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category in the pharmaceutical industry, in both batch and continuous operations.  Furthermore, 

implementation of such systems in the continuous production of organic compounds is expected 

to increase the production and purity of the desired product, as solid supported catalysts can be 

recovered for recycling and product isolation is greatly simplified.     

1.2 Carbon-Carbon Cross Coupling Reactions  

While there are a number of reactions used for synthesizing complex molecules in the 

pharmaceutical industry, some of the most powerful are cross coupling reactions that form a new 

carbon-carbon bond,  such as the Heck, Sonogashira, and Suzuki reactions (Figure 1-2).
8
   The 

Heck reaction was developed by Tsutomu Mizoroki and Richard F. Heck.  This reaction is 

conducted between an aryl halide or vinyl halide and an activated alkene, proceeding in the 

presence of a palladium catalyst and a base. It has been cited for its excellent trans-selectivity, but 

often requires harsh reaction conditions.
9
   In contrast, the Sonogashira reaction, developed by 

Kenkichi Sonogashira, Yasuo Tohda, and Nobue Hagihar, is conducted between a terminal alkyne 

and an aryl or vinyl halide.  This reaction proceeds under relatively mild reaction conditions using 

two metal catalysts, palladium and copper.  Lastly, the Suzuki-Miyaura reaction requires the 

mildest condition of the three.  Developed by Akira Suzuki and Norio Miyaura, it is often used in 

the synthesis of biphenyls and polystyrenes.  The reaction takes place between an aryl halide and 

a boronic acid in the presence of a base and a palladium catalyst.
5,10

  In 2010 Heck, Sonogashira, 

and Suzuki shared the Nobel Prize in Chemistry for their contributions to the field.   
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using TEM (Figure 1- 10), which showed significant agglomeration of the palladium 

nanoparticles on the surface of the support. The evidence of agglomeration on each of the spent 

catalysts and the low palladium content in the product solutions strengthens the argument for the 

leaching –redeposition process proposed for solid catalyst particles.  Studies focusing on carbon 

nanotubes as supports have also been reported.
25

 These systems display high catalytic activity as 

well, but also show limited recyclability in the Suzuki coupling reaction.   

 

Figure 1-10 

 

TEM images of graphene oxide supported (left panel) and chemically reduced graphene supported 

(right panel) palladium particles after a Suzuki coupling reaction.   

 

New studies have been dedicated to enhancing the already excellent properties of 

organized carbon frameworks by doping or surface modification, or even by producing magnetic 

particles.  Researchers believe that doping graphene sheets with nitrogen or boron may assist in 
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building a tighter interface between catalyst and support.  Nitrogen-doped graphene sheets have 

been used as a support for palladium and palladium oxide nanoclusters formed by a chemical 

reduction procedure.
26

  When tested in a Suzuki reaction, this catalyst system gave complete 

conversion to the biphenyl product after one hour at 80 
o
C.  Moreover, this catalyst could be 

recycled 4 times before a decrease in yield was observed.  Ongoing work is being conducted to 

further evaluate the effects of nitrogen atoms.   

 A magnetic palladium-iron oxide-graphene species was recently reported by Hu and 

coworkers.
24

 After 30 minutes at 100 
o
C, complete conversion to a biphenyl product was observed 

when testing this catalyst with a typical Suzuki reaction.   Furthermore, the magnetic properties of 

this catalyst facilitated recovery:  it only took 5 minutes to re-isolate the catalyst from the reaction 

solution using a simple magnet.   

Figure 1- 11
27

 

 

Graphene Supported Magnetic Palladium-Iron Nanoparticles  
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Elazab and coworkers also recently reported a graphene supported palladium iron oxide 

nanoparticle with magnetic properties and an excellent recyclability profile.
25

  The turnover 

number and frequency for this catalyst are 9250 and 111,000 h
-1

 respectively.
28

  Advancements 

and continued research in solid support development have made continuous coupling reactions an 

increasingly attractive option for academia and industrial settings, but there is still room for 

improvement in catalyst development and application. 

1.6 Continuous Reactors and Their Role in Cross Coupling Reactions  

 The previously mentioned microencapsulated palladium acetate catalyst developed by Ley 

and co-workers was used in a continuous coupling reaction with a supercritical fluid solvent 

system.  The catalyst was loaded into a microreactor as a packed bed.  4-Methylbiphenyl was 

produced by feeding 4-methylphenylboronic acid and iodobenzene at 0.2 mL/min over the packed 

bed at 70 
o
C of conventional heating.

