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THE METHANOGENIC TOXICITY AND ANAEROBIC DEGRADABILITY OF A HYDROLYZABLE TANNIN J. A. FIELD and G. LETTINGA Department of Water Pollution Control, Agricultural University, De Driejen 12, Wageningen, The Netherlands (Received June 1986) Abstract~Gallotannic acid was found to be highly toxic to methanogenic activity. Concentrations, representing 50% inhibition, approximated 700mgl -t. The toxicity was persistent despite the rapid degradation of gallotannic acid to volatile fatty acids and methane. A 72.5% loss of sludge activity was associated with a 1 day exposure of methanogenic granular sludge to 1000 mg 1-~ gallotannic acid. The toxicity of gallotannic acid was persistent over 2 month assay periods. The monomeric derivatives of gallotannic acid, gallic acid and pyrogallol were much less toxic. The 50% inhibition concentration of the monomers approximated 3000mg 1-~ and their toxicities were not persistent. No activity losses were evident after sludge was exposed to 3000 mg 1-~ gallic acid for 19 days. The lower toxicities of the monomers compared to the gallotannic acid polymer suggests that the mechanism of toxicity was "tanning", since data in the literature indicate that tannin polymers are more effectively adsorbed and precipitated with proteins compared to their monomeric counterparts. Functional proteins (enzymes) located at accessible sites in or on the methane bacteria are most likely disturbed by the tanning action. Key words--methanogenic toxicity, anaerobic phenolic degradation, tannic acid, gallic acid, pyrogallol



INTRODUCTION Tannins are by definition phenolic compounds which are highly reactive with proteins (Gupta and Haslam, 1980; Haslam, 1966) and are polymers ranging in mol. wt from 500 to 3 0 0 0 g m o l -l (White, 1957). They may be entering anaerobic digestion processes where wastewaters utilized are derived from sources highly concentrated with tannins. Several examples o f such sources include apples (Lea, 1978), sorghum (Gupta and Haslam, 1980), grapes (Singleton and Esau, 1969; Van Buren, 1970), banana (Goldstein and Swain, 1963), coffee (Elias, 1979), cacao (Goldstein and Swain, 1963), beans (Bressani and Elias, 1980), and bark (Niiranen in Virkola and Honkanen, 1985; Karchesy and Hemingway, 1980; Herrick, 1980; Haslam, 1966; Wise, 1946). While the toxicity of several simple phenols on methanogenesis has previously been investigated (Chou et al., 1978; F e d o r a k and Hrudey, 1984; Pearson et al., 1980; Benjamin et al., 1984), there is little information available regarding the influence of tannins. The toxicity of tannins on several enzymes, however, has been established (Loomis and Battaile, 1966; Daiber, 1975; Tamir and Alumot, 1969; G u p t a and Haslam, 1980). The purpose of this study was to evaluate the effect of a tannin on the methane production from granular anaerobic sludge. C o m m o n occurring tannins, known as condensed tannins, are polymers of flavanols (Gupta and Haslam, 1980). Figure 1 illustrates the structure of procyanidins which are corn367



mon condensed tannins. Condensed tannins are not readily available in pure form. Therefore, gallotannic acid, a hydrolyzable tannin, was chosen as a tannin for study, since it is a commercially available reference compound. Hydrolyzable tannins are polyesters of gallic acid (Haslam, 1966). Figure l illustrates the structure of gallotannins which are c o m m o n hydrolyzable tannins. Gallic acid and pyrogallol (Fig. l) were also studied, since they are monomeric derivatives of gallotannic acid. MATERIALS AND M E T H O D S



