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ANAEROBIC TREATMENT OF HIGH SULFATE WASTES

Anaerobic treatment of high sulfate wastes presents a

ehallenge to the design engineer due to the generation of

hydrogen sulfide which results from the reduction of oxidized sulfur

eompounds. The generation of H2s has Iong been associated with

a loss of methane production. The researeh presented here

investigated the Iimits, eapabilities, nature of the proeess and the

effects of sulfide toxieity as pertaining to engineered systems for

the anaerobic treatment of high sulfate wastes. Sulfide toxicity to
laetose utilization, methanogenesis and sulfate reduction was

investigated.

continuous flow laboratory anaerobie reaetors were fed a

synthetie waste, whey, or spent sulfite liquor for the carbon

souree and cas04 or Na2so4 as the source of oxidized sulfur.

Three reaetors were operated in the methanogenic mode, two were

in the unstripped sulfidogenie mode, and nine were in the stripped

sulfidogenie mode. Sulfide stripping was by gâs recyele (Biosulfixo

process) and explored the use of a variety of agents for sulfide

absorp t ion.

sulfide toxieity bateh tests were performed in 100 mL glass

syringes ineubated in a 35oC water bath.

Carbon removal (>90I ) in methanogenic and stripped

sulfidogenic reactors was comparable although methane produetion

in the sulfidogenie reactors was signifieantty less than in the

methanogenie reaetors. The optimal Sr/Co = 0.3 for stripped

sulfidogenie reaetors. Artsteady-statetf sulfur reduetion rate of



1.3 g/L'd at Bv = 2.2 g/L'd TOC was achieved. Maximum earbon

removal required maintenance of a syntrophie population of

methanogens and sulfate reducing bacteria. Sulfate reduction was

performed by the incompletely oxidizing sulfate redueing bacteria.

Total inhibition of methanogenesis occurred when Co2 was removed

from the reactors. Optimal sulfur reduction oeeurred above pH 6.0.

Carbon flow was diverted from sulfate reduction to

methanogenesis at total sulfide coneentrations of 1000 mg/L and at

pH 8.0. Sulfate reduction was inhibited by increased eoncentrations

of total sulfides, regardless of pH whereas methanogenesis and

laetose utilization were inhibited by the presenee of unionized H2S.
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1. INTRODUCTION

1.1 Ilistory

The high rate of industrial sulfate aecumulation constitutes a

growing environmental coneern. Large quantities of sulfates are

generated by the eleetric power industry frorn flue gas

desulfurization sludges. The pulp and paper industry, the

pharmaeeutieal industry, and segments of the food industry also

produee effluents whieh are high in sulfates and other species of

oxidized sulfur eompounds. The application of methanogenie

treatment proeesses to these wastes maybe hindered by the

resulting reduction of sulfur species to sulfides by sulfate reducing

bacteria (SRB).

Most of the data on sulfide toxicity and sulfide stimulation

come from low-earbon natural ecosystems (King 1984; Oremland and

Polein L982; Winfrey and Zeikus L977) or from pure-culture

laboratory experiments, both of which are quite unlike the

industrial waste treatment reactor.

' At low eoneentrations, both the oxidized and reduced forms of

sulfur are required by the methanogenic bacteria to function at

optimal levels (Wellinger and Wuhrmann 1977; Mountfort and Asher

1979). At high eoneentrations of oxidized sulfur, the

methanogenie pathways appear to be bloeked by the combined

effects of sulfide inhibition (or even toxieity) and the shortage of

immediate methane preeursors: hydrogen, methanol, and aeetate.

This threshold of inhibition has been assumed to be



200-300 mg S2- /f (Lawrence et aI. 1964; Kroiss and plaht-Wabnegg

1983). This eoncentration may be regarded as a ease-specific vaIue,

dependin g upon the age of the culture, its history of sulfide

exposure, the type of organie matter in the wastewater, and the

sulfide speeies as related to pH (Kroiss and PlahI-Wabnegg 1983;

Koster et al. 1986).

The selectivity of various SRB and MPB for energy substrates

is quite varied. As shown in several recent studies, the speetrum

of organies utilized by the sRB is mueh wider than in the case of

methanogens (tmnoff-Stuckle and Pfening 1g83; Laanbroek and

Pfening 1981; Postgate 1984). This explains early sueeesses in

utilizing SRB to aecelerate anaerobie stabilization of sewage sludges

(Burgess and Wood 1961; Sadana and Morey 1962; Pipes 1960).

More recently, the mixed-eulture work of Middleton and

Lawrenee (1977), DLA, Inc. (1982b) and OIthof et al. (1986) have

indieated the substantial advantages of sulfidogenie pathways in

application to high sulfate eomplex industriat waste streams. In

sulfidogenic pathways, organie matter is oxidized using sulfate (or

other oxidized sulfur compounds) as an eleetron aceeptor. This is

in contrast to the eonventional methanogenie pathway where

volatile fatty acids are broken down to methane and COZ and

where COZ is autotrophically assimilated into cell carbon (Daniets

et al. 1984).

Middleton and Lawrenee

from anaerobie digesters and

sulfate reducing bacteria

(L977), using seed cultures obtained

aeetate as the earbon souree, grew

to the exclusion of methanogens.

2



Sehonheit et al. (1982) showed that at 300 mg/L acetate, MPB and

SRB utilized acetate at equal rates. However, at 6 mg/L, the

acetate eonsumption rate was 15-fold higher for the SRB than the

MPB. Lovley et al. (1982) found that the SRB usually outcompete

MPB due to a lowering of the partial pressure of hydrogen below

Ievels that eould effectively be utilizecl by MPB. Isa et g!.

(1986a, b) noted that Sr/Co = 0.08 in reactors fed acetate and

Sr/Co = 0.17 in reaetors fed acetate and ethanol. They eoncluded

that SRB eould not outeompete MPB for acetate. The presence of

a hydrogen donor such as ethanol enhaneed sulfate reduction. MPB

were more easily retained than were the SRB in their reactors.

I.2 Anaerobie metabolism

Substrate utilization in anaerobic reactors ean be broken into

two major eategories: assimilation and dissimilation. Assimilation

is the incorporation of eompounds into the earbon structure of the

celI. Examples of assimilation are the incorporation of sulfide in

the synthesis of eysteine or the formation of acetate from COZ.

Dissimilation is the breakdown of eomplex compounds into

simpler forms. Examples are the decarboxylation of acetate to

methane and CO2, the reduction of sulfate to sulfide, or the mixed

acid fermentation of eomplex carbohydrates to simpler compounds

such as aeetate, ethanol, COZ, HZ, and lactate.

1.2.L Energy metabolism of sulfate reducing bacteria

The SRB generate ATP by the dissimilatory reduction of

oxidized sulfur compounds sueh as sulfate, sulfite, bisulfiter and

thiosulfate. In this process, oxidized sulfur is the terminal



electron aceeptor and the electron donor is either hydrogen or a

carbon compound. The reduction of oxidized sulfur is limited by

the availabitity of a suitable eleetron donor. Typical reactions are

(Postgate 1984):

I1.11

Lt.2J

4 HZ a SO+2-

CH3COO- + SO42-

acetate

4 HCoo- + so¿2-

formate

t1.31

11.41

t1.51

4 CH3COCOO-

pyru v at e

2 CH3COHCOO-

lactate

+ so¿2-

acetate

¡ so42-

aeetate

Equations 1.2-1.5 ean be restated in terms of the ratio of

sulfur reduced (S¡) to Total Organie Carbon (TOC) fed (Co), Sr/Co,

and in terms of the ratio of sulfur reduced to TOC removed (Cr),

Sr/Cr are shown in Table 1.1.

Hydrogen can be used by incompletely oxidizing sulfate

redueers such as Desulfovibrio and Desulfotomaculum as well as

the comple te oxidizers sueh as Desulfobacter (Postgate 1984).

Acetate ean be used by Desulfovibrio baarsii, Desulfotomaculum

aeetoxidans and Desulfocoeeus multivorans. Formate has been

shown to be utilized by Desulfovibrio baarsii, Desulfococcus



multivorans, Desulfonema limicola, Desulfosareina variabilis, and

Desulfotomaeulum nigrificans. OnIy Ð. baarsii and D. sapovorans

have been shown to utilize long (up to C1g) ehain fatty acids. The

remaining speeies ( ma jority) of Desulf ovibrio sueh as D.

sul f urie ans, D. vulgaris, !. åi€as, and D. saporovans require

lactate or pyruvate as carbon sources to reduee sulfate in
aeeordanee with equation 1.4 or 1.5 (Postgate 1984).

Table 1.1 Theoretical Sr/Co and Sr/Cr for selected fatty acids.

Carbon Souree Sr/co (e/e) Sr/cr (S/S)

Form at e

Aeet ate

Pyruv at e

Lactate

0. 67

1.33

0.22

0.44

0. 67

1.33

0.67

1. 33

The growth rate of the ineompletely oxidizing sulfate reducing

baeteria is up to four times that of the complete oxidizers

(Nanninga 1985, Middleton and Lawrenee 1977). This suggests that

the ineompletely oxidizing SRB would predominate in anaerobic

reaetors. However, the presence of complete oxidizers also

suggests that it should be possible to utilize both groups of SRB in

the treatment of high sulfate wastes.



1.2.2 Anaerobie fermentation

Complex wastes must undergo transformation to less complex

compounds sueh as laetate, pyruvate, ethanol, or acetate prior to

metabolism by either suifate reducing baeteria or methanogenic

bacteri a.

Anaerobic reaetors treating high sulfate wastes include: citric

acid plant (Kroiss 1987), edible oil wastes (Saw et al. 1987),

acetate (McKinney 1986; Isa et al. 1986a, b), molasses (Nlaree and

Strydom 1987), munieipal sewage (eipes 1960; Lawrence and

McCarty 1965; Oithof et al. 1986), industrial sludge (Olthof et al.

1986 ), distillery plant effluent (Szendry 1982), pulp and paper

wastes (Eis et at. 1983).

L.2.2.I Glyeolysis

Glyeolysis is the specifie series of reactions whereby energy is

generated by the dissimilation of glucose to simpler eompounds sueh

as pyrúvate, lactate, and acetate. The end products of glyeolysis

provide the carbon and energy source (e.g., lactate, pyruvate,

propionate, acetate, ethanol) for sulfate redueing baeteria and

methanogens.

Zoetemeyer et al. (1982) studied ehanges in the end products

of glyeolysis as a function of pH and hydraulic retention time.

Figure 1.1 is a plot of the published data for u = 0.9 umax. It can

be seen that the production of lactie acid is optimal between pH

6.1-7.6. Below pH 6.0, and above pH 7.9, the production of lactie

acid is minimal. The production of butyrie acid was eonstant up to

pH 6.4; the¡eafter it decreased to zero at pFl 8.0. Above pH 6.5,
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acetate, formate, and ethanol increased until the maximum value

was attained at pH 7.9. Chartrain and Zeikus (1986), using

powdered whey, found that at pH 7.0, laetose was metabolized

primarily into laetate, ethanol, aeetate, formate, and carbon dioxide.

Based upon the studies of Zoetemeyer et al. (1982) and

Chartrain and Zeikus (1986), one would expect that changes in the

pH and the HRT of the reactor would determine the products of

fermentation. In the ease of ineompletely oxidizing sulfate

redueing baeteria, inereases in the production of Iactate would

result in inereases in sulfate reduction and viee versa.

1.3 Sulfur toxieity

The formation of hydrogen sulfide in anaerobic reaetors is the

result of the reduction of oxidized sulfur eompounds and of the

dissimilation of sulfur amino aeids such as cysteine. In anaerobie

reaetors, sulfur reduetion is performed by two major groups of

sulfate redueing bacteria: a) incomplete oxidizers whieh

ineompletely oxidize eompounds sueh as lactate to acetate and CO2

(equations L.4, 1.5), and b) complete oxidizers ( acetoclastic SRB)

whieh completely oxidize aeetate to CO2 and I{CO3- (equations 1.2

and 1.3). Both groups utilize hydrogen for sulfate reduction.

The dissolution of HZS in water forms an equilibrium system

as f ollo ws:

11.61 II2S(-----) H+ + HS- <-----> 2 H+ + 52-

The equilibrium between HZS and HS- is pH dependent in

aceordance with the following reaetion:

LL.TI H2S = tr + L.02 * 10(PH-7)1-1



The percentage of un-ionized H2S drops from 908 at pH 6.0 to 508

at pH 7.0 to 10I at pH 8.0. This variation is most signif ieant in

anaerobic treatment since the pH range of anaerobie reactors is

maintained between pH 6.0 and 8.0 with the generally accepted

optimal pH for methane produetion being between pH 6.8 and 7.5.

Furthermore, for experimental purposes, by adjustments in pH, it is

possible to study the relationship between different eoneentrations

of un-ionized HZS and different aspects of anaerobie treatment

such as Iactose uptake, sulfate reduction, and methanogenesis.

Studies of sulfide toxieity to anaerobic treatment have shown

that the generally aecepted sulfide concentration for complete

inhibition is 200 mg/L 52- (Aulenbach and Heukelekian 1955;

Lawrenee et al. 1964). Kroiss and Plahl-Wabnegg (1983), in a

study of floeculant sludge found that a deerease in methane

produetion was assoeiated with un-ionized HZS coneentrations as

low as 50 mg/L with a eomplete Ioss of methane production at

200 mg/L. In that study, the deerease in methane produetion

coincided with a deerease in earbon removal and an increase in the

concent¡ation of volatile f atty aeids ( VFA). When the un-ionized

H2S concentration increased above 200 mg/L, the formation of VFA

decreased. In another study using granular sludge, Koster et al.

(1986) found inhibition of methanogenesis at un-ionized HZS

coneentrations as low as 50 mg/L. Other studies have shown that

methanogenie bacteria ean tolerate sulfide eoncentrations up to

1000 mg/L 52- (Mountfort and Asher 19?9; MeKinney 19S6). Other

studies have shown that the addition of 8-22 mg/f S2- stimulated



the produetion of methane (Wellinger and lVuhrmann I977; Ronnow

and Gunnarson L982), reflecting the need for the biosynthesis of

sulfur based amino acids.
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2. PURPOSE AND SCOPE

Anaerobic treatment of high sulfate wastes presents a

challenge to the design engineer due to the generation of hydrogen

sulfide whieh results from the reduetion of sulfur compounds. The

generation of HZS has been associated with a loss in methane

production (Rudolfs and Amberg 1952; Lawrenee et al. 1964). The

addition of gypsum (CaS04) to sludge has been shown to be a

feasibte means of desulfurizing gypsum and promoting the

generation of sulfides which could be scrubbed to provide elemental

sulfur (Sadana and Morey L962i Burgess and Wood 1961; Pipes 1960;

DLA, Inc.1982b.

Reeently, DLA, Inc. (1982b), demonstrated the applieability of

sulfidogenic pathways in the treatment of high-sulfate eomplex

industrial waste streams. That work, using pig manure, aeetate,

and gypsum, demonstrated eontrol of reactor total sulfide

coneentrations below 50 mg 32- /L, by the use of a gas recycle

system as shown in Figure 3.1 in whieh H2S was absorbed by a

solut ion of zine aeetate. In that study, COD removals were

95-988 and there was a substantial produetion of methane.

The suecess of DLA, Inc. in the removal of soluble sulfates

with anaerobie reactors (tneir patented Biosulfixo process) suggested

a need for further researeh to gain further understanding for the

limits, eapabilities, and nature of the proeess.

The purpose of the studies presented here was to gain a

greater understanding of the sulfate reduction process as they

I2



pertâin to engineered systems for the anaerobic treatment of high

sulfate wastes.

Objeetives:

a) determine the efficieney of anaerobie processes operating

under similar loads with different ineoming sulfate

compositions and different residual sulfide concentrations

as affeeted by the laek of or presenee of gas stripping;

b) determine the extent of conversion of sulfates to

suI fid es;

c) establish the diversion of earbon flow from

methanogenesis towards sulfidogenesis in the presence of

inereasing eoneentrations of sulfates;

compare the treatment of different carbon sources in the

presenee of high eoncentrations of sulfates;

divert the entire earbon flow towards sulfate reduetion;

study the effeets of a wide range of sulfide
coneentrations upon aspeets of the anaerobic treatment of

high sulfate wastes: Iactose utilization, sulfate reduction,

methanogenesis, and the earbon flow under eonditions of

high sulfates and varying eoncentrations of un-ionized

Hz s.

