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A cyclic cause-and-effect relation exists between
methanogenesis and lipid hydrolysis: At high lipid levels,
lipids inhibit methanogenesis. In the absence of
methanogenesis, complete lipid degradation does not
occur. Hence, lipids will inhibit their own hydrolysis (this
dissertation).

The necessary low pH for an effective co-precipitation of
fish proteins and lipids cannot be achieved in the first step
of a two-step UASB system treating fish wastewater (this -
dissertation).

Based on the nature of LCFAs and the adsorption theory
on LCFA inhibition it can be stated that a LCFA only
becomes inhibitory when their concentration exceeds their
aqueous solubility and the inhibitory effect is greater at
higher LCFA levels.

Demeyer D. I. and Henderickx H. K. (1967). The effect of C;
unsaturated fatty acids on methane production in vitro by mixed nimen
bacteria. Biochem. Biophys. Acta., 137, 484-497.

The use of a biodegradability constant for animal manure
based on m* CH, per g VS wili result in an overestimation of
the predicted methane emission when less pre-acidified
manure is involved as compared to that used for the
determnination of the constant.

Derikx P. J. L., Willers H. C. and ten Have P. . W. (1994) Effect of pH on

the behaviour of volatile compounds in organic manures during dry matter
determipation. Bioresource Technology, 49, 41-45.
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It is highly recornmendable to consider the application of de-
centralised instead of centralised systems for the treatment of
industrial wastewater’s, although combined industrial
wastewater’s might become better treatable.

Bozinis N. A., Alexio I. E. and Pistikopoulos E. N. (1996) A mathematical
model for the optimal design and operation of anaerobic co-digestion plant.
War. Sci. Technol., 34, 383-392.

There is so much the anaerobic microbial ecosystem can

teach the stubborn human society: e.g., the ability to sustain
each other’s race.

Constant threat makes one an expert on it, else one perils.

Living in another country is like opening one’s windows. We
discover many interesting things about the country’s culture
and ours.

A modern-time expression of disgust is: “The network is
down!”. On the other hand, “Oh what a relief!”.

In order to accomplish more human dignity in our society,
women instead of men should predominate in ruling
positions.
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1. Fishery Industry in the Philippines

Fishery industry is an important component of the Philippine economy. It provides livelihood
to about 5% of the national labor force (Apricto 1995), contributes about 5% to the gross
national products (BFAR Reports 1985-1993, BAS 1992), and provides a major protein
source in the Filipino diet (Palomares et al. 1986). The annual volume of fish exports
increased from 65,000 MT in 1979 to 164,000 MT in 1993, worth 500 million US$ (BAS
1988, BI'AR Reports 1985-1993). The Philippines is among the top 15 fish producers in the
world (Aprieto 1995). It produces ca. 1.9 million MT finfishes and 0.4 million MT aquatic
invertebrates annually (BAS 1993).

Fish processing, which deals with not only finfishes but also aquatic invertebrates, is a major
food processing industry in the Philippines. There are about 14C companies engaged in both
fish processing and export (DTI 1994). Some of these companies are involved in fish
canning, which is a rather new technology in the country. The first fish cannery in the
Philippines was established in 1977 (Apricto 1995). At present, there are about 30 fish
canning factories, mostly located in Metro Manila, 15 of which (4 in Metro Manila and
Luzon provinces, 4 in the Visayas islands, and 7 in Mindanao) are producers and exporters
of canned wma. These tuna canners, combined, can process at least 100,000 MT raw fish
annually (DTI 1989, DTI 1994, Aprieto 1995).

2. Fish and Aquatic Invertebrate Processing and Waste Generation
2.1. Fish and Aquatic Invertebrate Processing

Processing schemes for fishes and aquatic invertebrates, raw materials, source of utility
water, and unit processes vary between plants. The processes in other countries for the most
commonly canned fishery products, e.g. tuna, salmon, sardines, blue crab, clam, oyster,
shrimp, squid, lobster, and catfish are discussed in Edwards et al. (1981), Nair (1990),
Veiga ef al. (1994), and Wheaton and Lawson (1985).

In the Philippines, most of the fish processing industries are generally small-scale and
situated in coastal areas. The methods of processing at small-scale industries vary between
different regions. The common processes are drying, fermenting, canning, and smoking.
About 46% of the total fish catch is dried in about 660 plants in the country (Palomares ef
al. 1986). The canning of fish and invertebrates is done by both small- and large-scale
industries. The canned fishes are tunas (Thunnus albacares, Thunnus obesus, Euthynnus
pelamis), sardines (Sardinella sp.), mackerel (Scomber sp.), milkfish (Chanos chanos), and
roundscad (Decapterus macrosoma)[ Aprieto 1995; Palomares et al. 1986; survey, this study],
while the canned invertebrates include shrimps (Penaeus spp.) and squids (Lelige spp.).
Canned wna is mainly exported (55,000 MT export in 1993, NSO 1993) while canned
sardines and mackerels are mainly for the local market.

The canning operations for tuna in Metro Manila, Philippines, in sequential order (Fig. 1.1-
A), are thawing, eviscerating, pre-cooking, cooling, cleaning (removing dark meat, skins,
bones, fins, and tails), slicing, manual or mechanical packing in cans, addition of ingredients
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such as salt, oil, or sauce, can seaming, cooking by exhausting, washing, labelling and
packing. For canning sardines, mackerels, or roundscads, the process scheme (Fig. 1.1-B)
is similar to that of tuna except that the thawed fish is cleaned, cut to remove head and tail,
eviscerated, washed with brine, and arranged in cans before pre-cooking. These process
schemes are similar to those reported by Edwards ez al. 1981, Nair 1990, and Wheaton and
Lawson 1985.

2.2. Fish Balance

The finished-product: raw-material ratio in the processing of fishes or invertebrates varies
according to species. Hence, the amount of generated solid wastes also varies accordingly.
The total waste percentage (i.e. the weight percent of raw fish or invertebrate that is removed
during the processing) is 15 for herring; 30 for mackerels, e.g. jack and Pacific mackerels;
30-33 for salmons, e.g. chinook, chum, pink, sockeye, and silver salmons; 40 for tuna
species; 45 for sardines; 65 for clams; 75 for mussels or oysters; 80 for shrimps or lobsters;
and 73-86 for crabs, e.g. king, blue, or Dungenese crabs (Wheaton and Lawson 1985). In
tuna canning, the waste percentages are 10-15% in evisceration, 26-27 % in pre-cocking, 18-
19% in the removal of dark meat, head and bone, and 1-6% to wastewater stream (Edwards
et al. 1981). For sardine canning, the waste percentages are about 33% due to fish cutting
and evisceration, 18% in pre-cooking, and 4% to wastewater stream (Edwards et al. 1981).
From these fish balances, the fish weight lost to the wastewater in a factory having a capacity
of 100 MT raw fish per day is 1-6 MT per day. This amount is equivalent to a pollution load
of 600-4000 kg COD.d"', considering the lipid and protein contents of fish particles.

2.3. By-Products and Solid Waste Utilization

Solid wastes in fish processing can be used as raw material for the production of the
following:

® protease (Reece 1988),

® oil for pharmaceutical purposes (Pigott 1996),

® Jubricants (Pigott 1996),

® protein hydrolysate as animal feed supplement (Vega and Brennan 1988),

® protein extract for culture media preparation (Brett Borup and Fenhaus 1990),

® caroteneid astaxanthin for diet formulation (Chen and Meyers 1982, Raa and Hansen

1983),
® chitin and chitosan (Johnson and Peniston 1982) as coagulants, and
® fish meal as animal feed (Johnson and Gallanger 1984, Milazzo 1983).

In the Philippines, some of these solids are processed into fish meal and fermented fish sauce
or paste in either the same fish processing plant or another factory (surveys in fish canneries,
this study). The research in the country on fish waste utilization includes
® production of chitin from crustacean shells, cuttlefish, and squid (Aquaculture Watch
1987);
® purification of fish oil for pharmaceutical use (surveys in fish canneries, this study;
ITDI-DOST 1993);
® production of fish protein concentrate from the pre-cooking step in tuna canning (ITDI-
DOST 1993); and
® production of food flavors from waste shrimp heads and shells (DOST 1990).
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2.4. Fish Processing Wastewater Characteristics

The volume and concentration of the wastewater from fish canneries vary between different
plants, depending on the composition of the raw fish and additives used, e.g. brine, oil,
tomato sauce, the unit processes, and the source of processing water. The volume of
wastewater produced in the canning of tuna and sardines is 14-22 m® per MT of raw fish
{Table 1.1). In the canning of tuna, the wastewater is generated from fish thawing, washing,
and eviscerating, cooling and washing of fish and cans after precooking and cooking, and
clean-up of working areas (surveys in fish canneries, this study). In some factories, the BOD
and COD (biological and chemical oxygen demand. respectively) loads mainty come from
the pre-cooking step (Nair 1990). In the Philippines, the fish juice from this step is sent to
other factories for the production of protein concentrates and fish sauce.

To characterize (Table 1.1), the main components of fish processing wastewaters are lipids
and proteins, except in mussel processing in which carbohydrates comprise a major fraction
of the total COD. In most of the other species, carbohydrate COD is very low. The low
carbohydrate levels in the wastewater can be expected considering that the raw fish
constituents are mainly proteins and lipids. In comparison, the lipid COD in the wastewater
from the processing of finfishes is higher than that of invertebrates. The levels of total,
soluble, and suspended COD vary largely between factories and fish types. The BOI; level
is 52-87% of the total COD. The temperature of fish processing wastewaters is hardly
reported. Wastewaters from mussel processing plants are at extremely high temperatures,
e.g. 80-90°C (Lema ef al. 1987) because they mainly come from the steam-opening of
mussel valves. In the fish processing plants visited in the Philippines, the wastewater is
normally at ambient temperatures, 26-30°C. The pH values of the combined wastewater, i.e.
the mixture of wastewater streams from different plant operations, are between 4.2 and 7.9
(Table 1.1). In some manufacturing plants, tuna is peeled using sodium hydroxide (Veiga et
al. 1994). The pH of the effluent from this process is high, e.g. 10.4 (Veiga er al. 1994).
Fish processing wastewaters also contain sea salts, e.g. CI, Na*, K*, Ca?*, and Mg*,
especially when sea water is used in the processing and/or when the raw material contains
substantial amount of saline water as in the case of mussels. The ion levels are in the
following ranges (in g.1"): 0.45-16.0 Cl', 0.087-2.51 SO,*-S, 0.004-0.60 PO,*-P, and 0.004-
6.90 NH,"-N. The wastewater from the brining process has an extremely high Cl" level, e.g.
65 g.I'

3. Fish Processing Wastewater Treatment

Fish processing wastewaicrs are generally treated using either physical-chemical methods,
biological methods, or a combination thereof. Physical-chemical methods include
® dissolved air flotation, DAF (Brett Borup and Fenhaus 1990, Iggleden and Van Staa
1984, Litchfield 1980, Litchfield 1983), in some cases with addition of polymers and
either alum or CaCl,;
® sedimentation with the aid of coagulants or flocculants such as CaCl,, FeCl,, FeSO,,
Fe,(80,), (Litchfield 1983), carrageenan, alginate (Kitabayashi 19832, Kitabayashi
1983"), chitosan (Milazzo 1983, Johnson and Gallanger 1984), polyacrylic acid
(Hozumi 1988, Nagamine 1986), and alum (Hozumi 1988);
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& adjustment of pH to 3-5.9 using hydrochloric acid, in some cases, with heating at 65-
80°C to improve the recovery of soluble proteins (Civit er al. 1982, Fukuda and
Nakatani 1979, Shimizu and Nishioka 1979);

® electroiysis (Litchfield 1980);

® hydrocyclones (Johnson and Lindley 1982); and

® membrane based methods such as ultrafiltration, reverse osmosis, and use of activated
carbon filters (McComis and Litchfield 1985, McComis and Litchfield 1986, Miyata
1984, Watanabe 1985, Welsh and Zall 1984).

Sedimentation, DAF, and pH adjustment are usually employed as pre-treatment steps. Since
electrolysis, ultrafiltration, reverse osmosis, and use of hydrocyclones are relatively
expensive, these methods are used when the recovered fish proteins and oils can be recycled
in fish processing or converted to valuable by-products.

In integrated fish wastewater treatment systems, the above physical and chemical methods
are employed in combination with biological processes. In some cases, anaerobic and aerobic
processes are applied in series (Frankel and Phongsphetraratana 1986, Okubo 1984%, Okubo
1984"). The aerobic treatment methods for fish processing wastewater are activated sludge
methods (Guida and Kugelman 1988, Kobayashi er al. 1985, Nakamura 1986, Okubo et al.
1980}. aerated tanks (Aguiar and Sant’Anna 1988, Wheaton ef af. 1984}, and trickling filters
(Battistoni et al. 1992, Verscharen 1989) while the anaerobic methods applied on laboratory
and/or pilot plant scale to fish processing wastewaters are the following:

# Central activity digester (CAD, Mendez er al. 1992} a reactor made up of two co-
centric cylinders: the influent goes to the inner cylinder which is equipped with a mixer
while the effluent flows upward through the outer cylinder.

® Anaecrobic filter: a reactor packed with filter media (clay, polystyrene, stone, or
polyvinyl chloride) through which wastewater flows upward, e.g.. upflow anaerobic
filters (UAF or AF, Balsev-Olesen et al. 1990, Hudson ef al. 1978, Lema et al. 1987,
Prasertsan et al. 1994) or downward, ¢.g., downflow stationary fixed film (DSFF,
Veiga et al. 1992). The microorganisms in the reactor exist both as attached to the
filter media and partly as unattached flocs.

¢ Upflow anaerobic sludge blanket reactor (UASB, Boardman ez al. 1995, Sandberg and
Ahring 1992): a reactor composed of a digestion zone in which well-settling bacterial
aggregates develop and a settling zone in which biogas is collected, sludge separates
from the effluent and falls back to the digestion zone.

® Anaerobic fluidized bed (AFB, Balsev-Olesen ef al. 1990): a reactor where biomass
exist both as attached to carrier materials and as unattached flocs, in a bed fluidized
by high upflow velocity so that mixing in the reactor is enhanced.



Chapter |

doD 31qnjos Jo [eaowal I8euaoiod se uoarS, s Suipeol swedio - Y0 ‘awn uonuIA AWMEIPAY = LHH (EUBEW
upyaed rawy, ‘19yuelq a9pnjs diqoaseur moppdn - gS) Msadip AANSE (RNUD - V) 'PAq PIZIPINY DIqoISEUE = BAV ‘WY PAXY ArRUDNEIS MOJUMOP = {15 *2NNY diqoueut mogdn = £y
10 4vr} ‘2661 unyy pue Fraqpues, [5e61 70 42 URPIROG, (P66L 2 17 URSUISEI], 'TEGT TV 12 ZIPUDIN, (LR6] 1T 19 BWIY, (0661 UISIAQ-AISIEE, ‘T661 1212 BRIGA, ‘8161 7 17 VOSPRH,

L1626 pu 91 20 PV §6 6LEL 143 44 asvin o[BS sy
8 08 ® gl £T10 o8 71 't 43 [ qasvin Jurepd
3] pu £l 99 ['+£0 05-9°1 £LL ce-0t (43 OAd-AV JEUM
L L9 134 os ¥l €20t pu Le 000's I avd Jeum
§6-06 L9 geTe £L9¢ L4 [ 441} pu L 000°¢1 avo lassmue)
§8-SL 8¢ 44 0% bl 81-91 pu Lt 000°¢1 avd Jessnw
vi pu [4] T §I-6 592-¢'11 gL 143 1 JAd-A¥N Jessnu
gLt pu 1'6L'9 1R ¥4 cI6 99T-$IL Sl 119 I DAL=V (Jossn
6L-0L pu PEV-LLO €Ll s1-6 997-¢11 SL-1L 139 1 JAd-4¥N lassni
rL pu 7l [44 Si1-6 997-¢I1 v'i69 Lt 1 JAL-AVN plass
18-6L pu (re-ive [4 ol 3 £1-6 99T-<'11 ¥i69 L 1 OAd-AVN Hessnul
<8 pu (44 o A ] LT £1-6 99211 Pi69 Lt 1 JAd-4VN 35S
88-08 £3-0% 01-€'E 9T<l £6 £l 69 9e-¢{ 00009¢ amenb-f1y  ounq Junay
8L 8L-9L 01-£'¢ 9Ll £é £l gL89 9E-rE 000°¢9€ sipys-AV  2unq uuay
$L pu 4 4 601 (L2) 9°€5-07 08-6L (A3 00051 JAd-4480 Joum
8¢ 134 ¥o 891 pu LO¥YQ pu +T-$'81 611 anuesZ-Jvn REHIENS

£f (174 810 L4 pu LO¥0 pu ¥YZ-o8l 611 anuerd-4vi Jsunays

A 19 £T0 21 pu Lor'o pu PT-E8I gl SiRYs-A¥N \USYIRYS

18 134 £10 e pu oo pu 17-¢°81 <8I SIPYs-4%N JUSYIRYS

(P, urgod ) p} {1H (,1rd) (.3,) i wiuo

FRACWIRE (1) SR MURYLAW ()0 % 410 181 1 I (Mol 1d EUU TR ITTEY] Mo ad 5 seona ERHENE) BN

sraemasem Juissa001d Usy JO JUSUNESD HQOISRUE UO $2APMIS 7' 2IqRL



http://CQU.LuO.XLlI.ulCl

General Introduction 9

The performance of the different anaerobic methods used for fish processing wastewaters are
shown in Table 1.2. Over 80% COD removal can be attained at organic loading rates
exceeding 6 kg COD.m?.d in UASB (Sandberg and Ahring 1992), AF, and AFB reactors
(Balsev-Olesen et al. 1990, Lema et al. 1987). However, clogging problems are encountered
in operating mesophilic filters at high loading rates (Soto er al. 1992). Toxicity effects caused
by Na~ (Soto et al. 1993), Cl' (Soto et al. 1991), SO,” (Soto et al. 1991), and NH,*
(Mendez er al. 1992) are potential problems in anaerobic treatment of fish processing
wastewater. Nevertheless, there are possibilities of overcoming toxicity by sludge adaptation
strategies. Ammonium, a potential inhibitor of methanogenesis, is produced during digestion
of fish proteins and non-protein nitrogen containing (NPN) compounds.

Fish processing wastewater treatment in the Philippines

The results on wastewater treatment surveys in fish canning factories in Metro Manila are
summarized as follows. The ecmployed pre-treatment methods are screening and
sedimentation. In some plants, chemical coagulants are used. The floating fats and oils in
settling tanks are separated from the wastewater. The wastewater is then treated via trickling
filters, aerated ponds, or methane upflow reactors (MURY), i.e. reactors in which sludge from
an external settler is recirculated. The wastewater from trickling filters or MURs is post-
treated in sedimentation tanks or aerated lagoons.

Table 1.3: Composition of raw fish used for canning (g per 100 g)

Fish Proteins Lipids Carbohydrates Ash Water
Finfishes:

Herrings 16 - 21 (18)® 5-14 (10) 0 13-24 67 - 72 (70)
Mackerels 19 - 21 20 5-14(9) 0-5@2.5 1.2-2.4 64 - 67 (66)
Salmons 20-29(22) 3-10(8) 0-3(L.5 1.2-1.7 60 - 72 (6%
Sardines 18 - 20 (19) 4-16(9) 0 3 65 - 71 (69)
Tunas 23 -25 (24 1-7 @) d-4(2) 1.2-1.7 67 - 71 (69)
[nveriebrates:

Clams 8-14 (11) 08-27(13) 2-51(28 0.1-22 82 - 85 (83)
Crabs 15 - 17 (16) 0.8-13(1.1) 0-0.6(0.4) 05-19 80 - 83 (&1)
Mussel” 12 1.7 4.5 2.2 80

Oysters 8-11(10) 1.6-2.1(1.8) 48-58(.2 1.5-2.2 80 - 84 (82}
Shrimps 19 - 22 (20) 0.3-080.6) 4] 1.4-27 76 - 79 (77)
Scallops 15 - 17 (16} 04-05(06) 2.6-295028 1.5-2.6 78 - 80 (79)
Squids 13 - 17 (15) 0.7-14(.1) 0.6-6(3.8) 1.0-2.6 78 - 80 (79)

#Values in parentheses are averages between different species: round, Atlantic, and Pacific herrings: Atlantic,
chub, horse, and Japanese horse mackerels; Atlantic, chinook, chum, pink, sockeye, and silver salmons;
Adriatic, Spanish, and Indian oil sardines; albacore, bluefin, skipjack, and yellowfin tunas; bean, surf, razor,
and softshell clams; king, blue, and Dunganese crabs; "blue mussel; common, Eastern, and Pacific oysters;
brown, pink, and white shrimps; bay and sea scallops; longfinned and Pacific squids. Source: Kinsella 1987.
Krvaric-Skare 1955, Spotte 1992, and Suzuki 1981
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4. Lipids and Proteins in Fish

Lipid and protein contents in fishes and invertebrates depend on species, size, age, their food
conditions, their reproductive stage, i.e. whether they are harvested at pre- or post- spawning
season, and part of the organism (Sikorski 1994%, Suzuki 1981). The composition of the
wastewater generated in the processing of fishes and invertebrates is expected to vary due
to these factors as well. The finfishes usvally canned are composed of 16-25% proteins, 1-
16% lipids, 0-5% carbohydrates, 1.2-3% inorganic substances, and 60-72% water (Table
1.3). Sardines, herrings, salmons, and mackerels, are among the fish groups that contain
relatively high percentage lipids. The invertebrates contain less lipids (0.3-2.7%) and more
water (76-85%).

Lipids

Lipids are normally extracted from biological tissues with non-polar solvents. They comprise
a wide range of macromolecules of different chemical structures, from the simplest fats and
oils to the more complex phospholipids. Fixed oils and fats are esters of glycerol and fatty
acids, e.g. mono-, di- and triglycerides. Phospholipids are esters of glycerol in combination
with fatty acids, phosphoric acid, and nitrogenous compounds, usually choline or
ethanolamine. The more complex structures known as lipopolysaccharides and lipoproteins
are lipids covalently bound to polysaccharides and proteins, respectively.

The most commonly occurring lipids in nature are the triglycerides, also known as
triacylglycerols or neutral fats. A triglyceride is composed of three fatty acids linked by ester
bonds to the hydroxyl groups of glycerol (Fig. 1.2). Fatty acids are composed of long,
mostly even-numbered chains of 12 to 24 carbon atoms, ending in a carboxyl group. They
vary in both chain length and degree of saturation of the alkyl chain. Saturated fatty acids
contain only single bonds within the alkyl chain, while unsaturated fatty acids contain at least
one double bond. The more unsaturated fatty acids are those that contain more double bonds.
The fatty acid components of a triglyceride render the lipid its characteristics. The fluidity
of a lipid, hence its melting point, is determined largely by its degree of unsaturation, i.e.
the number of double bonds per unit mass. Fish lipids are more unsaturated than those of
mammalian fats (Spotte 1992).

CH -0-C~(CH ) CH CH -0-C~(CH) CH
2 2714 3 2 2744 3
|0 | ..
CH -C-—-C—-(CH ) CH CH =0-C—(CH ) CH=CH(CH )} CH
2 2714 K] 2°7 2°7 3
I—- | ..
CH —0-C—(CH ) CH CH —0-C—(CH ) CH
z 214 K] 4 2715 3

Figure 1.2: Examples of triglycerides: (a) tripalmityl glyceride, (b) 1-palmityl,2-oleyl,3-
stearyl glyceride
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Proteins

Proteins are biopolymers of amino acids that are linked by peptide bonds, the amino group
of one interacting with the carboxyl group of another (Fig. 1.3). They have an enormous
variety of structure since they have four orders of structure: primary - the amino acid
sequence; secondary - the regular arrangement maintained by H-bonding; tertiary - overall
folding of the molecule due to noncovalent forces, hydrophobic and ionic interactions, and
H-bonding; and quarternary - the association of several identical or non-identical chains.
Proteins have ionizable groups: amino acid side chain, the N- and C- termini, and sometimes
other attached groups. The charge of each particular group, and hence, the net charge of a
protein molecule, depends on the pK, values of the ionizable groups in relation to the pH of
the solution. At low pH, there are more positively-charged groups than negatively-charged
groups, while at high pH, the negatively-charged groups predominate. The pH at which there
are equal numbers of positively- and negatively-charged groups, is known as the isoelectric
point. As the charge repulsion between protein molecules is least at the isoelectric point,
proteins are least soluble at this pH. Isoelectric point varies between proteins.

Besides pH, structure and ionic strength also affect the solubility of proteins. Globular
proteins are generally soluble in water or dilute salt solution but are less soluble in strong
salt solution, while fibrous proteins are generally water-insoluble. NaCl enhances protein
solubility while most salts cause proteins to precipitate at ionic levels higher than 0.15 M
(Franks 1993).

R R R
HN—C C//O & 0,70 &
S Nl TN 0
H | H | H \C{.""
H H ~0

Figure 1.3: Illustration of a protein molecule: a chain of amino acids linked by amide bonds,
i.e., the peptide bonds (--), between the carboxyl group of one amino acid and the ¢-amino
group of another. R is an alkyl, an atyl, or a heterocyclic group

The natural, biological conformation of a protein is known as its native state. It is normally
the most stable conformation into which the protein molecule spontaneously folds. Proteins
can be denatured, i.e., unfolded or altered, under extreme pH conditions, high temperatures,
and presence of denaturing agents such as, concentrated urea, guanidine hydrochloride, ionic
detergents, and organic solvents. The denaturing conditions weaken the non-covalent bonds
that maintain the native tertiary structure, and stabilize a different denatured conformation.
Denaturation may be reversible or irreversible.
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4.1. Fish Lipids

The majority of lipids in fish are triglycerides (Kinsella 1987). Less than 1% of the lipids
are phospholipids and are associated with the cell structure of fish tissues (Kinsella 1987).
The fatty acid residues in lipids of different fish species are shown in Table 1.4, The main
fatty acid components are palmitic, oleic, gadoleic, erucic, timnodonic, and docosahexaenoic
acids. Most of the fatty acids are unsaturated. The average percentages of saturated,
monounsaturated, and polyunsaturated fatty acids are 29, 40, and 31, respectively.

4.2. Fish Proteins and Non-Protein Nitrogenous (NPN) Compounds

The muscles of fish contain three main classes of proteins: sarcoplasmic, myofibrillar, and
stroma which are 18-25%, 70-79%, and 3-5%, respectively, of the total amount of proteins
in fish (Suzuki 1981). Sarcoplasmic proteins are soluble in water or dilute salt solutions
{Suzuki 1981, Sikorski 1994%) while myofibrillar proteins are generally non-water soluble and
can be extracted only using stronger salt solutions. Stroma proteins are those that form
connective tissues and cannot be extracted by water, acid, alkaline solution, or neutral 0.01-
0.1 M salt solution. The proportions of these three classes of proteins vary between
species. The sarcoplasmic proteins in fish are (1) myoglobin, a globular heme protein having
a molecular weight of about 18 kDa, (2) enzymes of physiological functions in fish, (3) anti-
freeze proteins, e.g., in fish of the Arctic and Antarctic waters, and (4) hydrolytic enzymes,
e.g. lipases, proteinases, and polysaccharide-degrading enzymes in the digestive organs and
tissues of fish (Haard et al. 1994). The main myofibritlar proteins in fish are myosin, actin,
tropomyosin, and troponins (Suzuki 1981, Sikorski 1994"), The main amino acid component
of fish proteins are glutamate, aspartate, lysine, and leucine (Table 1.5). The fraction of each
amino acid in fish proteins, except tryptophan, does not vary much between species.

The protein content in foods is generally given as 6.25x(total N). This value includes both
protein and non-protein nitrogencus (NPN) compounds, and is therefore sometimes referred
to as 'crude protein’. The ’true’ protein-to-nitrogen ratio, with no correction for the non-
protein N in the total N, in fish is 5.72-5.82 (Sikorski 1994%). The NPN components in
scafoods are free amino acids, peptides, guanidino compounds, urea, betaines, nucleotides,
and quaternary ammonium compounds (Haard er al. 1994, Sikorski 1994%. Free amino acids
in aquatic organisms contribute to osmoregulation (Haard e7 al. 1994). Some unique free
amino acids in seafoods are taurine, sarcosine, $-alanine, methyl-histidine, and o-amino-#n-
butyric acid. The NPN fraction of the total N in marine animals varies between species: 16-
18% in tuna, sardines, and mackerel, and 20-25% in molluscs and crustaceans, e.g., squids,
clams, and abalones (Haard e al. 1994, Sikorski 1994%). Free amino acids comprise 50-65%
of the NPN compounds in shrimp and squids while ca. 25% of those in mackerel. Betaines
are especially present in molluscs and crustaceans, e.g. 5% and 10% of the NPN compounds
in squid and shrimps, respectively.
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5. Anaerobic Digestion

Anaerobic digestion is biodegradation in the absence of oxygen (0O;) resulting in the
formation of CH, and CO, when ions like NO,” and SO, are absent. Its advantages over the
aerobic method include (1) no or little net energy consumption because of the production of
methane which can serve part of the energy requirement of the treatment plant, (2) lower
excess sludge production, (3) more dewaterable and stabilized excess shudge, and (4) possible
recovery of useful products, e.g. NH; and sulphur, via post-treatment (Lettinga and Hulshoff
Pol 1991, Verstracte et al. 1996). Significant research has broadened the knowledge on the
technology and hence lessened the presumed drawbacks in employing the process. The
stability of the process is improved with a better understanding of the design, operation, and
control of anaerobic reactors (see Hulshoff Pol and Lettinga 1986, Lettinga et al. 1983,
Lettinga er al. 1984, Lettinga et al. 1987, Lettinga and Hulshoff Pol 1991). The emergence
of high-rate systems which allow efficient treatment at relatively high COD loading rates is
a major breakthrough in the technology. At present, the UASB reactor is the most widely
applied anaerobic treatment (Verstraete ef al. 1996) for wastewaters containing organic
matters. A high concentration of active biomass is maintained in the UASB reactor, as
aggregates of sludge, usually granular, develop because of a sclection process effected by the
gas and hydraulic surface loads. With a gas-liquid-solid (GLS) separation device, biogas is
recovered and solids are separated from the effluent and retained in the reactor because they
return to the digestion compartment of the reactor.

The possible application of an anaerobic method for the treatment of wastewaters with high
levels of proteins and lipids, such as fish processing wastewater, is interesting because the
amount of theoretically recoverable methane from the digestion of these compounds is high.
Moreover, anaerobic waste treatment comprises a low-cost method, and, in view of its
possible other advantages over conventional aerobic methods, it represents an attractive
option for many industries. A relevant background on anaerobic treatment of these types of
wastes is presented in the following sections.

