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Abstract - Sanders, W.T.M. (2001). Anaerobic hydrolysis during digestion of complex
substrate. Doctoral Thesis, Wageningen University, The Netherlands.

Complex waste(water) such as, raw sewage, dairy wastewater, slaughterhouse
wastewater, fish processing wastewater, primary sludge and the organic fraction of
municipal sclid waste have been proven to be degradable under anaerobic conditions.
However, during the digestion process the conversion of the complex organic molecules
into mono- and dimer components, alse called the hydrolysis, is often the rate-limiting
step. For design and optimization of the anaerobic conversion of complex waste{water) a
good knowledge of the hydrolysis kinetics is therefore essential. The scope of this thesis
was therefore to clarify the hydrolysis kinetics during the anaerobic digestion of complex
waste(water), with emphasis on the hydrolysis of particles, dissolved macromolecules and
lipids in coherence with the process conditions during the digestion. The mechanisms of the
hydrolysis were elucidated by lab experiments and simulations with mechanistic hydrolysis
models. For the hydrolysis of particulate substrates the results presented in this thesis
revealed that, at constant pH and digestion temperature, the amount of surface available
for the hydrolysis is the most important parameter for the hydrolysis rate and all other
parameters are of minor importance.

With respect to dissolved polymers, such as gelatine and dissolved starch, the results
indicate that the mechanism of the enzymatic hydrolysis in batch experiments can be
described as a random polymerisation process. Moreover, the hydrolysis rate of dissolved
components is linearly related to the sludge concentration in the batch experiment. The
hydrolysis of neutral lipids under acidogenic conditions is slower as compared to the
hydrolysis under methanogenic conditions. Based on the results presented in this thesis
it was hypothesised that this is due to positive effect of the methane production on
maintaining the lipid-water interface and subsequent higher volumetric hydrolysis rate.
In practice the hydrolysis rate is most commonly described by an empirical first order
relation, in which the hydrolysis rate is linearly related to the amount of biodegradable
substrate that is available {Eastman and Ferguson, 1981).

The identification of the essential parameters of the hydrolysis mechanisms in this
thesis made it possible to evaluate the first order approach and designate the limitations
of the relation. The evaluation revealed that the hydrolysis only proceeds according to
first order kinetics if no changes in the rate limiting step or the biedegradability occur
during the degradation of a substrate. Moreover, the first order hydrolysis constant
seems system and substrate specific and the use of literature values for the hydrolysis
constant is therefore not advised.

For assessment of a hydrolysis constant in a lab experiment the following guidelines
were presented: (1) For waste(water) containing mainly protein and carbohydrates, first
order kinetics can be established under acidic and methanogenic conditions in batch or
completely stirred tank reactor (CSTR) system. (2) For waste(water) that contains high
concentrations of lipids the assessment of the hydrolysis constant for neutral lipids
under acid conditions is impossible due te coagulation of the lipid. Under methanogenic
conditions the hydrolysis constant can be assessed in a ‘multiple flask' batch system.
However as (gas) mixing can differ between a labaratory batch and a full-scale CSTR-
systern, the subsequent effect on the lipid-water interface might cause a difference in the
prevailing k, value of the two systems.
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1 GENERAL INTRODUCTION

Scope of this thesis — Complex waste(water) such as, raw sewage, dairy
wastewater, slaughterhouse wastewater, fish processing wastewater, primary
sludge and the organic fraction of municipal solid waste have been proven to be
degradable under anaerobic conditions. However, during the digestion process
the conversion of the complex organic maolecules into mono- and dimer
components, also called the hydrolysis, is often the rate-limiting step. For design
and optimization of the anaerobic conversion of complex waste(water) a good
knowledge of the hydrolysis kinetics is therefore essential.

The scope of this thesis is to clarify the hydrolysis kinetics during the anaerobic
digestion of complex waste(water), with emphasis on the hydrolysis of particles,
dissolved macromolecules and lipids in coherence with the process conditions
during the digestion. Moreover, a practical approach for calculations on the
hydrolysis process when designing reactors for the anaercbic digestion of complex
waste(water) is presented.



1.1 introduction

Aerobic and anaerobic (including anoxic) digestion are the two major biological
treatment methods for waste (water). Under aerobic conditions organic
companents are oxidized to carbon dioxide and under anaerobic to carbon dioxide
and methane. When comparing the two treatment methods with respect to
sustainability, anaerobic digestion by far is the favorite because hardly if any
energy input is needed, the methane produced can be used as a substitute for
fossil fuels and the production of excess siudge is much lower. Moreover the
technology of anaerobic treatment is much less complex and anaerobic systems
are applicable at any site and any size.

Complex waste(water) which can be (pre)treated anaerobically are amongst
others; slaughterhouse wastewater (Sayed 1987, Batstone, 2000), fish processing
wastewater (Palenzuella-Rollon, 1999), domestic sewage (Elmitwalli, 2000),
primary sludge (Miron et al. 2000), dairy wastewater (Zeeman et al. 1997), waste
activated sludge (Zeeman et al. 1997), manure (Zeeman, 1991) and the organic
fraction of municipal solid waste (Ten Brummeler, 1987).

Although they differ greatly in origin these complex waste(waters) all consist of
protein, lipids, carbohydrates and sometimes lignin.

1.2 complex substrates

Maost of the substrate in complex waste{water) is present as particulate matter, e.g.
45-75% of domestic sewage {Levine et al. 1991), ~80% of fish processing wastewater
(Pallenzuella-Rollon 1999), ~80% in primary sludge (Miron et al. 2000) and 45-55%
of slaughterhouse wastewater (Sayed et al. 1988). Although less common, some of
the complex wastewater's contain a significant amount of dissolved substrate
requiring hydrolysis. For instance, slaughterhouse wastewater contains a
significant amount of dissolved protein in the form of gelatine (Batstone, 2000).

Most natural carbohydrates are macromolecules like polysaccharides. These
polysaccharides are, predominantly simple and derived sugars linked together by
glycosidic bonds. Most polysaccharides are insoluble in water and they can form
colloidal suspensions (Gaudy and Gaudy, 1980). Polysaccharides found in complex
organic waste{water) are cellulose, hemi-cellulose, pectin and starch.

Cellulase is the most abundant polysaccharide in complex organic waste. Cellulose
is a linear polymer that consist of D-glucose units linked together through B-1,4
bonds. A considerable fraction of the cellulose in organic household waste is
incorporated in a lignocellulosic complex with lignin.