Media contained the following nutrients (per liter): H3BO3, 0.05mg; FeCI2"4H20, 2mg; ZnCl 2, 0.05mg; MnCI2'4H20, 0.05 mg; CuCI2.2H20, 0.03 rag; (NH4)6MOTO24.4H20, 0.05rag; A1CI3.6H20, 0.09mg; CoCl 2•6H 2O, 2 rag; NiCl 2•6H2 O, 0.05 mg; Na 2SeO3•5H2O, 0.1mg; EDTA, l mg; resazurine, 0.2mg; 36% HC1, 0.001ml; NH4Cl , 0.28g; K2HPO 4, 0.25g; MgSO4.TH20, 0. ! g; NaHCO 3, 0.4 g; yeast extract, 0.1 g and CaCl 2•2HzO, 0.01 g. Batch fed experiments were conducted in 0.25 or 0.51. serum flasks. Two shaking regimes were utilized: unshaken cultures and shaken cultures, which were reciprocally shaken with l min shaking per 4 rain rest cycle. Granulated sludge (1.5 years in 4°C storage) used in the experiments, was originally obtained from an UASB reactor treating potato derived wastewater. Sludge concentrations utilized ranged from 1.0 to l.Sg organic solids (OS) I -I. Exact OS concentrations are reported in figure and table captions. The volatile fatty acid (VFA) substrates utilized throughout most of the experiments were obtained from a stock solution containing 100 :100 :100 g acetate: propionate: butyrate per kg of pH 6.8 neutralized (with NaOH) solution. The chemical oxygen demand ratio of the VFA stock was 24.3:34.4:41.3% of the total COD for C2,
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Fig. l. Tanninsand their monomeric derivatives. C 3 and C4, respectively. Exact concentrations of VFA used during the experiments are listed in tables and figures. The temperature used in all assays was 30°C. The phenolic compounds utilized were obtained from Janssen Chimica, Boom BV and British Drug House for gallic acid (3,4,5-trihydroxybenzoic acid), pyrogallol (1,2,3-trihydroxybenzene) and gallotannic acid (a polyester of 9 gallic acid units and l sugar moiety), respectively. Gallotannic acid (MW = 1701) has the following formula: C76H52046. Methane production was monitored with modified Mariotte flasks containing 3% NaOH (which served to remove CO2 from the gas). Volatile fatty acids (VFA) were analyzed with a Packard 417 gas chromatograph equipped with a 2 m × 2 mm i.d. column packed with 10% Flourad FC 431 on supelcoat (100-200 mesh). The carrier gas (N2) was saturated with formic acid (flow 35mlmin-~). The oven temperature was set at 130°C. The FID detector signal was processed with a SP41 Spectra Physics integrator. The VFA standards (all isomers of C 2 through C5). Several aromatic compounds could be detected by this chromatography procedure without derivatization. Standards tested included phenol, p-cresol, o-cresol, m-cresol, benzoic acid, pethylphenol, m-ethylphenol, phenylacetic acid, and 3-phenylpropionic acid. None of these aromatic compounds, however, were identified in cultures which degraded pyrogallol, gallic acid and gallotannic acid. The pH was monitored with a Knick 511 meters and a Schot Gerate N61 double electrode. Phenolic compounds have u.v. absorbing



properties. The elimination of u.v. absorbance from the media is indicative of the phenolic compound's disappearance. Ultraviolet absorption was measured with a Perkin-Elmer 550A spectrophotometer and a HeUma 100-QS I cm quartz cuvette. Absorption is reported as the absorption of the media containing phenolic compounds less the absorption of the control media (which contained no u.v. absorbing compounds). Methanogenic activities are reported for batch assays as a percentage ratio of treatment CH 4 production rate and control CH4 production rate. The percentage inhibition is defined as: 1 0 0 - activity; where activity is expressed as a percent of the control. The recovery of phenolic COD as VFA and CH4 COD (indicative of the percent conversion of phenolics to fermentation end products) was calculated by summing up the COD present as produced CH4 and as VFA in the media for both the treatment and the VFA fed controls and taking the difference of these two sums and dividing by COD added with the phenolic compound treatment. RESULTS



