
To be presented at the Meeting 
of the American Chemical Society, 
Anaheim, CA, March 22 - 23, 1978. 

/ ./ , . . ... ) 

For Reference 

Not to be taken from this room 

Environment Division 

," :' 'J I "/ --',-:) 
• . 1. ~. (0 

Anaerobic Fermentation Of 
Simulated In-Situ Oil Shale 
Retort Water 

U~ - 9/ 
LBL-6855 

'". / 

B.A. Ossio, J.P. Fox, J.F. Thomas 
and R.B. Poulson 

November 1977 

University of California/Berkeley 
Prepared for the U.S. Department of Energy under Contract No. W-740S-ENG-48 

b; 
t"""I 
I 

0\ 
() 00 
. V\ 
- V\ 



LEGAL NOTICE -------­

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the Depart­
ment of Energy, nor any of their employees, nor any of their con ­
tractors, subcontractors, or their emp loyees, makes any warranty , 
express or implied, or assumes any lega l li ab ility or responsibility for 
the accuracy, completeness or usefu lness of any information, appa­
ratu s, product or process disclosed, or represents that its use would 
not infringe privately owned rights. 
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ANAEROBIC FERlvIENTATION OF SIMULATED IN-SITU OIL SHALE RETORT WATER* 

E. A, Ossio, J p, Fox and j , F, Thomas 

INTRODUCTION 
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Water coproduced with shale oil and decanted from it is referred to as retort water. This water 
originates primarily from th e combustion of organics and from the release of free and bound water present in 
the oil shale matrix, When retorting occurs in the presence of oxygen, the retort water to oil volume ratio is 
~l. This is equivalent to 2,1 MGD for a 50,000 barrel per day oil shale plant and is comparable to the volume 
of wastewater produced by a town with a population of 14,000, The composition of retort water is characterized 
by a pH range fr om 8,5 - 9,6 and high levels of a number of inorganic and organic constituents, The principal 
inorganic constituents are ammonia, ammonium, and bicarbonate, The organic constituents are primarily 
polar, and carboxylic acids are often a major component. 

Water manage ment will be complex for the oil shale industry due to the scarcity of water in th e region, 
the uncertain regulatory climate and the complex nature of retort water. Retort water will be required to 
meet the water needs of an oil shale complex and will be upgraded for on-site use. Potential uses, arranged 
in order of requisite quality, are spent shale compaction (poor quality water is suitable), dust control, mining, 
prerefining, agriculture and cooling tower makeup (good quality water is required). Any excess water will be 
stored for future use, evaporated or discharged to surface or ground waters. Stringent water quality regula­
tions combined with the shortage of water in the region will limit direct discharge to surface or ground waters, 
and promote reuse combined with evaporation of residuals. 

Each potential use of retort water will likely require the removal of some or all of the organic material 
which may be achieved by biological, physical or chemical processes. The purpose of this work was to investi­
gate the removal 0 f soluble organics from a retort water by anaerobic fermentation. Suspended solids, oils 
and grease, and ammonia removal were inves tigated as requisite pretreatment for anaerobic fermentation. 
Biological processes are typically more economical than physical or chemical processes for the removal of 
organ ics . The anaerobic fermentation process was chosen because the level of soluble organics in retort water 
is too high for direct treatment by an aerobic process and methane gas, a good fuel, is produced. Rel at ive to 
aerobic processes, anaerobic fermentation stabilizes a larger portion of the organic material; has lower nutrient 
requirements; produces less sludge; handles toxic substances better; and is more suitable for seasonal loading. 