Starch consist of two types of polysaccharides, viz. the linear amylose (~20%) and
the branched amylopectin (~80%). In amylose the glucose units are linked together
through o-1,4 bonds. In amylopectin the glucose units are linked together through




o-1,4 bonds, but also through o-1,6 bonds. Amylose is soluble in water where as
amylopectin is not (Engbersen and de Groot,1988). In some research, soluble
starch is used (Goel et al. 1997,1998) in which case the substrate only consists of
amylose.

Proteins can be divided into two general groups i.e. glebular and fibroid proteins.
Fibreid proteins have a fibrous structure and are the most important building
material for animal tissue. Collagen and elastin (in connective tissue, ligaments
and tendons), keratin (in skin, hair, feathers, horns and hoofs) and myosin (in
muscles) are fibroid proteins. Due to their structure and biological function,
fibroid proteins are water-insoluble and rather stable at changing pH and
temperature. Globular proteins are water-soluble or form colloidal suspensions.
These proteins have a more regulatory function (enzymes, hormones, antibody's)
and are rather sensitive to changes in pH and temperature. Gelatine is a not
naturally occurring protein, but it origins from collagen. When collagen is treated
in boiling water, its tertiary structure is destroyed and the soluble gelatine is set
free (Engbersen and de Groot,1988).

The bulk of the fats in complex waste(water) are triglyceride esters also called
triacylglycerols or neutral lipid. About 90% of these triglycerides are composed of
glycerol and myristic (C14: 0), palmitic (C16: 0), stearic (C18: 0}, oleic (C18: 1) and
linoleic (C18: 2) acids (Viswanathan et al., 1962). Lipids are water insoluble and
due to their hydrophobic nature they will easily attach to particles in the
waste(water).

1.3 anaerobic digestion of complex substrates

The anaerobic digestion process of complex organic waste can be subdivided in
four stages: hydrolysis, acidification, acidogenesis and methanogenesis {fig 1.1).
In the hydrolysis step, complex suspended compounds and colloidal matter are
converted inte their monomer or dimeric components, such as amino acids, single
sugars and lang chain fatty acids (LCFA). During the acidogenesis, the hydrolysis
products are converted into acetic acid and other volatile fatty acids and alcohol’s.
Acetic acid, CO, plus H, and methanol constitute the main substrate for the
methanogenesis to form methane and carbon dioxide. All other fatty acids and
alcohol’s first have to be converted to acetic acid or hydrogen and carbon dioxide
during the acetogenesis.

The main intermediary and end-products of the anaerobic digestion process are
volatile fatty acids, hydrogen and biogas, respectively. Because the methanogenic
bacteria are very sensitive to a drop in pH, that could be caused by accumulation
of volatile fatty acids, the digestion of complex waste obviously is a delicate
balance between the rate of hydrolysis, acidogenesis and methanogenesis.



According te Batstone (2000}, three main mechanisms exist for the release of
enzymes and the subsequent hydrolysis of the complex substrate during anaerobic
digestion, viz.

1. The organism secretes enzymes to the bulk liquid, where they will either adsorb
to a particle or react with a soluble substrate {Jain et al. 1992)

2. The organism attaches to the particle, secretes enzymes into the vicinity of the
particle and next the organism will benefit from the released dissolved
substrates (Vavilin et al., 1996},

3. The organism has an attached enzyme that may double as a transpaort receptor
to the interior of the cell. This method requires the organism to absorb onto the
surface of the particle.

Because, mechanisms 2 and 3 both require attachment of the organism to the

substrate particle and no literature references could be found with respect to
mechanism 3, the latter mechanism will not be considered.

suspended, colloidal and dissolved biopolymers

protein carbohydrate bipid
[oroten]  [ourbotipiate]

hydrolysis
amino acids sugars free long chain
fatty acids
A + glycerol
[aMesis
onia volatile fatty acids,
alcohol
ac+ragen 25is
acetic acid [ hydrogen
metharogenesis carbon dioxide

methane
carhon diowide

Figure 1.1: Simplified Schematic representation of the anaerobic degradation process of
complex waste(water).

Besides the actual enzymatic hydrolysis reaction, the mechanisms as proposed by
Batstone (2000) also involve other processes such as the production of enzymes and




several diffusion processes such as the diffusion of enzymes, organisms or
hydrolysis products. Batstone (2000) argued that when treating dilute wastewater,
such as slaughterhouse wastewater, the diffusion processes would not be rate
limiting. However, when digesting a concentrated substrate such as vegetable, fruit
and yard waste at substrate concentrations of 35-40% Total Solids (T'S) the
diffusion rates may become the rate-limiting step (Veeken and Hamelers 2000,
Kalyuzhnyi et al. 2000).

Goel et al. (1998) and Confer and Logan (1997a,b, 1998a,b) investigated the
hydrolysis kinetics of dissalved polymeric substrates. The results of their
investigations show that most of the enzyme activity is located on the sludge and
the macromolecules have to diffuse to the sludge in order to be hydrolysed. This
approach is opposite to mechanism 1 proposed by Batstone (2000). However, as the
enzymes are produced by the sludge, the concentration and activity of this sludge is
equally important in both mechanisms.

Investigations on the hydrolysis process of particulate substrates have shown that
the hydrolysis rate is related to the particle size of the particles or the number of
adsorption sites at the particle surface (Hills and Nakano 1984, Chyi and Dague
1994, Veeken and Hamelers, 1999). Moreover, microscopic observations showed
that the substrate particles in a digester are immediately colonised by bacteria
(Hobson, 1987) which secrete extra-cellular enzymes. In experiments that Philip et
al. (1993) conducted with septic tank sludge the lipase, protease and cellulase
activity in the sludge and the bulk liquid was assessed. No activity could be
detected in the bulk liquid. Moreover, measurements of the activities in washed
sludge samples lead to the conclusion that 50% of the enzyme activity remained
strongly bound to the sludge regardless if the sludge had been washed with
distilled water, tris-buffer, or Triton X100 {dissolves cell walls and membranes).
The results above lead to the idea that mechanism 2 prevails for particulate
substrate. Moreover, as enzymes are believed to be present in excess (Hobson, 1987)
it seems that the surface of the substrate plays an important role in the hydrolysis
of particulate substrates.

1.4 Enzymatic hydrolysis of proteins

Proteins are hydrolysed during anaerobic digestion by two groups of enzymes, i.e.
protease and peptidases. The joined groups of peptidases and proteases are also
referred to as proteinases. The general scheme for the enzymatic breakdown of

proteins is (Stryer, 1988):

FProtein — polypeptides — peptides — amino acids



From results of experiments with pure cultures it appears that micro-organisms
start producing proteinases when the concentration of amino acids and inorganic
nutrients in the water-phase are low or protein and peptides concentrations are
high (Glenn, 1976). The production of proteinase by bacterial genera can be
inhibited by components, such as amino acids, high inorganic phosphate levels and
glucase (Glenn, 1976).

