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We report on the potential for using dissolved ozone in water – ozonation – to oxidize 
trash and waste. An SBIR Phase II pilot scale ozonation system developed by TDA Research, 
Inc. was tested for use in oxidizing various mixtures of trash and wastes that included 
plastics, foodstuff, packaging, cloth, paper, fecal simulant, and pre-processed Heat Melt 
Compactor tiles.  In addition to pure liquid phase ozonation, we also modified and tested the 
system for gas phase ozone oxidation in saturated water vapor with a heating element to 
promote smoldering.  These tests were conducted as part of the NASA “Trash to Gas” 
project to identify candidate technologies for processing low value trash and waste into 
higher value product gasses. 

Nomenclature 
B = generic waste and trash 
c = mass concentration 
C = molar concentration 
F = molar flow rate 
g = gram 
ℋ = Henry’s law constant 
HFWS =  High Fidelity Waste Simulant 
HMC =  Heat Melt Compactor 
k = pseudo-first order reaction rate constant 
𝑘! = reaction rate constant 
K = lumped parameter reaction constant 
m = moles 
N = number of moles 
Nm3 = cubic meters at standard temperature and pressure  
P = pressure 
psia = pounds per square inch, absolute 
SBIR = Small Business Innovative Research 
SLPM =  Standard Liters per Minute  
T = temperature 
TtSG =  Trash to Supply Gas project 
𝑉!"# = reactor volume 
𝑉 =  total volume gas flow rate 
𝑉! = volume flow rate at stream position z 
r = volumetric reaction rate 
R = gas volume flow rate recycle ratio, 𝑉!/𝑉! 
R = ideal gas constant 
rxn = reactor conditions (subscript) 

                                                             
1 Chemical Engineer, Bioengineering Branch, Mail Stop N239-15 
2 CSS-‐Dynamac	  Corporation,	  MW	  239-‐8,	  Moffett	  Field,	  CA	  94035-‐1000 



 
International Conference on Environmental Systems 

 
 

2 

α, β, γ = stoichiometric coefficients 
𝜉 ! = Property 𝜉 at stream position z 
  𝜏  = reactor space time, 𝑉!"#/𝑉! 

I. Introduction 
UMAN exploration beyond Low Earth Orbit will require technologies that enable the reprocessing of discarded 
materials, obsolete products, waste, and trash for water recovery, and for conversion into fuel and useful gases. 

These processes when fully explored and developed can be used to provide a new means for lowering launch mass 
and associated costs while increasing reliability, reducing maintainability, and enabling sustainability. 

The recent Trash to Supply Gas (TtSG) project1 focused on identifying candidate technologies and processes that 
can convert and process waste and trash into gases that could be vented, converted to methane, or used for resistojet 
thrusters. Several competing technical efforts were examined. These included pyrolysis, incineration, steam 
reforming, catalytic wet oxidation, and ozonation.  The process of ozonation, or oxidation using dissolved ozone in 
water, is the subject of this paper. 

II. Observations 

A. Baseline System 
The ozonation system obtained from an SBIR Phase II from TDA 

Research2 was used as the basis for the reported investigations.  A 
schematic of this recycle system is found in Figure 1.  Stream 0 enters the 
system as high purity oxygen into the ozone generator (Absolute Ozone 
model Atlas 80; Alberta, Canada) at pressures of 50-65 psia and exits at 
stream 1 as a gas mixture of ozone and oxygen.  Concentrations of O3 
from the ozone generator are 5 - 12% by weight depending on O2 gas flow 
rate (higher flow rate, lower concentration). Gas stream 1 combines with 
recycle gas stream 6 forming gas stream 2 that enters the reactor through 
porous ceramic diffusion blocks.  The gaseous bubbles exiting from the 
diffusion blocks mix with the aqueous water phase.  Ozone dissolves in the 
water to react with the suspended trash and waste.  The total reactor 
volume is 9.5 liters of which 5 liters is filled with water.  The effluent gas 
that is saturated with water exits the reactor at stream 3 where the water is 
condensed and sent back to the reactor (liquid stream not shown). The gas 
stream is split with stream 5 exiting the system and stream 6 recycled back 
to the reactor. The gas stream volume flow recycle ratio,  𝑅 = 𝑉!/𝑉! is in 
the range 0 < R < 15, where 𝑉! is the gas flow rate with the subscript z 
indicating position as shown in Figure 1. The oxygen gas feed volume 
flow rate at stream 0, 𝑉!, ranged from 2 to 15 SLPM. Ozone gas 
concentrations are directly measured at streams 1, 2 and 3.  Additional 
system details can be found in Reference 2. 