Hypotheses:

a) carbon removal in a stripped sulfidogenie reaetor would be

comparable to earbon removal in a methanogenic reactor

reeeiving the same earbon substrate;

d)

e)

f)

13



b) carbon removal in aeclimated unstripped sulfidogenic

reactors would be comparable to earbon removal in

stripped sulfidogenie reaetors;

sulfate reduction in an.anaerobie reaetor would be

independent of the form of carbon in the feed;

the entire flow of earbon in a stripped sulfidogenie

reactor eould be diverted in support of sulfate reduction

and would result in greater than 85 I earbon removal:

i) a population of incompletely oxidizing sulf ate reducing

baeteria would be established;

ii) acetoclastie sulf ate reducing bacteria would

outeompete methanogens for carbon resulting in a

syntrophic culture of ineompletely oxidizing and

eompletely oxidizing sulfate redueing bacteria;

sulfide toxieity to the Iaetose utilizing, acetate utilizing,

and sulfate reducing baeteria would be due to the

coneentration of un-ionized H2S, not the eoneentration of

total sulfides.

e)

d)

e)

L4



3. EQUIPMENT AND PROCEDURES

3.1 Continuous Flow Reactors

Figure 3.1 is a schematic diagram of 2.5 L anaerobic upflow

sludge bed reactors maintained in a walk-in environmental chamber

at 35oC. The bottom of the reactors consisted of L L plastie

Imhoff eones; the tops consisted of 100 mm i.d. plexiglass tubes

with bolted on caps. The assembly was manufaetured in the

machine shop of the Department of Civil Engineering. Reeycle

and gas lines were 3lS in (9.5 mm) Tygon* tubing.

Masterflex* tubing pumps with 7015-21 stainless steel heads

were used for recycle. Feed pumps were Masterf lex * tubing pumps

with 70L4-21 stainless steel heads. Tygon* pump tubing failed

frequently, therefore it was replaeed with more durable silicon

tubing. For reaetors R9-R14, Norprene'" tubing was used. The

Norprene * tubing provided desired reliabitity and required mini¡nal

changes. Recyele pumps were adjusted to maintain an upflow

veloeity of 0.5 m/h in the reactors.

A gas reeyele system (to strip H2S from the recycle stream)

was eomposed of Air-Cadet * diaphragm pumps connected in series

with an effluent split-box loeated in the liquid reeyele line and

with a eontainer of H2S absorbing solution (Figure 3.1).

The reactors were loaded with a flocculant sludge screened

from an aetive anaerobie digester at the City of Winnipeg, North

End Treatment Plant.

15
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The sulfide absorbing solutions were zinc acetate, feruic

chloride, NaOH, and ARI-311C*. ARI-31-1C*, a proprietary chelated

iron compound whieh may be regenerated by aeration, was obtained

from ARI Technologies, Inc., Palatine, IL USA. ARI-311C* was

developed as an effieient, eost-effective method of serubbing I'sourt'

gas from the pet¡oleum industry. Zine aeetate and femic chloride

were used for R2, R4, and R7. ARI-311C'" was used Ín R9-R14

beeause of the eapability for reeharge, the efficiency of HZS

absorption, and ease of handling in comparison to femic chloride.

Initially, reaetors Rl (unstripped) and R2 ( with stripping)

initiatly were fed acetate, milk solids, and glucose. Cheese whey

(whey contains 688 laetose, galactose-B-L14-glucose) was 508 of the

COD from day 34 to day 119. After day 120 whey was the sole

carbon and nutrient souree. Inereasing eoneentrations of sodium

sulfate were added as the souree of oxidized sulfur.

Initially, reaetors R3 (unstripped) and R4 (stripped) were fed

acetate, milk solids, and glueose. After day 120, eheese whey and

spent sulfite liquor provided all the carbon to the reaetors.

Increasing eoncentrations of sodium sulfate were added as the

source of oxidized sulfur. Spent sulfite liquor (SSL) was obtained

from the Abitibi-Price paper mill at Pine Falls, Manitoba.

Reactors R5 and R6 were operated as methanogenic reactors

and were fed the same substrate as R3 and R4 exeept that no

sodium sulfate was added. Data from R5 were not used due to

problems with the equipment whieh resulted in unstable operation.

L7



Reactors R7 and R8 were fed 30I milk solids, 30I sodium

acetate, 20 I SSL, and 108 beef extraet (COD basis). The stripped,

sulfidogenic R7 was loaded with calcium sulfate in lieu of sodium

sulf ate at 0.5 - 0.7 S/L.a. The methanogenic R8 was f ed an

equivalent amount of ealeium in the form of Ca(OH)2.

Feed for aII reaetors was made fresh weeklv and stored in 20L

eontainers at 4oC.

Initially, gas produetion was measured with volumetric wet

storage tanks with an aeidified brine solution. Tritón WRC Model

181 gas meters were used for the remainder of the research.

3.2 Bateh Studies

Batch cult ure experiments were condueted in 100 mL

Perfeetum* glass syringes with fitted plungers. The technique was

originally presented by Sobkowiez and Klemm (1986). Specially

designed stainless steel tips were maehined such that one end fitted

the Luer-Loc* tips of the syringes and the other end aecepted

rubber gas stop septa. The plungers moved easily permitting

maintenanee of atmospheric pressure.

maintained in a 35oC water bath.

The syringes were

A stoek solution of whey (2000 mg/L;800 mg/L TOC) was

prepared using tap water. Whey (50 mL), sludge (5 mL) and sodium

sulf ide were ad justed to a f inal volume ( 100 mL) af ter pl{

adjustment to 6.0, 7.0, and 8.0 (HCl, NaOH). Syringes were f illed

to contain 60 mL.

The stock basal medium (Tables 3.1 and 3.3) for methane

toxicity (SO mL), sludge (S mL), and sodium sulfide were adjusted

18



to a final volume (100 mL) after pH adjustment to 6.0, ?.0, and 8.0

(HCl, NaOH). Syringes were f illed to contain 60 mL.

The stock basal medium (TabIes 3.2 and 3.3) for sulfide

toxieity to sulfate reduction (50 mL), sludge (s mL), and sodium

sulfide were adjusted to a final volume (100 mL) after pH

adjustment to 6.0, 7.0, and 8.0 (HCt, Naol{). syringes were f illed

to contain 60 mL.

Sodium sulfide was added from a

100, 250, and 1000 mg 32- /L in the

three experiments.

3.3 Analytieal Procedures

stock solut ion to make 0, 50,

f inal 100 mL solut ion in alI

Measurements for pH were made with a Radiometer pH meter.

Calibration was ehecked daily. Gas analyses were performed on a

Gow-Mac 550 gas chromatograph equipped with a thermal

eonductivity deteetor, stainless steel column, and Poropak Q media.

Hamilton gas-tight syringes were used for injection. HeIium was

the carrier gas. A moleeular sieve was used with nitrogen as the

earrier gas for analyses of hydrogen. The VFA were analyzed on a

Gow-Mae 750 gas chromatograph equipped with a borosilicate glass

column f illed with 80 /100 mesh Chromasorb 101 medi a and equipped

with a flame ionization detector.

Chemieal oxygen demand (Rl-R8) was performed by the closed

reflux eolorimetric method in aeeordance with APHA (1985).

Total organic earbon (R9-R14, batch studies) was performed

using a Dohrmann DC-80 Total Organic Carbon Analyzer equipped

with an ultraviolet deteetor, automatie sampler and integrator.

19



Table 3.1 Basal medium for methanogenic bacteria.

Compo u nd slL

KH2 PO4

NH4CI

CaCI2'2H2O

M gCl2'6H2O

KCI

NaCl

Ye as t Ex trac t

Acetic Acid

Traee Elements*

0.4

0.6

0.3

0.8

0.6

0.4

0.4

2.0

2.0 mL

Adjust pH to 7.0 with NaOH, fitt to 1L with distilled water.

* See Table 3.3

(efter Medium G, Postgate 1984)

20



Table 3.2 Basal medium for sulfate redueing bacteria.

Compo u nd s/L

KH2P04

NH4CI

CaC12'2H2O

M gCl 2.6H2O

KCI

NaCl

Yeast Extract

Laetie Acid

Na2 S04

Trace Elementsx

0. 40

0.60

0.30

0. 80

0.60

0.40

0.40

2.20

3. 60

2.0 mL

(After Medium G, Postgate 1984)

* See Table 3.3

2l



Table 3.3 Trace Element Solution

Compound glL

FeCI2'4H2O

H3 BO3

MnCl2'4H20

CoCI2'6H2O

ZnCL2

NiC12'6H2O

CuCI2'2H2O

NaMo04.2H2O

(After Postgate 1984)

1.5

0.06

0. 10

0.L2

0.07

0.025

0. 015

0.025

22



Total and volatile non-filterable residue were performed in

aecordanee with APHA (1985).

Sulfides from reactors R1-R8 were performed by iodometric

titration in accordance with APHA (1985). For R9-R14, after day

40, sulfides analyses were performed using an Orion* specific ion

probe. Calibrations were made daily and continuously during a test

run. Sulfates were analyzed on a Technicon Autoanalyzer in

aeeordance with the automated procedure outlined in APHA (1985).

Laetose was analyzed on a Waters high pressure tiquid

ehromatograph (HPLC) equipped with a Biorad HPX-85H column and

refractive index detector.

23



4. BESULTS AND DISCUSSION

4.1 CONTINUOUS FLOW REACTORS (81-R8)

4.1.1 Introduetion

A series of eight reactors was used to study earbon removal,

methane produetion, and sulfate reduetion under eonditions of

differing carbon sourees and differing sulfide stripping systems.

Two reaetors (R1 and R3) were operated without stripping, three

were stripped (nZ, R4, R7), and three (n5, R6, and R8) were

operated in a purely methanogenic mode (no addition of sulfates).

Unstripped reaetors (Rl-, R3) were ineluded to eompare the

performanee of stripped and unstripped reaetors with respect to

sulfur reduction, earbon removal and methane produetion.

Methanogenie reaetors were included to eompare sulfidogenic and

methanogenic reaetors with respeet to carbon utilization and

methane production.

Details of the equipment and procedures'for this set of

experiments are outlined in Section 3, Equipment and Procedures.

4.I.2 Reaetors Rl and R2

Reaetors R1 and R2 were fed sodium sulfate and a variety of

earbon sourees ineluding eheese whey. During the first 50 days of

the experiment, the carbon souree ineluded giueose, acetate,

methanol, and milk solids. From day 50 to day 75, the earbon

souree was in the form of gradually increasing percentages of

diluted eheese whey. After day 75, only diluted cheese whey was

used as the carbon souree.

24



The performanee of reaetors R1 and R2 fed diluted eheese

whey and sodium sulfate is illustrated in Figure 4.1. The data are

marred by variability in the feed eomposition. Setected average

results for reaetors R1 and R2 are presented in Tables 4.L-4.4.

At COD coneentrations around 3 g COD/L and sulfate

eoncentrations below 1 g 56+/L, the performance of the stripped

(R2) and unstripped reaetor (R1) was eomparable. Nevertheless, the

stripped reaetor still outperformed the unstripped by an average of

10 8. Due to the testing procedures employed at the time, this 10I

may have been due to unaeeounted for COD demand by sulfides in

the effluent.

Higher sulfate eoncentrations, applied after day I40, above

L.5-2 g 56+/L, did not affect the stripped R2 but did induee a

drop in COD removal from 80I down to 20-30I for the unstripped

Rl. The removal efficiency of the stripped reactor (R2) was more

eonsistent than the unstripped reaetor (R1) and stayed above 70 I
regardless of the variability in the incoming load. It began to

drop from 80-908 COD removals at 6-7 g COD lVa to 70+Z at toads

exeeeding 8 g COD/L.d and sulfate loads above 2 g 56* /L.d.

The difference in COD removal between R1 (56 I ) and

(888) was concomitant with a decrease in the quantity of

thane produeed and an inerease in the VFA of Rl. Reduetions

COD removal efficieney in R2 were aecompanied by reductions in

R2

me

in
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the quantity of methane produced by the reaetor as shown in

Table 4.2. A t-test of the means indieated a significant difference

in the coD removal from the reaetors at the 0.001 lever of

signif icanee (Table 4.3).

Analyses of gas produetion data indicated increased methane

generation as sulfide production became less efficient. A relatively

high methane generation by R2, when compared with that of the

uns tripped R1 is illustrated in Table 4.r. That suggests an

inereasing inhibition of methanogens in R1 with time as both the

COD and sulfate load increased.

Long-term sulfide generation data (raote 4.4) for these two

reactors shows that the sulfide produetion gradually inereased to

reach 1.2-1.36 g S2- /f.a for R2 which eoincided with a COD

removal rate of 5.36 g coD/L.d removed at 8st coD removal

efficieney. sulfide production in Rl was unsteady and decreased

gradually to less than 0.5 g/L-d.

The deterioration of perform&nee of R1 in eomparison with R2

was accompanied by an aeeumulation of volatile f atty aeids ( VFA)

which in R1 increased gradually from 300 to 2500 mg/L. Reactor

R2 exhibited a steady vFA eoneentration below 900 mg/L and- a

methane production in exeess of that observed in Rl, whieh would

indieate the dependence of appreeiable coD removal efficieney

upon the symbiotie relationship between the SRB and MpB.

Consequently, one might conclude that the inhibition due to sulfide

aeeumulation primarily affected the VFA conversion phase rather
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than the acid- generating or

biodegradation pathway.

aeidogenic phase of the anaerobie

The efficiency of COD removal for the stripped reactor was

relatively eonstant, regardless of COD or sulfate concentration

(Figure 4.1). Although less thàn 33 I of the apptied sulf ur was

recovered from the gas which would indicate that only a portion of

the applied sulfates were redueed, Iess methane was produced when

more sulfur was reeovered from the gas whieh shows that organic

earbon removal was diverted from the produetion of methane to

sulfate reduetion.

A further relationship between COD I removal, earbon source,

and suI f ur load is shown in Figure 4.2. An inerease in COD

coneentration, eoncomitant with the inerease in sulfur load

resulted in a very significant deerease in COD removal in the

unstripped R2 (squares in Figure 4.2), At lower influent So/CODo

ratios (circles), the COD removal in R2 trailed the stripped R1 by

about 15 8. In the absenee of whey, the performance was similar to

that of the stripped reactor. lVhen the earbon souree was change'd

to spent whey, and when the sulfur concentration was inereased

(high So/CODo ratio), the COD I removal for the unstripped

reaetor (with whey) deereased to 20 8. Effluent total sulf ides in Rl

were 39-488 mg 32-/L (equivalent COD = ?8-9?6 mg/L) while in R2

the sulf ides were LL-324 mg/L (equivalent COD = 22-648 ng/L).

In the stripped reaetor, poor COD removal and negligible g&s

production were observed during periods of high concentrations of

52-. The pH in both reactors was at ?.8-8.2 (seIf-established) sueh
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that the fraction of free H2S in the reactors normally was no more

than 5-148 of the total sulfides. Maximum eonversion of sulfates

to sulfides was 0.5 g 52-/L.d for Rl and l-1.2 g 52-lL.d for Rz

equipped with stripping.

The relationship between mL methane produeed per gram of

COD removed and the ratio of influent oxidized sulfur to influent

COD (So/CODo) in the stripped reactor is itlustrated in Figure 4.3.

This shows that, up to a So/CODo = 0.1, the specific production of

methane per gram of COD removed decreased with in,ereases in So

which illustrates å diversion of electron flow from methane

production to sulfur reduetion. Above an So/CODo = 0.1, the

speeific produetion of methane was constant at 0.16 L/g CODr.

This shows that the diversion of carbon flow from methane

production to sulfur reduction proceeded only as long as there was

a suffieient quantity of eleetron donor. Above So/CODo = 0.1, the

eleetron flow was no longer diverted to sulfate reduction. This

means that in a stripped sulfidogenic reaetor, when the

So/CODo ) 0.1, any further addition of oxidized sulfur will not

affect the produetion of methane.

4.I.2.L Carbon removal and pH in Rl

The COD percent removal for the unstripped Rl was plotted

against the eomesponding values of pH as shown in Figure 4.4.

Increased COD percent removal eorresponded to inereased pH

values. In Figure 4.5, the reactor pH is inversely related to the

ineoming COD load. Increases in pH were associated with
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decreases in COD Ioad and vice versa. The decrease in pH with

inereasing COD Ioad corresponded with a deerease in COD pereent

removal and an increase in VFA eoncentration in the effluent.

One possible explanation would be that a decreased influent

COD meant that less carbon was available for sulfate reduction

thereby resulting in diminished sulfide produetion. At the

minimum influent COD coneentration (2000 mg COD/L), if only

lac tic aeid were oxidized, then no more than 330 mg 52-/L would

have been generated. At pH 8.0, this would have been equivalent

to 33 mg/L un-ionized HZS. At the maximum COD eoncentration

(6500 mg/L) up to 1081 mg 52-lL could have been generated. At

pH 7.0, this would have been 540 mg H2S/L which is in exeess of

the eoncentration of un-ionized H2S eonsidered to be toxie to the

methanogenic process (Lawrence et al.1965; Kroiss and Plahl-

Wabnegg 1983).

