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SYNOPSIS 

In the Western Cape, the high strength wine distitiery wastes 

(approximate COD of 24 ODO mg/t) are stabitized by the anaerobic 

contact process. This process requires fairty ctose operationat 

controt, and a degree of technicat competence which is often tacking 

in many smatt ptants. McCarty has recentty devetoped the submerged 

anaerobic fitter as an effective means for treating tow strength 

wastes. As the fitter was found to require tittte supervision to 

ensure efficient and stabte operation, it was decided to enquire 

into the suitabitity of the fitter for the treatment of wine 

distittery waste. 

The specific objectives of the investigation were to: 

1. Compare the performance and behaviour of the anaerobic 

fitter with those of the contact process. 

2. Investigate the effect of different fitter media on 

the process performance. 

3, Appty the generat kinetic modet for biotogicat systems 

to the anaerobic fitter process. 

4. Investigate the factors controtting the pH in an 

anaerobic process. 

Three bench-scats anaerobic fitters containing quartzite, ctinker and 

combined ptate-sand media were operated on wine distittery waste. 

(i) 

A high recircutation rate ensured that the contents were kept comptetety 

mixed and thus etiminated the tow pH conditions which tend to devetop 

at the bottom of a fitter. The temperature was controtted at 35
°

c. 

Waste Loading rates were incrementatty increased over a neriad of 

about 12 0 days from an initiat tow vatue of 1,5 kg COD/day/m of totat 

reactor votume, to the maximum toad capacity for the fitters - approximatety 

15, 0 kg COD/day/m
3

. The treatment efficiencies and generat performances 

were measured for each Loading rate once 'steady-state' conditions were 

achieved. 



The treatment efficiencies and capacities of the anaerobic fitters 

were found to be atmost identicat to those of the futt-scate 

anaerobic contact process in operation at present. In both, a 

toading rate of 2,0 kg CDD/day/m of totat rea�tor votume ensured 

(ii) 

stabte operation with 98,5% COD reductions. From this study, there 

does not appear to be any significant advantage in reptacing the 

contact by the fitter process. Research shoutd preferabty be 

oriented towards improvement in the sotid-tiquid separation mechanism 

in the contact process. 

The stabitization process in the fitters appears to be situated 

mainty in the interstices provided by the media, and is not greatty 

affected by the surface area of the media. Atthough the ctinker had 

a far greater surface area than the quartzite, the ctinker fitter was 

abte to attain onty a 2o% increase ave� the maximum toad capacity of 

quartzite fitter. The fitter with perforated ptate media operated 

satisfactority, with a maximum toad capacity in the same range as 

that of the stone and ctinker media fitters. The sand media eventuatty 

proved usetess since it choked with biotogicat sotids. 

It was found that the continuous cutture kinetic modet can be 

usefutty apptied to the anaerobic fitter process. As for the contact 

system, the sotids retention time proved to be the controtting 

parameter for predicting (i) the treatment efficiency, (ii) the 

stabitity of a process, (iii) the sotid concentrations in the reactor 

and efftuent, and (iv) the response of the fitter to shock toads. The 

sotids concentration in the efftuent was found to be a particutarty 

sensitive parameter for the controt of the sotids retention time, 

and consequentty, of the process performance. Smatt changes in the 

average sotids concentration in the efftuent can have such marked 

effect on the process performance, that it is proposed that a positive 

method for sotids retention in a reactor, such as centrifuging of 

sotids from the efftuent, be emptoyed. Imptementation of this proposat 

woutd probabty increase the toading capacity of a reactor. 

The pH in an anaerobic process (operating in the pH range 6,0 to 

7, 5 ) was found to be estabtished by the carbonic, ammonia and votatite 

fatty acids weak acid/base systems, and by some strong base reteased 

in the process. It was experimentatty verified that the buffer 

capacity in the pH range 6,D to 7,5 is provided onty by the carbonic 



weak acid system. A pH conditioning diagram showing the effect 

various dosing chemicats have on pH was devetoped. The diagram 

was experimentatty verified for additions of Na□H, Na2c □
3

, and· 

NaHC□
3

• The timitation which CaC□
3 

sotubitity ptaces on pH was 

verified with Ca(OH)
2 

additions to de-ionized water samptes. In 

anaerobic tiquid samptes, pH was found not to be timited by the 

Cac□
3 

sotubitity. This is due to CaC□
3 

precipitation being 

inhibited by orthophosphates. It was experimentatty shown that 

pH adjustment to 7,0 with Ca(OH)
2 

is possibte onty if CaC□
3 

precipitation is inhibited. Orthophosphate was isotated as causing 

the inhibition mechanism in both spent wine and domestic studge 
-3 

digestors. Any orthophosphate concentration greater than 1 X 10 

motes/t ensures that about 45% of Ca(OH)
2 

added is not precipitated 
-3 

out. With concentrations betow 1 X 10 motes/t, the danger exists 

that the orthophosphate itsetf may precipitate out, and in so doing, 

remove the inhibitory effect on CaC □
3 

precipitation. Shoutd this 

happen, pH adjustment to near 7,0 with further Ca(OH)
2 

additions 

becomes �npossibte; t�1era is in fact a reduction in pH to the vatue 

associated with the maximum permissibte Ca concentration in pure 

water. 

(iii) 
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CHAPTER I 

ANAEROBIC TREATMENT OF WINE DISTILLERY WASTE 

IN THE ANAEROBIC FILTER 

A. I NTRODU CT ION 

Wine disti1,1,ery waste, or spent wine, is the residue 1,eft after ethy1, 

a1,coho1, or brandy has been disti1,1,ed from fermented grape juice. It 

contains organic acids, so1,ub1,e proteins and carbohydrates, as we1,1, 

as various inorganic compounds which are norma1, constituents of grap,;e, 

juice. The po1,1,uting potentia1, of the spent wine is main1,y the COD 

of 23 ODO mg/1, the nitrogen content of 360 mg/1,, a11t-:l the phosphorus 

content of 100 mg/1,, 

Twenty disti1,1,eries in the Western Cape district produce an estimated 

370 mi1,1,ion 1,itres of spent wine per year. Treatment capacity of 

individua1, p1,ants for t he disposa1, of the spent wine in thB 14 towns 

faced with this prob1,em ranges from 25 to 90 mi1,1,ion 1,itres per year. 

Wine disti1,1,ation is a seasona1, operation with a 4 to 7 month period 

of activity, but even during the active period,operation is genera1,1,y 

intermittent. A p1,ant treating wine disti1,1,ery waste must be ab1,e 

to accommodate various operationa1, characteristics such as shock 1,oads, 

1,ong dormant periods and fast reactivation after the dormant period. 

Since the majority of p1,ants are sma1,1, and not supervised by high1,y 

trained personne1,, the p1,ants shou1,d be simp1,e to operate. 

The high organic content of spent wine (23 000 mg/1, as COD) exc1,udes 

treatment by aerobic processes as economica1,1,y not feasib1,e. Aerobic 

treatment processes wou1,d require 1,ong retention times and high 

aeration inputs, which respective1,y increase the vo1,umetric size of 

the p1,ant and the running costs. Consequent1,y, in the past, attention 

has been focussed on treating the spent wine by the a�aerobic process. 

Anaerobic processes re1,y on the activities of the micro-organism 

popu1,ation for the stabi1,ization of the wastewater. The key to 

successfu1, and efficient operation of the process is in maintaining 

a high mass of micro-organisms in the system re1,ative to the waste 

mass treated, i.e. a 1,ow food/micro-organism ratio. This irnp1,ies 1,ong 



retention times for the micro-organisms in the process. One of the 

major probtems of anaerobic systems is the difficutty in retaining 

the micro-organisms. The designs of anaerobic systems have been 

dictated targety by this requirement. 

Jhe principat anaerobic system emptoyed for the treatment of spent 

wine is the anaerobic 'activated studge' or 'contact' system (1) . 

2. 

Sotids (inctuding micro-�rganisms) are retained in the process reactor 

by sotid-tiquid separation of the reactor efftuent in a sedimentation 

tank, and the return of the separated sotids to the reactor, This 

system has operated fairty successfutty on wins distittery waste, 

but is hampered by the poor settting characteristics of the micro­

organisms in the sedimentation tankl in fact the treatment capacity 

of this system appears to be timited chiefty by the efficiency of the 

sotid-tiquid separation in the settting tank. Operation of the system, 

and in particutar the sedimentation tank, requires ctose controt. 

The anaerobic fitter system, which has been devetoped onty recentty (2) , 

has been put forward as providing a �impte and efficient system for 

retaining micro-organisms in a process reactor. Wastewater is passed 

upward through a submerged bed of rocks which retain the micro­

organisms on the rock surface and in the interstices. The sotid-tiquid 

separation u�it is thus integrated with the process reactor. This 

etiminates the probtems invotved with the sedimentation tank unit, 

and generatty reduces operationat controt to a minimum. Atthough 

this syste� has been used successfut ty in the treatment of ditute 

wastes, it has not been apptied to the treatment of concentrated 

wastes such as wine distittery wastes. 

,QQ,j actives 

Primary objectives of this investigation were to: 

1. Determine whether wine distittery waste is amenabte to 

treatment in the anaerobic fitter. 

2. Compare the treatment efficiency and generat behaviourat 

characteristics of an anaerobic fitter process treating 

spent wine �ith the anaerobic contact system as operated 
1 

at present 



To achieve these objectives, consideration of the fottowing aspects 

of anaerobic digestion in the anaerobic fitter system was required: 

1. The retention of micro-organisms in an anaerobic fitter is 

the vitat factor governing the performance of the process, 

and ft is thus of interest to investigate the sotid-tiquid 

osparation phenomena in the anaerobic fitter. In order to 

investigate whether the dominant site of the micro-organisms, 

and therefore the fermentation process, is on the surface or 

in the interstitiat votumes of the fitter media, it is 

necessary to test the effect of media with different shapes 

and surface areas on the process efficiency. 

2, The continuous cutture kinetic modet is widety used to 

simutate the anaerobic process, and especiatty in describing 

the steady-state operatior and performance. It woutd be usefut 

to determine in what manner this _theory, as it is understood 

today, appties to the anaerobic fitter system, 

3. 

3. Anaerobic processes require wett defined environmentat conditions 

for their optimat operation, and are susceptibte to sudden and 

comptete faitures under adverse environmentat conditions. The 

reasons for, and the mechanism of faiture are not atways apparent; 

hence enquiry into the behaviour of the fitter under stress woutd 

be of vatue. This can be achieved by monitoring some of the 

parameters reputed to govern the anaerobic process, i.e. sotids 

retention time, votatite fatty acid concentration and pH. 

Observations during periods of instabitity in the process, 

induced during start-up, and during temperature and Loading rate 

ftuctuations, woutd be of particutar interest. 

The hydrogen ion concentration, or pH, features prominentty 

in the mechanism of most process faitures, and is probabty 

the singte most important controt parameter of the anaerobic 

process. To investigate the effects of this parameter on 

anaerobic digestion, an enquiry was necessary into the fottowing 

aspects: 

(a) significance of pH in anaerobic fermentation, 



(b) factors which estabtish and controi the pH in an 

anaerobic process, 

(c) retation of pH with the mechanism of process faiture, 

(d) methods for controtting the pH. 

4. 

These investigations into the significance of pH are not timited 

to the treatment of wine distittery waste in an anaerobic fitter, 

but appty to anaerobic processes in generai. Because this aspect 

of the investigation tends to deviate somewhat from the main 

intent of the objectives of the thesis, it is reported as a 

separate section (Chapter II). 



B. ANAEROBIC TREATMENT OF WINE DISTILLERY WASTE 

Research in the fieid of anaerobic digestion of wine distiiiery 

waste seems to have been confined aimost entireiy to South Africa. 

Fundamentai investigations were conducted by Stander in 195□ (3) , 

and since then, fundamentai and apptied research has been continued 

5. 

by members of the South African Councit for Scientific and. Industriat 

Research (CSIR) (i) . These investigations .have shown that spent wine 

is ame.nabte to treatment in the anaerobic contact process, and have 

detineated some of the optimum conditions required for efficient 

operation. 

C�eracteristics of Spent Wine 

An a�atysis of the main chemicai components of wine distiiiery waste 

is summariz.ed in Tabte I. In retation to .anaerobic treatment,' the 

cor.,posi tion of spent wine yietds the fottowing information: 

1. The macro-nutrient� carbon 1 nitrogen and phosphorus are 

present in retative abundance, and in approximatety the 

correct proportions: based on the average chemicat formutation 

of the cett (C5 H
7 

o
2

N) (4) and a cett yietd of 0,1 mg per mg 

COD of substrate utitized, the ratio by weight of carbon (as 

COD) to nitrogen to phosphorus shoutd be 1000 11 : 2. In 

wine distittery waste the ratio is 100 : 15,3 : 4,8. Thus, 

phosphorus and nitrogen nutrient additions to a process 

treating spent wine are unnecessary - the carbon source is the 

Limiting macro-nutrient in the spent wine. 

L, 5pectrographic anatysis of trace etements has indicated that 

t�ese are probabty present in sufficient quantity to meet 

th t b 1 . . t f th 
. · ( 1 ) � e me a ovic requiremen s o  e micro-organisms • 

3. Toxic materiats have not been detected in any significant 

concentration (i) . An examination by the CSIR of taboratory 

scate processes which had faited, did not disctose any 

per�anent toxins, such as heavy metats or sutphides, which 

coutd have been the cause of faiture. 



TABLE I 

Average Composition of Wine Disti1,1,ery Waste (main1,y after the 

CSIR (i )). 

Test Composition 

COD - Total, mg/1, 23 500 

COD - So 1,ub 1,e mg/1, 21 400 

COD - Suspended So1,ids mg/1, 2 100 

5-Day EDD mg/1, 23 ODO 

Organic Nitrogen mg/1, as N 350 

Ammonia Nitrogen mg/1, as N 10 

Total, Phosphorus mg/1, as P
□4 300 

Total., Suspended So1,ids mg/1, 1 500 

Vo1,ati1,e Suspended So1,ids mg/1, 1 500 

Total., So1,ids mg/1, 15 ODO 

pH 4,6 

Vo1,ati1,e Fatty Acids mg/1, as acetic acid 850 

Conductivity mil,l,i siemens 5,5 

6. 



4. A comparison of the COD (23 500 mg/1) and the 5 day BOD

(23 ODO mg/1) indicates that the waste is easi1y and virtua11y

comptetety biodegradab1e. Resutts obtained on the aerobic

treatment of anaerobicatty digested spent wine indicate that

onty 1,5% of the COD of wine distittery waste is unbiodegradabte (1) .

Treatment efficiency, measured as percentage COD removat of inf1uent

waste, shoutd take due account of this unbiodegradabte fraction of

COD.

5. Inorganic suspended sotids are either absent or present in

negtigib1e concentrations.

6. The organic suspended so1id concentration, as measured by the

votati1e suspended so1ids test, is tow (1500 mg/1) re1ative to the

COD strength of the waste. A1so, the suspended so1ids are a1most

entirety sotubitized and biodegraded during anaerobic treatment.

This is evident from the fo11owing:

If it is assumed that the unbiodegradabte fraction of the 

totat COD (i.e. 1,5% of 23 500 = 300 mg/1) is comp1ete1y 

derived from the vo1ati1e suspended so1ids, then the COD 

associated with so1ids (2100 mg/1 COD) witt be reduced 

by 86%. Thus, the maximum possibte unbiodegradabte sotids 

concentration in spent wine inf1uent which can accumu1ate 

in a process reactor is 210 mg/1 (14% of 1500 mg/t). 

Spent wine can thus be considered to be a virtua1ty comptete1y 

so1ub1e waste. 

7. The tow pH of 4,6 in unstabitized spent wine tends to inhibit

bio1ogica1 activity - storage of spent wine does not appear to

atter its characteristics or COD concentration. It has been

observed that spent wine in ho1ding dams undergoes 1itt1e or no

change in a 4 to 6 month period.

8. The high dissotved sotids concentration (13 500 mg/t) and high

conductivity (5,5 mi11i siemens) are indicative of a high ionic

concentration. pH, which is an important contro1 parameter in

the anaerobic process, is significantty affected by such high ionic

strengths. Consequent1y, the true hydrogen ion concentration differs

from the effective hydrogen ion concentration as measured by a pH

meter.



8. 

Characteristics of the Process 

The fottowing information on the behaviourat characteristics of an 

anaerobic process treating spent wine was abstracted from experimentat 

investigations conducted on taboratory, pitot and futt-scate ptants 
( 1 ) by the CSIR . This information on the optimum operating conditions 

for the process is substantiated, or supptemented, wherever possibte 

with the conditions observed in anaerobic processes in generat. 

1. In the mesophitic temperature range, the optimum temperature 

for tong-term stabte operation of the anaerobic process 

treating spent wine is about 35 ° c ( 1). Retative to the maximum 

permissibte toading rate at 35
° C, toading rates had to be 

decreased by 66% and 30% for operating temperatures of 15
°

c 

and 45
°

C respectivety. Outside these timits the process 

deteriorated rapidty. These characteristics are in agreement 

with those observed in anaerobic processes in generat (5)(6) . 

Short-term temperature effects on the anaerobic process were 

not investigated by the CSIR. However, other reports indicate 

that sudden short-term temperature changes from stabte operating 

temperature have a very pronounced effect on the activity of the 

b. 
. ( 7) anaero ic organisms Activity dectines rapidty as the process 

0 is coated from 35 C, to cease comptetety when a temperature of 

20
°

c · h d If th · h t d f 35 ° c to 45
° C, is reac e • e process is ea e rem 

the activity increases, but degenerates rapidty at higher 

temperatures. 

One conctudes that for anaerobic treatment of spent wine: 

(a) Stabte process operation is obtained over a 15 ° c to 

45 ° c range in temperature, providing the temperature 

does not ftuctuate. 

(b) The optimum temperature for tong-term stabte operation 

is about 35 ° c. 

(c) Ftuctuations in temperature (short-term changes) 

significantty affect the performance of a process, and 

shoutd thus be kept to a minimum for stabte operation, 



2. Atthough thermophitic operation of a process treating spent wine 

was more efficient than mesophitic operation, the process 

req�ired a ctoser environmentat controt and considerabty more 

power to maintain the temperature at 55
°

C
(3) . Since ptants 

treating spent wine must be simpte to operate, thermophitic 

digestion does not appear to be justified in smatt ptants with 

uncertain controt. 

