectively. By 

applying AuNP, Zhao et ai. invented a paper based colorimetric bio-sensor for 

detecting DNase I (16). In detail, AuNP was first aggregated by hybridizing with 

interpal1ic1e DNA, and then coated on paper. Once DNase I appeared on this array 

area, this enzyme would break double-stranded DNA cross links leading to the 

dispersion of AuNP aggregation (consequently the color would change from blue to 

red). Fm1hermore, this AuNP paper based bio-sensor is able to keep its biological 

functions, even after it has been oven-dried and put in long tenn storage. 

4 
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Figure 1.1 Typical paper micro fluidic devices: (A) First paper micro fluidic device 
for urinalysis, (B) Applied image device for off-site analysis, (C) paper micro zone 
plates for multi colorimetric assays, (D) 3D paper micro fluidic device (3, 6) 
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Wang et al. (17) worked on the compatibility of antibodies and wet-strength 

paper. They found that the activity of antibodies was still maintained after being 

coated on polyamide-epichlorohydrin (PAE) or Polyvinylamine (PVAm) pretreated 

paper. Therefore, wet-strength paper is a suitable support for antibody assays. 

Moreover, after testing the activity of antibodies coated on different substrates, the 

results demonstrated that cellulosic filters show better compatibility with antibodies 

than that of glass fibers or synthetic fiber filters. 

However, even with many applications of paper-based analytical devices, 

sufficient fundamental research is lacking with regards to particle transported through 

paper media and factors that influence the transportation phenomenon such as paper 

properties and particle properties (i.e. surface charge, ionic strength etc) as well as 

environmental conditions (i.e. relative humidity, temperature). Therefore, this research 

is focused on understanding how and why these factors influence sample 

transpOliation. 
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1.2 Water penetration in paper 

Water is the most common carrier for sample transportation in paper media. In 

order to study the transpOltation of samples in paper, the understanding of water 

transportation in paper is necessaly. The phenomenon of liquid capillary penetration 

into paper appears in many researches and industry processes such as paper 

chromatography, printing, repro graphic, and textile technology (18). Nissan suggested 

that water transpOlt through paper porous media can be divided into four different 

mechanisms (19): 

1. water penetration through the pores of paper by the capillary flow 

2. water moves through the pores of paper by the surface diffusion 

3. water moves through paper fibers 

4. water vapor moves through pores of paper 

Several models have been proposed to study the phenomenon of liquids 

spreading and penetrating porous stmctures (e.g. paper, cotion fiber and yarns). The 

capillary model, which is fundamentally based on the equation to describe capillary 

penetration, was presented by Lucas and Washburn in the early 19th centulY (20): 

H(t) = ('YLvR Cm;f))1/2Ji 
217 

Eq 1.2.1 

Where YLV is the surface tension of the liquid, 11 is the shear viscosity, R is the pore 

radius, and 8 is the contact angle between the liquid and the capillary media. Based on 

this equation, the liquid peneh'ation distance is thus proportional to the square root of 

time. In addition, Lucas-Washburn's equation is based on the assumptions that all the 

capillaries have the same diameter and those capillaries do not connect to each other. 

Also, the length of the capillaries must be greater than their diameters. These 

7 
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assumptions do not exactly fit the paper structure (21). Furthermore, the equation is 

adequate for non-aqueous liquids which do not swell paper fibers (22). Its 

applicability to the penetration of water-based liquids such as printing inks leaves 

much to be desired (19). Thus, many researches have conducted to compensate for 

these deficiencies. 

Marmur (23, 24) suggested the radial capillary model for further refmement in 

modeling liquid penetration in porous media particularly in paper structures. This 

model is based on the thermodynamics and the Lucas-Washburn kinetics of radial 

penetration between two parallel discs. Two limiting cases are presented with respect 

to the hysteresis of the contact angle which the liquid drop makes with the outside 

surface of the plate: (a) no hysteresis and (b) constant radius (Fig 1.2). The 

experimental results shows that the penetration into a radial capillary rarely occurs 

when the contact angle is larger than 90 0, due to the effect of hysteresis. 

contact angel 
o 

,:,,!:.8 n
,: : 

? 3' L I 

Radical capillary 

penetration without 
hysteresis 

Penetration with 
constant basal 
radius (9 is constant) 

Figure 1.2 Radial capillary and two limiting cases (23) 

The research of Borhan and Rungta (25) focused on the capillary penetration of 

aqueous liquid systems into various papers. The penetration kinetics of radial 

penetration in an infinite liquid reservoir is well described by Mannur's model. 
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Moreover, in the nano scale tube capillary ralse simulation conducted by 

Dimitrov et al (26), Lucas Washbum's equation agrees well with the simulation and 

experimental results of the nano scale capillalY flow, but just needs a simple 

modification when the scale is small enough that the slip flow cannot be neglected. 

Evaporation is another impOliant factor that influences the water movement 

during water penetration in paper. Lockington et al. (27) proposed a model to describe 

the phenomenon of moisture wicking (liquid penetration by capillary eluting) in a 

paper sheet. This model is based on a nonlinear diffusion equation of moisture content 

plus a linear tenn accounting for the evaporation rate which is associated with the 

moisture content in paper. With the presence of the evaporation factor in the model, 

the numerical results of the characteristics of wicking in paper such as the wetting 

front and the uptake rate matched well with the experimental data. Moreover, the 

results of Lockington's work (27) suggests that the uptake rate of water in paper is 

proportional to the square root of the evaporation coefficient. Also, the maximum 

wicking distance is inversely proportional to the square root of evaporation coefficient. 

The evaporation coefficient is the ratio of the real evaporation rate with the theoretical 

maximum evaporation rate, which depends on several ambient enviromnental factors 

such as humidity and pressure (28). 

In their recent work, Fries et al. (29, 30) applied the Lacus-Washbum equation to 

describe the phenomenon of water upward movement by the capillalY force in 

hanging (vertical) porous sheets (metallic weave). The experimentai results showed 

good agreement with the Lacus-Washbum equation in those flow regions where the 

effects of gravity and evaporation were negligible. In addition, Fries et ai, found that 

the capillary flow rates were about two times faster in the vertical direction than that 
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III the horizontal direction, which was due to the evaporation. Evaporation also 

showed significant influence on the maximum wicking distance. Therefore, a model 

based on the mass balance was developed to describe the evaporation effect on the 

capillary rise of water in porous media. In this model, a refill flow for replenishing 

losses of liquid due to the evaporation was suggested to occur at all times during 

wicking. The results of the experiments conducted with various fluids and evaporation 

rates showed good agreement with this model. Nevertheless, the result of the 

maximum wicking distance predicted by the model was 20% higher than the 

experimental data. This is explained by Fries et al. that the evaporation rate in their 

model was assumed constant. However, the evaporation rate on the wicking top may 

be higher which would lead to this discrepancy between the experimental data and 

modeling simulation (29). 

10 
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1.3 Particle transport in porous media: mechanisms and 

influence factors 

Colloid transport in porous media has been broadly investigated in many research 

areas. Most research is based on environmental subjects such as the transportation of 

colloid-facilitated contaminants and bio colloids (viruses and bacteria) in groundwater 

and the subsurface soil (31, 32). By those studies, the colloid transport mechanisms 

were well investigated. Some researches further modeled the spreading of 

contaminants and bio-colloids in natural porous media. Those researches were well 

summarized in DeNovio's review (33). In the area of colloid transport, the entrapment 

of particles by porous media (filter out pmticles from water flow) always attracts the 

most interest and attention. In Sen's (34) review article, three main mechanisms of 

entrapment have been demonstrated: size exclusion, multi-particle bridging, and 

surface deposition. The details are conceptually shown in Fig 1.3. 

Pore body 

~epartiCleS 

~re consuiction 

Surface deposition 

Oire<:tion 
of 

flow 

~ Fine particles 
--_ .. JL-

---" Multipanicle bridging 

~ fine panicle 

--
Size exclusion 

Figure 1.3 Concept of particle entrapment in porous media Figure from Ref (34). 

If the size of the colloid pmticle is equal to or greater than the pore size, the 

entrapment and pore plugging would definitely take place. However, in the real 
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environment, both colloids and pores have random size distributions. Herzig et al. 

found that the main factor determining the mechanism of colloid entrapment was the 

ratio of colloid particle size over pore size (SR value) (35). Table 1.1 shows the 

qualitative results for the entrapment mechanisms of filtration at different particle 

size/pore size ratio (SR values) (36). Single particle entrapment occurs when the 

particle size is bigger or equal to the pore size (SR > 1). Once the SR value is within 

0.6 to 0.04, multi particle blocking may occur. Multi particle blocking is influenced by 

the pore constriction and the colloid flow velocity. Pandya et al. (37) suggested that 

once the concentration of the colloid was higher than a critical particle concentration 

(CPC), the pore would be plugged by multiple particles, preventing the colloid from 

flowing through. 

Table 1.1 Mechanisms of particle entrapment determined by ratio of particle size / 
pore size (SR value) 

SR value 
>1 

0.1 to 0.6 

0.04 to 0.1 

0.01 to 0.04 

Applicable entrapment mechanisms 

blocking or size exclusion 

bridging and multi particle blocking 

surface deposition, bridging and multi particle blocking 

surface deposition 

Retention of particles caused by surface deposition takes place when SR values 

are within 0.1 to 0.01. Once the SR values is lower than 0.04, particle deposition 

would become the main mechanism of particle entrapment. In the last decade, in order 

to understand the phenomenon of small (micro or nano) particles travelling in porous 

media, many researches have been conducted to analyze particle deposition on porous 

media surface (38). For small pmticles travelling in porous media, DLVO theory is 

usually applied to describe particle movement while flowing through porous media. 
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1.3.1 DLVO theory in particle transport in porous media 

When colloid particles are transported in porous media, there are two interactions 

determining the trajectory of particle movement: (1) van der Waals interaction (VA) 

and (2) the electrical double layer interaction (VR) (39). DLVO theory predicts the 

particle movement by calculating the net potential of V A (generally attractive) and V R 

(repulsive if the surface charge of the particles and porous media are homogeneous) 

between patiicles and the porous surface. Fig 1.4 shows the theoretical scheme of 

DL va theory. 

, , , , , , , , 
, 
, 
'>-\,~R 

"" total potential 

~ ~ --_ ... :>_~~~nergy 
~ Vmu ~ ------.-----
~ O~r_L-------~=-==~~~~~----i Distance between 
i ."" sUli'aces 

~ /( 

/VA , , 
i , , , , , , 

f . 
Figure 1.4 The theoretical scheme ofDLVO theory, adapted from ref (40) 

In short, during latex flow through porous media, particles are first attracted by 

van der Waal forces and move towards the porous media surface. Once the distances 

between patiicles and porous media surface decrease to a specific range, the effect of 

V R would become more significant and generate an energy barrier to prevent further 

approach of patiicies. If the particies are able to overcome the energy barrier, VA 

would dominate again and cause the particles deposition on the porous media surface. 

Early research showed that many factors can influence the DL va interactions 

between porous surfaces and flowing particles, such as the ionic strength and pH in 
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latex solution (41), surface properties of latex particles (42), the surface roughness and 

structures of the porous media (43). The thickness of the electrical double layer is 

inversely proportional to the square root of the ionic strength. As the ionic strength 

decreases, the thickness of electrical double layer increases which enhances electrical 

interaction (VR)) and amplifies the energy barrier. Colloids have to overcome the 

barrier to enter the secondary minimum where colloid is able to deposit onto substrate 

surfaces. Consequently, we can predict that less deposition would be observed in the 

system with lower ionic strength under unfavorable deposition conditions 

(homogeneous surface charge of colloids and substrates) (44, 45). On the contrary, 

increasing the ionic strength decreases the thickness of the double layer (46, 47), and 

the secondary minimum would shift closer to the media surface. Therefore, colloids 

are able to reach a position close enough to substrate surfaces where van der Waals 

would dominate the particle movement. Several studies of colloids flowing through 

porous media show that the high ionic strength in colloid solutions reduces the 

electrical repulsive force, and thus enhances colloid deposition on porous media 

surfaces (48, 49). 