29
  Complete conversion was observed under these 

conditions.   When flow rates were increased or the temperature was lowered, a dramatic decrease 

in product conversion was evident.   
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Figure 1-12
26

 

 

Microwave Assisted Continuous Reactor 

 

The Ley group also used the packed bed reactor model to demonstrate the use of this 

encapsulated palladium catalyst with microwave heating.
26

   In this case, a U-shaped glass tube 

was packed with 190 mg of the encapsulated palladium catalyst and placed in a microwave cavity 

(Figure 1-12).  The reactants were fed at 0.1 mL/min over the bed using syringe pumps, then 

through an Amberlyst resin before being collected for further analysis.
26

  Again, complete 

conversion was observed.  It should be noted that microwave heating can dramatically increase 

the rate of reaction as the metal particles absorb such energy readily.   

 Monolithic flow reactors have also been used to conduct continuous coupling reactions.  

These reactors have polymer cells connected to the reactor where the metal catalysts are 

immobilized.  This type of reactor was used by Kirschning for a continuous Suzuki reaction 

(Figure 1-13).
30

  Reactants were fed to the reactor at flow rates between 0.1 mL/min and 1 

mL/min.  The continuous coupling of 4′-bromoacetophenone and phenylboronic acid was 
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5.3.2 Catalytic Activity of Pd/G and Pd/Gc in Traditional “Batch” Suzuki-Miyaura Cross- 

Coupling Reactions 

 The initial catalytic activity of Pd/G and Pd/Gc prepared using the continuous synthesis 

method was evaluated for the Suzuki-Miyaura cross-coupling reaction between bromobenzene 

(1a) and phenylboronic acid (2a) in microwave-assisted batch reactions.  The catalyst loading was 

varied between 0.5 mol% and 5 mol % to determine optimum catalyst loading.  Using the Pd/G 

sample full conversion was observed by GC-MS at 1 mol% catalyst loading for this reaction; 

however, below this level a decrease in conversion was evident when evaluating the Pd/G sample.  

The Pd/Gc sample was also varied between 5 mol % and .5 mol% catalyst loading, and was 

successfully used at .5 mol % loading without a decrease in product conversion.  However below 

this threshold a decrease in product conversion was observed.  However, it is unclear whether 

palladium (0) or palladium (II) on the surface is catalyzing the coupling reaction.  Because Pd/Gc 

sample is mainly comprised of Pd (II), a readily soluble species of palladium and not good for 

continuous reactions, further evaluation of these catalyst were terminated. 

5.3.3 Diversity and Recycling Studies of Pd/Gc in Traditional “Batch” Suzuki-Miyaura 

Cross-Coupling Reactions 

A variety of functionalized aryl bromides (1) and phenylboronic acids (2) were then used 

to evaluate catalyst versatility in Suzuki cross-coupling reactions (Table 1).  For these batch 

reactions, substrates were combined with Pd/G and potassium carbonate in a H2O/EtOH solvent 

system and heated to 80 
°
C for 10 minutes in a CEM microwave.  The Pd/G catalyst exhibited 

good to excellent conversion in Suzuki reactions with both electron-withdrawing and electron-

donating functional groups.  
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Table 5-3 

 

Suzuki reactions completed under traditional batch conditions.
1 

Aryl halide (0.3 mmol), boronic 

acid (0.32 mmol), K2CO3 (0.9 mmol), and Pd/G catalyst (5 mol%) were combined in 4 ml of 

H2O: EtOH (1: 1) and irradiated at 80 
o
C for 10 minutes.

 

 

 We then tested eight separate lots of continuously-produced Pd/G with the first two 

Suzuki- Miyaura cross-coupling reactions in order to determine the lot-to-lot variability in 

catalytic activity (Table 5-4).  We examined two different aryl halide substrates and all eight 

catalyst lots gave essentially equivalent yields under the same reaction conditions. The 

reproducible physical characteristics and catalytic activity of continuously-produced Pd/G may 

also be attributed to the uniform application of microwave irradiation.   
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Table 5-4 

Pd/G 
Conversion (%)

1
 

1a + 2a
2
 

Conversion (%)
1
 

1b + 2a
2
 

Lot 1 100 100 

Lot 2 100 99 

Lot 3 100 100 

Lot 4 100 100 

Lot 5 100 97 

Lot 6 100 97 

Lot 7 100 100 

Lot 8 100 99 

Lot-to-lot consistency of Pd/G activity in two Suzuki-Miyaura reactions. 