PROCESS FUNDAIVIENT ALS 

Anaerobic fermentation is a biological treatment process conventionall y employed for the trea tment of 
muni cipal sludges and other concentrated wastes.(1) A schematic o f the co nve ntional process is shown in 
Fig. 1. The process consists of a heated digestion tank containing waste and bacteria. Raw waste is intro­
duced eith er periodically or co ntinuously and is preferably mixed with the diges ter contents. A two-stage 
biochemical process occurs wi thin the di ges ter. This process has been described in Refs. (1,2) and is sum­
mari zed by the followin g equation: 

acid methane 
(CH20)n-----· RCOOH-----· CH4 + CO 2 ' 

furme~ furme~ 

Th e waste, represe nted by (CH 20)n' is stabilized by convers ion to CH4 and CO 2, gases which are removed 
from the sys tem and which may be collected and used. In the first stage, complex o rganics are co nverted 
largely to fatty ac ids by a gro up of facultative and anaerobic bacteria co mmonly called the "acid form ers." 
No waste stabilization occurs durin g this stage. The waste stabilization occurs during the second stage of 
treatment. In this stage, th e fatty acids are converted into CO 2 and CH4 by a group of bacteri a called 
the "methane formers. " These bacteria are strictly anaerobic. 

Success ful us e of the process depends on the proper maintenance of these two groups of organisms, 
Optimum co nditions for anaerobic treatment include a pH range from 6.6 - 7.6, absence of certain toxic 

*Work supported by U.S. Department of Energy and Department of Interior. 
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Fig. 2 . Schemat ic of anaerobic accl imation sys tem. (a) Digester 's contents are mixed and kept at 
constan t temperature (35 ± laC) by means of a hotp late- magne tic stirrer . (b) Fermented 
gas is introduced into a gas ho lder unit by means of a slight negative pressure crea ted by the 
wate r column differential (h). The gas holder unit con tains an acidified solution to prevent 
the dissolution of CO2. The gas , on entering the gas h older , displaces some of the acidified 
solut ion which is collected in the graduated cylinder. This volumn of acidified solution is 
used to calculate th e volumn of gas produced using th e formula for V c. (c) The fermentation 
gas is recovered and the acidi fied solution level reset by lifting the gradu ated cylinder and 
properl y opcrating the valves. 
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materials, sufficient nutrients, anae robic conditi ons and a temperature range fro m 29 - 38°C. (3) Frequent 
causes for failure of the process are nu tri ent deficiencies and toxicity. Optimum and t oxic levels for a 
number of constituent s for the process are summarized in Table 1. These values should not be considered 
absolute because of the poss ibility of synergistic and an tagonisti c effects. 

Table l. Optimum and tox ic levels fo r anae robic fermentat ion. (4 ) 

Parameter Op timum Level (a) Toxic Level (b) 
(mg/Q) (mg/Q) 

Sodium 23 0 >4600 
Po tassium 39 0 >3900 
Ammonium (as NH4 ) 180 > 1350 
Calcium 200 > 2000 
Magnesium 120 > 1200 
Soluble sul fi de (as S) (c) > 200 
Nitrogen (d) 
Phosphorus (d) 

(a) Maximum efficiency fro m an anaerobic treatment sys tem can be 
obtai ned by maintaining the maj or ions as close to th eir optimum 
values as possible. 

(b) Toxic levels may vary considerabl y from the values shown due to synergisti c 
or antagonistic effects of other ions . 

(c) At levels lower than 200 mg-S/Q, sulfides can have a beneficial effec t 
by precipitating certain toxic heavy metals, e.g., Cu, Zn, Ni, Fe. 

(d) Optimum levels of nitrogen and phosphorus have been demonstrated 
to depend on the growth rate and concentration of organisms present 
in th e sys tem. They are ~11 % of cell volatile solids weight for N 
and 2% of ce ll volatile solids weight for P. (3) 

LITERATURE REVIEW 

In preliminary experimen ts, Yen (5 ) seeded (10%) a 4. 5-liter batch anaerobic digester with municipal 
sludge . Retort water fro m LERC 's 10-ton oil shale retort was buffered at pH 7 with 1.0 g/Q KH 2P04, an d 
the digester was loaded with 5 0 lb BOD5/1000 ft 3. The COD in the influent was reduced from 3050 -
2500 mg/Q in 30 days and CH4 was detected. Subsequently , Yen (6) loaded one digester with retort water 
and anoth er with glucose. The nut rient so lutions KH 2P04 and NH4Cl we re added to the glucose di ges ter 
and KH2P04 to the reto rt water di ges ter. The COD in th e glucose digester decreased fro m 55 0 - 35 0 mg/Q 
in 25 days whil e the COD o f the retort water digeste r decreased from 550 - 4 00 mg/l in 55 days and CH4 
production steadily dropped . In another experiment (7), acclimation was accomplished by adding 75 mg/ml 
COD and a phosphate buffer solution incrementally to a digester containing a glucose substrate. The COD 
decreased from an init ial value of around 600 - 300 mg/Q by th e 42nd day of operati on and thereafter, in­
creased to a final value of 750 after 90 days. The CH4 :C02 ratio steadily decreased ; no pH change was 
noted. Yen concluded that digester failure in the latter two experiments was du e to the accumulati on of a 
toxicant within the diges ter. 

