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Use of the Equilibrium Contact Angle as an Index of Contact 

Surface Cleanliness 

INTRODUCTION 

The definition of cleanliness of food contact surfaces is an issue of great imponance to 

the food industry. It is difficult to maintain production of high quality products if cleaning 

is done improperly. In the food industry, the processing equipment must be routinely 

cleaned after production periods to prevent microorganism growth and to maintain product 

quality. But the cost of cleaning is high. The estimated world cost for cleaning chemicals 

alone is in excess of one billion dollars annually (Kane and Middlemiss, 1985). Lost 

production due to downtime, energy consumption and labor costs associated with cleaning 

amount to several billion dollars. As a consequence, it would be useful to gain access to a 

simple methodology for quantifying material cleanliness. Such methodology would be 

useful for routine quality control, e.g., to document whether or not a particular cleaning or 

sanitation operation has achieved its purpose. It would also be useful to compare the 

effectiveness of different cleaning procedures or chemicals. In fact, this study was initiated 

to compare the cleaning effectiveness of an acid/surfactant mixture developed by the Unocal 

Corp. (Los Angeles, CA) with several other cleaning methods. 

Currently, ellipsometric, spectroscopic and radiological methods can answer the 

question of material cleanliness, but they are too cosdy and too complex for routine quality 

control. It may also require excessive time and money to train an operator. Microbiological, 

gravimetric and chemical methods are also available to detect contamination of food contact 

surfaces, but they are time consuming and may lack sensitivity to low coverage of 

contaminant. 

Contact angle methods have been used for decades to assist surface characterization. 

A number of workers employed contact angle techniques to detect surface contamination by 



hydrocarbons (White, 1970, O'Kane and Mittal, 1979; Sowell et al, 1974), and it was 

thought that contact angle methods could be used only to determine hydrophobic 

contamination on hydrophilic surfaces, i.e. those surfaces exhibiting a free energy greater 

than 72 mJ/m2 (Mittal, 1979). 

The objectives of this study were to record contact angle data for different liquids on 

a variety of fouled and cleaned surfaces in order to establish the existence of a relationship 

between contact angle and mass of adsorbed film, and to define the limitations associated 

with use of the contact angle as an index of contact surface cleanliness. Simple contact 

angle methods were used to analyze both bare surfaces and film-covered surfaces. Both 

homogenous protein films and complex, heterogenous milk films on various solid surfaces 

were studied. 

Attempts to compare contact angle results from different laboratories have been 

largely unsuccessful, partially due to measurement under different experimental conditions 

and with different procedures, e.g., different drop volumes have been employed in 

different laboratories (Krochta and Bellows, 1974; Lelan and Marmur, 1979; Marmur, et 

al., 1985; O'Kane and Mittlal, 1974 ). Therefore, inirial tests were carried out to determine 

the effect of drop volume on the equilibrium contact angle for combinations of solids and 

liquids of varying polar and nonpolar character, in order to recommend an appropriate drop 

volume for use in the remainder of this study. The results of the drop volume study are 

currently in press in J. of Food Protection; the manuscript is included in the appendix. 



LITERATURE REVIEW 

Fouling 

Background 

Fouling is the process of soil deposition onto solid surfaces. It is a spontaneous 

process that can be simply represented as follows (Jennings, 1965): 

Free soil —-> Deposited soil:    AGpouiing < 0 

Since there is a negative change in free energy, AG, a certain amount of energy is always 

required to produce a clean surface. 

The fouling reaction can be resolved into two steps: accumulation of species at the 

interface and reaction with the surface (Sandu and Lund, 1985). 

Soil-substrate systems characterized by high attractive forces would be expected to soil 

more readily, and the removal of such deposited soil would be more difficult. Jennings 

(1965) described the process as being the result of two type of attractive forces: van der 

Waals forces of attraction between atoms, and electrostatic forces of attraction. Van der 

Waals forces are partially responsible for the adherence of hydrophobic groups, whereas 

electrostatic forces should be regarded as the adsorption forces of ions or charged panicles 

at charged surfaces (Nassauer and Kessler, 1985). 

Fouling by milk and protein 

Milk is a complex biological fluid composed of several hundred components (Sandu 

and Lund, 1985). The main components of whole cow's milk are water (87.3% W/W), 

lactose (4.6%), lipid (3.7%), protein (3.25%), mineral salts (0.65%), organic acids 

(0.18%), and others (o.32%). 

Whole milk is a heterogeneous system comprised of a continuous phase and a 

dispersed phase. The continuous phase (serum) is a solution of lactose, whey protein, 

mineral salts and soluble fats in water. The dispersed phase encompasses fat globules, 



casein micelles and lipoprotein particles (Sandu and Lund, 1985). 

All milk lipid, with the exception of soluble lipid, is present within the fat globules. 

Milk fat (mainly triglycerides) constitutes the core of fat globules, whereas their membrane 

is composed of phospholipids, lipoproteins, enzymes and mineral salts (Harper, 1976). 

The composition of protein in milk is approximately 88% casein, 9% (5-lactoglobulin, 

and 3% a-lactalbumin (Sandu and Lund, 1985). Caseins are present in the casein micelles. 

Casein micelles are complex polymers. The structure model of casein micelles was 

proposed by Schmidt (1980): K-casein exists primarily at the surface of the casein micelle, 

a micelle contains many submicelles; and the submicelles are bound together by colloidal 

calcium phosphate, p-lactoglobulin and a-lactalbumin are the soluble whey proteins. 

P-lactoglobulin exists in milk as a dimer with 2 -SH and 2 -S-S- groups. The casein 

fractions of milk are very stable, whereas the whey protein fraction is heat labile and almost 

completely denatured at 100oC (Lewis, 1986). Fat globules and casein micelles in raw milk 

are electrically charged (Sandu and Lund, 1985). 

Tissier et al. ( 1985 ) studied milk deposit formation on heated stainless steel surfaces. 

A dense deposit near the metal surface was found, along with a spongious deposit only 

slightly bound to the sublayer. They also pointed out that minerals represented a large 

component of the deposit during early fouling, and that they were homogeneously 

distributed in the sublayer, whereas they were dispersed in the spongious deposit. Fat 

globules appeared to be enclosed within the spongious deposit as clusters, or dispersed. 

Protein appeared to be responsible for the cohesion of the deposit. 

Sandu and Lund (1985) studied milk fouling on stainless steel at different temperatures. 

Below 550C, mineral salts from milk serum were observed to precipitate onto the metal 

surface at a greater rate than whey proteins. In the range between 55 and 750C, the rate of 

protein adsorption was observed to prevail over the precipitation rate of mineral salts. Kane 

and Middlemiss (1985) also stated that the milk soil produced on heated surfaces is 

generally of greater mass and tenacity than that on non-heated surfaces. 



Milk proteins, minerals, lipids and sugars can react at the surface almost independently 

of each other. Once they are bound to the surface, the species undergo an 'aging' reaction, 

which involves a sort of high degree polymerization (Sandu and Lund, 1985). 

The native whey proteins have electrical charges, and are assumed to be adsorbed on 

stainless steel by electrostatic forces. Denatured whey proteins no longer exhibit a regular 

distribution of their electrical charges, but rather hydrophobic and hydrophilic regions, so 

hydrophobic bonding plays the main role in the adsorption. Adsorption of P-lactoglobulin 

is greatest at a pH around its isoelectric point, i.e., 5.2-5.3 (Hegg, et al. 1985). Casein has 

a hydrophobic and hydrophilic nature and adsorbs by its hydrophobic groups (Nassauer 

and Kessler, 1985). 

