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Abstract:
The turnover rates of acetate and propionate were investigated in anaerobic cattle waste digestors
operated on a 16 day retention time at 37°C. Manure feedstock contained approximately 4% volatile
solids. Some digesters were acclimated to additions of glucose and propionate or glucose and acetate.
Acetate and propionate turnover rates were measured chemically and with 13C Nuclear Magnetic
Resonance (NMR) Spectroscopy. Agreement of turnover rates and correlation coefficients obtained
chemically and with NMR showed NMR to be an efficient noninvasive technique for measuring
turnover rates in these biological samples. Acclimation of digesters to additions of acetate or
propionate enhanced the turnover of acetate and propionate. In all cases observed, the turnover rate for
propionate was slower than that of acetate. Our maximum turnover rates for acetate and propionate, 9.8
mM.hr-1 and 3.5 mM-hr-1 respectively, were greater than those reported in the literature, indicating
that acclimated digesters showed enhanced turnover of substrate. 
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The most important things are the hardest to say, because words diminish them. It’s hard 
to make strangers care about the good things in your life.

Stephen King

Last thing I remember, I was 
Running for the door 
I had to find the passage back 
To the place I was before 
‘Relax,’ said the night man 
‘We are programmed to receive,
You can check out any time you like 

but you can never leave.’

Hotel California 
Eagles
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ABSTRACT

The turnover rates of acetate and propionate were investigated in anaerobic cattle 
waste digesters operated on a 16 day retention time at 3 7°C. Manure feedstock contained 
approximately 4% volatile solids. Some digesters were acclimated to additions of glucose 
and propionate or glucose and acetate. Acetate and propionate turnover rates were 
measured chemically and with 13C Nuclear Magnetic Resonance (NMR) Spectroscopy. 
Agreement of turnover rates and correlation coefficients obtained chemically and with 
NMR showed NMR to be an efficient noninvasive technique for measuring turnover rates 
in these biological samples: Acclimation of digesters to additions of acetate or propionate 
enhanced the turnover of acetate and propionate. In all cases observed, the turnover rate 
for propionate was slower than that of acetate. Our maximum turnover rates for acetate 
and propionate, 9.8 mM-hr"1 and 3.5 mM -hr'1 respectively, were greater than those, 
reported in the literature, indicating that acclimated digesters showed enhanced turnover 
of substrate..
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INTRODUCTION

Objectives

In anaerobic waste digestion acetate is thought to be the most important volatile fatty 

acid (VFA). Jerris and McCarty [ I ] found that acetate was the most common VFA inter

mediate formed and approximately 70% of methane formed in anaerobic waste digestion 

was from acetate degradation. This was confirmed by Smith and Mah [2]. The second 

most important VFA present in anaerobic waste digesters is propionate [3,4]. Propionate 

is a major intermediate formed in the anaerobic degradation of carbohydrates and proteins 

to methane [5,6]. Early investigators found that propionate was more difficult to metabo

lize than acetate and that propionate degrading organisms were more sensitive to adverse 

environmental conditions [5,7].

Our primary objective of this study was to measure the turnover rates of acetate and 

propionate, relative to one another, and to measure acetate and propionate turnover rates 

in anaerobic cattle waste digesters of differing performance levels.

A second objective of this study was to show that 13C nuclear magnetic resonance 

spectroscopy (NMR) is a valuable tool to noninvasively observe reaction rates with 13C 

enriched compounds in digest. Recently 13C NMR has been shown to be a valuable tool to 

follow the metabolism of 13C enriched compounds in living organisms [8,9,10,11,12,13, 

14].

The studies of Shulman and coworkers [ 10] compared 13 C NMR t o 14 C tracer studies 

in hepatic metabolism. They found that the relative concentration of metabolites produced 

from labeled compounds introduced into rat liver cells, as measured at specific carbons by
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NMR, agreed closely to values obtained with 14C tracers in doubly labeled samples. These 

earlier studies have shown that NMR offers several advantages: various metabolic processes 

may be followed concurrently and quenching of cellular reactions and separations of inter

mediates is unnecessary. Preliminary studies in this laboratory have shown 13C NMR to be 

a potential tool to measure glucose, acetate, and propionate turnover rates in anaerobic 

cattle waste digesters [ 15,16].

