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 This thesis was about finding a recovery method for TiO2, using a TiO2 recovery 

technology, which was high enough to be economical ($10 - $15 per 1,000 gallons) to be 

adopted by wastewater treatment plants.  When comparing recovery technologies, the top 

three which were investigated further through experimentation were a centrifuge, 

sedimentation tank, and microfilter membrane.  Upon experimentation and research, the 

TiO2 recovery efficiencies of these technologies were 99.5%, 92.5%, and 96.3%, 

respectively. 

 When doing economic analysis on these technologies comparing TiO2 efficiencies 

and capital and operational costs, the centrifuge was the most preferred economic option.  

Also, its cost did were in the economical range ($10 - $15/1,000 gallons) which makes 

even this technology economical.  Besides that, important and valuable information about
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 TiO2: settling behavior, particle size and zeta potential, interactions with COD, and filter 

operations (particle characterization) were discovered for future research and future testing 

on this issue.
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1.0 INTRODUCTION 

1.1 Background on Leachate 

Leachate is the resultant liquid product that is generated when water percolates 

through a landfill via surface runoff.  Leachate is made up of a mixture of many different 

kinds of substances such as toxic chemicals, organic and inorganic contaminants, and 

heavy metals which have been suspended or dissolved (McBarnette, 2011).  Examples of 

toxic chemicals, inorganic contaminants, and heavy metals are lead, calcium and 

magnesium, mercury, respectively.  Most of the water quality items that make up raw 

leachate (such as total hardness as calcium carbonate (CaCO3), chemical oxygen demand 

(COD), turbidity, total suspended solids (TSS), ammonia (NH3) and many others) have 

been high.  As a result of these high contaminant parameters, it would be very hazardous 

for leachate to escape landfills and flow into natural surface waters or seep into 

groundwater aquifers (McBarnette, 2011). 

 

1.1.1 Leachate Water Quantities Generated 

Besides having high leachate contaminant parameters, the amount of leachate 

generated is an issue.  Every landfill generates different volumes of leachate depending 

upon location.  The main reason for this is the amount of rain which falls on that 

landfill’s location.  However, there are other factors which influence the volume 

generation.  Examples of them are liquid waste in landfills (liquids in the trash put in the
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 landfill), irrigation, evapotranspiration, landfill depth and refuse composition 

(Youngman, 2013). 

There was a survey performed by Dr. Daniel Meeroff and Dr. Ramesh 

Teegavarapu at Florida Atlantic University in 2010 about the volumes of leachate 

generated in landfills.  For the survey, facilities were divided into four different size 

classes based on their capacities.  The size classes are small (5*105 MT), medium (5*106 

MT), large (1.5*107 MT), and very large or super (> 1.5*107 MT); MT stands for million 

tons (Youngman, 2013).  There were 31 landfill facilities which responded, and showed 

leachate flows ranging from less than 100 to about 3,000 gallons per day per acre 

(gpd/acre).  Table 1 shows the results ranges of the survey. 

 

Table 1: Survey Leachate Generation Rates 

Class Range (gpd/acre) Number of landfills 

Small <100 14 
Medium 100-300 9 

Large 300-850 6 
Super >850 2 

 
Source: Meeroff and McBarnette, 2011 

 
With result variations shown in Table 1, different landfills have used different 

management strategies.  Some landfills send the leachate straight to deep well injection 

(which does not solve the issue).  Other landfills send the leachate to local wastewater 

treatment plants to blend the leachate with incoming wastewater flows.  The problem 

with this method is it hurts the discharge concentrations of the wastewater treatment 

plants (Meeroff, 2011).  The ranges of the incoming leachate concentrations are shown in 

the next section, and these ranges are the reason why the discharge concentrations of the 
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wastewater treatment plants are hurt by blend the leachate flows with the wastewater 

flows. 

 
1.1.2 Leachate Water Quality 

Table 2 shows typical leachate parameter ranges for both young (stronger) and 

mature (weaker) leachate.  Three of the previously mentioned parameters (ammonia, TSS, 

and COD) which are major concerns to treat are mentioned first (Youngman, 2013).   
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Table 2: Typical Leachate Parameters Based on Multiple Research Sources 

  Concentration 

Parameter Units Range Average 

Ammonia mg/L as NH3-N BDL* – 13,000 1,100 

TSS mg/L 10 – 45,000 4,604 

COD mg/L as O2 0.4 – 152,000 8,750 

BOD5 mg/L as O2 BDL* – 80,800 3,100 

TOC mg/L 30 – 29,000 3,500 

Calcium (Ca2+) mg/L 200 – 8,600 7,412 

Magnesium (Mg2+) mg/L 50 – 2,612 1,962 

pH pH units 2.0 – 11.3 7.73 

TDS mg/L 0.1 – 88,000 11,100 

Alkalinity mg/L as CaCO3 3,300 – 11,000 9,640 

Lead (Pb) mg/L BDL* – 5.0 0.41 

Mercury (Hg) mg/L 0.01 - 3 0.5 

Arsenic (As) mg/L 0.1 – 1.682 1.328 

Sodium mg/L 200 – 7,769 6,109 

Chlorides mg/L 100 – 11,538 8,971 

Color Platinum-Cobalt Units 3,530 – 40,000 3,630 
BDL* = below detectable level 
Source: Renou et al. (2008), Akesson and Nilsson (1997), Al‐Yaqout et al. (2005), Amokrane et al. (1997), Bekbölet et 
al. (1996), Bernard et al. (1997), Bila et al. (2005), Calli et al. (2005), Geenens et al. (2000), Gonze et al. (2003), Hickman 
(2003), Imai et al. (1998), Ince (1998), Kim et al. (1997), Kjeldsen et al. (2002), Lin et al. (2000), Mohammad et al. 
(2004), Moraes and Bertazzoli (2005), Morais and Zamora (2005), O’Leary and Walsh (1995), Oweis and Kehra (1998), 
Tammemagi (1999), Tatsi et al. (2003), Tchobanoglous and Kreith (2002), Reinhart and Grosh (1998), Reinhart and 
Townsend (1998), Silva et al. (2003), Silva et al. (2004), Solid Waste Authority of Palm Beach County (2006), Statom 
et al. (2004), Steensen (1997), Ward et al. (2002), Westlake and Phil (1995), Wichitsathian et al. (2004), Wu et al. (2004), 
Youcai et al. (2002), Li et al. (2009), Jia et al. (2011), Iaconi et al. (2010), Kima et al. (2007), Abu Amr and Aziz (2012), 
Deng and Ezyske (2011), Vilar et al. (2011), Mahmud et al. (2011), Zhao et al. (2010), Anglada et al. (2011), Poblete et 
al. (2012), Tamrat et al. (2012), Salem et al. (2008), Aziz et al. (2011), Adlan et al. (2011), Kurniawan and Lo (2009), 
Bashir et al. (2010), Mohajeri et al. (2010), Bouhezila et al. (2011), Azim et al (2011), Ehrig et al. (1988), Al-Wabel et 
al. (2011), SWANA (1991), Zainol et al. (2012), Kossen et al. (1996). 
 
 

COD is the measurement of oxygen equivalent of the organic content of a sample 

that is oxidized by a strong chemical oxidant. It includes both the biodegradable component 

and the refractory component (Meeroff, 2013).  As can be seen from Table 1, the 
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concentrations of COD in leachate are highly variable (0.4 – 152,000 mg/L as O2), with an 

average concentration of 8,750 mg/L as O2. 

Total suspended solids (TSS) are solid materials, including organic and inorganic, 

that are suspended in the water.  Included in these are include silt, plankton, and industrial 

wastes (North Dakota Department of Health, 2005).  The EPA has secondary standards for 

wastewater treatment plants set for 30 mg/L as of 2013. 

Ammonia is a colorless gas which has a very sharp, pungent odor which is 

detachable at concentrations of 50 mg/L.  At high concentrations, ammonia can irritate the 

eyes, nose, throat, and lungs (Qasim, 2000).  The EPA set the maximum daily wastewater 

discharge limit to 250 mg/L in 2013. 

BOD5 is the measure of oxygen necessary to oxidize the organic material in a 

sample by natural biological processes under standard conditions in five days.  It measures 

the amount of oxygen used by a growing microbial population to convert organic matter to 

carbon dioxide (CO2) and water (H2O) in a closed system.  The oxygen consumed is 

proportional to the organic matter converted and therefore BOD is a relative measure of 

the biologically degradable organic matter which is present in the system (McBarnette, 

2011).  Broward County in Florida has a BOD5 discharge limit of 400 mg/L (Youngman, 

2013). 

 

 1.2 Leachate Management Using UV/TiO2 Photocatalysis 

Since some landfills send leachate straight to deep well injection, and other leachate 

is sent to wastewater treatment plants for blending with incoming wastewater, the issue of 

managing leachate properly still remains today.  Those methods hurt both water quantity 
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and water quality in the long term.  Deep well injection wells go below the aquifers and 

into the boulder zone.  Figure 1 shows an example of this. 

 

Figure 1: Deep Well Injection 

Source: http://www.keywestwastewater.com/injectio.htm 
 
 The problem with deep well injection is that the water is trapped in the boulder zone 

for many years, and it is very difficult to recover that water after injected.  That water can 

be seen as lost future water resources (Meeroff, 2011). 

http://www.keywestwastewater.com/injectio.htm
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 The problem with blending leachate with the incoming wastewater is that the EPA 

discharge concentrations of major pollutants (such as COD) may be breached.  An example 

of one discharge concentration regulation is 800 mg/L for COD in Broward County in 

Florida (McBarnette, 2011).  The higher the volume of leachate that is blended with 

wastewater, the harder it is for the COD discharge concentration to be met. 

With the blending and deep well problems of leachate being the only viable 

economical solutions for the problem thus far, the problem remains unsolved to this day.  

The only useful knowledge of leachate that exists is that it is cheaper to not deal with the 

problem than to deal with the problem.  The main reason why it is uneconomical to treat 

leachate is because many of its parameters (such as COD or BOD5) have concentrations 

extremely high, as seen in Table 2.  However, if no additional research or actions for this 

issue are performed, the water quantity and water quality issues will grow worse over time. 

With parameters as high as shown in Table 2, cost effective treatment solutions 

need to be suggested to tackle the leachate discharge problems.  Therefore, one proposed 

solution to deal with this issue is to mix titanium dioxide (TiO2) with the leachate and 

expose the mixture to ultraviolet (UV) light.  The TiO2 and UV light would cause an 

oxidation reaction to occur in the leachate (McBarnette, 2011). 

One promising technology that may be able to help with this leachate issue is 

UV/TiO2 photocatalysis (McBarnette, 2011 and Youngman, 2013). Titanium dioxide is a 

noncombustible, white, crystalline powder.   It exists in three kinds of polymorphs, which 

are anatase, brookite and rutile.  The most stable of these forms is rutile, which is the 

principal source of TiO2.  A high quality form of TiO2 which is commonly used, is the 

Degussa Aeroxide TiO2 P-25 (Youngman, 2013). 
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Previous research at Florida Atlantic Unversity on using TiO2 to treat leachate has 

been shown to be effective at removing certain water quality parameters such as: color, 

metals and hardness, and TDS.  However, it has not been as effective at removing COD 

and ammonia (NH3) (McBarnette, 2011 and Youngman, 2013).  One report showed 

effective removal of COD from 1,140 mg/L to 40 mg/L in four hours in 375 mL of leachate 

using TiO2 and UV light (McBarnette, 2011).  However, another report showed the COD 

concentration dropping from 6,990 mg/L to 4,560 mg/L after 24 hours of treatment in eight 

liters leachate using TiO2 and UV light to treat leachate (Youngman, 2013); this obviously 

did not treat the water to acceptable COD standards.  These are examples from those two 

reports.  Those two reports showed that COD can be removed effectively to discharge 

standards (<800 mg/L) if the initial concentration of leachate is lower (about 1,100 mg/L).  

However, the major issue with using TiO2 is recovering the photocatalyst after its use in 

leachate. 

Past research at FAU has shown that particular TiO2 can be recovered from leachate 

using centrifugation (Hamaguchi, 2008).  In this research, centrifugation achieved 80% 

TiO2 recovery.  However, the goal of that particular research was to demonstrate, not 

optimize, that TiO2 could be recovered from leachate.  The biggest challenge with the 

separation technologies is obtaining ≤90% recovery of the TiO2 in order for the reuse of it 

to be economical (Meeroff, 2011). 

    

1.3 Recovering TiO2 from Treated Leachate 

This leads to the second part of using TiO2 as a treatment method.  TiO2 has been 

shown to be a catalyst, meaning it allows a chemical reaction to occur at a faster rate or 
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under different conditions (Hemond, 2015).  The catalyst helps to reduce the reaction 

energy required for a chemical reaction to occur, such that the reaction can occur much 

faster under the right conditions, and the catalyst is not used up in the reaction.  Figure 2 

shows a picture to illustrate this concept.  This reaction helps to make it possible to recover 

the catalyst after its use in leachate. 

 

Figure 2: Catalyst Activation Energy 

Source: http://www.chemguide.co.uk/physical/basicrates/catalyst.html 

One researcher found that the recovery of TiO2 after its use in alkaline solution can 

be significantly impacted by the pH of the solution (Li, 2009).  This researcher showed that 

the highest recovery of TiO2 when used in leachate at a pH between 4 - 5 was 98.8% (Li, 

2009).  In this paper, TiO2 was coated with 5, 10, 15, 20-tetrakis (4-carboxyphenyl) 

porphyrin (TCPP), and the TiO2 surface was examined for its ability of O2 

photosensitization.  Using x-ray photoelectron spectroscopy, which uses x-rays to measure 

the kinetic energy and the electrons which escape the top 0 – 10 nanometers (nm) of the 

material being analyzed, it was determine that the best attractiveness between the TiO2 and 

the TCPP was at a pH <5.  It was also determined that the stability of TiO2 was dependent 

http://www.chemguide.co.uk/physical/basicrates/catalyst.html
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on its zeta potential, and the higher its zeta potential, the more stable it was.  When 

suspended in alkaline solutions, the TiO2 with helped to form stable colloids with positive 

charges at a pH of 5 – 7.  It was also discovered that the TCCP and TiO2 became 

heterogeneous aggregate at a pH of 3.5 – 6, and below 3.5, they became heterogeneous 

colloids, which made them very difficult to recover.  When suspended in solutions at a pH 

of >7, the TiO2 formed negative charges with its colloids, and it began to precipitate from 

the alkaline solution (the TiO2 became unrecoverable).  After forming stable colloids at the 

pH of 5 – 7, the TiO2 and TCCP were centrifuged with a bench scale centrifuge at different 

pHs for recovery of them.  As mentioned before, the optimum pH of TiO2 recovery was 

determined to be 4 -5 which was in the range of 3.5 – 6, and it was nearly impossible to 

recover the TiO2 and TCPP outside of this range due to the reasons mentioned previously. 

 

1.4 TiO2 Recovery Technologies 

The following paragraphs discuss the different available TiO2 recovery 

technologies today and studies on their effectiveness.  The technologies are: membrane 

filters, settling tanks, centrifuges, flocculation, diatomaceous earth, and dissolved-air 

flotation. 

Filters with pore sizes of 20 μm, 10 μm, and 0.45µm were tested previously at FAU.  

The 20 μm and 10 μm meshes only achieved a 17% recovery of the TiO2, and the 0.45 µm 

filter achieved close to 100% recovery to the naked eye, meaning it did not appear that any 

of the TiO2 was passing through the filter, but the filter clogged very quickly, which would 

be an issue on a full scale design (Meeroff, 2014).  Another report (Thiruvenkatachari, 

2008) showed using coagulation, flocculation, sedimentation, and a 0.2 µm filter were used 
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in recovering close to 100% of the TiO2 for circulation into a UV falling film reactor to 

treat leachate.  However, it would be assumed that a separation process with this many unit 

processes would be very complex, and FAU determined that filters can have clogging 

problems. 

Other literature (Dey, 2012) has suggested the most effective, available options in 

separating the TiO2 from treated industrial wastewater are a centrifuge and a sedimentation 

basin because they have been shown to be most effective in removal of suspended particles 

from similar applications.  Dey (2012) also mentioned the use of membrane filtration as 

being comparable to sedimentation and centrifugation.  The added TiO2 makes the leachate 

turbid, and the sedimentation basin allows the turbidity to settle to the bottom of the basin 

to be pushed into a hopper.  That same literature mentioned that even if TiO2 particles have 

settled to the bottom of the sedimentation basin, they still may need to be separated using 

another technology such as a filter (Dey, 2012). 

A centrifuge is a technology that uses rotational force in order to increase the 

gravitational force on the product being separated, and it spins the treated leachate and 

TiO2 at very high rotations per minute (rpms) such that the TiO2 would stick to the sides 

of the centrifuge, and the treated leachate (centrate) would be discharged at the bottom of 

the centrifuge (Numeric Control, 2008).  A centrifuge has been shown to effectively 

separate water and waste contaminants from waste oil (Numeric Control, 2008), and it is 

believed that it can separate TiO2 from leachate.  Research showed that up to 80% of TiO2 

was recovered from leachate in previous research when centrifuged at 4,000 rpm for 25 

minutes (Hamaguchi, 2008).  However, centrifuges are not common in wastewater 

treatment plants.   
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A lamella plate settler is a technology that is designed to remove particulate matter 

from liquids (in this application leachate).  It uses a series of inclined lamella plates, which 

provide effective settling areas in smaller footprints.  Figure 3 and Figure 4 show examples 

of the lamella settling tank and the lamella plate media. 

 

 

Figure 3: Lamella Plate Clarifier Example 

Source: http://www.terraenvironmental.com/Potable-Water-Treatment.html 

 

Figure 4: Lamella Plate Media Example 

Source: http://www.gea-2h.co.uk/lamella-settlement/ 

http://www.terraenvironmental.com/Potable-Water-Treatment.html
http://www.gea-2h.co.uk/lamella-settlement/
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  This technology will allow the treated leachate and TiO2 to settle by gravity onto 

the inclined lamella plates or to the bottom of the clarification or thickening tank where it 

will be moved into a hopper (McKean, 2010).  The leachate would continue by overflowing 

over another weir into the next treatment process in the wastewater treatment plant.  This 

is just another version of a settling tank, and it operates the same way as settling tanks, 

except this kind uses the inclined plates for assisted settling.  However, this kind of 

sedimentation tank has been shown to be more efficient at recovering particles than typical 

sedimentation basins.  Typical sedimentation basins achieve 90% particle settling, and 

lamella tanks achieve up to 95% particle recovery (Parsons, 2006). 

Filtration is a size exclusion unit process.  In filtration, water flows through a bed 

of granular media, and the suspended particles in the water (in this case leachate) are 

trapped in the pore spaces in the media and removed from the water.  Common filter media 

used in standard filters are: sand, anthracite, and sometimes granular activated carbon 

(GAC) (Qasim, 2000), but typical filters would require backwash separation of the TiO2 

from the filter media itself, which would not be efficient.  Therefore, the use of filters has 

evolved to membrane filters in many areas as water quality issues have become more 

stringent over time.  Membrane filters have smaller pore sizes (1.5 µm or smaller) than 

standard single, dual, or mixed media filters (0.40 mm) (Qasim, 2000).  As a result, they 

can remove smaller particles, such as TiO2 photocatalyst particles, than standard filters.  

Figure 4 shows an example of the pore size scales of membrane filters.  Since TiO2 is made 

up of very small nanoparticles (21 nm) (Evonik Industries, 2015), membrane filters would 

be needed in order to separate them from the treated leachate.  Membrane filters have 

shown to have relatively low operational costs ($0.09 – $0.14/1000 gallons of filtrate) 
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(AWWA, 2008), and their average lifespan if maintained properly can be 7 – 12 years 

(Pinnau, 2008).  Reverse osmosis, the smallest size of filtration as seen in Figure 5, and it 

is the kind of filtration used in desalination treatment of saltwater.  There were about 16,000 

operating desalination plants operating worldwide in 2011 (Henthorne, 2012).  

 

Figure 5: Filtration Poor Sizes 

Source: Stanford University, 2008 

 

Similar to filtration, diatomaceous earth has been shown to be effective at removing 

micro particles from water (filtrate/BW ratio of 99%).  Diatomaceous earth is the fossilized 

skeletal remains of single celled aquatic plants known as diatoms. These diatoms such as 

plankton or algae have the unique ability to extract silica from water to produce micro 

porous exoskeletons. When the life cycle is completed, the organic matter decomposes and 

the skeletal remains accumulate to form inorganic sedimentary deposits.  The pores of these 

inorganic deposits can be smaller than 0.1 µm.  There are about 200 operating plants with 

diatomaceous earth in North America today (2015), and the operating cost for this filtration 

process ranges between $0.08 – $0.12/1000 gallons of filtrate (PennWell Corporation, 
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2015).  One report (Farrah, 1991) showed studies of the effectiveness of this process by 

reporting 93% removal of viruses in some cases but only 42% in other cases with 10 liters 

of filtrate, and with 100 liters of filtrate, the removal was even lower at 28%.  Also, the 

filter loading rates of diatomaceous earth range from 0.5 – 2 gallons per minute per square 

foot (gpm/ft2) (Bhardwaj, 2001).  Lastly, the lifespan of most filters before needing to be 

replaced is about five years (Washington State Department of Health, 2003). 

Another technology which is similar to sedimentation is dissolved air flotation.  In 

this process, contaminants are removed through the use of a dissolved air-in-water solution 

produced by injecting air under pressure into a recycle stream of clarified (settled) 

dissolved air flotation effluent.  That recycle stream is then combined and mixed with 

incoming wastewater in an internal contact chamber where the dissolved air comes out of 

solution in the form of micro-sized bubbles that attach to the contaminants. The bubbles 

and contaminants rise to the surface and form a floating bed of material that is removed by 

a surface skimmer into an internal hopper (Environmental Treatment Systems, 2012).  With 

this technology, additional blowers would be necessary for the process, and blowers 

consume 70% of the energy in wastewater treatment plants (Atlas Copco, 2012).  This cost 

makes this technology less attractive for practical use in wastewater treatment plants.  It is 

also a concern that blowing air into the water will stimulate bacteria growth. 

With these available TiO2 recovery technologies, an alternative analysis matrix was 

constructed to determine the most promising TiO2 photocatalyst recovery technologies for 

performing bench scale laboratory tests.  The four weighted criteria, based on their scale 

of importance, were performance or recovery efficiency measured by percent of 

contaminant/particle removal, design life, parameter flexibility, and commonality in 
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wastewater treatment plants.  Scores were assigned to each technology based on 

information about the technology mentioned previously, previous research, and 

engineering judgment. This matrix can be seen in Table 3. 

For recovery efficiency, the technologies were ranked upon their ability to recover 

particles with similar sizes and characteristics to the TiO2.  The technologies that could 

recover the largest percentage, based on research, received the highest score.  This criterion 

was given the highest weight because the recovery of TiO2 is the foundation for doing this 

research. 

For design life, the technologies were ranked upon how long (in years) they last 

before needing replacement or repair.  The longer they last, based on research, received the 

highest score.  This criterion was given the second highest weight because this is a major 

operational and cost concern for wastewater treatment plants and operators. 

For control flexibility, the technologies were ranked upon how many variables 

could be changed in order to adjust for different operation concerns.  The more flexible the 

operational parameters were, the higher the score it received.  If a technology had many 

fixed parameters and could make many adjustments for different reasons, that technology 

received a lower score.  This criterion was weighted third because design life of the 

treatment technology was considered more important in terms of judgment, and all of the 

technologies had some flexibility.  However, as indicated by the scores in Table 3, some 

technologies had much more flexibility when compared to the other technologies. 