If the surface charges of latex and porous media surface are heterogeneous, the 

electrical interaction would act attractively. Therefore, the energy barrier between the 

particle and the porous media surface no longer exists. Once particles reach the 

working distance of VA, patiicles would be attracted to deposit on substrates. However, 

the patiicle deposition is also restricted in this circumstance. This restriction of 

deposition is attributed to the repulsive force between the deposited particles and the 

suspended particles in the subsequent liquid flowing through. This surface exclusion 

phenomenon is called blocking (50, 51). Blocking usually takes place during stable 
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latex transport in porous media. A monolayer of particles is assumed to be the 

maximum deposition amount on porous media surface once blocking effect occurs. In 

the research of Liu et al. (32), the blocking effect was observed in transportation of 

aluminum oxide particles (cationjc) in anjonic porous media. The influence of ionic 

strengths on blocking was also studied in this research (32); as shown in Fig 1.5, CICo 

in this figure represents the ratio between outlet and inlet particle concentration (for 

example, CICo = 1 means no deposition occurs during transportation). In the control 

experiment that colloids were suspended in deionized water, the deposition rate was 

reduced significantly while the blocking effect was dominant. However, increasing the 

ionic strength retarded the blocking effect. Liu et al. (32) suggested the retardation of 

the blocking effect is due to the reduction of repulsive particle-particle electrical 

forces as the ionic strength increased. Consequently, we can make a conclusion that 

once the ionic strength increases in the system, more particles would deposit 

regardless of repulsive or attractive colloid-substrate interactions. 

1.0 

0.8 

-0- Deionized Water 

-0- 10-4 M KGI 

-C:.- 10-3 M KGI 
0.4 

0.2 

t ' , I • I • , , I 

20 30 40 50 60 70 80 

Pore Volumes 

Figure 1.5 Particle breakthrough curves for colloidal alumina depositing onto anionic 
substrate. The curves showed different ionic strengths and CICo values. The results 
demonstrated the effect of ionic strength on the rate of blocking (32). 
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Many studies suggest that flow velocity causes significant influence on colloid 

deposition and transpOltation. For example, Smith et al. (52) found that bio-colloid 

deposition rate in soil was inversely propOltional to water flow velocity. Huysman et 

al. (53) also observed that colloid flow in filter was more efficient when a higher flow 

velocity was applied. Sharma et al. (54) suggested that the raise of flow velocity 

increases the distance shorten the contact time between the colloids and substrates; 

hence, the colloid deposition was decreased. Moreover, later research done by Bhagat 

(55) also showed that in micro channel filtration systems, the decreasing of flow 

velocity (lower Reynolds number) enhanced the filtration efficiency. Research 

conducted by Muller (56) presented that the capillary flow velocity on paper strips can 

be controlled by paper strip shapes. He suggested that restricting the paper channel 

radius leaded to an acceleration of flow velocity. 

1.3.2 The deposition of cationic particles onto anionic paper fiber surface 

In 70s to 80s, Alince et al. (57-62) conducted a series experiment to investigate 

the mechanisms of colloid particle deposition on anionic paper fibers. Based on their 

experimental results, they suggested: (1) anionic particles were hardly deposited on 

anionic fibers because of the charge repulsing effect; (2) The deposition amounts of 

cationic colloids would reach a plateau. Particle deposition amounts of that level were 

similar to amounts of a monolayer of latex particles which fiber surfaces can 

accommodate (3) cationic particle deposition increased with the raise of salt content in 

the circumstance that the hydrodynamic effects was not strong enough to influence the 

pmticle aggregation; (4) the pmticle deposition retarded the liquid penetration in 

paper. 
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1.4 Particle concentrated on the liquid-substrate contact line 

In the experimental results of Deegan's group, it can be observed that the contact 

line between the liquid drop and the substrate remains pinned during most of the 

drying processes. Moreover, the highest evaporation rate takes place at the drop's 

edge and more liquid is concentrated near the center of the drop. Once the liquid at the 

drop's edge evaporates, in order to keep the contact line pinned, an outward flow has 

to occur inside the drop to replenish the loss of liquid at the drop edge. This flow also 

transports the suspended solute to the contact line and consequently, a line formed by 

concentrated solute appears after the drying period. This phenomenon was fIrst 

demonstrated by Robert D. Deegan and termed as the "coffee ring effect"(63). Fig 1.6 

presents the typical coffee ring effect image. This mechanism of micro and nano 

patiicles within evaporating liquid droplets has many important applications. 

Figure 1.6 Spheres in water during evaporation (63) 

By introducing the coffee ring mechanism, Park et ai. (64) enhanced their 

production quality in synthesizing reproducible transistors with patterned active layers 

and source/drain electrodes. Also, Huang et af. (65) proposed a strategy for simply 

assembling single colloidal patiicle lines. This strategy can be applied in preparing 

large scale nano electronic devices such as veliical field effect transistors with 

individually addressable nanowire components. In their research, nano particles (silver 
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particles in their experiments) were dispersed in organic solvent to produce a colloidal 

solution. Then, an appropriate amount of the colloidal solution was spread onto water 

surface. When the solvent had completely evaporated, a monolayer of nano particles 

was obtained on the water surface. After that, a substrate was dipped into this 

monolayer, and then raised by inducing the coffee ring effect; the nano particles 

would be concentrated in a pinned contact line. Through repeating these procedures 

for the whole substrate, uniform ID alTays of particles with varieties of sizes from 

micrometers to nanometers were obtained. 

The first model of the coffee ring effect was presented by Deegen et al. (66). In 

their experimental data, they suggested that only the ring size but not the shape would 

change according to the drop's volume. Therefore, with a Imown volume of liquid 

drop and liquid evaporation rate, the size of the ring composed by residues can be 

calculated. Recently, based on this approach, Popov (67) developed a more complete 

model for depositing pattems in evaporating drops of colloidal solution on a plane 

substrate. According to this model, the morphological characteristics of the deposition 

pattems are suggested as functions of the initial concentration of the solute, the initial 

shape of the drop, and the drying time period. The model was solved analytically for 

small initial concentrations of the solute and numerically for arbitrary initial 

concentrations of the solute. Also, in the latest research, Shen et al. presented that 

there is a minimum size of liquid drop required for coffee ring stmcture formation 

(68). If the drop size is too small, the evaporation rate of the liquid is much faster than 

the solute movement. All liquid would completely evaporate before the OCCUlTence of 

outward replenished flow. Thus the coffee ring effect would cease to exist in small 

liquid drops. 
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1.5 Objectives of this work 

With many applications of paper based analytical devices, there is still not 

sufficient fundamental research on particle transpOltation through paper media and 

factors that influence the transpOltation phenomenon such as paper properties, particle 

properties (i.e. surface charge, ionic strength etc) and environmental conditions (i.e. 

relative humidity, temperature). Therefore, this research focuses on understanding 

how and why the properties of paper and samples affect sample transport by using the 

existed theories such as Lucas Washburn's equation and DLVO theory. 

Fmthermore, as suggested by Fries (29), when solutions (or colloids) are 

transported in paper, the subsequent solution would keep being transported to the 

elution end (the position the capillary flow stops flowing forward) by a mass flow 

after the capillary flow stops. This mass flow took place in order to replenish the 

evaporation loss of liquid in early transpOlted solution. The transport of subsequent 

solution would continue until papers were taken out from solutions. When latexes are 

eluted in paper, this mass flow does not only transport liquid but also carry suspended 

patticles toward the elution end and further causes particle concentration. This 

research worked on understanding the influence of evaporation on latex transportation 

and deposition in paper porous media. Furthermore, model simulations are also 

conducted based on the model setup by Fries et al. (29) to investigate the maximum 

elution distances of latexes in paper when elution occuning at varying relative 

humidities. The influence of paper properties on latex maximum elution distance is 

also analyzed by this model. 
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Chapter Two: Methods 

2.1 Instruments 

2.1.1 UV-Vis 

Beckman Coulter DU 800 UV Nis Spectrophotometer was applied in all of our 

UV-Vis spectrum data analysis. All paper strip samples were analyzed by UV-Vis in 

order to monitor the distribution of particles deposition in paper after eluted in 

different conditions. First, controlled amounts of polystyrene (PS) particles were 

dissolved in Tetrahydrofuran (THF). Then the absorbance signals at 260 nm 

wavelength (absorption peak of benzene ring (69)) were plotted as a function of 

PS-THF solution concentration. Thus, calibration lines for four latexes were obtained 

for measuring the PS concentration was obtained. In order to investigate the 

dissolving efficiency ofTHF for deposited PS in paper, 0.1 mL of 80 (+) latex solution 

was dipped on a 1 cm2 Whatman No 1 paper chip. The sample paper chip was dried in 

air and then was soaked in 2 mL THF solution for 24 hours to make sure all the PS 

particles dissolved. The absorbance spectra of PS-THF solution were measured at 260 

nm. The obtained signal was then converted to concentration by the calibration line. 

The concentration obtained was well agreed with the 0.1 mL 80 (+) latex solution 

dipped on paper. 

For paper samples analysis, the bottoms of paper strips (1 cm) where dipped in 

latex solution were cut off. Then, paper strip samples were separated vertically into 1 

cm smali chips and soaked in 2 mL THF for 24 hr in order to dissolve the deposited 

PS particles in paper. The absorbance of these PS-THF solutions at 260 nm was 

measured by spectrophotometer and converted to concentration by calibration lines. 

Therefore, the concentration of each chip can be obtained. Fig 2.1 shows UV-Vis 
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spectra of 80 (+) latex (the synthesis procedures and properties of latexes are 

introduced in Chapter 2.3) with concentration 0.45-7.29 (x10l2 amount/mL) and the 

calibration cur )ve of 80 (+) with standard deviation (R \ 
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Figure 2.1 (a) UV-Vis spectra of 80 (+) latexes with concentration 0.45-7.29(xlOl2 

amount/mL) (b) Calibration curve of UV-Vis absorbance as a function of 80 (+) latex 
concentration 

2.1.2 Dynamic Light Scattering (DLS) 

Brookhaven Dynamic Light Scattering which has BI -9000AT auto-correlator and 

35 mw laser was applied to analyze the particle size oflatexes. Data was collected and 

analyzed by BIC dynamic light scattering software 9kdlsw32 (version 3.34). A 

21 



I 
I 
i 
I 

Master thesis-Huan Hsuan Hsu Chemical engineering, McMaster University 

built-in cumulative statistical method was applied to analyze data. All measurements 

were performed under 25 °C, maintained by NESLAB water bath. 

2.1.3 Electrophoretic Mobility 

The electrophoretic mobility of latex solutions was measured by applying the 

Brookhaven ZetaPALS (USA) instrument in PALS (phase analysis light scattering) 

mode (PALS software version 2.5). The repOlied mobility was the average of 10 

cycles; each cycle was conducted with 20 scans. Each latex was measured in order to 

obtain the mobility data for further data analysis. The experiments for analyzing the 

mobility of synthesized polystyrene latexes were performed in pH = 7.5 which was 

maintained by O.lmM KH2P04 and NaOH buffer. The preparation of buffer is 

introduced in Chapter 2.3.1 

2.1.4 SEM 

Jeol 7000F FE-SEM at the Brockhouse Institute of Materials Research was 

applied in obtaining all SEM images. Two 3 x 3 mm2 pieces of paper were cut from 

the top and middle (depend on eluted distance) of elution path in paper strips. The two 

pieces of paper were mounted on SEM sample stage by carbon tape. 4 nm of platinum 

particles layer was coated on the surface of whole stage for enhancing the conductivity. 

Next, the stage was put into the SEM chamber for monitoring the morphology of 

particle deposition in paper under different elution situations. 

2.1.5 Confocal Microscopy 

The samples for obtaining cross section images by confocal were prepared by Ms. 

