
 

 

Abstract 

CHARANIA, KOMAL AMIN. Biological and Chemical Reactions of Cellulose in Landfills. 

(Under the direction of Dr. Morton A. Barlaz). 

This thesis discusses 2 research projects surrounding the activity of cellulose in landfills. The first 

topic studies the anaerobic decomposition of cotton under simulated landfill conditions. An 

understanding of the anaerobic biodegradability of cotton as used in various types of textiles is 

important to characterize the carbon footprint of cotton-based textiles in the disposal stage. 

However, there is only limited literature on the anaerobic biodegradability of cotton and no 

research has been conducted under conditions that simulate a landfill. The overall objective of this 

research was to evaluate the rate and extent of cotton biodegradation under simulated landfill 

conditions and the extent to which various treatments and additives have an impact on the 

anaerobic biodegradability of cotton. The anaerobic biodegradation of cotton was monitored under 

simulated landfill conditions for 223 days.  The only treatment that had an impact on methane 

yield was the durable press finish, which resulted in a decreased methane yield of about 36% 

relative to the bleached, dyed, and softened cottons. The polyester fabric was recalcitrant. Reactor 

operation will be continued until methane production ceases. Upon reactor termination, reactors 

will be destructively sampled to determine the extent of fabric loss and analyzed for changes in 

fiber morphology and crystallinity. 

The second topic is on the potential for abiotic cellulose hydrolysis to occur at temperatures 

that are possible in landfills. With a concentration of 30-50%, cellulose is the largest biodegradable 

component of municipal solid waste (MSW) as it is present in food waste, yard waste, wood and 

paper – providing ample substrate for cellulolytic reactions. Cellulose is reported to undergo 

abiotic hydrolysis reactions under conditions of elevated temperature and pressure and a number 

of end-products have been documented – some of which result in exothermic reactions (Bonn et 



 

 

al., 1985; Malester et al., 1992; Bobleter, 1994; Sasaki et al., 1998). However, the literature focuses 

on the abiotic degradation of cellulose at conditions that are much more severe in regard to 

pressure, temperature and pH then are present in a landfill. The objectives of this study were to (1) 

explore factors (temperature, pH, sodium chloride concentration, and pressure) that influence 

abiotic cellulose hydrolysis under conditions applicable to landfills and (2) assess the impact of 

abiotic cellulose hydrolysis on heat generation in landfills. Cellulose hydrolysis was shown to 

occur at pH 7 at temperatures as low as 72℃. There was not a significant difference in the extent 

of cellulose hydrolysis between 1 and 2 atm at 93 ºC at a pH of 5 to 10. While hydrolysis can occur 

at pHs 7 – 10, the extent of hydrolysis at each pH increased with temperature. Acidic end-products 

were shown to accumulate based on pH decreases in the batch tests which caused the hydrolysis 

reaction to terminate. Cellulose hydrolysis can also occur at temperatures ranging from 60 – 93℃ 

with the extent of hydrolysis increasing with temperature. However, at 60℃, cellulose hydrolysis 

was only measured at pH  8 to 10 after 209 days. Further work should be done to determine if 

other catalysts (metal, silica/sand) play a role in abiotic cellulose hydrolysis and to identify liquid 

and gaseous end-products of cellulose hydrolysis to estimate the impact of cellulose hydrolysis on 

heat generation in landfills.
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Chapter I: Introduction 

This thesis will discuss 2 research projects surrounding the activity of cellulose in landfills. The 

first topic is a study of the anaerobic decomposition of cotton under simulated landfill conditions. 

An understanding of the anaerobic biodegradability of cotton as used in various types of textiles 

is important to characterize the carbon footprint of cotton-based textiles in the disposal stage. 

However, there is only limited literature on the anaerobic biodegradability of cotton and no 

research has been conducted under conditions that simulate a landfill. The overall objective of this 

research was to evaluate the rate and extent of cotton biodegradation under simulated landfill 

conditions and the extent to which various treatments and additives have an impact on the 

anaerobic biodegradability of cotton.  

The second topic is on the potential for abiotic cellulose hydrolysis to occur at temperatures 

that are possible in landfills. With a concentration of 30-50%, cellulose is the largest biodegradable 

component of municipal solid waste (MSW) as it is present in food waste, yard waste, wood and 

paper – providing ample substrate for cellulolytic reactions. Cellulose is reported to undergo 

abiotic hydrolysis reactions under conditions of elevated temperature and pressure and a number 

of end-products have been documented – some of which result in exothermic reactions (Bonn et 

al., 1985; Malester et al., 1992; Bobleter, 1994; Sasaki et al., 1998). However, the literature focuses 

on the abiotic degradation of cellulose at conditions that are much more severe in regard to 

pressure, temperature and pH then are present in a landfill. The objectives of this study were to (1) 

explore factors (temperature, pH, sodium chloride concentration, and pressure) that influence 

abiotic cellulose hydrolysis under conditions applicable to landfills and (2) assess the impact of 

abiotic cellulose hydrolysis on heat generation in landfills. 
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Chapter II: Anaerobic Decomposition of Cotton Fabric under Simulated Landfill 

Conditions 

Introduction 

The US EPA estimates that only 14.7% of textiles were recovered for recycling in 2018 while 

66.4% of textiles were disposed in landfills (USEPA, 2020). Cotton is comprised largely of 

cellulose and, under the anaerobic conditions that dominate landfills, cellulose is converted to 

methane and carbon dioxide. An understanding of the anaerobic biodegradability of cotton as used 

in various types of textiles is important to characterize the carbon footprint of cotton-based textiles 

in the disposal stage. While there is considerable literature on the anaerobic biodegradability of a 

number of lignocellulosic substrates in landfills, including various types of paper, lumber, food 

waste, grass, leaves and branches (Eleazer et al., 1997; Barlaz, 2006; Wang & Barlaz, 2016), there 

is only limited literature on the anaerobic biodegradability of cotton and no research has been 

conducted under conditions that simulate a landfill. However, studies under aerobic conditions 

indicate that treatments applied to cotton impact biodegradability with durable press treatments 

limiting biodegradation and softener finishes having the least impact (Frey & Ozturk, 2019; 

Venditti et al., 2020). 

Methane and carbon dioxide are the ultimate end products of anaerobic biodegradation in 

landfills. Methane is particularly important because it is both a potent greenhouse gas as well as a 

green energy source. There are several fates for the methane produced in landfills. Some methane 

is released to the atmosphere because (1) gas collection systems are not 100% efficient, (2) some 

methane is produced prior to gas collection system installation, and (3) landfills below EPA-

described capacity levels are not required to collect landfill gas. Methane that is captured may be 

converted to energy (e.g., engines, turbines, boilers) in which case the landfill can claim credit for 
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avoided emissions associated with energy generation from traditional sources. Finally, some 

methane is captured and converted to carbon dioxide in a flare with no energy recovery. To the 

extent that biogenic carbon (e.g., cotton) is not completely degraded, the undegraded carbon 

represents stored carbon. Carbon storage and the fate of methane are dominant factors in the 

landfill carbon balance. 

The overall objective of this research was to evaluate the rate and extent of cotton 

biodegradation under simulated landfill conditions and the extent to which various treatments and 

additives have an impact on the anaerobic biodegradability of cotton. As described with the results, 

decomposition is not complete and this report presents results through day 223.  
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Literature Review 

The EPA reported that in 2018, at 17.03 million tons, textiles accounted for 5.8% of MSW 

generation in the United States. Of this, 14.7% was recycled and 18.9% was combusted with 

energy recovery, leaving 66.4% of textiles to be landfilled (USEPA, 2020). 33% of all textile fibers 

are cotton which is the purest natural form of cellulose (Hsieh & Gordon, 2006; Drew & 

Yehounme, 2017). Thus, the objective of this section is to give an overview of anaerobic cellulose 

degradation followed by a summary of literature on cotton degradation. 

Anaerobic Cellulose Degradation 

Refuse decomposition in a landfill occurs mostly in the absence of oxygen, where cellulose 

decomposition ultimately produces methane and carbon dioxide as in Equation 1. While oxygen 

is often present upon burial of waste, it is quickly consumed. After the aerobic phase, the anaerobic 

acid phase occurs where carboxylic acids accumulate as fermentative bacteria break down soluble 

monomers. During this phase, carbon dioxide concentrations are high, and methane can be 

detected. COD is high during this phase and pH is low as most of the COD can be attributed to 

carboxylic acids. Once microbial activity is balanced, accelerated methane production begins 

where pH increases, and high methane contents are found. As the methane production phase 

continues, COD decreases, and acids are no longer a high proportion of the COD. Ultimately, 

substrates are depleted and degradation is complete. 

          (𝐶6𝐻10𝑂5)𝑛 + 𝑛𝐻2𝑂 →  3𝑛𝐶𝑂2 + 3𝑛𝐶𝐻4                          (1) 

Eleazer et al. (1997) measured the anaerobic biodegradability of grass, leaves, branches, 

food waste, coated paper, old newsprint (ONP), old corrugated containers (OCC), and office paper 

(OFF) as these are common components of MSW. Methane yields for all samples are presented in 

Table II-1 . As they are most similar in composition to cotton, OFF will be specifically explored 

as OFF had the largest cellulose content of all components measured at 87.4%. OFF (seeded with 



5 

 

well-decomposed refuse) did not require leachate neutralization after day 23 and kept a range of 

pH between 6.8 – 7.5. The maximum COD of the leachate from the OFF reactors was 8767 mg/L 

on day 11 and decreased to ~500 mg/L by day 123 and stayed nearly constant over the 600 days 

over which the OFF decomposed. While some reactors had initial peaks of methane production, 

the OFF, food waste, ONP, and OCC reactors had multiple peaks indicating that additional 

cellulose became bioavailable through the biodegradation process. In particular, the OFF reactors 

had constant methane production for ~300 days due to the uniform composition of OFF. Operation 

of these reactors ceased on day 671 and solids analysis showed that 98% of cellulose had degraded. 

However, at a yield of 217.3 mL CH4/dry g OFF, the extent of decomposition was only 54.6% 

based on methane recovery. No consistent factors were able to be identified that would cause this 

methane potential recovery to only be 55.5%. While there was no evidence of gas leakage, this is 

a plausible explanation. General trends among all reactors showed that methane yield increased as 

the combined cellulose and hemicellulose content increased, and that cellulose loss increased with 

a decreasing degree of lignification as lignin decreases the bioavailability of carbohydrates 

(Eleazer et al., 1997). 

Wang et al. (2015) measured the anaerobic biodegradation of 2 samples each of newsprint 

(NP), copy paper (CP) (equivalent to OFF above), and magazine paper (MG) as well as 1 sample 

of diapers (DP) in laboratory-scale landfill reactors seeded with leachate. Of these, the CP samples 

had the highest proportion of cellulose at 61.3% for CP 1 and 57.8% for CP 2. These and the NP 

samples were run in 2 series of reactors (A and B) in which series B reactors were reinoculated on 

day 51 due to the weak initial inoculum. As series A reactors failed, series B results will be 

discussed below. CP 1 and CP 2 had consistent methane yields at 143.5 mL/dry g and 146.4 mL/dry 

g, respectively. Overall, these reactors had the highest yields of all substrates tested in the study 
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and the highest methane production rates with the Series B CP 1 reactor reaching ~1.6 mL/g/day. 

CP 1 also reached a maximum COD of ~17,500 mg/L before stabilizing near ~2,000 mg/L. Similar 

to the office paper reactors studied by Eleazer et al. (1997), >99% of the cellulose had degraded in 

the CP reactors (Wang et al., 2015). Two samples of MG were tested, MG 1 was made from 

chemical pulps that has most of the lignin removed (3.3% lignin) while MG-2 was a mechanical 

pulp which includes lignin (19.6%). 99% of cellulose degraded in MG 1 reactors while 48% of 

cellulose degraded in MG 2 reactors (Wang et al., 2015). MG 2 is comparable in composition to 

the coated paper studied by Eleazer et al. (1997) in which 46% of cellulose degraded. Thus, as is 

consistent with Eleazer et al. (1997) , lignin was shown to inhibit bioavailability (Eleazer et al., 

1997). Furthermore, MG 1 had a methane production rate peak at day 300, suggesting that more 

cellulose became bioavailable (Wang et al., 2015). In both MG 1 and MG 2 reactors, pH reached 

neutrality quickly after COD dropped. Ultimately, substrates with similar compositions from both 

Wang et al. (NP 1, NP 2, MG 2, CP 1) and Eleazer et al. (1997) (ONP, coated paper, OFF) showed 

comparable cellulose loss and methane yields. 

Wang & Barlaz (2016) explored the anaerobic biodegradability of 2 species each of 

hardwood (HW) and softwood (SW) branches in laboratory-scale reactors inoculated with well-

decomposed refuse. HW-1 was White Oak, HW-2 was Willow Oak, SW-1 was Loblolly Pine, and 

SW-2 was White Pine. Samples from each were divided based on size into twigs (<2.54 cm) or 

boughs (> 7.62 cm). The HW samples exhibited consistently higher methane production (Table II-

1) and a larger loss of cellulose than the SW samples. 19 – 62% of cellulose degraded in the HW 

samples while 0 – 9% of cellulose degraded in the SW samples. The methane production rate for 

both HW and SW reactors had an initial peak in methane production rate followed by a decline, 

which was similar to the branches Eleazer et al. (1997). The average methane yield of all SW and 
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HW samples (59.4 mL/dry g) is also comparable to the branches in Eleazer et al. (62.6 mL/dry g) 

(Eleazer et al., 1997). The pH of all reactors reached neutrality in less than 20 days. The COD of 

all HW samples except HW-1 bough had initial peaks of ~6,000 - 8,000 mg/L and then decreased 

to stable values of ~2,000 – 3,000 mg/L. HW-1 bough had a much higher peak COD of ~11,000 

mg/L that decreased to ~5,000 mg/L. This is consistent as HW-1 bough had the highest with 

methane yield, highest cellulose content (40.2%) and lowest lignin content (21.8%). The COD of 

the SW samples stayed elevated throughout the experiment as soluble components released from 

the samples did not get converted to methane. Although both the HW and SW had similar cellulose 

and hemicellulose contents, HW samples had lower lignin contents and a less condensed form of 

lignin that exposed more cellulose (Wang & Barlaz, 2016). This inhibition due to lignin content is 

consistent with earlier results (Eleazer et al., 1997.; Wang et al., 2015). The results of various BMP 

tests conducted on these samples concluded that there are some inhibitory extractives that are 

species specific and result in differences in methane yields among all samples (Wang & Barlaz, 

2016).  

All of the studies summarized above showed that lignin reduced the bioavailability of 

cellulose to anaerobic microorganisms. They also were able to measure considerable degradation 

of cellulose, in some cases >99%. The highest methane yield was measured for office paper at 

217.3 mL/dry g which is most comparable to cotton due to its high cellulose content. The COD 

for office and copy paper was found to stabilize at 500 – 3500 mg/L after 100 – 200 days of 

decomposition, depending on the study (Eleazer et al., 1997; Wang et al., 2015). The pH of the 

copy paper in the Wang et al. (2015) study neutralized more slowly than other reactors that 

contained newspapers, magazines, woods, and grasses. 
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Table II-1. Measured methane yields from reactor studies designed to simulate landfill 

conditions 

Study Component Methane Yield (mL/dry g) 
Extent of 

Decomposition (%) 

(Eleazer et al., 

1997)a 

Grass 144.4 ± 15.5 94.3 

Grass 2 127.6 ± 21.8 75.5 

Leaves 30.6 ± 8.6 28.3 

Branch 62.6 ± 13.3 27.8 

Food 300.7 ± 10.6 84.1 

Coated Paper 84.4 ± 8.1 39.2 

Old Newsprint 74.3 ± 6.8 31.1 

Old Corrugated Containers 152.3 ± 6.7 54.4 

Office Paper 217.3 ± 15.0 54.6 

MSW 92.0 ± 4.1 58.4 

(Wang et al., 

2015)b 

Newspaper 1 
Series A – 39.5 ± 11.9 

Series B – 61.9 ± 7.8 

Series A – 37 

Series B – 51 

Newspaper 2 
Series A – 19.3 ± 1.3 

Series B – 59.4 ± 3.6 

Series A – 34 

Series B – 52 

Copy Paper 1 
Series A – 132.3 ± 27.4 

Series B – 143.5 ± 9.1 

Series A – 99 

Series B – 99 

Copy Paper 2 
Series A – 22.1 ± 1.1 

Series B – 146.4 ± 1.8 

Series A – 19 

Series B – 100 

Magazine 1 (chemical pulp) 108.8 ± 22.0 99 

Magazine 2 (mechanical 

pulp) 
16.6 ± 8.0 48 

Diaper (cut) 26.6  

Diaper (whole) 23.9 ± 1.1  

(Wang & 

Barlaz, 2016)b 

Hardwood 1 (white oak) 

Twig 
99.2 ± 7.4 50 

Hardwood 1 (white oak) 

Bough 
118.3 ± 23.3 62 

Hardwood 2 (willow oak) 

Twig 
76.3 ± 11.9 19 

Hardwood 2 (willow oak) 

Bough 
98.1 ± 1.5 44 

Softwood 1 (loblolly pine) 

Twig 
19.5 ± 1.7 6 

Softwood 1 (loblolly pine) 

Bough 
-1.8 ± 1.9 -16c 

Softwood 2 (white pine) 

Twig 
4.4 ± 5.1 9 

Softwood 2 (white pine) 

Bough 
19.7 ± 8.5 -10c 

aExtent of decomposition calculated by dividing the measured methane yield by the yield calculated 

assuming conversion of 100% of the cellulose and hemicellulose to CH4 and CO2.  
bExtent of decomposition calculated from the mass of cellulose lost. 
cNegative values indicate a lack of decomposition and can be considered as 0.  
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Cotton Degradation 

While the anaerobic degradation of cotton has not been well studied, studies have been conducted 

on degradation in aerobic and aquatic systems. Warnock et al. studied the aerobic biodegradation 

of 3 fabrics in soil – cotton, rayon, and Tencel – all of which are composed of cellulose, but with 

different polymer arrangements. Findings showed that shorter polymer chains and larger 

amorphous regions indicated more rapid degradation as these forms of cellulose are more easily 

broken down by microbes. Thus, degradation was fastest for rayon and slowest for Tencel. The 

half-lives were 22 days for rayon, 40 days for cotton, and 94 days for Tencel (Warnock et al., 

2009). Komkleow et al. also studied the aerobic biodegradation of fabrics in soil, but compared 

cotton and polyester buried in Thailand during the dry season. Samples were soaked in either water 

or 5% urea and 2% glucose solutions meant to provide nutrients to stimulate decomposition. 

