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The first experiment was used to validate the operation of the AMUCS with a 15 

day experiment. During this experiment visual observations were made to visually 

observe degradation. Thermal properties and stability tests were performed to quantify 

the effects of degradation on the polymer samples, and the carbon metabolized from the 

degradation of samples was measured. The second experiment used the AMUCS to 

determine the effect of synthetic clay nanofiller on the aerobic biodegradability behavior 

of poly (3-hydroxybutyrate-co-3-hydroxyvalerate). 
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CHAPTER 1 
INTRODUCTION 

 
 Plastics have infiltrated into all aspects of human life over the past century all the 

way from the plastic shrink wrapping that preserves food from bacteria and fungus, to the 

Styrofoam cup that keeps coffee hot and soft drinks cold, to the rubber tires that are a 

major building block of the transportation system, to the life saving medical equipment 

found in hospitals and practitioners’ offices.   

Even though plastics have revolutionized and improved the quality of human life, 

the dependent use of plastics has also created an epidemic in municipal solid waste 

generation.  In 1992, plastics accounted for 8% of the weight and 20% of the volume of 

landfills in the United States (Nawrath & Yves Poirier, 1995), and in 2006, an 

Environmental Protection Agency (EPA) study found that the percentage of the weight of 

plastic waste generated in the US had increased to almost 12% which was approximately 

29.5 million tons, Figure 1.   

The results of the EPA study, Figure 2, also found that the total amount of 

municipal solid waste generated in the United States in 2006 was 251.3 million tons 

which was a 185% increase since 1960, an 18% increase since 1990, and a 5.5% increase 

since 2000.  Fifty-five percent of the waste generated in 2006 was discarded to landfills, 

which is an increase of 68% since 1960.  Even though the per capita generation reached a 

plateau at 4.60 pounds/person/day, the continued increase in waste generation can be 

constituted with the growing population of the United States.  
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Figure 1: Waste generated by weight in 2006 (U.S. Environmental Protection Agency, 

2006) 

 

 

Figure 2: MSW generation rates from 1960-2006 (U.S. Environmental Protection 
Agency, 2006) 
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Fortunately, the EPA’s study has found that the percentage rate of the total 

municipal solid waste that was recovered increased from 16.2% in 1990 to 32.5% in 

2006.  However, of the 29.5 million tons of plastic waste generated, only 6.9% of the 

weight was recovered for recycling, composting, and energy recovery.  Of that 29.5 

million tons of generated plastic waste, 8.79 million tons were durable goods, 6.47 

million tons were nondurable goods, and 14.2 million tons were containers and 

packaging, and only 6% of the plastic durable goods, 10% of the plastic containers and 

packaging, and negligible amounts of plastic nondurable goods were recovered (U.S. 

Environmental Protection Agency, 2006). 

The growing epidemic of plastics in municipal waste is further amplified, because 

a majority of plastics are not biodegradable.   Many of the plastics manufactured today 

are derived from petroleum such as polystyrene, polypropylene and polyethylene which 

are heavily used for nondurable goods such as grocery bags, cups, and food wrapping.  

The popularity of plastics can be contributed because they cost less to produce, are 

versatile for numerous applications, and are resistant to microbial activity which gives 

them long product lives (Ranjith Jayasekara, 2005).  However, due to their microbial 

resistance, plastics take approximately a thousand years to convert to biomass and 

another million years before they convert into fossil fuel (Kijchavengkul & Auras, 2008).  

The slow degradation and the rapid rate of production of petroleum based plastics create 

an immense imbalance on the life cycle of the plastic, Figure 3, which is causing the 

footprints of landfills to swell (U.S. Environmental Protection Agency, 2006).   
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The unbalanced life cycle of plastics also creates strong concerns about the lasting 

impact of improperly disposed plastics create on marine and terrestrial wildlife 

ecosystems.  Improperly disposed plastic waste both at sea and on land are believed to be 

responsible for the deaths of a large number of birds by ingestion or strangulation, large 

and small fish by intestinal blockages and terrestrial wildlife by blocking digestion 

pathways or by entanglement (Ranjith Jayasekara, 2005).  Measures have and are been 

taken to combat the undesired life cycle of plastics and their negative effect on natural 

ecosystems by developing biodegradable plastics that can degrade in a matter of months 

instead of a million years.   

 

Figure 3:  Life cycle of petroleum based plastics  

 
 Biodegradable plastics have been available on the market since 1990.  However, 

many of these plastics were mislabeled due to misconceptions about the difference 

between a degradable and biodegradable plastic.  Due to these misconceptions, many 

organizations around the world, including the American Society for Testing and 

Materials (ASTM), European Committee for Standardization (CEN), German Institute of 

Standardization, Japanese Industrial Standards, and the International Organization for 
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Standardization (ISO), have developed a set of standards to differentiate between 

degradable and biodegradable plastics (R. Mohee G. U., 2007).   

 
Degradable Plastics 

ASTM D 883 – 00 standard defines a degradable plastic as a plastic that 

undergoes a significant change in its chemical structure under specific environmental 

conditions resulting in a loss of some properties that may vary as measured by standard 

test methods appropriate to the plastic and the application in a period of time that 

determines its classification (ASTM International).  The degradation of the plastic can be 

induced chemically, biologically, heat, or ultraviolet light, and depending on the initiation 

of the degradation process, the degradable plastic is considered either photodegradable or 

biodegradable.    If the degradation is induced by UV light, the plastic is considered 

photodegradable.  However, if the degradation is induced by microorganisms, the plastic 

is considered to be biodegradable (Ranjith Jayasekara, 2005).  

Degradable plastics have improved conditions in landfills by degrading 

significantly faster than nondegradable plastics.  However, they are seen only as a 

temporary solution, because not all degradable plastics completely convert back into 

biomass to complete the lifecycle, and many degradable plastics only disintegrate into 

fragment residues that can crosslink with other residues which can be toxic and not easy 

to manage (Ranjith Jayasekara, 2005) (R. Mohee G. U., 2007).  However, if these 

fragments are attacked and consumed by microorganisms, then the plastic can be 

considered a biodegradable plastic.  
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Biodegradable Plastics 

The ASTM D 883 – 00 standard defines biodegradable plastics as a degradable 

plastic in which their degradation results from the action of naturally-occurring 

microorganisms such as bacteria, fungi, and algae (ASTM International).  Biodegradable 

plastics are derived from naturally occurring, renewable polymers, called biopolymers 

and are produced from carbohydrate and protein substances such as corn starch, sugar, 

wood pulp, and protein instead of synthetic polymers made from petroleum.  These 

biopolymers are ideal to create biodegradable plastics, because unlike their petroleum 

based counterparts, the microorganisms that digest the plastic can readily produce the 

enzymes necessary to reduce the molecular size of the carbon based biopolymer chains 

which significantly decreases the period of the plastic life cycle from approximately a 

million years to a few months (Ranjith Jayasekara, 2005) (Kijchavengkul & Auras, 

2008). 

The biodegradation of biodegradable plastics are classified as either anaerobic or 

aerobic, depending upon the environment in which they are degrading, and 

biodegradation is measured by the amounts of the carbon byproducts that are produced 

by the biodegradation process in which the sum of all the carbon byproducts is equal to 

the total amount of carbon in the undegraded plastic. 

Anaerobic biodegradation is caused by anaerobic microorganisms that survive 

and grow in the absence of oxygen, and can be readily found in landfills.  Landfills are an 

ideal environment for anaerobic biodegradation, because they are designed to be airtight 

and waterproof by lining the bottom of the landfill with a flexible membrane and 
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covering the top with soil so that the local groundwater is not contaminated which 

provides the perfect environment for the anaerobic microorganisms to grow (U.S. 

Environmental Protection Agency).    

The anaerobic biodegradation process generates four carbon byproducts, where 

CT is the total carbon content of plastic, CO2 is the amount of carbon dioxide gas 

released, CH4 is the amount of methane gas released, CR is the amount of residue and 

byproducts left, and CB is the amount of biomass produced by anaerobic microorganisms 

(Ranjith Jayasekara, 2005).   

Equation 1:   

Even though anaerobic biodegradation process can completely break down a 

biodegradable plastic into naturally occurring compounds, the methane gas generated 

from the process creates an environmental concern of its own.  According to the EPA, 

methane gas, like carbon dioxide, is a greenhouse gas which is considered to be a major 

contributor of global warming.  However, methane gas is 20 times more effective in 

trapping heat than carbon dioxide and accounts for 34% of all methane emissions in the 

United States.  To combat the methane emissions from landfills, the EPA has developed a 

program, called the Landfill Methane Outreach, to promote the capture of methane gas in 

landfills to be used as biofuels (U.S. Environmental Protection Agency, 2006).  

Aerobic biodegradation is similar to anaerobic biodegradation except that the 

microorganisms that attack the carbon biopolymer chains of the biodegradable plastic do 

require the presence of oxygen in order to grow, and unlike anaerobic biodegradation 
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methane gas is not generated as a byproduct of the biodegradation process and is shown 

in the following equation.   

Equation 2:   
 
 The most predominant form of aerobic biodegradation is through composting.  

