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Chapter 7: Conclusions and Future Work

7.1. Conclusions
The work in this document was performed to investigate the different phenomena that

determine the adsorption properties of polymers onto metal oxide particles.  In particular,

the work was performed to try and define the key properties necessary to design the

anchor block of a copolymer steric stabilizer for submicron metal oxide particles.  To

accomplish this goal, several unique studies were completed.  1) The adsorption of a

series of linear homopolymers was studied versus PEOX, PEO, and PVOH to try to

establish the adsorption behavior of hydroxyl modified PEI polymers on three model

metal oxides.  2)  P20G100, a hydroxyl modified PEI homopolymer with degree of

polymerization 20, with and without a C12 hydrophobic endgroup was studied  on SiO2

TiO2 and Al2O3 to determine the effect of hydrophobes on the adsorption properties of

water-soluble polymers.  3) The series of linear hydroxyl modified homopolymers was

studied versus their dendritic homopolymers analogs to establish the effect of chain

architecture on the adsorption properties of water-soluble polymers.  This is the first

study that has attempted to establish the adsorption properties of dendritic polymers

versus other chain architectures.  4) A streaming potential instrument was built to provide

the capability for determining the adsorbed layer thickness of nonionic water-soluble

polymers.  This instrument is useful for studying nonionic water-soluble polymers and

copolymers.  5) The effect of thermally induced insolubility of a hydrogen-bonding

water-soluble polymer was evaluated to determine if insolubility would enhance

adsorption or be suppressed due to reduced hydrogen-bonding interaction.   Several

conclusions and achievements may be stated:

1)  The hydroxyl modified homopolymers have shown significant levels of adsorption on

SiO2, TiO2, and Al2O3 versus much larger PEOX and PVOH homopolymers.  While

PEOX Mw = 30K adsorbed on SiO2 at roughly 0.82 mg/m2 it was not observed to adsorb

appreciably on TiO2 or Al2O3.  The hydroxyl modified PEI polymers adsorbed on all
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three metal oxides, ranging from approximately 0.5-0.6 mg/m2 on SiO2 and 0.3-0.4

mg/m2 on TiO2 to 0.1-0.2 mg/m2 on Al2O3.  These adsorbed amounts are significant as

anchor on the order of 0.1 mg/m2 may be sufficient for anchoring a copolymer steric

stabilizer on a metal oxide particle.  While this study was unable to determine the exact

nature of the interaction of the hydroxyl modified PEI homopolymers, results indicate

that both hydrogen-bonding and electrostatic effects drive adsorption.  A significant

observation was the adsorption of P100G100 on Al2O3 at the level of approximately 0.4

mg/m2 at a pH as low as 3.  At this low pH, it is expected that electrostatic repulsion

between the protonated polymer and the positively charged Al2O3 would inhibit

adsorption.  In general, the results indicate that the hydroxyl modified PEI polymers have

multiple interaction effects with the metal oxide surfaces.  While electrostatic effects are

important and result in sensitivity to pH and possibly impurities, there may be benefits of

these materials over traditional polyelectrolytes.  The most important observation

supporting this conclusion is the observation that P100G100 adsorbed on Al2O3 at pHs

above and below the i.e.p.  This result implies several mechanisms for adsorption are

possible, and pH sensitivity is reduced as compared to a polyelectrolyte.  This would be a

significant advantage over a traditional polyelectrolyte where only electrostatic forces

drive adsorption.  This materials may function as a universal anchor block.

2)  Addition of a hydrophobic moiety as an end-group on the P20G100 hydroxyl

modified PEI homopolymer improved the level of adsorption on SiO2 and possibly

Al2O3.  No significant effect was seen for the TiO2 surface.  These results are comparable

to reported results for hydrophobe modified PEO adsorption onto SiO2.  The

hydrophobes appear to form a weakly associated layer when adsorbing on SiO2 and in the

case for the P20G100C12, possibly Al2O3, but not on TiO2.  This behavior may indicate

that the TiO2 surface is more hydrophobic than the on SiO2 and Al2O3 surfaces.  The

hydrophobe appears to decrease the degradation temperature of the homopolymer.

3)  The dendritic homopolymers adsorbed at higher levels than their linear homopolymer

analogs on SiO2.  The dendrimer adsorption ranged from 0.7 – 1.0 mg/m2 versus 0.5 – 0.6

mg/m2 for the linear homopolymers.  On TiO2, the PA32G100 dendrimer appears to
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adsorb at levels above all the other polymers under equal conditions of pH and

concentration.  Poorly understood behavior with pH obscures these results, however.   On

Al2O3 the dendrimers adsorbed at levels from 0.1 to above 0.25 mg/m2.  PA32G100 again

appears to absorb at the highest levels when compared to the linear homopolymers and

the smaller PA16G100 dendrimer.