Anaerobic degradation of gallotannic acid The disappearance of u.v. a b s o r p t i o n d u r i n g V F A fed serum flask b a t c h digestion with galiotannic acid present in the media is illustrated in Fig. 2. A t almost
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Fig. 2. The disappearance of u.v. absorption in 0.51. serum flask digestions of gallotannic acid and 4.17 g COD 1-I VFA with 1.11 g OS 1 i granulated sludge (unshaken). all of the initial gallotannic acid concentrations rapid disappearance of u.v. absorption commenced after 100h. Most of the u.v. loss is related to biological anaerobic degradation of gallotannic acid since COD balancing results (Fig. 3) indicate that large percentages of the gallotannic acid COD were recovered as CH 4 and VFA. Where high concentrations of gallotannic acid were utilized, the inhibition of methanogenesis was extreme (Fig. 4). In one case, the metbanogenic activity was so low that increases of the acetate concentration in the media could be observed as a result of gallotannic acid degradation (Table 1). Acetate is therefore an important intermediate of anaerobic gallotannic acid degradation to CH4 and CO2. Pyrogollol { + ) Gallic acid {o) 9200
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Fig. 3. The recovery of gallotannic acid and hydrolyzable tannin monomer COD in VFA + CH4 fractions following 19 days of digestion (details of experiment reported in Fig. 2 caption).



Anaerobic degradation o f hydrolyzable tannin monomers



Losses (or partial losses) of u.v. absorption were observed during VFA fed serum flask batch digestions with gallic acid or pyrogallol added at concentrations up to 4 g 1-'. This corresponded to the recovery (or partial recovery) of the COD added with these compounds in CH4 and VFA (Fig. 3). Where initial concentrations were ~ 9 0 % phenolic COD conversions to CH4 and VFA and > 9 0 % u.v. absorption losses were observed. With 4 g 1-l gallic acid, the methanogenesis was extremely inhibited (Fig. 4) and it was possible to observe an increase of the acetate concentration in the media (Table 2) resulting from gallic acid degradation. This indicates that acetic acid is an important intermediate of anaerobic gallic acid degradation. Low concentrations of gallic acid amended VFA fed batch cultures, were not inhibitory but were stimulatory to the CH4 production (Fig. 4). The stimulatory effect is related to the fermentation of the phenolic compound. The VFA added to the medium by degrading a non-toxic phenolic compound would not be expected to increase the methane production rate based on Monad kinetics. This is because the concentrations of VFA in the VFA fed media were in large excess of Ks values reported for Methanotrix. The added VFA contributes to a stimulatory effect, however, due to several other reasons. Firstly, diffusional limitations in unshaken or intermittently shaken cultures would be compensated by increasing the VFA concentration of the bulk solution. Secondly, the sludge has a higher activity on acetate than propionate and butyrate (the latter two make up 76% of the VFA stock solution COD) and the VFA added to the culture media by degrading trihydroxy pheno-
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Fig. 4. (a) The in situ activity of sludge expressed as a percentage of the control activity during the first VFA (4.17 g COD 1- ~) feeding for various concentrations of gallic acid (O), pyrogallol (O) and gallotannic acid (11) in still standing (unshaken) 0.51. batch serum flask digestions with 1.l lg OS 1-' granulated sludge; gallotannic acid (IS]) with 1.05 OS 1-1 granulated sludge in unshaken experiments;and gallotannic acid ([]) with 1.05g OS 1-~ granulated sludge in mechanically shaken (reciprocal shaking for 1 min every 5 min) experiments. The absolute activities of the controls were: 497.3, 471.9, 477.5, 522.0 and 504.3mg COD g-~ OS added d-l, for O, O, II, [] and [], respectively. (b) The sludge activity following 19 days (O, Q, I ) , 25 days (~) or 54 days (•) of digestion. Supematants were decanted under N2 flushing and replaced with nutrient supplemented medium (pH7.4) containing 4.17g COD 1-' VFA, inhibitors were not included in replacement medium. The absolute activities of the controls were 961.1,918.5, 868.9, 971.0 and 1052mg COD g-' OS added d -~ for O, O, II, [] and ~ , respectively.