This implies that to attain a high level of proteinase activity, amino acids are not
allowed to accumulate during the digestion. The amino acids can be degraded
either through anaerobic oxidation linked to hydrogen production or through
fermentation according to the Stickland reaction. The degradation of some
important amino acids through anaerchic oxidation and the corresponding change
in Gibb's free energy are given in table 1.1. The coupled oxidation-reduction
reactions between pairs of amino acids is referred to as the Stickland reaction. An
example is given in equation 1.1.

Table 1.1: The degradation of some amino-acids through interspecies hydrogen
transfer (Orlygsson et al (1994).

Reaction G° (KJ/mole)
Valine + 3 H,O — isobutyrate + HCO, + H +9.7
+NH; + 2H,
Leucine + 3 H,Q — isovalerate + HCO, + H +4.2
+NH; + 2H,
Isoleucine + 3 HO — 2-methylbutyrate + HCO, +5.0

+H +NH, +2H,

2 CH,(NH)-COOH + 4H < 2 CH,COOH + 2NH,

CH,-CH(NH,)-COOH + 2H,0 > CH,COOH + CO, + NH, + 4H + @

CH,-CH(NH,)-COOH + 2 CH,(NH,-COOH + 2H,0 53 CH,COOH + CO, + 3 NH,

Thus, a complex type of competition may occur between interspecies hydrogen
transfer and the Stickland reaction, which will vary depending on the organisms
involved and the amino acids present. This is illustrated by the results of Orlygsson
et al. (1994) who investigated the anaerobic protein degradation in a steady state
thermophilic enrichment culture. They found that the degradation of amino acids
and the hydrolysis of protein were inhibited when the recovery of carbon in
methane was only 4-8%. At higher methane recovery, no inhibition was observed.




The results indicated that the organisms in the enrichment culture mainly
degraded the amino acids through interspecies hydrogen transfer.

Also during anaerobic digestion the proteolysis can be inhibited by glucose
(Breure et al. 1986, Sarada and Joseph 1993). Sarada and Joseph (1993) found
during semi-continuous digestion experiments with tomato solid waste only 14%
protein degradation at a HRT of 8 days. They concluded that this low level of
proteolysis should be due to the presence of easily degradable substrate such as
glucose, which could have evolved in the degradation of cellulose and hemi-
cellulose. However, another reason could have been the adaptation procedure
that was applied in these experiments. According to the results of Breure et al.
(1986) dealing with the digestion of mixtures of gelatine and glucose in an
anaerobic chemastat at 30°C and different pH values, the ability of a bacterial
culture to convert protein depends on the adaptation procedure. The ability of a
culture adapted to glucose to degrade protein was distinctly lower than a culture
adapted to protein to degrade glucose.

1.5 Enzymatic hydrolysis of carbohydrates

The hydrolysis of cellulose is performed by a mixture of cellulolytic enzymes, viz.
exo-glucanases, ende-glucanases and cellobiases (Fig 1.2). The mixture of these
enzymes is usually referred to as, cellulase.

The hydrolysis of starch is performed by a mixture of amylases that is able to
hydrolyse the o-1,4 bonds and o-1,6 bonds of the amylose and amylopectin.

exoglucosidase

endoglucanase cellobiohydrolase cellobiase
Cellulose > Grl > 62 >

endoglucanase + cellobichydrolase T

exoglucosidase

Figure 1.2: Schematic representation of the enzymatic hydrolysis of cellulose according to
Klyosov (Beldman, 1986) (G=glucose).

With respect to the production of cellulase similar findings were made as for
proteinase. The production of cellulase becomes inhibited by high glucose levels



but is stimulated by low glucose levels. However, no effect of the concentration of
free amino acid on the production of cellulase were reported (Glenn, 1976).

Also NH,' can inhibit the hydrolysis of cellulose. The results of Zeeman (1991}
reveal that during the anaerobic digestion of cow slurry the hydrolysis of the
suspended solids (mainly cellulose) is inhibited at high NH,’ concentrations. The
mechanism for this inhibition however remained unclear.

1.6 Enzymatic hydrolysis of lipids

As mentioned in paragraph 1.2 most lipids in waste(water) are present as
triacylglycerides, a glycerol ester with three long chain fatty acids (LCFA).
During hydrolysis, these compounds are hydrolysed to glycerol and the three free
long chain fatty acids (Fig. 1.3). This enzymatic reaction is executed by
triglyceride lipases.

O
p
o) Rl—ci o
CH -0 C-R CHg-OH
@] 2 1 : | 0
i | lipases CH & +
RzC-0-CH o  ‘TOHQ = HO™ * RCly +3H
' ! CH,;-OH
CH2“" O- C—REI 2 o
R C{,
37707
triacylglycerol glycerol fatty acids

Figure 1.3: The hydrolysis of neutral lipids by lipase (reproduced from Stryer, 1988)

The lipases are more active towards insoluble than soluble substrates. Sarda and
Desnuelle (1958) showed that the activity of lipases increases when the
concentration of the substrate reaches its maximum solubility and starts forming
a second phase. The lipases adsorb to the lipid-water interface of the second
phase, according to a Langmuir adsorption isotherm and the amount of adsorbed
lipase strongly correlates to the measured enzyme activity.

During anaerobic digestion of complex waste(water) not only lipids, but also other
substrate and sludge are present in the digester. Because the lipases have a
relatively poor substrate specificity, they easily attach to the sludge. Once adsor-
bed to the sludge it is difficult to establish good contact between lipase and the
water-fat surface (Pronk et al. 1987).

Hydrolysis of most lipids does not lead to the formation of soluble monomers. In
the case of lipids the poorly soluble LCFA represent the major portion of the




reduction equivalents. The free LCFA will partially adsorb to the biomass
present in the reactor, to the reactor wall, and/or accumulate at the surface of the
lipid emulsion or form micelles. These LCFA micelles have a maximum diameter
of approximately 200 A (Stryer, 1988), which makes it difficult to distinguish
them from the dissolved fraction.

Verger and de Haas (1976), Rietsch et al. (1977} and Verger (1980) proposed a
kinetic model for the hydrolysis of insoluble lipids. In their model the lipases
successively adsorb to the lipid surface, then they bind with the substrate and
next they perform the hydrolysis. Accumulation of hydrolysis products at the
lipid-water interface can cause product inhibition and physical-chemical changes
of the interface, e.g. the surface tension. The model therefore also accounts for
inactivation of the lipase caused by these changes in the surface tension.