Marcia West. First, two small pieces in the size of 2x10mm2 were cut form paper 

strips which had eluted 80(+) and 135 (-) latexes in atmosphere with humidity around 

45%. Small pieces of paper are cut at the middle of the elution path on each paper 
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strips (i.e. if elution distance is 50 mm, the cutting region would be approximately 

from 24.5 mm to 26.5 mm). Next, the small pieces of paper were put in a flat 

embedding mold. To fix the sample, the mold was then filled with Spurr's Epoxy 

Resin and allowed to polymerize over night in a 60°C oven. The embedded samples 

were placed into the chuck of an ultramicrotome and excess resin trimmed away with 

a glass knife to expose the cross-section of the paper. 

Confocal imaging was performed using an inverted single photon fluorescence 

microscope (DMI 6000 B, Leica, Wetzlar, Germany) with a 20X objective. The 

fluorescence of PS particles was excited by built-in Argon Laser at 488 nm and the 

emission band was set at green range, which was done through a prism-based 

spectrometer that allowed continuous tuning from the near UV to the near IR. To 

prepare for imaging, the coverslip was placed in a bracket and the paper sample was 

fixed on top of it. 

2.2 Materials 

2.2.1 Whatman No.1 filter paper 

Whatman No.1 filter papers (46 x 57 cm2
, Cat. No. 1001917) were used as the 

paper sample in all elution experiments. These filter papers are manufactured from 

high quality cotton linters which have been treated to achieve a minimum alpha 

cellulose content of 98%. The properties of What man No.1 are listed as follow: 

Width (W): 0.02 m 
Average thickness (8): 1.8 X 10-4 m 
Porosity (<1»: 0.7422 (Porotech Ltd.) 
Average capillary radius (Rs): 7.609x 10-6 m (Porotech Ltd.) 
Permeability (K): 0.131 X10- 12 m2 

Contact angle (8s): 0° (Liukkonen, 1997) 

The porosity and average pore radius of Whatman No.1 were obtained from 
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Porotech Ltd. Fig 2.2.1 shows the differential pore volume distribution as a function 

of pore radius of Whatman No.1 filter paper which also obtained by Porotech Ltd .. 

The blue line is the experimental data obtained from paper saturated by deionized 

water. The pore volume distribution shows that pore size in wet paper are narrowly 

distributed in 3.2 to 7.9 ~lm. The permeability of Whatman No.1 was obtained by 

measure the h (elution distance) and t (time) relationship when deionized water 

capillary rose in Whatman No.1 paper strips. The Hand t data was then substitute in 

the equation suggested by Fries et al. (29): 

h2 = 4acosBs .~.t 
rPf.1 Rs 

Eq2.2.1 

The results of hand t relationship are shown in Fig 2.3. Based on these results and 

other known properties of Whatman No.1, the permeability of Whatman No 1 is 

obtained as 0.131 XlO·12 m2
• 

2.0 

~1.6 

""s 
~ 1.2 
~ 
ellO.8 o 

::::-
~0.4 
"Q 

0.0 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 
log r (nm) 

Figure 2.2 Pore size distribution of What man No 1 obtained from Porotech Ltd. 
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Figure 2.3 Deionized water elution distance in Whatman No. 1 paper strip as a 
function of elution time 

2.2.2 Polystyrene 

Four different Polystyrene (PS) latexes have been synthesized for analyzing the 

particle movements in porous paper media under various conditions. All recipes for 

synthesis of PS particles are shown in Table 2.1. The synthesis procedures are 

presented as following: Styrene (St) (99%, Sigma-Aldrich, S4972) was purified by 

vacuum distillation. 2, 2'-Azobis (2-methylpropionamidine) dihydrochloride (V50) 

(97%, Aldrich, 440914), (Vinylbenzyl)trimethylammonium chloride (VBTMAC) 

(99%, Aldrich, 458694), Sodium dodecyl sulfate (SDS) (99%, Aldrich, 436143), 

Potassium persulfate (K2S20 8) (99%, Sigma-Aldrich, 216224) and Fluorescein 

dimethacrylate (FD) (95%, Aldrich, 570249) were all purchased from Sigma-Aldrich 

and used as received. Polymerization was conducted in a 250 mL three-necked flask 

equipped with a condenser, two rubber stoppers one for N2 purge, the other for needles 

purging connected to the syringe pump), and a magnetic stirring bar. For cationic PS 

particle synthesis, first St, water, VBTMAC, V50 and FD were added at 70°C. After 

30 minutes (80 nm) and 45 minutes (120 nm) of polymerization, the additional 

composition, St equipped in a 20mL syringe, was added by the syringe pump in 6 
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hours, and then let the reactions last for 17 hours. The final reaction mixture was 

dialyzed for at least one week, until the supernatant conductivity was no more than 5 

I ~tS/cm. For anionic PS pmticle synthesis, St, water, SDS, Fluorescein dimethacrylate 

j and K2S20 8 were add at 70 DC for 24 hours for polymerization. The fmal products 

were purified by ultracentrifugation. The particle size, mobility and Electrophoretic 

mobility (EM) values were monitored by DLS and ZetaPlus analyzer. 

Table 2. 1 ReciEes for PS Earticles sl:nthesis 
water St FD (g) VBTMAC K2S20 8 SDS additiona 
{gl {gl (gl (g) {g) 1 St (g) 

80(+) 83 0.5 0.0229 0.3 N/A N/A 11 

120(+) 83 0.5 0.0229 0.3 N/A N/A 11 

60(-) 100 3.6 0.01 N/A 0.105 0.12 N/A 
135(-) 100 3.6 0.01 N/A 0.105 0.3 N/A 

Table 2.2 shows all properties of synthesized PS latexes. Concentrations of 

latexes were analyzed by measure the weight of completely dried particles in each 

latex solution. First, the weights of each 10 mL latex solution were placed in 80°C 

oven for 20 min to evaporate all water content in latex solution. Next, the weights of 

those completely dried latex particles (WLP) were measured and divided by pmticle 

volumes which were calculated by sphere volume formula (4/3trR 3 
, where R is the 

radius of particles). Finally, the amount of particles in 10 mL latex solution was 

obtained. It has to be noted that the concentrations of 80 (+) and 135 (-) are similar 

and surface charge of those latexes are opposite. Thus, those two latexes are chosen to 

apply in experiments which are set up for understanding the influences cause by salt 

contents of paper and flow velocities of elution flow. 
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Table 2. 2 Pro.eerties of PS .earticles 
Particle polydispersity concentration electrophoretic Std elTor 
diameter (number/mL) mobility 

j 

(nm) (1O-8m2s- lv- l ) 

80(+) 76.9 0.126 2.9 x 1014 2.17 0.07 

! 120(+) 120.8 0.103 8.5 x 1013 2.04 0.12 

i 60(-) 53.8 0.13 1.5 x 1015 -3.5 0.05 

1 135(-) 133.3 0.106 2.1 x 1014 -4.83 0.14 

2.2.3 Buffer 

All synthesized PS latexes were storied in O.1mM KH2P04/NaOH buffer solution 

(pH=7.5) for further analysis (i.e. particle diameter and mobility). The preparation of 

the buffer was described as follow: First, 0.4 g NaOH was dissolved in 100 mL 

deionized water to produce 0.1 M NaOH solution. Next, 40.9 mL of this solution was 

mixed with 50 mL 0.1 M KH2P04 solution and then diluted to 100 mL to produce 

buffer. The pH of this buffer was monitored by pH meter and adjusted to 7.5 by 

adding 0.1 M NaOH and 0.1 M KH2P04 solutions. Then 1 mL buffer solution was 

diluted with 100 mL deionized water to become 0.1 mM. The pH of the produced 

buffer was checked again after conditioning at room temperature for 24 hours to make 

sure there was no further change. 

2.3 Elution 

Whatman No 1 rectangle filter paper (46 x 57 cm2
, Cat No 1001917) was cut into 

140 mm x 20 mm paper strips with approximately 180 ~Lm of thickness and 0.22 gram 

of weight. The paper strips were cut by following the machine direction of the 

Whatman no 1 filter paper. Back (2) observed that flow velocity of papers in their 

research is 5-20 % higher in the machine direction than in the cross-direction. Thus, 

there would be more particles transported in capillary flow of latex solution in 

machine direction than in cross-direction. Therefore, the influence of particles 
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movement may easily be observed. Next, those paper strips were set up (hanging) on 

the rack for vertical elution (see Figure 2.3 (a)). In elution, 1cm of paper strips were 

dipped into latex solutions with pH = 7.5, which then induced the latex solution 

flowing up by the capillary force. Also, the experiments of time versus eluted distance 

were conducted by eluting latex solutions in paper. The paper sample above air-latex 

solution interface was marked per 5 mm (Fig 2.2.1 (b)). Once the flow reached the 

marks, the corresponding time were recorded immediately. Each elution experiment 

was repeated four times to get the averages as well as error bars for fmal results. 

(b) 

''\fRrkillg "Wf~' 5 <lin! 
~lt!l"\' iiqu III "it' 1 fl titrfmc1! 

1 em of p!lper strips 
submeYgi!d in 1vatel' 

Figure 2.4 (a) elution device (b) sketch of strips in measuring time in controlled 
elution distances experiments 

2.3.1 Particle properties 

ZetaPlus analyzer was applied to analyze the electrophoretic mobility values of 

four latexes. Then Whatman No.1 paper strips were dipped into those latex solutions 

for 1 hour elution. Next, UV-Vis was applied for analyzing the particle deposition on 

those paper strips. 
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2.3.2 Flow velocity 

Paper strips with 5 mm and 10mm widths (25 mm length) narrow rectangular 

shapes in the middle were cut form Whatman no 1 filter paper strips with similar 

I length and thickness as strips applied in other experiments (Fig 2.4). These were 

1 

I prepared to investigate the influence of particles deposition caused by the flow 

velocity. The flow velocities of each paper strips were obtained by recording the time 

when deionized water elution flow passed the 5 mm interval marks in each paper 

strips. Then, 80 (+) and 135 (-) latexes were eluted in those strips and by following the 

uv-Vis procedures, particles deposition in 10 mm vertical divided paper strips 

(elution path) were analyzed. 

Flow dil'ection 

r!1 : I "mm :,--------------,1 

~ -r
2

:"I','I'n
r
-l .J~~J 

15 mm w I 
Figure 2.5 Paper strips with 5 mm, 10mmnarrow rectangular 

2.3.3 Ionic strength 

F or understanding the ionic strength affecting particle movement during elution 

in paper porous media, the quantitative KCI was induced on paper strips before elution 

by following procedures. Five different (2M, 1M, 0.5M, 0.2M and O.IM) 

concentrations of KCI solutions were firstly prepared. Paper strips were separately 

pre-soaked into these five solutions and deionized water, and then dried in the oven at 

60 DC for 15 min. Then, those completely dried paper strips were dipped into 80 (+) 

and 135 (-) latexes for 1 hour of elution. Because the maximum water imbibitions of 

paper strip are constant, once the concentrations of pre-soaked KCl solution are 
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different, the KCl contents in dried paper are also different. Furthermore, during 

elution, KCl induced in paper would be dissolved when latex solution flowed through 

and lead to alterations of ionic strength during latex elution. Therefore, with different 

KCl contents in paper strips, the influence of ionic strength on particle movement 

during elution was able to observe. In each trial, time was recorded at the point where 

the latex solution reached the marks with 5 mm interval. Besides, the final elution 

distance of each trial was also recorded. After elution, the paper strip samples were 

first observed under SEM and confocal microscope. Then, the UV-Vis was applied to 

analyze particle deposition in each position of paper fi'om different trials. 

2.3.4 Humidity influence 

In order to understand mechanisms that lead to concentrated particles in the 

elution end, the experiments of allura red solution eluted in limited evaporation rates 

have been done. Solution of allura red is made by dissolving 0.15 g of Allura Red 

anionic dye (80%, Sigma-Aldrich, 458848) in 60 ml deionized water with O.lmM, pH 

= 7.5 KH2P04/NaOH buffer. In these experiments, allura red solution was eluted by 

paper strips sealed by plastic bags (evaporation is limited), and other paper strips 

without coverage as a control group. This elution took place for 1 hour with around 

45% (monitored by DRETAC hygrometer) relatively humidity at 25°C. 

