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ABSTRACT

In this pape, we peseait our method for the measwement of contact angles on the suface of
minerals during the bioleading proces becausethe gandad deviation obtained in our
measuements atieved wnexpededy low error. Construction of a goniometer conneded with a
spedally prepaed computer program dlowed usto repeatmeasuements seeral timesover a $ort
time wurse,yielding excedlent resuts.

After defining points on the outline of the image of a drop and its baseline as well of the first
approximation of the outline of the drop, an iterative process is nitiated that is amed at fitting the
modd of the diop and basdine. In turn, ater ddining the medum for which measurenents were
made, the work of achedon is deemined acording to Young-Dupré equiion. Cdculations were
made with the use of two methods named the L-M and L-Q methods.

INTRODUCTION

The medhanism of baderial leading of suphide minerals hasbeen sudied for fifty yeas, but in the
lastfifteen yeas invedigaors have pad atention to the interfada aspets of the leading proces (1,
2).

Copper suphides are hydrophobic, have ahigh suface @ergy and anegadive suface targe. Sme
investigators claim that most organisms are hydrophilic and their adhesion to hydrophobic surface
will be stronger than to a hydrophilic surfaceif short-range forces ae involved (3). Others (4, 5)
have found the opposite: geder hydrophobicity of cdls and sibstrata resuts in greder attradive
forces ad ahigher level of acheson. Interfadal interadions between substrata and baderial cdls are
more complicatedin the caseof oresor post-flotation wades ontaining resduesof coppersuphides
and diff erent origin ores (in our experiments limestone and sandstone are origin ores). In this case,
sudh fadors as stfacetexture and dversity of paticles (copper slphides ad origin rock) may
influencethe adhegon process.

The am of our ealier gudy (6) wasto egimate how exopolymers producedby baderia in the
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bioleading processmay influencethe relationship between cdls and their substrate suface.

Baderial adhesion to post-flotation particles (ore particles as well) is diffi cult to study diredly due to
the heterogenicity of the latter, becaus of, for example, variations in paticle sze, and ion exchange
capadty. For biologicd purposesthe Young-Dupré equion is paticulady usdul for obtaining the
work of adhegon of a liquid to slid paticles $nce the unknown suface tension (solid-vapour,
solid-liquid) can be eliminated (7). The work of adhesion allows us to determine the wettability of
Substrata by the examined liquid (6). The method of measuing contact angles between liquid and
non-homogenous ®lid sufaces was desloped and is desdbed below.

MATERIALS AND METHODS
Sample preparation

The contad angle of the exopolymer solution, control sample and redestilled water (MilliQ water)
were measued. The exopolymer wasisolated from a pue cuture of B.insolitus srain no. 26 and
from a mixed culture of strains naturally existing in post-flotation wage (6). The baderia wee
isolated from post-flotation wagesin the wurse of copper bioleating reseach. The grains wee
cultivated on mineral medum with post-flotation wages as a dstrate (thiosuphate in mineral
Beijjerinck's medum wasredacedby 10 g st-flotation wage).

The ntrol sample for the exopolymer wasobtained from a control culture (sterile medum with
post-flotation wageg. The isolation of the exopolymer was pdgormed acording to a modified
procedureof Wranggach (8) as desdboed ealier (6).

CONTACT ANGLE MEASUREMENTS

Contact angles wee esimated with a goniometer equpped wth a specal opticd system and aCCD
camera (obtained from the Institute of Applied Ogics in Warsaw) (6).A drop of liquid (5 pl) was
placedon a spelly prepared late of substratum and the image wasmmediately sent via the CCD
camera to the computer for analysis. For contact agle esimation, we usedthe L-M and L-Q
methods (9). Contact angles wee measued on dry glass(microsmpic cover glas wased in ethyl
alcohol), quatz plate and spedly prepared latesof suphur and copperore. The suphur pate was
prepaed by heding elementary suphur and then making athin smooth cas. The date of ore was
madefrom athin sedion of crudeore by polishing. The sufaceof the ore plate was wased in ethyl
alcohol and waer. In the seond experiment, dl
plates were covered by exopolymer film, and then
dried at room temperaure. The mntact angle for
water was edimated on sud prepaed sufaces.
Temperaure and moisture was onstant during the
expeliment (23°C and 68% respeovely). Fig. 1. The modd of a diop on solid base

PROGRAM DROP—MEASUREMENT
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CONTACT ANGLE BETWEEN DROP OF LIQUID AND SOLID BASE

The program credaed for analysis of imagesobtained with the goniometer wupled with the CCD
camera dlows rearding of the imageof a dop of liquid on a studied base.The program saves to
cdculate the angle of contact between the liquid and the lid base.

The modd of a dop reding on a ®lid baseinvolvesthe assmption that a drop is suficiently small
(light) to allow its shape to be taken as that of a fragment of an elli psoid of revolution.