Weight loss was used to measure degradation and findings showed that all cotton samples 

degraded completely within 10 weeks while all polyester samples were fully intact. There was no 

difference in degradation rates between the samples provided nutrients and those without 

(Komkleow et al., 2012). 

Two studies have been conducted on the decomposition of cotton fabrics with treatments 

similar to those that were explored in this thesis. The first of the studies measured the 

biodegradability of cotton fabrics using the Standard Test Method for Determining Aerobic 

Biodegradation in Soil (ASTM D5988-12). 10 fabrics were tested with 9 different finishes and 1 

control fabric. The fabric treatments included 2 antiwrinkle treatments, 2 softener treatments, 2 

water repellant treatments, a chemical and thermal stability treatment, a silver-based antimicrobial 

treatment, and a flame-retardant treatment. The average nitrogen and carbon contents of the fabrics 

were 0.69 ± 1.30% and 41.49 ± 1.95%, respectively. As a reference, pure cellulose is 44.4%C. The 
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fabrics with the flame-retardant treatment and the antiwrinkle treatment containing dimethylol 

dihydroxyethylene urea (DMDHEU) had the highest nitrogen contents at 3.32% and 0.51%, 

respectively, while the other fabrics had nitrogen contents at or below 0.10%. These two fabrics 

also had the lowest carbon contents at 37.57% and 41.67% for the flame retardant and DMDHEU 

antiwrinkle treatments, respectively, while the other fabrics had carbon contents of at least 42.26%. 

CO2 production was monitored as a metric for biodegradation in addition to periodic sample 

removal for weight loss measurements. At day 154, when the aerobic biodegradation portion of 

the experiment was terminated, CO2 production was ongoing. Ultimately, there was no correlation 

(R2 = 0.28) between the cumulative CO2 produced by the fabrics and their weight loss (Figure II-

1). However, results from both did indicate that the antiwrinkle treatment containing dimethylol 

dihydroxyethylene urea (DMDHEU) limited aerobic fabric degradation (Frey & Ozturk, 2019).  

 
Figure II-1. CO2 production vs weight loss for the aerobic degradation of cotton fabrics with 

various treatments (adapted from Frey & Ozturk, 2019) 

The second study that explored the decomposition of cotton fabrics with various treatments 

did so in a 25℃ aerobic aquatic environment where samples were inoculated with a low 

concentration (30 ppm TSS) activated sludge sourced from the Neuse River Wastewater Treatment 
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Plant (WWTP). The extent of biodegradation was calculated based on oxygen uptake measured by 

a respirometer. The studied samples were cotton fabrics with no finish (control), Blue 19 dye, a 

durable press finish (DMDHEU), a silicone softener finish, and a C6 water repellent finish. 

Reference samples of oak leaves and microcrystalline cellulose were also observed under the same 

conditions as the fabrics. At 89.6% biodegradation in 102 days, the softener finished fabric 

degraded the most followed by the microcrystalline cellulose (87.7%), water repellent (74.9%), 

finish-free control (72.2%), dyed (66.2%), oak leaves (64.9%), and the durable press (63.0%) 

samples. This is similar to the comparative order of biodegradation reported by Frey & Ozturk for 

the same samples. However, the study found no statistically significant difference between the 

extent of biodegradation of the samples after 102 days, although the rate of biodegradation was 

noticeably different. The microcrystalline cellulose, finish-free control, dyed, and softened 

samples exhibited the fastest rates of decomposition while the oak leaves and durable press 

treatments exhibited the lowest rates. Biodegradation for the oak leaves and durable press 

treatments was still ongoing after 102 days. Upon inspection with a scanning electron microscope, 

the durable press fabric was the only one that had visibly intact fibers. Furthermore, an additional 

experiment monitoring cellulase penetration of samples indicated that treatments with crosslinking 

(durable press and water repellent) delayed the penetration of cellulase enzymes and reduced the 

availability cellulose binding sites. However, initial material characterization showed that finish 

coverage is not homogenous and coverage of fibers on the surface is not complete. Thus, cellulose 

is still exposed for cellulase to target. As the finish degrades and becomes detached from the fabric, 

additional cellulose becomes available. Additionally, the surface composition of the fabrics was 

measured by X-Ray Photoelectron Spectroscopy. This showed that the fabrics varied in elemental 

surface composition. The softened cotton had 9% silicon, the dyed had 2% silicon, the water 
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repellent had 50% fluorine, and the durable press had 2% nitrogen and 1% chlorine. Lastly, it was 

observed that the fabric dyed with Blue 19 caused the liquid to turn blue as the dye leached out of 

the fabric (Venditti et al., 2020). 

In summary, studies have shown that cotton is highly degradable under aerobic conditions, 

but that degradation can differ based on treatments applied to fabric. While some treatments do 

not impact biodegradability (e.g., silicone softeners), others inhibit the degradation of cellulose 

fibers in cotton (e.g., DMDHEU based antiwrinkle). 
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Materials & Methods 

Experimental Design 

The anaerobic biodegradability of four cotton materials (Table II-2) was tested under simulated 

landfill conditions. Tests were conducted under conditions that were optimal for anaerobic 

biodegradation including a neutral pH, 37 ºC, nutrient addition and high moisture. The intent was 

to accelerate the decomposition process so to measure the extent of cotton biodegradation in the 

shortest possible time while maintaining simulated landfill conditions. A polyester fabric was 

tested to compare cotton to a synthetic textile. All treatments were run in triplicate. 

Table II-2. Summary of cotton treatments tested 

Treatment Description 

1 inoculum + dyed cotton fabric 

2 inoculum + bleached cotton fabric 

3 inoculum + cotton fabric with softener finish 

4 inoculum + cotton fabric with durable press finish 

5 inoculum + polyester fabric 

6 Inoculum (background methane) 

 

Materials 

The cotton and polyester materials used in this study were provided by Cotton, Inc along with 

information on their composition. All fabrics were bleached in a single load regardless of finish. 

The fabrics were then dried on a relaxation drier before being split for finish application. The dyed 

cotton fabric was colored in a dyebath containing 8% reactive black 5 on a weight-of-goods basis 

(i.e., 8 grams of dye per 100 grams of fabric). The softened fabric was finished with a modified 

amino functional silicone softener with a concentration of 50 g/L. After finish application, the 

fabric was dried at 121℃ for 90 seconds. It is estimated that 0.49% of the fabric is composed of 

the finish. The durable press fabric was finished with a low formaldehyde 

dimethyloldihydroxyethyleneurea (DMDHEU) resin that was catalyzed by a 64% solution of 
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magnesium chloride hexahydrate, leaving the fabric with 3.84% finish concentration. This fabric 

was also dried at 121℃ for 90 seconds and cured at 171℃ for 45 seconds.  

All fabrics and their associated finishes were characterized by measurement of their 

biochemical methane potential (BMP), moisture content (MC), volatile solids (VS), and the 

composition of cellulose, hemicellulose, lignin, and extractives (CHLE). The initial pH and 

chemical oxygen demand (COD) of fabric, after soaking in water, was also measured to determine 

any baseline contribution to the reactor leachate. 

A well-decomposed refuse inoculum was used to inoculate each test. The refuse was a mix 

of shredded residential and synthetic MSW that had been incubating at 37℃ in a 55-gallon drum. 

This inoculum contains a microbial population that converts lignocellulosic substrates to methane. 

Lignocellulosic substrates represent the majority of the methane potential of discarded MSW in 

landfills. The inoculum had a moisture content of 64.0%.  

The composition of the synthetic MSW is given in Table II-3. The SONOCO recycling 

plant in Raleigh, NC provided paper products, metals, plastics, and glass. Rabbit food was used to 

simulate food waste as it contains cellulose, hemicelluloses, proteins, lipids, and starch. Textiles, 

rubber, and leather were purchased from a used clothing store in Raleigh, NC. Treated and 

untreated wood were used in equal weights to represent wood waste. This included both hardwood 

and softwood. Treated wood was purchased from a home improvement store in Raleigh, NC. 

Untreated wood was sourced from the NC State University (NCSU) recycling center where mixed 

yard waste was also collected. 

The particle size of the refuse used for the inoculum was reduced to 3 to 6 cm to allow for 

reasonably homogeneous samples. Size reduction was done by using a metal sheet cutter, rotary 
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cutter, crushing, or shredding, as appropriate. Particle size reduction occurred prior to 

decomposition of the residential and synthetic MSW in the 55-gallon drum.  

Table II-3. Composition of synthetic refuse a  

Component 

Composition 

(% wet basis)b 

Paper Newsprint 1.6 

  Office Paper 0.8 

  Magazines 0.4 

  Corrugated Containers 2.1 

  Other Paper 10.6 

Metals Aluminum Cans 0.4 

  Steel Cans 0.3 

  Other Metals 6.1 

Plastics Polyethylene terephthalate (PET) Containers 1.2 

  High density polyethylene (HDPE) Containers 1.0 

  Other Plastics 15.9 

Glass Glass Containers 3.8 

  Other Glass 1.4 

Others Rubber and Leather 4.0 

  Textiles 7.9 

  Food Waste 21.7 

  Yard Waste 8.4 

  Wood 8.2 

  Other 4.4 

a. Based on the average composition of discarded waste in the U.S. in 2013 (EPA, 2015) 

b. Total may not be equal to 100% due to rounding. 

 

Experimental Equipment and Reactor Filling 

Samples were incubated in 8-L polypropylene mason jars (Figure II-2) sealed with 70 mm screw 

caps (United States Plastic Corporation, Lima, OH, USA) and a silicone gasket. A leachate 

collection port was added to the bottom of each reactor and a leachate inlet and gas collection port 

were added to the cap. These ports were connected to intravenous leachate collection bags (VWR, 

Randor, Pennsylvania, USA) and tedlar gas bags (SKC Inc., Eighty Four, Pennsylvania, USA) 

using tygon tubing with an inner diameter of 1/4” (6.35 mm) and an outer diameter of 3/8” (9.52 

mm) and connected by a hose barb. A list of reactor parts is presented in the Appendix. 
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Figure II-2. Schematic of reactor system used for decomposition tests  

About 400 g of 12.7 cm x 12.7 cm pieces of each fabric and 600 wet g of decomposed 

refuse (inoculum) were well-mixed and then added to the reactors (Table II-4). The mixture was 

added in ~7.5 cm layers and compacted in the reactors. 2-L of anaerobic deionized water was 

added to saturate the waste so to provide ~500 mL of leachate for recirculation. Prior to gas bag 

attachment, reactors were checked for leaks by pressurizing the system to 70 mbar and monitoring 

with a pressure meter to verify that the pressure was maintained, an indication of a gas tight seal. 

The reactors were then flushed with nitrogen to remove oxygen from the system and incubated in 

a room maintained at 37 ℃ which is optimal for mesophilic decomposition (Madigan et al., 2012). 
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Table II-4. Inoculum and substrate mass in each reactor* 

Reactor Inoculum Mass (wet g) Substrate Mass (wet g) 

Ba 604.2  

Bb 600.3  

Bc 602.5  

1a 602.3 400.9 

1b 605.4 401.1 

1c 605.9 400.3 

2a 605.2 400.7 

2b 604.7 401.1 

2c 601.3 400.8 

3a 604.9 402.8 

3b 605.7 402.9 

3c 607.3 401.3 

4a 603.8 400.0 

4b 606.4 400.6 

4c 607.7 401.5 

5a 604.2 400.7 

5b 600.3 402.0 

5c 602.5 402.5 

*Moisture contents: 1(dyed)-8.4%, 2(bleached)-7.7%, 3(softened)-8.0%, 4(durable press)-7.4%, 

5(polyester)-3.4%, inoculum-64.0% 

Reactor Monitoring 

Leachate was recirculated 3 times a week to allow for wetting of the substrate and the distribution 

of nutrients and microbes. The pH of the leachate was measured prior to recirculation and adjusted 

to 7.0 anytime that the pH was below 6.8. Initially, leachate was neutralized using 2M NaOH. In 

cases where the Na concentration exceeded 3.5 g/L, 2M KOH was used in its place to avoid the 

potential for toxicity attributable to Na (Grady et al., 2011). The accumulated Na concentration 

was calculated based on the total volume of liquid in a reactor and the mass of Na added.  

About 5 - 10 mL of leachate, depending on the analyses, was collected biweekly. Leachate 

samples were analyzed for ammonia, COD, phosphate (later monthly), and volatile fatty acids 

(VFAs) at a more sporadic frequency as described with the results. Nutrient concentrations were 

adjusted to 100 mg NH3-N/L and 5 mg PO4/L with NH4Cl and Na2HPO4, respectively, to ensure 
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that biodegradation was not limited by nutrient availability. If the Na concentration reached 3.5 

g/L, then a potassium phosphate salt was used in place of Na2HPO3. Gas volume and composition 

(CH4, CO2, N2, and O2) were measured weekly. After day 139, gas volume and composition were 

monitored biweekly to reduce the potential for experimental error associated with measuring small 

volumes of gas. 

A reduced methane production rate was observed around day 90 which suggested 

inhibition in reactors that contained dyed, softened, and durable finish treatments. To evaluate 

whether the observed decrease in methane generation could be attributed to the release of additives, 

an anaerobic toxicity assay (ATA) was conducted. 60 mL of leachate was removed from each 

reactor for the ATA test.  

Analytical Methods and Data Analysis 

The BMP tests were conducted as described previously (Wang et al., 1994). In a BMP test, ~1 

gram of substrate (solid substrate is ground to <1 mm) is incubated in a 160 mL serum bottle that 

contains 85 mL of a biological growth medium and 15 mL of a methanogenic inoculum. Fabric 

tests were incubated at 37 ℃ for 90 days while finish tests for monitored 60 days. The longer 

period for the fabric test was due to a COVID-19 lab closure that prevented access on Day 60.  

CHLE was determined as previously described (Petterson et al., 1998). Extractives were 

determined via Soxhlet extraction with 2:1 (v/v) toluene/ethanol in a semiautomated Soxtec 255 

extraction unit that removes lipophilic compounds (Foss, MN). Next, samples were digested in 

72% H2SO4 to convert the polymers into sugars which were measured by high performance liquid 

chromatography (HPLC). The glucose concentration was converted to an equivalent cellulose 

concentration while pentoses were converted to an equivalent hemicellulose concentration. The 

mass loss on ignition for 2 hours at 550℃ after acid hydrolysis is reported as lignin. MC was 
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determined by drying to constant weight at 75℃ while VS was determined by weight loss after 

ignition at 550℃ for 2 hours.  

The initial pH and COD of each material were determined by soaking 20 grams of fabric 

in 386 mL of deionized water. The water volume was selected to saturate the materials and leave 

enough liquid to sample. This mixture was maintained at room temperature in sealed mason jars 

for 24 hours prior to sampling. 

To measure gas composition, 5 mL gas samples were removed from gas bags using a 

syringe equipped with a luer lock fitting. The samples were analyzed on a Shimadzu gas 

chromatograph (GC-2014) (Shimadzu Corporation, Kyoto, Japan) equipped with thermal 

conductivity and flame ionization detectors and a CTR1 column with He as the carrier gas. Gases 

measured included nitrogen, oxygen, carbon dioxide, and methane. The hydrogen content was not 

measured. The gas composition data were normalized to a total gas concentration of 100% and 

then, when reactors had produced enough gas to flush out the initial nitrogen, the data was 

corrected so that the composition of carbon dioxide and methane summed to 100%. 

Gas volume was calculated using the ideal gas law with measurements taken by emptying 

the gas bags into an evacuated cylinder of known volume and measured vacuum. In order to 

account for background methane attributable to the inoculum, equation 1 was used to calculate 

cumulative methane yield: 

(1)  𝑌𝑖𝑒𝑙𝑑 (𝑚𝐿
𝐶𝐻4

𝑔 𝑓𝑎𝑏𝑟𝑖𝑐
) =

𝑚𝐿 𝐶𝐻4 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑− 𝑏𝑙𝑎𝑛𝑘 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑦𝑖𝑒𝑙𝑑 (
𝑚𝐿

𝑔
)∗𝑔 𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚

𝑔 𝑓𝑎𝑏𝑟𝑖𝑐
 

The methane generation rate was calculated by dividing the yield over a measurement 

period by the time in the measurement period. Rate data are not corrected for background methane 

production attributed to the inoculum. 
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Analyses of ammonia, COD, and phosphate were conducted using Hach kits with 

replications and standards included in each analysis run (Hach Company, Loveland, Colorado, 

USA). VFA concentrations were measured using standard methods in which acids are converted 

into their protonated form by lowering the pH to <2 with 85% phosphoric acid so that they may 

be detected by vaporization in a GC-FID (GC-2014) (Shimadzu Corporation, Kyoto, Japan) 

equipped with a fused silica, bonded polyethylene glycol capillary column (APHA, 2017).  

An ATA was used to evaluate whether the leachate from a given reactor inhibited the 

conversion of cellulose to methane by the same methanogenic consortium as was used for the BMP 

test (Wang et al., 1997). The test includes biological growth medium, leachate, inoculum, and a 

substrate (copy paper). Tests were conducted at 40% and 80% leachate strength and a detailed 

experimental design is presented in the Appendix. Tests were conducted in 30 mL pressure tubes 

and incubated for 30 days at 37 ℃.  
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Results & Discussion 

A chemical characterization of each test material and the inoculum is presented in the first section 

of the results followed by presentation of decomposition data to date. Reactor monitoring is 

ongoing, and data through day 223 are presented here. 