For control flexibility, the technologies were ranked upon how many variables 

could be changed in order to adjust for different operation concerns.  The more flexible the 

operational parameters were, the higher the score it received.  If a technology had many 
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fixed parameters and could make many adjustments for different reasons, that technology 

received a lower score.  This criterion was weighted third because design life of the 

treatment technology was considered more important in terms of judgment, and all of the 

technologies had some flexibility.  However, as indicated by the scores in Table 3, some 

technologies had much more flexibility when compared to the other technologies. 

For control complexity, the technologies were ranked upon how difficult they 

would be for operators to control.  The more complex they are, the lower the score they 

would receive.  This criterion was weighted equally to the control flexibility because the 

two criteria relate to each other. 

For commonality in wastewater treatment plants, the technologies were researched 

on how often that technology has been or is currently used in treatment plants. Obviously, 

sedimentation tanks are the most common since primary and secondary clarifiers exist at 

many treatment plants.  It has been common to find membranes at treatment plants since 

desalinization is becoming more common over time.  The rest of the technologies were 

ranked accordingly, based on research and can be seen in the matrix in Table 3. 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Table 3: TiO2 Recovery Technology Alternative Analysis Matrix 
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Source: Coffman, 2015 

 

As can be seen, the top three technologies based on their weighted scores were the 

membrane filter, centrifuge, and sedimentation tank.  Therefore, those technologies were 

investigated further in this study via experimentation. 

 

1.4 Objectives 

Figure 6 shows a theoretical diagram of the TiO2 photocatalytic treatment 

technology being developed at FAU to treat landfill leachate and recover TiO2.   
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Figure 6: Leachate Treatment and TiO2 Recovery Goal 

Source: Coffman, 2015 
 

If UV/TiO2 is to be used to treat landfill leachate, it must be combined with an 

effective TiO2 separation/recovery process.  One goal of this thesis was to show that high 

enough amounts of TiO2 can be recovered after chemical reactions with the leachate such 

that the photocatalyst can be reused for subsequent batch reactions.  It has been shown that 

90% or more of the TiO2 that is used needs to be recovered for it to be considered 

economical and used for future treatment reuse (Meeroff, 2010).  The objectives of this 

thesis are as follows; (1) to determine the bench scale TiO2 recovery efficiency of 



20 
 

centrifugation, sedimentation, and filtration; (2) to characterize the recovered TiO2 

particles; (3) to develop preliminary scale-up parameters for design of each of the recovery 

technologies for economic analysis purposes.
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2.0 Methodology 

Since it was determined that centrifuges, settling tanks, and filters were the most 

promising  separation technologies for dealing with TiO2 in leachate, laboratory tests with 

these three technologies were conducted.  The Degussa Aeroxide TiO2 P-25 product was 

used for all experiments in this thesis. In this section, each of the procedures used to 

conduct these tests is described in detail.  Also, particle characterization tests were 

performed on the TiO2 to investigate the TiO2’s behavior in the leachate. 

 

2.1 Leachate Sampling and Characterization 

The leachate samples were collected from Pump Station A at the Solid Waste 

Authority (SWA) in West Palm Beach, FL.  Figure 7 shows the location of the SWA.  The 

star represents the approximate location of the sample point for the leachate experimented 

for this entire thesis.
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Figure 7: Leachate Sample Location 

Source: www.google.com/maps 

  

Two 15-gallon sample buckets from Home Depot were used to obtain the leachate 

samples on May 14, 2015.  The buckets were put under the discharge point of a PVC pipe, 

which had leachate from Pump Station A running through it.  Then a YSI 556 MPS device 

was used to measure the pH, dissolved oxygen (DO), TDS, and temperature of the leachate 

at that time (see section 2.1.1 – 2.1.4 for the testing parameters of pH, DO, TDS, and 

temperature).  One important note is that one leachate sample was taken in the morning, 

N 

http://www.google.com/maps
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and one in the early afternoon.  The sample in the morning was raw leachate, and the one 

in the early afternoon was leachate mixed with dilution water (shallow groundwater) at a 

ratio of approximately 1:1.  As a result, its TDS was much lower than that of the morning.  

Figure 8 shows what both samples of the leachate looked like at the time of collection, and 

Table 4 shows comparisons of the two leachate samples. 

 

  

Figure 8: Raw Leachate Sample 

Source: Coffman, 2015 
Table 4: Leachate Sampling Characteristics 

Leachate Sample Leachate pH Leachate DO (mg/L) Leachate TDS (mg/L) 
Morning 6.76 0.48 36,730 

Afternoon 7.57 0.47 23,840 
 

Source: Coffman, 2015 
 Only leachate from the morning was used in all of the experiments for this thesis.  

For experimentation, the morning leachate sample was either used as it was (raw) or diluted 
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in a (1/20) dilution mixing 50 mL of this leachate with 950 mL of deionized water.  Doing 

this altered the TDS, the main parameter of interest, down to 2,000 mg/L, which was done 

because preliminary experiments indicated the raw leachate would have interfered with 

colorimetric tests.  For centrifuge tests 26 – 31, the pH of the leachate was also altered after 

diluting it in this manner using hydrochloric acid (HCl) or sodium hydroxide (NaOH), and 

the pH change was recorded.  Also, after centrifuge tests 7 – 9, a 1L sample bottle, similar 

to that shown in Figure 9 was used for the rest of the centrifuge experiments (10 – 47), all 

of the TiO2 settling tests (1 – 17), and all of the particle characterization tests.  That 1L 

sample bottle was shaken for 60 seconds each time before pouring to disperse all of the 

heavy particles in the sample (such as salt) so that they could be used in the corresponding 

experiment. 

 

Figure 9: 1L Sample Bottle 

Source: Coffman, 2015 
 

2.1.1 Method for measuring pH 
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The pH of leachate samples was measured using SM4500-H+ B. Electrometric 

Method using an YSI556 Multi-Parameter System (MPS) or a Hach (Model Hq40d 

portable meter). Field sampling procedures followed DEP-SOP-001/01 FT 1100 Field 

Measurement of Hydrogen Ion Activity (pH).  Probes were calibrated periodically with 

standard pH buffers (4, 7, and 10). Sensors were rinsed with deionized water and dried 

with kim wipes in between sample readings (Meeroff, 2015).  

 

2.1.2 Method for measuring Dissolved Oxygen 
Dissolved oxygen of leachate was measured using SM4500-O G and was 

recorded during the sample collection using a YSI 556 MPS (Meeroff, 2015). 

2.1.3 Method for measuring TDS 

 Solid analyses were done using the gravimetric technique. For total dissolved 

solids (TDS), SM2540C/EPA Method 160.2 was used.  The TDS was recorded during 

samples collection using a YSI 556 MPS (Meeroff, 2015). 

 

2.1.4 Method for measuring Temperature  

Water temperature was measured following SM2550B and field sampling 

procedures outlined in DEP-SOP-001/01 FT 1400 Field Measurement of Temperature. 

Readings were collected with either the onboard temperature probe of the YSI556 MPS 

or HACH Hq40d. Water surface temperatures were recorded using a handheld thermal 

infrared thermometer (Ryobi IR001) (Meeroff, 2015). 
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2.1.5 Method for Drying Samples 

 The method for drying the TiO2 samples was as follows.  Put the 

aluminum/ceramic dishes in the drying oven at 103°C for 24 hours.  After 24 hours, put 

the dishes into the desiccator for one hour.  Then take the dishes out and weigh them.  

After weighing them, put them back into the desiccator for another hour before taking 

them out and weighing them again.  If the difference between the initial dish weights and 

the second dish weights is ≤ 5%, then the dish weights can be accepted.  If the difference 

is ≥ 5%, then the dishes need to be desiccated and in intervals of one hour until the 

difference between the previous weight and the weight just obtained is ≤5%. 

 If igniting is required, then put the samples into a Barnstead Thermolyne 1400 

muffle furnace  for 15 minutes at 550ºC after being dried and desiccated.  After that time, 

take the samples out and put them into the desiccator for one hour before weighing.  

Follow the same weighing procedure as mentioned previously. 

 

2.2 Centrifuge Testing 

Figure 10 shows a picture of the centrifuge used to conduct the preliminary tests.  

The centrifuge model number was the VWR International: Herstellungs Nr: 68105009 - 

Baujahr 2007 Clinical 200 centrifuge.  This unit has a velocity range of 100 - 6,000 rpm. 

The centrifuge was operated by adjusting the time and velocity.  One important 

parameter for operating the centrifuge was to ensure equal weight distribution in the 

centrifuge.  This was achieved by weighing each 15 mL centrifuge tube with its liquid 

using a weighing scale that could go up to four decimal places.  An even number of 

centrifuge tubes were split to where they were on opposite sides of the centrifuge rotor.   
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Figure 10: Centrifuge Technology 

  Source: Coffman, 2015 
 

2.2.1 Preliminary Tests 1 – 19 with Raw Leachate 

In the first 19 experiments, different centrifuge velocities and times were tested in 

order to determine the combination, which generated the best results.  The leachate and 

TiO2 were mixed together at TiO2 concentrations equal to 20g/L, centrifuged, put into pre-

weighed ceramic or aluminum dishes, and then were dried according to Section 2.1.5: 

Method for Drying.  After 12 experiments, the leachate and TiO2 were also put into a muffle 

furnace in order to burn off organics in the leachate and TiO2.  This procedure can be seen 

in the same section as drying.  One note is that even though the amount (weight) of TiO2 

and volume of leachate (mL) was varied, the TiO2 concentration in the leachate was held 

constant (20,000 mg/L).   

 

 

 

Table 5: Summary of Centrifuge Parameters for Tests 1 - 19 
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Test # Initial 

TiO2 

Mass (g) 

Volume of 

Leachate 

(mL) 

Centrifuge 

Time (min) 

Centrifuge 

Velocity 

(rpm) 

Igniting 

for 15 

minutes 

at 550ºC 

(Yes/No) 

Dishes 

(ceramic/ 

aluminum) 

1 – 3 2 Unknown 5 6,000 No Ceramic 

4 - 6 2 100 5, 10, 2 6,000 No Aluminum 

7 - 9 2 100 2 6,000, 

4,000, 

2,000 

No Ceramic 

10 - 12 2 100 2 6,000, 

4,000, 

2,000 

No Ceramic 

13 - 15 1 50 2 6,000, 

4,000, 

2,000 

Yes Aluminum 

16 - 18 1 50 2 3,000, 

2,000, 

1,000 

Yes Ceramic 

19 0.5 25 2 2,000 Yes Aluminum 

 

Source: Coffman, 2015 
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Effervescence Reaction 

The effervescence reaction is the reaction of hydrochloric acid (HCl) and CaCO3.  

When HCl (a strong acid) is added to a substance and bubbles start forming, it may be very 

likely that CaCO3 is present in the substance.  In this reaction, CO2 gas escapes from an 

aqueous solution.  Equation 2 shows the balanced chemical equation for the effervescence 

reaction. 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 + 2𝐻𝐻𝐶𝐶𝐻𝐻 → 𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻2 + 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑂𝑂2 

Equation 1: Effervescence Reaction 

Source: Baxter, 2001 
 

This equation shows that this reaction is not reversible, and that calcium chloride 

(CaCl2), water, and carbon dioxide are the products of the reaction (Baxter, 2001).   

 

Effervescence Reaction Methodology 

It was mentioned that CaCO3 might be getting attached to the TiO2 during the 

reaction process.  Therefore, HCl needed to be added to the TiO2, under a fume hood, to 

determine if CaCO3 was present in the TiO2 by observing bubbles after the addition of HCl. 

First, one mole per liter (molar) of HCl was created by diluting 11.65 concentrated HCl 

using deionized (DI) water in a 250 mL solution.  This was done using the law of 

conservation of mass shown in Equation 3 which comes from the logic of mass balance 

where inputs plus sources equal outputs minus sinks (Hemond, 2015).  

 

 

𝑀𝑀1 ∗ 𝑉𝑉1 = 𝑀𝑀2 ∗ 𝑉𝑉2 
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Equation 2: Law of Conservation of Mass 

Source: Hemond, 2015 
 

Therefore, the amount of 11.65M (molar) HCl that needed to be added for the 

dilution could be calculated by solving for V1. 

𝑉𝑉1 = (𝑀𝑀2 ∗ 𝑉𝑉2)/ 𝑀𝑀1 = (1𝑀𝑀 ∗ 250𝑚𝑚𝑚𝑚)/11.65𝑀𝑀 = 21.5 𝑚𝑚𝑚𝑚   

Figure 11 shows a picture of the HCl dilution in a 250 mL flask. 

 

 

Figure 11: 1M HCl Dilution 

Source: Coffman, 2015 
 

To make the dilution, first, deionized water was added the 250 mL flask.  Then the 

21.5 mL of 11.65M HCl was added to the water.  Then, water was added to the flask until 

it reached the 250 mL line.  Last, the flask was capped and inverted several times in order 

to adequately mix the HCl and the water. 

After the dilution, using a pipet to transfer the 1M HCl, five milliliters of 1M HCl 

was added into each aluminum dish from test #19 which had recovered used TiO2 in it.  

Also, five milliliters of 1M HCl was added into three aluminum dishes with virgin TiO2 in 
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them.  Figure 12 shows the three aluminum dishes with virgin TiO2 and 1M HCl in them, 

and Figure 13 shows the ten aluminum dishes from test #19 with recovered used TiO2 and 

1M HCl in them. 

 

 

Figure 12: Virgin TiO2 with 1M HCl 

Source: Coffman, 2015 

 

Figure 13: Recovered TiO2 from Test #19 with 1M HCl 
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Source: Coffman, 2015 
 

There was no reaction that took place between the used or virgin TiO2 using 1M 

HCl (there were no bubbles).  Therefore, it was recommended to use straight concentrated 

HCl (11.65M HCl) on the used TiO2.  If there was no reaction between the used TiO2 and 

the concentrated HCl, then it was unlikely that CaCO3 was present in the leachate and 

therefore, the TiO2. 

After drying the aluminum dishes with used TiO2 with 1M HCl in them, five 

milliliters of concentrated HCl was added to each of the aluminum dishes to see if a reaction 

would take place.  About ten seconds after adding the concentrated HCl, the TiO2 started 

bubbling and giving off heat in the fume hood.  This made it evident that CaCO3 was indeed 

present in the TiO2 after it reacted with leachate.  Figure 14 shows a picture of the TiO2 

after the reaction of CaCO3 and HCl. 

 

 

Figure 14: TiO2 after its Reaction with 11.65M HCl 

Source: Coffman, 2015 
 

With this reaction indicating that CaCO3 was present in the TiO2, it is 

recommended to test for calcium carbonate in the TiO2 after its use in leachate with a pH 
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of 10.33.  This pH comes from the bicarbonate equilibrium constant shown in Equation 4 

(Hemond, 2015).  At this pH, calcium carbonate changes from and begins to precipitate.  

With this precipitation occurring, this may reduce the chance of CaCO3 being attached to 

TiO2 after its use in leachate. 

 

𝐾𝐾𝑎𝑎2 =
[𝐶𝐶𝑂𝑂32−][𝐻𝐻+]

[𝐻𝐻𝐶𝐶𝑂𝑂3−]
= 10−10.33 

Equation 3: Bicarbonate Equilibrium Constant 

Source: Hemond, 2015 
 
2.2.2 Preliminary Tests 20 – 31 with Diluted Leachate 

Centrifuge tests 20 – 31 were performed on the same leachate used in tests 4 – 19, 

except this leachate was diluted (1/20).  Therefore, 50 mL of the 37,000 mg/L TDS leachate 

was mixed with 950 mL of deionized water in a 1,000 mL flask (M1*V1 = M2*V2).  When 

the leachate was being diluted, its pH, dissolved oxygen (DO), and TDS concentrations 

were measured, using a YSI 556 MPS devise, for the raw leachate and diluted leachate.  

The main parameter which was being looked at was the TDS, and the diluted TDS was 

2,097 mg/L which was within 4.85% of the target concentration (2,000 mg/L).  As a result, 

this leachate was ready for centrifuge testing.  This was leachate as used for tests 20 – 25.  

The same dilution procedure was performed for tests 26 – 28 and 29 – 31.  The only 

difference between the leachate for tests 20 – 25, 26 – 28, and 29 – 31 was that the pH was 

adjusted by adding hydrochloric acid to drop the pH or sodium hydroxide to raise the pH 

to see if changing the pH significantly changed the TiO2 lost in centrifugation.  Table 6 

shows a summary of the initial pH, DO, and TDS concentrations of the diluted leachate 

samples as well as their pH ranges. 
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Table 6: Centrifuge Tests 20 – 31 Tested Leachate Qualities 

Centrifuge 

Test 

Raw DO 

(mg/L) 

Diluted 

DO 

(mg/L) 

Raw 

TDS 

(mg/L) 

Diluted 

TDS 

(mg/L) 

Raw 

pH 

Diluted 

pH 

Tested 

pH 

20 - 25 1.75 6.91 36,950 2,097 7.59 7.19 7.19 

26 - 28 1.50 7.92 37,040 2,092 7.09 7.02 4.84 

29 - 31 1.75 7.74 37,700 2,061 6.92 7.16 8.31 

 
Source: Coffman, 2015 

 

In centrifuge tests 20 – 25, the same diluted leachate sample with the pH, DO, and 

TDS concentrations previously mentioned, the concentrations remained the same (20,000 

mg/L), but the mass of TiO2 and the volume of leachate were the same as what was tested 

in tests 16 – 18 (1g of TiO2 and 50 mL of leachate).  In these experiments, it was desired 

to see if removing the igniting procedure used in tests 13 - 19 would improve TiO2 recovery 

process.  Also, the only dishes which were being weighed were the centrate (mixed TiO2 
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and leachate) and leachate dishes because the amount of TiO2 being lost in the centrate was 

being measured as described in tests 16 – 19.  The weights of the centrifuge tubes and 

aluminum dishes were carefully measured for these tests.  Centrifuge tests 26 – 31 were 

performed in the exact same manner accept for testing at a different pH.  Table 7 shows 

the centrifuge parameters which were tested for tests 20 – 31. 

 

 

 

 

Table 7: Centrifuge Tests 20 – 31 Parameters 

Test # Initial 

TiO2 

Mass (g) 

Volume of 

Leachate 

(mL) 

Centrifuge 

Time (min) 

Centrifuge 

Velocity 

(rpm) 

Igniting 

for 15 

minutes 

Dishes 

(ceramic/ 

aluminum) 

20 - 31 1 50 2 2,000 No Aluminum 

 

Source: Coffman, 2015 
When altering the pH of the leachate for tests 26 - 31, the buffering capacity of the 

leachate was measured.  Buffering capacity is defined as the amount of solution needed to 

change a liquid solution’s pH by one unit.  Therefore, the calculation needed to perform 

the calculation can be seen in Equation 5. 

 

𝛽𝛽 = 𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜 𝑠𝑠𝑜𝑜𝐻𝐻𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 ∗
 𝑚𝑚𝑜𝑜𝐻𝐻𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖 𝑜𝑜𝑜𝑜 𝑠𝑠𝑜𝑜𝐻𝐻𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠

𝑝𝑝𝐻𝐻 𝑐𝑐ℎ𝐶𝐶𝑠𝑠𝑎𝑎𝑙𝑙 𝑜𝑜𝑜𝑜 1
 

Equation 4: Buffering Capacity including Molarity Equation 

Source: Coffman, 2015 
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The acid and base buffering capacities of the leachate had wide variety from each 

other.  They also had a wide variety from the measurements in the field from their source 

(Pump Station A at the SWA).  However, since this was not a major focus for this thesis, 

the actual results were recorded for data points in future research outside of this thesis.  The 

results of the buffering capacities can be seen in Appendix B. 

   

2.2.3 Centrifuge Tests 32 – 41 with Velocity held Constant 

 These centrifuge tests were also performed on diluted leachate, and these 

experiments were run at different centrifuge times at a constant velocity.  The purpose of 

doing this was to verify that centrifuging for two minutes, which has been tested the most 

up to this point, produced optimal TiO2 recovery results.  Table 8 shows the different 

centrifuge parameters used in tests 32 – 41.  Those time parameters of were selected 

using results from tests 1 – 31, and ten minutes was selected to see if longer centrifuge 

times might actually be better than shorter times. 

 

Table 8: Centrifuge Test 32 – 41 Parameters 

Test # Initial 

TiO2 

Mass (g) 

Volume of 

Leachate 

(mL) 

Centrifuge 

Time (min) 

Centrifuge 

Velocity 

(rpm) 

40, 41 1 50 1 6,000 

32, 36 1 50 2 6,000 

33, 37 1 50 4 6,000 

34, 38 1 50 6 6,000 
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35, 39 1 50 10 6,000 

 

Source: Coffman, 2015 
 

 In the centrifuge tests themselves, several changes to the method used in tests 20 

– 31 were made.  First, the TiO2 and leachate were mixed together in a capped glass jar 

by shaking and swirling the mixture rather than stirring it with a stirring rod and pouring 

it into a 100 mL graduated cylinder.  Next, after the jar had been shaken before each 10 

mL mixture had been transferred, the mixture was poured through a funnel into the 

centrifuge tubes to prevent mixture spilling.  Third, only eight centrifuge tubes received 

10 mL of either the mixed solution or leachate only.  The purpose of doing this was to 

increase the accuracy of the amount of TiO2 in the four centrifuge tubes, and by doing 

this an even number of TiO2 centrifuge tubes could be on each side of the centrifuge 

when centrifuging.  Fourth, the centrifuge tubes, which had mixed TiO2 and leachate in 

them, were allowed to settle until the TiO2 interface heights were all at the same height (4 

mL).  This took about 15 minutes to achieve after the mixture had been transferred into 

the centrifuge tubes.  Right before centrifuging all the centrifuge tubes, the tubes were 

shaken quickly to disperse the solids in them.  They were then placed in the centrifuge 

according to their weights and then centrifuged.  Last, a 5 mL pipetor was used to extract 

5 mL of mixed solution or leachate only from the centrifuge tubes after centrifugation 

and place it into that tube’s corresponding aluminum dish.  The most important part of 

using the pipet was to make sure that the TiO2 “pellet” in each TiO2 tube was not 

disturbed when extracting the 5 mL sample.  After every dish was filled with 5 mL of 

centrifuged sample, the dishes were put into an oven to dry for 24 hours at 101.5°C and 

then desiccated for 1 hour before weighing.  Also, after weighing the dishes, they were 
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put back into the desiccator for one hour.  Then one dish from each test was randomly 

selected and weighed again to make sure there was less than 5% difference between that 

weight and that dish’s previous weight.  Pictures from test 32 can be seen in Figure 15 - 

Figure 20.  The pictures show the TiO2 process from centrifugation to being dried. 

 

 

Figure 15: Mixed TiO2 and Leachate 

Source: Coffman, 2015 

 
Figure 16: Settled TiO2 in the Leachate before Centrifugation 

Source: Coffman, 2015 
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Figure 17: TiO2 and Leachate after Centrifuge 

Source: Coffman, 2015 

 
Figure 18: Leachate after Centrifuge 

Source: Coffman, 2015 

 
Figure 19: TiO2 and Leachate before Drying 

Source: Coffman, 2015 
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Figure 20: TiO2 and Leachate after Drying 

Source: Coffman, 2015 
 
2.2.4 Centrifuge Tests 42 – 49 with Time held Constant 

 These centrifuge tests were performed using the same procedure as that of tests 32 

– 41 accept for keeping the centrifuge time constant and changing the centrifuge velocities.  