5.1. Biochemical Processes in Anaerobic Treatment of Wastes

The anaerobic digestion of complex wastes, such as those involving particulate or suspended
matter, comprises a series of sequential biochemical processes (Fig. 1.4). Organic polymers
are firstly hydrolysed into smaller subunits that can be assimilated by bacterial cells. This
process is catalyzed by extracellular enzymes from acidogenic bacteria, ¢.g. lipids are broken
down to long-chain fatty acids (LCFAs) by lipases; proteins to amino acids by protease and
peptidases; cellulose to polysaccharides by cellulases; and polysaccharides to sugar
monomers. The monomers or smaller molecules from hydrolysis are converted by acidogenic
bacteria into short- or branched-chain fatty acids, alcohols, lactic acids, CO,, H,. and NH,.
The fatty acids, including LCFAs from lipid hydrolysis, and other products of acidogenesis
are further converted into acetate, CQ,, and H;. Finally, methane is formed via two types
of reaction: hydrogenotrophic (4H, + CO, —» CH, + 2H;0) and acetotrophic (CH,COOH
- CH, + CO,). The reactions in the series are carried out by different groups of bacteria,
some of which coexist in syntrophic relations, i.e., the product of one species assimilated by
another group of bacteria. For instance, interspecies hydrogen transfer between the obligate
H,-producing acetogens and the H,-consuming methanogens is crucial for the degradation of
short- and long-chain fatty acids.
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BIOPOLYMERS
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Figure 1.4: Conversion steps in anaerobic degradation of complex wastes (adapted from
Gujer and Zehnder 1983)

Hydrolysis is generally the rate-limiting step in the overall anaerobic process (Eastman and
Ferguson 1981, Ghosh 1987, Sayed et af. 1988, Pavlostathis and Giraldo-Gomez 1991,
Paviostathis and Gossett 1988). It is considered as first-order (Eqn. 1.1) with respect to the
concentration of biodegradable solids (Eastman and Ferguson 1981, McInerney 1988,
Pavlostathis and Giraldo-Gomez 1991). The individual rates of the succeeding conversion
processes generally fit Monod Kinetics as shown in Eqn. 1.2 (Pavlostathis and Giraldo-Gomez
1991).

For each type of biopolymer, the range in the reported values of the hydrolysis first-order
rate constant, k,, is rather wide: 0.04-2.88 4 for cellulose and cellulose-containing
materials, 0.02-0.69 d' for different proteins and nitrogenous compounds, and 0.08-1.7 d”
for lipids (Pavlostathis and Giraldo-Gomez 1991). These variations in the literature values
of k,, within each type of waste is due to differences between studies in the culture used, pH
and temperature conditions, the origin of the material, and the considered biodegradable
fraction of the waste.
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Eqn 1.1. First-order hydrolysis rate equation
- dF/dt = kF

where F = concentration of insoluble substrate, M.L?
k, = first-order hydrotysis rate constant, &'
t = time, #

Eqn. 1.2, Monod kinetics
w = pSHE,+8y-b;  -dS/dt = Xp /Y

where p = specific growth rate of microorganism, 6"
#n = maximum specific growth rate of microorganism, 6
K, = half-saturation constant, M.L"*
§ = substrate concentration, M.L>
X = microorganism concentration, M.L*
Y = growth yield coefficient M.M™*
= specific decay rate of microorganism, ¢
#, M, L’ = units of time, mass, and volume, respectively

5.2. Degradation of Hydrolysis Products from Proteins and Lipids

Degradation of LCFAs

LCFA degradation proceeds via $-oxidation (Angelidaki and Ahring 1995, Hanaki et al.
1981, Heukelekian and Mueller 1958, Novak and Carlson 1970, Weng and Jeris 1976). i.e.
the sequential removal of 2 carbon atoms from the LCFA via oxidation at the 3-carbon. The
products are acetate and hydrogen from even-carbon LCFAs and, in addition, propionate
from odd-carbon LCFAs. Unsaturated LCFAs undergo hydrogenation before 3-oxidation
(Heukelekian and Mueller 1958). In anaerobic digestion of saturated and unsaturated LCFAs,
B-oxidation is the rate-limiting step (Heukelekian and Mueller 1958, Novak and Carlson
1970, Rinzema et al. 1994). The rate of degradation of saturated LCFAs decreases with
increasing chain length (Loechr and Roth 1968, Novak and Carlson 1970). Unsaturated
LCFAs are more rapidly degraded than the corresponding saturated LCFAs (Loehr and Roth
1968).

As in the degradation of shorter chain fatty acids, the conversion of LCFAs also requires an
efficient removal of H, since it is thermodynamically feasible only at very low H, partial
pressure, e.g. lower than 10 atm. Thus, the degradation of LCFAs depends on methane
formation. Hence, the H,-producing acetogenic bacteria that carry out the (3-oxidation
normally grow in syntrophic co-culture with H,-consuming methanogens (Angelidaki and
Ahring 1995, Roy et al. 1986). Examples of LCFA degraders are Syntrophomonas
sapovorans, Syntrophomonas wolfei, and Thermosyntropha lipolytica (Hwu 1997).

Degradation of amino acids

Amino acids from protein hydrolysis are degraded via oxidation-reduction reactions
performed mainly by different Clostridium species, producing mainly short- and branched-
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chain fatty acids, NH,*, §*, CO,, and in some pathways, H, (McInerney 1988, Barker 1961,
Barker 1981). In anaerobic reductive reactions, the electron acceptors are amino acids, o-
and 3-keto acids, «, F-unsaturated acids or their coenzyme A derivatives, and protons.

Most of the proteolytic Clostridium species carry out Stickland reactions, i.e., electron
transfer between two amino acids, in which alanine, histidine, or valine act as an electron
donor while arginine, glycine, proline, hydroxyproline, or ornithine act as an electron
acceptor. Leucine, isoleucine, phenylalanine, tryptophan, and tyrosine can act both as an
electron acceptor or donor depending on the other amino acids present. Branched-chain and
aromatic amino acids are oxidatively deaminated and decarboxylated to the corresponding
fatty acids, e.g., alanine to acetate, valine to isobutyrate, isoleucine to 2-methylbutyrate,
leucine to isovalerate, tyrosine to hydroxyphenylacetate, phenylalanine to phenylacetate,
tryptophan to indoleacetate. Some of these oxidative reactions are coupled to the reduction
of some amino acids in the Stickland reaction. The other degradation products of aromatic
amino acids are phenylpropionate from phenylalanine; hydroxyphenyllactate,
hydroxyphenylpropionate, phenol, and p-cresol from tyrosine; indole and indolepropionate
from tryptophan. The aromatic ring in amino acids is not altered by acidogenic bacteria but
by H,-producing syntrophs or sulfate-reducing bacteria (McInerney 1988). Individual amino
acids are degraded via specific pathways, e.g., ornithine from arginine; propionate and n-
butyrate from threonine; acetate from glycine via serine and pyruvate; glutamaie to acetate,
butyrate, and H;, via methylaspartate or hydroxyglutarate pathway; acetate and propionate
from alanine via the acrylate pathway; acetate and succinate from aspartate; pyruvate and S
trom cystein; formamide and glutamate from histidine; and pyruvate from serine.

Some amino acids can be degraded via H,-producing reactions. Whether the H,-producing
pathway will prevail or not over alternative degradation reactions would be dependent on the
H; partial pressure. The results of Nanninga and Gottschal (1985), Orlygsson ez al. (1994),
Stams and Hansen (1984) show the importance of interspecies H, transfer in the degradation
of some amino acids, e.g. alanine, phenylalanine, methionine, valine, leucine, tsoleucine,
serine, glutamate, and aspartate. The degradation of these amino acids is enhanced by the
presence of methanogenic or sulfate-reducing bacteria.

5.3. Inhibition and Other Problems Caused by Lipids and LCFAs

Lipids are present in many wastewaters: fish processing wastewater, sewage, wastewaters
from slaughterhouses, meat processing (Borja et al. 1995, Sayed ef ai. 1987), dairy industry
(Oztiirk er al. 1993, Perle et al. 1995), ice-cream factory (Hawkes et al. 1995), cafeteria
{Hanaki et al. 1990), palm oil mill (Borja et al. 1996), olive oil mill (Beccari er al. 1996,
Boari er al. 1993, Tsonis and Grigoropoulos 1993), and wool scouring (Mercz and Cord-
Ruwisch 1997). Among the problems encountered in the anaerobic treatment of these
wastewaters are sludge flotation resulting to washout due to the strong tendency of lipids to
adhere on surfaces, reduction in sludge methanogenic activity, and as a result, reduction in
methane conversion efficiency. The inhibitory effect of lipids is commonly attributed to the
LCFAs from lipid hydrolysis (Angelidaki er al. 1990, Angelidaki and Ahring 1992, Hanaki
et al. 1981, Perle et al. 1995). Neutral lipids are less inhibitory (Angelidaki and Ahring
1992).
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Inhibition by LLCFAs is generally attributed to their adsorption to bacterial membranes, which
may hinder either the transport of substrates and products across the membrane or the
protective tfunction of the membrane, leading to cell death. This implies that LCFA inhibition
is a function of the surface area covered per molecule of LCFA, the accessibility and
susceptibility of the cell membrane towards adsorption which may vary between
microorganisms. Gram-positive bacteria are more vulnerable to LCFA inhibition than gram-
negative bacteria (Rinzema 1988). Hwu et al. (1996 found that LCFA inhibition is
dependent also on the specific surface area of sludge particles. They found that the
acetotrophic methanogens in granular sludge are less susceptible to inhibition by oleate than
those in suspended and flocculent sludge. Rinzema er al. (1994) found that LCFA inhibition
is more related to the concentration of the LCFA than to the LCFA/biomass ratio. They
found similar LCFA toxicity threshold levels, i.e. LCFA concentration at which specific
methanogenic activity of sludge becomes inhibited, at different values of LCFA/biomass
ratio. Hwu et al. (1996") showed that the degree of inhibition on methanogenesis, as
indicated by the length of methanogenic lag period, is related to the adsorbed LCFA in the
sludge surface, the amount of which depends on the initial LCFA concentration. In addition,
they found that in continuous reactors, sludge flotation caused by the adsorption of LCFAs
to sludge particles is more related to LCFA loading rate than to LCFA concentration. Thus,
in practical conditions, LCFA adsorption may affect more the sludge retention than the
sludge activity.

LCFAs inhibit methanogenesis at millimolar concentrations. Their inhibitory threshold levels
vary among different bacteria and LCFAs (Koster and Cramer 1987). Lauric (C,,:0) and
myristic (C,,:0) acids are the strongest inhibitors in various bacteria (Koster and Cramer
1987). Among LCFAs, oleate inhibition is most studied because it is among the most
abundant LCFA in wastewaters (Hwu 1997). The extent of inhibition by unsawrated tatry
acids increases with the number of double bonds (Demeyer and Henderickx 1967). Koster
and Cramer (1987) found a synergistic inhibitory effect of lauric acid on myristic and capric
acids, i.e. the net inhibition by the mixture of LCFAS is greater than the combined effect of
the individual LCFAs. Lecithin is also synergistic to capric acid (Rinzema ez al. 1994).

Several ways to abate the problems caused by the presence of lipids and/or LCFAs were
studied. LCFA inhibition can be antagonized via precipitation by calcium (Angelidaki ez al.
1990, Demeyer and Henderickx 1967, Hanaki et of. 1981, Koster 1987, Rinzema et al.
1993%) or via adsorption by bentonite (Angelidaki ez al. 1990). Calcium, however, does not
prevent wash-out of granular sludge from UASB reactors (Rinzema 1988), and cannot abate
inhibition when the microorganisms are already exposed to LCFAs for a few minutes (Koster
1987). Rinzema er al. (1993") suggested the use of an expanded granular sludge bed (EGSB)
reactor, i.e. a reactor similar to a UASB reactor but operated at higher upflow velocities, in
order to increase the rate of degradation of lipids via enhanced mixing, and thus, abate their
inhibitory effect. Hwu ef al. (1997) suggested the application of thermophilic anacrobic
treatment for lipid containing wastewater because, although thermophilic methanogens are
more susceptible towards LCFA inhibition than the mesophilic ones, LCFA degradation rates
are higher under thermophilic conditions, and thus, when inhibition occurs, the recovery
period is shorter than that in mesophilic conditions.
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Adaptation of sludge to LCFAs was considered in some studies. The results of Angelidaki
and Ahring (1992), Hanaki et al. (1981), and Rinzema ef al. (1994) indicate that mesophilic
and thermophilic bacteria cannot adapt to LCFAs. Methanogenic sludge already pre-exposed
to LCFAs are still inhibited by LCFAs. Hwu (1997) suggested that during start-up of
continucus reactors, the LCFA concentration in the influent must be low enough to allow
retention of LCFA degraders in the reactor, hence, prevent LCFA accumulation.

Little is known about the effects of LCFAs and neutral lipids on hydrolysis of suspended
solids in anaerobic reactors although LCFAs are known to inhibit growth of varicus
microorganisms, including several non-methanogenic bacteria (Koster and Cramer 1987).
LCFAs are inhibitory to the 8-oxidation of themselves (Hanaki er al. 1981).

5.4. Two-phase Anaerobic Treatment Systems

To prevent sludge flotation and inhibition of methanogenesis caused by lipids, especially in
high-rate anaerobic reactors, two-phase anaerobic systems or pre-removal of lipids are
suggested for the treatment of wastewaters containing high lipid levels (Hanaki er al. 1990,
Kumatsu ef af. 1991, Perle er al. 1995, Hawkes ef al. 1992, Sayed et al. 1993). Two-phase
systems are employed also for the following purposes: (1} optimizing the environmental
conditions for the different anaerobic processes, i.e. hydrolysis and acidogenesis in the first
phase and acetogenesis and methanogenesis in the second phase, so that an imbalance
between the different groups of anaerobic bacteria, which may take place in one-phase
systems, could be prevented (Ghosh 1987); (2) preventing digester foaming which could lead
to many serious operational problems (Ghosh 1991); (3) enhancing sludge granulation in
methanogenic reactor (Shin er al. 1992}; and {4) preventing shockloads in terms of hydraulic
and/or organic loading rates, temperature, and pH (Norman and Frostell 1977). Phase
separation can be achieved by controlling the pH to acidic levels (Shin et al. 1992) or by
applying short hydraulic retention time (Lin and Quyang 1993) or solid retention time (Zhang
and Noike 1991).

As in the treatment of raw sewage in a two-phase UASB system (Wang 1994), the first phase
raises the level of dissolved COD and volatile fatty acids (VFASs) in the influent of the second
phase and stabilizes the produced sludge to some extent. With wastewaters containing high
lipid levels, the first phase serves mainly to remove the suspended solids, especially the
lipids. However, hardly any lipid degradation occurs in the first-phase reactor (Kumatsu et
al. 1991, Hanaki et al. 1990). The removal of lipids in acidogenic reactors is probably due
to lipid adsorption or co-precipitation with other settleable or coagulable components of the
wastewater. For instance, in the treatment of dairy wastewater under acidogenic conditions
in an uptlow anaeorobic reactor, Zeeman et al. (1997) hypothesized that lipids are removed
via co-settling with casein, the main protein in the wastewater, that precipitates at its
isoelectric point. In the degradation of dairy wastewater, a pH as low as the isoelectric point
of casein can be attained due to the production of volatile fatty acids from lactose
degradation.



General Introduction 21
5.5. Inhibition by NH,* and NaCl

High amounts of NH,* may be generated from the degradation of proteins and NPN
compounds in fish processing wastewaters. Low NH,* concentrations have a beneficial effect
on anaercbic processes as NH,* is an important nutrient source for the anaerobic bacteria
(McInerney 1988). At high concentrations, it inhibits methanogenesis (Hobson and Shaw
1976, Koster and Lettinga 1984, Soto et al. 1991, Van Velsen 1979, Zeeman 1991). This
inhibition effect is attributed to the free NH, (present in equilibrium with NH,™) which is
toxic at concentrations beyond 80-150 mg.1" (De Baere et al. 1984, McCarty and McKinney
1961). Since NH,-NH,* equilibrium is pH and temperature dependent, NH,” inhibition is
also related to these factors (Angelidaki and Ahring 1994, Koster and Koomen 1988). The
NH," tolerance level of sludge can be improved by adaptation (De Baere e al. 1984, Koster
1986, Koster and Lettinga 1988). The results of Zeeman (1991) and Van Velsen (1981) on
the digestion of animal wastes indicate that NH,* also inhibits the hydrolysis of suspended
solids.

NaCl may affect biochemical processes via its effect on enzyme activity and the bacteria
which carry out these processes using intracellular and extracellular enzymes. NaCl inhibition
on non-halophilic bacteria is hypothesized to be due te (1) dehydration as a consequence of
increased osmotic pressure, (2) inhibition of the activity of imtracellular enzymes thus
affecting bacterial metabolism, and (3) a physical effect on bacterial cell walls that leads to
inhibited cell wall functions (Larsen 1962). Salt tolerance vary between microorganisms
(Larsen 1962). De Baere et al. (1984) and Lema ef al. (1987) showed the possibility of
adapting the methanogenic sludge to high concentrations of NaCl.

6. Hydrolysis of Lipids and Proteins
6.1. Factors Affecting Hydrolysis

Several factors are found to affect the rate of hydrolysis of different biopolymers: pH,
temperature, oxygen concentration, seeding, and the occurrence of methanogenesis.

pH

The optimum pH for the hydrolysis of particulates is near neutral. The hydrolysis rates of
both nitrogenous and carbohydrate COD increase at increasing pH, e.g. the digestion of
primary sewage sludge at 35°C as compared at pH range 5.1-6.7 (Eastman and Ferguson
1981) and brewery wastewater at pH range 4-7 (Suzuki e al. 1997). At 30°C and in the pH
range 5.3 to 7.0, Breure and Van Andel (1984), found that the rate of hydrolysis of gelatin
and the specific hydrolytic activity in an anaerobic reactor increase at increasing pH.
Hydrolysis rate is negatively affected by very low pH (Henry et al. 1987). In the acid-phase
digestion of mixed primary and waste activated sludge, the optimum pH for hydrolysis and
acidogenesis, is found to be 5.5-6.5 by Ghosh (1987) and Henry et al. (1987) for both
mesophilic (35°C) and thermophilic (55°C) cultures, respectively. Within the pH and
temperature ranges of 5-7 and 35-55°C, Perot er al. (1988) determined the optimum
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conditions for the hydrolysis of a mixture of primary and waste activated sludge at pH 6.8
and 50°C.

Temperature

The growth rate of microorganisms is generally higher under thermophilic conditions than
at mesophilic and psychrophilic conditions. Hydrolysis rates of proteins and lipids are higher
at thermophilic than those at mesophilic conditions (Ghosh 1987, Henry er al. 1987). Within
the mesophilic temperature range, the rate of hydrolysis of particulates increases at increasing
temperature, ¢.g. suspended COD in sewage at temperature range 10-30°C (Wang ef al.
1995) and carbohydrate in brewery wastewater at the range 20-40°C (Suzuki er al. 1997).

Oxygen concentration

At 20°C and 30°C, Henze and Mladenovski (1991) and Wang et al. (1995), respectively,
showed that the hydrolysis rate of particulate matter in sewage is higher at aerobic conditions
than that at anaerobic conditions.

Seeding and methanogenesis

The occurrence of methanogenesis appears to enhance the hydrolysis of proteins and lipids.
Wang er al. (1995) found that the hydrolysis of sceded sewage is faster than that of unseeded
sewage and attributed this to a higher concentration of methanogenic bacteria that reduce the
concentration of intermediate products. During the acidification stage in the digestion of
unseeded sewage sludge, i.e. the period where mainly formation of acids occurs and there
is hardly any methanogenesis, only a very limited reduction in total lipids, i.c. neutral plus
LCFAs, occurs (Heukelekian and Mueller 1958).

6.2. Aspects of Hydrolysis

Hydrolysis may be considered a multi-step process that includes production of extracellular
enzymes by the acidogens, and catalysis involving these enzymes and complex substrates.
It is reasonable to expect that the above factors, £.g. pH, temperamre, and sceding, affect
hydrolysis via their effect on the acidogenic bacteria, bacterial production of hydrolytic
enzymes, enzyme activity, and the nature of the macromolecules, i.e. the susceptibility of
the molecule to enzymatic attack.

Acidogenic bacteria

Acidogens probably play an important role in hydrolysis. They produce the necessary
extracellular enzymes and degrade the products of hydrolysis. However, it is not known
whether the acidogenic population and their growth are related to enzyme activities. Although
enzymes are regenerated after a catalytic process, they may be irreversibly deactivated. The
acidogens are probably important in replenishing the required enzymes. The stimulus for the
excretion of lipases and proteases by bacteria is not known. The most logical reason is their
need for monomers as carbon and nutrient source. Therefore, scarcity in assimilable substrate
may stimulate them to produce hydrolytic enzymes in the presence of the macromolecules.
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According to the review of Holzer and Heinrich (1980), deprivation of amino acids as a
carbon source increases the rate of protein degradation in bacteria. The degradation of these
monomers, €.g. amine acids, must be related to the growth of the acidogens.

The acidogens that predominate in anaerobic environments are of the genera Bacreroides,
Clostridium, Butyrivibrio, Eubacterium, Bifidobacterium, and Lactobacillus (Mclnerney 1988,
Siebert and Toerien 1969, Toerien and Hattingh 1969). The known lipolytic bacteria are
Anaerovibrio lipolytica, Butyrivibrio fibrisolvens, Clostridium botulinum, C. perfringens.
Eubacterium spp., Treponema phagedenia, T. denticola, T. refringins, T. minutum, T.
vicentii, and Borrelia spp. (McInerney 1988). The known proteolytic bacteria include
different species: Bacteroides spp., Bifidobacterium spp., Butyrivibrio spp., Clostridium spp.,
Eubacterium spp., Lachnospira spp., Peptococcus anaerobicus, Selenomonas spp.,
Staphylococcus spp., and Streptococcus spp. (in rumen, digesters, eutrophic lake, and sewage
sludge); Thermobacteroides proteolyticus (tannery waste and cattle manure); and Thermofilum
pendens and Thermococcus celer (casein, peptides, tryptone) (McIlnerney 1988). The
predominant proteolytic bacteria are the Clostridium spp. (Mclnermey 1988, Siebert and
Toerien 1969). Some of them are associated with the spoilage of meat and canned products,
e.g. C. perfringens, C. bifermentans, C. histolyticum, C. botulinum, and C. sporogenes
{Amano 1962, Mclnerney 1988). Some Lactobacillus, Flavobacterium, Bacillus,
Micrococcus, and Pediococcus species are found responsible for the hydrolysis of proteins
and lipids and giving the typical flavor in the preparation of fermented fish products (Amano
1962, Sikorski and Ruiter 1994). Fish fermentations are done under anaerobic conditions and
high NaCl concentrations, i.e. 10-20 weight percent. Some bacteria, e.g. Pseudomonas sp.
(Adachi er al. 1993), produce lipoprotein lipase.

As in ruminant animals, symbiotic microbial digestion occurs in the forestomach of marine
amimals. Most of the indigenous bacteria found in the forestomach of minke whale are
lipolytic, gram-positive and strict anaerobes, e.g. mostly Lactobacilius spp., Streptococcus
spp.. and Ruminococcus spp., and also some Coprococcus spp.. Peptostreptococcus sirains,
Eubacterium spp., and Sarcina strain (Olsen et al. 1994). It is reasonable to expect that
proteins and lipids in fish processing wastes are partly hydrolysed by extracellular enzymes
from acidogenic bacteria in the raw fish itself. The acid producing bacteria found by Olsen
et al. (1994) in freshly caught and homogenized herring (Clupea harengus) are mainly of the
genera Pediococcus, Aerococcus, Lactobacillus, Streptococcus, and Bacteroides. They are
facultatively or strictly anaerobes, 60% and 40% respectively of the strains, mostly gram-
positive, mostly cocci, and able to grow at 35°C. The viable population of anaerobic
acidogenic bacteria in homogenized fresh herring is very low (57-95 cells per gram)
compared to that found in anaerobic digesters, e.g. 2.55-7.0 x 10* lipolytic and 1.0 x 10’
proteolytic bacteria per ml sewage sludge (Novaes 1986).

The optimum pH, temperature, and nutrient conditions for the growth of lipolytic and
proteolytic acidogenic bacteria are not very well known, Toxicity effects of ions and other
compounds in wastewaters on acidogens are not known. While some ions may serve as
nutrients for acidogens, some ions, e.g. Na* and CI', may have negative effects on cell walls
or physiological activitics. The inhibition mechanism of LCFAs on methanogens, i.e. via
adsorption on bacterial membrane, may similarly affect some acidogenic bacteria.



24 Chapter |

Enzyme production

Accumulation of hydrolysis products may indirectly affect the rate of hydrolysis.
Accumulation of amino acids from protein hydrolysis suppresses the production of protease
(Doi 1972, Glenn 1976), while deprivation of amino acids or a carbon source induces
protease production in bacteria (Holzer and Heinrich 1980). The production of protease by
B. megaterium and B. licheniformis is controlled via repression by end products, e.g.
isoleucine or threonine, or via repression by catabolites, e.g. glucose, respectively (Bull
1972). Similarly, the synthesis and excretion of lipases are regulated either via end product
repression or end product inhibition, i.e., LCFAs from lipid hydrolysis either represses or
inhibits lipase production (Bull 1972). Lipase production is not a function of temperature, cell
growth, or cell concentration (Kramer 1971),

When hydrolysis products such as LCFAs and amino acids inhibit the activity or production
of enzymes, the hydrolysis process may benefit from the syntrophic association between H,-
consuming methanogens and H,-producing acetogens that are respensible for the degradation
of LCFAs and some amino acids. When the growth of H,-producing acetogens is stimulated,
the removal rates of these hydrolysis products are hastened, and as a consequence, preveni
an inhibitory build-up of LCFAs and amino acids.

Enzymes and enzyme activity

As enzymes are also protein molecules, their tertiary structure may be similarly affected by
pH, temperature, and ionic concentrations. Some compounds, extremes of pH and
temperature conditions alter the tertiary structure of enzymes and may render enzymes
inactive. Proteases vary with respect to their pH optima and ability to stand temperature
changes or extremes in temperature,

It is interesting to note that proteases of each pH group can be found in fish tissues: pepsin,
cathepsin, carboxypeptidase A, trypsin, and chymotrypsin (Haard et af. 1994). The
predominant proteases in fish are those found in the digestive tract, e.g. trypsin and
chymotrypsin which are alkaline proteases (Haard ef al. 1994, Sikorski and Ruiter 1994).
Lipase activity is also found in fish, predominantly at the digestive tract. The postmortem
changes in fish and the proteolysis in the preparation of fish hydrolysates are attributed to
these hydrolytic enzymes (Haard et al. 1994).

Lipolytic activity generally takes place at interfaces. In water, lipases have a very low
activity towards dissolved substrates (Martinelle and Hult 1994). Studies on lipases are
mostly done outside the environment of the microorganisms that produced them. Lipase
kinetics that are derived from these studies are described by Semereva and Desnuelle (1979)
and Martinelle and Hult (1994) as follows. The hydrolysis of lipids by lipases starts with
adsorption, generally considered to be reversible and occurring in equilibrium. The adsorbed
enzyme is activated at the interface, followed by the binding of the substrate at the surface
to the enzyme. The second step involves orientation and conformational changes in the
enzyme. Lipase activity and specificity vary among microorganisms, particularly with respect
to the type of LCFA component and its position in the triglyceride (Kramer 1971).
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As an interfacial phenomenon, lipolysis is a function of the "concentration’ and the quality
of the interface, e.g. the hydration of the lipid molecules lying at the interface. Lipase
activity increases at increasing surface pressure (Semeriva and Desnuelle 1979). Considering
the above catalytic mechanism, lipase activity may be inhibited by an accumulation of
hydrolysis products at the interface which may induce changes in the physical and chemical
properties of the interface (Martinelle and Hult 1994). At low concentrations, bile salts and
surfactants prevent lipase denaturation but at high concentrations, they inhibit the binding of
the enzyme at the interface. Some proteins such as bovine serum albumin also inhibit the
adsorption of lipase at interface (Martinelle and Hult 1994).

The adsorption of extracellular enzymes, i.e. lipases as well as proteases, on surfaces is
determined by the enzyme-surface interaction, dehydration of the interface. and structural
changes in the enzyme upon adsorption. Enzyme-surface interactions include electrostatic
attractions which are dependent on pH and ionic concentrations. Dehydration of interface
promotes adsorption (Duinhoven 1992, Semereva and Desnuelle 1979).

Considering the mechanisms of hydrolysis by enzymes, which generally act on surfaces, it
is expected that small particles with a high surface-to-volume ratio will be hydrolysed faster
than large particles, and slowly-degrading or non-degradable materials will retard the
hydrolysis of particulates to which they are adsorbed or associated. The possibility of
enhancing hydrolysis of proteins and lipids by increasing the concentration of the interface,
such as decreasing particle size and using emulsifiers, in anaerobic reactors are not yet
explored.

The feasibility of using purified and immobilized hydrolytic enzymes, as in many food
industries, to augment the lipase and protease activities are not yet tested in anaerobic
reactors. The fate of extracellular enzymes, i.e. whether they are retained or washed-out, in
high-rate anaerobic reactors such as UASB, FB, and AF reactors is not known. Possibilities,
€.g. suitable reactor design, for preventing accumulation of hydrolysis products are yet to
be explored.

Nawre of complex waste

The degradation of complex wastes depend on their characteristics such as polarity in the
case of lipids (i.e. polar lipids are more-fastly degraded than non-polar lipids. Henze and
Harremoes 1983), and, solubility, kind of end group, and tertiary structure in the case of
proteins (Mclnerney 1988). Less soluble proteins are more slowly degraded than those that
are highly soluble. Modification of the tertiary structure of proteins by chemical treatment
or heating prevents protein degradation in rumen (McInerney 1988). Coagulation of proteins,
as well as lipids, decreases their hydrolysis rates (Dentel and Gossett 1982). This effect in
protein degradation can be due to the change in the tertiary structure of the protein molecule
involved in the coagulation. The structure and solubility of proteins both depend on some
environmental factors: temperature, pH, and ionic concentrations (see Section 4).

Among the different macromolecules, lipids are considered to be the most difficult to degrade
(Eastman and Ferguson 1981, Sarada and Joseph 1993). Protein hydrolysis is usually stower
than that of carbohydrates (Pavlostathis and Giraldo-Gomez 1991). Among carbohydrates,
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cellulose is more difficult to degrade than soluble starch and glucose (Pavlostathis and
Giraldo-Gomez 1991).

7. Scope of this Dissertation

The importance of fish processing industries in the Philippines was earlier discussed (Section
1). While there are research activities geared towards conversion of the presently considered
solid and slurry wastes into valuable by-products, there is hardly any study in the country
that deals with finding more cost-effective ways of minimizing the polluting effects of fish
processing wastewaters on receiving lakes and coastal waters. Since these wastewaters
contain high concentrations of biodegradable organic matter, a treatment system composed
of an anaerobic process as the main treatment step followed by an appropriate post-treatment
may be more feasible than the conventional aerobic processes, considering the prospects of
net energy production and the other advantages of the former over the latter. For fish
canneries operating on limited profit and plant space, high-rate treatment systems such as
UASB reactors are suitable alternatives. Hydrolysis is considered the rate-limiting step in the
overall anaerobic digestion process, as earlier discussed, but there is little knowledge on the
effects of environmental factors and operating parameters on this step, especially in treating
wastewaters containing high concentrations of lipids and proteins. Hence, this study considers
the possibilities for treating fish processing wastewater via an anaerobic method and gives
special emphasis on the hydrolysis of suspended solids in the wastewater.