Composting is considered to be nature’s way of recycling, because compost is a hummus-

like substance comprised of decomposed organic material, such as animal waste, grass 

clippings, dead branches, vegetable waste, and leaves that decomposes material into 

biomass to complete the lifecycle (Kijchavengkul & Auras, 2008).  According to the 

EPA, there are four environmental benefits to composting which are: compost enriches 

soils by increasing the nutrient content and retaining moisture, it helps remediate 

contaminated soil by treating semivolatile and volatile organic compounds, helps prevent 

pollution by diverting organic waste from landfills, and offers economic benefits by 

reducing the demand for fertilizers and pesticides (U.S. Environmental Protection 

Agency).  Composting also has the added advantage that it can be prepared at large 

industrial composting complexes or by consumers at the residential level (Kijchavengkul 

& Auras, 2008).    

The environmental benefits of composting and the fact that it can be implemented 

on large industrial scales and small residential scales have created another degradation 

media and classification subset for biodegradable plastics, called compostable plastics.  

In fact, ASTM has developed a standard, ASTM D 6400 – 99, that defines a compostable 

plastic as a plastic that undergoes degradation by biological processes during composting 

to yield CO2, water, inorganic compounds, and biomass at a rate consistent with other 
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known compostable materials and leave no visible, distinguishable or toxic residue.   This 

standard states the minimum requirements needed for a biodegradable plastic to be 

labeled a compostable plastic.  The first requirement of the ASTM D 6400 – 99 standard 

mandates that the residuals of the disintegrated plastic material should not be readily 

distinguishable (ASTM International).   

The second requirement of the ASTM D 6400 – 99 standard says that an inherent 

amount of biodegradation should be established by comparing the biodegradation rates to 

that of known compostable plastics with tests that are under controlled conditions (ASTM 

International).    

The final requirement of the ASTM D 6400 – 99 standard requires that the 

compost with the degraded plastic residual at the termination of the standardized test 

should not adversely impact the ability of the compost to support plant growth (ASTM 

International). 

 

ASTM 5338 – 98 (2003) 

 As mentioned in the ASTM 6400 – 99 standard requirements, a plastics 

manufacture must submit their product through controlled tests and compare the 

biodegradation rates of their product with the biodegradation rates of known compostable 

plastics before they can label their product as a compostable plastic.  The complete set of 

requirements for this test are mandated under the ASTM 5338 – 98 (2003) Standard Test 

for Determining Aerobic Biodegradation of Plastic Materials under Controlled 

Composting Conditions.  The ASTM 5338 – 98 (2003) set of requirements include the 
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proper design and operating procedure of the apparatus and the calculations necessary to 

determine the biodegradation rate.   

 The following work discusses the design and validation of an automated 

composting system that fits the requirements of the ASTM 5338 – 98 (2003) standard 

that will plant the seed to open new research areas in biodegradable plastics. 
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CHAPTER 2 
MOTIVATION 

 
 Biodegradable plastics have great potential to help solve the crisis of 

nonbiodegradable plastic waste that is causing the footprints of landfills to increase in 

size every year.  However, more research needs to be executed to develop a larger 

assortment of biodegradable plastics for numerous applications and to make them more 

economical to manufacture.  The automated composting system that was constructed will 

help to address these issues by opening three areas of internal research at the University 

of North Texas and create numerous external research opportunities with local and 

regional plastics manufacturers. 

 One area of proposed research will study the effect of the biodegradation process 

on the crystalline structure on a variety of different biodegradable plastics.  This research 

will allow bioplastics to be developed for more applications that are currently dominated 

by petroleum based plastics. 

A second area of proposed research will use the automated composting system to 

assist in developing and testing new biodegradable plastics for a variety of applications 

with better lifecycle characteristics that are robust during their intended use but degrade 

rapidly after the intended use of the product.  Another area of research that would utilize 

the automated composting system would focus on developing techniques to enhance the 

biodegradation process to increase the biodegradation rate in which biodegradable 
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plastics converts to biomass.  One of the initial experiments would test the effect of the 

biodegradation rate in the presence of ultrasonic waves. 

Finally, the completion of the automated composting system will now allow the 

University of North Texas to begin the development of an approved biodegradation 

laboratory. This biodegradation laboratory would study not only the biodegradation rate 

of plastics, but the complete lifecycle of biodegradable plastics and their effect on the 

environment after they have completely degraded into biomass as mandated in the ASTM 

6400 – 99 standard.  Once a biodegradable plastics laboratory is established and 

approved, it would only be the 15th approved facility in the world, only the third inside 

the United States, and the only one in the Southern United States (Kijchavengkul & 

Auras, 2008).  Another advantage of developing a complete biodegradable plastics 

laboratory is that the University will have opportunity to market the system to local 

plastics manufacturers to perform biodegradation tests on their products.  Marketing the 

system to industry use would increase funding to maintain and improve the system and 

would open new areas of research. 



 

13 
 

CHAPTER 3 
SYSTEM DESIGN AND PRELIMINARY VALIDATION 

 
 The automated composting system was designed in accordance to the ASTM D-

5338-98 (2003) standard.  The design allows for the minimum of twelve composting 

bioreactors required by the ASTM D-5338-98 (2003) standard (ASTM International).  As 

shown in the block diagram in Figure 4 and the picture shown in Figure 5, the automated 

composting system design can be broken down into three subsystems which are the water 

bath system (WBS), the gas distribution system (GDS), and the harware control and data 

acquisition system (HCDAQS).  Each of the three subsystems was validated individually 

and the methods to validate each subsystem are discussed in detail below.  Validation of 

the entire system which validated the entire composting system will discussed in the 

experimental portion of this document. 

 

Figure 4: Diagram of the automated multiunit composting system
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Figure 5: Picture of the automated multiunit composting system 

Water Bath System 

The water bath system was designed to meet the incubation requirements of the 

ASTM D-5338-98 standard (ASTM International) which requires the composting 

bioreactors to be held inside a temperature range of 58ºC (±2 ºC) for the entire duration 

of an experiment to allow the thermophilic bacteria and microbes to reproduce.  Instead 

of using a manufactured water bath system that can cost upwards of $4,000, the water 

bath was designed with simplicity, affordability, and expandability in mind.  To achieve 

all three criteria, a 30 gallon fish tank, a 30 gallon water heater, a transfer pump and three 

resistance temperature detectors (RTDs) were implemented into the design.  As can been 

seen in the system block diagram, Figure 4, and in Figure 5, the transfer pump pumps 

water from the water heater and into the fish tank.  The net pressure caused by the water 

pump then causes the cooler water from the fish tank to flow through a foot valve and 
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back to the water heater to be reheated.  Three RTDs are placed in the water bath to 

measure the average temperature and are monitored with HCDAQS to trigger the transfer 

pump and maintain the required incubation temperature. 

The 30 gallon acrylic fish tank was used to hold the 12 composting bioreactors at 

58ºC (±2 ºC) for the entire duration of an experiment.  Figure 6 shows that the fish tank 

was wrapped in foam duct board and placed inside of a stainless steel box.  There were 

three primary reasons to wrap the tank with foam duct board and placing it inside of a 

stainless steel box.  To protect personnel from burning themselves from the elevated 

temperature on the acrylic walls of the tank.  To help insulate the fish tank so that the 

water temperature can be maintained more efficiently.  To provide the fish tank more 

structural integrity as acrylic fish tanks can fracture easily if two much weight is applied 

on the side walls.  The foam duct board and the stainless steel box absorb most of the 

energy from an outside force such as a person bumping into the tank thus protecting the 

structural integrity of the acrylic fish tank. 

 
Figure 6: Water bath tank assembly 

 
A 30 gallon water heater was used as a heating source due to its large heating 

capacity and relatively low cost compared to water temperature controllers on the market.  
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Most water heaters are advertised to have a maximum temperature of approximately 

65.5°C, which exceeds the temperature requirements of the ASTM standard.   

However, the trade off in using a water heater over a water temperature controller 

is accuracy.  Most water temperature controllers are designed with software and hardware 

based proportional integral derivative (PID) compensators that control heating elements 

and can maintain the temperature of the water within a few tenths of a degree of the 

target temperature for the entire duration of the test.  Heating elements inside of water 

heaters, on the other hand, are not aided by compensators.  They are controlled only by 

the instantaneous temperature inside of the tank.  If the temperature inside the tank falls 

below the temperature set on the thermostat, the heating elements are turned on until the 

temperature exceeds the thermostat temperature.  Even though the heating elements 

inside the water heater are not as accurate as water temperature controllers, the 

temperature of the water bath was held inside the required temperature range for the 

entire duration of the experiments and will be further discussed in the validation section 

below. 

 
Water Bath System Validation 

The operation of the water bath system was verified with a 15-day experiment 

that will be discussed in detail later.  To verify the operation of the water bath, the daily 

temperature average was calculated from the raw temperature data logged from the three 

RTDs by the data acquisition system, and the temperature of the water was also verified 

routinely using a Fluke® 51 Series II thermometer.  The ASTM D 5338 standard says the 

compost should be held at 58°C (±2°C).  So, initially the temperature was set at the 
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central point of temperature range required by the standard.  However, the limitations of 

designing a water bath in-house and using a water heater as a heating source became 

evident.  The heating elements inside of the water heater are controlled by two 

mechanical thermostats and have relatively low accuracy.  The thermostats on the water 

heater are advertised to have a maximum temperature of 65.5°C.  However, the limited 

accuracy of the thermostats made it difficult for the water heater to maintain the water at 

its 58°C.  Another complication is that the thermostats controlling the heating elements 

are mechanical, and they cannot be controlled more accurately using software or 

hardware designed compensators without altering the wiring harness on the heating 

elements and potentially creates a hazard that could cause a severe injury or death.   