In order to understand how evaporation leads to the concentration of dyes and 

particles on the eluted end. The experiments of dyes eluted in wet paper strips had 

been conducted. Sketch of this experiment is shown in Fig 2.5. In these experiments, a 

series of black horizontal lines spaced out with 20 mm intervals were drawn across a 

long vertical strip of paper with water insoluble ink (Fig 2.5 (a)). The first vertical 

black line followed by the series of black lines is either drawn 20 mm from the centre 
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of the paper strip (strips (1) and (II)), or drawn 40 mm from one end of the paper strip 

(strips (III) and (IV)). Next, paper strips were submerged in deionized water to make 

the paper saturated by water. Then, dye solutions (Allure Red (anionic), 

concentration= 2.5 giL pH= 7.5 or Methylene blue (cationic) concentration= 2.5 giL 

pH = 7.5, prepared by Methylene blue dye (Sigma-Aldrich, M9140)) was placed on 

the based black line on each saturated paper strip. Finally, the center of strip (I) was 

dipped into deionized water and the rest parts of paper strips were horizontally fixed 

above water for 30 min (Fig 2.5 (b)) with 45% (monitored by DRETEC hygrometer) 

relatively humidity at 25°C. Also, the bottom 10 mm of strip (III) was dipped into 

deionized water vertically for 30 min in the same environments. 

Furthermore, latex elution was conducted in ESEPC platinous sterling series 

temperature and humidity chamber (ESEPC chamber in short) where the relative 

humidity and temperature were well controlled during elution period. The purpose of 

these experiments is to understand the influences of particles concentration in the 

elution end caused by varying humidity. At the beginning, the relative humidity in 

ESEPC chamber was set at 35%, 50%, 75% and 100% (machine limit), respectively, 

at 25°C, and run for 20 minutes for stabilization. In the mean time, four latex solutions 

(80(+), 120(+), 70(-), 135(-)) were filled in the trays. After confirming the 

stabilization of humidity in ESEPC chamber, paper strips were dipped into latexes 

solution and then the trays were moved to chamber immediately so as to minimize the 

errors affected by the environmental humidity outside of the chamber. The paper strip 

samples were collected after 1 hour and 2 hours of elution period. The elution 

distances of particles were then recorded. Finally, followed by the UV-Vis sample 

preparation and analyzing procedures introduced above. UV-Vis was applied for 
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analyzing particles deposition at elution end in paper from different trials. Also, in 

order to propose a strategy to reduce samples lose while transporting in paper channel, 

as well as increase sample concentration for enhancing the detected intensity in array 

area. The 80 (+) latexes were eluted in paper strips with evaporation limited device for 

1 hr and those strips were analyzed by UV-Vis. 

(a) 

(III) 
(IV) 

(b) 

Center of 
pap-et' strip 

/ 

I I I I 

illussjlmv {lirectirm rack 
.' (fiJI' l'ejilTiJlg evaporatioll loss) _. \ ... ::............. . ............ ;::.- 1 
~ --V -- -~)apJstl'i( 
~ 

'Vater slIl'face 

Figure 2.6 sketch of dyes eluted in wet paper strips (a) paper with based black line, (b) 
device of horizontal elution, (c) device of vertical elution. 
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Chapter 3 Particle elution in paper 

3.1 Particle surface potentials and flow velocity 

Abstract 

In this chapter, the influence of latex surface potentials and flow velocity on 

deposition and transportation during latex elution in paper is discussed. Particles 

surface potentials are reflected by their mobilities. Our experimental results showed 

that higher deposition was observed when particles with higher positive mobilities 

were eluted and vice versa. The influence of flow velocities on particle deposition 

during elution was also studied. The flow velocity was controlled by varying the 

shapes of paper strips. The experimental data shows that flow velocities had no 

obvious influence on latex deposition and transportation. 

3.1.1 Particle properties 

Results 

In order to understand the influences of latex surface potentials on particle 

transpOliation during elution in paper porous media. Latexes with different surface 

potentials were eluted on Whatman No. 1 paper strips for 30, 60, and 120 minutes 

(where cationic patiicles were indicated with (+) and anionic particles were indicated 

with (-) and the patiicles surface potentials are reflected by their mobilities). The 

details of those latexes as well as the experimental setups were presented in Chapter 

2.2 and 2.3. Table 3.1 shows the elution distances of water (Dw) and latexes (Dp). After 

30 minutes of elution, Dw became almost constant at 50 mm which suggested that 

water did not travel any further after 30 minutes. Table 3.1 also shows that Dp of 80(+) 

is larger than 120(+) during the same elution period. However, there was no 

significant difference on the Dp values of anionic particles. 
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Table 3.1 Travel distance of water (Dw) and latex (Dp) during 30,60 and 120 minutes 
elution 

80 (+) 120 (+) 60 (-) 135 (-) 

30 min Dp (mm) 43 24 50 50 
30 min Dw (mm) 50 50 50 50 
60 min Dp (mm) 48 36 50 51 
60 min Dw (mm) 49 48 50 51 
120 min Dp (mm) 48 36 50 51 
120 min Dw (lmn) 49 46 50 51 

Fig 3.1 shows the particle deposition of different latexes in the elution path. As 

shown in Fig 3.1, the rank of particle depositions from high to low in 0 - 40 mm of 

the elution path is 120(+) > 80(+) > 60(-) '. 135(-). 

'i:' 0.2 

'" c.. 
~ 
c.. 
'0 0.16 
Otl 
E 

t 0.12 
'::::' 
= o 
:g 0.08 
o 
c.. 
'" Q 

o 
o 10 20 30 40 

Elution Distance / (mm) 

50 60 

-+-80 (+) 

.... 120 (+) 

--A-60 (-) 

-tl-135 (-) 

Figure 3.1 Particle deposition along the 10 mm divided paper strips after 1 hour 
elution oflatexes (80 (+), 120 (+), 60 (-) and 135 (-)) 

Discussion 

Before understanding the influence of other factors on pmticle transportation in 

paper strips, the influences caused by the properties of latex particles have to be 

clarified. Herzig et al. suggested that particle deposition during transportation in 

porous media is controlled by the SR value (35), which is the ratio of the pore size 
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(the average pore size of What man No 1 is 7.609 um) over the particle size. Details of 

this theory are presented in Chapter 1. In our experiments, SR values of four different 

latex particles are in the same range of 0.01-0.04, which means that patticle deposition 

is dominated by Brownian movement. Therefore, the effect of patticle sizes can be 

neglected in our experiments. 

FUlthermore, water elution distances (Dw) were almost the same in four different 

latex elutions, which suggests the capillary forces acting on each trial were 

approximately constant. However, there are some differences that were observed in 

particle travel distances (Dp) between particles. Hence, there must be some other 

factors other than capillary forces affecting the particle movement. 

The deposition of anionic particles on paper fibers are repulsed by anionic paper 

surfaces. On the contrary, anionic paper surface attracts cationic particles which 

induced patticle depositions. Alince et al. (62) described that particle deposition 

caused the "sizing effect" that retards water penetration in paper. This retardation 

would be amplified with increasing amounts of latex deposition. This phenomenon 

was also observed in our experiments that higher particle depositions were obtained in 

paper strips which eluted patticles with higher positive mobility. This finther led to a 

decrease in elution distances in those paper strips (Table 3.1). When anionic particles 

were eluted in paper, anionic paper fiber surfaces repulsed anionic particles from 

depositing. Thus, both particles were able to reach the eluted end which is the longest 

distance elution t10w can travel. 

In a study on the transpOltation of bio colloids through porous media, Sharma et 

al. (54) found a high correlation between surface charge density and transportability. 

In the research conducted by Huysman et al. (71), deposition of anionic bio colloids 
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on cationic porous media (clay) rose with the increase of their anionic charges. This 

increase of colloid deposition was attributed to the enhanced electrostatic attraction 

between anionic colloids and cationic groups of porous media (clay). Similar 

phenomenon can also be found in our experiments. As shown in Fig 3.1, the amount 

oflatex deposition ranked from high to low as 120(+»80 (+»60 (-) .. 135 (-) which is 

simulated as the rank of particle mobility. 

3.1.2 Flow velocity 

The research done by Bhagat (55) showed that in micro channel filtration 

systems, lower flow velocity would lead to more particle deposition. Muller (56) 

repOlted that the capillary flow velocity can be controlled by the shape of paper strips. 

He suggested that restricting the width of paper channels would cause acceleration in 

flow velocity. Therefore, latexes had been eluted in paper strips with different widths 

in order to study the effects of flow velocity on pmticles deposition. Different shapes 

of paper strips were made to control the flow velocity during particle movement in the 

elution process. The experimental details are shown in Chapter 2.3.2. 

At first, deionized water was eluted in paper strips with 5 mm and 10 mm 

nan-ow widths in the middle. The eluted distances as a function of time were shown in 

Figure 3.2. Since the curves in Fig 3.1.2 represent the relationship between distance 

and time, slopes of those curves are the flow velocities during deionized water elution. 

By comparing with the flow rates in normal paper strips, it can be observed that the 

flovv rate iIlcreased when water flowed trilollgh the nalTOW area (distance between 

20-40 mm). This confirms Muller's research (56) showing that nan-ower paper strips 

result in higher flow velocity. Thus, 80 (+) and 135 (-) latexes were eluted on those 

differently shape paper strips to study the influences of flow velocity on latex 
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movement. The black-white inverse florescence images of these experiments are 

shown in Fig 3.3(a). Figure 3.3 (b) and (c) show the particle deposition on 10 rnm 

vertically-divided paper strips after eluting 80 (+) and 135 (-) latexes for 1 hour, 

respectively. It shows that the elution distances of 80 (+) would be reduced when 

elution took place in paper strips with nan-owed widths in the middle (elution distance: 

40 rnm (strip with 5 mm width middle) and 42 rnm (strip with 10 mm width middle) 

compared to 48 rnm in 20 rnm width paper strip). Furthermore, the particle 

depositions in natTOW strips (ink and green dots) were higher than that of normal strips 

(blue dots). However, in 135 (-) elution results, the shapes of paper strips (flow 

velocity) did not affect either particle deposition or elution distance. 
Flow directiOli 

I~i~·f~. I~~~~· ______ ~ 
~ "0 15mm l ~.·2··1 I .; ~ 15 mill ·--"'2-"'S=m"'-m--:---------' 

Recall Fig 2.4 Paper strips with 5 and 1 Ornm nan-ow rectangular shapes 

60 
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Figure 3.2 The elution distance as a function of time in water transport through paper 
strips with different shapes (5 mm, 10 rnm and no nan-ow rectangular in the middle) 
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Figure 3.3 (a) The black-white inverse florescence images and (b) 135(-) and (c) 80 (+) 
particle deposition as a function of elution distance after 1 hour elution in paper strips 
with different shapes 
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Discussion 

Figure 3.2 shows the capillary flow velocity ofliquid would increase when eluted 

in paper strips with narrow middle. These results confirm Muller's results (56) that 

restricting the paper channel width would accelerate the flow velocity. Also, the 

research done by Bhagat (55) showed that in micro channel filtration systems, lower 

flow velocity would lead to more particle deposition. However, the experimental 

results shown in Fig 3.3 (b), there was no significant change of 135 (-) depositions 

after elution in differently shaped paper strips (different velocities). In Bhagat's 

experiment, the flow velocity of latexes was controlled form 0.1 to 10 mm/s to 

investigate the effects of flow velocity on filtration efficiency. However, in this study, 

the variation of flow velocity caused by different paper widths was in the range of 

0.25 - 0.45 mmls (Fig 3.2). Therefore, the changes in flow velocity led by different 

widths of paper might be too small to alter the amounts of anionic particle deposition. 

In addition, the experiments of 80 (+) elution with different flow velocity show 

contradict results with Bhagat's research (55). Higher flow velocity in nat Tower strips 

suggests more particles would be transpOlted upward during the same elution period 

which further increases particle deposition. This can be observed in our experiments 

that particle depositions of 80 (+) is higher in strips with the 5 mm and 10 mm nat TOW 

middle than that observed in normal strips (Fig 4.3 (c)). Also, the increase of particle 

deposition amplified retardation of elution flow penetration, thus the elution distance 

of 80 (+) was reduced when particies were eluted in the strips with 5 mm and 10 mm 

narrow middle. Consequently, we conclude that the increase in flow velocity by 

narrowing paper shapes would not decrease the quantity of anionic particle deposition. 