Results of batch experiments on the effects of pH, presence of seed sludge, occurrence of
methanogenesis, lipid level, NH,*, and NaCl concentrations on lipid and protein hydrolysis
at mesophilic conditions are presented in the next three chapters (Chapters 2, 3, and 4).
The particular case of fish canning industries in the Philippines is considered in selecting
temperature conditions, ranges in ammonium and NaCl concentrations, and wastewater
composition.

In Chapter 5, the performance of single-stage UASB reactors is compared for fish wastewater
having different lipid and NaCl levels. The results of Chapters 2, 3, and 5 strongly suggest
the need to remove lipids from the wastewater prior to treatment in a UASB reactor. In
Chapter 6, the results of continuous experiments on the application of an upflow substrate
precipitation and entrapment system as a pre-treatment step or as the first stage of a two-
phase anaerobic process are presented. The roles of pH and solid retention time in the
removal of lipids are discussed.
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Chapter 2

Anaerobic hydrolysis of proteins and lipids in fish processing
wastewater: Effects of pH and methanogenesis

ABSTRACT

Fish processing wastewaters contain high levels of organic matter which are mainly
suspended solids. In the anaerobic digestion of such complex wastes, hydrolysis is usually
the rate-limiting step. The effects of pH and the presence of methanogenic seed sludge on
their degradation may be significant in fish wastewater. Thus, the course of anaerobic
digestion was followed in batch reactors with wastewater prepared using Indian sardines
(Sardinella longiceps) simulating the wastewater generated in sardine cannery. Protein
hydrolysis occurred at all the applied pH values (4-9) with or without methanogenic seed
sludge. The rate of protein hydrolysis was higher at pH = 6 than at lower pH values.
Protease activity increased at increasing pH except at pH 8 where a significant decrease is
shown. It appears that lipid hydrolysis was enhanced by methanogenesis as lipid hydrolysis
occurred in the presence of methanogenesis and at pH = 6. pH affected both the occurrence
and the rate of lipid acidification. In an experiment where long-chain fatty acids and total
lipids were measured, hardly amy lipid hydrolysis occurred at pH 4 while both lipid
hydrolysis and acidification occurred at pH 8.

Keywords - acidification, anaerobic wastewater treatment, fish processing wastewater,
hydrolysis, lipids, long-chain fatty acids, methanogenesis, pH, proteins

INTRODUCTION

The composition of fish processing wastewater varies with respect to the levels of soluble and
insoluble organic matter (proteins, fats, and carbohydrates), and the levels of cations and
anions, such as CI', SO*, PO,* (Nair 1990, Soto et al. 1991, Soto et al. 1993, Lema et al.
1987, Veiga et al. 1994). Application of high-rate anaerobic systems for this type of
wastewater may require a pre-removal or pre-hydrolysis of suspended solids in order to abate
problems in the methanogenic reactor caused by the insoluble fraction, such as sludge
flotation and inhibition of methanogenic activity. In order to determine how such systems
should be designed and operated, knowledge of the effect of different factors on hydrolysis
is necessary. So far, no studies yet focussed on anaerobic hydrolysis of lipids and proteins
in fish wastewater.
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Anaerobic digestion of proteins and lipids

Anaerobic digestion of proteins and lipids is carried out by different types of bacteria
coexisting in syntrophic interdependence, i.c., the product of one is consumed by another
bacteria. Proteins are firstly hydrolysed by extracellular enzymes, e.g. peptidases and
proteases produced by acidifying bacteria, to amino acids. Amino acids are degraded to
short-chain or branched-chain fatty acids with the production of ammonia via different
pathways. Pairs of amino acids are degraded via coupled oxidation-reduction known as
Stickland reactions carried out by the majority of the known Clostridium species. Single
amino acids, e.g. glutamate and leucine, are also degraded via hydrogen-producing pathways
(Barker 1961, Barker 1981, McInerney 1988). The importance of interspecies hydrogen
transfer between hydrogen-producing and hydrogen-consuming bacteria for the complete
degradation of some amino acids, e.g. valine, leucine, and isoleucine, was proposed by
Orlygsson et al. (1994). Some bacteria can acidify amino acids via the Stickland reaction or
via the hydrogen-producing pathway (Orlygsson ez al. 1994). Other studies on this syntrophic
relation are included in the review of McInerney (1988). Produced short-chain and branched-
chain fatty acids are further converted to acetate.

Lipids are hydrolysed by extracellular enzymes produced by acidifying bacteria to long-chain
fatty acids (LCFA) which are degraded via $3-oxidation by hydrogen-producing acetogenic
bacteria. Methane is produced from acetate by acetotrophic methanogens and from hydrogen
and carbon dioxide by hydrogenotrophic methanogens (Hanaki ef al. 1981, McInerney 1988,
Pavlostathis and Giraldo-Gomez 1991). The presence of these hydrogenotrophic methanogens
is known to enhance the growth of hydrogen-producing acetogens such as the §-oxidizers.

Hydrolysis is usually considered as the rate-limiting step in the overall process (Eastman and
Ferguson 1981, Pavlostathis and Giraldo-Gomez 1991). Nature of proteins, i.e. solubility,
tertiary structure, and kind of end group, and pH affect protein hydrolysis (Mclnerney 1988).
Little is known about the effect of different factors on lipid hydrofysis. This study aimed to
determine the effects of pH and methanogenesis on hydrolysis of proteins and lipids in fish
wastewater. Considering the known interdependence between groups of bacteria, it may be
hypothesized that the effect of pH on hydrolysis may be direct or indirect. It may directly
affect growth of acidogenic and methanogenic bacteria, enzyme activity, and stability of
protein structure. As hydrogenotrophic methanogenesis can stimulate growth of hydrogen-
producing bacteria, it may also have an important role in the complete hydrolysis of lipids
and proteins.

MATERIALS AND METHODS

Set-up of the batch experiments

The pH, initial (day 0) wastewater compositions and amounts of inoculant for the different
experiments are summarized in Table 2.1. Experiment 1 was performed to determine the
effect of pH on hydrolysis in the absence of methanogenesis. Sludge from an anaerobic
reactor treating brewery wastewater (Asia Brewery, Philippines) was used. Bromoethane
sulfonic acid (BESA) was used as a specific methanogenic inhibitor (Florencio et al. 1994).
Continuously-stirred 12-liter batch reactors were placed in a room where temperature is
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controlled at 30+2°C. In 4 reactors, pH was controtled manually at 5, 6, 7, and 8 every day
using 12 M NaOH and 12 M HCI solutions. In one reactor, pH was not controlied nor buffer
was added. Inoculant sludge and BESA were also not added in order to determine the rate
and extent of hydrolysis without a seed sludge. Soluble COD, volatile fatty acids (VFA) and
total NH,*-N were measured at designated sampling days.

Experiment II was performed to determine the effect of pH on hydrolysis when
methanogenesis is present. The same seed sludge was used as in experiment I but BESA was
not added. pH was controlled at 4, 5, 6, 7, and 8 in the same way as in experiment I.
Methane was measured by displacement of 3% NaOH solution using a Mariotte flask. The
same analytical tests were done in the samples.

Table 2.1: Initial composition of the wastewater, inoculant sludge and BESA used in the
batch experiments

experiment # soluble COD, mg.I" $8-COD°, mg.l* fotal seed BESA
COoD sludge’
total N VFA SNAb protein® lipig? mgl' g VSI' gl
I: pH 5-8 343 240 {4%) 353 (5%} 2060 (32%) 3700 {58%) 6360 | 53
I: no pH control 343 240 (4%) 353 (5%) 2060 (32%) 3700 (58%) 6360 0 0
II: pH 4-8 312 88 (2%) 255 (4%) 2070 (33%) 3780 (61%) 6190 ] 0
IV pH 4 and 8 450 (12%) 3740 1 0

*88-COD = suspended solids COD = total COD - soluble COD: "soluble non-acidified COD = soluble COD - VFA COD:
7.74 * total N - soluble COD (Haard et af. 1994, Sikorski 1994, Suzuki 1981); 2.89 * lipids (Kinsella 1987): “specific
methanogenic activity = 0.7 g COD. g' V8. d”; values in parentheses are percentages of total COD.

In experiment III, protease activity was determined in mixtures of (a) fish wastewater and
anaerobically digested primary sludge and (b) same mixture but with dissolved casein added
at different pH conditions. pH was firstly adjusted in each of the 250-ml serum flasks
containing tap water by addition of 6 M NaOH and 6 M HCI before adding fish slurry. Equal
amounts of fish slurry (stored for 1 day at 4°C) were added to all flasks in order to obtain
12.6 g.I' (wet weight) fish meat. The same amounts of sludge were added. Readjustment of
the pH was done after addition of the fish slurry and studge. On one pair of sample, casein
was added, while on another pair, demineralized water was added instead of casein. For the
measurement of protease activity, the samples were incubated for 2 hours at 30°C and the
hydrolysed substrate before and after incubation was spectrophotometrically measured at 280
nm through l-cm light path using tryptophan as reference. Toluene was added before
incubation to inhibit both the consumption of hydrolysis products and the production of
enzymes during incubation (Boschker er af. 1995). At the end of incubation, trichloroacetic
acid was added to have a resulting 9.1% concentration in order to inhibit enzyme activity.

Lipid hydrolysis and acidification were compared at extreme pH values (4 and 8) in
experiment IV. To avoid loss in lipids due to adsorption to reactor walls, the whole content
of a replicate flask was taken as a sample. Two sets of 18 serum flasks containing wastewater
of the same volume (0.50 1) and concentration were kept at 30+2°C. In each set, pH was
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controlled manually every day as in experiments I and II. Each sampling day, 2 flasks of
every set were randomly selected for total lipids and LCFA analyses. After filtering the
whole content, the flask was dried (103°C) and washed by shaking with extraction solvent.
Lipids were extracted from the washings and the dried filtered solids.

Wastewater preparation and nutrients

All the wastewaters used in the experiments were prepared using raw Indian sardines
(Sardinelia longiceps) to simulate the soluble and the insoluble components of wastewaters
generated from fish (sardines) canneries. Raw fish (all parts included) were cut into small
pieces using a blender equipped with blades in 1 minute with water (160 g fish/400 ml
water). The resulting mixture was sieved (1-mm pores) and was diluted with tap water to the
desired COD concentration. In all the batch reactor experiments, macro-nutrients
(concentrations in mg.1"': 280 NH,CI, 250 KH,PO,, 100 MgSO,.7H,0, 10 CaCl.2H,0) and
trace elements (concentrations in ug.I"': 483 Fe[III], 450 Co, 140 Mn, 11 Cu[II], 24 Zn, 25
Ni) were added.

Analytical methods

Total chemical oxygen demand (COD) was determined by the dichromate reflux method
(APHA 1992). Samples for soluble COD analyses were filtered (0.45 um, MFS cellulose
nitrate) and digested in 20-ml covered digestion tubes with proportionally similar amounts
of reagents as in the above method. Total N was measured according to the Kjeldahl method
(APHA 1992). Total NH,*-N was determined by nesslerization (APHA 1992) of diluted
filtered (0.45 um) samples. Absorbance was measured at 425 nm through I-cm light path.
Analyses were duplicated. For each set of measurements, the same procedures were applied
to a set of 2-3 blanks. Volatile fatty acids (VFA) were determined on diluted samples (1:1
with 3% formic acid) using gas chromatograph with flame ionization detector, equipped with
6mm x 2mm x 2m glass column with 10% Fluorad 431 on Supelcro - port 100-120 mesh.
The carrier gas was N, (30 mi.min’, + 2 bar) saturated with formic acid. Operating
temperatures at the oven, detector, and injector were 130°C, 280°C, and 200°C,
respectively.

Lipids were determined according to the Soxhlet extraction method (APHA 1992) using
petroleum ether (40-60°C boiling point) as solvent and Whatman filter paper No. 40 and
diatomaceous-silica for filtering. LCFAs were separated from neutral fats by running lipids
(redissolved in chloroform) through aminopropyl columns (Bond Elut, bonded phase: NH,,
500 mg/column) and analysed on the gas chromatograph using WAX 58, Chrompack
C80C24 (Kalunsy et al. 1985).

RESULTS

Hydrolysis at different pH values with and without methanogenic seed sludge

The course of hydrolysis, acidification, methanogenesis and NH,*-N production in
experiments [ (without methanogenesis) and II (with methanogenesis) is illustrated in Fig.
2.1. Results show that protein hydrolysis (as depicted by the NH,*-N production) occurred
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at all the applied pH values, in the presence or in the absence of seed sludge and with or
without methanogenesis at rates which are higher at pH > 6 than at pH 4 and 5. The pH of
the wastewater to which seed sludge was not added and of which pH was not controlled
spontaneously decreased from 6.2 to 5.5 on day 3, increased again and reached 6 on day 10
and 6.2 on day 25 (data not shown). The calculated first-order rate constants (k,) for protein
hydrolysis at the different pH and seeding conditions are summarized in Table 2.2.
Comparison of these values shows that (a) without methanogenesis, k, values at pH 6, 7, and
8 are significantly higher (p<0.05) than at pH 5, (b) with methanogenesis, k, value at pH
8 is significantly higher than at pH 4, 5, 6 and 7, (c) increase in k, when methanogenesis
was present (compared to without methanogenesis) was only significant (p <0.005) at pH 8.
At pH 6, comparison among k, values without seed sludge, with seed sludge but without
methanogenesis, with seed sludge and with methanogenesis shows no significant differences
(p>0.05). Comparing these k; values at pH 6 to the k, values at pH 5 (with and without
methanogenesis) shows significant differences (p<0.05) between pH 5 and pH 6. Protein
biodegradability does not vary significantly among different pH and seeding conditions.

Without methanogenesis, NH,*-N production followed the same course as total acidification
(Fig. 2.1). However, the presumed acidified protein COD equivalent of NH,*-N, i.e. 7.74
* NH,*-N (based on composition of fish proteins, Haard et al. 1994, Sikorski 1994, Suzuki
1981) was higher than the measured total acidified COD. In day 15 and at pH 7, the former
was 1540 mg.l* while the latter was 1400 mg.l". This indicates that, probably, in the
degradation of amino acids, NH," is firstly produced before the branched-chain or short-
chain fatty acids. After 15 days, both the hydrolysed and acidified COD only slowly further
increased with time while butyrate and propionate (data mot shown) were not further
converted to acetate, indicating that the conditions are thermodynamically unfavorable to
hydrogen-producing acetogenesis such as §-oxidation of LCFA. Thus, the total acidified
COD probably represents mainly acidification of proteins.

With methanogenic seed sludge and in absence of BESA, the hydrolysed and the acidified

COD beyond day 135 increased further at pH 6, 7, and 8 while the increase in NH,*-N

production remained nearly the same (and only slowly increased with time) as at the other
pH conditions. The total acidified COD exceeds the equivalent acidified protein COD of the

produced NH,*-N (Fig. 2.1), ¢.g. at pH 7, the former increased from 29% (percent based
on initial total COD) in day 12 to 67% in day 26 while the latter increased from 23% to 31%

in the same period. Moreover, the former exceeds the total percent soluble plus protein-SS

COD (6%+33%) in the wastewater. This indicates that aside from proteins, other
components of the wastewater, i.e. lipids, were hydrolysed and acidified. The rate of
hydrolysis, acidification and methanogenesis (as indicated by their respective slopes in Fig.

2.1 and summarized in Table 2.3) increased with increasing pH at pH = 6. When lipid

hydrolysis was occurring aside protein hydrolysis, VFA concentrations remained low and
mainly consisted of acetate, i.e. 90-105 mg COD.I" at pH 6 and 60-95 mg COD.I"' at pH

7 and 8. These observed VFA levels and lower observed rates of methanogenesis (Fig. 2.1

and Table 2.3) than the methanogenic activity of the seed sludge (Table 2.1) indicate that
methanogenesis is not rate-limiting.
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Table 2.2: First-order hydrolysis rate constants (k,) for proteins in the batch experiments at
different pH and seeding conditions

ky (d) k, {d") k, (d")
no methanogenic seed sludge with methanogenic seed sludge  with methanogenic seed sludge
pH no BESA with BESA no BESA
ne pH control with pH control with pH control
4 - - 0.086 (c)
5 - 0.081 {c) 0.083 (<)
6 0.092 (b)* 0.119 (b) 0111 (b
7 - 0.139 {b) 0.094 (be)
8 - 0.110 (b) 0.177 (@)
time’ (d) 0-23 0-23 0-26
S” 0.79 0.79 0.81

“time range in the baich experiment and *biodegradable fraction (maximum produced NH,'-N/organic N) used in k,
calculations; “letters in parentheses indicate significant differences between k;, values (p<0.05) with a>b>c. Values with the
same letters are not significantly different.

Table 2.3: Rates (g COD.g'VS.d") of methanogenesis, acidification, and hydrolysis, and
levels (mg COD.I"") of VFA and SNA COD in days 20-30" in experiment II.

pH hydrolysis acidification methanogenesis SNA COD VFA CCD
4 nil 0.002 none 90 90
5 0.003 0.020 0.019 48 220
b 0.118 0.130 0.133 75 118
7 0.168 0.164 0.165 218 70
8 0.188 0.200 0.204 45 81

*In these period. lipid hydrolysis and acidification occur aside protein hydrolysis at pH 6, 7, and 8.

The observed drop in percent cumulative hydrolysed COD at pH 5 and 6 in days 6-9 of
experiment II was probably due to a precipitation of soluble proteins as possibly caused by
the addition of acid for pH adjustment. An unmeasured methane COD may explain some of
this decrease but such loss is minimal. Gas production is visually slow in this period. After
30 days of digestion at pH 5, gas production ceased. The decrease in acidified COD at pH
6 (experiment 1I} can not be explained by an error in methane measurement since the initial
total COD was completely recovered as methane after 59 days.

Effect of pH on protease activity

The protease activities at different pH values are shown in Fig. 2.2. With (a) only fish
proteins and with (b) both fish proteins and casein as substrates, protease activity increased
with increasing pH (4-9) except at pH 8 where a significant decrease occurred.
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Figure 2.2: Protease activity (mg tryptophan.g' dry weighth™) in a mixture of fish
wastewater and sludge at different pH (4-9), with and without casein added (experiment III:
incubation temperature = 30°C; hydrolysed substrate measured at 280 nm; the plotted values
are averages of duplicate measurements)
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Figure 2.3: Long-chain fatty acids (a = LCFA) and acidified lipids (@) as cumulative
percentage of initial total lipids at pH 4 and 8, experiment IV (acidified lipids = [total
lipids]mltiul B [tO[ﬂl lipidslsampling time)
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Lipid hydrolysis at pH 4 and 8

The amount of LCFA-COD and the calculated amount of acidified lipids at pH 4 and 8 are
shown in Fig. 2.3. While lipid acidification has not yet commenced, the percent hydrolysed
lipids, as depicted by the percent LCFA-COD, is higher at pH 8 than at pH 4. The percent
LCFA-COD remained at 6-7% at days 3-6 while at pH 4, it remained almost constant at 1-
2% at days 6-35. At pH 8, hydrolysis continued at a much higher rate once lipid acidification
commenced while at pH 4, acidification and further hydrolysis did not occur. During lipid
acidification (day 27 and 44), the amount of LCFA was negligible indicating that lipid
hydrolysis and not acidification was rate-limiting.

DISCUSSION

Protein hydrolysis occurs at all the applied pH values regardiess of the presence of
methanogenic inoculum. The hydrolysis rate of proteins is higher at pH = 6 than at lower
pH values. At pH 8, the rate of protein hydrolysis is higher with than without
methanogenesis. The effect of pH on protein hydrolysis can be the net effect of different
factors. The low pH values, 4 and 5, are below the iso-electric point (IEP) of myosin (Franks
1993) which is the main fish protein (Suzuki 1981). At the [EP, the secondary structure of
proteins is unfolded causing precipitation or decreased solubility. The effect of solubility on
the rate of hydrolysis could not be quantified within this research. Less soluble proteins have
been found to be more slowly degraded than the more soluble ones (McInerney 1988). At
lower pH, there is a higher amount of non-degraded lipids which diminish the accessibility
of proteins to hydrolytic enzymes. Similarly, as pH can alter the secondary structure of
proteins, it can also inactivate enzymes. The presented results show an increase in protease
activity as pH increases from 4 to 9. The reason for the relatively low enzyme activity found
at pH 8 is not known. Possibly, the measured activity is a result of the activities of different
enzymes having different pH optima. Among the acid and nentral enzymes in fish are pepsin,
cathepsin and collagenase (Haard er al. 1994). The activity of the enzymes found in fish
digestive organs such as trypsin and chymotrypsin (alkaline proteases) is much higher than
that of the other proteases found in fish (Sikorski and Ruiter 1994).

As the ratio of tryptophan to total fish proteins is not known, a comparison cannot be made
between the measured protease activities in experiment IV and the observed hydrolysis rates
in experiments I and II. Thus, whether protein structure or protease activity is rate-limiting
could not be assessed in the present research.

As methanogenesis and the $-oxidation of LCFA are inhibited at low pH and in the absence
of methanogenesis respectively, acidification of lipids only occurs in the presence of
methanogenic inoculum and at pH = 6. Not only the occurrence but also the rate of lipid
acidificdtion is affected by pH. It appears that lipid hydrolysis is inhibited at pH 4 while at
pH &, it temporarily stagnated but continued at a higher rate once acidification started. It can
be hypothesized that methanogenesis enhances lipid hydrolysis by enhancing the §-oxidation
of LCFAs. In our follow-up research with fish wastewater (Chapter 3), and in the research
of Sanders and Zeeman (pers. comm.) with model lipids, it appeared that in the absence of
methanogenesis, lipid hydrolysis is inhibited.
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The results of the batch experiments presented here illustrate that when applying a two-phase
continuous treatment system to fish processing and other lipid and protein containing
wastewaters, hydrolysis of proteins will occur but lipid hydrolysis cannot be expected in the
first reactor in absence of methanogenesis.

CONCLUSIONS

Protein hydrolysis occurs at all the applied pH values (4-8) regardless of the presence of
methanogenic inoculum. The rate of hydrolysis of proteins is higher at pH = 6. Lipid
hydrolysis is enhanced by the presence of methanogenesis. pH not only affects the occurrence
but also the rate of lipid acidification.
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Chapter 3

Anaerobic hydrolysis of proteins and lipids in fish processing
wastewater: Effect of lipid concentration

ABSTRACT

The concentration of lipids can be a significant factor affecting the hydrolysis of both
proteins and lipids in fish processing wastewaters. Thus, the course of anaerobic digestion
was followed in batch reactors with wastewater prepared using Indian sardines (Sardinella
longiceps) simulating the wastewater generated in fish canneries. Results showed that
increasing the lipid concentration to = 4300 mg COD.1"', the first-order rate constant for
proteins significantly decreased (p<0.05). At these concentrations, the biodegradability of
proteins also decreased. Increasing levels of initial total lipids increased the length of
methanogenic lag periods indicating an inhibition towards methanogenesis. The amounts of
lipids which were initially hydrolysed remained constant until methanogenesis had started.
At this time, further hydrolysis and acidification of lipids occurred. It appears that
methanogenesis enhances lipid hydrolysis. Thus, by inhibiting methanogenesis, high levels
of lipids (= 4300 mg COD.I") will also negatively affect their own hydrolysis.

Keywords - acidification, anaerobic wastewater treatment, fish processing wastewater,
hydrolysis, lipids, long-chain fatty acids, methanogenesis, proteins

INTRODUCTION

In anaerobic waste treatment, the hydrolysis of organic polymers such as lipids, proteins and
carbohydrates is an important subject of research because it is generally considered as the
rate-limiting step in the digestion process (Eastman and Ferguson 1981, Pavlostathis and
Giraldo-Gomez 1991). Hydrolysis of proteins is affected by solubility, kind of end group,
tertiary structure and pH (Mclnerney 1988). Little is known about the effects of different
factors on lipid hydrolysis. With fish processing wastewater, it was shown in Chapter 2 that
pH and the presence of methanogenesis both affected protein and lipid hydrolysis. Protein
hydrolysis was found to occur at all the applied pH conditions (4-9) regardless of the
presence of methanogenic seed sludge, with higher rate at pH = 6 than at lower pH values.
It was shown that lipid hydrolysis was enhanced by the occurrence of methanogenesis.

The levels of proteins and lipids in fish processing wastewater vary according to the involved
unit operations and the raw materials used (Nair 1990, Veiga et al. 1994, Wheaton and
Lawson 1985). In finfish species (sardines, herring, mackerel and tuna} which are generally
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canned (Wheaton and Lawson 1985, Palomares er al. 1986), lipids and proteins constitute
1-16% and 16-25% respectively of the total wet weight of fish (Kinsella 1987). Fatty acid
components of these finfish lipids are of 14- to 22- carbon chains most of which are
unsaturated (61-81% of the total lipids): 22-54% mono-unsatirated and 19-44% poly-
unsaturated (Kinsella 1987) while total fish protein is composed of 18-25% sarcoplasmic
(water soluble or extractable by dilute salt solutions), 70-79% myofibrillar (soluble at higher
salt concentrations), and 3-5% stroma proteins which are normally insoluble (Suzuki 1981).
As lipids can be remarkably high in the raw fish used, the lipid level in the generated
wastewater can also be considerably high.

In high-rate anaerobic treatment systems, sludge flotation and deterioration of sludge
methanogenic activity are problems often associated with the presence of lipids (Rinzema
1988, Sayed er al. 1988). Long-chain fatty acids (LCFAs} which are produced from lipid
hydrolysis are found to inhibit methanogenesis (Demeyer and Henderickx 1967, Hanaki et
al. 1981, Rinzema 1988). Different inhibition mechanisms were hypothesized, one of which
is adsorption to sludge thereby hindering substrate and product transport through the bacterial
membrane (Demeyer and Henderickx 1967). As both non-hydrolysed lipids and LCFAs have
a strong tendency towards adsorption, both may have similar inhibitory effects on
methanogens and acidogens. By adsorption, both may hinder attack of non-hydrolysed protein
surfaces by extracellular hydrolytic enzymes. Furthermore, as syntrophic interdependence is
found to exist between different anaerobic bacteria, e.g. B-oxidizers of LCFAs and
hydrogenotrophic methanogens (McInerney 1988), amino acid fermenting bacteria and
hydrogenotrophic methanogens (Mclnerney 1988, Stams and Hansen 1984), inhibited
methanogenesis may also result in inhibited hydrolysis of proteins and lipids. Therefore, this
study aimed to determine the effect of lipid concentration on the hydrolysis of both proteins
and lipids in fish processing wastewater.

MATERIALS AND METHODS

Set-up of the batch experiments

The initial (day 0) wastewater compositions in the batch experiments are summarized in
Table 3.1. In experiment I, three dilutions of the same wastewater were prepared and brought
into continuously-stirred 12-liter batch reactors, placed at 304+2°C. NaHCO, (400 mg.1'")
was added for buffering at neutral pH. Sludge from an anaerobic reactor treating brewery
wastewater (Asia Brewery, Philippines) was used for seeding (0.67 g VS.I' with specific
methanogenic activity of 0.75 g.g' VS8.d'Y). Soluble COD, volatile fatty acids (VFA) and
total NH, "-N were measured at designated sampling days. Methane (CH,) was measured by
displacement of 3% NaOH using Mariotte flasks. To avoid inaccuracies in measurement of
total lipids and LCFAs due to their adsorption to reactor walls, three sets of 0.50-1 flasks
(each set containing the same wastewater as its corresponding batch reactor)} were prepared
at the same time and kept at the same temperature as the batch reactors. Each sampling day,
2 flasks of every set were randomly taken for total lipids and LCFA analyses. After filtering
the whole content, the flask was dried at 103°C and washed with extraction solvent. Lipids
in the washings and in the dried filtered solids were determined. Experiment II was carried
out in the same way as experiment [ except that raw fish of the same species but having
different lipid contents were used in the preparation of the wastewater.
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Table 3.1: Initial wastewater composition in the batch experiments with different dilutions
of the same wastewater (I) and with wastewater prepared with fish of different lipid contents

an

experiment soluble COD, mg.I* $5-COD, mg.l" total COD  %ptotein %lipid

and reactor # total N VFA SNA® protein® lipid® mg.!! CoD coD

[-1 298 83 243 1980 2160 4460 44 48
[-2 602 166 486 4010 4310 8970 44 43
[-3 895 226 752 5950 6470 13390 44 48
{I-1 449 130 439 2910 260 3740 78 7
-2 441 132 406 2880 1040 4460 635 23
tl-3 590 145 455 3970 2560 7120 56 36

*sotuble non-acidified COD = soluble COD - VFA COD; *7.74 * total N - soluble COD (Haard et al. 1994, Sikorski 1994,
Suzuki 1981}, “2.89 * lipids (Kinsella 1987); S5 = suspended solids

Wastewater preparation and nutrients

All the wastewaters used in the experiments were prepared using raw Indian sardines
(Sardinella longiceps) to simulate the soluble and the insoluble components of wastewaters
generated from the fish canneries. Raw fish (all parts, i.¢. viscera, head, scale, bones, and
flesh, included) were cut into small pieces using a blender equipped with blades (1 minute,
160 g fish/400 ml water). The resulting mixture was sieved (1-mm pores) and was diluted
with tap water o the desired COD concentration. In all the batch reactor experiments,
macro-nutrients (concentrations in mg.1”": 280 NH,CI, 250 KH,PO,, 100 MgS0,.7H,0, 10
CaCl1.2H,0) and trace elements {concentrations in ug.1": 483 Fe[lIll], 450 Co, 140 Mn, 11
Cu(ll], 24 Zn, 25 Ni) were added.

Analvtical methods

Total chemical oxygen demand {COD) was determined using the dichromate reflux method
(APHA 1992). For soluble COD, membrane-filtered (0.45 um, MFS cellulose nitrate)
samples were digested in 20-ml covered digestion tubes with proportionally similar amounts
of reagents as in the above method. Total N was measured according to the Kjeldahl method
(APHA 1992). Total ammonium-N was determined by nesslerization (APHA 1992) of diluted
filtered (0.45 pm) samples. Absorbance was measured at 425 nm through 1-cm light path.
Analyses were duplicated, For each set of measurements, the same procedures were applied
to a set of 5 blanks. Volatile fatty acids (VFA) were determined on diluted samples (1:1 with
3% formic acid) using gas chromatograph with flame ionization detector and glass column
(2 m x 6 mm x 2mm: 10% Fluorad 431 on Supelcro-port, 100-120 mesh). The carrier gas
was N, (30 ml.min!, + 2 bar) saturated with formic acid. Operating temperatures were
130°C, 280°C, and 200°C at the oven, detector, and injector, respectively.
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Lipids were determined according to the Soxhlet extraction method (APHA 1992) using
petroleum ether (40-60°C boiling point) as solvent and Whatman filter paper No. 40 and
diatomaceous-silica for filtering. LCFAs were separated from neutral fats by running lipids
(redissolved in chloroform) through aminopropyl columns (Bond Elut, bonded phase: NH,,
500 mg/column) and analysed on gas chromatograph using WAX 58, Chrompack C30C24
(Kaluzny er al. 1985).