These limitations of the water bath thermostats made it difficult to achieve a 

stable operating bath temperature at 58°C.  After several hours of testing, the maximum 

stable temperature allowed by the water heater was determined to be approximately 

56.5°C, which is still inside of the temperature range the ASTM D 5338 requires. 

Figure 7 verifies that the water bath was able to hold the composting bioreactors 

inside the required temperature range and maintained an average temperature of 56.3ºC 

for the entire duration of the 15-day experiment. 
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Figure 7:  Daily average temperature of water bath during 15-day experiment 

 

Gas Distribution System 

The gas distribution system (GDS) is another crucial subsystem in the automated 

composting system. The GDS is needed in order to keep the microbes inside of the 

compost alive and to measure the biodegradation by the carbon dioxide metabolized from 

the degradation of the plastic materials.  ASTM D-5338-98 recommends that oxygen is 

supplied evenly to all the composting bioreactors.  The CO2 from the exhaust gasses of 

the composting bioreactors can be measured using CO2 trapping apparatus and titration 

equipment.   However, these devices can be replaced by a mass flow meter and gas 

chromatograph, or other apparatus equipped with a suitable detector and column.  

AMUCS uses a nondispersive infrared (NDIR) to measure the concentration of CO2 in 

the exhaust gasses of each reactor. 

The GDS was designed to supply compressed air to the composting bioreactors 

via a flow divider shown in Figure 8.  The flow divider consists of a nylon manifold that 
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splits the compressed air into twelve inlet channels. A dial flow controller is placed on 

each inlet channel to control and verify that each composting reactor is receiving the 

same volumetric flow rate of compressed air.   

 
Figure 8: Nylon manifold and flow controllers 

 
Each inlet channel is connected to a composting bioreactor, 500 mL Erlenmeyer 

flasks, through a stainless steel tube.  The tube goes through the rubber stopper that seals 

the bioreactor and goes below the compost.  This ensures that the compost is thoroughly 

aerated from the bottom as shown in Figure 9. 

 

Figure 9: Composting bioreactors 
 

The compressed air that circulates through the bioreactors will carry water vapor 

from the compost and travel through the exhaust of the composting bioreactors.  This 

water vapor in the exhaust gas needs to be removed before the exhaust gas can be 
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measured by the gas analyzer.  To remove the water vapor from the exhaust gas, an air-

cooled Graham condenser is placed on top of each composting bioreactor that causes 

most of the water vapor to condense and drip into the composting reactor.  The Graham 

condensers also help to insure that the compost inoculum retains its moisture content that 

the microbes need in order to maintain the biodegradation process.  Not all the water 

vapor is able to be condensed by the Graham condensers and will be discussed in detail in 

the experimental portion of this document. 

After the exhaust gasses of the twelve composting bioreactors are dehydrated by 

the condensers, the flow rates and CO2 concentrations are measured using one a Sierra 

Instruments, Inc. 820 mass flow meter and a Li-COR 820 CO2 NDIR gas analyzer due to 

the cost of the equipment.  In order to sample all twelve composting bioreactors with a 

single CO2 gas analyzer, a multiport valve, or gas multiplexer, was designed so that each 

of the twelve outlet channels is sampled by the gas analyzer individually.   

To construct the gas multiplexer, twelve, 24 VDC, three-way solenoid valves, 

check valves and a nylon manifold are used to reduce the twelve outlet channels down to 

one sample channel that is connected to the flow meter and gas analyzer, shown below. 

 
Figure 10: Gas multiplexer 
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The three-way solenoid valves are sequenced using LabVIEW 8.6 software to 

pass the exhaust gas of one of the composting bioreactors to the flow meter and CO2 gas 

analyzer at a time.  Non-activated valves exhaust their channel’s contents into the 

atmosphere. Table 1 illustrates the first four steps in the valve sequence.   

 

  Step 1 Step 2 Step 3 Step 4 
          

Valve # Status Status Status Status 
1 Sampling Exhausting Exhausting Exhausting 
2 Exhausting Sampling Exhausting Exhausting 
3 Exhausting Exhausting Sampling Exhausting 
4 Exhausting Exhausting Exhausting Sampling 
5 Exhausting Exhausting Exhausting Exhausting 
6 Exhausting Exhausting Exhausting Exhausting 
7 Exhausting Exhausting Exhausting Exhausting 
8 Exhausting Exhausting Exhausting Exhausting 
9 Exhausting Exhausting Exhausting Exhausting 
10 Exhausting Exhausting Exhausting Exhausting 
11 Exhausting Exhausting Exhausting Exhausting 
12 Exhausting Exhausting Exhausting Exhausting 

Table 1: Stepping sequence of the three-way solenoid valves 
 After a solenoid is activated to be measured, the sample gas flows through a 

check valve.  Check valves allow gas to flow only in one direction and are placed 

between the solenoid valve and the nylon manifold. This ensures that all of the sample 

gas flows through the outlet of the nylon manifold instead of flowing up through the 

manifold inlets of the channels that are not activated at the time. 

 After the sample gas flows through a check valve and the manifold, it passes 

through a Sierra Instruments, Inc. 820 mass flow meter, Figure 11, and measures the 
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volumetric flow rate in standard liters per minute (slpm).  The mass flow meter serves 

two purposes.  First, it verifies that each composting bioreactors is supplied the same rate 

of air.  Second, the flow rate is used to calculate the weight CO2-C lost in grams and will 

be discussed later in this section. 

 
Figure 11: Mass flow meter and gas analyzer 

 
Once the sample gas passes through the mass flow meter, it is measured by a Li-

COR 820 NDIR CO2 gas analyzer, as shown above.  The Li-COR 820 NDIR CO2 gas 

analyzer was chosen for the biodegradation system for four reasons.  First, and foremost, 

the Li-COR 820 is the least expensive NDIR CO2 gas analyzer that was identified.  The 

Li-COR 820 was quoted at just under $3,500 whereas comparable NDIR CO2 gas 

analyzers were quoted anywhere from $16,000 to over $30,000.  The Li-COR 820 was 

also chosen because unlike gas chromatographs, it does not require a carrier gas or 

external pump to pull the gas into the sampling chamber to be measured.  Also, it does 

not require that a reference gas be added to the gas sample to increase the accuracy and 

precision of the CO2 concentration measurement.  Finally, the Li-COR 820 reads the CO2 

concentration as the gas is flowing through the measurement chamber.  As mentioned 

earlier, the ASTM D-5338 standard recommends using titration to trap the CO2 and 
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measure the volume of carbon dioxide using chromatography.  This technique require 

manual labor that is timely and prone to human  The Li-COR 820 removes the necessity 

of manual labor, because it measures the CO2 concentration real-time while the sample 

gas is flowing through the optical path of the gas.  

 Once the sample gas reaches the optical path of the Li-COR 820, shown in Figure 

12, it is introduced to a broad band infrared source.  CO2 present in the sample gas 

absorbs infrared (IR) energy at the 4.24 micrometer wavelength band that is generated by 

the broad band infrared source, and an optical filter, that is centered at 4.24 micrometers, 

only allows the IR energy from that band passes through and accumulates on a 

pyroelectric detector that detects thermal energy that passes through the filter.  A heating 

element placed underneath the pyroelectric terminal regulates the temperature of the 

detector precisely at 50 ºC so that the detector can determine the thermal gradient noise 

absorbed from the 4.24 µm band. 

 
Figure 12: Optical path of the Li-COR NDIR CO2 gas analyzer (Li-COR Biosciences , 

2002) 

 Once the thermal gradient noise is determined, the Li-820 calculates the amount 

of CO2 in the sample gas in parts per million (ppm) using the following equation.  C is 
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the CO2 concentration in ppm, fc() is a 6th ordered CO2 calibration polynomial, αc is the 

CO2 absorptance, gc(αc,P) is the pressure correction, T is the temperature (ºC) of the 

sample gas and To is the temperature of the pyroelectric detector (50 ºC) (Li-COR 

Biosciences , 2002).  

Equation 3:   

 After the CO2 concentration measurement, C, is determined by the Li-COR 820 

NDIR CO2 gas analyzer, it is acquired and logged along with the volumetric flow rate 

measured by the mass flow meter using National Instruments™ data acquisition hardware 

and LabVIEW 8.6.   

The data acquired from the mass flow meters is measured in slpm, and the gas 

analyzer measured in ppm.  These two values are used to calculate the total CO2-C(g) 

metabolized by the materials using variants of the ideal gas laws and using the 

methodology described below.  First, the hourly flow rate of the sample gas for each 

channel needs to be calculated during each sample period.  This is achieved by 

multiplying the flow measurement reading, F(liters/minute),  and (60 minutes/hour) to 

convert the flow rate to liters/hour. 

