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2.5 Colorimetric Assay

The anthrone method is an example of a colorimetric method of measuring the
concentration of the total sugars in a sample. Sugars react with the anthrone reagent
under acidic conditions, yielding a greenish blue color. Mixed with sulfuric acid and
the anthrone reagent first, the sample is then boiled until the reaction is completed.
The mixture is then allowed to cool down and its absorbance at 620 nm is measured.
The relationship between the absorbance and the amount of sugar present in the
sample is found to be linear. The Phenol-Sulfuric Acid method is another widely used
colorimetric method for determining the total concentration of carbohydrates present
in samples. The clear solutions of the carbohydrates turn a yellow-orange color as a
result of the interaction between the carbohydrates and the phenol after mixing them.
The absorbance at 420 nm is proportional to the carbohydrate concentration in the
sample. For both of them, it is necessary to prepare a calibration curve using a series
of standards of known carbohydrate concentration.

Not only monosaccharides, but also oligosaccharides and polysaccharides
concentrations in the samples have been successfully determined by anthrone method,
with slight modification in some cases (Viles and Silverman 1949; Blakeney and

Mutton 1980).

2.6 Materials

Guar and Hydroxypropy! guar gum (HPGG) with a degree of substitution of

0.36 and a molecular weight of 1.2-1.5 x10° Da was obtained from Alcon laboratories.
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Styrene, 2,2'-azobis(2-diisobutyramidine) dihydrochloride (AIBA) and potassium
persulfate (PP) were purchased from Sigma-Aldrich. Anionic and cationic polystyrene
(PS) latexes were prepared by emulsifier-free emulsion polymerization of styrene
using either an anionic PP or a cationic AIBA radical initiator (Goodwin, Ottewill et
al. 1979). The polymerization reactions were all carried out in a 250 ml
round-bottomed, three-necked flask. Normally, a total reaction volume of 120 ml of
liquids was used. A typical preparation of polystyrene latex particles with potassium
persulfate as the initiator (PSL-A) was carried out in the following manner. A glass
stirrer fitted into a PTFE guide was inserted into the middle outlet and then attached
to a tachometer. One of the side outlets of the flask was equipped with a water-cooled
reflux condenser. The flask was immersed up to the neck in a thermostat oil bath with
a controlled temperature of 70+1°C during the polymerization reaction. Nitrogen was
bubbled through the water in the flask to remove oxygen from the system using the
other side outlet of the flask. The stirrer was adjusted to 350 revolutions per minute.
After stirring for half an hour with nitrogen passing through the flask, 8 g styrene was
added and then left for 10 minutes to achieve temperature equilibrium and effective
mixing. 80 mg of the initiator, dissolved in 20 ml of water, was then added to the flask.
After 12 hours the flask was removed from the oil bath and allowed to cool for a few
minutes. The cationic polystyrene latex with AIBA as the initiator (PSL-C) was
produced in a similar manner. Table 2-1 gives the detailed recipes used in this work.
The charged polystyrene latex particles (PSL-A, PSL-C) were centrifuged and

redispersed in Millipore-water three times before use. Hydrodynamic average particle
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sizes of the particles were determined to be 302.4 nm with a polydispersity of 0.096

(PSL-C) and 840.8 nm with a polydispersity of 0.067 (PSL-A) by DLS.

Table 2-1 Polymerization reaction recipe and properties of formed colloidal particles
(EM: Electrophoretic mobility).

Latex Styrene | Initiator | Water Diameter EM

/g9 /' mg / mi /nm /108m?/Vs
PSL-A 8.0 80.0 120 840.84+23 -2.10
PSL-C 8.0 80.0 120 302.4+16 +2.30

Borax (Na;B4O7-10H,0), phenylboronic acid (PBA), methylboronic acid
(MBA), D-Fructose, anthrone and concentrated sulfuric acid were purchased from

Sigma- Aldrich and generally used as received.
2.7 Adsorption

Solutions of HPGG samples with different concentrations were prepared by
dissolving polysaccharide in Milli-Q water then, after stirring, ionic strength was
adjusted as needed. In a typical adsorption experiment in the presence of borax, 50 ml
HPGG solution with boron concentration of 0.03M was stirred in a 250 ml beaker for
24h before use. The pH values of the solutions were adjusted by 0.1M NaOH and
0.1M HCI solutions to 7.4. The ionic strength was adjusted by adding 0.1M sodium
chloride in all adsorption experiments except mentioned especially in some cases.

Under continuous stirring, 0.2 ml anionic polystyrene latexes (solid concentration 50

36



Study of Hydroxylpropyl Guar Properties at Solid-Liquid Interface Zhen Hu

g/L) were then introduced to the mixture. Preliminary kinetic experiments indicated
that within two hours adsorption equilibrium was attained. Hence in all adsorption
tests, the time of equilibration was fixed at 6h. After 6h stirring at controlled
temperature, the samples were centrifuged using a Beckman Allegra™ 25R Bench
Centrifuge at 6,000rpm for 30min and a part of supernatant, containing non-adsorbed
HPGG, was taken. HPGG concentration in the supernatant was determined by
anthrone method using DU® 800 UV/Visible Spectrophotometer at a wavelength of
625 nm. The supernatant to be tested (1.0ml) was first measured into a clean, dry
15x125 mm. Pyrex test tube and 4.0 ml of 0.2% (g/ml) anthrone dissolved in
concentrated sulfuric acid were added afterwards. The tube was then shaken to
achieve complete mixing. The heat produced by mixing acid and water appeared to be
a necessary part of the reaction and it turned out to be enough for the reaction to take
place completely. After approximately 10 to 15 minutes, the tube was air-cooled
completely. Under controlled conditions the amount of green color produced is
proportional to the polymer content in the supernatant. The absorption of this newly
formed green solution was measured at 625 nm. A calibration curve using a series of
standards of known HPGG concentration was prepared to relate light absorption to
polymer concentration. A linear calibration curve relating the absorbance of
supernatant added with anthrone as a function of the HPGG concentration was
obtained with UV/Visible Spectrophotometer (Figure 2-4).