Previous Kinetic Studies

The complete biochemical and microbiological processes involved in the degradation 

of complex organic wastes to methane, carbon dioxide, and hydrogen are not entirely 

understood. Historically, much of the effort in anaerobic waste treatment research was 

directed toward optimizing operational parameters such as loading rate, retention time, 

temperature, pH, and nutritional requirements [7,17,18,19,20,21,22,23 ]. These studies 

did not delineate the impositions of the rate-limiting event and the parameters providing an 

optimum environment [4].

The complete conversion of complex organic wastes to methane is facilitated by three 

major groups of microorganisms: fermentative, acetogenic, and methanogenic bacteria (see 

. Figure I). Fermentative bacteria hydrolyze complex polymers like carbohydrates, proteins, 

and lipids to smaller molecules. Fermentative bacteria, or acid formers, also ferment the 

soluble molecules to organic acids, alcohols, NH3, carbon dioxide, and hydrogen. The 

acetogenic bacteria function to oxidize the organic acids from the fermentative group to 

acetate, carbon dioxide, and hydrogen. The methanogenic bacteria form methane primarily 

by acetate splitting and carbon dioxide reduction [24,25,26,27].

As in any complex chemical or biological process, the kinetics of the slowest step will 

determine the overall rate. Anaerobic degradation of complex organic molecules to smaller
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Figure I. Metabolic interactions between the bacterial groups involved in methanogenesis

solubles has been stated to govern the kinetics of anaerobic waste digestion [28]. Yet in 

methanogenic reactions of dissolved organic matter the oxidation of acetate was proposed 

to be rate-limiting [3 ]. Thus the question of what the rate-limiting step was was raised 

again.

Several mathematical models were proposed to describe the kinetics of anaerobic 

waste treatment [4,7]. However, the reported growth rates and substrate utilization were 

always lower than predicted by theory. Two explanations emerged: temperature depen

dence of kinetic coefficients and population dynamics [4], Lawrence and McCarty found 

that in microbiological studies run concurrently with kinetic studies, significant population 

variations occurred at steady state conditions. These seemingly random population shifts at 

steady state conditions were accompanied by equally random shifts in the effluent volatile 

acid concentrations. They concluded that

in the mixed culture of methogenic bacteria normally present in an anaerobic 
waste digester, shifts in the predominant microbiological species, i.e., population 
dynamics, may cause periodic fluxuations to occur in the “steady state” effluent 
volatile acids concentration which will not be predicted by the mathematical 
model.

[24].
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Table I summarizes three major kinetic studies done recently [3,29,30]. Kaspar and 

Wuhrmann [3 ] reported acetate and propionate rates in anaerobic sewage waste digesters 

were 0.4 mM/hr and 0.19 mM/hr respectively. The studies of Boone [30] and Mackie and 

Bryant [29] are interesting to compare. Mackie and Bryant investigated the contribution 

of several VFAs to methanogenesis in anaerobic cattle waste digesters fed 6% added vola

tile solids (VS) and operated at 40° and 60°C on a 10 day retention time (RT). Boone 

investigated rate-limiting reactions in anaerobic cattle waste digesters fed 6% VS manure 

and manure plus acetate. These digesters were operated at 40°C on a 10 day RT.

Table I . . Summary of Kinetic Data.

VFA Turnover Rate mM/hr Reference
Acetate 0.8-2.4 Mackie and Bryant [29]
Acetate . 0.41 Kaspar and Wuhrmann [3]
Acetate 1.57 Boone[30]
Acetate 3.07a Boone
Propionate 0.09-0.27 Mackie and Bryant
Propionate 0.19 Kaspar and Wuhrmann
Butyrate 0.1 Mackie and Bryant

aDigestor received acetic acid additions.

Mackie and Bryant infused 14C labeled acetate, propionate, and butyrate, over 24 

hour periods, into a digester. They measured the turnover rates of the VFAs by following 

the outcome of the 14C label with respect to time. In the mesophilic digester the maxi

mum turnover rates were 2.4 mM/hr for acetate, 0.27 mM/hr for propionate, and 0.1 mM/ 

hr for butyrate.