lics was observed to be acetate. The moment that the acetic acid from the phenolic compound fermentation was released into the bulk media of VFA fed cultures there was a simultaneous stimulation of the methane production beyond the rate of the VFA fed control. Therefore, the time when the methane production rate of the phenolic treated VFA cultures increased beyond the control is indicative of the time needed for the cu',tures to adapt to the phenolic substrate. This adaption time could be referred to as the lag period for phenolic compound degradation. The short lag periods (several days) required for anaerobic decomposition of pyrogallol and gallic acid are reported in Table 3 for initial concentrations of these compounds which were not toxic to methanogenesis.



Gallotannic was observed to inhibit the activity of methanogenic bacteria (Fig. 4). The concentration of gallotannic acid corresponding to 50% inhibition approximated 700 mg I- i in various experiments. The toxicity of gallotannic acid was persistent. The increases of the activity which were observed after approx. 800 h (1 month) of digestion were proportional to the increases in the control activity (Fig. 5). There was little recovery of the relative activity (percentage of the control activity). Even when supernatant was removed and replaced with new medium (lacking gallotannic acid), only partial recovery (in experiments without shaking) or no recovery (in experiments with shaking) of residual sludge activity were observed in assays conducted after 19, 25 or 54 days of digestion (Fig. 4). Relative activity of recovered sludge was actually lost at high concentrations of gallotannic acid (1.5-2.0 g l ~) compared to the in situ activity of the first VFA feeding (Fig. 4). Cultures subjected to these high concentrations were also associated with pH drops in the media (Table 4). The observation that activity was not recovered after gallotannic acid was degraded, indicates that the initial exposure of the sludge to gallotannic acid prior to degradation was sufficient to impart a damaging effect. Table 5 confirms this hypothesis, since 1 day exposure of the sludge to gallotannic acid resulted in large losses of activity. The toxicity of gailotannic acid was greatest for the metabolism of butyrate compared to acetate and propionate (Table 5).



Toxicity o[" hydrolyzable tannin monomers The two monomeric derivatives of gallotannic acid (gallic acid and pyrogaliol) were found to be much less toxic than gallotannic acid (Fig. 4). The residual sludge activity, following 19 days exposure to either 2 g 1 ~of gallic acid or pyrogallot with VFA substrate was similar to the control residual sludge activity. The control sludge was exposed for 19 days to only the VFA substrate. In contrast to the monomeric derivatives, the residual sludge activity remaining after 19 days exposure to 2 g 1 J gallotannic acid with VFA substratc was only 3% of the control. The methanogenic toxicities observed at 4 g 1 1gallic acid and pyrogallol (Fig. 4) were not completely due to the compounds themselves. The high concentration of gallic acid caused a severe drop in medium pH (Table 4), which undoubtedly contributed to lower methanogenic acid. The pyrogallol stock solution contained low concentrations of oxidized impurities. These impurities are known to cause more toxicity than pyrogallol itself (unpublished data). DISCUSSION



Degradation o[" trihydro.w phenolic compounds and hydrolyzable tannin The anaerobic degradation of gailotannic acid occurred rapidly and was associated with a rather
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Table 1. Changes in VFA and CH4 COD at selected time intervals of methanogenesis inhibited anaerobic digestion with 4.17g COD 1-i VFA and 2 g l-t gallotannic acid (2.48 g COD 1- n) in a 0.51. (contents) serum containing 1.11 g OS I- t granulated sludge. The VFA substrate was added to the culture first to allow the medium to become anaerobic by a 16 h predigestion. Following the predigestion, the gallotannic acid was added to initiate the assay. The COD of the VFA at the beginning of the assay is equal to the VFA COD added before predigestion minus the COD of the CH4 evolved during predigestion COD (mg l-I ) VFA Event