 
1 

Conversions determined by GC-MS.  
2 

Reaction conditions as listed in Table 5-1. 

 

 

The recyclability of the Pd/G sample, was then evaluated using the Suzuki-Miyaura reaction 

between bromobenzene and phenylboronic acid.  The solid-supported catalyst was isolated from 

microwave-assisted batch reactions by filtration, washed, and re-used in subsequent reactions 

with fresh substrates and reagents.  High conversions were recorded for the first three rounds of 

reactions (Table 5-5), indicating that Pd/G may be a good candidate for continuous applications.  

Upon examination of the reaction filtrate, we observed 347 ppm Pd in solution indicating minimal 

loss of catalyst to the reaction mixture. 

Table 5-5.  

Run 
Conversion (%)

1
 

1a + 2a
2
 

1 100 

2 100 

3 95 

4 77 

Recyclability of Pd/G in Suzuki-Miyaura reactions 

 
1 

Conversions determined by GC-MS.  
2 

Reaction conditions as listed in Table5- 1. 
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5.3.4   Suzuki-Miyaura Cross-Coupling Reactions Executed Under Continuous Flow 

Conditions 

With a reliable and scalable preparation of Pd/G in hand, we sought to highlight the 

combined benefits of solid-supported catalysts and flow synthesis by applying our catalyst to a 

continuous Suzuki-Miyaura cross-coupling system.  The reaction between 4-bromobenzaldehyde 

(1b) and phenylboronic acid (2a) provided the best solubility profile to demonstrate the 

application of our catalyst in flow (Figure 5-6).  A small amount (100 mg) of the Pd/G  or Pd/ Gc 

catalyst synthesized under continuous flow conditions was loaded into a catalyst cartridge using 

the procedure previously described.  The catalyst cartridge was then equilibrated to 135 °C on a 

Thalesnano X-Cube flow reactor.  Reactants were dissolved in a H2O/EtOH/THF (1:1:1) solvent 

mixture and fed into the packed bed at a flow rate of 0.2 mL/min, resulting in a contact time of 

less than 5 minutes.  Using these conditions, the Suzuki reaction proceeded with a conversion of 

96% for the Pd/G sample but yielded only 23% for the Pd/Gc.  The product was collected in 30 

minute increments for 2 hours without a reduction in product conversion.   
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Figure 5-7 

 

Process Flow Diagram for a Continuous Suzuki Reaction 

 

One of the major concerns in translating the Pd/G catalyzed Suzuki-Miyaura reaction from 

batch to continuous operations is the potential for rapid catalyst deactivation due to metal 

leaching under non-equilibrium (continuous) conditions.  Accordingly, the palladium content of 

the continuous Suzuki-Miyaura reaction product stream was evaluated using inductively coupled 

plasma mass spectrometry (ICP-MS).  The solution from the experiments conducted with the Pd/ 

G sample contained only 357 ppb of palladium, suggesting that graphene is a reliable and robust 

support for palladium nanoparticles.   However, the solution that was collected from experiments 

using Pd/Gc contained more than 700 ppm of palladium, which suggest that the commercially 

graphite oxide was not successfully reduced to a reliable source of graphene to support the 

palladium particles.  Furthermore, the palladium leaching offered some insight of the delicate 

relationship between the palladium particles and the graphene support system.  Low palladium 

suggests a strong interaction between the nanoparticles and the graphene support system while 

high palladium content suggests a superficial physical reaction between nanoparticles and the 

support. 
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5.4   Conclusion 

 In conclusion, we have developed a highly efficient method for the preparation of Pd 

nanoparticles supported on graphene by the continuous microwave-assisted chemical reduction of 

an aqueous mixture of palladium nitrate and dispersed graphite oxide sheets.  Despite the success 

we have seen with the graphite oxide made in the laboratory setting the commercial available 

graphite oxide should less favorable results.  This particular graphite source was not a good 

support system for the palladium particles, which was evident in product leaching.  Furthermore 

this method was unable to produce uniform graphene sheets and seemed to exhibit characteristics 

of stacked layers (graphite).  Further analysis is needed to optimize this procedure using the 

commercially available graphite oxide.   