Initial Materials Characterization 

The characteristics of the test materials are presented in Table II-5. In all cases, the materials 

released some soluble organic material when soaked in water in the absence of biological activity. 

The initial soluble COD was highest for cotton samples with the softener and durable press 

finishes, with a smaller COD release from the dyed and bleached cottons. To evaluate the potential 

contribution of COD that was released under abiotic conditions, consider the release of 0.0025 mg 

COD/mg dyed fabric.  To scale this to one of the test reactors, consider that there was 400 gm of 

fabric and 2 L of water after loading a reactor and adding water.  Thus, the abiotic COD release 

could account for 500 mg/L of COD.  The pH of the liquid after soaking varied between 7 and 8.5. 

The alkalinity was not measured and so the strength of the released base is unknown but unlikely 

to have influenced the reactor pH given the small variations from pH 7.  

The COD of the solid cotton fabrics ranged from 1.2 to 1.4 mg COD/mg fabric. The cotton 

with the dyed fabric had the highest COD while the bleached and durable press fabrics did not 

differ from cellulose. The polyester fabric had a COD of 1.8 mg COD/mg fabric. Microcrystalline 

cellulose had a COD of 1.2 mg COD/mg cellulose. For comparison, the theoretical COD for 

cellulose is 1.2 mg COD/mg cellulose while the theoretical COD for polyester is 1.7 mg COD/mg 

polyester. 
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Table II-5. Chemical and biochemical characteristics of test materials and inoculum 

 
COD 

(Soaking)b CODc pH 
BMP 

(Fabric)a 

BMP 

(Finish)  
MC VS Cellulose Hemicellulose Lignin Extractives CHLE/VS 

Fabric 
mg/ 

L 

mg/ 

mg 

fabric 

mg/mg 

fabric 
 

mL CH4/ 

g VS 
mL CH4/g % % % % % % % 

Dyed Cotton 193 0.0025 1.4 8.49 
291.9a ± 

22.9 

-39.6 ± 

0.7 
8.4 98.6 85.4 0.5 0.3 0.6 88 

Bleached 

Cotton 
232 0.003 1.2 8.14 

336.6a ± 

8.0 
No finish 7.7 99.6 92.1 0.5 0.5 1.6 95 

Softened Cotton 2007 0.026 1.3 7.88 
333.2a ± 

3.3 

-30.5 ± 

2.8 
8.0 99.5 86.9 0.6 0.9 0.0 89 

Durable Press 

Cotton 
1081 0.014 1.2 6.92 

217.2 ± 

2.3 

-11.8 ± 

16.9 
7.3 99.4 87.2 0.5 0.7 2.6 92 

Polyester 811 0.0105 1.8 6.93 0.0 ± 0.0  3.4 99.0 0.4 0.0 95.1 2.9 99 

Copy Paper     
322.9a ± 

7.7 
  84.1      

Inoculum       64.0 63.4 11.0 4.6 36.4 6.6 92 

Microcrystalline 

Cellulose 
  1.2           

a. Values with the same superscript are statistically similar 

b. COD of liquid that fabrics had been soaking in for 24 hours 

c. COD of solid fabric
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The BMP for each test material is presented in Table II-5. The BMP test is conducted under 

optimal conditions at a high liquid to solids ratio with test materials ground in a Wiley mill to pass 

a 1 mm screen. The BMP can be considered as an upper limit of the extent of anaerobic 

biodegradation. All the cotton fabrics exhibited anaerobic decomposition that is comparable to 

office paper. The office paper control (mostly cellulose with inorganic fillers) had a BMP of 322.9 

mL/g VS. Among the cotton fabrics, the bleached, dyed and softened cottons had the highest BMPs 

with no significant difference (p < 0.05) between them or relative to the copy paper. The cotton 

with the durable press finish exhibited a lower BMP (p<0.05). As expected, methane production 

in the polyester fabric was statistically similar to that of the inoculum. These results indicate that 

the finish applied to the durable press cottons reduced its anaerobic biodegradability while the 

other cottons exhibited no such reduction. 

The BMP of the finishes was measured over the course of 66 days to characterize the 

materials (Table II-5). The BMP of the catalyst used on the durable press finish fabric was not 

measured as it is an inorganic solution of magnesium chloride hexahydrate while the DMDHEU-

based finish itself is organic. All three measured finishes exhibited a “negative” BMP. A negative 

BMP occurs when the measured methane from the treatments with test material is less than that of 

the inoculum. These observations suggest possible inhibition from the finishes. Whether this is a 

biological or physical effect cannot be determined from the available data.  

The VS content and MC of the samples are presented in Table II-5. All cotton fabrics had 

VS contents near 100%, indicating that they are composed of the added treatments plus cellulose. 

Similarly, polyester had a high VS content as it is a plastic. All fabrics had low moisture contents 

as expected. 
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The cellulose, hemicellulose, lignin and extractives (CHLE) content of the fabric samples 

are presented in Table II-5. All cotton fabrics had high concentrations of cellulose, low 

concentrations of lignin and low concentrations of hemicellulose as expected since cotton is 

composed of cellulose. In comparison, the polyester fabric was considered as Klason lignin. While 

polyester is not lignin, the analytical method for Klason lignin counts as lignin any organic material 

that does not dissolve in 72% sulfuric acid that is volatile at 550 ºC. All fabric samples had 

insignificant amounts of lipophilic extractives as expected due to the lack of lipids in these fabrics. 

Extractives are routinely removed so to not interfere with the lignin analysis. The ratio of cellulose 

plus hemicellulose plus lignin plus extractives to volatile solids (CHLE/VS) is presented in Table 

II-5. The CHLE/VS ratio ranged from 88 – 99%, indicating that the analyses performed accounted 

for most of the organic solids in the samples. 

In addition to the fabrics, the inoculum was also characterized (Table II-5). The inoculum 

contained 39.0% Klason lignin, which would include lignin as well as other synthetic organics 

(e.g., rubber, plastic, and synthetic textiles) given the nature of the test. This lignin content is well 

above the lignin content of even pure wood and indicates that the decomposed waste is enriched 

in lignin and in plastics. This enrichment is as expected since the initial cellulose and hemicellulose 

present in the waste decomposed while lignin did not. The CH/L of the inoculum was 0.4 which 

indicates a relatively but not completely decomposed material. Prior to decomposition, this ratio 

was 0.64. 

Anaerobic Decomposition Behavior of Treated Cotton Fabrics 

The cumulative methane yield for each of the test materials through day 223 is presented in Table 

II-6. Methane yields have been corrected for the yield attributable to the inoculum. Upon statistical 

analysis, the cumulative methane yield of the fabric treated with the durable press finish is lower 

than that of the other cotton fabrics (p < .05). The bleached, dyed, and softened fabrics are 
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statistically similar as corresponds to the BMP results. The methane yield for the polyester is not 

significantly different from the inoculum and is reported as zero.  

Table II-6. Cumulative methane yield of fabrics after 223 days 

Fabric Reactor 

Cumulative Methane 

Yield 

(mL CH4/dry g) 

Average Yield 

(mL CH4/dry g) 

(Std Dev) 

Fabric BMP 

(mL CH4/g 

VS) 

Dyed Cotton 1a 221.1 
214.9 

(23.2) 
291.9 1b 234.3 

1c 189.1 

Bleached 

Cotton 

2a 219.3 
216.2 

(4.1) 
336.6 2b 211.6 

2c 217.8 

Softened 

Cotton 

3a 202.5 
219.8a 

(24.5) 
333.2 3b 237.1 

3c 12.8 

Durable Press 

Cotton 

4a 120.6 
139.0 a 

(26.1) 
217.2 4b 157.5 

4c 1.4 

Polyester 5a  

0 0.0 5b  

5c  

a. Outliers (Softened Cotton – c and Durable Press Cotton - c) were not included in 

calculation of the average and standard deviation. 

 

Decomposition Behavior of Dyed Cotton 

The dyed cotton reactors had an average cumulative methane volume of 214.9 mL CH4/dry g. The 

methane production rate, and the pH and COD of the leachate in the dyed cotton reactors are 

presented in Figure II-3 and Figure II-4. Methane generation has been stable to exhibiting a slight 

increase since day 139. 

These reactors had periods where pH (Figure II-3) and methane production decreased 

although the pH was adjusted three times a week. For example, the pH in reactor 1a decreased to 

6.18 on day 20 and the methane generation rate exhibited a decrease between days 27 and 62, 

apparently due to the acidic conditions. However, the pH increased to about 7 on day 55 and this 

was followed by an increase in methane generation. In reactors 1b and 1c, the pH decreases lasted 
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from days 52 to 85 and days 80 to 113, respectively. The pH decrease that started after the 

establishment of methane generation is unusual. The initial material pH data for the dyed cotton 

do not support the idea that dye release was directly responsible for the pH decrease. Eventually, 

all reactors were able to recover from the pH decrease approximately 30 days after the initial drop 

in pH. While pH has mostly stayed above 6.8, as of day 223, adjustments are still required every 

few weeks.  

 
Figure II-3. Methane production rate and pH in the dyed cotton through day 223. The closed 

symbols are the methane production rate and the open symbols are the pH.  

 

An ATA was conducted on day 90 leachate samples to determine if there was evidence of 

toxicity during the period in which the pH and methane generation rate decreased in reactor 1c. 

The ATA consisted of 2 dilutions of leachate from each reactor and a copy paper control without 

leachate. Table II-7 shows the average methane yield from triplicate serum bottles. The yield is a 

combination of methane produced from both the copy paper and the leachate. While the leachate 

contributed methane potential due to its dissolved COD content, there was no evidence of toxicity. 
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Table II-7. ATA results from day 90 dyed cotton reactor leachate 

Reactor 
Leachate 

Content 

Average Methane 

Yield 

(mL CH4) 

(Std Dev) 

Control 0% 
4.50 

(1.19) 

1a 

40% 
9.29 

(0.42) 

80% 
12.33 

(0.66) 

1b 

40% 
13.37 

(0.60) 

80% 
16.21 

(2.80) 

1c 

40% 
9.91 

(1.54) 

80% 
14.96 

(0.63) 

 

The CODs of 5,000 to 10,000 mg/L in the dyed cotton reactors are higher than what is 

typically reported for wood and paper reactors (Figure 2) (Barlaz et al., 1997; Wang et al., 2015; 

Wang & Barlaz, 2016). Although COD values of ~17,500 mg/L for copy paper reactors has been 

reported as a maximum, reactors typically stabilize much lower than the range measured in these 

reactors (Wang et al., 2015). Notably, a rise in COD matches periods where the pH decreased. 

This is observed on day 41 for reactor 1a, day 83 for 1b, and day 111 for 1c.  
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Figure II-4. COD in the dyed cotton reactors through day 223. 

 

VFA data are presented in Figure II-5 and Table II-8 where it is evident that the VFA 

concentrations are correlated with the decrease in pH. Results from day 69 COD and day 71 VFA 

analyses show that 63% of the COD in reactor 1b on day 69 was attributable to VFAs. However, 

the VFA data do not explain the consistently high COD of the dyed reactors of ~8,000 mg/L as the 

percent of COD attributable to VFAs is <10%. 

 
Figure II-5. pH (open symbol) and total carboxylic acid concentration as C (closed symbol) in 

the dyed cotton reactors through day 181. 
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Table II-8. VFA concentrations of dyed cotton reactors through day 181 (mg/L) 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i-

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

1a 726.6 27.2 8.0 84.9 6.4 3.3 0.3 20.0 12 

1b 4538.6 462.4 183.2 319.0 302.8 47.0 6.3 34.8 63 

1c 590.7 37.0 4.6 5.4 9.6 1.2 0.3 0.8 9 

Day 125 

1a 144.5 49.3 0.3 1.5 1.0 0.4 0.1 0.8 9 

1b 150.1 57.4 0.2 1.1 0.9 0.2 0.0 0.7 12 

1c 98.3 31.3 0.3 1.7 0.9 0.4 0.3 0.6 6 

Day 139 

1a 149.4 10.2 0.3 3.6 1.0 1.0 0.6 1.1 3 

1b 238.2 21.8 1.3 7.3 1.9 2.1 0.5 1.8 3 

1c 442.3 54.5 1.8 36.1 2.3 8.6 0.5 3.7 8 

Day 153 

1a 143.2 14.7 0.3 1.3 1.0 0.5 1.0 1.2 2 

1b 138.4 10.6 0.8 4.9 1.5 1.0 1.7 2.2 2 

1c 183.9 13.9 0.7 5.2 1.2 1.2 1.1 2.8 3 

Day 169 

1a 179.8 16.9 0.5 2.4 1.2 0.7 1.1 2.1 3 

1b 212.2 27.7 1.0 6.0 1.4 2.6 1.0 2.3 3 

1c 213.7 24.6 1.0 8.2 1.7 3.3 1.1 3.6 4 

Day 181 

1a 276.5 36.2 0.7 9.5 1.8 2.8 1.5 1.3 6 

1b 249.6 21.2 1.1 16.1 1.5 4.1 1.0 1.6 4 

1c 251.6 25.5 1.1 15.3 1.9 3.9 0.8 2.5 5 

 

Interestingly, the leachate in the dyed cotton reactors exhibited a blue color during reactor 

operation, a phenomenon that was also reported in an aerobic aquatic study of a dyed fabric 

(Venditti et al., 2020). The leachate lines in these and most other reactors became stiff, clogged, 

and formed a slippery outer coating, making recirculation difficult at times. The leachate drain line 

from reactor 1b was removed and replaced so that a VS analysis could be conducted on the solids 

in the line. The volatile solids content was 88.6%, indicating the accumulation of organic matter 

but no further characterization was conducted. 

Ammonia and phosphate concentrations were measured in the dyed reactors to ensure that 

neither of these nutrients limited decomposition. To maintain the NH3-N concentration above 100 
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mg-N/L, NH4Cl was added to the reactors on several occasions (Table II-17) with all the dyed 

reactors needing adjustment every 2 weeks after day 125. With adjustment, ammonia 

concentrations have continued to remain low (Figure II-6) in the dyed cotton reactors. Phosphate 

concentrations (Table II-18) have remained above 5 mg/L PO4 throughout the monitoring period 

and phosphate additions were never required. 

 
Figure II-6. Ammonia concentrations in dyed cotton reactors through day 223. 

 

Decomposition Behavior of Bleached Cotton 

The bleached cotton reactors had an average cumulative methane volume of 216.2 

 mL CH4/dry g. The methane production rate, and the pH and COD of the leachate are presented 

in Figure II-7 and Figure II-8. Reproducibility in these reactors was very good as illustrated by 

both the methane yield and rate data. After an asymptotic decrease in the methane generation rate, 

rates have been relatively stable since ~day 175.  
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Figure II-7. Methane production rate and pH of bleached cotton through day 223. The closed 

symbols are the methane production rate and the open symbols are the pH.  

 

pH adjustments are still being made weekly in the bleached reactors due to pH decreasing 

slightly below the threshold of 6.8 (Figure II-7). After an initial increase on day 12, the leachate 

COD (Figure II-8) has gradually fallen to ~2000 mg/L. Although reactor 2c had a large increase 

in COD on day 139, there is no apparent explanation for this steep and temporary increase. The 

COD increase measured on day 139 is consistent with the pH decrease on day 132, which was 

followed by pH neutralization and an increase in pH and methane generation. VFA data (Figure 

II-9 and Table II-10) from days 125 and 139 are also consistent with the increase in COD and 

decrease in pH. These data suggest that there was increased dissolved organics in 2c around day 

139 although the explanation is not apparent.  
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Figure II-8. COD of bleached cotton reactors through day 223. 

 

 
Figure II-9. pH (open symbol) and total carboxylic acid concentration as C (closed symbol) in 

the bleached cotton reactors through day 181. 
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Table II-9. VFA concentrations of bleached cotton reactors through day 181 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i- 

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

2a 215.9 32.2 0.8 0.9 2.3 0.4 0.2 0.1 8 

2b 436.6 61.5 1.6 2.1 3.5 1.2 0.3 0.5 16 

2c 235.3 29.3 0.6 0.9 2.1 0.3 0.2 0.2 8 

Day 125 

2a 231.0 42.6 0.8 1.2 1.8 0.8 0.8 1.7 10 

2b 349.4 59.6 1.5 1.6 2.9 0.9 0.6 1.4 15 

2c 830.5 70.0 8.6 9.3 11.7 1.7 1.1 1.4 25 

Day 139 

2a 242.2 34.6 1.7 2.2 1.3 1.3 0.5 0.8 8 

2b 370.4 48.7 2.4 3.7 1.8 1.5 0.5 1.1 13 

2c 562.0 99.8 17.7 17.1 16.0 4.5 2.4 1.4 12 

Day 153 

2a 87.6 3.0 0.5 0.7 0.9 0.6 0.6 0.1 4 

2b 124.6 4.3 0.7 1.0 1.0 0.6 0.4 1.0 6 

2c 134.3 6.7 1.6 1.7 1.2 0.7 0.4 1.1 7 

Day 169 

2a 95.8 17.6 0.5 4.3 1.5 1.2 0.9 1.1 8 

2b 98.5 11.5 0.3 3.2 1.3 1.3 0.4 0.8 6 

2c 113.0 14.9 0.4 3.8 1.3 1.6 1.3 0.9 6 

Day 181 

2a 112.4 14.5 0.3 2.5 1.1 1.2 0.7 1.0 7 

2b 155.9 26.6 0.4 4.4 1.3 1.9 0.2 0.6 11 

2c 126.5 18.4 0.4 5.3 0.8 2.4 0.2 0.8 7 

 

Ammonia and phosphate concentrations were measured in the bleached cotton reactors to 

ensure that neither of these nutrients limited decomposition. To maintain the NH3-N concentration 

above 100 mg-N/L, NH4Cl was added to the reactors on several occasions (Table II-17). As the 

rate of methane production decreased, the ammonia concentrations have increased (Figure II-10) 

and less supplemental ammonia has been required. Phosphate concentrations (Table II-18) have 

remained above 5 mg/L PO4 throughout the monitoring period and phosphate additions were never 

required. 