A seeond explanation might be that inereased pH values

resulted in lower un-ionized H2S eoneentrations thereby permitting

inereased COD removal effieiency due to inereased earbon removal

by methanogens. Sodium earbonate was added to the feed but was

not regularly added to the reactors to maintain control of pFI

which may explain the range of pH values assoeiated with the COD

load as shown in Figure 4.5. Variations in pH due to the addition

of sodium earbonate to the feed not withstanding, there was a

distinet drop in reactor pH with inereases in COD load. This drop

in pH was aecompanied by a deerease in COD removal effieiency

JI



and an inerease in effluent

nonexistent below pH 7.5.

VFA. Methane produetion was

Third' increased pH values resulted in diminished fractions of

un-ionized HZS in the reaetor thereby resulted in diminished

sulfide toxieity to methanogens. Improvements in the effieieney of

organic earbon removal were aecompanied by increased reaetor

methane production. Methane production by the unstripped reaetor

wås minimal although it inereased with pH (Figure 4.6).

The deerease in COD I removal at increased COD loads was

not just a function of decreased reaetor pH since decreases in

COD I removal oeeumed above pH 6.5. However, below pH 6.S, pH

was also a factor.

!Vhen methanogens were not inhibited by the stripping of

sulfides from the reaetor, acetate was converted to methane. when

aeetate was removed from the reaetors, in the absence of other

vFA, the reactor pH was dependent upon the carbonie acid

buffering system and generally stabilized between pH = Z.S-8.3.

When sulfide coneentrations inereased, the methanogenie aetivity
deereased resulting in decreased carbon removal and decreased pH

due to inereased VFA concentrations.

A portion of the carbon flow in a stripped sulfidogenic

reaetor (R2) was diverted from methanogenesis to sulfate reduetion.

The diversion of carbon flow was dependent upon the concentration

of sulfates in the feed.
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4.1.3 Reactors R3 and B4

!Vhey, an inereasing eoncentration of strained SSL, and

increasing eoncentrations of sodium sulfate were fed to R3 and R4

(Figure 4.7). A eomparison of performance of the unstripped R3

with the stripped R4 generated results similar to the R1 and R2

eomparisons: i) gradual deterioration of the performanee of R3

with time as the coD and so¿ loads increased and ii) relatively

steady performanee of R4 as the COD and SO¿ loads increased.

The deterioration in R3 versus R4 was not as pronounced as

Rl versus RZ where R3 regularly provided a removal 10-25 I less

than R4. This difference between the two pairs of reactors eould

be attributed to differenees in substrate: Rl and R2 were fed pure

whey and sulfate during the latter half of the experiment whereas

R3 and R4 were fed inereasing portions of SSL with eoneomitant

decreasing portions of whey.

At influent sulfur eoneentrations below 1200 mg 56+/L, the

removal of COD was 10I lower in the unstripped (R3) Lfran in the

stripped (R4) reaetor. For sulfur eoncentrations in exeess of

1200 mg 56+/L, the difference was greater than 202 even without

inereased SSL partieipation in the Ioad. Conceivably, part of this

differenee may have been due to the presence of sulfides in the

effluent although part was due to increased concentrations of

measurable VFA in the unstripped reaetor, R3.

The total sulfide eoneentration in the effluent varied from

40-2L4 mg/L with an average of 120 mg/L in the unstripped

reactor and from 0-197 mg/L, with an average of 74 mg/L in the
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stripped reactor (R4). At COD Ioads below 2.a g/L.d and So/COD.

below 0.33, the unstripped reactor (R3) yielded a 608 COD removal.

A CODo = 2.4 glL and So/CODo = 0.33 no more than 300 mg/l S2-

would have been reduced. At pH 7.0, this is 150 mg/L H2S which

explains the suceess with unstripped reaetors at Iow values of

coDo. This is in apparent eontrast with the study of Kroiss and

Plahl-wabnegg (1983), who predicted Hzs toxieity at an influent

So/CODo above 0.1.

The unstripped R1 and R3 were sueeessfully run at a So/CODo

ratios up to 0.9 with problems beginning above 0.9. For R4

(stripped), the So/COD. ratio essentially had little or no effect on

removal as long ¿rs the stripping system eontinued to function.

However, when the stripping system failed, total sulfides in the

reaetor inereased with a resulting decrease in COD removal frorn

the reaetor. The eoneentrations of sulfides (Table 4.4) in the

reaetor effluents were eonsiderably greater than those generally

eonsidered inhibitory (200 mg/Ð to the biomass. However, in

general, the COD removal was inversely proportional to the sulf ide

eoneentrations in the effluent.

The VFA eoneentration in R4 responded quickly to changes in

the influent load and the so/CoDo. with the normal level between

1-50-350 mg/L as aeetate, the VFA concentration inereased to

800 mg/L acetate on day 150 foltowing a sudden doubling of the

load on day 138 with a eoncomitant inerease in SSL participation

by almost 2 g COD /f.d. The initial dif ferenee in the performance

of R3 and R4 may be attributed to the fact that the faster growing
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Desulfovibrio speeies (u*=9.33d-1) break down laetate to acetate.

The acetate degrading microorganisms (MPn, ¡rm=0. tO-1;

SRB, tlm=0.13d-1) have lower growth rates thereby requiring a

longer acclimation period to develop a suffieientty Iarge population

to degrade the acetate.

4.L.4 Comparison of stripped sulfidogenie reaetor (R4)

methanogenie reaetor fed whey and SSL (R6)

Figures 4.8 and 4.9 show the performanee with respeet to

time of a stripped sulfidogenie reaetor fed whey, SSL and sodium

sulfate (R4) and a methanogenic reactor fed whey and SSL (R6).

Performanee data from the methanogenie reaetor (Rb) are not

included here as was noted in section 3, Equipment and Materials.

In general, reactors R4 and R6 performed si¡nilarly in terms of coD

removal and residual levels of VFA atthough the performance of the

sulfate Ioaded reaetor (R4) was less eonsistent than the

methanogenie reaetor (R6).

The overall average COD removal wås 7Lt for the

methanogenie reaetor and 678 (until day 120) for the sulfidogenie

reaetor at a working load of 2-4 g coD/L.d, when 308 of the coD

was eontributed by ssL. The difference in performanee was

attributable to coD demand by sulfides in the effluent of the

sulfidogenie reaetor (R4). A t-test of the mean COD removal from

these reaetors (Table 4.3) showed no significant differenee between

the two reaetors.
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The rapid drop in percent COD removal in both reaetors

coincided with the inereased COD contribution bv SSL. The

So/CODo ratio in the sulfate loaded reactor (R4) varied r"or 0.1 to

0.5. The VFA eoneentration in the stripped sulfidogenie reactor

responded quiekly to changes in the influent eomposition. With

normal VFA levels between 150-350 mg acet ate/L, the VFA

increased to 800 mg/L acetate on day 150 following a sudden

doubling of the load on day 138 with a eoncomitant inerease in SSL

participation by almost 2000 mg-COD/L. The level of VFA in the

methanogenic reaetor normally was less than 200 mg/L aeetate.

The performanee of both reactors decreased with inereasing

influent COD eoneentrations (Figure 4.9). This deerease in

performanee was due to the inhibitory nature of SSL in the feed

sinee thg decreases in performanee oeeurred eoneomitantly with

inereases in the percentage of SSL in the feed.

FoIIowing the sudden increase in load and SSL, the VFA

coneentration inereased to 650 mg/L. The level of VFA in the

stripped sulfidogenic reaetor R4 returned to normal much more

rapidly (4-5 days) than in the case of the methanogenic reactor

R6 (fO days). This may be an indieation of SRB utilizing the VFA

syntrophieally with the MPB as well as reflecting the mueh higher

growth rates of the SRB.

The average volumes of methane produeed were

140 mL CH4lg COD removed for the stripped sulfidogenic reaetor

R4 and 243 ml,/g for the methanogenie R6. Both values were less

th an 350 mL/g COD (OoC, ?60 mm Hg) removed which would be
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expeeted from a methanogenic reaetor fed an easily degradable

substrate sueh as acetate or methanol. These different speeific

yields of methane proved that the meehanisms responsible for COD

removal in the two reactors were different sinee their coD

removals were comparable.

The COD removal effieiency was comparable in the

methanogenie and sulfidogenic reaetors. However, methane

production was different thereby reflecting a diversion of the

earbon flow from methanogenesis to sulfidogenesis in the stripped

sulfidogenic reactor. The performanee of the methanogenie reaetor

was more stable due to difficulties in maintaining steady-state

operation with the sulfide stripping unit in R4.

4.1.5 Comparison of reaetors R7 and RB

Figure 4.10 shows the performanee of a stripped sulfidogenic

reaetor (R7) and methanogenie reaetor (R8) whieh were part of the

earliest phases of the researeh. With similar COD loads, the

methanogenie reactor (R8) performed better than the stripped

sulfidogenic reaetor (R7). After day L40, the performanee was

comparable, suggesting that it took the sulfidogenie reaetor longer

to aeclimate.

The feed for these reaetors contained few preeursors for

Iaetic acid which could aeeount for the high removals attained after

initial aeclimation - (over 90I COD removed at 4-6 g/L.d). The

CaSO4 fed to R7 was 0.7 g S/L.d, and the So/COno ratio was 0.14.

If all the influent earbon were fermented to Iaetate, then all or

nearly all the available 56+ should have been reduced to 52-.
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Sinee this was not the case, it must be coneluded that only a

portion of the carbon was fermented to laetate and the rest to

other eompounds such as acetate.

4.1.6 Reaetor Stripping

Stripping of the reactor eontents w¿rs found to be of

significant importance to maintain proper eonditions for syntrophic

generation of methane and hydrogen sulfide in the flow-through

reactors. When the stripping system in reactors R2 and R4 failed,

there was an aeeumulation of C2 - C5 volatile acids and a loss of

methane production.

It appeared that the mieroorganisms at the bottom end of the

de gradation chain ( acetoelastie), were the most susceptible to

upsets with methane generation being the most sensitive indicator.

Methanogenesis gradually returned after the stripping was resumed.

This was demonstrated in the initial weeks of the R7 and R8 runs

where the differenee in COD removal was elosely correlated to the

excess acetate level in the effluent from R7.

The effeets of stripping of sulfides from the reaetor contents

are visibly demonstrated in Table 4.5 where a sulfate loaded

anaerobic sequencing bateh reactor was operated without stripping

until day 60, then stripping into zine acetate was turned on

(stripping was with gas recyeled from the stripper as in Figure 1.3).

The data are from a DLA (1982a) suspended growth study in an

anaerobic sequeneing batch reactor treating piggery wastes enriched

with acetate (30 I TOC basis) and gypsum sludge residue from a

phosphate fertilizer industry.
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In the study reported here, conversion of sulfates to sulfides

depended upon the overall condition of the system and always

coincided with appreciable COD removal. In stripped reaetors, it

was coineidental with high methane generation. In the DLA (1982a)

work reported above, the removal of sulfates was greater than 958,

with organie earbon removal greater than g8 I SOC although other

DLA (1986) work indicated earbon removal rates as low as 408

removal and Iow rates of SO4 reduetion.

The unstripped reactor (n3) had appreciable removals (50-60 I

COD) equal to or trailing the stripped R4 by only 5-10 8. In

sulfidogenie reaetors heavily loaded with earbon and sulfur,

however, artifieial stripping remains the method of ehoice,

warranting consistent operation sinee sulfides appear to be

detrimental to the acetoelastic mieroorganisms. This means that a

symbiotic coculture of SRB and MPB in R4 was eapable of the same

job as a methanogenie reaetor, in spite of a heavy sulfate load

(>f.S g S/L'd) and a high ratio of influent sulfur to carbon (So/Co,

so/coD).

The stripped sulfidogenic reactor fed whey (R2) significantly

outperformed the stripped sulfidogenic (R4) and methanogenic

reaetor (R6) fed whey and SSL (table 4.2), On the other hand,

atthough the unstripped R1 (whey only) outperformed the unstripped

R3 ( whey + SSL), the performanee of R1- was not signif icantly

better than that of R4. The faet that R1 significantly

outperformed R3 is evidence that SSL is diffieult to degrade

an aerobi e ally.

50



T
ab

le
 4

.5
. 

S
ul

fa
te

 t
o 

su
lfi

de
 c

on
ve

rs
io

n 
w

ith
 a

nd
 w

ith
ou

t 
ga

s-
st

rip
pi

ng
 in

 a
n 

an
ae

ro
bi

e
se

qu
en

ei
ng

 b
at

ch
 r

ea
ct

or
 (

D
LA

, 
19

82
).

D
ay

si
nc

e
st

 a
rt

 u
p

60 64 67 68 69 72 73

C
JI

In
flu

en
t 

S
6+

m
g 

s6
+

 /l

w
ith

ou
t 

st
rip

pi
ng

55
0

st
rip

pi
ng

 s
ta

rt
ed

56
0

60
0

57
0

53
0

34
0

66
0

E
ffl

ue
nt

 5
2-

m
g 

s2
- 
/l

50

1

18 T
4 t) 0 8

g2
- 

pr
od

uc
ed

s6
+

 in
ft.

 I

15 28 43 61 53
10

0 64

R
em

ov
 a

I

so
a(

8)
 r

oc
(8

)

30 29 67 78 78 94 95

60 91 98 ¡¡



4.L.7 YFA and gas produetion

The theoretical methane produetion rate for methanogenie

reactors sueh as R6 should have been 350 mL/9. The observed

methane production rates were: 60 mL/g for R1 and R3

(unstripped), L22-146 mL/g for R2 and R4 (stripped), and 243 mL/g

for R6. In all reaetors, the predominant buildup of VFA was in the

form of acetate and occasionally n- and iso-butyrate. Valerate was

rarely found. The greatest buildup of aeids was in the unstripped

reaetors (R1 and R3). The stripped r:eaetors (R2 anO R4) eontained

significantly less VFA, which was reflected by their inereased COD

removal. The differenee in COD removal between R1 and R2 as

well as between R3 and R4 was numerieally equal to the

aceumulation of VFA, suggesting inhibition of MPB or aeetoclastie

SRB.

4.1.8 Sulfur loading, sulfides, and toxicity

All work done during these experiments indicated reversible

inhibition of acetoclastie SRB and MPB biomass by exeess sulfide

eoncentrations. After a period of suppression of the aeetoclastie

biomass due to aeeumulated H2S caused by a stripping failure, the

accumulated VFA were metabolized quickly the moment stripping

was baek in service which was also shown previously by DLA, Inc.

(1982a, b).

The eonversion of sulfates to sulfides depended upon the

overall eondition of the system and was always coineidental with

appreci able COD removal; in stripped reactors, conversion was

coincidental with high methane generation. In the work reported
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by DLA, Inc. (1982b), in reaetors fed gypsum and piggery wastes,

the removal of sulfates was greater than 958, with soluble organie

carbon removal greater than 988. The removal of sulfates in the

study presented here varied from 60 to 958 (Sr/CODo = 0.LZ-O.21).

Saw et al. (1987) achieved 30-54 I (Sr/CODo = 0.18-0.2L)t Otthof et

al. (1986) aehieved up to 95I (Sr/CODo = 0.09) and Maree and

Strydom (1987) achieved 958 sulfur reduction (Sr/CODo = 0.19).

There is a wide variation in effieiency of removal between the

different eited experiments and yet there is a great similarity in

the Sr/CODo of the experiments. This shows that in mixed

cultures, as in pure eultures (see equations 1.1-1.5), sulfate

reduetion is dependent upon the availability of earbon. Sulfate is

the terminal eleetron a.ceeptor. In order to aehieve sulfur

reduction, there must be a donor, either hydrogen or a reduced

form of earbon.

The level of inhibition in the unstripped reaetor appeared

be related to the quantity of methane generated and, indirecily,

the biodegradability of organie substrate.

The total sulfides in the effluents from all reactors is

illustrated in Table 4.4. Fluetuations in the eoneentration of

sulfides in the stripped reaetors reflected (a) frequeney of

regeneration of the stripping solution and (b) rate of gas sweeping.

It is important to note that in spite of fluctuations in the sulfide

eoncentrations in reactor R2 and R4, they were capable of

performing at coneentrations in exeess of 150 mg S2'/L. When the

to

to
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reaetor sulfides were above 200

dras t ic aI ly.

4.1.9 Conelusions

gas-stripped reaetors.

2. In the reactors fed

COD removal was 88I in the

unstripped reaetor.

mg 52'/L, the performance dropped

1. The reduetion of sulfates (60-958) proceeded best in the

whey and sodium sulfate, the mean

stripped reaetor but only 56 I in the

3. Stripping of reaetor contents of aceumulated sulfides

increased the removal of COD and inereased the production of

methane.

4. Inhibition due to sulfide aeeumulation primarily affected

the VFA conversion phase rather than the aeid-generating or

aeetogenic phase of the anaerobic biodegradation pathwåy.