Time (h)



Cz



C3



C,



CLot~*



CH( evolved



1434 1722 ND ND



4172 3822



0 350



ND ND 1288 1076 1228 1602



3822t 4656 4868



0:~ 582 932



Addition of VFA to the culture



Predigestion (overnight) Begin predigestion 0 1014 End predigestion 16 ND Addition of gallotannic acid to the culture



Assay Begin assay First sampling Second sampling



0 217 459



ND 1596 1942



*C,ot~= C2 through C5. ~'Same as the end of predigestion. :[:CH4 COD data of the assay is reported as CH, accumulated from the beginning of the assay (and does not include CH4 produced during predigestion). ND = no data. Table 2. Changes in VFA and CH4 COD at selected time intervals of methanogenesis inhibited anae:obic digestion with 4.17 g COD 1-J VFA and 4 g l ) gallic acid (4.52 g COD 1-I) in 0.51. (contents) serum flasks containing 1.11 gOS 1-t granulated sludge. The VFA substrate was added to the culture first to allow the medium to become anaerobic by a 16 h predigestion. Following the predigestion, the gallic acid was added to initiate the assay. The COD of the VFA at the beginning of the assay is equal to the VFA COD added before predigestion minus the COD of the CH4 evolved during predigestion COD (mg I )) VFA Event Time (h) Addition of VFA to the culture



C2



C3



C(



C,o~*



CH4 evolved



Predigestion (overnight) Begin predigestion 0 End predigestion 16 Addition of galfic acid to the culture



1014 ND



1434 1722 ND ND



4172 3776



0 396



ND 2224



ND ND 1332 1576



3776"[" 5216



0:~ 412



Assay Addition gallic acid End digestion



0 456



*CtotaI ffi C2 through C5. tSame as the end of predigestion. :~CH4COD data of the assay is reported as CH4 accumulated from the beginning of the assay (and does not include CH( produced during predigestion). ND = no data.



s h o r t (4 d a y s ) lag p h a s e w i t h u n t r i e d g r a n u l a r m e t h a n o g e n i c sludge. T h e ester i n t e r m o n o m e r i c b o n d o f h y d r o l y z a b l e t a n n i n s is t h e r e f o r e , readily d e g r a d a b l e under anaerobic conditions. However, no conclus i o n s c a n b e m a d e f r o m this s t u d y r e g a r d i n g t h e d e g r a d a b i l i t y o f c o n d e n s e d t a n n i n s , since these are p o l y m e r s o f f l a v a n o i d c o m p o u n d s c o n n e c t e d b y ring C-branch C intermonomeric bonds (Gupta and H a s l a m , 1980; H a s l a m , 1966). T h e r e is very little Table 3. Lag period for pyrogallol and gallic acid anaerobic degradation during VFA (4.17 g COD I-n ) digestion (1. I 1 g OS I-I) based on gas yield data from methanogenesis uninhibited cultures Concentration Lag period Compound (mg 1- J) Observations (days)* Oalfic acid



I000 2 2 200O 1 5 Pyrogallol 1000 2 4-5 *Based on time when methane production rate of VFA fed treatment increased beyond the rate observed for the VFA fed control.