3. 
. (8)(9) pH may be a strong inhibiting agent in anaerobic processes . 

9. 

The activity of anaerobic digestion in generat is not significantty 

affected in the pH range 6,5 to 7,5, but the activity fatts off 

rapidty outside this range. If corrective measures are not taken 

when the pH moves outside this range, the process progressivety 

deteriorates untit comptete inhibition resutts. Adjustment of 

pH to the optimum range is especiatty criticat during starting-up 

operations of the process. 

Atthough votatite fatty acids and ammonia may inhibit a process 

by affecting the pH, they may atso be toxic in their own 

right (iO) (11 ) . The undissociated forms of these compounds 

appear to be more toxic than the dissociated ionic form. Toxic 

concentrations of votatite fatty acids and ammonia are not 

ctearty defined, since pH affects the dissociations and therefore 

toxicity. Votatite fatty acid concentrations tend to increase 

in processes subjected to stress, so that ctose controt over this 

parameter is required for successfut operation. 

4, A period for acctimatization and growth is required by the 

micro-organisms after the start-up of a process. This is 

particutarty important if the process is seeded with micro­

organisms from another process treating a different waste, 

or if the mass of seed is smatt. It is necessary to er.sure 

that the feed rates are onty graduatty increased to the maximum 

toading capacity of the ptant, so that the assimitation capacity 

of the organisms is at no time exceeded. 



Piants treating spent wine are generaiiy decentraiized and it 

is often more convenient to seed them with active anaerobic 

digestion siudge derived from domestic sewage,which is usuaiiy 

readiiy avaiiabie. A process treating spent wine and seeded 

with active domestic siudge required a period greater than 30 

days to attain maximum toad capacity (1) . 

5. Re-inocutation of the anaerobic process treating spent wine 

with fresh active studge was not required after a dormant period 

of approximateiy 6 months (1) . Reactivation of the process was 

achieved by merety resuming the feed at a tow ioading rate. 

A period of tess than 20 days was necessary for the process to 

achieve its maximum toad capacity. This period was reduced 

(a) for shorter dormant periods, and (b) as the studge became 

progressivety acciimatized to spent wine over a period of years. 

6. Dverioading the micro-organisms by substantiai increases in 

10. 

feed rates was found to be the primary cause for the faiiure of 

the spent wine treatment processes operated by the CSIR (i) . 

They were unabte to identify the mechanism causing the extremeiy 

rapid (within one day) dectine of the process. Inhibition of 

the activity of overtoaded anaerobic processes is usuaity 

attributed to the toxic effects of either pH or acetic acid 

. . t d . . t d d . . t d f ( 8 ) ( 1 1 ) Th t in i s  issocia e or un issocia e □rm . e exac 

mechanism of faiture of a process, especiatty in reiation to 

pH, was not ctearty described. 

7. Anaerobic processes showing a dectine in activity due to 

overtoading may recover by appiying one or a combination of 

the fottowing corrective measures: 

(a) re-inocutation of the process with fresh digesting 

studge - probabiy the most rapid and effective method (1) , 

(b) reduction of the i□ading rate, 

(c) adjustment of the pH to 7,□, 



(d) increasing the temperature - this temporarity increases 

the activity of the micro-organisms. 

The tast three measures are onty effective in processes which 

have not deteriorated extensivety. Re-inocutation with a wett­

accl,imatized and sufficientty massive inocutant, however, was 
( 1 ) atways found to be successfut • 

11 • 

8. The maximum permissibl,e toading rate on anaerobic processes is 

l,imited by the micro-organism mass in the reactor. As the toading 

rate increases, so the steady state mass of micro-organisms 

concomitantty increases. However, the micro-organism concentration 

is eventuatty timited by the washout rate exceeding the production 

rate, thus al,so timiting the maximum l,oading rate. Later in this 

thesis this sequence of events, and its inftuence on the progressive 

faiture of the process with increasing l,oad.witt be thoroughty 

discussed. 

Ptants treating spent wine showed fail,ure characteristics 

consistent with the above descriptions(1) . At high toads, the vo1etil,e 

suspended sotids concentration did not increase proportional,l,y with 

'h ., d' t . d' t· l, f 1 'd ( 1) E t 1 f ., ·1;, a v□a' ing ra es, in ica ing oss o so vl s . ven ua v ai vure 

can be credited to excessive washout of sol,ids. 

9. The vol,atite sotids concentration in an anaerobic process treating 

spent wine is composed mainl,y of active micro-organisms. This is 

dLle to the fact that (a) spent wine is virtuatty cornptetety sol,ubte 

or so1,ubi1ized in the process (a maximum of 1,56/o of the inftuent 

COD is insotubte), and (b) the endogenous respiration of the micro­

organisms is 1,ow retative to the generation of cett mass, and 

consequentty, there is a tow generation of unbiodegradabte dead 

cett materiat (about 0,5% of the inftuent COD). A maximum totat 

of about '21> of the inftuent COD remains in the reactor as inactive 

m,rns � compared to about 1 o% of the inftuent COD which is converted 

to active micro-organisms. (These approximate figures are obtained 

from Part G of this thesis.) 



12. 

10. Behaviour of an anaerobic process is monitored by measuring the 

parameters pH, votatite fatty acids, gas production per unit feed 

rate, and percentage methane in the gas. Stabte conditions in a 

process give rise to tow votatite fatty acids concentrations, a 

pH near 7, □, and a gas production and percentage methane consistent 

with the toading rate (1 kg COD is equivatent to 350 t of CH4 at 
c-ccJ)(4) 
J1r . • A dectine in the process is identified by decreases in 

pH, gas production and percentage methane, and an increase in the 

votatite fatty acids. The first indication of reduced activity 

is usuatty given by the votatite fatty acids, but the other parameters 

are soon affected since they are att inter-retated. For continuous 

successfut operation, it is essentiat that these parameters be 

frequentty monitored, so that upsets in the process may be identified 

quickty, and the necessary remediat actions taken immediatety. 

11. Methane production from the anaerobic treatment of spent wine 

provides more than sufficient energy to maintain a temperature of 

35
°

[ in a digestor. Since approximatety 6000 mg/t COD is required 

to raise the temperature of a waste by 1□
0

c (12) , it is evident 

that the 23 DOD mg/t present in spent wine witt be sufficient to 

heat the waste from 15
°

[ to 35
°

[. For this reason, treatment of 

spent wine at 35 ° C is an economicat and practicat proposition. 

The observations and deductions made from, (a) the properties of wine 

distitLery waste, and (b) the operationat experiences in anaerobic 

processes reported by others, provided the background to the requirements 

for operating an anaerobic process treating spent wine. These were used 

as guideti�as for the setection of suitabte operating conditions for the 

anaerobic fitter process reported in this thesis. 

An exempts of the typicat ptant capacity requirements for an anaerobic 

contact p=□cess treating spent wine is supptied by the CSIR (1) : 

(a) Suggested votumetric requirements for the reactor and settting 

tank are for 7,5 and 4 days hydrautic retention time respectivety. 

(b) A votatite suspended sotid concentration of 15 ODO mg/t in the 

reactor is recommended. 

Under these operating conditions, reduction of 98,5% in the COD of the 

inftuent spent wine shoutd be obtained. 



C. THE ANAEROBIC FILTER 

The goat of an anaerobic waste treatment system design is to retain 

the biotogicat sotids in the reactor independent of the waste ftow, 

to mix the sotids intimatety with the waste, and to maintain at att 

times a high mass of micro-organisms in the reactor retative to the 

waste treatment rate. To achieve these objectives, severat anaerobic 

systems have been designed, viz. the conventionat digester, the 

anaerobic contact and anaerobic fitter systems. 

13. 

In order to appreciate a discussion on the retative merits of the 

different anaerobic systems, a very brief and quatitative description 

of the principtes of anaerobic digestion is necessary. Detaited 

discussions on the mechanism of anaerobic treatment and on the process 

simutation by a modet based on continuous cutture theory are presented 

in Chapter II - Part A, and Chapter I - Part G of this thesis respectivety, 

In the anaerobic process, wastewater is stabitized in sequentiat steps 

by the micro-organism poputation. The stowest growing organisms in 

the sequence (usuatty the methane forming organisms) ptace a timitation 

on the whote process. Thus, the process must attow sufficient time 

(the sotids retention time) for these micro-organisms to muttipty, i.e. 

the washout rate of the micro-organisms from the reactor must be stower 

than the rate of production of the stowest growing micro-organism. By 

maintaining a high mass of micro-organisms in the reactor retative to 

the rate of waste treatment, the efficiency and stabitity of the process 

is increased. 

1 . Conventionat Digestor System 

Historicatty, the anaerobic process found its most usefut 

apptication in the treatment of raw domestic studges and organic 

sotids derived from aerobic processes. Both originate from the 

underftows from sedimentation tanks, and thus contain a high 

concentration of suspended organic sotids. An appreciabte 

fraction of these inftuent sotids are unbiodegradabte. It is 

not possibte to separate out the anaerobic biotogicat mass from 

the inert mass. Hence, it is not practicatty feasibte to have 

a sotids retention time different from the hydrautic retention 

time - a ftow through system onty is feasibte. This system is 



catted the conventionat system (Figure 1). The hydrautic 

retention time of the reactor, which equats the sotids 

retention time in this process, is governed by the stowest 

growing micro-organism in the sequentiat breakdown of the 

waste. 

Depending on the temperature at which the process operates 

(15
°

c to 35
°

C) and the nature of the wastewater treated, a 

minimum sotids retention time of 3 to 10 days is required
(43)

_ 

These minimum vatues have been estabtished from Laboratory 

studies on wett mixed processes with ctoseLy controLLed 

environmentat conditions of temperature and rate of Loading. 

Ptants operating in the fietd require tonger retention times 

to provide stabitity for the process under adverse conditions 

such as improper mixing, and temperature and Loading rate 

ftuctuations. Generatty, conventionat digestors operating at 

ambient temperature with no mixing require hydrautic retention 

times greater than 60 days. Heating the process to the optimum 

temperat�re for micro-organism activity (about 35
°

[ for the 

mesophitic temperature range) improves the efficiency of the 

process, and the hydrauLic retention time may be reduced to 

14. 

about 30 days. In the 'high-rate' digestion process, the reactor 

contents are wetL mixed
9 

the temperature is kept at optimum LeveL, 

and the retention time can be further reduced to between 10 and 

30 days. 

The conventionat digestor system is not economicaLLy feasibte for 

the treatment of Low strength wastes for t he fottowing reasons: 

(a) The voturnetric requirement of the reactor per unit COD 

treated increases with decreasing strength of waste, 

since the hydrautic retention time remains unchanged by 

the concentration of the wastewater. (The hydrautic 

retention time is governed by the minimum sotids retention 

time onty.) 

(b) Methane gas production from the treatment of tow strength 

waste (COD< 5000 mg/L) is insufficient to heat the reactor 

contents to optimum temperature, and thus, an outside source 

of heat is required. 
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2. 

1 6. 

The Anaerobic Contact System 

The organic suspended sotid concentration in an anaerobic reactor 

treating a comptetety biodegradabte waste consists atmost entirety 

of biomass. For this reason, it is practicatty feasibte to 

separate out the organic sotids from the reactor efftuent, and 

to return them to the reactor. This feature a11ows the so1ids 

concentration and the sotids retention time (which contro1 the 

process) to be increased independent1y of the hydrautic retention 

time. (This resu1ts in a considerab1e saving in the tankage of the 

reactor.) This system is simi1ar to the aerobic activated s1udge 

process with so1ids recyc1e, and ca11ed the anaerobic contact 

process. 

The contact system consists basicat1y of a comptete1y mixed 

suspended growth reactor, a sedimentation tank for so1id-1iquid 

separation, and sotids recircu1ation from the sedimentation tank 

to the reactor (Figure 1). 

Provided that separation of the sotids from the eff1uent can be 

efficient1y achieved, then theoreticat1y, any waste toading rate 

may be apptied to the reactor, even at ambient temperatures, 

Practica11y, the toading rate is 1imited by either the inefficient 

operation of the sotid-tiquid separation unit, or too high a 

concentration of biotogicat sotids in the reactor, which hampers 

effective mixing of biotogicat so1ids with the waste. 

Contact processes may be usefutty emptoyed for the treatment of 

tow strength wastes provided that sufficient1y tong sotids 

rete�tion times are maintained in the reactor irrespective of 

the hydrautic retention times, however short. Low strength 

wastes (COD< 5000 mg/1) are economicatty treated at ambient 

temperatures. The 1imitation of an insufficient methane production 

from the process to heat the reactor appreciabty, is overcome by 

retaining the biotogica1 sotids in the reactor. The ratio of the 

micro-organism mass to the rate of substrate treatment must be 

very high to compensate for the tow activity of micro-organism 

at tow temperature. 



A iow strength unsettied urban wastewater with a BOD of about 

350 mg/i and a suspended soiids concentration of 600 mg/i has 

been treated successfuiiy in a piiot-scaie anaerobic contact 

piant at Durban, South Africa ( 14). (These experiments indicate 

that aithough the contact system was deveioped principaiiy for 

the treatment of soiubie wastes, it may aiso be appiied to 

wastewater with significant suspended soiids concentrations.) 

With a 12 hr hydrauiic retention time and a suspended soiid 

concentration of 18 000 mg/tin the reactor, so% reduction of 

the infiuent BOD was obtained. Vacuum degasification was 

necessary to aid settiing. A settiing time of 1 hour was found 
. ( 14) to be optimum 

Aithough the discussion above indicates that it is feasibie to 

ar.aerobicaiiy treat tow strength wastes, the anaerobic process 
0 

is far more efficient at temperatures of about 35 C, and thus 

suited to naturaiiy warm and high strength wastes. A meat 

packing waste with a BOD of 1381 mg/i has been treated in a 
( 15) fuii-scaie anaerobic contact process at Aiberta Lea, U.S.A. • 

0 0 

The waste was naturaity warm (27 C to 31 C), and produced 

17. 

sufficient methane to heat the digestor contents to about 35 ° C. 

With a 12 to 13 hour hydrau1ic retention and a suspended so1ids 

cor.centration of 7000 to 12 DOD mg/i in the reactor, a 91% 

reduction of the infiuent BOD was obtained. Vacuum degasification 

was needed to promote settting in a sedimentation tank with a 

1,2 hour retention. 

In ati cases it has been found that the capacity of the contact 

system is severeiy iimited by the settiing characteristics of 

the soiids in the sedimentation tank. Anaerobic bioiogicai soiids 

are difficuit to sett1e out since they remain dispersed and do 

not fioccuiate.readiiy. 5ett1ing is further hindered by the gas 

generation of the biomass which buoys the soiids to the surface. 

In generai, sett1ing characteristics of the reactor eff1uent 

from a process treating compieteiy so1ubie wastes may be improved 

by (a) degasifaction, (b) the addition of fioccuiating agents, 

and (c) the addition of suspended sotids to the wastewater to 

provide a site for bioiogicai growth. However, even with these 

possibie modifications to the settting process, soiid-iiquid 

separation puts a 1imitation on the treatment capacity of the p1ant. 



3. The Anaerobic Fitter 

Recent research investigations have ted to the devetopment of 

the anaerobic fitter as a means for retaining sotids without 

the use of sedimentation tanks ( 2). In this system the sotid­

tiquid separation unit is etiminated by combining it with the 

reactor to form one singte unit. The unit consists of a 

submerged bed of rocks through which the waste is passed in an 

upward direction (Figure 1). Biotogicat sotids are retained on 

the surface area of the media and in the interstices. (The 

efficacy of the sotids retention properties of these two 

mechanisms is discussed in Parts D and G.) Reports on the 

operation of this system indicate that the biotogicat sotids 

are efficientty retained (2)(16) ; so that the system may be 

operated at high waste toading rates, either with or without 

heating. 

Young and McCarty conducted comprehensive taboratory studies 

to determine the performance of fitters treating tow-strength 

synthetic sotubte wastes (2
). The fitters were operated under 

ptug-ftow conditions at a temperature of 25 ° C. Behaviour of 

the waste stabitization mechanism of the fitter was interpreted 

as fottows (2)(12) : 

The butk of the waste was removed in the tower tevets of the 

fitter, which was consequentty atso the site of profuse micro­

organism growth. Some of the sotids synthesized in the tower 

18. 

tayers were carried upwards through the fitter and made avaitabte 

for further waste treatment. Thus, the wastewater was progressivety 

stabitized as it passed upwards through the fitter. In the upper 

tayers of the fitter, waste concentration was tow, and the net 

biotogicat sotids was negative (more sotids were degraded by 

endogenous respiration than synthesized). The efftuent was highty 

stabitized and contained a tow sotids concentration of mainty 

unbiodegradabte decayed cett mass. 

In these studies (2), wastes were fed to the fitters at COD 

concentrations ranging from 1500 to 6000 mg/t, and toading rates 

ranging from □,425 to 3,4 □ kg CDD/day/m of totat votume ( inctuding 

stone) . The temperature was maintained at 25 ° c, since the methane 

production from the anaerobic treatment of such tow strength 



waste insufficient to heat the waste significantty. The 

efficiency of COD removat under these conditions varied between 

98,4% and 63,0% at tow and high toading rates respectivety. 

The maximum permissibte toading rate of 3 ,40 kg/day/m3 compares 

favourabty with other biotogicat processes in generat. 

19. 

In the treatment of raw domestic sewage (500 mg/t COD), Pretorius 

used the anaerobic fitter successfutty by operating it in series 

with a digestor (17) . The first stage of this taboratory scate 

process - the digester - retained the inftuent sotids, and hydrotoysed 

a fraction of these sotids. Littte waste COD was removed in 

this section. The efftuent from this stage was passed to the 

second stage of the process - the anaerobic fitter - where 

methane fermentation stabitized a targe fraction of the waste 

COD. Thus the purpose of the digestor was to remove and 

sotubitize sotid materiat from the wastewater so as not to 

cause btockages in the fitter. The combined process yietded 

9(1;b reductions of the COD of the raw sewage water with 24 hours 

totat retention at a temperature of zo
0

c. 