By doing this, the optimal velocity with that centrifuge time could be obtained.  That result 

could then be compared to the optimal centrifuge time and velocity obtained in tests 32 – 

41 to determine which centrifuge time and velocity combination produced the most optimal 

TiO2 recovery results.  The parameters that were tested in tests 42 – 49 can be seen in Table 

9.  Those velocity parameters of 1,000, 2,000, and 6,000 rpm were selected using results 

from tests 1 – 31, and 3,000 was selected based on a recommended velocity by a 

manufacture of centrifuges, Numerical Controls, LLC.  The final procedure for using the 

centrifuge can be seen in Table 42 in Appendix A. 

 

Table 9: Centrifuge Test 42 – 49 Parameters 

Test # Initial 

TiO2 

Mass (g) 

Volume of 

Leachate 

(mL) 

Centrifuge 

Time (min) 

Centrifuge 

Velocity 

(rpm) 

42, 46 1 50 2 1,000 
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43, 47 1 50 2 2,000 

44, 48 1 50 2 3,000 

45, 49 1 50 2 6,000 

 
Source: Coffman, 2015 

 
 
 
 

2.3 Sedimentation Testing 

The second technology investigated was the settling tank.  There are three zones 

for settling velocities: laminar, turbulent, and the transition zone.  Stoke’s law applies for 

discrete/laminar particle settling, and Newton’s law applies for transition zone and 

turbulent settling.  The particle settling velocity zone is determined by a Reynold’s number 

(Re) which is unit less.  A Reynold’s number below one indicates laminar settling; between 

1 and 10,000 indicates transition zone settling; and above 10,000 indicates turbulent 

settling.  One assumption by these laws is that particles settle freely, and they do not collide 

with other particles.  For water and wastewater treatment plants, it is often desired to have 

either laminar or transition zone settling, but not turbulent due to the available sludge 

storage capacity of the settling tank(s) and worrying about the tank(s) overflowing (Qasim, 

2000).  One way to compare the actual settling velocities with the theoretical ones is to 

perform settling tests.  In these tests, the height of the settling particles (in this case TiO2) 

is measured over time.  With these measurements, the effective particle settling velocities, 

Reynold’s numbers, and drag coefficients can be calculated (Qasim, 2000). 

Before using a sedimentation tank, settling tests at different TiO2 concentrations 

needed to be performed in order to determine an appropriate tank size for design purposes.  

Experiments conducted as part of this study were conducted using leachate with a TDS of 
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about 37,000 mg/L, 100 mL of it every test, mixing the leachate with different TiO2 

concentrations for 90 seconds with a stirring rod, and measuring the settled TiO2 interface 

height every 5 mL for at least one hour; if the TiO2 did not appear completely settled in 

one hour the interface height was recorded every additional hour until it appeared 

completely settled. Upon reviewing literature, one TiO2 settling concentration was 5 grams 

per 50 mL of leachate (1g/100 mL) (Youngman, 2013).  Therefore, that same concentration 

was tested in a settling test, and other TiO2 concentrations were tested using 3g, 5g, 7.5g, 

and 10g/100 mL. 

When settling tests were performed, they form a settling curve.  An example of a 

settling curve line is shown in Figure 21.  As seen from it, a general settling curve shows 

fast settling in the beginning (constant rate section), and then the curve flattens out after a 

certain amount of time.   

 

Figure 21: Example of a Settling Curve Line 

Source: http://www.thermopedia.com/content/1114/ 

http://www.thermopedia.com/content/1114/
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In order to find the time to reach a desired underflow concentration (tu), the settling 

curve needed to be dissected.  This was done using the Talmadge and Fitch method (Qasim, 

1999).  The steps for dissecting the curve are as follows: 

1. Draw straight lines along the top and bottom parts of the curve until they intersect. 

2. Draw a straight line from the intersection point until it hits part of the curved part 

of the settling curve. 

3. Draw a tangent which touches the same point of the curve part of the settling curve 

as the previously drawn straight line. 

4. Draw the Hu line at the appropriate location on the curve. 

5. Draw a straight line down at the point where the tangent line and the Hu line 

intersect.  This line is the tu line. 

An example of this can be seen by dissecting the example curve in  

Figure 22. 

 

tu 
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Figure 22: Settling Curve dissected using Talmadge and Fitch method  

Source: http://www.thermopedia.com/content/1114/ 

 The following procedure was conducted for settling tests 1-5.  First, TiO2 was 

weighed out for each test in plastic 100 mL cups; the weight was measured up to four 

decimal places.  The weights of TiO2 for tests 1 – 5 were 1g, 2g, 5g, 4g, and 5g.  One liter 

of 37,000 TDS leachate needed to be measured out in the same kind of 1L sample bottle 

mentioned in section 2.1 Leachate Sampling and Characterization to use in each settling 

test in order to ensure that the same leachate would be tested for each test (1-5). 

The bottle was shaken for 60 seconds to completely disperse the contents, and then 

100 mL of leachate was immediately poured into a 100 mL graduated cylinder.  The 100 

mL of leachate was then poured in with the TiO2 and mixed for 90 seconds with a stirring 

rod to make sure the photocatalyst was well-mixed in the solution.  The mixture was then 

poured back into the 100 mL graduated cylinder, and the cylinder was then capped and 

inverted several times in order to ensure that the TiO2 interface height would start at the 

top of the liquid solution.  After the last inversion, a stopwatch was started, and the time 

for the interface height to drop every 5 mL increment was recorded.  Tests 1 – 3 were 

recorded until enough data points had been collected to form a settling curve line, which 

resembled that of Figure 54 in Appendix A; this recording time was less than one hour.  

Tests 4 – 5 were recorded in the same manner (measuring the interface within 5 mL 

increments) except the settling time was recorded for one hour, 90 minutes, two hours, four 

hours, and six hours in order to help flatten out the settling curve.  Table 10 shows the 

different TiO2 concentrations tests in tests 1 – 5. 

 

Table 10: Settling Test 1 – 5 Parameters Tested 

http://www.thermopedia.com/content/1114/
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Settling 
Test # 

TiO2 Concentration 
(g/100 mL) 

Time Recorded 
(min) 

1 1.0 20.50 
2 2.0 27.25 
3 5.0 30.50 
4 4.0 480.00 
5 5.0 480.00 

 
Source: Coffman, 2015 

 Settling tests 6 – 17 were performed the same way as that of tests 4 – 5.  However, 

the length of recording time (number of minutes) was stopped when it had been determined 

that the TiO2 interface height had reached its ultimate settling height (cm).  This would 

help to produce more accurate calculations for the TiO2 ultimate settling time (tu).  Table 

11 shows the different TiO2 concentrations in tests 6 – 17.  One goal of these twelve tests 

was to look for trends in TiO2 settling behavior based on TiO2 concentration.  The second 

goal was to determine an ultimate settling time (tu), which would produce optimal TiO2 

recovery results through sedimentation.  The ultimate settling time (tu) could be used in the 

calculation of the sedimentation tank dimensions.  A picture from tests 6 – 17 can be seen 

in Figure 23 which shows the TiO2 settling height over time for the TiO2 concentrations of 

3, 5, 7.5, and 10 g/L shown in Table 11. 

 

Table 11: Settling Test 6 – 17 Parameters Tested 

Settling 
Test # 

TiO2 Concentration 
(g/100 mL) 

Time Recorded 
(min) 

6, 10, 14 3.0 60 
7, 11, 15 5.0 120 
8, 12, 16 7.5 120 
9, 13, 17 10.0 180 

 
Source: Coffman, 2015 
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Figure 23: 3g, 5g, 7.5g, and 10g/100 L Left to Right in Settlement 

Source: Coffman, 2015 
Another method for calculating tank dimensions was the solid flux method.  

However, that method involves knowing what the concentration of solids is at different 

times during settling, an underflow rate (the sludge withdrawal rate), and the mixed-liquor 

suspended solids concentrations a different times (Burton, 2003).  For a settling test, the 

underflow rate and mixed-liquor suspended solids concentrations could not be assumed 

and therefore not used.  Therefore, this method could not be conducted, and the previous 

clarification and thickening areas method, which was previously calculated, was used in 

place of this. 

 
2.4 Filter Testing 

 The filter TiO2 recovery tests were performed in junction with the color change 

tests using TiO2 and deionized water.  The filters used had pore sizes of 1.5 µm and 0.5 

µm, and a magnetic porous plate with holes was underneath them to help pull the water 

and TiO2 through the filters by.  This porous plate had a stopper underneath it to attach to 

a 500 mL glass flask for catching the filtered water, and it was magnetic so that a Büchner 

funnel could attach to it easily.  A vacuum pump with a hose was attached to the glass flask 
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in order to pull air out of the flask which would pull the water on top of the filters through 

the porous plate.  This vacuum pump could be seen as a representation of the energy 

required for membrane filtration in water and wastewater treatment plants.  Figure 24  

shows a representation of this setup. 

 

 

Figure 24: Filtration Setup  

Source: Coffman, 2015 
 

In the filter tests, the two filters used were laboratory glass microfiber filters.  The 

1.5 µm filter was from Whatman, and the 0.5 µm filter was from Pall.  Figure 25 shows a 

representation of what the filters looked like.  One important note is that it was required to 

run deionized water through these filters, put them in aluminum dishes, place them in the 

Barnstead Thermolyne 1400 muffle furnace for 15 minutes at 550˚C, and desiccate them 

for one hour before using them for filtration.  They had to be weighed after desiccation in 

order to get a pre-weight for them.  

 

Vacuum 
pump 

Pump 
Hose 

Büchner 
Funnel 

500 mL 
Glass 
Flask 

Magnetic 
porous 

plate with 
rubber 
stopper 

Filter 
paper 
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Figure 25: Pre-weighed empty filters before filtration 

Source: Coffman, 2015 
 

 First, the vacuum pump hose was connected to the 500 mL glass flask, and the 

magnetic porous plate was placed firmly on top of the flask.  Then the filter was placed 

on top of the porous plate, and the Büchner funnel was then placed on top of the porous 

plate; this helped to force the mixed TiO2 and water loaded into the funnel to go through 

the filter.  After 10 mL of deionized water and varying amounts of TiO2 were mixed 

together, they were ready to be filtered.  First, the vacuum pump was turned on to start 

the process. 

The mixed TiO2 and deionized water were first poured very slowly (not dumped) 

onto the first filter (the 1.5 µm filter), which was surrounded by the Büchner funnel to 

prevent mixture spilling.  The mixture was poured gradually to attempt to model an 

actual filter loading rate in the field.   
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Figure 26: Filtration in Action 

Source: Coffman, 2015 
 

After all of the water had passed through the first filter (1.5 µm filter), the vacuum 

pump was turned off.  The 1.5 µm filter was then taken off, and put back into its pre-

weighed aluminum dishes.  The 500 mL glass flask, which received the filtered water 

was put to the side, and a second 500 mL flask was put out to catch the filtered water in 

the other flask which was going to be run through the 0.5 µm filter.  The magnetic porous 

plate was then rinsed with deionized water to help attempt it from clogging and put back 

on top of the new 500 mL flask.  Last, the 0.5 µm filter and then Büchner funnel were 

then put on top the magnetic porous plate, the vacuum pump was turned back on, and the 

filtered water in the other glass flask was loaded onto the new filter in the same manner 

as before (gradual loading).  After that water had been filtered, the vacuum pump was 

turned off again, and the 0.5 µm filters were placed in their respective aluminum dishes.  

Table 12 shows the different TiO2 concentrations which were filtered.  Figure 27 shows 

the filters after filtration, drying, and desiccation. 
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Table 12: Filter Test Concentrations 

Test # TiO2 Concentration  
(g/10 mL) 

1 - 3 0.05 (5 g/L) 
4 - 6 0.10 (10 g/L) 
7 - 9 0.15 (15 g/L) 

10 - 12 0.20 (20 g/L) 
 

Source: Coffman, 2015 
 
 

 
Figure 27: Filters after Filtration and Drying 5g, 10g, 15g, and 20g/L Left to Right 

 Source: Coffman, 2015 
 
2.5 Color Change Tests with TiO2 and Deionized Water 

The color change tests were performed after centrifuge tests 20-31 were complete. 

The purpose of these tests were to see if TiO2 that evaded recovery could be quantified by 

using an adapted version of the COD test which relies on a chromium color change caused 

by oxidation which is measured spectrophotometrically.  These tests were initially 

performed using 0.5g of TiO2 in 50 mL of deionized water (10g/L).  These were done for 

samples that had been centrifuged, settled, and filtered.  10 mL of the 50 mL total solution 

went into four separate centrifuge tubes.  It was hypothesized that these tests would all 

produce apparent COD concentrations of zero mg/L since the liquid was DI water and not 

leachate. 
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The general synopsis of the experimental procedure is as follows.  First, the 

deionized water was mixed with the TiO2 for 90 seconds.  Next, the mixed solution was 

poured into a 100 mL graduated cylinder and shaken for ten seconds every time 10 mL of 

it was poured in order to create equally dispersed TiO2 samples.  Immediately after shaking, 

the solutions were poured into three centrifuge tubes: one which would allow the TiO2 to 

settle to the bottom and the other two which would be centrifuged.  What remained of the 

total solution (about 20 mL of mixed solution) was then poured through a vacuum-pump 

filtration devise set up, similar to what is shown in Figure 25, which used filter media 

composed of the Whatman 1.5 µm glass microfilter 934-AH 47 mm diameter circles and 

Pall 0.5 µm glass microfilter circles of the same diameter.  The TiO2 that were centrifuged 

were done so using parameters of six minutes at 6,000 rpm; these were the same parameters 

which were used for color change testing in the oxidation process (Lakner, 2015).  The 

TiO2 that was allowed to settle was given a time between 30-40 minutes to allow for 

adequate settling.  The filtered water was then transferred into an empty centrifuge tube. 

After the four different samples were collected, they were added to ultra-low range 

(ULR) COD test tubes for analysis.  2 mL of sample from each centrifuge tube were 

transferred into those tubes using a pipette.  Also, 2 mL of deionized water was transferred 

into a ULR tube; this would be a blank sample.  All of the other samples (centrifuged, 

filtered, and settled) had deionized water and TiO2 in them.  Therefore, the blank sample 

would zero the HACH DR 5000 spectrophotometer, which would read the samples for 

color change, and the reading of the centrifuged, filtered, and settled waters would be a 

surrogate for how much TiO2 evaded capture.  Before the samples could be read by the 

spectrophotometer, they each had to be inverted twenty times and place carefully (because 
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of the mercury in the tubes) into a HACH DRB 200 reactor block to be “cooked” for 120 

minutes (two hours) at 150ºC.  After they were “cooked”, the ULR tubes each had to be 

inverted again twenty times and placed in a metal tube rack in a dark area so that they could 

cool down before they could be ready to read by the DR 5000 spectrophotometer.  This 

procedure followed the closed reflux colorimetric method for measuring COD (AWWA, 

2011).  Again, it was hypothesized that the color change readings of the different water 

samples would be zero, meaning there would be no color change in the deionized water 

due to the TiO2. 

             For averaging purposes, three replicates of each water (centrifuged, settled, and 

filtered) were desired.  Also, it was desired to do three samples at four different TiO2 

concentrations (5g/L, 10g/L, 15g/L, and 20g/L).  The purpose of doing these four different 

concentrations was to look for trends in TiO2 concentration with color change.  Even if the 

color change of the water samples were not zero, there still may be trends in their data.  For 

accuracy purposes of knowing how much TiO2 was in each sample, the TiO2 was weighed 

out in a plastic cup for each 10mL sample which was then transferred to either a centrifuge 

tube or filtered in the Whatman 1.5 µm and Pall 0.5 µm glass filters and then transferred 

to a centrifuge tube.  Therefore, the weights of TiO2 which were combined with 10mL of 

deionized water were 0.05g, 0.10g, 0.15g, and 0.20g for concentrations of 5g/L, 10g/L, 

15g/L, and 20g/L, respectively.  The same previous procedure for measuring color change 

in each sample was then carried out.  After the ULR tubes had been read for color change, 

the contents in them were poured into a hazardous materials bottle for safety purposes.  

Table 13 shows a summary of the variables being tested in these tests.  Figure 28 - Figure 
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29 show the color change measuring process in the color change ULR tubes from before 

inverting them to after “cooking”. 

 

Table 13: Summary of Color Change Parameters being tested 

Type of TiO2 Separation TiO2 Concentration (g/L) 

Centrifuge 5, 10, 15, 20 

Sedimentation 5, 10, 15, 20 

Filtration 5, 10, 15, 20 

 

Source: Coffman, 2015 
 

 

Figure 28: Blank, Settled, Centrifuge, and Filtered Samples Left to Right 

Source: Coffman, 2015 
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Figure 29: Settled, Centrifuged, and Filtered Samples after “Cooking” 

Source: Coffman, 2015 
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2.6 Particle Characterization 

Another very important piece of information which was studied, based on the 

results of the centrifuge TiO2 recovery experiments, was the TiO2 particle sizes and zeta 

potentials before and after its uses in leachate.  In this process, an electroacoustic effect 

occurs where sound waves are generated by an electronic field known as the electro-kinetic 

sonic amplitude (ESA) (O’Brien, 1994).  Zeta (ζ) potential is the potential difference 

between a dispersion medium and the stationary fluid layer which is attached to the 

suspended particle.  It is caused by a net electrical charge confined in the region bounded 

by the slipping plane, and it depends on the location of that plane (Kirby, 2010).  Figure 

30 shows a diagram of these components in a suspended particle. 

 

 

Figure 30: Zeta Potential Particle Diagram 

Source: http://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs35511j 

 

http://pubs.rsc.org/en/content/articlehtml/2013/cs/c3cs35511j
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Zeta potential is used to determine the charge of a particle.  This charge helps to 

determine the stability of the particle in which it indicates the electrostatic repulsion 

between adjacent and similarly charged particles in that dispersion (Greenwood, 1999).  

Table 14 shows the zeta potential particle stability range. 

 

Table 14: Zeta Potential Stability Range 

Zeta potential [mV] Stability behavior of the colloid 

from 0 to ±5 Rapid coagulation or flocculation 

from ±10 to ±30 Incipient instability 

from ±30 to ±40 Moderate stability 

from ±40 to ±60 Good stability 

more than ±61 Excellent stability 

 

Source: Journal of the European Ceramic Society, 2012 

 

Particle size is determined by measuring the diameter of a particle.  However, there 

are many particles which cannot be seen by the naked eye; therefore, they cannot be 

measured by hand.  Figure 30 shows the visible and non-visible particle size spectrum and 

the different types of filtration which can remove them. 
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Figure 31: Particle Size Spectrum 

Source: http://www.sureaqua.com/water-filters/technical/microorganism-and-particle-spectrum 

 

The particle size of the TiO2 that was tested was 21 nanometers (Evonik Industries, 

2015).  However, the particles are too small to measure by hand.  Therefore, equipment 

such as the Malvern Zetasizer Nano Series: Nano-ZS90 machine can be used to measure 

the particle size(s).  The particle sizes can be measured by suspending the nanoparticles in 

clear liquids in 4 mL fluorescent cuvettes which allows this machine to analyze them using 

laser light to determine an average particle size (Malvern, 2015).  

http://www.sureaqua.com/water-filters/technical/microorganism-and-particle-spectrum
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Research has shown that the zeta potential has a strong influence on particle sizes 

of different materials when suspended in fluid layers.  It shows that the absolute zeta 

potential value increases with particle size (Ofir, 2006).  As shown in Table 14, as the 

absolute zeta potential increases, particle stability improves.  Therefore, if there is a 

change in particle size and zeta potential of TiO2 before and after it is used in leachate, 

the change would be expected to confirm what research says.  It was hypothesized that 

the used TiO2 would have particle sizes that were at least three times higher than that of 

the virgin TiO2.  It was also hypothesized that if the used TiO2 had higher particle sizes 

than that of the virgin TiO2, it would also have higher absolute zeta potential values, 

between ±30 – ±50 mV, which classifies as having stability.  If that were the case, the 

virgin TiO2 would have zeta potential ranges from 0 - ±30 mV which is considered to be 

unstable.  By doing particle size and zeta potential testing on the virgin and used TiO2, 

future assumptions can be made about the TiO2’s interaction with other particles when it 

is in contact with leachate. 

One article about zeta potential mentioned that the behavior of colloids highly 

depends on the zeta potential of the colloid medium (Zeta-Meter, Inc, 2009).  When 

particles are free by themselves before they flocculate, they have higher zeta potentials.  

However, after flocculation their zeta potential drops often from positive to negative.  

Part of this is because of Van der Waals attraction force which is demonstrated in Figure 

32 (Zeta-Meter, Inc, 2009). 
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Figure 32: Van der Waals Colloid Attractiveness 

Source: Zeta-Meter, Inc, 2009 

 
The particles may come to equilibrium in the same category that they started in 

(stable/unstable), but they may transition from positive to negative zeta potential in the 

process.  Also, it is very common for particles to aggregate in the transition and finish 

with zeta potentials between 0 and -20 mV (Zeta-Meter, Inc, 2009). 

 

Particle Size and Zeta Potential Tests 

The particle sizes and zeta potentials of the TiO2 particles before and after their 

uses in leachate were measured from centrifuge tests 23 - 28.  For average purposes, three 

samples of virgin TiO2 were taken, and three samples of used TiO2 from each of those 

centrifuge tests were taken.  Also, three samples of the leachate itself from centrifuge tests 

23 - 25 and 26 - 28 were taken to see if there were differences in the particle sizes and zeta 

potentials (that is 27 samples in total).  This was done using small TiO2 samples from tests 

23 - 28 or virgin TiO2 and suspending them in fluorescent cuvettes.  Samples were analyzed 
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with a Malvern Zetasizer Nano Series: Nano-ZS90 particle size and zeta potential meter 

which uses scattered light intensity to measure for those two parameters (Malvern, 2015). 

The virgin and used TiO2 samples were suspended in different media in order to 

help make it easier to get clear distinctions between the virgin and used TiO2.  The virgin 

TiO2 was suspended in deionized water, and the used TiO2 was suspended in the same 

leachate sample that it was originally recovered from.  The virgin TiO2 could not be 

suspended in leachate because they would then become used TiO2, and then no distinction 

between them and the used TiO2 samples could be made.  Therefore, centrifuge tests 23 -

25 TiO2 were suspended in a leachate sample with a pH of 7.19, and tests 26 - 28 were 

suspended in a leachate sample with a pH of 4.84.  Those were the same leachate samples 

that those TiO2 particles were originally used on.  Also, by doing this, it would make it 

easier to observe a distinction in particle size and zeta potential between leachate of 

different pH ranges. 

First, the same concentrations that were used for TiO2 recovery (20,000 mg/L) were 

used in measuring the particle sizes and zeta potentials of the TiO2.  Therefore, 0.2g of 

TiO2 for each used sample or virgin TiO2 were mixed with 10mL of leachate or deionized 

water, respectively (that would make the concentration of TiO2 to be 20,000 mg/L).  Next, 

a 1mL pipetor was used to take a sample from the mixed TiO2 and leachate and put it in a 

fluorescent cuvette.  If the sample was too concentrated (too turbid), then the sample was 

diluted with deionized water until it was clear enough to be read by the Nano-ZS90 

machine.  The dilution was performed by taking 500 µL of the turbid sample and then 

adding 1 mL of deionized water to it in a new fluorescent cuvette.  Only the virgin TiO2 

samples and the test #28 samples were diluted due to their initial turbidity issues.  It was 
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often preferred to have a little more than 1mL in the cuvette for zeta potential purposes.  