The adsorbed amount (I") was calculated from the difference between the

initial polymer concentration and the concentration in the supernatant by anthrone
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method. The absorbance reading at 625 nm obtained from UV/Visible
Spectrophotometer were converted to concentration from calibration curve and the
amount of HPGG adsorbed per unit surface area of anionic polystyrene latex particle
surface was calculated assuming that the particles are perfectly uniform and all the

surface areas are available for adsorption.

y = 0.0037x + 0.0401

Absorbance
N

O i i i i ' i i i A 1 i

0 200 400 600 800 1000 1200
HPGG Concentration / ppm

Figure 2-4 Calibration curve for absorbance at 625 nm vs. HPGG concentration.

The electrophoretic mobility of the mixture was measured using a
Brookhaven ZetaPALS (USA) instrument at 25°C in PALS (phase analysis light
scattering) mode (PALS software version 2.5). The reported mobility was the average
of 10 cycles with each consisting of 20 scans. Measurements were made on the
anionic latex particles alone and in the presence of HPGG or HPGG-borate at
equilibrium concentrations. In another set of experiments, adsorption experiments

were done in the absence of borate.
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HPGG was dissolved in Milli-Q water first Anionic polystyrene latex was
and then added certain amount of borate washed 3 to 5 times before use

Polystyrene latex and HPGG-borate solution
were mixed and stirred at controlled pH, ionic
strength and temperature for 6h

Centrifuged and supematant was withdrawn

Measuring supematant absorbency at a wavelength of 625 nm

Figure 2-5 Adsorption process employed in this study.

2.8 Flocculation

Solutions of HPGG samples with different concentrations were prepared by
dissolving polysaccharide in Milli-Q water then, after stirring, ionic strength was
adjusted as needed. In a typical flocculation experiment in the presence of borate,
HPGG solution added with 0.03M borax buffer was stirred for 24h before use. The
pH values of the solutions were adjusted by 0.1M NaOH and 0.1M HCI solutions.
Under continuous stirring, 0.2 ml cationic polystyrene latexes (solid concentration 50
g/L) were then introduced to the mixture. Preliminary kinetic experiments indicated
that within an hour flocculation equilibrium was attained. Hence in all flocculation
tests, the time of equilibration was fixed at 2h. After 2h stirring at controlled
temperature, the suspension was let stand for 12h to settle down the floccs. The

degree to which suspensions of cationic polystyrene latex particles were flocculated
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was analyzed using DU® 800 UV/Visible Spectrophotometer at a wave length of 500
nm. The turbidity of a colloidal dispersion at a given wavelength, A, depends on the
particle number concentration, the particle radius, its refractive index, and the
refractive index of the medium. When others remain constant, the turbidity appears to
be a function of particle number concentration (Jeffrey and Ottewill 1988). Therefore,
turbidity is mostly employed for the determination of flocculation extent. In this study
absorbance of supernatant were measured at 500 nm using UV/Visible
Spectrophotometer. The absorbance of untreated colloidal suspension exposed to the
same stirring conditions but without HPGG addition was measured simultaneously to
take into consideration turbidity decrease due to flocculation. Residual turbidity in
this work was calculated as the ratio of light absorbance in the presence of HPGG
over that in the absence of HPGG (Bratskaya, Avramenko et al. 2006).

The electrophoretic mobility of the mixture was measured using a
Brookhaven ZetaPALS (USA) instrument at 25°C in PALS (phase analysis light
scattering) mode (PALS software version 2.5). The reported mobility was the average
of 10 cycles with each consisting of 20 scans. Measurements were made on the
cationic latex particles alone and in the presence of HPGG or HPGG-borate at
equilibrium concentrations. In other sets of experiments, flocculation experiments
were done in the presence of phenylboronic. For suspensions with optimum
flocculation induced by borax, the pH values were adjusted by NaOH and HCI to
study its effect on residual turbidity and electrophoretic mobility. In addition, various

amount of D-Fructose was added to the suspension with optimum flocculation and its
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influence on HPGG-borate polyelectrolyte chain charge density was calculated (refer
to for details). The relationship between polymer chain charge density and

flocculation efficiency was studied as well.

HPG@G was dissolved in Milli-Q water first Cationic polystyrene latex was
and then added certain amount of borate washed 3 to 5 times before use

Polystyrene latex and HPGG-borate solution
were mixed and stirred at controlled pH, ionic
strength and temperature for 6h

Floces settled down and supernatant was withdrawn

Measuring supematant:electrophoretic mobility and
supernatant absorbency at a wavelength of 500 nm

Figure 2-6 Flocculation process employed in this study.
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Chapter 3 Adsorption

In this chapter, the adsorption behavior of HPGG alone and in the presence
of borate is presented and the adsorption mechanism is discussed. In addition, the
electrophoresis results of the bare hard particles and soft particles that were covered

with HPGG or HPGG/Borate are described and compared.

3.1 Results

3.1.1 Adsorption isotherm

HPGG adsorption density on anionic polystyrene latex particles (Figure 3-1)
surfaces were determined by the anthrone method. Figure 3-2 shows that HPGG
adsorption on anionic polystyrene latex (PSL-A) does not quickly reach a single
plateau in the adsorbed density with increasing polymer solution concentration, which
means it is not a high affinity adsorption. In addition, the data in Figure 3-2 show that
there is not much difference in the adsorption density for experiments done at 25°C
and 35°C, which indicates that HPGG adsorption on PSL-A is temperature insensitive
over the range under study in this work. The maximum HPGG adsorption density on
PSL-A was shown be around 0.10 mg/m’ and 0.13 mg/m® at 25°C and 35C,
respectively.