i n f o r m a t i o n available in t h e literature c o n c e r n i n g t h e anaerobic degradability of condensed tannins except to n o t e t h a t c o m p a r a b l e i n t e r m o n o m e r i c linkages o f d e h y d r o v a n i l l i n (Chert et al., 1985) a n d D o u g l a s fir lignin ( C o l b e r g a n d Y o u n g , 1985b) are a n a e r o b i c a l l y degradable with adapted incolum. Additionally, cond e n s e d t a n n i n m o n o m e r s (flavanoids) are e l i m i n a t e d b y r u m e n fluid (Simpsonet al., 1969) o r are c o n v e r t e d in a n a e r o b i c e n v i r o n m e n t s b y d i g e s t e r sludge ( B a l h a a n d Evans, 1980) a n d digestive t r a c t flora ( B r o w n , 1977) to a r o m a t i c i n t e r m e d i a t e s , w h i c h are o t h e r w i s e k n o w n to be d e g r a d a b l e to CH4 in m e t h a n o g e n i c sludges. T h e gallic acid m o n o m e r o f h y d r o l y z a b l e t a n n i n s a n d p y r o g a l l o l (the d e c a r b o x y l a t e d f o r m o f t h e m o n o m e r ) were also readily d e g r a d e d by m e t h a n o g e n i c g r a n u l a r sludge. T h e r a p i d a n a e r o b i c f e r m e n t a t i o n o f gallic acid, p y r o g a l l o l a n d o t h e r m e t h o x y s u b s f i t u e n t v a r i a t i o n s o f t h e galloyl g r o u p
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Fig. 5. Cumulative methane production from gallotannic acid and VFA (4.17 g COD 1 t ) fed batch serum flask (0.51.) digestions with 1.05 g OS 1-t granular sludge. Horizontal lines indicate the COD equivalent (in gas production) of added VFA substrates. VFA (2.09 g COD 1-~) of additional feedings (without gallotannic acid) was added directly to existing supernatant under N 2 flushing. The shaking regime was performed twice daily by hand for 2 min. Table 4. Original and final p H following 19 days of anaerobic digestion (I.I I g OS 1 i granular sludge) with V F A (4.17 g C O D I - l ) substrate and added phenolic compounds Original concentration (rag 1- i )



Pyrogallol . . . . Before* After



0 300 600 1000 1500 2000 3000 4000 6000



7.40 7.43 . . . . . . . 7.50 7.25 . . . 7.43 6.80 7.39 7.05 7.32 7,45 7.22 7.45



.



Gallic acid . . . . . . Before* After 7.40



7.40



. 6.35



7,18



5.50 5.18 4.95 4.61



7.05 7,05 5.25 5.00



. .



. .



Gallotannic acid . . . Beforet After 7.57 7.40 7,43 7.40 7.30 7.38 ---



7.45 7,35 7,20 7.10 6.55 5,72 ----



*The begin p H was not adjusted in the culture media. The original p H was also not measured in site but in solutions m a d e to the same composition as in the experiments. tBegin p H adjusted with N a O H under N 2 flushing and then measured in situ.



(l,2,3-trihydroxybenzene) has previously been described by Schink and Pfennig (1982) and Kaiser and Hanselmann (1982a,b). These studies have indicated as our study that anaerobic fermentation of galloyl derivatives is non-obligatory syntrophic with methanogenesis. In this study, gallic acid and gallotannic acid were readily degraded to acetate at gallic acid and gallotannic acid concentrations which were toxic to methanogenesis. Kaiser and Hanselmann (1982a) have observed that adding specific methanogenesis inhibitors to syringic acid (3,5-dimethoxy-4hydroxybenzoic acid) degrading cultures resulted in Table 5. Inhibition caused by 2 4 h exposure (reciprocal shaking I min every 5rain) o f 1.11 g OS 1-I granulated sludge to l gl i gallotannic acid. Following exposure gallotannic acid was decanted, sludge was rinsed with H 2 0 and sludge activity determined on replaced media (not containing gallotannic acid) with begin VFA concentration of 4 g C O D I- I (pH 7.4). The C O D based average inhibition (for comparison with others reported in this article with C2:C3:C 4 substrate) was 72.5%