Last, the cuvette was put into the Nano-ZS90 meter for it to analyze the particle sizes and 

give an average particle size in the cuvette.  If the particle size was beyond 10 μm, the 

Nano-ZS90 machine would not produce a particle size graph range, but it would provide 

an estimated average. 

After the cuvette was read for particle size, the cuvette was taken out, and 1mL of 

the sample in the cuvette was removed using a 1mL needleless syringe.  That 1mL sample 

was then put into the 1mL zeta potential cuvette and put back into the meter to be read for 

zeta potential. 

The final procedure for measuring particle size and zeta potential of the TiO2 can 

be seen in Table 44 in Appendix A.  Pictures from the particle size and zeta potential tests 

can be seen in Figure 33 - Figure 37. 

 

 

Figure 33: Mixed TiO2 and Deionized Water 

Source: Coffman, 2015 
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Figure 34: Fluorescent Cuvettes Showing Diluted Sample 

Source: Coffman, 2015 

 

Figure 35: Virgin TiO2 Particle Size Graph 

Source: Coffman, 2015 
Figure 35 shows the TiO2 particle size (nanometers) in the x-direction and light 

intensity (%) measured by the Nano-ZS90 machine to measure the particle sizes in the 1 

mL sample in the y-direction.  Figure 35 shows that the Nano-ZS90 machine produced a 

range for particle size for each test.  
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Figure 36: Zeta Potential Cuvette 

Source: Coffman, 2015 

 

Figure 37: Virgin TiO2 Zeta Potential Graph 

Source: Coffman, 2015 
Figure 37 shows the TiO2 zeta potential (millivolts) in the x-direction and total 

number of measurements measured by the Nano-ZS90 machine to measure the zeta 

potential in the 1 mL sample in the y-direction.  Figure 37 shows that the Nano-ZS90 
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machine produced a range for zeta potential for each test.  Table 15 shows a summary of 

the parameters for all of the tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Table 15: Particle Size and Zeta Potential Test Parameters 
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Type of 

TiO2/Leachate 
Dispersion Medium Diluted (Yes/No) 

Virgin TiO2 Deionized Water Yes 

Used TiO2 from 

Centrifuge Test 23 
Leachate pH = 7.19 No 

Used TiO2 from 

Centrifuge Test 24 
Leachate pH = 7.19 No 

Used TiO2 from 

Centrifuge Test 25 
Leachate pH = 7.19 No 

Used TiO2 from 

Centrifuge Test 26 
Leachate pH = 4.84 No 

Used TiO2 from 

Centrifuge Test 27 
Leachate pH = 4.84 No 

Used TiO2 from 

Centrifuge Test 28 
Leachate pH = 4.84 Yes 

Centrifuge Test 23 – 

25 Leachate 
Leachate pH = 7.19 No 

Centrifuge Test 26 – 

28 Leachate 
Leachate pH = 4.84 No 

 

Source: Coffman, 2015 
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3.0 Results and Discussion 

The following results are for all of the experiments conducted for this thesis.  The 

following sections describe the results of centrifuge, sedimentation, and filtration testing 

to determine the TiO2 recovery efficiency.  The sections also describe the results of testing 

to determine scale-up parameters for testing.  They also describe the particle 

characterization. 

 

3.1 Centrifuge Preliminary Tests 

 The preliminary centrifuge tests consisted of the tests 1 – 31 which were mentioned 

previously in the introduction to the Results and Discussion section.  Table 16 shows all of 

the different variables measured during centrifuge preliminary testing to establish the 

parameters for later experiments.  These variables included: mass of TiO2 (g), volume of 

leachate (mL),  centrifuge time (minutes), centrifuge velocity (rpm), ignite the samples for 

15 minutes at 550ºC after drying them for 24 hours at 103ºC and desiccating them for one 

hour, type of weighing dish used (ceramic or aluminum), and diluting the leachate in a 

(1/20) dilution. The results of these tests were used to determine the range of parameters 

for further testing. Results from experiments 1 – 31 are reported in Appendix B.  
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Table 16: Summary of Variables for Centrifuge Tests 1 - 31 

Test 
# 

Initial 
TiO2 
Mass 
(g) 

Volume 
of 

Leachate 
(mL) 

Centrifuge 
Time  
(min) 

Centrifuge 
Velocity 

(rpm) 

Ignite 
for 15 

minutes 

Dishes 
(ceramic/ 

aluminum) 

(1/20) 
dilution 

(Yes/No) 

1 – 3 2 Not 
measure

d 

5 6,000 No Ceramic No 

4 - 6 2 100 5, 10, 2 6,000 No Aluminum No 
7 - 9 2 100 2 2,000, 

4,000, 
6,000  

No Ceramic No 

10 - 
12 

2 100 2 2,000, 
4,000, 
6,000 

No Ceramic No 

13 - 
15 

1 50 2 2,000, 
4,000, 
6,000 

Yes Aluminum No 

16 - 
18 

1 50 2 1,000, 
2,000, 
3,000 

Yes Ceramic No 

19 0.5 25 2 2,000 Yes Aluminum No 
20 - 
31 

1 50 2 2,000 No Aluminum Yes 

 
Source: Coffman, 2015 

 

As mentioned in the introduction of the Results and Discussion section, these 

results were not focused on for data analysis.  However, there some useful results obtained 

from these tests which were used for tests 32 – 49.  As indicated by Table 16, most of the 

preliminary tests showed that centrifuge times of two minutes and centrifuge velocities of 

2,000 rpm achieved the highest TiO2 recoveries consistently.  Second, aluminum dishes 

were also determined to produce more accurate recovery results than ceramic dishes.  

Third, the leachate was causing invalid test results; therefore, the leachate itself had to be 

centrifuged, and the dry weight of it had to be subtracted out of the TiO2 weight in order to 

obtain an actual weight of TiO2 recovered.  Fourth, igniting the aluminum dishes after 
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drying them produced worse results; therefore the igniting step was eliminated after test 

19.  Fifth, it was determined that centrifuging leachate at different pH values had negligible 

effects on TiO2 recovery.  Last, the (1/20) diluted leachate performance better than the 

straight (raw) leachate.  

 

3.2 Centrifuge Experiments 

 These centrifuge experiments consisted of tests 32 – 49.  These results were all 

valid, close to 100% recovery, had low standard deviations, and they showed data trends.  

Also, the leachate used for these experiments was the (1/20) dilution leachate, and 

aluminum dishes were used for these experiments.  Table 17 shows all of the parameters 

for these tests.  As can be seen, tests 32 – 41 held the centrifuge velocity constant and 

varied the time, and tests 42 – 49 held the time constant and varied the velocity. 

 

Table 17: Centrifuge Test 32 – 49 Parameters 

Test # Initial 
TiO2 
Mass 
(g) 

Leachate 
Volume 

(mL) 

Centrifuge 
Time  
(min) 

Centrifuge 
Velocity 

(rpm) 

32 – 41 1 50 1, 2, 4, 6, 10 6,000 

42 – 49 1 50 2 1,000, 
2,000, 
3,000, 
6,000 

 
Source: Coffman, 2015 

 
 
 
 

3.2.1 Centrifuge Time 
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As shown previously, tests 32 – 41 were performed at a constant velocity of 6,000 

rpm, and the centrifuge time at this velocity was varied.  The results of tests 32 – 41 can be 

seen in Table 18.  By doing this, the “breaking point” time could be identified.  The 

“breaking point” is the time produced the highest TiO2 recovery results, and any time below 

or above that time produced lower recovery results. 

 

Table 18: Centrifuge Test 32 – 39 TiO2 Recovery Results at 6,000 rpm 

Test # Centrifuge 
Time  
(min) 

Initial TiO2 
Weights  

(g) 

TiO2 Lost 
Weights  

(g) 

Average 
TiO2 Lost 

(%) 

Standard 
Deviation 

(%) 
40, 41 1 1.001, 0.997 0.0035, 0.0040 0.375 0.035 
32, 36 2 1.000, 1.001 0.0019, 0.0009 0.140 0.071 
33, 37 4 1.003, 0.998 0.0012, 0.0023 0.175 0.078 
34, 38 6 0.996, 1.004 0.0017, 0.0022 0.195 0.035 
35, 39 10 0.996, 1.002 0.0018, 0.0030 0.240 0.085 

 
Source: Coffman, 2015 

 
 As can be seen from Table 18, two minutes produced the best TiO2 recovery results, 

and it was the “breaking point” time.  Figure 38 shows the results and trends of this data.  

The standard deviation error bars show the range of the average data for each centrifuge 

time. 

 

 

Figure 38: Centrifuge Test 32 – 41 TiO2 Centrifuge Test Results at 6,000 rpm 

Source: Coffman, 2015 
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 As can be seen from Figure 38, the minimum point for TiO2 loss occurs at two 

minutes. 

  

3.2.1 Centrifuge Velocity 

As shown previously, tests 42 – 49 were performed at a constant time of two 

minutes, and the centrifuge velocity at this time was varied.  The results of tests 42 – 49 

can be seen in Table 19.  These last eight tests were performed to determine the “breaking 

point” velocity for centrifugation.  For this “breaking point”, any other velocity which was 

below or above that velocity produced lower recovery results. 

 

 

 

 

 

 

 

 

 

Table 19: Centrifuge Test 40 – 47 TiO2 Recovery Results at 2 Minutes 

Test # Centrifuge 

Velocity 

(rpm) 

Initial TiO2 

Weights  

(g) 

TiO2 Lost 

Weights  

(g) 

Average 

TiO2 Lost 

(%) 

Standard 

Deviation 

(%) 

42, 46 1,000 0.995, 0.999 0.0065, 0.0070 0.675 0.035 
43, 47 2,000 1.001, 1.002 0.0017, 0.0013 0.150 0.028 
44, 48 3,000 0.998, 1.000 0.0050, 0.0042 0.460 0.057 
45, 49 6,000 0.999, 1.001 0.0045, 0.0049 0.470 0.028 

 
Source: Coffman, 2015 
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As can be seen from Table 19, the centrifuge velocity of 2,000 rpm produced the 

best TiO2 recovery results in terms of minimizing the mass lost; therefore it was the 

“breaking point” velocity.  Figure 39 shows the results and trends of this data.  The concept 

for these velocity trends followed the same concept as that for the time trends.   

 

 

Figure 39: Centrifuge Test 42 – 49 TiO2 Centrifuge Test Results at 2 minutes 

Source: Coffman, 2015 
 
 As can be seen from Figure 39, the minimum point for TiO2 loss occurs at 2,000 

rpm.  Table 20 shows a summary of the TiO2 recovery results from centrifuge tests 32 – 

47. 

Table 20: Summary of Centrifuge Tests 32 - 47 

Centrifuge Time (min) Centrifuge Velocity (min) Average TiO2 Recovery (%) 

1 6,000 99.63% 

2 6,000 99.86% 

4 6,000 99.83% 

6 6,000 99.81% 
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10 6,000 99.76% 

2 1,000 99.33% 

2 2,000 99.85% 

2 3,000 99.54% 

2 6,000 99.53% 

 
Source: Coffman, 2015 

 

When comparing all of the results, the results look very close to one another.  

However, two minutes and 2,000 rpm produced better results than those of one minute and 

1,000 rpm.  Therefore, it would be recommended to centrifuge at lower velocities and times 

and not go lower than two minutes and/or 2,000 rpm.  Going lower than that time and 

velocity will produce lower results.  Also, going lower will produce lower operational costs 

for the centrifuges.  Using the results of this method, a conservative estimate of 99.5% 

TiO2 recovery efficiency was used for economic calculations. 

3.3 Settling Preliminary Tests 

 Preliminary settling tests consisted of tests 1 – 5 which were mentioned 

previously in the introduction to the Results and Discussion section.  Table 21 shows all 

of the variables which were being measured when testing.  The variables are broken 

down into the starting TiO2 dose and the settling time range.  The results from tests 1 – 3 

showed that more time needed to be measured in order to obtain proper ultimate settling 

times.  The results of tests 1 – 5 all showed that longer settling times (30 minutes > t > 

480 minutes) were required to accurately determine settling characteristics.   

 
Table 21: Summary of Variables for Settling Tests 1 - 5  
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Settling Test # TiO2 Dose (g/100 mL) Time Recorded (min) 

1 1 20.50 

2 2 27.25 

3 5 30.50 

4 4 480 

5 5 480 

 
Source: Coffman, 2015 

 

 The results of tests 1 – 5 were did not follow trends; therefore it could not be 

analyzed.  However, these tests did show that settling for more time produced more 

accurate ultimate settling time (tu) results.  Therefore, more settling time was used in tests 

6 – 17.  Figure 40 shows an example graph from test 4 (4g/100 mL) which explains how 

one hour was selected as the minimum time needed for complete settling for any TiO2 

dose. 

 

Figure 40: 4g/100 mL Settling Curve 

Source: Coffman, 2015 
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3.4 Settling Experiments 

 These centrifuge experiments consisted of tests 32 – 49.  These results all had low 

standard deviations, and they showed data trends based on the TiO2 dose.  As the TiO2 dose 

(g/100 mL) increased, the ultimate settling times (minutes) and heights (cm) also increased.  

Figure 41 - Figure 44 show the settling curves for the four different TiO2 doses settled 3g, 

5g, 7.5g, and 10g/100 mL, respectively with their slopes for type one settling.  Table 22 

shows the average ultimate settling times, and Table 23 shows the ultimate settling heights 

for these four doses. 

 

 

Figure 41: 3g/100 mL Combined Settling Curves 

Source: Coffman, 2015 
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Figure 42: 5g/100 mL Combined Settling Curves 

Source: Coffman, 2015 
 

 
Figure 43: 7.5g/100 mL Combined Settling Curves 

Source: Coffman, 2015 
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Figure 44: 10g/100 mL Combined Settling Curves 

Source: Coffman, 2015 
 

 

 

 

 

 

Table 22: TiO2 Ultimate Settling Times 

TiO2 Doses 
(g/100 mL) 

tu 
(min) 

tu 
(min) 

tu 
(min) 

Average 
(min) 

SD 
(min) 

95% Confidence 
Interval 

3 15 16 18 16.3 1.5 16.3 min ± 1.76 min 
5 33 53 48 44.7 10.4 44.7 min ± 10.4 min 

7.5 74 59 77 70.0 9.6 70.0 min ± 9.64 min 
10 83 135 120 113 26.8 113 min ± 26.8 min 

 
Source: Coffman, 2015 

 

Table 23: TiO2 Ultimate Settling Heights 

TiO2 Doses 
(g/100 mL) 

Hu 
(cm) 

Hu 
(cm) 

Hu 
(cm) 

Average 
(cm) SD (cm) 

95% Confidence 
Interval 

3 4.704 4.998 5.243 4.98 0.27 4.98 cm ± 0.311 cm 
5 7.154 7.987 7.399 7.51 0.43 7.51 cm ± 0.494 cm 

7.5 11.27 12.348 11.172 11.60 0.65 11.6 cm ± 0.753 cm 
10 12.838 14.504 14.357 13.90 0.92 13.9 cm ± 1.07 cm 

 
Source: Coffman, 2015 
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 Plotting the results and trends of this data, the strength of the trend can be seen by 

the R2 value, and the standard deviation error bars show the range of the average data for 

each TiO2 dose.  The charts for ultimate settling height and time can be seen in Figure 45 

and Figure 46, respectively. 

 

 

 

 

 

Figure 45: TiO2 Ultimate Setting Height 

Source: Coffman, 2015 

 
Figure 46: TiO2 Ultimate Settling Time 

Source: Coffman, 2015 
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dose.  Even though one R2 value is shown on the charts with multiple trend lines, the R2 

values of all of the trend lines were very close to this value.  These R2 values were very 

close to one which makes them nearly perfectly linear lines.   Figure 47 and Figure 48 

show a logarithmic curves for these graphs and their exact resulting correlations. 

 

 

Figure 47: TiO2 Ultimate Settling Height Logarithmic Trends 

Source: Coffman, 2015 

 
Figure 48: TiO2 Ultimate Settling Time Logarithmic Trends 

Source: Coffman, 2015 
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 As can be seen in Figure 47 and Figure 48, the heights and times follow very strong 

trends based on their R2 values.  Therefore, it can be strongly said that both the ultimate 

settling heights and ultimate settling times are dependent of the TiO2 doses in the leachate.  

However, as be seen by the graphs, the ultimate settling times and heights will eventually 

level out when the TiO2 dose reaches a level of about 13 – 15 g/100 mL.  Figure 23 at the 

end of the  Settling Tests section in the methodology shows an example of this TiO2 dosage 

limit.  At the TiO2 dosage range of 13 – 15 g/100 mL, the TiO2 will not settle at all because 

the amount of volume taken up by the TiO2 has taken up the entire graduated cylinder.  In 

that case, a deeper settling unit would be required for TiO2 doses outside this range. 

 

3.4.1 Settling Velocity 

In each settling test, the initial settling velocity was calculated. The initial settling 

velocities were determined from the straight line part of the settling curves.  Table 24 shows 

the discrete Type 1 settling velocities for each TiO2 dose.  What can be seen is that as TiO2 

dose increases, the slower its Type 1 settling velocity (cm/min) and the longer its time 

duration for Type 1 settling is.  After that time, the settling transitioned to hindered settling. 

 

Table 24: TiO2 Dose Type 1 Discrete Settling Velocity 

TiO2 Dose (g/100 mL) Type 1 Settling 

Velocity (cm/min) 

3 2.60 

5 0.65 

7.5 0.21 
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10 0.10 

 
Source: Coffman, 2015 

 

 Using the observed initial settling velocity, the effective particle diameter was 

calculated using Stoke’s Law and Newton’s Law. 

When looking at Stoke’s law which deals with discrete settling, the area needed to 

accommodate 10L/day would be much higher due to slower settling rates.  The formula for 

Stoke’s Law is shown in Equation 6. 

 

vs =
𝑎𝑎𝑑𝑑2�𝑆𝑆𝑔𝑔 − 1�

18 𝜐𝜐
 

Equation 5: Stoke’s Law for Particle Settling Velocity 

Source: Qasim, 2000 
vs = velocity of the settling particle 

g = acceleration due to gravity 

d = diameter of settling particle 

  Sg = specific gravity of the particle 

υ = kinematic viscosity of water at a certain temperature 

 

The supplier of the TiO2 reported that the individual TiO2 particles are 21 

nanometers in diameter and have a density of 4 g/cm3 giving them a specific gravity (Sg) 

of four (Evonik Industries, 2015).  When using Stoke’s Law, the calculation at 20˚C is 

shown as: 

vs =
�9.81𝑚𝑚

𝑠𝑠2 � (21 × 10−9𝑚𝑚)2(4 − 1)

18 (1.004 × 10−6 𝑚𝑚
2

𝑠𝑠 )
= 7.18 × 10−10 𝑚𝑚/𝑠𝑠 
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From that settling velocity, the Reynold’s number (Re) could be calculated using 

Equation 7. 

𝑅𝑅𝑒𝑒 =
𝑣𝑣𝑠𝑠𝑑𝑑
𝜐𝜐

 

Equation 6: Reynold’s Number 

Source: Qasim, 2000 
 

When using Reynold’s number, the calculation is shown as: 

𝑅𝑅𝑒𝑒 =
7.18 × 10−10𝑚𝑚/𝑠𝑠 × 21 × 10−9𝑚𝑚

1.004 ∗ 10−6 𝑚𝑚
2

𝑠𝑠

= 1.5 × 10−11 < 1 

Since the Reynold’s number is less than 1, discrete settling is indicated.  Using the 

Reynold’s number result, the drag coefficient (Cd) could be calculated using Equation 8. 

𝐶𝐶𝑑𝑑 = �
24𝜙𝜙
𝑅𝑅𝑒𝑒

� + �
3

�𝑅𝑅𝑒𝑒
� + 0.34 

Equation 7: Drag Coefficient 

Source: Qasim, 2000 
ϕ = shape factor 

Assuming a shape factor of 0.85, the drag coefficient calculation is shown as: 

𝐶𝐶𝑑𝑑 = �
24 × 0.85

1.5 × 10−11
� + �

3
√1.5 × 10−11

� + 0.34 = 1.36 × 1012 

Since these results do not model closely with actual measurements, Newton’s Law 

for settling velocity was investigated for applicability.  With Newton’s Law, iterations are 

performed until the particle settling velocity converges and has practically no change from 

the previous iteration(s).  Newton’s Law can be seen in Equation 9. 
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𝑣𝑣𝑠𝑠 =  ��
4
3
�
𝑑𝑑𝑎𝑎(𝑆𝑆𝑔𝑔 − 1)

𝐶𝐶𝑑𝑑
) 

Equation 8: Newton’s Law for Particle Settling Velocity 

Source: Qasim, 2000 
 

When using Newton’s Law, the first iteration can be calculated as: 

𝑣𝑣𝑠𝑠 =  ��
4
3
�

21 × 10−9𝑚𝑚 × 9.8𝑚𝑚/𝑠𝑠2 × (4 − 1)
1.36 × 1012

) = 7.79 × 10−10𝑚𝑚/𝑠𝑠 

After eight iterations, the particle settling velocity (vs) converged to 8.45×10-10 m/s, 

which was even higher than that of Stoke’s Law.  For both Stoke’s Law and Newton’s 

Law, using the particle size provided by the manufacturer of the TiO2 (Evonik) for settling 

calculations does not reflect the observed results of the settling behavior of TiO2 in 

leachate.   

This is attributed to formation of TiO2 flocs and compacted the TiO2 bed as they 

settled to the bottom of the 100 mL graduated cylinder.  Even though Stoke’s Law was not 

very reflective of the actual TiO2 settling behavior, there is not a current method used to 

calculate settling velocity for flocculent settling, only discrete settling (Qasim, 2000).  

Therefore, Stoke’s Law was used to back-calculate the effective particle diameter of the 

TiO2 flocs in leachate.  Therefore, based on the settling tests, the slowest settling velocity 

was for 10g/100 mL which was 0.10 cm/min which equals 1.67 × 10-5 m/s.  This settling 

velocity was then plugged back into Stoke’s Law in order to find the effective average 

diameter of the TiO2 settling particles.  This can be calculated as: 

𝑑𝑑 =  �
𝑣𝑣𝑠𝑠18𝜐𝜐

𝑎𝑎�𝑆𝑆𝑔𝑔 − 1�
=  �

(1.67 × 10−5 𝑚𝑚/𝑠𝑠)(18)(1.004 × 10−6𝑚𝑚2/𝑠𝑠)
(9.81 𝑚𝑚/𝑠𝑠2)(4− 1) = 3.202 × 10−6𝑚𝑚

=  3.2 𝜇𝜇𝑚𝑚 
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Using this effective diameter particle size, the effective Reynold’s number could 

be calculated as: 

𝑅𝑅𝑒𝑒 =
(1.67 × 10−6𝑚𝑚/𝑠𝑠) ∗ (3.202 × 10−6𝑚𝑚)

1.004 × 10−6𝑚𝑚2/𝑠𝑠
= 5.33 × 10−6 < 1 

This Reynold’s number still showed laminar settling for the settling tests, but it was 

not as low as previously calculated with the manufacturer’s reported particle size.  Using 

the fastest settling velocity from the settling tests obtained with 3g/100 mL (4.33×10-4 m/s), 

the diameter of the particle would be 1.63×10-5 m (16.3 µm) which would generate a 

Reynold’s number of 7.03×10-3, which is also laminar.  Table 25 shows a summary of the 

comparisons of these three particle sizes.  