HPGG bound with either borate or methylboronic acid adsorption isotherm
on PSL-A was determined through the similar procedures. It should be noted that the

total boron concentrations in borax and methylboronic acid in this study is equivalent.
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It is shown in Figure 3-3 that HPGG/borate adsorption on negatively charged particles
is not a high affinity adsorption either, adsorption density increasing slowly along
with residual concentration of HPGG before leveling off. The average maximum
adsorption density values for experiments done with added sodium chloride
concentrations of 0.10M and OM are 0.07mg/m? and 0.05mg/m?, respectively. The
data shown in Figure 3-3 demonstrate that maximum adsorption density is increased
when adsorption experiments were done with a higher ionic strength. In addition,
borax was replaced by methylboronic acid (MBA) to study HPGG/MBA adsorption
on PSL-A. HPGG/MBA adsorption isotherms (Figure 3-4) display the similar figure
to that of HPGG/borate adsorption. As shown in Figure 3-4, the average maximum
adsorption density values for experiments done with added sodium chloride
concentrations of 0.10M and OM are 0.06mg/m® and 0.05mg/m’, respectively.
Adsorption of guar on PSL-A in the same conditions as HPGG was studied as well
and the results are shown in Figure 3-5. It is found that there is no distinct difference

between HPGG and guar adsorption over the concentration range measured.

3.1.2 Electrophoretic mobility

Figure 3-6 shows the electrophoretic mobility of anionic polystyrene latex
alone and in the presence of HPGG or HPGG/borate as a function of pH. The
electrophoretic mobility of anionic polystyrene latex with residual persulfate groups
on the surfaces does not demonstrate any dependence on pH and the values are around

-2.0x10"* m%Vs from pH 2.5 to pH 12.0. The mobility values of PSL-A added with
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HPGQG, on the other hand, are less negative and they are all around -0.2x10* m¥Vs
over the pH range measured in this study. As shown in Figure 3-6, electrophoretic
mobility of PSL-A covered with HPGG/borate or HPGG/MBA are both pH-dependent.
The mobility values of these two mixtures are around -0.2x10® m*/Vs and stable in
acidic and neutral conditions. As pH values are increased from pH 7 to pH 10, the
electrophoretic mobility values are reduced and appear more negative quickly. When
pH values are increased further from pH 10 to pH 12, the mobility values all level off
in both cases, which are around -1.1x10 ® m%Vs and -1.5x10 ® m*Vs for

HPGG/borate and HPGG/MBA, respectively.

3.1.3 Dynamic Light Scattering

The hydrodynamic sizes of polystyrene latex particles alone and in the
presence of HPGG and HPGG/borate were investigated using dynamic light scattering.
The measurements were done with the suspensions that showed maximum HPGG
adsorption on particle surfaces. Total boron molecular concentrations in suspensions
with borax and MBA (pKa= 10.7) were 0.03M and pH values were not adjusted. As
shown in Table 3-1, the hydrodynamic diameters of bare particles were around 840
nm and after the addition of HPGG that increased to around 1240 nm. For comparison,
borax and methylboronic acid (MBA) were also introduced to the mixed suspension
of polystyrene particles and HPGG. It was found that the hydrodynamic diameters for
the suspensions with borax were reduced by around 100 nm and the diameter values

for suspensions with methylboronic acid were around 1200 nm.
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Table 3-1 Hydrodynamic diameter size of the bare particles and the ones covered with
polymers measured by dynamic light scattering.

Suspension PSL-A PSL-A & PSL-A & PSL-A &
(pH:7.4) HPGG HPGG/Borax | HPGG/MBA
(pH:7.4) (pH:9.0) (pH:10.5)
Diameter 840123 1240124 1140421 120026
Size /nm

3.2 Discussion

3.2.1 Adsorption isotherms

The adsorption isotherms of HPGG on anionic polystyrene latex particles
surfaces at a pH value of 7.4 and added sodium chloride concentrations of 0.10M at
25 °C and 35 C are shown in Figure 3-2. It was found that adsorption density of
HPGG at both temperatures increased with increasing polymer concentration in the
solution. The isotherms follow Langmuirian behavior and exhibit a gentle rise in the
adsorption density at low concentrations and then reach the equilibrium density at
HPGG concentration of about 400 ppm.

Electrophoresis results illustrated in Figure 3-5 demonstrate that with the
addition of HPGG to polystyrene suspensions the electrophoretic mobility increased
from -2.0%10 " m%Vs for bare particles to -0.2x10°® m?/Vs, which is believed to be
due to the adsorption of HPGG onto the particle surfaces. The HPGG concentration

was such that the adsorption density of the polysaccharide was at its plateau so the
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surfaces of the particles were saturated with the polysaccharide. The adsorbed HPGG
simply moves the shear plane farther away from the particle surface thus decreasing
the magnitude of the zeta potential (Ma and Pawlik 2005; Liu, Feng et al. 2006).

As reported in many studies, guar and its derivatives exhibit high affinity
type of adsorption on various mineral surfaces. Liu and Laskowski emphasized the
importance of metal impurities on mineral surfaces that can serve as active sites for
polysaccharide adsorption (Laskowski, Liu et al. 2007). In this case the adsorption
was viewed as metal-polysaccharide complexation facilitated by the cis-configuration
of the hydroxyl groups of the mannose monomers. And the adsorption, with an
adsorption density around 1.0 mg/m’ can be categorized as a strong acid-base
interactions between metal hydroxylated species and polysacchardies, which they
claimed to predominantly take place on the hydrophobic faces. The adsorption density
on quartz particles rendered hydrophobic via methylation, on the other hand, was
found to be around 0.10 mg/m°. Hydrophobic interactions between the polymer and
basal cleavage planes were found to dominate adsorption process on talc, leading to
adsorption of the guar onto hydrophobic sites with maximum adsorption densites
around 1.0 mg/m® (Jenkins and Ralston 1998). Based on the study of the influence of
temperature on adsorption, they concluded that dehydration of both the hydrocarbon
portions of the guar polymeric chain and the hydrophobic talc surface are the driving
forces which control transport, and subsequent adsorption, of the guar from the bulk
solution to the hydrophobic surface. In addition, Muller et al. studied adsorption

properties of hydrophobically modified carboxymethylpullulans onto polystyrene
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latex particles (Simon, Picton et al. 2005). They concluded that hydrophobic
interactions between the grafted alky chains and the surface are responsible for the
adsorption of the polysaccharides.