Atthough experiments on the anaerobic fitter have generatty 

been successfut, the system appears to have the fottowing inherent 

disadvantages: 

(a) Sotid-tiquid separation is not independent of waste ftow, 

and no positive externat controt over the separation is 

possibte, i.e. the sotids concentration and sotids retention 

time in the reactor is not positivety controtted. 

(b) Onty sotubte wastes may be treated in the fitter, since 

high inftuent sotids concentrations can cause ctogging of 

the voids. Channetting of ftow, and consequentty, 

inefficient treatment resutts from such btockages. 

(c) High concentrations of biotogicat sotids associated 

with high treatment capacities, are atso tikety to cause 

btockages. 



(d) The media generally occupies more than half the reactor 

volume. Thus for the same treatment efficiency and total 

reactor volume, the anaerobic filter requires twice the 

concentration of sludge compared to the contact system. 

20. 

Initially, anaerobic filters were designed with the objective of 

treating tow strength soluble wastes. However, the anaerobic 

filter would appear to be suitable also for the treatment of high 

strength soluble wastes such as spent wine. For this adaptation 

of the process, certain modifications appear to be necessary: 

(a) Recirculation of the waste distributes the concentrated 

influent load evenly over the filter. This should minimise 

adverse conditions, such as low pH, which tend to develop 

at the wastewater influent end (bottom) of the fitter, At 

high recirculation rates the process is virtually completely 

mixed, and should show increased stability against shock 

loads and other environmental changes. Furthermore, the 

micro-organisms should be distributed more evenly along 

the whote length of the filter, thus allowing for higher 

maximum loading capacities on the system. It is,. however, 

inevitable that the effluent quality will deteriorate 

compared to a plug flow system. 

(b) Maintaining the temperature at 35
°

C instead of at ambient 

increases the performance of the process. Heating would 

be economically feasible, since the methane production 

from a process treating spent wine is sufficient to provide 

the necessary heat to raise the temperature of the reactor 

to 35
°

C (see Part B). 



D. DESCRIPTION OF FILTERS AND APPARATUS 

Three anaerobic fitter reactors were used in this project. Each 

consisted of an identicat fitter shett fitted with different media, 

The basic shett consisted of a perspex tube with an internat diameter 

of 140 mm, a height of 620 mm, and seated with perspex conicat caps 

at both ends (Figure 2). 

Fitter Media 

Fitter media used in Fitter No,1 consisted of a 16 mm to 19 mm 

Matmesbury quartzite (Figure 3). This media resembtes the quartzite 

media used by Young and McCarty (2) , and has a retativety tow surface 

area to votume ratio, Atthough fitter media with retativety high 

surface area to votume ratios have been tested (such as Raschig 
· ) (16)(1B) t · · t 1 t d' h b d td rings , no ex ens1ve experimen au s u 1es ave een con uc e 

21. 

to compare the performance of fitters when using various t ypes of media, 

Fitter No.2 was fitted with a 10 mm to 25 mm ctinker media ( Figure 3), 

(Ctinker, i.e. the remains of burnt coat, is readity avaitabte from 

any coat-burning factory.) In comparison to the Matmesbury quartzite, 

the surface area to votume ratio of the ctinker is retativety high, 

and has a more intricate surface structure. The widety differing 

surface characteristics of the stone and ctinker media were used to 

identify the significance of surface effects on fitter behaviour. 

The stone and ctinker media of Fitters No.1 and 2 were packed on a 

perforated ptate 30 mm from the bottom, to a height of 50 mm betow 

the top (Figure 2) . Respective hydrautic votumes of the stone and 

ctinker fitters were 4920 mt and 5690 mt. 

Fitter No.3 used two types of media in series: 

(a) perforated ptates (Figure 4) were stacked in the tower section 

of the fitter, 

(b) a 14 to 18 mesh quartzite sand was packed in the top section. 

The ptate and sand media of Fitter No.3 were positioned as shown in 

Figure 2. Ptates were packed in the bottom 300 mm of the fitter at 
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CLINKER MEDIA 

MALMSBURY QUARTZITE MEDIA 

FIGURE 3: Photographs showing the Surface Area Characteristics 

of the [tinker and Matmsbury Quartzite Media 



25 mm intervais. The piates with a 25 mm hoie in the centre were 

aiternated with those having 13 mm hoies around the periphery. A 

180 mm thick iayer of sand was piaced above the piate section of 

the fiiter. In order to prevent the sand from faiiing through the 

fiiter, the sand was packed over a 60 mm thick iayer of stone, 

graded coarse at the bottom and fine at the top. The totai voiume 

of the piate section and sand section of the fitter was respectivety 

4500 and 5300 mi, whiie the hydrauiic voiume of each was 4080 and 

2890 mi. 

Soiid-Liguid Separation Mechanisms 

The media used in each fiiter generaiiy utiiized different mechanisms 

for soiid-iiquid separation. 

1. Stone Media 

The stone media utiiized the foiiowing two basic mechanisms 

24. 

for the separation of bioiogicat sotids from the iiquid phase (1 2
): 

2. 

(a) Anaerobic micro-organisms tend to adhere to surfaces. 

(b) Biotogicat ftocs are trapped in the interstices of the 

stone with the fottowing action. Ftocs in the void 

spaces are borne up by the rising gas, but on striking 

an overtying stone the bubbtes break, and re-deposit 

the fiocs. This rotting action of the ftocs in the 

interstices causes them to take a granutar shape. These 

bioiogicat granuies become iarge (0,32 cm in diameter) 

and settte readiiy (2) . 

ciinker Media 

Soiid-tiquid separation by ciinker media was achieved with the 

same two basic mechanisms as the stone media. However, since 

the surface area of the ciinker was much higher than that of 

the stone, the surface adhesion mechanism of the ctinker ptayed 

an increased roie in the soiid-iiquid separation. 
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3. Perforated Piate Media 

The effect the perforated piates have on the hydrauiic pattern 

of the fiiter is iiiustrated in Figure 4. In phase I, 

fermentation gases coiiect on the underside of the piates, 

whiie siudge setties down on the topside. Liquid moves 

through reiativeiy siowiy, causing no disturbances. In phase I I, 

the bubbies have increased to unstabie sizes, and are suddeniy 

reieased through the hoies. Voids ieft by the dispiaced gas are 

taken up by the settied studge which is sucked down through the 

hoies. As a resuit of the turbutence caused by the sudden rise 

of gas bubbies, the contents of the fiiter are mixed quite 

thoroughiy. The net resutt of this intermittent bubbie action 

26. 

is the transfer of siudge down the fiiter. To verify the action, 

experiments were conducted in the fiiter with water containing 

ferric chLoride fiocs. Intermittent Large air bubbtes were 

introduced at the bottom of the fiiter by means of a hydrauiic 
. ( 19) 

'air gun' . The downward movement of the fiocs was cieariy 

apparent after the system operated for an hour or more, and 

eventuaLLy the greater mass of fiocs was concentrated in the 

Lower part of the reactor. 

4. Sand Media 

The sand media was used primariiy to provide a physicai fiiter 

for the stabiLized effLuent from the piate media section of 

the fitter. 

Generai Apparatus 

The generai Layout of one fiiter and its retated equipment is 

schematicaiiy represented in Figure 5, A photograph showing ati 

three fitters and generai apparatus is shown in Figure 6. 

Positions of the 5 mm perspex tube inLet, outiet and sampting ports 

for each fitter are shown in Figure 2. A singLe outLet at the top 

of each fitter served both the efftuent and gas fiows. (Gas-tiquid 

separation was required subsequentLy.) In Fitter No.3, the gas 

generated in the pLate media section of the fitter was measured 

separateLy by providing a cotiecting cone over the centre hoLe in the 
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FIGURE 6: Photograph Showing General, Layout of ri)ters 
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FIGURE 5: Schematic Layout of One Fitter with Rel,ated Apparatus 



Last ptate, and a pipe teading away from the cone to th� gas meter. 

The 1 efftuent' sampting Fort for the ptate fraction of Fitter No.3 

was inserted betow the tast ptate {Figure 2). Inftuent and recycted 

ftows were combined and passed through one intet at the bottom of 

the fitter. A stand pipe connected to the intet was used to reptace 

samptes removed from the fitter, and atso as a trap for air accidentty 

introduced by the pumps. 

28. 

Recircutation cyctes in Fitters No.1 and 2 were from top to bottom, 

i.e. from the efftuent to the inftuent point. In Fitter No.3, severat 

cyctes were used at different stages during the fitter operation 

(Fig�re 2): 

Scheme I: Separate recircutation cyctes for the ptate and sand 

fractions of the fitter. 

Scheme II: Recircutation in the ptate fraction of the fitter onty, 

with the sand fraction operating under ptug-ftow conditions. 

Scheme III: One recircutation cycte from the top of the sand fraction 

(i.e. eff1uent point of fitter) to the bottom of the ptate section 

(i.e. inft�e�t point). 

A gas recircu1ation cycte was used in the ptate section of Fitter No.3, 

The gas cottected from the ptate section of the fitter was recircutated 

to the bottom ptate (see Figure 2). 

The waste feed, reactor recircutation and gas recircutation ftow 

rates were att regutated with peristattic pumps manufactured by 

Scientific Man�facturing Company, of Cape Town. In the tast phase 

of the experimentat programme (Chapter II), the power suppty for the 

pumps was taken from a constant vottage regutator to dampen out 

vottage ftuctuations. 

Separation of the gas from the efftuent was achieved in a seated 

perspex cytir.der with a gas outtet on top, and a water outtet (via 

a LI-tube), on the bottom (Figure 7). Foam carried over in the gas 

tine was cottapsed by passing the gas through a conicat ftask 

containing a smatt quantity of atcohot. 
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FIGURE B: Apparatus for Gas Measurement by the Water Displ,acement Method 



Gas measurements were initiatty made by measuring the water disptaced 

from bett-jars (Figure 8). Before each measurement was taken, the 

pressure in the bett-jar was adjusted to atmospheric by adjusting 

the heignt of the outtet overftow from the jar. The water was not 

acidified, so that it may be expected that some c□
2 

in the gas 

dissotved into the water. This apparatus was tater reptaced by 

wet-type taboratory gas meters manufactured by Atexander Wright 

and Company (Westminster) Limited, of London. 

Att the apparatus and equipment were operated in an air-conditioned 
0 

taboratory at 20 C. The temperature was not constant, and found 

to vary by up to 2
°

C, depending on the externat air temperature. 

Heating of the fitters was first accomptished by passing the 

recircutating fitter contents through a coit (1 m tong and 50 mm 

in diameter) submerged in a constant temperature hot water bath 

at 5 □
0

c. This system was tater reptaced by externat heating etements 

wrapped around the fitter. The etements were insutated etectricatty, 

and to a tesser degree thermatty, with a gtass-fibre ctoth sheath. 

Power to the etement of each fitter was controtted with a rheostat. 

The wine distittery waste was stored in drums kept in a cotd storage 

room at 4
°

C. A quantity was transferred daity to a gtass container 

next to the fitter, and stirred continuousty with a magnetic stirrer. 

Ptastic tubing of 2 mm diameter was used for both the tiquid and 

gas tines. The tengths of these tines were kept as short as possibte 

so as to (a) minimise biotogicat growth in the tubes, (b) minimise 

heat tosses in the recycte tines, and (c) detect changes in the gas 

composition immediatety. 

30. 
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E. OPERATING PROCEDURES 

The fitters were operated with the objective of incrementatty 

increasing their toad untit faiture of the process occurred. At 

each increment sufficient time was attowed for stabte or perhaps 

'steady state' conditions of operation to be achieved. During these 

periods of stabte operation, the treatment efficiency of the fitter 

process was measured. Periods of unstabte operation, such as during 

start-up, and toad and temperature ftuctuations, were usefut for 

determining the response of the fitter to changes in operating 

conditions. 

Measurements of the treatment efficiency during 'steady state' were 

not taken untit at teast 10 days had etapsed from the time of the 

toad increase. Stabte, or 'steady state' conditions of operation 

were assumed when: 

(a) waste ftow and gas production remained retativety constant, 

(b) CO
2 

to CH
4 

ratio in the gas remained constant, 

(c) tow votatite fatty acid concentrations prevaited, 

(d) pH remained constant near 7,0, 

(e) temperature remained approximatety constant at 35
°

C. 

Feed coutd be kept fairty constant at any one toading rate, but the 

toading rate tevet coutd not be pre-determined accuratety because 

of the changes in the concentration of the waste, and because of 

inaccurate pump operation. However, hydrautic retention times were 

generatty decreased from 15 to 2 days, and COD toad rates per unit 
3 

totat votume increased from 0,8 to 10, □ kg/day/m . 

(20) (21) 
Atthough start-up of an anaerobic process is often troubtesome , 

the fottowing operating procedure was successfut. Each fitter was 

seeded with 300 mt of activety digesting domestic studge obtained 

from the Athtone Sewage Works of Cape Town, and topped up with 

anaerobic domestic sewage. Recircutation and heating of the fitter 

were started simuttaneousty, but the spent wine feed was not commenced 

titt one day tater. At this stage, the gas production indicated that 



the micro-organisms were becoming active. A tow toading rate of 

O,B kg/day/m
3 

was apptied for 3 to 4 weeks to attow the micro­

organisms a period of acctimatization and growth. During the first 

five days of operation, the pH was depressed and required frequent 

adjustments to pH 7,0. The quantity of 1 !:J. NaHC0
3 

required to 

adjust the pH was catcutated by removing a sampte from the fitter 

and titrating it to pH 7,0. The sodium bicarbonate was fed 

intermittentty to the fitters through the sampting ports with a 

syringe. 

The fitters were shut down simpty by stopping the feed, and 12 hours 

tater the recircutation and heating. Fitters were stored in the 
0 

taboratory at 20 C. 

Reactivation of the process was achieved by starting up the 

recircutation and heating, and a day tater the waste feed. A tow 

toading rate of O,B kg COD/day/m
3 

was initiatty imposed on the fitter, 

but this was rapidty increased over two days to 4 kg COD/day/m
3

• 

No pH controt was required. 

Four batches of wine distittery waste were used, the characteristics 

of eac� being given in Tabte II. Batch No.3 was discarded after a 

few days sines it was too ditute. Batches No. 2 and 3 w�re obtained 

32. 

from the Paart Sewage Works, and Batches No. 1 and 4 from the Stettenbosch 

Sewage Works. 

The composition of spent wine feed from any one batch was kept 

constant by fottowing the procedure described betow: 

Waste in the cotd storage room was mixed thoroughty before removing 

the quantity required each day. This was transferred to a ctean 

gtass feed container, and stirred stowty and continuousty white 

being fed to the fitters. Every week, the watt growths on the 

feed tines were cteaned either by squashing the tube, or by passing 

a strong jet of water through them. 

Stow speed peristattic pumps were used to feed the waste continuousty 

at rates ranging from 360 to 4600 mt/day. Often, the operation of 

these pumps was erratic due to vottage ftuctuations in the power­

suppty, teakages past the rotter and tube of the pump, and other 

generat breakdowns. 



TABLE II 

Chemicat anatysis of the four spent wine batches used in this 
investigation. 

WASTE BATCH NO. 
TEST 

1 2 3 

Totat COD tng/t 23 200 28 600 12 200 

Sotubte COD mg/t 21 DOD 21 700 -

Votatite Suspended Sotids mg/t 3 400 2 270 -

Votatite Fatty Acids mg/t 3 010 4 250 -

(as acetic acid) 

pH 5,6 4, 75 -

4 

32 650 

30 800 

1 303 

-

4,30 

w 

w 



Rates of recycte for Fitters No. 1 and No. 2 were kept constant at 

70 mt/min to give hydrautic ft□w through times of 1,17 and 1,35 

hours respectivety. During the first 64 days of operation of Fitter 

No. 3, two separate recircutati□n cyctes were used; one for sand, and 

the other for the ptate media section (recircutation Scheme I - see 

Figure 2). Rates of recycte were in both cases 21 mt/min, giving 

hydrautic ftow through times of 2,30 and 3,24 hours for the sand and 

ptate sections respectivety. From day 64 to 110, recircutation to the 

sand media section was discontinued, and ptug ftow conditions were 

aiiowed to exist (recircuiation Scheme II). Recircuiation in the ptate 

fraction continued at 21 mt/min. On day 110, fotiowing btockages in 

the sand, recircuiation was changed to a cycte from the top of the sand 

to the bottom of the ptate section at a rate of 21 mt/min (recircuiati□n 

Scheme III). Since the btockage in the sand caused the fitter contents 

to escape via the gas tine from the ptate sector, the gas tine was 

shut off. This action forced ati the gas to pass through the sand sector, 

which further assisted in unbtocking the sand. 

The high speed peristattic pumps used for the recircuiation cyctes 

operated satisfactority, except for the tubes which had a tendency to 

sptit frequentty at irregutar intervais. 

To assist in mixing, recircuiati□n of gas in Fitter No. 3 was used for 

the first 17 days of operation. Gas production was then considered 

sufficient to operate the mixing and s□tid-tiquid separation action of 

the ptate media, and recircuiation was terminated. 

Temperatu2es in the fitter were controited as ctosety as possibte to 

35
°

C, but variations in the temperatures of the tab□ratory attered the 

fitter temperatures accordingty. Disruptions in the tP-mperatures were 

mainty due to faitures of the recycte system. With the hot water bath 

system of heating, breakdown of recycte towered the temperature of the 

fitter to ambient, i.e. 20
°

C, white with the externat heating etement 

system, breakdown of the recycte caused the temperatures at the top and 

bottom of the fitters to change from 35
°

[ to approximatety 36
°

C and 42
°

C 

respectivety. 

Reptacing the hot water bath system of heating with the heating etement 

system reduced the temperature gradient aiong the iength of the fitter 

and etiminated the tong recircuiati□n tine. 



The onty studge teaving the system regutarty was that escaping in 

the efftuent. No studge was wasted as a routine, but studge was 

occasionatty wasted fottowing btockages in the fitter, arid atso as a 

resutt of accidents. 

Tests carried out on the fitter were conducted in a specific order 

so as to minimise their effect on each other. The order in which 

the tests were carried out is as fottows: 

1st Gas anatysis for its components. 

2nd - Gas ftow measurement. 

3rd Waste ftow measurement. 

4th Removat of sampteefrom the top, middte and bottom 

sampting taps,in that order, for the measurement of pH 

and temperature. 