RESULTS

The course of hydrolysis, acidification, methanogenesis and ammonium-N production in
experiment I and II is illustrated in Fig. 3.1 while the calculated first-order hydrolysis rate
constants for protein at different initial lipid concentrations are compared in Table 3.2, At
an initial total lipid concentration < 4310 mg.l', the course of protein hydrolysis (as
depicted by the ammonium-N production) and the k, for protein hydrolysis (Table 3.2) did
not vary significantly at an increasing initial total lipid concentration. At an initial total lipid
concentration = 4310 mg.1", the k, of protein hydrolysis was significantly lower (p <0.05)
than at lower lipid concentrations. The maximum amount of ammonium-N produced was also
lower indicating decreased biodegradability of proteins at these lipid levels. At lower lipid
concentrations (<4310 mg.1"), the hydrolysed and acidified COD increased further while
the produced ammonium-N remained almost constant with time indicating that lipids, aside
from proteins, were also hydrolysed and acidified. At higher lipid concentrations (= 4310
mg.1"), the course of hydrolysis and acidification remained the same as the course of
ammonium-N production, i.e. both became ’stagnant’ after the initial fast phase, which
means that within 40 days, only proteins were degraded. This observation agrees with the
lipid measurements shown in the same figure (Fig. 3.1).

Table 3.2: First-order hydrolysis rate constants (k,) for protein at different initial protein and
lipid concentrations

experiment COD (mg.l")

and ky () t (d) Sy
reactor # protein-S8 lipid total

I-1 1980 2160 4460 0.186 0-19 0.90
-2 4010 4310 3970 0.109 ** 0-19 0.90
-3 5950 6470 13390 0.086 ** 0-19 090
1II-1 2910 260 3740 0177 0-10 0.9¢
1I-2 2880 1040 4460 0.152 0-32 0.90
11-3 3970 2660 7120 0.189 0-16 087

*time range where k, was calculated; "the biodegradable fraction used in k, calculation (obtained maximum ammoniuvm-N
as a fraction of initial organic N); ** indicates that k,, value is significantly lower than the other values shown in the same
table (p<0.05)

It is shown (Fig. 3.1) that there was no increase in the hydrolysed lipids during days 10-25
in the wastewater with 2160 mg.1" lipid COD and during days 25-55 in the wastewater with
4310 mg.1"'. In these two wastewaters, further hydrolysis and acidification of lipids started
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(at day 25 and day 55 respectively) when methanogenesis had started. The amount of lipids
hydrolysed when no methanogenesis yet occurred was very low, i.e. 4-17% in the two
wastewaters, compared to the amount hydrolysed when methanogenesis was occurring. In
the wastewater of 6470 mg.1" lipid COD, the amount of hydrolysed lipids remained at 10-
11% and no lipid acidification was observed within the 64 days of batch digestion. In this
wastewater, methanogenesis was not observed within 40 days. The length of the
methanogenic lag period increased with increasing initial total lipid COD (Fig. 3.2).

40

2

preduced methane

[y
o
T

length of lag period (d)
T

incubation lime

0 1 1 i 1 1 1 " 1

initial lipid-COD (g.| )
Figure 3.2: Length of the lag period in methanogenesis at the different initial total lipid

concentrations. (At initial total lipid concentration of 6.470 g COD.1", no methanogenesis
occurred in 40 days.)

DISCUSSION

When the initial lipid concentration increased to = 4300 mg.1", the rate of protein hydrolysis
decreased and the complete degradation of proteins was prevented within 40 days of digestion
time. This may be due to physical hindrance by non-hydrolysed lipids and probably also by
LCFAs, i.e., covering surfaces of non-hydrolysed proteins so that their accessibility to
enzymatic attack is decreased. In our previous study on protein and lipid hydrolysis in fish
wastewater (Chapter 2), lipid hydrolysis appeared to be inhibited in the absence of
methanogenesis while the protein hydrolysis was not affected by the occurrence of
methnanogenesis except at pH 8 (Chapter 2). This indicates that the effect of the lipid
concentration on protein hydrolysis is a direct effect (physical hindrance) and not due to the
inhibition of methanogenesis.
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Increasing initial lipid concentration increased the methanogenic lag period, indicating an
inhibitory effect towards methanogenesis. Whether this inhibition was due to either LCFAs
or non-hydrolysed lipids, or both of them, was not determined in this research. In batch
experiments performed at 37 +1°C, Hanaki ef a/. 1981 found increasing methanogenic lag
periods of up to 35 days at increasing LCFA (oleate) concentrations of 0.25-2.00 g.I''. In
thermophilic (50°C) batch digestion of glyceride tricleate (GTO) at different concentrations
(using seed sludge unadapted to oil), Angelidaki et al. (1990) observed decreased methane
production at GTO concentrations = 2.0 g.1". At 5.0 g.I"' GTO, no methanogenesis was
observed within 60 days incubation period. In another research, Angelidaki and Ahring
(1992) observed initial inhibitory levels (also indicated by increased methanogenic lag period)
of 0.1-0.2 g.1" for oleate which is much lower than the initial inhibitory level of GTO. With
this observation, they attributed the inhibitory effect of GTO to the free fatty acids produced
during its hydrolysis. Under thermophilic conditions, Hwu (1997) similarly found an
increasing methanogenic lag period as initial oleate concentration increases. The fraction of
the oleate adsorbed to biomass increases as the initial oleate concentration increases and the
specific methanogenic activity of the sludge decreases as the amount of adsorbed oleate
increases. In the present experiment with different dilutions of the same wastewater, the
LCFA concentration reached only about 100 mg.I! COD (= 40 mg.I"' LCFA) and 700-750
mg.I" COD (= 240-250 mg.I" LCFA) in the wastewater with initial lipid concentration of
2160 and 4310 mg.1" initial lipid COD respectively. The 40 mg.l" LCFA level is too low
to explain the > 10 days methanogenic lag period and the 240-250 mg.1* LCFA level may
be near the above cited initial inhibition concentration but the observed methanogenic lag
period of >20 days was relatively long (compared to those observed by Hanaki ef al. 1981).
It must be noted, however, that the above cited studies were performed at higher
temperatures. The possibility that both LCFA and non-hydrolysed lipids were causing the
inhibitory effect in the present experiment cannot be ruled out.

The results of this chapter and Chapter 2 on hydrolysis of fish proteins and lipids showed
that lipid hydrolysis is enhanced by the occurrence of methanogenesis. If methanogenesis is
inhibited at higher lipid concentrations, lipid hydrolysis will be inhibited. The mechanism by
which methanogenesis enhances lipid hydrolysis could not be determined from these results.
It can only be hypothesized that when methanogenesis occurs, the growth of acetogens which
carries out the S-oxidation of LCFAs is stimulated. Thus, LCFAs are consumed thereby
shifting any equilibrium (if it exists) between lipids and LCFAs towards further hydrolysis.

The results of this study suggest the need to abate the inhibitory effect of lipids on
methanogenesis. With two-phase systems, complete lipid degradation cannot be expected in
the acid-phase reactor. In a continuous methanogenic reactor, accumulation of lipids in the
sludge bed must be avoided. For wastewater of high lipid concentrations, alternative
treatment or pre-treatment processes must be explored. A possible option is physical-chemical
lipid removal and recovery as fish oil which can be a commercially valuable by-product or
digestion or co-digestion at thermophilic conditions.

CONCLUSIONS

Increasing the total lipid concentration (e.g. to = 4300 mg COD.I" at the temperature and
seed sludge conditions in this experiment) decreases both the rate of hydrolysis and the
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biodegradability of proteins. At increasing initial total lipid concentration, the degree of
inhibition towards methanogenesis also increases. As the hydrolysis of lipids is enhanced by
the occurrence of methanogenesis and as methanogenesis is inhibited by high lipid
concentrations, higher lipid concentrations will inhibit their own hydrolysis.
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Chapter 4

The effects of NaCl and NH,* on the anaerobic degradation
of proteins and lipids in fish processing wastewater

ABSTRACT

Wastewaters generated by fish processing industries can contain high levels of NaCl when
sea water is used in the unit operations. Considerable amounts of NH,* are also produced
from the degradation of proteins and non-protein nitrogenous compounds from fish. As these
wastewaters contain high concentrations of organic matter, anaerobic treatment is
energetically more attractive than aerobic treatment and therefore may be economically more
feasible. The hydrolysis of non-dissolved organic matter is generally considered as the rate-
limiting step of the whole anaerobic process. Thus, it is important to determine the effects
of NaCl and NH,* on the hydrolysis of the non-dissolved components, i.e. proteins and
lipids, in fish processing wastewater. Artificially generated fish wastewaters having different
NaCl and NH," concentrations were digested in batch flasks at 30+2°C. The results show
that at increasing NH,*-N concentrations (0-1.5 g.1""), lipid acidification was not affected.
The rate of methanogenesis slowly decreased at increasing NH,*-N concentration from 0.6
to 1.5 g.1". The initial rate of protein hydrolysis was not affected but at 0.6-1.5 g.I'* NH,*-
N, the amino acid levels were high, indicating an inhibition of the acidogens. When NaCl
concentration was increased from 0 to 19.9 g.1", the rate of protein hydrolysis decreased. As
protease activity was not negatively affected by NaCl at the applied concentrations, this effect
must be an inhibition of protease production or a direct effect on the protein acidifying
bacteria. Higher concentration of soluble non-acidified COD at 19.9 g.1! NaCl, indicates a
direct effect on the acidogens. The resulting high concentration of amino acids probably
inhibited protease praduction. At increasing NaCl concentration, the length of the lag periods
in methanogenesis and lipid acidification gradually increases but the rates of these two
processes do not change.

Keywords - ammonium, anaerobic wastewater treatment, chlorides, fish processing
wastewater, hydrolysis, lipids, methanogenesis

INTRODUCTION

Fish processing wastewater may contain high levels of salts, e.g. Na*, $O,.>, K*, Ca’*,
Mg* (Soto et al. 1991, Soto et al. 1993, Veiga et al. 1994) in addition to high levels of
soluble and insoluble organic matter. As these salts can come from both the raw material and
the water used in the involved manufacturing processes, their levels in the wastewater vary
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between factories and between different product lines. High amounts of NH," may be
generated due to the degradation of proteins and non-protein nitrogenous (NPN) compounds
tfrom fish. The levels of these salts may have implications on the choice of the wastewater
treatment technology. The possibility of the application of anaerobic processes and the
toxicity or inhibition of some of the present salts have been recently considered for fish
processing wastewaters by Boardman et al. (1995), Soto ez al. (1991) and Soto et al. (1993).

Low NH,* concentrations should have a beneficial effect on anaerobic processes as NH,* is
an important nutrient source for the anaerobic bacteria (MclInerney 1988). At high
concentrations, it was found to inhibit methanogenesis. Different inhibition threshold levels
were reported. Hobson and Shaw (1976) observed partial and complete inhibition of methane
production at 3.0 and 4.0 g.1" NH,*-N respectively at pH 7.1 with a methanogenic bacteria
isolated from a piggery waste digester operating at an average NH,”-N concentration of 1.5
g.1'. Soto et al. (1991) observed 50% and 80% inhibition of methanogenesis at 2.8 and 4.4
g.1" NH,*-N respectively at pH 7.4 with sludge adapted to 1.1-1.2 g.I'"' NH,*-N. Van Velsen
(1979) observed gradually decreasing maximum gas production rate at increasing NH,*
concentration from 0.6 to 3.1 g.I' NH,-N at pH 7.5-7.6 for sludge acclimated to 2.4 g.17
NH,"-N while with a sludge acclimated to 0.8 g.I't NH,*-N, he also found increasing lag
phase in methane formation at increasing NH,* concentration from 0.7 t0 5.0 g.1"" at pH 7.2-
7.4, With a seed sludge from a cow slurry digester in which NH,*-N was 2.5 g.1”, Zeeman
(1991) also observed decreasing methane production from a mixture of animal wastes with
increasing NH,* concentration from 1.2 to 4.9 g.I"' at pH 7.6-7.9. These inhibition cffects
have been attributed to the free NH, (present in equilibrium with NH, ") which is inhibitory
at concentrations beyond 80-150 mg.I"' (De Baere et al. 1984, McCarty and McKinney
1961). The NH,* tolerance level of sludge is dependent on its adaptation. De Baere er al.
(1984) observed that 50% inhibition of methanogenic sludge occurred at 11.9 and 9.2 g.1?
NH,”-N in sludge receiving gradually increasing NH,* and sludge receiving shock
concentrations, respectively. The research of Zeeman (1991) on mesophilic digestion of
animal wastes indicates that the hydrolysis of suspended solids is also inhibited at increased
NH,"-N concentrations in the range of 1.2 to 4.9 g.1", The results of Van Velsen (1981) on
piggery waste digestion, with seed sludge adapted to 1.9 g.I? NH,"-N, also indicated
decreasing hydrolysed COD at increasing NH,"-N concentration from 2.1 to 5.3 g.1"' (pH
7.5-7.9).

NaCl may affect biochemical processes in different ways as it may directly affect protein
solubility, enzyme activity, and the bacteria which carry out these processes using
intracellular and extracellular enzymes. NaCl enhances protein solubility while most salts
cause proteins to precipitate at ionic levels > 0.15 M (Franks 1993). NaCl inhibition on non-
halophilic bacteria is hypothesized to be due to (1) dehydration as a consequence of increased
osmotic pressure, (2) inhibition of the activity of intracellular enzymes thus affecting bacterial
metabolism, and (3) a physical effect on bacterial cell walls that leads to inhibited cell wall
functions (Larsen 1962), Some microorganisms arc more salt tolerant than others (Larsen
1962). Some studies (De Baere et al. 1984, Lema et al. 1987) showed the possibility of
adapting methanogenic sludge to high concentrations of NaCl.

Most of the studies on the effects of salts on anaerobic wastewater treatment processes
focussed on their effects on methanogenesis. Little is known about the effects of different
anions and cations on hydrolysis which is commonly considered as the rate-limiting step in
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the whole anaerobic digestion process (Eastman and Ferguson 1981, Pavlostathis and
Giraldo-Gomez 1991). This study aimed to determine the effect of NaCl and NH,* on the
hydrolysis of proteins and lipids at the concentration range of these ions in the wastewater
from the canning of finfishes, e.g. sardines, mackerels, and tuna.

MATERIALS AND METHODS

Set-up of the batch experiments

In experiment I, different amounts of NaCl were added to wastewater in 1.0-liter serum
flasks and kept at 30+2°C. Of each salt concentration, four 1.0-liter replicates were
prepared. In 2 flasks, methane production was measured by displacement of 3% NaOH
solution using Mariotie flasks. In the other 2 flasks, samples were taken for soluble COD,
volatite fatty acids (VFA) and total NH,*-N analyses. Time series samples for total lipids
analyses could not be accurately obtained from one flask due to the adsorption of lipids to
the flask walls. Thus, additionally, 5 sets of 0.50-1 serum flasks (each set containing
wastewater of the same NaCl concentration) were kept under the same temperature
conditions. At each sampling time, 2 flasks of each set were randomly taken (each as one
whole sample) for total lipids analyses. Each flask, after emptying, was dried at 103°C and
washed thoroughly with extraction solvent. The washings of each flask were added to the
solvent used to extract lipids from the dried filtered solids of the respective sample. Every
day, each serum flask was shaken for about 30 seconds. A separate experiment (II) was
similarly carried out as experiment I except that varying amounts of NH,Cl were added
instead of NaCl.

Wastewater composition, sludge and nutrients

All the wastewaters used in the experiments were prepared using raw Indian sardines
(Sardinella longiceps) to simulate the soluble and the insoluble components of the
wastewaters generated from fish canneries. Raw fish (all parts included) were cut into small
pieces (using a blender equipped with blades) for 1 minute with water (160 g fish/400 ml
water). The resulting slurry was sieved (1-mm pores) and was diluted with tap water to the
desired COD concentration. The initial wastewater composition is shown in Table 4.1.
Macro-nutrients {concentrations in mg.1"): 280 NH,C1 (different amounts were added in
experiment II), 250 KH,PO,, 100 MgSO,.7TH,0, 10 CaCl,.2H,0) and trace elements
{concentrations in pg.1": 483 Fe[lll], 450 Co, 140 Mn, 11 Cu[ll], 24 Zn, 25 Ni) were added
to each wastewater. NaHCO, (0.400 g.1") was added for buffering at neutral pH. The seed
sludge used was taken from an anaerobic reactor treating brewery wastewater in which NaCl
was negligible. No specific procedure was done to acclimate the seed sludge to high salt
concentrations before seeding. The NH,*-N concentrations in the sludge was 46 mg.1". To
remove any residual soluble COD and other salts, the seed sludge was washed with tap
water, settled and decanted (repeated 2-3 times).
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Table 4.1: Initial composition® of the wastewater and amount of seed sludge

N (mg.l") soluble (mp.I"Y  SS-COD (mgl'} total % of totalCOD pH seed
Experiment  total NH,” VFA  SNA' protein® lipids®* COD sol pr lip gvs.I'
I (“NaCh 521 15 170 447 3420 3270 7300 B8 47 45 6575 0.7
I1 ¢"NH,") 413 7 142 396 2660 1400 4600 12 58 30 6.7-70 0.7

*before addition of NaCl or NH,Cl; “variable concentration in the experiment (initial NaCl concentration is 0.20 g.I'');
“soluble non-acidified COD = soluble COD - VFA COD; *7.74 * total N - soluble COD (Haard et al. 1994, Sikorski 1994,
Suzuki 1981): “lipids * 2.89 {Kinsella 1987); sol = soluble; pr = proteins; lip = lipids

Analytical methods

Total chemical oxygen demand was determined by the dichromate reflux method (APHA
1992}. Samples for soluble COD analyses were filtered (0.45 um MFS cellulose nitrate) and
digested in 20-ml covered digestion tubes with proportionally similar amounts of reagents as
in the above method. Total N was measured according to the Kjeldahl method (APHA 1992).
Total NH,*-N was determined by nesslerization (APHA 1992) of diluted filtered (0.45 pm)
samples. Absorbance was measured at 425 nm through l-cm light path. Analyses were
dupticated. For ¢ach set of measurements, the same procedures were applied to 2-5 blanks.

Volatile fatty acids (VFA) were determined on diluted samples (1:1 with 3% formic acid)
using gas chromatograph (GC) with FID, equipped with 2 m (6mm x 2mm) glass column
with 10% Fluorad 431 on Supelcro - port 100-120 mesh. The carrier gas was N, (30 ml.min
', + 2 bar) saturated with formic acid. Operating temperatures at the oven, detector, and
injector were 130°C, 280°C, and 200°C, respectively. Lipids were determined according to
the Soxhlet extraction method (APHA 1992) using petroleum ether (40-60°C boiling point)
as solvent and Whatman filter paper No. 40 and diatomaceous-silica for filtering.

Effect of NaCl on protease activity

A separate experiment was performed to determine the effect of NaCl on protease activity
of a mixwre of fish wastewater and anaerobically digested primary sludge. To the flasks
containing the same amounts of fish slurry (stored for 2 days at 4°C) and sludge, different
amounts of NaCl were added. Two pairs of samples were obtained from these flasks: on one
pair, casein was added while on another pair, demineralized H,O was added instead. For the
measurement of protease activity, toluene was added to the samples to inhibit both the
consumption of hydrolysis products and the production of enzymes during incubation
(Boschker et al. 1995). After 2 hours of incubation at 30°C, trichloroacetic acid was added
to have a resulting 9.1% concentration in order to inhibit enzyme activity. The produced
hydrolysed substrate was spectrophotometrically measured at 280 nm through 1-cm light path
using tryptophan as reference.
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RESULTS

The course of lipid conversion is shown in Fig. 4.1. A clear lag phase in lipid conversion
occurs in both experiments I and II. The lengths of the lag phases and the maximum rates
in lipid conversion and methane production at different NaCl and NH, *-N concentrations are
summarized in Table 4.2. At increasing NaCl concentration, the length of lag periods in
methanogenesis and lipid conversion similarly increases while the rates of these two
processes do not vary. At increasing NH,*-N concentration, the methane production rate
slowly decreases while the length of the lag periods in methanogenesis and lipid conversion,
and the lipid conversion rate do not vary,
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Figure 4.1: Total lipids as percentage of initial total lipids at different levels of NaCl and
NH,"-N (experiment I and II, respectively)

Table 4.2: Length of lag phase {(d) and maximum rates (g COD.g V§'.d") in methane
production and lipid conversion at different levels of NaCl and NH,*

Expt. 1 {varying NaCl levels, g.I"} Expt. Il {varying NH,*-N levels. g.I")

4] 33 6.6 123 19.9 0 03 0.6 69 1.5
methanogenic lag 19 22 26 30 34 11 1 12 13 13
lipid conversion lag 23 22 22 28 34 13 13 13 13 13
methane prod'n rate 0274 0312 0310 0304 0307 0345 0290 0309 0276 0227
lipid conversion rate 0165 0105 0097 0093 0.118 0151 0.369  0.137 0434 0173

The NH,*-N production at different NaCl and NH,*-N concentrations is illustrated in Fig.
4.2. At all the applied NaCl levels in experiment I, the acidified protein as depicted by the
produced NH,*-N reached plateau points after about 10 days of batch digestion. The plateau
level in the produced NH,*-N was lower at 19.9 g.I* NaCl than at lower NaCl
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concentrations. The NH,*-N increased slightly in the following 41 days of digestion, but still
the lowest percent of protein acidification was found at NaCl concentration of 19.9 g.I"
(Table 4.3). In experiment I, NH,*-N production similarly slowed down after 8 days of
digestion at higher levels of NH,*-N, indicating that protein acidification is inhibited. Except
for the highest NH,* concentration applied, acidification of proteins continued after about 14
days of batch digestion. The first-order rate constant for NH,*-N production and the
percentage of acidification for proteins are presented in Table 4.3,
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Figure 4.2: Ammonium production as percentage of total N (excluding added NH,*-N) at
different levels of NaCl and NH,*-N (experiment [ and II, respectively)

The pH values did not differ among flasks with different amounts of NH,*-N inittally added.
The pH of the digesting fish wastewater mixtures (data not shown) was 6.7-7.0 during the
first day, slowly decreased to 6.4-6.6 during day 2 to day 8 and increased afterwards to 6.9-
7.3 at days 20-32.

When SS-COD hydrolysis is considered (results not shown), instead of the separate
hydrolysis of proteins and lipids, three phases can be considered:
® 3 rapid increase due to hydrolysis of proteins
® a stagnant petiod where still no lipid hydrolysis is occurring and protein hydrolysis
is also stagnated
® a period with linear increase, occurring simultaneously with methanogenesis, where
mainly lipid hydrolysis and also some protein hydrolysis occur.

The first-order rate constant for the hydrolysis of proteins in the first phase and the

percentage hydrolysis of SS, during the 'stagnant period’ and at the end of batch digestion
are presented in Table 4.3. The levels of dissolved products during the ’stagnant period’ are
shown in Table 4.4. The SNA COD levels were higher while the VFA levels were lower at
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higher NaCl levels. The SNA COD levels were higher at higher NH,”-N concentrations
while the VFA levels were higher at 0.6-0.9 g.I'" NH,*-N.

Table 4.3: Initial first-order rate constant for NH,* production (k,®) and hydrolysis of 8-
COD (k,@), percent acidified proteins’ and percent hydrolysed” $8-COD at different levels
of NaCl and NH,*-N

Expt. [ (varying NaC| levels, g.I'"} Expt. I {varying NH,*-N levels. g.I"}
0 33 6.6 133 19.9 0 0.3 0.6 09 1.5
ky first 10 (8)' d 0228 0175 0212 0208 0135 0.156 0193 0183 0175 0.180
(comparisen® among ky) (a) (ab) (ab) (ab) (b) (d} (<) (c) «©) (c)
% acidified proteins
after 10°(11) d 75 67 75 72 61 69 68 68 66 a7
after 51° (32) d 85 86 77 82 74 86 83 83 73 57
Hydrolysis of proteins:
k, first 10 (8) & 0271 0215 0.246 0224  0.131 0165 0180 0194 01096 0192
(comparison’ among k,) (a) (ab) {ab) (ab) (b) (d} (©) (c) {c) (c}
% hydrolysed $S-COD:
at platean phase 34 32 39 38 27 22 21 22 23 20
after 64° (32) d 93 96 96 &7 73 84 81 83 68 52

®0Obtained by regression as the slope of the line {-In{8/S,) = kt} for the specified period where t = digestion time. k = first-
order rate constant (ky or k), $ = [(initial biodegradable total N} - (NH,"-N}} and S, = [{initial biodegradable total N} -
(initial NH,"™N)] for calculating k. while S = [(initial biodegradable protein-$8 COD) - {methane COD + soluble COD -
initial soluble COD})) and S, = (initial biodegradable protein-$S COD) for calculating k,; The biodegradable fraction of totai
N and protein-SS COD are the obtained maximum values of the conversion of total N to NH,"-N (86%} and the hydrolysis
of protein-88 COD (86%) in the digestion experiment. [n the calculation of k. it was assumed that only proteins are degraded
during the lag period in lipid conversion. In caleulating for ky in expt. 11, the added NH, -N was excluded in the total N and
NH,"N:

"I(NH,"-N)-(NH,"-N added)}/[total N excluding NH,"-N added]}*100;

"lisoluble COD + methane COD - initial soluble COD)/(initial $S-COD)]*100;

“ime values in parentheses refer to experiment 1I;

*letters indicate comparison between k values (2>b and c>d) using the criteria p<0.03 for significant difference: Values with
common letters are not significantly different.

*when NH," production rate reached plateau levels at higher NaCl or NH,*-N concentrations:

*last measurement of NH," (end of batch experiment);

‘after the linear phase in hydrolysis of total COD

Table 4.4: Different fractions of soluble COD (mg.1") at different concentrations of NaCi
and NH,*-N during the ’stagnant period’ in NH," production and SS hydrolysis (days 10-19
and 8-13 in experiments I and II, respectively)

Expt. I {varying NaCl levels, g.I'") Expt. II (varying NH,"N levels. g1™)

0 33 6.6 13.3 19.9 0 03 06 0.9 1.5
soluble COD 2383 2321 2836 2685 2235 865 807 1132 1162 1093
SNA COD 116 8! 176 435 490 133 210 289 282 308
VFA COD 2268 2240 2660 2250 1745 732 596 843 880 786
acetate 725 634 200 640 508 200 183 240 241 254

propionate 379 412 581 447 268 101 102 I58 170 135
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Figure 4.3 shows the effect of NaCl on the activity of protease in fish wastewater and sludge
with (a) fish proteins and (b) both fish proteins and casein present as substrates. Protease
activity does not change significantly with increasing NaCl in the mixture of fish proteins +
casein as substrates. With only fish proteins as substrate and at NaCl concentration below 20
g.1", the protease activity increases linearly at increasing NaCl concentration.
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Figure 4.3: Protease activity (mg tryptophan.g' dry weighth’) in a mixwre of fish
wastewater and sludge (with and without casein added) at different levels of NaCl (incubation
temperature = 30°C; pH = 6.2; hydroiysed substrate measured at 280 nm; the plotted
values on this graph are averages of duplicate samples)
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DISCUSSION

Effect of NaCl and NH,*-N on lipid conversion

The extended lag in the lipid acidification at increasing concentration of NaCl probably can
be due to inhibition of methanogenesis by NaCl. An inhibition of the latter is indicated by
similarly increasing lag in methanogenesis. In Chapters 2 and 3, we found that hardly any
hydrolysis of lipids occurs without methanogenesis. Both hydrolysis of lipids and 8-oxidation
of the LCFAs occur when methanogenesis has started. In Chapter 3, we found that the
methanogenic lag increases at increasing lipid concentration. Thus, the observed
methanogenic lags in the present experiment can be due to both the lipid and NaCl contents
of the wastewater. Based on relation between the lipid level and the methanogenic lag phase
as found in Chapter 3, the methanogenic lag phase for the present wastewater that contains
3270 g.I"" lipid COD would be about 25 days when no NaCl is present. At the higher NaCl
levels, the length of this lag phase is increased. The maximum methane production ratc
remains unaffected by the increasing NaCl level indicating that it is possible to adapt the
methanogenic siudge to the applied NaCl levels in this experiment.

Lipid acidification remains also unaffected at the imposed NH,* concentrations (0-1.5 g.I"")
while the rate of methanogenesis slowly decreases as NH,*-N level increases from 0.6 10 1.5
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g.1"". With a sludge adapted to 2.4 g.I'' NH,*-N, Van Velsen (1979) also observed a gradual
decrease in methane production rate at increasing NH,*-N concentration from 0.6 to 3.1 g 1!
at pH 7.5-7.6. The mechanism of inhibition of methanogenesis by NH,” was not investigated
in this study. As the pH remained quite low, likely the free NH, concentration could not
reach an inhibitory level. In experiments concerning the thermophilic digestion of cow slurry,
Wiegant and Zeeman (1986) hypothesized an inhibition scheme in which the H,-consuming
methanogens are presumed to become inhibited and the resulting increase in H, partial
pressure then inhibits the propicnate degradation to acetate. The accumulated propionate
inhibits acetotrophic methane formation. On the contrary, the results of Koster and Lettinga
(1984), at NH,*-N level of 0.68-2.6 g.I", indicate that the acetotrophic methanogens are
more susceptible to NH,* inhibition than the hydrogenotrophic methanogens. This is
confirmed by the resuits of Borja et al. (1996) that, in addition, show that both acetothrophic
and hydrogenotrophic methanogens are negatively affected by increasing NH,*-N level (0 to
14 g.1'"). In the present experiment, the relative concentrations of the VFAs do not show any
difference between the susceptibility of hydrogenotrophic and acetotrophic methanogens to
NH,"' inhibition. Both the concentrations of acetate and propionate during the ’stagnant
period’ in S8-COD hydrolysis and NH,* production, i.¢. before methanogenesis, were higher
(by 50-70% and 20-25%, respectively) at 0.6-1.5 g.I" NH,*-N than those at lower levels.
When both methanogenesis and lipid conversion proceeded, the concentrations of acetate and
propionate were 184-221 and 148-180 mg.l"', respectively, and they did not vary between
NH,*-N concentrations of 0-0.9 g.1” (data not shown) while they amounted to 154 and 134
mg.1", respectively, at 1.5 g.1"" NH,*-N. At the imposed NH,*-N levels in this study, it is
possible that the extent of inhibition of acetotrophic and hydrogenotrophic methanogenesis
by NH,* is still the same.

Effect of NaCl and NH,*-N on protein degradation

The SS-COD hydrolysed during the lag period in the lipid conversion in both experiments
I and II must be mainly protein COD. In this period, the hydrolysed SS-COD and the
produced NH,*-N increased similarly and they both reached a plateau phase. The plateau
phase in the hydrolysis of S8 ends as lipid conversion starts. While the produced NH,”-N
remained almost constant or it only slowly increased with time from day 10 and 8 in
experiments I and II, respectively, until the end of the batch digestion, the amount of
hydrolysed S8 continued to increase, indicating that other components of the wastewater, i.e.
the lipids, were also hydrolysed and acidified. The latter was confirmed by the lipid analyses.

