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Abstract 
With many processing advantages, electrophoretic deposition (EPD) has 

been chosen as the fabrication technique for inorganic-organic 

nanocomposites. However, before the EPD process, avoiding the particles 

agglomeration is considered a necessary perquisite for the success of 

fabrication. 

In this research, two different liquid-liquid extraction methods, one is 

one-step and the other is two-step, were developed to solve the 

agglomeration problem of inorganic particles. The adsorption 

mechanisms of the extractors and extraction mechanisms were 

investigated during this work. The strong adsorptions provided by –OH 

groups of the extractors and further Schiff base reaction allowed for the 

process of extraction.       

In the fabrication, polyelectrolytes acted as the film forming and charging 

agents. Relatively stable suspensions with extracted inorganic particles 

were prepared for the EPD of inorganic-organic nanocomposites. The 

thickness of deposited films is proportional to the concentration of the 

suspension and deposition time. With the addition of flame retardant 

inorganic particles, the prepared nanocomposite films showed an 

enhanced flame retardant performance. 

Key words: EPD, inorganic-organic nanocomposites, liquid-liquid 

extraction 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 III 
	

Acknowledgement 

First, I would like to express my deepest gratitude to my supervisor Prof. 

Igor Zhitomirsky for his intellectual guidance, patience and 

encouragement during my graduate studies. Thank you for your tolerance 

and support in these two years. I feel so lucky and proud to have a 

supervisor like you.  

 

I would like to thank my groupmates, Jieming Li, Haoyu Fan, 

Zhengzheng Wang, Mustafa Ata, Cameron Wallar, Amanda Clifford, 

Ryan Poon, Aseeb Syed and Jordan Milne for their collaboration and 

kindness of helping me in my graduate research life. 

 

I would like to thank my roommates, Huifang Pang and Mengjie Bian, for 

their support, help and encouragement in my life. I will never forget our 

agreement and dreams. I would also like to thank other friends who I met 

in Canada for their help and kindness.    

 
Last, but the most important, I wish to express my appreciation to my 

parents. I would like to thank my parents for their support, understand, 

encouragement and endless love for me. I am so fortunate to have parents 

like my mom and dad.    



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 IV 
	

Declaration of Academic Achievements 

 

This dissertation is used to fulfill the requirements of M.A.Sc degree. The 

major research project was undertaken from Sep 2016 to July 2018. I 

carried out experimental and theoretical research on developing 

inorganic-organic nanocomposites by EPD and liquid-liquid extraction.  

The results of this dissertation were published in 5 papers in 

peer-reviewed journals. The papers were listed below: 

1. X. Zhao, A. Clifford, R. Poon, R. Mathews, I. Zhitomirsky, 

Carbonxymethyl cellulose and composite films prepared by 

electrophoretic deposition and liquid-liquid extraction, Colloid and 

Polymer Science, 2018, 296, 927-934  

2. R Poon, X Zhao, MS Ata, A Clifford, I Zhitomirsky, Phase transfer of 

oxide particles for application in thin films and supercapacitor, Ceramics 

International, 2017, 43, 8314-8320 

3. T. Zhang, X. Zhao, R. Poon, A. Clifford, R. Mathews, I. Zhitomirsky, 

Synthesis and liquid-liquid extraction of non-agglomerated Al(OH)3 

particles for deposition of cellulose matrix composite films, Journal of 

Colloid and Interface Science, 2017, 508, 49-55 

4. Ri Chen, Mustafa S. Ata, Xinya Zhao, Amanda Clifford, Ishwar Puri, 

Igor Zhitomirsky, Strategies for liquid-liquid extraction of oxide particles 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 V 
	

for applications in supercapacitor electrodes and thin films, Journey of 

Colloid and Interface Science, 2017, 499, 1-8 

5. R Chen, MS Ata, X Zhao, I Puri, I Zhitomirsky, Liquid-Liquid 

extraction of oxide particles and application in supercapacitors, Journal of 

Materials Research, 2017, pp. 3242-3250 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 VI 
	

Table of Contents 

 

Acknowledgement .................................................................................... III 

Declaration of Academic Achievements ................................................. IV 

List of Figures ........................................................................................... X 

List of Tables ........................................................................................ XVI 

2. Literature review .................................................................................... 3 

2.1 Particle interactions and suspension stability .................................... 3 

2.1.1 The DLVO theory ....................................................................... 3 

2.1.2 Other interparticle forces ............................................................ 6 

2.2 EPD ................................................................................................... 9 

2.2.1 EPD mechanism .......................................................................... 9 

2.2.2 Kinetics of EPD and electrophoretic mobility .......................... 13 

2.2.3 Solvents ..................................................................................... 16 

2.2.4 Charging methods of particle .................................................... 18 

2.2.5 Dispersants and dispersion mechanisms ................................... 21 

2.2.6 Binders ...................................................................................... 25 

2.3 EPD of polymers .......................................................................... 27 

2.3.1 Anodic EPD .............................................................................. 28 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 VII 
	

2.3.2 Cathodic EPD ............................................................................ 29 

2.3.3 Other techniques ....................................................................... 30 

2.4 EPD of organic-inorganic composites ............................................ 33 

2.5 Applications of EPD ....................................................................... 35 

3. Objective .............................................................................................. 38 

4. Experimental Methodologies ............................................................... 39 

4.1 Starting Materials ............................................................................ 39 

4.2 Synthesis of TiO2 and Al(OH)3 ....................................................... 40 

4.3 EPD ................................................................................................. 41 

4.4 Characterization techniques ............................................................ 41 

4.4.1 X-ray diffraction analysis .......................................................... 41 

4.4.2 Fourier transform infrared spectroscopy ................................... 42 

4.4.3 Scanning electron microscope .................................................. 42 

4.4.4 Thermogravimetric and differential thermal analysis ............... 42 

4.4.5 Deposition yield study .............................................................. 43 

4.4.6 Particle size distribution analysis .............................................. 43 

5. Results and discussion .......................................................................... 44 

5.1 Agglomeration of synthesized inorganic particles .......................... 44 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 VIII 
	

5.2 Liquid-liquid extraction and cathodic EPD of cationic cellulose- 

Al(OH)3 composites .............................................................................. 45 

5.2.1 Two-step liquid-liquid extraction .............................................. 45 

5.2.2 Experimental results of liquid-liquid extraction ....................... 49 

5.2.3 Structure and properties of QHECE .......................................... 53 

5.2.4 Experimental results of cathodic EPD ...................................... 54 

5.2.5. Conclusion ............................................................................... 60 

5.3 Liquid-liquid extraction and anodic EPD ....................................... 61 

5.3.1 One-step liquid-liquid extraction .............................................. 61 

5.3.2 Experimental results of liquid-liquid extraction ....................... 65 

5.3.3 Structure and properties of CMC .............................................. 68 

5.3.4 Experimental results of anodic EPD ......................................... 69 

5.4 Liquid-liquid extraction of titania ................................................... 77 

5.4.1 Synthesis of TiO2 ...................................................................... 77 

5.4.2 Experimental results of liquid-liquid extraction of titania ........ 77 

5.4.3 Conclusion ................................................................................ 86 

5.5 Cathodic EPD of LPEI and its composite films .............................. 86 

5.5.1 Experimental results of Cathodic EPD of LPEI composite films

 ............................................................................................................ 88 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 IX 
	

5.5.2 Conclusion ................................................................................ 96 

6. Conclusions .......................................................................................... 98 

7. References .......................................................................................... 101 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 X 
		

List of Figures  

Figure. 2-1. Total interaction between spherical particles as a function of 

particle separation according to the DLVO theory 

Figure. 2-2. Schematic drawing of electrophoretic deposition cell 

showing the process 

Figure. 2-3. Thickness of coatings deposited using ELD and EPD 

Figure. 2-4. Zeta potential of colloidal particles versus pH of the 

suspension 

Figure. 2-5. Structures of Dopamine and DHC 

Figure. 2-6. Structures of Gallic acid and Salicylic acid 

Figure. 2-7. (a) bidentate chelating bonding, (b) bidentate bridging 

bonding (inner sphere), (c) bidentate bridging bonding (outer sphere) 

Figure. 2-8. Cathodic electrophoretic deposition of ceramic particles (a) 

neutral and (b) charged polymer 

Figure. 2-9. Anodic EPD process and Cathodic EPD process 

Figure. 5-1. SEM image of Al(OH)3 powder 

Figure. 5-2. Condensation reaction between surface OH groups 

Figure. 5-3. Schematic of synthesis and extraction process, involving (a) 

modification of Al(OH)3 particles with R-CHO during synthesis in an 

aqueous phase and (b) particle extraction to n-butanol phase involving a 

Schiff base reaction of R-COH and NH2L. 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XI 
	

Figure. 5-4. (A) Chemical structure of (a) NH2L, (b) R’-CHO and (c) 

R”-CHO, (B) Schiff base reaction of R-CHO (R=R’ or R”) and NH2L, (C) 

adsorption of (a,b) R’-CNH-L and (c,d) R”-CNH-L on Al(OH)3, 

involving (a,c) chelation and (b,d) bridging of Al atoms. 

Figure. 5-5. Particle extraction involving (a,b) R’-CNH-L and (c,d) 

R”-CNH-L, arrows show liquid-liquid interface. 

Figure. 5-6. Particle size distribution for Al(OH)3 particles, extracted to 

n-butanol using (A) R’-CNH-L and (B) R”-CNH-L. 

Figure. 5-7. FTIR spectra of (a) R’-CHO, (b) NH2L, (c) Al(OH)3 particles 

synthesized in the presence of R’-CHO, (d) Al(OH)3 particles, extracted 

using R’-CNH-L. 

Figure. 5-8. FTIR spectra of (a) R”-CHO, (b) Al(OH)3 particles 

synthesized in the presence of R”-CHO, (c) Al(OH)3 particles, extracted 

using R”-CNH-L. 

Fig. 5-9. Chemical structure of QHECE 

Figure. 5-10. Time dependence of QCM mass gain for deposition from 

0.05 g/L QHECE solution at a cell voltage of 5V. 

Figure. 5-11. Deposit mass versus QHECE concentration in solutions at a 

voltage of 30 V and a deposition time of 5 min. The deposit mass data 

represents average values for 3 experiments with error < 4% 

Figure. 5-12. Sedimentation test for Al(OH)3, prepared by (a) 

precipitation and drying and (b) precipitation and extraction. The 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XII 
	

suspensions contained 2g/L Al(OH)3 and 1g/L QHECE in a mixed 

water-alcohol solvent 

Figure. 5-13. SEM image of a composite prepared by EPD from 

suspensions of 2g/L Al(OH)3 and 1g/L QHECE in a mixed water-alcohol 

solvent 

Figure. 5-14. TGA (a) and DTA (b) data for as prepared Al(OH)3, the 

total mass loss at 800 °C was 40% 

Figure. 5-15. TGA (a) and DTA (b) data for as-received QHECE, the 

mass loss at 200 and 800 °C was 9 and 95%, respectively 

Figure. 5-16. TGA (a) and DTA (b) data for QHECE-Al(OH)3 composite, 

prepared by EPD from 2g/L Al(OH)3 and 1g/L QHECE suspensions in a 

mixed water-alcohol solvent, the mass loss at 200 and 800 °C was 13 and 

73%, respectively 

Figure. 5-17. Chemical structure of (A) LG and (C) HDPA. (B) 

adsorption mechanisms of LG, involving (a) chelating bidentate bonding 

and (b) bridging bidentate bonding. (D) adsorption mechanisms of HDPA, 

involving (a) chelating bidentate bonding, (b) bridging bidentate bonding, 

(c) chelating tridentate bonding and (d) bridging tridentate bonding 

Figure. 5-18. One-step extraction mechanism (A-B1-B2-D and 

A-C1-C2-D) in extraction method 1: (A) Al(OH)3 particles precipitate in 

aqueous solutions, (B1) extractor is accumulated at the liquid-liquid 

interface and (B2) adsorption occurs at the interface, (C1) extractor is 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XIII 
	

transferred from n-butanol to the aqueous phase, (C2) extractor 

adsorption occurs in the bulk of the aqueous phase, and (D) Al(OH)3 

particles are transferred to the n-butanol phase 

Figure. 5-19. Suggested extraction mechanism for HDPA: (a) starting 

Al2(SO4)3 solution; (b) formation of particles, containing adsorbed HDPA 

after addition of HDPA solution in alkali; (c) extraction of particles to the 

n-butanol phase; and (d) image of Al(OH)3 extraction using HDPA 

(arrow shows water-n-butanol interface) 

Figure. 5-20. (A). As-precipitated Al(OH)3, (B). Al(OH)3 extraction using 

LG, (C). Al(OH)3 extraction using HDPA (arrows show water-n-butanol 

interface ), and (D,E) particle size distribution for Al(OH)3 particles 

extracted by (D) LG and (E) HDPA 

Figure. 5-21. FTIR spectra of (a) LG, (b) Al(OH)3 extracted using LG, (c) 

HDPA, and (d) Al(OH)3 extracted using HDPA 

Figure. 5-22. Chemical structure of CMC 

Figure. 5-23. A. Deposit mass versus deposition time, measured using 

QCM, for the deposition from 0.05 g/L CMC-Na at a deposition voltage 

of 5V. B. Deposit mass versus deposition time for the deposition from 5 

g/L CMC-Na at a deposition voltage of 30V  

Figure. 5-24. (a) FTIR spectra of as-received CMC-Na and (b) deposited 

material 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XIV 
	

Figure. 5-25. Sedimentation test for Al(OH)3, prepared by (a) 

precipitation and drying and (b) precipitation and extraction. The 

suspensions contained 2g/L Al(OH)3 and 1g/L CMC in a mixed 

water-alcohol solvent 

Figure. 5-26. SEM image of a film, prepared by EPD from a suspension, 

containing 2g/L Al(OH)3, extracted using LG, and 1 g/L CMC in a mixed 

water-alcohol solvent 

Figure. 5-27. TGA (a,b) and DTA data (c,d) for as-prepared Al(OH)3 (a,c) 

and a deposit (b,d), prepared by EPD from a suspension, containing 2 g/L 

Al(OH)3, extracted using LG, and 1 g/L CMC in a mixed water-alcohol 

solvent 

Figure. 5-28. X-ray diffraction pattern of titania 

Figure. 5-29. (a) as-prepared titania in water, (b) extraction by the 

addition of LG in n-butanol, (c) particle size distribution of titania 

extracted using LG and (d)SEM image of titania agglomerates 

Figure. 5-30. FTIR spectra of (a) LG, (b) TiO2 extracted using LG 

Figure. 5-31. (a) as-prepared titania in water, (b)extraction of titania to 

the n-butanol solvent after addition of HDPA solution in n-butanol and 

mixing, red arrow shows the interface of water and n-butanol and (c) 

particle size distribution of titania extracted using HDPA 

Figure. 5-32. FTIR spectra of (a) HDPA, (b) TiO2 extracted using HDPA 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XV 
	

Figure. 5-33. (A) as-prepared titania in water, modified with R-CHO (B) 

extracted titania using Schiff base reaction and (C) particle size 

distribution. 