Nassauer and Kessler (1985) concluded that the favorable electrostatic influences on 

adsorption of particles can be reduced if the surface has the same electrical charge as the 

adsorbate or by use of a hydrophobic surface; adsorption of hydrophobic groups can be 

decreased by a high positive charge at the surface. 

Gallot-Lavallee and Lalande (1985) pointed out that the deposit structure in a milk 

pasteurizer holding section is loose and spongy. During heat processing, proteins are 

denatured and the -SH groups of p-lactoglobulin react to form disulphide bonds with other 

protein molecules. Such a deposit might consist of a protein network trapping fat globules 

and minerals. 

Proteins have a more "spread" conformation at low surface coverage presumably 

because of greater availablity of the surface. Proteins that exhibit a rod-like conformarion 

can be adsorbed in a number of distinct orientations: so called "end-up" and "side-up" 

orientations can be distinguished (Brash, 1985). Brash also stated that the secondary 

structure of protein is usually altered on adsorption and some biological and chemical 

properties lost. This is considered as protein denaturation due to adsorption. 

Milk soils can vary substantially in composition (Kane and Middlemiss, 1985). In 

particular, soils produced on heated surfaces are significantly different from those produced 



on non-heated surfaces because of polymerization of fats and heat-induced denaturation of 

protein. In general, all the major components of milk are found in a milk deposit (Burton, 

1968). 

Burton (1968) proposed a model of milk soil buildup on heat exchanger surfaces. This 

involved deposition of a thin layer of calcium phosphate on the surface, with further 

deposition on this layer including denatured protein bound by minerals with a small amount 

of fat loosely interspersed through the whole deposit. Kane and Middlemiss (1985) 

constructed a similar model for low temperature soil. However at low temperature, much 

less calcium phosphate builds up on the surface, so a less strongly bound soil is created. 

Protein forms a more open structure at low temperature; a greater volume of interstitial 

space is available among the protein and the limited amount of mineral present. These 

spaces may be filled with fat, resulting in a much larger fat content at low temperature. 

Gallot-Lavallee and Lalande (1985) showed the average mass percentage of 

components in a milk pasteurizer holding section deposit to be: 65% protein (about 75% 

p-lactoglobulin), 25% fat, andlO% mineral. 

Cleaning 

Background 

Cleaning is the most ubiquitous used of all food processing operations. Raw products 

must be cleaned prior to processing, and processing equipment and facilities must be 

routinely cleaned after production periods to prevent microorganism growth and to maintain 

product quality. But the cost of cleaning is high. The estimated world cost for cleaning 

chemicals alone is well in excess of one billion dollars per year ( Kane and Middlemiss, 

1985 ). Lost production due to downtime, energy consumption, and labor costs associated 

with cleaning amount to several billion dollars. 

Cleaning is the reverse of fouling and involves the application of different forms of 

energy to cut the substrate-soil bonds (Gallot- Lavallee and Lalande, 1985). Most cleaning 
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processes can be considered to consist of three major steps (Jennings, 1965): separation of 

the soil from the substrate; dispersion of the soil in the detergent medium; and prevention of 

soil redeposition on the substrate. Each of these phases are associated with mechanical, 

physical, and chemical considerations. 

McBain (1942) suggested an equation for detergency: 

soiled substrate + detergent — > soil-detergent + substrate-detergent 

Detergent can separate soil from substrate to some extent. It penetrates into the soil deposit, 

loosening flakes and particles. Porous flakes of soil or aggregations of smaller particles 

will continue to be degraded in size (Jennings, 1965). 

Alkaline cleaners serve as a source of hydroxyl ions, and are used to remove organic 

residues. They are more efficient in removing fat and protein deposits than mineral deposits 

(Kulkami, et al., 1974). Removing mineral deposits usually requires an acid cleaner 

(Jennings, 1965). Soils that are readily soluble in water are easy to remove by detergent 

solutions. 

Soil removal does not proceed to completion nor does it result in a perfectly clean 

surface (Clegg and Cousins, 1970). Jennings (1965) found that a tightly held 

monomolecular layer of fat or sucrose from milk on glass and stainless steel resisted 

removal by solution. The more rapidly removed soil (species 1) is that from the soil layer 

itself, and the more slowly removed material (species 2) includes soil bound to the solid 

substrate (Jennings, 1965). Several workers (Bourne,1962; Pflug et al.,1961; Hensley, 

1952) supported the existence of two distinct soil species that differ in rate or ease of 

removal. Vaeck et al. (1956) referred to a "coarse" soil that was easily removed, and a 

"fine" soil that was removed more slowly. It is possible that species 2 represents a more 

orderly arrangement of the soil into a coherent layer. Cleaning procedures might remove 

most species 1 soil but little species 2 soil (Jennings, 1965, Lee and Ruckenstein, 1988). 

Cleaning of milk deposits 
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Cleaning of milk and milk product contact surfaces represents the largest share of 

cleaning duty in the food industries. Additionally, since milk and milk products are among 

the most perishable major foods, cleaning of milk and milk product contact surfaces is a 

very important consideration in food contact surface cleaning (Kane and Middlemiss, 

1985). 

Jennings (1965) pointed out that as the milk deposit is progressively removed, any 

particular point at its surface may change in character from essentially protein to largely fat, 

to mainly carbohydrate and back to protein. Detergent penetrates into the soil deposit, 

loosening flakes and particles. Porous flakes of soil or aggregations of smaller particles 

continue to be degraded in size. 

Kane and Middlemiss (1985) mentioned that washing temperature is quite important. 

Wash temperature should never exceed 80oC since at this point, the precipitation of 

insoluble salts and the denaturation of protein become significant and would alter soils, 

making them more difficult to remove. Temperatures below about 4()0C will not melt milk 

fat, and hence more chemical energy would be required to remove soil at these low 

temperatures. This agrees with the results from Clegg and Cousins (1970). They found in 

the range 43-520C, water alone was very effective in cleaning milk deposit. This may be 

due to the milk fat deposit being soluble at this temperature range. 

There is very little data available detailing the milk residue composition after cleaning. 

Kane and Middlemiss (1985) tabulated the residues after repeated washing. They found the 

major component of the residues is fat (70-91%), and the minor component, protein 

(9-30%). Clegg and Cousins (1970) studied milk residue composition after repeated soiling 

and cleaning. They described those residues as consisting mainly of fat with a small 

proportion of protein and still less mineral matter. 

Cleanliness Characterization 

The definition of cleanliness of food contact surfaces is an issue of great importance to 



the food industry. It is difficult to maintain production of high quality products if cleaning 

is done improperly. The cost for cleaning in the food industry is very high, and there is 

always a need to know whether or not the goals of the cleaning/sanitation operation have 

been achieved. Cleaning characterization also is essential for "optimizing" cleaning 

procedures, i.e., evaluation of new cleaning methods or new chemicals. The effectiveness 

of a cleaning procedure can be judged by the amount of soil left after cleaning. Methods 

used for determination of remaining soil after cleaning, summarized by Plett (1985), 

include visual, optical, microbiological, radiological, gravimetric and chemical methods. 

Mittal(1979) divided surface evaluation methods into two categories: direct and indirect. In 

the case of direct methods, one directly identifies the nature of the contaminant; whereas the 

indirect methods use a certain property of the surface as an indicator of the presence of a 

contaminant. 