5th Removat of samptes from 4 above and from the efftuents for 

miscettaneous tests. 

Gas anatysis for the methane, carbon dioxide and nitrogen components 

was conducted using a gas chromatograph (Appendix I). During 'steady 

state' operation of the fitters, an anatysis of the gas was performed 

every second or third day so as to obtain its average composition. 

During the periods of unsteady operati�n, anatyses were conducted 

more frequentty, since the composition of the gas was used as an 

indication of the stabitity of the process. 

Average ftows of waste treated and gas produced were recorded deity 

by measuring their votumes over specific time periods. The ratio 

35. 

of gas production rate to waste ftowrate supptied an accurate indication 

of the performance of the process. The votume of gas from the ptate 

section of Fitter No.3 was measured separatety to determine the 

fraction of the waste stabitized in that section of the fitter. 

The temperature and pH of the fitter contents were measured by opening 

the sampting ports into beakers containing a thermometer and pH 

etectrode. Readings were taken immediatety to prevent toss of heat 

and carbon dioxide,so as to increase the accuracy of the temperature 

and pH measurements respectivety. To obtain a representative sampte 



36. 

from the fitter, the tiquid in the sampting port was wasted into a 

container before the actuat sampte of.± 50 mt was removed. Att the 

mixed tiquor withdrawn from the ports was returned to the fitter via 

the stand pipes. Readings.of the temperature and pH (n1ainty an samptes 

frum the centre sampting port) are re�orded deity. However spot cl1ecks 

were conducted more frequentty during unstabte conditions. 

Chemicat oxygen demand and votatite suspended sotids tests were 

conducted on representative samptes of the efftuent (Appendix I). 

These tests were performed onty during periods of 'steady state' 

operation of the process, so as to obtain the average quatity of 

the efftuent. 

Votatite fatty acids concentrations were measured mainty on samptes 

taken from the centre sampting ports, but occasionat measurements 

were made atong the tength of the fitter to determine the concentration 

profits. Since the test was used onty to indicate the stabitity of 

the process, daity readings were taken during unstabte conditions, 

but tess frequentty during stabte operation of the process. 

Votatite sotids concentration measurements of the mixed tiquor in the 

fitters were abandoned since the concentrations in consecutive samptes 

taken from one sampting port at any one time showed wide ftuctuations. 

An accurate measure woutd have required many targe samptes from the 

fitters, and the process performance woutd have been affected by the 

sotids removed. 



F. RESULTS 

The routine measurements recorded during the operation of the three 

fitters are graphicatty represented in Figures 9, 10 and 11. There 

seemed tittts merit in tabutating daity resutts , since individuat 

resutts give onty an approximate indication of the fitter performance. 

Trends in the performances of the fitters, which are of more vatue 

than individuat resutts, are easity fottowed on the graphic 

presentations (Figures 9, 10 and 11). 

37. 

Testing periods during which the processes were assumed to be operating 

in a steady state are shown by the shaded areas in Figures 9, 10 and 11. 

Fitters No.1, 2 and 3 were operated at 5, 5 ��cl 5 •s�uady-s�dTs \cvsts 

respectivety. Average resutts describing the treatment efficiency and 

generat performance of the fitters during these 'steady state' periods 

are summarized in Tabte III, and graphicatty repreaented in the 

figures of the Discussion (Part G). 

The diagrams of the daity resutts (Figures 9, 10 and 11) are particutarty 

usefut for fotL□wing the behaviour of the fitter during unstabte conditions 

such as start-up, and temperature and toading rate ftuctuations 

The arithmetic mean was used to obtain an average of the readings 

recorded during the 'steady state' period. White this is the obvious 

me���d for obtaining the average for the waste ftow, g�s production and 

gas composition measurements, the method can be apptied atso to the 

COD and VSS measurements, as shown betow: Ptots of the totat and 

sotubte COD measurements for waste batches No.1, 2 and 4 on the 

cumutative percentage probabitity paper yietd straight tines (Figure 12) 

Therefore, the measurements are normatty distributed, and the arithmetic 

mean is the best estimate of their average vatue. Simitar probabitity 

distributions were generatty obtained from the CDD's and votatite 

suspended sotids concentrations in the efftuents,as shown for Test 4 

of Fitter No.2 (Figure 13). The arithmetic mean is therefore atso 

a vatid estimate of the average efftuent COD and VSS vatues. Standard 

deviation from the mean was in att cases in the order of 15%. 

Smatt ftuctuations in the ratio of the gas produced to the waste 

treated may originate from inaccuracy of measurements, minor ftuctuations 

in the temperature, and generat random ftuctuations usuat in biotogicat 
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. WASTE GAS . 

D 
D z FLOW FLDW(a) z 

w :r 
f- f- u 
U"J U"J f-
w 

<:C <:C mt/d mt/day f-
3p::i 

FILTER ND. 1 (STONE) 

1 1 360 4 244 
2 1 706 8 170 
3 2 1364 18 441 
4 2 2025 32 430 
5 4 2322 36 850 

FILTER ND. 2 (CLINKER) 

1 1 383 4 689 
2 1 733 9 550 
3 1 1529 18 840 
4 2 1993 27 530 
5 2 2931 48 160 
6 4 3253 4 7 91 D 

FILTER ND. 3 (PLATE-SAND) 

1 1 368 4 960 
2 1 690 9 165 
3 2 1377 19 614 
4 2 2057 33 820 
5 4 2567 37 DOD 

3 (a)➔� 2 1262 17 296 
I 

TABLE III 

Resutts of 'steady-state' tests conducted on the three fitters at various toading rates. 
(see overteaf for exptanation of symbots) 

CH4 VSS TOTAL SOLUBLE HYD. LOAD RATE (c) RATIO (d) RATIO(e) COD ( f) 
CH ( g) RATIO 

EFF. COD COD RET.(b) GAS/ COD/ DESTR. 4 
Cg)/( f) kg COD/DAY /m 3 

WASTE vss 
PROD. 

g COD/ g COD/ 
% mg/t mg/t mg/t DAYS HYD. DAY % TOTAL DAY 

59,9 - 1068 - 13,67 0,85 1, 70 11 ;78 - 8,16 6, 72 82,4 
59,D 771 1841 766 6,97 1, 6 7 3,33 11,57 1 ,4□ 15,85 12,42 78 ,2 
67, 8 901 1998 943 3,61 3,98 7,93 13, 51 1 , 17 37,70 32, 1 D 85,2 
66,□ 1084 3218 144 7 2 ,43 5,91 11, 77 16,00 1,63 55, 10 55, 1 D 100,0 
60,D 831 5 752 4538 2,12 7, 74 15,41 15,86 1,46 65,30 56,90 87,D 

59,1 - 584 - 14,86 □,91 1 , 56 12, 24 - B,73 7,12 81,5 
5 9, 1 - 1103 - 7,76 1, 73 2,99 13,03 - 16,65 14,50 8 7, D 
58,7 1128 2252 724 3, 72 3,62 6,23 12,32 1, 36 35, DO 28,40 81,3 
68,1 1078 2563 952 2,85 5,82 10,02 13,81 1, 50 55, 20 48, 10 87,□ 

66,5 1709 3998 1437 1, 94 8,55 14, 73 16 ,43 1,5□ 79,50 82,30 103 ,□ 

63 ,4 1151 8224 6060 1, 75 1 □, 84 18, 6 7 14,73 1,88 86,40 78, 1 D 90,5 

- - 540 - 18,94 D, 87 1,23 13 ,48 - 8 ,43 7,81 92, 5 
- 517 684 517 1 D, 1 D 1 , 6 3 2,30 13,28 0,32 15,65 14,30 91,5 
- 624 1083 618 5,06 4, 02 5,65 14, 24 D, 75 38,60 39, 14 88,5 
- 453 1566 925 3,89 6,□□ 8,44 16,44 1 ,42 5 7, DD 56,88 100,D 

56,5 1078 6512 6070 2, 72 8,55 12,03 14,40 D ,41 68,3 53, 80 78, 8 
- - 1233 731 5,52 3,68 5,18 13, 71 - - - -

PLATE SECTOR OF FILTER ND. 3 

3(a) 2 1262 15 833 66,7 780 2450 1432 3,23 8,02 8,85 12,55 1, 32 - - -

4 2 2057 30 792 64,8 · 7789 15900 2898 1 , 9 B 13 ,07 14,42 14,97 1, 67 - - -

5 4 2567 - - 1391 7813 6320 1 , 5 9 18,62 20,54 - 1,07 - - -

( h) 

% 

-

98,2 
98,2 
96,4 
87,4 

-

-

98,4 
98,1 
96,4 
82,7 

-

99,3 
99,3 
98,2 
82,7 
-

-

-

-

.r.,. 
.r.,. 
. 



(a) 

( b) 

( C) 

( d) 

( e) 

( f) 

( g) 

( h) 

TABLE III (continued) 

0 
Gas votume as measured by the gas-meters at 20 C. 

Hydrautic retention time of the fitters in days. 

Load rates/unit votume of fitters are given in terms of both 
hydrautic and totat votumes of the fitters. 

Ratio of gas produced to hydrautic ftow of waste. 

Ratio of suspended sotids COD (i.e. difference between totat 
and sotubte COD) to votatite suspended sotids concentration. 

COD destroyed is approximated by the difference between the 
totat COD in the inftuent and the sotubte COD in ihe efftuent. 
(Sotubte COD in the efftuents at tow toading rates was not 
measured, but it is assumed to be tow for the purpose of the 
catcutation.) 

Methane production is corrected to STP (page 46), and converted 
to COD (350 t of CH

4 
at STP is equivatent to 1 kg COD). 

Treatment efficiency is measured in terms of biodegradabte COD 
reductions in the waste. 

Test 3(a) was conducted on days 65 to 67 with the sand sector 
under ptug ftow conditions. 

45. 
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processes. Significant deviations from the estabtished stabte 

pattern have assignabte causes such as significant temperature 

changes, starting-up conditions, changes in the batches of waste, 

and changes in the 1oading rates. The exact cause for each 

deviation may be identified on Figures 9, 10 and 11. The 

unrea1istica11y high ratios recorded in Tests No.4, 5 and 4 of 

Fitters No. 1, 2 and 3 were probab1y caused by incorrect settings 

on the gas meters. 

Chromatograms for the anatysis of a standard gas and a typica1 gas 

obtained from the fitters are shown in Figure 14. Ca1cu1ation of 

the composition of the gas is based on the approximation that peak 

heights of the gas components registered by the chromatograph are 

proportiona1 to their concentrations. This is a vatid approximation, 

since the composition of the standard gas is nearty the same as that 

of the digestor gas. Factors causing variations in the composition 

of the gas were the same as the factors mentioned above as atso 

causing the variations in the gas production. 

The vo1umes of methane produced were adjusted to STP for comparative 

purposes. Adjustment was made for an assumed average gas temperature 

of 25 ° [, and a corresponding water vapour pressure of 24 mm mercury. 

The correction was apptied by assuming the gas to be ideat, i.e. 

where subscript 1 refers to the measured conditions, and subscript 

2 to the STP conditions. Corrected votume is therefore: 

( 
273 736

) v2 v1 298 · 760 

or o,888 v
1 

i.e. the measured votume must be reduced by BB,8% for STP conditions. 

46. 



G. DISCUSS ION 

The discussion on the performance and behaviour of the three fitters 

operated in this thesis is divided into three parts: 

1. Performance of the fitters with regard to 'steady-state' 

treatment efficiencies and capacities. A comparison is made 

between the three fitters and between the fitters and other 

anaerobic systems. 

4 7. 

2. Apptication of the continuous cutture kinetic modet to the 

anaerobic fitter process. On this basis, steady-state performance 

of the fitters is described. 

3. BehaviouraL characteristics exhibited by the fitters, especiaLLy 

during unstabte conditions of operation. 

1. Steady-State Treatment Efficiencies and Capacities 

The steady-state treatment efficiencies and capacities of the three 

fitters during incrementaL increases in the waste Loading rates are 

summarized in Tabte III. 

Treatment capacities of the processes were measured in terms of waste 

Loading rates per unit hydrauLic votume of reactor (kg COD/day/m ), 

not in terms of the more usuat parameter, waste Loading rate per unit 

mass of organisms in the reactor, since no accurate measure of the sotids 

concentrat�□ns in the fitters was possibte. The hydrauLic votumes of 

the fitters were used as a basis for the treatment capacity measurements 

of the processes, since the votume of the media is inert. 

Treatment efficiencies of the processes were measured in terms of 

percentage reductions obtained in the biodegradabte COD of the spent 

wine inftuent, assuming 1,5% of the COD of spent wine to be unbio­

degradabte. As the COD of the spent wine was virtuaLLy comptetety 

in a sotubte or sotubiLizabLe form, the sotubte COD in the efftuent 

coutd be used as a retiabte measure to determine the efficiency. 

The retationshipsbetween treatment efficiencies of Fitters No. 1, 2 

and 3 versus (a) COD Loading rates and (b) hydrautic retention times 

are graphicaLLy represented in Figures 15 and 16. In examining 
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Figures 15 and 16, it shoutd be noted that as the Loading rate increases, 

the hydrautic retention time decreases correspondingty. ALL three 

fitters generaLLy exhibited the same trend: 

(a) 
3 Under Low Loading rates of approximatety 4 kg/day/m , 

treatment efficiencies were high - about 98,5% COD removats 

(Figure 15). These Loading rates correspond to fairLy Long 

retention times of approximateLy 6 days (Figure 16). 

(b) As the Loading rates were increased from the initiaL Low 

vaLues (4 kg/day/m ), the processes proved to be reLativeLy 

insensitive to Loading rate, and the treatment efficiencies 

showed onty minor reductions. However, when the Loading rate 

was increased to a certain LeveL (which differed between the 

three fitters), the treatment efficiency exhibited rapid 

deterioration, indicating that process faiLure was imminent. 

The Loading rate just before faiture was taken to be the maximum 

permissibte for the process. Maximum Loading rates for the stone, 

ctinker and ptate-sand fitters were 11,B; 14, 7; and B,3 kg/day/m
3 

respectivety, corresponding to 2,5; 1,9; and 3,8 days of hydrautic 

retention time (Figures 15 and 16). At higher Loading rates 

treatment efficiency showed further rapid deterioration, to as% 

COD reductions and Less. 

TotaL COD (i.e. sotubte ptus suspended sotid COD) in the effLuents from 

the fitters were considerabty higher than indicated by the treatment 

efficiencies, since the efftuent contained a significant concentration 

of suspended sotids. The reLationships of totaL COD and votatite suspended 

sotids concentrations in the efftuents versus (a) COD Loading rates and 

(b) hydrautic retention times are shown in Figures 17, 18, 19 and 20. 

Within the range of Loading rates imposed on the fitters, the votatite 

suspended sotids concentration in the efftuents from att three fitters 

remained fairLy constant (Figure 20). The stone, cLinker and ptate­

sand fitters detivered efftuents with votatite suspended sotids 

concentrations of approximatety 900, 1300 and 700 mg/L respectivety. 

Since the suspended sotids concentrations in the efftuents remained 

fairty constant, totat [□D's in the efftuents necessariLy show the same 
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trend and behaviour as the soiubie CDD's (Figures 17 and 18), and 

consequentiy aiso the same trend as the treatment efficiency (compare 

Figure 15 with Figures 17 and 18). At ioading rates above maximum 

permissibie, the effiuent quaiity deteriorated rapidiy to 6000 mg/i 

of totai COD and more, whiie beiow the maximum permissibie, the 

54. 

effiuent quaiity remained fairiy constant at 2000, 2000 and 1,200 mg/i 

of totai COD for the stone, ciinker and piate-sand fiiters respectiveiy. 

Thus faiiure was not evident from the rate of ioss of the suspended 

soiids, but from the concentration of the soiubie COD in the effiuent. 

The fact that the soiids concentration in the effiuent did not increase 

significantiy when the process showed incipient signs of faiiure 

(compare Figures 17 and 20) is not contrary to the predicted theoreticai 

behaviour. The theory described in Section 2 of the discussion indicates 

that faiiure is aimost whoiiy dependent on the soiids retention time; 

faiiure occurring when the soiids retention time is reduced to iow 

ieveis. Aiso, the theory shows that significant reductions in the 

soiids retention time may be achieved with minor increases in the voiatiie 

suspended soiids concentration in the effiuent. These increases in the 

votatite suspended sotids concentrations are of the same order observed 

in the experimentat data presented in Figure 20. 

Surface Area Effect 

A vatid comparison of the sotid-tiquid separation capacities of the 

different fitter media can be made onty on a basis of votatiie soiids 

concentration (□r m□saj measurements in the fitter. Unfortunatety, 

sotids determinations in the fiiters were not possibie because: 

(a) sotids concentrations in consecutive samptes removed from one 

sampting port varied widety. Ats□, the concentrations varied 

atong the tength of the fitters. 

(b) a fraction of the soiids remained attached to the surface of 

the media. 

However, the effects of surface area and surface characteristics on 

the process pBrformance of the three fiiters can be quaiitativeiy 

investigated by comparing soiubie COD, treatment capacity, and voiatiie 
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suspended s□Lids concentration in the efftuents from the three fitters. 

Comparisons are made on a basis of hydrautic retention times, and COD 

Loading rates in terms of the hydrautic v□Lume of the fitter. The 

v□Lumes of the media are thus excLuded from the comparison. 

5oLubLe COD concentrations in the efftuents from Fitters No. 1 and 2 

(which contain stone and cLinker media respectiveLy) are compared on 

Figures 17 and 18. These figures cLearLy demonstrate that the s□LubLe 

COD in the cLinker fitter effLuent was consistentLy tower than that 

from the stone fitter, especiaLLy at the higher Loading rates. Ats□, 

the maximum permissibte Loading rate for the cLinker fiLter is seen to 

be about 20% higher than that for the stone media (Figure 17). Since 

the fitter which contains the higher mass of organisms wiLL deLiver the 

better quatity effLuent, and aLso treat the higher Loading rate, it 

appears that the cLinker media was more efficient in retaining micro­

organisms. 

Contrary to the above concLusion, a comparison of the voLatiLe suspended 

sotids concentrations in the effLuents shows that the stone fiLter in 

fact wasted Less s□Lids than the cLinker fitter (Figures 19 and 20). 