VFA C2 C3 C4



Absolute activity of control (mg C O D g -j OS d ~) 1053 503 446



Inhibition by gallotannic acid (%) 69.0 62.4 82.6



no delay in the syringic acid fermentation; however, acetate accumulated instead of being converted to CH4. The mechanism(s) involved in anaerobic galioyl derivative degradation appear to differ largely from those involved in the decomposition of other simple phenolic and aromatic compounds. The addition of specific methanogenic inhibitors to cultures degrading other kinds of natural phenolic compounds results in the accumulation of o-dihydroxy (or methoxy) compounds or aromatic compounds lacking hydroxyl groups (Healy et al., 1980; Colberg and Young, 1980b). Additionally adaption of sludge to methanogenesis has been reported to be beneficial for phenol and p-cresol (Van Velsen, 1981) as well as benzoate (Ferry and Wolfe, 1976; Balba and Evans, 1977; Clark and Fina, 1952) fermentation. While it is not necessarily true that the fermentation of nongalloyl type phenolics is obligatory syntrophic with methanogenesis (Young, 1984), disturbing methanogenesis, nonetheless, disturbs the fermentation of non-galloyl type phenolics but does not disturb the fermentation of galloyl type phenolics. Cultures enriched on galloyl (or methoxy substituents) type phenolics do not cross acclimate with benzoic acid
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and other non-galloyl type phenolics, but they do cross acclimate with other galloyl types (Kaiser and Hanselmann, 1982; Schink and Pfennig, 1982). This suggests that the population of organisms responsible for the anaerobic degradation of trihydroxybenzenes are different from the degraders of other simple phenols. Additional evidence for separate organisms involved in the anaerobic degradation of 1,2,3-trihydroxy vs o-dihydroxy and monohydroxy type phenolics is evident from the short lag periods required by our granular sludge to initiate the degradation of pyrogallol, gallic acid and gallotannic acid (2-5 days), while the same sludge needed 31 days to initiate the degradation of phenol and more than 56 days to initiate the degradation of catechol (l,2-dihydroxybenzene) under the same experimental conditions (unpublished data). Similar results have also been reported in the literature. Horowitz et al. (1981) observed that digester sludge needed 1 week to degrade 50 mg C 1-~ pyrogallol while 2 and 3 weeks were required for the same amount of phenol and catechol, respectively. Healy and Young (1979) observed that 300 mg 1-l syringic acid (a methoxylated galloyl type compound) degradation was initiated after 2 day lag periods by digester sludge, while from 8 to 21 day lag periods were required for 300 mg 1 of 9 other non-galloyl type aromatic compounds tested.



W.R. 21/3~[



374



J.A. FIELD and G. LETTINGA



Lea A. G. (1978) The phenolics of ciders: oligomeric and polymeric procyanidins. J. Sci. Fd Agric. 29, 471-477. Loomis W. D. and Battaile J. (1966) Plant phenolic compounds and the isolation of plant enzymes. Phytochemistry 5, 423-438. McGuinness J. D., Eastmond R., Laws D. R. J. and Gardner R. J. (1975) The use of t4C-labelled polyphenols to study haze formation in beer. J. Inst. Brew. 81, 287-292. Pearson F., Shium-Chung C. and Gavtier M. (1980) Toxic inhibition of anaerobic biodegradation. J. War Pollur Control Fed. 52, 473-482. Schink B. and Pfennig N. (1982) Fermentation of trihydroxybenzenes by Pelobacter acidgallici gen. nov. sp. nov., a new strictly anaerobic, non-sporeforming bacterium. Arch. Microbiol. 133, 195-201. Simpson F. J., Jones G. A. and Wolin E. A. (1969) Anaerobic degradation of some biflavonoids by microflora of the rumen. Can. J. Microbiol. 15, 972-974. Singleton V. L. and Esau P. (1969) Phenolic substances in grapes and wine, and their significance. Advances in Food