 This process serves as a convenient and scalable method for accessing multi-gram 

quantities of this material.  Furthermore, this procedure is capable of delivering a catalyst of 

consistent and reproducible physical and catalytic properties and serves as the first flow-based 

method for producing a solid-supported palladium catalyst.    We were also able to demonstrate 

that these catalysts can be employed in continuous Suzuki-Miyaura cross-coupling reactions 

under ligand-free conditions in an environmentally friendly solvent system with minimal catalyst 

leaching/deactivation over an extended period of time. 
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Chapter 6 

 

 

 

 

 

 

 

 

 

 

 Continuous Synthesis of Zinc Oxide: A Viable Option for Automotive Oil Additive 
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6.1 Introduction: Automotive Oil Additives  

 While the focus of this research has been on the synthesis of solid supported nanoparticles 

to use in the continuous synthesis of organic molecules, the use of continuous technology may be 

expanded to other applications in the synthesis of nanoparticles.  In collaboration with Afton 

chemical company such technology was used in efforts to make nanoparticles that may serve as 

automobile oil additives. 

 As the sources of oil continues to be depleted those in the automotive industry are looking 

for technologies not only to fuel new cars but increase the efficiency of existing cars. The US 

government has set regulations that by 2016 cars will have a standard of 35.5 miles per gallon 

(MPG).
45, 30

  Europe, Japan, and China, are also seeking to improve fuel efficiency to an average 

of 35 MPG by 2015.
29,46

   One technique to increase fuel efficiency is to decrease the friction and 

frictional losses within the car engine. An average economy car requires a significant amount of 

energy from its fuel to run correctly including roughly 70% of its effiency in the engine due to 

combustion, radiation, thermal heat, etc, 5% parasitic loses, and 17% to power the wheels.
47

  

There are a number of frictional properties that contribute to fuel efficiency loses, 

including high temperature high shear viscosity, thin film friction, film thickness, and boundary 

friction coefficient.
48

  When testing the efficiency of a fuel or oil, companies first look at the 

boundary friction coefficient
31

, thus this guided the focus of recent inquiries.   Friction may be 

defined as the force that resists free movement of two solid surfaces/boundaries.  The boundary 

friction coefficient is a dimensionless measurement of the ratio of friction and the pressure 

pushing the two surfaces together.  When lubricant is added to moving surfaces, a thin film is 

formed that allows the boundaries to move freely
49

.  Friction modifiers such as glycerol 
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monooleate have been used to create the film needed to reduce friction
33,

.   Effective modifiers 

should be oil soluble, and uniform in size and shape
50

.  While a number of nanoparticles have 

been explored as oil additives, cerium and zinc oxide nanoparticles show the most promise, with 

zinc oxide particles as the more practical because of cost and availability
33,51

.    Despite the unique 

advantages of nanoparticles as oil additives, their use has been limited because of availability.  It 

was hypothesized that the synthesis of ZnO particles may be scaled up without compromising 

particles ability to reduce friction, using a continuous synthesis method.  A two level design of 

experiments was carried out to identify the critical parameters in the synthesis method.   

6.2 Materials and Methods 

6.2.1 Materials 

Zinc nitrate (98% reagent grade), sodium hydroxide pellets (reagent > 97%), olelic acid 

(99%), and oleyamine (98%) were obtained from Sigma Aldrich.  2-propanol (99.5%) was 

purchased from Fisher Scientific.  Analysis of DOE data was conducted using JMP software.   

6.2.2 Batch Synthesis of ZnO nanoparticles 

50 ml of a 0.2 molar stock solution of zinc nitrate in 2- propanol was prepared in a glass 

storage vial.  In a separate storage vial 50 ml of a 0.4 molar stock solution of sodium hydroxide in 

2-propanol was prepared.  2 ml of both stock solutions were placed in a 10 ml reaction vessel with 

a magnetic stir bar. The vial was sealed and placed in in the CEM microwave at a temperature set 

point and time designated by the DOE.  The reaction solution was then centrifuged in an 

Eppendorf 5804 centrifuge at 5000 rpm for 30 minutes.  Excess propanol was decanted.  The 

recovered solid was resuspended and centrifuged for two additional cycles. Following the last 

cycle the solid product were rinsed with acetone and dried in a drying oven at 70 
o
C. 
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6.2.3 General Procedure Continuous Synthesis of ZnO Nanoparticles 