Equation 4:   

The next step is to correct the CO2 concentration measurement using the CO2 

present in the compressed air, CO2(CA).  The corrected CO2 measurement is denoted as 

CO2(corr) and is determined using the following equation. 

Equation 5:   
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 CO2(corr) was then used to determine the weight of CO2 per sampled liter of gas by 

taking the product of CO2(corr) and the ratio of the molecular weight of CO2, MWCO2 

(44g/mol). This product is divided by the molar volume of a perfect gas, MVPG 

(22.414L/mol) and corrected for the temperature of the water bath. 

Equation 6:   

 The previous equation determined CO2 (g/l).  However, biodegradation of 

polymers is determined only by the carbon weight, CO2-C (g), metabolized during the 

composting process.  To negate the weight of the oxygen atoms, the CO2 (g/l) is 

multiplied by the ratio of carbon weight, 12 g/mol, to the entire molecular weight of CO2, 

44 g/mol, and is shown in Equation 7. 

Equation 7:   

 After calculating CO2-C(g/l), the gross CO2-C (g) metabolized from the compost 

and the degradation of the polymer sample is determined by taking the product of CO2-C 

(g/ l), FHourly, and the time elapsed in hours, ΔTHours, since the last measurement and 

shown in Equation 8. 

Equation 8:   

 As mentioned earlier, only the weight of the CO2-C due to the degradation of the 

polymer samples is needed to calculate the percent biodegradation.  So, the CO2-C 

weight metabolized by the compost medium needs to be negated from the gross CO2-C 

determined in Equation 6.  This is achieved by subtracting the average CO2-C of the three 

blank bioreactors (containing only compost) from the gross CO2-C measurement, as 
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shown in Equation 9.  The average net CO2-C is then added together to determine the 

cumulative weight CO2-C lost over the entire duration of the test and shown in Equation 

10. 

Equation 9:   

Equation 10:   

 Once the cumulative CO2-C weight lost over time is calculated, the percent 

biodegradation can be determined.  To calculate the percent biodegradation, the carbon 

content of the polymer samples needs to be determined.  This value can be determined by 

performing CHN elemental analysis to obtain the carbon content.  The total carbon 

content weight, CTOT, can be determined by taking the product of the carbon content and 

the original weight of the sample.  After CTOT is determined, the percent biodegradation 

can be calculated using Equation 11. 

Equation 11:   

Gas Distribution System Validation 

 In order to achieve accurate biodegradation data, the performance of the GDS 

needed to be validated.  The validation of the system was conducted using two separate 

tests.  The first test was to make sure that there were no leaks present in the system.  This 

was executed by supplying all bioreactors O2 at a rate of 0.5 slpm and dispensing a small 

amount of soapy solution on each of the approximately 100 connection points on the 

system.  When there was a leak, the soapy solution would bubble.  Minor leaks were 

found using this technique on several of the hose barb connections and were quickly 

remedied by firmly re-securing the tubing onto the hose barbs. There were also minor 
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leaks around the rubber stoppers that cover the composting bioreactors.  To remove the 

leaks around the rubber stoppers, more care was taken when sealing the composting 

bioreactors.  This solved a majority of the leaks caused by the rubber stoppers, but some 

bioreactors continued to leak.  However, this problem eventually solved itself as 

experiments were performed, because the shapes of the rubber stoppers gradually 

changed and fit more snuggly against the glass mouths of the composting bioreactors. 

 Another technique to confirm there were no leaks in the system was to adjust the 

flow controllers to supply a constant 0.5 slpm through each composting reactor and 

confirm the same flow rate on the Sierra 820 mass flow meter.  This technique not only 

verified that there were no leaks in the system but also verified the calibration of the mass 

flow meter that was performed by the distributor of the device. 

 The last validation test of the gas distribution system was to validate the 

measurement readings of the CO2 gas analyzer.  This was performed by flowing research 

grade O2 (<0.1 ppm CO2) through the gas analyzer for ten minutes.  The reading on the 

gas analyzer settled down to within 1% of the full scale CO2 range.  Once the reading 

stabilized, it was tared in the Li-COR software to set the zero point.  A second validation 

point was also measured to confirm the accuracy of the CO2 measurements.  This was 

performed by passing compressed air through the gas analyzer.  According to a 2008 

study of National Oceanic and Atmospheric Administration (NOAA), CO2 consists of 

approximately 385 ppm or 0.0385% of the atmosphere (National Oceanic and 

Atomospheric Administration).  The compressed air was allowed to flow through the gas 

analyzer for ten minutes and measured an average of 402 ppm CO2 or 0.0402% CO2.  
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Comparing this to the NOAA estimate resulted in 4.4% difference.  This atmospheric 

CO2 measurement was also compared with a study performed by Jayasekara et. al. 

(Ranjith jayasekara, 2001) in which they determined the CO2 concentration to be 400 

ppm or 0.04% which resulted in 0.5% difference.  From the above statement, it was 

concluded that the accuracy of the CO2 gas analyzer was validated in our case. 

 
Hardware Control and Data Acquisition System 

   The hardware control and data acquisition system (HCDAQS) is the central 

nervous system of the composting system.  It is in charge of acquiring and logging data 

from the RTDs, flow meter and gas analyzer as well as controlling the water bath 

temperature and cycling the solenoid valves.  HCDAQS is powered by National 

Instruments™ (NI) LabVIEW 8.6 software and compact data acquisition (cDAQ) 

hardware to create a user interface, acquire and log data, and control the water bath pump 

and solenoid valves.  A valve and pump control interface (VPCI) was also used in order 

to interface the NI hardware with the solenoid valves and pump.  The LabVIEW 

program, NI hardware and interface box will be explained in detail in the following 

sections. 

 
LabVIEW 8.6 

 LabVIEW 8.6 is a visual programming environment that allows developers to 

create complex and fully functioning systems with a significantly shorter lead time than 

programming in a text based programming languages such as C or assembly.  Visual 

programming in LabVIEW 8.6 makes it easier for programming novices to develop 
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systems, because LabVIEW programs are built much like decision tree charts.  LabVIEW 

8.6 was used in the design of the AMUCS to create a graphical user interface (GUI), 

sequence the solenoid valves, control the water bath temperature, and acquire and log 

data from the sensors. 

The GUI is the main operation control center for the automated composting 

system, as shown in Figure 13.  Using the GUI, an operator of the composting system is 

able to select the directory to store the acquired data, initiate and stop the main program 

and view the instantaneous data acquired from the signals real time. 

 
Figure 13: GUI of the composting system 

 
In order to sequence the solenoid valves, control the water bath temperature and 

log the sensor data, the following program block diagram, Figure 14, was implemented 

into the program design using several LabVIEW design architecture techniques that will 

be explained in detail. 
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Figure 14: Block diagram of the LabVIEW program  

 
As shown in the block diagram, there are three major processes in the LabVIEW 

program.  The main loop process, located in the center of the diagram, is where the 

program and hardware are initialized, data is acquired from the data acquisition card, and 

the solenoid valves are cycled.  From the main loop there are two separate loops to 

control the water bath temperature and log the data from the RTDs, mass flow meter and 

CO2 gas analyzer.   

This type of programming architecture in LabVIEW is referred to as 

producer/consumer architecture.  Producer/consumer architecture is used to separate 

producer processes in a program that acquire or generate data from the consumer 

processes that use the data for decision making or extensive calculations.  This design 

insures that one process does not affect the performance of another.  Even though the 

processes are separated into different loops, they are linked together by a data queue.  A 

data queue takes the data acquired in the producer loop and adds it into a temporary 
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memory location that acts like a shift register.  The consumer loop pulls the last data 

point from the data queue at the beginning of each loop iteration. 

As mentioned earlier, the producer loop in the LabVIEW program is responsible 

for acquiring the data from the RTDs, mass flow sensor and gas analyzer as well as 

sequencing the twelve solenoid valves.  In order to achieve this, the data acquisition 

hardware first needs to be initialized by configuring the hardware settings using 

LabVIEW data acquisition functions, DAQmx, that include: selecting the input/ouput 

channels, setting the sampling frequency, maximum and minimum input voltages, and 

RTD type and excitation source.  Once the program is started by the operator, the 

program configures the hardware according to the DAQmx settings before executing the 

consumer loop, and the consumer loop can begin to acquire data and cycle the solenoid 

valves.   

Figure 15 shows an abridged version of the consumer loop in the final LabVIEW 

program that highlights the key components of the loop.  The left hand side of the figure 

shows the data acquisition hardware being configured before executing a while loop that 

acquires data from the sensors at five samples per second and cycle the solenoid valves. 

 
Figure 15: Abridged version of producer loop 
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Data is acquired in the consumer loop by utilizing a “Read from Channel VI” 

DAQmx function that acquires data from all of the analog input channels configured at 

the sampling rate specified before the producer loop executes.  The data acquired inside 

of the producer loop is connected to numeric indicators that display the instantaneous 

data on the GUI and inserted onto two data queues that are used by the data logging and 

water bath control consumer loops. 

The solenoid valves are also cycled inside of the producer loop to allow each 

composting reactor to be sampled individually and were controlled by designing a state 

machine.  A state machine in LabVIEW is used whenever there is a repetitive process in 

a program that has multiple steps in a sequence that must be executed sequentially or 

conditionally.  State machines are developed in LabVIEW using case structures and shift 

registers.  Case structures contain all of the individual states needed to be executed and 

can be expanded to include as many states as an application requires.  Shift registers are 

used to carry shared data from one state into the next state. 