 

Table 25: Summary of Settling Tests Settling Parameters 

Particle 
Description 

Particle Diameter 
(m) 

Settling Velocity 
(m/s) 

Reynold’s Number 

Evonik 2.10×10-8 7.79×10-10 1.50×10-11 

10g/100 mL 3.20×10-6 1.67×10-5 5.33×10-6 

3g/100 mL 1.63×10-5 4.33×10-4 7.03×10-3 
 

Source: Coffman, 2015 
 

This wide range of results shows there is uncertainty about the true settling behavior 

of the TiO2 since the experimentation results are very different from the theoretical settling 

behavior. With this uncertainty about, research was conducted about the settling of 

nanoparticles in aqueous alumina nanoparticle suspensions.  This paper discovered that 

polydisperse spherical alumina (Al2O3) nanoparticles with particle sizes from 10 – 100 nm 

(similar to the size range of TiO2) had similar settling behavior to what was observed in 

the TiO2 settling tests.  By measuring the Al2O3 height over time, the average settling 

velocity was 18 mm/min, which is equal to 1.8 cm/min (the average settling velocity from 
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the TiO2 tests was 1.2 cm/min).  Using that settling velocity, the effective particle diameter 

was back-calculated using Equation 6 to be 1.13×10-5 m (Witharana, 2012).  The calculated 

effective particle diameter of the TiO2 was 2.10 - 5.04×10-6 m, which is an order of 

magnitude different.  In another paper, the settling behavior of TiO2 in leachate was 

measured at a TiO2 dose of 5 g/50 mL (Youngman, 2013). The calculated effective particle 

diameter of the TiO2 was 3.38×10-6 m, which falls within the range calculated here.  

However, there was no mention in any of these reports about what the actual shape factor 

of Al2O3 or TiO2 was, and no literature reviews on this subject were found.  This still makes 

the actual shape factor for TiO2 uncertain. 

 

3.4.2 Calculation of Settling Tank Dimensions 

The thickening and clarification areas could be calculated using Equation 10 for 

the thickening area, Equation 11 for the clarification flow, and Equation 12 for the 

clarification area.  Equation 13 pertains to the slope of the straight portion of the settling 

curve (Qasim, 1999).  The flow (Q) of leachate being used was 10 liters (L) per day as that 

is the flow of leachate that is being treated via oxidation (Lakner, 2015). 

 

𝐴𝐴 = 𝑄𝑄 ∗ 𝑙𝑙𝑢𝑢/𝐻𝐻0 

Equation 9: Thickening Area Formula 

Source: Qasim, 1999 
𝑄𝑄𝑐𝑐 = 𝑄𝑄 ∗ (𝐻𝐻0 − 𝐻𝐻𝑢𝑢)/𝐻𝐻0  

Equation 10: Clarification Flow Formula 

Source: Qasim, 1999 
 

𝐴𝐴 = 𝑄𝑄𝐶𝐶/𝑣𝑣 



85 
 

Equation 11: Clarification Area Formula 

Source: Qasim, 1999 
 

𝑣𝑣 = (𝑖𝑖2 − 𝑖𝑖1)/(𝑥𝑥2 − 𝑥𝑥1) 

Equation 12: Slope of the Top Portion of the Settling Curve 

Source: Qasim, 1999 
 

Using Equation 10 - Equation 13 the calculation for test #6 (3g/100 mL) is shown: 

𝐴𝐴 =
10𝑚𝑚
𝑑𝑑𝐶𝐶𝑖𝑖

× 15 min×
1

19.6 𝑐𝑐𝑚𝑚
×

1𝑚𝑚3

1000𝑚𝑚
×

1𝑑𝑑𝐶𝐶𝑖𝑖
1440 𝑚𝑚𝑙𝑙𝑠𝑠

×
100𝑐𝑐𝑚𝑚

1𝑚𝑚
= 5.3 × 10−4 𝑚𝑚2 

𝐴𝐴 = 5.3 × 10−4 𝑚𝑚2 × �3.28
𝑜𝑜𝑙𝑙
𝑚𝑚
�
2

= 0.0057 𝑜𝑜𝑙𝑙2 

𝑄𝑄𝑐𝑐 =
10𝑚𝑚
𝑑𝑑𝐶𝐶𝑖𝑖

×
19.6 𝑐𝑐𝑚𝑚 − 4.704 𝑐𝑐𝑚𝑚

19.6 𝑐𝑐𝑚𝑚
×

1𝑚𝑚3

1000𝑚𝑚
= 0.0076

𝑚𝑚3

𝑑𝑑𝐶𝐶𝑖𝑖
 

𝑣𝑣1 =
18.62 𝑐𝑐𝑚𝑚 − 19.6 𝑐𝑐𝑚𝑚 

0.42 𝑚𝑚𝑙𝑙𝑠𝑠 − 0 𝑚𝑚𝑙𝑙𝑠𝑠
=  −2.35 𝑐𝑐𝑚𝑚/ min ⟹ 𝐶𝐶𝑎𝑎𝑠𝑠𝑜𝑜𝐻𝐻𝑠𝑠𝑙𝑙𝑙𝑙 𝑣𝑣𝐶𝐶𝐻𝐻𝑠𝑠𝑙𝑙 = 2.35 𝑐𝑐𝑚𝑚/𝑚𝑚𝑙𝑙𝑠𝑠 

𝑣𝑣2 =
17.64 𝑐𝑐𝑚𝑚 − 18.62 𝑐𝑐𝑚𝑚 
0.64 𝑚𝑚𝑙𝑙𝑠𝑠 − 0.42 𝑚𝑚𝑙𝑙𝑠𝑠

=  −4.9 𝑐𝑐𝑚𝑚/ min ⟹ 𝐶𝐶𝑎𝑎𝑠𝑠𝑜𝑜𝐻𝐻𝑠𝑠𝑙𝑙𝑙𝑙 𝑣𝑣𝐶𝐶𝐻𝐻𝑠𝑠𝑙𝑙 = 4.9 𝑐𝑐𝑚𝑚/𝑚𝑚𝑙𝑙𝑠𝑠 

𝑣𝑣2 =
16.66 𝑐𝑐𝑚𝑚 − 17.64 𝑐𝑐𝑚𝑚 
0.80 𝑚𝑚𝑙𝑙𝑠𝑠 − 0.64 𝑚𝑚𝑙𝑙𝑠𝑠

=  −5.35 𝑐𝑐𝑚𝑚/ min ⟹ 𝐶𝐶𝑎𝑎𝑠𝑠𝑜𝑜𝐻𝐻𝑠𝑠𝑙𝑙𝑙𝑙 𝑣𝑣𝐶𝐶𝐻𝐻𝑠𝑠𝑙𝑙 = 5.35 𝑐𝑐𝑚𝑚/𝑚𝑚𝑙𝑙𝑠𝑠 

𝑣𝑣𝑎𝑎𝑎𝑎𝑔𝑔 =
(2.35 + 4.9 + 5.35)𝑐𝑐𝑚𝑚

min ∗3
= 4.2 𝑐𝑐𝑚𝑚/𝑚𝑚𝑙𝑙𝑠𝑠 

𝐴𝐴 = 0.0076
𝑚𝑚3

𝑑𝑑𝐶𝐶𝑖𝑖
×

1𝑚𝑚𝑙𝑙𝑠𝑠
4.2 𝑐𝑐𝑚𝑚

×
1𝑑𝑑𝐶𝐶𝑖𝑖

1440 𝑚𝑚𝑙𝑙𝑠𝑠
×

100𝑐𝑐𝑚𝑚
1𝑚𝑚

× �
3.28𝑜𝑜𝑙𝑙
𝑚𝑚

�
2

= 1.26 ∗ 10−4 𝑜𝑜𝑙𝑙2  

 

Based on Equations 10 - 13, Table 26 shows the thickening and clarification area 

results for Test #6 assuming a square tank. 

Table 26: Settling Test #6 Results 

Thickening Area = 0.0057 ft2 Thickening Length, Width = 0.90 in. 

Clarification Area = 1.26*10-4 ft2 Clarification Length, Width = 0.13 in. 
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Source: Coffman, 2015 
 
 Using the higher thickening dimensions, the length and width of the tank would be 

1 inch.  The same procedure was followed for calculating the thickening areas for tests 7 – 

17.    The results can be seen in Table 27. 

 

Table 27: Settling Test Tank Dimensions 

Settling Test Concentration (g/100 mL) Thickening Length, Width, Depth (in) 

3 1, 1, 1 

5 1.5, 2, 2 

7.5 2, 2, 2.5 

10 2.5, 3, 3 

 
Source: Coffman, 2015 

 
 As can be seen from Table 27, the highest thickening length and width dimensions 

were three inches which would also be the depth for simplicity. 

 For a pilot test of 10L/day, the average ultimate settling time (tu) using the 10g/100 

mL concentration results was 113 minutes.  This was used to calculate the dimensions for 

a pilot scale sedimentation tank. 

For plant-size applications, flow adjustments were made which generated much 

bigger thickening and clarification areas.  The flow to be 112,000 gallons per month, but 

leachate would only be treated via UV/TiO2 once a week (Lakner, 2015).  Therefore, a tank 

volume needed to hold about 30,000 gallons of leachate and TiO2 at a time.  Also, in the 

tank itself, there are about 4% additional solids.  Therefore, this information was used to 

calculate the amount of tank volume needed to accommodate those additional solids.  The 

calculations for both the pilot test (10L/day) using the highest average ultimate settling 
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time (113 minutes) from settling tests 6 – 17 and plant-size (112,000 gal/month) can be 

seen in Equation 14 and Equation 15. 

𝐴𝐴 =  𝑄𝑄𝑢𝑢 ∗ 𝑙𝑙𝑢𝑢/𝐻𝐻𝑜𝑜 : �
𝑚𝑚
𝑑𝑑𝐶𝐶𝑖𝑖

� (
1𝑑𝑑𝐶𝐶𝑖𝑖

1,440 𝑚𝑚𝑙𝑙𝑠𝑠
)�

1𝑚𝑚3

1000𝑚𝑚
� (𝑙𝑙𝑢𝑢) �100

𝑐𝑐𝑚𝑚
𝑚𝑚
� �

1
𝑐𝑐𝑚𝑚

� �3.28
𝑜𝑜𝑙𝑙
𝑚𝑚
�
2

 

�
10𝑚𝑚
𝑑𝑑𝐶𝐶𝑖𝑖

� (
1𝑑𝑑𝐶𝐶𝑖𝑖

1,440 𝑚𝑚𝑙𝑙𝑠𝑠
)�

1𝑚𝑚3

1000𝑚𝑚
� (113 𝑚𝑚𝑙𝑙𝑠𝑠) �100

𝑐𝑐𝑚𝑚
𝑚𝑚
��

1
19.992 𝑐𝑐𝑚𝑚

� �3.28
𝑜𝑜𝑙𝑙
𝑚𝑚
�
2

= 0.042 𝑜𝑜𝑙𝑙2 = 𝐴𝐴  

𝑚𝑚,𝑊𝑊,𝐷𝐷 =  √𝐴𝐴 = �0.042 𝑜𝑜𝑙𝑙2 × 12 𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓

=   2.45 𝑙𝑙𝑠𝑠 → 2.5 𝑙𝑙𝑠𝑠 → 𝑈𝑈𝑠𝑠𝑙𝑙 3 𝑙𝑙𝑠𝑠 = 𝑚𝑚,𝑊𝑊,𝐷𝐷  

Equation 13: Required Thickening Area Calculation for 10 L/day 

Source: Qasim, 1999 
 
 

 

𝐴𝐴 =  𝑄𝑄𝑢𝑢 ×
𝑙𝑙𝑢𝑢
𝐻𝐻𝑜𝑜

: �
𝑎𝑎𝐶𝐶𝐻𝐻 
𝑑𝑑𝐶𝐶𝑖𝑖

� (𝑙𝑙𝑢𝑢 ) �
1 𝑑𝑑𝐶𝐶𝑖𝑖

1,440 𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠
� �

1 𝑜𝑜𝑙𝑙3

7.48 𝑎𝑎𝐶𝐶𝐻𝐻
� �

1
𝐻𝐻0
� �100

𝑐𝑐𝑚𝑚
𝑚𝑚
��

1𝑚𝑚
3.28 𝑜𝑜𝑙𝑙

�

+ (4% 𝑜𝑜𝑜𝑜 𝑝𝑝𝑙𝑙𝑙𝑙𝑣𝑣𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 𝐶𝐶𝑙𝑙𝑙𝑙𝐶𝐶 (𝑜𝑜𝑙𝑙2) 

�
30,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

𝑑𝑑𝐶𝐶𝑖𝑖
� × �

1 𝑑𝑑𝐶𝐶𝑖𝑖
1,440 𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠

� × (113 𝑚𝑚𝑙𝑙𝑠𝑠) × �
1 𝑜𝑜𝑙𝑙3

7.48 𝑎𝑎𝐶𝐶𝐻𝐻
� × �

1
19.992 𝑐𝑐𝑚𝑚

�

× �100
𝑐𝑐𝑚𝑚
𝑚𝑚
�× �

1𝑚𝑚
3.28 𝑜𝑜𝑙𝑙

� = 479.96 𝑜𝑜𝑙𝑙2  → 480 𝑜𝑜𝑙𝑙2 = 𝐴𝐴 

480 𝑜𝑜𝑙𝑙2 + (0.04 ∗ 480 𝑜𝑜𝑙𝑙2) = 𝟓𝟓𝟓𝟓𝟓𝟓 𝒇𝒇𝒕𝒕𝟐𝟐 = 𝑨𝑨  

Equation 14: Required Thickening Area Calculation for 112,000 Gallons/month 

Source: Qasim, 1999 
 

Also, the tank dimensions of a practical tank can be calculated by assuming a length 

to width ratio for the tank dimensions.  The actual tank dimensions will be using a length 

to width (L/W) ratio of 2:1 (Qasim, 2000) which would make the actual length to be 32 ft, 

and the corresponding width would be 16 ft.  This would make the actual tank area to be 

512 ft2 which is higher than 500 ft2. 
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𝑆𝑆𝑙𝑙𝑑𝑑𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝑚𝑚𝑜𝑜𝐶𝐶𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝑅𝑅𝐶𝐶𝑙𝑙𝑙𝑙 �
𝑎𝑎𝑝𝑝𝑚𝑚
𝑜𝑜𝑙𝑙2

� = �
𝑎𝑎𝐶𝐶𝐻𝐻

𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ
� �

1 𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ
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𝑎𝑎𝑝𝑝𝑚𝑚
𝑜𝑜𝑙𝑙2

 

Equation 15: Sedimentation Tank Loading Rate 

Source: Qasim, 2000 
 

Assuming a detention time of two hours (120 minutes) based on the settling rates 

in settling tests 6 – 17, the required depth of the tank can be seen as: 

𝑅𝑅𝑙𝑙𝑞𝑞𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝐻𝐻𝑙𝑙𝑙𝑙𝑎𝑎ℎ𝑙𝑙

= 𝑆𝑆𝑠𝑠𝑙𝑙𝑜𝑜𝐶𝐶𝑐𝑐𝑙𝑙 𝑚𝑚𝑜𝑜𝐶𝐶𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝑅𝑅𝐶𝐶𝑙𝑙𝑙𝑙 �
𝑎𝑎𝐶𝐶𝐻𝐻

min ∗ 𝑜𝑜𝑙𝑙2
� × (𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑇𝑇𝑙𝑙𝑚𝑚𝑙𝑙,ℎ𝑙𝑙)

× �
1𝑑𝑑𝐶𝐶𝑖𝑖
24 ℎ𝑙𝑙

� × �1,440
𝑚𝑚𝑙𝑙𝑠𝑠
𝑑𝑑𝐶𝐶𝑖𝑖

� × �
1𝑜𝑜𝑙𝑙3

7.48 𝑎𝑎𝐶𝐶𝐻𝐻
� 

= �
0.041 𝑎𝑎𝐶𝐶𝐻𝐻
min ∗ 𝑜𝑜𝑙𝑙2

� × (2 ℎ𝑙𝑙) × �
1𝑑𝑑𝐶𝐶𝑖𝑖
24 ℎ𝑙𝑙

� × �1,440
𝑚𝑚𝑙𝑙𝑠𝑠
𝑑𝑑𝐶𝐶𝑖𝑖

� × �
1𝑜𝑜𝑙𝑙3

7.48 𝑎𝑎𝐶𝐶𝐻𝐻
� = 0.65 𝑜𝑜𝑙𝑙 → 1 𝑜𝑜𝑙𝑙 

 

This would make the actual sedimentation tank dimension to be 32’x16’x1’.  

However, the current Ten State Standards for wastewater requires minimum tank lengths 

and depths to be ten feet.  Therefore, the tank dimensions will have to be 32’x16’x10’ 

minimum.  For practical applications, there would be two sedimentation tanks for 

redundancy purposes. 

 

3.4.3 Recovery Data 

Since no actual settling TiO2 recovery tests were performed, literature was 

reviewed to estimate a reasonable TiO2 efficiency for a settling tank.  Upon reviewing 
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literature, a lamella clarifier usually removes about 90 – 95% of turbidity which is higher 

than the average 90% removal by most sedimentation basins (Parsons, 2006).  With a 

lamella clarifier, the lamella plates act like baffles by slowing the water down when it hits 

them.  As a result, the plates reduce the distance for a particle to enter the sludge zone of 

the tank (Qasim, 2000).  Figure 3 in the TiO2 Recovery Technologies section shows an 

example of this.  Therefore, a conservative estimate of 92.5% TiO2 recovery efficiency for 

a lamella clarifier was used for economic calculations. 

 

3.4 Filter Experiments 

 The filter recovery tests were used to determine how much initial TiO2 was retained 

using 1.5 µm and 0.5 µm filters at the different TiO2 doses of 5 g/L, 10 g/L, 15 g/L, and 20 

g/L.  Table 28 shows the recovery results of the filters at different doses, and Figure 49 

shows the average results plotted in a bar graph with the standard deviations set as the error 

bar dimensions. 

 

Table 28: Summary of Filter TiO2 Recovery Results 

TiO2 Dose (g/L) TiO2 Recovered (%) Average 
TiO2 

Recovered 
(%) 

SD 
(%) 

Trial 1 Trial 2 Trial 3 
5 100.4% 99.6% 95.9% 98.6% 2.41% 
10 98.5% 97.0% 96.8% 97.4% 0.91% 
15 98.3% 97.7% 96.3% 97.4% 1.03% 
20 98.0% 95.8% 95.1% 96.3% 1.51% 

 
 Source: Coffman, 2015 
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 As can be seen in Table 28, as the TiO2 dose increases, the recovery decreases.  

Plotting the results and trends of this data, the strength of the trends can be seen by their 

R2 values, and the standard deviation error bars show the range of the average data for each 

TiO2 dose.  These can be seen in Figure 49.  

 

Figure 49: Filter TiO2 Dosage Recovery Results 

Source: Coffman, 2015 
 
 As can be seen from Figure 49, the individual points on the trend line show weak 

correlation (based on their R2 value).  However, all of the trends show a decreasing TiO2 

recovery efficiency with an increase in dosage, and this is expected because there is more 

mass that can break through.    However, unlike the centrifuge, there is no “breaking point” 

concentration.  Since the TiO2 used in the centrifuge was 20g/L, the same dosage was used 

for the filter efficiency for cost calculations.  Therefore, with a TiO2 dosage of 20g/L, the 

average filter efficiency was 96.3% used for the TiO2 cost in the economic analysis. 

  

3.5 Summary of TiO2 Color Change Tests 

 Table 13 in the Color Change Tests with TiO2 and Deionized Water section shows 

a summary of the variables measured when conducting the color change tests.  The 

variables being measured were the varying TiO2 dose in the deionized water (5 g/L, 10 
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g/L, 15 g/L, and 20 g/L) and the different type of sample it was: centrifuged, settled, or 

filtered.  The purpose of performing these tests was to see if the TiO2 in the samples was 

oxidizing the chromium in the COD vials inducing a colorimetric change, which was 

detected by the spectrophotometer in units of mg/L as O2 (oxygen).  It was also 

performed as an alternative method to determine how much TiO2 was being lost via 

sedimentation, filtration, and centrifugation.  It was hypothesized that if the losses are 

truly minute, then the COD technique would measure 0 mg/L COD when exposed to 

centrifuged, settled, or filtered TiO2 in deionized water.  Figure 50 and Figure 51 show 

the ranges and correlations of the COD tests based on the type of sample they are: 

centrifuged, filtered, or settled.  One issue was that no results for settled water could be 

obtained because the TiO2 did not settle in the deionized water like it did in the leachate.  

Therefore, the TiO2 caused a color change which could not be measured by the 

spectrophotometer. 

   

 

Figure 50: TiO2 Color Change Filter Results 

Source: Coffman, 2015 

y = 0.3182x - 0.9736
R² = 0.8099

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

0 5 10 15 20 25

Co
nc

en
tr

at
io

n 
(m

g/
L 

as
 O

2)

TiO2 Dose (g/L)



92 
 

 

 

Figure 51: TiO2 Color Change Centrifuge Results 

 Source: Coffman, 2015 
 

 As can be seen in Figure 50 and Figure 51, the data points of the individual tests 

did not follow any consistent trends for the centrifuged sample because there was 

essentially no TiO2 loss, which correlates to the centrifuge test results.  However, the 

filtered sample showed a strong correlation.  The trend for COD followed the same trend 

for filter recovery.  Therefore, a relationship can be made with further studies.  A table of 

the results of these tests can be seen in Table 62 and Table 63 in Appendix B, and were 

all non-zero values, which indicated that the TiO2 is either oxidizing the chromium or the 

nano-scale particles are scattering the light in the spectrophotometer to produce false 

positives. In either case, this indicates that a small, but appreciable amount of TiO2 is 

escaping capture by centrifugation, settling, or filtration. 
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3.6 Particle Characterization Experiments 

As mentioned previously, the purpose of particle characterization tests was to see 

if the particle sizes and zeta potentials of the TiO2 changed after interaction with leachate.  

It was hypothesized that the used TiO2 particle sizes would be at least three times greater 

than that of the virgin TiO2, and the used TiO2 absolute zeta potential values would be 

between 30 – 60 mV, while the virgin TiO2 absolute zeta potential values would be between 

0 – 30 mV.  Table 29 - Table 34 show the results for the average particle sizes and zeta 

potentials for both the virgin and used TiO2 as well as the leachate samples themselves, 

which were read by the Nano-ZS90 machine. The used TiO2 and leachate itself from 

centrifuge tests 23 – 28 had higher particle sizes than that of the virgin TiO2.  However, 

previous settling tests estimated the TiO2 particle size to vary between 3 – 16 μm, and the 

instrument detection limit maxes out at 10 μm.  Therefore, tests 23, 26, and 27 which had 

much higher particle size values than those of tests 24, 25, and 28 and were not reported.    

As a result, that data was included in Appendix B and not here. 