5. At organie loads below 3 g COD /L. d and sulf ate Ioads

abov e 0.5 g 36+ /L.d, the performanee of stripped reaetors and

unstripped reaetors was comparable. Above 3 g COD/L.d and

0.5 g s6+ /L'd, the stripped reaetors outperformed unstripped

reaetors. This difference was most likelv due to sulfide toxicitv in

the unstripped reaetors.

6. COD removal was inversely proportional to the sulfide

concentrations in the effluent.

7. The alkatinity generated by sulfate reduetion in

conjunction with sulfate reduction in the sulfidogenic-methanogenie

reactors provided more pH stability than that in purely
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methanogenie reåetors, thereby reducing the requirement for the

addition of buffers to the svstem.

8. The methanogenic and stripped sulfidogenic reactors

receiving SSL provided comparable COD removals. The speeific

production of methane (L CH4 /g COn removed) was signif icantty

greater in the purely methanogenic reaetor (0.25 L CH4/S COD

removed) than in the sulfidogenie reactor (0.15 L CH4lg COD

removed). This difference elearly demonstrated a diversion of

organie earbon utilization from methane production to sulfate

reduction in the stripped sulfidogenie reaetor.

9. The variability in the performanee in the stripped

sulfidogenic reactor was the result of variations in reactor sulfide

eoncentrations. This was eaused by an inability to maintain

steady-state eonditions with the gas stripping apparatus.

10. The COD removal in the reaetors fed SSL plus sulfate

was lower than in the reactors fed whey plus sulfate. This was &n

indieation of the relative difficulty of degrading SSL.

11. Minimal sulfate reduction will occur if laetate or laetate

precursors åre absent.

L2. High COD removal (80I ) ef ficieney in the sulfate-loaded

gas stripped reaetors R2, R4, R7, was always due to syntrophie

generation of CH4 and H2S.
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4.2 REACTORS FED RECONSTITUTED POTVDERED WHEY (89-R12)

4.2.L Introduetion

The experiments eonducted with reactors R1 - R8

demonstrated that carbon removal in stripped sulfidogenic reactors

was comparable to methanogenie reaetors reeeiving an identieal

earbon souree. A decrease in methane production in the presenee

of sulfates wâs not neeessarily accompanied by a decrease in

removal of organie earbon sinee the utilization of organic earbon

was diverted from the manufaeture of methane to the reduetion of

sul fur.

The data from reaetors R1 - R8 did not &nswer questions

regarding the optimal and maximum quantity of sulfur which could

be reduced by a stripped sulfidogenie anaerobic reaetor nor the

operating eonditions whieh would promote maximum sulfur reduction

with a minimum of carbon required in the feed.

Improvements in the experimental apparatus, the acquisition

of an automated TOC analyzer, and the ability to perform

automated sulfate analyses enhanced data quality and quantity.

Details regarding the equipment and materials for this phase of

the research are outlined in Section 3, Equipment and Procedures.

There are two groups of sulfate reducing bacteria: a) those

which incompletely oxidize lactate to acetate and earbon dioxide

(incomplete oxidizers sueh as Desulfovibrio and Desulfobulbus) and

b) those which eompletely oxidize acetate to carbon dioxide

(complete oxidizers or aeetoclastic SRB such as Desulfobacter).
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Calculations of carbon availability and the production of

reduced sulfur in the stripped reaetors (R2 and R4) suggested that

sulfate reduetion was only performed by incomplete oxidizing

sulfate reducing bacteria. Pure eulture studies have shown that

incomplete oxidizers sueh as Desulfovibrio ineompletely oxidize

lactate or pyruvate to acetate in the proeess of sulfate reduetion

(Postgate 1984).

The pure culture work of Kristjansson et al. (1982) and

Schonheit et al. (1982) demonstrated the ability of sulfate redueing

baeteria to outeompete methanogens for aeetate and for molecular

hydrogen. Middleton and Lawrence (I977) demonstrated that when

acetate was the earbon souree, aII the carbon was used for sulfate

red uetion. The experiment with stripped sulf idogenic reactors

Rg - R12 w&s undertaken in antieipation that the entire earbon

flow in a stripped sulfidogenic reaetor would be diverted towards

sulfate reduction.

The reaetors (R9-Rl2) were fed reconstituted powdered whey

and sodium sulfate. Reeonstituted powdered whey was ehosen

beeause of its eommercial availabitity and its relatively
nutritionally eomplete nature which would provide more realistic

conditions than would be achievable using a purely synthetic

medium. These reaetors were operated at Bv = 2-6.5 g TOC/L.d

and were continuously stripped as shown in Figure 3.1. The

primary stripping solution was ARI-311C*. During this phase of

researehr'there was Iittle methane production which was not a
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major eoneern at the time because the objective was to maximize

sulfate reduction.

4.2.2 Operation of Bg - R12

The performanee of a stripped sulfidogenic reaetor (R11) is

shown in Figures 4.11 - 4.12. Reaetor R1l was ehosen beeause it
exhibited the greatest stability and yielded the least variabitity of

results. From day 30 to day 60 (Figure 4.11),1.2-1.5 g/L sulfate-

sulfur was reduced with an average influent TOC of 4.5 S/t.
During this period of time, the ratio of sulfur redueed (S¡) to TOC

was Sr/Co = 0.29. The observed variability in TOC removal was

not accompanied by variations in influent TOC nor in influent

sul.fur. Inereases or decreases in TOC removal eoincided with

similar variations in sulfur reduction although the fluctuations in

TOC removal were greater than those for sulfur reduction.

From day 130 to day 146 (Figure 4.I2), S¡ = 0.9 g/L at an

influent TOC of 4.6 g/L for a S¡/Ce = 0.20. At day 148, this

inereased to 1.3 g/L sulfur reduced at an influent TOC of.4.6 S/1,

for a Sr/Co = 0.28. As was noted for day 30 to day 60, there were

variations in TOC removed which appeared to be greater than the

comparable variations in sulfur reduction.

Figures 4.tl - 4.L2, illustrate that some faetor other than

influent TOC (Co) or influent sulfur (Se) influeneed the reduction

of sulfur and removal of earbon in these reaetors. There were

diffieulties with the operation of the stripping system for these

reaetors. Since reaetor total sulfide eoneentrations rarelv exceeded
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50 mg 32- ¡¡, high eoneentrations of sulfides were not the eause

of variations in TOC removal or sulfur reduction.

There was no eorrelation between TOC removal and F/M

(g TOC/g VNFR) (figure 4.13) at Bv up to 5 g/L.d; therefore,

variations in the reaetor VNFR were not the eause of the

variations in Toc removal efficiency. This was in contrast with

the findings of Otthof et aI. (1986) where both carbon removal and

sulfur reduetion were directly correlated to reaetor F/lVI and the

form of carbon in the feed.

4.2.3 Relationship bettyeen TOC removal and sulfur reduction and

variations in reaetor pH

One variable, pH, was difficult to control for the duration of

this experiment. Reaetor R10 was operated in an aeidogenie mode

(below pH 5.7) for the entire period of operation as an

independent reactor (day O to day 70).

Figure 4.L4 is a plot of TOC removed and sulfur reduced

versus pH for reactors R9-R12. All four reaetors exhibited steady-

state eonditions. However, only one, Rl1, was maintained under

steady-state eonditions above pH 6.0. Sulfur reduction was elosely

eorrelated to the pH: 0.15 g,/L.d at pH 4.5 and 1.4 g/L.d at pII ?.2.

The values (average Sr

line (n2 = 0.98):

t4. 1l

for each pH) closely follow the regression

sr = -2.4 + 0.525 pH
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TOC removal elosely follov¡ed the inerease in pI{ but the

correlation (n2 = 0.78) was less than between sulfur reduction and

pH which would suggest that earbon removal was affected by more

than pH or sulfur reduetion. The regression line is:

[4.2] Cr = -1.99 + 0.535 pH

Overall, there was a high correlation between carbon removal

and pH and sulfur reduction and pH. Figure 4.15 is a plot of pH

against Bv. The data points are the average Bv for eaeh pH.

There was little correlation between pH and TOC load (Bv) for

Rg - R12 (Figure 4.15), whieh is in eontrast with the case for the

unstripped R1 where pH deereased with increases in Bv.

Figure 4.L6 is a plot of Sr/Co against pH. The data points

represent the average Sr/Co for each pH value. The values for

each data point were from Rg - R12 for day 2L - day 50 and day

90 - day 160. Increases in pH were aceompanied by increases in

Sr/Co. At pH 5.0, Sr/Co = 0.09; at pH 7.1, Sr/Co = 0.25. This can

be interpreted to mean that, at pH 6-7.5r 0.20-0.30 grams of sulfur

were reduced for every gram of TOC fed to the reaetor.

In order to establish the dependence of the sulfate reduction

pro c ess on the available elec tron donor (TOC) in the stripped

sulfidogenic reaetor R11, a plot of the rate of sulfur reduction,

Sr = A S/( 0¡ a t) (e/L.d) versus TOC load applied, Bv (g/L.d) was

made. The empirieal eorrelation that was found to fit the collected

data pool was plotted in Figure 4.L7 (R2=0.68):

Sr = 0.29 Bv14.31
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This corresponds to Sr/Co = 0.29. The stoichiometric ratio

for incompletely oxidizing SRB is S"/C6 = 0.44 (taOle 1.1).

Therefore, based upon carbon utilization, the incompletely oxidizing

sulfate redueers predominated in this study.

In a continuous-fIow, eontinuously stripped packed bed reactor

fed molasses and sulfate, Maree and Strydom (198?) aehieved an

optimum Sr/Co = 0.30 which is comparable to the value in this

researeh. The study of Otthof et aI. (1986) found Sr/Co = 0.15-0.5.

The value for Sr/Co = 0.5 is greater than the theoretical value for

incomplete oxidizers but was for a treatabitity study with a Iow

CODo = 620 mg/L. Atl the continuous flow reaetors had an

Sr/Co = 0.15-0.33 whieh is characteristie of incomplete oxidizers.

4.2.4 Carbon Removal

4.2.4.L TOC Load

A plot of the rate of TOC removal, Cr = LC/(O¡Ât) (g'll,.d)

versus TOC load applied (Bv) was made. The empirieal correlation

that was found to fit the colleeted data pool was plotted in

Figure 4.18 (RZ = 0.73):

14.41 Cr = 0.06 + 0.35 Bv

The uni f orm ef f iciency (35I ) is in contrast to the usual

response of biological reactors, which show a decrease as the

organic Ioad inereases but eorresponds elosely with the work of

Oithof et al. (1986) as shown in Figure 4.19. The constant ratio of

TOC remo.ved to TOC load in this experiment, 35 %, regardless of

the sulfate reduced, would suggest that reduction was a linear

funetion of the TOC Ioad applied.
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The data presented here indieated that Sr inereased as a

eonst ant pereentage of inereases in the TOC load. The pure

culture studies of Domka and Szulezynski (19?9,1981) also indicated

a direct correlation between the quantity of sulfate reduced and

the quantity of Iactate fed. Sinee the microorganisms in this study

appeared to be lactate utilizing, incomplete oxidizers, the maximum

value for Sr would appear to be Iimited by the rate of laetate

generation during anaerobie fermentation.

Exeess sulfate-sulfur was always present in the reaetors

(Figures 4.11 - 4.L2); only rarely was the reactor sulfate-sulfur

eoneentration below 150 mg/L. During periods of high TOC loading

and high suLfate Ioading, the reaetor sulfate-sulfur concentration

was greater than 500 mg 56+/1. Therefore, the observed maximum

rate of sulfur reduction was not limited by the eoncentration of

sulfur but most likety was Iimited by lactate availability.

4.2.4.2 Sulfur reduction in relationship to lOC removal

In Figure 4.20, suI f ur reduc tion (Sr) ( ttre values come from

Rl1 only) is (R2 = 0. ?8 )¡

14.51 Sr = -0. 16 + 0. 7 Cr

The produetion of methane was negligible in this study.

Therefore, this means that for Cr = 1.0-2.5' Sr/Cr = 0.5-0.6 for the

study presented here. A portion of the earbon removal is due to

factors other than sutfate reduction. If sulfur reduction were a

striet funetion of carbon removal, only 1.33 g sulfur would have

been redueed per gram of earbon removed (S¡/C" = 1.33) (see

Sec tion I.2.1). Factors such as assimilation and dissimilation of
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carbon by acidogenie microorganisms during glycolysis, assimilation

of earbon by SRB, and methane production would aeeount for the

difference between the observed Sr/Cr = 0.5-0.6 and the theoretieal

Sr/Cr = 1.33. The observed Sr/Cr = 0.5-0.6 is similar to that

published by others (S"/C" = 0.16-0.5, Olthof et al. 1986;

Sr/Cr = 0.38, Maree and Strydom 1987; and S¡/Cr = 0.88, Saw et al.

1987). Olthof et al. (1986) and Saw et al. (1987) reported IittIe

methane production which is the same as observed for R9-ß14.

Saw et al. (1987) reported earbon removal efficiencies as high

as 90 I . The work o f Otthof et gl_. (1986) and the researeh

presented here employed sludge bed reaetors. Maree and Strydom

(1987) used packed bed reactors. Isa et aI. (1986) reported that

acetoclastic SRB demonstrated poor attachment and wet'e easily

lost in attached growth reaetors. Comparing carbon utilization in

flocculant sludge bed reactors (Ottnof et aI. 1986; this study) with

attached growth reaetors (Isa et aI.1986a, b; Maree and Strydom

1987; Saw et a1.1987), attached growth reaetors appeared to

provide a more suitable environment for retention of complete

oxidizing SRB.

The studies of Isa et al. (1986), Kroiss (1987), Szendry (1984),

and Saw et aI. suggest that sulfate reduetion is substrate

dependent. The work of Isa et aI. stated that eomplete oxidizing

SRB do not necessarily compete well with MPB when acetate,

ethanol, or formate ¿rre the carbon sourees. Szendry (1984)

reported 0.37 L CH4/e COD removed for high sutfate reactors

receivin g distillery waste (CODo =8 0 g/L and SO¿ = 7 g/L,
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So/CODo = 0.03). Kroiss (1987) reported 0.32 L/g methane

production in the operation of full-scale anaerobie reactors treating

eitric aeid plant wastes (CODo = 17 E/L, S04-S = 0.95 g/L,

So/Co = 0.15,508 SO4-S redueed, S¡/CODo = 0.03, Sr/Co = 0.08).

The results of this study and the results of Olthof et al.

(1986), DLA (1982) and Cappenberg (1978) have shown that sulfate

redueers and methanogens ean be eultured in the same reaetor. On

the other hand, Saw et aI. reported no methane production with

COD removals >90I when treating high sulf ate edible oil wastes.

The relationship between sulfate reduction and pH shows that

the effieieney of sulfate reduction improves with increasing pH. A

bateh study (seetion 4.3.4) showed that, between pH 6.0 and 8.0,

there is no differenee in sulfate reduction with respeet to pH when

laetate is the earbon souree. More sulfur was reduced at pH 7.2

than at pH 6 (Figure 4.19) in eontinuous flow stripped sulfidogenie

reaetors fed reconstituted whey powder. Therefore, one would

eonclude that sulfate reduction in R9-R11 was by incomplete

oxidizing SRB. Furthernore, sulfate reduction was Iimited by the

generation of Iactate.

4.2.5 Aeetate Utilization and Diauxic Growth in R9-R11

The residual acetate eoneentration in reaetors R9-R1-1

averaged 3075 mg/L (s. d. = 996) whieh indicated Iow acetate uptake

in the reaetors. Pure culture studies have shown that some sulfate

reducing baeteria which prefer lactate as a carbon souree also

metabolize acetate during the process of sulfate reduction

(Postgate, 1984). When microorganisms are able to utilize two
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different carbon sources but utitize one carbon souree more easily

than another, this process is called diauxie.

The foltowing experiment was performed in order to test for

the presence or absence of diauxie (in this ease, lactate utilization

rather than acetate utilization). The feed pumps were turned off

and the reaetor supernatant was tested for TOC, sulfates, and

sutfides. The initial TOC was in exeess of 4 g/L, the initial

sulfates were in excess of 0.2 g S/L, and initial sulfides were less

than 30 mg/L in the reaetor supernatant.

During the L4 day period (day 65 - 80) when the feed pumps

were turned off, there was no removal of TOC and no sulfate

reduction. If diauxie were present, the sulfate reducing bacteria

would hav e switehed to acetate oxidation and reduced the

remaining sulfur. Since TOC removal and sulfate reduction did not

immediatety occur, it was concluded that there was no diauxie.

At the end of this phase of the experiment, the feed pumps

and gas recyele pumps were turned off but the liquid recycle

pumps were left running. After a two month breakr the reactor

supernatant was tested for TOC, VFA, and sulfates. Analyses

showed that 77 * of the remaining TOC was removed, 97 * of the

remaining VFA were removed, and 97I of the remaining sulfates

were redueed. It was concluded that the additional TOC removal

and sulfate reduction were a result of a shift in the microbial

population and were not due to diauxie beeause of the lag time

required to utilize the VFA for sulfate reduction.