On the contrary, the narrower channel leaded to more deposition of cationic particles. 

39 



I 
~ 
I 

Master thesis-Huan Hsuan Hsu Chemical engineering, McMaster University 

3.2 Ionic Strength 

Abstract 

According to the DLVO theory, varying the double layer thickness of particles 

would affect the energy ban-ier between particles and paper surfaces. This further 

influences the depositions of charged patiicles on paper porous media. In this chapter, 

the experimental data revealed that the patiicle (cationic and anionic) depositions 

increased when latexes flowed through paper strips with salt content (the salt 

dissolved when the latexes flowed through and thus increased the ionic strength of the 

elution flow). As the salt content increases, the particle depositions would be 

enhanced and the elution distances would reduce 

Result 

On a macroscopic scale, a theoretical assumption of capillary rise in porous 

media was developed in the last decade. In this research area, Lucas-Washbum's 

equation has been broadly applied to the analysis of liquid capillary flow through 

porous media (20). This equation shows that the fluid transported distance H(t) is 

propOliional to the square root of the capillary time (t Il2
) , 

FlU) = (YLVRCOS(})1/2.ji 
217 Eq (3.2.1) 

Where YLV is the surface tension of the liquid, 11 is the shear viscosity, R is the pore 

radius, and 8 is the contact angle between the liquid and the capillary media. 

Figure 3.4 shows the H (water elution distances) and t1l2 (TimeIl2
) relationship of 

particles (80(+) and 135(-)) when eluted in paper strips, which were pre-soaked in 

different concentrations (0-2M) of KCI solutions. Since there is no significant 

difference between the results of elution in paper pre-soaked in OM (no KCI) and less 

than 0.5M KCI, those results are not shown in Figure 3.4. 
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Figure 3.4 Elution distances as a function oft1l2 for particles: (a) 135 (-) and, (b) 80 (+) 
in paper pre-soaked in OM, 1M and 2M KCl solutions 
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As shown in figure 3.4, we observe that Hand t1l2 shows approximately a linear 

relationship (R2: 0.9984(135(-)) and 0.9847(80(+))) when the latexes were eluted in 

paper strips with no KCl. This suggested that the latex elution flow in the no-salt strip 

followed Lucas-Washbum's equation. However, the Hand t l12 relationship changes 

from linear to nonlinear when the latexes were eluted in salt-containing paper strips; 

nevertheless, the higher the salt content is, the more the slope decreases. 

Fig 3.5 (a) shows the particle depositions of 135 (-) as a function of elution 

distances in paper strips with different KCI contents. The data was collected every 

10mm of the elution path. As shown in Fig 3.5 (a), with more KCI content on the 

paper strips, there would be more particles deposited during the 1 hour elution. 

Moreover, black-white inverse florescence images of 135 (-) (Fig 3.5 (b)) also show 

the particles elution distance decreases with the increasing in KCl contents on paper. 

Fig 3.6 (a) shows patiicle depositions of 80 (+) after eluted in paper strips with 

different salt contents as a function of elution distance. The elution distance was 

divided into 10 mm spaces. In OM-KCI (no salt) paper strips (blue dots); it shows 

particles concentrated on the top 20 mm of the paper strips (30-50 mm of the elution 

path) after 1 hour elution. Moreover, in the results of paper strips pre-soaked in 0.5M 

to 2M KCI solutions, the increase in patticle depositions was clearly observed 

between 20-40 mm of the elution path. Black-white inverse fluorescent images of 80 

(+) after eluted on paper with different salt content are shown in Fig 3.6 (b). Patticles 

and water moving distances both decreased with the increase of KCl contents. 
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Figure 3.5 (a) particle deposition of 135 (-) latexes in vertically 10 mm divided paper 
strips after 1 hr elution (b) the black white inverse fluorescence image of 135 (-) 
eluted in OM - 2M paper strips 
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Figure 3.6 (a) particle deposition of 80 (+) latexes in vertically 10 ll1ll1 divided paper 
strips after 1 hr elution (b) the black white inverse fluorescence image of 80 (+) eluted 
in OM - 2M paper strips 
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Fig 3.7 (a) and (b) are SEM images of 135(-) particles after eluted in OM-KCl 

and 2M-KCI paper strips, respectively. Particle aggregation is only observed in the 

2M-KCl paper strip. The SEM images of OM and 2M-KCl paper strips after eluting 80 

(+) latexes are shown in Fig 3.8, respectively. In the image of 80(+), after eluted in the 

OM-KCI paper strip (Fig 3.8 (a)), deposition of particles formed a monolayer structure 

on the paper fiber surface. However, when 80(+) particles were eluted in the 2M-KCl 

paper strip (Fig 3 .8 (b)), the amounts of particle deposition increased significantly. 

Also, it was noted that some pores in paper media were even blocked by particles. 

Furthermore, Fig 3.9 shows the fluorescence images obtained by confocal 

microscopy after the latexes were eluted in OM-KCI and 2M-KCI paper strips. In fig 

3.9 (a), it can be observed that in the OM-KCI paper strip, 135(-) particles deposited 

only when trapped by paper fibers. Fig 3.9 (b) shows that particles deposition 

increased when particles were eluted in 2M-KCI paper strip. In images of 80(+) 

elutions, it can be seen that the deposition layer is thicker in the 2M-KCI paper strip 

than that in the OM-KCI paper strip (Fig 3.9 (c) and (d)). 

45 



! 
I 
l 

Master thesis-Huan Hsuan Hsu Chemical engineering, McMaster University 

Figure 3.7 (a) 135(-) eluted in OM-KCl paper strips for 2 hours, (b) 135 (-) eluted in 
2M -KCl paper strips for 1 hour 
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Figure 3.8 (a) 80(+) eluted in OM-KCl paper strips for 2 hours, (b) 80 (+) eluted in 
2M-KCl paper strips for 1 hour 
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Figure 3.9 Fluorescence images of (a) 135(-) eluted in OM-KCl paper, (b) 135(-) 
eluted in 2M-KCI paper, (c) 80(+) eluted in OM-KCI paper, and (d) 80(+) eluted in 
2M-KCl paper, 

48 



I 
~ 
I 

Master thesis-Huan Hsuan Hsu Chemical engineering, McMaster University 

Discussion 

In the last few decades, DLVO theory has been applied to explain comprehensive 

phenomenon of particle movement in porous media (38). Details of DLVO theory 

were ah'eady presented in Chapter 1. In short, the DL VO theory has been used to 

describe the net interactions between particles and the porous media surface (paper 

fiber with anionic surface charge in our research). The net interaction is the balance 

between two additive forces, FVAW caused by van del' Waals interactions (generally 

attractive) and the repulsive interactions "F DL" from the overlap between the electrical 

double layer of particles and paper fibers (repulsive for anionic latex and attractive for 

cationic latexes). While latexes are transported through the paper network, a charged 

surface of particle is neutralized by the oppositely charged ions covered on the surface. 

Because of the thermal motion and electrical attraction of counter ions, an 

accumulated layer forms on the charged surface (73). This layer is called the 

Gouy-Chapman diffuse electric double layer. In our research, deposition of anionic 

particles on to the anionic paper surface then depends on the thickness of this double 

layer. Once anionic particles overcome the repulsive force and enter the electrical 

double layer, van der Waals forces between particles and surfaces would dominate 

particle movement, resulting in particle deposition on the paper surface. Many 

research suggested that the thickness of the electrical double layer would be reduced 

in high ionic strength situations (33) and the secondary minimum is forced closer to 

the media surface. Consequentiy, more anionic palticies were able to move ciose 

enough to the media surfaces for the van del' Waals attraction to overcome the 

repellence of electrical double layer and lead to more deposition 

According to our experimental results, we suggested that during latex eluted 
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through paper with KCI content, the coated KCI were dissolved once contacted with 

the elution flow and enhance the ionic strength of the elution flow. Therefore, the 

i 

I 
deposition amounts of anionic latexes would increase as well. As can be observed in 

~ Fig 3.5 (a), in the results of anionic particle elution in paper with KCl content, there 

I were increases in the deposition amount observed. Furthemlore, the increase in 

deposition would rise once the concentration of pre-soaked KCl solution was 

increased. The SEM and confocal microscopy images also show similar results that 

there were obviously more depositions of 135 (-) particles in 2M-KCl paper strips 

than that in OM-KCl paper strips (Fig 3.7 and Fig 3.9 (a) and (b)). Besides, the 

congregation of 135 (-) particles in 2M-KCI paper strips can be observed in the SEM 

images (Fig 3.7 (b)). This phenomenon is because of the increase of ionic strength 

also reduces the particle-particle repulsive force. Moreover, the influence of salt 

content on the movement of latex elution flow in paper can also be observed. As 

shown in Lucas-Washbum's equation, for liquid transporting through a constant pore 

radius media, Hand t1l2 has a linear relationship. In Fig 3.2.1 (b), when 135(-) 

particles were eluted in the paper strip without KCl, the Hand t1l2 are approximately 

in a linear relationship which means there is only a little influence on latex eluted flow 

caused by particle deposition. As mentioned in Chapter 3.1, an increase of particle 

depositions would retard subsequent liquid penetration in paper. This was shown by 

the non-linear relationship of Hand t l12 when 135 (-) was eluted in paper with KCI 

(Fig 3.2.1 (a)). This non-linear relationship was amplified by raising the pre-soaked 

KCl solution concentration (which increased the KCl contents in paper and led to the 

increase of patiicle deposition). This agreed with UV results presented before that the 

depositions of 135 (-) were enhanced when eluted in paper with more KCI content. 
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When 80(+) particles were eluted in paper, due to the anionic electrical charge 

from the paper surface, the electrical double layer force also acted attractively. 

1 

Therefore, at the beginning of elution, once 80 (+) particles were eluted through paper, 

I 
particles attracted by paper fibers and result in deposition. However, the deposited 

particles would influence the deposition of the latter following latexes particles 

flowing through. Once cationic particles deposit on paper fiber surfaces, due to the 

repulsive particle-particle interactions, the particle deposition layer would repulse 

other suspended particles from depositing. This surface exclusion phenomenon is 

termed blocking (50, 51). Blocking restricts particle deposition to a single monolayer 

stmcture and let suspended particles flow further. We can observe the monolayer 

stmcture caused by blocking in our SEM images (Fig 3.8 (a)). This monolayer 

stmcture of deposition was also observed by Alince (60). He studied cationic colloidal 

particle deposition on pulp fibers and found that the amounts of cationic particle 

deposition on pulp fibers would reach a plateau. Particle deposition amounts in that 

plateau are close to the amounts of a monolayer of latex particles that fiber surfaces 

able to accommodate. 

When cationic latex eluted in paper with KCI content, the dissolved KCI would 

increase the ionic strength in elution flow. Thus, the electrostatic interaction between 

particles and paper fibers and the repulsion between particles would be influenced at 

the same time. On the one hand, the attraction between particles and fibers is reduced 

due to "the screening effect" from DLVO theory. On the other hand, the repulsion 

between particles is also reduced which probably lead to pmticle aggregation as well 

as the reduction of blocking effect (32). In our 80(+) particle elution experiments, the 

deposition appeared to increase when ionic strength was enhanced during elution 
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(increase salt contents of paper). The possible reason for this is that high ionic strength 

caused particle aggregation and the reduction of the blocking effect (as shown in SEM 

and confocal results). Those effects counteracted the deposition loss due to attraction 

reduction between particles and paper fibers which lead to the increase of particle 

deposition. 

3.3 Conclusions 

(1) Latex surface potentials (mobilities) of pat1icles are one of the main 

factors controlling particle deposition on paper fiber surfaces. More 

deposition was observed after pat1icle with higher positive charge eluted 

in paper media and vice versa. 