Figure. 5-34. FTIR spectra of (a) R-CHO, (b) NH2L and (c) TiO2 

extracted using Schiff base reaction 

Figure. 5-35. SEM image of a titania-PVB film 

Figure. 5-36. Structure of LPEI 

Figure. 5-37. A and B SEM images of LPEI-MgAlLDH film at different 

magnifications, prepared by EPD from 0.5 g/L LPEI solution, containing 

1 g/L MgAlLDH at a deposition voltage of 30V 

Figure. 5-38. A and B SEM images of LPEI-halloysite film at different 

magnifications, prepared by EPD from 0.5 g/L LPEI solution, containing 

1 g/L halloysite at a deposition voltage of 30V 

Figure. 5-39. A and B SEM images of LPEI-titania film at different 

magnifications, prepared by EPD from 0.5 g/L LPEI solution, containing 

1 g/L titania at a deposition voltage of 30V 

Figure. 5-40. (a) TGA and (b) DTA data for as-received halloysite 

Figure. 5-41. (a) TGA and (b) DTA data for LPEI-halloysite composite 

film, prepared by EPD from 0.5 g/L LPEI solution, containing 1 g/L 

halloysite at a deposition voltage of 30V 

Figure. 5-42. (a) TGA and (b) DTA data for as-received MgAlLDH 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 XVI 
	

Figure. 5-43. (a) TGA and (b) DTA data for LPEI-MgAlLDH composite 

film, prepared by EPD from 0.5 g/L LPEI solution, containing 1 g/L 

MgAlLDH at a deposition voltage of 30V 

List of Tables 

Table 2-1 Examples of solvents used for EPD 

Table 4-1 Materials purchased from commercial suppliers 



	

1.Introduction 

 

Currently, nanocomposites have generated a great amount of interests due 

to their combined properties from multiple individual components. 

Among all the composites, inorganic-organic nanocomposites are 

considered to be the most popular one with high application potentials in 

certain fields. The incorporation of inorganic components can provide the 

possibility of added thermal, mechanical, electronic, magnetic and optical 

properties that may be difficult to add by using polymers alone. 

Consequently, different compositions, systems and strategies have been 

developed for the fabrication of inorganic-organic nanocomposites to 

meet the requirement of properties. 

In many cases, layer-by-layer assembly, chemical vapor deposition, 

pulsed laser deposition and dip coating are chosen by researchers to 

fabricate inorganic-organic nanocomposites. However, these common 

techniques have some typical problems like complex procedures, 

high-cost and also low deposition rate. Alternatively, electrophoretic 

deposition (EPD), as an electrochemical method, is ideal for the 

fabrication of inorganic-organic nanocomposites with its low-cost, high 

deposition rate, simple procedure and also adequate control of coating 

thickness. Besides, EPD also has the capacitance to produce uniform 

deposits with high homogeneity and thus enhance the performance of the 
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composites.         

Before the fabrication of composites by EPD, there is a strong need for 

solving the problem of particle agglomeration in the suspension. The 

agglomeration of particles is detrimental for the fabrication process and 

also for the performance of the resulting composites. Many efforts have 

been devoted to the development of dispersing agents focusing on the 

understanding of the structures of these additives. In our research, we 

employed liquid-liquid extraction method to avoid the agglomeration 

problem, and similarly, we tried to understand the structures of our 

extractors, which have various functional groups and therefore provide 

strong adsorption on inorganic particles.   

For the fabrication of inorganic-organic nanocomposites, we used 

different EPD methods, such as cathodic EPD and anodic EPD, for 

different polymers with their different charging properties. The thickness 

of the resulting film can be manipulated by the variation of polymers 

concentration in the suspension and deposition time. Moreover, we 

analyzed and characterized the properties of the fabricated composites by 

different characterization methods. 

The subject of my research is thus related to the development of novel 

liquid-liquid extraction methods and the fabrication of functional 

inorganic-organic nanocomposites by EPD techniques.     
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2. Literature review 

2.1 Particle interactions and suspension stability 

2.1.1 The DLVO theory 

DLVO theory which was developed by Derjaguin and Landau, Verwey 

and Overbeek is considered a classic theory used for determining the 

stability of colloidal particles in suspensions.  

In this theory, van der Waals attraction forces and Coulombic 

double-layer repulsion forces were considered to be the two main forces, 

which determine the total energy of interaction between two charged 

approaching particles1. These two particles were assumed to be spherical 

with uniform charge distribution. The particles were identically charged 

and ions of opposite charge formed electrical double layers around the 

particles. The total energy VT can be expressed as the sum of van der 

Waals attraction energy VA and electrical double layer repulsive energy 

VR : 

                       VT = VA+VR,                      (2-1) 

If the attractive van der Waals force surpasses the repulsive electrostatic 

force, particle aggregation happens. If the repulsive force exceeds the 

attractive force, the colloid solution is stable. In order to change the 
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stability of colloid solution, it is necessary to alter the electrostatic force 

in the system.  

The attractive energy VA can be represented as  

                        𝑉! = − !
!
( !
!!!!

+ !
!!
+ ln !

!!!
!!
)             (2-2)        

where A is known as the Hamaker constant and s = 2 + H/a, with H being 

the shortest distance between the two spheres and a the particle radius. If 

H << a, equation (2-2) can be simplified into: 

                       𝑉! = −𝐴 !
!"!

                     (2-3) 

The repulsive energy VR is defined as: 

𝑉! = 2𝜋𝜀𝜀!𝑎𝜑! ln[1 + 𝑒!!"]              (2-4) 

where 𝜀  is the dielectric constant of the solvent, 𝜀!  is the vaccum 

dielectric permittivity, 𝜑 is the surface potential,  !
!
 is the Debye length: 

            𝑘 = !! !!!!
!

ℰℰ!!"
1/2                  (2-5) 

where e is the electron charge, K is the Boltzmann constant, T is the 

absolute temperature, ni is the concentration of ions with valence zi. 

Repulsion between colloidal particles is determined by the diffuse 

double-layer charge on the particles.	 	

The total interaction energy between the two particles versus interparticle 

distance is shown in Fig 2-1. When the Coulombic double-layer repulsion 

forces outweigh the van der Waals attraction forces in the two particles 

interaction system, the total energy shows positive in the graph, which 

indicates the particles are stable without coagulation. Moreover, when the 
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total energy reaches the maximum, it shows an energy barrier in the 

interaction system. This energy barrier can prevent the approaching of the 

two spherical particles and thus avoid particles coagulation.  

Comparing the equation (2-3) with the combination of equation (2-4) and 

equation (2-5), it is obvious that both valence and concentration of 

electrolyte ions can determine the repulsion energy due to their influence 

on Debye length while the van der Waals energy is nearly independent of 

them. Based on this relation, the total energy can be controlled by 

changing the concentration and valence state of the electrolyte ions and 

the thus energy barrier can be changed at the same time. As the Fig 2-1 

shows, with an increase in the concentration of the same electrolyte ions, 

the total potential energy shows a decrease and the energy barrier 

disappears, which result in the flocculation of the particles and the 

colloidal system is out of stability.        

	

Figure. 2-1. Total interaction between spherical particles as a function of particle 

separation according to the DLVO theory2. 
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According to the DLVO theory, R.M. Pashley3 4 measured the 

concentration needed for coagulation of divalent cation chloride solutions 

and concluded that divalent cations coagulate particles at lower 

concentrations than monovalent cations. Flocculation of ions compressing 

the double layer also follows the Hofmeister series5. Combining with the 

Hofmeister series, the flocculation value of some common ions increase 

with the following order2–5: 

          NH4
+, K+, Na+, Li+ and Ba2+, Sr2+, Ca2+, Mg2+ 

Therefore, at the same valence, a negatively charged colloidal particle 

with larger cation is flocculated at lower concentration than with the 

smaller one. Apart from that, the concentration and particle size of the sol 

and temperature also have a potential influence on the flocculation 

values.          

	

2.1.2 Other interparticle forces 

There is also some limitation of the DLVO theory because it only 

describes van der Waals attraction force and Coulumbic repulsion force. 

Based on the assumption that the two particles are smooth and flat, it fails 

to consider the interaction between surfaces with morphological 

heterogeneity (roughness) which are usually found in many practical 

colloidal phenomena6. S.Bhattacharjee6 employed techniques to generate 
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rough surfaces closing to the realistic models in practical circumstances. 

Comparing with the smooth surfaces, the incorporation of surface 

roughness can result in a considerable reduction in the repulsive energy. 

Moreover, the density and size of the asperities will affect the extent of 

repulsive energy reduction. 

Some ‘Extra-DLVO’ forces, such as hydration forces, electrodynamic 

forces, hydrophobic, oscillatory forces7, have been pointed out to have a 

determination effect on colloidal stability. In aqueous solutions, some 

colloidal surfaces always have an extra stability related to a short-range 

interaction with adjacent water layers. R.M.Pashley3,4,8 explained the 

hydration forces existing in mica and proposed that the hydration force as 

an additional force is dependent on the interaction of hydrated cations 

adsorbed on the mica surface.      

Due to the ignored ionic dispersion forces9, DLVO theory showed its 

flaws in the biological salt concentrations. DLVO theory always satisfy 

the work on low salt concentration (0.01M), where electrostatic forces 

dominate. However, in many systems with the concentration of 0.1M or 

higher and biological concentrations where electrostatic is screened, the 

ionic dispersion forces can dominate the electrostatic forces.  

Through the measurements at a low pH and high salt concentrations, 

three additional forces have been found by W.Ducker10, oscillatory forces, 

monotonic repulsion forces and monotonic attractive forces, which are 
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similar to the hydration forces due to the chemisorption of water followed 

by protonation or deprotonation. These forces can be expected to consider 

the anomalous viscosity and consolidation behavior of alumina slurries at 

high concentration. 

Hydrogen bonding11 which widely exists in natural systems also plays an 

important role in the interparticle interactions . Functional groups on the 

particle surface can interact with water molecules by forming hydrogen 

bonding. These water molecules can perform like proton donor or 

accepter groups on the surface and thus affect the surface properties and 

colloidal behaviors in aqueous solutions. Typical minerals possessing 

hydroxyl- and oxy-surface moieties and surface groups on hydrophilic 

clays can also help to form hydrogen bond with water molecules12.   

Solution chemistry11 can also considerably influence a number of 

interfacial forces between particles and then control the stability of the 

particles. By changing the surface tension of water, additional indifferent 

electrolytes can lead to a decrease in particle stability. The addition of 

polymers to a colloidal suspension may bring about both attractive forces 

and repulsion forces and thus result in colloidal stability or particle 

coagulation, which is widely applied to the preparing of suspensions for 

EPD13. 
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2.2 EPD 

2.2.1 EPD mechanism 

With its high versatility and low cost, EPD is an electrochemical method 

widely used for the preparation of films, coating and even 

nano-structured composites. EPD is generally regarded as a two-step 

process. The first process is the motion of charged particles in a given 

electric field. These particles in the suspension are forced to move 

towards the opposite electrode under an electric field. In the second step, 

particles tend to be accumulated on the opposite electrode and form a 

uniform and adherent deposit on it. Both cathode and anode can be 

employed for the particles deposition, depending on the positive and 

negative charge of the particles. Due to the limits of substrates used for 

anodic EPD, cathodic EPD is preferred in industrial production2. Van der 

Biest also pointed out that EPD results in a powder compact and a fully 

dense material that needs further densification manipulation such as 

sintering or curing14.	 	
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Figure. 2-2. Schematic drawing of electrophoretic deposition cell showing the 

process15 

Compared with another common deposition method, electrolytic 

deposition(ELD), EPD can allow for the deposition of thicker films as the 

figure 2-3 illustrates. 