EXPERIME NTAL METHODS 

Four Experiments (I - IV) were conducted to assess th e treatability o f a reto rt wate r b y the anae robic 
fermentati on p rocess and to identi fy toxic and deficien t consti tuents in the water. These experiments are 
summarized in Table 2. In each ex periment , a raw reto rt water was pretreated to remove oil and grease , 
suspended solids and ammonia, to adjust the pH and to alter any to xic or deficient consti tuents. An at­
tempt ";as th en made to acclimate a microbial pop ul ation to the pretreated water. The raw, pretreated, 
and anaerobically treated waters and digester mixed liquor were chemically charac terized to determine th e 
cause for diges ter failure and/or the effi ciency o f organic removal. 

The fOllr experiments summarized in Table 2 resulted in the development o f a method to successfully 
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pretreat reto rt ,·vater, accl imate a microbial population to it and stabilize the organics present in the pre­
treated water. This met hodology is presented in the " Res ults" section. The followin g sections discuss, 
in general terms, th e expe riment al procedures used in Experiments I - IV. 

Experimental Apparatus. A sc hematic of th e batch laboratory-scale anaerobic diges ters used in this 
study is shown in Fig. 2 . These di gesters were seeded with 750 ml of digested sludge from the City of 
Richmond Water Polluti on Control Plant, Ri chmond, California. The characteristics of the digested sludge 
are summarized in the first column in Table 3 . Reto rt water was added to the seeded digesters . On start 
up, the system was flu shed with nitroge n gas to produce anaerobic conditi ons. 

Retort Wate r. Th e retort water used in this study was from run 13 of LERC's 150-ton simu­
lated in-situ oil shale retort. Retort operating condi tions and shale characteristics for this run are sum­
marized in Table 4 . 

Table 3. Ch aracte ri zati on o f Ri chmond's anaerobic digested sludge and artifi cial 
substrate used in acclimation procedure. 

Total solids 
Volat ile matter 
Percent volatile matter 
Suspended solids 
pH 
Alkalinity as CaC03 
Volat ile acids as CH3COOH 
Organi c nitrogen 
NH3-N 
Total phosphate as P04' 
React ive (inorganic) phosphate as P04' 
COD (dichromate) 
BODS (5 day, 20°C) 
DNA 

Anaerobic 
Diges ted Siudge(a) 

29,000 mg/Q 
16,000 mg/Q 

7.0 
3,600 mg/Q 

77 mg/Q 

Artificial 
Substrate(b) 

29,500 mg/Q 
26, 300 mg/Q 

89% 
nil 
7.05 

1,710 mg/Q 
55 0 mg/Q 

3,960 mg/Q 
125 mg/Q 

1,020 mg/Q 
540 mg/Q 

38,340 mg/Q 
29,000 mg/Q 

nil 

(a) Source of Sludge - City of Ri chmond Water Pollution Control Plant, Ri chmond, 
California. 

(b) Prepa red from 20 gm/Q tryptone, 10 gm/Q dextrose an d 6 gm/Q beef extract. (8 ) 

Table 4 . Retort operating conditions and shale charac teristics for Run 13, 
LERC 150-ton simulated in-situ oil shale retort. 