34 

 

 
Figure II-10. Ammonia concentrations of bleached reactors through day 223. 

 

Decomposition Behavior of Softened Cotton 

The softened cotton had a cumulative methane yield of 219.8 mL CH4/g. Reactor 3c was 

excluded from the average methane yield as virtually no methane generation was measured. The 

methane production rate, and the pH of the leachate are presented in Figure II-11. In the two 

reactors that produced methane, the rate stabilized in a range between 0.5 and 1 mL CH4/g/day 

after decreasing from its peak. The pH in the softened cotton reactors has continued to need weekly 

adjustment as pH values (Figure II-11) often decreased to slightly below the threshold of 6.8. In a 

few cases, the leachate pH decreased as low as 5.83 and increased to 7.44. The pH remained below 

6.8 for the first 80 days of operation and is consistent with the high COD (Figure II-12) and initial 

VFA (Figure II-13 and Table II-10) production, with elevated COD values ranging from 5000 – 

7000 mg/L in the first 83 days of reactor operation. 
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Figure II-11. Methane production rate and pH of softened cotton through day 223. The closed 

symbols are the methane production rate and the open symbols are the pH. 

 

 

 
Figure II-12. COD of softened cotton reactors through day 223. 
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Figure II-13. pH (open symbol) and total carboxylic acid concentration as C (closed symbol) in 

the softened cotton reactors through day 181. 

 

Table II-10. VFA concentrations of softened cotton reactors through day 181 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i- 

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

3a 1394.0 367.7 23.7 17.8 33.0 9.3 5.0 1.5 31 

3b 507.6 62.5 2.6 2.4 4.1 0.6 0.8 0.6 10 

3c 2693.0 652.1 16.3 54.5 25.7 19.2 3.9 3.3 65 

Day 125 

3a 205.5 48.8 0.8 2.1 2.0 0.9 0.1 1.1 9 

3b 267.8 45.7 0.8 1.4 2.6 1.4 0.5 1.3 9 

3c 242.9 34.7 0.9 1.0 1.9 0.8 0.4 1.2 9 

Day 139 

3a 153.7 30.2 0.6 3.4 1.2 1.5 0.1 1.0 4 

3b 727.4 89.3 8.2 12.1 3.9 3.0 1.4 1.9 17 

3c 187.7 24.7 0.8 1.2 1.3 0.9 0.1 0.9 3 

Day 153 

3a 99.8 7.9 0.3 2.1 1.1 0.7 0.1 0.9 4 

3b 190.5 33.9 2.9 1.7 2.1 1.2 0.6 11.7 7 

3c 225.1 16.5 2.7 1.2 1.5 0.8 0.3 0.4 7 

Day 169 

3a 148.9 21.4 0.7 3.2 1.8 1.6 0.2 0.6 6 

3b 155.1 23.7 0.8 2.5 1.5 1.3 0.2 0.7 6 

3c 163.7 14.0 0.8 2.3 1.3 1.3 0.2 0.3 8 

Day 181 

3a 143.2 18.7 0.6 3.6 0.9 1.7 0.1 0.5 7 

3b 149.2 26.0 0.7 2.6 1.4 1.4 0.2 0.5 6 

3c 135.4 15.7 0.5 2.6 1.1 1.5 0.1 0.6 8 
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As indicated in both Table II-6 and Figure II-11, reactor 3c never produced measurable 

methane. However, the COD (Figure II-12) and pH (Figure II-11) values were similar to that of 

reactors 3a and 3b which are producing significant quantities of methane. On day 223, reactor 3c 

produced methane at a rate of 0.4 ml/g/day. However, there is no explanation for this increase as 

reactor operation was not altered and there was no difference in pH or COD during this time.  

An ATA was conducted on day 90 leachate samples from these reactors to determine if 

there was evidence of toxicity in reactor 3c. As with the ATA conducted on the other material 

reactors, the ATA consisted of 2 dilutions of leachate from each softened cotton reactor and a copy 

paper control without leachate. Table II-11 shows the average methane yield from triplicate serum 

bottles where the yield is a combination of methane produced from both the copy paper and the 

leachate. While the leachate contributed methane potential due to its dissolved COD content, there 

was no evidence of toxicity in reactor 3c. 

Table II-11. ATA results from day 90 softened cotton reactor leachate 

Reactor 
Leachate 

Content 

Average Methane 

Yield 

(mL CH4) 

(Std Dev) 

Control 0% 
6.69 

(0.05) 

20-3a  

40% 
9.62 

(0.17) 

80% 
14.34 

(0.50) 

20-3b  

40% 
8.96 

(0.22) 

80% 
13.23 

(0.18) 

20-3c  

40% 
10.49 

(0.69) 

80% 
15.33 

(2.54) 
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Ammonia and phosphate concentrations were measured in the softened cotton reactors to 

ensure that neither of these nutrients limited decomposition. To maintain the NH3-N concentration 

above 100 mg-N/L, NH4Cl was added to the reactors on several occasions (Table II-17). As the 

rate of methane production decreased, the ammonia concentrations have increased (Figure II-14) 

and required less additional ammonia. Although reactor 3c did not produce measurable methane, 

its ammonia concentrations are consistent with reactors 3a and 3b. Phosphate concentrations 

(Table II-18) have remained above 5 mg/L PO4 throughout the monitoring period and phosphate 

additions were never required. 

 
Figure II-14. Ammonia concentrations of softened reactors through day 223. 

 

Decomposition Behavior of Durable Press Cotton 

The cotton with the durable press finish had a cumulative methane yield of 139.0 mL/g. Reactor 

4c was excluded from the average methane yield as virtually no methane generation was measured. 

The methane production rate, and the pH of the leachate are presented in Figure II-15. The behavior 

of reactors 4a and 4b differed. The methane produciton rate in reactor 4a stabilized at ~0.1 – 0.3 
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4b has consistently been higher than that of 4a. Furthermore, the cumulative yields as of day 223 

differ by 26.5% (a – 120.6, b – 157.5). The two reactors also had differing lag phases with reactor 

4a and 4b taking 27 days and 55 days, respectively, to produce measurable methane.  

 
Figure II-15. Methane production rate and pH of durable press cotton through day 223. The 

closed symbols are the methane production rate and the open symbols are the pH. 

 

 
Figure II-16. COD of durable press cotton reactors through day 223. 
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It was suspected that the initial lack of methane production in reactors 4b and 4c was due 

to a leak in the gas bags. The gas bags were replaced and reactor 4b began to produce methane. 

However, the data do not indicate that reactor 4b had a leak but rather suggest that it experienced 

a longer lag than reactor 4a as cumulative methane in 4b exceeded that of 4a and no leak was 

detectable in the reactor or its gas bag.  

Reactor 4c never produced a measurable volume of methane. However, the pH (Figure II-

15) and COD (Figure II-16) values are consistent with the behavior of reactors 4a and 4b which 

are producing methane. An ATA was conducted on day 90 leachate samples from these reactors 

to determine if there was evidence of toxicity in reactor 4c. The ATA consisted of 2 dilutions of 

leachate from each softened cotton reactor and a copy paper control without leachate. Table II-12 

shows the average methane yield from triplicate serum bottles where the yield is a combination of 

methane produced from both the copy paper and the leachate. While the leachate contributed 

methane potential due to its dissolved COD content, there was no evidence of toxicity. 

Table II-12. ATA results from day 90 durable press cotton reactor leachate 

Reactor 
Leachate 

Content 

Average Methane 

Yield 

(mL CH4) 

(Std Dev) 

Control 0% 
6.69 

(0.05) 

20-4a  

40% 
9.54 

(0.94) 

80% 
12.29 

(0.17) 

20-4b  

40% 
11.42 

(0.34) 

80% 
18.69 

(1.08) 

20-4c  

40% 
10.20 

(0.13) 

80% 
15.13 

(1.09) 
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Corresponding to the lag in methane production, the durable press reactors also 

experienced a more gradual decline in pH (Figure II-15) before stabilizing around day 90. The 

reactors continue to need monthly adjustment as their pH values occasionally drop slightly below 

the threshold of 6.8. This timing of pH stabilization corresponds with stable COD values of 2000 

– 3000 mg/L. The maximum COD of >7000 mg/L prior to stabilization for reactor 4b corresponds 

with a decrease in pH to 6.44 on day 125. This is consistent with a high concentration of VFAs 

(Figure II-17 and  

Table II-13) on day 125. This spike in VFA concentrations was not measured in the other 

reactors as the VFA concentrations consistently decreased in reactors 4a and 4c.  

 
Figure II-17. pH (open symbol) and total carboxylic acid concentration as C (closed symbol) in 

the durable press cotton reactors through day 181. 
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Table II-13. VFA concentrations of durable press cotton reactors through day 181 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i- 

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

4a 737.5 155.4 31.4 11.3 67.9 1.9 1.2 0.8 38 

4b 211.6 51.4 0.7 2.4 2.3 1.6 0.0 0.4 7 

4c 990.6 113.2 18.7 21.1 46.1 5.7 11.9 2.2 28 

Day 125 

4a 310.0 94.9 1.0 14.8 1.7 6.7 0.1 1.8 16 

4b 1110.8 260.7 3.1 86.9 4.7 26.6 0.3 5.6 25 

4c 175.9 28.9 0.9 8.0 1.4 3.4 0.5 3.1 5 

Day 139 

4a 304.5 75.3 2.6 15.6 5.0 6.3 0.1 2.2 14 

4b 404.2 97.2 1.9 31.7 2.5 11.2 0.2 3.8 15 

4c 124.4 28.4 0.6 6.3 0.9 3.3 0.5 1.8 6 

Day 153 

4a 196.2 40.4 0.6 6.3 1.2 2.7 0.4 1.5 12 

4b 322.1 58.0 1.8 21.8 2.3 5.7 0.0 3.4 13 

4c 110.1 11.8 4.9 8.5 0.8 2.0 0.7 1.9 6 

Day 169 

4a 303.2 69.2 0.9 14.9 1.2 5.3 0.2 1.4 27 

4b 256.0 49.3 1.5 15.4 2.0 5.6 0.3 2.1 13 

4c 78.6 15.4 0.2 5.8 0.7 2.3 0.6 0.7 6 

Day 181 

4a 345.9 115.0 0.4 3.2 0.9 1.4 0.1 0.3 22 

4b 185.4 64.0 1.1 1.6 0.5 0.5 0.1 0.4 16 

4c 205.0 67.9 1.0 1.3 0.5 0.5 0.0 0.5 14 

 

Ammonia and phosphate concentrations were measured in the durable press reactors to 

ensure that neither of these nutrients limited decomposition. To maintain the NH3-N concentration 

above 100 mg-N/L, NH4Cl was added to the reactors on a few occasions (Table II-17). After an 

initial drop in ammonia concentrations, reactors 4a and 4b maintained appropriate levels of 

ammonia for extended periods while reactor 4c continued to need slight adjustment (Figure II-18). 

Even though reactor 4c did not produce measurable methane, ammonia was being consumed. 

Phosphate concentrations (Table II-18) have remained above 5 mg/L PO4 throughout the 

monitoring period and phosphate additions were never required. 
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Figure II-18. Ammonia concentrations of durable press reactors through day 223. 

 

Decomposition Behavior of Polyester 

Both the BMP and the reactor data (Table II-6) show that the polyester fabric did not anaerobically 

decompose. The cumulative methane yield was not significantly different from the background 

methane attributable to the inoculum. Figure II-19 and Figure II-20 compare the blank and the 

polyester reactors. The pH of these reactors stayed well above 7, although the polyester reactors 

exhibited more variability variable than that of the blank reactors. The leachate COD data indicate 

that there is a baseline COD associated with the inoculum of around 2000 mg/L (Figure II-20). 

Although polyester reactor 5a had a large increase in COD on day 139, it returned to its stable 

range within 2 weeks. Some COD release would be expected from the inoculum alone. Figure II-

21, Table II-14, and Table II-15 indicate that the inoculum contributes a baseline of 50 – 100 mg/L 

of VFAs as C. The ammonia (Table II-17) and phosphate (Table II-18) concentrations in the 

polyester and inoculum blank reactors never decreased below 100 mg-N/L and 5 mg/L PO4 and 

nutrient adjustments were never needed. 

0

100

200

300

400

0 25 50 75 100 125 150 175 200 225

A
m

m
o
n
ia

 (
m

g
 N

H
3
-N

/L
)

Time (days)

4a 4b 4c



44 

 

 

Figure II-19. pH of inoculum blank (a) and polyester (b) reactors through day 185 and 216, 

respectively. 

 

 
Figure II-20. COD of inoculum blank (a) and polyester (b) reactors through day 181 and 209, 

respectively. 
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Figure II-21. VFAs in the inoculum blank (a) and polyester (b) reactors through day 181. 

Table II-14. VFA concentrations in the inoculum blank reactors through day 181 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i- 

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

Ba 79.6 2.7 0.0 1.1 1.2 0.0 0.0 0.4 3 

Bb 72.6 3.4 0.2 0.5 1.2 0.1 0.1 0.3 3 

Bc 153.7 37.4 0.2 5.9 1.6 0.1 0.1 0.2 6 

Day 125 

Ba 246.1 90.6 0.4 3.4 1.1 0.6 0.2 0.5 15 

Bb 312.9 105.2 0.5 2.5 1.3 0.5 0.2 0.5 16 

Bc 196.1 63.3 0.5 3.5 1.2 0.5 0.1 0.4 11 

Day 139 

Ba 144.5 49.3 0.3 1.5 1.0 0.4 0.1 0.8 9 

Bb 150.1 57.4 0.2 1.1 0.9 0.2 0.0 0.7 12 

Bc 98.3 31.3 0.3 1.7 0.9 0.4 0.3 0.6 6 

Day 153 

Ba 144.5 49.3 0.3 1.5 1.0 0.4 0.1 0.8 9 

Bb 150.1 57.4 0.2 1.1 0.9 0.2 0.0 0.7 12 

Bc 98.3 31.3 0.3 1.7 0.9 0.4 0.3 0.6 6 

Day 169 

Ba 144.5 49.3 0.3 1.5 1.0 0.4 0.1 0.8 9 

Bb 150.1 57.4 0.2 1.1 0.9 0.2 0.0 0.7 12 

Bc 98.3 31.3 0.3 1.7 0.9 0.4 0.3 0.6 6 

Day 181 

Ba 138.4 38.1 0.3 1.1 1.1 0.3 0.0 0.4 10 

Bb 114.0 33.3 0.2 1.1 1.0 0.2 0.0 0.8 8 

Bc 84.4 15.7 0.2 0.6 1.0 0.2 0.4 0.7 5 
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Table II-15. VFA concentrations in the polyester reactors through day 181 

Reactor 
Acetic 

Acid 

Propionic 

Acid 

i- 

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

% 

COD 

Day 71 

5a 320.3 90.8 0.2 4.1 1.2 1.0 0.0 0.3 15 

5b 265.8 64.9 0.1 3.0 1.0 0.3 0.1 0.3 14 

5c 290.7 73.9 0.1 4.2 1.1 1.1 0.0 0.2 15 

Day 125 

5a 461.9 138.6 0.5 4.3 0.9 1.5 0.1 1.1 25 

5b 386.3 88.8 0.3 3.2 0.7 0.7 0.1 0.9 21 

5c 224.5 69.4 0.2 2.4 0.8 0.6 0.1 0.8 6 

Day 139 

5a 370.1 107.5 2.4 5.0 0.8 2.1 0.1 1.3 8 

5b 287.9 88.2 0.2 2.7 0.6 0.6 0.1 0.7 11 

5c 291.1 76.3 0.1 2.6 0.6 0.8 0.1 0.6 17 

Day 153 

5a 111.4 15.7 0.1 1.0 0.5 0.5 0.1 0.1 6 

5b 84.5 8.1 0.1 0.6 0.7 0.3 0.1 1.0 6 

5c 193.2 46.3 0.2 2.0 0.6 0.5 0.1 1.0 12 

Day 169 

5a 278.1 77.8 0.3 2.7 1.0 1.1 0.1 0.5 26 

5b 189.7 51.5 0.2 1.5 1.0 0.5 0.1 0.5 23 

5c 186.3 57.6 0.2 1.2 0.8 0.4 0.0 0.5 13 

Day 181 

5a 345.9 115.0 0.4 3.2 0.9 1.4 0.1 0.3 22 

5b 185.4 64.0 1.1 1.6 0.5 0.5 0.1 0.4 16 

5c 205.0 67.9 1.0 1.3 0.5 0.5 0.0 0.5 14 

 

Monitoring of the inoculum blank reactors was discontinued on day 185 as the inoculum 

contribution to methane generation was deemed insignificant. The contribution of methane from 

the inoculum blanks to the yield in the cotton and polyester reactors is presented in Table II-16 

and was below 1.5% except for the 2 cotton reactors that did not generate measurable methane. 
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Table II-16. Contribution of inoculum to the methane yield of cotton and polyester reactors on 

day 181 

Reactor Contribution 

(%) 

dyed - a 0.3 

dyed - b 0.2 

dyed - c 0.3 

bleached - a 0.5 

bleached - b 0.5 

bleached - c 0.4 

softened - a 0.3 

softened - b 0.3 

softened - c 100 

durable press - a 1.5 

durable press - b 0.3 

durable press - c 100 

polyester – a 100 

polyester - b 100 

polyester - c 100 

 

Comparison of Anaerobic Decomposition of Cotton Fabrics 

As presented in Table II-6 and Figure II-22, the cumulative methane yield after 223 days 

of the durable press cotton fabric is statistically lower than that of the dyed, bleached, and softened 

cotton fabrics. This difference is also evident in the methane production rates (Figure II-23) where 

the average peak methane production rate of the durable press reactors was 1.1 mL CH4/g-day. 

This is considerably lower than the average peak methane production rate of the other cotton 

reactors. The durable press reactors also exhibited a longer lag phase, with reactors 4a and 4b 

taking 27 days and 55 days, respectively, to produce measurable methane. In contrast, the lag phase 

in the dyed, bleached and softened reactors ranged from 13 to 27 days.  
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Figure II-22. Average cumulative methane yield of cotton fabrics through day 223 (excluding 

reactors 3c and 4c).  