4)  A streaming potential instrument was built which was capable of measuring the layer

thickness of nonionic polymers adsorbed on a fused SiO2 capillary.  Layer thickness

values for PEOX homopolymer were measured with values of approximately 1nm and

4.4 nm for PEOX Mw = 10K and Mw = 30K, respectively.  An unexpected trend was

observed in which the layer thickness for an NPEOX = 300 was greater than that for NPEO =

520.

5)  Adsorption at the cloud point reduces adsorption of PEOX Mw = 30K on SiO2.  The

driving force for hydrogen-bonding is reduced as temperature increases, and insolubility

is not capable of driving adsorption.  This implies that insolubility enhances but possibly

does not drive adsorption in the manner in which we think of hydrogen-bonding or

electrostatic interactions driving adsorption.

7.2. Future Work
The results of this work have led to a variety of future experiments.  The areas will be

divided into adsorption studies, layer thickness studies and chemistry.  All three areas are

important to the future development of a steric stabilizer for stabilizing metal oxide

particles in water.

7.2.1.  Adsorption Studies
There are several issues in this area which need exploring.  First, the most important

experiments to perform are to determine the isotherms as a function of pH and

concentration.  The effects occur simultaneously, and need to be resolved.  A designed

experiment would be useful as the effect is probably synergistic given that the polymers

contain both tertiary amine groups, which are electrolytes, and hydroxyls groups that can

hydrogen bond.  Given the possible large increase in adsorbed amount dynamic light
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scattering studies as a function of pH would be advisable.  This type of work would

elucidate the possibility of aggregate formation at different pH.  Aggregate adsorption

might account for such large increases in adsorbed amount as seen most noticeably on

TiO2.  Given this, methodology to eliminate the errors encountered in attempting pH

studies on Al2O3 need development.  The solubilization of the metal oxides as well as the

contribution of the acid or base used to adjust the pH complicated the ability to measure

the adsorption isotherms of the linear and dendritic hydroxyl modified PEI

homopolymers.  While the contribution from the acid and base was accounted for, the

soluble metal oxide species was not well handled.  Developing a method to circumvent

this issue is necessary.

Sample size needs to be increased for the higher concentration experiments to improve

sensitivity.  The quantity of metal oxide must be increased to increase the net surface area

for adsorption, and thus force more polymer to adsorb.  This will in turn make the

difference between the added concentration and the concentration in the supernatant

larger.  Given the level of adsorption, observed, this must be done to improve the

accuracy of the absorbed amount measurements.  In the case of the Al2O3 a different type

of particle is needed to reduce the quantity.  A fumed Al2O3 is available from Degussa

with surface area of 95 m2/g.

Evaluate the current materials on ZnO.  Bayer furnished two samples of ZnO for work on

developing a better stabilization system.  The stabilizer must hold up to high pH, and

there is no requirement on it being a nonionic or electrolytic material.  From the results in

this work, the P100G100 and PA32G100 polymers should be studied both on the ZnO

and in the ZnO/polychloroprene latex system.  The studies on both ZnO samples would

provide information on the effect on impurities on the adsorption behavior of the

hydroxyl modified linear PEI and dendritic polymers.

7.2.2. Layer Thickness Studies
Development of the flat plate instrument will allow this technique to be expanded to

oxides other than SiO2.  Once developed, the instrument may be built into an old GC or
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similar oven for temperature control and environmental shielding.  PEOX has been

shown to adsorb preferentially on SiO2 over PEO for samples of PEO and PEOX with

similar values of NPEOX and NPEO.  For NPEO  10NPEOX, PEO displaced PEOX from the

SiO2 surface.  Given this and the high adsorption behavior observed in the adsorption

isotherm experiments described in Chapter 3 and those of Chen et al., nonionic diblock

copolymers of PEOX-PEO should be synthesized for streaming potential adsorbed layer

thickness measurements.  In such a system, PEOX would be designed to be the anchor

block and PEO the tail block.

Atomic Force Microscopy or Surface Force measurements would resolve the force versus

distance relations of the adsorbed polymers, leading to an estimate of the adsorbed layer

thickness.  Molecular modeling of small molecules and large chains may provide insight

into the adsorption mechanisms as the pH is varied.  These studies are not restricted to

nonionic materials.

7.2.3. Chemistry
The dendritic homopolymers in this study were observed to adsorb on SiO2, TiO2, and

Al2O3 at levels typically exceeding their linear homopolymer analogs.  While this seems

to indicate an advantage to using a dendritic anchor block, more work is needed to

confirm this result.  Much work is needed to determine the optimum ratio of tail to

anchor segments necessary to make a dendritic copolymer stabilizer.  Ideally, a dendritic

copolymer with tail blocks grafted onto one hemisphere and the anchor blocks on the

other is needed.

The linear architecture, at present, may be more efficient at utilizing the anchor and tail

segments.  Diblocks of the P100G100 would be interesting to evaluate given the levels of

adsorption observed on Al2O3.  Obtaining truly nonionic analogs to the weak

polyelectrolytes in this study would also shed light on the actual mechanism driving the

adsorption on the SiO2, TiO2, and Al2O3 surfaces.  In addition, the nonionic polymers

could be studied by streaming potential.