In conditions that adsorption tests were done in our work, polystyrene
particles were hydrophobic and negatively charged due to sulfate groups on the
surfaces. Our adsorption isotherms show that HPGG adsorption onto negatively
charged hydrophobic particles is not high affinity type of adsorption. And this
adsorption could be explained as the minimization of unfavorable hydrocarbon
polymer segments-water and hydrophobic surfaces-water contacts in our work. Not
only the adsorption mechanism but also the adsorption densities of our results agree
well with Ralston’s study. However, it should be pointed out that temperature appears
to have negligible influence on polymer adsorption in our work. It is believed that this
is most possibly due to the detection limit of anthrone method we used to measure
HPGG concentration in solutions. The adsorption densities are rather low and there is
great chance that any small changes of the density may not be detectable with
anthrone method. Preliminary calculation shows that an error of 0.004 in the
absorbance measurement of supernatant leads to a 0.005 mg/m’ fluctuation in
adsorption density data.

A polydisperse polymer has a more round adsorption isotherm than a
monodisperse one (Roefs, Scheutjens et al. 1994). With an increasing degree of
polydispersity the adsorption isotherms become more rounded because the shorter

chains are progressively replaced by longer ones as the polymer concentration is
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increased. Shorter chains are preferentially adsorbed due to the quick diffusion onto
the interface at the beginning stage of adsorption. However, those pre-adsorbed
shorter chains are gradually replaced by the longer chains due to the higher affinity of
longer chains for the saturated surface (Jiang, Liu et al. 1998). Although exact
polydispersity ratio of HPGG used in this work is not available as of this moment, it is
widely accepted that natural polysaccharides are polydisperse polymers if no special
separation processes were undertaken. Thus, the round shape and weak affinity type
adsorption isotherms in this work are attributed to the polydispersity of HPGG. In
addition, the presence of random physical entanglements of HPGG chains is also
believed to able to increases the polymer polydispersity to some extent.

Pawlik and Laskowski concluded from their results that the amount of guar
adsorbed on illite, which is around 0.20 mg/m?, was independent of ionic strength
over a wide range of salt concentrations (Pawlik and Laskowski 2006). In our study,
not only HPGG adsorption at solid-liquid interface is studied but also HPGG/Borate
adsorption on negatively charged hydrophobic surface in aqueous system. The
specific complexation of borates with diols increases the negative charge of the
HPGG and converts nonionic polysaccharide into an anionic polyelectrolyte. And due
to the presence of negative charge on the polymer chain and thus the electrostatic
repulse between HPGG and PSL-A, the maximum adsorption density of
HPGG/Borate is reduced to 0.07 mg/m’ from 0.12 mg/m’ for adsorption of HPGG
alone in the same conditions. Furthermore, the electrostatic repulsion between

HPGG/Borate polymer chains adsorbed on the surface and that in solution can prevent
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this negatively charged polymer from adsorbing to the surface any further. All these
lead to a lower surface coverage with the introduction of borax. Adsorption behavior
of HPGG/MBA was studied as well and shown in Figure 3-4. In comparison to Figure
3-3, the only difference involves the maximum adsorption density. HPGG/MBA
maximum adsorption density on PSL-A was found to be around 0.06 mg/m2 , which is
slightly smaller than that of HPGG/Borate adsorption.

With the addition of electrolyte into the suspension, the electrostatic
interactions between the polymers and the particles are shielded. As expected the
adsorption density in suspensions with sodium chloride concentrations of 0.10M is
increased by about 0.03mg/m* compared to the suspensions with sodium chloride
concentrations of 0.03M. Wang et al. (Wang, Somasundaran et al. 2005) pointed out
that when hydrophobic force made a significant contribution to adsorption of a
polymer on a mineral, the adsorption density would increase with the addition of salt
due to “salting-out” effect. Water activity (solvent “goodness”) can be reduced simply
by the addition of an electrolyte that binds water in competition with the polymer.
Such an increase was obtained in our work. Thus this may prove again that the
hydrophobic force is the main driving force for the adsorption of HPGG on anionic
polystyrene particle surface. However, it should be mentioned that one of the unique
properties of guar and guar derivative solutions is “salt tolerance”, which means
guar-based polymers are soluble in salt solutions that contain up to 70% (by mass)
monovalent cation salts (Pawlik and Laskowski 2006).

The experiment results from Jenkins and Ralson (Jenkins and Ralston 1998)
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support the hypothesis that the mannose backbone of the guar chain adsorbs to the talc
surface, leaving the pendant galactose groups protruding into the bulk solution. In our
study hydroxypropy! substitution degree appears to have negligible effect on HPGG
adsorption. This is attributed to the hypothesis that hydrophobic interaction between
guar and hydrophobic surface mainly arise from that of the guar mannose backbone
with the surface. It is thus expected that hydroxypropylation will not have much
influence on guar adsorption and our results agree with this well.