 

 
Figure II-23. Average methane production rate of cotton fabrics through day 223 (excluding 

reactors 3c and 4c).  

 

All reactors have required pH adjustments over the monitoring period. This is different 

from anaerobic reactors that have been run on lignocellulosic materials previously where neutrality 
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was often reached in <20 days (Eleazer et al., 1997; Wang et al., 2015; Wang & Barlaz, 2016). 

This is possibly due to the release of something that is inhibiting methane generation which then 

results in VFAs accumulation and a pH decrease, with external neutralization restoring 

methanogenic activity. The inoculum blank and polyester reactors maintained high pH values and 

did not accumulate VFAs. 

 
Figure II-24. Average pH of fabric reactors through day 223 (excluding reactors 3c and 4c).  

 

The dyed cotton reactors exhibited the highest COD of all reactors (Figure II-25). This 

fabric also had the highest COD of the fabrics at 1.4 mg/mg of fabric. However, it is unknown 

why the dyed fabric reactors are experiencing such consistently high COD values. On average, the 

COD of the dyed reactors has stayed above 8000 mg/L COD while the highest peak average COD 

of the other fabric reactors was that of the softened cotton at 6627 mg/L. While the COD of the 

bleached fabric quickly declined, the softened fabric experienced a drop in COD and an increase 

consistent with the methane production rate. The COD of the durable press reactors had a more 

gradual increase than that of other reactors. Other than the dyed cotton reactors, all other cotton 
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reactors have reached stable COD values that are within 1000 mg/L of the polyester and inoculum 

blank reactors.  

 

Figure II-25. Average COD of fabric reactors through day 223 (excluding reactors 3c and 4c).  

 

All cotton reactors required ammonia additions at some point over the course of reactor 

operation (Table II-17). While the dyed reactors continued to need additions on day 223, the other 

cotton reactors did not. Ammonia concentrations in the softener and bleach reactors gradually 

increased over ~10 weeks while the durable press reactors retained elevated ammonia levels after 

day 125. 

Surprisingly, there was considerable continued NH3 disappearance after addition. A series 

of abiotic batch tests was initiated to evaluate whether the added ammonia was partitioning to the 

solid phase. Ammonia levels were monitored over time in mason jars containing deionized water, 

fabrics, and NH4Cl. The results did not indicate that ammonia partitioning could explain the losses 

from the aqueous phase. The phosphate concentration in all reactors remained above 5 mg/L PO4 

throughout the monitoring period and phosphate additions were never required (Table II-18). 
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While the leachate in the dyed reactors turned blue, that of other reactors did not. However, 

the leachate lines in all reactors did became stiff, clogged, and formed a slippery outer coating, 

making recirculation difficult at times.
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Table II-17. Ammonia concentrations in each reactor (mg NH3-N/L) 

*Reactors were below 100 mg/L and the ammonia concentrations were adjusted 

BDL – below detection limit of 20 mg/L

 
Day 

Fabric Sample 0 12 27 41 55 69 77 83 97 125 139 154 169 181 195 209 223 

Blank 

Blank a 323 >470 >470 >470 >470 >470 - >470 >470 >470 >470 >470 >470 >470    

Blank b 256 318 >470 >470 320 >470 - >470 >470 >470 >470 >470 >470 >470    

Blank c 412 308 >470 >470 >470 >470 - >470 >470 >470 >470 >470 >470 >470    

Dyed 

1a 318 221 117 84* 183 203 - 48* 45* 40* 50* 32* 30* 29* 25* 26* 24* 

1b 314 450 347 82* 144 266 - 314 196 44* 49* 38* 35* 32* 32* 35* 33* 

1c 248 240 435 80* 67* 70* 80* 57* 53* 42* 43* 37* 35* 33* 32* 33* 33* 

Bleached 

2a 180 115 28* BDL* BDL* BDL* 102 39* 23* BDL* 62* 47* 63* 78* 84* 96 81* 

2b 340 145 104 BDL* BDL* BDL* 101 37* BDL* BDL* 53* 47* 62* 74* 75* 84 68* 

2c 324 122 105 BDL* BDL* BDL* 76* 41* BDL* BDL* 47* 57* 74* 87* 82* 89 75* 

Softened 

3a 307 123 217 95* BDL* BDL* 77* 31* BDL* BDL* 58* 55* 52* 66* 74* 83 73* 

3b 247 140 111 BDL* BDL* BDL* 82* 21* BDL* BDL* 46* 41* 57* 79* 93* 91 82* 

3c 294 136 179 85* BDL* BDL* 112 43* BDL* BDL* 54* 26* 46* 64* 74* 84 72* 

Durable 

Press 

4a 256 188 341 65* BDL* BDL* 280 271 289 112 78* 217 226 225 201 170 142 

4b 259 177 249 52* BDL* BDL* 66* 35* BDL* 82* 148 176 171 141 109 93 81* 

4c 272 182 91* BDL* 22* 47* 52* 27* 81* 82* 79* 75* 75* 84* 83* 83  

Polyester 

5a 208 173 321 355 349 366 - 352 361 364 383 375 378 385  375  

5b 212 186 327 346 342 354 - 354 350 346 360 349 345 349  341  

5c 291 303 301 332 323 353 - 333 315 338 336 341 347 349  326  
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Table II-18. Phosphate concentrations in each reactor (mg PO4/L) 

 

 
Day 

Fabric Sample 0 12 27 41 55 69 97 111 125 181 

Blank Blank a >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

Blank b >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

Blank c >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

Dyed 1a 10 >15 >15 >15 >15 >15 >15 >15 >15 >15 

1b 13 >15 >15 >15 >15 >15 >15 >15 >15 >15 

1c 11 >15 >15 >15 >15 >15 >15 >15 >15 >15 

Bleached 2a >15 >15 >15 >15 >15 >15 >15 15 >15 >15 

2b >15 >15 >15 >15 >15 >15 >15 13 >15 12 

2c >15 >15 >15 >15 >15 >15 >15 11 >15 11 

Softened 3a >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

3b >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

3c >15 >15 >15 >15 >15 >15 >15 11 >15 >15 

Durable 

Press 

4a 5 9 >15 >15 >15 >15 >15 15 >15 >15 

4b 7 11 >15 >15 >15 >15 >15 >15 >15 >15 

4c 5 11 >15 >15 >15 >15 >15 >15 >15 14 

Polyester 5a >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

5b >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 

5cc >15 >15 >15 >15 >15 >15 >15 >15 >15 >15 



54 

 

The objective of this research was to evaluate the rate and extent of the anaerobic 

decomposition of cotton and the extent to which various treatments and additives have an impact 

on its anaerobic biodegradability under simulated landfill conditions. While reactor operation is 

ongoing, data shows that there is a relatively large decrease in yield attributable to the durable 

press finish while the softened, bleached, and dyed fabrics have similar yields. These findings are 

consistent with the aerobic and aquatic studies conducted by Frey & Ozturk (2019) and Venditti 

et al. (2020), respectively. Venditti et al. (2020) found via SEM that the durable press fabric was 

the only one that had visibly intact fibers after 102 days of degradation. When studying cellulase 

interactions with the fabrics, treatments with crosslinking (e.g., durable press) delayed the 

penetration of cellulase enzymes and reduced the availability of cellulose binding sites, as cross-

linked bonds are strong covalent bonds that occupy the free -O and -OH sites on cotton fabric on 

which the cellulase enzyme would otherwise bind. Using XRD, fabrics were shown to have similar 

crystalline structures before degradation, but Venditti et al. (2020) did not analyze the crystalline 

structure after degradation (Venditti et al., 2020). While Venditti’s work offers a potential 

explanation as to why the durable press cotton fabrics experienced lower yield, further analysis on 

cotton fabrics after anaerobic degradation will show the changes in the fabric’s crystallinity and 

morphology after degradation.  
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Conclusions & Recommendations 

Conclusions 

1. Through day 223, the only treatment that had an impact on methane yield was the durable 

press finish, which resulted in a decreased methane yield of about 36% relative to the 

bleached, dyed, and softened cottons. 

2. The polyester fabric was recalcitrant. 

Recommendations   

1. Reactor operation should be continued until methane production ceases. 

2. Upon reactor termination, reactors should be destructively sampled to determine the extent 

of fabric loss. In the Appendix, samples from a previously failed reactor study show visual 

loss and discoloration.  

3. Recovered samples should be analyzed for changes in fiber morphology and crystallinity 

via XRD and SEM to compare to undecomposed fabrics for the different fabric treatments.  

4. Explore whether a compound that inhibits methane generation is released from any of the 

cotton fabrics during decomposition. 

5. Evaluate the potential interference of the reactive black 5 dye on the measurement of the 

COD on the leachate from the dyed reactors. 
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Chapter III: The Contribution of Abiotic Cellulose Hydrolysis to Heat Accumulation in 

Landfills 

Introduction 

It has been reported that a few landfills in the United States have been experiencing temperatures 

that exceed 80-100℃ (Jafari et al., 2017; Hao et al., 2017). In contrast, Hanson et al. recorded 

spatiotemporally variable temperatures of landfills that did not exceed 55.6 ℃ (Hanson et al., 

2010). These elevated temperature landfills (ETLFs) have reported concerns including increased 

leachate strength and volume, altered gas composition, rapid settlement, and malodors, with 

implications for leachate treatment, energy generation, cover stability, leachate and gas collection 

systems, and liner lifespan (Jafari et al., 2017; Hao et al., 2017). Therefore, it is important to 

determine the initial cause of these temperatures. 

Anaerobic decomposition of municipal solid waste (MSW) is the dominant degradation 

process in landfills. However, there is a 95% reduction in methane generation at ~72℃, indicating 

that there are abiotic reactions that are contributing heat above the range of biological reactions 

(De La Cruz et al., 2021). 

While Hao et al. have developed a model to predict landfill temperatures based on chemical 

and biological (both aerobic and anaerobic) reactions, much uncertainty remains due to a lack of 

literature surrounding the estimation of model parameters relevant to landfill conditions. This 

includes chemical reactions such as ash hydration and carbonation, metal corrosion, and abiotic 

cellulose degradation (Hao et al., 2017).  

Cellulose is a polymer of the 6-carbon sugar (glucose) and hemicellulose is a polymer of a 

mixture of 5 carbon sugars. While distinct compounds, both will be referred here to as cellulose. 
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With a concentration of 30-50%, cellulose is the largest biodegradable component of municipal 

solid waste (MSW) as it is present in food waste, yard waste, wood and paper — providing ample 

substrate for cellulolytic reactions.  

While the anaerobic biodegradation of cellulose in landfills is well documented, cellulose 

is also reported to undergo abiotic hydrolysis reactions under conditions of elevated temperature 

and pressure (Bonn et al., 1985; Malester et al., 1992; Bobleter, 1994; Sasaki et al., 1998). A 

number of end-products have been documented and some hydrolysis pathways result in 

exothermic reactions (Bobleter, 1994). However, the literature focuses on the abiotic degradation 

of cellulose at temperatures and pressures that are much higher than those observed in landfills 

(e.g., >290℃ and 247 atm) (Sasaki et al., 1998). In addition to elevated temperatures and pressures, 

both acidic and basic conditions will stimulate cellulose hydrolysis (Bobleter, 1994; Sasaki et al., 

1998).  

The objectives of this study were to (1) explore factors (temperature, pH, sodium chloride 

concentration, and pressure) that influence abiotic cellulose hydrolysis under conditions applicable 

to landfills and to (2) assess the impact of abiotic cellulose hydrolysis on heat generation in 

landfills.  
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Literature Review 

This objective of this section is to review published literature on landfill temperatures and 

summarize literature on abiotic cellulose hydrolysis including hydrolysis end-products. 

Published Data on Landfill Temperatures 

Hanson et al. studied trends in waste temperature for 5 – 10 years at landfills located in Alaska, 

British Columbia, Michigan, and New Mexico. The waste age ranged from newly placed waste to 

waste placed 40 years prior. The Michigan landfill had the highest heat gain, which is defined as 

the magnitude of temperature change relative to the average ground temperature at the waste depth, 

of all 4 landfills. The gain was hypothesized to be attributed to higher precipitation, wet waste, and 

high waste density. Temperatures ranged from 14.8 – 55.6℃. However, the landfill in British 

Columbia, with temperatures ranging from 14.4 – 49.2℃, had the highest rate of increase in 

temperature over the duration of the study at 5 – 9℃/yr for 4 years compared to a range of 0.3 – 

3℃/yr across other sites. This too was hypothesized to be attributed to the high moisture content 

of the waste. The British Columbia landfill likely did not have the highest heat gain due to lower 

waste density as compaction increases heat accumulation due to the proximity of waste and 

reduction of gas pockets that do not conduct heat well. This rapid increase in temperature (5 – 

9℃/year) was found over the course of 4 years while the other 3 landfills increased in temperature 

over 8 – over 10 years. In contrast to the landfill in British Columbia, the New Mexico landfill had 

the lowest heat gain, and this was attributed to low waste density, and relatively dry waste 

associated with the arid climate. Its temperatures ranged from 20.5 – 33.6℃. Lastly, the Alaska 

landfill had temperatures ranging from 0.9 – 33.0℃ (Hanson et al., 2010). For all landfills, 

temperature increased for 4 – 10+ years. The British Columbia landfill was the only landfill to 

decrease in temperature over the duration of the study with temperature decreasing slowly over 
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the course of decades after the 4 years during which temperature rapidly increased. In all cases, 

the temperature began to increase when waste was placed (Hanson et al., 2010).  

In a single landfill study in the south of France, findings showed that in the first 20 days of 

waste placement, waste temperature rapidly increased by 20℃ on average under aerobic 

conditions (Lefebvre et al., 2000). Gas composition in the landfills described by Hanson et al. 

experienced aerobic conditions for weeks to months after waste placement before transitioning to 

anaerobic conditions. Temperature continued to increase during the anaerobic phases but much 

more rapidly and high temperatures were sustained throughout the entire anaerobic phase (Hanson 

et al., 2010). However, it was noted that this is inconsistent with other studies that measured larger 

increases in temperature during aerobic degradation as aerobic reactions produce much more heat 

than anaerobic reactions (Lefebvre et al., 2000). Overall, Hanson et al. measured temperatures in 

landfills that varied in both climate and waste age and found that temperatures ranged from 0.9 – 

55.6℃. Hanson found that high moisture and waste density were driving factors in overall heat 

gain while enhanced microbial activity due to high moisture was associated the highest rate of heat 

gain. These heat gains, rates, and overall temperatures were highest during anaerobic degradation 

which is the dominant degradation process in landfills (Hanson et al., 2010).  

Other studies have found landfill temperatures in the range that Hanson et al. observed 

(Table III-19). El-Fadel et al. found that temperatures ranged from 40 – 50℃ at distances from 4 

– 11 meters above the liner, 992 days after waste disposal at the Mountain View Controlled 

Landfill Project in San Jose, California (El-Fadel et al., 1996). Townsend et al. and Attal et al. 

observed similar temperature ranges at their study landfills of 30 – 55℃ at a Florida site and 26 – 

50℃ at a the Villeparisis landfill in France (Townsend et al., 1996; Attal et al., 1992). At the 

Villeparisis site, temperatures at depths of 2 meters were 26℃ even though atmospheric 
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temperatures were around 14℃ (Attal et al., 1992). Consistent with the Villeparisis site, Lefebvre 

et al. found that temperature increase with depth was rapid at their site, with temperatures 

increasing from 33°C to 50 – 60°C in the first 3.5m of depth. Gas measurements by Lefebvre et 

al. showed that high temperatures at shallower depths in both landfills were likely due to aerobic 

reactions due to air intrusion (Lefebvre et al., 2000). Meanwhile, Hanson et al. measured 

temperature profiles that generally had a convex shape with the highest temperatures being in the 

middle of the landfill (Hanson et al., 2010). 

While landfill temperatures below 60°C are consistent across the reviewed studies, there 

are reports of landfills with temperatures in excess of 80 – 100℃ (Benson, 2017; Jafari et al., 2017; 

Reinhart et al., 2020). While methanogenesis and fermentation are the dominant degradation 

processes in landfills, they all but cease above temperatures of 62.5 – 67.5℃ and 72.5 – 77.5 °C, 

respectively, indicating that there are abiotic reactions that are contributing heat above the range 

of biological reactions (Schupp et al., 2020). While some ETLFs have reported the disposal of 

reactive wastes (e.g., aluminum), others have not indicated that they are aware of the disposal of 

such wastes (Hao et al., 2017; Jafari et al., 2017).  

To understand the relative importance of factors that contribute to landfill temperatures, 

Hao et al. developed a model of heat generation and accumulation in landfills. This model 

incorporates aerobic and anaerobic biodegradation, anaerobic metal corrosion, ash hydration and 

carbonation, and acid-base neutralization as heat sources (Hao et al., 2017). However, as the 

energetics and rate of the cellulose hydrolysis reaction is currently unknown under conditions 

applicable to landfill, there is room for cellulose hydrolysis to be explored and added to models 

such as these. 
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Table III-19. Documented Landfill Temperatures 

Source Description Temperature (℃) 

Attal et al., 1992 Villeparisis Landfill, 

France 

26 – 50℃ 

(El-Fadel et al., 1996) Mountain View 

Controlled Landfill 

Project, San Jose, 

California 

40 – 50℃ 

(Hanson et al., 2010) Alaska  0.9 – 33.0 

British Columbia 13.1 – 49.2 

Michigan 14.8 – 55.6 

New Mexico 20.5 – 33.6 

(Lefebvre et al., 

2000) 

South France 33 – 60°C 

(Townsend et al., 

1996) 

Florida 30 – 55℃ 

 

Abiotic Cellulose Hydrolysis 

Cellulose (C6H10O5)n) is a linear polysaccharide with repeating units of cellobiose which is 

composed of a pair of β-D-glucose units linked via β-1,4-glycosidic bonds. These glycosidic bonds 

can be broken by the addition of a water molecule, known as hydrolysis. Many of the studies 

discussed in the following review utilize cellobiose since cellulose is insoluble in water due to 

intermolecular hydrogen bonding (Bobleter, 1994). 