         
       Figure. 2-3. Thickness of coatings deposited using ELD and EPD2 

The first explanation of EPD was proposed by Hamaker and Verway15,16 

in 1940. In their investigation, the mechanism of electrophoretic 

deposition has a parallel relationship with sedimentation caused by 

gravity. In addition to that, they considered the electric field only 

provides a force moving particles toward the electrode and pressing 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 11 
	

particles accumulated on the electrode. Some other kinds of description 

about EPD mechanisms have been claimed after Hamaker and Verway 

and they almost take DLVO theory as the basis of the EPD mechanism 

but it cannot satisfy the needs of analyzing the EPD process. 

Sarkar and Nicholson15provided insight into the distortion of double 

layers during the motion of the particles. Both fluid dynamics and applied 

electric field can make the double layers of the ahead particle become 

thinner in this case, and attractive force surpasses repulsive force 

allowing for the coagulation of the particles. A following study of 

Nicholson17 improved this theory by claiming the chemical reaction of H+ 

at the cathode and the resulting pH increase around the cathode can 

decrease the ζ potential that determines the stability of the colloidal 

particles as shown in fig.2-4 and thus deposition happens. 

	 	

 

   Figure. 2-4. Zeta potential of colloidal particles versus pH of the suspension2 
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Grillon18 introduced the electrical neutralization mechanism that the 

particles cannot leave as soon as they touch the electrode or already 

deposited particles. This mechanism is the basis of the highly porous 

deposition film and the deposition of monolayers. However, this 

mechanism cannot explain the depositions on semi-permeable 

membranes placed between the electrodes, which do not involve the 

contact between particles and electodes19 and cannot be applied in the 

deposition of thicker films which needs longer time. 

In the review of Van der Biest14, he showed the importance of hydroxides 

formed during deposition process, which is also a mechanism of 

deposition that cannot be ignored. For the suspension where powders are 

charged positively by the adsorption of metal ions, the processing current 

in the suspension can trigger the formation of hydroxides. MgCl2, 

Mg(NO)3 and AlCl3 can be introduced as the additional metal salts 

providing metal ions. Powders charged by the adsorption of metal ions 

are required to be neutralized into uncharged metal hydroxides through 

the electrode reactions. These resulting hydroxides can enhance the 

coherence of the deposit and its adherence to the electrode surface. 

Different from the deposition mechanism of this kind of suspension, the 

particles charged by the adsorption or de-sorption of protons can be 

deposited by the pH increase of the surrounding area for both electrode 

surface and membranes placed near the electrode.             
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A theory presented by Ristenpart20 pointed out that the electrodynamic 

flows around colloidal particles next to the electrode also makes a 

contribution to the long range particle-particle attraction near the 

electrode, which can promote the coagulation of particles on the electrode 

surface. In their analysis, the alteration of applied electric field has 

control over the fluid motion that carries particles moving in the 

suspension because the fluid velocity is proportional to the square of the 

given electric field and decreases with the increasing frequency.               

2.2.2 Kinetics of EPD and electrophoretic mobility 

A better understanding of EPD kinetics is important to achieve the 

controlling of the thickness of the deposits, structure and properties of the 

deposits21. According to the observation from Hamaker16, the deposition 

yield is proportional to the concentration of the suspension, deposition 

time, surface area of the deposit and applied electric field. This 

relationship can be expressed as the following equation, 

                    !"
!"
= 𝑓. 𝜇.𝐸. 𝑆. 𝑐                    (2-6) 

where Y is the yield of deposition (kg), t is the deposition time (s), µ is 

the electrophoretic mobility (m2·V-1· s-1), S is the surface area of the 

electrode (m2), c is the solid concentration (kg·m-3) and f is a factor 

concerned to satisfy the uncertain parts in the deposits because not all the 

powders in the suspension can be finally incorporated into the deposits 
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and thus the value of f is 1 or less14. This rate of deposition is very 

important for controlling the thickness of the deposited layer or getting 

graded materials15. As a fundamental rule, this equation can be applied in 

almost all the studies on the kinetics of EPD. Anne et al22 developed a 

mathematic model to describe the EPD kinetics of Al2O3-based 

suspension and concluded the needs of considering the changing electric 

field into the description of a more accurate deposition yield than only 

predicting through Hamaker equation.   

Sarkar15 found the difference between the EPD kinetics under constant 

voltage and EPD kinetics existing in constant current process. A dramatic 

potential gradient is required in the EPD process, which can facilitate the 

increase of deposition yield. However, for the constant-voltage EPD 

system, the potential gradient between electrodes is constant, where the 

electric field E in the bulk of suspension and particle deposition rate can 

be consequently decreased. On the contrary, the constant-current EPD 

can avoid the problems in constant-voltage EPD by maintaining the 

constant E in the suspension and constant deposition rate.  

Van der Biest14 divided the kinetics of EPD into two categories. One is 

the kinetics of single-powder deposition and another is the kinetics of 

co-deposition of two or more powders. During the process of 

co-deposition, different powders show the same deposition rate when the 

solid volume is high in the suspension. In another circumstance, when the 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 15 
	

solid volume is low, powders are inclined to deposit at a proportional rate 

to their own electrophoretic mobility. 

The velocity v of a particle in an electric field E is defined as: 

                           𝑣 = µE                     (2-7)   

where µ is the electrophoretic mobility. The electrophoretic mobility of   

rigid particles and polyelectrolytes follow two different theories2. The 

electrophoretic mobility of a rigid colloidal particle can be measured by 

the equation below,  

                           𝜇 = !!!! !
!!

𝑓(𝜅𝛼)                    (2-8) 

where η is the liquid viscosity. The function 𝑓(𝜅𝛼) increases from 1 for 

𝜅𝛼<<1 to 1.5 for 𝜅𝛼>>1. For particles smaller than the Debye length, the 

electrophoretic mobility is expressed as Huckel formula, 

                        𝜇 = !!!!!
!!

                        (2-9) 

For particles larger than 1/𝜅, the electrophoretic mobility is given by 

Smoluchowski equation, 

                        𝜇 = !!!!
!

                        (2-10) 

Different from the expression of electrophoretic mobility of rigid 

particles, that of polyelectrolytes can be described as the equation below, 

                                        𝜇 = !!"#
!!!

1 + !
!

!
!

! !!!/!!
!!!/!

               (2-11) 

where 𝜆 = !
!

!
! , and γ  is the frictional coefficient of the 

polyelectrolyte.  
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Except for the factors mentioned above, particles interactions in 

concentrated suspensions and fluid motions involving individual particles 

have also been studied2. The electrophoretic mobility decreases steeply 

with the increasing double layer thickness because of the overlapping 

between the electrical double layers of the particles. 

 

2.2.3 Solvents  

The success of electrophoretic deposition is related to the proper choice 

of the solvent. The solvent used in electrophoretic deposition must have 

the ability to dissolve both organic and inorganic components. Water and 

organic solvents are the two basic choices for the electrophoretic 

deposition. Table 1 concludes some typical solvents used in 

electrophoretic deposition2. 

        

           Table 2-1 Examples of solvents used for EPD 

        Solvent                     Deposited material 

        Water                          Al2O3 

    Ethyl alcohol-water                   CaSiO3 

    Isopropyl alcohol                   Hydroxyapatite 

  Ethyl alcohol-acetylacetone              MgO, Al2O3 

    Glacial acetic acid                  Lead zirconate titanate 
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      Ethyl alcohol                      Al2O3, ZrO2 

Dichloromethane                    β-alumina 

        Acetone                      Lead zirconate titanate 

Acetylacetone                   Lead zirconate titanate 

Cyclohexanone                  Lead zirconate titanate 

    Methyl ethyl ketone                   Al2O3 

   Toluene-ethyl alcohol                   Al2O3 

 

Organic liquids are preferred over water in most cases because organic 

solvent can protect the deposits from hydrating by extracting free water 

and nonbridging hydrooxo groups23. Besides, in alcohol-water solutions, 

the additional alcohol can result in a decline in the total dielectric 

constant of the solvent and therefore reduces the solubility of the 

deposits, which can help to enhance the deposition rate2. The decrease in 

dielectric constant leads to the consequent decrease in the thickness of 

the double layer, which can thus cause particle coagulation. Aruna and 

Rajam24 studied the different ratios of acetone and ethanol mixture 

solvent and found that the intimate relation between the bath composition 

and weight and microstructure of deposits and concluded that the use of 

mixed solvents can avoid the cracking problems of the deposits. Du et 

al25 also test the potential microstructures got from different composition 

of solvent and speculated that the reduction of porous size is related to 
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the decreasing of hydrogen ion concentration from additional ethanol. 

However, the deposition rate becomes slow for solvent mixtures where 

the volume of ethanol is higher than that of acetone and the film taken 

from this suspension also shows poor adhesion.  

The solvent used for EPD also needs to be inert with deposits and thus 

organic liquids are always chosen as the solvent because they cannot 

cause gas formation like some water-based solvents2.   

 

 

 

2.2.4 Charging methods of particle  

One way for particle charging is to charge particle through the suspension 

directly. Alcohols were found to be able to behave as proton donors by 

Damodaran and Moudgil26. A pure alcohol can ionize as the following 

way, 

          RCH2OH + RCH2O-H = RCH2O– + RCH2OH2
+ 

and an aqueous alcohol ionize as follows, 

RCH2O-H + H2O = RCH2O– +H3O+ 

For pure alcohol, the ionization process yields an alkoxide ion and a 

protonated alcohol. It was found that the calcium phosphate particles26 

can adsorb undissociated alcohol molecules on their surface and these 
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adsorbed alcohol molecules will ionize and the resulting protonated 

alcohol will dissociate and leave the proton on the particle surface. As a 

result, the particles are charged positively. Some other mixed solvents 

were also employed for charging particles, like acetylacetone-iodine27, 

acetone-ethanol25, acetone-water28 and acetone-iodine28, where acetone 

release protons for particle charging29 and iodine or water works as a 

stabilizer28,29.  

Van der Biest14 showed that there are four mechanisms for particle 

charging: selective adsorption onto solid particles from liquid, 

dissociation of ions from solid phase into the liquid phase, adsorption of 

dipolar molecules on the particle surface and electron transfer between 

solid and liquid phase. Based on these four particle charging mechanisms, 

adding additives is a simple and efficient method for achieving charging 

particles. 

Acids, bases, specifically absorbed ions or polyelectrolytes are always 

selected as the charging agents for EPD30. Concentrated acids were used 

as the charging agents for carbon nanotubes31,32 in some early studies. 

With the ionization of functional groups, such as –COOH, –OH, –C=O, 

acids can create a negatively charged surface and also provide 

hydrophilic sites onto the nanotube surface to impart cation-exchange 

properties. After thermal or chemical treatment of the attached functional 

groups, it was worth noting that the modified functional groups have an 
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enhancement effect on the capacitance of the carbon nanotubes32. 

However, it was pointed out that acids can potentially react with powders 

and cause corrosion of the electrodes2. 

For charging ceramics, the adsorption of ions can be achieved from the 

solution of metal ions33 but the incorporation of the corresponding 

hydroxides or oxides from the reactions of metal ions during EPD are 

possible to contaminate the deposits29.  

Organic molecules are always introduced to cause steric stabilization by 

attaching to the particle surface or deplete stabilization by keeping free in 

the suspension2. This steric stabilization is applicable in both aqueous and 

non-aqueous solution. Polyelectrolytes used for charging particles can be 

divided into two categories, cationic charging agents and anionic 

charging agents30. Polyethylene imines(PEI) and polyamines are two 

typical cationic polymers. PEI was found to achieve cationicity through 

protonation of its amine groups from the surrounding medium, which is 

affected by the pH of the suspension30. The quaternary ammonium group 

of polyamine helps polyamine molecules maintain very strong cationic 

charge over a wide range of pH. For anionic charging agent like 

polyacrylic acid, the efficiency of charging is high at a pH where the 

‘‘native’’ charge of the surface is minimal. There is also some limitation 

existing with polyelectrolytes due to the bridging flocculation of the small 

particles34. 
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2.2.5 Dispersants and dispersion mechanisms 

In order to prepare a stable suspension for EPD, adding a dispersant is 

usually required for the efficient dispersing of particles. Dispersants can 

first adsorb on the particles and then provide electrostatic repulsion or 

steric repulsion between particles to avoid agglomeration and achieve 

stable suspensions. Adsorption of a dispersant can be dramatically 

enhanced by coordinating with metal atom to form a complex35. Some 

ionic dispersants can even function as charging agents that can impart 

charges to particles for their motion under applied electric field. It is 

worth noting that additional non-adsorbed ionic dispersant can be 

considered as an electrolyte which can increase the ionic strength of the 

suspension and decrease electrostatic repulsion between particles, 

resulting in the increasing tendency to agglomeration2. This increased 

ionic strength can lead to an increase in the conductivity of the 

suspension and promote corresponding gas evolution at the electrodes.  

Organic additives are considered as the most widely used dispersing 

agents for EPD due to their strong adsorption on oxide particles 36. The 

mechanism of organic additives for dispersing is based on increasing the 

repulsive forces between the ceramic particles. Some of these additives 

are charge-carrying long-chain polyelectrolytes which can absorb on the 

particle surface and modify the surface charge of the particles in the 
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suspension and then enhance the electrostatic repulsion between the 

particles, which can form a steric barrier for agglomeration. However, 

these kinds of polyelectrolytes are always having high molecular weight. 

Hanaor36 proposed carboxylic acid as a dispersant which has lower 

molecular weight than polyelectrolytes and shows higher adsorption 

capacitance and lesser effect on post-firming microstructure. Other 

organic molecules like catechol, gallic acid and salicylic acid also 

generated significant interest in working as dispersing agents because of 

their special functional groups, structure and size of molecules34.  