Since guar and its derivatives contain a multiplicity of hydroxyl groups,
complex formation between borates or borate derivatives can occur with an increase
in the viscosity or gel formation, with changes in other properties related to molecular
size (Martin, Freitas et al. 2003; Bishop, Shahid et al. 2004). The cross-linking of
different polymer chains results in gelation, forming a three-dimensional network of
connected chains via the borate ion or sometimes parts of the same chain (Figure 4-8).
In aqueous solution boric acid exists as a pH dependent equilibrium with the borate
anion such that higher pH drives the reaction towards the formation of the borate. The
complexation of guar with borate and even the cross-linking via borate binding are
obviously pH dependent as well. With the increase of pH, more boron will then be
bound to HPGG polymer chain and thus results in an increasing of the charge density
of HPGG/Borate. Electrophoresis results (Figure 3-6) in this study show that
electrophoretic mobility values decrease along with the increase of pH. As shown in
the adsorption isotherms, the introduction of borax into the system reduces the

adsorption density of HPGG on negatively charged surface. With less polymer
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adsorbed on the surface and thus the thinner adsorbed polymer layers, the
electrophoretic behaviors of polystyrene particles covered with HPGG/Borate lies in
between. Its electrophoretic mobility values, at higher pH especially, are found to be
more negative than particles covered with HPGG but greater than those of the bare
particles. In addition, the charge on adsorbed HPGG/Borate polyelectrolyte provides a
compensation for the surface charge shielded by HPGG alone. The borate
complexation reaches equilibrium beyond certain pH values which results in the
plateau in electrophoretic mobility curve shown in Figure 3-6. We herein attribute the
electrophoresis results for HPGG/Borate and HPGG/MBA covered particles to the
two reasons mentioned above. It is interesting to note that the change of
electrophoretic behavior of those particles occurs close to the pH range where the pKa
values of borax and methylboronic acid lie.

As shown in Figure 3-6, there is a difference about 0.5 x10° m?/Vs in the
plateau values of electrophoretic mobility of polystyrene particles covered by
HPGG/Borate and HPGG/MBA. We speculate this is most possibly due to the
cross-linking induced by borax. With borax present in a basic solution, cross-linking
occurs and gel is formed. The charge domains on the polymer chain are likely to be
buried in this three-dimensional structure and particles covered by HPGG/Borate thus
tend to behave more like the ones covered by non-ionic polymers. However, for
particles covered by HPGG/MBA no cross-linking is involved. Thus more boron is
expected to be bound onto the polymer chain and there is less chance that those

charge domains can be buried inside the polymer layer. We also guess that since no
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cross-linking occurs for HPGG/MBA there might remain more hydroxyl groups on
the polymer chain that are available for binding with methylboronic acid under the
same experimental conditions. Therefore, more methylboronic acid molecules were
bound to the polymer chain making it more negatively charged (Cui, Pelton et al. in
preparation). This explanation can be confirmed by the dynamic light scattering data
shown in Table 3-1.

The average diameter of polystyrene bare particles used in this study is 840
nm. After the complete adsorption of HPGG, the hydrodynamic size of the particles is
increased to about 1240 nm. According to Picout and his co-workers (Picout,
Ross-Murphy et al. 2001), the gyration radius of guar with the similar molecular
weight to HPGG used in our work is around 100 nm in conditions close to our work.
Due to the presence of pendent galactose groups, the associative effect of guar
molecules is reduced and HPGG behaves more like a rigid polymer. Thus it is quite
possible that we obtained the adsorbed polymer layer which is sparse and has a
thickness of around 100 nm (Simon, Picton et al. 2005). According to our adsorption
isotherm data and the estimated adsorption thickness, we calculated the HPGG
concentration in the adsorbed polymer layer at the particles surfaces. The polymer
concentration was found to be around 0.3g/L, which is about one third of the overlap
concentration (c*) of HPGG. Therefore the adsorbed layer can be viewed as a sparse
layer in our work. The diameter size of particles covered with HPGG/Borate is around
1140 nm. The thinner polymer layer can be explained by the less amount of HPGG

adsorbed on particle surface. In addition, the presence of cross-linking for
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HPGG/Borate is likely to compress the polymer layer and thus reduce the layer
thickness. The adsorbed polymer layer for HPGG/MBA, on the other hand, is rather
thicker but sparse. With no compression induced by borax cross-linking, the adsorbed
HPGG/MBA layer is less dense, leading to a smaller adsorption density compared to
HPGG/Borate. In addition, according to our hypothesis that more MBA might be
bound to the polymer, the electrostatic repulsion between adsorbed polymer chains on

the surface tend to cause the polymer layer sparser and thus thicker.
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Figure 3-1 TEM image of cationic polystyrene particles (PSL-C).
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Figure 3-2 Adsorption isotherm for HPGG on anionic polystyrene latex (PSL-A) at
pH 7.4 with a sodium chloride concentration of 0.15M (25 C & 35 C; ppm: wt/wt).
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Figure 3-3 Adsorption isotherm of HPGG/borate on PSL-A at pH 7.4 and 35 °C (with
sodium chloride concentrations of either 0.10M or OM).
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Figure 3-4 Adsorption isotherm of HPGG/MBA on PSL-A at pH 7.4 and 35 °C (with
sodium chloride concentrations of either 0. 10M or 0OM; MBA: methylboronic acid).
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with a sodium chloride concentration of 0.15M.

o 05

= PSL-A & HPGG

£ [

® 7

- T

> -05 F pKa:9.2

= | PSL-A & HPGG/Borate

2

) PSL-A & HPGG/MBA

® 45} |

S it PSL-A pKa:10.8

Q.

S N "

3 %

wl 25 2 3 N N 2

2 6 10 14

pH

Figure 3-6 Electrophoretic mobility of PSL-A, PSL-A & HPGG PSL-A &
HPGG/Borax, and PSL-A & HPGG/MBA as a function of pH.
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Chapter 4 Flocculation

The objective of this chapter is to present the flocculation behavior of latex
HPGG mixtures in the presence of either borax or phenylboronic acid (PBA). In
addition, the flocculation mechanisms are discussed in different cases. The

redispersion of latex flocs with simple sugars is also reported.