The state machine designed to sequence the solenoid valves contains a total of 

five states and can be seen in Figure 16.  Whenever the program starts, all of the solenoid 

valves are initially active low to insure all valves are turned off.  Then, the program will 

open the first solenoid valve and be placed into a minute long flush delay.  The flush 

delay allows enough time for the stagnant gas from the previous channel to be flushed out 

before data is logged on the current channel.  After the stagnant gas has been flushed 

from the sampling channel, the state machine enters a logging state that sends a control 

signal to the data logging loop to allow data to be logged for one minute.  After the data 



 

33 
 

is logged for one minute, the valve is closed and the state machine repeats the process for 

the next valve. 

 
Figure 16: Block diagram of the state machine  

 
 As mentioned earlier, consumer loops were used to log the data from the sensors 

and to control the water bath temperature. The consumer loop for data logging is 

designed to give each composting reactor its own data file, and data is only written to 

each file when its corresponding reactor is being sampled.  Whenever the state machine 

in the producer loop reaches the log data state, the producer loop sends an activation 

signal to the data logging loop along with the value of the valve activated.  The data 

acquired from the producer loop is pulled off the queue, split into the individual channels 

and converted into strings.  After converting the data into strings, the data and the time 

stamp information is formatted into columns using the concatenate strings VI and is 

logged to the correct data file using a Write Characters to File VI. 
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Figure 17: Abridged version of the data logging loop 

 
The second consumer loop is the water bath control loop.  The responsibility of 

this loop is to maintain the water bath temperature inside the requirement of the ASTM 

D5338 standard.  Figure 18 shows that the water bath control loop utilizes a state 

machine much like the one used to cycle the solenoid valves.  The state machine is 

designed to allow the user to select a target temperature and define a hysteresis tolerance.   

 
Figure 18: Abridged version of the water bath control loop 
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 When the program is executed, the temperature data is pulled from the data queue 

and inserted into the state machine.  The default state of the state machine is the 

AVERAGE TEMP. State which compares the average temperature of the water bath with 

the user’s input.  If the temperature is greater than the lower hysteresis limit, the state 

machine will stay inside the average temperature state.  Once the temperature fall below 

the lower hysteresis limit, the state machine will jump to the ON State.  Whenever the 

ON State is executed, a 10 VDC signal is activated to trigger the water bath pump relay, 

and the temperature continues to be monitored.  Once the upper hysteresis limit is 

reached, the state machine enters the OFF State and deactivates the pump relay and 

returns to the AVERAGE TEMP. State. 

 

Data Acquisition Hardware 

A National Instruments™ cDAQ is used to acquire raw data from the sensors to 

be logged by LabVIEW and trigger the solenoid valves and transfer pump.  The cDAQ 

design, Figure 19, consists of a metal frame chassis that contains eight DAQ slots and can 

be customized, depending upon the application, from an assortment of interface modules 

that National Instruments™ supplies.  For this composting system, five interface modules 

are used: a four channel, 100Ω RTD analog input module, a four channel (±10V) analog 

input module, a four channel (±10V) analog output module, and two, eight bit digital 

output modules. 
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Figure 19:  National Instruments™ cDAQ 

 

Valve and Pump Control Interface 

 LabVIEW and the cDAQ hardware play an instrumental part in the composting 

system.  However, they are not physically capable of powering a transfer pump and 

twelve solenoid valves.  The cDAQ is only capable of providing a maximum output of 

10mA at 10VDC (100mW).  To overcome this obstacle, an interface circuit was 

constructed that consists of a 24VDC power supply, a 5A electromechanical relay, and a 

2N2222 npn bipolar junction transistor (BJT), as can be seen in Figure 20. 

 120VAC is connected to the supply voltage input of the 24VDC power supply 

and is controlled by a switch.  The 24VDC output from the power supply is connected to 

the NI cDAQ digital output cards to provide the voltage needed to activate the solenoid 

valves.  As mentioned earlier the cDAQ analog output card provides a maximum current 

of 10mA which is not enough current to trigger the inductive coil inside the relay.  The 

5A relay requires approximately 20mA to be triggered.  To overcome this obstacle, a BJT 
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switch was designed.  The 10VDC control output from the cDAQ is connected to the 

base of the BJT. Whenever the control signal is high, the BJT will allow the current from 

the 24VDC connected to the collector of the BJT to flow through the collector to the 

emitter and trigger the coil of the relay.  When the relay is activated, the magnetic field 

produced by the coil of the relay will cause a magnetic armature to close the load switch 

and activate the water bath pump.  Once the control signal goes low, no current will flow 

from the collector to the emitter, the relay will deactivate, and the water bath pump will 

turn off.  A protection diode was placed in parallel with the coil of the relay to protect the 

BJT from potential voltage spikes created when the relay is deactivated. 

 
Figure 20: Circuit diagram of the valve and pump control interface 
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Hardware Control and Data Acquisition System Validation 
 
 The HCDAQS was validated by testing the operation and stability of the producer 

and consumer loops in the LabVIEW program and the interaction between the hardware 

over a 15-day experiment that is discussed in the next chapter. 

The producer loop in the LabVIEW program was tested by verifying that the 

solenoid valves cycled properly and the data was acquired from the sensors successfully 

during the experiment.  While the experiment was running, the operation of the solenoid 

valves and the transfer pump were closely monitored and verified by placing probes in 

the LabVIEW software.  After the completion of the 15-day experiment, it was 

determined that the hardware and software performed as designed without error. 
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CHAPTER 4 

AMUCS CHARACTERIZATION EXPERIMENT 

Introduction 

 In the previous chapter, the design of each subsystem in the AMUCS was 

discussed in detailed and validated.  However, it was important to conduct an experiment 

to validate the operation of the AMUCS as an entire system.  An experiment was also 

needed to refine the experimental procedure used to conduct a 45-day experiment.  To 

achieve this, a 15-day test was performed to confirm that all three subsystems are able to 

operate simultaneously and are stable for the entire duration of an experiment. 

For this validation experiment, brown Kraft paper low-density polyethylene 

(LDPE) and Poly (3-hydoxybutyrate-co-4-hydroxybutyrate) or P(3HB-co-4HB) were 

used as a positive control, negative control and specimen materials, respectively. 

 

Materials 

 Brown Kraft paper was provided by U.S. Army Natick Soldier Research 

Development and Engineering Center (Natick, MA).  Its weight and thickness are 75 

pounds and 0.22mm, respectively.  Biopolymer poly(3-hydroxybutyrate-co-4-

hydroxybutyrate) or P(3HB-co-4HB) (Lot # MBX CS06082205; MW = 437,084 gmol-1; 
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Mn=189,902 gmol-1; PDI=2.3) was supplied Metabolix (Cambridge, MA).  P(3HB-co-

4HB) films were prepared by compression molding.  The thickness of compression 

molded P(3HB-co-4HB) film is 0.12 (±0.02) mm. 

 
Compost Medium and its Characterization 

A compost medium was purchased from Collin County Municipal Waste Facility 

(TX, USA) and is made of food waste and yard trimming including grasses, leaves, and 

sticks.  

The moisture content of the compost was determined following ASTM D 2974 

Test Methods. Compost sample of 25 g was dried in an oven at 105ºC until constant 

weight was obtained. The measurements were conducted in triplicate and the moisture 

content result obtained was 56.49% (±1.5).  

The procedure for the determination of total solids (TS) and volatile solids (VS) is 

described here after. First, compost sample of 25 g was dried in an oven at 105ºC 

overnight to obtain the % TS. The dried sample was then heated in a furnace at 550ºC for 

1 h to obtain the % VS.  The measurements were conducted in triplicate and the %TS and 

%VS were 43.51% (±1.5) and 20.60% (±1.5), respectively.    

The pH of the compost was determined with an Oakton Acorn® pH 6 Meter. The 

measurements were done in triplicate on 5 g compost samples in 25 mL distilled water 

after hom ogenization f or 5 m in a t r oom t emperature. T he pH  r esult obt ained w as 8.81 

(±0.3). 

The Carbon and nitrogen content of the compost was determined using carbon, 

hydrogen and nitrogen (CHN) combustion analysis and was performed by Elemental 
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Analysis, Inc. (EAI) (Lexington, KY).  EAI determined the carbon and nitrogen content 

to be 16.13% and 0.71%, respectively.  These results reveal that the compost medium has 

a C/N ratio of 22.71 and falls within the required C/N range between 10 and 40. 

 

Composting Procedure 

 As mentioned earlier, the degree and rate of aerobic biodegradation of 

plastic materials on exposure to a controlled-composting environment under laboratory 

can be determined following the ASTM D-5338 (2003) standard, and this validation 

experiment adhered to procedure required by the standard. 