It was discovered that materials from catechol family always adhere 

effectively to oxide particle surface via their catechol group34,37. Catechol 

group is composed of two OH groups bonded to adjacent carbon atoms of 

aromatic ring, which allows for strong adsorption on different surfaces. 

Dopamine, a typical material from catechol group, exhibits cationic 

properties through the protonation of its amino group in acidic solutions 

and thus increases particle charge for EPD of metal oxides34. Apart from 

this, dopamine was discovered to adsorb on multiwalled carbon 

nanotubes (MWCNTs) with the help of π-π interaction. The resulting 

MWCNTs were well dispersed in MnO2 and showed enhanced 

electrochemical performance38. 
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Figure. 2-5. Structures of Dopamine and DHC 34 

 

3,4-dihydroxyhydrocinnamic acid (DHC), an organic molecule with long 

hydrocarbon chains, imparts anionic properties ascribed to the carboxylic 

groups, which makes it work as a good dispersing and charging agent. 

DHC was investigated to adsorb on metal particles like Fe3O4 during 

synthesis and allow the fabrication of nanoparticles of a controlled size39.   

 

Figure. 2-6. Structures of Gallic acid and Salicylic acid34 

Gallic acid (GA) having three OH groups bonded to adjacent carbon 

atoms of aromatic ring and COOH group shows strong adsorption on a 

wide range of metal oxides. This adsorption mechanism is also related to 
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its OH groups and it was found that only two of the three OH groups 

participate in forming the complex while the third one and COOH group 

did not influence the stability of the complex40.  

As Fig.2-6 shows, salicylic acid (SA), an aromatic carboxylic acid, 

includes an OH group and a COOH bonded to adjacent carbon atoms of 

aromatic ring. Different from GA, the adsorption mechanism of SA on 

metal oxides is related to both OH and COOH groups. In an investigation 

of the adsorption mechanism of SA on TiO2 
41, it was found that SA can 

give rise to three different kinds of surface complexes with TiO2 by 

chemisorption, forming bidentate chelating bonding and bidentate 

bridging bonding (inner sphere and outer sphere). As Fig 2-7 depicts, the 

formation of an inner sphere complex showed a strongest adsorption 

because of the influence of molecule volume35. Except for TiO2, SA also 

exhibited strong adsorption on Al2O3
35 ,ZrO2

42 and Fe2O3
43. The 

adsorption of SA onto metal oxides is dependent on the pH value35.     
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Figure. 2-7. a. bidentate chelating bonding, b. bidentate bridging bonding (inner 

sphere), c. bidentate bridging bonding (outer sphere)34         

 

2.2.6 Binders 

Binders are common additives extensively used to improve the adherence   

of the particles to the substrate surface and prevent cracking of the 

deposits. Non-ionic-type polymers are considered as the primary binders 

used for EPD44 , having ability to increase the strength and toughness of 

the deposits. Such polymeric molecules can adsorb on and move with 

ceramic particles in a given electric field.   
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Figure. 2-8. Cathodic electrophoretic deposition of ceramic particles (a) neutral and (b) 

charged polymer2  

 

There are two kinds of polymeric binders, electrically neutral polymer 

and charged polymer, always used in deposition. Charged polymer with 

inherent binding properties like cationic polymer can provide 

electrophoretic transport for ceramic particles and form deposits together 

without cracking on the cathodic electrode(Fig.2-8a). Based on this, 

organiceramic nanocomposites can be formed by EPD and consequently 

EPD is popular as a novel technique for the deposition of  

organic/inorganic nanocomposites2. Compared with charged polymer 

binders, neutral polymer binders can be transported by charged ceramic 

particles to the electrode surface and incorporated in the deposit 

45(Fig.2-8b). 

Some metal salts can be added as additives to form binders for EPD, such 

as Mg(NO3)2
46–48 and Y(NO3)3

49. It was found that the type of binders 
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formed in EPD was dependent on the amount of water in the suspension46. 

In a bath with very low amount of water, the binder material finally forms 

as alkoxide while the binder material primarily exists as hydroxide in a 

bath with high amount of water. 

The stability and chemical compatibility of the binder-dispersant-solvent 

system are needed to be concerned before EPD50.   

 

2.3 EPD of polymers 

Polymer like polyetheretherketone (PEEK) can be coated on conductive 

carbon substrates via EPD to form biocompatible medical devices due to 

its safe, stable and biocompatible properties51. It was discovered that 

electrophoretically deposited copolymer poly(4-vinylpyridine-co-butyl 

methacrylate)(PVPBM)52 showed good binding and film forming 

properties on the surface of substrates, which can be applied in the 

corrosion protection fields. Except for EPD of pure polymers to be used 

as coatings and films, in order to improve the performance of the 

inorganic materials, polyelectrolytes are always preferred to be added into 

inorganic suspensions to form nanocomposites through EPD. It was 

found that the addition of polyelectrolytes could stabilize the suspension 

because the high molecular weight of polyelectrolytes exhibits larger 

electrostatic repulsive interaction and larger steric effect between 
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particles53 and also improve the film adherence of the fabricated 

nanocomposites .   

2.3.1 Anodic EPD 

The choice between cathodic EPD and anodic EPD is dependent on the 

nature of particle charge54. EPD does not involve the reaction between 

particles and electrodes. Moreover, there is no charge loss of ceramic 

particles during deposition15. In the process of anodic EPD, negatively 

charged particles are forced to move towards anode in a given electric 

field as fig.2-9 illustrates. The electrochemical decomposition of water 

can result in a decrease in pH near the anodic electrode, 

                   2H2O → O2 + 4H+ + 4e- 

which plays an essential role in the deposition of alginic acid or 

hyaluronic acid55 through the neutralization of COO− group in the low pH 

area at anodic electrode surface. Anodic EPD performed more effectively 

than cathodic EPD in the fabrication of metal-organic frameworks 

without destroying their crystal structures56. However, anodic EPD can 

potentially cause oxidation or dissolution of non-noble electrodes in most 

cases and thus reduce the adherence of deposited film on the substrate57.   
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       Figure. 2-9. Anodic EPD process and Cathodic EPD process58 

 

2.3.2 Cathodic EPD 

In the process of cathodic EPD, positively charged particles tend to 

deposit on cathode. Chemically cleaned Ni foils59, carbon steel discs60, Pt 

foils61 and some other inert subtracts62 are generally exploited as cathodic 

electrodes. Compared with anodic EPD, cathodic EPD can effectively 

avoid the oxidation of non-noble electrode63. There exists a pH increase 

near the cathode, which is attributed to the cathodic reaction of water, 

     2H2O + 2e- → H2 + 2OH– 

This can result in the charge neutralization of cations and consequently 

form hydroxides deposits on the electrode63. The electrolysis of water in 

both anodic EPD and cathodic EPD can result in the generation of 

bubbles, which can disturb the electrophoresis of particles on the 
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substrate. Studies from Bersa64 presented that the use of palladium 

cathodic electrode can effectively deposit high density films and prevent 

the associated problems from bubbles by adsorbing the generated 

hydrogen gas.         

 

2.3.3 Other techniques 

Apart from EPD, there are also some other common coating and film 

forming techniques such as layer by layer assembly65, chemical vapor 

deposition66, dip coating67, spray coating68, spin coating69 and pulsed laser 

deposition70. They present advantages over EPD in some specific 

deposition fields. 

Layer by layer (LBL) assembly is mainly based on alternating 

electrostatic adsorption, beginning with the adsorption of charged species 

onto a substrate with opposite charge and leading to the reversal of 

substrate surface charge. Further layers can also be deposited by the 

alternative adsorption of opposite species onto the substrate71 and 

multilayer can be obtained by this cyclic deposition. The properties of 

LBL synthesized films are determined by the type of adsorbed species, 

the number of layers and the assembly conditions. LBL assembly has the 

capability to incorporate polyelectrolytes, nanotubes, inorganic molecular 

cluster, nanoparticles and even proteins and DNA72. LBL allows the high 
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loading of various biological components, which makes it extensively 

used in biomedical field. Additionally, LBL enables the fabrication of 3D 

multifunctional electronics that showed high-performance device 

characteristics73. 

Chemical vapor deposition (CVD) involves the decomposition of 

gas-phase molecules to reactive species which can result in the growth of 

films or particles74. CVD is widely used in the deposition of conducting, 

semiconducting and insulating materials. It was found that CVD can 

obviously enhance the electronic properties of graphene75. Continuous 

graphene films with single or few-layer can be grown by CVD on 

polycrystalline Ni76 and also other kinds of substrates. This CVD 

synthesized grapheme films can remain its conductivity even after several 

processing steps. Besides, one-step growth of graphene-carbon nanotube 

(CNT) hybrid materials were developed by Dong et al.77 via CVD. This 

CVD synthesized hybrid materials exhibit higher conductivity than those 

CVD synthesized pure graphene films.  

Dip coating is a type of sol-gel coating, having simple process to deposit 

a thin film from the solution onto the object with regular shape and even 

some complicated shape. The concentration of the solution was 

discovered to have an effect on particle size of the ZnO film78 and film 

thickness. In an investigation from Li et al.79, dip coating successfully 

helped hydroxyapatite coat on titanium with stronger bonding strength 
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and enhanced the biocompatibility of titanium rods that can be applied in 

the bone implantation. Dip-coated mesoporous silica membranes also 

present almost two to three times gas permeation rates than 

hydrothermally deposited ones, which is attributed to the uniform 

deposition results from dip coating80. 

Spin coating is another kind of sol-gel coating, which is widely used for 

the production of thin and ultra thin films81. During the process, solution 

is deposited on the substrate before rotation and then substrate accelerates 

in a desired rotation rate. The centrifugal force can help to spread the 

coating material and remove the excess. The thickness of the film is 

related to the concentration, viscosity, diffusivity of the solution82 and 

spin speed and time83. As a simple and fast technique, spinning coating 

can even fabricate polymeric nanocomposites with high quality and large 

area coverage. It was demonstrated that spin coating can be also used for 

polymer molecular weight determination84.  

Having less steps and similar conversion efficiency, spray coating is 

considered as a better alternative to spin coating in the fabrication of 

polymer-based solar cells 85. Spray coating is established from graffiti art 

and painting, which is always applied as an ideal coating technique for 

substrates with different morphologies. With little waste of fluid, spray 

coating allows for a wide range of fluids and can even deposit any 

solution systems85. As a typical spray coating technique, thermal spray 
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associated with particle melting is usually selected in steel industry86. 

Except for conventional thermal spray, cold spray without the 

requirement of high temperature, as a new kind of spray coating, is 

extensively employed in a variety of industrial applications, especially for 

corrosion protection87,88. 

Pulsed laser deposition (PLD) with energetic plasma is always chosen for 

depositing metal oxide thin films such as ZnO and CdO70,89. In the 

process of PLD, the high power pulsed laser beam strikes on the target 

material, which result in the vaporization of the target material and the 

flux of the evaporated material is prone to condense on a substrate and 

form as a film. The process parameters like laser pulse wavelength and 

substrate temperature were found to have an influence on the properties 

of produced films90. The ZnO films prepared by PLD showed better 

optical and electrical properties than films prepared by other 

techniques70,91.                 

 

2.4 EPD of organic-inorganic composites 

With the combined properties from inorganic and organic components, 

organic-inorganic composites have attracted much attention in various 

fields. As a simple and low-cost deposition technique, EPD offers 

advantages for the fabrication of organic-inorganic composites. In a 
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review from Zhitomirsky92 of EPD of nanocomposites, polyelectrolytes 

always act as a matrix and inorganic particles are embedded in it. There 

are many factors that influence the properties and microstructure of the 

resulting films like pH, bath composition and molecular weight of 

polyelectrolytes. Accordingly, composite film can be tailored to satisfy 

the needs of desired properties.      

Polyelectrolytes used in EPD can be divided into two categories, strong 

polyelectrolytes and weak polyelectrolytes. The ionization of strong 

electrolytes is independent of pH while the ionization of weak 

polyelectrolytes can be altered by pH. Based on this, the manipulation of 

the charge and solubility of polymer can be achieved by changing the pH 

of a system having weak polyelectrolytes. 

It has been pointed out that the formation of composite deposit is 

influenced by the interactions between polyelectrolytes and inorganic 

particles on the electrode surface. EPD of PDDA in aqueous solution is 

failed but co-deposition of PDDA and hydroxides or oxides is observed, 

which means that potential interactions are critical for the success of 

deposition and suspension stability. 

Polymer-metal ion complexes, with metal ions attached to the polymer 

ligand by a coordinate bond, can also give rise to the fabrication of novel 

nanocomposites through EPD92. These complexes can be obtained by 
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adding additional metal salts to a polymer solution. It was found that EPD 

of polymer-metal ion complexes can be achieved.        

 

2.5 Applications of EPD 

Emerging as a high versatility and cost-effective technique, EPD has been 

utilized for fabricating a wide range of nanoparticles and nanocomposites 

for applications in different fields, such as biomedical field93,94, solid 

oxide fuel cells27,95–97, supercapacitors31,38,98,99 and 

nanoarchitectures19,100,101. 

EPD has been widely selected in the production of biocompatible 

coatings for the biomedical implants and devices. Traditional metallic 

biomaterials like stainless steel, titanium alloys, magnesium alloys and 

cobalt-chromium alloys are generally chosen for the orthopedic 

implants102. However, the potential corrosion problem can increase the 

possibility of releasing toxic metallic ions and particles103. To solve this 

problem, Razavi103 developed nanostructured merwinite bioceramic 

coating on Mg alloy via EPD to improve its corrosion resistance and 

enhance the biocompatibility of the Mg alloy. In another investigation, 

Pang104 successfully deposited hydroxyapatite (HA)-chitosan coating on 

stainless steel with EPD and confirmed that the resulting coating 

effectively provides corrosion protection of the stainless steel substrate. It 
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was also inferred that chitosan can dramatically promote the EPD of HA 

particles and avoid the process of high-temperature sintering. 