Schniewind has indicated that cellulose is hydrolysable at room temperature in the presence 

of strong acids, though acid strength was not specified, with degradation rates increasing with 

temperature, though again, a range was not specified (Schniewind, 1989). Furthermore, acid 

hydrolysis of cellulose in paper has been observed to reach approximately 50% conversion to 

glucose at 1% acid concentrations and temperatures of 220 – 240℃. However, contact time must 

be limited to less than 10 seconds to obtain peak glucose yields before glucose further breaks down 

(Bobleter, 1994). Malester et al. studied acid hydrolysis of cellulose present in MSW at 

temperatures ranging from 200 – 240℃ and pHs of 0.34 – 0.85. The most severe condition studied 

(pH of 0.34, 240℃) had the fastest rate of hydrolysis and the highest glucose yield at 54.30%. The 
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optimum reaction time for this yield was 4.6 seconds before glucose further degraded. For the 

range of conditions studied, the rate constant for cellulose hydrolysis was higher than that of 

glucose degradation, which allowed glucose to accumulate (Malester et al., 1992). Acid hydrolysis 

of the organic fraction of MSW (OFMSW) has also been studied at 30℃ and pH 4 – 7. Using 

sCOD to determine the presence of hydrolysis products, 20% of the lignocellulosic substrate was 

reported to have solubilized after 25 days at pH 4, while only 9 – 13% solubilized under the other 

pH conditions (Trzcinski et al., 2015). 

Bonn et al. studied the alkaline degradation of cellobiose at NaOH concentrations of 0.01 

– 0.1 N and temperatures of 60 – 85℃. At these concentrations, the pH of the system was 12 to 

13. At a concentration of 0.01 N NaOH, 40 – 57% of the cellobiose was consumed after 24 minutes, 

depending on temperature. Hydrolysis was terminated due to the accumulation of acidic end-

products and a subsequent pH decrease. At a concentration of 0.1 N NaOH, 90% of the cellobiose 

was consumed regardless of temperature (Bonn et al., 1985).  

A reduction in pH due to organic acid accumulation also reported for a system with an 

initial pH of 7 (Bobleter, 1994). At the temperatures studied (> 180℃) by Bobleter, acid formation 

resulted in a pH reduction from neutral to ~3. However, in the 3 – 7 pH range, the reaction rate is 

independent of pH. Both the hydrolysis of cellulose and cellobiose were explored at neutral pH. 

Cellobiose hydrolysis was studied at temperatures from 180 – 249℃ for 14 minutes. At 249℃, 

more than 99% of the cellobiose degraded in under 3 minutes while at 180℃, nearly no cellobiose 

was removed in the study period. At temperatures above 215℃, over 90% degradation was 

reported in 14 minutes (Bobleter, 1994).  
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The hydrolysis of cellulose in the form of cotton was studied at temperatures of 215 – 

274℃ for 70 minutes at a neutral pH. At 274℃, over 50% degradation was measured after 1 

minute while at 215℃ less than 20% degradation was measured after 70 minutes (Bobleter, 1994).  

The hydrolysis of cellulose under neutral pH conditions in the form of microcrystalline 

cellulose has also been studied. Sasaki et al. hydrolyzed cellulose in subcritical and supercritical 

conditions under pressure of 246.7 atm (25 MPa) at temperatures ranging from 290 – 400℃. 

Supercritical fluids are those at a pressure and temperature that allow them to behave as both a 

liquid and gas. The pressure and temperature at which this happens is known as the critical point. 

In subcritical conditions – below the critical point – near 100% conversion of cellulose was 

achieved at temperatures from 320 – 400℃. At 320℃, this conversion took 10 seconds with a 

final pH of 3.82 while at 350℃, it took between 2 – 4 seconds for 100% conversion with a final 

pH of 3.92. At 400℃, the reaction was under supercritical conditions and reached 100% 

conversion of cellulose in 0.05 seconds with a final pH of 4.72 (Sasaki et al., 1998). 

Chloride has been reported to catalyze cellulose hydrolysis. With CaCl2 accounting for 

~20% of the solids in a system containing a small amount of HCl, cellulose hydrolysis can be 

catalyzed to produce glucose at temperatures of 150 – 250℃ and under 10.9 – 54.5 atm (160 – 

800 psi) of pressure in under 20 seconds (U.S. Patent No. 4,637,835, 1846). Potvin et al. explored 

the use of NaCl and KCl to increase the production of levulinic acid formed from the degradation 

of glucose after cellulose hydrolysis. Over 5 days and at temperatures of 190 – 200℃, and with an 

acid catalyst, the yield of levulinic acid was 14%. However, with the 5% addition of NaCl and 

KCl, yields increased to 39% and 48%, respectively. At a concentration of 25% NaCl, the levulinic 

acid yield reached 72% (Potvin et al., 2011). Jiang et al. indicates that this is due to disruption of 

intermolecular hydrogen bonding by chloride ions (Jiang et al., 2015).  
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In summary, studies have found that pH, temperature, pressure, and chloride content all 

impact cellulose hydrolysis (Table III-20). Hydrolysis can be measured at room temperatures in 

the presence of strong acids (Schniewind, 1989). Under alkaline conditions, hydrolysis occurs at 

temperatures as low as 60℃ (Bonn et al., 1985). Notably, alkaline hydrolysis ceases due to acid 

accumulation with higher base concentrations limiting the effect of the acid accumulation and 

allowing hydrolysis to continue (Bonn et al., 1985). Hydrolysis can also occur under neutral pH 

conditions at high temperatures (>~200℃) and can be stimulated by high pressures (246.7 atm) 

(Bobleter, 1994; Sasaki et al., 1998). Additionally, hydrolysis rates are found to increase as 

temperature rises (Schniewind, 1989; Malester et al., 1992; Sasaki et al., 1998). Lastly, the 

presence of chloride acts as a catalyst for cellulose hydrolysis (U.S. Patent No. 4,637,835, 1846; 

Potvin et al., 2011). 
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Table III-20. Summary of Studies and Hydrolysis Conditions 

Study pH Temperature (℃) Pressure (atm) Chloride Results 

(Schniewind, 1989) Strong acid ~20   
• cellulose was hydrolyzed 

• degradation rates increased with temperature 

(Bobleter, 1994) 1% acid 220 – 24   
• 50% conversion of cellulose to glucose 

• contact time < 10 sec before glucose decomposition 

(Malester et al., 

1992). 
0.34 - 0.85 200 – 240   

• fastest hydrolysis rate and glucose yield at pH of 0.34 

& 240℃  

• optimum reaction time for maximum glucose yield is 

4.6 seconds before glucose degrades 

(Trzcinski et al., 

2015) 
4 - 7 30   

• 20% of lignocellulosic substrate solubilized after 25 

days at pH 4 

• 9 – 13% solubilized under higher pHs 

(Bonn et al., 1985) 
0.01 – 0.1 

N NaOH 
60 – 85   

• at 0.01 N NaOH, 40 – 57% cellobiose consumed after 

24 minutes depending on temperature 

• hydrolysis terminated due to the accumulation of 

acidic end-products 

• at 0.1 N NaOH, 90% cellobiose consumed 

independent of temperature 

(Bobleter, 1994) Neutral 180 – 249   

• at 249℃, > 99% of the cellobiose degradation in < 3 

min 

• at >215℃, > 90% degradation in 14 minutes 

• at 180℃ no cellobiose loss in 14 min 

(Bobleter, 1994) Neutral 215 – 274   
• at 274℃, > 50% cotton degradation after 1 minute 

• at 215℃ < 20% cotton degradation after 70 minutes 

(Sasaki et al., 1998) Neutral 290 – 400 246.7  
• near 100% conversion of cellulose at temperatures 

320 – 400℃ in less than 10 sec 

• pH drops to 3 – 4 

(U.S. Patent No. 

4,637,835, 1846) 

HCl 

present 
150 – 250 10.9 – 54.5 CaCl2 

• when CaCl2 accounted for ~20% of the solids in a 

system, glucose produced in < 20 sec 

(Potvin et al., 2011) 
Acid 

catalyzed 
190 – 200  

NaCl 

KCl 

• without chloride, yield of levulinic acid of 14% 

• with 5% addition NaCl and KCl, yields of 39% and 

48%, respectively 

• with 25% NaCl, the levulinic acid yield was 72% 
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Documented End-Products 

End-products of cellulose hydrolysis are important to determine the potential energetics of 

hydrolysis reactions in landfills as literature has shown that cellulose degradation has both 

endothermic and exothermic stages (Mok et al., 1983). Documented end-products are summarized 

in Table III-21 while associated heats of formation are displayed in Table III-22. Enthalpies of 

formation for the end-products were difficult to source and the state of the end-product is often not 

in the form that it would take in cellulose hydrolysis systems. Thus, these enthalpies should be 

taken as approximations.  

Table III-21. Documented Cellulose & Cellobiose Reaction End-Products 

Source Condition End-Products 

(Bobleter, 1994) 

Acidic Hydrolysis 
5-HMF, 

furfural 

Neutral Hydrolysis 

Organic acids, 

3 carbon compounds, 

glycolaldehyde, 

5-HMF, 

furfural, 

hexoses 

(Bonn et al., 1985) 
Alkaline Cellobiose 

Hydrolysis 

Hexoses, 

3 carbon compounds, 

organic acids 

(Garves, 1981) 
Acidic Cellulose 

Hydrolysis 

5-HMF, 

furfural, 

levulinic acid, 

humic acids 

(Jiang et al., 2015) 
NaCl Catalyzed 

Hydrolysis 

Glucose, 

lactic acid, 

levulinic acid, 

formic acid, 

5-HMF, 

furfural, 

acetic acid 

(Novotný et al., 2008) 

Alkaline 

Monosaccharide 

Hydrolysis 

Carboxylic acids, 

hydrocarboxylic acids, 

lactones 

(Sasaki et al., 1998) 

Subcritical Cellulose 

Hydrolysis 

Erythrose, 

glycolaldehyde, 

glyceraldehyde, 

dihydroxyacetone, 

methylglyoxal, 

levoglucosan, 

5-HMF, 

acids 

Supercritical 

Cellulose Hydrolysis 
Hexoses, 

glucose oligomers 
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Table III-22. Enthalpies of Formation for Cellulose Hydrolysis End-Products (Chemeo - High 

Quality Chemical Properties; NIST Chemistry WebBook) 

End-Product Enthalpy of Formation 

(kJ/mol) 

State 

5-HMF -437.4 Solid 

Acetic Acid -484.5 Liquid 

Cellobiose -1959.15 Gas 

Dihydroxyacetone -523 Unknown 

Formic Acid -425.09 Liquid 

Fructose -1256.6 Solid 

Furfural -200 Liquid 

Glucose -1273.3 Solid 

Glyceraldehyde -500.57 Gas 

Glycolaldehyde -322.42 Gas 

Glycolic Acid -582 Gas 

Glyoxal -212 Gas 

Lactic Acid -694.08 Solid 

Levoglucosan -815.6 Gas 

Levulinic Acid -523.92 Gas 

Levulinic Acid -545.19 Gas 

Malonic Acid -891.1 Solid 

Methylglyoxal -309 Liquid 

 

Bobleter reported that in acidic and neutral environments, 5-hydroxymethylfurfural (5-

HMF) and furfural are produced (Bobleter, 1994). Garves further determined that levulinic acid 

and insoluble residues (humic acids) are formed in acidic environments due to degradation of 5-

HMF with the conversion of cellulose to 20 – 30% 5-HMF, 45 – 55% levulinic acid, and 3 – 4% 

furfural (Garves, 1987). 

In neutral environments, Bobleter detected hexoses (glucose and fructose), cellobiose, 

levoglucosan, glycolaldehyde, organic acids (e.g., acetic, formic, lactic, isosaccharinic, glycolic, 

etc.), and 3-carbon compounds (e.g., dihydroxyacetone, glyceraldehyde, methylglyoxal, etc.) as 

products from cellulose hydrolysis (Bobleter, 1994). Sasaki et al. found that at supercritical 

conditions (> 400℃, 246.7 atm) the yield of hexoses, and oligomers (cellobiose, cellotriose, 
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cellopentaose, etc.) was much higher than in subcritical conditions. In subcritical conditions, 

hexoses and oligomers rapidly decompose (Figure III-26), but under supercritical conditions the 

hydrolysis rate of cellulose exceeds the decomposition rate of these hydrolysis products allowing 

the products to accumulate at a yield of 75%.  

Figure III-26. The main reaction pathway of cellulose hydrolysis (Sasaki et al., 1998) 
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In alkaline cellobiose hydrolysis, some cellobiose is transformed into hexoses (mostly 

glucose followed by fructose) while most is transformed into 3 carbon compounds and organic 

acids. At increasing temperatures, the proportion of hexoses increases while at increasing alkali 

concentrations the proportion of acids formed increases. Unlike hydrolysis under pH neutral and 

acidic conditions, no 5-HMF or furfural is formed under alkaline conditions (Bonn et al., 1985).  

Novotný et al. (2008) set up a series of experiments exploring alkaline hydrolysis of 5 

monosaccharides: glucose, fructose, arabinose, 1,3-dihydroxyacetone, and glyceraldehyde. These 

monosaccharides were placed in 0.05 M NaOH and heated for 1 hr to an unspecified temperature. 

The products after hydrolysis were then characterized and found to contain 3 carboxylic acids, 24 

hydroxycarboxylic acids, and 12 lactones. The most abundant end-products found in all 

monosaccharide systems were formic acid, lactic acid, glycolic acid, and 2,4-dihydroxybutanoic 

acid. 2,4-dihydroxybutanoic acid was the most abundant end-product in the glucose and fructose 

systems and composed 25.53% and 22.25% of the yield, respectively. Additional compounds at 

concentrations above 5% in these 2 systems included formic acid, acetic acid, lactic acid, glycolic 

acid, 2,3-dihydroxyacrylic acid, and 3-Deoxy-d-arabino-hexono-1,4-lactone (Novotný et al., 

2008). The presence of organic acids is consistent with the results reported by Bonn et al. (1985). 

Jiang et al. found that NaCl catalyzed hydrolysis changes the distribution of products just 

as Potvin et al. reported for levulinic acid yields. Increasing NaCl concentrations resulted in a 

decreased accumulation of glucose, furfural, 5-HMF, and formic acid; meanwhile, yields of 

levulinic acid significantly increased while lactic acid yields varied, and acetic acid yields stayed 

constant (Jiang, 2015). 

In summary, studies found that cellulose degrades into glucose. However, the presence of 

glucose can be short-lived as glucose breaks down into a number of products. The end-products 
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vary based on pH with acid conditions stimulating the production of more 5-HMF and furfural, 

and alkaline conditions producing more organic acids. The accumulation of organic acids in 

alkaline systems causes termination of hydrolysis as the pH decreases.  
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Materials & Methods 

Experimental Design 

The objectives of this study were to (1) evaluate the potential for abiotic cellulose hydrolysis to 

occur under environmental conditions that more closely represent landfills and, (2) evaluate the 

effects of temperature, pH, chloride concentration and pressure on cellulose hydrolysis, and (3) 

assess the impact of abiotic cellulose hydrolysis on heat generation in landfills.    

The experimental design is presented in Table III-23 and all treatments were tested in 

triplicate. Two sets of experiments were conducted, with the second set influenced by the results 

of the first set. The effects of pH and pressure were evaluated in the first set of experiments. These 

experiments were conducted at 93°C, which is higher than is reported at some ETLFs. The 

relatively high temperature was selected to evaluate whether any hydrolysis would occur, prior to 

exploring temperatures that more closely resemble ETLFs in their early stages. Subsequent 

experiments were conducted at temperatures of 72.5 to 82 ºC to begin to measure the effect of 

temperature. Tests at 2M NaCl were used to study the impact of NaCl as a catalyst for hydrolysis. 

While 2 M NaCl exceeds typical Cl concentrations in landfills, this concentration was selected as 

a bounding analysis. In addition to controls that were unbuffered or at 37℃, tests were conducted 

at pH 5 without cellulose to determine the baseline COD contribution of the organic buffer. 

Additional tests were conducted in a saturated solution of calcium hydroxide to simulate ash 

exposure. Ash is disposed of in many landfills and as water percolates through the ash, its pH 

increases. The test with pure Ca(OH)2 evaluated whether the released alkalinity from ash could 

provide basic conditions and stimulate hydrolysis. 

In the second set of experiments, temperatures as low as 60℃ were investigated at a range 

of alkaline pH conditions from 7 – 10 . In the first set of experiments, the pH was observed to 

decrease over time as described with the Results. This was likely a result of acid accumulation 
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from cellulose hydrolysis. As such, the system was adjusted to the target pH at each sampling in 

set 2.  
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Table III-23. Summary of treatments to evaluate abiotic cellulose hydrolysis  

Treatment 
Temperature 

(°C) 
pH 

Pressure 

(atm) 
Cellulose (g) 

NaCl Concentration 

(M) 

Set I 

1 

93 

5 

1 
5 

0 

2 0 

3 
2 

5 

4 0 

5 
7 

1 

5 

6 2 

7 
10 

1 

8 2 

9 11 1 

10* 12.6 1 

11 

Unbuffered 
1 

12 2 

13 2 

0 

14 
82 

10 

1 

15 2 

16 
77  

1 

17 2 

18 
72.5 

1 

19 2 

21 

37 

5 2 

22 7 2 

23 10 2 

24 

Unbuffered 
1 

25 

2 
26 2 

Set II 

27 

82 

7 

1 6 0 

28 8 

29 9 

30 10 

31 

77 

7 

32 8 

33 9 

34 10 

35 

72.5 

7 

36 8 

37 9 

38 10 

39 

60 

7 

40 8 

41 9 

41 10 
*denotes treatments in a saturated Ca(OH)2 solution of 1.72 g/L  
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Method Development 

COD was used to indicate that soluble products were released from insoluble cellulose. Initial 

work was conducted to confirm that this strategy would work. In the first experiment, a mixture 

of 1.25 grams of microcrystalline cellulose powder (MP Biomedicals, Santa Ana, California, 

USA). and 25 mL of deionized water were vacuum filtered, dried, and weighed to calculate 

recovery. The COD of the aqueous phase was used to calculate the fraction of cellulose that was 

hydrolyzed as in Equation 1, where the theoretical COD of 1 gram of cellulose is 1.18 g of O2. 