Direct surface evaluation methods 

Ellipsometry is an optical technique used to determine the thickness and refractive index 

of thin films. The ellipsometer measures changes in the state of polarization of light upon 

reflection at a film-covered surface. In brief, a laser beam of known physical properties is 

transmitted to a surface and reflected. Changes in the physical properties of the reflected 

beam are totally dependent on the properties of the film-covered surface; those changes are 

detected and transfered to a microcomputer. A computer program is used to conven those 

measured changes into a value of film thickness and refractive index. Adsorbed mass can 

then be calculated with film thickness and refractive index according to the Lorentz-Lorenz 

relationship as experimentally validated by Cuypers et al(1983). Ellipsometry requires that 

sample plates be highly specular. It is suitable only for thin-films (<60,000A) and the 

required instrumentation is rather costly. 

Hegg et al. (1985) employed a gravimetric method to study the amount of whey protein 

left on stainless steel. This method involves weighing a solid sample before and after 
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cleaning of soil. The amount of soil left on the solid is the difference between the two 

readings. They found the method is accurate enough to measure extensive macrofouling 

(large amount of adsorption), but less useful when the weight of the deposits decreases 

(less than 0.1mg/cm2). 

Spectroscopic methods are commonly used for analyzing and characterizing surfaces. 

Yang et al(1975) used AES(Auger Electron Spectroscopy) in analyzing the presence of 

surface contaminants, thereby monitoring the effectiveness of various surface cleaning 

techniques. Sparrow(1977) employed ISS/SIMS(Ion Scattering Spectroscopy and 

Secondary Ion Mass Spectroscopy) to detect trace amounts of contaminants. 

Indirect surface evaluation methods 

Many articles have reported sampling of food contact surfaces for microorganisms to 

determine the efficiency of sanitation (Favero, et al, 1968; Green and Herman, 1961; 

Baldock, 1974). The principle of this method is that, if a significant number of 

microorganisms is present on a cleaned surface, the treatment has not been effective. This 

test usually requires two days; unfortunately, the test results are usually needed earlier. 

A chemical method was developed by Anderson et al. (1986), to be used with the aid of 

either trained panelists or a Hunter meter ( a colorimetric instrument) for testing the 

cleanliness of food contact surfaces. A wetted cotton swab or chemstrip (usually a type for 

testing protein in urine) is applied to the dirty surface; they become blue when contacted 

with Foulin's test reagent. Their color is then evaluated by panelists or with a Hunter 

meter. The chemstrip was found to be more sensitive than the swab. The limitation of this 

method is associated with protein specificity. 

A third indirect method is wettability. Wettability is a measure of the ability of a liquid 

to "spread" or wet a solid surface. When a liquid drop is brought into contact with a solid 

surface, three interfaces are present: the solid-liquid (SL), the liquid-vapor (L), and the 

solid-vapor (S) interfaces. The line common to the three phases is called the contact line or 
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three-phase line. The angle that the liquid-vapor interface makes with the solid surface is 

termed the contact angle, 0 (Miller and Neogi,1969), as shown in Figure I. A contact angle 

of zero imphes complete wetting of the solid by the liquid. A contact angle value of 180° 

implies that the drop has only one point of contact with the solid, and corresponds to 

absolute non-wetting. 

The concept of wettability of a surface is commonly employed to monitor the 

cleanliness of a surface (Mittal,1979). Wettability is described as the most convenient 

method available for detecting surface cleanliness (Schrader, 1979). Mittal summarized the 

principle behind this technique: if a hydrophilic surface is free from hydrophobic 

contaminants then water should wet the surface (i.e., yield a contact angle of 0°), whereas 

the presence of hydrophobic contaminants will give rise to the formation of droplets. 

Marmur(1985) developed a wettability method, referred to as CSC (Critical Spreading 

Concentration) method to characterize surface cleanliness. This method characterized 

surface cleanliness by the highest concentration of ethanol (in water) that leads to complete 

wetting of the surface. The method is easy and inexpensive to apply, but data obtained by it 

is rather difficult to interpret. The relationship between contamination and CSC is not clear. 

Sowell et al (1974) studied cleaning glass slides by UV irradiation to decompose 

hydrocarbons that were adsorbed from air in a normal laboratory. They measured the 
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Figure 1.   The contact angle, 0, formed when a drop of liquid is brought into contact 

with a solid surface. 
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contact angle of water to evaluate the cleaning process, and found a positive relationship 

between contact angle and cleanliness. That is, the cleaner the surface, the lower the contact 

angle. O'Kane and Mittal (1974) obtained similar results while cleaning metal surfaces by 

a glow discharge plasma treatment. The contact angle decreased with longer cleaning time. 

A number of workers employed contact angle techniques to study contamination of 

surface exposed to a particular hydrocarbon environment for a given time (White, 1970; 

O'Kane and Mittal, 1974; Sowell et al, 1974). Those results show that contact angles 

increase to some extent with exposure time. Schrader (1979) found that the contact angle is 

greatly affected by contaminant even at monolayer coverage because the substrate forces are 

screened by presence of the contaminant. Also, Smith (1979) pointed out that the water 

contact angle is sensitive only to outer layers of contaminant. Mittal (1979) concluded that 

water wettability methods can not be used for surfaces with surface free energies less than 

72 mj/m2 because of non-zero contact angles exhibited by those surfaces when clean; it is 

also difficult to study a rough surface because of spurious results. 

Use of the contact angle in evaluation of surface energetics 

A force balance performed on a drop of liquid at equilibrium on a plane surface (as 

shown in Figure 1), written in its simplest form, is known as Young's equation: 

Ys =YSL + TLCOSG (1) 

Where Ys , YSL and yL refer to interfacial tensions of solid-vapor, solid-liquid and 

liquid-vapor, respectively. It is known that work must be done on a liquid drop to increase 

its surface area, and hence that the surface molecules are in a state of higher free energy 

than those in the bulk liquid. There is then a free energy change associated with the 

formation of a liquid surface, and this is termed the surface free energy. In the absence of a 

adsorption, surface free energy is dimensionally equivalent and numerically equal to 

surface tension (i.e., interfacial tension). 

Suppose that a drop of liquid is resting on a solid surface; a unit area of liquid-solid 
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interface with interfacial tension YSL is created. The reversible work required to part a unit 

area of liquid from the solid is called the work of adhesion, Wa (mJ/m2), It is defined by 

the Dupre' equation (an energy balance): 

Wa=Ys+TL-7sL (2) 

Combining the Young and Dupre' equations yields: 

Wa = yL (1 + cos 0 ) (3) 

Rigorously, equation (3) is applicable only to a system at equilibrium (Gregg, 1961). 

Measurement of the critical surface tension of a solid involves measurement of the 

advancing contact angle, determined for a series of highly purified liquids, in contact with 

the solid surface of interest. The cosines of the angles are then plotted against the 

liquid-vapor surface tension of the corresponding liquids. Zisman (1964) developed this 

method extensively and found empirically that, for a given surface, a rectilinear fit to the 

data is most often obtained. For a particular solid, the intercept at the cos 0 = 1 axis is 

termed the critical surface tension, which is defined as the surface tension of a hypothetical 

liquid which would just completely wet the surface (Andrade, 1985). However, as the data 

points fall within a rectilinear band, different values of critical surface tension can be 

determined on the same solid. 

Seeking a more quantitative treatment of contact angle data, Fowkes (1964) introduced 

the London dispersive force contributions to the surface free energy of liquid and solid. 

YLd and Ys
d. Liquid surface tension may then be expressed as: 

YL = YL
P
 + YLd (4) 

and solid surface tension as: 

Ys=Ysp + Ysd (5) 

where superscripts p and d refer to polar and dispersive (non polar) force components. 