After reading the image of the drop into the program, the points lying along the outline of the drop
(DROP) and basdline (BASE) should be defined. In turn the initial approximation of the ellipse
should be drawn and, if necessary, its imege nodified with the use of existing merkers to alow its
position to best correspond to the red outline of the drop on the image.

After defining points on the outline of the image of the dop and basdine as wé of the first
approximation of the outline of the drop, an iterative process should be initiated aimed at fitting the
model of drop and baseline.

In turn, after defining the medum for which measwements wee made,the work of acheson can be
determined acording to the formula:
W =0 [1.0+ cos(g)]
where: W - work of adhegon (depadent on matenia of substratum, type of liquid and
temperdure);
@ - interior angle of contactbetween drop and base;
O - energy (Sze déinedby kind of liquid and temperaure).

Calculations were mede with the use of two methods named the L-M and LQ methods.
To record the correctimageof the dop severa conditions $ould be met:

Depth of focus

Since a dop on abaseis a“deep”,threedimensional objed, an image taken with the camera is out
of focus along the basdine. The canera’s deph of focusis usudly too small in relation to the sze of
the drop and the base,the goal being to obseave both the outline of
drop and basdine. Becauseof the geometric configuration, the
basdine is the outline of the sanple that as arule is in the aea
outsidethe dane of sharpnessof lens.

Coheent plane

The aonfiguration of the measuement should drive at such
positioning of the sanple that the opticd axisisin the suface pane
of the base. Otherwise, the baseline inthe obtained image will be
above itsred position (situaion shown in the figure 3.

Fig. 2. Theinfluence of degh
of focus on the outline of drop
and baseline
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Fig. 3.The mherence of the opticad axis and the dane of the sufaceof base

Uniform illumination

Deterioration of the image of the drop will aso occur if the
“backgound” aganst which the diop is re@rdedis not uniform.
Diff erences in illumination falsify the red position of the outlines
(figure 4).

METHODS

The program for determining the best fit between the dlliptic
equation to the image of the drop involved the use of two ——
methods: the L-M Method and the L-Q Method. Becausef the Fi9- 4. The possbility of the
different definition of the error function, the solutions obtained deterioration of drop image
are dfferent for ead method.

Both methods implement equations describing the searched €lli pse and consequently they can behave
diff erently in the process of fitting.

Since the number of seached parameters of the ellipse is5, iteration can be begun after defining at
least 6 pints dong the outline of drop and atleasttwo points dong the basdine.

Fitting of dliptic equation to image d drop

L-M Methods

The L-M (Levenberg-Marquadt) method involvesthe iterative finding of the bestfitting (non-linear
model) function described by set of M parameters to the set of points. The number of M parameters
is not greder than 5 (depending on the assmed drategy) and is equéto the number of coefficients
describing the dlli ptic equation, i.e. X0, y0, A, B and Fi. This is an interadive nethod that demands
the giving by the user of several parameters describing the strategy of fitting. The process is
controlled by the sze of parameter Lambda.
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The userinfluencesnot only the degee and speedf sweejng of error spacebut can aso deéermine
the setof paametersthat can be “correded” in a gven iteration.

The L-M method is eay to use in pradice and frequently gives better resuts than for the sandard
leastsquaies method. Initia fitting doesnot have to be as acauwte asin the L-Q method, but the
rate at which the solution converges to a mhimum in the L-M method strongly depends on the
charader of the function and its useis recommendedin the “final” stageof the processin order to
optimizethe lution.

In the DROP program, the fitted ellipse has astrongly non-linea charader (equation in the rotated
co-ordinate g/stem), and hence ®nvergence is not rapd and depeands strongly on the strategy
employed. The number of points ddining the outline of the drop does not significantly affect the
speedof cdculations in this method.

LQ Method

This method involves the non-linearleast squasmethod without an independent variable. Because
of strong non-linea (confounded) elli ptic equation in this method with resped to parameters x0, y0,
A, B and Fi, the processof iteration may be wnstable of the initial values of the parameters are “very
distant” from the optima solution. In the first iteration a messag may appearthat the obtained
indired values of the parameters do not describe an €llipse. If the nessage re-appeas, iteration
should be discontinued and the parameters of the elli pse correded manually. In the absence of such a
messagethe lution found in subsequet iterations is rapdly convergent and further iterations
introduce only very sight improvements.

Fitting of linear equation to baseline

Fit BASE

The orientation of the basdline is determined by the linea least squares nethod. To determine the
baseline equation it is necessary to define at least two points determining the line on the imege.

The program involvesthe useof several classcd methodsfor enhancing the qudity and clarity of the
image. They enable the improvement of the appeeance of the anaysedimageto dlow easer and
more precse déemination of the points ddining the diop and the basdine.

It is also possble to fit the equation of a parallel elli pse to the base. Measurement of the angle should
be on alevelled plane. The goniometer should be equipped with levels allowing levelling of the stage
on which measuements ae made. Fbwever, the baseof the sanple is not dways flat or paralel and
therefore the drop may not be flat, causng the cdculated ontactto be wequa.