(2) Particle depositions retarded the elution flow and further reduce the 

elution distance 

(3) No obvious influences of particle deposition and transportation when 

anionic latex elution flows with different velocities. Furthermore, the 

results of cationic pat1icle elution shows that the particle deposition 

raised with increasing elution flow velocity. 

(4) Increasing salt content on paper strips enhanced the pat1icle deposition 

amounts of anionic particles during elution. 

(5) The deposition of cationic particles formed a monolayer structure due to 

the "Blocking effect". However, increasing salt content in paper would 

reduce this blocking effect and further increase the particle deposition. 
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Chapter 4 Particle concentrated at the elution end as a result 

of evaporation 

Abstract 

In all the experiments described before, band shapes formed by concentrated 

particles at the elution end were always observed. This phenomenon was supposedly 

caused by the mass flow (MFE), which occurred in order to refill the water loss due to 

evaporation. After the capillary flow reached the elution end, the suspended particles 

were carried continuously up to the elution end by MFE and concentrated gradually. 

To theoretically describe the movement of this evaporation driven flow, a model was 

proposed and the predictions from the model fitted the experimental data well. 

Furthermore, the influences of evaporation on particle concentration were investigated. 

Based on our studies, a strategy was suggested to reduce sample loss during 

transpOliation in paper. Moreover, the effects of paper properties in liquid maximum 

elution distance on paper were studied by our model. 

4.1 Particle concentrated during transportation in paper 

Results 

In order to understand the mechanisms that concentrate patiicles at the elution 

end, the influences of different evaporation rates on particle concentrating were 

studied. In these experiments, Allura Red (Sigma-Aldrich Cat No: 458848) (anionic) 

was eluted by paper strips. These strips were sealed with plastic bags in order to limit 

the water evaporation. In control experiments, paper strips without coverage were 

used. The elution was conducted at room temperature (around 25 °C) with relative 

humidity around 45%. Details of this experiment were presented in chapter 2.3.4 
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Fig 4.l showed the results of these experiments. After 1 hour of elution, Allura 

Red concentrating on the eluted end (top of eluted flow) of un-sealed paper strips was 

observed. However, there was no obvious concentration of dyes on those paper strips 

sealed with plastic bags. Furthermore, the elution distance of AlIura Red solution in 

sealed paper strip is longer than that in strips without coverage. 

Elution Flow . 

Figure 4.1 Images of paper strips after eluting Allura red for 1 hour in (a) atmosphere, 
and (b) evaporation limited environments (plastic sealed) 

In order to understand how evaporation leads to the concentration of dyes and 

particles at the eluted end, the experiments of dyes eluted in wet paper strips were 

conducted. In these experiments, a series of black horizontal lines spaced out with 20 

mm intervals were drawn across a long vertical strip of paper with water-insoluble ink 

(as shown in Fig 4.2). The first vertical black line followed by the series of black lines 

is either drawn 20 mm from the centre of the paper strip (strips (I) and (II)), or drawn 

40 mm from one end of the paper strip (strips (III) and (IV)). Next, paper strips were 

submerged in deionized water to saturate the paper with water. Then, the Allura Red 

(anionic) dye was placed on the base black line on each saturated paper strip. Finally, 

the center of strip (I) was dipped into deionized water and the rest parts of paper strips 

were horizontally fixed above water for 30 min (The sketch is shown as follow (Fig 

2.5(b)). Also, the bottom 10 mm of the strip (III) was dipped into deionized water for 

30 min. Details of this experiment were shown in Chapter 2.3.4. Strips (II) and (IV) 

were placed horizontally and vertically for 30 min, respectively, as control groups. All 
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the procedures in these experiments were conducted in atmosphere with the humidity 

around 45% (monitored by DRETEC hygrometer) and temperature around 25°C. Fig 

4.2 showed the results of allura red movement in wet paper. Experiments using 

methylene blue (cationic) dyes were also done by following the same procedures. The 

results of methylene blue were shown in Fig 4.2 (b). 

Recall: . 2.5 (b) Sketch of dye horizontal elution in water saturated paper strip 

Figure 4.2 The transportation of (a) Allura Red and (b) methylene blue in wet paper 
with water supply at the (I) center and (III) the bottom (the sites of water supply were 
pointed by the arrows). In (II) and (IV), control groups without water supply were also 
set up. 

Fig 4.2 (a) and (b) showed that both cationic and anionic dyes located on 

saturated paper strips were carried forward if the strips were partially dipped into 

water. The transport direction was away £l'om the water supply. However, there was no 

obvious dye transportation on the strips of control groups (without water supply). 

These experimental data showed that there must be water flow migrating from the 
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water supply towards the end of the paper strips that transports dyes away from the 

water supply. Fmthennore, the dyes which were placed closer to the water supply 

would be transported longer than the dyes drawn farther. 

Discussion 

In many researches in latex film fonnulation (74), it was found that during the 

stage of water evaporation, particles will be brought close to packing latex films. Due 

to different evaporation rates on the latex film, more particles would concentrate at the 

"drying boundary" (which is the boundary between wet film and dry substrate) and 

make the edge of the latex film thicker (75). This is called the "coffee ring effect" fIrst 

discovered by Deegan (63). Robett D. Deegan and coworkers suggested that in a 

droplet with a constant contact line with a solid substrate, liquid evaporating from the 

edge would be replenished by liquid from the interior. This edge-ward flow would 

cany dispersed materials to the edge and the dispersed materials will then concentrate 

to fonn the ring-like deposit that remains after all the liquid evaporates. 

In our previous experiments in chapter 3, particles always concentrated at the 

eluted end in various circumstances such as different ionic strengths, different surface 

potentials, and different channel shapes. We believed these phenomena was also 

because of particles were transported and concentrated at the constant contact line 

(elution end). However, the mechanism that causes these phenomena is different from 

the coffee ring effect. In short, the coffee ring fonnation is caused by different 

evaporation rates in the center and edge of a liquid drop (63). However, in our 

research, the evaporation rate was assumed uniform on the whole surface area of 

paper if elution took place in constant humidity. Thus, there must be some factors 

other than evaporation rates that caused the particle concentration at the elution end of 
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paper during all the experiments. 

Fig 4.1 showed that the concentration of Allura Red didn't occur after elution in 

sealed paper strips. This phenomenon suggested that the concentration of pattic1es at 

the eluted end was indeed caused by the evaporation of water in eluted latex on the 

paper strip. Therefore, once the evaporation was restricted, the concentration at the 

eluted end would not occur. Also, theoretically, the elution distance is controlled by 

the capillary force while no other external forces are applied. The earliest study of 

capillary force was conducted by Young and Laplace in the 19th century. The capillary 

force was given as: 

Fc = 4JryR cos e Eq (4.1.1) 

According to the above equation, the capillary force only depends on surface 

tension of the liquid (y) and surface / liquid contact angle (8), both of which are 

humidity independent. In each trial of our experiments in Fig 4.1, the same liquid 

(water) and capillary media (Whatman No.1 filter paper) were applied, which meant R 

(the pore radius) should be constant. Since the capillary force should not Vaty with 

evaporation, we can derive that the variation of elution distances in those experiments 

was due to other factors, which were dominated by evaporation. 

Based on the mass balance, Fries et al. (29) have developed a model to describe 

the evaporation effect in capillary rise of water in porous media. Based on their work, 

a new model that describes the mass balance of water transportation in porous media 

can be established. First, the evaporation rate in the whole elution period is assumed 

constant and distributed uniformly. This assumption is valid when the evaporated 

moisture (water vapor) disperses rapidly, so the evaporation should not be retarded by 

the increase of moisture content, as well as when the heat source is uniformly 
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distributed in the porous media. Fig 4.3 shows the illustration of the mass balance 

between the evaporation (ME) and capillaty (Me) mass flow rate. 

j 
j 
I 

M(x+dx) 

dx 
h 

...... 
...... ...... 

M(x) 

I C + E 

Figure 4.3 The illustration of the mass balance during water elution in paper (29) 

Me is given by: 

Me =dhldtxpxA Eq (4.1.2) 

where p(lcg/m3) is the density of water, dhldt is the elution flow rate (mmls) ,t is the 

elution time (s), and A means the vacancy cross sectional area of the paper strip (mm2) 

(where water can flow through) which can be presented as (5 (thickness of paper strip) 

x W (width of paper strip) x ¢ (porosity of paper strip). Next, evaporation is 

assumed to only occur on paper surfaces so that ME can be presented as: 

Eq (4.1.3) 

where l11e (Kg/m2·s) is the constant evaporation rate and h is the elution distance (mm). 

By applying Eq( 4.1.3), the differential mass balance (mass balance in a small distance 

dx) (Fig4.1.4) can be expressed as: 

dM(x) = M(x + dx) - M(x) = -2me x (W + o)dx Eq (4.1.4) 
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After integration ofEq (4.1.4) and applying the boundary condition that the mass flow 

rate in the beginning (x = 0) is Me + ME, the mass balance equation can be presented 

as: 

x 
M(x) = Me + 2me x (W + 6)X hx(l--) 

h 
Eq (4.1.5) 

Once the elution flow reaches the eluted end, Mc will stop. On the other hand, ME still 

takes place in order to refill the evaporation water until the paper strip leaves the water 

supply. Therefore, the mass flow rate in x becomes: 

Eq (4.1.6) 

By dividing M ('() with water density and vacancy cross sectional area (A), the 

velocity of mass flow after elution flow reaches the eluted end can be obtained as: 

X 
VR (X) = M(x)/ pA = 2me x (W + 6) x h x (I-h)/ pW6¢ Eq (4.1.7) 

As shown in Eq 4.1.7, the maximum flow velocity takes place when x = 0 and can be 

expressed as: 

2meh(W +6) 

pW6¢ 
Eq (4.1.8) 

Then substituting Eq 4.1.8 into Eq 4.1.7, the flow velocity can be presented as: 

Eq (4.1.9) 

Eq (4.1.9) is able to explain the phenomenon in Fig 4.2 (a) and (b) that on wet paper 

strips, if the dyes were located closer to the water supply, it would be eluted longer 

than those drawn farther from the water supply. As afore mentioned, once the elution 

flow reaches the end position, the capillary flow would cease. However, since 

evaporation would still occur, the mass flow (MFE) for refilling the evaporation loss 
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would still take place until the paper strips were removed form the water supplies. In 

the results of Fig 4.1, since water evaporation continuously acted on paper strips 

exposed to the atmosphere, MFE would keep taking place in those paper strips lmtil 

the experiment stopped. Thus the dye pmiicles would continue transporting to the 

eluted end. Finally, the band shapes of dye concentrations formed. On the contrary, 

there is no dye concentrating on evaporation limited paper strips. Therefore, a 

conclusion can be made that the formation of particle concentration at the elution end 

in our research was not due to different evaporation rates, but dominated by different 

flow rates ofMFE, which were varied with elution distances. 
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4.2 Influence of evaporation on particle concentration 

Fig 4.4 shows the experimental and model simulation results of latex transported 

j distances on paper during 1 hour of elution in different relative humidity levels. 

I 
Calculation of model simulation results are presented in Appendix one. In Fig 4.4, it 

can be observed that the elution distance of latexes (cationic and anionic) would 

increase with the increase of relative humidity. The elution distances of cationic latex 

particles in 35 % humidity was much shorter (40 mm for 80(+) and 25 mm for 120(+)) 

than in 50 % or higher relative humidity (75 mm or higher for 80(+) and 60 mm or 

higher for 120(+)). In contrast, the increasing rate of elution distance was reduced 

after the relative humidity was higher than 50%. In Fig 4.4 (b), the significant change 

in anionic latex elution distances between 35% and 50 % can also be observed (50 

mm to 85 mm). Nevertheless, there are significant differences in elution distances 

between 80(+) and 120(+) but not between two anionic latexes. Also when anionic 

latex was eluted in 100% humidity, both 60(-) and 135(-) particles reached the fmal 

end of the paper strips in 1 hour. So experimental results showed no differences in 

elution distances between 60(-) and 135(-) and no error bar is shown. 