A possibLe exptanation is that the cLinker was abte to retain high 

concentrations of active micro-organisms on its surface, white reLeasing 

the inactive sotids to the efftuent stream. Thus, atthough the ctinker 

fitter wasted more votatite suspended sotids, it is possibte that Less 

active micro-organisms were wasted than from the stone fitter. 

A visuat examination of the cLinker and stone (Figure 3) indicates that 

the specific surface area of the ctinker is considerabLy higher than 

that of the stone. However, the maximum permissibLe Loading capacity 

for the ctinker fitter was onLy 2 □% higher than the maximum for the 

stone fitter. It thus appears that biotogicat sotids adhesion to 

surface area does not ptay an important r□Le in the sotid-tiquid 

separation system of the fitter. It fotLows that the butk of the micro-

organisms are retained in the void spaces provided by the media. 

This deduction is supported by examining the performance of the pLate 

media (very L�w surface area) of Fitter No. 3. Sotubte and totat COD 

in the effLuent at a Loading rate of 8,8 kg/day/m
3 

were in ths same 

range as the COD from the stone and cLinker fitters (Figure 17). 



The concLusion from the comparisons is that fitter media shoutd not be 

chosen with the objective of providing targe surface area, but rather 

with the objective of improving the sotid-tiquid separation mechanism 

in the voids. Of importance atso is the fact that stone and ctinker 

occupy about sofa of the reactor votume. Reduction of media votume 

wouLd provide additionat treatment capacity to a much greater extent 

than the possibte improvement based on surface characteristics of the 

media. 

Comparison_Between_the_Three_FiLters 

In order to make a practicat comparison between the performances of 

the fitters, one shouLd compare the behaviour using the totaL votume 

of the reactor. Even though a process may be more efficient per unit 

hydrauLic voLume, the system may in fact be Less efficient per unit 

totaL reactor voLume since media such as stone and ctinker occupy a 

significant fraction of the reactor voLume. Comparisons between the 

56. 

performances of the fitters are made in terms of sotubLe COD, voLatiLe 

suspended sotids and totaL COD in the effLuents, and treatment capacity. 

Treatment capacity: The maximum permissibLe Loading rates obtained 

from Fitters 1, 2 and 3 were 5,9; B,55 and 6,0 kg/day/m
3 

(Figure 21). 

Thus highest Loading rate was achieved by the ctinker fitter, foLtowed 

by the combined pLate-sand fitter and the stone fitter. In making this 

comparison, it shoutd be noted that the ptate-sand fitter gave the best 

performance untiL the highest Loading rate was attained (8,55 kg/day/m
3

). 

(At this Loading rate there was in evidence a sharp drop in the fitter 

performance.) During the earLy period of operation (i.e. at Loading rates 

beLow 8,55 kg/day/m ), recircutation in the sand fraction of Fitter No. 3 

was kept separate from the pLate fraction (recircuLation Schemes I and II -

see Figure 2). However, at the highest Loading rate, the sand btocked 

up with soLids, forcing the efftuent to escape through the gas-tine of 

the pLate sector (see Figure 2). To free the btockage, the gas-tine 

from the pLate sector was shut off, and recircutation changed to inctude 

the sand fraction (i.e. from the top of the sand sector to the bottom 

of the pLate sector - see recircutation Scheme II in Figure 2). The 

sotids concentration in the efftuent increased significantLy with the 

tatter system of recircutation, which accounts for the poor performance 

of the fitter at the highest toading rate. 
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Sol.,ubl.,e [OD! If the anaerobic fil.,ters are to be operated under 

continuous stabl.,e conditions, the 1,oading rates imposed on the process 

must be bel.,ow maximum. Thus, sol.,ubl.,e COD in the effl.,uents are compared 

at tow Loading rates of about 3 kg/day/m . Fil.,ters No. 1, 2 and 3 

del.,ivered effl.,uent so1ubl.,e CDD's of 900; 700 and 500 mg/1, respectivel.,y 

(Figure 21). Best treatment efficiency was obtained from Fil.,ter No. 3 

(with sand fraction operation under pl.,ug-fl.,ow or with separate recircul.,ation), 

fol.,1,owed by tha cl.,inker and then the stone media fil.,ter. 

Vol.,atil.,e suspended sol.,ids: The rel.,ationship between vol.,atil.,e 2uspended 

sol.,ids concentrations in the effl.,uents and COD 1,oading rates is rep�e2ertsd 

in Figure 22. The pl.,ate-sand fil.,ter consistentl.,y del.,ivered the 1,owest 

concentration during the period when recircul.,ation of the sand fraction of 

the fil.,ter was kept separate, i.e. until., the highest 1,oading rate on the 

fil.,ter. Hence, the pl.,ate-sand fil.,ter shoul.,d have been abl.,e to retain the 

highest mass of organisms, and consequentl.,y operate with the 1,ongest sol.,ids 

retention time of the three fitters. This assumption is substantiated by 

the fact that the pl.,ate-sand fil.,ter del.,ivered the 1,owest effl.,uent sol.,ubl.,e 

COD ( Figure 21), A possibl.,e expl.,anation for the fact that vol.,atil.,e sol.,ids 

concentrations in the effl.,uents from Fitters No. 1 and 2 were inconsistent 

with the rel.,ative treatment efficiencies has al.,ready been offered (page 55). 

Total., COD: The ranking of the fitter performances based on total., COD is 

the same as the rar1king fuu11d with sol.,ubl.,e COD, since the COD associated 

with the suspended sol.,ids in the effl.,uent remains approximatel.,y constant. 

General.,1,y, the best performance was given by the combined sand-pl.,ate fil.,ter, 

fol.,1,owed by the cl.,inker fil.,ter and then the stone fitter. However, it shoul.,d 

be remembered that the sand of Fil.,ter No. 3 is more prone to bl.,ockages than 

the stone and cl.,inker of Fitters No. 1 and 2. 

To compare the effect of pl.,ug-fl.,ow and separate recircul.,ation in the sand 

sector of the pl.,ate-sand fitter (recircul.,ation Schemes I and II - see 

Figura 2), measurements were made during the operation of both systems for 

a 1,oading rate of 4,0 kg/day/m . Virtual.,1,y no difference was detected in 

the sol.,ubl.,e and total., [ □D's of the effl.,uents (compare Test 3 and 3(a) in 

Tab 1,e I I I ) . 

Since it was real.,ized that bl.,ockages in the sand of Fitter No. 3 coul.,d 

be an adverse featurG affecting the whol.,e fitter, it was decided to 

test the 1 effl.,uent' from the pl.,ate section of the fitter, i.e. test 

the mixed Liquor before it passed into the sand sector. At a Loading 

rate of 8 kg/day/m
3 

on the total., disc sector vol.,ume the 'effl.,uent' 
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sotubte COD and votatite suspended sotid concentrations were 1432 mg/t 

and 780 mg/t respectivety. The sotubte COD at this toading rate is 

considerabty better than the efftuent sotubte COD from the stone fitter, 

and atmost identicat to that obtained from the ctinker fitter (for a 

toading rate based on totat votume) (Figure 21). The votatite suspended 

sotid concentration was in the same range as that from the other fitters 

(Figure 22). Thus at this toading rate, the ptates appeared to operate 

satisfactority as a method for sotid-tiquid separation and mixing. 

( Compared on a basis of hydrautic votume, the performance of the ptate 

sector was inferior to the ctinker and stone fitter performance.) 

At the next toading rate (13 kg/day/m
3

) the efftuent quatity of the 

ptate sector deteriorated to a sotubte COD of 1930 mg/t, and a votatite 

suspended sotid concentration of 7740 mg/t. The high votatite sotid 

concentration indicated that a targe fraction of the biotogicat sotids 

in the reactor woutd have been tost in the efftuent had the sand tayer 

not hetd them back. Thus at this toading rate, the process woutd have 

deteriorated far more than indicated by the sotubte COD. These 

experiments show that there is an upper timit to the sotids retention 

abitity of the ptate fitter. 

One can conctude that, based on totat fitter votume, the generat 

performance of the ptate sector of Fitter No.3 is simitar to that of 

the stone and ctinker fitters. However, the ptate media has more 

potentiat for possibte improvements in design: 

(a) Mixing the contents of a ptate fitter can be achieved by fitting 

, · , 
( 1 9 ) 

( t · d · t ) t th b t t f an air-gun opera ing on iges or gas a e o om o 

the fitter. The intermittent nature of the gas discharge from 

the gun assists in the separation of the sotids from the tiquid. 

A different design of the ptates, such as inctined ptates, coutd 

further improve the sotid-tiquid separation mechanism. 

(b) Ptate media have a tow votume compared to stone or ctinker media. 

Thus, for the same concentration of micro-organisms in the mixed 

tiquor of a fixed totat votume of reactor, the ptate media 

reactor is abte to retain a higher� of micro-organism than 

the stone and ctinker media reactors. Since treatment performance 

is dependent on the mass of micro-organisms, the ptate media 

shoutd give a higher performance in terms of totat votume of 

reactor, providing sufficient mass of micro-organisms can be 

retained. 



Comparison_□f_the_Fitters_with_□ther_Systems 

Comparisons between the fitters of this project and other types of 

reactors shoutd be made on the basis of COD Loading rates per unit 

totat votume of reactor. In this way, the totat votumetric capacities 

of the reactors are compared. Furthermore, when comparing the contact 

sys tern with the fitters ( as a system), due account must be taken of the 

votumetric capacity of the sedimentation tanks required in the contact 

system. 
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The maximum permissibte Loading rates which the stone, ctinker and 

ptate-sand fitters were abte to sustain, before showing signs of faiture, 

were respectivety 5,9; 8,6; and 6,0 kg/day/m
3 

(Figure 21). In practice, 

futt-scate processes are usuatty operated wett betow their maximum 

permissibte Loading rates. A safe Loading rate for the fitters woutd 

be about 2 kg/day/m
3

, which gives a 'factor of safety' of about 3 (13) . 

Att three fitters,when operated at this Loading rate, gave treatment 

efficiencies of approximatety 98,5%, and detivered efftuent totat [□D's 

and suspended sotids concentrations of approximatety 1500 mg/t and 

700 mg/t respectivety (Figures 21 and 22). 

These resutts can now be compared with: 

(a) a futt-scate anaerobic contact process treating spent wine at 
D ( 1 ) 35 C, as operated by the [SIR (see Part B) . 

(b) Laboratory scate fitters treating synthetic wastes at 25
°

[, as 
(2) operated by McCarty and Young (see Part C) . (Reports on 

fitters operated at 35
°

[ are not avaitabte.) 

(a) Contact_Process_Treating_Spent_Wine 

The suggested maximum Loading rate consistent with stabte fietd 

operation, for the futt-scate contact process treating spent wine 
0 3 at 35 C, was 3,1 kg/day/m of reactor, or 2,0 kg/day/rn of 

( 1) reactor and sedimentation tank votume The tatter vatue is 

approximatety the same as the maximum Loading on the fitters, 

ossumin0 a facto� of safety of 3. 
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In catcuLating the treatment efficiency for the fuLL-scate contact 

process, it was assumed that the reported COD in the effLuent was 

the sotubte fraction onLy. The treatment efficiency thus caLcuLated 

(for a Loading rate of 2 kg/day/m3 ) is virtuaLLy identicat to 

that of the anaerobic fitters, i.e. 9B,5% COD removaLs. 

A comparison is not possibte between the totaL COD's in the 

efftuents,since the suspended soLids concentrations in the effLuent 

from the contact process were not reported. The report indicates 
( 1 ) that no sotids were purposety wasted from the process . If one 

therefore accepts the assumption that the treatment efficiencies 

(based on s□Lubte COD) of the fitter and contact system are 

itenticat, it may be conctuded that the sotids concentration in 

the effLuents from the two systems was of the same order. 

Thus, for stabte process operation, the anaerobic contact and 

fitter systems appear to offer atmost identicat treatment efficiencies 

and Loading capacities. 

(b) Anaerobic_Fitters_Treating_Synthetic_Wastes 

The anaerobic fitters operated by Young and McCarty treated a 

retativety Low strength synthetic waste (COD between 1500 and 

6000 mg/L) at 25 ° C, under ptug-ftow conditions (2) . The maximum 

Loading rates, at which the process showed an excessive washout of 

organisms and a deterioration in process performance, was found 

to be 3,4 kg/day/m . In comparing this Loading rate with the maximum 

permissibte Loading capacity of fitters treating spent wine, it 

shouLd be remembered that process performance is significantty 

increased by raising the temperature from 25°C to 35 °C - it is 

usuatty assumed that the Loading capacity is doubted for a 10 deg 

C rise in temperature. Thus for operation at 35°C, the maximum 

Loading rates for the fitters operated by Young and McCarty woutd 

be of the same magnitude as those operated in this thesis (i.e. 

5,9 to B,6 kg/day/m
3). 

Reported treatment efficiencies for the Young and McCarty fitters 

varied between about 7� COD removat (at maximum Loading rat�) to 
3 

9B,5% removats at tow Loading rates of 0,43 kg/day/m ) . These 



treatment efficiencies are Lower than those obtained from the 

fitters operated in this thesis (Figure 15). The cause for this 

difference in treatment efficiency can probab1y �e attributed to 

the Low temperature of operation of the reported fitters, and 

a1so to the fact that the reported fitters were treating a 

re1ative1y Low-strength waste. 

Reported tota1 COD va1ues in the eff1uents from the fitters 

operated by Young and McCarty varied between about 100 mg/1 at 
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Low Loading rates, to 1000 mg/1 at maximum permissib1e Loading 

rates. These eff1uent tota1 [ □D's are considerab1y better than 

those from the fitters operated in this thesis, since the eff1uents 

from the reported fitters (Young and McCarty) contained Low so1ids 

concentrations (genera11y Less than 100 mg COD/1). The reason for 

the Low so1ids concentration in the reported fitters is probab1y 

due to the fact that recircu1ation of fitter contents was not 

emp1oyed. 

Anaerobic fitter systems treating Low and high-strength wastes 

must necessari1y operate under different f1ow regimes (i.e. p1ug 

and comp1ete1y mixed, respective1y) and for economic reasons at 

different temperatures (i.e. 25
° 

and 35
°

[ respectivety). As a 

consequence, treatment characteristics a�d efftuent qua1itjes a1so 

differ. However, the anaerobic. fitter appears to be equa11y suited 

to both Low and high-strength wastes. 

2. Kinetic Mode1 and App1ications 

. . (13)(22)(23) 
Fundamenta1 Growth Kinetics 

The growth of micro-organisms is usua11y Limited by some nutrient 

requirement for synthesis. For micro-organisms growing from a wine 

disti11ery waste, the Limiting nutrient may be assumed to be the 

carbonaceous energy avai1ab1e to the organisms, measured as biodegradab1e 

COD. Nitrogen, phosphorous and micro-nutrients are present in re1ative 

abundance (see Part B). 

The growth kinetics of micro-organisms from the above Limiting substrate 

based on four fundamenta1 considerations: 



(a) The utitization of substrate energy by micro-organisms for 

synthesis is inefficient, so that onty a fraction of the 

substrate utitized is converted to micro-organisms. This 

fraction remains constant. 

(b) Micro-organisms decay at a constant specific rate. 

(c) A constant proportion of the energy in decaying organisms is 

again made avaitabte as substrate for the surviving organisms. 

(d) The rate of substrate utitization per unit concentration of 

micro-organisms is a function of the remaining substrate 

concentration onty. 
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These four principtes describe, at any stage of micro-organism growth, 

the distribution of the energy originatty present in the substrate into 

(i) the energy bound up in micro-organisms; (ii) energy remaining in 

the substrate, and (iii) energy Lost from the system due to inefficiencies. 

Formutation of these four principtes fottows: 

(a) Yietd of micro-organisms: Since micro-organisms are inefficient 

in their utitization of substrate energy, onty a fraction of 

the energy is converted to new organisms, i.e. 

dX = -- Y dS ... ( 1 ) 

where dX change in the concentration of micro-organisms due 

to growth 

d5 = change in concentration of unmetabotized substrate 

y micro-organisms synthesized (as COD) per unit COD 

of substrate utitized - a constant vatue. 

Since the fraction Y of the substrate utitized reappears as 

micro-organisms, onty the fraction (1 - Y) is in fact stabitized, 

or made unavaitabte to micro-organisms for further use. The 

stabitized fraction of the substrate is Lost from the system as a 

consequence of (a) the inherent inefficiencies of att conversions, 

(b) providing irrecoverabte heat or mechanicat energy for the 

micro-organism, and (c) conversion to high-energy waste products, 

such as methane, which are reteased from the aquatic system. 
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(b) Micro-organism decay: The rate of change in the concentration of 

micro-organisms due to a constant endogenous respiration rate of 

decay is proportiona1, to the concentration, i.e. 

II 

dX 
dt 

:::: - b X ... (2) 

where dX /dt == rate of change in the concentration of micro-

organisms due to endogenous respiration decay. 

X == concentration of micro-organisms a 

b == endogenous respiration decay constant for 

micro-organisms. 

(c) Unbiodegradab1,e fraction of micro-organisms: A constant fraction 

of the decaying organism is again uti1,ized as a substrate source, 

whi1,e the remaining fraction remains unbiodegradab1,e (termed the 

the endogenous residue), i.e. 

dX e 
dt 

_ f 
dX 
dt 

II 

••• ( 3 ) 

where dX /dt == rate of change in the concentration of endogenous 
e 

residue 

f = fraction of decayed organisms which remains 

unbiodegradab1,e 

By substituting equation (2) into (3) 

dX e 
dt = f b X 

a ... {4) 

(d) Rate of substrate uti1,ization: The rate of substrate uti1,ization 

per unit concentration of micro-organisms is a function of the 
( 24) substrate on1,y, and was shown by Monad to be approximated by: 

.s!2;x dt a 

··· K S 

K + 5 
s 

••• ( 5 ) 

where K = maximum substrate uti1,ization rate, i.e. when Sis 

1,arge 

K = substrate concentration where substrate uti1,ization 
s 

rate equa1,s ½ K .  
m 



Net change in the concentration of micro-organisms due to both growth 

and decay is given by the addition of equations (1) and (2) i.e. 

dX __ a 
dt = -Y dS - b X dt a .•. ( 6) 

where dX /dt is the net change in the concentration of micro-organisms 
a 

due to both growth and decay. Substitution of equation (5) into the 

above yie1,ds 

K S 
y m - b K + S ••• ( 7) 
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A comp1,ete distribution of the uti1,ized substrate energy may be obtained 

from the equations deve1,oped above. The fractions of uti1,ized substrate 

bound up with micro-organisms and endogenous residue are given respective1,y 

by equations (7) and (4), whi1,e the fraction 1,ost due to inefficiency is 

given by the remainder of the uti1,ized substrate. 