Shale Source 
Shale Size 
Fischer Assay 
Void Volume 

Length of run 
Atmosphere 

Shale Characteristics 

Operating Conditions 

Maximum Bed Temperature 
Retort Advance Rate 
Air Injection Rate 

Anvil Points , Colorado 
Mine run (fines - 72 in.) 
24.6 gal/ton 
37.8% 

10.82 days 
21 % O2 ; recycle not used 
1500° F 
1.94 in.!hr 
138.9 scflmin 
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The composition of a retort water depends on the process , retort operating conditions and t he type 
of o il shal e used. Wide variati ons in retort water co mp ositi on occ ur due to these fac to rs. There fore , it 
is important to co nsider the results of this work in th e fram ewo rk of both of the process, th e oil shale 
used and th e re tort operating co ndi tions th at produced the water. 

Pretrea tment. The raw reto rt water was pretreated using several di fferent procedures . Each meth od 
used is bri e fl y summarized in Table 2 in the pretrea tment column . Pretreatment met hods were des igned 
to solve nutri ent deficient o r tox ic co nd~ti o n s encountered during the accl ima tio n procedure. 

Accl imati on. The mi crobi al popula ti on in th e diges ted sludge was acclimated to pretrea ted re tor t 
water b y incremental additions of retort wate r to an art ifi cial sub st rat e. The composition of th e artifi cial 
substrate is shown in the second co lumn on T able 3. The incremental additions used in each ex periment 
are sum marized in T able 2 in thc column entitl ed "step " in te rms of percent organic load applied . After 
initiation of each step o f the accl imation procedure , each digeste r was monito red un til steady-s ta te condi­
tions were attained. The paramete rs used as indi cato rs of steady state were volatil e suspended solids, vola­
til e ac ids , and volum e and composit ion of diges ter gas. Digester performance was evaluated by monitoring 
BOD5 and COD in the influent and effl uent. 

Analy ti cal Procedures . Two types o f parameters we re meas ured in this work. They we re those used 
to assess the operational behavior of t he syste m (COD, BOD 5, vo la til e ac ids, vo lat il e suspend ed so lid s, 
volume and co mpositi on of di geste r gas ) and those used to identify tox ic o r defi cient constituents (NH 3, 
S, Ca, Mg, P and others) . The analytical met hods used to meas ure these parame te rs are summarized in 
Tab le 5. 

Table 5. An alyti cal methods for chemical characteriza tion. 

Parameter 

AI, Br, CI,* Cu, Pb, Il'ln, Na,* V, Zn 

As, Ba, B, Ca,* Cr, Co, F, 1, 
Fe , Mg,* Ni, P,* K,* Se , Si,* S* 

Ca,* Mg,* K, * Na ,* Si,* P,* CI,* S* 

COD; BOD5 , To tal Alk alinity , 
Solids, Vol atile Acids, Hardn ess , 
pH, Kj eldahl N , oil & grease 

SuI fides 

Ino rganic & Organi c Carbon 

Gas Analys is 

Ammonia 

IV1c thod 

Ne utron activation analys is 

Spark sou rce mass spect rom etry 

X-ray fl ou rescense spec tromet ry on 
freeze-dri ed sampl e (9) 

Standard IVle thods, 1 3th Edi ti on (10) 

Standard l\ lethods, 12th Edit ion (11) 

Bec km an Mode l 915 Total Carbon Analyzer with 
a Model 215A In frared Detecto r. Organi c carbon 
determined acco rding to Stan dard Methods, 14th Edit ion (12) 

Varian Ae rograph Model 90- P gas ch romotognp hy 
unit wi t h He carri er gas 

Standard Metho ds, 13th Edition (10) modified to 
acco mm odate small sa mple size 

*Th e asterisked (* ) parameters we re dete rmin ed by neut ron ac ti va tion analys is or spark source mass spectro­
met ry in the raw re to rt water and by x-ray flu o rescense in the pretreated retort water. 