75



4.2.6 Reaetor Solids

The maximum concentration of volatile solids in the reaetors,

23 g/L, eoincided with the maximum observed rate of sulfur

reduction (Us) in the reaetors and the greatest TOC load to the

reactors. The average specific sulfate utilization (reduction) rate

was Us = 0.06-0.08 g S+6/g VSS.d; the average speeifie substrate

utilization rate ( for TOC) was Uc = 0.08 g TOC/g VSS.d.

Solids were continuously lost in the effluent due to gas

purging of the split-boxes. Isa et al. (1986) showed that

acetoclastic SRB were lost more rapidly than MPB in fixed-film

eontinuous flow reactors. Beeause of these findings, improved

solids retention in this study may have increased the sulfate-sulfur

reducing capaeity of the system by retaining more of the

aeetoclastic biomass fraction.

4.2.7 Reactors in Series (813, R14)

Separate seeondary 2.5 L continuous flow reaetors (R13, R14),

eonnected in series to the two primary 2.5 L units, eollected all

the solids lost with the effluent from the primary reactors

effectively doubling the HRT and SRT of the system. The pH of

the seeondary reactors remained between pH 6.5 and 8.2. When the

primary reaetor was operating at a steady-state with pH ) 6.5, the

seeond reaetor removed an additional 8 I of the TOC to raise the

total TOC removal from 35I to 40 8. Figure 4.2I shows that the

overall TOC removal improved with the use of two re&etors.
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The addition of a seeond reactor doubled th9 HRT and SRT

of the system yet provided tittle improvement in the S"/Cs (Figure

4.22). From day 115-130, the pH of the first reaetor was <6.0

whereas the pH of the second reaetor was pH 7-7.5. After day

130, there was no difference in the Sr/Co.

Based upon the latter data, one would conclude that, for this

system, a Iowered volumetrie loading rate would inerease the

reliability of this system. These results also showed that

secondary reaetors did not improve TOC removal or sulfate

reduetion sufficiently to waruant the addition of the secondary

units. It also showed that aetivity by aeetoclastic SRB was minimal

sinee sulfur reduction was limited to Iaetate availability as

evidenced by the minimal change in Sr/Co.

4.2.8 Methane Produetion

Methane production was a signi f ieant source of earbon

removal in stripped sulfidogenic reaetors R2, R4, and R7 (Section

4.1). In spite of reaetor acetate concentrations as high as

3000 mg/L, very little methane was produced during the operation

of R9-R12. Several possibilities were considered concerning the

suppression of methane: sulfide toxicity, toxicity of metabolie

byproducts, eompetition for hydrogen, CO2 limitation, and toxieity

bv un-ionized acetic acid.
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4.2.8.1 Inhibition Due to Metabolite Toxicity

If inhibitory compounds were formed between sulfides and the

metabolic produets of the SRB, inhibition would have resulted in a

buildup of VFA and a gradual decrease in the rate of TOC removal

from the system as the TOC load increased. Efftuent (50 mL) from

one of the reactors was mixed with sludge (S mL) from a

methanogenie reactor was incubated in a syringe in a 35"C water

bath. The residual acetate was eonverted to methane. Therefore,

methane produetion waS not suppressed due to toxic byproduets

from the sulfate reduetion proeess.

4.2.8.2 Competition for llydrogen

Two syringes were filled with feed for a sulfidogenic reaetor

and sludge from the sulfidogenie reactor which was not producing

methane. One syringe was additionally fed 20 mL moleeular

hydrogen. Methane production proceeded more quickly and earlier

in the syringe fed hydrogen than in the syringe not fed hydrogen

(Figure 4.23). Eventually, both syringes produced the same quantity

of methane. This showed that although there was eompetition for

hydrogen, the absenee of hydrogen did not preelude the produetion

of methane by this biomass with this substrate. This also again

verified that there was no inhibition of methanogens due to the

produetion of inhibitory eompounds by the SRB.

Sulfate-reducing bacteria have been shown to grow on H2 plus

sulfate as the energy source (gaOziong et al. 1982a, b; Pankhania et

aI.1986) and even have been shown to out compete methanogens

for moleeular hydrogen (Lovley et aI., L982; Robinson and Tiedje'
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1984; Schonheit et al., 1982). Coneeivably, then, methanogenesis

may have been suppressed due to competition for hydrogen.

Carbon removal in the stripped sulfidogenic reactors R2, R4,

and R7 (methane production provided up to 508 of the earbon

removal, seetion 4.1) was similar to purely methanogenic reactors

fed eomparable quantities of earbon. Sinee stripped sulfidogenic

reaetors eould be operated consistently with a eontinuous

production of methane (R2, R4)r eompetition for hydrogen was not

the reason for the suppression of methane production in Rg-R12.

Daniels et al. (1984) showed that methanogenesis ean proeeed

by the decarboxylation of acetate whieh supports the finding that

competition for hydrogen was not the reason for the suppression of

methane production in R9-Rl2.

4.2.8.3 CO2 Limitation

In the experiments with R1-R8, zinc aeetate or ferric

chloride were used to absorb HZS from the gas. At the beginning

of the experiment with R9-R12, ferric chloride was used as a

stripping solution to absorb HZS; however, ARI-311C'", a

proprietary iron-eontaining compound whieh was developed for the

efficient, cost-effective removal of HZS from petroleum refinery

and gas well sour gåsr was employed during the remainder of the

experiment. It ean be regenerated by aeration; eonsequently, it

would appear ideal for a eontinuously operating stripping system,

would eliminate the need for changing spent batch solutions of the

stripping media, and would maintain a eonstant level of stripping.
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However, it functions most effectively at pH ) 7.0 which permits

absorption of CO2.

Gas from the regenerating solution in a eontinuous

regeneration tank was colleeted and analyzed and was found to be

1008 COZ. The regenerated solution has a pH)7 whieh is much

more amenable to COZ absorption than the fresh solution with a

pH(3. Those measurements showed that COZ is absorbed by

ARI-311C* when used in the operating system.

For short periods of time during the operation of Rl-R12,

solutions of NaOH were used to strip the H2S from the gas. when

NaOH was employed as a stripping solution: a) the reactor pH

inereased up to 1.5 units; b) all methane produetion ceased; c) the

gas pressure in the system beeame less than the ambient

atmospheric pressure resulting in long eolumns of liquid in the

suction line of the gås pump tubing. Frequently, liquid was pulled

into the suetion side of the gas pumps resulting in diaphragm

failure; a result whieh also frequently oeeurred when using

ARI.311C*.

In order to determine the effects of various stripping

solutions upon methane produetion, an experiment was performed

using water, ARI-311C*, and NaOH as the solutions in the stripping

tank (see Figure 3.1). The effluent of R9-Rl2 had high

coneentrations of aeetate in the effluent. Therefore, aeetate was

ehosen as the carbon souree for the methanogenic reaetor. The

reactor was fed aeetate as the earbon souree and was produeing

1.6 L CH4/ d.
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!Vhen water was used, there was no effect upon the

production of methane by the reactor.

lVhen NaOH was used, only traces of CO2 coutd be detected in

the gas, methane produetion immediately ceased, the gas pressure in

the reactor beeame negative as evidenced by changes in the liquid

level in the effluent split-boxes. When the gas reeyele pump was

turned off, methane production returned to the pre-stripping level

within 36 h.

When ARI-311C'" was used (fresh, pH(3.0), there was no

inhibition of methanogenesis by the use of ARI-311C'". Since the

pH of the fresh solution was low, it was eoneluded that earbon

dioxide was not immediately absorbed by the solution. However,

during the previous operation of stripped sulfidogenic reactors when

ARI-311C'" was eontinually being regenerated, gas bubbles were

observed in the regeneration tank. The gas was eollected and

analyzed and determined to contain 1001o CO2. Therefore, since

previous experience had shown that COZ was absorbed by the

ARI-311C'", under long-term operation, the use of ARI-31-1C'" most

likely resulted in absorption of CO2 from the reactors.

Methanogens are autotrophie and f ix ( assimilate) CO2 during

cellular synthesis in the following series of reactions (DanieIs et g!.

1984, Figure 4.24)z CO2 is fixed to form aeetate, acetate combines

with COZ to form pyruvate; phosphoenolpyruvate (PEP) eombines

with COZ to form oxaloacetate; sueeinate combines with COZ to

form c-ketoglut arate.
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If CO2 is limited (e.g. nutrient limitation) cell synthesis wilt

eease. If there is no cell synthesis, then there will be no methane

production since there is no energy demand by the eell as was

shown by the removal of all residual COZ from a methanogenic

reactor. Since it has been shown that methanogenesis ean be

suppressed by stripping of CO2, this verifies that CO2 is necessary

for the metabolism of methanogens and was a limiting factor. The

threshold requirement for COZ for methane produetion was not

established but eould be a basis for future researeh. Desulfovibrio

baarsii has been shown to grow on COZ and CO as sole earbon

sourees (Jansen et al. 1985). Desulfovibrio vulgaris has been shown

to use CO as the sole electron donor for growth and sulfate

reduetion (Lupton et 9L.1984). According to Postgate (1984),

however, sulfate reducing baeteria are mixotrophic rather than

autotrophic. This means that CO or COZ åre assimilated in the

presenee of other eompounds such as acetate or formate.

There was no difference in sulfate reduction when NaOH was

employed as a stripping solution than when FeCl3 or ARI-311C*

were used. Therefore, it was concluded that sulfate reduction was

not limited by the availability of CO2 in this experiment.

Whatever stripping solution is employed, absorption of COZ

must be avoided in order to prevent suppression of methanogenesis.

Due to absorption of COZ, ARI-311C* is not aeceptable as a

stripping solution, at least when it is used at an alkaline or neutral

pH. If NaOH is employed as the absorbent, it is imperative that a

means be devised whieh precludes significant absorption of COZ.
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4.2.9 Population Distribution in R9 - Rll

Taylor and Parkes (1983) showed that Desulfobaeter

Desulfovibrio, and Desulfobulbus ean be identified by particular

phospholipid markers (C12-C18 phosphated fatty acids). For

example, 10-methylhexadeeanoie acid is speeifie to Desulfobacter.

Ratios of the markers to the C16 (t0:O) acid which is eommon to

all baeteria, give the relative proportion of the partieular

microorganism in the sample.

Samples of sludge were eolleeted from R9-R11 at day 225.

lyophilized, and set to Dr. David C. White at the University of

Tennessee, Knoxville, TN for quantification of the phospholipids.

The ratios of markers to the 16:0 acid for sulfate reducing

baeteria showed large proportions of Desulfovibrio and

Desulfobulbus. The laboratory report said that there were some

Desulfobacter but the report sheet did not show the speeific

markers for Desulfobacter.

Desulfovibrio and Desulfobulbus both are incomplete oxidizing

SRB. This means that the operating eonditions in R9-Rl1 promoted

the growth of ineomplete oxidizing SRB and not the growth of

eomplete oxidizing SRB sueh as Desulfobacter which was not

unexpeeted aeeording to other laboratory workers (Nanninga 1985).

This was in spite of reaetor acetate eoncentrations as high as

3000 mg/L (acetate) and reaetor sulfate eoneentrations in excess of

500 mg/L (as SOa). The laek of acetoelastic SRB and the

abundanee of incomplete oxidizing SRB suggests that the

incomplete oxidizing SRB may have outcompeted the acetoelastic
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SRB for a common substrate. Since acetate was abundant and the

addi tion of nutrients sueh as biotin made no difference' the

eommon substrate may have been hydrogen. These results do

strongly suggest that incomplete oxidizing SRB and acetoclastic

SRB witl not grow syntrophically, espeeially in a flow-through

re ae tor.

4.2.10 The role of pH in the operation of stripped sulfidogenie

reaetors

The results of operation of the four reaetors, Rg - Rl2,

showed that sulfate reduetion inereased with increases in pH. In

Figure 4.25, data from the Biosulfixo pilot plant (OIthof et al.

1986) has been added to the data from Figure 4.19. The data

showed that the S"/Co inereased with inereases in the reaetor pH,

regardless of whether the feed waS powdered whey and sodium

sulfate in laboratory scale reactors or industrial sludge and gypsum

as in the pilot plant. A regression line could be drawn through the

data points which would show a linear inerease in Sr/Co with an

inerease in the pH.

There are two basie sets of data points: below pH 5-7 and

above pH 5.8. From pH 4.5 - 5.7, S¡/C6 = 1; from pH 5.8 - 7.8,

Sr/Co = 0.2 - 0.3. The values in the figure are average values of

Sr/Co for each pH value. The raw data showed a wider variation

than represented in the figure. The general trend of the data

follows the Same trend shown for lactie acid production as

presented by Zoetemeyer et al. (1984) (figure L.2),
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This is further evidence that, in sludge bed reaetors fed whey (or

other lactate preeursors), the incomplete oxidizing SRB predominate

in this type of system.

4.2.1L Optimal sulfur reduction in relationship to influent earbon

(sr/co)

The highest Sr/Co for R9-R12 was 0.3 although the averåge

was 0.22. The DLA Biosulfixo pilot plant (Olthof et al. 1986)

operated at Sr/Co = 0.15 - 0.25. Neither the researeh presented

here nor the work of Olthof et al. (1986) suggest that all the

available carbon in tþe feed could be oxidized or assimilated in

support of sulfate reduetion.

In the mixed culture and complex feed experiments with

R1-R8, in the work of DLA (1982), and the work of Isa et al.

(1986a, b), eomplete utilization of carbon was only attainable when

both sulfate reduction and methane production oeeurred. These

findings are in contrast with the researeh of Middleton and

Lawrence (1977) where acetate was the sole earbon source and Saw

et al. (1987) where edible oil wastes were the feed. Isa et al.

(1986a, b) found that methanogens easily outcompeted sulfate

redueing bacteria for acetate in the absenee of a hydrogen donor

such as ethanol.

M iddleton and Lawrenee (1977 ) demonstrated that aeetate

could be the sole earbon souree for sulfate reducing baeteria.

sehonheit et aI. (1982) and Kristjansson et al' (1982) showed that

in pure eulture, below 180 mg/L aeetate, SRB could outeompete

MPB for acetate and H2. Above 180 mg/L acetate, the rate of
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methane produetion was equal to the rate of sulfur reduction which

coineides with the findings with R1-R8 and the published findings

of Isa et al. (1986a, b).

The studies of Middleton and Lawrence (L977), Schonheit et

al. (1982) and Kristjansson et al. were conducted under conditions

of low coneentrations of 52- in the reactors. The precise 92-

eoneentrations were not stated. However, Middleton and Lawrence

(tszz ) added sufficient Fecl3 to preeipitate ail the s2-. schonheit

et al (1982) and Kristjansson et al. (1982) purged with 808 NZ /z0Z

COZ at 50 mllmin to purge HZS. Saw et al. (19S?), on the other

hand' demonstrated that better than 908 of the available earbon

could be used in the.support of sulfate reduetion in an unstripped

mixed culture reactor reeeiving edible oil plant wastewater.

The researeh presented here for R1-R12, the work of Olthof

et al. (1986), Ol,A (1982), Maree and Strydom (l-98?), and Isa et al.

(1986a, b) indieate that in mixed culture reactors, espeeialty under

eonditions of eomplex feed, sulfate redueers do not outeompete

methanogens for acetate. With few exeeptions (Rl, day 184), in

the absenee of signifieant methane produetion, earbon removal is

limi ted to 40-45 I ef f icieney.

In other work yet unpublished, McKinney (19S6) has shown

that in the presenee of 1000 mg/L sutfides and at a reaetor pH 8.4,

methanogens outeompete sulfate redueers for acetate and provide

over of 90 I removal ef ficiency with little earbon flow having been

diverted towards sulfate reduetion. Kroiss and !Vabnegg (1983) and

Kroiss (1987) found that sulfate reduetion and methane production
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oecur eoncurrently in full scale reaetors treating citric aeid plant

wastes (COD = 17 g/L, SO4-S = 0.95 g/L, CH+ = 0.324 L/g COD

removed, COD removal = 908, Sr/Co = 0.03). The calculated reaetor

sulfide concentration in Kroiss' (1987) reactor was 450 mg/L. His

specif ic methane yield was 7.42 less than the expeeted 0.3S L/g

which means that 7.42 of the earbon flow (0.42 g TOC/L) was

diverted towards sulfate reduetion which was the same as reported

by Isa et al. on aeetate.

In all the above noted researeh, in the presenee of complex

substrates which ean be fermented to laetate, incomplete oxidizing

SRB perform sulfate reduction; the remaining earbon is removed by

methanogens. In only one ease (Saw et aI.1987) has a complex

substrate reportedly been eompletely utilized in support of sulfate

reduction.

The sulfur reduction for several different substrates and

reactors is shown in Table 4.6. Sulfur reduction for sulfidogenic

reaetors ranged from 0.08-1.43 Sr/Co.