Solid oxide fuel cell (SOFC) is a power generation device, allowing for 

the clean production of electricity from a fuel105. It was documented that 

the ability to produce fully dense electrolyte layers is considered as the 

key factor in choosing a manufacturing technique. EPD, as a colloidal 

process, can efficiently meet the requirement of forming uniform and 

dense electrolyte layers. Besides, EPD can provide porous coating for 

electrodes and optimize the fabrication process of SOFC stacks with 

complicated design106. Yttria stabilized zirconia (YSZ) is a typical 

electrolyte material used for SOFC107. Jia et al.108 obtained relatively 

dense YSZ film with little pores through EPD and applied it in the SOFC 

fabrications. Talebi109 also got a crack-free thick dense YSZ film on a 

porous NiO-YSZ substrate by EPD. In a discovery by Zhitomirsky and 

Petric54, a ethyl alcohol-phosphate ester-polyvinyl butyral system is 

proposed as an ideal solvent-dispersant-binder system for the EPD of 

ceramic materials that used in the formation of SOFC. This system can 

not only provide good dispersion of ceramic particles but also prevent 

cracking of the deposits. 

Electrochemical supercapacitor is a unique energy storage device, 

providing a large amount of energy in a short period of time. Conducting 

polymers110, graphene111 and multiwalled carbon nanotubes 
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(MWCNT)38,112,113 have been usually chosen as the base materials for the 

fabrication of supercapacitor electrodes and EPD was always employed 

as a technique to deposit corresponding films for supercapacitors. Du and 

Pan114 fabricated MWCNT thin films by EPD and found that 

supercapacitor built by this thin film shows a high specific power density 

and excellent frequency response. Based on its superior performance, 

MWCNT thin film prepared by EPD paves the way for the manufacturing 

of batteries and other energy storage devices. 

With the increasing needs of developing different nanometer-sized 

electronic and photonic devices, EPD is introduced in the deposition of 

nanorods100,115and nanowires101,116. As an appropriate material used for 

optoelectronic applications, ZnO nanorods are always prepared by 

chemical vapor deposition117 and thermal evaporation118 in high 

temperature. Alternatively, Chen119 received ZnO nanorods with high 

internal quantum efficiency by EPD at a low temperature. High density 

and well-aligned nanowires are favored in the electronic applications. The 

crystalline structures can determine their potential applications and 

polycrystalline nanowires are preferred in photovoltaics. Polycrystalline 

Te nanowires can be deposited by EPD without complex apparatus or 

thermal treatment120 .  
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3. Objective 

 

In order to develop advanced organic-inorganic nanocomposites, my 

research mainly involves: 

1) Development of advanced techniques for agglomerate-free synthesis 

of metal hydroxides and metal oxides particles. 

2) Development of particle extraction through liquid-liquid interface 

(PELLI). 

3) Development of new methods for polymers deposition. 

4) Co-deposition of polymers and inorganic materials and testing of 

flame retardant composites.  
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4. Experimental Methodologies  

 

4.1 Starting Materials 

    Table 4-1 Materials purchased from commercial suppliers 

Category Material Supplier 

 

Sulfate 

TiOSO4 Sigma Aldrich 

Al2(SO4)3 Sigma Aldrich 

 

 

Dispersing 

agent 

Lauryl gallate (LG) Sigma Aldrich 

Hexadecyl phosphonic acid (HDPA) Sigma Aldrich 

3,4-dihydroxybenzaldehyde  Sigma Aldrich 

2,3,4-trihydroxybenzaldehyde Sigma Aldrich 

1-hexadecylamine Sigma Aldrich 

Film forming 

agent 

Hydroxyethyl cellulose ethoxylate, 

quaternized (QHECE) 

Sigma Aldrich 

Carboxymethyl cellulose sodium salt 

(CMC-Na) 

Sigma Aldrich 

Linear polyethylenimine (PEI) Sigma Aldrich 

 NaOH Sigma Aldrich 
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Alkali NH3�H2O Sigma Aldrich 

Other 

chemicals 

Ethanol Sigma Aldrich 

N-butanol Sigma Aldrich 

  Minerals Mg2Al double hydroxide 

(MgAlLDH) 

Sigma Aldrich 

Titania Sigma Aldrich 

 Al2Si2O5(OH)4 (Halloysite) Sigma Aldrich 

 

 

4.2 Synthesis of TiO2 and Al(OH)3  

(i) Synthesis of TiO2 particles at room temperature 

The synthesis of TiO2 was performed using aqueous TiOSO4 solutions. 

The pH of the solutions was adjusted to pH=6 by NaOH. The precipitates 

were washed with water and dried in air. The reactions follow the 

equations below121 , 

            TiOSO4 + 2NaOH → TiO(OH)2 + Na2SO4          

                   TiO(OH)2 → TiO2 + H2O                  

(ii) Synthesis of Al(OH)3 particles at room temperature 

The synthesis of Al(OH)3 was achieved using Al2(SO4)3 aqueous 

solutions. The pH of the solution was adjusted to pH=9 by addition of 

NH3•H2O. Stirring was performed during 3 h. The obtained precipitate 
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was washed with water and dried in air. The preparation of Al(OH)3 

follows to the reaction, 

Al3+ + 3OH− → Al(OH)3 

 

 

    

4.3 EPD 

EPD was performed using a cell, containing a stainless steel (304 type, 

0.1×30×50 mm) substrate and a platinum (0.1×30×50 mm) counter 

electrode. The distance between the electrodes was 15mm. The electrode 

holder was connected to a constant voltage power source. The volume of 

deposition bath was 300ml. The electrode holder was then submerged in 

to the suspension. 

 

 

4.4 Characterization techniques 

4.4.1 X-ray diffraction analysis 

X-ray diffraction (XRD) investigations were performed using a powder 

diffraction meter (Nicolet I2, monochromatized CuKα radiation). 
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The composition of materials was analyzed by XRD. The precipitated 

materials were filtrated, washed with water and ethanol, and then dried in 

air for 72 h. 

 

 

4.4.2 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) studies were performed 

on a Bruker Vertex 70 spectrometer. For the preparation of samples for 

the FTIR studies, the suspensions were filtrated and the obtained 

materials were dried in air. 

4.4.3 Scanning electron microscope 

Electron microscopy investigations were performed using a JEOL 

JSM-7000F scanning electron microscope (SEM). The samples for SEM 

were dried for 72 h before the studies. 

4.4.4 Thermogravimetric and differential thermal analysis 

The thermogravimetric analysis (TGA) and differential thermal analysis 

(DTA) were performed using a NETZSCH STA-409 thermoanalyser in 

air at a heating rate of 5 ºC/min. The samples for TGA and DTA were 

scraped off the electrodes and dried in air for 72 h before the studies.  
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4.4.5 Deposition yield study       

The quartz crystal microbalance (QCM) method was used for the in-situ 

investigation of deposition yield. The mass ∆m of deposited material was 

calculated using Sauerbrey’s equation: 

−∆𝐹 =
2𝐹!!

𝐴 𝜇!𝜌!
×∆𝑚 

where ΔF is frequency decrease of the QCM, F0 is the parent frequency 

of QCM (9 MHz), A is the area of gold electrode (0.2 cm2), µq is the 

shear modulus of quartz, ρq is the density of quartz. The deposition yield 

is calculated as a difference of substrate mass before deposition and after 

deposition and drying for 72 h in air.  

4.4.6 Particle size distribution analysis 

Dynamic light scattering (DLS, DelsaMax Pro: Beckman Coulter) was 

used for the particle distribution analysis. The suspensions of particles in 

n-butanol, separated from the aqueous phase, were diluted with ethanol 

for the particle distribution analysis.      
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5. Results and discussion 

5.1 Agglomeration of synthesized inorganic particles 

In most cases, we use wet chemical precipitation method for the synthesis 

of inorganic particles in aqueous solutions. After filtering, washing and 

drying, the obtained particles must be re-dispersed into an organic solvent, 

which contains water insoluble polymers and binders for further 

fabrication of devices. However, the drying process always results in the 

agglomeration of particles, which is detrimental for the fabrication of 

inorganic/organic nanocomposites through EPD. The agglomeration of 

Al(OH)3 is shown in Fig.5-1. The agglomeration of primary Al(OH)3 

particles result in relatively large agglomerates with a size above 10 µm.    

 

 
    Figure. 5-1. SEM image of Al(OH)3 powder. 

 

There are two driving forces for the agglomeration, the reduction of 
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surface area and condensation reactions between surface OH groups. 

   
Figure. 5-2. condensation reaction between surface OH groups 

An effective method to solve the agglomeration problem is to extract 

synthesized particles from an aqueous phase into organic phase directly to 

avoid the drying process. This kind of extraction method is called 

liquid-liquid extraction. The two-step mechanism of liquid-liquid 

extraction is based on surface modification of inorganic particles in an 

aqueous phase followed by a second modification at water-n-butanol 

interface and subsequent particle extraction through the liquid-liquid 

interface. In the one-step extraction mechanism, the particles are 

modified at the liquid-liquid interface and then extracted from one liquid 

to another. 

 

5.2 Liquid-liquid extraction and cathodic EPD of cationic 

cellulose- Al(OH)3 composites 

5.2.1 Two-step liquid-liquid extraction 

In order to extract synthesized particles efficiently, we used two-step 

liquid-liquid extraction which involves surface modification of Al(OH)3 
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in an aqueous phase followed by a second modification at water- 

n-butanol interface and subsequent particle extraction through the 

liquid-liquid interface (Fig.5-3). The synthesis of Al(OH)3 in solutions, 

containing aldehyde molecules R-CHO, resulted in the R-CHO 

adsorption on the particle surface. In the next step, these particles are 

modified at the liquid-liquid interface by a chemical interaction between 

adsorbed R-CHO and fatty amine extractor molecule NH2L, dissolved in 

n-butanol. This reaction allows for the consequent particle extraction to 

the n-butanol phase.    

 
 

Figure. 5-3. Schematic of synthesis and extraction process, involving (a) modification 
of Al(OH)3 particles with R-CHO during synthesis in an aqueous phase and (b) 

particle extraction to n-butanol phase involving a Schiff base reaction of R-COH and 
NH2L 

The details of two-step extraction strategy are shown in Fig. 5-4. The 

chemical structure of the extractor,1-hexadecylamine (HDA), can be seen 

in Fig. 5-4 A (a). This NH2L structure includes a hydrophobic 

hydrocarbon chain and hydrophilic NH2 groups. NH2L is a head-tail type 
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surfactant, which is insoluble in water, but soluble in n-butanol. The 

chemical structures of aldehyde molecules, 3,4-dihydroxybenzaldehyde 

(DBA) and 2,3,4-trihydroxybenzaldehyde (TBA), can be found in Fig. 

5-4A(b,c). They both have R-CHO structure which belongs to catechol or 

gallic acid families of materials.  

  

       

B    

        

      

C 

	 	 

b c 

R’ R’’ 

(R= R’	or    R’’) 
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Figure. 5-4. (A) Chemical structure of (a) NH2L, (b) R’-CHO and (c) R”-CHO, (B) 
Schiff base reaction of R-CHO (R=R’ or R”) and NH2L, (C) adsorption of (a,b) 
R’-CNH-L and (c,d) R”-CNH-L on Al(OH)3, involving (a,c) chelation and (b,d) 
bridging of Al atoms.  

The phenolic OH groups of DBA and TBA can form strong chelating or 

bridging bond to the metal atoms on the material surface. The aldehyde 

groups of R’-CHO and R”-CHO can have Schiff base reaction (Fig. 5-4. 

B) with NH2L at the liquid-liquid interface, which links the NH2L 

extractors molecules to the modified particles and allows for the 

extraction. NH2L accumulates at the liquid-liquid interface with the 

hydrophilic groups exposed to water and hydrophobic tail extended out of 

the water phase into the n-butanol phase. The accumulation and 

orientation of the NH2L molecules at the liquid-liquid interface can 

promote their interaction with aldehyde groups of R’-CHO and R”-CHO 

(Fig.5-4 C), forming (a,c) chelation and (b,d) bridging of Al atoms on the 

particle surface. 
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5.2.2 Experimental results of liquid-liquid extraction 

The images of the suspensions before and after extraction are shown in 

Fig. 5-5. The adsorption of R’-CHO and R”-CHO during Al(OH)3 

synthesis and Al(OH)3 extraction to the n-butanol phase resulted in color 

change of the Al(OH)3 particles. It is worth to note that NH2L adsorption 

on unmodified particles was weak and could not result in extraction. Thus, 

the modification of the Al(OH)3 particles with R’-CHO or R”-CHO is an 

important step in the extraction method. Besides, Al(OH)3 particles 

modified with R’-CHO or R”-CHO remained in the aqueous phase after 

addition of n-butanol without NH2L. The extraction can only be observed 

after addition of NH2L to the n-butanol phase.       
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Figure. 5-5. Particle extraction involving (a,b) R’-CNH-L and (c,d) R”-CNH-L, 
arrows show liquid-liquid interface.    

 

To investigate the influence of extractors, we used DLS to examine the 

particle size distribution of extracted particles. The results (Fig. 5-6) 

showed that the typical radii of Al(OH)3, modified with R’-CHO and 

R”-CHO were below 100 and 130 nm, respectively. In comparison with 

the size of agglomerates (Fig. 5-1), the size of the extracted particles was 

significantly smaller.      