RESU LTS 

Effluent Characteri zat ion . The character izat ion o f th e raw retort I·vate r used in thi s st udy is presented 
in Table 6 . Th e water is well ' bu [['e red at it pH of 8.6 b y th e ammoni a and carb onate system . The mos t 
significant in organi c cons tituen ts (greater t han 500 mg/ Q) are ammo nium, ammo ni a, bicarb on a te, sodium 
and sulfate. Minor ino rgani c co nsti tuents include mos t trace elements, calc ium , magnesium and phosp horus. 
Solubl e o rganics , as meas ured by BOD 5 and COD, arc considerabl y greater than found in conve ntional 
municipal was tes. Vo lat ile ac ids are a maj or o rgi llli c co mp onent and const itute 40% o f the measured 
TOe. [Thi s is an operat ional para meter (Ref. 10) fo r certain fatt y acids. The vola ti le acids de termin ation 



· 1 .,' 

-7 -

Table 6. Characterization of raw, pretreated and anaerobicall y treated retort water. 

Alkalinity , Total (mgjQ CaC0 3) 
Aluminum 
Arsenic 
Barium 
Biochemical Oxygen Demand, 5-day (BOD 5) 
Boron 
Bromine 
Calcium 
Carbon, Inorgani c 
Carbon, Total Organic (TOC) 
Chemical Oxygen Demand (COD) 
Chlorine 
Chromium 
Cobalt 
Copper 
Fluorine 
Hardness (as CaC0 3) 
Iodine 
Iron 
Lead 
Magnesium 
IVlanganese 
Nickel 
Nitrogen, Total NH3 (as NH3) 
Nitrogen, Kjeldahl (as N) 
pH 
Phosphorus (as P) 
Potassium 
Selenium 
Silicon 
Sodium 
Solids, T o tal Disso lved 
Solids, To tal 
Solids, Volati le 
So lids, Suspended 
Sulfate (as S04) 
Sulfur, Total (as S) 
Vanadium 
Volatil e Acids (as CH 3COOI-I) 
Zinc 

Raw Reto rt 
Water 

38,000 
16.6 

1.4 
0 .17 

5,325 
3.4 
1.5 
3.3 

5,85 0 
4,980 
8,800 

57 
0,018 
0 .31 

15.6 
26 
86 

0.11 
4 .7 
0. 3 

24 
0.22 
0 .014 

10,150 
11,000 

8.6 
8.5 

37 
0.24 

25 
655 

4,2 10 

1,100 
406 

1.8 
3 ,300 

6.4 

Anaerobicall y 
Pretreated Treated 

Retort Water Retort Water 
(Digester Influent) (Digester Effluent) 

1,800 

2,695 

67 
310 

2,260 
9,440 

21 

357 

7.0 
42 
24 

28 

780 
2, 100 

nil 

860 

900 

580 

2,250 

350 

me as ures water-soluble fa t ty acids that can be dist illed at at mospheric press ure (up to six ca rbon atoms). 
Wh en an analys is is referred to, the term volatil e acids is used. Otherwise, the term fat ty ac ids is used.] 
Wen (1 3), Yen (14) and Cook (15) found high levels o f fatty acids in other retort wate rs. 

Experiments I - IV. The four Experiments (I - IV) summarized in Table 2 led to the development 
o f a method to pretreat and acclimate a microbial population to retort water and to stabilize 76 - 80% o f 
the organics present in the pretreated retort water. 

In Experiments I - III, gas production dropp ed to ve ry low levels b efore the end 0 f the acclimation 
procedure, indicating process failure . Typically , th e onse t of failure was indi cated by a reduction in gas 
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product ion and an increase in vo latile acids and COD concentrations. Thi s is most likely due to improper 
functioning of th e methan e form ers. Th e cause of the failures , based on chemi cal analyses of the pretreated 
influent and diges ter mixed liquor, was determined successively to be sulfide and ammoni a tox icit y and 
Ca, i\1g and P deficiencies. Sulfid e tox icity res ul ted from the use of H2S04 for pH adjustme nt and not 
from the water itself. Pret reat men t schemes were dev ised to reso lve eac h probl em as it was identifi ed. 
Ultimately , in Experiment IV, all prob lems were resolve d and th e anae robic fermentation p rocess was used 
successfully to stabilize organics in pretreated re to rt wate r. The reproducibility of the res ult s was verifi ed 
by setting up a second di geste r, E (see Tab le 2 fo r des ignat ion in D, E), fo r whi ch similar res ults were ob­
tained. Diges ter performan ce was equivalent to that observed with more conventi onal was tes such as 
municipal sludge . 

