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ABSTRACT

Lipids represent an important fraction of the particulate organic charge in
slaughterhouse wastewater. Anaerobic treatment of slaughterhouse wastewater has been
reported to be slowed down or impaired because of high concentrations of suspended
solids, particularly fats. However, the fate of lipids during anaerobic digestion has been
poorly defined, especially for wastewaters from the meat processing industry. The
objectives of this thesis were thus (1) to evaluate the effect of hydrolysis pretreatment on
the anaerobic digestion of fat particles in slaughterhouse wastewater; (2) to characterise
and quantify neutral fat hydrolysis and long-chain fatty acid (LCFA) oxidation during
anaerobic degradation of slaughterhouse wastewater with and without hydrolysis
pretreatment; and (3) to determine the effect of particle size on fat hydrolysis.

The efficiency of four pretreatments to hydrolyse and reduce the size of pork and beef
fat particles during mixing at room temperature was tested: NaOH and three commercial
lipases of plant, bacterial and animal origins. The most promising pretreatment was the
pancreatic lipase PL-250 that could significantly reduce the initial average particle size
(Din) of pork fat by a maximum of 40% after 4 h of mixing at room temperature.
Approximately 35% of the neutral fat was hydrolysed after 5.5-h of pretreatment with
250 mg/l of PL-250 in a substrate containing approximately 2000 mg/l of pork fat
particles. Most of the free LCFAs released during the hydrolytic pretreatment remained
adsorbed on the fat particle surface.

The effect of pretreatment with PL-250 on subsequent anaerobic digestion of the

substrate was evaluated by feeding control and enzyme pretreated slaughterhouse
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wastewater containing pork fat particles to anaerobic sequencing batch reactors (ASBRs)

operated at 25°C. The main conclusions from the experiment were:

Pretreatment with PL-250 only had a small effect on pork fat particle digestion at
25°C, marked by a decrease of about 5% in digestion time to achieve 80% reduction
in initial neutral fat and free LCFA concentrations.

Anaerobic degradation of pork fat particles is mainly controlled by free LCFA
oxidation and, in ASBRs operated at 25°C, near maximum oxidation rate is reached
at low free LCFA concentration. Consequently, increasing the initial free LCFA
concentration by prehydrolysing the substrate will have limited effect on fat
degradation rate.

At D, ranging from 60 to 450 um, pork fat hydrolysis rate in anaerobic reactors is not
a function of particle size. The fat particles became more filamentous and plate-like
as their size was increased. Bacteria could probably colonise the inside as well as the
outside of the particles. Consequently, specific surface area (m*m®) available for
hydrolysis was not significantly increased by decreasing the pork fat particle size.
Neutral fat hydrolysis and free LCFA oxidation rates can be adequately modelled
using first-order and Monod-type kinetics, respectively. The first-order hydrolysis
rate constant averaged 0.63 £ 0.07 d"', while the maximum oxidation rate (Kmy) and
half-saturation concentration (K;) were estimated at 164 = 37 mg free LCFA /I/d and
35 £ 31 mg free LCFAJI, respectively.

Fat hydrolysis rate will be underestimated if based on the increase in soluble
compounds with respect to particulate organics. An analytical method that removes

bound LCFAs from solids surface must be used to measure lipid hydrolysis.
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CHAPTER 1

INTRODUCTION

According to the American Environmental Protection Agency (EPA), slaughterhouses
produce a wastewater that could be very harmful to the environment (Polprasert et al.,
1992). The pollution potential of meat-processing and slaughterhouse plants has been
estimated at over | million population equivalents in the Netherlands (Sayed, 1987), and
3 million in France (Festino and Aubart, 1986). In Québec and Ontario, slaughterhouse
wastewater is usually discharged to municipal treatment plants following varying levels
of primary and/or chemical pretreatment at the slaughterhouse (Massé et Masse, 2000a).
These pretreatments, however, are somewhat costly and are not sufficient to totally
eliminate the surcharge exacted by Municipalities to further treat the wastewater.