Boone used an isotope dilution technique to evaluate the turnover rates of acetate. He 

reported the turnover rate o f acetate was 1.6 mM/hr for the digester fed only manure, 

however, in the digester acclimated to added acetate the turnover rate was 3.1 mM/hr.
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The isotope dilution technique offers the advantages of less14 C label used and shorter
.

time periods for investigation’ Both studies took place during steady state conditions in the 

digesters. Additionally, Boone showed that by increasing the loading rate of organic sub

strate to a digester a subsequent increase in substrate utilization results. The ultimate result 

of increased loading of substrate is an increase in the microbial population. Thus, it should 

be possible to increase the rate of acetate or propionate turnover in anaerobic digesters by 

adapting them with additions of acetate or propionate to standard feedstock.

Experimental Design

In anaerobic waste digestion solubilization of complex biological polymers appears to 

govern the rate-limiting step [28]. However, little is known about the specific turnover 

rates of the two most important VFAs in the process-acetate and propionate. Most, 

measurements of turnover rates have been in digesters fed only cattle or sewage waste [3, 

29]. Boone [30] acclimated an anaerobic digest or to additions of acetate and then deter

mined the acetate turnover rate. Although Boone reported a two-fold increase in the ace

tate turnover, no indications were given of a maximum acetate turnover or if these were 

the highest, stable loading conditions possible. Therefore this reported turnover rate applies 

only to the exact experimental conditions Boone imposed.

For high acetate or propionate turnover in an anaerobic waste digestor, several varia

bles (pH, retention time, temperature, and feedstock) must be considered to optimize 

operational parameters. Once operational parameters are maximized then meaningful rela

tive kinetic determinations can be made regarding the rate-limiting process. The studies of 

Hills. [31] and Hills and Roberts [32] on the effect of C:N ratio on anaerobic digestion of 

manure or manure plus organic additions showed close agreement with studies in this 

laboratory [23]. Hills reported an optimum range of 25-32:1 and Robbins and co-workers 

reported an optimum of 32:1 within the range of 20-45:1.
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Our loading rates were designed to provide a balance between energy and nitrogen to 

produce a stable ecosystem with the potential for optimum performance. Glucose, pro

pionate, and acetate were used to supplement feedings of manure. These substrates lead to 

enhancement of acetogenic and aceticlastic methanogenic microorganisms as well as opti

mizing the energy load to 32:1. This system should offer high turnover of substrates to 

methane. We compared the relative turnover rates of acetate and propionate to one another 

and with respect to  loading rate: Classically, kinetic experiments of this nature have util

ized 14C labeled substrates [29,30]. However, large amounts O f 1 4 C  labeled compounds 

are expensive and difficult to handle.

NMR offers the advantages of being noninvasive and time-efficient. And as previously 

discussed (see Objectives section), the work of Shulman and co-workers and Robbins and 

Runquist [ 14,16 ] supports this conclusion. NMR kinetic studies were done in this study at 

levels of enzyme saturation in anaerobic digest from digesters of differing energy loads.

At enzyme saturation levels and assuming a Michaelis-Menten kinetic model the turn

over rate of acetate or propionate can be determined by the equation

ds
= -kS+ (I)

where S+ is the concentration of the substrate, t is time, and k is the first-order rate con

stant. The rate constant can be determined from the linear regression of the logarithm of 

substrate concentration plotted versus time. If the concentration of the substrate in the 

digest is appreciable before adding labeled substrate then the total concentration, S+, must 

be used to calculate the actual rate. Therefore the total concentration of substrate, S+, can 

be expressed as

S+ = Sa + Sb (2)
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where Sa is the concentration of unlabeled substrate and Sb is the concentration of labeled 

substrate. The concentration of Sa can be measured by gas chromatography and the con

centration of labeled substrate added is known.

Acetate and propionate turnover rates were calculated using this mathematical model 

and data obtained via 13 CNMR. We concluded that:

1. The rate of propionate and acetate turnover in anaerobic cattle waste digesters is 

increased by acclimating digesters to the substrate.

2. Propionate turnover rates are slower than acetate turnover rates in nohacclimated 

and acclimated digesters.

3. Carbon 13 NMR is a useful tool for the noninvasive study of kinetic processes in 

biological systems and requires less experimental time and effort than 14C tracer studies.
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MATERIALS AND METHODS 

Manure

Manure collection and handling was previously described by Robbins et al. [22]. 