The results show a decrease in the protein hydrolysis rate at high NaCl concentration (=
19.9 g.I'Y, as indicated by the k, value and the percent hydrolysed SS at the plateau phase
in the hydrolysis of 8S. As there was no observed negative effect of NaCl on the protease
activity of the sludge +fish mixture, this decrease in protein hydrolysis rate must be due to
an inhibition of protease production or a direct inhibition of the acidogens. The observed
higher concentration of SNA COD (Table 4.4) which must be mainly amino acids as there
are hardly any carbohydrates and sugars in the wastewater, and the lower value of ky for
NH,"-N production at 19.9 g.I"! NaCl (as compared to those at lower NaCl levels), indicate
that NaCl inhibits the acidification of amino acids. While the methanogenic lag is longest at
19.9 g.I" NaCl, the VFA level before the start of methanogenesis, i.e. at the 'stagnant
period’ in §S-COD hydrolysis, is lower compared to those at lower NaCl concentrations,
confirming that the amino acid degrading acidogens are inhibited. When amino acid
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concentration builds-up, the production of protease by bacteria is inhibited (Doi 1972, Glenn
1976).

The observed increase in protease activity in the experiment with the fish mixtures without
casein at increasing NaCl concentration is probably due to an enhanced solubility of fish
proteins caused by NaCl. Soluble proteins are generally hydrolysed faster than insoluble
proteins (McInemey 1988). However, in the batch digestion, the inhibitory effect of NaCl
on the protein degrading acidogens apparently prevails over its positive effect on the
solubility of fish proteins. This indicates that at the imposed NaCl levels, the solubility of
fish proteins is not rate-limiting.

The results of the experiment with varying concentrations of NH,*-N show that the initial
rates of protein hydrolysis and acidification, are not affected by NH,* at all the applied
NH,"-N levels. However, during the later stages of the degradation and at NH,"-N
concentrations = 0.6 g.I, the amino acid conversion becomes inhibited. This can likely be
attributed to the consequent high concentration of amino acids which probably inhibit the
protease production and thereby also reduce the rate of protein hydrolysis. Earlier, the effect
of NaCl on protein hydrolysis was similarly explained. This mechanism of inhibition of
protein hydrolysis does not manifest during the early stages probably because proteases are
already present in the wastewater and their activity is not affected by increasing NH,"-N
concentration from 0 to 1.5 g.i17,

The longer lag periods and slower rates of methanogenesis and lipid conversion in
experiment I without added NaCl compared to those in experiment II without added NH,Cl
{Table 4.2) can be due to the higher lipid level in the wastewater in experiment I compared
to that in experiment II. The difference in the ky and k, values between these two
experiments, (I without NaCl and IT without NH,C1, Table 4.3) is probably due to a
difference in the acidogenic activity between the inocula.

The results of this study suggest that when anaerobic treatment is applied to a similar type
of wastewater, NH,* and NaCl will reduce the amount of proteins degraded when inhibition
of the acidogens by these ions results in higher amino acid concentration because these
compounds inhibit protease production. To avoid high levels of these intermediates, higher
solid retention times are required for wastewaters with higher levels of these ionms. The
possibility to adapt the acidogenic bacteria was not investigated in this study. The NH,*-N
concentration in fish wastewater in the Philippines normally does not exceed the above levels
not even at extremely high protein and NPN concentrations, e.g. 15 g.I"! protein COD. The
NH," tolerance concentration of adapted methanogenic sludge, as reported by De Baere ef
al. 1984, is much higher than the NH,*-N concentrations in fish processing wastewaters. The
absence of any significant effect of NaCl on the rate of methanogenesis and lipid acidification
indicates that it is possible to adapt the methanogenic sludge to the imposed NaCl
concentrations (3.3-19.9 g.I") in this study. The degradation efficiency at higher NaCl
concentrations (=19.9 g.I'") will be limited by the lower rate of protein hydrolysis.
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CONCLUSIONS

When using a sludge that is not adapted to high concentrations (3.3-19.9 g.1"") of NaCl, the
length of lag phase in methane formation and lipid acidification gradually increases with
increasing NaCl concentration, but the rate of methane production remains unaffected. The
hydrolysis of fish proteins becomes inhibited at 19.9 g.1"' NaCl, but the protease activity then
still is not affected. Thus, the inhibition of protein hydrolysis can be attributed to an
inhibition of the acidogens or an inhibition of protease production. High concentrations of
non-acidified amino acids indicate that the acidogens become inhibited by NaCl.

At the applied NH,*-N concentrations (0-1.5 g.1*), lipid degradation remains unaffected. At
0.6to 1.5 g.I' NH,*-N, the amino acid degrading acidogens become inhibited, causing high
levels of amino acids which could inhibit protease production and thus, inthibit hydrolysis.
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Chapter 3

Treatment of fish processing wastewater with different lipid
and chloride contents in an upflow anaerobic sludge blanket
(UASB) reactor

ABSTRACT

The performance of an UASB reactor in treating fish processing wastewater of different lipid
and chioride levels was compared using artificially generated influgnt simulating that of the
canning of sardines and tmna. The organic loading rates (OLR) and the hydraulic retention
times (HRT) were 6-10 g COD.1".d" and 10-12 hours, respectively. In treating a wastewater
which contains 3-4 g.I"' total COD of which 5-9% was lipids, the COD removal and
conversion to methane were 78 +8% and 61+17%, respectively. In treating a wastewater
with a higher lipid content (35-60% of the total COD), the COD removal was higher
(92 +5%) but to a considerable pari (34% of the total COD) was removed as adhering SS on
surfaces near the gas-liquid interface and on the gas-solid-liquid {(GLS) separator. Of the total
COD, 47+19% was converted to methane. A lower percentage hydrolysed COD (53 £20)
was obtained for the high-lipid wastewater due to a probably limited extent of lipid
hydrolysis. The extent of protein degradation was 70-100%. Lipids were degraded in the
UASB reactor to some extent but as they tend to float, they are hardly retained in the
reactor. Hence, complete degradation of lipids is difficult to achieve. Moreover, the
adsorption of lipids on sludge particles threatens the stability of the UASB operation, thus,
they must be removed from the wastewater before treatment in a UASB reactor. The
presence of NaCl at 4 g.1? CI' does not negatively affect COD reduction and methane
conversion but may require a longer start-up period for sludge adaptation.

Keywords - anaerobic, fish processing, hydrolysis, lipids, NaCl, proteins, UASB, wastewater

INTRODUCTION

In general, fish processing wastewaters contain high levels of suspended solids which are
mainly proteins and lipids. For the treatment of wastewaters generated from the processing
of tuna, herring, mussels, octopus, and fish meal, different types of anaerobic systems were
shown feasible at laboratory and pilot-plant scales: upflow anaerobic filter (AF. Balsev-
Olesen et al. 1990, Lema et al. 1987); fluidized bed reactor (AFB, Balsev-Olesen e ai.
1990); central activity digester (CAD), i.e., a reactor consisting of two co-centric vertical
cylinders: the influent goes to the inner cylinder which is equipped with a mixer, while the
effluent flows upward through the outer cylinder (Mendez e al. 1992); and downflow
stationary fixed film (DSFF) reactor (Veiga et al. 1992), At the applied hydraulic retention
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times (HRT) and organic loading rates (OLR) which range from 0.6 10 7.5 days and 2 to 25
g COD.1".d" respectively, 63-95% COD removal efficiencies were attained for wastewaters
having 2-16 g.I'' CI'. The application of an UASB system may also be a promising option.
In this process, a sludge of good settling characteristics develops at the digestion zone of the
reactor while the gas-liquid-solid (GLS) separator enables further settling of sludge, thus,
retaining the viable biomass in the digestion zone.

The applicability of a UASB system to wastewater from the fish-canning factories in the
Philippines is considered in this study. The fish-processing industry is among the major food
industries in the country. At industrial scale, the common raw materials are sardines and tuna
for the local and foreign market, respectively. The lipid content of these and other fin-fish
which are canned varies between species: 1-7% (wet basis) in Albacore, Bluefin, Skipjack,
and Yellow-fin tuna, 12-14% in Atlantic and Chub mackerel, 4-8% in Horse and Japanese
Horse mackerel, 9-13% in Atlantic and Pacific mackerel (Kinsella 1987), and 14-18% in
Indian oil sardines. These compositions also vary depending on fish size, age, and season
(Suzuki 1981). With the varying lipid levels in the fish raw material, the lipid levels in the
wastewater can also be proportionately variable. The chloride levels in fish wastewater vary
(2-16 g.I'") between different plant operations depending on the source of the water utilized
in the plant (Veiga et al. 1994). Indigenous chloride level in raw fish is much lower, ¢.g.,
for sardines, about 0.15% of wet weight, than the chlorides contributed by the utility water
and the brines used in processing. In the Philippines, the chloride level in the wastewater is
relatively low, i.e. <4 g.I"", since ground water is used in the plant operations (fish canning
factories, pers. comm.).

This study aimed to determine the efficiency of an UASB system at 10-12 hours hydraulic
retention times (HRT) and organic loading rates (OLR) of 6-10 g.1'.d"! in the treatment of
fish processing wastewaters having different lipid and chioride contents with respect to the
removal and conversion of COD to methane, the retention and hydrolysis of suspended
solids, and the characteristics of the sludge. The applied OLR was 60-90% of the maximum
COD loading rate recommended by Sayed (1987) for the treatment of unsettled
slaughterhouse wastewater in a granular sludge UASB reactor operated at 30°C. The
efficiency of the system at an influent chloride concentration of 4 g.1"' was tested in this
study.

MATERIALS AND METHODS

Influent wastewater preparation

Three continuous UASB reactor runs were performed with different types of artificially
generated influent wastewater: high-lipid (run A), low-lipid (run B), and low-lipid with 4 g.1"
CI' (run C). The high-lipid wastewater was prepared by cutting raw (ail parts included)
Indian sardines (Sardinella longiceps) into small particles using a blender equipped with
blades (160 g fish/0.400 | tap water, 1 minute). The resulting slurry was sieved (1-mm pore
size) and was diluted to obtain a mixture of about 4 g.1' total COD. The low-lipid
wastewater was prepared similarly as the high-lipid wastewater except that meat fillet of
Yellow-fin tuna (Thunnus albacares) was used and for run C, NaCl (4 g.I"' CI') was added.
This procedure was designed to obtain a wastewater with similar soluble and insoluble
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components as the wastewater generated in the fish canneries in the Philippines. The influent
storage tank was refilled daily with new wastewater without discarding any left-over
wastewater. In all the runs, nutrients were added (concentration in mg.1": 280 NH,Cl, 250
KH,PO,, 100 MgS0,.7H,0, 10 CaCl.2H,0, 0.483 Felll, 0.450 Co, 0.140 Mn, 0.011 Cull,
0.024 Zn, 0.025 Ni). To control the pH at the neutral range, NaHCO, (0.4 g.I"') was added
as a buffer.

Experimental set-up and operating conditions

The wastewater from a continuously-stirred influent tank kept at 28-32°C was fed by a
peristaltic pump to the UASB reactor. The reactor has a rectangular cross-sectional area
{0.10 m x 0.10 m), equipped with a gas-liquid-solid (GLS) separator (a 45° inverted cone
with a rectangular base), gas bubble deflectors at each side, and U-tube water-locks at
effluent ports. The influent and effluent tubes have inside diameters of 0.008 m. The
produced methane gas was measured by displacement of NaOH (3 %) solution using Mariotte
flasks. The UASB reactors were 50-75% filled with a seed sludge withdrawn from a full-

scale anaerobic reactor treating brewery wastewater (Asia Brewery, Philippines).

The reactors were started up at 10-12 hours HRT and 6-10 g.1'.d! OLR. The reactor of run
C was fed with low-lipid wastewater with 4 g.I" CI" during the first day but since many
sludge particles were washed out, the same wastewater but without NaCl was fed in days 2-
19. The influent NaCl concentration was gradually increased from 0.5 g.I"' Ct in day 20 to
4 g.I'' CI' in day 30. The operating conditions are summarized in Table 5.1. In all runs, three
periods can be distinguished with respect to the progress in conversion efficiencies, i.e.,
methane conversion, acidification, and hydrolysis: I - conversion is increasing; II -
conversion reaches its highest point; IIT - mean conversion decreased. Hence, mean operating
conditions are calculated for each of these periods. Period I represents start-up while in
periods II-III, ’steady state’ conditions are assumned.

The influent samples were taken through a sampling port located between the influent pump
and the UASB reactor while the effluent samples were collected from the UASB effluent tube
every 1 or 2 days. Sludge samples were taken from the middle part of the siudge bed which
was manually stirred right before sampling. As a clear interface between the sludge bed and
the settling zone of the reactor was visible during the entire run, no sludge was withdrawn
from the sludge bed. In the reactor fed with high-lipid wastewater, a floating layer of sludge
and fatty solids always occurred near the GLS separator, and thus, was removed and
measured for total COD every 3 days.

Analytical methods

Total chemical oxygen demand (COD,} of the influent wastewater was determined by the
dichromate reflux method (APHA 1992). Effluent COD, and soluble COD (COD,, filtered:
0.45 pm MFS cellulose nitrate) were similarly determined except that the samples were
digested in 20-ml covered tubes with proportionally similar amounts of reagents as in the
above method. Volatile fatty acids (VFA) in diluted (1:1 with 3% formic acid) samples were
determined using gas chromatograph with FID and a glass column (2m x 6émm x 2mm: 10%
Fluorad 431 on Supelcro-port, 100-120 mesh). The carrier gas was N; (30 ml/min, + 2 bar)



Chapter 5

14

‘N 8100 10 'QO0 JO Yp [UCLIBIAIP PIEPUEIS T 'SPIOS papuadsns — §§ PIUIWIALP 10U = PU b1 0x(¥¥+dS) Q0D Pl - 'A0D
=XA00), 1861 BHasU) 68°TLIsp1dY] [@101], (@O uIP101d-§52% - *A0I% - 001), 1(EF61 DINZNS ‘p661 PISIONS “p661 72 12 PREH) 'A0D - FL LN 18101, ¥ 1a(vV+dSk

001 001 001 00} 00l 001 2101
L SLTHTY 9 PSTFROY s 63T01¥ ¥ £TFO6Y 6 6ZTOLT 9 ZSFOIE VV+dS
S8 850t re  9FSE €8 [1%0T 65 bFIT 19 8FHC e yiF6l JHN
06F9E 97+I8¢ PETHEE 1L1788C 9ITH91 6ZT8F N
L €€ ¢ 09 €€ il suraord
6 OPPFE861 ¢ LSPFTIL A DETFLIST g LSTFR961 Lp  S9TTEENL o BBLFICI sprdi] 'S
1 eLLIFOET 11 EEFESL L W6TFTET 9 JlTFILT L pu s 0b91-08L VV+dS
or  BFOOC op  JSFHSE [z P8 gz VRO ol L8THET 0 1piFpsl VAA
LIVFETS 10¥¥S0€1 60TFOLL SOVFSHS ZI19T08¢S 0LSFTHY
61  :31F€£TS Tr  GEpFOLEl St ziTFeES6 T8 6THFP901 0T rsTFe0L 114 0STFLEG S1qngos
001 SPEFRPLT 001 9SIFISTE 001 ZESFRILZ Q01 1T9FEOLE 00T 119F6ZS€ 001  SSPFFLLE =01
% J%m % 8w % 3w % 48w % 18w g% 1w aoo
1 1} 11 n 11t il #potad
(D) 108N # 1a5emaIsEM PIdE-mo] (g) iemarses pidi-moy (v) emarsem prdi-ydiy furu

uomisodwos N pue (O WWANPY] (7°S e,

POUIULINGP 10U = DU ‘SUCIEIAZP PIEpURIST ‘o1et Fuipeo] sl sueqiawl — YW 9181 Fuipeo] NueF10 = YO 9162 MOY SHIRBUINIOA = () LM UONU)AL AnespAy = LUH

o . . - wangya Hd
9LTL £L69 1'i-69 ¥i-TL ritil [ A $L-6'9 8L9L 6L-1L snyut Hd
SivLl 6'9-L'9 6'9-L'% 9LTL L'l LLTL pu pu pu (p.Jao0d D M._.._E
$0¥8°C LOFee ¥ £IFCE YIFL'S CIFIC LI1F9E 9 IFLS FeFle Ll
TIF9 TIWL GI1FLL £TFFS ¥IF8Y LTFCL SEFER STFLG IFFLR (P aod 8 ¥10
O1F8L oIFTe FI¥zs 3TFTL TTFPL 60FS'L TP €17 0TFCY (PN O

SIFTI 1'Z¥8°01 6'1¥8°01 0TFELL 1'e+¥'2l SIFRLI CEFETH FT¥Fe'6 99FLE] (0 1¥H
{eg-08) 111 (6#-LE) I (9e-0) 1 (g-o5)1m  (6t-LE) I (ot-0d 1 QF1-09 111 (6s-18) I (oc-02 1 (jhep) poliad
14 0 o (.I'®) pappe 1D

Fd 14 7e8¢ 76-82 {2,) 2meaduwiz;

9g 9¢ 0z {]) swnjoa 101wal

() 1DEN Yum Jajemarsem pidi-mo| () 1Emasem pidi-mo| {w) 1memasem prdi-ySiy funl

Suru gSv() Yt Jo sporad Juatagpp 1e suonipuod guneiado Tf°S AQEL




Fish processing wastewater treatment using UASB system 75

saturated with formic acid. The operating temperatures at the oven, detector, and injector
were 130°C, 280°C, and 200°C, respectively.

Influent total N was measured according to the Kjeldahl method (APHA 1992). Total NH,*-
N was determined by nesslerization (APHA 1992) of diluted filtered (0.45 um) sampies.
Absorbance was measured at 425 nm through 1-cm light path. The concentration of soiuble
proteins + amino acids (SP+AA) was determined by the coloration method of Lowry er al.
{1951) on 0.45um-filtered samples. As there are hardly any sugars or carbohydrates in the
fish type used (Kinsella 1987, Suzuki 1981), in run A, the non-dissolved protein (SS-protein)
COD in the influent was estimated as [total protein COD - COD,]. The influent total proteins
were based on the total N while the effluent total proteins were determined on unfiltered

samples using Lowry’s method. In run A, total lipids in the non-diluted homogenized fish

slurry, i.e., the one used to prepare influent wastewater, were determined according to the
Soxhlet extraction method (APHA 1992) using petroleum ether (40-60°C boiling point) as
solvent, and Whatman # 40 and diatomaceous-silica as filter aid. In runs B and C, total lipids
in the influent and effluent, i.e., those collected at the sampling ports, were similarly
determined as in the lipid analysis in run A every 3-4 days. The SS-protein COD in the
influent and effluent was calculated as [COD, - COD, - lipid COD]. All analyses were
duplicated. The calculations are given in Table 5.2 and 5.3.

Sludge Tests

The total solids (TS), volatile solids (VS), and sludge volume index (SVI) of the sludge were
determined using standard methods (APHA 1992). The sample volume in the SVI test is 50
ml. The specific methanogenic activity (SMA) was determined by following the methane
production (using the above liquid displacement method) from serum flasks (3 per sample)
which contain 0.500 1 VFA solution of equal COD concentrations of acetate, propionate, and
butyrate. The initial COD and sludge concentrations were 4 g.1' and 1.5 g VS I,
respectively.

RESULTS

The composition of the influent wastewater is shown in Table 5.2. A considerable amount
of proteins was already hydrolysed and acidified during storage as indicated by the VFA and
NH,*-N concentrations. The VFAs were 9-28%, 20-32%, and 15-50% of the influent COD,
for high-lipid (A), low-lipid (B), and low-lipid with NaCl (C) wastewaters, respectively. The
respective NH,*-N concentrations were 36-74%, 23-100%, and 74-100% of the total N in
the influent. The soluble non-acidified COD (soluble - VFA) was mainly soluble proteins
plus amino acids (SP-+AA).

The hydrolysis, acidification, methanogenesis, COD removal, and the production of NH,*-N
in the treatment of the different wastewaters are illustrated in Fig. 5.1 as a function of time.
Three periods can be distinguished. During the start-up of runs A and B (period I,
conversion percentages rapidly increased in time, reaching a maximum in the second period
(II). In period I of run C, sludge wash-out was shown and a low and slowly increasing COD
removal and conversion to methane occurred. In the third period of this run, the COD
removal and conversion were still increasing.
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The mean effluent concentrations and removal efficiencies for the last two periods are
presented in Table 5.3. In the run with high-lipid influent, the COD removal was 92+5%,
of which, 51% was converted to methane and the rest was removed as floating layer and
adhering solids at the GLS separator. In the runs with low-lipid wastewaters, the removed
COD (70-93%) was mainly (61-100%) converted to methane. Although the percentage lipid
removal in period III for the low-lipid wastewaters is lower than that of the high-lipid
wastewater, the lipid levels in the effluent are not significantly different between the three
runs. In run A, the effluent lipid level can be estimated as [COD, - COD, - §8-protein CODJ.

In the run with high-lipid wastewater, the effluent NH,-N was 72-100% of the influent N,
indicating that most of the proteins were hydrolysed and acidified. The methane COD
exceeds the sum [COD, + SS-protein COD] in the influent indicating that lipids were
degraded to some extent. Large standard deviations are shown for the NH,*-N concentrations
of influent and effluent during runs B and C. Moreover, the mean influent concentration is
often higher than the effluemt concentration. These prevent the calculation of protein
degradation based on NH,*-N production. As the lipids were only 5-9% of COD, in runs B
and C, the percentage hydrolysed and acidified COD can be rough indications of protein
degradation. Based on these, the extent of protein hydrolysis between the three runs is not
significantly different.

The COD, and N balances are shown in Table 5.4. As indicated, the sludge withdrawal in
runs B and C was limited to sludge sampling which was 3-6% of the average influent COD,.
The unaccounted COD was considered as accumulated in the reactor. As these values cannot
be totally attributed to biomass growth, they should be partly due to an accumulation of
slowly degrading SS from the influent.

The characteristics of the sludge in the reactor are shown in Table 5.5. In all runs, the
amount of sludge, i.e. VS and TS per liter reactor, slowly increased in time. These
concentrations remained lower in the run with high-lipid wastewater than those of the low-
lipid wastewaters. After 50-60 days in all runs, the sludge particles were found, with or
without a microscope, to be larger than the seed sludge particles. As viewed through a
microscope, the particles have irregular shapes and some appeared as aggregates of smaller
sludge particles. After 80 days in run A, the SVI was lower than that of the seed sludge but
remained higher than the SVIs in runs B and C. This means that the sludges in the runs with
low-lipid wastewater are more dense and more settleable. In all runs, there was a net increase
in SMA of the sludge as well as the total methanogenic activity in the reactor after about 50
days, but a net decrease is shown in days 50 to 80. After about 80 days, the SMAs and SVIs
of the sludge did not differ much between runs B and C indicating that these sludge
characteristics are not negatively affected by NaCl.

As there was no regular sludge withdrawal from the sludge bed during the entire run except
for sampling, instead of calculating based on sludge withdrawal rate, the solid retention time
(SRT) could only be estimated roughly as the VS concentration in the sludge bed (g VS.1™")
divided by the rate of VS accumulation per unit reactor volume (g VS.d%.I"). The SRTs
estimated in this way are 25, 50, and 95 days, for runs A, B, and C, respectively.
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In run A, the influent and the gas collection tubes were sometimes clogged due to adhering
lipids on tube walls. Thus, Q and OLR had high deviations in time. Regular removal of the
solids adhering on the GLS separator was necessary. Lipids float again with attached sludge
particles upon returning them to the sludge bed.

DISCUSSION

Start-up

With respect to the hydrolysis of SS in the wastewater, a “steady-state’ can be assumed after
25-35 days with the high- and the low-lipid wastewaters without NaCl. In the start-up of the
run with low-lipid wastewater, the COD, removal was low, even negative, and the effluent
VFA level was high due to an insufficient methanogenic activity of the seed sludge. The
OLR and the rate of VFA production were higher than the total methanogenic activity in the
reactor. The relatively high SNA levels in the effluent indicate also an insufficient acidifying
activity of the seed sludge.

In the run with wastewater containing NaCl ¢run C), a slow increase in conversion
percentages is shown during start-up period probably because the seed sludge was not
adapted to the high NaCl concentration. The CODyy, in the effluent was lower than that in
run B. This can only be explained by the lower percentage hydrolysis which is probably due
to the wash-out of SS during period 1.

Degradation, methane conversion, and removal efficiencies

The COD removal is higher in the treatment of wastewater with a high lipid content as
compared to that of the low-lipid wastewaters, However, a significant part of this removal
{34% of the influent COD,) was due to the necessary manual removal of solids which floated
and adhered to the GLS separator. The percentage of COD, converted to methane in treating
high-lipid wastewater was lower as compared to that with low-lipid wastewaters. As the low
effluent VFA levels indicate, this is due to the lower percentage hydrolysed COD. As it is
shown that protein hydrolysis is not rate-limiting, this lower percentage hydrolysed COD can
only be due to a limited hydrolysis of lipids. The results of the batch experiments presented
in Chapters 2 and 3 illustrate that when methanogenesis is ocourring, lipid hydrolysis is
enhanced and hence, this could also have occurred in the UASB reactor. The lipids are
degraded in the UASB reactor to some extent, but not fully degraded as they are poorly
retained in the sludge bed. Their adsorption on sludge particles causes some of the sludge
particles to move from the digestion to the settling zone of the reactor.

Besides methane conversion, the percentages hydrolysed and acidified COD are also higher
in treating low-lipid wastewater without NaCl than in treating high-lipid wastewater.
However, these conversion percentages decreased after 53 days of run and the effluent VFA
was relatively higher than the preceding days indicating an inhibition of methanogenesis.
There was no sudden increase in OLR nor S8 loading rate to which this decrease in
percentage conversion can be attributed. The total NH,*-N concentration, 339+94 mg.1",
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and the corresponding NH;-N level, 10-40 mg.1", were below inhibitory levels (900 mg.1!
for total NH,*-N, Chapter 4; 80-100 mg.I"' free NH,-N, De Baere er al. 1984). This
decrease can be due to a difference in composition in the raw fish used to prepare the
influent wastewater, e.g. lipid level which was not as frequently determined as the other
wastewater concentrations.

In run C, the percentage COD hydrolysed, acidified, and converted to methane also
decreased after about 40 days. The CODygy, in the effluent increased indicating that the
acidogens were inhibited. The low effluent VFA levels indicate that methanogenesis was not
rate-limiting. The NH,*-N level was below 600 mg.1" from which level an inhibition of the
amino acid degrading acidogens may occur (Chapter 4). The pH of the influent increased and
the calculated NH;-N values (not shown) consequently increased from about 3-15 mg. I (first
40 days) to 40 mg.I"! (day 50) and 76 mg.l" in day 70. These relatively higher NH,-N values
occurred during day 50-70, at which the conversion percentages were already increasing.
Hence, NH;-N is unlikely the cause of any inhibition. The decrease in conversion percentages
may be due to a lack of adaptation of the sludge to the imposed NaCl concentration. This
decline in conversion percentages occurred 10 days after the influent NaCl level was
increased to 4 g.17 CI'. From this moment {(day 40), the VFA level as well as the ratio of
NH,*-N to total N in the influent decreased, indicating that the growth of protein degrading
acidogens during storage was inhibited by NaCl.

The conversion percentages in run C are still increasing during period III. The mass balance
and sludge concentration measurements show a net accumulation of sludge in the reactor.
These conditions are indicative of non-steady state. The start-up period may have been
prolonged by the relatively fast increase in the influent NaCl concentration. Nevertheless, the
COD removal and conversion percentages in this run were already similar to those of the
low-lipid wastewater without NaCl in days 70-83; for min C, percentage methane, acidified,
hydrolysed, and removed COD were 63+9, 67+9, 74 +8, and 83 +6, respectively.

The decrease in NH,*-N and total N in the reactor in runs B and C cannot be explained by
biomass growth alone (Table 5.4). This may be due to a precipitation with Mg>* and PO />
{Maekawa er al. 1995) which may be present in the wastewater.

Sludge retention and characteristics

When the main mechanism for lipid removal is adsorption, as in the case of treating high-
lipid wastewater, a period of high lipid removal may be followed by a sudden decline in lipid
removal or a sudden sludge flotation. Hwu er al. (1997) showed that the adsorption of
LCFAs on surfaces of active methanogenic sludge followed by their desorption back to
aqueous phase, presumably due to perturbation of gas bubbles which escape from sludge
granules. It is possible that adsorbed lipids are similarly resuspended back to the liquid phase
due to the pressure of the evolving gas from the inner part of the sludge particles. On the
other hand, when gases are not released from the lipid-covered sludge particles, flotation of
both the acidogenic and the methanogenic biomass may occur. Lipid adsorption on sludge
particles, therefore, may decrease both the SMA of the sludge and the total sludge
concentration in the digestion zone of the reactor. When not balanced by biomass growth,
a net sludge flotation or wash-out will lead to a practically empty reactor in the long run.
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In all runs, the methane conversion increased again after a period of decline. These periods
of decline and recovery were not reflected in the changes in SMA which was assessed. The
number of SMA measurements is limited, however, so that the SMA tests can only show a
net change between day 50 and 80, but not what happens to the SMA between day 50 and
80. The results show no effect of NaCl on the sludge SMA and SVI.

When treating wastewater with a higher lipid content, a lower SMA is expected due to an
expectedly higher adsorption of lipids but no significant difference in SMA is shown among
the three runs after about 80 days of operation because most of the lipids are removed with
the floating layer. Hence, the remaining adsorbed lipids in the sludge bed, from which
samples are taken for SMA measurement, may be not significantly different compared to
these in the reactors treating low-lipid wastewaters. In treating high-lipid wastewater, there
was a net decrease in SVI after 80 days of run probably due to the apparent formation of
larger sludge particles. In treating ice-crearn wastewater in a UASB reactor, Hawkes ef al,
(1995) did not achieve a successful granulation, probably due to the fatty nature of the
wastewater. In their study, the occurrence of granules was noted only once, about S months
after start-up and at OLR of 4-5 g.I'.d"'. In the present UASB runs, it is likely that
aggregation rather than granulation occurred. This aggregation may have been promoted by
the adhesive effect of lipids between smaller sludge particles. In this case, aggregation could
be more detrimental than beneficial. The results indicate that there was at least an
improvement in the density and, hence, settleability of the sludge. The entrapment of small
fragments of inert particles such as fish bones could have enhanced the settleability of the
sludge aggregates.

At the estimated SRTs of 50-95 days in the runs with low-lipid wastewater, lipid hydrolysis
is more likely to occur than at the lower SRT estimated for the run with high-lipid
wastewater, These SRT values are estimated under conditions when there is still net sludge
accumulation in the reactor and there is no imposed sludge wastage. The sludge inside the
reactor is expected to increase until some of the sludge will be washed-out of the reactor. To
avoid an increase in SS in the effluent, withdrawal of excess sludge will be necessary. The
SRT at 'steady state’ will depend on the maximum amount of sludge that the reactor can hold
which will be dictated by the upflow velocity, the gas loading rate, and the settleability of
the sludge. As the settleability of the sludge in treating high-lipid wastewater is inferior to
that of the low-lipid wastewater, the SRT and therefore aiso the percentage hydrolysed COD,
may remain to be lower for high-lipid wastewater than those of the low-lipid wastewater.