 
Figure. 5-6. Particle size distribution for Al(OH)3 particles, extracted to n-butanol 
using (A) R’-CNH-L and (B) R”-CNH-L. 

 

The suggested modification and extraction mechanism was confirmed by 
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the results of FTIR studies. Fig. 5-7(a,b) shows FTIR spectra of R’-CHO 

and NH2L. The adsorptions at 1649, 1593, 1537 and 1436 cm-1 in the 

spectrum of R’-CHO (Fig. 5-7a) were ascribed to the aromatic C-C/C=C 

vibrations and the adsorption at 1294 cm-1 was related to C-O stretching 

vibrations. Similar adsorptions were observed in the spectra of Al(OH)3, 

synthesized in presence of R’-CHO (Fig. 5-7c). Based on this, it is clear 

that R’-CHO adsorbed on the Al(OH)3 particles. The peaks at 2918 and 

2850 cm-1 in the spectrum of NH2L (Fig. 5-7b) are resulted from 

stretching vibrations of CH2 and CH3 groups and similar peaks were 

observed in the spectrum of Al(OH)3 particles, extracted to the n-butanol 

phase (Fig. 5-7d). Similar results were obtained for R”-CHO and 

extracted material. In Fig. 5-8.a, the adsorptions at 1643, 1614, 1504 and 

1442 cm-1 are ascribed to the C-C/C=C vibrations. The adsorption at 1278 

cm-1  
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Figure. 5-7. FTIR spectra of (a) R’-CHO, (b) NH2L, (c) Al(OH)3 particles synthesized 
in the presence of R’-CHO, (d) Al(OH)3 particles, extracted using R’-CNH-L.   

 
Figure. 5-8. FTIR spectra of (a) R”-CHO, (b) Al(OH)3 particles synthesized in the 
presence of R”-CHO, (c) Al(OH)3 particles, extracted using R”-CNH-L.   
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is assigned to C-O stretching vibrations. Similar adsorptions were 

observed in the spectrum of Al(OH)3 particles, prepared in the presence 

of R”-CHO (Fig. 5-8.b). The adsorption of R”-CHO on Al(OH)3 leads to 

peak broadening. The extracted material showed additional peaks at 2918 

and 2850 attributed to vibrations of CH2 and CH3 groups of NH2L. 

Therefore, the FTIR data provide evidence for two-step extraction 

mechanism including the adsorption of R-CHO (R=R’ or R”) on Al(OH)3 

during synthesis and further modification and also interactions between 

R-CHO and NH2L in the Schiff base reaction .  

 

5.2.3 Structure and properties of QHECE 

As the most abundant natural polymer resource, cellulose has gained 

much attention recently. With various advantages, such as biodegradable, 

low-cost and non-toxic, cellulose and its derivatives have been 

extensively introduced into the development of drug delivery122, energy 

storage devices123, food package124 and also wastes treatment125. 

Moreover, cellulose was always involved in the fabrication of functional 

nanocomposites with a variety of inorganic nanoparticles126,127. 

According to the safety regulations, many polymer products must include 

inorganic flame retardant additive to enhance their flame retardant 

properties. As a typical flame retardant hydroxide, Al(OH)3 has been 
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chosen as a good flame retardant additive for cellulose. The flame 

retardant properties of such additives are related to their dehydration 

reaction and potential endothermic effects. 

 
Fig. 5-9. Chemical structure of QHECE 

QHECE is a strong cationic polyelectrolyte, which has been utilized for 

the fabrication of gels and films in combination with some anionic 

polyelectrolytes128. The cationic properties of QHECE are related to the 

N+(CH3)3 groups(Fig.5-9). The multiple hydroxyl groups of QHECE 

impart binding properties that play an essential role in the formation of 

films. QHECE is also a highly water-soluble copolymer with high OH− 

conductivity. Based on these, QHECE is a promising film forming and 

charging agent for cathodic EPD. 

 

5.2.4 Experimental results of cathodic EPD 

It was found that QHECE films could be deposited by cathodic EPD. The 

EPD mechanism involved QHECE cataphoresis, accumulation of 
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QHECE at the electrode surface and formation of thin gel layers. After 

drying in air, uniform and adherent QHECE films were obtained. The use 

of mixed water-ethanol solvent allowed for low film porosity, because of 

the reduced gas evolution at the electrode surface.  

We used QCM to analyze the deposition yield during the deposition 

process from dilute solutions. The deposit mass rises nearly linearly as 

deposition time increases at a constant voltage, indicating the continuous 

film growth (Fig. 5-10). The deposition yield also increased with 

increasing QHECE concentration (Fig. 5-11) in agreement with the 

Hamaker equation (2-6). 

      
Figure. 5-10. Time dependence of QCM mass gain for deposition from 0.05 g/L 
QHECE solution at a cell voltage of 5V 
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Figure. 5-11. Deposit mass versus QHECE concentration in solutions at a voltage of 
30 V and a deposition time of 5 min. The deposit mass data represents average values 
for 3 experiments with error < 4% 
 

Before EPD, we did sedimentation test for both synthesized Al(OH)3 with 

drying process and Al(OH)3 with extraction. It is obvious that the 

suspension of extracted Al(OH)3 showed improved stablility while the 

one with drying process showed rapid sedimentation after ultrasonic 

agitation due to the relatively large particle size of Al(OH)3. Moreover, 

with the smaller particle size, the suspension with extracted Al(OH)3 

were found to be stable for two weeks. 

After EPD of film from the stable suspension with extracted Al(OH)3 and 

QHECE, we did SEM test for the resulting film (Fig. 5-13). The film was 

smooth and uniform without agglomerated particles. 
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Figure. 5-12. Sedimentation test for Al(OH)3, prepared by (a) precipitation and drying 
and (b) precipitation and extraction. The suspensions contained 2g/L Al(OH)3 and 
1g/L QHECE in a mixed water-alcohol solvent 

 
Figure. 5-13. SEM image of a composite prepared by EPD 2g/L Al(OH)3 and 1g/L 
QHECE in a mixed water-alcohol solvent 
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The incorporation of flame retardant Al(OH)3 into the composite films 

was confirmed by the TGA and DTA analyses. We collected and 

compared the TGA and DTA data for pure Al(OH)3, pure QHECE and 

QHECE-Al(OH)3 composite, prepared by EPD. A mass loss was shown 

in the TGA curve of Al(OH)3, which is attributed to the dehydration. In 

the given temperature range, the mass reduction was observed mainly 

below 250 ºC and the total mass loss at 800 ºC was about 40% 

(Fig.5-14.a). Importantly, the theoretical mass loss of Al(OH)3 is 35% 

which is caused by the decomposition of Al(OH)3 and its conversion to 

Al2O3. Additional mass loss was related to the adsorbed water. The broad 

endothermic peak centered on 130 ºC was caused by dehydration 

(Fig.5-14.b). Based on above, the flame retardant properties of Al(OH)3 

are related to the water release (TGA data) and endothermic effect (DTA 

data). 

 
Figure. 5-14. TGA (a) and DTA (b) data for as prepared Al(OH)3, the total mass loss 
at 800 °C was 40% 
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Figure. 5-15. TGA (a) and DTA (b) data for as-received QHECE, the mass loss at 200 
and 800 °C was 9 and 95%, respectively 
 

 
 
Figure. 5-16. TGA (a) and DTA (b) data for QHECE-Al(OH)3 composite, prepared by 
EPD from 2g/L Al(OH)3 and 1g/L QHECE suspensions in a mixed water-alcohol 
solvent, the mass loss at 200 and 800 °C was 13 and 73%, respectively 

 

QHECE showed several steps in mass loss of its TGA curve (Fig.5-15.a). 

The mass loss at 120 ºC and corresponding endothermic effect in the 

DTA data are ascribed to the removal of adsorbed water. Additional mass 
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loss resulted from burning out of QHECE was observed in the range of 

330-550 ºC. The DTA data showed exothermic effects in the same 

temperature range (Fig.5-15.b). The broad exothermic peak was 

attributed to burning out of QHECE. 

The QHECE-Al(OH)3 composite, prepared by EPD showed several steps 

in mass loss in its TGA curve (Fig.5-16.a). This mass loss is related to 

dehydration of individual components of the composite and burning out 

of QHECE. The broad endothermic peak at proximately120 ºC was 

related to dehydration and exothermic effects at higher temperature were 

caused by burning out of QHECE. The sample left 27% of the initial 

sample mass at 800 ºC and the residual material was Al2O3. Combining 

with the TGA data for Al(OH)3 (Fig.5-14.a), the Al(OH)3 content in the 

composite (Fig.5-16.a) was found to be 45%.   

 

5.2.5. Conclusion 

The results of our investigations indicate that two-step liquid-liquid 

extraction is an effective method for the fabrication of non-agglomerated 

particles with reduced size, which allows for the further formation of 

uniform composite film. This two-step extraction method modified the 

particles during their synthesis and then used Schiff base reaction to 

extract them. This process can reduce the particle size and improve the 
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stability of the suspension for EPD. EPD method has been developed for 

the cathodic deposition of QHECE films. The deposition yield can be 

varied with the variation of deposition time and QHECE concentration. 

QHECE was found to be a good charging and film firming agent for EPD 

of Al(OH)3. Therefore, QHECE was used for the fabrication of composite 

films containing flame retardant Al(OH)3. The incorporation of flame 

retardant Al(OH)3 particles into the QHECE was confirmed by TGA and 

DTA studies. Further development of two-step liquid-liquid extraction 

method can be exploited for the fabrication of advanced QHECE 

composites, containing various functional inorganic materials.    

 

5.3 Liquid-liquid extraction and anodic EPD 

5.3.1 One-step liquid-liquid extraction 

In addition to two-step liquid-liquid extraction, we also used one-step 

liquid-liquid extraction to extract Al(OH)3. Different from two-step 

liquid-liquid extraction, the mechanism of one-step liquid-liquid 

extraction is simpler, which is based on the adsorption of extractors. Such 

one-step liquid-liquid extraction procedure can effectively avoid the 

formation of stoichiometric complexes with the amine extractor at the 

liquid-liquid interface, which is potentially existed in the process of 

two-step liquid-liquid extraction. LG and HDPA are selected as the 
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extractors for the one-step liquid-liquid extraction. As Fig.5-17.A shows, 

LG includes a hydrophilic galloyl group and a hydrophobic hydrocarbon 

group. The galloyl group contains three phenolic OH groups, which 

shows strong adsorption on particles by forming chelating(Fig.5-17Ba) or 

bridging bonds(Fig.5-17Bb) with metal atoms. Performed as an advanced 

extractor, HDPA (Fig.5-17.C) contains a phosphonate group exhibiting 

strong adsorption on various inorganic particles. The oxygen atoms of the 

phosphonate ligand can form bi-or tridentate bonding with metal 

atoms(Fig.5-17.D).  

Figure. 5-17. Chemical structure of (A) LG and (C) HDPA. (B) adsorption 
mechanisms of LG, involving (a) chelating bidentate bonding and (b) bridging 
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bidentate bonding. (D) adsorption mechanisms of HDPA, involving (a) chelating 
bidentate bonding, (b) bridging bidentate bonding, (c) chelating tridentate bonding 
and (d) bridging tridentate bonding 

 

The mechanism of one-step liquid-liquid extraction is illustrated in 

Fig.5-18. Al(OH)3 was prepared in an aqueous phase by the addition of 

NaOH to the Al2(SO4)3 solution(Fig.5-18.A) and a solution of LG or 

HDPA in n-butanol was added. In the A-B1-B2-D mechanism, the 

extractor molecules accumulated at that water-n-butanol 

interface(Fig.5-18.B1) with the hydrophilic groups exposed to water and 

the hydrophobic tails extended out of water phase into the n-butanol 

phase. The accumulation and orientation of the extractor molecules at the 

liquid-liquid interface promoted their adsorption on particles(Fig.5-18 

B2), which were then transferred to the n-butanol phase(Fig.5-18 D). 

Both LG and HDPA can extract Al(OH)3 particles to the n-butanol phase 

via the A-B1-B2-D mechanism. Different from LG, HDPA can also 

extract Al(OH)3 particles to the n-butanol phase via the A-C1-C2-D 

mechanism due to its solubility in alkaline solutions. During the process, 

HDPA can potentially penetrate the water-n-butanol interface to form a 

solution in the aqueous alkaline phase(Fig.5-18.C1) and adsorb on the 

Al(OH)3 particles(Fig.5-18.C2). There is a condensation reaction between 

the PO3H2 group of HDPA and the surface OH group of Al(OH)3 during 

the adsorption. With stirring, the adsorbed HDPA facilitated the transfer 
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of Al(OH)3 particles to n-butanol(Fig.5-18.D). 
 
 
 
 

 
 
 
Figure. 5-18. One-step extraction mechanism (A-B1-B2-D and A-C1-C2-D) in 
extraction method 1: (A) Al(OH)3 particles precipitate in aqueous solutions, (B1) 
extractor is accumulated at the liquid-liquid interface and (B2) adsorption occurs at 
the interface, (C1) extractor is transferred from n-butanol to the aqueous phase, (C2) 
extractor adsorption occurs in the bulk of the aqueous phase, and (D) Al(OH)3 
particles are transferred to the n-butanol phase  
 

HDPA can also allow for another extraction procedure like Fig.5-19 

shows. The Al(OH)3 synthesis and extraction involved the mixing of 

aqueous Al2(SO4)3 solution(Fig.5-19.a) with aqueous 0.1 M NaOH 

solution containing dissolved HDPA. After mixing, HDPA-modified 

Al(OH)3 particles were formed in the aqueous phase(Fig.5-19b). The 
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addition of n-butanol and stirring can result in the transfer of Al(OH)3 

particles to the n-butanol phase(Fig.5-19c,d). Therefore, HDPA can act as 

a capping agent for particle synthesis and also an extractor for 

liquid-liquid extraction. 
 