When the lipid-water interface is, because of the small particle size, very large,
such as with milk, the hydrolysis is sometimes not the rate-limiting step in the
anaerobic lipid degradation process. Instead, the degradation of the free LCFA's
is rate-limiting (Hanaki et al. 1981). B-Oxidation is the mechanism of anaerobic
oxidation of long chain fatty acids with as products hydrogen and acetate. The
bacteria catalysing this reaction are obligate hydrogen producers and their
metabolism is inhibited by hydrogen (Novak and Carlson, 1970) and LCFA
(Hanaki, 1981). The Standard Gibbs free energy for the complete B-oxidation of
palmitate to acetate is +345.6 kJ/mol (Sayed, 1987). This implies the prevalence
of a synthropic association with hydrogen oxidising bacteria is required for
anaerobic degradation of LCFA, because only an extreme low partial hydrogen
pressure makes the degradation of LCFA energetically favourable. Free LCFA
may cause severe inhibition of methanogenic and though in lesser extent to the
acetogenic bacteria and consequently the degradation of the LCFA themselves
{Hanaki et al 1981, Rinzema 1988, Angelidaki and Ahring 1992).

1.7 Effect of temperature on the hydrolysis

The overall effect of the digestion temperature on the hydrolysis originates from
the combined temperature effect on the enzyme kinetics, bacterial growth and
solubility of the substrate.

For instance, the Gibbs-Helmoltz equation gives the relation between the change
of temperature and the value of pKa of the enzymes, When assuming an average
heat of icnisation of -32 kJ/mal for the ionising groups in the enzymes a shift of
0.5 units towards a lower pH for pKa can be calculated on increasing the
temperature with 25°Celcius. The change in charge will have consequences for
the structure of the enzyme resulting in changes of catalytic efficiency, amount of
active enzyme and binding of the substrate (Chaplin and Bucke, 1990).




In general, the rate of all reactions vary with temperature in accordance with the
Arrhenius equation:

k =A.g2"T (1.2)

With:

k = kinetic rate constant, in this case the hydrolysis constant,

A = the Arrhenius constant,

G* = the standard free energy of activation (J.mol"},
Typical standard free energies of activation are 15-70 kJ mol*
(Chaplin and Bucke, 1990},

R = the gas law constant (J.mol" K",

T = the absolute temperature (K).

Veeken and Hamelers (1999) digested several biowaste components, such as
orange peels, bark, leafs and grass at 20°, 30° and 40°C. The biodegradability of
the biowaste components did not show a significant difference with an increase of
the temperature. Moreaver, a good Arrhenius relation between the first order
hydralysis constant for the total substrate and the digestion temperature (R’
0.984-0.999) with an average standard free energy of activation of 46+14 kJ mol’
was found for the biowaste components.

The solubility of neutral lipids and LCFA increases with temperature. This
implies that with increase of temperature the lipid-water interface will increase,
moreover the accumulation of LCFA at the surface will be less.

1.8 Effect of the structure of the substrate

An important factor for the hydrolysis is the structure of the substrate and its
accessibility for hydrolytic enzymes. It is therefore obvious that, due to their
structural differences, the soluble globular proteins are far more susceptible to
hydrolysis than fibrous proteins.

The accessibility of a substrate can also be altered by formation of complexes with
other compounds. For example, cellulose itself is easily degradable, but once it is
incorporated in a lignocellulosic complex, the biodegradability of the cellulose is
distinctly lower (Tong et al. 1990). When a substrate contains more than 25%
lignine it even becomes non-biodegradable (Chandler et al. 1980).

The lignocelllosic complex is already formed in nature, but also during the digestion
itself complexes can be formed which have an effect on the accessibility of the
substrate. For instance, indications have been obtained (Brons, 1984) that the
structure of protein and cellulose can be affected by humic acids. Brons (1984)




found an influence of humic acids on the hydrolysis of potate protein during
anaerobic digestion, with an inhibition of the proteolysis at humic acid
concentrations exceeding 1000 mg/l. This inhibition probably originats from the
bonding of the humic acid to the protein. Due to this the accessibility of the protein
to protease becomes puoorer. Addition of Ca™ reduced the inhibition by humic acids.
The degradation of single amino acids was not influenced by the presence of humic
acids.

1.9 Effect of the pH

The simplest relation between pH and activity of an enzyme is the 'bell shaped’
curve (Fig 1.4} which has its optimum pH at:

pHoptimum=(pKa,+pKa,)/2 (1.3)

With:
pKa, = the pKa of the n" dissociation form of the enzymes.
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Figure 1.4: bell shaped’ curve of the
relation between enzyme activity and pH
{Chaplin and Brucke, 1950}

This relation is simplified as compared to the real situation as it is assumed that
only one charged form of the enzyme is active and the enzyme is a single ionised
species, while it could contain a mixture of different ionised groups. Despite its
simplifications the 'bell-shaped' relation is commonly encountered in single
enzyme substrate reactions (Fersht, 1999).

However, during anaerobic digestion it is very likely that several enzymes all
with different pH optima are present, Moreover, the ‘bell-shaped’ relation ignores
ionisation of the substrate, products and enzyme-substrate complexes (Chaplin
and Bucke, 1990). Obviously, the effect of the pH on the anaerobic digestion is
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much more complex. The net effect of pH on the hydrolysis rate is specified by the
pH optima of the different enzymes present in the digester and the effect of pH
on the charge/solubility of the substrate. The latter especially applies to the
digestion of substrates that contain proteins.

1.10 Hydrolysis related problems during the digestion of complex
substrate.

With the treatment of complex waste(water) several problems related to the
hydralysis process can arise. The more concentrated complex waste, e.g. primary
sludge, the crganic fraction of municipal solid waste and manure are usually
digested in completely stirred tank reactors (CSTR’s) or accumulation systemns
{Zeeman, 1991). A problem that occurs in these types of reactars is the formation
of scum layers (Elzen and Koppes, 2000). Moreover, because of the high substrate
concentration in the CSTR, the concentration of free LCFA that can cause LCFA
toxicity is easily reached (Angelidaki and Ahring, 1992}.