 

Table 29: Virgin TiO2 Particle Size and Zeta Potential Results 

Virgin TiO2: Dose = 20,000 mg/L   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 643.5 21.1 

144 1.25 2 368.0 22.2 
3 435.4 19.7 

Average 482 21.0   
 

Source: Coffman, 2015 
 
 
 

Table 30: Centrifuge Test 24 Used TiO2 Particle Size and Zeta Potential Results 

Test #24 TiO2: Dose = 20,000 mg/L   
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Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 3,428 -20.1 

777 0.71 2 1,966 -21.0 
3 2,239 -21.5 

Average 2,544 -20.9   
 

Source: Coffman, 2015 
Table 31: Centrifuge Test 25 Used TiO2 Particle Size and Zeta Potential Results 

Test #25 TiO2: Dose = 20,000 mg/L   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 1,930 -20.4 

498 0.32 2 2,782 -20.3 
3 2,804 -19.8 

Average 2,505 -20.2   
 

Source: Coffman, 2015 
Table 32: Centrifuge Test 28 Used TiO2 Particle Size and Zeta Potential Results 

Test #28 TiO2: Dose = 20,000 mg/L   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 2,098 -12.6 

129 1.02 2 2,092 -10.7 
3 1,871 -12.3 

Average 2,020 -11.9   
  

Source: Coffman, 2015 
 

 

 

 

 

 

 

Table 33: Centrifuge Test 23-25 Leachate Particle Size and Zeta Potential Results 

Test #23-25 Leachate   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 1,151 -17.8 196 1.07 
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2 1,015 -17.7 
3 764.8 -19.6 

Average 977 -18.4   
 

Source: Coffman, 2015 
Table 34: Centrifuge Test 26-28 Leachate Particle Size and Zeta Potential Results 

Test #26-28 Leachate   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 1,621 -16.4 

573 1.56 2 655.4 -18.2 
3 604.1 -19.5 

Average 960 -18.0   
 

Source: Coffman, 2015 
 

As seen from Table 29 - Table 34, the particle size for the used TiO2 which was 

close to each other.  Therefore, it can be concluded that the effective particle size and zeta 

potentials for the used TiO2 between 2,050 and 2,550 nm and -21 and -11, respectively.  

Therefore, by taking an average of that data, the results came out to 2,357 nm and -17.6 

mV, respectively.  A summary of the virgin, used TiO2 from tests 24, 25, and 28, and 

leachate itself can be seen in Table 35.  Based on the average values for particle sizes and 

zeta potentials of the virgin and used TiO2 and leachate itself, several important distinctions 

were made. 

 

 

 

Table 35: Particle Size and Zeta Potential Summary 

Type of Sample Average Particle Size (nm) Average Zeta Potential (mV) 

Virgin TiO2 482 21.0 

Used TiO2 2,357 -17.6 
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Leachate Only 969 -18.2 

 
Source: Coffman, 2015 

 
First, it showed that there was a wide variation in particle size between virgin and 

used TiO2 as the used particle sizes from tests 24, 25, and 28 (2,357 nm) was one order of 

magnitude larger than that of the virgin TiO2 (482 nm).  This proved the hypothesis correct 

since it was hypothesized that the used TiO2 would be at least three times bigger than that 

of the virgin TiO2. 

Second, the average particle size for leachate was bigger than that of the virgin TiO2 

(969 vs. 482 nm, respectively).  This result made sense because it would be expected that 

a liquid with a TDS of 2,000 mg/L would have bigger particles than that of a powder 

suspended in a liquid (deionized water) with a TDS close to zero mg/L.  Also, based on 

previous experiments, the settling behavior of the TiO2 in deionized water was different 

than in leachate.  The TiO2 did not settle very well in deionized water, but it settled well in 

leachate in the settling tests.  Therefore, it can be assumed that the TiO2 had heavier 

particles attached to it in the leachate which helped them settle faster.  This could be 

explained if those leachate particles weigh more than the TiO2 itself. 

Third, the virgin TiO2 in deionized water had zeta potentials in the positive 

direction, while used TiO2 in leachate had zeta potentials in the negative direction.  The 

virgin TiO2 supported what was read in literature about it.  Mentioned previously in the 

introduction when discussing the significance of the pH on TiO2 recovery using a 

centrifuge, the paper mentioned that the virgin TiO2 had a positive zeta potential in the 

high stability range (Li, 2009).  Based on this the TiO2 having high stability, its zeta 

potential has to be at least +30 mV or higher based Table 14.  Even though the average zeta 
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potential of the virgin TiO2 was +21 mV and was therefore considered unstable, it was still 

positive which matches the literature report.  As mentioned in the other paper about zeta 

potential in the Particle Characterization section in the methodology (Zeta-Meter, Inc, 

2009), particles can often transition from positive to negative when they are introduced 

into a liquid medium.  Also, since research shows that it is common for particles to 

aggregate during the positive to negative zeta potential transition and finish with zeta 

potentials between 0 to -20 mV, the used TiO2 zeta potential results make sense.  However, 

the absolute values of zeta potential for all of the samples measured were relatively close 

to each other, and they were all in the absolute range from 10 – 26 mV.  Based on this 

information, the TiO2 and leachate samples themselves would be classified as “incipient 

instability” (±10 - ±30 mV) as shown in Table 14.  Since the TiO2 and leachate is in that 

category, that may explain why the used TiO2 particle size increased by about five times 

as that of the virgin TiO2.  The inorganic leachate particles (such as calcium carbonate) 

want to attach themselves to the initially unstable TiO2 particles, which helps to stabilize 

them.  However, part of the reason why the zeta potential is not above 30 mV (stable) is 

because the TiO2 started out as positively unstable and the leachate being used has been 

diluted significantly.  This dilution factor along with initial unstable TiO2 may have caused 

the zeta potential to level out just before 30 mV.  This can be verified by combining TiO2 

with undiluted leachate.  

As seen in Table 35, the average measured particle size of the TiO2 from the particle 

size tests was 2.4 microns, which is comparable to the calculated effective TiO2 particle 

diameter to the smallest measured diameter (3.202 microns) estimated by Stoke’s Law 

using settling data.   
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It was recommended to look at the average measured particle size from the Malvern 

Zetasizer Nano Series: Nano-ZS90 for settling behavior.  Therefore, 2.4 microns was put 

into Stoke’s law, and the particle settling velocity was calculated to be 9.05×10-5 m/s.  After 

using that settling velocity, the Reynold’s number was calculated to be 2.12×10-4.  This 

also indicated laminar settling behavior.  Therefore, all four of the different particle 

diameter sizes (21 nm, 3,200 nm, 1.630 nm and 2,360 nm, respectively) produced different 

Reynold’s numbers (1.50×10-11, 5.33×10-6, 7.03×10-3, and 2.12×10-4, respectively), and all 

of them indicated laminar settling since all of them were less than one.  This is very 

important information which may be useful for finding a true shape factor (Φ) value.  Table 

36 shows a summary of all four of these settling behaviors based on the particle diameter. 

 

Table 36: Summary of the Four Settling Behaviors 

Particle 
Description 

Particle Diameter 
(m) 

Settling Velocity 
(m/s) 

Reynold’s Number 

Evonik 2.10×10-8 7.79×10-10 1.50×10-11 

10g/100 mL 3.20×10-6 1.67×10-5 5.33×10-6 

3g/100 mL 1.63×10-5 4.33×10-4 7.03×10-3 
Nano ZS90 2.36×10-6 9.05×10-5 2.12×10-4 

 
Source: Coffman, 2015 

 Based on Table 36, the TiO2’s manufacturing company (Evonik) reported a 

particle diameter 2 – 3 orders of magnitude smaller than what it actually is in aqueous 

solution.  This table supports the observation the particles are aggregating when exposed 

and/or leachate. 
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4.0 Conclusions and Recommendations 

4.1 Conclusions 

The objectives of this thesis were to: (1) determine the bench scale TiO2 recovery 

efficiency of centrifugation, sedimentation, and filtration; (2) characterize the recovered 

TiO2 particles; and (3) develop preliminary scale-up parameters for design of each of the 

recovery technologies for economic analysis purposes.  Bench scale testing showed that 

centrifuges, settling tanks, and membrane filters can be viable technologies for recovering 

TiO2 from leachate.  Then the captured particles and the particles lost were analyzed for 

size and charge distribution. Finally the separation technologies were evaluated in a 

preliminary economic analysis in terms of TiO2 efficiency, capital cost, and operational 

cost. 

 

4.1.1 TiO2 Recovery Technology Efficiencies 

What was discovered about the centrifuge, sedimentation tank, and membrane 

filter, either via experimentation or literature, was that all of them produced TiO2 

recovery efficiencies between 92.5% and 99.5%.  This made all of them more likely to be 

economical for TiO2 efficiency, since they all had TiO2 recovery efficiencies >90% 

(Meeroff, 2011). 

Results from centrifuge tests 20-31 show TiO2 recovery efficiencies of 98% - 

100%.  These results also show that pH has a relatively negligible effect on the recovery 

of TiO2, thus pH adjustment is not necessary.  Also, the results showed that “weaker”
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 leachate (TDS < 2,000 mg/L) produced ≈100% TiO2 recovery, and results from 

“stronger” leachate (TDS > 37,000 mg/L) produced results either <90% or >100% TiO2 

recovery which made them either uneconomical or invalid. Also, the specified centrifuge 

conditions were determined by the results from tests 32 - 47.  Those conditions were that 

centrifuging the leachate and 20g/L TiO2 for two minutes at a velocity of 2,000 rpm 

produced the highest TiO2 recovery results of 99.85% recovery.  When other centrifuging 

conditions were tested (different centrifuging times and velocities), the TiO2 recovery 

efficiencies were lower.  It is also not recommended to adjust the pH of leachate after 

UV/TiO2 has been used to treat it.  Using the results from tests 32 – 49 (20g TiO2/L), a 

conservative 99.5% TiO2 recovery efficiency was used for economic purposes. 

For a sedimentation tank, the TiO2 settling tests showed that the ultimate settling 

times and heights were dependent upon the TiO2 doses being settled.  As the TiO2 dose 

increases, the ultimate settling times and settling heights also increase.  However, these 

trends are not linear but logarithmic, rather.  These trends, with R2 values of 0.95 or higher, 

can be seen in Figure 47 and Figure 48 in the TiO2 Settling Tests Results and Discussion 

section.  As can be seen by those figures, the ultimate settling times and heights will level 

out at a TiO2 dose between 13 – 15 g/L.  With the ultimate settling times increasing as TiO2 

doses increase, an average settling time (tu) for 10g/L of 113 minutes was selected as a 

conservative value for TiO2 settling time in order to maximize TiO2 recovery for varying 

doses in a full scale design.  That time was also selected in order to calculate the tank 

dimensions required for a leachate flow of 112,000 gallons per month (Lakner, 2015).  This 

made the tank dimensions 12’6’x10’ (L x W x H).  Also, since settling TiO2 recovery tests 

were never performed, literature review determined a lamella clarifier efficiency, since 
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clarifiers are commonly used in wastewater treatment plant applications.  Research showed 

that lamella clarifiers achieve typical turbidity removal efficiencies between 90 – 95%; 

therefore, the settling tank TiO2 efficiency for economic purposes was selected to be 

92.5%. 

For a microfilter membrane, the TiO2 filter tests, corroborated by the modified 

COD test, showed that the percent of TiO2 retained (captured) by the filter was dependent 

on the TiO2 dose.  As the TiO2 dose increased, the filter efficiency (percent retained) 

decreased.  These trends were linear as seen in Figure 49 in the Filter Results and 

Discussion section.  The TiO2 filter efficiency (96.3%) for 20g/L was used for economic 

purposes since that same dose was used for the other two technologies. 

 

4.1.2 Particle Characterization 

It was found in settling tests that TiO2 behaves differently than the predicted settling 

behavior from Stoke’s and Newton’s laws.  Sedimentation and filtration processes were 

found to be dependent upon the TiO2 dose being settled or filtered, and interaction with 

leachate seemed to plate CaCO3 on the photocatalyst surface, which was indicated by 

effervescence tests.  For TiO2 concentrations between 30g – 100g/L, the measured particle 

settling velocities ranged from 0.10 – 2.60 cm/min as seen in the settling tests described in 

the Sedimentation Testing section.  Using these measured settling velocities, Stoke’s and 

Newton’s laws predict particle sizes in the range of 3.2 – 16.3 µm, compared to the 

manufacturers predicted 21 nm.  This is evidence of aggregation of the TiO2 particles in 

water. 
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There were observable differences between the measured particle sizes and zeta 

potentials of the virgin and used TiO2 particles and the leachate samples themselves.  The 

average particle sizes and zeta potentials of the virgin TiO2 were 482 nm and +21 mV, 

respectively, and the average particle sizes and zeta potentials of the used TiO2 were 2,357 

nm and -17.6 mV, respectively.  The average zeta potential of the leachate samples was 

comparable to that of the used TiO2 at -18.2 mV, but its average particle size at 969 nm 

was not comparable to that of the used TiO2.  Even so, the results supported literature 

research.  The virgin TiO2 had positive zeta potential (+21 mV), and the used TiO2 had 

negative zeta potential which was between the range of 0 to -20 mV.  However, all of the 

TiO2 and leachate ranges were between ±10 - ±30 mV which classified them as having 

“incipient instability”. 

 

4.1.3 Economic Analysis of TiO2 Recovery Technologies 

Using the results of bench scale tests conducted with centrifugation, sedimentation, 

and filtration procedures and conditions, a preliminary cost analysis was conducted to 

compare and contrast the three different unit processes tested for this application in terms 

of terms of TiO2 recovery efficiency, capital cost, and operational cost..  The past cost of 

TiO2 in 2013 was $600 for 10 kg ($0.06/g) (Youngman, 2013).  This was converted to 

January of 2016 dollars using the federal percent interest rate of 0.25% between 2009 to 

today (Trading Economics, 2015). This was performed by multiplying the 2013 cost for 

TiO2 by that interest rate raised to the number of year’s power with the function (1.00253), 

and its value is 1.0075.  That would make the cost today to be $0.0605/g.  Also the cost of 

electricity in Florida in August of 2015 was $0.0858/kWhr (U.S. Energy Information 
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Administration, 2015).  Since that was only four months way from January of 2016, that 

same cost was used for that starting point.   

Therefore, with these values, a present worth analysis could be performed using a 

20 year design life at a 6% interest rate.  For the annual cost for 20 years at a 6% interest 

rate, the (P/A, i = 6%, N = 20) value is 11.4699 (Blank, 2005).  Therefore, using the same 

average leachate flow as Dyer Park at the SWA (112,000 gallons/month) (Lakner, 2015), 

at TiO2 dose of 20 g/L of leachate (same dose as previously tested), present worth analysis 

could be calculated for each technology using Equation 17 - Equation 19 which analyzed 

the cost of TiO2 without its reuse.   

 

 

1,000
𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

=
𝑎𝑎𝐶𝐶𝐻𝐻

𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ
× 12

𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ𝑠𝑠
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

×
1

1,000
 

1,000
𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

=
112,000 𝑎𝑎𝐶𝐶𝐻𝐻
𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ

× 12
𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ𝑠𝑠
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

×
1

1000
= 1,344:

1,000𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

 

Equation 16: Number of 1000 Gallons per Year Conversion 

Source: Coffman, 2015 

𝑂𝑂𝑝𝑝𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝐶𝐶𝐻𝐻 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝑝𝑝𝑙𝑙𝑙𝑙 𝑌𝑌𝑙𝑙𝐶𝐶𝑙𝑙 𝑊𝑊𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑠𝑠𝑙𝑙 𝑅𝑅𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑎𝑎 𝑙𝑙ℎ𝑙𝑙 𝑇𝑇𝑙𝑙𝑂𝑂2  �
$

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠�

= 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝑜𝑜𝑜𝑜 𝑇𝑇𝑙𝑙𝑂𝑂2 �
$
𝑎𝑎�

× 𝑇𝑇𝑙𝑙𝑂𝑂2 𝐶𝐶𝑜𝑜𝑠𝑠𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 �
𝑎𝑎
𝑚𝑚
� ×

3.785𝑚𝑚
𝑎𝑎𝐶𝐶𝐻𝐻

×
103

1,000

= (
$

1,000
𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠) 

= �
$0.0605

𝑎𝑎 �× �
20𝑎𝑎
𝑚𝑚
�× 3.785

𝑚𝑚
𝑎𝑎𝐶𝐶𝐻𝐻

×
103

1,000
=

$4,576
1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

  

Equation 17: Operational Cost of TiO2 without Reusing It 

Source: Coffman, 2015 
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𝑂𝑂𝑝𝑝𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝐶𝐶𝐻𝐻 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝑊𝑊𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑠𝑠𝑙𝑙 𝑅𝑅𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑎𝑎 𝑙𝑙ℎ𝑙𝑙 𝑇𝑇𝑙𝑙𝑂𝑂2 𝑙𝑙𝑠𝑠𝑐𝑐𝐻𝐻𝑠𝑠𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝐼𝐼𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙

= 𝑂𝑂𝑝𝑝𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝐶𝐶𝐻𝐻 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝑤𝑤𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑠𝑠𝑙𝑙 𝐼𝐼𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙

∗ 𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙 𝑜𝑜𝐶𝐶𝑐𝑐𝑙𝑙𝑜𝑜𝑙𝑙 𝑑𝑑𝑙𝑙𝑣𝑣𝑙𝑙𝑑𝑑𝑙𝑙𝑑𝑑 𝑎𝑎𝑖𝑖 𝑙𝑙ℎ𝑙𝑙 𝑠𝑠𝑠𝑠𝑚𝑚𝑎𝑎𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙𝑠𝑠

=
$4,576

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
×

11.4699
20

=
$2,624

1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
  

Equation 18: Economic Cost Calculation without TiO2 Reuse 

Source: Coffman, 2015 
 

As can be seen from the result of Equation 19, the operational cost of not reusing 

TiO2 is completely uneconomical.  Therefore, by accommodating the percent recoveries 

and reuse efficiencies of the TiO2 for the centrifuge, sedimentation, and filtration devices, 

the actual cost of TiO2 could be calculated for each technology.  Both the capital cost of 

the equipment and operating costs for each TiO2 and removal technology were performed.  
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4.1.2.1 Centrifuge Economics  

𝐸𝐸𝑐𝑐𝑜𝑜𝑠𝑠𝑜𝑜𝑚𝑚𝑙𝑙𝑐𝑐 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝐶𝐶𝐶𝐶𝐻𝐻𝑐𝑐𝑠𝑠𝐻𝐻𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑙𝑙𝑠𝑠𝑐𝑐𝐻𝐻𝑠𝑠𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝑇𝑇𝑙𝑙𝑂𝑂2 𝑙𝑙𝑙𝑙𝑐𝑐𝑜𝑜𝑣𝑣𝑙𝑙𝑙𝑙𝑖𝑖 𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝑠𝑠𝑐𝑐𝑖𝑖 �
$

1000𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
�

=
$2,624

1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
− 0.995 × �

$2,624
1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

� =
$13

1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
 

Equation 19: TiO2 Economic Cost including Centrifuge Efficiency 

Source: Coffman, 2015 
 

            Besides the TiO2 operational cost, the centrifuge cost was broken down into capital 

costs, other operational costs, and the maintenance cost, which was calculated in the 

operational costs.  The capital cost consisted of one bag of TiO2 and the centrifuges 

themselves.  The operational cost consisted of the TiO2 cost, which was previously 

calculated, the electricity cost, and the maintenance cost.  The costs were all added up in 

units of dollars per thousand gallons ($/1,000 gallons).   

Using the same leachate flow of 112,000 gallons per month, which became 30,000 

gallons per day in one week, the number of centrifuges needed was calculated.  A 

centrifuge from Numerical Controls, LLC which can hold over two gallons of leachate at 

a time was looked into (Numerical Controls, 2014).  The number of centrifuges needed to 

meet the flow and redundancy requirements for wastewater can be seen in  

# 𝑜𝑜𝑜𝑜 𝐶𝐶𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙𝑠𝑠 𝑁𝑁𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙𝑑𝑑

= 𝑚𝑚𝑙𝑙𝐶𝐶𝑐𝑐ℎ𝐶𝐶𝑙𝑙𝑙𝑙 𝐹𝐹𝐻𝐻𝑜𝑜𝑤𝑤 �
𝑎𝑎𝐶𝐶𝐻𝐻

𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ
� ∗ �

1 𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ
30 𝑑𝑑𝐶𝐶𝑖𝑖𝑠𝑠

� ∗ �
1 𝑑𝑑𝐶𝐶𝑖𝑖

24 ℎ𝑜𝑜𝑠𝑠𝑙𝑙𝑠𝑠
�

∗ (𝐻𝐻𝑙𝑙𝐶𝐶𝑐𝑐ℎ𝐶𝐶𝑙𝑙𝑙𝑙 𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙𝑑𝑑 𝑝𝑝𝑙𝑙𝑙𝑙 ℎ𝑜𝑜𝑠𝑠𝑙𝑙(
1 ℎ𝑜𝑜𝑠𝑠𝑙𝑙

𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠/𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙
) 

Equation 20: Number of Centrifuges Needed 

Source: Coffman, 2015 
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Since it had been determined that centrifuging for two minutes at 2,000 rpm was 

the best TiO2 recovery method, two minutes for centrifuging was assumed.  Also, it was 

assumed that the total time for the centrifuge to get up to that velocity and slow down again 

to zero, drain the treated leachate from the centrifuge, remove the recovered TiO2 from the 

centrifuge, and bring in new treated leachate would take three minutes.  Therefore, the total 

time in-between runs of treated leachate would be five minutes.  Also, the centrifuge by 

Numerical Controls, Inc. is 18” in diameter and 20” deep.  Therefore, calculations showed 

it can handle 15 gallons of leachate easily.  Using this information, the leachate centrifuged 

and number of centrifuges need could be calculated as: 

𝑚𝑚𝑙𝑙𝐶𝐶𝑐𝑐ℎ𝐶𝐶𝑙𝑙𝑙𝑙 𝐶𝐶𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙𝑑𝑑 𝑝𝑝𝑙𝑙𝑙𝑙 𝐻𝐻𝑜𝑜𝑠𝑠𝑙𝑙 = �
𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙

� × (60
𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
1 ℎ𝑜𝑜𝑠𝑠𝑙𝑙

) 

=  �
15 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
5 𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠

� × �60
𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
1 ℎ𝑜𝑜𝑠𝑠𝑙𝑙

� = 180 
𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
ℎ𝑜𝑜𝑠𝑠𝑙𝑙

  

Equation 21: Leachate Centrifuged Per Hour 

Source: Coffman, 2015 

�
30,000 𝑎𝑎𝐶𝐶𝐻𝐻

𝑑𝑑𝐶𝐶𝑖𝑖
� × �

1 𝑑𝑑𝐶𝐶𝑖𝑖
24 ℎ𝑜𝑜𝑠𝑠𝑙𝑙𝑠𝑠

� × (𝐻𝐻𝑙𝑙𝐶𝐶𝑐𝑐ℎ𝐶𝐶𝑙𝑙𝑙𝑙 𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙𝑑𝑑 𝑝𝑝𝑙𝑙𝑙𝑙 ℎ𝑜𝑜𝑠𝑠𝑙𝑙 �
1 ℎ𝑜𝑜𝑠𝑠𝑙𝑙

180 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙

�

= 6.94 → 7 

As calculated, seven centrifuges will be needed, and eight will be required for 

redundancy purposes.  With the number of centrifuges calculated, the capital cost of the 

centrifuges with variable frequency drives and three-phase motors could be calculated.  The 

cost for each centrifuge is $1,850 which includes shipping and handling (Numerical 

Controls, 2015).  Therefore, the total capital cost for the centrifuges is: 

𝐶𝐶𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙 𝐶𝐶𝐶𝐶𝑝𝑝𝑙𝑙𝑙𝑙𝐶𝐶𝐻𝐻 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 =
$1,850

𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙
× 8 𝑐𝑐𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙𝑠𝑠 = $14,800 
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The operational costs of the centrifuge which are 120W machines will use the 

previously calculated energy costs ($0.0858/kWhr).  Assuming an operating rate of 10 

minutes per week (2 minutes for centrifugation and 8 minutes for the entire TiO2 recovery 

process), the energy costs can be calculated as: 

𝑂𝑂𝑝𝑝𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝐶𝐶𝐻𝐻 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙𝑠𝑠 𝑃𝑃𝑙𝑙𝑙𝑙 𝑌𝑌𝑙𝑙𝐶𝐶𝑙𝑙

=  𝐸𝐸𝑠𝑠𝑙𝑙𝑙𝑙𝑎𝑎𝑖𝑖 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 �
$

𝑇𝑇𝑊𝑊ℎ𝑙𝑙
� × �

𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
𝑤𝑤𝑙𝑙𝑙𝑙𝑇𝑇

� × �
1 ℎ𝑙𝑙

60 𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
� × �4

𝑤𝑤𝑙𝑙𝑙𝑙𝑇𝑇𝑠𝑠
𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ

�

∗ 𝑊𝑊𝐶𝐶𝑙𝑙𝑙𝑙𝐶𝐶𝑎𝑎𝑙𝑙 𝑜𝑜𝑜𝑜 𝐶𝐶𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙 (𝑊𝑊) ∗ �
1 𝑇𝑇𝑊𝑊

1000 𝑊𝑊
� ∗ �

12 𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ𝑠𝑠
1 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

�

= �
$0.0858
𝑇𝑇𝑊𝑊ℎ𝑙𝑙

� ∗ �10
𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
𝑤𝑤𝑙𝑙𝑙𝑙𝑇𝑇

� × �
1 ℎ𝑙𝑙

60 𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙𝑠𝑠
� × �4

𝑤𝑤𝑙𝑙𝑙𝑙𝑇𝑇𝑠𝑠
𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ

�

∗ 𝑊𝑊𝐶𝐶𝑙𝑙𝑙𝑙𝐶𝐶𝑎𝑎𝑙𝑙 𝑜𝑜𝑜𝑜 𝐶𝐶𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠𝑎𝑎𝑙𝑙 (𝑊𝑊) × �
1 𝑇𝑇𝑊𝑊

1000 𝑊𝑊
� × �

12 𝑚𝑚𝑜𝑜𝑠𝑠𝑙𝑙ℎ𝑠𝑠
1 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

�  

Equation 22: Centrifuge Operational Cost per Year 

 Source: Coffman, 2015 
 

The operational costs came out to about $0.082 per year per centrifuge which is 

$0.66/year.  When accommodating a 6% interest for the operational cost for a twenty year 

period for the centrifuge itself, the present worth of the operational cost becomes: 

$0.66
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

×
11.4699

20
=

$0.38
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

  

When adding the annual capital cost of the centrifuges to this operational cost: 

($14,800/20 years = $740/year), the total cost per year could be added up to be $741 per 

year.  Therefore, the cost of the centrifuges can be seen as: 

$741
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

× �
1

1,344
� × �

1 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙
1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

� =
$0.55

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
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 Summary tables showing the capital and operational costs for the centrifuge can 

be broken down in Table 37  - Table 39. 