Evaluation of the polar and dispersive components of liquid surface tension is 

straightforward, and such values have been evaluated for a variety of liquids (McGuire and 

Kirtley, 1988). Similarly, the dispersive component of solid surface tension is measurable 
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with some certainty (Fowkes, 1972; McGuire and Kirtley, 1988). Fowkes (1972) 

emphasized that Wa may also be divided into dispersive and polar components, i.e., 

Wa = Wa
d + WaP, and with respect to solid-liquid contact, support has been generated 

(Kaelble, 1970) for funher identification of Wa as: 

Wa = Wad + WaP = 2( YLd Ysd )1/2 + 2( YLP YsP )1/2 (6) 

Combination of the above equation with equation (3) yields: 

YL(1+ cos 6 ) = 2( YL
d Ysd )1/2 + 2( YL

P
 Ysp )m (7) 

Contact angle data recorded for a series of diagnostic liquids with known values of YL
P 

and YLd on a surface of known Ysd should therefore lead to evaluation of Ysp and 

consequently Ys v'a equation 7. Kaelble's method is mathematically convenient, and it has 

been adopted as more quantitative than the Zisman plot method (Nyilas et al., 1977; 

McGuire and Swartzel,1987). Problems associated with it arise from the fact that there is 

no theoretical basis for equating WaP to the geometric mean of the polar components of 

solid and liquid surface tension as was done in evaluation of Wa
d 

( Wa
d = 2(YLd Ysd )1/2 )■ Equation 7 is not theoretically sound and is best written: 

YL(1+ cos 9 ) = 2( YLd Ysd )1/2 + WaP (8) 

The value of the polar contribution to the work of adhesion depends upon the polar 

character of both the solid and the liquid in contact, i.e., 

Wap= f(YLp Ysp) (9) 

Equation 8 can be rearranged and used to evaluate WaP for each diagnostic liquid put in 

contact with a given material: 

WaP =  YL(1+cos0)-2(YLdYsd)1/2 0°) 

Since YL
P
 
0f each diagnostic liquid is known, a plot of WaP vs. YL

P
 
can be constructed for 

any material. The resulting relationship between WaP and YL
P
 is linear (McGuire and 

Kirtley, 1988). Consequently equation 8 may be further resolved to : 

YL(l+cose) = 2(YLdYsd)1/2+ (kYLp + b) O1) 

The slope, k, of a plot of WaP vs. YL
P
 evaluated on a given surface was suggested to be 
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related only to the polar component of solid surface energy, ysP , and independent of the 

diagnostic liquid used (McGuire and Kirtley, 1988). The value of the intercept could be 

interpreted as a measure of 7Cs, the reduction in surface energy of the solid resulting from 

adsorption of vapor from the diagnostic liquid (Dann, 1970). 

The value of the polar component of the work of adhesion between any given solid 

surface and water ( WaPwa[er) can be recorded with the following equation: 

WaPwater = k(YLPwatcr) + b (12) 

WaPwater provides an index of surface hydrophilicity (McGuire, 1990); since it can be 

calculated with the equation above, actual contact angle data for water need not be used. 

This avoids rather serious problems associated with using pure water as a diagnostic liquid 

(Andrade, 1985). 

Values of 0 for a given system often vary widely( Aveyard and Haydon, 1973 ). This 

variation is a result of the existence of a range of 9 values, and is termed contact angle 

hysteresis (Weiser, 1949). Hysteresis is said to occur when values of the advancing and 

receding contact angles recorded for a given system are not equal. Hysteresis is caused by 

surface roughness, surface impurities and irregularities, and surface contamination. 

(Aveyard and Haydon, 1973; Schrader, 1979). 

Several methods are available for measurement of the contact angle. The tilting plate 

method and the sessile drop method are the two most widely used. 

The tilting plate method was originally advocated by Adam and Jessop, and modified 

by Harkins and Fowkes (Weiser, 1949). A small flat plate is held in an adjustable holder 

and dipped into liquid contained in a deep trough. The angle of the plate is then adjusted so 

that the liquid surface remains undistoned right up to the line of contact with the solid 

(Figure 2). Advancing and receding contact angles can be measured when the plate is raised 

or lowered (Gregg, 1961). 

In the sessile drop method, a drop of liquid is formed on a solid surface; the contact 

angle is measured directly by a contact angle goniometer, as shown in Figure 3. The 
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Figure 2.   The tilting plate method for determination of the solid-liquid contact angle. 
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Figure 3.   Picture of a contact angle goniometer, consisting of a light source, 

environmental chamber (not shown), and a telescope. 

(Rame-hart,inc., 1988) 
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instrument consists of a light source illuminating an environmental chamber in which the 

liquid drop-solid system rests, a microsringe for producing liquid drops, and a telescope. 

In the environmental chamber, temperature and humidity can be controlled. The drop is 

viewed through the telescope; cross-hairs in the telescope and a 360° scale around the 

eyepiece enable accurate contact angle measurement. 
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MATERIALS AND METHODS 

Solid material preparation 

Six solid materials were used in this study: #304 stainless steel (Engineering Work 

Shop, OSU, Corvallis, OR), glass (Erie Scientific Co., Portsmouth, NH), silicon (Wacker 

Siltronic Corp., Portland, OR), and three polymers (Sheffield Plastics, Ins., Sheffield, 

MA): acrylic, polycarbonate and polyester. All of the materials were cut into plates of 

approximately 2x2 cm. The surfaces of three polymers were protected during shipment 

and storage with a protective film applied by the manufacturer. The #304 stainless steel was 

polished to a mirror finish. 

Prior to use, each sample plate with the exception of silicon was cleaned in acid 

dichromate cleaning solution with ultrasonic treatment for 10 minutes, rinsed with 

deionized water and dried at room temperature in a dessicator. 

Silicon wafers were divided into two groups; one was treated to be hydrophilic and the 

other treated to be hydrophobic according to Jonsson et al. (1982). Hydrophilic silicon 

wafers were prepared as follows:(l) washed in a mixture of NH4OH : H2O2 '■ H2O (1:1:5) 

at 80°C for 5 minutes; (2) rinsed with distilled water; (3) washed in HCI: H2O2 : H2O 

(1:1:5) at 80oC for 5 minutes; (4) rinsed with distilled water; and (5) stored in a 50% 

ethanol solution to maintain their hydrophilic character prior to use. Hydrophobic silicon 

wafers were prepared as follows: (1) prepared hydrophilic slides were treated for 10 

minutes with 10% dichlorodimethylsilane in trichloroethylene; (2) rinsed in 

trichloroethylene, then acetone, and finally 100% ethanol; and (3) dried with dry nitrogen 

gas and kept in a clean dessicator until use. 

An index of surface hydrophilicity (WaPwater) was determined for each solid material 

according to McGuire (1991). Basically, this involved construction of a plot of WaP vs. YLP 

for the surface of each material. The resulting relationship is linear (i.e., WaP = k yLP + 



21 

b). The value of the polar component of the work of adhesion between any given solid 

surface and water (an index of surface hydrophilicity, WaPwa[er) can be recorded according 

to  WaPwater = k (7Lpwater) + b. Since it can be calculated with the equation above, actual 

contact angle data for water need not be used. This avoids rather serious problems 

associated with using pure water as a diagnostic liquid (Andrade, 1985). 