. . (25)(26) Process Kinetic Mode1, 

The above growth kinetic equations become usefu1, when app1,ied to a 

specific bio1,ogica1, process. An anaerobic fi1,ter with high recyc1,e 

rate can be approximated by a comp1,ete1,y mixed process with so1,ids 

retention; diagrammatica1,1,y shown in Figure 23. A1,though the micro-

organisms have a more or 1,ess fixed position in the fi1,ter, the 

reactor is comp1,ete1,y mixed in the sense that the substrate concentration 

remains virtua1,1,y uniform in the who1,e fi1,ter. 

The kinetic mode1, of the comp1,ete1,y-mixed-so1,ids-retention process 

(Figure 23) wi1,1, be used to derive re1,ationships between concentrations 

of inf1,uent substrate, micro-organisms in the reactor and eff1,uen� 

unmetabo1,ized substrate, and substrate 1,ost due to inefficiency. 

Equations describing the growth of organisms from substrate for the 

process shown in Figure 23, may be derived from mass ba1,ance expressions. 

The net rate of change in micro-organism concentration and net rate 

of change in endogenous residue concentration in the reactor is given 

by: 



Infl,uent 

-
):::::::C> Effluent 

X + X = X s , Q 
5. Q 

a e 

xaf + xef 
xf 

= 

V , s 

REACTOR 

AND 

SOLID-LIQUID SEPARATOR 

FIGURE 23: Schematic Representation of a Combined Completely Mixed Reactor and 

Solid-liquid Separator (e.g. an Anaerobic Filter) 

(J'\ 



where V := 

Q := 

X := 

a 

vol,ume 

(f b X) V - X f Q a e 

of the reactor 

fl,ow rate through the reactor 

concentration of organisms in 
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• • • ( 8 ) 

•.• ( 9 ) 

the reactor 

s := concentration of substrate in the reactor and effl,uent 

stream 

X := concentration of organisms in the effl,uent stream 
af 

X 
ef 

:= concentration of endogenous residue in the effl,uent 

stream 

Under steady state conditions of operation there are no changes in 

the above two concentration, i.e. 

dX 
a 

dt 
D and 

dX 

cit 
D 

Equations (8) and (9) can therefore be rewritten as: 

f b X V 
a 

••• ( 1 D) 

... ( 11 ) 

where (dX /dt) and (dX /dt) are respectivel,y the rates of production 
a p e p 

of the micro-organism concentration and endogenous residue concentration 

in the reactor. (These production rates are equival,ent to the rates 

of wastage from the reactor.) 

Definition of two important parameters, namel,y hydraul,ic retention 

time and sol,ids retention time, simpl,ify the understanding of steady 

state equations considerabl,y. Hydraul,ic retention time R is defined 

as the average time a l,iquid (such as substrate) is retained in the 

reactor, and is given by: 

R == V/Q ••• ( 1 2 ) 
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Simitarty, sotids retention time is defined as the average time any 

sotid (such as micro-organisms) is retained in the reactor, and is 

given by the totat quantity of sotids in the reactor divided by the 

rate at which they are produced or wasted, i.e. 

R 
8 

X V 
a 

( dX /dt) \/ 
a p 

X V 

(dX /dt) V 
e p 

••• ( 1 3) 

The sotids retention time assumes that att the sotids in a reactor 

(such as micro-organisms and endogenous residue) are retained for the 

� period. 

Ey using the sotids retention time parameter, the concentration of 

micro-organism in the reactor may simpty be derived from equation (10), 

i.e. 

Y (d5/dt) R 
X 

1 + b R 
••• ( 14) 

s 

Under steady state conditions the average rate of change of substrate 

is given by the substrate utitized divided by its retention time, i.e. 

d5 
dt 

_,(5. - 5) 
l 

R 

and therefore, equation (14) may be rewritten as: 

Y ( 5. - 5) 
l 

1 + b R 
s 

R 
s 

R 

••• ( 15) 

••• ( 1 6) 

The concentration of unbiodegradabte decayed organisms may be given 

atso as a function of the sotids retention time by substituting 

equation (13) into (11), i.e. 

f b X R 
a s 

• •• ( 1 7) 

In practice, micro-organisms and endogenous residue are usuatty 

measured together as the votatite suspended sotid materiat, i.e • 

X X + X 
a e 

where Xis the votatite suspended sotid concentration in the 

reactor. 

• • • ( 1 8 ) 



In this discussion the units of the votatite materiat and substrate 

are identicat, both expressed �s mg C0D/t. 

As can be seen from equation (18), the modet does not take into 

account the votatite suspended sotids of the inftuent. This 

simptification seems justified since the votatite suspended sotids 

of spent wine are virtuatty comptetety biodegradabte (see Part B). 

The exact fraction of unbiodegradabte votatite sotids in spent wine 

was not measured. To obtain an approximation of the error in X 

introduced by the above assumption, it is necessary to determine 

how inftuent unbiodegradabte sotids accumutate in a reactor. This 

is done by considering the sotids retention time as apptied to this 

fraction of the sotids, i.e. 

R 
s 

X V 
u 

X . Q 
u J. 

where X . - unbiodegredabte concentration of sotids in the inftuent u J. 

X = unbiodegradabte concentration of sotids in a reactor u 
arising from X 

UJ. 

The above equation may be rewritten as: 

X = X . 
U UJ. 

R 
s 

R 
... ( 19) 

The magnitude of X which can be expected in the fitters described . u 

in this thesis is catcutated tater. 

Concentration of votatite suspended sotids in the efftuent, X
f

, 

is derived by considering equations (13) and (10) or (11), i.e. 

X V X V X V 
R 

a e 
Q 

= 

\f Q xf Q s xaf 

xf 
X R 

... (20) or 
R s 

This equation is vatid for the system in which sotids are wasted 

in the efftuent stream onty. The composition of X
f remains the 

same as that of X in the reactor. 
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Unmetabotized substrate concentration in the reactor, and therefore 

efftuent, is derived from equations (5), (10) and (13), and is shown to 

be a function of micro-organism or sotids retention time onty, i.e. 

K S 
1/R = y . m - b 

K + S ••. ( 21) 

Breakdown of inftuent substrate into unmetabotized substrate, micro­

organisms, unbiodegradabte decayed organisms, and substrate tost due 

to inefficiency may be traced with the equations devetoped above. 

Diagrammatic representations of the substrate breakdown witt be shown 

tater. However, if the above equations are to be used, prior 

knowtedge is required of the five constants Y, b, K , K and f, and 
m s 

the hydrautic and sotids retention times. The unbiodegradabte 

fraction, f, of most micro-organisms (aerobic and anaerobic) has 

been reported to be about 2□% by mass 
(27) (29). This vatue is used 

throughout subsequent catcutations. 

Experimentat_Approximation_of_Growth_Constants 
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Suitabte vatues for the constants Y, b, K and K were chosen by inspecting 
(13) 

s m 
reported vatue , and by apptying the above kinetic modet to the 

experimentat resutts obtained from steady state operation of the fitters 

(see Part F). A comparison of the experimentat resutts with the theoreticat 

resutts (derived with assumed vatues for the constants), was made as 

fat tows: 

(a) Measured inftuent totat COD and efftuent sotubte COD concentrations 

were corrected by subtracting the unbiodegradabte fraction of 

(b) 

( C) 

COD from them (1,5% of the originat COD - see Part B). 

Sotids retention time R was catcutated from the corrected s 
efftuent substrate concentration S by using equation (21). 

Sotids concentrations X and X in the reactor were catcutated 
a e 

from equations (16) and (17) respectivety, using the measured 

vatues of R, S. and S, and vatues of R catcutated in (b) above. 
i s 

(d) Votatite suspended sotids concentration in the efftuent Xf was 

finatty catcutated from equations (18) and (20). 



(e) VoLatiLe suspended soLid concentrations in the effLuent were 

measured i.n mg/1, and converted to mg COD/1 by assuming 
( 2 9) 

1 mg of voLatiLe suspended soLids to have a COD of 1,4 mg 

Atso, the difference between measured totat and sotubte COD 

in the efftuent (which is the COD of the suspended sotids) 

may be used for comparison with the catcuLated vatues. (It 
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is interesting to note that the COD equivaLent of the votatite 

suspended sotids found in this investigation for Fitters No. 

1 and 2 is 1,48 mg CGD/mg of sotids. This compares favourabty 

with the theoreticat average COD vaLue of 1,42 mg VSS found 
( 2 9) by Eckenfetder and Weston .) 

Catcutated and measured vatues of votatite suspended sotids concentrations 

in the efftuent, X�, were compared at each toading rate for the three 

fitters. Tabte IV tists measured and catcuLated data for the fottowing 

assumed vaLues of the constants: 

y = 0,06 mg/mg as COD 

b 0,015 days 
-1 

K 4,0 days 
-1 

m 

K 1000 mg/1 as COD 
s 

DiscrEpancies between measured and caLcutated resuLts may have arisen 

from: 

(a) experimentaL errors in the measurement of COD and VSS. 

(b) True steady state operation not being achieved - excessiveLy 

Long periods are required to reach steady state at Long 

sotids retention times. 

(c) Temporary short-circuiting and channeLLing of fLow giving 

rise to unstabLe conditions. 

(d) The inaccurate assumption that votatiLe suspended soLids 

is a measure of X and X onLy. In the fitters, the maximum 
a e 

soLids concentration arising from the accumuLation of 

unbiodegradabte sotids in the infLuent (X . ), may be 
Ul 

catcuLated as f□LLows: With a typicaL ratio of the sotids 
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TABLE IV 

Comparison cf effLuent vctatiLe suspended s□Lids concentration,as measured from the 

three fitters, with the vaLues caLcuLated from the steady-state kinetic modeL . 

-

MEASURED VALUES 
. ·------ -- --•- .. -.. - --·---------- --- ------ . --- - ·• 

C 
... . .  ··-··--------

ALCLJLATED VALUES 
TrCT I ---�-·-,---,·--------•-·-· ------·--. 
l L..,._; J 

---,•~-·---••.-� n., -� ------�•------.-----, 

TotaL COD-
NO. S. s R 

xf SoLubLe COD xf l 

mg COD/L mg COD/L days mg COD/L mg COD/V:• mg COD/L 
__ ,. __ 

� 

FILTER No. 1 

2 22 950 418 6,97 1079 1075 1119 
3 22 950 514 3,61 1261 1055 1415 
4 22 950 1018 2,43 1766 1771 14 68 
5 22 950 4048 2, 1 2 1163 1214 1588 

·-

FILTER No. 2 

3 28 170 376 3,72 15 79 1528 1059 
4 28 170 523 2,85 1509 1611 1413 
5 28 170 1008 1 , 94 2392 2561 1466 
6 28 170 5570 1, 75 1163 2164 1502 

.,, ____ ,_ ,_ _ . .,.._ !--... ���,-------

FILTER No. 3 

2 32 160 169 10, 10 724 167 893 
3 32 160 189 5,06 873 365 1150 
4 32 160 496 3,89 634 641 1412 
5 32 160 5580 2, 72 1509 442 1501 

----•--!>=--=-·'-•"-•- --

* (TotaL COD-SoLub1,e COD) = Suspended so1,ids COD 
• xf 

X 

mg CO 

2B6 
594 
569 
390 

X 
a 

D/L I mg COD/L 
-----·---· --�--

5 1 2719 
1 568 3 
8 5541 
2 3842 

-----

569 
740 
719 
456 

..-----.•-�·-· 

442 
988 
558 
292 

5 

7 

5 

5 

1 
5 
6 

0 
__ , ____ 

5 373 
7089 
6995 
4494 

3844 
8744 
5339 
2874 

X 

mg COD/1, 

146 
258 
15 7 

60 

322 
318 
200 
72 

577 
1i41 

24 7 
46 

I d:�s 

1 7, 85 
15,15 
9 ,4 3 
5,21 

20,0 
14,93 

9,52 
5, 32 

50,0 
4] ,48 
15,39 

5,29 



Diagrammatic_Representation_of_Modet 

Behaviour of anaerobic fitters or simitar systems treating spent wine 

may be fottowed on Figure 24. Unmetabotized substrate concentration 

in the reactor (or efftuent) is ptotted against the sotids retention 

time according to equation (21). Severat important characteristics 

of the process become ctear immediatety. 

(a) A minimum sotids retention time of 4,B days is required if 

any substrate is to be utitized. For retention times tess 

than this vatue, comptete faiture of the process is due to 

micro-organisms being washed out of the reactor at a faster 

rate than the rate at which they are being synthesized. 

The minimum sotids retention time may be catcutated by setting 

S = S. in equation (21), i.e. 
l 

1 /R 
s 

K S 
y m i _ b 

K + S. 
S l 

For a process treating spent wine, S_ )) K , and the above 
l S 

equation is approximated to 

R 
s Y K - b 

With the assumed kinetic constants of 
-1 

Y = 0,06; K = 4,0 days m 
-1 

and b = 0,015 days , the approximate vatue of R ( for S. ) ) K ) s J. s 
is catcutated from the above equation, i.e. 

R L].,5 days 
s 

(b) Substrate utitization in the process (i.e. the treatment 

efficiency) deteriorates rapidty betow a sotids retention time 

of 7 days. 

(c) Efftuent quatity from the process does not improve significantty 

for sotids retention times greater than 9 days. 
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(d) The stope of the substrate utitization versus sotids retention 

time curve gives a good indication of the stabitity of the 

process. For retention times tonger than 9 days, a nearty 

horizontat stope indicates stabte conditions. Betow this 

retention time, the sharpty increasing stope is indicative of 

an increasing instabitity in the process. 

The instabitity of the process is characterized by the production 

of toxins (pH and acetic acid) from an unbatanced poputation 

of micro-organisms. The toxins cause the process to deteroriate 

rapidty, with eventuat faiture resutting. A discussion of the 

mechanism of faiture is found in Chapter II of this thesis. 

�he concentrations of sotids X , X ,  and their totat, X (for different 
a e 

toading rates) may atso be represented on the diagram by using 

77. 

equations (16), (17), and (18). In drawing the curves, inftuent substrate 

concentration was assumed to be constant at 30 ODO mg/t COD, and toading 

rates were attered by attering the hydrautic retention time in the 

reactor. The sotids concentration required by any toading rate for any 

efftuent quatity (estabtished by the sotids retention time), may be 

read off directty from Figure 24. 

Tne graphicat representation of the modet on Figure 24 is usefutty 

apptied to exptain some of the behaviourat characteristics of the 

anaerobic fitters operated in this thesis. 

Treatment_Efficiency 

Deterioration of the treatment efficiency (measured as sotubte COD) 

with decreasing hydrautic retention times may be fottowed for Fitters 

No o 1 and 2 on Figure 18. The shape of the curve may be quatitativety 

compared to the curve of unmetabotized substrate versus sotids retention 

time for the modet (Figure 24), by assuming the fottowing approximations: 

(a) The sotids retention time is governed mainty by the hydrautic 

retention time. This approximation seems justified by considering 

equation (20), i.e. 

R = 
s 

X 

X • R 
f 



--

and by examining the measured va1,ues of X
f 

and R, and the 

ca1,cu1,ated va1,ue of X (Tab1,e IV). Of the three variab1,es, 

hydrau1,ic retention time, R, is seen to have the most inf1,uence 

on the so1,ids retention time, R 
s 

Thus, so1,ids and hydrau1,ic 

retention times may be used interchangeab1,y for the purpose 

of qua1,itative comparisons. 

(b) Adjustment of the so1,ub1,e COD measurements of the eff1,uent to 

unbiodegradab1,e COD concentrations does not a1,ter the shape of 

the curve significantty. 

A1,though a quantitative comparison between the theoretica1, and 

experimenta1, resu1,ts is not possibte, the shape of the curves is 

simi1,ar, and thus genera1, behavioura1, trends may be compared. 

T�� unstab1,e conditions which are identified with the steep s1,ope of 

the curve at short hydrau1,ic retention times are characterized in the 

highest 1,oading rates on the fitters (Figure 18). During this period 

(see Figures 9, 10 and 11), vo1,ati1,e fatty acids increased sharpty, 

and pH, percentage CH
4 

and gas production tended to decrease. This 

conforms to the operating characteristics predicted by the mode1, at 

short so1,ids retention times (Figure 24). 

At 1,ong hydrau1,ic retention times, the substrate concentration from 

the fitters remained essentia1,1,y constant (Figure 18) and process 

operation was stab1,e, (Figures 9, 10 and 11). This a1,so is consistent 

with the trend exhibited by the mode1, at 1,ong so1,ids retention times 

(Figure 24). 

Shock Loads 

The diagran° matic representation of the mode1, ir: Figure 24 is extreme1,y 

usefu1, for determining the stabi1,ity of the process against shock 

increases of t�e 1,oading rate. Operation of the fi1,ters during 

periods of shock 1,oading rates may be fo1,1,owed be1,ow: 

First consider t�e reaction of the fi1,ters when shock 1,oads were 

app1,ied at 1,ow 1,oading rates. A hydrau1,ic retention time of 6 days 

and an eff1,uent containing 350 mg/1, of unmetabo1,ized substrate and 
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rates. This corresponds to a sotids retention time of 22,5 days 

and a sotids concentration of 5000 mg/t in the reactor (point (1) 

in Figure 24). The instantaneous effect of doubting the toad, by' 

hatving the hydrautic retention time, teaves the sotids concentration 

in the reactor unchanged. As a consequence, the process operates as 

if the sotids retention time had been reduced to 9,5 days (point 2). 