In the researeh presented here, eonsistent steady-state sulfur

reduction yielded a S¡/Co = 0.32-0.42 which was the same as found

by Olthof et al. (1986). The stripped sulfidogenie reaetor R2

exhibited the best Sr/Co = 0.55 but still only attained 738 removal

of organic carbon, although this evaluation was based upon a small

sample size.

The Iow Sr/Co noted at day 180 for R2 indicates that long

acelimation times were required in order to aehieve the optimal

Sr/Co which reflected the low growth rates of the aeetoclastic

g2
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SRB. This long period could explain the observat ion that meth ane

production in stripped sulfidogenie reaetors gradually deereased.

This optimal utilization oceurred at a Bv = 2.0 g/L'd (TOC) which

was well below the 3-6.5 glL'd TOC loading used for Rg - R12. If
R9-Rl2 had been operated at this lower rate, greater stability

might hav e been achieved. The work of OIthof et al. (1986)

eorresponded with the experienee with R9-R12 where sulfur

reduction was limited by the production of lactate.

The work of Middleton and Lawrene e (L977 ) imptied that in

the presenee of acetate, sulfate reduetion should proceed when

more than 30 mg/L sulfate is present. Schonheit et aI. (1982) and

Kristjansson et al. (1982) showed that sulfate reducers (Ks - 0.2mM

aeetate) eould outcompete methanogens (Ks = 3 mM acetate) for

acetate when the aeetate eoncentration was less than 180 mg/L.

However, above 300 mg/L aeetate, the carbon flow was equally

distributed between sulfur reduction and methane production.

Based upon the above mentioned work, it was expected that

aIl the earbon fed to the stripped reactors R9-R12 would be

diverted towards sulfate reduetion. This did not oceur; less than

40 8 of the earbon was utilized and more than 3000 mg/L acetate

(1200 mg/L TOC) and more than 500 mg/L sulfates (16? mg/L S6+)

remained in the effluent which would have been expected if

ineomplete oxidizing SRB rather than eompletely oxidi zing SRB

were active. An analysis of the microbial population verified that

the sulfate reducing baeteriat population was primarity eomposed of
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incomplete oxidizing sulfate reduei ng baeteria, Desulfovibrio spp.

and Desulfobulbus spp.

Hydrogen has been shown to be necessary for sulfate
reduction by Desulfovibrio (Odum and peek, 1gg1). Isa et al.

(1946a, b) showed that the addition of hydrogen or an hydrogen

donor (ethanol) enhanced sulfate reduction in reaetors fed aeetate

or formate in the presence of high coneentrations of sulfate. Saw

et al. (1987) showed that the entire carbon flow could be diverted

to sulfate reduction with a carbon removal of g0B when using

edible oils as the earbon source. Under aerobie eonditions, fatty
acids are dissimilated by ß-oxidation (ZuOay 19g4). If an

analogous process oecurs under anaerobie conditions, then it would

be expected that a Iarge quantity of hydrogen would be available to

sulfate redueers. This availability of hydrogen could explain the

sueeess of Saw et al. (1987 ) when using edible oils.

It has been shown that incomplete oxidizing SRB

predominated when reconstituted powdered whey was supplied as

the carbon souree. It has also been shown that both incomplete

and complete oxidizing SRB require hydrogen for sulfate reduetion.

Ineompletely oxidizing sRB have a high growth rate with

hydrogen (u = 0.21 h-1, Badziong and rhauer 19?s). Therefore,

beeause of the requirement for hydrogen, there should only be a

very Iimited sueeess in maintaining the ineomplete and complete

oxidizers in the same reaetor.

In eonelusion, when laetate or lactate preeursors are present

in the feed of an anaerobie reactor receiving high sulfate wastes,

95



sulfate reduction will proceed via the incomplete oxidation of

laetate to acetate and carbon dioxide. This explains the results of

Olthof et al. (1986), DLA (1982), Maree and Strydom (1987) and

the results for R1 - Rl4 as described in this research.

4.2.L2 Maxinum Sulfur Yield

The maximum rate of sulfur reduetion, Sr was 1.3 g,/L.d

(Figure 4.16) at Bu = 2.2 g TOC/L.d. This is nearly as high as has

been reported for sulfidogenic reactors (Table 4.6). In reactor

Rg - RLz, the carbon loading was 3-6.5 g,/L.d. At this loading rate,

pH eontrol was difficult and frequently dropped below 6.0.

4.2.L3 Kineties

N{any attempts were made to calculate the kd, tlm, Vmax, Km,

Ks, and K using Monod, Michaelis-Nlenton, and Grau equations

(Benefield and RandaIl,1980; Gaudy and Gaudy,1980; Grau et aI.,

1975). The data are not reported here because there was a large

scatter in the data which resulted in a very Iarge uncertainty in

the results. The first coneì.usion following sueh failure would be

that there were gross errors in the experimental teehnique and that

steady-state eonditions were not achieved. However, examination

of Figures 4.LL-4.12 shows that steady-state conditions were

achieved with respeet to sulfur reduetion.

Dat a from Olthof et al. (1986) (SOC removed, C", vs SOC

load, Bu, Figure 4.19) showed a similar wide variation in carbon

removal. Examination of that data for sulfur reduetion showed a

similar non-steady-state sulfur reduction. Based upon the

comparison of data from R9-R11 and the Biosulfixo data, the day to
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day variation in- sulfur removal and TOC removal from this process

is due to factors other than those associated with the experimental

procedure.

4.2.14 Alkalinity Generation

The products of the mixed aeid anaerobie fermentation of

glueose (acetate, butyrate, earbon dioxide, ethanol, formate,

hydrogen' laetate and propionate) are dependent upon the partieular

microorganism and reaetor pH (Gaudy and Gaudy 1980; Zoetemeyer

et al. 1982). The fermentation of whey powder has given similar

results (Chartrain and Zeikus 1986). Zoetemeyer et al. (1982)

showed that the proportion of each fermentation product is

dependent upon the pH and dilution rate.

The ratio of volatile aeids/alkalinity must be less than 0.b S/g

(t M/M) in order to maintain stability in an anaerobie reaetor.

When this ratio is exeeeded, the reaetor becomes unstable and

becomes aeidogenie, maintaining a low pH with the aecompanying

loss of methane production and, in this study, loss of sulfate

reduetion.

If one assumes that 82 I of lactose is fermented to laetic aeid

and 18 I to other VFA (Chartrain and Zeikus 1986), then for eaeh

gram of lactose (0.¿ g TOC),10.25 mM (820 mg/L) lactate witl be

generated and 2.5 mM (150 mg/L) aeetate will be generated. If atl

the lactate is incompletely oxidized to aeetate and COZ from the

reduction of NaZSO4, then the result is 10.25 mM NaHCO3

(861 mg'/L), and a total of 13.25 mM (ZgS mg/L) aeetate. This

would result in an equilibrium pH of approximately 5.6. In order to
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mâintain an equilibrium pH of 7.0, 13.25 mM (663

(as CaCO3) addition would be required.

If all the aeetate is converted to methane,

be 10.25 mM NaHCO3 (80f mg/L) and 13.25 mNl

generated. Depending upon the residual COZ in

could be as high as 8.4.

mg/L) alkalinity

then there would

COz (583 mg/L)

solution, the pH

4.2.I5 Summary

Sulfur reduction was a direct funetion of the available carbon,

both in quantity (Bv) and in form, primarily laetate. This was

evideneed by a direct relationship to pH and enhaneed sulfur

reduction in direct proportion to the addition of Iaetate to the

feed. It was hypothesized that the availability of earbon was due

to pH dependent changes in the products of fermentation as shown

by Zoetemeyer et al. (1982).

The generation of excess alkalinity in a sulfidogenie reaetor

was more than offset by the generation of organic aeids and CO2.

It was sho wn that the organic aeids, primarily acetate, must be

removed in order to take advantage of the additional alkalinity. In

the absenee of aeetoclastic SRB or MPB, pH eontrol beeame

difficult and resulted in unstable reaetor operation.

The generation of methane requires the availability of free

COZ. It was shown that removal of COZ from a methanogenic

reactor (and by extrapolation from a stripped methanogenie reactor)

suppressed methane production.
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4.2.16 Conelusions

1. The production of methane is required if maximum carbon

removal is to be achieved.

2. The absorption of COZ from a bioreactor will suppress

methanogenesis by limi ting available COZ for cell synthesis.

Consequently, the use of NaOH or any other solution sueh as

ARI-311C* which absorbs COZ is inappropriate due to the

absorption of CO2.

3. In the absenee of methane production, additional alkalinity

must be added to the feed or reaetor when using a low alkalinity

eomplex feed sueh as reeonstituted powdered whey. Sulfate

reduetion alone did not generate sufficient alkalinity to offset the

acid generation phase

4. Excess alkalinity was generated in sulfidogenic-methanogenie

reaetors due to the eonversion of organie acids to methane and

COZ thereby minimizing any need for the addition of alkalinity.

There f ore, the requirement for the addition of alkalinity is a

funetion of the removal of aeidity from the reaetor.

5. The maximum rate of sulfur reduetion was less than

1.5 g Sr/L'd. It is hypothesized that this was due to reaetor

limitations upon the generation of lactate.

6. Sulfate reduction in stripped sulfidogenic reactors requires

maintenance of an optimal pH between 6.0 and 7.5. This is due to

the relationship between pH and the production of acids and not

aetivitv of the SRB.
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7. Analyses of biomass from R9, R11, and Rl4 showed that

incomplete oxidizing SRB (Desulfovibrio and Desulfobulbus) were

the predominant species of sulfate reducing bacteria.

8. It is hypothesized that incompletely oxidizing SRB were

predominant due to their ability to out-compete acetoclastie SRB

for hydrogen.
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4.3 BATCE STUDY BESULTS

The preceding eontinuous-culture studies left unanswered

questions concerning the effeets of total sulfides and un-ionized

hydrogen sulfide upon laetose utilization, methanogenesis, and

sulfate reduetion. The following bateh culture studies were

condueted in an attempt to answer those question.

4.3.1 Effeets of sulfides upon laetose utilization

Reconstituted powdered whey, 688 lactose, was the carbon

and nutrient souree in R9 - R11; liquid whey was used in R1 - R6.

Lactose, ( a major component of milk solids and whey), is a

disaecharide, galaetose-ß-Lr4-glucose (Zubay, 1984). One mole of

Iaetose is dissimilated to two moles of glucose-6-phosphate during

glycolysis (ZuOay 1984). In this study, the rate of utilization or

uptake of lactose is used as a measure of glycolysis.

The effects of differing sulfide concentrations upon lactose

utilization at different pH values is shown in Figure 4.26. The

most rapid uptake of lactose was observed at pH 6.0 in the absence

of sulfides. At 100 mg 32-/L, no difference in the uptake rate

could be detected, regardless of the pH. Above 100 mg 52'/L, tne

optimum uptake oecumed at pH 8.0; minimum uptake oecurred at

pH 6.0.

The induction period (period before uptake commeneed)

deereased with inereases in the pII. At 1000 mg 32- /L, laetose

uptake was completed after 10 h at pH 8.0, and 24 h at pH 7.0;

uptake remained incomplete after 200 h at pH 6.2.
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The lactose uptake gradually inereased with inereasing

concentrations of sulfides. It must be coneluded that sulfides

inhibit and retard the metabolism of the microbes which ut iLize

laetoser presumably the fermentative or glycolytic microorganisms.

Since lactose uptake deereased with a decreased pH at a given

coneentration of sulfides, and since un-ionized H2S decreases with

increasing pH (Equation I.7, Figure I.2)¡ these results show that

sulfide toxieity to the rate of lactose uptake can be minimized

simply by increasing reaetor pH. As an example, in Figure 4.26, at

pH 8.0, 1000 mg 32'/L eorresponds to 89.3 mg H2S/L (Figure !.2,

equation 1.7). Comparable eoncentrations of un-ionized H2S were

180 mg 52-/U at pH ?.0 and 104 mg S2-ll at pH 6.2.

Inhibition of lactose uptake due to un-ionized H2S is shown

in Figure 4.27. The data base is the same as in Figure 4.2õ. A

lowered Iaetose uptake implies a lowered rate of fatty acid

formation. Af ter 4 hours, 20-30I uptake of the lactose was

observed up to 250 mg/L H2S. After 10 hoursr 1008 laetose uptake

was observed up to 250 mg/L H2S. There was little difference in

lactose uptake between 10 hours and 24 hours when the un-ionized

HZS was above 250 mg/L. However, af ter 228 hours (9 days), 100I

uptake was aehieved at 500 mg/L HzS and 80 I at 950 mg/L H2S.

The latter finding demonstrates that the effects of sulfide

toxicity can be ameliorated by increasing the retention time. This

finding implies that the metabolic rate of the microorganisms was

lowered by the presence of high eoneentrations of un-ionized H2S.
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In terms of reactor engineering, this would mean increasing the

retention time in the reaetor. This increased retention time could

be in the form of an inerease in either the hydraulic (HRT) or

solids residence times. The nature of the batch test preeluded

differentiating between SRT and HRT.

Kroiss and Plahl-Wabnegg (1983) noted a deerease in the

volatile fatty acid eoneentration and a deerease in the COD

removal in digesters in whieh un-ionized HZS was greater than

200 mg/L. This means that in the presence of high eoncentrations

of IJ2S, the eomplex carbohydrates fed to an anaerobic reactor will

not be broken into the simpler fatty acids whieh are the souree of

energy and earbon for either sulfate redueing bacteria and

methanogens.

If lactose utilization is inhibited, then proeess failure in an

anaerobie reaetor will oceur due to substrate limitation to the

sueeeeding bacterial groups (SRB, MPB). Sinee lactose utilization

was inhibited by HZS and not total sulfides, sulfide toxicity can

best be eontrolled either by maintaining a pH > 8.0 or by

inereasing the retention time in the reactor.

4.3.2 Effeets of Sulfides upon Methanogenesis

The activity of methanogenie bacteria was measured in terms

of acetate utilization. Figure 4.28 is a plot of percent aeetate

utilization versus time. The initial pH values were 6.0,7.0, and 8.0

with final pH values of 6.5, 7.4, and 8.0. At pH 6.5, acetate

utili zation was eompletely inhibited at 500 ng/L 52- which

corresponds to 450 mg H2S/L.

105



F
ig

ur
e 

4.
28

 
A

ce
ta

te
 u

til
iz

at
io

n
ac

et
at

e 
an

d 
va

ry
in

g 
co

nc
en

tr
at

io
ns

pH
 v

al
ue

sr
 6

.5
r 

7.
4,

 a
nd

 8
.0

.

tm tr
)

60 40 n
N o

1t o I 4 :l o +
J o 4 o 0 (f

tæ ü) t0 40 n
{/

ve
rs

us
 t

irn
e 

fo
r

of
 s

od
iu

m
 s

ul
fid

e

tm 80 B
O 40 n

:=
:"

2

'--
+

''
-¿

/ 
-/

 
fl4

 -
2.

4

sy
rin

ge
s 

fe
d

at
 t

hr
ee

 f
in

al

æ
Æ

T
 in

e.
D

q¡
e



Figure 4,29, using the same data base as Figure 4.28, presents

acetate removal versus the ealeulated un-ionized H2S. This figure

shows that with inereased time, aeetate was completely removed at

greater and greater coneentrations of H2S. After 8 days, 1008 of

the aeetate was removed at 20 mg/L HZS but only 50I of the

aeetate was removed at 45 mg/L HZS. At day 17, 1008 was

removed at 60 mg/L H2S and 608 at 90 mg/L H2S. After 25 days,

100 8 was removed at 90 mg/L HZS. After 75 days, 100I was

removed at 175 mg/L H2S.

The lowered rates of .aeetate rernoval at inereasing

concentrations of HZS show that the metabolism of the

methanogens was decreased by increased coneentrations of un-

ionized H2S. This decrease in the rate of utilization suggests that

longer retention times will be required to maintain maximum earbon

removal in reaetors with elevated eoneentrations of sulfides. This

eorresponds with the finding with lactose uptake where the effects

of sulfide toxicity were ameliorated by inereasing the retention

t ime.

Kroiss and Plahl-Wabnegg (1983) concluded that in the

presenee of inhibition due to H2S toxicity, an increased sludge age

was neeessary for optimal process efficieney. This eorresponds

with the findings of this study whieh have demonstrated that the

effects of sulfide toxicity ean be minimized by inereasing the

retention time. Kroiss (1987) has reported sueeess in the full-seale

upflow sludge bed reactor treatment of citric aeid plant waste in

the presence of more than 400 mg/L 52- (11? mg/L H2S).

107



F
ig

ur
e 

4.
29

 A
ce

ta
te

un
io

ni
ze

d 
H

Z
S

.