Practical application of the UASB reactor for fish processing wastewaters

In Table 5.5, the results of the present UASB experiments are compared to those obtained
by Sayed (1987) at similar OLR for slaughterhouse wastewater which similarly contains
lipids and proteins. The percentage COD conversion to methane when treating low-lipid
wastewaters is similar to that obtained by Sayed (1987) using a granular sludge UASB
reactor, but the percentage COD removal obtained for slaughterhouse wastewater was lower
because of a lower capacity of granular sludge bed to entrap coarse SS (Sayed 1987). The
percentages COD removal and conversion to methane in the run with high-lipid wastewater
are about the same as that obtained by Sayed (1987) for slaughterhouse wastewater in which
lipid COD is about 47% of the total COD (calculated from his results). As in the present
experiments, an important fraction of the removed COD is not recovered as methane but is
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instead entrapped and adsorbed in the sludge bed. In treating fish processing wastewater, the
percentage methane recovery of removed COD found in experiments with AF, AFB, CAD,
and DSFF is relatively higher, but, considering the much higher HRTs applied in these
reactors, the performance of UASB reactors in the treatment of low-lipid wastewaters seems
to be promising. However, no definite conclusions can be made as the experimental run was
rather short considering the SRT of the sludge.

For wastewaters containing lipids, Rinzema er al. (1993") and Rinzema et al. (1993%)
recommended the use of reactors with enhanced contact between sludge particles and
wastewater, such as an EGSB reactor. In the present experiment, higher upflow velocities
which characterize an EGSB could not be applied to the seed sludge which is composed of
very fine particles and is easily washed-out at upflow velocities higher than 0.4 m.ht. Hwu
et al. (1996) recommended the use of granular sludge for seeding because it is less
susceptible to lipid inhibition compared to flocculent and suspended sludge. However, besides
the present scarcity of granular sludge in the Philippines, it is yet unceriain if the granular
characteristic of a sludge in a high-rate reactor treating high-lipid wastewater can be retained
in the long run.

Table 5.6: Performance of anaerobic systems in treating fish processing and slaughterhouse
wastcwaters

wastewater reactor COD 8§ lipids CI OLR HRT %COD  %COD
type eI %Y (%Y (g (gl'd) (h} removal methane

slaughterhouse UASB' 2.7 71° 47 ng 2.5-5.0 16 82 37
slaughterhouse UASB' 6.1 26° 17° ng 10-12 12 68 32
slaughterhouse UJASB? 1.3 46° 7-1%  ng 6-6.2 5 53 65
slaughterhouse UASB® 1.3 a5*  7-19° ng 7-8 43 67 57
slaughterhouse UASB? 1.4 46° 7-19°  ng 10-10.5 iz 54 51
sardine canning UASB® 3.5 80 47 02! 511 i2 92" 47
tuna canning ~ UASB* 2.7 65 9 0.2¢ 3-8 11 T9¢ 63*
tuna canning UASB™ 27 65 9 4.2¢ 5-7 11 83¢ 63%
herring brine AP 10 18 13 19 6.7 36 80 76"
herring brine  AFB' 10 18 13 19 6.7 36 80 80"
tuna cooking ~ CAD*  20-25 ng 12 14 4.5 120 80 67
tuna DSFF* 20-54 ng ng 29 2 336 75 ng

* as a percentage of the total COD; "coarse 8S COD: x > 7.4 um, “estimated from given data; Ymainly, CI" from
added nutrient salts, while CI” from sardine fish is 0.010 g.I''; "as added NaCl plus CI" from nutrient salts;
taverage over period I1T; faverage over last 14 days of run (days 70-83); "calculated from the results; ng = not
given; 'with flocculent sludge, 30°C (Sayed 1987); *with granular sludge, with weekend feed interruption, 30°C
{Sayed 1987), 'upflow anaerobic fixed filter and anaerobic fluidized bed, 35°C {Balsev-Olesen ef al. 1990);
“central activity digester (Mendez er al. 1992); *downflow stationary fixed film (Veiga et al. 1992); “this study

An intermittently fed UASB reactor was used by Sayed (1987) for slaughterhouse wastewater
to allow degradation of accumulated SS in the reactor during feed interruptions. This may
be practiced in fish canneries as well since these plants, in general, do not operate on a 24-
h.d* scheme. However, the relatively short no-feed periods may not be enough for the
recovery of methanogenesis when severe inhibition occurs. Returning the floating lipid layer
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to the sludge bed is not feasible as refloating occurs. For the application of an UASB reactor
for wastewaters containing high concentrations of lipids, a pre-removal of lipids is necessary.
Hanaki ef al. (1990), Hawkes et al. (1992), Kumatsu et al. (1991), and Sayed et al. (1993)
suggested the use of two-phase anaerobic systems for cafeteria, ice-cream, dairy, and
slaughterhouse wastewaters to prevent inhibition of methanogenesis.

SUMMARY

Different types of wastewaters (3-4 g.I"? total COD) were treated in UASB reactors at 10-12
hours HRT and 6-10 g COD.I'. @' OLR: {a) high-lipid (35-60% of total COD is lipid}, (b)
low-lipid (5-9% of total COD is lipid), and (c) low-lipid with 4 g.I7 CI'. The extent of lipid
hydrolysis limits the percentage hydrolysed COD and percentage COD conversion to methane
in the run with high-lipid wastewater. COD reduction for high-lipid wastewater was relatively
high but for an important part due to the removal of floating layer and adhering solids near
the GLS separator. Lipids were degraded in the UASB reactor to some extent but as they are
poorly retained in the sludge bed, complete lipid degradation was not achieved. Moreover,
as they tend to adsorb to sludge particles and float, lipids in the wastewater threaten the
stability of the UASB reactor especially in the treatment of high-lipid wastewater. Hence,
pre-removal of lipids is pecessary. The presence of NaCl at 4 g.1" CI' does not negatively
affect the COD removal and conversion to methane but requires prolonged start-up period
for sludge adaptation.
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Chapter 6

Pre-treatment of fish processing wastewater in an upflow
substrate precipitation and entrapment (USPE) system

ABSTRACT

Lipids in wastewater threaten the stability of high-rate anaerobic treatment systems such as
the upflow anaerobic sludge blanket (UASB) reactor as they cause sludge flotation, and their
adsorption on sludge surfaces may hinder the transport of substrates and products through
the bacterial membrane. Thus, pre-removal of lipids from the wastewater is necessary. The
possibility of employing an upflow substrale precipitation and entrapment (USPE) system as
pre-treatment for fish processing wastewater was investigated. At 3.1 days solid retention
time (SKRT), 6.1 hours hydraulic retention time (HRT), 80% of the lipids and 80% of the
suspended solids COD (SS-COD) were removed from a wastewater of 4.0+1.2 g.I"! total
COD, of which 60% is lipid and 11% is protein COD. With 2 hours HRT in an external
settler (ES), the S8-COD and the lipid removal in the combined USPE reactor and ES were
86% and 89% respectively. Of the SS-COD removed in the USPE reactor, about 6% was
hydrolysed. Under these operating conditions, lipids were not degraded. The batch
experiment showed that the optimum pH for the removal of proteins and lipids by settling
is 4.5-5.5. This pH, however, was not achieved in the continuous USPE system experiment.
Hence, the removal of the SS from the wastewater in the USPE system is attributed to
adsorption and entrapment in the sludge bed.

Keywords - acidification, fish processing wastewater, hydrolysis, isoelectric point, lipids, pH,
proteins, suspended solids, upflow substrate precipitation and entrapment (USPE) system

INTRODUCTION

The presence of high concentrations of lipids in wastewater endangers the stability of high-
rate wastewater treatment systems such as expanded granular sludge bed (EGSB) and upflow
anaerobic sludge blanket (IJASB) reactors as lipids cause flotation of sludge and their
adsorption to sludge particles canses deterioration of the methanogenic activity of the sludge
(Rinzema 1988, Sayed et al. 1988). Two-phase anaerobic systems or removal of lipids before
a high-rate anaerobic reactor were suggested for the treatment of wastewaters containing high
levels of lipids such as cafeteria (Hanaki et al. 1990), dairy (Perle et al. 1995), ice cream
factory (Hawkes et al. 1992), and slaughterhouse (Sayed et al. 1993} wastewaters.
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The use of two-phase anaerobic systems was originally conceptualized for the purpose of
optimizing the environmental conditions for the different anaerobic process, i.e. hydrolysis
and acidogenesis in the first phase and acetogenesis and methanogenesis in the second phase.
With this system, the occurrence of an imbalance between the different groups of anaerobic
bacteria, which may take place in one-phase systems, could be prevented (Ghosh 1987).
Phase separation can be achieved by controlling the pH to acidic levels (Shin ez al. 1992) or
by applying short HRT (Lin and Ouyang 1993} or SRT (Zhang and Noike 1991). In the
digestion of activated sludge, besides higher volatile solids (VS) reduction and methane
conversion in a two-phase compared to a one-phase system, Ghosh (1991) also showed that
the two-phase system is effective in preventing digester foaming which could lead to many
serious operational problems. As in the case of raw sewage sludge treated in a two-phase
UASB system (Wang 1994), the first phase raises the level of dissolved COD and volatile
fatty acids (VFAs) in the influent of the second phase and stabilizes the produced sludge to
some extent.

With wastewaters containing high concentrations of lipids, the first phase serves mainly to
remove the S8 and, hence, achieve a more stable high-rate anaerobic reactor operation.
Kumatsu et al. (1991) determined the possibility of preventing lipid inhibition using a two-
phase system. In treating milk wastewater containing 660 mg.1"? lipid COD at 8 and 40 hours
HRT in the first (suspended growth type reactor) and second (upflow anaerobic filter) phase,
respectively, they found a higher methane conversion than the one-phase system operated at
the same total HRT of 48 hours. However, there was hardly any lipid degradation in the first
phase. In treating cafeteria wastewater containing 200-1000 mg.1" lipid COD in a two-phase
anaerobic system similar to that used by Kumatsu er al. (1991), at 20°C and at HRT of 3.3-
10 days, Hanaki ef al. (1990) similarly found that there is no degradation of lipids in the first
phase and that lipid degradation occurs in the methanogenic reactor. The resulis presented
in Chapters 2 and 3 indeed indicate that in the absence of methanogenesis in an acid phase
reactor, hardly any lipid hydrolysis can be expected. For wastewaters with high
concentrations of lipids, the primary objective of the first phase can be the removal of lipids,
not necessarily its complete degradation.

Zecman et al. (1997) investigated the use of an upflow anaerobic solid removal (UJASR)
reactor for the pre-treatment of dairy wastewater, raw sewage and waste activated sludge.
Unlike a conventional settler, in this reactor, the influent wastewater passes through a bed
of sludge where the SS can be entrapped or adsorbed, and partially hydrolysed and acidified
depending on the temperature and SRT. The influent flow constantly flushes the sludge bed,
hence, preventing possible accumulation of intermediate products, such as amino acids (Doi
1972, Glenn 1976), which could otherwise be inhibitory to hydrolysis or acidification.

With dairy wastewater, the hypothesized mechanism for lipid removal in an UASR is based
on the formation of aggregates of lipids and proteins, which are mainly casein (Zeeman ef
al. 1997). Volatile fatty acids formation from the acidification of lactose brings about a
decrease in pH. When pH decreases to a value as low as the isoelectric point (IEP) of casein,
these proteins precipitate and settle, taking along the lipids which, at higher pH, are
emulsified by proteins in solution. The solubility of proteins is influenced by their net charge.
At pH higher than the IEP, most proteins have net negative charge while at lower pH, they
have net positive charge. At IEP, the net charge is zero and they tend to show minimum
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solubility, When the net charge is zero, proteins which would have similar charges at pH
away from the IEP cease to repel each other and instead coalesce into insoluble aggregates
(Zubay 1988).

Lapsirikul er af. (1994*) who used an anaerobic method to remove lipids from wool scouring
wastewater reported that most of the lipids are removed by flocculation. They later found that
biological activity is important in the process, indicating a possible biological degradation of
detergents which prevent the lipids from precipitation (Lapsirikul er al. 1994"). As the
importance of achieving low pH is not emphasized in their research, the removal mechanism
in this process was probably different from that of the lipids in dairy wastewater according
to Zeeman et al. (1997).

Fish processing wastewater may contain high concentrations of suspended solids which are
maindy proteins and lipids. The application of an UASB reactor for fish wastewater having
high lipid concentrations requires a pre-removal of the S8 in the wastewater. Thus, the
possibility of employing an upflow substrate precipitation and entrapment (USPE) system as
a pre-treatment was investigated in this study.

MATERIALS AND METHODS

Settleability of S8 at different pH and estimation of IEP of fish proteins

Artificially generated fish wastewater was settled in 1000-ml beakers at different pH.
Initially, it was stirred and the pH was set in different beakers at 4-6 by adding 6 M HCI.
At 1-2 hours intervals, supernatant samples were carefully taken and analyzed for total COD.
At the start and after 9 hours of run, the supernatant total COD, total lipids, total N, and
NH,"-N were determined. Another run was similarly carried out except that more
measurements of supernatant COD were done during the first hour of settling.

In a separate experiment, the IEP of fish protein was estimated by adding 6 M HCl dropwise
to the prepared wastewater while stirring in order to lower the pH gradually. After each acid
addition and stirring, the wastewater was allowed to stand for 2-3 minutes and observed
visually. The apparent IEP is the pH at which floc formation started.

The USPE system experiment

The set-up of the continuous experiment is shown in Fig. 6.1. At start-up, 30% of the USPE
reactor volume was filled with a settled sludge from an anaerobic reactor treating brewery
wastewater. The start up conditions were the same as those in period I (Table 6.1), except
that there was no stirring applied. Sludge was allowed to accumulate in the reactor until the
sludge bed height reached 0.7 m. Since then, sludge was manually withdrawn from the
sludge port at .30 and (.59 m from the bottom of the reactor 1-2 times daily, maintaining
the sludge bed height between 0.55 and ¢.70 m. Sludge was withdrawn from the external
settler (ES) 1-2 times a day.

The USPE reactor run was divided into three periods which are characterized by different
modes of stirring, HRT, and SRT. The SRT was decreased by increasing the organic loading
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rate while maintaining the same sludge bed height. The influent was similarly prepared as
in Chapters 2 and 3. Nuirients and pH buffers were not added. The influent storage tank was
refilled with freshly prepared wastewater every 3 days in period I while every 2-2.5 days in
period II and III. Influent and effluent sampling for measurement of pH, COD (total,
collpidal, and soluble), volatile fatty acids (VFAS), total N, and NH,”-N was done 2-3 times
a week. Influent and effluent total lipids were measured once a week. Influent samples were
collected at a port between the feed pump and the USPE reactor influent port. The USPE
reactor effluent samples were collected at the effluent port while the reactor was not stirred.
All the batch and the continuous experiments were operated at 28-32°C.

Figure 6.1. Set-up of the continuous experiment: Fish wastewater, stored at 28-32°C in a
continuously stirred (50 rpm) 100-1 tank (A), was fed via a peristaltic puomp (C) into the
lowest port of the USPE reactor (D) which is a 0.1 m x 0.1 m x 1.1 m plexiglass column.
The reactor has 3 sludge sampling ports (0.294 m apart) and a stirrer (B} having 4
propellers, 3 of which are located at the same level as the sludge sampling ports and 1 at the
effluent level. Each propetler has 8 vertical 0.09 m x 0.005 m prongs. At the botiom of the
reactor, 0.2 | marbles were placed to allow uniform influent flow. The effluent of the USPE
reactor flowed by gravity into an external settler or ES (E) which was a 0.1 m x 0.1 m x
0.395 m plexiglass column with a sludge withdrawal port at the bottom of its conical (45°)
base and an effluent port (F). The ES also served as a water lock for the USPE reactor. The
influent and effluent tube inside diameter was 0.006 m. The USPE reactor was connected to
an inverted serum flask (GG) containing 3% NaOH to collect produced gas.
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Analytical methods

Sludge and wastewater samples (influent and effluent) were analyzed for the different
components using similar methods as in Chapters 2 and 3. The different COD fractions were
separated by filtration (0.45 pm MFS cellulose nitrate and 7.5 pm Whatman #40) and
designated as soluble (COD < 0.45 um), colleidal (0.45 yum <COD < 7.5 ym}, and $§-COD
{total COD - soluble COD).

Table 6.1: Operating conditions in the USPE reactor and ES system during different periods

period I II 14
days 56-132 133-205 "219-289
no. of days 77 73 71
temperature 28-32°C (all periods)
volume: USPE 8.82 1 (effective volume), 6.7 1 (maintained sludge volume at USPE)
ES 2.88 1 (effective volume), 0.72 | (maintained sludge volume at ES)
USPE stirring speed 925 rpm 10 ipm 10 rpm
duration and interval 5 seconds per 30 minutes 6 seconds per 30 minutes 6 seconds per 30 minutes
Q(.dh 244+1.1 333449 34.7+6.4
v, (m.h"} 0.10 0.14 0.14
HRT ¢h):USPE 8.7 6.5 6.1
ES 2.8 21 2.0
OLR (g.1".d" 7.2 12.8 15.1

Q = influent flow rate; v, = upflow velocity; HRT = hydraulic retention time; OLR = organic loading rate;
rpm = revolution per minute; + standard deviation; “temporary feed siop on days 206-218; @changed to 10
rpm, 6 seconds per 30 minutes during the last 19 days of period I.

RESULTS

Settling experiment

The results of the batch settling experiments conducted at different pH are presented in Fig.
6.2. Maximum settleability of 88, organic N, and total lipids was achieved at pH 4.5, 5.0
and 5.5. No significant difference was shown between these pH values. Significant
differences were found for the settleability between pH 4.5-5.5, pH 4.0, pH 6.0 and pH 6.4.
After 10 minutes of settling, it was also visually observed that the supernatant at pH 4.5-5.5
was much clearer as compared to its initial appearance and to those at other pH values. At
all the applied pH, the values of the percentage settled SS were already approaching their
respective maxima within one hour. In a separate experiment, the IEP of fish protein was
determined to be 5.47+0.12.
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Figure 6.2. Results of the batch settling experiment: a. Percentage settled SS-COD as a
function of time at different pH. Each curve is the best-fit curve for the two sets of data (run
1 and 2) arbitrarily assuming the equation form y = (y, *time/(k-+time)) where y =
percentage settled SS-COD, and ¥, and k are constants obtained using non-linear
regression. The values in parentheses indicate sigmificant differences (p<0.05) where
a>b>c>d. The R? values among all curves was 0.9883-0.9959. The curve for pH 6.4
represents the two runs where pH was not controlled; b, Percentage settled organic N (- - -
}, total lipids (...... ) at different pH after 9 and 5 hours, respectively, in runs 1 (a) and 2
(®), and percentage settled SS-COD afier 9 hours ( ). The pH values of the
wastewater in which pH was not controlled were 6.3 and 6.5 in runs 1 and 2, respectively.
The initial total lipids and organic N were 1023 and 399 mg.1", respectively in run 1, and
1790 and 380 mg.1", respectively in run 2.

USPE system experiment

The influent concentrations during different periods are shown in Table 6.2.

The influent VFA and NH,*-N concentrations were high indicating that the wastewater was
already pre-acidified in the influent storage tank. Only 2-6% of the influent total COD was
acidified additionally in the USPE reactor. Daily refilling of the influent storage tank with
new wastewater did not significantly reduce the extent of acidification in the tank.

At the start-up period, the fluctuation in SS-COD removal efficiency was quite high but it
was noted that the influent SS-COD concentration also varied greatly in time. Nevertheless,
the average SS-COD concentration in the ES effluent was relatively low, ca. 26% of the
effluent total COD. As in the succeeding periods, the pH decreased in the USPE reactor but
_ was not as low as the IEP of fish proteins which was determined in the batch experiment.
Hardly any methane gas was detected throughout the experiment. Flow channels through the
sludge bed and sludge flotation leading to sudden wash-out occurred when stirring was not
applied. These problems were not observed when the reactor was stirred at 10 rpm at 6
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seconds duration per 30 minutes interval. With faster and more frequent stirring, (preliminary
runs, data not shown), SS wash-out still occurred.

The effluent composition and the removal efficiencies for the different components are

summarized for each period in Table 6.3. The average values were calculated over “steady
state’ periods which were assumed to be achieved after 3 times the SRT for the new period.

Table 6.2: Influent concentrations

period | I 1]

days’ 56-132 170-205 231-288
COD: mg.l" % mg.1! % mg.l" %
total 2665 +655 100 33281857 100 402511165 100
soluble 11354478 43 903 +362 27 1174 £259 29
VFA 7824593 29 415+ 156 12 8884297 22
3S 13851680 57 23194858 73 285041099 71
lipids® 3464112 13 854 +£320 26 2398+1307 60
proteins® 1184 44 1571 47 453 11
colloidal 1251116 5 6404313 19 2231126 6
N:
NH,"-N 217169 67 200164 58 215141 69
organic’ N 108 £ 80 33 146160 42 1041+ 59 31
pH 6.2-6.9 6.2-6.4 6-7

"when ’steady state’ conditions are assumed (afier 3 times the SRT); *total lipids*2.89 (Kinsella 1987); "[total
COD - soluble COD - lipid COD]J; “(total N - NH,*-N); + standard deviation; Above percentage values for
COD and N components are based on total COD and total N respectively,

The $S-COD removal in the USPE reactor did not significantly change when the SRT was
decreased from 12.4 days (58 £9%) to 4.6 days (524+32%) but increased to 80+£10% when
the SRT was decreased to 3.1 days in period III. It is to be noted that in period III, the
average lipid concentration in the influent wastewater was much higher as compared to those
in period I and II. The S8-COD removal in the USPE reactor represents the removal of both
lipid and protein COD as indicated by the decrease in both lipids and organic N. Of the
removed organic N in period I-II1, 11-28% was converted to ammonium indicating partial
acidification of proteins. Of the removed SS-COD, 16% and 37% was hydrolysed at 12.4
and 4.6 days SRT respectively. The percentage hydrolysed SS decreased when the SRT
decreased to 3.1 days. At this SRT, the combined USPE and ES system effected 861+5%,
89+10%, and 854+27% removal of 8S-COD, total lipids, and organic N, respectively.
Comparison between the acidified COD and the equivalent COD of the organic N converted
to ammenium in the USPE reactor indicates that hardly any lipids were acidified. As any
hydrolysed. non-acidified lipids will not be measured as soluble COD, the increase in soluble
COD in the USPE reactor must be mainly due to the hydrolysis of proteins. As shown in
Table 6.3, there was no significant reduction in the colloidal COD in the USPE and ES
system.
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Table 6.3: Eifluent concentrations, conversion, and removal@ efficiencies

period I 11 111

USPE effluent mg.I" (%rem.) mg.l" (%rem.) mg.l! (%rem.)

COD:

total 1792 4+ 565 (3249) 24514980 (284+32) 169841348 (55+£12)

soluble 1189+414 12704517 11881301
VFA 8841491 6154222 9514246

S$8-COD 5194442 (58+9) 11811643 (52432) 5104231 (80+10)
lipids 2594133 (34+15) 3204174 (554+27) 404+192 (80+11)
proteins 344 861 106

colloidal 25431 3204288 219+133

N:

NH,"-N 2244106 228471 233437

organic N 46+57 (39+77) 46+56 (684+29) 36435 (63130)

pH 6.1-6.7 6.0-6.2 6-7

ES ctfluent mg.l" (%rem.) mg.I! (%tem.) mg.l’ (%rem.)

COD:

total 1554 4+-516 (37+13) 14754333 (50+19) 15874243 (58+11)

soluble 1152+ 517 1307 1507 12364271
VFA 1102 +460 6704173 9624150

§5-COD 4024148 (63+23) 1794225 (894+16) 351497 (8615)
lipids 110164 (71+£17) 1644132 (79+14) 1771162 (89+10)
proieins 292 4 174

colloidal 1661+ 178 117+£163 2104167

N:

NH,*-N 2141381 214446 235139

organic N 57+59 (45+57) 46145 (67+25) 13423 (85+27)

pH 6.3-6.9 6.1-6.3 6-7

Percentage conversion in the USPE:

*acidified COD 4% 6% 2%
*hydrolysed SS 9% 19% 5%
‘hyd.$S/rem.SS 16% 7% 6%
‘amm.N/rem.otg.N H% 28% 27%

@removal percentages (or %rem.) are average values of daily percentage removal calculated as [(Cy; -
CIHC,)HI*100 where C = concentration of total COD, $8-COD, colloidal COD, lipids, or organic N;
Calculation for organic N, SS, lipid, and protein COD are given in Table 6.2; *{[(VFA COD),, - (VFA
CODY,)/(total  COD)y;}: “{f(soluble COD), - (soluble COD)yJ/{(SS-COD)}; °I{%hydrolysed SS-
CODY/(%remaved SS-COD)]; “[{organic N converted to NH,*-N)/(removed organic N)); + standard deviation;
Sampling days for the calculation of average values -- see Table 6.2.; subscript: U = USPE, i = influent, ¢
= effluent.
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Table 6.4: Composition and production rate of sludge from USPE and ES system

period I I I

USPE ES USPE ES USPE ES
Q, (1.d) 0.54+0.23 0.51+0.26 1.451+0.23 (.89+0.24 2.1741.11 1.1341.02
SRT (d) 12.4 1.4 4.6 0.8 3.1 0.64
VS (g.I'h 10.644.0 2594135 10.1+5.9 9.6+1.9 103439 103431
TS (g1 16.6+6.3  36.5+13.8 11.6465 124410 10.7438 10.8+4353
VS/TS% 0.641+0.01 0.70+0.14 0.87+0.02 0.77+0.09 0.96+.02 (.95+0.03
total COD (g.I") 27.9+84  232+18.7 19.0£17.1 192466  21.117.2 202164
total N (g.I') nd nd 1.69£0.31 0921007 0.64+0.04 0.49+0.07
COD/VS* 2.63 0.90 1.88 2.0 2.05 1.96

@Average VS/TS values of samples. “(average total COD)/(average VS); SRT = solid retention time; nd = not
determined; + standard deviation; Q, = volumetric sludge production rate; VS = volatile solids; TS = total
solids

From period I to IlI, the upper and middle part of the sludge bed slowly changed in
appearance from a more compact to a more dispersed form. The part of the sludge bed which
remained similar in color with the seed sludge, slowly diminished in time. The average
sludge composition in different periods is shown in Table 6.4. The COD/VS ratio in the
USPE studge was 1.88-2.63 which is much higher than the COD/protein ratio (about 1.5),
indicating that the sludge COD content was mainly lipids. As the SRT decreases, the VS/TS
ratio increases indicating an increasing organic matter content, hence, an increasing need for
sludge stabilization.

The shudge profile across the sludge bed height and ES are presented in Fig. 6.3. The sludge
total COD, TS, and VS8 concentrations decreased from the lower to the upper part of the
sludge bed. The lipids were present in all parts of the sludge bed.

" [Dipids Ml Ts-vs

ES % Ml protein Hvs
HsNA I sa
HvFA

059 m I =d

031 m

002 m

0 10 20 30 40 0.0 10 20 30
coD {g.f") VS & TS (g.")

Figure 6.3: Sludge concentration across height (0.02, 0.31, 0.59 m from bottom) of the
sludge bed, and in the ES. Samples were taken at day 237 and 239. Bars indicate standard
deviation (sd) in total COD and TS. SNA concentration in the sludge bed is negligible.
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Table 6.5: Total COD and N balance in the USPE+ES system calculated for the steady state
periods

period I II I
total COD

USPE influent 100% 100% 100%
ES effluent 58% 44 % 39%
USPE +ES sludge 42% 1% 52%
unaccounted <1% 15% 9%
total N

USPE influent 100% 100% 10%
ES effluent 83% 75% 80%
USPE+ES sludge nd 29% 18%
unaccounted nd -4% 2%

Note: Above values are percentage of total COD or total N of USPE influent. Percentage COD or N of sludge
were calculated as [(Q,*C,)/(Q*C)] where Q,, = sludge production, C,, = sludge total COD or N concentration,
Q = influent wastewater flow rate, and C = influent wastewater total COD or N concentration.; nd = no data;
unaccounted COD or N = 100% - (total COD or N)gs uen - (total COD or N)ugpe.es cludge-

The CCD and N balances, shown in Table 6.5, indicate an unaccounted total COD and total
N of 1-15% and -4-2%, respectively, based on the average total COD or N of the influent.
Considering the high relative standard deviation in the influent concentration (6-29%) and
studge COD concentration, these unaccounted values may be deecmed to be not significant.

DISCUSSION

SS removal as a function of pH

The results of the experiment on precipitation show a high and fast SS removal at lower pH.
The pH for maximum SS removal, 4.5-5.5, agrees with the observed IEP (5.47+0.12) and
with the reported IEP of myosin (5.3, Franks 1993) which is the main protein in fish (Suzuki
1981). As the organic N and lipid removal have the same pH optima, the lipids likely settled
with the proteins which precipitated at their IEP. It is desired to achieve this pH by biological
degradation in an USPE reactor but a pH as low as this IEP was not achieved in the
continuous experiment. It is difficult to lower the pH of the wastewater since both VFAs and
ammonium are produced during protein degradation.

Mechanism of S8 removal

At short SRT, the lipids from fish wastewater are not removed in the USPE reactor neither
by degradation nor by co-precipitation with proteins at IEP as the pH in the USPE reactor
did not reach the IEP, Zeeman et al. (1997) were able to decrease the pH of dairy
wastewater in an UASR reactor to values as low as the IEP of ifs main proiein component,
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casein, but this decrease in pH, was due to the acidification of lactose. In fish wastewater,
only proteins are easily degradable.

As neutral lipids are immiscible in the polar liquid phase, they are normally emulsified in
the liquid phase by films of partly charged molecules such as dissolved proteins or long-chain
fatty acids which are oriented in such a way that their charged part faces the polar liquid
phase and th¢ir non-polar part is towards the neutral lipid globule. Under conditions of
limited emulsifying agents, the tendency of the neutral lipid molecules is to adhere to similar
molecules such as other lipid molecules which are already adsorbed to surfaces. By adhesion
to other lipid molecules, e.g. lipids already adsorbed on protein particles, lipids can form
larger aggregates which can be more easily entrapped in the sludge bed. The sludge profile
across the bed height indicates that as the wastewater passes through the sludge bed, some
lipid aggregates are probably entrapped or adsorbed while some are still carried into the
upper part of the sludge bed. Lipids and proteins are removed even when the pH did not
reach the IEP. The results indicate that some of the non-dissolved proteins are removed by
hydrolysis in the USPE reactor. The rest must have been removed by entrapment in the
sludge bed and by further settling likely with attached lipid particles. It is shown by the
results of the batch experiment that when pH is not controlled, a significant fraction (ca.
60%) of the SS (ca. 94% of the lipids) in the wastewater is removed just by settling. In
period I-II of the continnous experiment, the influent lipid level and the obtained pH were
similar 10 those of the batch experiment but the percentage SS-COD and lipid removal were
lower in the continuous experiment probably due to the upflow velocity which is absent in
the batch experiment. It is probably important to keep the upflow velocity constant for a
constant SS removal. A more quiescent settling of SS possibly might be obtained in an
ordinary settler but the extent of hydrolysis then may be less compared to that obtained in
the present USPE system in which the sludge is continuously rinsed with 'fresh’ wastewater
preventing the accumulation of intermediate products that can inhibit the hydrolysis of SS,
e.g. amino acids that inhibit protease production (Doi 1972, Glenn 1976).