 
 

B. Preliminary Observation 
Upon arrival of the reactor and after a system checkout we conducted an initial waste treatment test by 

processing a 100 gram sample of fecal simulant.3  Typical reaction conditions were 120° C and 57 psia.  Figure 2 
plots the production of CO2 at stream 5, 𝐹!"! !

, vs. ozone flow at stream 1, 𝐹!! !
 for R = 0  and 0 < R < 7.  We use 

the general notation 𝜉 ! representing property 𝜉 at position z (= 1 to 6) as shown in Figure 1.  From Fig. 2 there 
doesn’t seem to be any discernable difference in the reaction rate due to the recycle stream.  Figure 2 does not take 
into account the production of CO which was found to be about 10-15% that of CO2 production.  Ozone may also be 
consumed to produce water with the amount dependent on the hydrogen content of the simulant. These results are 
generally inline with previous measurements.4  Additionally, O3 will decompose back to O2.  These preliminary 
results generated more questions than answers, consequently we undertook a more structured approach in 
characterizing the system.  
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Figure 1. Recycle reactor 
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C. Reaction Modeling 
The analysis approach taken in order to gain a better understanding of the parameters and conditions for design is 

that in which reactor kinetics are modeled as a function of reactant concentration and of a lumped parameter 
containing other effects such as gas solubility, mass transfer, mixing, trash and waste “size”, gas residence time, etc. 

Consider the molar flow rate balance of CO2 about the reactor of Figure 1, 

   𝐹!"! !
− 𝐹!"! !

− 𝑟!"!𝑉!"# =
𝑑𝑁𝐶𝑂2
𝑑𝑡

!"#$%&!
   (1)  

where  𝐹!"! !
is the molar flow rate out of the reactor at stream 3, 𝐹!"! !

is the molar flow rate into the reactor at 
stream 2, 𝑟!"! is the volumetric generation rate of CO2 due to reaction, and 𝑉!"# is the volume of where the reaction 
takes place, in this case, it is the liquid volume within the reactor.  At steady state the accumulation of CO2 in the 
reactor, [dNCO2/dt]rxn is zero, hence the difference in molar flow rate of CO2 through the reactor is simply due to its 
generation within the reactor. 

   𝐹!"! !
− 𝐹!"! !

= 𝑟!"!𝑉!"#   (2)  

The rate of CO2 generation can be modeled assuming ozone reacts with a generic representation of waste and 
trash, taken as B, to produce CO2 and CO.  The chemical form of B for real human waste and trash will not be 
accurately known and will not be the same from batch to batch. Simulants for human fecal waste have been 
proposed (Ref. 3) with the hydrocarbon components coming from a mixture of yeast, polyethylene glycol, psyllium 
husk, peanut oil, and miso.  Simulated trash has also been constructed and is based on a representative a waste 
model.55 For this modeling analysis we dispense with having absolute known compositions and take the reaction to 
be of the general form  

   𝛼𝑂! + 𝛽𝐵
!!
𝐶𝑂! + 𝛾𝐶𝑂   (3)  

We assume the reaction to be first order6 in 𝐶!! 
 

   𝑟!"! = 𝑘!𝐶!!𝐶!
!   (4)  
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Figure 2.  Flow of CO2 at stream 5 vs. flow of O3 at 
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where 𝑘! is the reaction rate constant and 𝐶!! and 𝐶! are the liquid concentrations of ozone and B, respectively.  Our 
initial experiments with simulated feces were focused on running with 𝐶! ≫ 𝐶!!, hence 𝐶!! can be taken constant 
and the reaction can be approximated as pseudo-first order, 

   𝑟!"! ≅ 𝑘𝐶!! .   (5)  

The flow balance over the reactor, Eqn. (2) becomes 

   𝐹!"! !
− 𝐹!"! !