Figure 4.5 shows particle deposition of different latexes at the elution end after 1 

and 2 hours of elution as a function of relative humidity. As observed in Fig 4.5, there 

are significant increases in particle depositions between 1 hour and 2 hours of elution 

at 35 % relative humidity (80(+):0.32, 120(+):0.12, 60(-):0.1, 135(-):0.15), and the 

increasing of particle deposition was diminished with the raise of relative humidity. 

When elution took place in 100% humidity, the particle concentration phenomenon 
'I 

could barely be observed. In summary, concentrated PS patiicles at the end of the 

elution path would be reduced by raised relative humidity. 
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Figure 4.4 Experimental elution distance and model simulation of (a) cationic and, (b) 
anionic latexes after 1 hr elution in different surrounding humidity (since the length of 
paper strips in these experiments are 120 mm, the maximum of elution distances are 
120 mm), The model simulation results are obtained by Eq, 4.2,11. The details of 
model calculation are presented in Appendix 
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Figure 4.5 Particle deposition of (a) cationic and (b) anionic latexes at eluted end of 
paper (where the concentration of particles took place) after 1 hour and 2 hours elution 
as a function of relative humidity 
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Fig 4.6 (a) shows the cross section fluorescence images in paper strips, which 

eluted 135(-) for 1 hr in atmosphere (humidity is around 45%). It can be observed that 

after the paper strips were dried, most pat1icles deposited on the surface of paper, and 

only a few particles trapped by paper fibers remained inside the paper strip. 

Fm1hermore, in Fig 4.6 (b), 80(+) particles were eluted for 1 hr in atmosphere 

(relative humidity around 50%); it can be observed that deposited particles formed a 

mono layer like structure on the fiber surface. However, a particle deposition layer is 

also observed on the paper surface. 

Figure 4.6 Cross section fluorescence images in paper strip after eluted (a) 135 (-), and 
(b) 80 (+) latexes. The bright layer is the fluorescence emitted from the latex particles, 
which mostly deposited on paper surface. 

Consequently, in order to suggest a strategy for diminishing the sample losses 

during transport in paper porous media, the experiments with partially reduced 

evaporation rates were done. As we can observe in Fig 4.7 (a), less dye was deposited 

in the region covered by plastic strips. The plastic strips were used to reduce the 

evaporation rate in that region. Moreover, Fig 4.7 (b) shows images and particle 

deposition amount of 80(+) latex eluted through the paper strip with plastic strips 
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covered in the middle. The results showed that particle deposition at the region of 

restricted evaporation rate was smaller than the one with normal evaporation which 

indicated that the amount of pmticle deposition was also diminished. 
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Figure 4.7 (a) 1 hour elution of Allura red in paper strips covered by plastic strips 
(between two black lines), (b) Images (black white inverted) and pmticle deposition 
amount of 1 hr elution of 80(+) in paper strips partially covered by plastic strips 
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Discussion 

Fries et al. (29) suggested an equation fur describing momentum balance of 

capillary liquid flow in porous media which includes the influences caused by 

evaporation: 

Eq (4.2.1) 

Where Pc is capillary (Pc = 2(J' cos () / Rs (Rs is capillary radius, 7.6 !-lm for Whatman 

No.1), Ph is gravity (pgh), Ph(t) is the viscous pressure loss of capillary mass flow (Mc) , 

and PR is the viscous pressure loss of mass flow to replenish evaporation loss (ME)' 

Fmihermore, the viscous pressure loss can be calculated as: 

Ph(t) = t,uJ h(t)dx =t,uh. h(t) 
k 0 k 

Eq (4.2.2) 

Eq (4.2.3) 

Substitute Eq (4.2.2) and Eq (4.2.3) into Eq (4.2.1), the momentum balance becomes: 

2(J'cos ()s h rjJ h h() ,ume (W + 5) h2 ------"- = pg + -,u. t + _--=-..oc __ -,-

Rs k kpW5 

Eq 4.2.4 can be transformed to: 

a 
h(t) =--b-ch 

h 

Then, three coefficients a, b, and c can be defmed as follows: 

2(J' cos ()_ K 
a= s 

rjJ,u Rs 

b=pgK 
rjJ,u 

me(W +5) 
c=~----'-

pW5rjJ 
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Where K represents the permeability (m2
) and can be obtained by experiment as 

described in Chapter 2.2 by measuring h(t) and t during water elution by Whatman No 

1 filter paper. cos as is the contact angle between paper and water which is assumed 

to be 1 based on Liukkonen's (76) research. Liukkoen suggested that the contact angle 

of a-cellulose is 0 and Whatman No.1 is composed of 98% a-cellulose. Furthermore, 

me can be calculated by the equation suggested in ASHRAE handbook (77): 

me = (Pw- Pa)x (0.089+ 0.0782Vair )/ y 
Eq (4.2.9) 

where Pw is the saturated water vapor pressure (kPa), Pa is the partial pressure of 

water vapor (kPa), Vair is the air flow velocity in the environment which is assumed to 

be zero in these experiments, and Y is the heat of vaporization of water which is 2257 

kJ/Kg. 

Therefore c can be present as: 

3.94x10-5 (Pw-Pa)(W +6') 
C = -----'-------'---'----'-

pW6'¢ 

Moreover, by setting h(t) equal to 0, the maximum height can be obtained: 

-b ~2 a h =-+ ---
max,a,h,c 2c 4c2 C 

Eq (4.2.10) 

Eq (4.2.11) 

By Eq 4.2.11, we can derive that hmaz is inversely proportional to c which is the 

evaporation rate coefficient. According to Eq 4.2.10, water in an environment with 

lower water vapor pressure (lower humidity) would have higher evaporation rate. 

Therefore, the capiliary eluted distance would decrease when elution occurs in 

environment with high relative humidity. This derivation agrees with results shown in 

Fig 4.4. The elution distances of particles are the shortest while elution was conducted 

in lowest (35%) humidity; nevertheless, elution distances increased when humidity 
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levels rose. 

Experimental results of latex elution distances were also fit by the model 

developed before (Eq 4.2.11). The fitting results showed that there are about 2 - 15% 

discrepancies between experimental elution distances of anionic latex and model 

simulations. Fries et aZ. (29) suggested that the discrepancies are due to the higher 

evaporation rate on the wicking top (capillaly flow front). The discrepancies may be 

also due to the wind flow during elution experiments, which was assumed 0 mls in the 

model calculation. However, if the wind flow velocity was assumed 0.15 mls (the 

minimum wind flow in nature) in model calculation, the maximum discrepancy would 

be reduced to 13 %. This is shown in the following figure (Fig 4.8). 
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Figure 4.8 Experimental elution distance and model simulation of ( a) cationic and, (b) 
anionic latexes after 1 In' elution in different surrounding humidity with wind flow 
velocity 0.15 mls. The model simulation results are obtained by Eq. 4.2.11. The details 
of model calculation are presented in Appendix 

Moreover, there are stronger discrepancies (10-50 %) that can be observed when 

fitting cationic latex elution distances where the model calculation of maximum 
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elution distances is higher than experimental results. According to the experimental 

results presented in Chapter 3.1 (Table 3.1), we suggest that the increase of 

discrepancies is because of the retardation of liquid penetration by pmiicle deposition. 

This retardation of liquid penetration further reduces the maximum elution distance. 

In the chapter 4.1, it was suggested that there was a mass flow (MFE) which 

occurred in the whole elution period in order to refill the evaporation loss of water. 

Besides, MFE would transport dyes and cause the concentration of dyes at the eluted 

end. This phenomenon can also be obtained in experiments results shown in chapter 3 

(Fig 3.1, Fig 3.5, Fig 3.6, and Fig 3.3.1) where particles concentrated at the end of 

elution and formed a band shape. Since MFE was driven by the evaporation loss of 

water, once evaporation diminished, the flow rate of ME should also decrease. Thus, 

the flow rate of MF E would be lower in an environment with higher humidity (lower 

evaporation rate). As seen in Fig 4.5, by comparing the differences of pmiicle 

deposition between 1 hour and 2 hours of elution in different humidity, the 

diminishing of MFE caused by higher evaporation rate can be obtained. During elution 

in 35% of relative humidity, obvious concentration took place regardless of 

differences in surface charge and particle size. The concentration phenomenon 

decreased along with the raise of relative humidity. 

Our experimental results also show that during elution, particles at the center of 

paper (where is no evaporation) are not only transported fmiher by the elution flow, 

but also transport outward to the paper surface in order to refill the iiquid ioss due to 

evaporation. This outward transportation of particles would continue to take place 

until the paper strips were completely dry which caused most suspended particles 

(particles which were not fixed on to paper fibers) to move to the paper surface. This 
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phenomenon is clearly observed in Fig 4.6 where particles were transpOlted towards 

the paper surface during and after elution which formed a deposition layer on the 

; 
I 

1 

paper surface. These results show that the particle concentration phenomenon also 

takes place in the direction perpendicular to elution flow. 

When applying paper analytical devices, getting large amount of samples in the 

sensing area is sometimes required to obtain higher signal intensity. We can achieve 

that by controlling the evaporation rate. As results observe in Fig 4.7, we are able to 

reduce the amount of particle deposition by diminishing the evaporation rate. We 

believe this phenomenon occUlTed once solutions eluted in paper strips have different 

regions of evaporation rate; solution would tend to flow towards region with higher 

evaporation rate in order to refill lost liquid. Therefore, more particles would be 

brought to those regions and deposited there. So, if we diminish the evaporation 

during particles elution, fewer particles would be lost during transportation and more 

particles would finally concentrate in the eluted end. 
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4.3 Model analysis on factors influencing the maximum elution 

distance 

Paper properties are considered as some of the most important factors that 

influence liquid (and colloid) movement during elution. According to Eq 4.2.11, there 

are three variables (a, b, and c) that influence the maximum elution distance, and the 

three variables are dominated by different paper properties: 

where a, b, and care 

-b ~2 a h =-+ ---
max,a,b,c 2c 4c2 C 

2o-cos()s K 
a=---""-

¢Jl Rs 

b=pgK 
¢Jl 

me(W+5) 
c = ---=--'-----'--

pW5¢ 

Eq (4.2.11) 

Eq (4.2.6) 

Eq (4.2.7) 

Eq (4.2.8) 

The relevant paper properties include: 88 (contact angle), <I> (porosity), K 

(permeability), Rs (capillary radius (pore radius)), W (width), and 8 (thickness). 

Moreover, 11 is the liquid viscosity, 0' is the surface tension of the liquid and d is the 

liquid density. We applied deionized water in the calculation as eluted liquid and 

assumed those properties were constant during elution. (Deionized water properties: 

Viscosity (11): 8.49xl0-4 (Pa's), Density (d): 1 (kg/L), and Surface tension (0'): 67.91 

(kg/s2
)). Also, all the simulations are based on a relative humidity of 50 %. 

The influences of thickness, porosity, and contact angle on maximum water 

elution distance were simulated by our model. The influence of each property on 

elution was estimated separately with the others kept constant. Simulation results of 

maximum elution distance as a function of different varying paper properties are 

shown in the following paragraphs, respectively. 

71 



Master thesis-Huan Hsuan Hsu Chemical engineering, McMaster University 

4.3.1 Paper thickness 

Fig 4.8 shows the simulation result of maximum water elution distances (hMAx) 

on paper strips (Whatman No.1) with different thicknesses. In general, elution 

distances increase with the increase of paper thicknesses. It can be observed that the 

hMAX increases from 63 to 188 mm when the thickness increases fl.-om 0.1 to 1 mm. 