 

Table 37: Summary of Centrifuge Capital Costs including Economics 

Capital Cost Units Unit Cost Cost ($/1,000 

gallons) 

Initial TiO2 Bag 1 $0.06/g 0.26 

Centrifuges 8 1,850 0.55 

Total Capital Cost 

($/1,000 gallons) 
0.81 

 
Source: Coffman, 2015 

Table 38: Summary of Centrifuge O & M Costs including Economics 

O & M Cost Units Unit Cost Cost ($/1,000 

gallons) 

TiO2 Cost 20 g/L $0.693/g 13 

Electricity 8 $0.049/(kWhr) $0.38 

Maintenance 7 10% of Capital $0.05 

Total O & M Cost 

($/1,000 gallons) 
13.43 

 
Source: Coffman, 2015 

 

 
 
 

Table 39: Summary of Total Centrifuge Costs including Economics 
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Capital Cost ($/1,000 

gallons) 
0.81 

O & M Cost ($/1,000 

gallons) 
13.43 

Total Cost ($/1,000 

gallons) 
14.24 → 14.3 

 
Source: Coffman, 2015 

 

As can be seen from Table 39, the cost of TiO2 and the centrifuge is economical 

with a 99.5% efficiency.  With this in mind, it would be appropriate to use it in wastewater 

treatment plants because it needs to be in the range of $10 - $15/1,000 gallons (Youngman, 

2013). 

 

4.1.2.2 Settling Tank Economics 

The calculation for the sedimentation efficiency can be seen in Equation 25.  

Since the calculated efficiency for the sedimentation tank was 92.5% instead of 99.5%, 

that number was used to find the TiO2 cost. 

𝐸𝐸𝑐𝑐𝑜𝑜𝑠𝑠𝑜𝑜𝑚𝑚𝑙𝑙𝑐𝑐 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝐶𝐶𝐶𝐶𝐻𝐻𝑐𝑐𝑠𝑠𝐻𝐻𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑙𝑙𝑠𝑠𝑐𝑐𝐻𝐻𝑠𝑠𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝑇𝑇𝑙𝑙𝑂𝑂2 𝑙𝑙𝑙𝑙𝑐𝑐𝑜𝑜𝑣𝑣𝑙𝑙𝑙𝑙𝑖𝑖 𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝑠𝑠𝑐𝑐𝑖𝑖 �
$

1,000𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
�

=
$2,624

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
− 0.925 × �

$2,624
1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

� =
$197

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
 

Equation 23: TiO2 Economic Cost including Lamella Settling Tank Efficiency 

Source: Coffman, 2015 
Besides the TiO2 operational cost, the lamella tank cost was broken down into 

capital costs, other operational costs, and the maintenance cost, which was calculated in 
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the operational costs.  The capital cost consisted of one bag of TiO2, the cost of the 

lamella tanks themselves, and a screw pump for putting the TiO2 back into the tank.  The 

operational cost consisted of the TiO2 cost, which was previously calculated, and the 

maintenance cost.  The costs were all added up in units of dollars per thousand gallons 

($/1,000 gallons).  

The capital costs and operational costs of the settling tanks were calculated in the 

same manner as that of the centrifuges.  In order to calculate the costs, typical costs for 

lamella clarifiers were investigated.  It was discovered that typical initial (capital) costs for 

lamella clarifiers varies between $750 - $2,500 per cubic meter of water that is treated 

(Cheremisinoff, 2002).  In order to be conservative, $2,000 per cubic meter of tank was 

chosen as the cost.  This number was then brought to today’s cost.  Looking at the interest 

rates between 2003 to today, the average interest rate was 2% (Trading Economics, 2015).  

Therefore, assuming 2% interest in 1.0214, which is 1.32 (Blank, 2005), the 2016 cost 

would be $2,639/m3.  Therefore, the cubic volume of the sedimentation tanks from the TiO2 

Settling Tests Results and Discussion section could be calculated in Equation 26. 

𝑚𝑚𝐶𝐶𝑚𝑚𝑙𝑙𝐻𝐻𝐻𝐻𝐶𝐶 𝑆𝑆𝑙𝑙𝑑𝑑𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝑉𝑉𝑜𝑜𝐻𝐻𝑠𝑠𝑚𝑚𝑙𝑙 (𝑚𝑚3) = 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝐷𝐷𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑠𝑠𝑙𝑙𝑜𝑜𝑠𝑠𝑠𝑠 (𝑜𝑜𝑙𝑙3) �
1 𝑚𝑚

3.28 𝑜𝑜𝑙𝑙
�
3

 

= 32 𝑜𝑜𝑙𝑙 × 16 𝑜𝑜𝑙𝑙 × 10 𝑜𝑜𝑙𝑙 × �
1 𝑚𝑚

3.28 𝑜𝑜𝑙𝑙
�
3

= 105.09 𝑚𝑚3 

Equation 24: Lamella Sedimentation Volume in Cubic Meters 

Source: Coffman, 2015 
 

 Rounding the tank volume to 106 cubic meters, the cost of the two lamella clarifiers 

would be $770,588.  This is the capital cost of the sedimentation tanks. 
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Performing the same procedure as that of the centrifuge procedure using a 6% 

interest rate for 20 years for cost in $/1,000 gallons can be seen in Equation 27 and 

Equation 28.  

 

𝑚𝑚𝐶𝐶𝑚𝑚𝑙𝑙𝐻𝐻𝐻𝐻𝐶𝐶 𝑆𝑆𝑙𝑙𝑑𝑑𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 (
$

𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙
) = �

$770,588
20 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙𝑠𝑠

� =
$35,530
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

  

Equation 25: Lamella Sedimentation Tank Cost in $/year 

Source: Coffman, 2015 

𝑚𝑚𝐶𝐶𝑚𝑚𝑙𝑙𝐻𝐻𝐻𝐻𝐶𝐶 𝑆𝑆𝑙𝑙𝑑𝑑𝑙𝑙𝑚𝑚𝑙𝑙𝑠𝑠𝑙𝑙𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑇𝑇𝐶𝐶𝑠𝑠𝑇𝑇 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 �
$

1,000
𝐺𝐺𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠�

= �
$35,530
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙 �× �

1
1,344

�× (
1 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

1,000 𝑎𝑎𝐶𝐶𝐻𝐻
) 

Equation 26: Lamella Sedimentation Tank Cost in $/1000 gallons 

Source: Coffman, 2015 
 

  The cost for the lamella sedimentation tank can be calculated to be $29/1,000 

gallons.  Also, the screw pumps cost $2,000 per pump (Alabia, 2015).  Performing the 

same calculations as before, the screw pumps would cost $0.15/1,000 gallons.  With this 

cost, a summary of the cost of the lamella sedimentation tank can be seen in Table 40 - 

Table 42. 

 
 
 
 
 
 

Table 40: Summary of Lamella Tank Capital Costs including Economics 

Capital Cost Units Unit Cost Cost ($/1000 

gallons) 

Initial TiO2 Bag 1 $0.693/g 0.26 

Lamella Tanks 2 385,295 28.67 
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Screw Pump 2 $2,000 0.15 

Total Capital Cost 

($/1,000 gallons) 

29.08 

 
Source: Coffman, 2015 

Table 41: Summary of Lamella Tank O & M Costs including Economics 

O & M Cost Units Unit Cost Cost ($/1000 

gallons) 

TiO2 Cost 20g/L $0.693/g 197 

Maintenance 1 10% of Capital 1.4 

Total O & M Cost 

($1/1000 gallons) 
198.4 

 
Source: Coffman, 2015 

 

 

 

 

 

 

 

 

Table 42: Summary of Total Lamella Tank Costs including Economics 

Capital Cost ($/1000 

gallons) 
29.08 

O & M Cost ($/1000 

gallons) 
198.40 
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Total Cost ($/1000 

gallons) 
227.48 → 227.5 

 
Source: Coffman, 2015 

 
As can be seen from Table 42, the cost of TiO2 and the lamella settling tank is not 

economical with a 92.5% efficiency.  This cost is higher than that of the centrifuge.  

Therefore, it would not be appropriate to use it in wastewater treatment plants compared to 

the centrifuge.  

 
4.1.2.3 Filter Economics 

The calculation for the microfiltration efficiency can be seen in Equation 29.  Since 

the calculated efficiency for the microfiltration was 96.3% instead of 99.5%, that number 

was used to find the TiO2 cost.  This was for using a 0.5 µm membrane filter. 

𝐸𝐸𝑐𝑐𝑜𝑜𝑠𝑠𝑜𝑜𝑚𝑚𝑙𝑙𝑐𝑐 𝐶𝐶𝑜𝑜𝑠𝑠𝑙𝑙 𝐶𝐶𝐶𝐶𝐻𝐻𝑐𝑐𝑠𝑠𝐻𝐻𝐶𝐶𝑙𝑙𝑙𝑙𝑜𝑜𝑠𝑠 𝑙𝑙𝑠𝑠𝑐𝑐𝐻𝐻𝑠𝑠𝑑𝑑𝑙𝑙𝑠𝑠𝑎𝑎 𝑇𝑇𝑙𝑙𝑂𝑂2 𝑙𝑙𝑙𝑙𝑐𝑐𝑜𝑜𝑣𝑣𝑙𝑙𝑙𝑙𝑖𝑖 𝑙𝑙𝑜𝑜𝑜𝑜𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝑠𝑠𝑐𝑐𝑖𝑖 �
$

1000𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
�

=
$2,624

1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
− 0.963 × �

$2,624
1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠

� =
$97

1000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
 

Equation 27: TiO2 Economic Cost including Microfiltration Efficiency 

Source: Coffman, 2015 
Besides the TiO2 operational cost, the microfilter membrane cost was broken 

down into capital costs, other operational costs, and the maintenance cost, which was 

calculated in the operational costs.  The capital cost consisted of one bag of TiO2, and the 

cost of the membrane filters themselves.  The operational cost consisted of the TiO2 cost, 

which was previously calculated, and the maintenance cost.  The costs were all added up 

in units of dollars per thousand gallons ($/1,000 gallons).  
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Equation 30 can be used to find the capacity.  It converts the leachate flow from 

gallons per month to million gallons per day (MGD). 

 

𝑀𝑀𝐺𝐺𝐷𝐷 = (
𝑎𝑎𝐶𝐶𝐻𝐻
𝑑𝑑𝐶𝐶𝑖𝑖

)(
𝑚𝑚𝑙𝑙𝐻𝐻𝐻𝐻𝑙𝑙𝑜𝑜𝑠𝑠 𝑎𝑎𝐶𝐶𝐻𝐻

106 𝑎𝑎𝐶𝐶𝐻𝐻
) 

𝑀𝑀𝐺𝐺𝐷𝐷 =  �
30,000 𝑎𝑎𝐶𝐶𝐻𝐻

𝑑𝑑𝐶𝐶𝑖𝑖
� × �

𝑚𝑚𝑙𝑙𝐻𝐻𝐻𝐻𝑙𝑙𝑜𝑜𝑠𝑠 𝑎𝑎𝐶𝐶𝐻𝐻
106 𝑎𝑎𝐶𝐶𝐻𝐻

� = 0.03 𝑀𝑀𝐺𝐺𝐷𝐷 

Equation 28: Leachate Flow MGD Calculation 

Source: Coffman, 2015 
 

The capital cost of the 0.5 µm filters were calculated using Figure 55. 

 

Figure 52: Microfiltration 2003 Capital Cost 

Source: AWWA, 2005 

 
As seen in sing 0.1 MGD to be on the graph and assuming high flux to be 

conservative, the capital cost was about $3/(gpd) of filtrate in 2003.  For 2016, using 2% 

interest (1.0213), which is 1.29, the capital cost for the 0.5 µm filters would be $3.88/(gpd) 
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gallons in 2016.  With 30,000 gallons in one day for leachate, the capital cost would be 

$116,425 in 2016.  Therefore, the $/1,000 gallons for the filters could be calculated as: 

 

$116,425
20 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙𝑠𝑠

=
$5,821
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

 

$5,821
𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙

× �
1

1,344
� × �

1 𝑖𝑖𝑙𝑙𝐶𝐶𝑙𝑙
1,000 𝑎𝑎𝐶𝐶𝐻𝐻

� × 2 =
$8.66

1,000 𝑎𝑎𝐶𝐶𝐻𝐻𝐻𝐻𝑜𝑜𝑠𝑠𝑠𝑠
 

 
A summary table for both the TiO2 efficiency costs, capital costs, and operational 

costs can be seen in Table 39.  

 

Table 43: Summary of Microfilter Membrane Capital Costs including Economics 

Capital Cost Units Unit Cost Cost ($/1000 

gallons) 

Initial TiO2 Bag 1 $0.693/g 0.26 

Membrane Filters 2 $116,424 8.66 

Total Capital Cost 8.92 

 
Source: Coffman, 2015 

Table 44: Summary of Microfilter O & M Costs including Economics 

O & M Cost Units Unit Cost Cost ($/1000 

gallons) 

TiO2 Cost 20g/L $0.693/g 97 

Replacement 2 Same as Capital 

Cost 

8.66 

Total O & M Cost 105.66 
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Source: Coffman, 2015 

 

 

 

 
 
 

Table 45: Summary of Total Lamella Tank Costs including Economics 

Capital Cost ($/1000 

gallons) 
8.92 

O & M Cost ($/1000 

gallons) 
105.66 

Total Cost ($/1000 

gallons) 
114.58 → 114.6 

 
Source: Coffman, 2015 

 

As can be seen from Table 45, the cost of TiO2 and the lamella settling tank is not 

economical with a 96.3% efficiency.  This cost is higher than that of the centrifuge.  

Therefore, it would not be appropriate to use it in wastewater treatment plants compared to 

the centrifuge.  

 

4.1.2.4 Economic Summary of each TiO2 Recovery Technology 

Table 46 shows a cost comparison between the three previously discussed TiO2 

recovery technologies.  One important note from Table 46  is that the TiO2 efficiency cost 

was the cost which controlled economics. 
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Table 46: Economic Comparison of the Three Technologies 

TiO2 Recovery 

Technology 

Capital Cost 

($/1,000 gallons) 

Operational and 

Maintenance Costs 

($/1,000 gallons) 

Total Costs 

($/1,000 

gallons) 

Centrifuge 0.81 13.43 14.3 

Lamella Settling 

Tank 

29.08 198.4 227.5 

Microfilter 8.92 105.66 114.6 

 
Source: Coffman, 2015 

 
Based on Table 46, it can be clearly confirmed that the centrifuge had the lowest 

cost of the three technologies.  The TiO2 cost had a big impact on the final cost.  Therefore, 

it can be reasonably stated that the centrifuge was the most preferred economic option for 

TiO2 recovery at $14.3/1,000 gallons. 

 

4.1.3 TiO2 Settling Behavior in Leachate 

Experimental results showed that TiO2’s actual settling behavior is different from 

the predicted settling behavior from Stoke’s and Newton’s laws.  Table 41 shows the 

comparisons of the particle settling data compared to that of Stoke’s and Newton’s Laws. 
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Table 47: Settling Test Particle Behavior Compared to Stoke’s and Newton’s Law 

Particle 
Description 

Particle Diameter 
(m) 

Settling Velocity 
(m/s) 

Reynold’s Number 

Stoke’s and 
Newton’s Laws 

2.10×10-8 7.79×10-10 1.50×10-11 

10g/100 mL 
Settling 

3.20×10-6 1.67×10-5 5.33×10-6 

3g/100 mL 
Settling 

1.63×10-5 4.33×10-4 7.03×10-3 

      
Source: Coffman, 2015 

 
Based on the difference between the actual settling velocity, corresponding 

Reynold’s number of the TiO2, and expected particle size based on experimental data, an 

effective particle size was estimated using Stoke’s Law to be 3.2 µm if using the slowest 

settling test type 1 discrete settling velocity.  With this size being two orders of magnitude 

lower than that of Stoke’s and Newton’s laws, it is recommended to investigate the actual 

shape factor of TiO2 in future research. 

 

4.1.4 Presence of Calcium Carbonate (CaCO3) in the Used TiO2 

It was suspected that CaCO3 was rapidly plating onto the TiO2 photocatalyst surface 

after its use in leachate.  As a result, hydrochloric acid (HCl) was added to the TiO2 to see 

if bubbles would form from the effervescence reaction. The evolution of carbon dioxide 

gas bubbles was observed with concentrated HCl to indicate the presence of CaCO3. 
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4.1.5 TiO2 Particle Size and Zeta Potential 

Differences in particle sizes and zeta potentials between virgin TiO2 and TiO2 after 

its use in leachate were recorded.  First, the average particle size of the virgin TiO2 was 

measured as 482 nm in deionized water (manufacturer’s specifications were 21 nm), and 

the average particle size of the used TiO2 samples with valid data (size < 10 μm) was 2,357 

nm, which was about five times larger than the virgin product.  The average particle sizes 

and zeta potentials for the leachate only samples were 969 nm, and -18.2 mV but leachate 

with a higher pH (7.19) more consistently had higher particle sizes (about 1,025 nm) than 

leachate with a lower pH (4.84), which measured about 625 nm.  The zeta potentials of the 

virgin TiO2 were positive while the zeta potentials of the used TiO2 were negative.  This is 

because the virgin TiO2 had not aggregated like the used TiO2, especially since it was 

suspended in deionized water and not leachate.  When the used TiO2 aggregated in leachate 

(which showed to have a negative zeta potential by itself), the particles transitioned from 

the positive to the negative zeta potential side, and they finished at a value of -17.6 which 

fell into the range of zero to -20 mV, which supported literature findings.  However, all of 

the absolute zeta potential values were in the range of ± 10 −  ±30 mV.  Based on this 

information, the TiO2 and leachate samples themselves would be classified as having 

incipient instability, which cause leachate particles to want to attach themselves to the 

unstable TiO2 particles for stability.  This would increase the effective particle size.  As 

seen in Table 14 in the Introduction section, having a zeta potential higher than ±30 mV 

would give the TiO2 particles moderate stability which may improve their interaction with 

leachate particles.  If the interaction of TiO2 and leachate particles is improved, removal 
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rates of pollutants of interest, such as chemical oxygen demand (COD) and ammonia (NH3) 

may improve as well, which makes meeting EPA discharge requirements easier. 

 

4.2 Recommendations 

The following recommendations can be made from the completed study:  

• More research needs to be done on how to improve the particle sizes and zeta 

potentials of the TiO2 particles because the results show they have incipient 

instability.  The TiO2 particles probably need to have at least moderate stability (±30 - 

± 40 mV) in order for their interaction with leachate to improve.   

• It is recommended to collect particles that evade capture by centrifugation, 

sedimentation, and filtration in order to characterize their particle size and zeta 

potential distributions. 

• It is critical to make the TiO2 usable after its first run in leachate.  The UV/TiO2 

photocatalytic process can only be viable if the particles are catalytic and can be 

recovered at a high efficiency. Results have shown that pollutants such as CaCO3 

have attached themselves to the TiO2 during its interaction in leachate.  It would be 

assumed that these pollutants need to be removed from the TiO2 in order to make the 

TiO2 usable again.  After the TiO2 has been made useable again, it obviously needs to 

be tested again to see how much removal of COD and NH3 it gets a second time and 

every time after that before it is used up.  The number of times that the catalyst can be 

used for a new batch of treatment is called the turnover number. This value must be 

determined for the process to work effectively and for preliminary cost estimates to 

be meaningful. 



126 
 

• Only limited settling tests were conducted in this study. It is recommended to perform 

TiO2 recovery tests with a bench scale lamella plate settler.  The specs for a pilot model 

have been provided in Tests 6 – 17 in the TiO2 Settling Tests Results and Discussion 

section as a 3” x 3” x 3” tank. If recovery efficiency test results for the lamella plate 

settler are comparable to those of the centrifuge (99.5% recovery), lamella plate settlers 

may be more cost effective compared to the centrifuge with its larger energy 

requirements.  Even though 92.5% was used, actual tests need to be conducted.  This 

sedimentation efficiency generated a TiO2 cost of $227.5/1,000 gallons compared to 

$14.3/1,000 gallons for the centrifuge.  However, it would be assumed at this time that 

the centrifuge will produce the best and most economic TiO2 recovery results to where 

it can be adopted by wastewater treatment plants as an economic alternative for particle 

recovery.  This is because its total cost ($14.3/1000 gallons) is in the range of $10 - $15 

per 1,000 gallons. 

• TiO2 doses lower than 20g/L should be experimented on for leachate treatment using 

UV/TiO2.  This dose, used for calculations, is very high, and if the dose needed to treat 

the leachate is less than 20g/L, then the total cost of using the centrifuge would decrease 

which would be a major economic benefit.
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5.0 Appendices 
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5.1 Appendix A: Final Testing Procedures 

Table 48: Final TiO2 Settling Test Procedure 

Step Procedure 

1. Weigh an empty TiO2 cup, and then weigh out the amount of TiO2 
desired for that test. 

2. Measure out at least 100 mL of leachate and store it in a 1L sample 
bottle. 

3. Shake the 1L bottle for 60 seconds and then instantly pour 100mL of 
leachate into a 100mL graduated cylinder. 

4. Pour the leachate into the same cup as the TiO2, and mix them for 90 
seconds. 

5. Instantly pour the mixed leachate and TiO2 back into the 100mL 
graduated cylinder and cap it. 

6. Invert the graduated cylinder several times to ensure the TiO2 
interface height is at the top of the liquid solution. 