Twelve bioreactors were filled with 200g of unaltered compost described in the 

previous section.  In nine of the bioreactors, a 5cm2 polymer sample was placed in the 

middle of the compost medium to insure maximum surface contact between the compost 

and the sample and shown in Figure 21.  Three bioreactors contained the brown Kraft 

paper and used as a positive control.  The second set of three bioreactors contained a 

negative control LDPE, and the next three bioreactors contained the biopolymer P(3HB-

co-4HB).  The last three bioreactors contained only compost to determine the CO2 

metabolized from the compost. 
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Figure 21: Biopolymer specimen in compost 

 

After mixing, all the biobioreactors were weighted and incubated under optimal 

oxygen, temperature and moisture conditions for a test period of 15 days. Research grade 

O2 was supplied to the bioreactors and was regulated to the amount of 0.2 standard liters 

per minute (slpm) throughout the experiment to ensure enough oxygen for the 

biodegradation process. The temperature and moisture content were kept at 56.3ºC and 

56.5%, respectively. The biodegradation of the testing materials, brown Kraft paper and 

the compost medium was done in triplicate. 

The water content in the bioreactors was controlled every 4 days to adjust the 

moisture level to 56.5%. This is accomplished by first stopping the experiment and 

emptying the compost medium from each bioreactor into a pan to record its weight loss. 

Then distilled water was added to each bioreactor contents corresponding to the amount 

of weight loss, approximately 20 cm3, to restore the initial weight.  The contents were 

added back to their bioreactors and mixed homogenously using a spatula. 
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Results and Discussions 

The results of the AMUCS characterization experiment were analyzed using three 

methods.  The first method was making visual observations with the naked eye and 

environmental scanning electron microscope (ESEM).  The second method determined 

the effect of the thermal properties and stability on the samples using a differential 

scanning calorimeter (DSC) and a thermo-gravimetric analyzer (TGA).  The final method 

of analysis quantified the CO2-C metabolized from each sample due to the degradation 

process. 

 

Visual Observations 

 As mentioned in the composting procedure, the experiment was stopped every 

four days to rehydrate the compost in order to keep the microbes active.  During the 

rehydration process, visual observations were made to realize the effect of the 

composting environment on the specimens. 

 After the first four days of composting, it was observed that the Kraft paper had 

absorbed moisture from the compost medium and can be contributed to the porous 

structure of the material.  P(3HB-co-4HB) began to change color as shown in Figure 22 

as it absorbed moisture as well.  No visible degradation was noticed on the LDPE 

samples. 
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Figure 22: Kraft paper (A), LDPE (B) and P(3HB-co-4HB) (C) aged in compost for 4 

days 
 
 At the completion of the 15-day experiment, a significant amount of visible 

degradation had occurred on the Kraft paper and P(3HB-co-4HB), as shown in Figure 23.  

The Kraft paper had torn into several large pieces and had become extremely brittle.  

P(3HB-co-4HB) had also torn into large pieces and become brittle.  Visible holes also 

appeared throughout the P(3HB-co-4HB) specimens.  LDPE had no visible sign of 

degradation, as expected. 

 

Figure 23: Kraft paper (A), LDPE (B) and P(3HB-co-4HB) (C) aged in compost for 15 
days 

 
 Once observations were made with the naked eye, the degraded P(3HB-co-4HB) 

and Kraft paper samples were placed under the ESEM for further observation.  ESEM 

micrographs of the unaged P(3HB-co-4HB) control film and aged film in compost for 2 

weeks are presented in Figure 24(A) and Figure 24(B), respectively.  The surface of the 
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neat biopolymer was uneven, which resulted from its preparation using compression 

molding technique, Figure 24(A). After exposure in the composting medium, the surface 

of the samples becomes rougher.  ESEM micrographs of the samples exposed in compost 

medium for 2 weeks, Figure 24(B), show significant number of pits on the surface.  This 

observation is in good agreement with the photographic analysis. 

 
(A) : Before burial 

 
(B) : 2 weeks in compost 

Figure 24: ESEM micrographs of P(3HB-co-4HB) films buried compost for  2 weeks 
(scale bar: 100 µm). 

 
 After observing the degraded P(3HB-co-4HB) sample, an unaged and aged Kraft 

paper specimen was placed under the ESEM and presented in Figure 25(A) and Figure 

25(B), respectively.  It was noticed that the unaged Kraft paper has a long fibrous 

structure and is porous.  Whereas, the fibrous structure of the aged specimen has been 

deteriorated and has become more porous.  Microbial activity and moisture from the 

compost medium were the two major factors that contributed to this degradation of the 

structure of the Kraft paper.  This observation also compliments the photographic 

analysis. 



 

46 
 

 

(A) : Before Burial 

 

(B) : 2 Weeks in Compost 

Figure 25: ESEM micrographs of Kraft paper films buried compost for 2 weeks (scale 
bar: 50 µm). 

 
Thermal Properties and Stability Observations 

 In analyzing the degradation of polymers, it is important to not only visually 

observe the effects of the degradation process but to also quantify the effects of the 

degradation process.  This was achieved by measuring the change of the thermal 

properties and stability caused by the degradation process on the P(3HB-co-4HB) 

samples using a DSC and TGA. 

 Thermal analysis of the P(3HB-co-4HB) biopolymer samples before and after 

degradation for two weeks in compost was performed on a DSC6 PerkinElmer apparatus 

(Waltham, MA) under a nitrogen atmosphere.  The system was calibrated with an indium 

standard. Approximately 5 mg of each sample was used for DSC measurement.  In order 

to assess the aging process on the thermal transitions of the samples, one heating scan 

was performed from 25°C to 190 °C at 10°C/min, and a second heating scan was 

performed after a dynamic cooling from the melt to investigate the change in the melting 
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point and the crystallinity.  Measurements were done in duplicate and shown in Figure 

26. 

  

 
Figure 26: First heating (A), first cooling (B) and second heating (C) DSC thermograms: 

(a) neat P(3HB-co-4HB) and (b) P(3HB-co-4HB) aged in compost for 2 weeks. 
 

The fist heating thermogram of the partially degraded samples in compost 

medium is different from those of the non aged sample.  One can notice the presence of a 

third endothermic peak (marked by an arrow) before the double endothermic peaks.  In 

fact, for the samples of 2 weeks, a small peak appeared between 70 and 85°C.  This 

observation could indicate a certain degree of physical aging of the biopolymer in the 

compost medium.  The appearance of the lowest endothermic peak could be related to 

phase separation phenomena in the biopolymer as a result of partial degradation. 
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The melt recrystallization thermograms of P(3HB-co-4HB) samples before and 

after partial degradation are shown in Figure 26(B).  Melt recrystallization temperature 

(Tmc) and enthalpy (ΔHmc) were reported in Table 2.  The unaged P(3HB-co-4HB) 

biopolymer exhibits Tmc at 102.7 °C and ΔHmc of 47.5 J/g  The composted sample 

showed a broad melt recrystallization peak which shifted to lower temperature, marked 

by an arrow in Figure 26(B). Tmc shifted from 102.7 to 41.9 °C, indicating a decrease in 

the crystallization rate of the composted sample.  A change in ΔHmc is also observed.  -

Indeed, ΔHmc decreases from 47.5 J/g in the unaged P(3HB-co-4HB) to 21.8 J/g for the 

composted sample.  

The thermograms of the second heating are shown in Figure 26 (C). Cold 

crystallization temperature (Tcc) and enthalpy (ΔHcc); melting temperature (Tm) and 

enthalpy (ΔHm) are summarized in Table 2. The shapes of the thermograms of the unaged 

P(3HB-co-4HB) sample is similar to the first heating thermogram.  For the partially 

composted sample, the thermogram showed significantly different behavior compared to 

that observed during the first heating.  As shown in Figure 26 (C), a Tcc peak appeared at 

low temperature at 42°C. This order-disorder transition can be explained by physical 

aging of the biopolymer in the composting medium.  Table 2 showed no change in the 

high melting temperature for all the samples.  However, the partially composted sample 

showed a decrease in the low melting temperature.  It decreased from 147.9 to 140°C.  

Furthermore, the low temperature melting peak showed an important depression and is 

almost suppressed, marked by an arrow in Figure 26 (C).  Also, the total melting enthalpy 

(ΔHm) was affected with the composted samples showing the significant change.  It 
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decreased from 50.4 J/g for the unaged biopolymer to 42.8 J/g for the composted 

samples. 

The thermal properties results illustrated major changes in the total crystallinity of 

the P(3HB-co-4HB) samples after aging two weeks in the compost medium indicating the 

AMUCS was able to create the environment for biodegradation. 

 2nd Heating Cooling 
 

 
Sample 

Tcc 
(°C) 

ΔHcc 
(J/g) 

Tm 
(°C) 

ΔHm 
(J/g) 

Tmc 
(°C) 

ΔHmc 
(J/g) 

 
Before burial - - 147.9 162.1 12.7 37.7 102.7 47.5 

 
2 weeks in compost 42.0 -19.5 140.0 162.4 2.7 40.1 41.9 21.8 

 
Table 2:DSC thermal properties of P(3HB-co-4HB) films after 2 weeks in compost. 

 
Thermal decomposition was observed in terms of weight loss as a function of 

temperature by using a TA Instruments Q50 TGA (New Castle, DE). The samples were 

evenly and loosely distributed in an open sample pan with an initial sample amount of 8–

10 mg. The temperature change was controlled from 25°C to 600°C at 20°C/min in 

nitrogen atmosphere. The thermogravimetric (TG) and the derivative thermogravimetric 

(DTG) curves obtained were analyzed by using Universal Analysis 2000 software from 

TA Instruments. 