During these ex periments, it was observed th at a tox ici ty and a nutrien t de ficiency problem could be 
differentiated by co mparing tot al gas product ion and gas co mp os ition. vVh en toxicity was the th e cause of 
fa ilure, the gas co mposition changed significantly ; CH4 decreased and CO 2 and trace gases increased. When 
the system was nutri ent limi ted , to tal gas produ ction dec reased whil e gas co mp osition remained constant 
and comparable to that observed in a properly operatin g di gester . 

Pretreatment and accl imat ion procedures developed to stabili ze organi cs in pretreated re tort wa ter are 
summarized in the sections on pret rea tment and accl imation. The results presented correspond to those 
ob tained during Experiment IV whi ch was summari ze d in Table 2. 

Pretreatment. The purpose o f pretrea tment was to make th e raw reto rt wa ter comp at ible with the 
anaerobic fermentation process. Each pretreatment step used would likely be required irrespec tive of 
wh eth er biological treatment was part of the overall treatment system . 

The pretreatment procedure was designed to reduce ammonia below the reported tox icity threshold 
of 135 0 mg/Q NH~, to redu ce suspended solids, o ils and grease and to adjust the pH to 7. This was achieved 
in th e laborato ry as follows: 

(1) The pH was raised to 11 using Ca(OH) 2' This conve rts NH~ to NH3 gas which can then be stripped 
from solu tion by aerating. 

(2) Th e pH 11 water was injected into an ae ration basin with compressed air. Spraying the retort water 
with compressed air enh ance d liquid-air contact, th ereby improving stripping of th e NH3 from the 
water. The resulting mixture was ae rated for 24 hr with a sparger. 

(3) Floatables (suspended solids plus oils and grease) were removed by skimming, foll owing ae ration. 

(4 ) The pH o f the re tort wate r was adjusted to a final pH o f 7.0 using compressed CO2, 

(5) Nutri ents were added directl y to the di ges ter. Nutrient ad dition is discussed subsequently . 

This precise pretreatment sequence would no t be used in a full -scale treatment system due to economic 
considerations. It was used for thi s bench-scale work because it is easy to carry o ut on a smal l scale with 
inexpensive, readil y avail able laboratory eq uipm ent, and it produces a water with the necessary pH and 
ammonia concentrations. 

In practi ce , dissolve d solids and oil and grease would be removed by sedimentation and/or dissolv~ d 
air flotation. Ammonia migh t be reduced by steam stripping. Nutrient additi on might be achieved, in 
part, by blending retort water with other waste steams at an o il shale pl ant tha t are enriched in the re­
quired nutrients, e.g., muni cipal sludge. 

Additional pretreatment may be req uired to reduce the volume of water to be treated . Table 2 
indi cates that the hydraulic res idence times used in these studi es ranged fro m 15 to 50 days. These large 
residence tim es would require a large volume digester to accommodate 2.1 MGD per 50,000 barrels/day of 
oil production capacity and wo uld not be used in a full -scale plant. In practice , cell recycle , which 
increases th e cell res idence time and allows a reduction in hydrauli c residence time, would be used . 
Kinetic st udies are presentl y under way to de termine if hydraulic residence t imes on th e order o f 2 to 3 
days or less can be used with no significant reduction in o rgani c removal. 