Manure used for this study was collected, shortly after deposition, from the dairy at Mon

tana State University. Cattle were fed a mixture of 60% hay and 40% grain. The grain mix

ture contained 50% barley, 25% wheat, 10% soybean meal, 10% sugar beet pulp, and 5% 

mustard meal. The composition of the manure is shown in Table 2. The manure was diluted 

to 5% total solids with tap water, blended for 3 minutes in a 3.8-liter Waring blender, 

packaged in I-liter Whirl-Pak bags, and frozen until used. Feedstock was thawed, stored at 

4°C, and used as necessary.

Table 2. Manure Composition.

% Dry Matter

Volatile Solids 84
Ether Extract 4
Cellulose 25
Hemicellulose 24
Lignin 9
Total Nitrogen (crude protein) 2.8 (17.5)a

Concentration

Volatile Acids
Acetic acid 69 ihM
Propionic acid 10 mM
Other acids 5.5 mM •

aData in parenthesis is total nitrogen X 6.25 -  crude protein.
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Digestor Operation and Maintenance

Digesters were constructed from 100-ml lyophilization flasks filled with number 9 

rubber stoppers. One hole was filled with a Y-tube for gas collection and sampling. Col

lection tubes, constructed from 50-ml plastic syringe barrels, were immersed in 0.1 M HCl. 

The second hole was filled with a piece of glass, attached to tygon tubing, and with a poly

propylene fitting to accommodate a 10-ml disposable plastic syringe. The syringe was used 

to introduce manure and solid feedstock to. the digester and the tygon tubing was clamped, 

when not in use, to ensure an anaerobic environment.

The digesters were initially inoculated with 64 ml of digest from a parent digester 

which had been operated on a 16 day RT at 37° for 6 years. Manure, previously described, 

was used as sole feedstock for this digester.

On a daily basis, 4 ml of digest was removed from each digester and 4 ml of manure 

feedstock was added to maintain a 16 day RT. Digesters were thoroughly mixed before 

digest was removed and after feedstock was added. This process ensured even distribution 

of solids in the digest. All digestors and experiments were maintained and performed at 

37°C.

A microdigestor constructed from an 8 ml lyophilization flask filled with a number 

00 2-hole black rubber stopper, was used for chemical kinetic studies. One hole was filled 

with a piece of glass tubing and tygon tubing and the second hole was fitted with a 13 gauge 

hypodermic needle and a 2.5 ml disposable syringe. The syringe was used to withdraw sam

ples for analysis. The apparatus was immersed in a water bath so that the tygon tubing and 

lyophilization flask were under water. This flask, containing propionate or acetate, was 

inoculated with 4 ml of digest frpm a digester (see Diets section) while the flask was under 

a stream of CO2. The flask was stoppered, the contents thoroughly mixed, and placed in

the water bath.
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Volatile acid samples for gas chromatography quantitation were withdrawn in 0.2 ml 

aliquots and placed in 0.4 ml microcentrifuge tubes (West Coast Scientific). These samples 

were placed in a boiling water bath for 5 minutes to destroy activity and frozen until 

analyzed (see Analyses section).

Diets

Studies were performed on digest from digesters of differing feeding loads. The fol

lowing describes the feed for each digester.

Manure only. This digester was fed 4 ml of manure only.

Propionate only. This digester was fed 4 ml of manure plus 0.061 grams of sodium 

propionate (Fisher).

Propionate and glucose. This digester was fed 4 ml of manure plus 0.120 grams of 

glucose (Eastman) and 0.061 grams of sodium propionate.

Acetate and glucose. This digester was fed 4 ml of manure plus 0.067 grams of potas

sium acetate (Baker) and 0 .120 grams of glucose.

Analyses

Daily gas volume from the digesters was recorded. Gas content was quantitated twice 

weekly on a Carle gas chromatograph, model 8000, fitted with a thermal conductivity 

detector. Helium was the carrier gas and the column (3.2 mm X ,1.8 m) was packed with 

Porapak (Waters). The pH of each digester was determined with a Corning 125 meter.