= 𝑘𝑉!"#𝐶!!      (6)  

𝐶!! is the concentration of O3 in the liquid and can be estimated using Henry’s Law, 𝑃!! !
= ℋ𝐶!!, where ℋ is 

the Henry’s law constant for O3 in water and 𝑃!! !
 is the partial pressure of O3 over the liquid and is evaluated at 

stream 3.  Eq. (6) becomes  

   𝐹!"! !
− 𝐹!"! !

= 𝑘𝑉!"#
ℋ 𝑃!! !

   (7)  

At first order, the volumetric flow of gas at streams 2 and 3 are primarily composed of O2, (~95%) and pressure 
and temperature changes are negligible (< 5%) so we take the volume flow to be the same as stream 0, 𝑉!. 
(Temperature at stream 0, stream 2 and at stream 3 after the water condenser is near room temperature.) 
Additionally 𝐹!"! !

= 𝑉!𝐶!"! !
 where 𝐶!"! is the molar concentration of CO2 in the gas phase at stream 2; likewise  

for stream 3, 𝐹!"! !
= 𝑉!𝐶!"! !

.  For an ideal gas the partial molar concentration of gas component i, 
𝑐! = 𝑥!𝑃!"# 𝑹 𝑇!"# where R is the ideal gas constant, xi is the mole fraction of component i, and 𝑃!!= 𝑥!𝑃!"# where 
subscript rxn are conditions in the reactor.  Eqn. (7) becomes 

   𝑥!"! !
− 𝑥!"! !

= 𝑘𝑉𝑟𝑥𝑛
𝑉0

𝑹𝑇𝑟𝑥𝑛
ℋ 𝑥!! !

   (8)  

Equation 8 gives a dimensionless relation for the change of CO2 in the reactor based on the partial pressure of O3 
in the reactor.  Eq. (8) contains dimensionless quantities 𝑘𝑉!"#/𝑉!  and 𝑹𝑇!"#/ℋ . The first is the ratio of the 
reactor volumetric processing rate, 𝑘𝑉!"# to the inlet volumentric flow rate, 𝑉!, which can also be interpreted as a 
ratio of characteristic times between the reactor space time, 𝜏 = 𝑉!"#/𝑉!, and reaction kinetics, 𝑘.  In general the rate 
constant will not be constant but is a function of temperature and mass transfer effects, and with mass transfer itself 
being a function of 𝑉! that affects flow conditions in the reactor.  System mass transfer properties would include: 
bubble size, distribution, and number, that are themselves dependent on reactor physical dimensions, pore size of the 
diffusion stones, and pressure drop; liquid water height (bubble buoyancy and residence time); and mixing in the 
reactor.  The second dimensionless quantity 𝑹𝑇!"#/ℋ  relates thermodynamic properties, with ℋ a function of 
temperature.  

D. Assessment of observed results 
A series of experiments with varying 𝑉! and recycle ratios R over a range of 0 to 7.8 were conducted to test the 

validity of Eqn. (8). Equation 8 is plotted in Figure 3 as change in percent concentration CO2 through the reactor vs. 
  𝑥!"! !

/𝑉!.  Slope 𝐾 = 𝑘𝑉!"# ∙ 𝑹𝑇!"#/ℋ has a slight slope dependency between 2.2 to 3.0 SLPM and a nonzero y-
intercept possibly due to residual CO2 in the system between runs. 
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E. Grated HMC Tile Testing 
The primary goal of the Trash to Gas project was to process all types of trash in addition to fecal waste.  This 

includes items such as plastic bags, food and drink packaging, various food items, cloth, wet disinfectant wipes, 
gloves, and paper5. Our first attempt at processing such trash was to process compacted tiles from the Heat Melt 
Compactor.7 Discussion with TDA Research on previous work8 conducted on sample trash suggested that 
decreasing the characteristic trash size would increase reaction rates.  The increased surface area to volume ratio is 
advantageous because many trash components do not dissolve in water (i.e., plastics, cloth) and so oxidation occurs 
on the surfaces, as opposed to fecal simulate which more readily disperses into solution. With that in mind, we took 
a sample HMC tile and grated it into small shredded sizes with a hand surform.9 Before grating, the HMC was in the 
form of compacted solid pieces with sizes on the order of centimeters.  After grating the typical characteristic grated 
material size was about 2-4 mm wide, 0.5 mm thick and 5-20 mm long and had the appearance and fluffy 
consistency of chair seat cushion stuffing.  Using the surform worked quite well in reducing the solid tiles into 
shredded form as shown in Figure 4a and 4b. 