æ

ì,t o E o e o É
. o 4 o +
t o o (f

re
m

ov
al

 v
er

su
s 

co
ne

en
tr

at
io

n 
of

 c
al

eu
la

te
d

C
or

pe
nt

ro
t 

ltr
t 

of
 H

Z
S

læ



Koster et al. (1986), using granular sludge, found that acetate

uptake was lower at pH 6.0 than at pH 8.0. This contrasts with

the study presented here where aeetate uptake was independent of

pH in the absenee of sulfides (Figure 4.28). However, both studies

have shown inhibition at un-ionized HZS coneentrations as low as

50 mg/L (nigure 4.24). Koster et al. (1986) found that inhibition of

methanogenesis due to total sutfide eoncentration was similar at

pH 7.0-7.2 and at pH 7.8-8.0 which contrasts with the findings of

the research reported here where inhibition of methanogenesis was

directly eorrelated to the eoncentration of un-ionized HZS.

Extrapolation of the data of Koster et at. (1986) suggests that

100 8 inhibition of methanogenesis would oeeur at 700 mg/L totat

sulfides at pH 6.0 (630 mg/L H2S) and 2000 mg/L sulfides at

pH 7.0-8.0 (1000 mg/L HZS at pH 7.0, 180 mg/L HZS at pH 8.0).

Extrapolation of that data verifies that inereased retention times

ean be used to eompensate for the lowered acetate utilization (and

by implication, methane production) due to metabolie inhibition by

un-ionized HZS.

4.3.3 Effeets of Sulfides upon Sulfate Reduetion

The operation of the continuous flow sulfidogenic reactors

raised questions regarding the effects of increased eoncentrations

of sulfides upon the sulfate reducing process. It was shown that

the ineompletely oxidizing sulfate redueing baeteria were

predominant in reaetors R9 and Rll. The lactate ion, the preferred

earbon source for incomplete oxidizets, was the carbon source for
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this batch culture experiment whieh was eonducted in glass syringes

in a 35oC water bath.

The sulfate reduetion rate deereased with increases in sulfide

eoncentration (Figure 4.30) which suggests that increased

eoneentrations of sulfides affect sulfate reduction by decreasing the

metabolic rate of the SRB. This is similar to the conditions

observed for laetose uptake and methanogenesis in which inereased

eoncentrations of sulfides directly retarded the rate of metabolism.

However, in the eases of lactose uptake and aeetate uptake,

inhibition due to 52- was alleviated with increased pH values. In
the case of sulfate reduction, inhibition was not alleviated by

increasing the pH. This is illustrated in Figure 4.31 where sulfate

reduced was dependent upon the initial sulfide coneentration,

regardless of the pH.

The relationship between sulfur reduced, initial sulfide

eoncentration and pH in syringes fed Iactate and sodium sulfate is

shown in Figurê 4.31. Suf fieient lactate (Co = 440 mglL TOC) was

fed for 222 mg/L sulfur to be redueed by ineomplete oxidizing

SRB. The data from the 2l day point was used to plot sulfate

reduction versus the initial sulfide eoncentration. The data values

for aIl three pH values are similar. If inhibition were due to un-

ionized HZS rather than total 52-, then more sulfur would have

been reduced at pH 8.0 than at ptl 6.4 for any given initial sulfide

eoncentration.
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A dif ferent set of syringes was maintained at pH 7.0, with

sufficient laetate (Co - 6000 mg/L TOC) to permit the reduction of

2000 mg 56+/L (Figure 4.32). No sulfur reduction and no carbon

removal were measured in the syringe con taining 1600 mg 32' /L.

The maximum sulfur reduction was 1095 mg S6+/l when the initial

sulf ide concentration was less than 100 mg' 32- /L. There was Iittte
differenee in sulfur redueed when the initial sulfides were less than

150 mg/L. However, above 150 mg/L S2-, there was a significant

inhibition of sulfur reduction as related to the maximum vaIue.

Figure 4.32 shows that sulfate reduction would not proceed

when the total sulfide eoncentration was above 1100 mg/L S2-,

regardless of the availability of carbon or sulfate.

Th e data from Figures 4.31 and 4.32 are combined in

Figure 4.33, a plot of final total sulfides versus initial sulfides in

syringes fed lactate and sulfate. The solid line through the origin

represents the eoneentration of sulfides added to the syringes in

the form of Na2S which is the Iower limit of the final

eoncentration of 52- in the syringes. The upper dashed line is the

final total sulfide eoncentration (initial plus reduced) for the

syringes fed 6000 mg/L TOC and 2000 mg/L sulfate-suIfur. The

total sutfide coneentration was less than 1200 mg/L 52- and plotted

as a horizontal Iine. This is the maximum eoneentration attainable.

The middle set of lines represent the total reduced sulfur for

syringes at the final pH values of 6.4-8.0 in which sulfate reduetion

was intentionally earbon limited. The three lines are nearly

eongruent whieh again demonstrates that variations in pH did not
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affect sulfate reduetion. Therefore, sulfate reduction was inhibited

by the eoneentration of total 52-, not the eoncentration of un-

ionized HZS.

4.3.4 Ca¡bon utilization in the presenee of high eoncentrations of

sulfides

TOC removal and sulfur reduetion were plotted against the

final sulfide coneentration in the syringes fed laetate and sulfate

(Figure 4.34). The data points for sulfur reduetion represent the

average values for aIl three pH values. The data are from the

syringes in which sulfate reduction was studied (Seetion 4.3.3).

Sul f ur reduction was inhibited with increased eoncentrations

of total sulfides as was also shown in Figure 4.24, regardless of

pH. TOC removal was directly related to pH and final sulfide

eoncentration. At a final pH = 6.4 and 1100 mg/L total sulfides,

only 45 mg/L TOC was removed whereas 350 mg/L TOC was

removed at 220 mg/L total sulfides. At pH 8.0 (initial and final

pH) and 1100 mg/L total sulfides, 350 mg/L TOC, was removed.

The findings of the researeh in Section 4.3.2 showed that

methanogenesis was inhibited above 200 mg/L un-ionized hydrogen

sulfide. At 1100 mg/L total sulfides and 450 mg/L un-ionized H2S,

methane produetion was 508 of the methane produetion observed in

the syringes operated at pH 8.0 and the syringes with less than 400

mg/L to t al sul f ides.
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It has been shown in Section 4.3.2 that acetate utilization was

inhibited by un-ionized H2S, not total g2-. In Seetion 4.3.3, it
was shown that sulfate reduction was inhibited by the

eoncentration of total S2-, not un-ionized H2S. These mechanisms

were shown to oeeur in the same syringes. The data in Figure 4.34

were taken from the same syringes used in Figure 4.31 with the

addition of the data for total carbon utilization. These data were

eollected 2l d after the beginning of the experiment.

These results indicate that at high sulfide coneentrations, if
a high pH is maintained, sulfate reduetion can be inhibited whereas

methane production ean proeeed uninhibited. This produet

inhibition of sulfate reduction provides eonditions whereby the

earbon flow in an anaerobie reaetor ean be diverted from sulfur

reduction to the production of methane, even in the presence of

the preferred carbon souree for the ineomplete oxidizing sulfate

reducing bacteria.

Schonheit et aI. (1982), Kristjansson et al. (1982), and Lovley

et al. (1980) showed that the aeetoelastic sulfate redueing baeteria

had a lower half-saturation eonstant, Kr, than aeetoclastic methane

producing bacteria which provided a meehanism whereby sulfate

redueers could out-eompete methanogens at low substrate

eoneentrations. Middleton and Lawrenee (1977) implied that the

entire carbon flow in a reaetor receiving aeetate as the earbon

souree could be diverted to sulfur reduction. On the other hand,

Isa et al. (1986a, b), Kroiss (1987), Szendry (1984) and McKinney

(1986) nave shown that methane production can proceed nearly
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uninhibited in the presenee of sulfates in concentrdtions of 1000

mg/L. The experience of Szendry (1984) was with distitlery wastes;

that of Kroiss (1987) was with eitric acid plant effluent; that of Isa

et al. with aeetate and ethanol; that of McKinney with aeetate and

sodium sulfate in the laboratory.

The reactors of Kroiss and Plahl-lVabnegg (1983) and Kroiss

(1987) were operated with total dissolved sulfides as high as 450

mg/L at pH 7.3. MeKinney (1986) operated his reactors at

1000 mg/L sulfides at pH 8.4. He noted that sulfate reduction was

minimal at 1000 mg/L sulfides and that the earbon flow was

diverted towards methanogenesis. In all three eases, the un-ionized

HZS was maintained less than 200 mg/L.

Schonheit et al. (1982) and Kristjansson et al. (1982) used

nitrogen and co2 to strip sulfides. Middteton and Lawrence (19??)

used FeCl3 to precipitate sulfides. Isa et al. (1986a, b), Kroiss

(1987), Szendry (1984) and N{cKinney (1986) employed no meehanieal

stripping or other control of dissolved sulfides other than natural

stripping via the generation of methane. Kroiss and PIahI-fVabnegg

(1983) developed equations using the coneentration of H2S in the

gas to show the eoneentration of sulfides in the reaetor liquid.

Those equations showed that Kroiss (1987) had over 400 mg/L

dissolved 52- in the reaetor.

The self-inhibition of sulfate redueers by the buildup of

produet is a meehanism whereby methanogens are able to out-

eompete sulfate redueing bacteria for carbon. Under conditions of

high sulfide eoncentrations and an elevated pH, the earbon flow
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ean be diverted from sulfate reduetion to methane production

rather than from methane production to sulfate reduction.

This finding explains the apparent contradietion between the

findings of Schonheit et aI. (1982), Kristjansson et a1. (1982) and

Middleton and Lawrence (1977) as opposed to the findings of Isa et

al. (1986 a, b), Kroiss (1987), Cappenberg (19?5), and I\4cKinney

(1986). In the former case, sulfate reduction aceounted for the

entire earbon flow. In the latter case, the earbon flow was

primarily diverted towards methanogenesis.

The engineer ean ehoose the path of earbon utilization. On

the one hand, sulfate reduction ean be optimized at the expense of

methane produetion by minimization of dissolved sulfides. On the

other hand, methane production can be optimized by maintenance of

pH eontrol and by not controlling dissolved sulfides.

4.3.5 Conelusions

1. Un-ionized I{2S, not total S2- inhibited Iactose utilization.

2. Un-ionized H2S, not total S2- inhibited acetate utilization.

3. Sulfate reduction was completely inhibited at 1100 mg 52-/L.

4, Sulfate reduetion was inhibited in proportion to the total

sulfide eoncentration, not the eoneentration of un-ionized HZS.

5. The methanogenie bacteria were found to be more sensitive to

un-ionized HZS than the laetose utilizing bacteria.

6. Methanogens outeompeted sulfate reducing bacteria for carbon

in the presenee of )600 mg/L total 52- at pH 8.0.

7. Toxieity due to H2S was ameliorated by inereasing the retention
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time. It was postulated that this was due to a deereased metabolic

rate in the microorganisms resulting from sulfide toxicity.
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5. ENGINEERING SIGNIFICANCE AND APPLICATION

The fundamental signifieanee of this research lies in the

deseriptions of the interrelationships between the various groups of

microorganisms responsible for anaerobic treatment of high sulfate

wastes. The basic process of anaerobic treatment of high sulfate

wastes involves a series of metabolic and biochemical processes.

These processes form the foundation of two basie needs of living

organisms: assimilation of eompounds for growth, dissimilation of

eompounds for the extraetion of energy.

The primary interest of the environmental engineer in the

design of a waste treatment system is the removal of dissolved

organie carbon from a waste stream. One of the advantages of the

anaerobie treatment process is the low growth rate of the biomass

in relationship to the dissimilation of complex earbon eompounds to

COZ and CH4. COZ normally is suffieiently abundant that it eould

be expected that it would not be a limiting nutrient. However,

when COZ was stripped from the reaetor, it was shown to be a

limiting factor for the growth of methanogens.

The importance of assimilative needs was underseored by the

demonstrated assimilative requirement for COZ by methanogens.

This was shown by the total inhibition of methanogenesis by the

removal of CO2 from a stripped sulfidogenic reactor. The finding

that methanogenesis can be suppressed by the exelusion of COZ

provides the means for intentional suppression of methanogenesis.

Conversely, it demonstrated the need for eare in the seleetion of a
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stripping sybtem i f maximum earbon removal is desired in the

design and operation of a sulfidogenie-methanogenie reactor.

Sulfate reduction ean be maximized or minimized by the

selection of operating parameters for the reaetors. High rate

sulfate reduction requires the presenee of laetate although sulfate

reduction does proeeed in the presenee of HZ, acetate, and ethanol.

The researeh presented here has shown that optimal sulfate

reduction can be achieved in reactors fed laetate or lactate

pre e u rsors.

Optimal sulfate reduction occurs under the fotlowing

conditions: pH 6.2 - 7.6, laetate preeursor in the feed, minimal

sulfide eoneentration, preferably less than 100 mg/L, So/Co < 0.4.

Alkalinity generation in sul f idogenie reactors contributes to

reaetor stability only in the presence of methanogenesis through

the removal of excess aeidity eontributed by the aeetate ion. In

the ease of suppression of methanogenesis, the reaetors will

stabilize in the acidogenie mode unless alkalinity is added to the

waste stream or the reaetors.

The growth rate of the incompletely oxidizing SRB is so

great that it is not possible to maintain a eulture of both

incomplete and completely oxidizing SRB. This means that if the

substrate will support growth of the ineomplete oxidizets, then

there will be few complete oxidizers (SRB) present. If stripping is

practiced, the maximum Sr/Co = 0.4 if lactate preeursors are

present. Further work with a two-stage system to separate the

incomplete and eomplete oxidizers might suceeed in utilizing all the
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available carbon for sulfate reduetion. Consideration should also be

given to experimentation with retained growth reactors sueh as a

packed bed reactor, anhybrid reaetor, or fluidized bed reaetor.

The sulfate reducing baeteria are inhibited by the

eoneentration of produet, total sulfides, whereas methanogens are

primarily inhibited by un-ionized H2S. This product inhibition most

likely was due to the chemical reactions in the process of sulfate

reduction rather than specific metabolie inhibition due to sulfide

toxicity. Therefore, the earbon flow in an anaerobic reactor

treating a high sulfate waste ean be diverted from sulfate reduction

to methanogenesis by the maintenance of a pH >8.0 and by not

stripping sulfides from the reaetor.

Toxieity of sulfides to methanogens ean be minimized by

elevation of the reaetor pH. However, the addition of chemieals

such as NaCO3 most likely would be prohibitively expensive in full-
scale operation. Batch studies showed that the rate of

methanogenesis is lowered in the presenee of sulfides but is not

eompletely inhibited. Therefore, inereases in the retention time

(SRT or HRT) witl overcome the handicap of a lowered metabolie

rate. This means that the design engineer must employ a system

which will promote maximum retention of the biomass.
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6. SUMMARY AND CONCLUSIONS

6.1 Summary

6.1.1 Carbon/Sulfur Batio.

In anaerobie treatment, previous thinking has held that sulfide

toxicity is a funetion of the colso. This ratio is an artifact of

statistical testing or mathematical relationships. The conelusion

that Colso is signifieant is based upon a suffieiently high Co that

sulfate reduction was not earbon limited. When there is suffieient

carbon present and in a form utilizable by SRB, sulfate will be

reduced (assuming SRB are present).

Oxidized sulfur compounds ean be likened to oxygen; a

terminal electron aeeeptor. Sulfur will only be reduced so long as

there is an electron donor. Sulfate reduetion may oceur under a

low Eh, redueing conditions. However sulfate reduction involves

oxidation of the eleetron donor, whether it is carbon or hydrogen.

The presenee of coneentrations of oxidized sulfur in exeess of that

required for oxidation of the electron donor will have no effect

upon the reaetion.

The primary eoneern with the presenee of oxidized sulfur

compounds is the generation of the byproduct of the reaetion, H2S.

This researeh, as well as all other published researeh, has shown

that sulfide toxicity is strietly a function of the eoncentration of

sulfides in the reaetor. The primary reason the Co/Se ratio has

been shown to be significant is because suffieient carbon (Ce) was

present for the generation of toxie coneentrations of HZS.

Seeondarily, a portion of the earbon flow was diverted from
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methanogenesis to sulfidogenesis. This was shown in Figure 4.3

where the specific produetion of methane decreased in a striPPed,

sulfidogenie reaetor, with an increase in the ratio of So/CODo until

the So/CODo = 0.1. Above a So/CODo = 0.1, inereased

concentrations of oxidized sulfur had no effeet upon the produetion

of methane in a stripped reactor.

The presentation of data and figures in this thesis has

primarily been based upon the premise that sulfate reduetion is

strictly dependent upon an available electron donor. The

experiments with R9-R14 and the batch study experiments were

eonducted under conditions where oxidized sulfur was well in exeess

of the requirement for sulfur as the terminal eleetron aeeeptor.