The results of the batch experiment in which acid is added to decrease the pH suggest a
promising alternative for a faster SS removal, especially when the recovered solids can be
converted into a valuable by-product. Adjustment of pH to 3-5.9, in some cases combined
with heating or addition of coagulants, has been reported as an effective technique to improve
the recovery of proteins and lipids from fish processing and slaughterhouse wastewaters by
plain settling {Civit et al. 1982, Fukuda and Nakatani 1979, Shimizu and Nishioka 1979,
Song et al. 1984, Toth and Drobnine 1979). In these studies, treatment time varies between
(.3 and 1 hour. This method is simpler than the dissolved air flotation method (Brett Borup
and Fenhaus 1990, Iggleden and Van Staa 1984, Litchfield 1980, Litchfield 1983), at
similarly short HRTs which requires high-pressure air, skimmer and oftentimes coagulants
or flocculants. However, one of the possible drawbacks of this acid precipitation method is
the cost of the necessary chemicals. The alkalinity of a fish wastewater (as prepared in the
present experiment) of about 2300 mg COD.1? was determined (data not shown) at 903-931
mg CaCO,.I"'. To decrease the pH to the IEP, a relatively large amount of acid will be
required, ca. 1.5 1 concentrated HCI or ca. 0.5 1 concentrated LSO, per m’ wastewater.
Moreover, the addition of these acids will increase the Cl° or SO,2* levels in the wastewater
and the produced sludge. These ions are not desirable when the recovered proteins would be
used for animal feed preparation or when the supernatant and settled sludge would be
anaerobically digested.
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Performance of the USPE reactor

The achieved SS-COD removal at 3.1 days SRT was quite high, but was hardly due to
degradation. Operating the system at SRT > 3.1 days does not improve the $S-COD removal.
With long SRT, as in the start-up period, some lipid degradation could have occurred as
there were indications of some methane formation such as very low effluent VFA
concentrations that are sometimes lower than its influent concentration and an increase in the
hydrolysed fraction of the wastewater without a decrease in the protein-SS (data not shown).
The results presented in Chapters 2 and 3 revealed that lipid degradation occurs when
methanogenesis prevails. Methanogenesis, however, is undesirable in the USPE reactor as
gas production will enhance the flotation of lipids and, therefore, decrease the SS removal.

With regard to protein hydrolysis, a long SRT is not required as a large part of fish proteins
are readily hydrolysed and acidified even at the influent storage tank. Extended protein
acidification may even result in a higher pH in the system which might deteriorate the
settleability of lipids and non-dissolved proteins. The effluent pH at 4.6 days SRT was lower
than that at 12.4 days SRT.

Seeding the reactor with a shudge of high acidifying activity will not be necessary as protein
hydrolysis and acidification occur regardless of the presence of a seed sludge (Chapter 2).
The seed sludge present at the bottom of the bed probably brings about a better lipid
entrapment than the upper sludge which appeared to be more dispersed. Hence, the use of
flocculent or more compact seed sludge at start-up can be considered important but whether
this sludge quality can be sustained in the long run, especially under high loads of lipids, is
not yet known.

By intermittent stirring at moderate speed (10 rpm) and frequency (6 seconds every 30
minutes), channelling of the liquid flow can be prevented, while enough time is left for the
disturbed sludge bed to resettle. Besides further reducing the S8, the external settler may also
serve as a buffer of the combined system during periodic stirring at the USPE reactor and
in times of unexpected fluctuations in the level of SS in the USPE reactor effluent.

Produced sludge and effluent quality

From the results, it is clear that application of an UPES reactor leads to increased soluble
COD and VFA fraction in the wastewater and to a significant reduction of the lipid content
of the wastewater. Whether this satisfies the influent quality requirement of a succeeding
high-rate methanogenic reactor was not determined in this study. A foreseen advantage of
the application of the combined USPE and ES system prior to an EGSB or an UASB reactor
is that this system reduces the fluctuations in the influent SS concentrations and, thus,
promises a more stable second phase operation. In period III, although the lipid and SS-COD
concentrations in the influent greatly varied in time, their concentrations in the effluent were
rather constant during this period. On average, the remaining SS-COD in the wastewater
after treatment in the combined USPE and ES system at 3.1 days SRT is 22% of the effluent
total COD. About 60% of the remaining SS-COD is colloidal COD. The removal of this
fraction appears to be rate-limiting in the removal of SS as hardly any colloidal COD
reduction occurred. In slanghierhouse wastewater, which also contains proteins and lipids,
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the colloidal S8 fraction consists mainly of lipids (Sayed et al. 1988). Thus, it can be
degraded in the next reactor for as long as methanogenesis prevails. However, with a more
concenirated wastewater, a high level of colloidal COD in the effluent can be a problem in
the succeeding high-rate methanogenic reactor. Sayed er al. (1988) indicated that an
important step in the conversion of colloidal COD is its adsorption to the sludge particles.
High sludge loads of colloidal COD in an EGSB or UASB reactor may result in accumulation
of the adsorbed colloidal matter and cause serious drop in methanogenic activity of the
shudge.

The sludge produced in the USPE and ES system requires further treatment and cannot be
directly applied as a fertilizer or soil conditioner on agricultural lands as its lipid content is
high. For a more complete treatment, a sludge digester operated at longer SRT is necessary.
The latter will maximize the methane recovery from the fish wastewater.

The USPE system may find practical application for wastewaters which contain encugh easily
biodegradable compounds, the acidification of which could bring about a decrease in the pH
of the system. As earlier mentioned, an cxample is dairy wastewater containing lactose
(Zeeman et al. 1997). In the case of fish processing wastewater, the SS removal may be
further increased depending on the plant location. The treatment of fish wastewater may be
combined with the treatment of a sugar wastewater from a nearby plant. The VFAs produced
from the acidification of sugars may lower the pH to about the IEP of fish proteins and, thus,
lead to a higher SS removal. The possibility of operating an USPE reactor at SRT < 3 days
and HRT < 6 hours for fish wastewater is yet to be explored. As the pH would not decrease
upon an increase in SRT, it may even be more economical to further decrease the SRT and
HRT. It must be noted, however, that when HRT is decreased by increasing the wastewater
flow rate, the corresponding increase in the upflow velocity may decrease the filtering
capacity of the sludge bed for lipids. The maximum upflow velocity for the removal of lipids
from fish wastewater may be determined in future research.

SUMMARY

At 3.1 days SRT and 6.1 hours HRT, 80+10% of the total lipids and 80+11% of the SS-
COD were removed via an upflow substrate precipitation and entrapment system from a fish
processing wastewater containing 4.0+1.2 g.I" total COD, of which 60% is lipid and 11%
is protein. At an additional 2 h HRT in an external settler, the percentage total lipids and SS-
COD removed were increased to 86% and 83% on average, respectively. Of the removed
S8-COD in the USPE reactor, only about 6% was hydrolysed.

When using an influent fish wastewater of lower lipid content (0.85£0.32 g.1"! lipid COD
which comprises 26% of the total COD), 52+4-32% of the §5-COD and 55+27% of the total
lipids were removed in the USPE reactor at 4.6 days SRT and 6.5 hours HRT. These
efficiencies increased to 89+16% and 79+14%, respectively, after the external settler
operation at HRT = 2 h. Increasing the SRT does not improve the SS removal in the USPE
reactor.

The determined pH optima for proteins and lipids precipitation in the batch experiment is
4.5-5.5 which agrees with the determined IEP of fish proteins (5.3). Such a tow pH,
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however, could not be achieved in the USPE reactor. The lipids and proteins are removed
in the USPE by a mechanism of settling as flocs and by entrapment and adsorption in the
sludge bed present in the reactor. To a limited extent, some of the proteins are removed by
degradation while lipids are removed without degradation.
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Chapter 7

Anaerobic Treatment of Fish Processing Wastewater: Final
Discussion and Recommendations

Fish processing industries comprise an important segment of the Philippine economy.
However, among other industries, they pollute lakes, rivers, and eventually, coastal waters.
If their effluents are not sufficiently treated, the well-being of the country’s coastal waters
is threatened. In the long run, the fish industry will not be sustained because of water
pollution. The prospects of generating energy from fish processing wastes will encourage
factories to treat their wastewater before discharging them, and hence, may help the
government in implementing strict wastewater standards.

The main products of fish factories in the Philippines are canned sardines and tuna for local
and foreign markets, respectively (Chapter 1). Of the weight of raw fish accepted for
processing, 40-60% becomes solid waste while 1-6% goes to the wastewater streams. The
wastewater produced in the canning of finfish species, e.g. sardines and mackerel, is
characterized by high levels of suspended solids which are mainly proteins and lipids. The
concentration of sea salts in fish-processing wastewater in the Philippines is low compared
to those of factories where seawater is used in processing. The fish canmeries in the
Philippines use ground water in their operations. The salts in the wastewater are due to the
seawater that comes with the raw material.

Since fish processing wastewaters contain high concentrations of biodegradable organic
matter, the potential for a net production of energy in the form of biogas is high. Hence,
anaerobic treatment is an attractive option. Moreover, the excess sludge production in
anaerobic processes is less than that in aerobic processes. High-rate anaerobic treatment
systems are economical because they require a smaller reactor volume, and thus, are also
suitable for fish canning plants having limited space for wastewater treatment. Hence, this
study considers the application of high-rate anaerobic methods, e.g. UASB systems, for
treating fish processing wastewater. Hydrolysis, which is generally considered as the rate-
limiting step in the anaerobic digestion of insoluble organic wastes, is given special emphasis.

In the next sections, I will summarize the main results of this study and discuss their
implications on the anaerobic treatment of fish processing and other lipid-containing
wastewaters.
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1. General Discussion
1.1. Effect of different factors on the hydrolysis of lipids and proteins

1.1.1. Effect of methanogenesis

The results of the present study show that methanogenesis enhances lipid hydrolysis.
Methanogenesis enhances lipid hydrolysis probably via the syntrophic relation between
methanogens and LCFA-degrading bacteria. The activity of triglyceride lipases may be
inhibited by the accumulation of hydrolysis products, i.e. LCFAs, at the interface at which
cafalysis by lipase takes place (Martinelle and Hult 1994). Hence, the degradation of LCFAs,
i.e. B-oxidation which is dependent on methanogenesis (Angelidaki and Ahring 1995, Roy
et al. 1986), will positively affect lipid hydrolysis. Thus, complete lipid degradation will not
occur at conditions in which methanogenesis is inhibited, e.g., pH levels that are far from
neutral, inhibitory levels of ammonium, and high levels of NaCl.

Unlike lipid hydrolysis, protein hydrolysis takes place regardless of the occurrence of
methanogenesis and the presence of an inoculum. Therefore, in continuous anaerobic
reactors, the hydrolysis of proteins is less sensitive than that of lipids to disturbances that
cause inhibition of methanogenesis.

1.1.2. Effect of lipids

Lipids inhibit methanogenesis as indicated by the increasing length of the lag period in
methanogenesis at increasing initial total lipid concentration, i.e. 0.09-2.24 g.I" (equivalent
to 0.26-6.47 g COD.I'"Y). This inhibition by lipids cannot be exclusively attributed to their
hydrolysis products because, as shown in Chapter 2, there is hardly any conversion of lipids
to LCFAs during the lag phase in methanogenesis. Moreover, the methanogenic lag periods
in the present experiments are remarkably longer than those found by Angelidaki and Ahring
(1992) at 0.1-0.2 g.1" oleate. The possibility that both LCFAs and non-hydrolysed lipids are
causing inhibition of methanogenesis cannot be ruled out. As the hydrolysis of lipids is
enhanced by the occurrence of methanogenesis and as methanogenesis is inhibited by lipids,
lipids will inhibit their own hydrolysis when present at high levels.

Both the rate of hydrolysis and the biodegradahility of proteins are negatively affected at high
lipid levels, e.g., = 4.30 g COD.I" at 30°C and 0.67 g VS.1" seed sludge concentration.
Thus, to achieve high methane recovery in a reactor treating a wastewater containing high
lipid level, prolonged solid retention time will be necessary.

1.1.3. Effect of pH

The optimum pH for the hydrolysis of fish lipids and proteins is in the neutral range, i.¢. 6-
8. Hardly any lipid hydrolysis occurs at acidic pH values, e.g. pH 4-5. Both the occurrence
and the rate of lipid acidification, i.c. 8-oxidation of LCFAs, are found to depend on pH.
The maximum rate of this process is also found at pH 6-8. pH affects hydrolysis probably
through its effect on methanogenesis which has a positive effect on lipid degradation. As
methanogenesis is inhibited at low pH and the §-oxidation of LCFAs is inhibited in the
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absence of methanogenesis, lipid acidification occurs only in the presence of a methanogenic
inoculum and at pH 6-8.

Protein hydrolysis occurred at all the imposed pH conditions (4-8) in this study, regardless
of the presence of methanogenic inoculum, The rate of protein hydrolysis is higher at pH 6-8
than at pH values lower than 6. The effect of pH on protein hydrolysis is probably the net
effect of different factors. The low hydrolysis rates at pH 4 and 5 are attributed to the low
solubility of fish proteins at these pH values which are near the isoelectric point (IEP) of the
proteins in fish, i.c. about 5.3 as determined in this study. At the IEP, the secondary
structure of a protein molecule unfolds causing precipitation or decreased solubility.
Moreover, the accessibility of protein molecules to proteolytic enzymes may be diminished
by lipids, the degradation of which is inhibited at lower pH. Protease activity in fish
wastewater increases at increasing pH from 4 0 9, except at pH 8 at which a relatively lower
activity is found, probably due to the presence of different enzymes in fish having different
pH optima.

It is not difficult to adjust or maintain the pH of fish processing wastewater within the neutral
range. It spontaneously reaches about 6 in the absence of methanogenesis, and about 7 in the
presence of methanogenesis. The pH buffering capacity of the wastewater increases as it is
digested in anaerobic reactors due to the simultaneous production of CO, and ammonium.

1.1.4. Effect of NaCl

The hydrolysis of fish proteins becomes inhibited at a threshold level of 20 g.I'' NaCl, while
protease activity at this level remains unaffected. It was found that NaCl has a direct negative
effect on amino-acid-degrading acidogenic bacteria as indicated by high concentrations of
soluble non-acidified COD, which is mainly amino acid COD. The accumulated amino acids
then inhibit protease production, and hence, protein hydrolysis.

Methanogenesis and lipid acidification are both inhibited by NaCl, as manifested by the
gradually increasing length of lag phase in methane formation and lipid acidification at
increasing NaCl concentration. The effect of NaCl on lipid acidification is probably due to
its inhibition on methanogenesis. Nevertheless, as in the study by De Baere er al. (1984) and
Lema er al. (1987), the results of this study also indicate that adaptation of methanogenic
sludge to NaCl is possible.

1.1.5. Effect of NH,*-N

At the imposed NH,*-N levels in this study, e.g. 0-1.5 g.I'", inhibition of lipid hydrolysis
by NH," was not apparent. However, the inhibition of methanogenesis by NH,*, as
manifested by the decreasing rate of methanogenesis at increasing NH,*-N, suggests a
potential indirect negative effect of higher levels of NH,”-N on LCFA degradation which is
dependent on methanogenic activity. Protein hydrolysis becomes inhibited at threshold level
of 0.6 g.I'' NH,*-N. As in the inhibition of this process by NaCl, this effect is similarly
attributed to the accumulation of amino acids caused by a direct inhibitory effect on amino-
acid-degrading acidogens.
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1.2. Treatment of fish processing wastewater in high-rate anaerobic systems

1.2.1. One-phase upflow anaerobic sludge blanket (UASB) reactor

This study demonstrates that the one-phase UASB reactor is a promising alterpative for the
treatment of low-lipid fish processing wastewater (Chapter 5). In treating wastewater of about
2.72 g.1" total COD, 9% of which is lipid COD (= 85 mg.1"! lipids), atca. 5.4 g.1.d" COD
loading rate, ca. 11 hours hydraulic retention time (HRT), and 0.011-0.029 g lipid.g'VS.d!
shidge loading rate, the achieved COD conversion to methane and the COD removal
efficiencies were 79% and 63%, respectively. The treatment of the same wastewater, but
containing 4 g.I"' NaCl, at the same operating conditions as in the above treatment, requires
a longer start-up period for the adaptation of both the acidogenic and methanogenic bacteria
to NaCl. At about 70 days after start-up, the COD conversion to methane and the COD
removal efficiencies were already similar to those achieved in the treatment of the same
wastewater without NaCl. In treating high-lipid wastewater (3.50 g total COD.1" of which
47% is lipid COD) in one-phase UASB at 8 g.I'.d? COD loading rate and 12 hours HRT,
92% of the total COD is removed while only 47% is converted to methane. A significant
fraction (about 34%) of the total COD is removed as floating and adhering solids at the gas-
liquid-solid separator of the reactor.

As in the batch experiments (Chapter 2, 3, and 4), there are indications that lipid hydrolysis
is rate-limiting. Most of the proteins are hydrolysed (72-100% after treatment in the UASB
reactor) while lipids are removed in the UASB reactor mainly by adsorption to reactor
surfaces and sludge particles instead of complete degradation. Such adsorption of lipids
threatens the sludge retention, the methanogenic capacity of the reactor, and, hence, the
stability of the system. Thus, in order to optimize COD removal via methanogenesis in high-
rate anaerobic reactors, lipids must be pre-removed unless a low lipid sludge loading rate and
therefore a long HRT, ca. 80 hours, is applied.

1.2.2. Pre-treatment in an upflow substrate precipitation and entrapment (USPE) system

Since it is necessary to remove the lipids in fish processing wastewater before treating in a
UASB reactor, the possibility of pre-treating the wastewater containing high lipid level using
a USPE system was investigated in this study (Chapter 6). The USPE system consists of an
upflow reactor and an external settler. In the upflow reactor, the influent wastewater passes
through a sludge bed where the suspended solids can be entrapped, partially hydrolysed, and
acidified. Results show that this system can satisfactorily remove the suspended solids (SS),
mainly lipids, from the wastewater. At 6.1 hours HRT and 3.1 days solid retention time,
80% of the lipids and 80% of the SS-COD are removed from the wastewater of 4 g.1"" total
COD, 60% of which is lipid COD and 11% is protein-SS COD. At an additional 2 h HRT
in an external settler, these removal efficiencies increased to 86% and 89%, respectively.

In batch settling experiments, the maximum removal of proteins and lipids in the wastewater
was found at pH 4.5-5.5. The removal at this pH range is attributed to a co-precipitation of
lipids and proteins at the IEP of fish proteins. A high lipid removal in the USPE system is
expected if the pH could be decreased to this pH range via partial hydrolysis and
acidification. However, such a low pH was not achieved in the USPE reactor. Nevertheless,
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i a significant lipid removal was achieved and is attributed to a combined adsorption,
. precipitation, and entrapment. To a limited extent, proteins are removed via degradation
while lipids are removed without degradation. As shown by the results of the batch
experiments (Chapters 2, 3, and 4), lipid degradation will not occur in the absence of
methanogenesis such as the conditions in the USPE reactor in which the lipid level in the
sludge is high and, therefore, inhibits methanogenesis. Increasing the solid retention time
(SRT) does not improve the removal of SS. Methanogenesis, which may occur at long SRTs,
is not desired because it will deteriorate the settleability, and hence, the removal of fatty
suspended solids in the reactor.
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Figure 7.1: Effects of different factors on lipid and protein degradation. Note: Solid lines
indicate the degradation scheme; broken lines (....) indicate inhibitory effects (arrows point
to the irhibited process); dashed lines with (+) point to positive effects; “this study; "Glenn
1976, Doi 1972; “Martinelle and Hult 1994; ‘Roy et al. 1986; “Angelidaki and Ahring 1992;
P = production of enzyme; C = catalysis
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Cause-and-effect relation between different factors in anaerobic digestion of lipid-
containing wastewater

While methanogenesis hardly affects the hydrolysis of proteins in fish, it has an important
role in the complete degradation of lipids. Thus, in the digestion of lipid-containing wastes,
environmental factors such as pH, temperature, and ionic concentrations must be favorable
to methanogens. However, at high lipid levels, inhibition of methanogenesis by lipids will
prevail, and hence will inhibit their own hydrolysis. This cyclic cause-and-effect relation
between lipid hydrolysis and methanogenesis is illustrated in Fig. 7.1.

Among the environmental factors found to affect the hydrolysis of suspended solids in fish
processing wastewaters are pH, NaCl and ammonium concentrations. As the occurrence and
rate of lipid hydrolysis is found to depend on methanogenesis, these factors could also affect
lipid hydrolysis indirectly, i.e. through their effects on methanogenesis. High levels of NaCl
and ammonium inhibit amino-acid-degrading acidogenic bacteria, and the consequent
accumulation of hydrolysis products inhibits the production of proteolytic enzymes, thus,
inhibits hydrolysis.

2. Recommendations: Components of fish processing wastewater treatment systems

Considering the results of this research, anaerobic treatment systems for fish processing
wastewater should consist of the following components:

® cqualization of wastewater flow and organic loading rate

® lipid removal system prior to high-rate methanogenic reactor

® high-rate methanogenic reactor

® anaerobic digester for the sludge removed in the lipid pre-removal system
® post-treatment system for nutrient removal and/or recovery

Equalization of wastewater flow and organic loading rate

As the operation of fish canning plants in the Philippines is less than 24 hours per day, and
some processes, such as cooking, are batchwise, the flow rates and COD load of the
generated wastewater vary with time. Hence, equalization of the wastewater flow is
necessary.

Lipid removal system

An upflow substrate precipitation and entrapment system operated at 3 days SRT and 8 hours
total HRT, i.e., 6 h in the upflow reactor plus 2 h in external settler, for organic loading
rates as high as 15 kg COD.m>.d"!, is a satisfactory option for removing lipids and reducing
fluctuations in the influent SS concentration in the subsequent methanogenic reactor.
Moreover, the attained increase in soluble COD and volatile fatty acid (VFA) fraction in the
wastewater can be beneficial to the growth of the methanogens in the subsequent
methanogenic reactor provided the pH in the reactor is kept within the optimum range for
methanogenesis,
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The upflow substrate precipitation and entrapment system can also serve as an upflow
acidogenic reactor where fish processing wastewater is co-digested with easily degradable
waste that could, via its acidification, decrease the pH in the system to the IEP of fish
proteins. Examples of such wastes are those produced from confectioneries, sugar mills, and
vinegar fermentation plants. In these cases, higher lipid removal is expected as compared to
that obtained when only fish processing wastewater is pre-treated in the upflow substrate
precipitation and entrapment system.

The USPE system is a good alternative to conventional methods such as sedimentation with
the aid of chemical coagulants or flocculants and dissolved air flotation (DAF) which require
high-pressure air, skimmer, and chemicals, e.g., polymers, alum, or CaCl,. Besides cost,
the added chemicals increase the sludge production. Moreover, some chemicals, e.g. alum
and ferric chloride, decrease the biodegradability of the sludge, particularly proteins and
LCFAs (Dentel and Gossett 1982). Adjustment of pH using acids, e.g. H,80, or HCI, is
shown in this study as a faster option for lipid removal, but the costs of the required
chemicals and the undesirable ions, e.g. Cl- or SO, brought by the acid to the sludge are
possible drawbacks of this method.

High-rate methanogenic reactor

The simplest high-rate methanogenic reactor for fish processing wastewater is a UASB
reactor provided that there is a lipid pre-removal system, especially in the treatment of high-
lipid wastewater. As compared to other high-rate anaerobic reactors, a UASB reactor is
cheaper to construct and simpler to operate than either downflow or upflow filters. Besides
costs of packing and support materials, filters are susceptible to clogging problems. An
expanded granular sludge bed (EGSB) reactor gives the advantage of enhanced mixing, and
thus, faster reaction rates. However, besides the costs of pumping requirement for
maintaining high upflow velocity, it is not known whether the granular nature of the sludge
can be maintained in the long run. Moreover, sludge flotation occurs at high upflow
velocities in treating lipid-containing wastewaters in an EGSB reactor, e.g. in the treatment
of LCFA-containing wastewater, granular sludge floats at = 3 -m.h' and HRTs < 6 hours
(Hwu 1997). With similar L.CFA-containing wastewater, Hwu (1997) recommended
prolonged HRT, e.g. 24 h, and low upflow velocity, e.g. 1 m.h™ at a LCFA load of about
0.10g COD.g!' VS§.d". Hence, a UASB reactor which operates at moderate upflow velocities
is more suitable than an EGSB reactor.

Shdge digester

Since the sludge produced from the lipid pre-removal system contains mainly lipids, it should
be digested further in a separate anaerobic reactor. This maximizes the total methane
recovery from the wastewater in the entire treatment system. Thermophilic digestion might
be suitable for the shudge produced from the lipid pre-removal system (Angelidaki and
Ahring 1995). The rates of substrate utilization and microbial growth are faster at the
thermophilic temperature range. Although thermophiles are more susceptible to toxicity by
LCFA, their recovery after an inhibition is faster than that of the mesophiles (Hwu 1997).
Application of thermophilic sludge digestion is especially of interest when waste heat is
available, e.g. continuous stream of hot waste gases.
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Post-treatment for nutrient removal and recovery

After anaerobic digestion, it is necessary to remove the nutrients in the wastewater, e.g.
NH,"-N and P, and when nitrification is applied, the resulting nitrates. The present methods
for NH,"-N and/or P removal are (a) air-stripping at pH = 10.5-11.5 (U.S. EPA 1994,
Tchobanoglous and Burton 1991), (b} ion exchange (U.S. EPA 1994), (c)} breakpoint
chlorination {Tchobanoglous and Burton 1991) in which chlorine converts NH, to N,, and
{d) biological processes such as nitrification and denitrification in a series of alternating
anaerobic, anoxic, and aerobic reactors such as the proprietary A’0°, five-stage Bardenpho’,
UCT" (named after University of Cape Town), and VIP® (named after Virginia Initiative
Plant) processes (Tchobanoglous and Burton 1991). The A%Q° process consists of anaerobic,
anoxic, and aerobic stages in series, followed by a clarifying stage. A portion of the effluent
from the aerobic stage is recycled 1o the anoxic stage for further denitrification. The five-
stage Bardenpho” process similarly consists of the series anaerobic-anoxic-aerobic stages with
similar effluent recycling scheme but with additional anoxic-aerobic stages provided for
additional denitrification using the nitrates from the first acrobic stage and the endogenous
organic carbon, as electron acceptor and donor, respectively. The final aerobic stage is
provided to strip residual N, gas and minimize the release of P in the final clarifier. Hence,
as compared to the A*Q” process, the Bardenpho” method produces less sludge with higher
P contents, and effluents with lower levels of total N. The UCT® and VIP" methods consist
of the same stages as those of the A’0” method but have different effluent recirculation
schemes. In the UCT" method, which has anaerobic-anoxic-anoxic-aerobic stages in series,
portions of the effluents of the first anoxic and aerobic stages are recycled to the anaerobic
and second anoxic stages, respectively. This method achieves better P removal than the A?Q°
and Bardenpho™ methods. In the VIP® method, portions of effluents from anoxic and aerobic
stages are recycled to the anacrobic and anoxic stages, respectively. This method requires
smaller reactor volumes than the Bardenpho and UCT" methods.

Considering the respective drawbacks of the methods described above (e.g. the high COD
requirement for denitrification, the cost of pH adjustment in complete air-stripping of NH;,
the cost of regenerating the ion exchange columns, and the cost of chemicals for
chlorination), it would be better to partially remove the NH, in the wastewater by air-
stripping, and nitrify the remaining NH,* in a two-stage aerobic reactor (Bae et al. 1997).
In the first stage, aeration should be limited in order to control further conversion of NO,
to NO,". The remaining free NH,, when it exceeds 1.0 mg.1"' (Anthonisen er al. 1976, Bae
et al. 1997, Surmacz-Gorska et al. 1997) can further inhibit the conversion of NO, to NO,,
When the dissolved oxygen is sufficiently low, e.g. at < 25% saturation with air (Robertson
et al. 1988), simultaneous nitrification and denitrification can occur in the first aerobic stage.
The effluent of the first stage can be recycled partly to the UASB reactor where
methanogenesis and denitrification mainly via NO, can occur simultaneously (Bac et al.
1967). The NO; or NO; concentration should be low enough so that the denitrifiers will not
ocutcompete the methanogens for COD in the anaerobic reactor (Bae et al. 1997, Hanaki and
Polprasert 1989). For denitrification via NO,, the optimum aeration rate and operating pH
in the first aerobic reactor should be studied. Results of Cecen er al. (1995) suggest that the
dissolved oxygen to free ammonia ratio, which depends on pH, is an important factor in
inhibiting further conversion of NO, to NO;. The COD/N requirement and the sludge
production in denitrification via NO, are lower compared to that of denitrification via NOy
(Chen ¢ al. 1991). In this way, the recovery of useful products, methane and ammonia. is
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maximized. If the wastewater is nitrified without prior removal of NH, via stripping, a
significant amount of COD in the wastewater which could otherwise be converted to methane
will be lost to denitrification. On the other hand, if complete air-stripping of NH, is desired,
the chernical requirement for adjusting the pH to 11.5 and readjusting to neutral pH is high.
In the proposed air-stripping + nitrification-denitrification scheme for ammonia removal, the
most economical pH in air-stripping and the recirculation rate from the aerobic to the
methanogenic reactor are yet to be determined, considering that a high recirculation rate may
excessively dilute the influent to the anaerobic reactor. Based on NH,*-NH; equilibrium
relation, stripping at pH 10 can remove about 80% of NH,"-N. For a wastewater of 400
mg.I" NH,*-N (and 3000 mg total COD.I" as in the low-lipid wastewater used in Chapter
5), the remaining NH,"-N concentration will be ca. 80 mg.I"'. The required COD for
denitrification via NG, will be about 140 mg.l"” based on the theoretical COD/N ratio (1.72,
Bae er al. 1997). The latter is 5% of the total COD of the raw wastewater. The ammonia in
the air used for stripping can be removed using an acid to produce an ammonium salt which
has a good fertilizer value. Removal of P is also expected in the proposed post-treatment
scheme.

Other considerations

Odor control must be an essential part of the design of both the cannery and the wastewater
treatment plant. Further reduction of COD loads on the wastewater treatment plant must be
pursued. Besides the present utilization of solid wastes and pre-cooking fish juice for the
production of useful by-products, spillage of ingredients such as brines, vegetable oil, and
tomato sauce must be minimized. Possibilities for recycling treated wastewater in the plant,
such as for floor c¢leaning purposes, must be explored in order to reduce ground water
extraction. Alternative uses of the recovered fish oil in the lipid pre-removal system that can
be more valuable than methane, and will not require more expensive processes are also
interesting future research lines.
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{ Anaérobe behandeling van visverwerkingsafvalwater:
| discussie en aanbevelingen.