The grated HMC tile was run in the system at temperatures between 125 - 145C and pressures between 55 -
70 psia and over a variety of flow rates and recycle ratios.  The average production of CO2 was measured to be 7.4 
g/hr with a waste sample consumption of 8.5 g/hr on a dry weight basis over a 4.6 hour period. After 4.6 hours the 
reaction was stopped and the trash contents examined.  Figure 4c and 4d shows a snapshot of the trash in the reactor 
before and after the run.  Examination of the trash showed that the foodstuff was processed while the plastics, 
aluminum, and cloth remained. Not only were these materials more difficult to oxidize, as would be expected, but 
the materials formed a porous conglomerated clump with an apparent high void fraction with characteristic pore 
sizes about 0.1 mm.  The temperature conditions of the reactor apparently softened the plastic such that the plastic 
became tacky and then was able to bind insoluble materials together. Because the trash was now clumped, material 
was not free to mix in the ozonated water.  To observe the mixing action, we flowed N2 gas with the reactor lid off 
and observed that the clump remained to the side of the reactor with the aeration bubbles bypassing the relative 
stationary clump.  An examination of the data showed that ozone utilization was about 10-15%, significantly less 
than when processing fecal simulant alone.  The initial processing of the HMC grated tile might be such that organic 
foodstuff and other organic material may disperse and dissolve into the water so that oxidation is more readily 
accomplished.  As dissolved organics are processed, the more difficult to oxidize plastics remain.  After the initial 
high CO2 production rates, the rates decreased significantly to 10 percent of the initial rates.   
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Figure 3.  CO2 vapor phase concentration change vs.	  𝒙𝑶𝟑!𝟑/�̇�𝟎 	  for	  
conditions	  T3=125C,	  P=50psia,	  Vrxn=5	  liters.	  	  Legend	  Vdot=�̇�𝟎 

𝑥!!!!/�̇�!  in vapor in reactor tank, SLPM-1 
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In a separate attempt to increase oxidation of the plastic clump by promoting direct contact and mixing with 
ozone, we inserted an inverted funnel into the reactor below the waterline as illustrated in Figure 5.  The funnel had 
the purpose of directing the ozone vapor/liquid directly to the trash.  We found no significant increase in oxidation 
rate, and in fact, we found the clump to be more prominent and in the form of a dense ball.  Apparently, the directed 
flow of ozone gas towards the trash created a flow such that the trash was spun into an agglomerated ball. 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
In addition to the inverted funnel, we placed a small amount of plastic trash in a wire mesh tea ball and 

suspended it in the vapor above the exit of the inverted funnel as shown in Figure 4.  This was done to see whether 
oxidation of the plastics would be more effective in the saturated vapor than in the liquid.  We found little change in 
the mass of plastic in the tea ball and concluded this as not effective.  To explore actively increasing oxidation, we 
also added a small nichrome heating element in contact with the trash that was suspended in the basket.  Adding a 
controlled amount of heat we were able to increase trash oxidation - the temperature in the suspended basket would 
suddenly spike as current was incrementally applied to the heater. This is not completely surprising – there evidently 
was a point at which local smoldering began to occur.  However, we found that this was controllable in that upon 
seeing a sudden temperature rise, we could immediately lower the current to the heater and the temperature would 
quickly return to the reactor vapor temperature (about 125 C). 