Due to the high solid retention time needed to complete the hydrolysis of the
suspended solids, the CSTR's can not be applied for the treatment of dilute
complex waste(water) such as slaughterhouse wastewater, domestic sewage, fish
processing wastewater or dairy wastewater. For this type of wastewater an
upflow system, like the UASB reactor, is more suitable. However, the high
amounts of suspended solids in the wastewater make the application of high
volumetric loading rates in one stage anaerobic upflow reactors, especially in the
case of low temperature conditions, virtually impossible. This is due to very slow
hydrolysis of the solids entrapped in the sludge bed (Man et al. 1986, Sayed
1987).

The treatment of complex wastewater with a high fraction of suspended solids in
a two-step system with a high loaded upflow reactor as first step, could lead to
more stable process conditions (Zeeman and Lettinga 1999, Palenzuela-Rollon
1999, Elmitwalli 2000). The proposed system could consist of two sequential
UASB systems. In the first reactor little if any gas production will occur because
of the high loading rate and the short sludge retention time, here a high
suspended solids removal can be achieved (Wang, 1994). The effluent of the first
step will be treated in the second UASB, Elmitwalli (2000) propesed to use an
anaerobic filter reactor packed with polyurethane vertical sheets as first step of
this systemn to improve the suspended solids removal. Mareover; the anaerobic
filter might prevent the formation of scum layers.

As similar approach can be used, when the wastewater contains a high fraction of
lipids, e.g. slaughterhouse wastewater or palm oil mill effluent (Borja et al. 1996,
Perot and Amar {1989)). However as results of several authors indicate that
under acid conditions the hydrolysis is slower than under methanogenic
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conditions {Heukelian and Mueller 1957, Palenzuella-Rollon 1999, Miren et al.
2000} only a very low hydrolysis of lipids can be expected. Moreover, because the
specific density of lipid particles is lower than water and they easily attach to the
sludge, then the formation of scum layers or washout of biemass can occur when
some gas production is provided (Rinzema, 1988).

A special case is the two-step treatment of dairy wastewater. The lipids in dairy
wastewater are emulsified and surrounded by a membrane of proteins, casein.
Casein has an iso-electric point of 4.6; below this pH the protein will destabilise
and precipitate. The lipids will be entrapped in the precipitate and settle with the
proteins. Establishment of such a low pH can be achieved by acidification of the
easy biodegradable substrate in the wastewater, e.g. lactose (Zeeman et al. 1997)
or by addition of HNO, (MTI, 1995).

1.11 Mathematical description of the hydrolysis kinetics during
anaerobic digestion of complex substrates

Regarding the need to design and optimise anaerobic reactors treating complex
organic waste{water), it is necessary to describe the process of hydrolysis
adequately. In literature, two types of mathematical relations describing the
hydrolysis process are available i.e. empirical and more mechanistic relations.

The simplest and commonly used relation is an empirical first order relation
(Eastman and Ferguson, 1981). In this first order hydrolysis kinetic relation it is
assumed that the hydrolysis rate is linearly related (at constant pH and
temperature) to the amount of biodegradable substrate in the digester (eq 1.4).

(1.4)

With:

kh = first order hydrolysis constant (day)

X, = biodegradable substrate (kg COD. m®)

t = time (day)

Since all physical and enzymatic aspects of the hydrolysis process are lumped
together in the first order hydrolysis constant, the mathematical description of the
hydralysis rate remains simple. On the other hand, such an empirical relation
doesn't contribute to an improvement of the insight in the actual hydrolysis process
and the optimisation of the hydrolysis process.
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To study the hydrolysis process in more detail more mechanistic hydrolysis models
were introduced. These mechanistic models can be divided into two groups: growth-
related and surface-based models.

In the surface based hydrolysis models it is assumed that enzyme activity is
present in excess for the digestion of particulate substrates and that the hydrolysis
rate depends on the amount of surface available for the hydrolytic enzymes (Hobson
1987, Negri et al 1993, Vavilin 1996). The particles are believed to be peeled layer
by layer. For this reason, these models are sometimes addressed to as shrinking-
core models.

In contrast to the surface-based models, the growth-related models are based on the
assumption that there is a deficiency in enzyme activity. In the growth-related
models the rate of hydrolysis therefore depends on the concentration and activity of
the hydrolytic enzymes or the hydrolytic biomass (Chen and Hashimoto 1980, Jain
et al. 1992, Negri et al.1993, Vavilin et al 1996, Goel et al. 1998, Munch et al. 1999,
Batstone 2000). These maodels are mainly used to desribe the hydrolysis of dissolved
polymeric substrates.

Many growth-related models for the hydrolysis are very similar to the Michaelis-
Menten kinetics.

ds S 1.5
o = max ¢ with Vo, = k-Senz_yme (1.5)
m

with:

S = concentration of dissolved substrate (g/1},
Sye = €NZyme concentration (g/1},

V.= maximum conversion rate (g/l/h},

k_ = half velocity constant (g/1).

Jain et al (1992) developed a model for the hydrolysis of cattle dung in which the
hydrolysis was considered as proceeding as a multi-step process, i.e. including
enzyme production, enzyme diffusion, adsorption and reaction with the substrate.
Although cattle dung is particulate, Jain et al (1992) assumed that the particles
were very porous and therefore completely accessible to the hydrolytic enzymes.
Based on this assumption, the substrate could be observed as a solution of single
macromolecules and the actual hydrolysis process therefore could be described by
Michaelis-Menten kinetics.
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The model proposed by Goel et al. (1998) for the hydrolysis of soluble starch is
based on the sludge concentration instead of the enzyme concentration. However,
as it was observed that the enzymes are bound to the sludge, the sludge
concentration and enzyme activity can be considered as interchangeable
parameters. The same applies to the Contois model, which has been used by Chen
and Hashimoto (1980} and Vavilin et al (1996).

Negri et al.{1993} and Munch et al. (1999) applied a modified first order kinetics
model in which the hydrolysis rate not only is regulated by the hydrolysis constant
but also by the concentration of enzymes. They also assumed that the enzymatic
yield is directly related to the amount of volatile solids consumed.

1.12 Conclusion

From the literature survey presented in this chapter it can be concluded that for
the hydrolysis of particles the enzymes seem to be present in excess and therefore
the amount of surface that is available for the hydrolysis is most important.
Moreover, since with respect to the hydrolysis of insoluble particles consisting of
proteins and carbohydrates the enzymes are in excess a possible inhibition of the
enzyme production due to temporary accumulation of hydrolysis products seems to
be less important as in the case of dissolved substrates. Because, in the latter case
the enzyme activity is the most important factor for the hydrolysis. The hydrolysis
of neutral lipids is also a surface related process but then it seems that prevention
of accumulation of hydrolysis products seems to be of crucial importance, as a
relative small amount of accumulated LCFA could cause severe inhibition.
Therefore regarding the hydrolysis kinetics a differentiation needs to be made
between hydrolysis of particles, dissolved substrates and neutral lipids.