The characteristics of slaughterhouse wastewater - high organic strength, mostly from
fats and proteins, sufficient alkalinity, adequate inorganic nutrient concentration, and
absence of toxic materials - make it particularly suitable for anaerobic digestion (Hammer
and Jacobson, 1970). Previous experiments indeed suggested that settled or filtered
slaughterhouse wastewater can be efficiently treated by anaerobic digestion (Borjaetal.,
1993, 1994, 1995a, 1995b; Polprasert et al., 1992; Rudd et al., 1985; Stephenson and
Lester, 1986). However, unsettled slaughterhouse and meat packing wastewater typically
contains from 700 to 19 000 mg/I of undissolved solids, which may include fat, grease,
hair, feathers, fleshing, manure, grit, and undigested feed (Arora and Routh, 1980; Buli et
al., 1982; Rands and Cooper, 1966). Insoluble, slowly biodegradable suspended solids

(8S) account for up to 50% of the polluting charge, while another 25% originate from



colloidal solids (Sayed et al., 1988). Research indicated that anaerobic digestion of
unsettled slaughterhouse and meat packing wastewater requires longer hydraulic retention
times (HRTs) and lower organic loading rates (OLRs) than that of settled wastewater
(Campos et al., 1986; Kostyshyn et al., 1988; Massé et Masse, 2000b; Saxena et al.,

1986; Tritt, 1992).

Lipids represent an important fraction of the particulate organic charge in
slaughterhouse wastewater. Fat accounted for 40% of total chemical oxygen demand
(TCOD) in beef slaughterhouse wastewater (Sachon, 1986). Lipids represented less than
1% of soluble COD (SCOD) but over 67% of particulate COD (PCOD) in the wastewater
from a mixed slaughterhouse (Sayed et al., 1988). Lipid degradation has been suggested
as the rate-limiting step during anaerobic digestion of slaughterhouse wastewater (Sayed
etal., 1988). However, there is no quantitative study on anaerobic degradation of fat in
slaughterhouse wastewater. Research on lipid anaerobic degradation has focused on fat as
part of complex wastes, such as waste activated sludge (WAS), or on liquid (oil and milk)
and emulsified lipids, as opposed to fat in particulate forms as in slaughterhouse
wastewater. Additionally, studies have dealt with fat hydrolysis or with long-chain fatty
acid (LCFA) oxidation, but there are no quantitative studies reporting on both aspects of
lipid anaerobic degradation.

Sayed et al. (1988) suggested that the liquefaction rate of adsorbed insoluble materials
and entrapped coarse suspended solids, mainly fats, was the overall controlling factor in
the anaerobic degradation of unsettled slaughterhouse wastewater. Consequently, the
application of a pretreatment to hydrolyse SS, more particularly fats, should accelerate

the anaerobic digestion of slaughterhouse wastewater. However, most studies on



hydrolysis pretreatments dealt with complex waste, such as WAS or municipal waste,

which contain at least ten times more SS than slaughterhouse wastewater, and the fate of

lipids was not assessed. Hydrolysis pretreatments were also evaluated solely by their
ability to increase SCOD, and not by their efficiency in decreasing the size of particles in
solution. Smaliler particles usually have a higher surface to volume ratio than larger

particles, and thus offer a higher surface area for bacterial colonisation and reaction. A

reduction in particle size should thus increase the hydrolysis rate in anaerobic reactors.

There is a need for research on hydrolysis pretreatments dealing with the lipid fraction
of relatively dilute organic wastewaters, such as those found in the food industry, and
with particle size reduction as well as solids solubilization. The efficiency of the
pretreatment in hydrolysing fat particles as well as in increasing subsequent anaerobic
digestion should be assessed. There is also a need for research on fat particle degradation
during anaerobic treatment of slaughterhouse wastewater. Fat hydrolysis and LCFA
oxidation should be modelled and quantified in order to determine the rate-limiting step
during anaerobic digestion of slaughterhouse wastewater. The objectives of this research
were thus:

- To evaluate and characterise the effect of various hydrolysis pretreatments on pork
and beef fat particles in slaughterhouse wastewater;

- To evaluate and quantify the effect of the most promising hydrolysis pretreatment on
anaerobic digestion of slaughterhouse wastewater containing pork fat particles of
different average particle sizes;

- To characterise and quantify the kinetics of fat anaerobic degradation in

slaughterhouse wastewater with and without hydrolysis pretreatment;



- To determine the relation between particle size and fat hydrolysis rate.