4.1 Results

4.1.1 Calculation of polymer chain charge density

The concentrations of free and HPGG bound borate ions were calculated
following the method described in our previous work, which involves the
simultaneous solution of eq 1,2 in Figure 4-1 and the borate dissociation equilibrium.
For experiments with added fructose, boron binding to diols on monosaccharide sugar
rings after addition of D- Fructose were described by eq 3 in Figure 4-1. The
calculation of charge density on HPGG/Borate chain required the concentration of
boron binding sites, which is a function of the HPGG concentration, the degree of
hydroxypropylation, and the galactose concentration. Our assumptions are that all
hydroxyl groups had the same probability of hydroxypropyl substitution and boron
reacts only with galactose. The mass concentration of HPGG was then converted to a
molar concentration of boron binding sites. K3 as Figure 4-1 was chosen to be 1698
L/mol at 298 K according to Vandenberg (Vandenberg, Peters et al. 1994). The charge

density was defined as the ratio of the concentration of HPGG bound boron over the
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total HPGG binding site concentration. The three equilibrium equations were solved

using the MathCAD 12 solver with the TOL set to 10°'2.

4.1.2 Flocculation and Redispersion

The residual turbidities of HPGG solutions alone and in the presence of
either borax or phenylboronic acid (PBA) after the addition of cationic polystyrene
particles (PSL-C) were measured as a function of HPGG concentration and the resuits
are summarized in Figure 4-2. It is found that the supernatant turbidity of the samples
with borax decreased first with HPGG concentration over the range of 3 orders of
magnitude and then increased again. Measurements were also obtained for samples
with PBA and the results showed that supernatant turbidity decreased first and beyond
certain HPGG concentration it started to decrease. In comparison to flocculation
induced by HPGG/Borate, the flocculation induced by HPGG/PBA shows narrower
flocculation range. And for the suspensions with no boron, there was nearly no change
of the turbidity with the increase of HPGG concentration and thus no distinct
flocculation induced solely by HPGG were observed.

The electrophoretic mobility values of HPGG alone and in the presence of
either borax or PBA (pKa=8.8) after the addition of PSL-C were measured as a
function of HPGG concentration (Figure 4-3). As the HPGG concentration was
increased, electrophoretic mobility values for suspensions added with either borax or
PBA groups both decreased from positive to negative and then leveled off beyond

certain HPGG concentrations. The plateau values of electrophoretic mobility are
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around -1.0x10"® m%Vs and -2.0x10® m%Vs for suspensions added with borax and
PBA, respectively. A decrease of electrophoretic mobility values from around 2.5%10
* m¥Vs to 0.3x10® m?*/Vs was also observed for the suspensions in the absence of
borate but no charge reversal was found in our work. For comparison, electrophoretic
mobility of PSL-C in the absence of HPGG was also investigated. As shown in Figure
4-6, with borate dissolved in the positively charged polystyrene suspension,
electrophoretic mobility was found to decrease slowly with the increase of pH.
However, no charge reversal was found in the measurements.

To study pH effect on HPGG/Borate flocculation efficiency, residual
turbidity and electrophoretic mobility of the suspensions were investigated and the
results are plotted in Figure 4-4. As the pH values were reduced from 11.1 to 6.5, it
was obtained that residual turbidity of the supernatant increased and floccs formed
previously due to the introduction of HPGG/Borate to cationic polystyrene latex
particles were redispersed into water again. Electrophoretic mobility curve in Figure
4-3 also displays the same behavior along with the reduction of pH as turbidity.

In Figure 4-5-a, the residual turbidity and electrophoretic mobility data were
plotted as functions of the HPGG/Borate chain charge density that were calculated
using the method mentioned previously. By adding D-Fructose to the mixture with
optimum flocculation, the diols on monosaccharide sugar rings will compete against
HPGG for boron and thus the charge density on HPGG/Borate chain was reduced.
Floccs settled down at the bottom of flask then redissolved again within 30 min gentle

stirring, leading to the increase of residual turbidity as measured in this work.
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Electrophoretic mobility was also found to increase from negative values to rather
neutral if charged density was decreased by simply adding increasing amount of

D-Fructose (Figure 4-5-a).

4.2 Discussion

When only HPGG is present in the suspension of cationic polystyrene
particles, no specific influence on particle stability was obtained as shown in Figure
4-2. However, preliminary experiments show that HPGG alone can flocculate PSL-C
to some extent over a rather narrow concentration range (Figure 4-2-b). The reason
why flocculation was not obtained in Figure 4-2-a is that the HPGG concentrations
stand far from each other so we actually missed the points where effective
flocculation occurs. Singh et al. also found that HPGG and its derivative grafted with
polyacrylamide were able to flocculate kaolin, iron ore, and silica suspensions (Nayak
and Singh 2001).

Though it was obtained that both HPGG/Borate and HPGG/PBA could lead
to the flocculation of positively charged particles as shown in Figure 4-2-a,
HPGG/Borate was found to be able to flocculate PSL-C over a broader HPGG
concentration range than that of HPGG/PBA. And thus the flocculation mechanisms
in two systems are expected to be different.

In the case of HPGG/PBA, the non-ionic polymer was converted to
negatively charged polyelectrolyte due to the binding of PBA on the polymer chain.

HPGG/PBA behaves like a labile polyelectrolyte and rigid polymer because of the
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electrostatic repulsion between neighboring PBA bound on the polymer chain. Due to
the electrostatic attraction between this newly formed polyelectrolyte and the residual
charge groups on the particle surfaces, segments of the polyelectrolyte were adsorbed
onto the particle surfaces and those un-adsorbed segments were left protruding into
the bulk solution. And those protruding trains and tails were still likely to attach the
bare areas on the surface of neighboring particles and bridge them together. Bridging
flocculation is thus employed here to explain the flocculation behavior of HPGG/PBA.
Generally speaking, flocculants are most effective at adsorption densities
corresponding only to a fraction of the complete surface coverage, around 50% in
most cases. This is confirmed by the residual turbidity results (Figure 4-2-a) that show
that PSL-C flocculation is most pronounced at intermediate HPGG concentrations. At
higher polymer adsorption densities, electrosteric stabilization takes place and leads to
redispersion of the cationic particles. This process is commonly classified as bridging
flocculation (Figure 4-7). As more HPGG is added to the solution, more polymers will
be adsorbed onto the particle surfaces until the saturation is reached. When the surface
is totally covered with HPGG, the particles are re-stabilized with the polymer acting
as steric stabilizer and the flocculation will re-disperse into water again as shown in
Figure 4-2-a.