This same principal can be applied to calculate the rate of hydrolysis using Equation 2. A first-

order model was used to represent the hydrolysis reaction as the reaction has the potential to be 

substrate limited or inhibited by the accumulation of end-products. 

                                             % ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑂𝐷−𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐶𝑂𝐷

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑂𝐷 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
                               (1) 

       ln (
𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
) = −𝑘𝑡                                 (2) 

To measure background COD for Equation 1, a second control experiment was conducted 

to determine if any COD was attributable to the filtration of liquid that contained cellulose. A 

mixture of 2.5 grams of microcrystalline cellulose powder and 50 mL of deionized water was 

vortexed and allowed to settle for 30 minutes before filtration with a 2.7-micron glass microfiber 

filter followed by a 0.45-micron polyethersulfone (PES) filter. COD was then run on the filtrate. 

Using the data from the control experiments, an initial experiment was conducted to 

determine if cellulose hydrolysis was detectable in the proposed serum bottle test system. To 

evaluate this, triplicate 160-mL serum bottles were initiated with 100 mL of 5M sulfuric acid and 

5 grams of microcrystalline cellulose powder. 5M sulfuric acid was used as it is known to result 

in cellulose hydrolysis. Bottles were sparged with N2 for 15 minutes under a fume hood with a 

PTFE tube before being stoppered, crimp sealed, and flushed again for 5 minutes. After setup, 5 
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mL of liquid was sampled to determine the COD at time 0. Samples were then incubated at 93°C. 

After this experiment showed near 100% of cellulose using Equation 1, set I was begun. 

Experimental Protocol and Sampling Procedure 

In set I, serum bottles containing 100 mL of 0.02M buffer solution with 5 grams of cellulose were 

prepared with additional treatments containing 2 M NaCl or 1.72 g/L of Ca(OH)2. In set II, serum 

bottles contained 120 mL of 0.04M buffer solution with 6 grams of cellulose. Increased sample 

mass and liquid volume relative to set 1 allowed for additional sampling periods and extra sample 

for end-product determination while the molarity of the buffers was increased on account of the 

decrease in pH in the first set of experiments. All buffer solutions (Table III-24) were prepared in 

deionized water that was sparged to remove oxygen and stored in an anaerobic chamber until use.  

Table III-24. Composition of buffer solutions 

Buffer pH Acid Base 

5 sulfuric acid sodium acetate 

7 potassium phosphate 

monobasic 

sodium phosphate dibasic 

heptahydrate 

8 potassium phosphate 

monobasic 

sodium phosphate dibasic 

heptahydrate 

9 boric acid sodium hydroxide 

10 sodium bicarbonate calcium carbonate 

11 sodium bicarbonate calcium carbonate 

 

 The test was initiated under aseptic and anaerobic conditions. To maintain an aseptic 

environment, equipment was either autoclaved at 121℃, or if it could not be autoclaved, wiped 

with ethanol. To maintain an anaerobic environment, all bottles and solutions were kept under N2. 

Buffer solutions were filtered with a 0.45-micron polyethersulfone (PES) filter to remove particles 

and microbes, and then added to serum bottles containing a known mass of cellulose. Bottles were 

then sparged with N2 for 5 minutes before being stoppered, crimp sealed, and flushed with N2 for 

another 5 minutes. For treatments under 2 atmospheres of pressure, 60 mL of N2 was injected after 

sealing as this is equivalent to the headspace volume. As needed (Table III-23), NaCl, CaOH2 and 
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unbuffered treatments were prepared in the same way. Serum bottles were then incubated at the 

target temperature.  

 Treatments were sampled at time 0 and periodically thereafter. In the 1 atm treatments, a 

5-mL plastic syringe was placed into the stopper to check for overpressure. 5 mL of N2 (equivalent 

to the volume of liquid to be collected) was then injected into the serum bottle and an equivalent 

liquid volume was removed. Care was taken to avoid the removal of solids during sampling. For 

the tests at 2 atm, the overpressure was removed prior to sampling, and N2 was injected after 

sampling to adjust the pressure back to 2 atm.  

In set I, we observed a decrease in the pH with time. The cause of this decrease will be 

discussed with the results. Following this observation, the pH was measured at every sampling and 

adjusted back to the target pH by opening a bottle under N2 and adding 2 M NaOH. Bottles were 

then flushed with N2 for 5 minutes and resealed. 

Analytical Methods 

COD was measured following the standard procedure for the Hach COD vials. High range (20 - 

1500 mg/L) or high range plus (200 - 15,000 mg/L) vials were used, depending on the treatment. 

Various methods of end-product characterization were attempted. This included VFA 

analysis, lactic acid analysis, HPLC analysis with a photodiode array detector, HPLC analysis of 

sugars and a GC/MS analysis of the gas phase. VFA concentrations were measured using standard 

methods in which acids are converted into their protonated form by lowering the pH to <2 with 

85% phosphoric acid so that they may be detected by vaporization in a GC-FID (APHA, 2017). 

Lactic acid analyses were conducted by Cumberland Valley Analytical Services (Waynesboro, 

PA). HPLC analysis with a photodiode array detector was conducted as previously described using 

a Shimadzu LC-20AT HPLC with a degasser and an SPD 20A Photodiode Array Detector (de la 

Cruz et al., 2015). Sugars analysis was measured as previously described (Petterson et al., 1998). 
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Results & Discussion 

Preliminary Test and Control Experiments 

A preliminary test was performed to determine if it was possible to simulate abiotic cellulose 

hydrolysis under landfill relevant temperature conditions at the extreme case of 93℃ (200℉). To 

increase the likelihood of hydrolysis in the preliminary test, cellulose was placed in a solution of 

5M sulfuric acid to promote acid hydrolysis. The preliminary test showed that at 93℃ (200℉) and 

in a solution of 5M sulfuric acid, 99.4% of microcrystalline cellulose powder was hydrolyzed 

within 2 weeks of initiation based on COD accumulation in solution. This indicated that cellulose 

hydrolysis was both possible to simulate and detect under laboratory conditions; and that nearly 

all the cellulose was hydrolyzed.  

Following proof of hydrolysis in a laboratory setting, two control experiments were 

conducted to (a) determine the recovery of cellulose in the experimental system in the absence of 

hydrolysis, and (b) determine background COD from a filtered cellulose solution and filtered DI 

water since COD was used as an indicator of cellulose hydrolysis. Control experiment (a) 

recovered 98.6% of cellulose after vacuum filtration and drying, proving that our method was 

sufficiently accurate to measure mass loss. Control experiment (b) found that the baseline COD of 

a filtered cellulose solution in DI water was 170 mg/L, while that of filtered DI water was 14 mg/L. 

The COD of the filtered cellulose solution shows that some cellulose or cellulose release product 

is present in the aqueous phase and is measured as COD. The COD of the DI passed through the 

filter indicates some background COD in the system. Based on these results, all COD data in 

subsequent tests were reduced by 170 mg/L.  

Impact of Pressure on Cellulose Hydrolysis 

The effect of pressure (1 vs 2 atm) was monitored in the first set of experiments. Samples were not 

adjusted for pH initially, but   
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Table III-25 lists dates when pH adjustments were made. As illustrated in Figure III-27 and Table 

III-26, hydrolysis was statistically similar under all conditions tested.  

 
Figure III-27. Impact of pressure on cellulose conversion of samples at (a) 93℃ and pH 7; (b) 

93℃ and pH 10; (c) 82℃ and pH 10; (d) 77℃ and pH 10; and (e) 72℃ and pH 10.  
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Table III-25. Dates of pH adjustment of cellulose hydrolysis samples in Figure III-27 

Treatment Day 

1 atm, 72℃, pH 10 78 

2 atm, 72℃, pH 10 78 

1 atm, 77℃, pH 10 78 

2 atm, 77℃, pH 10 78 

1 atm, 82℃, pH 10 97 

2 atm, 82℃, pH 10 97 

1 atm, 93℃, pH 10 131, 164 

2 atm, 93℃, pH 10 131, 164 

1 atm, 93℃, pH 7 164, 184, 213 

2 atm, 93℃, pH 7 164, 184, 213 

 

Table III-26. Effect of pressure on the extent of cellulose hydrolysis 

 Cellulose Conversion (%) 

Temperature 

(℃) 
pH Day Pressure* Average 

Standard 

Deviation 

93 

7 213 
1 5.4 0.4 

2 4.7 0.1 

10 

179 
1 11.8 2.0 

2 10.3 0.4 

82 112 
1 6.9 0.8 

2 7.3 0.8 

77 93 
1 5.6 0.2 

2 5.7 0.2 

72 93 
1 4.9 0.1 

2 4.9 0.6 

*In all cases, the effect of pressure was not statistically significant (p > 0.05). 

 

Impact of Sodium Chloride as a Catalyst for Cellulose Hydrolysis 

Chloride has been reported to catalyze cellulose hydrolysis (U.S. Patent No. 4,637,835, 1846; 

Potvin et al., 2011; Jiang et al., 2015). NaCl did not catalyze cellulose hydrolysis reactions in an 

unbuffered solution at 93℃ (Figure III-28) as there is not a significant difference between samples 

with and without NaCl (Table III-27). As discussed in the Characterization of Cellulose Hydrolysis 

End-Products, samples exhibiting cellulose hydrolysis changed color. Unbuffered samples with 

2M NaCl did not experience this color change. 
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Figure III-28. Impact of NaCl as a catalyst on samples at 93℃, at 1 atm in an unbuffered 

solution of DI water. Note that the y-axis scale is reduced relative to other figures. 

Table III-27. Compared extent of cellulose hydrolysis of samples with and without NaCl. 

Parentheses indicate date of sample.  

 Cellulose Conversion (%) 

Concentration 

NaCl (M) 
Average 

Standard 

Deviation 

0 0.1* (46) 0.1 

2 0.2* (44) 0.3 

*Indicates samples that are statistically similar (p = 0.05) 

 

Impact of pH on Cellulose Hydrolysis 

In the first set of cellulose hydrolysis tests, treatments were buffered at a pH of 5, 7, 10, or 11. 

Hydrolysis ceased in the pH 10 samples after day 61 and it was discovered that this was due to an 

accumulation of acidic end-products that caused the pH to fall below 7. This finding was also 

reported by Bonn et al., 1985 and Bobleter, 1994 in alkaline and neutral cellulose hydrolysis 

systems.  

When samples that had been buffered at a pH of 10 were adjusted back to pH 10, hydrolysis 

resumed. Following this observation, the pH was adjusted back to the target pH as needed in 

subsequent experiments as presented below. Samples at pH 7, 10, and 11 were also found to require 
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adjustment. As samples in Set I were initiated at different times, and, subsequently, adjusted for 

pH at different points, it is difficult to compare data over time. In Set II samples were adjusted 

after each sampling if necessary.  

While hydrolysis was not measurable at pH 5, it was measured at both pH of 7, 10 and 11 

(Figure III-29). While hydrolysis occurred more readily at pH 10 and 11, it was measurable at pH 

7. Compared to a pH of 10, samples at a pH of 11 were even more conducive to hydrolysis. At a 

pH of 11, 16.2% hydrolysis was achieved after 68 days and 2 pH adjustments (documented in 

Table III-28). Meanwhile, samples at a pH of 10 achieved 11.8% hydrolysis after 179 days and 2 

pH adjustments. The slight decreases in cellulose conversion likely represents experimental error 

in the COD measurement and accounting for background COD content. 

 
Figure III-29. Impact of pH on cellulose hydrolysis in samples incubated at 93℃ and under 1 

atm of pressure. Black line indicates where the first pH adjustment was made after the discovery 

of the decrease in pH. 

Table III-28. Dates of pH adjustment of cellulose hydrolysis samples in Figure III-29 

Treatment Day 

1 atm, 93℃, pH 10 131, 164 

1 atm, 93℃, pH 7 164, 184, 213 

1 atm, 93℃, pH 11 33,53, 68, 82 
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To test whether the released alkalinity from ash could provide basic conditions and 

stimulate hydrolysis, cellulose hydrolysis in a saturated solution of Ca(OH)2 was also evaluated. 

This system had an initial pH of 12.6. While the system rapidly achieved hydrolysis with 8.8% of 

cellulose hydrolyzed in 9 days, hydrolysis ceased once the pH reached ~6.7 between days 98 and 

247 (Figure III-30). The exact day is unknown as sampling was delayed due to the Covid-19 

pandemic. The pH was not adjusted in the Ca(OH)2 samples as only hydrolysis due to ash was 

explored.  

 
Figure III-30. Cellulose hydrolysis in a saturated solution of calcium hydroxide incubated at 

93℃ and under 1 atm of pressure. 

In Set II, treatments were buffered at a pH of 7, 8, 9 and 10 to explore in more detail the 

impact of pH on the rate and extent of cellulose hydrolysis over a range of typical to extreme pH 

conditions in landfills. Tests at pH 5 were not investigated based on the results of the initial 

experiments. Figure III-31 shows that as pH increases from 7 to 10, the extent of cellulose 

hydrolysis increases. Table III-29 shows that at 72℃, the extent of hydrolysis at pHs 8 and 9 is 

statistically similar after 209 days. Furthermore, hydrolysis can occur at pH 7 depending on 
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temperature with 7.8% of cellulose hydrolyzed at 82℃ after 209 days. Individual values for each 

sample can be found in the Appendix. 

 

 
Figure III-31. Impact of pH on cellulose conversion of samples at (a) 60℃, (b) 72℃, (c) 77℃ and (d) 82℃ 
under 1 atm of pressure. The pH was adjusted as needed at every sampling point. (e) represents samples at 

37℃ under 2 atm of pressure from Set I. Samples in (e) were not adjusted for pH as pH never changed. 
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Table III-29. Extent of cellulose hydrolysis after 209 days as a function of temperature and pH 

 Cellulose Conversion (%) 

Temperature 

(℃) 
pH Average 

Standard 

Deviation 

37a 

5* 0 0 

7* 0 0 

10 0.4 0.1 

60 

7 0.3 0.1 

8 2.8 0.1 

9 2.0 0.2 

10 16.8 1.6 

72 

7 2.9 0.5 

8* 12.2 1.8 

9* 10.3 1.0 

10 23.0 1.7 

77 

7 6.1 0.7 

8* 12.8 1.6 

9* 9.0 0.8 

10 24.7 1.7 

82 

7 7.8 0.1 

8 22.8 1.6 

9 16.5 1.7 

10 26.6 0.4 
    aSamples at 37℃ use the extent of hydrolysis after 130 days 

  *Indicates samples that are statistically similar (p > 0.05) 

 

Impact of Temperature on Cellulose Hydrolysis 

The data have been rearranged to illustrate the effect of pH and various temperature in Figure 7 

and Table III-30. In general, the extent of cellulose hydrolysis increases with temperature. This 

trend is less apparent between samples at 72, 77 and 82℃ as pH increases. There is not a significant 

difference (p > 0.05) in the extent of cellulose hydrolysis at 72 and 77℃ from pH 8–10. While 

cellulose hydrolysis does occur at 60℃, after 209 days, the extent of hydrolysis is 63.2% that of 

82℃ under pH 10 conditions. 

 



88 

 

 

Figure III-32. Impact of temperature on cellulose conversion at 1 atm and at a pH of (a) 7, (b) 8, 

(c) 9, and (d) 10. The pH was adjusted as needed at every sampling point. 
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Table III-30. Extent of cellulose hydrolysis after 209 days and significance of difference at each 

temperature 

 Cellulose Conversion (%) 

pH 
Temperature 

(℃) 
Average 

Standard 

Deviation 

7 

82 7.8 0.1 

77 6.1 0.7 

72 2.9 0.5 

60 0.3 0.1 

8 

82 22.8 1.6 

 77* 12.8 1.6 

 72* 12.2 1.8 

60 2.8 0.1 

9 

82 16.5 1.7 

 77* 9.0 0.8 

 72* 10.3 1.0 

60 2.0 0.2 

10 

 82 26.6 0.4 

 77* 24.7 1.7 

 72* 23.0 1.7 

60 16.8 1.6 

*Indicates samples that are statistically similar (p = 0.05) 

 

Weight Loss 

Weight loss was measured for cellulose hydrolysis samples in Set II after 209 days of hydrolysis. 

The percent of cellulose lost by weight was compared to the percent of cellulose hydrolyzed as 

measured by COD (Table III-31). Data indicates that an additional 0.0 – 0.8 grams of cellulose 

were lost via weight loss measurement. This additional loss could be due to removal of cellulose 

when sampling or errors in the weight loss measurement technique. While there is a difference in 

the values derived from COD recovery and weight loss, Figure III-33 indicates that COD and 

weight loss show the same overall trends in cellulose conversion to soluble products. This result 

provides some confidence in the use of COD to quantify hydrolysis. This result also illustrates 

what appears to be a systematic error in the weight loss measurement in that the extent of 
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hydrolysis, as measured by weight loss, is nearly always higher than the extent of hydrolysis as 

estimated by COD. 

Table III-31. Weight loss from cellulose hydrolysis samples after 209 days 

Bottle 

No. 
pH 

Temperature 

(℃) 

Cellulose 

Weight 

Lost (%) 

Cellulose Conversion 

Measured by COD 

(%) 

Difference (g) from 

Last Sampling at 209 

Days 

9 

7 

72 2.4 7.2 0.3 

13 
60 

0.3 4.2 0.2 

14 0.2 4.7 0.3 

18 

8 

82 22.0 21.6 0.0 

21 
77 

11.5 15.1 0.2 

22 14.6 14.3 0.0 

25 
72 

10.9 17.4 0.4 

26 13.5 18.5 0.3 

29 
60 

2.7 8.6 0.4 

30 2.9 4.4 0.1 

37 

9 

77 
8.4 14.1 0.3 

38 9.5 14.4 0.3 

41 
72 

11.4 14.4 0.2 

42 9.8 14.3 0.3 

45 
60 

2.0 6.7 0.3 

46 2.3 15.7 0.8 

49 

10 

82 
26.2 32.3 0.4 

50 26.4 32.9 0.4 

57 
72 

22.7 28.4 0.3 

58 21.4 27.6 0.4 

62 
60 

15.0 19.6 0.3 

63 17.4 19.9 0.2 

 



91 

 

 
Figure III-33. Comparison of cellulose conversion by COD to cellulose weight loss. The red 

line shows perfect (1:1) correspondence between the weight loss and COD estimates of cellulose 

hydrolysis. 