F. High Fidelity Waste Simulant Testing  
As part of the TtSG project, standard High Fidelity Waste Simulant (HFWS) samples were tested in the 

ozonation system.  The general composition of the HFWS10 is listed in Table 1 with detailed components in Ref 10.  
We conducted four tests with the HFWS.  Table 2 summarizes these test results along with the results of the HMC 
grated tile test and fecal simulant test.  In general it was observed that initially for the HMC run there was a high 
consumption of waste.  This is due to the foodstuff easily dissolving into solution where ozonation readily takes 
place.  After this initial action, processing is much slower. 

HFWS 1  was run to establish an initial understanding of the conditions under which the reactor should be run. 
Average sample consumption was generally low at 2.59 g/hr.  However, the rate of consumption as indicated by the 
concentration of CO2 produced as a function of time over the entire run was revealing.  Figure 6 shows HFWS 1 
results for  𝐶!"! !

 vs. time for 100 g of HFWS under various run conditions.   
  

Figure 4. HMC tile a. compacted; b. grated; 
c. in reactor before run; d. after run. 

Figure 5. Inverted funnel test 
arrangement 
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Table 1. High Fidelity Waste Simulant Components 
 

Component	   Mass Fraction, %	  
Urine brine	   21.3	  
Food	   8.9	  
Polyethylene sheet (150 mm thick)	   16.2	  
T-shirt	   12.6	  
Fecal simulant	   11.2	  
Hand/face wipes (baby wipes)	   5.5	  
Tissues (Tech Wipes)	   4.9	  
Body, bath, and hygiene towels (washcloths)	   4.8	  
Nylon sheet (113 mm thick)	   4.6	  
Shampoo	   2.4	  
Aluminum foil (12 mm thick)	   2.3	  
Nitrile gloves	   2.1	  
Toothpaste	   1.2	  
Paper	   0.6	  
Maximum absorbency garments (Pull-Ups)	   0.5	  
Disinfecting wipes	   0.4	  
Duct tape	   0.4	  
Water	   (balance)	  

 
 
Table 2. Summary of processing rates for fecal simulant, HMC, and HFWS runs. 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Run	  	  

O2	  	  
flow,	  
SLPM	  

Recycle	  
Flow,	  
SLPM	   #	  hrs	  

Dry	  sample	  
consumed	  

Dry	  sample	  
consumed	  
per	  hr	  
(g/hr)	  

Estimated	  
%	  of	  C	  in	  
sample	  
consumed	  

HFWS	  4	   8-‐12	   39	   24.55	   123.50	   5.03	   42.93%	  
HFWS	  1	   4-‐20	   36	   15.33	   39.70	   2.59	   44.30%	  
HMC	  	  plastics	  (dry)	  

	   	  
21.05	   13.87	   0.66	   	  	  

HMC	  foodstuff	  (dry)	  
	   	  

4.58	   38.80	   8.47	   	  	  
Simulated	  Feces	   	  	   	  	   19.67	   80.70	   4.10	   	  	  
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5.03, Vdot=5 
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Figure 6.  Molar flow rate of CO2 @ stream 3 vs. time for HFWS 1. 
Legend	  Vdot=�̇�𝟎 
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Figure 6 shows a relatively high initial rate of CO2 production that falls off to a moderate rate (0.1 moles/hr) 
after about 3.5 hours.  This moderate rate lasts about 8.5 hours until again the rate falls off to a very low level near 
zero.  During the moderate rate processing (data points 5.03), we increased the stream 0 flow rate 𝑉! from  10 to 20 
SLPM into the system and system responded with a decrease in CO2 production from 𝐹!"! !