Whereas in the case of HPGG/Borate, we believe some more complicated
flocculation mechanism was involved considering the broader flocculation range. The
HPGG polymer chains will be cross-linked into three dimensional networks with the

addition of borax under basic conditions. Unlike those single HPGG polymer chains
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bound with PBA, HPGG/Borate can be viewed as the polyelectrolyte with increasing
molecular weight due to the presence of cross-linking. As shown in Schwarz’s works
(Schwarz, Bratskaya et al. 2006; Schwarz, Jaeger et al. 2007), polymers with higher
molecular weight show much broader flocculation range. When polymer
concentrations are really small and effective flocculation is not possible for polymers
with lower molecular weight, the polymers with high molecular weight are found to
be able to flocculate the particles rather well. Similar to the results in Schwarz’s
works, effective flocculation was also obtained in our study when HPGG
concentration is low. As the HPGG are tuned to the cross-linked polyelectrolyte with
huge molecular weight, a single one of the newly formed polymer networks is
believed to be able to adsorb more oppositely charge particles and bridge them
together. Therefore, lower polymer concentrations are required to induce the
flocculation for HPGG/Borate. As the HPGG concentration is increased to the point
where HPGG/PBA was able to stabilize PSL-C, effected flocculation was still
obtained for HPGG/Borate. This is believed to be due to the different conformation of
adsorbed HPGG on the surfaces of particles. With HPGG/PBA, the adsorbed
polyelectrolyte is expected to assume a thinner and flatter polymer layer conformation.
But with HPGG/Borate, the adsorbed polymer is more likely a thick polymer network
and more polymers are required to cover the particle surfaces completely to
re-stabilize them.

In addition, with the total boron concentration remaining the same in all

flocculation experiments but increasingly added HPGG, the HPGG polymer chains
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will compete with each other for boron in the solution. Thus, the possibility of
cross-linking is smaller and the HPGG/Borate polymer molecular weight is expected
to be reduced compared to dilute polymer solutions. In the presence of mechanical
shearing stress during stirring in flocculation experiments, we believe a process of
de-cross-linking and de-networking occurs at higher polymer concentrations.
Considering the fact that HPGG-Borate binding is labile, we think floccs induced by
HPGG/Borate networks are likely to break down with mechanical strength. And the
HPGG/Borate adsorbed on the particles surfaces will be likely to change the
conformation when the de-cross-linked boron binds to the hydroxyl groups in the
same HPGG/borate network instead of the neighboring polymer networks. With the
conformation change and more polymer adsorption on the surface, the particles will
be completely covered with the polymer. Therefore, flocculation disappears at higher
polymer concentrations and PSL-C is stabilized again. This explains well why
flocculation can be achieved over a rather broad range of polymer dosages. And
therefore we suggest that the flocculation induced by HPGG/borate in this study is a
synergic effect of bridging flocculation and network flocculation (Figure 4-8). We
believe that network flocculation is the major flocculation mechanism occurred in the
study of HPGG/Borate.

Borate and phenylboronic acid binding to adsorbed HPGG on particle surface
are reflected as well in our electrophoresis results (Figure 4-3). When no boron is
present and only HPGG is adsorbed on the surface, the electrophoretic mobility

values of the particles covered with HPGG alone decrease from +2.4X 10 m%Vs to
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0.3 X10®¥m%Vs along with the increasing polymer concentrations in solution. This
can be explained by the fact that with more HPGG available for adsorption in the bulk
solution more HPGG is likely to adsorb onto the surface until a maximum adsorption
density is reached. And as the nonionic HPGG adsorbs onto particles surfaces, the
polymer layer then pushes shear plane far away from the surface, decreasing the
electrophoretic mobility. As shown in Figure 4-3 for HPGG/Borate, with the increase
of HPGG concentration in solution and thus the adsorbed HPGG/Borate on particles
surfaces, electrophoretic mobility values decrease from +2.4X 10 m*Vs for bare
particles to —=1.1 X 10 m?/Vs for fully covered particles. The charge reversal in this
study is simply due to the introduction of borax. The presence of negatively charged
HPGG/Borate layer adsorbed onto the positively charged surface is attributed to the
surface charge reversal as shown in the electrophoresis results. This negatively
charged polymer layer on the surface not only works as a barrier shielding the positive
charge of the particle but also provides negative charge to the newly formed soft
particle.

Though similar electrophoretic properties were obtained with HPGG/PBA,
the electrophoretic mobility values for fully covered particles with PBA bound HPGG
appear more negative with a plateau value around 2.0 X 10°*m*Vs. We suggest that
for the borax, borate anions are more likely to be buried in the gels formed by
cross-linking; for the phenylboronic acid, the anions are more exposed at the surfaces
of adsorbed layer instead of the inside of three dimensional structure. In addition,

without cross-linking taking up the hydroxyl groups on the polymer chain, more

64



Study of Hydroxylpropyl Guar Properties at Solid-Liquid Interface Zhen Hu

phenylboronic acid molecules are expected to be bound to the chain. Thus, the charge
density of HPGG/PBA is increased compared to that of HPGG/Borate, which
eventually results in the more negative electrophoretic mobility values (Cui, Pelton et
al. in preparation).

Considering the pH dependence of borax complexation with HPGG, pH
influence on HPGG/Borate flocculation was studied by measuring residual turbidity
of the suspensions with varied pH values. Figure 4-4 shows that the residual turbidity
was reduced with the increasing pH, which means flocculation extent is greater at
higher pH values. When pH value is high, especially above the pKa value of borax,
HPGG is charged to some extent and thus works as an effective flocculant as shown
in Figure 4-4. It should be pointed out that borax binding with HPGG is a labile
interaction and with reduced pH the boron can be de-attached from the HPGG
polymer chain. The results illustrated in Figure 4-4 agree with this well. At lower pH
the residual turbidity increase which means floccs are redispersed into the solvent
again and the flocculation of positively charged particles with HPGG/Borate is poor
in this condition. Without the binding of borax onto the polymer chain, the non-ionic
HPGG was obtained to be not able to flocculate cationic colloid. This is also
confirmed by electrophoresis results shown in Figure 4-4. And an interesting
resemblance of the shape of electrophoretic mobility curve and residual turbidity
curve was found in this figure. We believe that the proposed interpretation agrees well
with our results.