 One liter of a 0.2 molar stock solution of zinc nitrate in 2- propanol was prepared in a 

glass storage vial.  In a separate storage vial 1 liter of a 0.4 molar stock solution of sodium 

hydroxide in 2-propanol was prepared.  Both stock solutions were simultaneously fed to the 

Arrenhius One Wavecraft reactor using Chemtrix alternating syringe pumps, flow rates and 

reaction temperatures were predetermined using a DOE. Collection vessels were changed after 10 

ml of product solution were collected, and conditions were changed when 50 ml of solution was 

collected. The reaction solution was then centrifuged in an Eppendorf 5804 centrifuge at 5000 

rpm for 30 minutes.  Excess propanol was decanted.  The recovered solid was resuspended and 

centrifuged for two additional cycles. The solid particles were rinsed with acetone and dried in a 

drying oven at 70 
o
C. 

6.2.4 General Procedure of Batch Synthesis of Coated ZnO Nanoparticles 

 Oleic acid (3.6 mL.011 mols), and oleyamine (3.75 mL.011 mol) were added to a 25 ml 

round bottom flask and heated to 120 
o
 C  using an oil bath to remove any excess water.  Zinc 

nitrate (0.133g, 0.7mmol) was added to the flask, and held at 120 
o 

C for an hour.  The mixture 

was then placed in a conventional microwave oven at full power (1000 watts) for 10 minutes.  

The resulting mixture was allowed to dry overnight in an oven at 75 
o
C.  

6.2.5 Conditions and Experiments for DOE 

 Two level DOE was created for both the continuous and synthesis of ZnO nanoparticles.  

A low, high, and midpoint were selected for each parameter.  The experiments were carried out 

randomly, with the midpoint repeated 3 times to test reproducibility.  Each sample was evaluated 

using high frequency reciprocating rig (HFRR) testing, at Afton chemicals.  The data collected 

was evaluated using a regression model in JMP software.  Tables 16 show the parameters for the 
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batch and continuous reactions.   In the continuous process reaction time is defined as the time in 

which the liquid solution is in the microwave cavity, flow rates of the reaction solution were 

adjusted accordingly  

Table 6-1 

a) 

Batch Reaction Parameters 

 Temperature  (
o
 C) Reaction Time (minutes) 

Low Level (-1) 80 5 

High Level (+1) 100 10 

Midpoint 90 7.5 

 

b) 

Continuous Reaction Parameters 

 Temperature  (
o
 C) Reaction Time 

Low Level (-1) 80 5 

High Level (+1) 100 10 

Midpoint 90 7.5 

 

2-Level DOE boundary conditions for batch and continuous synthesis of ZnO nanoparticles 
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6.2.6  General Procedure for High Frequency Reciprocating Rig Testing 

 Base engine oil, Yubase 6, was obtained by Afton chemicals (3.98g).  Synthesized 

nanoparticles (0.02g, 0.5 wt%) were added to the base oil.  The mixture was then loaded in a steel 

disk of the PCS High frequency reciprocating rig.  A standard load (4N) was applied to the steel 

ball and disk.  The ball was mechanically moved at a speed of 3mm/s and a frequency of 20 Hz 

for 3 minutes.  The friction coefficient was tested at 70 
o
C, 100

 o
C and 130 

o
C. 

6.3 Results and Discussion 

6.3.1 Batch Synthesized ZnO Nanoparticles 

  ZnO nanoparticles were successful synthesized using the batch microwaved synthesis.   

When added in a base oil system, representative of automotive oil, it was noted that none of the 

tested samples were soluble within the oil. Despite the insolubility of each sample all samples 

were successful in reducing the friction coefficient.   

Figure 6-1 
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Friction Coefficient of 0.5 wt% batch synthesized ZnO nanoparticles additives, Synthesis 

conditions- B1(temp-80 
o
C, reaction time- 5 min.), B2(temp-100 

o
C, reaction time- 5 min.), 

B3(temp-80 
o
C, reaction time- 10 min.), B4(temp-100 

o
C, reaction time- 100 min.).  