I
i
!

| De visverwerkende industrie levert een belangrijke bijdrage aan de Filippijnse economie. Deze
| industrie verontreinigt samen met andere industrieén, meren, rivieren en uiteindelijk de
kustwateren, Indien het effluent van deze bedrijven niet adequaat wordt behandeld, wordt het
milien van de Filippijnse kustwateren bedreigd. Door de waterverontreiniging zou de
visindustrie op langere termijn kunnen verdwijnen. Het vooruitzicht van energieproductie uit
visverwerkingsafval zal de bedrijven stimuleren het afvalwater te behandelen, hetgeen
vervolgens de overheid kan stimuleren striktere lozingseisen te implementeren.

De belangrijkste producten van de Filippijnse visverwerkende bedrijven zijn: sardien in blik
voor de binnenfandse markt en tonijn voor de buitenlandse markt (hoofdstuk 1). Van de
verwerkte vis resteert na behandeling 40-60% als vast afval en 1-6% komt in het afvalwater
terecht. Het afvalwater dat bij het inblikken van vinvissoorten zoals sardien en makreel ontstaat
bevat een hoge concentratie gesuspendeerd materiaal, voornamelijk bestaande uit eiwitten en
i vetten. De Filippijnse bedrijven gebruiken grondwater voor het verwerkingsproces waardoor
i de concentratie zout in het visverwerkingsafvalwater laag is vergeleken met bedrijven waar
- zeewater wordt gebruikt tijdens de verwerking.

De concentratie biologisch afbreekbaar organisch materiaal in het visverwerkingsafvalwater is
hoog, daardoor is het waarschijnlijk mogelijk d.m.v. biogasproduktie uit afvalwater een hoge
netto energieproductiec te behalen. Dit maakt anasrobe behandeling van dit afvalwater
aantrekkelijk. Tevens is de slibproductie bij anaérobe processen lager dan bij aérobe processen.
3 Hoog belastbare anagrobe behandelingssystemen zijn economisch aantrekkelijk, omdat het
benodigde reactorvolume kleiner is dan bij conventionele systemen. Deze zuiveringssystemen
zijn ook toepasbaar bij visverwerkingsbedrijven met een beperkte ruimte. In dit onderzoek is
gekeken naar de toepassing van hoog belastbare anaérobe systemen, zoals het UASB-systeem,
voor de behandeling van visverwerkingsafvalwater. Hierbij is de nadruk gelegd op de
{ hydrolyse, het proces dat over het algemeen als de snelheidsbeperkende stap wordt beschouwd
bij de ana&robe vergisting van gesuspendeerd of niet opgelost organisch materiaal.

In de volgende hoofdstukken worden de belangrijkste resultaten van dit onderzoek samengevat
en wordt de betekenis hiervan voor de anaérobe zuivering van visverwerkingsafvalwater en
andere vethoudende afvalwaters behandeld.
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1. Discussie

1.1 Het effect van verschillende milieu- en procesfactoren op de hydrolyse van vetten en
eiwitten

1.1.1. Het effect van methanogenese

Uit de resultaten van dit onderzoek is gebleken dat de methanogenese de hydrolyse van vetten
bevordert. Deze verbeterde hydrolyse zou kunnen worden veroorzaakt door een syntrofe
relatie tussen methanogenen en acetogenen. Mogelijk wordt de activiteit van lipases geremd
door de accumulatie van hydrolyseproducten (hogere vetzuren) aan het grensviak van de
triglyceride, waar de katalyse door lipase plaatsvindt (Martinelle and Hult 1994). De afbraak
van hogere vetzuren, oftewel de P-oxidatie, welke afhankelijk is van de methanogenese,
(Angelidaki and Ahring 1995, Roy ef al. 1986), zal dan een positief effect hebben op de
hydrolyse van vetten. Met andere woorden de complete hydrolyse van vetten zal niet
plaatsvinden onder omstandigheden waarbij de methanogenese wordt geremd, zoals een te
hoge of te lage pH, hoge ammonium of NaCl concentraties.

In tegenstelling tot de hydrolyse van vetten is de hydrolyse van eiwitten onafhankelijk van het
plaatsvinden van methanogenese. Daarom is in een continue anaérobe reactor de hydrolyse van
eiwitten, in vergelijking met de hydrolyse van vetten, minder gevoelig voor verstoringen die de
methanogenese remmen,

1.1.2 Het effect van vetten

Bij een toenemende initiéle vetconcentratie, van 0,09 tot 2,24 gI" (0,26 tot 6,47 g CZV.I"),
neemt de methanogene lag-fase toe, hetgeen aantoont dat vetten de methanogenese remmen.
In hoofdstuk 2 wordt aangetoond dat de remming door vetten niet alleen wordt vercorzaakt
door de hydrolyseproducten. Gedurende de methanogene lag-fase vindt namelijk nauwelijks
omzetting van vetten in hogere vetzuren plaats. De lag-fase gevonden tijdens dit onderzoek is
aanmerkelijk langer dan de lag-fases die zijn bepaald door Angelidaki and Ahring (1992) bij de
omzetting van oleaat met concentraties van 0.1 tot 0.2 g.I”. De mogelijkheid dat zowel hogere
vetzuren als niet gehydrolyseerde vetten de methanogenese remmen mag niet worden
vitgesloten. Indien de hydrolyse van vetten toencemt als gevolg van het optreden van
methaanvorming en de methanogenese wordt geremd door de aanwezigheid van vetten, zullen
vetten, wanneer ze in te hoge concentraties voorkomen, hun eigen hydrolyse remmen.

Zowel de hydrolysesnetheid als de biologische afbreekbaarheid van eiwitten worden negatief
beinvloed door hoge vetconcentraties (concentraties hoger dan 4.30 g CZV.I' bij een
temperatuur van 30°C en een entslib concentratie van 0.67 g VS.I"). Dit betekent dat lange
slibverblijftijden nodig zijn om een hoge methaanproductie te verkrijgen uit afvalwater met een
hoge vetconcentratie.

1.1.3. Het effect van pH

Het pH-optimum voor de hydrolyse van vetten en eiwitten uit vis ligt tussen 6 en 8. Bij lage
pH waarden (pH 4-5) vindt nauwelijks hydrolyse van vetten plaats. Zowel het voorkomen van
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als de snelheid van de verzuring van vetten (B-oxidatie van hogere vetzuren) is athankelijk van

de pH. De maximale snetheid wordt tevens gevonden tussen pH 6 en 8. Het effect van de pH
op de hydrolyse wordt mogelijk veroorzaakt door het effect van de pH op de methanogenese.
Als de methanogenese wordt geremd als gevolg van een lage pH wordt de B-oxidatie van
hogere vetzuren geremd door de afwezigheid van methanogenese. De verzuring van vetten zal
dan cok alleen plaatsvinden bij aanwezigheid van methanogeen slib, bij pH waarden tussen 6
en 8.

De hydrolyse van eiwitten vindt plaats bjj alle in dit onderzoek toegepaste pH waarden (pH 4-
8) onathankelijk van de aan- of afwezigheid van methanogeen entslib. De hydrolysesnelheid is
hoger bij pH’s tussen 6 en 8 dan bij pH's lager dan 6. Het effect van de pH op de
hydrolysesnelheid van eiwitten is waarschijnlijk het netto effect van verschillende factoren. De
lage hydrolysesnelheid van eiwitten bij pH 4 en 5 wordt toegeschreven aan de lage
oplosbaarheid van viseiwitten bij deze pH’s. Deze pH waarden liggen dicht bij het iso-
elektrisch punt (IEP) van viseiwitten. Tijdens dit onderzoek is voor deze viseiwitten een IEP
van ongeveer 5,3 gevonden, De secundaire structuur van het eiwitmolecuul ontvouwt zich bij
het TEP waardoor het eiwit neerslaat en de oplosbaarheid afneemt. Tevens is het mogelijk dat
door de aanwezigheid van vetten, waarvan de afbraak wordt geremd bij een lage pH, de
eiwitten minder toegankelijk zijn voor de proteolytische enzymen. De activiteit van protease
neemt toe met de toename van de pH van 4 tot 9, met vitzondering van pH 8 waar een relatief
lagere activiteit wordt gevonden. Dit wordt mogelijk veroorzaakt doordat de verschillende
enzymen in vis verschillende pH optima hebben.

Het is niet moeilijk de pH van visverwerkingsafvalwater te handhaven in het neutrale gebied.
De pH stelt zich spontaan in op ongeveer 6 bij afwezigheid van methanogene activiteit en 7 bij
aanwezigheid van methanogenese. De pH bufferingscapaciteit van het afvalwater neemt
tijdens de vergisting in anaérobe reactoren toe als gevolg van de gelijktijdige productie van
CO; en ammonium.

1.1.4. Het effect van NaCl

Bij een NaCl concentratie van 20 g.1” wordt de hydrolyse van viseiwitten geremd; de protease
activiteit blijft bij deze concentratie echter onveranderd. Uit het onderzoek is gebleken dat een
hoge NaCl concentratie een direct negatief effect heeft op de verzuring van aminozuren. Dit
blijkt uit de hoge concentratie niet verzuurd opgelost CZV, hetgeen voornamelijk bestaat uit
aminozuur-CZV. De geaccumuleerde aminozuren remmen vervolgens de protease productie en
als gevolg daarvan de hydrolyse van eiwitten.

De langere lag-fase voor de methaanvorming en verzuring van vetten bij toename van de NaCl
concentratie, geven aan dat deze worden geremd door hoge NaCl concentraties. Dit effect van
NaCl op de verzuring van vetten wordt mogelijk veroorzaakt door remming van de
methanogenese. De resultaten van het onderhavige onderzoek en het onderzoek van De Baere
et al. (1984) en Lema er al. (1987) geven aan dat adaptatie van methanogeen slib aan NaCl
mogelijk is.
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1.1.5. Het effect van NH,"-N

Bij de in dit onderzoek gebruikte NH, -N concentraties van 0 tot 1,5 g.I" is geen remming van
de vethydrolyse waargenomen. Uit een afhame van de methanogenese bij toenemende NH,'-N
concentraties blijkt dat deze door NH,'-N wordt geremd. De afhankelijkheid van afbraak van
hogere vetzuren en methanogenese suggereert dat er mogelijk een negatief effect van hogere
NH,'-N concentraties op de afbraak van hogere vetzuren is. De hydrolyse van eiwitten wordt
bij concentraties hoger dan 0.6 g1 NH,"-N geremd. Dit effect wordt evenals de remming van
de eiwitatbraak door NaCl toegeschreven aan accumulatie van aminozuren, welke wordt
veroorzaakt door een remmend effect op de verzurende bacterién.

1.2, Behandeling van visverwerkingsafvalwater in hoog belastbare anaérobe systemen

1.2.1. Eentraps ‘upflow anaerobic sludge blanket’ (UASB) reactor

De resultaten van dit onderzoek laten zien dat een eentraps UASB reactor een veelbelovend
alternatief is voor de behandeling van visverwerkingsafvalwater met een lage vetconcentratie
(hoofdstuk 5). Het behandelde afvalwater heeft een CZV concentratie van ongeveer 2,72 g.i"
waarvan 9% (85 mg.I"} bestaat uit vetten. De volumebelasting en slibbelasting met vetten zijn
bij de toegepaste hydraulische verblijftijd (HVT) van 11 uur respectievelijk 5,4 g CzvI'd'en
0,011-0,029 g vetten.g'VS.d". Onder deze omstandigheden werd 63% van het totaal CZV
verwijderd waarvan 79% werd omgezet in methaan. Bij behandeling van hetzelfde water met
een NaCl concentratie van 4 g I’ onder gelijke procescondities als hierboven beschreven is een
langere opstartperiode nodig, omdat zowel de verzurende als methanogene bacterién moeten
adapteren aan de hogere NaCl concentratie. Ongeveer 70 dagen na opstart waren de omzetting
van CZV naar methaan en de CZV verwijdering vergelijkbaar met de resultaten van het
afvalwater zonder NaCl. Bij de behandeling van afvalwater met een hoog vetgehalte (3.50 g
totaal CZV.I"' waarvan 47% bestaat uit vetten) in een eentraps UASB bij een volumebelasting
van 8 g CZV.I".d" en een HVT van 12 uur, wordt 92% van het CZV verwijderd en slechts
47% ompgezet naar methaan. Een groot deel (ongeveer 34%) van het totaal CZV is verwijderd
als drijflaag in de drie-fasen-scheider bovenin de reactor.

Evenals bij de batch experimenten (hoofdstuk 2, 3 en 4) lijkt de hydrolyse van vetten
snelheidsbeperkend te zijn. Het grootste deel van de eiwitten wordt gehydrolyseerd (72-100%)
na behandeling in de UASB reactor, terwijl vetien vooral worden verwijderd door adsorptie
aan het reactor opperviak en aan slibdeeltjes en niet worden gehydrolyseerd. Deze adsorptie
bedreigt de slibretentie en de methanogene capaciteit van de reactor en daarmee de stabiliteit
van het systeem. Dit betekent dat bij behandeling van afvalwater met hoge vetconcentraties, of
het vet moet worden verwijderd voor de toepassing van een hoogbelastbare UASB reactor, of
dat een lage vetbelasting en daarmee een lange HVT moet worden toegepast.

1.2.2. Voorbehandeling in een ‘upflow substrate precipitation and entrapment’ (USPE)
systeem

Omdat het noodzakelijk is v66r de behandeling in een UASB reactor de vetten in visafvalwater
te verwijderen, is het USPE systeem voor de voorbehandeling van afvalwater met een hoog
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vetgehalte onderzocht (hoofdstuk 6). Het USPE systeem bestaat uit een opwaarts
doorstroomde reactor en een bezinker. Het influent stroomt door een slibbed waarin het
gesuspendeerde materiaal kan worden afgevangen, gedeeltelijk gehydrolyseerd en verzuurd.
Uit de resultaten blijkt dat het systeem het gesuspendeerde materiaal, dat voornamelijk uit
vetten bestaat, voldoende verwijdert. Bij een HVT van 6,1 uur en een slibverblijftijd (SVT) van
3,1 dagen worden 80% van de vetten en 80% van het gesuspendeerd CZV verwijderd. Het
afvalwater bevat een totaal van 4 g CZV.I' waarvan 60% bestaat uit vetten en 11% uit
gesuspendeerd eiwit. Na een verblijftiid van 3 uur in de bezinker nemen de
verwijderingsefficiénties op basis van CZV toe tot 86% en 89% voor respectievelijk vetten en
gesuspendeerd CZV,

Tijdens batch bezinkingsexperimenten werd een maximale verwijdering van eiwitten en vetten
gevonden tussen pH 4,5 en 5,5. Deze verwijdering wordt veroorzaakt door co-precipitatie van
vetten en eiwitten bij het IEP van viseiwitten. Wanneer de pH kan worden verlaagd tot deze
waarde door middel van gedeeltelijke hydrolyse en verzuring van het substraat, kan een hoge
vetverwijdering worden verwacht. Een dergelijk lage pH kan echter niet bereikt worden in de
USPE reactor. Desondanks treedt een significante verwijdering van vetten op veroorzaakt
door een combinatie van adsorptie, precipitatie en invang in het slibbed. Eiwitten worden in
beperkte mate verwijderd als gevolg van omzetting tot opgeloste producten, vetten worden
daarentegen alleen via fysische processen verwijderd. De resultaten van de batch experimenten
(hoofdstuk 2, 3 en 4) laten zien dat er geen afbraak van vetten optreedt in afwezigheid van
methanogenese. De vetconcentratie in het slib van de USPE reactor is hoog en als het gevolg
hiervan wordt de methanogenese geremd. Verlengen van de SVT resulteert niet in een
verbeterde verwijdering van gesuspendeerde stof Bij langere SVT’'s zal mogelijk enige
methanogenese plaatsvinden, hetgeen zal resulteren in afname van de slibbezinking en van de
verwijdering van vetdeeltjes; verlenging van de slibverblijftijd is dan ook niet gewenst.

Figuur 7.1: Het effect van verschillende milieu- en procesfactoren op de afbraak van vetten en
eiwitten. Doorgetrokken strepen geven de afbraakroutes aan; gebroken lijnen geven remmende
effecten aan (pijlpunten wijzen naar het geremde proces); stippellijnen geven positieve effecten
aan; * dit onderzoek; ® Glenn, 1976, Doi, 1972; © Martinelle and Hult, 1994; ¢ Roy ef al., 1986;
® Angelidaki and Ahring, 1992; P = vorming enzym;, C = Katalyse.

Oorzaak-effect relatie tussen verschillende factoren bij de anaérobe vergisting van
vethoudend afvalwater.,

Terwijl de methanogenese de hydrolyse van viseiwitten nauwelijks beinvloedt, speelt de
methanogenese een belangrijke rol bij de complete afbraak van vetten. Bij de vergisting van
vethoudend afvalwater moeten de milieufactoren zoals pH, temperatuur en ionenconcentraties
dus gunstig zjn voor methanogenen. Echter bij hoge vetconcentraties zal de remming van
methanogenen door vetten overheersen waardoor vetten hun eigen afbraak remmen. Deze
cyclische oorzaak-effect relatie is weergegeven in Fig 7.1.

De milieufactoren die de hydrolyse van gesuspendeerd materiaal in visverwerkingsafvalwater
beinvioeden zijn 0.a. de pH en de NaCl en ammonium concentratie. Omdat de hydrolyse van
vetten afhankelijk is van de methanogenese kunnen deze factoren de hydrolyse indirect
beinvioeden door hun effect op methanogenese. Hoge concentraties NaCl en ammonium
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remmen de afbraak van aminozuren; de accumulatie van deze hydrolyseproducten remt
vervolgens de productie van proteolytische enzymen en daarmee de hydrolyse van eiwitten.

2. Aanbevelingen: de systeemonderdelen benodigd voor de behandeling van
visverwerkingsafvalwater

Rekening houdend met de resultaten van dit onderzoek zou een systeem voor de anaérobe
behandeling van visafvalwater moeten bestaan uit de volgende onderdelen:

buffertank t.b.v. het afvlakken van pieken in afvalwaterdebiet en organische belasting
vetverwijderingssysteem voorafgaand aan een hoog belastbare methanogene reactor
een hoog belasthare methanogene reactor

een anaérobe vergister voor het spuislib van de vetverwijderingsreactor

een na-behandelingssysteem voor de verwijdering en/of terugwinning van nutriénten

Buffertank

De visverwerkende bedrijven in de Filippijnen zijn minder dan 24 uur per dag in bedrijf en
sommige processen zoals koken worden ladingsgewijs uvitgevoerd. Hierdoor varieert het
afvalwaterdebiet en de CZV-belasting in de tijd en is een buffersysteem noodzakelijk voor het
verkrijgen van een gelijkmatig afvalwaterdebiet en organische belasting.

Vetverwijderingss

Toepassing van een opwaarts doorstroomde reactor t.b.v. precipitatie en invang van substraat
bij een SVT van 3 dagen, een HVT van 8 uur (6 uur in de reactor en 2 uur in de na-bezinker)
en organische belastingen tot 15 kg CZV.m>.d", is geschikt voor de verwijdering van vetten
en resulteert in vermindering van de fluctuatie in de influentconcentratie van de daarop
volgende methanogene reactor. Daarnaast kan de verhoging van de fractie opgelost CZV en
vluchtige vetzuren in het afvalwater de groei van de methanogenen in de methanogene reactor
ten goede komen, mits de pH in de reactor optimaal is voor de methanogenese.

De opwaarts doorstroomde reactor voor de precipitatie en de invang van substraat kan tevens
worden ingezet als verzuringsreactor voor de co-vergisting van visverwerkingsafvalwater met
gemakkelijk afbreekbaar organische afvalstoffen. Door de verzuring van dergelijk afvalstromen
kan de pH in het systeem dalen tot het IEP voor viseiwitten. Dergelijk organisch afval wordt
bijvoorbeeld geproduceerd bij banketbakkerijen, de suikerindustrie en bij de productie van
azijn. Bij toepassing van deze co-vergisting kan een hoger vetverwijderingsrendement worden
verwacht dan wanneer alleen visverwerkingsafvalwater wordt voorbehandeld in het systeem.

Het USPE systeem is een goed alternatief voor gangbare methoden zoals bezinking met behulp
van chemische coagulanten of flocculanten en dissolved air flotation (DAF), waarbij gebruik
gemaakt wordt van een mechanische vetverwijdering en chemicalién zoals polymeren,
kaliumaluminiumsulfaat en ijzerchloride. Het toevoegen van chemicalién geeft naast hogere
kosten tevens een hogere slibproductie. Daarbij wordt door het toevoegen van sommige
chemicalién zoals kaliumaluminiumsulfaat en ijzerchloride de afbreekbaarheid van het slib, met
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name van eiwitten en hogere vetzuren, verminderd (Dentel and Gosset, 1982). Uit dit
onderzoek is gebleken dat het verlagen van de pH met zuren zoals H,SO4 of HCI een snellere
methode is voor het verwijderen van vetten. De kosten van de chemicalién en het toevoegen
van ongewenste ionen (CI” of SO,>) aan het slib zijn mogelijke nadelen van deze methode.

Hoog belastbare methanogene reactor

De eenvoudigste hoogbelastbare methanogene reactor voor visverwerkingsafvalwater is een
UASB reactor, onder voorwaarde dat er bij de behandeling van afvalwater met een hoog
vetgehalte een voorverwijderingssysteem is voor het verwijderen van vetten. Vergeleken met
andere hoogbelastbare systemen is een UASB eenvoudiger te construeren en te bedrijven dan
opwaarts of neerwaarts doorstroomde filters. Naast de kosten voor filtermateriaal en de
aanpassingen nodig voor bevestiging van deze filters zijn dergelijke systemen gevoelig voor
verstopping. Het voordeel van een expanded granular sludge bed (EGSB} reactor is dat door
de betere menging de reactiesnelheden groter zijn. De kosten voor het onderhouden van een
hoge opstroomsnelheid zijn echter hoog en het is niet bekend of het korrelslib op langere
termijn zijn korrelstructuur behoudt. Wanneer vethoudend afvalwater wordt behandeld in een
EGSB reactor treedt bij hoge opstroomsnelheden slibflotatie op. Bij de behandeling van
afvalwater met hogere vetzuren treedt flotatie van korrelslib op bij opstroomsnelheden = 3
mh! en HVT's < 6 uur (Hwu, 1997). Voor afvalwater met een hogere vetzuurconcentratie
van 0.10 CZV.g'VS.d", vergelijkbaar met de concentraties in dit onderzoek, beveelt Hwu
(1997) een verlenging van de HVT tot 24 uur en een lage opstroomsnelheid tot maximaal 1
m.h? aan. Voor de behandeling van afvalwater met hogere vetzuren is een UASB dan ook
geschikter

Slibvergister

Aangezien het geproduceerde slib in het vetvoorverwijderingssysteem voornamelijk it vetten
bestaat moet dit verder worden vergist in een anagroob systeem. Op deze manier wordt de
methaanproductie uit het afvalwater gemaximaliseerd. Thermofiele vergisting is een mogelijke
optie voor de verwerking van dit slib (Angelidaki en Ahring, 1995). De groeisnelheid en de
substraatverbruikssnelheid van microdrganismen is hoger in het thermofiele gebied. Hoewel
thermofiele bacterién gevoeliger zijn voor hogere vetzuren kunnen ze zich na remming sneller
herstellen dan mesofiele bacterién (Hwu, 1997). Toepassing van thermofiele slibvergisting is
vooral aantrekkelijk wanneer er restwarmie beschikbaar is bijvoorbeeld uit eer constante
stroom hete gassen.

Nabehandeling ten behoeve van de verwijdering en terugwinning van nutriénten

Na anaérobe vergisting is het noodzakelijk dat de nutriénten zoals NH,'-N (indien nitrificatie
wordt toegepast de nitraten) en P uit het afvalwater worden verwijderd. De huidige methoden
voor de verwijdering van NH,"-N en/of P zijn (a) strippen met lucht bij pH waarden tussen
10.5 en 11.5 (U.S. EPA, 1994, Tchobanoglous en Burton, 1991), (b) ionenwisseling (U.S.
EPA 1994), (c) breekpuntchlorering (Tchobanoglous en Burton, 1991) waarbij door reactie
met chloor NH; wordt omgezet in N; en (d) biologische processen als nitrificatie en
denitrificatie in een serie van afwisselend anaérobe, anoxische en aérobe reactoren in systemen
zoals het A’0® proces, “five stage Bardenpho®, UCT® (genoemd naar de University of Cape
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Town) en VIP® (Virginia Initiative Plant)(Tchobanoglous en Burton, 1991), Het A’0® proces
bestaat uit een gerie van anaérobe-, anoxische en aérobe fasen, gevolgd door een bezinker. Een
deel van het effluent van de aérobe fase wordt voor verdere denitrificatie gerecirculeerd naar
de anoxische fase. De ‘five stage Bardenpho® bestaat tevens uit een serie anaérobe-,
anoxische- en aérobe fasen met cen vergelijkbare effluent recirculatie; er is echter een extra
anoxische- en een anaérobe fase toegevoegd. Deze fasen zorgen voor extra denitrificatie,
hierbij wordt gebruik gemaakt van de nitraten uit de eerste aérobe fase en een externe
koolstofbron respectievelijk als elektronenacceptor en -donor. De laatste aérobe fase wordt
gebruikt om het resterende N, gas te strippen en de afgifte van P in de bezinker te
minimaliseren. Vergeleken met het A’0® proces produceert de Bardenpho® methode minder
slib met een hoger P gehalte en een effluent met een lager N-totaal gehalte. De UCT® en VIP®
methode bestaat uvit de zelfde fasen als het A’0® proces maar ze hebben verschillende effluent
recirculatic schema’s. Bij het UCT® proces welke bestaat uit een serie van anaérobe-,
anoxische-, anoxische- en aérobe fasen worden delen van het effluent van de eerste anoxische
en agrobe fase gerecirculeerd naar respectievelijk de eerste anaérobe en de tweede anoxische
fase. Met deze methode wordt een betere P verwijdering gerealiseerd in vergelijking met het
A?0® en het Bardenpho® proces. Bij het VIP® proces worden delen van het effluent van de
anoxisch- en aérobe fase gerecirculeerd naar respectievelijk de anaérobe en anoxische fasen.
Voor deze methode zijn kleinere reactorvolumes nodig dan bij de Bardenpho® en de UCT®
methoden.

De nadelen van de hierboven beschreven methoden in ogenschouw nemend (veel CZV nodig
voor denitrificatie, de kosten voor het aanpassen van de pH bij het compleet verwijderen van
NH; via strippen, de kosten voor het regenereren van ionenwisselaars en de kosten van
chemicalién voor chlorering) zou het beter zijn de NH; in het afvalwater gedeeltelijk te
verwijderen door strippen en de resterende NH,' te nitrificeren in een reactor met twee
anaérobe fasen (Bae ef al., 1997). In de eerste fase moet de beluchting worden gecontroleerd,
om verdere omzetting van NO;™ naar NOj te beperken. De resterende vrije NH; kan tevens,
wanneer de concentratie hoger is dan 1.0 mg.l", de omzetting van NO, naar NO, beperken
(Anthonisen et al. 1976, Bae et al, 1997, Surmacz-Gorska ef al, 1997). Wanneer de
opgeloste zuurstofconcentratie voldoende laag is, minder dan 25% verzadiging (Robertson et
al, 1988), is gelijktijdige nitrificatie en denitrificatie mogelijk in de eerste aérobe fase. Het
effluent kan gedeeltelijk worden gerecirculeerd naar de UASB reactor waar methanogenese en
denitrificatie, voornamelijk via NO7, gelijktijdig kunnen plaatsvinden (Bae et al., 1997). De
NO;" en NO;™ concentraties moeten voldoende laag zijn om te voorkomen dat onvoldoende
CZV resteert voor methanogenen (Bae ef a/., 1997, Hanaki en Polprasert 1989). De optimale
beluchting en pH in de eerste adrobe reactor voor omzetting van NO, dienen verder
onderzocht te worden. De resultaten van onderzoek uitgevoerd door Cecen et al. (1995)
suggereren dat de verhouding van opgelost zuurstof en ammonia, welke afhankelijk is van de
pH, een belangrijke rol speelt bij de remming van verdere omzetting van NO, naar NO;". De
CZV/N verhouding voor denitrificatie via NO," en de hoeveelheid geproduceerd slib zijn lager
in vergelijking met de denitrificatie via NO;™ (Chen et al., 1991). Op deze manier wordt de
terugwinning van nuttige producten, zoals methaan en ammonia, gemaximaliseerd. Indien het
afvalwater wordt genitrificeerd zonder vooraf het NH; via strippen te verwijderen, wordt een
significante hoeveelheid CZV gebruikt voor denitrificatie terwijl deze in methaan omgezet had
kunnen worden. Wanneer echter de NH; volledig d.m.v. strippen verwijderd moet worden zal
de hoeveelheid chemicalién nodig voor het verhogen van de pH tot 11.5 en deze vervolgens
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terug brengen naar neutrale waarden groot zijn. De optimale pH voor het strippen en grootte
van de recirculatiestroom van de aérobe naar de methanogne reactor zullen voor het
voorgestelde strip + nitrificatie-denitrificatie proces voor de verwijdering van ammonia moeten
worden bepaald. Bij de bepaling van de recirculatiestroom moet rekening worden gehouden
met het feit dat een grote recirculatiestroom het influent te veel kan verdunnen. Uit het
evenwicht tussen NH," en NH; blijkt dat 80% van NH,'-N kan worden gestript bij pH 10.
Voor afvalwater met 400 mg.I" NH,'-N (en 3000 mg CZV.I", zoals het afvalwater met een
lage vetconcentratie beschreven in hoofdstuk 5) zal de resterende NH,'-N concentratie 80
mg.I? zijn. Gebaseerd op de theoretische CZV/N verhouding (1,72, Bae et al., 1997), zal de
benodigde hoeveelheid CZV 140 mg.I" zijn, hetgeen 5% is van het totale CZV van het ruwe
afvalwater. Het ammonium in de striplucht kan worden verwijderd met behulp van zuur,
waarbij een ammoniumzout met een hoge bemestingswaarde ontstaat. De verwijdering van
fosfaat zal tevens deel uitmaken van het voorgestelde nabehandelingsproces.

Verdere overwegingen

De beperking van geuremmissies zal een belangrijk onderdeel in het ontwerp van zowel de
visverwerkingsbedrijven als de bijbehorende afvalwaterzuivering moeten zijn, De CZV
belasting van de afvalwaterzuivering moet zoveel mogelijk worden beperkt. Naast het huidige
gebruik van vast afval en voorgekookt visvocht voor het maken van nuttige bijproducten zou
het morsen van bijvoorbeeld pekel, plantaardige olie en tomatenpuree moeten worden beperkt.
De mogelijkheden van hergebruik van het gezuiverd afvalwater in het bedrijf, bijvoorbeeld
voor het reinigen van de vlcer, om de onttrekking van grondwater te verminderen moet
worden onderzocht. Duurzame en economisch aantrekkelijke alternatieven voor de methaan
produktie vit de visclie, welke tijdens de vetvoorverwijdering wordt geproduceerd, zijn tevens
interessant voor verder onderzoek.
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