1.13 Outline of this thesis

Chapters 2 to 4 deal with the mechanisms of hydrolysis of particulate substrates,
dissolved polymeric substrates and neutral lipids, respectively. The mechanisms
are elucidated by results of lab experiments and simulations with mechanistic
hydrolysis models,

Chapter 5 evaluates the empirical first order model, most used for the design and
optimisation of anaerobic reactors, based on the results presented in previous
chapters. Moreover, in this chapter also guidelines are presented for the
determination of the first order constant in a batch experiment.

Chapter 6 summarises the results of the investigations in this thesis and the
implications for the process lay-out of anaerobic reactors treating complex
waste(water) is discussed.
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2 HYDROLYSIS KINETICS OF PARTICULATE SUBSTRATES

abstract- A mathematical description of the surface related hydrolysis kinetics for
spherical particles in a batch digestion is presented as well as a verification of this
model with particulate starch as a substrate. Three substrates containing starch
with different particle size distributions {PSD) were used. Two were obtained from
fresh potatoes by wet sieving and for the third substrate, a commercially available
starch was used. The substrates were batch digested at 30°C with granular sludge
as inoculum and the hydrolysis efficiency was measured and fitted with the model.
The results revealed that the hydrolysis rates for the three substrates were equal,
viz. 0.410.1 g starch/m’hour. Moreover, for the commercial starch not only the
hydrolysis efficiency but also the changes within the PSD of the starch was
determined several times with the use of light microscopy and image analysis. The
obtained experimental PSD showed good similarity with the thecretical PSD from
model calculations. This shows that the surface of the particulate substrate is the
essential factor for the hydrolysis process.

published as: Sanders, W.T.M, Geerink, M., Zeeman G, Lettinga, G. (2000) Anaerobic hydrolysis kinetics of
particulate substrates, Wat. Sci. Tech., 41(3)-pp 17-24.
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2.1 Introduction

Hydrolysis is the first step in the process of anaerobic digestion of organic waste.
During hydrolysis, complex particulate compounds are converted into soluble
manomeric or dimeric substrates.

Most authors describe the hydrolysis with first order kinetics based on
biodegradable substrate and constant pH and temperature (Pavlostathis and
Giraldo-Gomez, 1991):

dxdeg.

- h-Xaegr. @.1)
With:
X, = concentration degradable substrate {(kg/m’),

t = time (days),
k, = first order hydrelysis constant (1/day).

This is however an empirical relation and even if the reactor conditions and
substrate type are kept constant different k. 's can be found due to changes in the
particle size distribution of the substrate (Hills and Nakano 1984, Chyi and Dague
1994).

To gain more insight in the hydrolysis process sume authors have tried to develop
a deterministic model for the anaerobic hydrolysis (Hills en Nakano 1984,
Hobson 1987, Vavilin 1996). In this model, it is assumed that the substrate
particles are completely covered with bacteria that secrete the hydrolytical exo-
enzymes during digestion. As it is assumed that enzymes are excessively present,
the hydrolysis rate is constant per unit area available for hydrolysis. Advantage
of this approach is that the hydrolysis constant in this model is not affected by
the particle size of the substrate. This model will further be referred to as the
Surface Based Kinetics (SBK) model:

aM
2 __F %A 2.2
!f shk ( )

With:

M = mass of substrate (kg),

t = time (days)

K, = surface based hydrolysis constant (kg/m’ day),
A = surface available for hydrolysis (m?.

Hobson (1987) investigated the sensitivity of the SBK model for particle size,

shape, and degradation pattern by calculating them. From the calculations it can
be concluded that if the loss of radius with time of the cylindrical or spherical
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particles is linear, the curve of the calculated Joss in weight could also be
approximated by the first order relation as given in Eq. 2.1.

Vavilin et al. {1994) tried to verify the SBK model by comparing it with data
obtained from literature. The model matched the data quite well, but no
quantification of the hydrolysis constants was given. Moreover, Vavilin et al.
(1994} found that not only first order or surface related kinetics, but also Contois
kinetics were very suitable for describing the hydrolysis process.

By assuming that hydrolysis is the rate limiting step during anaerobic digestion,
Hills and Nakana (1984) derived from the SBK model that at a constant initial
mass of the substrate the gas production rate is linearly proportional to the
inverse particle size. To verify this, they blended ‘tomato solid waste' (peels,
seeds, stems} and divided it into several fractions with average particle diameters
of 2.0 to 0.13 cm. The separate fractions were digested in completely stirred tank
reactors at 30°C and 10 days SRT. By introducing a shape factor for the larger
particles to correct for the deviation from sphericity, a linear relationship
between the gas production rate and the inverse particle diameter was found
indeed.

This chapter presents a mathematical description of the surface related hydrolysis
kinetics for spherical particles in a batch digestion and a verification of this model
with particulate starch as a substrate. Starch was used for verification and
validation of the model because it consists of almost spherical particles and is
easily biodegradable. For the verification of the model two different experimental
approaches were used. The first approach is similar to the approach of Hills and
Nakano (1984). From fresh potatoes, two starch fractions were obtained by wet
sieving. One fraction consisted of starch particles smaller than 45 pm and the
second fraction consisted of particles between 45 and 125 pm diameter. Both
fractions were batch digested separately at 30°C with granular sludge as inoculum
and the obtained CH, production was fitted with the model. In the second apprecach
the entire procedure was repeated but also the particle size distribution (PSD) of
the starch was determined before and several times during the digestion with the
use of light microscopy and image analysis.

2.2 Materials and Methods
2.2.1 The model
For calculations, most authors assume that particles of a substrate are spherical

and are degraded from the outside. If the total mass (4nrR’np/3, with n= number
of particles and p= particle density) and total surface (4nnR®) of spherical
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particles in a digester are substituted in equation 2.2, the decrease of the average
particle radius with time can be written as follows:

*
R =R, - K ™t , (2.3)
P

with:

p = density of the substrate (kg/m?),

R, = average particle radius at time=t (m),

R, = average radius at time=0 (m),

t= time (days),

K= surface based hydrolysis constant (kg/m®.day).

2.2.2 Batch experiments

Two of the three starch containing substrates originated from fresh potatoes.
The fresh potatoes were peeled and blended with addition of some destilled
water, leaving yellowish slurry containing starch granules and fibres, The fibres
were rather large and could be separated from the starch by means of a 250 um
sieve. By wet sieving through a 125 and a 45 um stainless steel sieve, the starch
was divided in 2 fractions containing different particle sizes. A third starch
substrate was obtained from Merck (p.a.).