Fouling and cleaning procedures 

|3-lactoglobulin films: Two sample plates of each of the six solid materials were 

contacted with p-lactoglobulin in phosphate buffer (pH 7) at 40oC for 30 minutes with 

agitation. The concentration of p-lactoglobulin ranged from 100 to 3100 mg/1 with 300 

mg/1 increments. The materials were subsequendy rinsed with tap water for 20 seconds at 

room temperature, and then dried overnight in a dessicator. Buffer solutions were prepared 

as needed and used immediately. 

Milk films: Each material with the exception of silicon was contacted with raw, whole 

milk (Miller's Dairy, Harrisbugy, OR) at 40oC for 30 minutes with agitation. All the 

materials were then rinsed with tap water for 10 seconds at room temperature, and dried 

overnight in a dessicator. 

Each of the prepared milk films were divided into five groups; two samples of each 

material were placed in each group. Each group was cleaned by one of five different 

methods: (1) samples were immersed in tap water at 40oC for 10 minutes with agitation; 

(2) samples were immersed in a 25% H3PO4 (J.T.Baker Chemical Co., Phillipsbury, NJ) 

solution at 40oC for 10 minutes with agitation; (3) samples were immersed in an aqueous 

solution of monocarbamide dihydrogensulphate (MCDS) and a proprietery surfactant 

(Unocal Chemicals Division, Los Angles, CA) at 40oC for 10 minutes with agitation. The 

cleaning solution was prepared such that the concentration of H2S04 was 25% and that of 

surfactant was 5% by mass; (4) a two step process in which samples were contacted with a 

chlorinated alkaline cleaner (Cold-War™ .Klenzade Division, Economics Laboratory, Inc., 
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St. Paul, MN) for 5 minutes at 40oC with agitation, followed by a 10 second tap water 

rinse, and then immersed in an acid detergent (PL-3, Klenzade Division, Economics 

Laboratory, Inc., St. Paul, MN) for 5 minutes at 40oC with agitation. The alkaline cleaner 

was prepared at the rate of 1 ounce: 3 gallons of tap water (pH=l 1.83); and the acid 

detergent was prepared at the rate of 1 ounce: 5 gallons of tap water (pH=2.59) as 

recommended by the manufacturer. (5) a two step process in which the first alkaline 

cleaning step is the same as that used in (4), followed by a 10 second tap water rinse, and 

immersion in MCDS (used at the rate of 1 ounce: 20.7 gallons tap water at an equivalent 

acidity (pH=2.59) with the PL-3 used above) for 5 minutes at 40oC with agitation. 

Each single step cleaning method was followed by a 20 second rinse with tap water; the 

two step cleaning methods were followed by a 10 second rinse with tap water. 

Ellipsometry 

Ellipsometry is an optical technique used to determine the thickness and refractive index 

of thin films. The ellipsometer, shown schematically in Figure 4, measures changes in the 

state of polarization of light upon reflection at a film-covered surface. In brief, a laser beam 

of known physical properties is transmitted to a surface and reflected. Changes in the 

physical propenies of the reflected beam are totally dependent on the properties of the 

film-covered surface; and those changes are detected and transfered to a microcomputer. A 

computer program written in our laboratory converts this input into values of film 

thickness and refractive index. Adsorbed mass can then be calculated for the value of 

thickness and refractive index according to the Lorentz-Lorenz relationship as 

experimentally validated by Cuypers et al (1983). 

An automated ellipsometer (Model LI 16B, Gaertner Scientific Corp., Chicago, IL) 

was used in this sudy. The angle of incidence used was 70°, and the wavelength of light 

was 6328 A. Substrate optical constants required for evaluation of film thickness and 

refractive index were measured for each material before film formation. The thickness and 
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Figure 4.   Picture of an automated ellipsometer used for determination of 

adsorbed mass. (Gaertner Scientific Corporation, 1988) 
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refractive index of the film-covered surfaces were recorded at approximately twenty 

different surface locations for each material. Adsorbed mass was calculated from each data 

set of thickness and refractive index; the average of those values of adsorbed mass was 

recorded for each material. 

Ellipsometry requires that sample plates be highly specular. Since the three polymers 

and glass are transparent, one side of each material was blackened evenly with spray paint 

to prevent reflection of the laser beam from the other side of the material during 

ellipsometric analysis. 

Contact angle measurements on fouled and cleaned surfaces 

Contact angle measurements were performed using a sessile drop contact angle 

goniometer equipped with an enviromental chamber and a microsyringe assembly (NRL 

Model 100-00, Rame-Hart, Inc., Mountain Lakes, NJ.). Solid surface materials were 

individually put into the sample chamber, which was maintained at approximately 250C 

under water-saturated conditions, and contacted with a liquid drop produced by the 

microsyringe. Advancing contact angles were measured at both sides of each drop. At least 

eight contact angle readings were recorded for each diagnostic liquid and solid surface 

combination. 

The diagnostic liquids used in this study included distilled water and aqueous solutions 

of ethanol (EM Science, Cherry Hill, NJ) prepared at 10, 20, 30, and 40 volume % 

concentrations. The drop volume corresponding to diagnostic liquid used throughout the 

study was 20 |il, according to recommendations from previous work in our lab 

(McGuire and Yang, 1990). 
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RESULTS and DISCUSSION 

Solid surface characterization 

Surface properties of each material related to their hydrophilic/hydrophobic balance 

were determined. A plot of WaP vs. yLP, constructed for each material, is shown in Fig. 5. 

The slope of each plot, k, and the intercept, b, were recorded. WaPwa[cr was calculated 

according to WaPwa[er = k(YLPwaler) + b . The parameters k, b, and WaPwau.r are listed in 

Table 1 along with ys
d for each material. The results indicate that hydrophilic and 

hydrophobic silicon exhibit the most hydrophilic and hydrophobic surfaces, respectively. 

The remaining materials, listed in decreasing order of hydrophilicity, are: glass, s.steel, 

acrylic, polyester, and polycarbonate. 

Contact angles of aqueous ethanol solutions on (3-lactoglobulin Alms 

Solid surfaces were covered with (3-lactoglobulin films of varying surface 

concentration. Contact angles and adsorbed mass were recorded on both clean and 

film-covered surfaces, and a plot of contact angle of presentative liquids,water, 20% and 

40% aqueous ethanol solutions, vs. adsorbed mass was constructed for each material. 

Results for 10% and 30% ethanol solutions were much similar to that of the presentitive 

liquids used in this study and are not shown on the plot because it would be overcrowded if 

they were there. 

Figure 6 shows the results for hydrophilic silicon. It is clear that contact angles 

measured on the bare surfaces are lower than those measured on film-covered surfaces. 

This indicates that the film- covered surfaces exhibit more hydrophobic character than the 

clean surfaces. Another feature of Figure 6 appears to be that there is no clear change of 

contact angle with adsorbed mass. It is consequently not possible to quantify the actual 

value of adsorbed mass with contact angle analysis; it can be used to indicate only that a 
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Table 1. Solid surface properties related to their hydrophobic-hydrophilic balance. 

The associated standard errors are reported in parentheses, (k is 

dimensionless; WaPwater, Ys
d, and b are in unit of mJ/m2) 

W P TT a waier Ysd k b 

hydrophilic 

silicon 98.7 17.0 1.99(0.15) -0.10(4.8) 

glass 87.9 27.5 1.95(0.11) -9.00 (3.6) 

s. steel 76.5 32.4 1.77 (0.06) -11.4(2.1) 

acrylic 35.2 45.4 0.98 (0.09) -13.3(2.9) 

polyester 23.5 44.6 0.78 (0.09) -15.4(2.9) 

polycarbonate 12.0 44.9 0.44 (0.22) -10.1(6.5) 

hydrophobic 

silicon 6.66 24.0 -0.06(0.1) 9.39(3.5) 
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Figure 6.   Dependence of contact angle on adsorbed mass of P-lactoglobulin 

(hydrophilic silicon surface) 
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film exists. 