Digestor samples were centrifuged on an Eppendorf microcentrifuge, model 3200, for 

5 minutes at 12,000 xg and 0.5 ml of the supernatant was removed and acidified with 

0.1 ml of 25% meta-phosphoric acid. The acidified samples were incubated at 22°C for 

30 minutes to degas before using. One pl of these samples was used for analysis of VFA

content.
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Volatile acid content was quantitated on a Varian gas liquid chromatograph model 

3700. A fatty acid standard, WSFA-2 (Supelco), was used to identify and calibrate the 

peaks. A glass column (2 mm i.d. X 1.8 m) was used. Helium was the carrier gas and the 

flame ionization detector mode was used. Integration of peaks was done on a Hewlett- 

Packard 3380A integrating recorder.

13C Nuclear Magnetic Resonance Spectroscopy

All spectra were accumulated at 62.83 MHz on a Bruker WM 250 spectrometer oper

ating in the Fourier transform mode. The temperature was maintained at 37°C. D2O was 

present in the coaxial tube (7.5 mm, Wilmad) as a lock signal and all resonances are ex

pressed in reference to tetramethylsilane at 0 ppm. Dioxane was utilized in the coaxial 

tube as an external reference signal. All spectra obtained were broad-band decoupled. See 

Appendix I for additional NMR parameters.

A two milliliter sample of digest was placed in a 10 mm O.D. thin wall NMR tube 

(Wilmad) along with 13C enriched sodium propionate or sodium acetate (Merck and Co.) 

under strict anaerobic conditions. Anaerobic conditions were ensured by mixing samples 

and labeled substrate in a glove bag apparatus (Aldrich Atmosbag) flushed thoroughly with 

N2 (O2 -free).. The 10 mm NMR tube was sealed with the coaxial tube containing dioxane/ 

D2O (see Figure 2). NMR peaks were identified by reference to 13 C NMR spectra of sod

ium propionate and sodium acetate run under identical conditions (also see Appendix III).

Ti Determinations

Spin-lattice relaxation times (T1) of sodium acetate and sodium propionate were 

measured. The relaxation times needed to be known in order to eliminate the possibility of 

saturation and to optimize quantitation of the peaks. Standard T1 methods were used as 

outlined in the software manual for the Bruker WM 250 spectrometer.
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Digest Sample

Sealed

D0O and Dioxane

4mm Coaxial Tube

Figure 2. Diagram of NMR tube and coaxial tube.



A sample containing 20 mM sodium acetate (2-13 C) and 10 mM sodium propionate 

(S-13C) in 2 ml of boiled digest (to remove activity) was used for T1 measurements.

13
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RESULTS

Manure Composition

The manure waste used as digester feed was diluted with tap water to approximately 

4% total solids. The composition of manure dry matter was 84% volatile solids, 25% cel

lulose, 24% hemicellulose, and 9% lignin. Additional results are shown on Table 2.

Digestor Performance

Table 3 shows the digester performance as determined by gas volume and percent 

conversion for the experimental digestors. The digester fed manure only and the digester 

fed manure plus propionate showed percent conversions of 35 and 41 respectively and 

were considered low performance or low energy digesters. The digesters fed manure and 

glucose plus propionate and glucose plus acetate had 53 percent conversion and were con

sidered high performance digesters. The gas volumes were mean values of 13 weeks of 

digester operation. During this period the effluent volatile fatty acid concentrations were 

less than 4 mM in the control digester, less than 3 mJM in the digestor acclimated to glucose 

and propionate additions, less than 5 mM in the digestor acclimated to glucose and acetate 

additions, and less than 10 mM in the digestor acclimated to propionate additions.

Kinetics

The acetate and propionate turnover rates are shown in Tables 4 and 5 respectively. 

The turnover rate of acetate in the control digestor (fed manure only) determined by 

chemical analysis was 2.3 mM*hr-1 compared to an average of 2.6 mM-hr'1 for data from
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Table 3. Digestor Performance.

Feedstock

gms VS in 
Feedstock 

per Day
ml CH4 * 
per Day

ml CH4 per 
gm VS

Percent^
Conversion pH*

Gas Volume/ 
Day*

manure only 0.17 29(3.3)* 170(19) 35 7.5 (.03) 44 (7.0)
propionate + 
manure

.21 48 (3.8) 210(16) . 41 8.0 (.03) 64(8.7)

propionate + 
glucose + 
manure

.33 84 (3.6) 240(10) 53 7.90 (.05) 130(13)

acetate + 
glucose + 
manure

.33 78 (4.9) 220(14) 53 8.2 (.06) 130(13)

* Std deviation in parenthesis.
I  Mean of 26 days.
' Percent conversions = 12 (g/gatom c) • (moles gas/d ay) • 100/0.4 (C in waste) • (g VS).