The PSD (table 2.1, figure 2.1} of the three different starches were determined as
follows. From the starch a sample was taken and the starch particles were
photographed with a light microscope (Olympus BH2, C-35). The lower detection
limit for the particle size was 10 um. The photographs were digitalized and by
image analysis (WAU, version 1.0) the total projected surface of each particle in
the photographs was determined. By subsequently assuming that the starch
particles were spherical, the radius of each particle could be calculated. For the
determination of the particle size distribution, 380 particles were taken into
account.

The anaerobic hydrolysis of the starch fractions was observed in 3 batch
experiments at 30°C. The experiments were performed in 0.25 litre serum-flasks
with septum containing screw caps, but they were only filled up to 100ml. The
contents of the flasks are given in table 2.1,

The experiments were rarried out with granular sludge to simplify the sampling
for the benefit of the microscopic and image analysis of the ampunt of surface.
The anaerobic granular sludges used for inoculations in the batch experiments
were from different origin but were all adapted to starch (Merck, p.a.) for at least
5 weeks in a continuously fed UASB reactor (30°C, 1 kg COD/m’.day). Prior to
each experiment, some sludge was taken from the reactor and washed once with
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destilled water. After filling serum flasks with sludge and starch as stated in
table 2.1, also nutrients, trace elements, yeast extract, and 3 g bicarbonate was
added. After this, the serum-flasks were filled up to 100 ml with distilled water,
flushed with N2, closed and incubated at 30°C. Experiments 1 and 2 were
performed 3 times in a period of 2 weeks in duplicate. Twice with whole granular
sludge and once with crushed sludge. Because the results of the experiment with
the crushed sludge were similar to the whole sludge, the experiment was treated
as a duplicate of the experiment with the whole granular sludge. Experiment 3
was performed once in duplicate.

The amount of hydrolysis during the digestion was monitored in two different
ways.

In the fresh potato experiments 1 and 2, two flasks with identical filling were
used. One flask was attached to a marriotte flask to measure the gas producticn
by liquid (3% NaOH sol., T=30°C) displacement. From the other flask, regularly
samples were drawn to analyse the VFA (GC-analysis) and glucose (phenol-
sulfuric acid method (Bardley et al. 1971) after 0.45 um membrane filtration
{Schleicher & Schuell).

In experiment 3, multiple flasks with identical filling were used. In these flasks,
the produced gas was allowed to accumulate in the headspace. For each sample,
one whole bottle was taken, and the accumulated gas was measured by attaching
the flask to a marriotte flask. The measurements were done at 20°C, After
measurement of the gas, the flask was opened and the water phase was analysed
for the VFA and glucose concentration. In the experiments, blanks were included
without starch to account for the gas production from the sludge.

In experiment 3, also the PSD of the starch was analysed. During digestion, the
starch particles were evergrown with sludge. To visually separate the starch and
the sludge for the image analysis the starch was stained purple with a drop of
Iodine (Betadine®, Asta Medica).

Table 2.1: Characteristics of starch and sludges used in the batch experiments

amount of origin of Average starch in reactor
origin of sludge sludge starch diameter {mg COD/Y)
TS {um)
1 Johma 0.25 Fresh 17.9 6600
potato
2 Johma 0.25 Fresh 46.6 6600
potato
3 aviko/nedalco mixture 1.6 Merck p.a. 32.1 6800
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Figure 2.1: The initial particle size distribution of the three starch fractions used in the
batch experiments.

2.2.3 calculations

In all experiments the efficiency (n) of the degradation at time t was calculated as
follows:

W=M*lm%, (2.4
0

With:

M, = Total mass of starch added at t=0 {mg COD),

M,-M, = Total mass of starch hydrolysed at time t {mg COD),

Mo-Mt = cumulative CH, production(t) + (VFA(t)*total volume) +
Glucose(t)*total volume),

VFA = volatile fatty acids (mg COD/),

Glucose= all reducing sugars < 0.45 um (mg COD/1),

CH, production = displaced NaOH_,, (g) x conversion factor,

conversion facter; at 20°C 2.67 mg COD/g NaOH_,, at 30°C 2.58 mg COD/g
NaOH_,

sal.*

Substituting the total mass (47R'np/3) and equation 3 in equation 4 results in:
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(R, -M)i‘
n=1-—2 __ wo0%, {2.5)

If the PSD of the substrate has a normal distribution the average particle radius
of the substrate can be used in equation 2.5. However, if the substrate does not
have a normal distributed PSD each particle has to be considered separately and
equation 5 has to be adapted to account for the contribution for each particle:

K
(Ro, ==
0 *100% , (2.6)

n=31-
(¢}

Ry M,
article
with M,,p = Initial mass of a separate starch particle.

2.3 Results and discussion

The anaerobic hydrolysis of the three starch substrates is depicted in Figures 2.2
to 2.4. As stated before, the experiments 1 (Fig. 2.2) and 2 (Fig. 2.3) were
performed three times within a period of two weeks, In that period, the UASB
reactor from which the sludge was taken for the experiments was in steady state.
Moreover, the substrates and experimental conditions were equal for the three
separate experiments. Therefore, the data gathered from the three separate
experiments were handled as being obtained from one experiment and presented
in Figures 2.2 and 2.3. The figures also show the fit of the Surface Based Kinetics
Model to the experimental data. As Fig. 2.1 revealed that the substrates had no
normal distributed PSD; equation 2.6 was used for the calculations. K, was used
as the fit parameter and the initial radius of the particles as depicted in Fig.2.1
was used for the calculations. Furthermore it was assumed that the density of
the starch particles was 1.58 kg/dm® (Gallant et al., 1997).
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Figure 2.2: Hydrolysis of the smaller starch particles from fresh potato (fraction 1),
Experimental results () and the curve of the model fit, Equation 2.6 was fitted with the
experimental results with the least squares method and assuming & lag phase of 4 hours
resulting in a surface based hydrolysis constant (K,,) of 0.410.1 g/m’/h.

starch hydrolysis (%}

time(h)

Figure 2.3: Hydrolysis of the larger starch particles from fresh potato (fraction 2).
Experimemntal results (#) and the curve of the model fit. Equation 2.6 was fitted with the
experimental results with the least squares method resulting in a surface based hydrolysis
constant (K, ) of 0.4520.05 g/nf /h.
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Figure 2.4: Hydrolysis of the starch particles from the commercial starch (Merck, pal.
Experimental results (#) and the curve of the model fit. Equation 2.6 was fitted with the
experimental results with the least squares method and assuming a lag phase of 4 hours
resulting in a surface based hydrolysis constant (K,,) of 0.530.05 g/nf'/h.