Furthermore, the influence of thickness on hMAx is strong when the thickness changes 

from 0.1 to 0.5 mm. When the thickness of paper increases 0.1 mm, hMAX increases 

from 13 to 20 mm. Moreover, this enhancement effect of hMAx diminishes as the paper 

thickness increases. Simulation in paper thickness between 0.5 to 1 mm shows that 

hMAx rises 8 to 11 mm when thic1mess increases every 0.1 mm. In thicknesses 

between 1 to 2 mm, hMAx would increase 67 mm which is a 6.7 mm increase in 

elution distance for evelY 0.1 mm increase in thickness on average. 
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Figure 4.9 Simulation results of deionized water maximum elution distance in paper 
(Whatman No.1) with thickness 0-1 mm (other properties of paper: Width (W): 0.02 
(m), Porosity ($): 0.7422, Average capillmy radius (Rs): 7.609x10·6 (m), Permeability 
(K): 0.131 XlO· 12 (m2

) and Contact angle (8s): 0°) 
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According to Eq 4.1.7 and Eq 4.1.8, we can conclude that the increase in paper 

thickness would reduce VR(x), which is the flow velocity ofMFE (mass flow for refill 

evaporation loss). Furthermore, based on Eq 4.2.1 and Eq 4.2.4, reduction of VR(x) 

would further decrease PR which is pressure loss due to MF E. The decrease of PR 

suggests that the influence of evaporation on mass flow is getting weak when the 

thickness of paper increases. Nevertheless, since one source of pressure loss (PR) is 

reduced, liquid would be able to travel farther. To sum it up, the increase of paper 

thickness would enhance hMAx. Eq 4.1.7, Eq 4.1.8, Eq 4.2.1 and Eq 4.2.3 are recalled 

as follows: 

x 
VR(X) = M(x)/ pA = 2me x(W + 8)xhx (l- h)/ pW8¢ Eq (4.1.7) 

4.3.2 Pore Size 

2meh(W +8) 

pW8¢ 

Pc = Ph + Ph(t) + PR 

Eq(4.1.8) 

Eq (4.2.1) 

Eq (4.2.3) 

Fig 4.9 shows the simulation result for the maximum deionized water elution 

distances (hMAx) in paper (Whatman No.1) with different pore sizes (capillary radius). 

In general, hMAX would decrease if the pore size increases. The capillary force in our 

model is calculated by Young-Laplace equation. According to this equation, increasing 

the capillaly radius would decrease the capillary pressure and further result in reduced 

travel distances. Furthermore, as shown in this simulation, the effect of pore size on 

hMAx is significant for pore sizes from 0 to 2 ~lm (thMAX would consequently decrease 

from 753 mm to 168 mm). Then this effect becomes gentle when pore size increases 
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from 2 to 10 Jlm: from 2 to 4 Jlm, hMAX reduces around 2 mm with every 0.1 ~tln 

increase; from 4 to 7 Jlm hMAX reduces around 1 mm with every 0.1 ~lm increase; and 

from 7 to 10 Jlm hMAX reduces around 0.5 mm with every 0.1 ~lm increase. 
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Figure 4.10 Simulation results of deionized water maximum elution distance in paper 
(Whatman No.1) with pore size (capillary radius (Rs)) 0-10 Jlm (other properties of 
paper: Width (W): 0.02 (m), Thickness (8) 180 Jlm, Porosity (~): 0.7422, Permeability 
(K): 0.131 Xl0-12 (m2

) and Contact angle (8s): 0") 

4.3.3 Permeability 

Fig 4.10 is the simulation result of hMAx in paper strips with different 

permeabilities (K). In general, hMAx would increase with the raise of paper 

permeabilities. Paper permeability in this research was obtained by calculation with 

the experimental data of h (elution distance) and t ( elution time) relationship. The 

calculation of K is based on the equation suggested by Fries et al. (29): 

h 2 = 4o-cos Bs .~.f 
.. ¢fl Rs-

Eq 2.2.1 

This equation shows that K is proportional to the flow velocity (hit) if other 

parameters of paper are kept constant. This suggests that K would increase with an 

increase in capillary flow velocity; nevertheless, raising flow velocity would further 
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lead to the enhancement of hlvlAx. Furthermore, the simulation result also shows that 

the relationship between hlvlAX and K becomes linear after permeability reaches a 

value higher than 0.1 which suggests that the effect ofK in hlvlAx diminishes after K is 

larger than 0.1. 
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Figure 4.11 Simulation results of maximum deionized water elution distance in paper 
(Whatman No.1) with permeability 0-0.5 (xl0-12m2

) (other properties of paper: Width 
(W): 0.02 (m), Thickness (8) 180 ,.un, Average capillary radius (Rs): 7.609xl0-6 (m), 
Porosity (<1»: 0.7422, and Contact angle (8s): 0°) 

Note: 

Before simulating the influence of elution distance cause by porosity and contact 

angle, it has to emphasized that paper permeability (K) in this research is obtained by 

calculation which is based on Eq 2.2.1 suggested by Fries et al. (29). The equation 

shows that K is proportional to porosity (<I» and inversely propOltional to cos8s (cosine 

contact angle). In the following simulation, I( is assumed constant (K==1.037 x lO-7 

mm2 (Whatman No.1)). However, in a real situation, K may also vary with porosity 

and the contact angle of paper. 
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4.3.4 Porosity 

According to Eq 4.2.6, Eq 4.2.7, Eq 4.2.8, and Eq 4.2.11, it can be observed that 

i three parameters a, b, and c are all inversely proportional to porosity (~). Therefore, 

I 

we can derive that porosity should be given away in the calculation of maximum 

elution distance. However, as mentioned before, paper permeability (K) is 

proportional to porosity which suggested that the increase of porosity may lead to an 

increase in permeability and further enhance the maximum elution distance. 

4.3.5 Contact Angle 

The simulation result of maximum deionized water elution distances in paper 

(Whatman No.1) with different contact angles is shown in Fig 4.11. The simulation 

shows that the maximum elution distance of liquid would decrease if the contact angle 

of paper increases. As mentioned in Chapter 4.3.2, capillary force in our model is 

calculated by Young-Laplace equation. According to Young-Laplace equation, 

capillary pressure is proportional to cos8s (cosine contact angle) and cos8s keeps 

decreasing when 8s varies from 0°_90°. Consequently, it can be derived that the 

varying of 8s from 0°-90° would reduce the maximum elution distance of liquid which 

is confirmed by the simulation result. Furthennore, the simulation result shows that 

when paper is really hydrophilic (8s<300), the influence of contact angle on maximum 

elution distance (hMAx) is small (hMAX decrease from 86 to 80 mm). Once paper 

becomes more hydrophobic (8s increasing), the influence of the contact angle on hMAx 

gets stronger (hMAX decreases to 60 nun when the contact angle is 60°; 36mm when 

the contact angle is 80°). In short, hMAx of liquid is higher when liquid is eluted in 

more hydrophilic paper. Moreover, as mentioned before, paper permeability (K) is 

inversely proportional to cos8s. Thus, decreasing of cos8s (increasing of 8s) may also 

lead to the increase of permeability and fulther diminishes the effect of 8s on hMAx. 
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Figure 4.12 Simulation results of maximum deionized water elution distance in 
paper (Whatman No.1) with Contact angle (8s) 0°-90° (other properties of paper: 
Width (W): 0.02 (m), Thickness (8) 180 ~l1n, Porosity (~): 0.7422, Penneability (K): 
0.131 Xl0-12 (m2

) and average capillary radius (Rs):7.609xl0-6 (m)) 

4.3.6 Overall influence and Conclusion 

Fig 4.12 shows the simulation result of maximum deionized water elution 

distance (hMAx) as a function of relative humidity (1 % - 95%) when elution occurs in 

paper with varying parameters, respectively. The effect of relative humidity fl:om 96% 

to 100% is too strong and would overlap the influence of other factors. Thus, the 

simulations are conducted only in the range of 1 %-95% relative humidity. In Fig 4.12, 

it can be observed that there is no effect of decreasing half porosity on hMAX which is 

suggested in Chapter 4.3.4. Moreover, hMAX is the most sensitive to pore radius in 

comparison to the other parameters. Furthermore, the effects of half thickness and half 

permeability are about the same on hMAx. In conclusion, the rank of effects caused by 

paper parameters on hMAX from high to low is: pore radius (capillary radius (Rs)) > 

permeability (K) ='=7 thickness (8) > contact angle (8s»> porosity (~) (no effect). 
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Figure 4.13 Simulation results of deionized water maximum elution distances in paper 
with varying parameters (\12 thickness (8), \12 pore radius (Rs) , \12 porosity (~), Y2 
permeability (K) and 45° contact angle (8s)) as a function of RH (1% - 95%). The 
varying parameter is listed beside figure. Other constant paper parameters is applied 
the propeliies of What man No 1 in simulations. 
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Chapter 5 Conciusions 

According to the experimental results and theoretical discussions the following 

conclusions can be made. 

(1) Latex surface potentials (mobilities) of particles are one of the main factors 

controlling particles deposition on paper fiber surfaces. More deposition was observed 

when particles with positive charge (than negative) eluted in paper and vice versa. 

(2) Particle depositions retard the elution flow and further reduce the elution distance. 

(3) No obvious influences of particle deposition when anionic latex elution flows with 

different velocities. Furthermore, the results of cationic particle elution shows that the 

particle deposition raised with increasing elution flow velocity. 

(4) Increasing salt content on paper strips enhances the particle deposition amounts of 

anionic patiicles during elution. 

(5) The deposition of cationic particles formed a monolayer stmcture due to the 

"Blocking effect". However, increasing salt content in paper reduced this blocking 

effect and fmiher increases the particle deposition. 

(6) The formation of particle concentration at the elution end in this research is not 

due to different evaporation rates, but dominated by MF E which occurred in order to 

refill the water loss due to evaporation. 

(7) The maximum elution distance (hMAX) is strongly related to relative humidity. The 

lower hMAx occurs in higher relative humidity. 

(8) MF E also takes place in the direction perpendicular to elution flow which 

transported particles outward to the paper surface to refill the evaporative loss on the 

surface. Experimental results show a patiicle concentration layer (bright layer in Fig 

4.6) formed on paper surface after the paper was completely dried. 
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(9) The experimental results show that the amount of particles deposited when latex 

solutions eluted through paper strips is reduced in diminishing evaporation rate areas. 

j 
Thus, we suggest that if the evaporation is limited during samples transported in paper 

analytical devices, the sample lose caused by deposition on paper fibers can be 

I diminished. 

(10) According to the model simulations (Eq 4.2.11), the rank of effects caused by 

paper parameters on hMAX from high to low is: pore radius (capillary radius (Rs)) > 

permeability (K) ='=7 thickness (8) > contact angle (8s) » porosity (~) (no effect). 
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Appendix: Model calculation of the elution distance 

Constant Parameters 
Temperature: 25°C 
Water saturated pressure at 25°C (Pw): 3170 (Kg/(m*s2)) 
Whatman No 1 paper strips 
Width (W): 0.02 m 
Average thickness (8): 1.8 x10-4 m 

Porosity (~): 0.7422 (porotech co.) 
Average capillary radius (Rs): 7.609xl0-6 m (porotech co.) 
Permeability (K): 0.131 XlO- 12 m2 

Contact angle (8s): 0° (Liukkonen, 1997) 
Deionized Water 
Viscosity (Il): 8.49xlO-4 Pa*s 
Density (dw): lkglL 
Heat of vaporization of water (Y): 2257 KJ/Kg 
Varying Parameters 
Relative Humidity (RH): 35%, 50%,75%, 100% 
Water partial pressure (PRH): RHx3170 (Kg/(m*s2)) 

Calculation procedures 
(1) The evaporation rate of water at each RH can be calculated by: 

me = (~v - PRH ) X (0.089 + 0.0782Vair )IY Eq (4.2.9) 

(fromASHRAE handbook edition 2003) 

where Vair is 0 tn/s, and the evaporation rate of water at four (or more) different RHs 
can be obtained as following: 
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(2) The maximum height that water capillary flow can reach in paper is calculated by: 

-b ~2 a h =-+ ---
max,a,b,c 2c 4c2 C 

Where a, band c is 

Eq (4.2.11) 

a = 2a-·K = 3.517x10-6 m
2 

,b = pgK = 1.932 x 10-6 m 
¢JiRs S ¢Jl S 

and c = me(W +8) 
p·W·8·¢ 

We can see that c is a function of llle, and then c at different llle can be calculated. 

(3) Consequently, by substituting a, b, and c into Eq (4.2.11), hmax at different RHs can 
be obtained as following: 

Elution Distance at different RH (Whatman No.1) 
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