To exclude the effect of borax adsorption on particles on electrophoresis
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results, electrophoretic mobility values of PSL-C in the absence of HPGG were
measured and illustrated in Figure 4-6. It was obtained that the cationic colloids
remained positively charged through the whole pH range. The decreasing of mobility
values with the increase of pH is attributed to the salt effect of borax.

Not only does pH have an influence on borax binding to HPGG, but also
monosaccharide added to the mixture has an effect on the borax binding equilibrium.
Residual turbidity and electrophoretic mobility were plotted in Figure 4-5-a against
the charged density of HPGG/Borate polymer chain. It is obtained that the charge
density of polymer chain has a direct influence on the flocculation behavior of
HPGG/Borate. With D- Fructose added to the flocculation and competing against
HPGG for borate, originally bound borate to HPGG would come off from the polymer
chain and reduce the charge density of this labile polyelectrolyte. This results in the
redispersion of flocculation, turbidity increase and electrophoretic mobility turning
more positive (Figure 4-5-a). Again, the shape of residual turbidity curve resembles
with that of the electrophoretic mobility as shown in Figure 4-5-a. Within the polymer
concentration range studied in this study, polymers with higher charge density were
demonstrated to be the more effective flocculants. The reason why flocculation
properties of polymers with even higher charge density were not investigated is that
there involves an equilibrium for monosaccharide competing for borate against HPGG
and only charge density below some certain value can be achieved according to our

calculation.
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Figure 4-1 Schematic illustration of borate binding with borate and D-Fructose.
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Figure 4-2 a: Residual turbidity measured at pH 9.0 using UV/Vis Spectrophotometer
as a function of HPGG concentration for polystyrene latex, polystyrene latex added
with borax (labeled “total boron™) and polystyrene latex added with phenylboronic
acid (labeled “PBA”); b: Residual turbidity measured using UV/Vis
Spectrophotometer as a function of HPGG concentration for polystyrene latex only.
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Figure 4-4 Residual turbidity and electrophoretic mobility of flocculation of positively
charged particles with HPGG/Borate as a function of pH.
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Figure 4-5 Residual turbidity and electrophoretic mobility of flocculation of positively
charged particles with HPGG/Borate as a function of polymer chain charge density (a)
and ratio of fructose concentrations over HPGG concentrations (b) on HPGG/Borate.
HPGG concentration: 206.8mg/L.
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Figure 4-6 Electrophoretic mobility of cationic polystyrene latex in the absence of
HPGG as a function of pH (added with 0.01M borax buffer).

Figure 4-7 Proposed flocculation mechanism of cationic polystyrene latex with
HPGG/Phenylboronic acid.
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Figure 4-8 Proposed flocculation mechanism of cationic polystyrene latex
with HPGG/Borax.

Figure 4-9 Pictures of cationic polystyrene latex before flocculation (left), afier
flocculation (middle), and after redispersion (right).
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Chapter 5 Conclusions and Recommendations

The goal of this research was to try to investigate the properties of HPGG and
borate bound HPGG at the solid-liquid interfaces. Polystyrene particles were
employed in this study as the model hydrophobic surfaces at the tear film-corneal
epithelium interfaces. The adsorption of HPGG on anionic and cationic particle
surfaces was studied and the results obtained are expected to be helpful for future
researchers in understanding of HPGG effect on tear film stability. What is more
interesting is that HPGG bound with borate was found be an effective flocculant for
cationic colloid. Not only does this finding help us improve the understanding of
flocculation mechanism present in many industry applications but also it might have
some impacts on the flocculant industry.

Conclusions:

(1) HPGG adsorption on anionic polystyrene particles leads to thick but sparse layers
and this adsorption is characterized as a weak-affinity adsorption. The adsorption
forces are suggested to arise from hydrophobic interactions between HPGG
backbone and particles.

(2) Addition of borate lowers the adsorption of HPGG onto anionic particles. This
influence was found to be lessened by increasing ionic strength in the suspension
for adsorption experiments.

(3) The degree of hydroxypropyl substitution was found to have negligible effect on

HPGG adsorption on anionic particles.
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(4) Borax and methylboronic acid binding to HPGG is reflected in the electrophoresis.
Along with dynamic light scattering data, adsorbed polymer layers of
HPGG/Borate and HPGG/Methylboronic acid are compared and the possible
structure of adsorbed layer is proposed.

(5) HPGG bound with borate behaves as a labile polyelectrolyte and was
demonstrated to be able to induce the flocculation of oppositely charged latexes.

(6) Through adjusting pH and adding fructose, the charge density of HPGG/Borate
can be varied and it is found to be capable of flocculating cationic colloids.

(7) Positively charged latexes were flocculated by HPGG/Borate over a broad range
of HPGG concentration, which is proposed to be a result of network flocculation
and bridging flocculation under our experimental conditions.

(8) Flocculation induced by HPGG/Phenylboronic acid on the other hand shows
narrower flocculation range, which is proposed to be due to the absence of borate
cross-linking and only bridging flocculation works.

The following aspects are recommended for any future studies:

(1) It would be interesting to explore the structure of adsorbed polymer layer on the
surface and the conformational change of this layer thereafter.

(2) The mucin adsorption on hydrophobic surfaces needs to be investigated and
compared to the adsorption of HPGG.

(3) The binding constant of borate with HPGG is an important parameter in our study
and it would be truly helpful if this could be measured successfully through some

experimental approaches.
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