All the experiments were designed to be earbon limiting with

respeet to sulfur reduetion.

The researeh project presented herein primarily dealt with

laetate or lactate preeursors as the earbon souree for sutfate

reduction. However, during the early phases of the research

(RI-RB), beef broth, methanol, acetate, and glucose were also used

as the sourees of earbon. During those periods of time, sulfate

reduetion was at a far lower rate than after whev was introdueed

as the carbon souree.

The researeh presented in this thesis as well as published

research has shown that Sr/Co is dependent upon the earbon

source. If acetate or methanol are the predominant source of

earbon, methanogenesis will predominate and the Sr/Co will be as

low,as 0.08 (TaUle 4.6). On the other hand, if lactate or lactate
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precursor.s are present and total sulfides are limited, maximum

sulfur reduction will occur at S¡/Ce = 0.4 (Table 4.6) whieh is the

maximum whieh can be expected. As an example, if Sr/Co = 0.4

and Co = 100 mg/L, then Sr = 40 mg/L 52- which is not a toxie or

inhibitory eoncentration of 52-, regardless of the form. On the

other hand, if Sr/Co = 0.4 and Co = 1000 mg/L, then (provided that

there are enough sulfates available) Sr = 400 mg/L S2-, which may

or may not be toxie to acidogens or methanogens, depending upon

the fraction of unionized H2S. In the latter ease, if So /Co = 0.4,

then little residual oxidized sulfur would be present; however, if
So/Co = l-.0, then approximately 600 mg/L residual oxidized sulfur

would be present.

In the former ease, when Co = 100 mg/L, if So/Co = 10.0r

there still would not be sulfide toxicity per se beeause only

40 mg/L 52- would be generated.

6.L.2 Toxicity of Sulfates to anaerobie treatment.

The engineering eommunity as a whole accepts that the

presenee of sulfates adversely affeets anaerobic treatment since

methane production normally diminishes inversely with increased

eoneentrations of sulfates. The production of methane is

diminished as a funetion of the diversion of earbon flow as weII as

toxicity of sulfides to methanogens and acidogens. However, a

diminished produetion of methane per se cannot be the sole

criterion for establishing toxicity, be it sulfides or anything eIse.

The researeh presented in this thesis and previously published

as well as work by DLA (ll,A, Ine. L982; Olthof et el. 1986)
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unequivocally demonstrated that complete earbon utilization ean

oecur in the presenee of high eoncentrations of OSC yet methane

production can be signifieantly diminished due to the diversion of

earbon flow from production of methane to the reduetion of sulfur.

6.1.3 Sulfide inhibition to sulfate reduetion.

Sulfate reduction w&s found to be a function of product

inhibition, not the form of the produet (H2S, HS-). If sulfate

reduetion were inhibited solely as a function of unionized HZS,

then, given an initiat sulfide concentration, the quantity of sulfate

reduced would be different at pH 8.0 than at pH 7.0 or ph 6.0.

Experiments demonstrated that there was no difference in the

quantity of sulfates reduced due to pH but only as a function of

the initial sulfide eoneentration. Minimal sulfur reduction oceurred

when the total reaetor sulfide eoneentration was 1000 mg/L. No

sulfur reduction oeeurred when the total reactor suifide

eoncentration was 1600 mg/l S2-.

If inhibition to sulfate reduction were due to unionized H2S,

then it would be expeeted that the sulfur redueed after 70 d

retention time would significantly greater than that observed at

2l d. In fact, the sulfur redueed after 70 d was unehanged from

the values observed after 21 d.

Finally, if sulfate reduetion were a function of unionized H2S

and not 52- per ser the carbon flow should have been towards

sulfate reduetion at 1000 mg/L 52- and pH 8.0, not methane

generation as shown in Figure 4.34. The carbon flow was diverted

from sulfate reduetion to methane production, as long as un-ionized
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HZS was minimized. Sulfate reduetion did not show a similar

variation, depending upon pH. Therefore, this is more evidence

that sulfate reduction is a product limited process.

6.1.4 Sulfide toxieity to aeidogenie, methanogenie proeesses.

Toxieity by un-ionized H2S was manifested as a deereased rate

of substrate utilization. Complete substrate utilization for lactose

and aeetate was achieved by inereasing the retention in batch

cultures. It is hypothesized that an inerease in the SRT, HRT or

F/M of continuous-flow reactors would alleviate the effects of

sulfide toxicity. The batch studies presented here did not

distinguish between SRT and HRT, however most kinetic models

presume growth rates and solids retention times.

6.1.5 Carbon utilization.

The literature has suggested that sulfate reducers would

always outeompete methanogens for substrate. Consequently, it was

expected that a syntrophic culture of both ineompletely oxidizing

sulfate redueing bacteria and completely oxidizing sulfate reducing

baeteria eould be established with 80-90å earbon removal in the

absence of methane produetion.

Maximum earbon removal in reaetors treating high sulfate

wastes only oeeurred in stripped sulfidogenie reaetors with

syntrophic generation of methane. Steady-state produetion of

methane was maintained as long as COZ was not stripped from the

reaetors. There was no signifieant differenee in total earbon

removal between stripped sulfidogenic reactors or methanogenie

reaetors fed the same carbon souree. The onlv difference in
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performanee of the two types of reaetor was in the produetion of

methane. In the sulfidogenie reaetor, part of the carbon flow was

diverted towards sulfate reduetion whereas the entire carbon flow

was diverted towards methanogenesis in the methanogenic reaetor.

Two genera of ineompletely oxidizing sulfate reducing

bacteria were predominant, Desulfovibrio and Desulfobulbus. There

were only traces of one genus of completely oxidizing sulfate

reducing bacterium, Desulfobacter. Therefore, under the conditions

of this research, only ineompletely oxidizing sulfate reducing

bacteria predominated. It is hypothesized that it is not possible to

maintain a syntrophie culture of incompletely and completely

oxidizing sulfate reducing bacteria due to interspeeific competition

for H2. It is hypothesized that the maximum Sr/Co = 0.4 for

anaerobie sludge bed reactors.

6.1.6 Competition for substrate.

Sulfate reducing bacteria only outeompeted methanogens for

earbon when sulfide concentrations were less than 100 mg/l S2-

and when lactate or lactate precursors were the carbon souree. In

bateh culture studies, when un-ionized HZS was maintained below

200 mg/L but total 52- were high, (>200 mg/L), ffi€thanogens

outcompeted the rapidly growing incompletely oxidizing sulfate

reducing bacteria for earbon even when the preferred carbon

souree, lactate was provided.

6.1.7 Generation of alkalinity.

Alkalinity generation in sulfidogenic reactors was more than

offset by the generation of acids, both organic acids and earbonie
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acid. The benefits of inereased generation of alkalinity in

sulfidogenie reaetors eould only be realized when organic acids

were removed by methanogenesis and when carbonic aeid was

removed by artificial stripping of CO2.

6.2 Conelusions

A detailed list of conclusions for each phase of the researeh

has been ineluded at the end of each subchapter in seetions 4.1.6,

4.2.15, and 4.3.6. Therefore, only the most signifieant conclusions

are listed.

6.2.1 Continuous flow studies

1. Incompletely oxidizing SRB (Desulfovibrio and Desulfobutbus)

were the predominant SRB. It is hypothesized that incompletely

oxidizing SRB were predominant due to their ability to out-

compete acetoelastie SRB for hydrogen.

2. Sulfate reduetion in stripped sulfidogenic reaetors required

maintenanee of an optimal pH between 6.0 and ?.5. This was due

to the effects of pH upon the type of acids generated during

glyeolysis and not the activity of the SRB.

3. The removal of CO2 from bioreactors suppressed methanogenesis

by Iimiting available CO2 for cell synthesis. Consequently, the use

of NaOH or any other solution sueh as ARI-311C* which absorbs

CO2 as a stripping solution requires eare in design and operation in

order to minimize the absorption of CO2.

4. Carbon removal and methanogenesis were unaffected by the

addition of high eoneentrations of sulfate to the waste stream for a

waste stream which normally is åmenable to methanogenesis
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whenever the earbon souree (or preeursors) preferred by incomplete

oxidizing SRB was absent.

5. The alkalinity generated by sulfate reduetion in the

sulfidogenic-methanogenic reaetors provided more pH stability than

that in purely methanogenic reactors, thereby reducing the

requirement for the addition of buffers to the system. However,

in the absenee of methanogenesis in sulfidogenic reaetors, the

addition of buffering was required to offset generated acidity not

used in the process of sulfate reduetion.

6. The reduction of sulfates proceeded best in the gas-stripped

re ae tors.

7 . At organic loads above 1.1 g/L'a TOC and sulf ate loads above

0.5 g/L'd 56+, stripped reaetors outperformed unstripped reactors.

This di f f erenee was most likelv due to sulf ide toxicitv in the

unstripped reactors.

8. Inhibition due to sulfide aceumulation affected the VFA removal

phase rather than the acid-generating or acidogenic phase of the

anaerobic biodegradation pathway.

9. The methanogenic and stripped sulfidogenie reactors receiving

SSL provided comparable COD removals. However, the production

of methane was significantly greater in the purely methanogenie

reaetor. This di fference clearly demonstrated a diversion of

organic e'arbon utilization from methane production to sulfate

reduetion.

10. The stripped, sulfate loaded reaetors worked in a syntrophie

manner, generating both methane and sulfides. The generation of

L32



methane was aeeountable for up to 65I of the removed COD

(assuming 0.35 L CH4lg COD at STP = 100I ).

11. The maximum S"/Co = 0.40 is the highest value to be expected

from a complex waste sueh as whey which will ferment to generate

Iaetate. Other wastes sueh as distillery wastes whieh wilt not

generate lactate will yield a Iower S"/Cs.

12. In a stripped sulfidogenie reactor, methane produetion

deereased to 0.15 L CH4lg COD removed up to an So/CODo = 0.11.

Methane production remained constant above an So/CODo = 0.11.

6.2.2 Bateh studies

1. Methanogens outcompeted sulfate reducing bacteria for earbon

in the presence of high coneentrations of sulfides (>OOO mg/L 52-)

and at inereased pH values (8.0).

2. The effeets of sulfide toxieity were ameliorated by inereasing

the retention time.

3. Sulfate reduction was inhibited in proportion to the total

sulfide eoneentration not due to un-ionized H2S. Sulfate reduetion

was completety inhibited at 1100 mg S2-l1.

4. Methanogenesis and aeetate uptake were inhibited by increased

eoneentrations of un-ionized H2S, not total S2-.

5. The methanogenic bacteria were found to be more sensitive to

un-ionized HZS than the laetose utilizing bacteria.
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7. FUTURE RESEABCH

7.L Competition for hydrogen

This researeh has shown that in the presence of lactate or

lact ate precursors in the presenee of high coneentrations of

sulfates, incomplete oxidizing SRB will predominate in the culture.

It was hypothesized that the incomplete oxidizing SRB outcompeted

the aeetoelastie SRB for hydrogen.

This is signifieant because the exelusion of the acetoclastie

SRB means that far more carbon is required for sulfate reduction

than would be required if both groups of SRB were able to reduce

sulfates.

This hypothesis ean be tested as follows: Operate two

parallel, stripped sulfidogenic reaetors fed with reconstituted whey

powder and sodium sulfate. Add measured quantities of moleeular

hydrogen to one reaetor. Compare TOC, SO4, VFA, lactose from

eaeh reactor. Test eaeh reaetor for membråne bound phospholipids

and determine the population composition of eaeh reaetor.

7.2 Sulfide inhibition of sulfate reduetion

Sulfate reduetion in batch syringes was inhibited by high

eoneentrations of total sulfides which permitted diversion of the

earbon flow towards methanogenesis. This ean be verified in

operating reaetors by the operation of parallel reactors. Operate

one reaetor at a high pH with no sulfide stripping and a parallel

reaetor at the same pH with sulfide stripping.
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The stripped reactor should divert all the earbon flow

towards sulfate reduction. The unstripped reactor should primarily

divert the carbon flow towards methanogenesis. Sulfate reduetion

in the unstripped reaetor should be limited to sufficient sulfate

reduetion to maintain a steady-state coneentration of total sulfides.

7.3 Effeets of sulfides upon distribution of produets of glycolysis

The research presented here demonstrated that sulfides

affected the rate of lactose uptake in batch eulture. Further

researeh eould define the change in the products of glycolysis

resulting from varying concentrations of sulfides and at varying pH

values. It is hypothesized that changes in the products of

gtycolysis under eonditions of high sulfides is due to a shift in the

population composition. It is also hypothesized that the formation

of eompounds sueh as acetate and laetate is minimized in the

presenee of high sulfide eoncentrations. If this is true, then

methanogenesis and sulfidogenesis would be inhibited due to a lack

of a suitable earbon souree. The population composition eould be

evaluated to prove or disprove this hypothesis.

7.4 Engineered control of toxieity

Sulfide toxiòity was manifested by a deereased microbial

metabolism. Complete eonversion of TOC to methane ean be

achieved given sufficient time. This eoneept ean be applied to the

study of many toxicants by the design of systems with high SRTrs

and/or high HRTrs.

Based upon this eoncept, the practical upper limit of sulfide

toxieity (as un-ionized H2S) could be tested by using reacto-rs with
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HRTts/SRTts far in exeess of eurrent practice for anaerobie

reactors. This concept eould well be applied to most other toxic

eom Do u nds.
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APPENDIX 1. NOTATION

Bv Organie carbon load, g/L'A, kg/m3.C

Ce Effluent soluble organic earbon eoncentration, mg/L

Co Influent organic carbon concentration, mg/L

Cr Soluble Organie carbon removed or oxidized, Co-C et m€,/L

COD. Effluent COD, mg/L

COD. Influent COD, mg/L

CODr COD removed, COD6-CODg, mg/L

k¿ Decay coefficient, ¿-1

Km Hatf-velocity saturation constant (ttticnaelis-N,ienten)

Ks Half-velocity saturation constant (Monod)

Se Effluent oxidized sulfur coneentration, mg/L

So Influent oxidized sulfur concentration, mg/L

Sr Sulfur redueed, S6-Ssr mg/L

S¡ Sulfur load, QSo/V'd, g/L'd

u Observed cellular growth rate, g/L'd

U¡¡

0

ô

Maximum eellular growth rate, g/L'd

Hydraulic retention time, d

SoIids retention time, d

Vmax The maximum velocity or rate of removal of substrate
from a medium (fvlicnaelis-Menten)
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APPENDIX 2. NOMENCLATURE

assimilation. Biological ineorporation of eompounds into the
cellular moleeular strueture.

COD. Chemieal Oxygen Demand. The quantitiy of oxygen required
to oxidize a compound to COZ and HZO.

TOC. Tot aI Organie Carbon, non- f iltered

SOC. Soluble organie earbon; filtered sample

aeetoelastie. Biological deeomposition of acetate for the purpose of
obtaining energy. Ex: acetate to methane and COZ

aeidogenesis. Biological decomposition of eompounds to form
organic aeids during fermentation.

dissimilate. Biological decomposition or breakdown of compounds
to simpler components for the purpose of obtaining energy.

glyeolysis. Biologieal degradation of glucose. Results in the
uptake of glucose from the medium and the formation of sirnpler
eompounds sueh as acetate, laetate, ancl ethanol.

sulfidogenie reaetor. A biologieal reaetor in which an active
biomass of sulfate reducing bacteria has been established and large
quantities of sulfides are being generated.

stripped sulfidogenie reaetor. A sulfidogenie reactor in whieh
meehanieal stripping of sulfides is employed in order to minimize
the eoneentration of sulfides in the reaetor.

methanogenie reaetor. An anaerobic bioreactor in whieh carbon
removal is performed by the generation of methane.

ineompletely oxidizing sulfate redueing baeteria. Sulfate reducing
baeteria whieh ineompletely oxidize a earbon compound sueh as
lactate or pyruvate to a less complex carbon eompound such as
aeetate plus CO2 in the proeess of reducing an oxidized species of
sulfur to sulfide.

eompletely oxidizing sulfate redueing baeteria. Sulfate redueing
bacteria which eompletely oxidize a earbon eompound sueh as
acetate to COZ in the process of reducing an oxidized species of
sulfur to sulfide

sulfidogenesis. Dissimilatory reduetion of oxidized sulfur to
sulfides for the generation of energy to the sulfate reducing
baeteria.
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APPENDIX 3. Data Sets
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Figure 4.2
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Figure 4.3
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Figure 4.5
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Figure 4.6
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Figure 4.7
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Figure 4.9
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Figure 4.11
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Figure 4.Lz
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Figure 4.13
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Figure 4.14
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Figure 4.15
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Figure 4.16
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Figure 4.L7
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Figure 4.19
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Figure 4.20
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Figure 4.21
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Figure 4.22
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Figure 4.25
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Figure 4.26
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Figure 4.27
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Figure 4.28
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Figure 4.29
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Figure 4.31
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Figure 4.33
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Figure
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