The thermal decomposition of the neat biopolymer, partially degraded samples is 

shown in Figure 9.5.  As exhibited by the TG curve, the biopolymer thermally degrades 

drastically above 350°C due to chain scission reactions leading to a reduction of 

molecular weight and formation of volatile acid products.  The shapes of the curves for 

the partially degraded samples are very similar to that of the neat biopolymer, which 
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shows a single weight loss zone with a maximum weight loss temperature (Tp) of 305°C.  

Tp did change in the partially composted sample.  Tp decreased from 305°C from the 

unaged P(3HB-co-4HB) to 296°C for the composted samples.  The thermal stability 

results also support that the AMUCS is able to create the conditions to cause 

biodegradation. 

 
(A) 

 
(B) 

Figure 27: TG (A) and DTG (B) curves: (0W) unaged P(3HB-co-4HB) and (2W-C) 
P(3HB-co-4HB) aged in compost for 2 weeks. 

 
Metabolized Carbon Data Analysis 

 The final method used to determine if the AMUCS operates functionally is 

measuring the amount of carbon metabolized from the samples.  As discussed earlier, the 

ASTM D-5338 (2003) is used to determine the amount of biodegradation of a 

biodegradable plastic by measuring the amount of carbon content metabolized from the 

degradation of a sample in ideal composting conditions. 

 During the 15-day experiment, data from the mass flow meter and the gas 

analyzer were logged continuously and the raw data was converted to determine the 

carbon weight metabolized by the degrading samples for every eight hours of data.  In the 
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following paragraphs, the metabolization results for each bioreactor and the averages of 

the triplicates are discussed. 

 As mentioned earlier, bioreactors will only compost are needed to determine the 

CO2 metabolized by the compost in order to calculate the carbon weight metabolized 

from the specimens.  Figure 29 shows the individual and average carbon metabolization 

produced by the compost.  As can be seen from Figure 29(A), the carbon metabolized 

from the three replicates followed a mostly linear path and virtually metabolized the same 

amount of carbon.  Figure29(B) shows the average of the three replicates and indicates 

that the compost metabolized approximately 1.04g of carbon with a standard deviation of 

11.8 mg.  The results of the carbon metabolized by the compost validates that the 

AMUCS was able to create consistent conditions for all three replicates and achieve 

similar results. 

  

Figure 28: Carbon metabolized by compost: (A) individual replicates and (B) average of 
replicates 

 
 Cellulose based Kraft paper was used as positive control, because cellulose is a 

well known biodegradable polymer.  However, Kraft paper used in this experiment is a 
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multi-component material and not pure cellulose.  These additional components affected 

the biodegradability of the paper.  Thus, the amount of carbon metabolized due to the 

degradation of the Kraft paper does not match the criteria of the ASTM D5338 standard.  

However, the data trends from all three replicates represent the same characteristic curve 

and can be seen in Figure 29.  For the first ten days, the carbon metabolized from the 

compost medium was less than that metabolized from the compost bioreactors.  In fact, 

replicate 3 on day eight was more than 70mg below the average of the compost.  It wasn’t 

until after day 8 that a positive trend began to occur in the data.  

  

Figure 29: Net carbon metabolized by Kraft paper: (A) individual replicates and (B) 
average of replicates 

 
Discussions with Dr. Richard Farrell, University of Saskatchewan provided an 

explanation for these results.  An extended lag period occurred due to the fact that the 

mineralization of paper usually involves more fungal populations than bacterial 

populations.  Thus, it takes time for the populations to multiply and attack the Kraft 

paper. 
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 Low density polyethylene (LDPE) was used as a negative control, because it is a 

well known non-biodegradable plastic.  This means that no net carbon should be 

metabolized from the three replicates containing LDPE and mirror the amount of carbon 

metabolized from the compost replicates.  Figure 30(A) shows that the first and third 

replicates metabolized between 80 and 90 mg more carbon than the average released 

from the compost replicates.  However, the second replicate metabolized 185 mg less 

than the average of the compost.  The result of this was determined to be a leak caused by 

poor contact interaction between the rubber stopper seal and the bioreactor.  This leak 

affected the CO2 measurements as some of the effluent gas from bioreactor leaked into 

the atmosphere. 

  

Figure 30: Net carbon metabolized by LDPE: (A) individual replicates and (B) average of 
replicates 

 
 If the second replicate is removed from the analysis, the net carbon metabolized 

from replicates 1 and 3 constitute only an 8% difference from that metabolized by the 

compost replicates. 
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 Poly (3-hydoxybutyrate-co-4-hydroxybutyrate) or P(3HB-co-4HB) was used as 

the specimen test material for the AMUCS characterization experiment.  Figure 31(A) 

shows that third replicate metabolized 313mg of carbon in a near linear fashion.  The 2nd 

and 3rd replicates mirror replicate 3 until about the third day.  After the third day, 

replicates 2 and 3 strongly deviate from replicate three in similar fashion.  This result, 

like the 2nd replicate of LDPE, was also determined to be caused by leaks around the 

rubber stopper.  If these two replicates are ignored, due to the affected measurements, the 

result of the 3rd replicate appears to have the same shape as the mineralization of 

cellulose as shown in the ASTM D5338 (2003) standard. 

  

Figure 31: Net carbon metabolized by P(3HB-co-4HB): (A) individual replicates and (B) 
average of replicates 

 
Conclusions and Recommendations 

 After the AMUCS characterization experiment was completed, it was determined 

that the operation of the AMUCS was validated.  This results of this experiment show 

that the AMUCS was able to create and maintain the conditions for biodegradation of 

biodegradable polymers in compost.  The biodegradation caused by the composting 
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environment was able to be observed visually with the naked eye and on the micro scale 

with an ESEM.  It was also shown that the biodegradation of the samples in the AMUCS 

changed the thermal properties and stabilities and was quantified using a DSC and TGA. 

Finally, the magnitude of biodegradation was able to be measured by calculating 

the carbon metabolized from the samples.  The carbon metabolized from the three 

compost replicates was consistent and linear, and there was only an 8% difference 

between the nonbiodegradable LDPE and the compost.  However, small leaks around the 

rubber stoppers on two of the P(3HB-co-4HB) severely affected the carbon 

metabolization measurements. 

After the completion of this experiment, it was noticed on the bioreactors with 

leaks that the rubber stoppers sealing them were slightly misshapen compared to the other 

rubber stoppers.  The cause of the misshaped stoppers was attributed to the holes that 

were drilled through the stoppers to accommodate the stainless steel supply tubes and the 

Graham condensers.  These holes were not drilled as straight as the rubber stoppers that 

did not leak.  This problem was solved before the second experiment was executed by 

taking greater care and firmly sealing all of the bioreactors.  Also, the heightened 

temperatures of the water bath also caused the rubber stoppers to change in shape that 

created better seals with the bioreactors over time. 
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CHAPTER 5 
EFFECT OF SYNTHETIC CLAY NANOFILLER ON THE AEROBIC 

BIODEGRADABILITY BEHAVIOR OF POLY (3-HYDROXYBUTYRATE-CO-3-
HYDROXYVALERATE) 

 

Introduction 

 The purpose of the experiment in Chapter 4 was to validate the operation of the 

AMUCS over a 15 day period.  After validating the operation of the system, a 45 day 

experiment was executed.  This experiment was designed to investigate the addition of a 

synthetic clay nanofiller on the biodegradation behavior of poly(3-hydroxybutyrate-co-

3hydroxyvalerate) or P(3HB-co-3HV).  The biodegradation behavior of microcrystalline 

cellulose powder was also measured to verify the composting conditions as per ASTM 

D5338 (2003). 

 
Materials 

Microcrystalline cellulose powder (particle size of 20 µm) was obtained from 

Sigma-Aldrich (St Louis, MO). Poly (3-hydoxybutyrate-co-3-hydroxyvalerate) or 

P(3HB-co-3HV), a biopolymer and Zn-Al stearate Layered double hydroxide or LDH-

SA, a synthetic clay, were used.  Films of neat P(3HB-co-3HV) and nanocomposite made 

of  95 wt% P(3HB-co-3HV) and 5 wt% LDH-SA were grinded into fine pieces  The

 carbon contents determined by CHN elemental analysis (Elemental Analysis Inc., 

Lexington, KY) of the biopolymer, nanocomposite and the microcrystalline cellulose 

were 56.19, 55.74 and 42.10 %, respectively. 
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Neat P(3HB-co-3HV) and nanocomposite made of 95 wt% P(3HB-co-3HV) and 5 

wt% LDH-SA samples were designated as PHBV and PHBV/SA5, respectively. 

 

Composting Procedure 

The biodegradability test by composting using AMUCS was conducted on the 

basis of  ASTM D 5338- 98 (2003) standard.  This test method determines the degree and 

rate of aerobic biodegradation of plastic materials on exposure to a controlled-

composting environment under laboratory conditions. 

200 g of homogenized compost was weighted into each glass bioreactor vessel 

and mixed with up 2 g of the biopolymer and its nanocomposite samples, and 4 g of 

microcrystalline cellulose.  Microcrystalline cellulose was used as a positive reference 

material.  Three blank bioreactors were included in the biodegradation testing system.  