13C NMR studies. The average turnover rate for acetate in the digestor acclimated to glu

cose and propionate additions was 3.7 mM-hr"1 as determined chemically and 4.0 mM-hr™1 

for data from 13C NMR. Additionally, the average propionate turnover rate from chemical 

studies in the digestor acclimated to glucose and propionate additions was 3.0 mM-hr"1 

and 3 .1 mM*hr_1 for 13 C NMR investigations.

Kinetic measurements of acetate were made at 10, 20, and 30 mM levels of added 

substrate. Propionate kinetic measurements were made at 10 and 20 mM levels of added 

substrate. Our preliminary studies showed saturation of propionate-degrading enzymes at a 

level 10 mM added substrate. The turnover rates for acetate and propionate in the various 

digestor systems are summarized in Tables 4 and 5. In the low performance digestor the 

range of acetate turnover was 2.0-2.8 mM«hr-1 compared to 1.9-8.8 mM-hr'1 for the high 

performance digesters. Propionate turnover was 0.46-1.7 mM*hr_1 in low performance 

digesters and 1.8-3.5 mM'hr-1 in high performance digesters. Figures 3 and 4 show repre

sentative graphs of acetate and propionate utilization, as determined by 13 C NM R.
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Table 4. Acetate Turnover Rates in mM*hr_I. % ^

10 mM 20 mM 30 mM

Control Digestor 
manure only x = 2.6 (.4)#  ■ x = 2.3 (.38)

2.3*
x = 2.4 (.21)

Glucose + Acetate 
Acclimated 

Digester

n.d. 8.8 (.95) n.d.

Glucose + Propionate 
Acclimated 

Digester

x = 4.0 (.28) x = 4.2 (.29)

x = 3.7 (.85)*

n.d.

n.d. = not determined, 
t  As determined by NMR.
*Std deviations in parenthesis.
* Determined via GLC.
' Correlation coefficients were .9-1.00.

Table 5. Propionate Turnover Rates in mM* hr-1

10 mM 20 mM

Control Digestor 0.46 n.d.

Propionate
Acclimated

Digestor

x = 0.61 (.11)# x =  1.4 (.49)

Acetate + Glucose 
Acclimated 

Digestor

1.8 (.51) n.d.

Propionate + Glucose 
Acclimated 

Digestor

x = 3 .1 (.32) 

x =3.0*

n.d.

n.d. = not determined.
$ As determined by NM R.
*  Std deviation in parenthesis.
* Determined by GLC.
I" Correlation coefficients were .9-1.0.
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Tim# in minutes

Figure 3. Acetate utilization in digester acclimated to glucose and acetate additions.
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m. -0.35 hr*’ 
r.0 .98

Time in minutes

Figure 4. Propionate utilization in digestor acclimated to glucose and propionate additions.
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Double Label Experiments

Several experiments were performed on a. sample of digest containing 13 C-2-acetate 

and 13 C-2-propionate. Although turnover rate data may not be reliable from these experi

ments propionate turnover was always slower than acetate turnover. Figure 5 shows a 

stacked plot of one such experiment. These experiments are important also because the 

propionate turnover rate relative to acetate is measured in the same sample.

Due to an unfortunate software problem in the Bruker spectrometer, the propionate 

peak appeared to remain constant. We knew, however, that this integral was decreasing 

because the integral of dioxane, which we knew remained constant throughout the experi

ment, appeared to be increasing.



Figure 5. Stacked plot of a double label experiment.
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DISCUSSION

The experimental digesters were in a theoretical steady state before turnover investi

gations were done. This ensured that optimum conditions for substrate turnover were 

present. Low effluent volatile fatty acid concentrations, stable pH, and high gas production 

indicated that these digesters were converting all.feedstocks efficiently and were at steady 

state conditions. We attribute the observed variations in gas production and effluent vola

tile fatty acid concentrations to a natural population flux occurring in the digesters. Law

rence and McCarty [4] noted that such natural population dynamics could influence data 

from kinetic studies. Our observed variations of turnover rates of acetate and propionate 

in a single digester could well be explained by population changes. Although some investi

gators [29] have used counting techniques to verify microbial population size, the most 

probable number is only valid to the nearest order of magnitude and does not adequately 

verify doubling or tripling of populations that can significantly effect turnover rates.