The effect of pretreatment on the chemical compositi on of the ret ort water is shown in Table 6. By 
comparing th e first column, raw retort water, and the second column, pretreated retort water, th e e ffect 
of pretreatment o n the measured parameters can be quant ifi ed. This comparison shows th at BOD5 is re­
duced by 49%, vo latile ac ids by 73%, TOC by 55%, total NH3 by 96%, CI by 63% and alkalinity by 95%. 
The decrease in BOD5 , TOC and volatil e ac ids is due to the co nversion and removal of fatty acids during 
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pI-I adju stment. T he BODS' TOC and vo latile acids deCl-cases are probab ly due to the reduction in solubili ty 
of hi gh mol ecular we ight fatty ac ids. At pH 7 many o f th ese co uld drop o ut of solution. This is sup­
ported by visua l o bservation of a white precipitate. The NH3 alkalinity (C02, NH3) and CI are removed 
by stripping during aerat ion. In additi on to these reducti ons, the Ca co ncentrat ion was in creased by a 
factor of 20 and the COD by a facto r of 1.07. T he in crease in Ca was caused by the addi tion of Ca(OH) 2 
for pH adjustment to 11. The cause of the increase in COD is not clear. Analytical error is not the source 
as results we re checked by a seco nd analyst. The reduct ions in TOC, BODS and volatile acids are consistent 
and suggest th at the increase in COD is due to an inorgani c co nstituent and not an organic o i1e . No 
significant ch ,mge is noted in K or Si. The signifi cant increase in total sul fur and phosphorus is believed 
to be due to analy ti cal problems sin ce th e Sand P levels were determined by different analytical methods 
in the raw and pretreated water. Signi ficant discrepancies in the analysis of retort water by different 
methods have been noted (16) and is due to the compl ex and unusual nature o f retort I,va ter. This problem 
is presently being studied by LERC and o thers , (16) 

Acclimation. In Ex perimen t IV, th e syste m was operated with ce ll recycle to increase the ce ll resi ­
dence time in the di ges ter. This was achieved by removing a sa mple of the mixed liquor, centri fugin g it 
at 2500 rpm for 3 min and return ing th e centrate (biological mass) to the di geste r with a vo lume of pre­
trea ted reto rt water such that the tota l vo lume removed was equal to the to tal vo lume adde d . This resulted 
in an infinitely large cell residence tim e and hydraulic residence time of 50 days , 

The system was acclimated by first adding 100% artificial substrate desc ribed in Table 3 to the diges­
ter and operating it until steady-state conditi ons were reached. After steady state, 100% reto rt water, 
pretreated as indicated, was added in 50 ml incremen ts. Results of Experiments I - III indicated inter­
mediate additions of different mixtures of retort wa ter an d artifi cial substrate were not necessary . Immed­
iate ly preceding o r followin g the addition of retort water, nutrients were added directly to the digester. 
In this work, the nutrients Ca, Mg and P were used. The optimum combination and quantity o f nutrients 
were not determined and are presently being studied experimentally. The nutrients were added as a cal­
cium/magnes ium versenate solu tion and as phosphate buffer. These solutions were prepared as follows: 

phosphate buffer 

8.5 g KH2P04 , 21.7 5 g K2HP04 , 33.4 g Na2I-IP04 and 1.7 g NH4CI were dissolved in 500 ml dis­
tilled I,vater and diluted to 1 liter. 

calcium/magnesium versenate solution 

10 ml versine (EDTA) were adde d to a solu t ion of 0.1 g each of CaCl 2 and MgS0 4 and 2 ml disti lled 
water. The amount of vers ine required to comple x the Ca and IVlg added was determined titrimetri call y 
on three separate aliquots acco rding to the hardness determination, Standard Methods, 13th Edition, (10) 

The effect of nutrient additi on on system performance is sum marize d in Fig. 3. This fi gure shows th e 
time vari at ion of total gas production in ml gas/day, gas co mpositi on , COD and volatile acids. Figure 3a 
indicates that each time nu trients were added, the total gas production increased. Figures 3a and 3c indi ­
cate that before the addition of nutrients on the 34t.h day of the experimen t , vo latile acids and COD con­
centrations were increasing and the total gas prod uction was decreasing. T hi s suggests that the meth ane 
fo rmers, which are responsible for waste stabili zat ion, and whi ch convert fa tty acids into CH4 and CO2, 
were not fun cti oning properly. The increase in vo lat ile ac ids indicates the aci d fo rmers were functioning. 
After th e additi on of 18 mg Ca and 10 mg Mg on the 34th day, the volatile acid conce n trat ion dropped, 
indi cating th e nutrients had a favorab le effect o n the met hane fo rmers. Afte r five days , waste stabilizat ion 
commenced. Approximately ten days after the first addition of nu trients, the sys tem reached steady sta te , 
Gas volumes at steady state were approximately 11 ft 3 gas/ lb volatile matt er added . This is 92% of th e 
theo retical possibl e production. (17) Gas compos iti on was 55% CH4 , 25% CO 2 and 20% trace gases (N2 
was the predo min ant trace specie ). T he gas production and co mpos iti on at steady state are co mp arable to 
those obtained with co nventi onal waste types. 