Each of them contained only 200 g of the compost medium without testing material.  

After mixing, all the bioreactors were weighted and incubated under optimal oxygen, 

temperature and moisture conditions for a test period of 45 days.  The compressed air 

flows were regulated to the amount of 0.2 standard liters per minute (slpm) throughout 

the experiment to ensure enough oxygen for the biodegradation process.  The temperature 

and moisture content were kept at 56ºC and 56.5%, respectively.  The biodegradation of 

the testing materials, microcrystalline cellulose and the compost medium was done in 

triplicate. 

The water content in the bioreactors was controlled every 4 days to adjust the 

moisture level to 56.5%.  This is accomplished by first stopping the experiment and 
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weighing each bioreactor to record its weight loss.  Then distilled water of approximately 

20 cm3 corresponding to the amount of weight loss was added to each bioreactor contents 

to restore the initial weight.  The contents were then mixed homogenously using a 

spatula. 

 

Results and Discussions 
Quality of the compost medium and validation of the composting test conditions 

An important criterion concerning the quality of the compost medium and the 

validation of the composting test conditions is the biodegradation of the positive 

reference of cellulose.  ISO 14855 stipulates that the degree of biodegradation of 

reference material is more than 70% after 45 days.  Figure 6.9(A) and (B) show the net 

cumulative carbon dioxide (CO2-C) productions and the percentage mineralization of the 

microcrystalline cellulose, respectively.  The result of this experiment showed that the 

degree of biodegradation of the positive reference material (microcrystalline cellulose) 

was 72.05% in the compost medium after 45 days at 56.3ºC. 

  
Figure 32: Net cumulative CO2-C productions (A) and percentage mineralization (B) of 

cellulose. 
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Biodegradation Behavior of PHBV and PHBV/SA5 Nanocomposite 

A convenient way to compare the biodegradation behavior of polymeric materials 

and their nanocomposites is to determine the carbon dioxide metabolized during the 

composting test.  The net cumulative carbon dioxide (CO2-C) productions and the 

percentage mineralization of PHBV and PHBV/SA5 nanocomposite are shown in Figure 

33(A) and (B), respectively.  Mineralization of PHBV and PHBV/SA5 samples 

proceeded slowly at first (with a lag period of 4 days) but then increased slowly from 

about day 5 to day 15. After day 15, the % mineralization was 20.32 and 17.43 for PHBV 

and PHBV/SA5 nanocomposite, respectively.  After day 15, the net CO2-C production 

increased rapidly for another 20 days.  However, the increase is higher for PHBV/SA5 

sample than for the neat PHBV.  After day 35, the % mineralization was 60.86 and 70.65 

for PHBV and PHBV/SA5 nanocomposite, respectively.  After day 35, the net CO2-C is 

produced at a much slower rate before reaching a plateau in the case of PHBV/SA5 

sample at about 45 days.  For neat PHBV, no plateau is reached. After day 35, the % 

mineralization was 65.31 and 73.65 for PHBV and PHBV/SA5 nanocomposite, 

respectively.  

The above analysis suggested that the overall biodegradability (i.e. rate, degree 

and ease of degradation) of the biopolymer PHBV was significantly affected by the 

addition of the synthetic clay LDH-SA.  Indeed, under the same controlled composting 

test conditions, the incorporation of 5 wt% LDH-SA into PHBV matrix yielded 

nanocomposite with significantly improved biodegradability. 
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Figure 33: Net cumulative CO2-C productions (A) and percentage mineralization (B) of 

PHBV and PHBV/SA5 nanocomposite. 
 

Conclusion 

For the biodegradation study according to ASTM D 5338-98 (2003), the 

experiments is validated with the use of cellulose as a reference material.  Under 

controlled composting conditions, the mineralization of microcrystalline cellulose yielded 

72.05% which is slightly higher than the 70% mineralization requirement. 

The system is used to investigate the effect of the addition of synthetic clay on the 

biodegradability behavior of a biopolymer.  The mineralization result suggested that the 

overall biodegradability (i.e. rate, degree and ease of degradation) of the biopolymer 

PHBV was significantly affected by the addition of the synthetic clay LDH-SA.  Indeed, 

under the same controlled composting test conditions, the incorporation of 5 wt% LDH-

SA into PHBV matrix yielded nanocomposite with significantly improved 

biodegradability. 
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CHAPTER 6 

CONCLUSIONS 

 
Need for Biodegradable Plastics 

 Plastics have infiltrated into all aspects of human life over the past century all the 

way from the plastic shrink wrapping that preserves food from bacteria and fungus, to the 

Styrofoam cup that keeps coffee hot and soft drinks cold, to the rubber tires that are a 

major building block of the transportation system, to the life saving medical equipment 

found in hospitals and practitioners’ offices.  However, this popularity of plastics comes 

at great cost.  Most plastics are derived from petroleum based sources, are not 

biodegradable and continue to swell the footprints of landfills.   

To combat these undesirable characteristics of plastics, biodegradable plastics 

have been and are continuing to be developed to replace their petroleum based 

counterparts.  These biodegradable plastics are derived from naturally occurring 

polymers, such as cellulose and corn starch, that are readily degradable in compost.  

However, more research needs to be conducted to develop biodegradable plastics that are 

robust during their intended use but degrade quickly once discarded by the consumer. 
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Design of an AMUCS 

 An automated, multiunit composting system was designed to conduct research to 

study the biodegradation characteristics of biodegradable plastics in compost.  The 

system was designed to meet the requirements of the ASTM D5338-98 (2003) standard 

and consisted of three major subsystems.  The first subsystem discussed was a water bath 

was constructed using a residential water heater, an acrylic fish tank and a transfer pump 

to hold the temperature of the experiments inside the required thermophilic temperature 

range required by the standard.  Its operation was validated by conducting a 15 day 

experiment and plotting the average daily temperature over the duration of the 

experiment. 

 A gas distribution system was the second subsystem discussed and was used to 

regulate the aeration rate of the bioreactors and measure the flow rates and CO2 

concentrations of the effluent gasses from the bioreactors.  To achieve the desired design 

criteria, the gas distribution system used the following hardware.  12 rotary flow 

controllers were used to regulate the aeration rate into the bioreactors.  Graham 

condensers dehydrated the effluent gasses to protect the measurement equipment.  A gas 

multiplexer was designed using 3-way solenoid valves, check valves, and a nylon 

manifold so that each bioreactor could be sampled individually.  A mass flow meter and a 

NDIR CO2 gas analyzer measured the flow rates and CO2 concentrations of the effluent 

gasses from the bioreactors to calculate the carbon metabolized from the compost 

medium.  The gas distribution system was validated by locating and fixing any leaks 

detected and verifying the calibrations of the mass flow meter and gas analyzer. 
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 The Hardware Control and Data Acquisition System (HCDAQS) was the last 

subsystem described.  HCDAQS is the central nervous system of the AMUCS.  It was 

designed using LabVIEW 8.6 to acquire and log data from the RTDs, mass flow meter 

and gas analyzer, cycle the solenoid valves of the gas multiplexer, regulate the water bath 

temperature and display real time data to the user on a GUI.  To create a LabVIEW 

program that achieves those criteria, two architecture techniques were used.  

Producer/consumer architecture was used to separate the data acquisition process from 

the data logging and water bath temperature regulating processes.  State machines were 

the second design architecture implemented and were used to cycle the solenoid valves 

and to trigger the relay used to control the transfer pump used to maintain the water bath 

temperature. 

 

AMUCS Characterization Experiment 

 Each of the three subsystems was validated individually.  However, the complete 

operation of the system needed to be validated.  This was achieved by performing a 15 

day characterization experiment.  At the conclusion of the experiment, it was shown that 

the system was able to create and maintain the environment for biodegradation.  This was 

verified by making visual observations with the naked eye and an ESEM.  The affect of 

the composting conditions on the thermal properties and stabilities of the specimens was 

also quantified using a DSC and TGA.   

It was also shown the AMUCS was able to measure the metabolization of carbon 

from the compost medium, and the metabolization rates of the three bioreactors with 
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compost were consistent.  The characterization experiment also showed that there were 

leaks on several of the reactors which affected the CO2 concentration measurements.  

These leaks were identified and corrected before conducting the next experiment. 

 

Effect of Synthetic Clay Nanofiller on the Aerobic Biodegradability Behavior of Poly (3-

Hydroxybutyrate-Co-3-Hydroxyvalerate) 

 After validating the operation of the entire system, it was important to perform a 

45 day experiment that conformed to the ASTM D5338-98 (2003) standard.  This was 

achieved by using microcrystalline cellulose powder as a positive control to validate the 

results of the experiment and comparing the biodegradation behavior of a neat 

biodegradable polymer, P(3hb-co-3hv), and the same polymer with synthetic clay 

nanofiller. 

 Once the experiment was completed, it was determined that the average % 

mineralization of the cellulose was 72.05% which validates the experimental results 

according to the ASTM standard.  Also, it was shown clay nanofiller did have a 

significant effect in the biodegradation behavior of P(3hb-co-3hv).  At the conclusion of 

the test, the P(3hb-co-3hv) specimens with 5% clay nanofiller metabolized just over 8% 

more carbon weight than the neat samples. 
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