 
Figure. 5-19. Suggested extraction mechanism for HDPA: A starting Al2(SO4)3 
solution; B formation of particles, containing adsorbed HDPA after addition of HDPA 
solution in alkali; C extraction of particles to the n-butanol phase; and D image of 
Al(OH)3 extraction using HDPA (arrow shows water-n-butanol interface) 

 

5.3.2 Experimental results of liquid-liquid extraction 

Compared with as-prepared Al(OH)3 suspension(Fig.5-20.a), it is clear 

that the addition of LG(Fig.5-20.b) and HDPA(Fig.5-20.c) solution in 

n-butanol both resulted in Al(OH)3 extraction to the n-butanol phase. 

DLS method was used to analyze the extracted particles. Both 

LG(Fig.5-20.d) and HDPA(Fig.5-20.e) have relatively narrow particle 

size distributions. In comparison with HDPA, particles extracted by LG 

showed a smaller particle size, with typical radius of 50-60nm.   
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Figure. 5-20. (A). As-precipitated Al(OH)3, (B). Al(OH)3 extraction using LG, (C). 
Al(OH)3 extraction using HDPA (arrows show water-n-butanol interface ), and (D,E) 
particle size distribution for Al(OH)3 particles extracted by (D) LG and (E) HDPA  

 

The adsorption of LG and HDPA on Al(OH)3 particles was confirmed by 

the FTIR results. Figure. 5-21a,b compares the FTIR spectra of 

as-received LG and Al(OH)3 particles, extracted by method 1 using LG. 

The main bands in the LG spectrum (Fig. 5-21.a) and their assignments 

were as follows: CH2 asymmetric and symmetric stretching at 2916 and 

2848 cm-1; ester carbonyl vibrations at 1666 cm-1; C-C/C=C vibration of 

aromatic ring at 1608, 1533, 1467 and 1409 cm-1; C=O stretching at 1380 

cm-1; C-O stretching of phenolic groups at 1301 cm-1; and ester carbonyl 

C(=O)-O stretching vibrations at 1257cm-1. Similar adsorptions can be 

found in the spectrum of Al(OH)3 extracted by LG. However, the 
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adsorption peak at 1301 cm-1 decreased drastically, but did not 

completely disappeared(Fig.5-21.b). A similar behavior was observed for 

hexyl gallate-modified Al(OH)3 particles. Such behavior indicated that 

two OH groups of the galloyl ligand were involved in the 

catecholate-type bonding to the metal atom on the particle surface, 

whereas the third phenolic OH group remained unbounded. The FTIR 

spectrum of HDPA(Fig. 5-21.c) showed adsorptions at 2916, 2850 and 

1471 cm-1, which can be ascribed to asymmetric stretching, symmetric 

stretching and bending vibrations of the CH2 groups, respectively. Similar 

adsorptions were observed in the spectrum of Al(OH)3, extracted by 

HDPA(Fig. 5-21.d). Therefore, the FTIR data confirmed that extracted 

Al(OH)3 contained adsorbed LG or HDPA molecules.     
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Figure. 5-21. FTIR spectra of (a) LG, (b) Al(OH)3 extracted using LG, (c) HDPA, and 
(d) Al(OH)3 extracted using HDPA 

 

5.3.3 Structure and properties of CMC 

CMC is a cellulose-based polymer that has been used as a binder for 

electrodes129. Moreover, its nanocomposites are widely used in biological 

applications130 like biosensers131, scaffolds132 and drug delivery 

systems133. Aqueous solutions of CMC have the ability to disperse 

various materials. With excellent binding and film-forming properties, 

CMC can be exploited in the fabrication of organic-inorganic 

nanocomposites with functional properties. CMC is an anionic 
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polyelectrolyte and water-soluble polymer that can be potentially used for 

film formation by EPD. Different from QHECE, the charge of the CMC 

macromolecules is negative and pH-dependent, which means anodic EPD 

can facilitate their charge neutralization and deposit formation in the 

low-pH region at the anode surface. Similarly, in order to improve the 

flame retardant properties of CMC, we planned to use anodic EPD to 

deposit CMC/ Al(OH)3 nanocomposites.   

 
Figure. 5-22. Chemical structure of CMC 

5.3.4 Experimental results of anodic EPD 

We used QCM method to investigate the deposition yield of CMC. As 

Fig.5-23.a shows, deposit mass versus deposition time dependence for 

CMC, deposited from dilute solutions. The QCM data showed continuous 

mass gain, which indicates film growth at the electrode surface. The 

deposition yield data, illustrated in Fig.5-23.b, indicated that higher mass 

gain can be achieved from solutions with higher concentrations. 

Moreover, the increase in the deposition yield with increasing deposition 
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time and CMC concentration in the solutions indicated that film thickness 

can be controlled. 

 

 
Figure. 5-23. A. Deposit mass versus deposition time, measured using QCM, for the 
deposition from 0.05 g/L CMC-Na at a deposition voltage of 5V. B. Deposit mass 
versus deposition time for the deposition from 5 g/L CMC-Na at a deposition voltage 
of 30V 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 71 
	

 

The film deposition mechanism of CMC is based on the pH-dependent 

charge and solubility of CMC as well as gel-forming properties of this 

polymer. Electrophoretic motion of the anionic CMC- macromolecules 

resulted in their accumulation at the electrode surface, where pH 

decreased due to the following electrochemical reaction: 

                  2H2O → O2 + 4H+ + e-             (5-1) 

The pH reduction of CMC-Na solutions below pH=6 can result in the 

formation of water-insoluble protonated form of CMC (CMC-H). Thus, 

the charge neutralization and formation of water-insoluble CMC-H in the 

electrode reaction, 

                 CMC- + H+ → CMC-H             (5-2) 

facilitated film formation. Additionally, the replacement of Na for H in 

the CMC promoted film formation because of the enhanced hydrogen 

bonding of the CMC molecules and formation of a gel network. 

This suggested deposition mechanism can be confirmed by the FTIR 

studies of as-received CMC-Na and deposited material(Fig.5-24). The 

adsorptions at 1589 and 1421cm-1 in the FTIR spectrum of as-received 

CMC-Na are related to asymmetric and symmetric stretching of -COONa, 

separately. The adsorption peak at 1325 cm-1 is resulted from the -OH 

bending vibrations. The additional adsorption at 1726 cm-1 in the 

spectrum of the deposited material resulted from the stretching vibration 
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of protonated COOH group. Therefore, the FTIR spectra confirmed the 

formation of protonated form of CMC (CMC-H). 

 
Figure. 5-24. (a) FTIR spectra of as-received CMC-Na and (b) deposited material 

 

Before EPD of CMC-Na solutions, we did sedimentation test for Al(OH)3 

with drying process and Al(OH)3 with extraction, respectively(Fig. 5-25). 

Apparently, suspension without extracted Al(OH)3 showed sedimentation 

rapidly while another suspension with extracted Al(OH)3 was stable 

enough. 

After anodic EPD of the stable suspension with extracted Al(OH)3 and 

CMC-Na, we did SEM test for the resulting film. It is obvious that anodic 

EPD allowed the fabrication of smooth and uniform films without large 
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agglomerated particles(Fig 5-26). Different from large agglomerates 

causes by drying process, the size of particles prepared by liquid-liquid 

extraction and EPD was on a submicrometer scale.   

 

 
Figure. 5-25. Sedimentation test for Al(OH)3, prepared by (a) precipitation and drying 
and (b) precipitation and extraction. The suspensions contained 2g/L Al(OH)3 and 
1g/L CMC in a mixed water-alcohol solvent 
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Figure. 5-26. SEM image of a film, prepared by EPD from a suspension, containing 
2g/L Al(OH)3, extracted using LG, and 1 g/L CMC in a mixed water-alcohol solvent 

 

To investigate the incorporation of Al(OH)3 and the properties of the new 

deposited composite film, we collected and compared the TGA data and 

DTA data of Al(OH)3 and the resulting composite film(Fig. 5-27). For 

Al(OH)3, a mass loss of 39.5% was found in the given temperature range 

of 20-800 ºC(Fig. 5-27.a), which resulted from the removal of water and 

decomposition of Al(OH)3. The corresponding DTA curve (Fig.5-27.c) 

has a broad endothermic peak around 120 ºC, related to the Al(OH)3 

dehydration. For the TGA data of the new composite film  (Fig.5-27.b), 

there are several steps in mass loss in the given temperature range. The 

total mass loss at 800 ºC was 72.3%, which is related to Al(OH)3 
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dehydration and burning out of CMC. When we combine this mass loss 

with the mass loss of pure Al(OH)3, the Al(OH)3 content in the composite 

film was calculated to be 45.8%. The DTA data of the composite 

film(Fig.5-27.d) has a broad endothermic peak around 110 ºC, which is 

attributed to the dehydration of both Al(OH)3 and CMC. The intense 

exotherm in the range of 430-620 ºC is caused by the burning out of 

CMC. As a result, TGA and DTA data confirmed the formation of 

composite films, involving flame-retardant Al(OH)3 in the CMC matrix. 

Therefore, CMC can be used as a good film forming and charging agent 

for deposition of various functional inorganic materials and fabrication of 

new CMC-based composites.   

 
Figure. 5-27. TGA (a,b) and DTA data (c,d) for as-prepared Al(OH)3 (a,c) and a 
deposit (b,d), prepared by EPD from a suspension, containing 2 g/L Al(OH)3, 
extracted using LG, and 1 g/L CMC in a mixed water-alcohol solvent 
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5.3.5 Conclusion 

 

Both LG and HDPA can be used as extractors for the one-step 

liquid-liquid extraction, which is related to their adsorption on Al(OH)3 

by forming polydentate bonding to Al atoms on the particle surface. 

Based on their different solubility properties, different extraction 

procedures were developed. However, they can both help to get 

non-agglomerated Al(OH)3 particles. The analysis of the experimental 

data and influence of the extractor structure and chemical properties all 

provided an insight into the extraction mechanism and efficiency. As a 

versatile method, one-step liquid-liquid extraction can be extensively 

used in the process of preparing non-agglomerated oxide particles.   

Anodic EPD has been successfully developed for the deposition of CMC 

films from CMC-Na solutions. The pH decrease at the electrode surface 

and charge neutralization result in the formation of protonated 

water-insoluble CMC film at the electrode surface. The deposition yield 

was varied and could be controlled by the variation of CMC 

concentration and deposition time. Anodic EPD can also deposit CMC 

composite film with non-agglomerated Al(OH)3 particles from the stable 

suspension, where CMC played as a film-forming and charging agent.   

Anodic EPD can be extended into the fields of depositing various 

polymers and inorganic particles and forming advanced nanocomposites.     
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5.4 Liquid-liquid extraction of titania  

In addition to Al(OH)3, we also used liquid-liquid extraction to extract 

other functional metal oxides, such as TiO2.  

5.4.1 Synthesis of TiO2 

The XRD patterns(Fig.5-28) showed that the synthesized TiO2 were 

mainly amorphous. 

 
Figure. 5-28. X-ray diffraction pattern of titania 

5.4.2 Experimental results of liquid-liquid extraction of titania 

First, we used LG and HDPA as the extractors for liquid-liquid extraction 

of titania. For both extractors we used one-step extraction mechanism. 

The schematic of extraction is shown in Fig.5-29a and b, which illustrates 
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the images of TiO2 suspension before and after extraction. We used DLS 

method to investigate the extracted particles which showed reduced 

particle agglomeration. The average radius of TiO2 was only 63 nm 

(Fig.5-29c). The particle size was significantly lower than the size of 

agglomerates (Fig.5-29d).    

A             B 

     

C           D 

     
Figure. 5-29. (A) as-prepared titania in water, (B) extraction by the addition of LG in 
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n-butanol, (C) particle size distribution of titania extracted using LG and (D)SEM 
image of titania agglomerates 

 

 
 

Figure. 5-30. FTIR spectra of (a) LG, (b) TiO2 extracted using LG 
 

The adsorption of LG on TiO2 particles was confirmed by the results of 

FTIR studies. The FTIR spectrum of pure LG (Fig.5-30a) shows 

adsorptions at 2916 and 2848 cm-1, related to stretching vibrations of CH2 

and CH3 groups. The spectra of extracted materials (Fig.5-30b) have 

similar peaks, indicating that LG was successfully adsorbed on the 

particle surfaces. The peaks in the range of 1400-1600 cm-1, related to 

stretching C-C vibrations of the aromatic ring of LG (Fig.5-30a) were 

also found in the spectra of the extracted TiO2 (Fig.5-30b).   

a 

b 
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The addition of HDPA solution in n-butanol and stirring resulted in the 

extraction of TiO2 from the aqueous phase to n-butanol phase 

(Fig.5-31a,b). It can be seen that the extracted TiO2 has formed a stable 

suspension in n-butanol. The investigation of extracted particles by the 

DLS showed that the average radius of TiO2 was around 188.1nm, which 

indicates that, based on the same one-step extraction mechanism, LG 

works better than HDPA in the extraction of TiO2 particles. 