 At 70 
o
C all samples slightly decreased the friction coefficient.  During HFRR testing at 

this temperature the base oil had a base oil of approximately 0.184.  Sample B1( synthesized at 80 

o
 C for 5 minutes) was the least effective additive and only reduced the oil by 1.1 %.  The most 

effect additive, B4 synthesized at 100 
o 
C for 10 minutes, was able to reduce this friction by 

13.6%.   The sample synthesized at 80 
o
C for the same amount of time (B3) only differed slightly 

and was able to decrease friction by 11.4% 

Table 6-2 

     

 

 

 

Percent reduction of friction coefficient for batch synthesized ZnO nanoparticles 

 

 At higher testing temperatures samples B3 and B4 proved to be superior additives.  While 

the base oil additive had a friction coefficient of 0.255 samples B3 and B4 were both able to 

reduce the coefficient by 32.2%.  At 130 
o
C sample B3 was able to reduce friction slightly more 

B4, 43.5% and 42.9% respectively.   It is hypothesized that higher temperature the percent 

 

70 100 130 

B1 1.1 -7.5 3.4 

B2 7.6 3.1 2.0 

B3 11.4 32.2 43.5 

B4 13.6 32.2 42.9 

Midpoint 

(100) 23.6 21.9 24.3 
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reduction will converge to a single value.  This was proposed because of the lack of solubility of 

the nanoparticles.  Literature suggests that nanoparticles are able to form a uniformed layer that 

moving objects are able to move freely along
31

.  Insoluble particles will not form a complete 

uniform layer within oil, and possibly have areas where no particles may be found, thus reducing 

the effectiveness of the particles. Additional test were not conducted to test this hypothesis but 

will be included in future work.    Data obtained at 100 
o
 C was used to make a model and predict 

the contribution to friction percent reduction from each of the process parameters.   

 Data was analyzed using JMP model fit software.  During the analysis the following 

parameters and interactions were evaluated during modeling; the reaction time, temperature and 

the interaction between time and temperature, the interaction time has with itself and the 

interaction temperature has with itself. The linear model suggested that time is the most 

significant parameter.  The interactions of time with itself and temperature with itself may be 

ignored as they have no effect on the output values.  The coefficient of determination (R
2
) is 1 

indicating this model is a perfect match for the data collected.   
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Figure 6-2 

 

Parameter Profile Predictors: Batch ZnO 

 

Figure 34 shows the linear fitted lines of the two process parameters.  The slope of the line shows 

the rate of change within that particular parameter.  Time changes at a faster rate which is 

confirmation that the reaction time provides a significant contribution to the percent friction 

reduction.  Equation 6-1 was obtained using this model to predict the percent reduction when 

given synthesis temperature and time. 

Equation 6-1 

Y = 15+ 2.65*(X1) +17.2*(X2)- 2.65*(X3) 

Y- Predicted Percent friction reduction , X1-reaction temperature X2- reaction time, X3- 

Interaction between time and temperature 
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The surface plot of the optimal reaction condition suggest that as the time of synthesis reaction is 

increased or extended the percent friction reduction will also increase.    This may be attributed to 

an increase in particles formed during the reaction.   

Figure 6-3 

  

Surface Plot of Optimal Operation Conditions for Batch Synthesized ZnO Nanoparticles 
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6.3.2 Continuous Synthesis of ZnO nanoparticles  

Figure 6-4 

 

Friction coefficient of base oil and ZnO nanoparticles synthesized continuously 

 

 Four samples were produced using the continuous synthesis method.  All were evaluated 

using the HFRR testing.  As seen with the ZnO nanoparticles made in batch none of the new 

samples were soluble in the base oil obtained by Afton.  All samples made continuously, 

effectively reduced the friction coefficient.  Unlike the samples made by the batch synthesis there 

are only slight differences in the friction coefficients at the various temperatures tested despite the 

temperature or  reaction time (flow rate) in which they were synthesized.  Sample C4 (100 
o
 C, 10 

minutes) deviated the most from the other three samples.  These conditions must be reproduced in 

order to draw any conclusions to the cause of the deviation.  It should be noted that the deviation 

between the three midpoint values was only .24.  This indicates that the particles made using this 

method are highly reproducible and there is virtually no batch to batch variability in this particular 
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set of experiments.   Regression data was also obtained for these sets of experiment the percent 

reduction at 100  
o
 C was used. 

Table 6-3 

 70 100 130 

C1 12.5 32.5 42.5 

C2 12.5 31.8 42.5 

C3 13.0 31.0 42.2 

C4 3.3 27.1 37.8 

midpoint (100) 25.4 25.1 25.7 

 

Percent Friction Reduction of Continuous Synthesized Oil Additives 

 

Figure 6-5 

 

Main Parameters Prediction Profiles 

 

 When examining the parameters prediction profile there only seemed to be slight 

difference in the slope of the lines, indicating there is a parameter that has more significance over 
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the other however it is minimal.  This theory was confirmed when looking at the mathematical 

model for this data (Equation 6-2).  