The results for glass are presented in Figure 7. Again, contact angles exhibited a step 

increase upon protein adsorption. The contact angles evaluated on film-covered surfaces 

indicate increased surface hydraphobicity. As in the case of hydrophilic silicon, contact 

angles did not change much with adsorbed mass. This may be due to the fact that contact 

angle is sensitive only to outer layers of contaminant (Marmur, et al., 1985; Schrader, 

1979; Smith, 1979). 

The results for stainless steel are shown in Figure 8. Again, there is an apparent step 

change in contact angle upon film formation, enabling differentiation between clean and 

film-covered surfaces. Also, contact angles do not change much with adsorbed mass once a 

film is formed. 

The dominant adsorption mechanism for (J-lactoglobulin at these three surfaces is 

proposed to be electrostatic in nature; that is, some hydrophilic parts of P-lactoglobulin 

interact with the hydrophilic surface, possibly exposing hydrophobic regions to the 

surroundings during the drying step. Hydrophobic regions exposed in this way would be 

expected to yield a higher contact angle than that observed on the bare surface. 

Figures 9,10 and 11 show the results obtained with acrylic, polyester and 

polycarbonate, respectively. Contact angle behavior among these polymers is similar. It is 

interesting to note that contact angles decrease upon contact with protein rather than 

increase as was observed with the more hydrophilic materials. Apparendy, the 

hydrophilicity of the film-covered polymer surfaces is greater than that exhibited by their 

clean surfaces. This indicates that the trend of contact angle change strongly depends on 

properties of both the bare surface and film; adsorption of films can make hydrophilic 

surfaces more hydrophobic and hydrophobic surfaces more hydrophilic. Again, contact 

angles do not change much with adsorbed mass. The results obtained with hydrophobic 

silicon are shown in Figure 12; a similar trend to the other hydrophobic materials was 

observed. Unlike other materials, the results showed large scatter with respect to the 
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contact angle of water. It may be inappropriate to use water as a diagnostic liquid when 

dealing with extremely hydrophobic materials. 

It is apparent from Figures 9 through 12 that to some extent, the adsorption mechanism 

at hydrophobic surfaces can be characterized by so-called hydrophobic bonding. 

Hydrophobic regions of the protein interact with the hydrophobic surface, exposing 

hydrophilic regions at the surface of the film. This would be expected to make a 

film-covered surface more hydrophilic than its original surface. 

It is interesting to note that the change in contact angle upon film formation decreases 

with increasing solid surface hydrophobicity as shown in Table 2, in which the average 

difference of contact angle between the fouled and bare surface is presented for each 

material. From Table 2, very hydrophobic and very hydrophilic materials exhibit a large 

change in contact angle upon film formation. A lesser change in contact angle is exhibited 

by materials of intermediate hydrophilicity. This would indicate that it is more appropriate 

to detect the presence of the protein films by contact angle methods on very hydrophilic or 

very hydrophobic materials. 

A more quantitative criterion evolves from Figure 13, a plot of A9watei. 

(Qfiim.ave'^bare) vs- WaP water for each material. It is apparent that any material with 

WaP water greater than 49 mJ/m2, or less than 37 mJ/m2 will exhibit a A9watcr greater than 

5° upon film formation. A 5 ° difference in contact angle should be great enough to 

distinguish a fouled material from a clean one by contact angle methods. In a similar 

fashion, it was found that 20% aqueous ethanol solutions will exhibit a &Q20%EIOH greater 

than 5 0 when contacted with materials for which WaP water is greater than 52 mJ/m2 or less 

than 39 mJ/m2; 40% ethanol solutions were observed to be appropriate for materials with 

WaP waler greater than 55 mJ/m2, or less than 38 mJ/m2. This indicates that diagnostic 

liquids have some effect on observed A 0 (9fiim ave"®bare)> an^ each ''quid can be 

associated with a limitation regarding its use. Considering all diagnostic liquids used in the 

study, results suggest that contact angle analysis can detect the presence of a film for 
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Table 2.   Contact angle differences measured between clean and P-lactoglobulin 

film-covered surfaces. The associated standard errors are reponed in 
parentheses. 

A Contact angle, 0 

water 20% EtOH 40% EtOH 

hydrophilic 
silicon 52.07(6.70) 49.69(6.43) 39.09(7.80) 

glass 38.01(3.53) 29.45(3.15) 24.88(3.00) 

s. steel 22.38(3.47) 12.26(2.67) 7.19(3.16) 

acrylic- -4.93(1.42) -7.69(2.35) - 6.72(2.00) 

polyester -15.20(2.32) -17.49(2.26) -15.19(2.65) 

polycarbonate -27.64(2.33) -20.24(2.69) -17.20(2.31) 

hydrophobic 
silicon -11.41(8.04) -10.61(4.81) - 4.60(2.36) 
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materials with WaP WiUer greater than 55 mJ/m2 or less than 37 mJ/m2. 

In summary, adsortion of (3-lactoglobulin affects the surface character of the materials 

studied. Apparendy, strongly hydrophilic surfaces become more hydrophobic, and 

strongly hydrophobic surfaces become more hydrophilic. Contact angle methods can detect 

this difference with the exception of those materials characterized by a value of WaP w.llcr 

between about 37 and 55 mJ/m2. 

Contact angles of aqueous ethanoi solutions on milk films 

Figure 14 shows the relationship between contact angle and adsorbed mass for glass. 

Contact angles measured on film-covered surfaces are greater than those on bare surfaces, 

as was the case with P-lactoglobulin films on glass. The results for stainless steel are 

presented in Figure 15. Contact angles evaluated on fouled surfaces are greater than those 

on clean surfaces, similar to the results obtained for glass. This indicates that a mi Ik-fouled 

hydrophilic surface becomes less hydrophilic than its clean counterpart. Such a statement is 

supported by a milk-film model proposed by Kane and Middlemiss (1985), in which fat 

molecules, the major component left on the solid surface after cleaning (Clegg and 

Cousins, 1970; Kane and Middlemiss, 1985), are present inside and mainly at the outer 

layer of the milk films. This would cause the milk film to behave like a hydrophobic 

surface. 

It should be noted that, as before, contact angles do not change with adsorbed mass in 

any clear manner. Contact angles of ethanoi solutions on glass increase with adsorbed 

mass; contact angles of water on stainless steel apparently decrease with adsorbed mass. In 

any event, these changes in contact angle do not correlate well with adsorbed mass. 

Figure 16 shows results obtained with acrylic. The contact angle of water increases 

with adsorbed mass at very low coverage, then decreases. Apparently, as the film becomes 

thicker, some water molecules may penetrate into the film, making the apparent contact 

angle decrease. This would be consistent with the small molecular volume of water. In this 
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case, the contact angle of water does not represent properties of the film-covered surface. 

Contact angles of ethanol solutions show a step increase upon milk adsorption, then an 

increasing trend with adsorbed mass. This indicates the surface becomes increasingly 

hydrophobic with increasing adsorbed mass. It seems that the presence of a film could be 

detected using ethanol solutions, but not water due to the penetration effect. 

Figures 17 and 18 show results of the remaining, somewhat hydrophobic polymers, 

polyester and polycarbonate. The results obtained for the two polymers are somewhat 

similar. Contact angles of water decrease with adsorbed mass, possibly due to penetration 

of water molecules into the porous milk film. Contact angles of the 40% ethanol solution 

increase at low surface coverage, then decrease with adsorbed mass. Intermediate 

concentrations of ethanol solution do not change much with adsorbed mass in any clear 

manner. Unlike the hydrophilic materials, contact angles do not exhibite a sudden change 

upon film formation, with the exception of ethanol solutions on acrylic. 