Treatability. The results presented in Fig. 3 were reproduced using a second digester , E. In addition, 
a control digester, F, was fed 15 ml/day artificial substrate during the duratio n of the study. The organic 
removal efficiencies of th ese three digesters as meas ured by BODS and COD are summarized in 
Table 7 togeth er with similar data for th e pretreatment process an d th e total syste m consist ing of pretreat­
ment plus anaerob ic fermentation, T his table shows that the anaerobic fermenta tion process reduces both 
the BOD~ and COD of pretreated retort water by 76 - 8 0%, 
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Table 7. Summary of retort water BOD 5 and COD removal efficiencies. 

Pretreatment 

Influent COD 
Effluent COD 
Percent Removal 

Influent BOD 5 
Effluent BOD5 
Percent Removal 

Anaerob ic treatment 

Influent COD 
Effluent COD 
Percent Removal 

Influent BOD 5 
Effluent BOD5 
Percent Removal 

Total system 

Influent COD 
Effluent COD 
Percent Removal 

Influent BOD 5 
Effluent BOD 5 
Percent Removal 

Digester 
D 

(100% retort water) 

8,800 
9440(a) , 

0% 

5,325 
2695(a) , 

49% 

9,440 
2,250 

76% 

2,695 
580 

78% 

8,800 
2,250 

74% 

5,325 
580 

89% 

(a) Before nutrient addition 

Digester 
E 

Digester 
F 

(100% retort water) (100% artificial substrate) 

8,800 
9,400(a) 

0% 

5,325 
2,695(a) 

49% 

9,440 38,340 
1,995 6,134 

79% 84% 

2,695 29,000 
530 5,220 

80% 82% 

8,800 
1,995 

77% 

5,325 
530 

90% 

These removal efficiencies indicate that 76 - 80% of the soluble organics in the pretreated retort 
water are stab ili zed by the anaerobic fermentation process. The volatile acids data presented in Table 6 
suggest that fatty acids are one of the components of retort water that are stabi li zed during anaerobic 
fermentation. Additional work is required to identify other organic compone nts that are stabilized durin g 
the anaerobic fermentation process . 

CONCLUSIONS 

Based on the results of the four experiments summarized in Table 2, the following are concluded: 

1) The retort water studied had to be pretreated to remove toxic and add deficient constituents before 
it could be successfully treated with the anaerobic fermentation process. Pretreatment included pH adjust­
ment to 7, ammonia reduction and nutrient addition . 

2) A digested sludge from a conventional municipal sewage treatment plant was successfu ll y 
acclimated to the retort water studied . 

3) A major fraction of the organics in the retort water studied was stab ili zed by conversion to CH4 
and CO 2 using the anaerobic fermentation process. BOD5 and COD removal efficiences were 76 - 80%. Within 
the limits of experimental error, the same removal rate was obtained for both BOD 5 and COD. 

4) The effluent from anaerobic fermentation of the retort water studied (BOD 5 : 530 - 580 mgjQ) 
may be su itable for treatment by conventional aerobic processes. This process is presentl y being demon­
strated experimen tally. 

5) The growth of the methane formers, which stab ili ze the organics, is nutrient limited in the retort 
water studied . 
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6) The pretreatment of th e retort water studied rem oved 49% of th e BOD5. This was probably due t o 
the reducti on in solubili ty of high molecul ar we ight fatty ac ids at neutral pHs; they drop out o f solu tion 
and do not exe rt a BOD. 

7) A majo r component removed from the retort water studi ed during anaerobic fermentation was 
fatt y acids. 

8) The long hydrauli c residence time used in thi s study would no t be used in practi ce. Ce ll recycle, 
which increases the cell residence and decreases th e hydrauli c residence time, would be ex plo ited to achi eve 
hydraulic residence times on th e order of 2 - 3 days. 
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