The acetate and propionate turnover rates show good agreement between chemically 

determined turnover rates and turnover rates determined by 13C NM R. The correlation 

coefficients for the linear regressions were between 0.90 and 0.99 which is good for a com

plex microbiological ecosystem. The agreement between values obtained from chemical 

and NMR measurements and the high statistical correlation coefficients indicate that the 

NMR measurements were valid and NMR was a useful tool for kinetic determinations.

Examination of turnover rate data for the low performance versus high performance 

digesters confirmed that enhancement of turnover rates was possible. The propionate turn

over rates increased from a range of 0.46-1.7 mM*hr-1 in low performance digesters to



22

1.8-3.5 mM’hr-1 in high performance digesters. The acetate turnover rates increased from 

2.0-2.8 mM-hr-1 in the low performance digester to 4.6-9.8 in the high performance 

digesters.

Our maximum rates for propionate and acetate turnover, 3.5 and 9.8 mM-hr"1 

respectively, are substantially greater than those reported in the literature (refer to Table 

I). Mackie and Bryant [29] reported maximum acetate turnover was 2.4 mM-hr"1 and 

maximum propionate turnover was 0.27 mM-hr"1. Kaspar and Wuhrmann [3] reported 

the maximum acetate turnover in digesting sewage sludge was 0.41 mM-hr"1 and 0.19 

mM-hr"1 was the maximum propionate turnover rate. Boone [30] showed that by accli

mating a digester system to acetate additions the maximum turnover rate for acetate 

increased from 1.57 mM-hr"1 to 3.07 mM-hr"1. This evidence, in addition to our own 

data, supports the assumption that acclimation to high loading of a substrate leads to 

increased rates of substrate utilization. This, presumably, is due to population increases.

We noted that the turnover of propionate was slower than acetate turnover in all 

digesters, even those acclimated to very high loading of propionate. This indicates that the 

rate-limiting event in the terminal reactions of anaerobic waste digestion is probably not 

acetate-splitting as proposed by Kaspar and Wuhrmann [3]. Our observations indicate that 

in digesters that'produce primarily propionate and acetate, propionate utilization would be 

the rate-limiting event in the terminal reactions.
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APPENDIX I 

13 C-NMR PARAMETERS

Instrument used was a 250 MHz Bruker Nuclear Magnetic Resonance Spectrometer. 

(SY) synthesizer frequency = 93.64 

(RG) receiver gain = 800

(01) observe frequency = 48666.016 Hz

(02) decoupler frequency = 4100 Hz 

(FW) filter width = 6300 Hz

(NS) number of scans = 64 

(AQ) acquisition time = 0.819 sec 

(SW) spectral width = 5000 Hz 

(SF) spectrometer frequency = 62.830 

(RD) relaxation time = 45 sec 

(DE) delay time = 50.0 //sec 

(PW) pulse width = 15.0//sec 

(SI) spectrum size = 8K 

(DW) dwell time = 0.0001 sec

Broad band proton decoupling was used.
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APPENDIX II

NMR MICROPROGRAMS
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APPENDIX II

NMR MICROPROGRAMS

This microprogram was used for data acquisition.

1. ZE
2. GO = 2
3. WR FILENAME
4. IF FILENAME
5. Dl
6. IN = I
7. EXIT

This microprogram was used for data processing.

1. RE FILENAME
2. EM
3. PT
4. PK
5. WR FILENAMEFT
6. IF FILENAME
7. IF FILENAMEFT
8. IN = I
9. EXIT

This microprogram was used for printout of data.

1. RE FILENAMEFT
2. PP
3. IF FILENAMEFT
4. IN = I
5. EXIT
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APPENDIX III

CHEMICAL SHIFTS IN PPM 
(Runquist [15] thesis)

Propionate

CH3-CH2-COCr 

10.8 31.2 185.0

Acetate

CH3-COO- 

24.1 182.0
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