Unmetabotized substrate concentration in the efftuent is increased 

79. 

onty stightty to 1000 mg/t, so that the methane production from the 

process must necessarity doubte. The process shoutd show no adverse 

effects to the shock toad, since it is stitt in the stabte region of 

operation. These behaviourat characteristics may be verified by 

referring to the step-increases of the toads at tow toading rates for 

att three fitters (Figures 9, 10 and 11). The hypotheticat conditions 

described by point 2 are unstabte, but given enough time, a new 

equitibrium point witt be estabtished depending on the sotids retention 

efficiency of the system. If sotids are retained with an efficiency 

equat to that of before the toad increase, the sotids retention time 

witt return to 22,5 days and the sotids concentration in the reactor 

wiLt doubLe (point 2a). 

Now consider the reaction of the fitters when shock Loads were apptied 

at the high Loading rates. A hydrautic retention time of 2 days and 

an effLuent containing 1000 mg/L of substrate and 2000 mg/t of votatite 

suspended sotids was typicat of these toading rates. This corresponds 

to a sotids retention time of 9,5 days, and a soLids concentration of 

7,440 mg/L in the reactor (point 3). Doubting the toad has the 

equivaLent effect of reducing the sotirls retention time to 5,5 days 

(point 4). Substrate concentration increases to 5000 mg/t, and the 

process becomes unstabte as indicated by the steep stope of the substrate 

curve. The instabitity of the process and the increase in the 

unmetaboLized substrate may be verified by referring to the operation 

of the fitters after the tast step-increase in toad (Figures 9, 10 

and 11). Changes in the votatiLe fatty acid concentration, pH,, 

percentage CH
4 

and gas production att indicated that the process was 

under stress. 

If the process overcomes its instabitity, and if sotids are retained 

with unchanged efficiency, the equitibrium conditions of the process 

witt eventuatty be given by point 4a, i.e. a doubting of the sotids 

concentration in the reactor at unchanged sotids retention times. 
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From the above examptes, it becomes ctear that tong sotids retention 

times offer a buffer against shock toads. This is important in anaerobic 

processes, since processes overtoaded to instabitity witt fait of their 

own accord due to the toxins (pH and votatite fatty acids) which the 

micro-organisms produce, 

Sotids Concentration in the Reactor 

Sotids concentrations in the fitters coutd not be measured, so that 

in this respect no comparison with the modet was possibte. However, 

it is usefut to fottow the changes in the votatite sotids concentrations 

which occur for changes in (a) toading rates and (b) sotids retention 

times, on the diagrammatic representation of the modet (Figure 24). 

(a) For the same inftuent and efftuent substrate concentration (or 

sotids retention time), the sotids concentrations X and X 
a e 

in the reactor increase Linearty with increasing hydrautic Load. 

This is ctearty demonstrated by equations (16) and (17): 

For a constant sotids retention time, 

( 5. - 5) 
a: 

R 
... ( 22) 

1.e. the concentration of active mic=□-organisms is directty 

proportionaL to the substrate utitization rate. Since the 

efftuent quatity for one soLids retention time remains unchanged, 

micro-organism concentration is inve�sety proportionat to the 

hydrautic retention time (for a constant 5. ), i.e. 
l 

X ex 1/R ... (23) 

7he unbiodegradabte fraction of decayed organisms is directty 

proportionaL to the active micro�organism concentration (for 

constant soLids retention time), and is thus aLso inversety 

proportionaL to the hydrautic retention time. Thus, for a 

constant votume reactor (R = V/Q), both X a;1d X are directty 
a e 

proportionaL to the hydrautic ftow rate. 



---

(b) From Figure 24, the sotids concentration are seen to decrease 

non-tinearty with decreasing sotids retention times. At minimum 

sotids retention time, the concentration is zero since the 

washout rate of the micro-organisms is faster than the production 

rate. 

It is evident that for practicat considerations such as mixing and 

generat handting of the sotids, a reactor is timited to a maximum 

concentration of sotids. Therefore, indefinitety increasing the toad 

81. 

on a reactor, white keeping the sotids concentration constant at the 

maximum permissibte concentration, has the effect of reducing the sotids 

retention time. As a consequence, the efftuent quatity and stabitity 

of the process are reduced. Eventuat faiture resutts when the sotids 

retention time approaches the criticat minimum retention time (Figure 24). 

Sotids Concentration in the Efftuent 

Votatite suspended sotid concentration in the efftuent is an important 

parameter controtting the sotids retention time in the fitter, and 

thus the process behaviour. The modet is best apptied to this aspect 

of process controt by referring to a diagrammatic representation of 

the effluent solids concentrations X Xef and Xf 
versus sotids retention 

af' 
time (Figure 25). (The influent COD is again assumed constant at 

30 DOD mg/l.) Two points of interest arise from the diagram: 

(a) For a constant COD concentration in the inftuent and a constant 

sotids retention time, sotids concentration in the efftuent 

does not vary with hydrautic retention time, and therefore 

toading rate. This may be shown by considering equations (23) 

and ( 2 D) together, i.e. 

X a: 1/R X a: 1/R .. . ( 2 3) 
e 

X R X R 

and xaf 
a 

\f 
e •.• ( 2 D) = 
R s s 

It is obvious that for a constant sotids retention time, a 

combination of the above two equations give: 

x
af = constant and xef = constant 
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An anaerobic fi1,ter process with a certain treatment efficiency 

(or unmetabo1,ized substrate concentration) must therefore have 

an associated constant eff1,uent vo1,ati1,e so1,ids concentration. 

(The� of so1,ids wasted wi1,1, increase in direct proportion 

to the waste f1,ow.) 

(b) Eff1,uent suspended so1,ids concentrations are not a1,tered 

appreciab1,y by varying the so1,ids retention time, except at 

very 1,ow so1,ids retention times. 

8 3. 

These two points show the importance of contro1,1,ing the suspended so1,ids 

concentration in the eff1,uent; even sma1,1, increases in the eff1,uent 

suspended so1,ids concentration may significant1,y reduce the so1,ids 

retention time (Figure 25), and therefore the performance of the fi1,ter. 

For examp1,e: An eff1,uent vo1,ati1,e suspended so1,id concentration of 

1400 rng/1, fixed the so1,ids retention time at 25 days which imp1,ies good 

process performance (Figure 24). If the so1,ids concentration increases 

to 1550 mg/1, (a 10% increase on1,y), the so1,ids retention time is 

reduced to 10 days or be1,ow, which imp1,ies unstab1,e process operation 

and impending fai 1,ure due to pH and acetic acid toxicity. Large 

increases in the so1,ids concentration in the eff1,uent are indicative 

of excessive1,y high micro-organism washout rates. Rapid fai1,ure is 

the resu1,t of the rapid1,y diminishing micro-organism concentration in 

the reactor being unab1,e to cope with the treatment of the waste f1,ow. 

In an anaerobic system discharging so1,ids in the eff1,uent on1,y, increase 

in the so1,ids concentration in the eff1,uent wi1,1, probab1,y give the 

first indication of a potential, deterioration in the process. 

Resu1,ts of the eff1,uent vo1,ati1,e suspended so1,ids concentrations from 

Fi1,ters No. 1 and 2 (Figure 19) may be compared with theoretical, 

resu1,ts of the model, (Figure 25), by again assuming that the so1,ids 

retention time is de�endent 1,arge1,y on the hydrau1,ic retention time 

(page 77). A1,though a quantitative comparison is not possib1,e, the 

resu1,ts appear to fo1,1,ow simi1,ar trends. 



EffLuent_QuaLity 

TotaL biodegradabLe COD is a convenient measure of the overaLL effLuent 

quaLity, since it incLudes both the soLubte and suspended sotid 

fractions of the COD. The efftuent quatity from an anaerobic fitter 

does not improve significantty with increases in the sotids retention 

time beyond a retention time of about 9 days: 

(a) Figure 24 indicates that onty smatt reductions are achieved 

in the efftuent COD by increasing the sotids retention time 

beyond 9 days. 

(b) Figure 25 indicates that the efftuent sotids concentrations 

are not appreciabty attered between the normat operating Limits 

of 10 and 40 days of sotids retention. 

Thus, from an efftuent quatity point of view, there is no advantage 

in maintaining very tong sotids retention times. 

ConcLusions 

ConcLusions which may be drawn from the behaviour of the anaerobic 

fitter treating spent wine and its kinetic modet may be summarized 

as fottows: 

(a) UnmetaboLized substrate concentration in the efftuent is not 

significantty reduced for soLids retention times greater than 

9 days. If a shock Load does not decrease the equivaLent 

soLids retention time to beLow 9 days, the treatment efficiency 

of the process remains virtuaLLy unchanged, and the methane 

production from the process must accordingty increase. 

(b) SoLids retention times beLow 7 days shoutd be avoided since 

operation of the process is irreguLar, and compLete faiture 

couLd easiLy resutt. This appLies atso to equivatent sotids 

retention times after shock increases in toad. 

(c) The main advantage of a tong retention time is in the stabitity 

it Lends to the process during increases in the Loading rates. 

This advantage is possibty extended to changes in other 

environmentat conditions such as temperature. 

84. 



(d) Sotids concentrations in the reactor increase both with 

increasing toading rates and sotids retention times. A 

timitation on the maximum possibte sotids concentration in 

a process timits the sotids retention time and maximum toad 

capacity of the process. 

(e) Votatite suspended sotids concentrations in the efftuent are 

not affected by changes in the hydrautic retention time 

(provided the inftuent COD concentration remains constant), 

and are onty stightty affected by changes in the sotids 

retention time. 

(f) Increases in suspended sotids concentration in the efftuent, 

however smatt, are indicative of significant reductions in 

the sotids retention time and therefore process performance. 

Significant increases are a sign of impending faiture. 
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The six points tisted above form the fundamentat quatitative criteria 

for the design and operation of any anaerobic system. 5otids retention 

time features prominentty as the fundamentat controt parameter which 

governs the process. 

Faiture of the anaerobic fitters was caused by the sotids retention 

time approaching the criticat micro-organism washout retention time. 

Reductions in the sotids retention times were due to the concomitant 

increase in the sotids concentration washout rates with reduced 

hydrautic retention times (Figure 19). This emphasizes that the major 

drawback of the fitter system is the fact that no positive externat 

controt, independent of hydrautic retention time, can be kept over 

the sotids retention time. Reductions in recircutation rates coutd 

increase the sotids retention capacity of anaerobic fitters, but 

this is undesirabte since it woutd decrease the mixing efficiency. 

An idea1 anaerobic system woutd require a comptetety independent 

controt over the so1ids retention time. The finat treatment capacity 

of this ideai system woutd be 1imited onty when the concentration 

of micro-organisms in the process became unmanageabty high. 



Substrate Remova1, in Aerobic and Anaerobic Processes 

Besides describing the behaviour of anaerobic systems, the kinetic 

mode1, finds an interesting app1,ication for the comparison of the 

pathways of carbonaceous substrate reduction emptoyed by anaerobic 
(25) and aerobic processes For this purpose, the distribution of 

substrate utitized versus sotids retention time is diagrammatica1,1,y 

represented on Figure 26 for both aerobic and anaerobic systems. 

The proportion of uti1,ized substrate wasted in the micro-organisms 

and endogenous residue is given by equations (16), (17) and (20) 

respective1,y. Yie1,d constants and decay rate constants for the 

anaerobic treatment of spent wine are taken respectivety as □ ,06 mg 
-1 

r□D/mg COD and D, □15 days No information on the aerobic treatment 
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of spent wirie is avai1,ab1,e, but a yie1,d constant of D,5 mg COD/mg COD 
-1 

(CJ, 35 mg VS5/mg urn) ar,d a decay rate constant of O, 15 days is typica1, 
. (13)(22) of an aerobic process • In the anaerobic process, experimenta1, 

resutts (Tab1,e III) show that approximate1,y 85% of the uti1,ized 

substrate is converted to methane arid thus 1,ost to the 01:ganisms. 

This gives a yie1,d constant of 0,1.\ (mg VSS as C!JD/rng COD) on the 15% 

of tr1e subst:::·ate actua1, 1,y uti 1,ized by micr'o-organisrns, which is in 

agreement with the genera1, efficiency of aerobic �icro-organisms. 

Since processes are usua1,1,y operated to give a tow eff1,uent substrate 

ccncer1b:3tion, the eff-�;,ant substrate forms a neg1,igib1,e portion of 

the totat s�bstrate passing through the system and is consequent1,y 

omitted from the fottowing discussions of substrate distribution. 

Figure 26 c1,ear1,y demonstrates that aerobic processes rety on the 

inefficien,:y of micro-organisms for the stabi1,ization of substrate. 

A considerabte proportion of the substrate uti1,ized is mere1,y 

converted to bi□Logica1, so1,ids which stiLt requires f�rther treatment. 

[n contrast, stebiLizati□n in the anaerobic process is achieved 

�ainty by t�e conversion of substrate to methane. The methane gas 

is spontaneousLy separab1,e f�om the aquatic system, and is easity 

act�aLLy avaiLabte to the micro-organisms, the growth of bio1,ogica1, 

s□Lids is 1,ow. The probLern of so1,ids dispos2L is thus minimized. 

One conc1,udss that stabitization of wasts in t�a anaerobic process 

is more efficient than in the aerobic process, the difference being 

particuLar1,y noticsab1,e at 1,ow so1,ids retention times. 
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The pH vatue during start-up is cruciat to satisfactory 

inauguration of the process. At initiat start-up the pH has 

a tendency to dectine, and therefore to inhibit the process. 

Start-up with a pH betow 6,5 appeared to be impossibte, or to 

require an inordinatety tong time. The most rapid start-up 

was obtained by maintaining the pH at or ctose to 7,0. 

During the first 5 days in the operation of the fitters, sodium 

bicarbonate additions were required to adjust the pH to 7,0. 

A totat of approximatety 150 mt of 1 N NaHC0
3 

was added to each 

fitter during this period, the daity quantity added decreasing 

each day. During this period, gas production increased gradua11y 

B9. 

(Figures 9, 10 and 11), and after 5 days comptete waste stabitization 

was being achieved. 

It shoutd be noted that fitters were seeded with a targe 

inocutant of activety digesting studge from domestic origin 
3 

and that initia1 Loading rates were Low - about D,B kg/day/m 

of totat fitter votume. Detaits of start-up are found on page 31, 

Under the conditions of seeding, Loading, temperature and mixing 

used in these experiments, it is therefore ctear that a ptant 

treating spent wine shoutd operate satisfactority within 1 to 

2 weeks. To attain maximum treatment capacity, a Longer period 

woutd be required with graduatty increasing Loads. The rate at 

which the toad is increased shoutd be stow enough to ensure that 

a stabLe state in the process is maintained at a11 times (see 

page 77); a sufficient1y high micro-organism concentration is 

required to prevent the equivatent so1ids retention time from 

being reduced to betow the recovery tevet. 

If the pH is not contro11ed at, or near 7,0, grave difficutties 

may be experienced with start-up operations. Start-up of a 

simitar fitter was attempted with the pH maintained at about 6,5. 

After 3 weeks of operation the process stitt showed no indication 

of achieving fut1 waste stabi1ization; gas production remained 

near zero, and the votatite fatty acids concentration continued 

to increase. These conditions indicated comptete faiture of the 

process. 



The mechanism causing the dectine in pH during start-up is not 

easity identified. However, the fottowing observations and 

deductions can be made: With the commencement of waste feed 

(pH 4,5) the pH in the fitter showed a sudden dectine from 

7,0 to betow 6,5 (see Figures 9, 10 and 11). Initiat gas 

production was tow, indicating incomptete waste stabitization. 

At this stage, gas evotved from the digestor was composed 

mainty of methane, which suggested that the CO2 had dissotved 

in the water, thereby atso reducing the pH. Despite pH 

adjustment, this phenomenon of pH dectine occurred with with 

decreasing intensity during the first 5 days of operation. 

Gas production and CO2 content were at the same time increasing 

and after 5 days futt gas production (with a stabte CO2 content) 

was achieved (i.e. comptete waste stabitization). This coincided 

with the process being abte to maintain a pH of 7,0 of its own 

accord. The pH dectine during this period was not due to the 

votatite fatty acid concentration, since measurement showed 

no undue changes in concentration (see Figures 9 and 10). In 

conctusion, it appears that incomptete waste stabitization is 

the cause for the dectine in pH, and that CO
2 

dissotving into 

the water further depresses the pH. 

The fact that the process coutd maintain a constant pH of 7,0 

wher operating in a stabte regime seemed to indicate that either 

hydrogen ions were abstracted or hydroxyt ions were generated 

in the process (to raise the pH of spent wine from 4,5 to 7,0 

in a 4� CO
2 

atmosphere). This hypothesis merited further 

investigation, and is quantitativety examined in Chapter II. It 

is not discussed further at this stage, since it requires tengthy 

investigations and discussions Which deviate from the main 

objectives of the Chapter. 

(b) Loading_Rate_Ftuctuations 

The response of Fitters No. 1 and 2 during periods of toading 

rate ftuctuations near maximum permissibte toad capacities may 

be fottowed on Figurffi9 and 10 during days 90 to 110 and days 

97 to 120 respectivety. Overtoading the metabotic capacities of 

the micro-organisms with high feeds caused unbatanced activities 

in the micro-organism poputation. This inbatance was exhibited 

90. 



by the accumutation of votatite fatty acids in the processes 

and by a decrease in the methane productions. Both parameters 

indicate a breakdown in the sequentiat steps of substrate 

conversion to methane (as performed by the micro-organisms). 
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Since votatite fatty acids and tow pH (caused by the votatite 

fatty acids and incomptete waste stabitization) coutd have stitt 

further retarded the conversion of substrate to methane, the feed 

was temporarity discontinued after a period of overtoading. The 

process showed rapid recovery (within one day). This was indicated 

by the sharp decreases in the votatite fatty acids concentrations 

and the increases in the percentage methane (Figures 9 and 10). 

With feed rates resumed at tower toading rates, the process 

behaviour and performance continued normatty. This behaviourat 

pattern ( for short-term toad ftuctuations) is consistent with 

that reported in titerature ( B), in that a method for the recovery 

of overtoaded processes is to reduce the toading rate. However, 

it is tikety that if the overtoad is maintained for a tong period, 

the recovery period witt atso be increased. 

The behaviour of a process under overtoaded conditions is so 

intimatety retated to pH changes, that this aspect atso is retegated 

for a detaited investigation and discussion to Chapter II ( Part J). 