The differences in contact angle between milk film-covered surfaces and bare surfaces 

are listed in Table 3. Similar to that of P-Lactoglobulin films, in general, large change in 

contact angle upon film formation is observed on very hydrophilic and hydrophobic 

surfaces; a less change is exhibited by materials of intermediate hydrophilicity. A plot of 

A6water vs. WaP wa[er for milk film-covered surfaces is shown in Figure 19. It shows that 

when water is used as the test liquid, WaP water for a given bare surface should be greater 

than 36 mJ/m2 if A0 is to be 5° or more. Similar plots were constructed for 20% and 40% 

ethanol solutions. For the 20% ethanol solutions, any material for which WaP waU.r is 

greater than 30 mJ/m2 should yield a A0 greater than 5°; for the 40% ethanol solution, W/ 

water should be greater than 23 mJ/m2. Unlike the results obtained from p-Lactoglobulin 

films, the limitations for the usage of each diagnostic liquid vary quite bit. This may 

indicates that it is important to choose the right diagnostic liquid for a more heterogeneous 

film, and it is not so important for a more homogeneous protein film. In the case of acrylic, 

for which      WaP water = 35.2 mJ/m2, the 20% ethanol solution successfully detected the 
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Table 3.    Contact angle differences measured between clean and milk 

film-covered surfaces.The associated standard errors are reported 

in parentheses. 

A Contact angle, 0 

water 20% EtOH 40% EtOH 

glass 46.1(2.16) 39.3(2.85) 30.0(3.66) 

s. steel 41.6(2.44) 32.7(1.90) 32.1(2.83) 

acrylic 1.36(2.58) 7.23(1.78) 8.83(1.85) 

polyester -6.04(3.28) -3.02(2.36) 2.50(1.84) 

polycarbonate -11.7(4.28) -1.52(1.14) 3.16(3.03) 
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presence of a film, whereas water did not. For polyester and polycarbonate, unlike the 

hydrophilic materials, contact angle does not exhibit a step change upon film formation. In 

fact, these film- covered surfaces exhibited contact angles very close to that of their bare 

surfaces at some value of adsorbed mass. This indicates that contact angle methods are 

inappropriate for detecting the presence of a milk film on very hydrophobic materials, even 

though their A0 (Qfiim^ve'^bare) is greater than 5°. Considering all diagnostic liquids used, 

results suggest that contact angle analysis can be used to detect the presence of a film on 

materials with WaP water greater than 23 mJ/m2. 

In summary, for milk films formed on polyester and polycarbonate, use of contact 

angle methods are not appropriate for evaluation of surface cleanliness. Contact angles do 

appear to assist detection of milk films on less hydrophobic materials, i.e., materials with 

WaPwater>23mJ/m2. 
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CONCLUSIONS 

Contact angle analysis can be used to distinguish a clean surface from a surface 

covered with a protein film by aqueous ethanol solutions when the surface exhibits a value 

of WaPwaler greater than 55 mj/m2 or less than about 37 mJ/m2. Otherwise it is 

inappropriate. With respect to milk films, contact angle analysis can be used to detect the 

presence of a film on solid surfaces characterized by a value of WaPwa[er greater than about 

23 mJ/m2 if a 40% ethanol solution is used as the diagnostic liquid, greater than about 30 

mJ/m2 for 20% ethanol, and greater than about 36 mJ/m2 for water. 

Those observations indicate that the type of diagnostic liquid used in such analysis 

becomes an important factor for films of increasing complexity. 

In any event, our results indicate that contact angle analysis is inappropriate to use for 

quantifying the actual mass of soil remaining on a solid surface. 
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RECOMMENDATIONS 

Contact angles depend on both solid surface and diagnostic liquid propenies. Contact 

angle analysis can be used to detect the presence of protein films on both hydrophilic and 

hydrophobic surfaces, but can only be used to detect the presence of milk films on some 

hydrophilic surfaces. It would be interest to apply these methods to films (e.g., juice and 

fat), and to explore the limitations associated with other films. Another question relates to 

what would happen when hydrophobic liquids are used as diagnostic liquids. From results 

of this study, for the case of acrylic with an adsorbed milk film, water was observed to be 

ineffecrive in detecting the presence of a film, but ethanol solutions were observed to be 

effective. This might indicate that hydrophobic liquids have potential in detecting the 

presence of films. Based on these points, two suggestions might warrent further research: 

1. use of different films to study the applications of contact angle analysis in detecting 

their presence; and 

2. use of hydrophobic liquids as diagnostic liquids in contact angle analysis, e.g., high 

concentrations of ethanol solutions or alkanes. 
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ABSTRACT 

The effect of drop volume on the equilibrium contact angle, used in evaluation of 

food contact surface properties, was measured for liquids exhibiting both polar and 

nonpolar character on six different materials. Drop volumes used ranged from 2 to 40 |il. 

Contact angles were observed to increase with increasing drop volume in a range below 

some limiting value, identified as the critical drop volume (CDV). The CDV varied among 

materials and is explained with reference to surface energetic heterogeneities exhibited by 

each type of solid surface. 
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INTRODUCTION 

A great deal of attention has been directed toward application of contact angle 

methods to evaluation of solid surface properties related to surface energy and cleanliness. 

Over the past decade, researchers associated with the food industry have been particularly 

interested in application of such methodology to contribute to their understanding of 

problems including fouling and cleaning of heat exchange equipment as well as packaging 

material selection, preparation, and sterilization (Hallstrom, B., et al.,1981; Lund, D.,et al., 

1985). Additionally, sessile drop techniques and associated equipment are currently used 

for quality control at plants for the manufacture of food packaging, for example, where 

polymeric coatings are applied to paper. Still, attempts to compare contact angle results 

from different laboratories are largely unsuccessful, partially due to measurement under 

different experimental conditions and with different procedures. The present study was 

performed in response to a currently popular question, brought up at national meetings and 

regional sanitation workshops alike, relating to what size drop should be analyzed for a 

given solid-liquid system. 

Good and Koo (1979) reviewed several seriously conflicting observations on the 

relationship between drop size and contact angle, and experimentally established that the 

contact angle formed by a drop of liquid decreases with decreasing drop diameter for certain 

solid-liquid systems. Specifically, they observed this effect with water on Teflon FEP and 

on polymethylmethacrylate for both advancing and receding angles, and with ethylene 

glycol on Teflon FEP for receding angles. Advancing angles of ethylene glycol, and both 

advancing and receding angles of decane on Teflon FEP were not observed to vary with 

drop diameter. 

The purpose of this study was to determine the effect of drop volume on the 

equilibrium contact angle for combinations of solids and liquids of varying polar and 



58 

nonpolar character, and so recommend an appropriate drop volume for use in contact angle 

measurement. 

MATERIALS AND METHODS 

Contact angles formed by a sessile drop on each of six solid surfaces were measured 

with a contact angle goniometer equipped with an environmental chamber and a 

microsyringe assembly (NRL Model 100-00, Rame-Hart, Inc., Mountain Lakes, NJ). 

Drop volumes used ranged from 2 |j.l to 40 (il produced by microsyringe . Measurement of 

both sides of the advancing angles were measured at 2 }il increments; reported values were 

means for at least three drops. The closed sample chamber was maintained at approximately 

250C under water-saturated conditions. 