1.1 Organisation of the thesis

This thesis consists of a literature review and four individual articles followed by a
summary and appendices. The articles were originally written for publication in scientific
journals. Their format was slightly changed to make the thesis more uniform, particularly
with respect to tables and figures, units, spelling, bibliographic references and titles.
Nonetheless, the presentation of the thesis as a collection of articles has led to some
unavoidable repetitions, namely in Material and Methods, Introduction, and Literature
Review Sections.

Chapter 2 reviews previous research conducted on the anaerobic degradation of lipids.
particle hydrolysis, and hydrolysis pretreatments. In Chapter 2, the sections dealing with
lipids were published as a short literature review (Masse et al., 2000).

Chapter 3 deals with testing of alkaline and enzymatic pretreatments for fat particles in
slaughterhouse wastewater (Masse et al., 2001a). The objective of this experiment was to
determine which of four hydrolysis pretreatments would be the most efficient in
hydrolysing and reducing the size of fat particles in slaughterhouse wastewater.
Treatment time was set as 4 hours, since the main objective was to design an hydrolysis
pretreatment that could be apply to the wastewater in a relatively short residence period
in an equalising tank. A variety of doses were used for all hydrolysing agents, based on

information gathered from published scientific articles or from company’s information

sheet.



Chapter 4 describes the effect of the most promising pretreatment, Pancreatic Lipase
250 (PL-250), on the hydrolysis and size reduction of fat particles in slaughterhouse
wastewater (Masse et al., 2001b). Effects of treatment time, enzyme dose as well as pork
fat particle size and concentration were considered. A few tests were also performed with
beef fat to examine the effect of fat type on enzyme efficiency.

Chapter S reports on fat degradation during digestion of slaughterhouse wastewater in
anaerobic sequencing batch reactors (ASBRs) operated at 25°C (Masse et al., 2001c;
under review). The kinetics of fat degradation was characterised and quantified. Results
were also used to identify the rate-limiting step during anaerobic degradation of fat.

Chapter 6 describes the effect of hydrolysis pretreatment with PL-250 on the anaerobic
digestion of slaughterhouse wastewater in ASBRs operated at 25°C. The data from this
experiment were also used to validate the kinetic equations developed in Chapter 5 for fat
degradation in slaughterhouse wastewater. Chapter 6 is an expanded version of an article
published in the Proceedings of the conference Anaerobic Digestion 2001 held in
Brussels on September 2-5, 2001 (Masse et al., 2001d).

A summary presenting general conclusions of the investigation is finally presented in
Chapter 7. It includes a critical review of the experiments and the results and offers new
research avenues.

Appendices A to C present the results that were not included in the articles.
Appendices A and B contain unpublished materials from Chapters 3 and 4. respectively.
They include most results pertaining to experimental set-up and basic work on particle
size and LCFA measurements. Appendix C presents unpublished results from Chapters 5

and 6. It contains most basic work on fat extraction and the separation of neutral fat and



LCFAs from total fat. It also presents all data collected during the digestion experiment,
including methane production and yield with respect to COD fed to the digesters (Tables

C23 and C24). All appendices include a short introductory section describing presented

materials.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, microbiology and metabolic processes of anaerobic digestion will first
be briefly presented. The chemistry and anaerobic degradation pathways of fat particles,
quantitative research on the kinetics of fat degradation, studies on the inhibition of the
anaerobic process by long-chain fatty acids (LCFAs), and existing works on the digestion
of fat particles in slaughterhouse wastewater will then be described and discussed. The
second part of the literature review will be concerned with the hydrolysis process in an

anaerobic environment. Finally, previous experiments on hydrolysis pretreatments will be

reviewed and discussed.