In the experiments with the small starch particles from potatoes a lag phase was
cbserved, while it was not in the experiment with the large starch particles from
potatoes. However, in the experiment with the small particles about 2.5 times
more substrate surface was available than in the experiment with the larger
particles. This implies that already enough enzymes were present in the
inoculum sludge to cover the substrate surface in the experiment with the larger
particles, but in the experiment with the small particles still some enzymes had
to be produced which resulted in a slower hydrolysis during the first few hours of
the experiment.

In the experiment with the commercially available starch, also a lag phase was
observed although more inoculum sludge was used as compared to the fresh
potatoes starch experiments. The experiment with the commercially available
starch was performed a few months later than those with the fresh potatoes
starch. In the months between the experiments, the sludge in the UASB had to
be replaced due to some technical problems. Although the performance of the
reactor was similar as before the enzyme activity of the sludge seemed to be less.
The calculated surface based hydrolysis constants that resulted from the fit of
equation 2.6 to the experimental data in figures 2.2 to 2.4 were 0.4+0.1 g/m’/h,
0.45£0.05 g/m’/h, and 0.5+0.05 g/m*%h for the small particles from potatoes, the
large particles from potatoes, and the commercially available starch, respectively.
When these values are compared, considering the experimental error, it has to be
concluded that the hydrolysis constants for all three substrates are equal.
Therefore the average K, during anaerobic digestion of particulate starch at
30°C is 0.410.1 g/m’/h. From the experimental data also the first order hydrolysis
constants were calculated. They were 2.1+0.08, 1.0+0.02, and 1.2+0.05 d" for the
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small particles from potatoes, the large particles from potatoes, and the
commercially available starch, respectively. This shows that when the SBK
model is used the hydrolysis constant is indeed independent of the particle size of
the substrate where as the first order hydrolysis constant is not constant.

For the commercial starch (Fig.2.4) not only the efficiency of the hydrolysis was
measured (see Fig. 2.4) but also the changes in the PSD during the experiment.
This experimental PSD was compared with the theoretical PSD. The theoretical
PSD at t=6.5, 16, 24, and 40 hours after incubation were calculated with equation
3. Here the initial particle sizes as depicted in Fig. 2.1 were used and the K,
obtained from figure 2.4 (5.0 mg/um’/h). The results of both the theoretical and
experimental PSD at t=6.5, 16, 24, and 40 hours after incubation are revealed in
Fig 2.5. The obtained experimental PSD shows good similarity with the theoretical
PSD from the model calculations. This again shows that the SBK model is very
suitable for describing the anaerabic hydralysis of particulate substrates.

The here presented method for PSD has shown a suitable methed for the
determination of spherical starch particles. The results of the present research
show that the particles are fully covered with biomass after a few hours of batch
digestion. This implies that the changes within the particle size distribution can
only be used for verification of the madel if the substrate can be separated from the
biomass to determine the particle size distribution. For starch, this can easily be
done by staining the starch with iodide. When the changes within the particle size
distribution for different types of substrates are to be followed new methods for
separation of particles and biomass have to be developed.
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Figure 2.5: The theoretical and experimental PSD of the cormmercial starch after 6.5, 18,
24 and 40 hour of digestion. The theoretical PSD was calculated with equation 2.3 and
K,,=0.5 g/nf'/h starting from the initial PSD as given In Fig 2.1. The experimental PSD
was determined by image analysis as described earlier.

2.4 Final discussion

In the SBK model it is assumed that the substrate particles are completely
covered with bacteria and the hydrolytical enzymes are excessively present and
cover the whole surface of the substrate. Hobson (1987) reported that
microscopical observations showed that for continuous digesters the substrate is
indeed covered with bacteria and presumably also with enzymes. Microscopical
observations in this research show that the substrate in batch reactors becomes
also covered with bacteria within a few hours after incculation. Results of recent
research on enzyme activity measurements during anaerobic digestion (not vet
published) confirm that enzymes are excessively present. The model also assumes
the particles to be spherical and completely biodegradable and considers a
constant number of particles. It is therefore only completely valid when used with
a substrate such as particulate starch that is not susceptible to breaking up
during the digestion, has spherical particles and is completely degradable. The
results of the experiments reveal that the surface based hydrolysis constant for
starch is constant even when the starch is from different origin and different
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inocula are used. This shows that at constant pH and temperature, the amount of
surface available for the hydrolysis is the most important parameter in the
hydrolysis rate and all other parameters are of minor importance. With
substrates that are more complex the particles are not only “peeled” from the
surface, but also broken into fine particles. When the breaking of the particles
could be included in the present model, breaking should result in a larger surface
and therefore an increase of hydrolysis rate (g/l/day). However in practice it has
been shown that the hydrolysis can be described by a first order relation (eq. 2.1).
Which means that the hydrolysis rate (g/l/day) is not increasing but decreasing
with prolonged digestion time. This implies that the break up of the particles
does not increase the surface available to hydrolysis. The total amount of surface
is apparently not equal to the amount of surface which is available to hydrolysis
which might indicate that the fine particles formed during the digestion consist of
less biodegradable material.

Because the empirical First Order model does not take the substrate surface into
account the first order hydrolysis constants (k,} obtained from literature can not
be extrapolated to similar substrates if the particle size distributions are not
comparable. This implies, since the PSD of a substrate is usually unknown, that
when using the First Order model the hydrolysis constant has to be determined
experimentally for each substrate.

2.5 Conclusions

In this study, the relationship between the particle size distribution of a
particulate substrate (starch) and the anaerobic hydrolysis was investigated.
From the results is has to be concluded that the hydrolysis rate is directly related
to the amount of substrate surface available. For particulate starch the
hydrolysis was constant per unit area available viz. 0.4+0.1 g/m’/h.

Moreover, comparison of the particle size distribution obtained from model
calculations and experiments showed that the Surface Based Kinetics model is
capable to describe the changes within the particle size distribution during
anaerobic digestion of particulate starch.

The Surface Based Kinetics model gives a good description of the anaercbic
hydrelysis of simple spherical particulate substrates and shows that the amount
of substrate surface available for hydrolysis is the essential factor in the
hydrolysis rate.

The empirical First Order model does not consider the surface of the substrate.

This implies that the use of k, values from literature for the design of anaerobic
reactors for complex substrates is only legitimate when both the biopolymer
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composition of the substrate as well as the particle size distribution are
comparable to the applied substrate.
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