A               B   

             

C 
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Figure. 5-31. (A) as-prepared titania in water, (B) extraction of titania to the n-butanol 
solvent after addition of HDPA solution in n-butanol and mixing, red arrow shows the 
interface of water and n-butanol and (C) particle size distribution of titania extracted 

using HDPA 
 
 

 
Figure. 5-32. FTIR spectra of (a) HDPA, (b) TiO2 extracted using HDPA 

 

The extracted particles have also been analyzed by the FTIR method. 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 82 
	

Fig.5-32 compares the FTIR spectra of extracted particles and HDPA. 

The adsorptions in the range of 2800-3000 cm-1 in the spectra of TiO2 

particles are attributed to stretching vibrations of CH2 and CH3 groups of 

adsorbed HDPA. The FTIR spectrum of pure HDPA showed similar 

adsorptions. The adsorptions at 1469 cm-1 in the spectra of particles and 

corresponding adsorption at 1471 cm-1 in the spectrum of pure HDPA 

resulted from the deformation C-H vibrations of HDPA. The strong 

adsorption of HDPA was critical for the extraction.     
 

In addition to one-step liquid-liquid extraction, we also exploited 

two-step liquid-liquid extraction for TiO2. Similar with Al(OH)3, R-CHO 

and NH2L are also involved in the two-step liquid-liquid extraction for 

TiO2. It was found that R-CHO adsorption on colloidal TiO2 particles 

resulted in the color change from white to red (Fig.5-33a). This red color 

of the particles also remained after their transfer to the organic phase 

(Fig.5-33b). The clear aqueous phase after the transfer, indicated that the 

efficient extraction was achieved for relatively high suspension 

concentration. Besides, the average radius of extracted particles 

(Fig.5-33c) was found to be 71nm. 
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A             B 

	 	 	 	 	 	 	 	 	 	

 

C 

 
Figure. 5-33. (A) as-prepared titania in water, modified with R-CHO (B) extracted 
titania using Schiff base reaction and (C) particle size distribution.  
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Figure. 5-34. FTIR spectra of (a) R-CHO, (b) NH2L and (c) TiO2 extracted using 

Schiff base reaction 
 

The results of the FTIR also supported the proposed two-step extraction 

mechanism. Fig.5-34 compared the FTIR spectra of as-received R-CHO, 

NH2L and extracted TiO2 particles. The two peaks at 2848 and 2920 cm-1 

in the spectrum of NH2R are attributed to stretching vibrations of CH2 

and CH3 groups. The adsorption at 1488 cm-1 resulted from the 

deformation C-H vibrations. The adsorptions at 1651 and 1589 cm-1 in 

the spectrum of R-CHO resulted from aromatic C-C vibrations and the 

adsorption at 1294 cm-1 was attributed to C-O stretching vibrations. 

Similar adsorptions can be observed in the spectra of the extracted 
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particles (Fig.5-34c), which indicate that NH2R and R-CHO adsorbed on 

the particles and formed a Schiff base.  
 

 
Figure. 5-35. SEM image of a titania-PVB film 

 

In the further investigation of the extracted TiO2 particles, we mixed 

titania suspension in n-butanol obtained by liquid-liquid extraction with 

PVB solution in n-butanol for the deposition of coatings on stainless steel 

foils by simple dip coating. After that, we performed SEM for the 

resulting film and found that the surface of the composite titania-PVB 

film is smooth and non-agglomerated (Fig.5-35). This indicates that the 

ability to avoid agglomerates can help with the deposition of oxide 

materials by various techniques.  
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5.4.3 Conclusion  

Liquid-liquid extraction techniques have been developed for the 

extraction of titania, prepared by wet chemical precipitation method. 

One-step extraction mechanisms involved the adsorption of LG or HDPA 

on particles at the liquid-liquid interface and extraction. Two-step 

liquid-liquid extraction mechanism involved the modification of titania 

particles in-situ during synthesis and Schiff base reaction at the 

liquid-liquid interface. Composite films were prepared containing 

non-agglomerated titania in the polymer matrix. 

 

 

 

 

 

5.5 Cathodic EPD of LPEI and its composite films  

 

Polyethylenimine (PEI), a cationic polymer with high ionic charge 

density134, is widely used as carriers in the gene delivery135, coatings for 

electrodes136 and also adsorbent and catalyst for water purification137.    

These applications of PEI are mainly related to its adsorption and 

electrokinetic properties138. PEI can adsorb on metal oxide nanoparticles 



M.A.Sc Thesis                                                         Xinya Zhao 
McMaster University                                  Materials Science and Engineering      

	 87 
	

and perform as a dispersant to stabilize related aqueous suspensions139. 

Besides, with film forming and binding properties, PEI can be involved in 

the fabrication of composite films by EPD method, avoiding the 

possibility of cracking140. Adsorbed PEI can allow the electromigration of 

ceramics in a given electric field through providing a positive charge for 

the ceramic particles or forming PEI-metal ion complexes141. 

Compared with branched PEI, linear PEI (LPEI) contains simply 

secondary amines(Fig.5-36) and nearly insoluble in water, which are 

critical for the formation of films and composites by EPD. The 

protonation of its NH groups can form a cationic LPEI-H+, which can 

migrate under a given electric field. With the generation of OH- at the 

cathode surface, 

2H2O + 2e- → H2 + 2OH– 

LPEI-H+ can be neutralized at the cathode surface and facilitate the 

formation of water insoluble LPEI films: 

LPEI-H+ + OH– → LPEI + H2O 
 
 

 
 

Figure. 5-36. Structure of LPEI 
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The goal of this investigation was the application of LPEI as a charging 

and film forming agent for EPD to fabricate LPEI-MgAlLDH, 

LPEI-halloysite and LPEI-titania composite films. 
 
 

5.5.1 Experimental results of Cathodic EPD of LPEI composite films 

The SEM images of LPEI-MgAlLDH composite film obtained by 

cathodic EPD are shown in Fig.5-37. The film was prepared from 0.5 g/L 

LPEI suspension, containing 1 g/L MgAlLDH. The surface of the 

composite film has uniformly packed with MgAlLDH platelets without 

any crack. Besides, there is no peeling shown on the surface, indicating 

the adhesion of film on the substrate. However, in the high-magnification 

image, large agglomerates of MgAlLDH platelets can be observed on the 

surface.  

LPEI-halloysite film was obtained from 0.5 g/L LPEI solution, containing 

1 g/L halloysite (Fig.5-38). The film is obviously continuous and 

crack-free, with a large number of halloysite nanotubes uniformly 

dispersed in LPEI matrix. In higher magnification, the film is dense and 

contained halloysite nanotubes aligned parallel to the film surface.     

Figure.5-39 shows SEM images of a film prepared from 0.5 g/L LPEI 

solution, containing 1 g/L titania. The SEM images revealed a great 

amount of pores existing on the surface. This porosity is related to the 
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packing of titania particles. The film is relatively dense and contained 

large amount of titania particles in the LPEI matrix. 
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Figure. 5-37. A and B SEM images of LPEI-MgAlLDH film at different 
magnifications, prepared by EPD from 0.5 g/L LPEI solution, containing 1 g/L 
MgAlLDH at a deposition voltage of 30V. 
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Figure. 5-38. A and B SEM images of LPEI-halloysite film at different magnifications, 
prepared by EPD from 0.5 g/L LPEI solution, containing 1 g/L halloysite at a 
deposition voltage of 30V. 
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Figure. 5-39. A and B SEM images of LPEI-titania film at different magnifications, 
prepared by EPD from 0.5 g/L LPEI solution, containing 1 g/L titania at a deposition 
voltage of 30V. 
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Figure. 5-40. (a) TGA and (b) DTA data for as-received halloysite 

The incorporation of halloysite into the PEI composite film can be 

confirmed by the TGA and DTA analyses. We collected and compared 

the TGA and DTA data of pure halloysite and LPEI-halloysite composite, 

prepared by EPD. There are several steps in the results of TGA data of 

pure halloysite in the given temperature range (Fig.5-40a). In the first 

step, 5% mass loss can be observed at 100 ºC, which was caused by the 

loss of physically adsorbed water. The second mass loss around 300 ºC 

was related to the thermal dehydration of halloysite in the structure layer 

and the third large step can be attributed to the decomposition of the 

hydroxyl groups. In the given temperature range, the mass reduction was 

mainly observed below 600 ºC and the total mass loss at 1000 ºC was 

approximately 17.6%. The TGA data of related composite film also 
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showed several steps in mass loss, which results from the loss of water 

and burning out of LPEI (Fig.5-41a). Combined with the DTA curve of 

the composite (Fig.5-41b), the endothermic peak at 100 ºC and other two 

exothermic peaks in the corresponding temperature can also confirm the 

reactions. Compared with the total mass loss of pure halloysite, 

LPEI-halloysite composite showed a totally 35% mass loss at 1000 ºC, 

indicating the formation of composite film.      
 

 
Figure. 5-41. (a) TGA and (b) DTA data for LPEI-halloysite composite film, prepared 
by EPD from 0.5 g/L LPEI solution, containing 1 g/L halloysite at a deposition 
voltage of 30V 
 

Figure.5-42 and Figure.5-43 illustrated the TGA and DTA curves of pure 

MgAlLDH and LPEI-MgAlLDH composite film, respectively. For the 

pure MgAlLDH, there are two steps of mass loss in its TGA curve. The 
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first step at 200 ºC can be ascribed to the desorption of water and the 

second step at 400 ºC was related to the dehydroxylation of MgAlLDH 

layers. Correspondingly, the two endothermic peaks at related 

temperature can support these reactions. The total weight loss at 800 ºC 

was 37%. Similar weight loss steps can be found in the TGA curve of  

LPEI-MgAlLDH composite film at the silimilar temperature but the total 

weight loss has been rose to 50%. In addition to the two endothermic 

peaks, an intense exothermic peak occurs at 240 ºC was observed, which 

resulted from the burning out of LPEI. Consequently, the formation of 

LPEI-MgAlLDH composite film can be confirmed.   

 

 
Figure. 5-42. (a) TGA and (b) DTA data for as-received MgAlLDH 
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Figure. 5-43. (a) TGA and (b) DTA data for LPEI-MgAlLDH composite film, 
prepared by EPD from 0.5 g/L  LPEI solution, containing 1 g/L MgAlLDH at a 
deposition voltage of 30V 
 
 
 
 

5.5.2 Conclusion 

PEI films were deposited by cathodic EPD. The deposition mechanism 

involved dissolution of PEI in acidic solution, electrophoresis of cationic 

PEI molecules toward cathode, local pH increase at the cathode surface, 

charge neutralization and deposition of PEI films. 

PEI can be used as a charging, dispersing and film forming agent for the 

deposition of titania, MaAlLDH and halloysite. Composite films were 

prepared by cathodic EPD. SEM, TGA and DTA data confirmed the 
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formation of composite films. The MgAlLDH and halloysite particles 

incorporated into the PEI matrix imparted flame retardant properties to 

the films. 
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6. Conclusions 

In our investigation, liquid-liquid extraction has been successfully used 

for the reduction of particles agglomeration and also helped to achieve 

the requirement of relative stable suspension. Two extraction mechanisms, 

one-step liquid-liquid extraction and two-step liquid-liquid extraction, 

were both found to be effective. Different extractors follow different 

extraction mechanisms, which are determined by their structures. 

LG and HDPA are confirmed as typical extractors, which are based on 

the one-step liquid-liquid extraction. The galloyl group of LG and 

phosphonate group of HDPA allowed their adsorption on metal oxides by 

forming polydentate bonding to metal atoms on the particles. Moreover, 

different solubility of LG and HDPA can result in their different 

extraction procedure but the related mechanisms are similar. The analysis 

of the experiments and deep understanding of the extractor structure and 

corresponding properties pave the way for the future investigation of new 

extractors.    

Compared with one-step liquid-liquid extraction, the two-step 

liquid-liquid extraction involves the surface modification of inorganic 

particles during synthesis and a second modification based on Schiff base 

reaction. Similarly, the first modification is related to the adsorption 

properties of phenolic OH groups of DBA and TBA. This extraction 
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process also effectively reduced the particle size and improved the 

stability of the suspension for future EPD. The ability of reducing particle 

growth during synthesis can help to extract smaller particles than the 

one-step liquid-liquid extraction. However, the process of one-step 

liquid-liquid extraction is simpler than that of two-step liquid-liquid 

extraction. 

Extracted Al(OH)3 particles and polyelectrolytes have been deposited by 

EPD and formed uniform composite films without cracking and 

agglomerates. The film forming and charging properties of the 

polyelectrolytes allowed the reduction of cracking and improved the 

deposition adhesion. The pH change at the electrode surface and charge 

neutralization result in the formation of polymer film at the electrode 

surface. Cathodic EPD has been employed for the fabrication of QHECE 

composite films and PEI composite films while anodic EPD has been 

exploited in the fabrication of CMC composite films. The amounts of 

deposits were found to be controlled by the variation of time and also 

concentration of polyelectrolytes. 

Containing the flame retardant Al(OH)3 particles, the QHECE composite 

film and CMC composite film showed improved flame retardant 

properties in the analysis of their TGA and DTA data. Similarly, with the 

incorporation of MgAlLDH or halloysite particles, PEI composite films 

have also been imparted flame retardant properties. 
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The developed liquid-liquid extraction mechanisms can be also involved 

in the extraction of some other functional inorganic particles like metals, 

hydroxides and oxides in the future. Besides, further development of 

liquid-liquid extraction methods can be exploited for the fabrication of 

advanced polymer nanocomposites, containing various functional 

inorganic materials and EPD can perform as a versatile technique in the 

fabrication of inorganic-organic nanocomposites.      
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