Characterization of Cellulose Hydrolysis End-Products 

To estimate the contribution of cellulose hydrolysis to heat generation in a landfill, the end-

products of cellulose hydrolysis must be determined as the energetics of heat release are dependent 

on the end-products. Samples exhibiting hydrolysis were noted to have a distinct odor that was 

sharp and acidic. In addition, samples exhibiting hydrolysis were also noted to have a distinct 

orange color that darkened as hydrolysis end-products accumulated which contrasted with samples 

that did not exhibit hydrolysis (Figure III-34). Selected samples were analyzed by GC/MS and 

liquid chromatography in a limited attempt to identify end-products. 

GC/MS analysis of the gas phase in 1 sample showed a compound in the gas phase with a 

similar mass to charge ratio as CO2. However, no further work was conducted to confirm this 

observation. 

 Liquid samples were analyzed for lactic acid, VFAs, and sugars, and by using an HPLC 

with a photodiode array detector to look more generally at what might be present (Table II-32). 

Lactic acid is a documented end-product and is the most exothermic of the end-products identified 
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in the literature review. In addition, the accumulation of an acidic end-product was apparent based 

on the pH behavior. No lactic acid was detected in samples submitted for analyses. Meanwhile, 

spectra from HPLC analysis with a photodiode array detector of pH 10 samples were not able to 

be matched to spectra of known cellulose hydrolysis end-products where available. The sum of 

sugar monomers accounted for 0.1% of the hydrolysis end-products of samples at pH 10 and 93℃ 

taken on day 61. VFAs in samples at pH 10 and 82℃ accounted for 2.1% of the hydrolysis end-

products on day 374. Measured VFAs included acetic, propionic, i-butyric, butyric, i-valeric, 

valeric, i-caproic, and hexanoic acid. 

 

Figure III-34. Color variation of cellulose hydrolysis treatments. Samples from left to right are 

buffered at pH 10, pH 9, pH 8, and pH 7 and incubated at 72℃. This picture was taken on Day 

27. 
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Table II-32. Concentration of cellulose hydrolysis end-products and end-product contribution to 

COD. Parentheses indicate sampling date. 

 
Concentration (mg COD/L) 

Percent of COD in Liquid 

pH 
Temperature 

(℃) 

Pressure 

(atm) 

Lactic 

Acid 

(day 

sampled) 

HPLC - 

Photodiode 

Array Detector 

(day sampled) 

Sugar 

Monomersa 

(day 

sampled) 

VFAsb 

(day 

sampled) 

10 93 1 n.d. (109) 
unknown peak 

identified (87) 

3.1 (61) 

0.1% 
n.m. 

10 93 2 n.m. 
unknown peak 

identified (87) 

2.6 (61) 

0.1% 
n.m. 

10 82 1 n.m. n.m. n.m. 

339.4 

(374) 

2.1%  

10 37 2 n.m. n.m. 
1.7 (61) 

5.2% 
n.m. 

7 93 1 n.d. (109) n.m. n.m. n.m. 
aSugars detected were glucose, xylose, and mannose. Individual concentrations can be found in 

the Appendix. 
bVFAs detected were acetic, propionic, i-butyric, butyric, valeric, i-caproic, and hexanoic acids. 

Individual concentrations can be found in the Appendix. 

 

Hypothetical Impact of Cellulose Hydrolysis on Heat Accumulation 

The heat released from four abiotic cellulose hydrolysis scenarios will be explored and compared 

to that of anaerobic biodegradation. The scenarios included temperatures of 60 and 72℃ as they 

serve as bounding calculations for what can be found in the field. Furthermore, as biological 

activity decreases as temperature approaches 72℃, 60℃ serves as a better point of comparison to 

gauge the importance of abiotic cellulose hydrolysis. pHs of 7 and 8 were used in these scenarios 

as they represent real world conditions.  

As described in the Methods section and the Appendix, a rate constant was calculated based 

on the lab data (Table III-33). Given 1 kg of cellulose in a landfill, 1.1% and 5.2% of the cellulose 

would be hydrolyzed after1 year at 60℃ and a pH of 7 and 8, respectively. Assuming that the 

cellulose is converted to acetic acid, this results in 12.4 and 61.3 kJ of heat release. At 72℃ and  a 

pH of 7 and 8, 90.6 and 262.9 kJ of heat would be released in year 1 as 7.7% and 22.5% would be 
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hydrolyzed, respectively. For the same mass of cellulose, anaerobic biodegradation would release 

64.3 kJ in 1 year assuming a rate constant of 0.04/year. Although it is known that the entire mass 

of cellulose will not be converted into acetic acid via abiotic hydrolysis, this known end-product 

had available thermodynamic data and can serve as a rough estimate of heat released. Furthermore, 

landfill rates of hydrolysis may vary from the calculated rates due to different temperatures, pHs, 

and catalysts. Using the worst case of pH 8 and 72℃, 4.1 times more heat is released abiotically 

than through biodegradation while at pH 7 and 60℃, abiotic heat release is only 0.2 times that of 

the biological reaction. This gives a range of the potential impact of abiotic cellulose hydrolysis 

on heat accumulation in landfills. 

Table III-33. First-order rate constant for abiotic cellulose hydrolysis reactions at varying 

temperatures and pH 

Temperature 

(℃) 
pH k (day-1) 

60 
7 2.9 x 10-5 

8 1.5 x 10-4 

72 
7 2.2 x 10-4 

8 -7.0 x 10-4 
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Conclusions & Recommendations 

Conclusions 

1. There is not a difference in cellulose hydrolysis between 1 and 2 atm at 93 ºC at a pH of 5 

– 10.  

2. At 60℃, 16.8% of cellulose hydrolyzes at pH 10 while only 0.3% hydrolyzes at pH 7 after 

209 days. While hydrolysis can occur at pHs 7 – 10 the extent of hydrolysis at each pH 

increases with temperature. At 82℃, 7.8% of cellulose hydrolyzes at pH 7 after 209 days. 

3. Cellulose hydrolysis can occur in temperatures ranging from 60 – 93℃ with the extent of 

hydrolysis increasing with temperature. However, at a temperature of 60℃, cellulose 

hydrolysis was only measured at pH values of 8 – 10 after 209 days. 

4. NaCl does not catalyze cellulose hydrolysis reactions in an unbuffered solution at 93℃. 

5. Acidic end-products accumulate in cellulose hydrolysis reactions which causes the reaction 

to terminate. 

6. Calcium hydroxide can stimulate cellulose hydrolysis until acidic end-products 

accumulate. 

Recommendations 

1. Determine if other catalysts (metal, silica/sand) play a role in abiotic cellulose hydrolysis. 

Potential metals that would serve as catalysts include nickel, platinum, titanium, and other 

metal oxides (Kobayashi et al., 2011; Gromov, 2018). 

2. Identify liquid and gaseous end-products of cellulose hydrolysis to estimate the impact of 

cellulose hydrolysis on heat generation in landfills. 
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Chapter IV: Summary 

This thesis included 2 research projects surrounding the activity of cellulose in landfills. The 

anaerobic biodegradation of cotton was monitored under simulated landfill conditions for 223 

days.  The only treatment that had an impact on methane yield was the durable press finish, which 

resulted in a decreased methane yield of about 36% relative to the bleached, dyed, and softened 

cottons. The polyester fabric was recalcitrant. Reactor operation will be continued until methane 

production ceases. Upon reactor termination, reactors will be destructively sampled to determine 

the extent of fabric loss and analyzed for changes in fiber morphology and crystallinity. 

Cellulose hydrolysis was shown to occur at pH 7 at temperatures as low as 72℃. There 

was not a significant difference in the extent of cellulose hydrolysis between 1 and 2 atm at 93 ºC 

at a pH of 5 to 10. While hydrolysis can occur at pHs 7 – 10, the extent of hydrolysis at each pH 

increased with temperature. Acidic end-products were shown to accumulate based on pH decreases 

in the batch tests which caused the hydrolysis reaction to terminate. Cellulose hydrolysis can also 

occur at temperatures ranging from 60 – 93℃ with the extent of hydrolysis increasing with 

temperature. However, at 60℃, cellulose hydrolysis was only measured at pH  8 to 10 after 209 

days. Further work should be done to determine if other catalysts (metal, silica/sand) play a role 

in abiotic cellulose hydrolysis and to identify liquid and gaseous end-products of cellulose 

hydrolysis to estimate the impact of cellulose hydrolysis on heat generation in landfills. 
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Appendix – II 
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Anaerobic Toxicity Assay (ATA) Experimental Design 

Table II-A1. Experimental design for ATAs on dyed cotton fabric reactors 

Sample Dilution Inoculum 

(mL) 

Leachate 

(mL) 

Water 

(mL) 

Total Volume 

(mL) 

Copy Paper 

(g) 

a 40% 3 6 6 15 0.02 

80% 3 12 0 15 0.02 

b 40% 3 6 6 15 0.02 

80% 3 12 0 15 0.02 

c 40% 3 6 6 15 0.02 

80% 3 12 0 15 0.02 

Blank 
 

3 0 12 15 0 

CP 

control 

 3 0 12 15 0.02 

 

Reactor Parts 

Table II-A2. Parts list for reactors used to simulate anaerobic decomposition 

Item Description Vendor 

Barbed bulkhead fitting Connects tubing to reactors Cole-Parmer 

Flex Foil grab bag Collects gas from reactors SKC custom 

order 

2-gallon Jar Reactors 
 

United States 

Plastic 

Tygon tubing 1/4” ID x 3/8” OD Cole-Parmer 

Tygon tubing 3/16” ID x 5/16” OD Cole-Parmer 

Tygon tubing 1/8” ID x 1/4” OD Cole-Parmer 

Leachate bag 2 L IV Bag VWR 

Herbie clamps Clamps AA, BB, C Speedy Products 

Male Quick-Turn x barb Connects tubing to gas bag McMaster 

Reducing coupling Reduces tubing to connect to leachate 

bag 

McMaster 

Tube to tube coupling 
 

McMaster 

Silicone washers Seals connections to reactors McMaster 

Tubing connector 
 

McMaster 

3-way valve 
 

Cole-Parmer 

Luer stopcock 1-way, female luer x female luer, black 

PVDF 

Cole-Parmer 
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Initial Decomposition Experiment 

An initial set of reactors were initiated in mid-June 2020. However, methane generation was not 

consistent and after about 41 days, a decision was made to terminate and restart the reactors. The 

reason for the poor reproducibility appears to have been that inoculum viability was weak. 

Pictures of samples from the initial reactors after destructive sampling are presented in Figure II-

A1 which shows clear evidence of degradation.  

 

Figure II-A1. Visual evidence of material loss after 41 days of reactor operation. These initial 

reactors were dismantled due to poor reproducibility attributed to the inoculum. No loss was 

evident in the polyester (not shown). Left to right – dyed, bleached, softened, and durable press 

cottons. 
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Appendix – III 
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Raw COD Data from Set II 

Table III-A1. Raw COD data from samples in set II after 209 days 

 Cellulose Conversion (%) 

Bottle No. pH T (°C) COD (mg/L) Value Average Standard Deviation 

1 7 82 4730 7.9 
7.8 0.1 

2 7 82 4650 7.7 

6 7 77 4040 6.6 
6.1 0.7 

7 7 77 3450 5.6 

9 7 72 1580 2.4 

2.9 0.5 10 7 72 1860 2.9 

11 7 72 2150 3.4 

13 7 60 340 0.3 

0.3 0.1 14 7 60 280 0.2 

15 7 60 350 0.3 

17 8 82 12310 21.7 

22.8 1.6 18 8 82 12520 22.0 

19 8 82 13960 24.6 

21 8 77 6730 11.5 

12.8 1.6 22 8 77 8490 14.6 

23 8 77 7180 12.3 

25 8 72 6430 10.9 
12.2 1.8 

26 8 72 7930 13.5 

29 8 60 1750 2.7 

2.8 0.1 30 8 60 1870 2.9 

31 8 60 1840 2.8 

33 9 82 10220 17.7 
16.5 1.7 

35 9 82 8890 15.3 

37 9 77 5010 8.4 
9.0 0.8 

38 9 77 5660 9.5 

41 9 72 6740 11.4 

10.3 1.0 42 9 72 5820 9.8 

43 9 72 5720 9.6 

45 9 60 1370 2.0 

2.0 0.2 46 9 60 1520 2.3 

47 9 60 1330 2.0 

49 10 82 14660 26.2 

26.6 0.4 50 10 82 14830 26.4 

51 10 82 15120 26.9 

53 10 77 14620 25.9 
24.7 1.7 

55 10 77 13300 23.5 

57 10 72 12810 22.7 

23.0 1.7 58 10 72 12150 21.4 

59 10 72 14070 24.8 

61 10 60 8700 18.1 

16.8 1.6 62 10 60 8760 15.0 

63 10 60 10080 17.4 
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pH Data from Set II 

 

Figure III-A1. pH of samples from set II prior to adjustment with 2M NaOH 

 

 

 

 

 

 

 

 

6

7

8

9

10

0 70 140 210

p
H

Day

pH 7 Samples82

77

72

60

6

7

8

9

10

0 70 140 210

p
H

Day

pH 8 Samples

6

7

8

9

10

0 70 140 210

p
H

Day

pH 9 Samples

6

7

8

9

10

0 70 140 210

p
H

Day

pH 10 Samples



107 

 

Concentration of Cellulose Hydrolysis End-Products 

Table III-A2. Sugars in samples taken on day 61 from samples at pH 10 in Set I 

 Concentration (mg/L) 

Temperature 

(℃) 
Pressure (atm) Glucose Xylose Mannose 

93 1 1.8 0.4 0.6 

93 2 1.3 0.7 0.4 

37 2 0.8 0.4 0.3 

 

Table III-A3. Concentration of VFAs in samples taken on day 374 from samples at 10 pH, 

82℃, 1 atm in Set I 

 Concentration (mg/L) 

Sample 
Acetic 

Acid 

Propionic 

Acid 

i-

Butyric 

Acid 

Butyric 

Acid 

i-

Valeric 

Acid 

Valeric 

Acid 

i-

Caproic 

Acid 

Hexanoic 

Acid 

1 157.3 23.4 0.0 56.1 0.0 0.0 0.0 0.0 

2 172.4 25.1 0.7 69.0 0.0 0.5 7.4 3.7 

Average 164.9 24.2 0.4 62.5 0.0 0.3 3.7 1.9 

 

Calculations for the Impact of Cellulose Hydrolysis on Heat Accumulation 

Abiotic Cellulose Hydrolysis 

Calculation of Heat of Reaction 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐻𝐴𝑐 =  −484.5 𝑘𝐽/𝑚𝑜𝑙 (Table III-4) 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 =  −977.88 𝑘𝐽/𝑚𝑜𝑙 (Hao et al., 2017) 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑊𝑎𝑡𝑒𝑟 =  −285.8 𝑘𝐽/𝑚𝑜𝑙 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐶6𝐻10𝑂5 + 𝐻2𝑂 → 3𝐶𝐻3𝐶𝑂𝑂𝐻 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 3 𝑚𝑜𝑙 𝐻𝐴𝑐 ∗ (−484.5
𝑘𝐽

𝑚𝑜𝑙
) − (1 𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ∗ (−977.88

𝑘𝐽

𝑚𝑜𝑙
) +

1 𝑚𝑜𝑙 𝑤𝑎𝑡𝑒𝑟 ∗ (−285.8
𝑘𝐽

𝑚𝑜𝑙
))  

= −189.82
𝑘𝐽

𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒
∗

1 𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒

0.162 𝑘𝑔
 

=  −1170.7
𝑘𝐽

𝑘𝑔
𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒  

Example Calculation of rate at 60℃ and pH 8 

1. Fit data to a first-order model to find the rate constant (Figure III-A2) 
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ln (
𝑚𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) = −𝑘𝑡 

𝑝𝑙𝑜𝑡 ln (
𝑚𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑖𝑎𝑙
) 𝑣𝑠 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑓𝑖𝑛𝑑 𝑡ℎ𝑒 𝑠𝑙𝑜𝑝𝑒 = −𝑘 

 

Figure III-A2. Natural log transformation of hydrolysis data from samples at 60℃ and pH 8 

2. Calculate and plot the percent of cellulose hydrolyzed using k 

ln (
𝑚𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) = −𝑘𝑡 

𝑚𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
= 𝑒−𝑘𝑡 

% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 = 100 ∗ (1 −
𝑚𝑎𝑠𝑠 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑚𝑎𝑠𝑠 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) 

% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 = 100 ∗ (1 − 𝑒−𝑘𝑡) 

 

Figure III-A3. Percent hydrolysis of samples at 60℃ and pH 8 compared to the first-order 

model 
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3. Find the heat released in year 1 

𝐻𝑒𝑎𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (
𝑘𝐽

𝑦𝑒𝑎𝑟
) =

(% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑 @ 𝑡=365)

100
∗ 1 𝑘𝑔 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ∗ −1170.7

𝑘𝐽

𝑘𝑔
𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒  

 

Anaerobic Biodegradation 

𝑘 = 0.04 

𝐻𝑒𝑎𝑡 𝑜𝑓 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 =  −1672  (Hao et al., 2017) 

𝐻𝑒𝑎𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (𝑘𝐽/𝑦𝑒𝑎𝑟) = 𝑚𝑎𝑠𝑠 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑘𝑔) ∗ 𝑘𝑒−𝑘𝑡 ∗ ℎ𝑒𝑎𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

 

 

 

 

 

 