Equation 6-2 

Y = 30.6 + 1.15* (X1) + 1.55 * (X2) - 0.8 * (X3) 

Where Y - predicted  percent friction reduction, X1-reaction temperature X2- reaction time, X3- 

Interaction between time and temperature 

 

Figure 6-6 

 

Surface Profile Plot of Predicted Percent Friction Reduction 
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 Where change in reaction time is slightly greater than the temperature, which indicates it 

is slightly more significant.  The surface plot of this data indicates the optimal conditions for the 

continuous reaction occurs when both the temperature and time are at their maximums (Figure 6-

6) Though a well fitted model was developed for this data it is speculated that the effects of these 

parameters were not captured based on the boundary conditions.  In Future studies the distance 

between the upper and lower limits of each parameter will be increased, so previous findings may 

be accepted or rejected. When  the two sample sets were compared to one another those 

synthesized using the continuous method were able to reduce the friction coefficient more those 

synthesized in batch.  Conclusions about the process parameters are reserved until DOE 

experiments are repeated.  However the continuous method exhibited less variation between 

batches, which is evident through the standard deviation between the batch and continuous 

midpoint trials, 1, and 0.24 respectively.  The initial hypothesis was accepted ZnO nanoparticles 

were successfully made and effectively reduced the friction coefficient using a continuous 

synthesis method.  
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 Figure 6-7 

 

Friction coefficient in Base oil 6 with 0.5 wt% additive loading at 130 
o
C 

 

 As previously stated none of the samples were soluble in the base oil obtained by the 

Afton chemical company.  Coated cerium oxide nanoparticles have been synthesized by Dr. 

Elshall’s research group.  During this study the produce was applied to coat zinc oxide 

nanoparticles.   Four samples of coated zinc oxide nanoparticles were successfully produced using 

the prescribed reaction conditions, and evaluated in HFRR test at 130
 o
 C (Figure 6-6).  Only one 

temperature was tested because this temperature is more representative of conditions in an 

automobile.  At this temperature the base oil had a friction coefficient of 0.294.   All samples 

were able to reduce the friction coefficient of Base oil 6 (Figure 6-7).  Samples 2 and 4, both 

synthesized at 100 
o
C, exhibited the greatest reduction in friction, 54.1 % and 55.8% respectively 

(table 6-4). Though significant reduction in friction was observed the surfactants used the coat the 

particles may reduce friction.  At these same conditions oleic acid is able to reduce friction by 
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59% and oleamine by 54%.  The reduction in friction seen in the particles may be attributed to the 

coating and not the particles themselves.  It is recommended that future studies develop a method 

to quantify the thickness of the particle coating and conduct a DOE with 2 output values, percent 

friction reduction and coating thickness.  

Table 6-4  

  Synthesis Temperature © Synthesis Time (min) 
Percent Friction Reduction 

(%) 

1 80 5 46.3 

2 100 5 54.1 

3 80 10 46.6 

4 100 10 55.8 

 

Coated ZnO nanoparticles synthesis conditions and percent friction reduction 

 

6.4 Conclusion 

 ZnO nanoparticles were successfully synthesized using both a batch and continuous 

method.  For the batch process samples whose reaction time were longer exhibited higher 

reductions in friction, B3- and B4.  JMP analysis of the process revealed that time was the most 

significant parameter when reaction time and temperature were considered.  When the same 

parameters were considered for the continuous method time was slightly more significant than 

temperature.  This was evident as the percent reduction only changed slightly as the synthesis 

parameters were changed.  However, a greater reduction in friction was observed at all conditions 

among the continuous samples.  Further conclusions were reserved as a broader range in DOE 

boundary limits must be chosen.  Despite the too narrow range the continuous method was highly 
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reproducible as the standard deviation between the batches was found to be only 0.24.  Neither 

the batch nor the continuous synthesized ZnO samples were soluble in the base oil, thus coated 

ZnO oxide particles were synthesized.  When the coated zinc oxide particles were tested by HFFR 

a decrease in the friction coefficient was observed.  The reduction in the friction coefficient 

maybe attributed to the coating and not the particles themselves.  A DOE studying the effects of 

coating thickness and friction reduction should be considered.   
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