= 0.07 to about 0.01 
moles/hr.  Reducing 𝑉! back to 8 and then to 5 SLPM resulted in a return of CO2 production back to ≈0.07.  The 
lower molar flow rates of CO2 at higher 𝑉! could be a result of both lower O3 concentrations (a lower O3 
concentration is generated by the ozone generator at higher flow rates) and changing of bubble flow regimes within 
the reactor.  The reactor, as ran, was configured as a bubble column reactor, and Figure 7 shows the different flow 
regimes for the air-water systems as given by Deckwer.11  We surmise that our system with a gas holdup of 0.1-0.2 
operated between the homogeneous bubble flow regime at low flow and changes to the transition regime between 
churn-turbulent and slug flow at our higher flow tests as indicated in Figure 7 for air-water systems, which is within 
the range observed by others.12  The homogeneous small bubble regime is characterized by uniform and independent 
bubbles homogeneously distributed in the liquid at 
lower flows.  Increasing the flow increases the gas 
holdup by increasing the number of bubbles and 
hence the reaction rates.  This would increase 
bubble surface area to volume ratio for increased 
ozone mass transfer into the liquid.  Further 
increasing the flow crosses into the transition 
regime.  Churn-turbulent flow is characterized by 
turbulence, fluid recirculation, and breakup and 
coalescence of bubbles. Slug flow occurs in small 
diameter columns where viscous forces are 
important. The transition to possible churn-
turbulence may create a situation where bubbles 
coalesce, reducing the surface area to volume ratio 
for the gas bubbles and so reducing the amount of 
O3 transferred.  Additionally, increasing the flow 
rate, which enters at a room temperature, decreases the reactor temperature, and at the higher flow rates, the wrap 
heaters did not have enough heating power to maintain the reactor temperature.  Reactor temperature decreased from 
a high of 125 C at the low flows to 115 C at the higher flows. 

With an understanding of the reactor performance characteristics we ran HFWS 4 to maximize the CO2 
production rate.  In order to minimize plastic clumping we kept the temperature below 120 C and to stay near the 
homogeneous flow regime we ran at generally a lower flow rate. With 𝑉! ranging from 3.5 to 20 SLPM, temperature 
from 105 C to 120 C  and recycle rate, R, from 1 to 12. The best consistent CO2 production rates were about 𝑉! = 8, 
R = 5 and 𝑇!"# = 115  C.  Comparatively speaking, the rates were better than previous runs as shown in Table 2.  
Still, oxidation of the plastics was slow.  Figure 8 shows CO2 production at the various run conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Bubble column flow regimes.  
(Reproduced from Ref. 10.) 
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Figure 8. Molar flow rate of CO2 @ stream 3 vs. elapsed time for HFWS 4. 
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III. Summary 
In summary of our ozonation of mixed waste and trash testing we observed the following: 
• Preliminary results were in line with those reported by the system manufacturer, and showed that 

higher CO2 production resulted from higher flow of O3 into the system for fecal simulant, but with less 
efficiency in utilizing O3. 

• CO2 production was found to follow a pseudo first order relationship in the concentration of dissolved 
ozone.  A linear relation was observed between the production of CO2 and the quantity (𝑥!! !

/𝑉!). 
• In order to increase surface area to volume ratio, HMC tile was grated before being ozonated.  This 

showed an average production of CO2 to be 7.5 g/hr with a sample consumption of 8.5 g/hr on a dry 
weight basis over a 4.6 hour period.  

• Clumping of trash particles was observed at temperatures near the melting point of the processed 
plastics. This was problematic in terms of decreasing of surface area to volume ratio of the waste 
batch. 

• Several system modifications were tested that did not significantly improve oxidation rates. These 
included directing the ozone flow towards the trash in the liquid, and suspending the trash in the 
saturated ozonated vapor.  Adding a heating element to the vapor phase suspended trash did increase 
oxidation due to smoldering/burning. 

• High Fidelity Waste Simulant (HFWS) batches were processed for system performance evaluation 
under the Trash to Supply Gas Project. Sample average consumption ranged from 2.5-5 g/hr. CO2 
production after initial processing was about 4.4 g/hr (0.1 mol/hr) and increased at the higher O3 
concentration/lower O3 flow rates. 

• The best performance measure for HFWS processing were for moderate operating conditions that 
maximized O3 dissolution, maximized bubble surface area to volume ratio, and minimized trash plastic 
clumping while maintaining a high enough reactor temperature for increased reaction kinetics.  This 
resulted in a consistent production rate of 11 g/hr (0.25 mol/hr) CO2, but overall oxidation was still 
slow. 

• A possible use of ozonation for space flight would be to clean and sterilize mixed trash and wastes, 
such as mixtures of plastic containers and bags with leftover foodstuff. Ozonation can readily process 
the foodstuff while leaving a clean plastic mass for other uses.  
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