2.2 Microbiology and metabolic processes of anaerobic digestion

During anaerobic digestion, complex organic materials, such as carbohydrates,
proteins and lipids, are ultimately transformed into methane and carbon dioxide. The
anaerobic process can be divided into seven parallel or series reactions (Fig. 2.1):
1. Hydrolysis of particulates and large soluble organic polymers into small soluble

particles;

2. Fermentation of the amino acids and sugars resulting from protein and carbohydrate

hydrolysis;
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- Anaerobic oxidation of the long-chain fatty acids (LCFAs) and alcohol resulting from
lipid hydrolysis;

Anaerobic oxidation of the intermediary products (such as volatile fatty acids (VF As),
except acetate) resulting from the fermentation and oxidation processes;
Homeocetogenesis or acetate production from carbon dioxide and hydrogen;
Aceticlastic methanogenesis or conversion of acetate into methane;

Reductive methanogenesis or methane production by reduction of carbon dioxide

with free hydrogen. (Pavlostathis and Giraldo-Gomez, 1991)

COMPLEX POLYMERS
PROTEINS | |CARBOHYDRATES LIPIDS
! 1 |
y L 4 y
AMINO ACIDS. SUGARS FATTY ACIDS. ALCOHOLS

[§]

\ 3
INTERMEDIARY PRODUCTS /
(propionate, butyrate, etc.)

4

5 HYDROGEN
ACETATE ™ CARBON DIOXIDE

METHANE 7
CARBON DIOXIDE

Figure 1.1 Reaction flowchart for anaerobic digestion of complex polymers. Numbers
refer to processes described in the text (Adapted from Pavlostathis and Giraldo-Gomez,
1991)
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Particulates and complex biopolymers are too large to permeate the cell membrane.
Hydrolysis is the process by which these molecules are broken down into soluble
compounds small enough to permit their diffusion across the membrane. Hydrolysis is
catalysed by extracellular enzymes released by acidogenic bacteria (Angelidaki et al.,
1990). Enzymes are compound specific such as cellulase for cellulose hydrolysis,
protease for proteins, and lipase for lipids. The main products of hydrolysis are glucose
and cellobiose for cellulose; pentoses, hexose and uronic acid for hemicellulose;
polypeptides and amino acids for proteins; LCFAs, glycerol and phosphoric acid for
lipids (Pavlostathis and Giraldo-Gomez. 1991). Factors influencing the extent and rate of
hydrolysis are discussed in Section 2.4.

The sugars and amino acids resulting from carbohydrate and protein hydrolysis are
degraded into VFAs (acetate, propionate, butyrate, etc.) and other small molecules by
fermentative (acidogenic) bacteria. LCFA dissimilation proceeds through a different
pathway called B-oxidation which is discussed in Section 2.3.2. Hydrolysis and
fermentation constitute the acid phase of anaerobic digestion. The methanogenic phase
consists in the oxidation of higher VFAs into acetate and carbon dioxide by hydrogen-
producing acetogenic bacteria, and in the production of methane and carbon dioxide from
acetate, hydrogen and carbon dioxide by methanogens. The oxidation of VFAs is a
thermodynamically unfavourable process (free energy change, G, greater than 0) unless
a low hydrogen partial pressure is maintained in the reactor (Marty, 1986). This condition
is made possible through the consumption by methanogens of the hydrogen produced

during oxidation. Fatty acid oxidation and methanogenesis are thus considered as

symbiotic processes.
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2.3 Anaerobic degradation of lipids

2.3.1 Chemistry of lipid degradation

Lipids form an heterogeneous structural group broadly defined as a biological material
extractable by apolar and slightly polar solvents such as benzene, ether and chloroform
(Ferrato et al., 1997). They are classified as complex or saponifiable, if they become
soluble in water upon reaction with hot alkali, or as unsaponifiable (Novak and Carison,
1970). Saponifiable fats are the most common lipids and include triglycerides,
phospholipids, shingolipids and waxes. Fat particles in animal and sewage sludge are
mainly composed of triglycerides made of esters of fatty acids and glycerol, which have

the following form:

R,-COO-CH,
R,-COO-CH

Rs‘COO‘CHz (2. 1)

where R, R, and