7. After inverting the graduated cylinder the last time, turn it back over 
and start the timer. 

8. Measure the interface height every 5mL and write down the time that 
it takes to settle to that height. 

9. Measure the interface height at one hour, and measure it for more time 
if necessary.  One way to know if more measuring time is necessary is 

to plot the settling curve during the settling test.  This will help 
determine if the TiO2 has settled long enough. 

 
 Source: Coffman, 2015 
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Table 49: Final Centrifuge Procedure for Recovering TiO2 

Step Procedure 
1. Obtain the weight of an empty cup with a lid and then weigh out 1g 

of TiO2 in the cup. 
2. Label eight empty aluminum dishes and eight empty 15 mL 

centrifuge tubes appropriately for either leachate & TiO2 or leachate 
only.  Four aluminum dishes will receive centrate, and the other 

four will receive leachate only.  Four centrifuge tubes will receive 
mixed leachate and TiO2, and the other four will receive leachate 

only.  Weigh them and record their weights. 
3. Measure out at least 300 mL for at least three recovery tests and 

store that leachate in a 1L sample bottle.  Shake that bottle for 60 
seconds for each test. 

4. After shaking the 1L sample bottle, immediately, measure out 50 
mL of raw leachate in a 100 mL graduated cylinder and cap the 

cylinder. 
                                   

5. 
Shake the graduated cylinder for ten seconds before pouring 10 mL 
into a labeled leachate only centrifuge tube.  Do this step for every 

centrifuge tube.  Weigh those centrifuge tubes and record their 
weights. 

6. Shake the 1L sample bottle for 60 seconds, and immediate measure 
out 50 mL of raw leachate into a different 100 mL graduated 

cylinder. 
7. Pour the 50 mL of leachate in with the 1g of TiO2, cap the cup, and 

mix them in the pre-weighed TiO2 cup for 60 seconds. 
8. Shake the cup with mixed TiO2 and leachate for ten seconds before 

pouring 10 mL into a labeled leachate and TiO2 centrifuge tube.  Do 
this step for every centrifuge tube.  Weigh those centrifuge tubes 

and record their weights. 
9. Let the TiO2 in each centrifuge tube settle down to about 4 mL.  All 

four of them have to be at the 4 mL height to make them identical. 
10. Put the centrifuge tubes into the centrifuge on both sides according 

to their weights to make sure each side of the centrifuge is balanced. 
11. Before centrifuging, shake all eight tubes to disperse the particles in 

them.  Then, set the centrifuge for a time of two minutes and for a 
velocity of 2,000 rpm and start the centrifuge. 

12. After the centrifuge is done, take the tubes out and use a 5 mL pipet 
to extract 5mL of sample from each tube, and put that 5 mL in its 

respective aluminum dish.  When pipetting, be extremely careful to 
not disturb the TiO2 specimen in the centrifuge tubes.  Set the 

centrifuge tubes with recovered TiO2 aside for recovering the TiO2 
later. 

              
Source: Coffman, 2015 

 After performing steps 1 – 12, follow the method for drying listed in section 2.1.4. 
Table 50: Final Procedure for Measuring TiO2 Particle Size and Zeta Potential 
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Step Procedure 

1. Weigh and empty TiO2 cup and weigh out the desired amount of TiO2 
to be mixed with leachate. 

2. Measure out the desired amount of leachate to be mixed with the TiO2.  
Then combine the leachate and TiO2 and mix them for 90 seconds with 

a stirring rod. 

3. Using a 1 mL pipetor, obtain at least 1 mL of the sample solution and 
put that 1 mL into a fluorescent cuvette for being tested by the Malvern 

Zetasizer Nano Series: Nano-ZS90 machine.  Put that fluorescent 
cuvette into the machine and start it in order for it to read the average 

particle size in the 1 mL sample. 

4. After obtaining readings of the particle size, take the cuvette out of the 
machine and use a 1 mL syringe to get 1 mL of sample from the 

cuvette. 

5. Put the 1 mL of sample from the syringe into a 1 mL zeta cuvette.  Then 
put the zeta cuvette back into the same machine and start it in order for 

it to read the zeta potential of the 1 mL sample. 

6. After the zeta potential analysis, take the zeta cuvette out of the Nano-
ZS90 machine, shake the 1 mL solution in it out, and rinse it with 

deionized water at least three times so that it can be used again for the 
future. 

  
Source: Coffman, 2015 
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5.2 Appendix B: Invalid Test Results 

5.2.1 Invalid Centrifuge Results 
 

Table 51: Results of Centrifuge Tests 1-3 

Centrifuge Test Initial TiO2 Weight 

(g) 

Recovered TiO2 

Weight (g) 

Percent of TiO2 

Recovered (%) 

1 2.22 0.70 31.53 

2 2.10 0.28 13.33 

3 2.03 0.91 44.83 

 
Source: Coffman, 2015 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

Table 52: Results of Centrifuge Tests 4-6 before Subtracting the Leachate Weight 
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Centrifuge Test Minutes 

Centrifuged 

Initial TiO2 

Weight (g) 

Recovered TiO2 

Weight (g) 

Percent of 

TiO2 

Recovered 

(%) 

4 5 1.984 4.437 224 

5 10 2.084 4.351 209 

6 2 2.002 5.010 250 

  

Source: Coffman, 2015 

Table 53: Results of Centrifuge Tests 4-6 after Subtracting the Leachate Weight 

Centrifuge Test Minutes 

Centrifuged 

Initial TiO2 

Weight (g) 

Recovered TiO2 

Weight (g) 

Percent of 

TiO2 

Recovered 

(%) 

4 5 1.984 0.9843 50 

5 10 2.084 0.9793 47 

6 2 2.002 1.457 73 

 
Source: Coffman, 2015 

 

 

 

 

 

 

Table 54: Results of Centrifuge Tests 7-9 
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Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Recovered TiO2 

Weight (g) 

Percent of 

TiO2 

Recovered 

(%) 

7 6,000 2.0036 2.419 121 

8 4,000 1.9916 4.004 201 

9 2,000 1.9840 1.911 96 

 

Source: Coffman, 2015 
Table 55: Results of Centrifuge Tests 10-12 

Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Recovered TiO2 

Weight (g) 

Percent of 

TiO2 

Recovered (%) 

10 6,000 1.9965 1.812 91* 

11 4,000 2.0046 2.177 109 

12 2,000 2.0004 2.179 109 

 

Source: Coffman, 2015 
One important note from Table 55 is that centrifuge test 10 has a very reasonable 

recovery of TiO2, but the reason why the TiO2 recovery was not above 100% (was valid) 
for test 10 is because some of the hydrated TiO2 sample was accidentally spilled when 
being transferred into the oven to be dried.  That is why there is an asterisk about its percent 
recovered. 

 

 

 

 

Table 56: Results of Centrifuge Tests 13-15 
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Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Recovered TiO2 

Weight (g) 

Percent of 

TiO2 

Recovered 

(%) 

13 6,000 1.0027 1.0592 106 

14 4,000 1.0065 1.0745 107 

15 2,000 1.0053 1.0110 101 

 
Source: Coffman, 2015 

Table 57: Results of Centrifuge Tests 16-18 

Centrifuge 

Test 

Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Lost TiO2 

Weight in 

Centrate (g) 

Percent of 

TiO2 Lost in 

Centrate (%) 

16 3,000 1.0030 1.756 175 

17 2,000 0.9971 -1.276 -128 

18 1,000 0.9994 -0.167 -17.0 

 
Source: Coffman, 2015 

 

 

 

 

 

 

 

 

Table 58: Result of Centrifuge Test 19 
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Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Lost TiO2 

Weight in 

Centrate (g) 

Percent of 

TiO2 Lost in 

Centrate (%) 

19 2,000 0.4993 -0.1304 -26 

 
Source: Coffman, 2015 

Table 59: Results of Centrifuge Tests 20-25 

Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Lost TiO2 

Weight in 

Centrate (g) 

Percent of 

TiO2 Lost in 

Centrate (%) 

20 2,000 0.9993 -0.007 -0.68 

21 2,000 0.9979 -0.014 -1.39 

22 2,000 1.0002 -0.001 -0.13 

23 2,000 1.0018 0.010 0.98 

24 2,000 1.0007 -0.001 -0.08 

25 2,000 1.0021 0.008 0.81 

  
Source: Coffman, 2015 

 
 
 
 
 
 
 

 
Table 60: Results of Centrifuge Tests 26-28 

Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Lost TiO2 

Weight in 

Centrate (g) 

Percent of 

TiO2 Lost in 

Centrate (%) 

26 2,000 0.9998 0.017 1.75 
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27 2,000 1.0012 0.014 1.37 

28 2,000 0.9975 0.009 0.93 

 
Source: Coffman, 2015 

Table 61: Results of Centrifuge Tests 29-31 

Centrifuge Test Velocity 

Centrifuged 

(rpm) 

Initial TiO2 

Weight (g) 

Lost TiO2 

Weight in 

Centrate (g) 

Percent of 

TiO2 Lost in 

Centrate (%) 

29 2,000 1.0000 0.007 0.68 

30 2,000 0.9985 0.004 0.35 

31 2,000 1.0004 -0.004 -0.37 

 
Source: Coffman, 2015 

 

 

 

 

 

 

5.2.2 Invalid Settling Test Results 
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Figure 53: Settling Test #1: 1g/100mL 

Source: Coffman, 2015 
 

Table 62: Settling Test #1 Results 

Thickening Area = 0.0044 ft2 Thickening Diameter = 0.90 in. 

Clarification Area = 0.0027 ft2 Clarification Diameter = 0.70 in. 

 
Source: Coffman, 2015 

 

 

Figure 54: Settling Test #2: 2g/100mL 

Source: Coffman, 2015 
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Table 63: Settling Test #2 Results 

Thickening Area = 0.00724 ft2 Thickening Diameter = 1.15 in. 

Clarification Area = 0.00395 ft2 Clarification Diameter = 0.85 in. 

 
Source: Coffman, 2015 

 

 

Figure 55: Settling Test #3: 5g/100mL 

Source: Coffman, 2015 
 

Table 64: Settling Test #3 Results 

Thickening Area = 0.0050 ft2 Thickening Diameter = 0.95 in. 

Clarification Area = 0.0033 ft2 Clarification Diameter = 0.78 in. 

 
Source: Coffman, 2015 
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Figure 56: Settling Test #4: 4g/100mL 

Source: Coffman, 2015 
 

Table 65: Settling Test #4 Results 

Thickening Area = 0.0343 ft2 Thickening Diameter = 2.51 in. 

Clarification Area = 0.0032 ft2 Clarification Diameter = 0.77 in. 

 
Source: Coffman, 2015 

 

Figure 57: Settling Test #5: 5g/100mL 

Source: Coffman, 2015 
Table 66: Settling Test #5 Results 

Thickening Area = 0.0305 ft2 Thickening Diameter = 2.37 in. 
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Clarification Area = 0.0070 ft2 Clarification Diameter = 1.13 in. 

 

 

Table 67: Summary of Tests 1 - 5 

Test # Leachate Flow (L/day) Tank Dimensions (in.) 

1 (circular) 10 1.0 

2 (circular) 10 1.25 

3 (circular) 10 1.0 

4 (circular) 10 3.0 

5 (circular) 10 2.5 

Rectangular Dimensions 

Using Test #4 

10 6.0 

 

5.2.3 Invalid TiO2 Color Change Results 
 

Table 68: Filter COD Test Results 

Doses (mg/L as O2) 
 TiO2 Dose (g/L) Filtered Filtered Filtered Average SD 

5 14.0 1.0 0.7 5.2 7.6 
10     -1.0     
15 3.3 4.2 2.5 3.3 0.9 
20 5.1 4.7 7.3 5.7 1.4 

 

 

 

Table 69: Centrifuge COD Test Results 

Doses (mg/L as O2) 
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 TiO2 
Dose (g/L) Centrifuged Centrifuged Centrifuged Centrifuged Average SD 

5 0.2 -0.5 -0.3 0.0 -0.2 0.3 
10 0.9 0.8 1.1 -0.2 0.7 0.6 
15 -0.7 1.6 2.8 -0.3 0.9 1.6 
20 0.8 0.9 1.3 0.3 0.8 0.4 

 
Source: Coffman, 2015 

5.2.4 Invalid Particle Size and Zeta Potential Results 
 

Table 70: Centrifuge Test 23 Used TiO2 Particle Size and Zeta Potential Results 

Test #23 TiO2: Concentration = 20,000 mg/L   

Test # 
Particle Size 

(nm) Zeta Potential (mV) 
SD of Particle 

Size (nm) 
SD of Zeta 

Potential (mV) 
1 11,460 -25.8 

5,373 0.7 2 16,340 -25.6 
3 5,609 -24.5 

Average 11,136 -25.3   
 

Source: Coffman, 2015 
Table 71: Centrifuge Test 26 Used TiO2 Particle Size and Zeta Potential Results 

Test #26 TiO2: Dose = 20,000 mg/L   

Test # 
Particle Size 

(nm) 
Zeta Potential 

(mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 339,500 -18.7 

186,211 1.03 2 18,900 -18.1 
3 15,080 -20.1 

Average 124,493 -19.0   
 

Source: Coffman, 2015 
 

 

 

 

 

Table 72: Centrifuge Test 27 Used TiO2 Particle Size and Zeta Potential Results 

Test #27 TiO2: Dose = 20,000 mg/L   

Test # 
Particle Size 

(nm) 
Zeta Potential 

(mV) 
SD of Particle 

Size (nm)  
SD of Zeta 

Potential (mV) 
1 15,860 -17.6 26,327 1.81 2 3,662 -19.8 
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3 54,120 -21.2 
Average 24,547 -19.5   

 
Source: Coffman, 2015 

 
5.2.5 Buffering Capacity Results 

 

Table 73: Leachate Acid Buffering Capacity 

Leachate Original 

pH 

Adjusted Leachate 

pH 

HCl Solution 

Added 

Buffering Capacity 

(β) 

7.02 5.35 100 µL of 

11.65M HCl 

<1.165x10-3 

5.35 2.80 100 µL of 

11.65M HCl 

<1.165x10-3 

6.25 4.84 300 µL of 1M 

HCl 

<3x10-4 

 
Source: Coffman, 2015 

 

 

 

 

 

Table 74: Leachate Base Buffering Capacity 

Leachate Original 

pH 

Adjusted Leachate 

pH 

HCl Solution 

Added 

Buffering Capacity 

(β) 

2.80 3.56 100 µL of 5M 

NaOH 

>5x10-4 
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3.56 6.25 100 µL of 5M 

NaOH 

<5x10-4 

7.16 8.31 100 µL of 5M 

NaOH 

<5x10-4 

 
Source: Coffman, 2015 

It was mentioned that it could be necessary to obtain the measured field buffering 
capacities of the leachate.  Since this diluted leachate was from Pump Station A at the 
SWA, historical data measured by FAU students was looked at.  There were only two 
available buffering capacity data points for Pump Station A which were 0.6 and 0.8; this 
made the average field buffering capacity of the same leachate tested for Tests 4 - 19 to be 
0.7.  When comparing the measured buffering capacities of the leachate used for Tests 20-
31 to the historical data, there was a very big difference between the two as seen in Table 
73 and Table 74.  However, the field leachate was not diluted, and its alkalinity was 
probably much higher than that of the Tests 20-31 leachate.  As a result, the field 
alkalinities for the corresponding buffering capacities were found to be 1,400 and 1,120 
mg/L as CaCO3; this made the average field alkalinity of the leachate used for Tests 4-19 
to be 1,260 mg/L as CaCO3.  That average alkalinity was then divided by 20 in order to 
accommodate for it being diluted.  This made the diluted alkalinity to be 63 mg/L as 
CaCO3.  This low value for alkalinity made a good amount of sense in order for the 
corresponding buffering capacities to be very low also.  Therefore, by dividing the average 
field buffering capacity by 20 to accommodate it being diluted, it came out to 3.5x10-2 

which is much closer to the acid and base lab buffering capacities. 
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5.3 Appendix C: Invalid Test Pictures 

5.3.1 Invalid Centrifuge Pictures 

5.3.1.1 Tests 1 – 3  

 

Figure 58: Mixed Leachate and TiO2 with Initial TiO2 in the Leachate 

Source: Coffman, 2015
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Figure 59: Mixed Leachate and TiO2 after the Centrifuge 

Source: Coffman, 2015 
 

 

Figure 60: Mixed Leachate and TiO2 Hydrated in Ceramic Dish 

Source: Coffman, 2015 
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Figure 61: TiO2 Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 
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5.3.1.2 Tests 4 - 6 

 

Figure 62: Mixed Leachate and TiO2 

Source: Coffman, 2015 
 

 

Figure 63: Mixed Leachate and TiO2 after Centrifuge 

Source: Coffman, 2015 
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Figure 64: TiO2 and Leachate Dried for 24 Hours in Aluminum Dishes at 103˚C 

Source: Coffman, 2015 
 

 

Figure 65:  Leachate after Centrifuge 

Source: Coffman, 2015 
 
 
 

 

 

Figure 66:  Combined Leachate after Centrifuge 

Source: Coffman, 2015 
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5.3.1.3 Tests 7 – 9 

 

Figure 67: Mixed Leachate and TiO2 

Source: Coffman, 2015 
 

 

Figure 68: Mixed Leachate and TiO2 after Centrifuge 

Source: Coffman, 2015 
 

 

Figure 69: Mixed Leachate and TiO2 Hydrated in Ceramic Dishes 
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Source: Coffman, 2015 
 

 

Figure 70: Leachate after Centrifuged at 6,000 rpm for 2 minutes 

Source: Coffman, 2015 
 

 

Figure 71: Leachate after Centrifuged at 6,000 rpm for 2 minutes - 100mL 

Source: Coffman, 2015 
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Figure 72: Mixed Leachate and TiO2 Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 

 

Figure 73: Leachate Dried for 24 Hours at 103˚C 

5.3.1.4 Tests 10 - 12 

 

Figure 74: Mixed Leachate and TiO2 

Source: Coffman, 2015 
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Figure 75: Mixed Leachate and TiO2 after Centrifuge 

Source: Coffman, 2015 
 

 

Figure 76: Mixed Leachate and TiO2 Hydrated in Ceramic Dishes 

Source: Coffman, 2015 
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Figure 77: Leachate after Centrifuged at 2,000 rpm for 2 minutes 

Source: Coffman, 2015 
 

 

Figure 78: Leachate after Centrifuged at 2,000 rpm for 2 minutes – 100mL 

Source: Coffman, 2015 

 

Figure 79: Mixed Leachate and TiO2 Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 
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Figure 80: Leachate Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 
 

5.3.1.5 Tests 13 - 15 

 

Figure 81: TiO2 and Leachate and Leachate itself dried for 24 Hours at 103˚C 

Source: Coffman, 2015 
One item that needs to be pointed out in the picture is that the darkest aluminum 

dishes represent the dried leachate itself, and the rest are the combined leachate and TiO2. 
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Figure 82: TiO2 and Leachate and Leachate after Ignite – 1 

Source: Coffman, 2015 
 

 

Figure 83: TiO2 and Leachate and Leachate after Ignite – 2 

Source: Coffman, 2015 

 

Figure 84: TiO2 and Leachate and Leachate itself After Entire Procedure 

 Source: Coffman, 2015 
5.3.1.6 Tests 16 - 18 
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Figure 85: Centrate Hydrated in Ceramic Dish 

Source: Coffman, 2015 

 

Figure 86: Centrate Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 

 

Figure 87: Centrate Burned for 15 Minutes at 550˚C 

Source: Coffman, 2015 

 

Figure 88: TiO2 Hydrated in Ceramic Dish 
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Source: Coffman, 2015 

 

Figure 89: TiO2 Dried for 24 Hours at 103˚C 

Source: Coffman, 2015 

 

Figure 90: TiO2 Burned for 15 Minutes at 550˚C 

Source: Coffman, 2015 
 

 

Figure 91: Leachate Hydrated in Ceramic Dish 

Source: Coffman, 2015 
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Figure 92: Leachate Dried for 24 at 103˚C 

Source: Coffman, 2015 

 

Figure 93: Leachate Burned for 15 Minutes at 550˚C 

Source: Coffman, 2015 
 
 
 
 
 

5.3.1.7 Test 19 

 

 

Figure 94: Leachate and Leachate Pellet after Centrifuge 
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Source: Coffman, 2015 

 

Figure 95: Leachate and Leachate Pellet after Oven and Before Ignite 

 Source: Coffman, 2015 

 

Figure 96: Leachate after Ignite 

Source: Coffman, 2015 

 

Figure 97: TiO2 and Centrate after Centrifuge 
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Source: Coffman, 2015 
 
 

 

Figure 98: Centrate after Ignite 

Source: Coffman, 2015 

 

Figure 99: TiO2, Centrate, Leachate, and Leachate Pellet after Ignite 

Source: Coffman, 2015 
 
 
 
 
 
 
5.3.1.8 Tests 20 – 31 
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Figure 100: Raw Leachate TDS = 37,000 mg/L 

Source: Coffman, 2015 

 
Figure 101: Diluted Leachate TDS = 2,000 mg/L 

Source: Coffman, 2015 

 
Figure 102: Mixed TiO2 and Leachate 
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Source: Coffman, 2015 

 
Figure 103: Mixed TiO2 and Leachate in Graduated Cylinder 

Source: Coffman, 2015 
 Notice the interface height of the TiO2.  This is due to its setting behavior. 

 
Figure 104: Leachate and TiO2 after Centrifuge 

Source: Coffman, 2015 
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Figure 105: Leachate after Centrifuge 

Source: Coffman, 2015 
 

 
Figure 106: Leachate and TiO2 before Drying 

Source: Coffman, 2015 

 
Figure 107: Leachate and TiO2 after Drying 

Source: Coffman, 2015 
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5.3.2 Invalid Color Change Pictures 
 

 
Figure 108: Settling COD Tubes before Inversion 

Source: Coffman, 2015 

 
Figure 109: Settling COD Tubes after “Cooking” 

Source: Coffman, 2015 
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Figure 110: Filter COD Tubes before Inversion 

Source: Coffman, 2015 

 
Figure 111: Filter COD Tubes after “Cooking” 

Source: Coffman, 2015 
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Figure 112: Centrifuge COD Tubes before Inversion 

Source: Coffman, 2015 
 

 
Figure 113: Centrifuge COD Tubes after “Cooking” 

Source: Coffman, 2015 
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5.4 Appendix D Copyright Permission Page 

Table 1 given copyright permission by Daniel Meeroff, E.I., PhD., 2015 

Table 2 given copyright permission by Frank Youngman, E.I., 2015 

Figure 1 given copyright permission by OMI, 2015 

Figure 2 given copyright permission by Jim Clark, 2015 

Figure 3 given copyright permission by TERRA, 2015 

Figure 4 given copyright permission by GHI, 2015 

Figure 5 given copyright permission by Stanford University, 2015 

Figure 21 and Figure 22 given copyright permission by Thermopedia, 2015 

Figure 30 given copyright permission by The Royal Society of Chemistry, 2015 

Table 14 given copyright permission by Journal of the European Ceramic Society, 2015 

Figure 31 given copyright permission by Sereaquea, 2015 

Figure 32 given copyright permission by Zeta-Meter, Inc, 2015 

Equation 6 - Equation 16 given copyright permission by Syed Qasim, 2015 

Figure 55 given copyright permission by AWWA, 2015 
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