The fitting of the €llipse is based on points indicated on the imege. In the course of iteration there is
no information about the “red” orientation on the plane. Gonsequetly, this option should be used
only when we assumethat the base of the sample is flat. If we do not have this certainly, that is think
thatthe dateis at & angle that sgnificantly depats from a zeo degeesfitting should be made with
the Fixed Fi option disabled.
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RESULTS

Tables 1 and 2 preset the resuts obtained duing contact angle measwements with the useof a
goniometer and the DROP omputer piogram. These reslis were published eatier (6). In this
pape, we want to present only the dandard deviation of our measwements becausethe used
methods preparedh our lab achieved wnexpededy low error.

Table 1. Contact angle (degrees) of distill ed water, control sample and exopolymer solutions - concentrated (a)
and diluted 5-fold (b) on diferent substrates, " - " no data, +- standard deviation. Each measurement was
repeated 20x by the same researcher who knew the number of the sample butnot the contents.(6)

Liquid Substate plate
Glass Quartz Sulphur Originore Sulphides
H>0 51.05+0.84 3279+1.12 81.08+0.35 57.42+0.33 63.08+1.13
Exopolymer from B. insolitusstrain no. 26
a 59.45+0.37 30.20+0.44 87.41+0.11 - -
b 51.44+0.73 32.23+1.06 91.05+0.13 71.20+0.56 77.71+0.90
Exopolymer from mixed culture
a 46.16+1.15 20.20+0.44 79.48+0.44 54.53+0.83 67.39+0.98
b 49.76+0.18 27.78+0.72 83.79+0.57 59.44+1.33 73.50+1.09
Control solution
a 54.89+0.64 14.07+1.57 77.90+0.61 59.34+0.33 68.09+0.15
b 52.69+0.41 31.05+0,46 79.80+0.05 57.50+0.52 69.66+0.94

Table 2. Work of adhesion (mN/m) of distill ed water, control sample and exopolymer solutions - concentrated
(a) and diluted 5-fold (b) on diferent substrates, " - " no chta, =- standard deviation (6)

Liquid Substate plate
Glass Quartz Sulphur Originore Sulphides
H>0 11813+0.84  13333+0.81 83.87+0.48 11171+0.36  10531+1.29
Exopolymer from culture of B.insolitusstrain no.26
a 10863+0.41  13427+0.29 7527+0.15 - -
b 11682+0.72  13264+0.73  70.70+0.17 95.21+0.67 87.31+1.11
Exopolymer from mixed culture
a 12229+1.02 14026+0.19 8559+0.55 11426+0.86 10007+1.14
b 11914+0.18 13628+0.44  80.19+0.72 10887+1.41  92.82+1.30
Control solution
a 11380+0.67  14199+0.32  87.34+0.76 10906+0.37 99.18+0.18
b 11598+0.41  13406+0.31  85.02+0.07 111014055 97.23t+1.10

Fig.5 and Fig.6 preseait the scéter of the obtained resuts. It is clealy visible that the error was

lower when the suface wasmmooth and homogenous(glass, slphur).
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Fig. 5. ntact angle for water on different sufaces(six measuements for eat suface)
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Fig. 6. The resuts of work of acheson obtained for water on different sufaces(cdculated from six
measuements for ead suface)

DISCUSSION

The date of quatz wasnot idedly smooth. The date of ore owed, as mentioned in the
introdudion, different sufacetexture and diversty of patticles (copper suphides and origin rock),
but the suface of the origin rock prevailed. Mpper slphidesoccured as aminor insation in the
origin rock. The error of measuements on homogenous sufaces was geraly lower, but the
maximal standarddeviation in one case reded 157 for a mntact angle of 14.07° (Table 1) which
was 11.15%. The sufaae in this case wasomogenous but not idedly smooth asmentioned dove
and dueto dfference,the aror for the quaitz suface waslgghtly higher.

All the preseited daa have a comparative value dueto the dharader of measwements (absolute
measuements are impossble in sud a omplex system). Expeimentaly, it is impossble to
determine the sufacetension of solid-liquid and solid-vapour interfacesndependently.
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Construction of the goniometer and the spedly prepared eamputer program alowed s to repeat
measurements several times in short time, which resulted in excdlent results with low statisticd
error. The small volume of the examined drop and the predsion of Hamilton's syringe alowed us to
placethe dop on a grictly spedfied suface on the date. This placenent was very important,
paticularly in the caseof measuments peformed on the fdate of ore @ntaining origin ore
(hydrophilic) as well as a grain of copper sulphides (hydrophobic). Additionaly, the image was
immediately sent to computer via the CCD camera to eliminate the possble error conneded with
evaporation, however the time requred for prepardéion of camera (10-5 s) was sfiicient for drop
stabili zation to occuron the examined suface.All of these onditions and the number of repications
of the same measurenent (20x) had an influence on the eror. We had epeded eror about 5-7%
and weobtainedthe eror between 0.5-2% with one exception descibed dove.
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