Research, Supplement 1. (Edited by Chichester C. D. et al.), pp. 1-281. Academic Press, New York. Tamir M. and Alumot E. (1969) Inhibition of digestive enzymes by condensed tannins from green and ripe carobs. J. Sci. Fd Agric. 20, 199-202. Van Buren J. (1970) Fruit phenolics. The Biochemistry of Fruits and Their Products (Edited by Hulme A. C.), pp. 269-304. Academic Press, New York. Van Velsen A. F. M. (1981) Anaerobic digestion of piggery waste. Ph.D. dissertation. Department of Water Pollution Control, Agricultural University, Wageningen, The Netherlands. Virkola N. E. and Honkannen K. (1985) Waste water characteristics. War Sci. Technol. 17, 1-28. White T. (1957) Tannins--their occurrence and significance. J. Sci. Fd Agric. 8, 377-384. Wise L. E. (1946) Wood Chemistry. Reinhold, New York. Young L. Y. (1984) Anaerobic degradation of aromatic compounds. In Microbial Degradation of Organic Compounds (Edited by Gibson D. T.), pp. 487-523. Marcel Dekker, Inc., New York.



























[image: ENDOGENOUS TRANSFER PRICING AND THE ... - Science Direct]
ENDOGENOUS TRANSFER PRICING AND THE ... - Science Direct












[image: Testing substitutability - Science Direct]
Testing substitutability - Science Direct












[image: Leadership training - Science Direct]
Leadership training - Science Direct












[image: Consciousness, Content, and Metacognitive Judgments - Science Direct]
Consciousness, Content, and Metacognitive Judgments - Science Direct












[image: THE EQUIVALENCE OF NSR AND GS FOUR ... - Science Direct]
THE EQUIVALENCE OF NSR AND GS FOUR ... - Science Direct












[image: Subgame perfect implementation - Science Direct]
Subgame perfect implementation - Science Direct












[image: Dynamic coalitional equilibrium - Science Direct]
Dynamic coalitional equilibrium - Science Direct












[image: Anaerobic digestion.pdf]
Anaerobic digestion.pdf












[image: Systemic Toxicity and Cardiotoxicity From Local ... - ScienceDirect.com]
Systemic Toxicity and Cardiotoxicity From Local ... - ScienceDirect.com












[image: Anaerobic digestion.pdf]
Anaerobic digestion.pdf












[image: The Role of the Founder in Creating Organizational ... - Science Direct]
The Role of the Founder in Creating Organizational ... - Science Direct












[image: Paper 10B.l NAPHTALI-SANDHOLM DISTILLATION ... - Science Direct]
Paper 10B.l NAPHTALI-SANDHOLM DISTILLATION ... - Science Direct












[image: All-stage strong correlated equilibrium - Science Direct]
All-stage strong correlated equilibrium - Science Direct












[image: Gastrointestinal Perforation After Pediatric Orthotopic ... - Science Direct]
Gastrointestinal Perforation After Pediatric Orthotopic ... - Science Direct












[image: Student and Preceptor Perceptions of Factors in a ... - Science Direct]
Student and Preceptor Perceptions of Factors in a ... - Science Direct












[image: A mathematical model for cooling and rapid ... - Science Direct]
A mathematical model for cooling and rapid ... - Science Direct












[image: Substitutes and stability for matching with contracts - Science Direct]
Substitutes and stability for matching with contracts - Science Direct












[image: Graphs of relations and Hilbert series - Science Direct]
Graphs of relations and Hilbert series - Science Direct












[image: Waiting for Mr. Right: rising inequality and declining ... - Science Direct]
Waiting for Mr. Right: rising inequality and declining ... - Science Direct












[image: Minority-proof cheap-talk protocol - Science Direct]
Minority-proof cheap-talk protocol - Science Direct












[image: On Ramsey's conjecture: efficient allocations in the ... - Science Direct]
On Ramsey's conjecture: efficient allocations in the ... - Science Direct















the methanogenic toxicity and anaerobic ... - Science Direct






Sg organic solids (OS) I -I. Exact OS concentrations are reported in figure and table captions. The volatile fatty acid (VFA) substrates utilized throughout most of the experiments were obtained from a stock solution containing. 100 :100 :100 g ace- tate: propionate: butyrate per kg of pH 6.8 neutralized (with. NaOH) solution. 
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