The liquids used in this study included water and aqueous solutions of ethanol (EM 

Science, Cherry Hill, NJ) prepared at 10, 20, 30 and 40 volume % concentrations. Each 

liquid had its surface tension measured by the ring method with a DuNouy tensiometer 

(CSC Scientific Co., Inc., Fairfax, VA). Solid materials used included four commercial 

polymers and one metal, each approved and commonly used for food contact: high density 

polyethylene, nylon, polypropylene, polytetrafluoroethylene (PTFE) (all from Universal 

Plastics Co., Portland, OR), and #304 stainless steel (Alaskan Copper and Brass Co., 

Portland, OR). The stainless steel was polished to a mirror finish. Glass surfaces were 

also studied, but the extensive spreading demonstrated by each liquid made it impossible to 

detect a definite drop volume effect. 
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RESULTS AND DISCUSSION 

For each solid-liquid situation analyzed, contact angles were observed to increase 

with increasing drop volume in a range below some limiting value, identified as the critical 

drop volume (CDV). The CDV varied somewhat among materials, and this observation can 

be partially explained with reference to representative data recorded on the relatively 

nonpolar surfaces of PTFE and polypropylene (Figures 1 and 2), and the relatively polar 

surfaces of #304 stainless steel and nylon (Figures 3 and 4). 

The observed dependence of contact angle on drop volume is likely due to surface 

energetic heterogeneities exhibited by each of the solid surfaces. For example, PTFE is a 

nonpolar surface, but surface sites capable of polar interaction had been identified long ago 

(Chessick, J.J., et al., 1956). As drop size decreases, the tendency of the three phase line 

to distort due to the presence of surface heterogeneities increases; moreover, the local 

liquid-vapor interfacial tension should be expected to vary from one point to another along 

the three-phase contact line (Marmur, A. 1983). The three phase line is defined by the drop 

boundary at the solid surface, where contact is maintained between the liquid, solid and 

vapor phases. In the case of PTFE, the upper curve in Figure 1(10% EtOH) falls off the 

mean line at a value of CDV greater than that for the lower line (40% EtOH). That is, the 

surface of the 10% EtOH solution is spread by the presence of polar sites on PTFE to a 

greater extent than the less hydrophilic surface of the 40% EtOH solution. The data for 

PTFE support the existence of a nonequilibrium surface structure for the liquid-vapor 

interface of each ethanol solution, where the degree of hydrophilicity decreases with 

increasing ethanol concentration. A less hydrophilic liquid surface would not be expected to 

relax as rapidly as a more hydrophilic liquid surface in order to allow microscopic spreading 

of the three-phase line over hydrophilic sites on the solid surface. In a similar fashion, 

Good and Koo explained the drop size effects they observed for receding angles of ethylene 
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Figure 1.    Effect of drop volume on contact angle for PTFE. Upper curves were constructed 

from data recorded with 10% EtOH; lower curves, 40% EtOH. Each horizontal line was drawn 

through the mean value of contact angle corresponding to drops in excess of 20 (il. 
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Figure 2.    Effect of drop volume on contact angle for polypropylene. Upper curves were 

constructed from data recorded with 10% EtOH; lower curves, 40% EtOH. Each horizontal line 

was drawn through the mean value of contact angle corresponding to drops in excess of 20 \x\. 
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Figure 3.    Effect of drop volume on contact angle for stainless steel. Upper curves were 
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Figure 4.    Effect of drop volume on contact angle for nylon. Upper curves were constructed 

from data recorded with 10% EtOH; lower curves, 40% EtOH. Each horizontal line was drawn 

through the mean value of contact angle corresponding to drops in excess of 20 |j.l. 
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glycol on Teflon FEP, while no effect was observed for advancing angles, in addition to the 

generally greater drop size effect they observed with receding relative to advancing angles. 

However, at that time their explanation was reponed as speculation. 

With respect to the relatively nonpolar surfaces of high density polyethylene and 

polypropylene, little or no drop size effect was observed except at higher ethanol concentrations. 

Explanation for this is not obvious; incomplete water equilibration, resulting in measurement of 

contact angles more closely approximating true advancing angles could have contributed to 

causing the drop size effect to go unnoticed. Considering the more polar surfaces of #304 

stainless steel and nylon, a greater drop size dependence was observed as ethanol concentration 

was increased. A less hydrophilic liquid surface, in these cases, might be expected to more 

readily allow microscopic spreading of the three-phase line over hydrophobic sites on the solid 

surface; this is analogous to arguments presented in the previous paragraph. 

For the liquids considered in this work, Table 1 lists the average volume per drop formed by 

a microsyringe associated with a 22-gauge needle (0.7 mm o.d.); such an assembly is typically 

used to produce drops for analysis. These data are particularly important since the single drop 

volumes produced fall within the range of volumes over which the drop size effect was observed 

in Figures 1 through 4. It should also be noted that the manufacturer of the NRL goniometer 

simply recommends use of a small volume having a diameter of approximately   2.5 mm: this 

roughly corresponds to the diameter of a single drop of water formed by a 22-gauge needle and 

placed on a low energy surface. The smallest drop diameter included in construction of the mean 

lines of Figures 1 through 4, i.e., corresponding to a drop volume of 20 jil, is well in excess of 

2.5 mm. Moreover, drops of 2.5 mm diameter, in each case, fell within the range over which 

Good and Koo observed a drop size effect. In other words, a deliberate effon is required to 

produce drops in excess of the CDV. Considering all materials and diagnostic liquids tested, 

results suggest that drop volumes in excess of 20 (J.1 should be used.  In any event, as expected, 

the results indicate that a drop size effect exists; most importantly, knowledge 
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TABLE 1. Average drop volume of each liquid under study, formed by a microsyringe 

with a 22 gauge needle. The associated standard errors are reported in parentheses. 

Liquid Surface Tension, mN/m                              Drop Volume, fil 

water 71.17                                               12.39(0.71) 

10% EtOH 49.86                                              9.24 (0.30) 

20% EtOH 40.72                                              7.06 (0.35) 

30% EtOH 35.40                                              5.69 (0.28) 

40% EtOH 34.22                                              5.41(0.34) 
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and application of this information in practice is currently not satisfactory. 
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Appendix 2. 

Evaluation of Adsorbed Mass 

Cuypers et al. (1983) developed and experimentally verified the following expression for 

the adsorbed mass of protein in a mixed layer (i.e., a film consisting of both protein and 

buffer solution): 

m - 0.3 d f(n) (nf - n^/KA/Mp) - V20(nb
2 - 1 )/(nb

2 + 2)] (1) 

where      f(n) = (nf + nb)/[(nf
2 + 2)(nb

2 + 2)] (2) 

and m (mg cm"2) is the adsorbed mass of protein; d (nm) is the film thickness; AD (cm-5 

mol"1) is the molar refractivity of protein; Mp (g mol"1) is the molecular weight of protein: 

and V20 (cm3 g"1) is the partial specific volume of protein at 20oC. The refractive indices iij.- 

and n^ refer to that of the entire "mixed" film and of pure buffer, respectively. 

If a protein film remaining on a surface after rinsing is dried, the adsorbed layer can then 

be referred to as a mixed layer consisting of protein and air. In this case nb = nair = 1.000, 

and equation 1 simplifies to 

m = 0.1 d (Mp/Ap) (nf
2 - 1 )/(nf

2 +2) (3) 

In equation 3, M and A are known constants; and ellipsometry provides film thickness 

and refractive index, then the adsorbed mass can be evaluated from the equation. 