( c) Temperature_Ftuctuations 

Sudden drops in temperature induced atmost immediate retarded 

activity in the process. Uniform inhibition of the process was 

indicated, as there was decreased gas production but unchanged pH, 

votatite fatty acid concentration and percentage methane. Recovery 
0 

of the process, after the temperature was returned to normat (35 ), 

appeared to be comptete in tess than one day a nd no residuat effect 

on the process was noted. This behaviour can be fottowed in Figures 

9 and 10 ( days 38 and 47 respectivety) for a temperature dectine 

to 22 ° [. 

The behaviour described above is typicat of the response of the 
(7) anaerobic process to short-term temperature changes . No 

investigation was made into maintaining the temperature continuousty 
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0 betow 35 C. However, it has been indicated that organisms adapt 

to temperatures betow 35 ° c, providing the toading rates are adjusted 

down appropriatety - see Part B (i) . 

Temperature increase from 35 ° [ occurred on severat occasions 

(for exampte see days 76 and 84 on Figures 9 and 10 respectivety). 

The behaviour of the process showed no response to these short­

term ftuctuations. This behaviour is to be expected: atthough 

. . t t . d t t . . t 
( 7) th t t t increases in empera ure in uce grea er ac ivi y , e rea men 

efficiency in the fitters was atready so high (about 98% biodegradabte 

COD removats), that the stight increase in efficiency woutd not have 

been discerned from the experimentat data. However, tong periods 

of high temperature witt reduce the treatment efficiency due to 

thermat death of the organisms ( 1
). 

Generat Comment 

The steady state modet devetoped in Part 2 of the discussion cannot be 

apptied to the transient responses of processes under start-up operations 

and during toading rate ftuctuations. The behaviour of a process under 

these conditions may be described by a dynamic modet offered by Andrews (11) . 

The modet is based on the same fundamentat kinetic principtes as the 

steady state modet, but atso inctudes a toxin timiting condition for 

growth. Acetic acid is assumed to be the nutrient source, and undissociated 

acetic to be the toxin. This modet, however, has not been widety used, 

mainty because there is a controversy as to whether pH or acetic acid is the 

toxin which inhibits growth (3□) (31). Both modets omit the effect of 

temperature ftuctuations. Prediction of process behaviour under conditions 

of temperature changes is particutarty difficutt, since micro-organisms 

undergo a transient period of adaptation after a temperature change. 

Dperationat Behaviour 

Behaviourat characteristics of the anaerobic fitter system treating 

spent wine inctude (a) mixing conditions, (b) btockages of voids, 

(c) reactivation after a dormant period, and (d) process changes due 

to changes in the composition of spent wine arising from different 

distitteries. 
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(a) Mixing_Conditions 

CompLeteLy mixed conditions in the fitters were ensured by 

instituting high recycte rates. HydrauLic fLow-through times of 

about 1,5 hr were empLoyed at aLL times giving ftow rates 

approxDnatety 35 times higher than the maximum inftuent ftow rates. 

-i"hc, high :c·ecycl,e J:ates ensured that adverse effects (such as 

Low pH at the inftuent point), which are encountered with ptug­

ftow er partiat ptug-ftow conditions, were etiminated. This 

i:-,vestigatiun did not enquire into the minimum rate of recycte 

which could be empLoyed before adverse effects became evident. 

c:orn;::,letc-.Ly c1ixed conditions were verified by measuring pH and 

volatile fatty acid profiles atong the Length of the fitter. 

,�a profiles showed atmost no variations: pH varied by not more 

t::c'ff: cw.e t8r,th of a !JH div is ion 
9 

ar,d voLati Le fatty acid concentrations 

by not ffJJTB than 1 u% 0 

The, ,1Bcessity of rec;irculation was demonstrated du;�ing periods of 

nocirc'_jt;3tior: faiLure; pH at ti-1e bottom of tl-·,e fitter (i.e. the 

It can 

be assu�ed that process faiLure was initiated at this 

po_� r-t aml wo:�1,c:I h2.ve g:r:·adua1, l,y spread upwards as the feed moved 

ir1 c, �l,1g f1_,ow fGshirn1 through the fi Lter. 

Partial, olockages and consequentiaL channeLLing of ftow was noted 

in t�e stone and clinker filters. These situations were identified 

by feeling the warmth of the filters atong the Length of the sheLLs 

r:Lri:10 tr:e period �v:-1,rn the hot water bath system of heating was 

being used. Cold patches indicated regions through which the waste 

was not ftowing. The blocked regions did not remain constant, but 

changed stowly and continuousty, probabty as a resutt of the active 

regions clogging up with bioLogicaL sotids. Despite the graduaL 

ch:y,ge:� i;-: th 2. ch annal ling of the fto1A1 no ur,due ftuctuations in 

the parf□r�ances of the processes were noted. PartiaL blocking 

,:,:.,.st� howEiva:::� be 2 disadvantage, since it impLies that the whoLe 

volcm1e Df tf1e fitte,� is ;-iot L!Sed efficientty. Predictions cannot 

�erformanc2. of fuLL-scate fitters. 



The ptate section of Fitter No. 3 did not exhibit this tendency 

for btockages. 
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Totat bLockage of the fLow through the fitters occurred occasionatLy 

due to (a) a stow buiLd-up of unbiodegradabLe soLids materiaL, 

(b) the high concentrations of bioLogicaL soLids required for the 

high Loading rates. The intervaL between bLockages depended on 

the type of media, the soLids concentration in the infLuent, and 

the Loading rate on the fitter. The fitters were operated over too 

short a period to determine accurateLy the time intervaL between 

bLockages, b�t the fo11owing generat impression was fofmed: 

(i) The pLate sector of Fitter No. 3 did not show any 

tendency to become btocked, even though it was compteteLy 

fitted with bioLogicat sotids at the higher Loading rates. 

(ii) Fitter No. 1 with stone media setdom btocked. 

(iii) Fitter No. 2 with ctinker media was more prone to 

bLockages than the stone fitter. This was due to the 

fact that the cLinker tended to disintegrate into grit, 

thus cLogging the voids. 

(iv) The sand sector of Fitter No. 3 operated sucessfutLy 

on the efftuent from the pLate sector provided the 

soLids concentration was Low. With high soLids 

concentrations in the pLate sector effLuent, the sand 

choked up and ceased to function. 

The time intervaL between bLockages in the stone and cLinker fitters 

was in the order of about two months. 

BLockages in the stone and cLinker fitters were easiLy cLeared 

by wasting sLudge from the bottom of the fitters. The votume of 

sLudge wasted varied, but even voLumes of up to one-third the 

fitter capacity did not upset the process at reasonabLy Low Loading 

rates (corresponding to periodsof Long sotids retention times). 

This effect is simiLar to the shock increases in Load, and may be 

foLLowed on Figure 24: 



Consider a fitter operating at a constant hydrautic 

retention time of 6 days, with an inftuent COD of 

30 000 mg/t, an initiat sotids concentration in the 

reactor of 5600 mg/t and a corresponding sotids 

retention time of 25 days (Point 5 on Figure 24). 

If one-third the mass of micro-organisms is wasted, 

the sotids concentration in the reactor is reduced 

to 3730 mg/t, so that the sotids retention time must 

instantaneousty decrease to an equivatent retention 

time of 14,5 days (Point 6). The efftuent COD does 

not increase significantty with this reduction in sotids 

retention time, and the process is thus not adversety 

affected. It shoutd be noted that at tow sotids 

retention times faiture coutd resutt after sotids 

wastage (compare to shock-toads at tow sotids retenticin 

times). 

The btockage in the sand sector of Fitter No. 3 was cteared by 
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(a) ctosing the gas outtet from the ptate sector, thus forcing att 

the gas to pass through the sand, and (b) recircutating the efftuent 

from the sand sector to the bottom of the ptate sector. Under this 

system of operation, the sand ceased to operate as an effective 

method of sotid-tiquid separation due to the disturbances caused 

by the gas passing through the sand. It was atso observed that 

tiquid tended to short-circuit through one or two paths in the 

sand. 

In conctusion, (i) sand media appears to be undesirabte since 

btockages cannot be cteared effectivety; (ii) btockages in the 

stone and ctinker media are easity cteared without upsetting the 

process performance; (iii) ptate media is not prone to btockages. 

(c) Reactivation 

Reactivation of the anaerobic fitter after a dormant period was 

not a probtem. Fitters No. 1 and 2 were reactivated after dormant 

periods of 31 and 45 days respectivety by first raising the 
0 

temperature to 35 C, and then by stowty increasing toad over two 

days. The process showed no signs of stress, and continued to 



operate satisfactority at a toading rate of approximatety 4, □ 

kg/day/m
3 

(about hatf maximum permissibte toading rate). A 

possibte reason for the fast rate of reactivation was the fact 

that the fitters were cooted from 35
°

c and stored at 2□
0

c. 

Under this temperature reduction biotogicat activity is initiatty 

hatted
(7) and generatty tow. As there is no food avai1abte, the 

organisms have no opportunity to adjust to the tower temperature, 

and thus tend to remain dormant. In time, however, micro­

organisms wit1 adapt to the 1ow temperature but such an adaptation 

wou1d probab1y need an energy source to take p1ace within a 

reasonab1e period. As a resu1t, the origina1 popu1ation remains 

virtwa11y intact throughout the dormant period, providing the 

period is reasonabty short. This investigation did not enquire 

how the 1ength of the dormant period affects reactivation of the 

process. It seems reasonabte that in order to reduce endogenous 

respiration in a dormant digestor, the reactor must be immediatety 

coo1ed at the start of the dormant period. 

(d) 5pent_Wine_Composition 
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A pecu1iarity noted in the treatment of spent wine from different 

disti11eries (Paart and 5te11enbosch) was the difference in gas 

composition which each yietded during treatment. This did not 

appear to have any other effect on the process other than adjusting 

the pH s1ight1y - the pH changes appear to be due to the change 

in the partiat pressure of c□
2

. 

Paar1 - �7 Figures 9 and 10). 

Genera1 

(See 2nd batch of waste - from 

Luring the experimenta1 work conducted for this part of the investigation, 

Fitters Nos. 1, 2 and 3 were operated for a totat of 121; 130 and 114 

days respectivety. Fitters No. 1 and 2 were a1so operated during the 

experimenta1 work reported in Chapter II for a tota1 of 72 and 57 days 

respectivety. In Chapter II, measurements on the performance of the 

process were taken for the purpose of investigating pH controt in 

anaerobic digestion, and the resutts do not contribute to the substance 

of this Chapter. 
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CHAPTER II 

pH CONTROL IN ANAEROBIC DIGESTION 

A. MECHANISM OF ANAEROBIC TREATMENT 

The compLete anaerobic decomposition of organic matter has traditionaLLy 

been regarded as a two-step process - an 'acid fermentation' phase, 
. ( 32) foLLowed by a 'methane formation' phase . Thus, at Least two Large, 

physiotogicatty different, bacteriat popuLations must be present for 

the overatL conversion of compLex organic matter to methane. In the 

first staye, a heterogeneous group of micro-organisms hydrotyse and 

ferment proteins, carbohydrates and Lipids to fatty acids, CO2 
and H

2
□. 

In the second stage, the end products from the micro-organisms of the 

first stage are converted to methane, CO
2 

and H
2
o by a unique group of 

strict obLigate anaerobic bacteria termed the methanogenic bacteria. 

A schematic representation of the breakdown of compLex organic matter 

during anaerobic digestion is given in Figure 27. 

Knowtedge of the microbiotogy and biochemistry of the 'acid fermentation' 

f l t . l . . t d ( 32) ( 33) A h h . . o compuex was e is uimi e . Lt oug many micro-organisms in 

the 'acid fermentation' phase have been isotated and some pure cutture 

studies carried out, there is stitt ignorance and confusion as to the 

pathways micro-organisms use in the conversion of a comptex waste to 

end-products (fatty acids, CO
2 

and H
2
□). However, it appears that a 

great many different types of micro-organisms are required to bring about 

the muttidue of reactions required for the degradation of comptex wastes. 

The end products of the metabotism of the 'acid fermentation' mic+obiat 

popuLation are important, since they are the substrate sources for the 

subsequent bacteriaL growth in the 'methane formation' phase. In generat, 

acid fermentation micro-organisms are more toterant to environmentat 

changes and atso grow more rapidty than the methanogenic micro-organisms. 

They therefore never timit the rate of an anaerobic digestion process. 

A considerabte amount of research has been done on the methanogenic micro­

organisms, but the difficuLties in the isotation and maintenance of pure 

cuttures have made their study extremety difficutt, with the resutt that 

concLusions are generatty not specific. It is now betieved that the 

substrates utitized by methanogenic bacteria are timited to H
2

, CO
2
, CO, 

( 34) methanot, acetate and formate , with acetate and CO2 being the major 

methane sources for comptex wastes such as domestic studge. 
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Whatever the mechanisms of methane fermentation, there exists ampte 

evidence to show that the methanogenic micro-organisms require exact 

environmentat conditions, and that they grow more stowty than the 

' . d f t t. ' . . ( 2 3) Th th f t · f aci ermen a ion micro-organisms . us, me ane orma ion orms 

the criticat or rate timiting step in the anaerobic digestion process. 

Its importance is emphasized by the fact that it is onty in this phase 

that the waste is stabitized by its conversion to methane ( Figure 27). 
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The activities of the methanogenic micro-organisms are inhibited either 

by toxins or by other adverse environmentat conditions. Toxins which 

may be introduced to the process inctude (10) : 

1. dissotved oxygen 

2. heavy metats such as copper, nicket and zinc 

3. atkati and akati earth metats such as sodium, potassium, catcium 

and magnesium 

4. hydrogen ions 

5. votatite fatty acids and ammonia, either in the ionized or 

unionized form, or both 

6. dissotved hydrogen sutphide 

Inhibition by each toxic materiat occurs onty above a certain threshotd 

concentration. Below this concentration the toxins do not show any 

inhibitions, and may in fact stimutate the activity of the organisms. 

Other environmentat conditions which coutd cause inhibition are sudden 

changes in temperature and overtoads on the metabotic capacity of the 

micro-organisms (i.e. high food/micro-organism ratios). As witt presentty 

be shown, even partiat inhibition of methane formation causes further 

toxic conditions to devetop, so that the mechanism of faiture is generatty 

t he same irrespective of the original cause of inhibition. 

With the introduction of toxins or other adverse environmentat conditions, 

the sensitive methan□genic organisms are the first to come under stress, 

causing the methane production to diminish. The acid-forming organisms 

are affected to a far tesser degree and continue with their production 

of votatite fatty acids and co2• Thus there is a buitd up of votatite 

fatty acid concentration and an increase in partiat pressure of CO2• 
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These two factors, and possibty incomptete waste stabitization, cause 

the hydrogen ion concentration to increase - i.e. the pH to drop. As 

votatite fatty acids and hydrogen ions can both be toxic, there is a 

progressive increase in the inhibition of the methane formation. Eventuatt½ 

the methanogenic organisms cease to function, causing comptete faiture of 

the process. 

The controversy as to whether hydrogen ions or votatite fatty acids are 

more toxic to methanogenic organisms is stitt not resotved, but tatest 

indications are that the unionized fraction of votatite fatty acids acts 

as the toxin (ii) . The unionized fraction, however, is sotety dependent 

on the hydrogen ion concentratio� and therefore, pH emerges as the most 

vatuabte singte parameter for indicating toxic conditions in a dectining 

anaerobic process. 

Under exceptionat circumstances faiture coutd occur due to an excess 

concentration of ammonia or some other strong atkati. 

faiture woutd occur in a high pH range. 

In this case, 

As corrective measures for returning a dectining process to normat 

operation, it is necessary to remove the extraneous cause of the mat­

function (e.g. removat of toxin from waste, re-estabtishing correct 

temperature and food/organism ratio) and atso to adjust the pH to the 

optimum vatue. The environment is thus returned as near as possibte to 

the condition existing before the upset occurred. 

It is ctear that pH is an important controtting factor in the operation 

of anaerobic digestion processes. To adjust the pH of an unbatanced 

process in a satisfactory manner, it is necessary to understand how the 

pH in a normatty operating process is estabtished and controtted. 
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B. pH CONTROL BY ORGANISMS 

pH in the aquatic system of an anaerobic process is essentiatty estabtished 

and controtted by (a) the chemicat composition of the waste being treated 

and (b) the chemicat products reteased during the metabotic activities 

of the organisms. The type and quantity of each chemicat product reteased 

witt be dependent on the operating conditions in the process, and again on 

the chemicat composition of the waste. Of the products reteased, the 

acid-base systems are the most important in the controt of pH (35) . 

(36) 
Important weak acid-base systems reteased during digestion are : 

1. carbonic species in the form of carbon dioxide 

2. ammonia 

3. orthophosphates 

4. hydrogen sutphides 

5. votatite fatty acid species, mainty in the form of acetic 

and propionic acid 

Besides reteasing the above weak acid-base systems, it is conceivabte 

that strong acid-base systems are atso reteased during the process. 

Generatty, the acid-base systems present in the waste being treated, 

and which remain unaffected during the process, are inctude in the above 

tist. 

Interaction of att the weak and strong acid-base systems present witt 

estabtish and govern the pH. Once the pH is estabtished, resistance 

to pH change witt be governed sotety by the weak acid-base systems. The 

mechanism by which weak acids and bases controt the pH witt be discussed 

before considering their interaction with strong acids and bases to 

estabtish the pH. 
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C. WEAK ACID-BASE SYSTEMS (37)(JB) (39) 

Dissociation and Eguitibrium 

Weak acids and bases in aqueous sotutions are partiatty dissociated 

into their component ions. Dissociation equations of the systems 

tisted in the previous section, are summarized in Tabte V. Monoprotic, 

diprotic and triprotic systems show step-wise dissociation in one, 

two and three steps respectivety. 

The equitibrium expressions for each dissociation are derived by 

considering the usuat mass-action or thermodynamic concepts. These 

equitibrium expressions, together with the vatues of the equitibrium 
o . . (40)(41) constant K (for a temperature of 25 C), are tisted in Tabte V • 

It shoutd be noted that the dissociation equitibria constants require 

adjustment for different temperatures and for totat ionic concentrations 

significantty greater than zero. The correction factors which must be 

apptied are discussed in Appendix II. 

In addition to the dissociations of the weak acids and bases, the 

water itsetf dissociates to a smatt degree. The dissociation equation 

and equitibrium expression for water are atso tisted in Tabte V. Because 

the unionized fraction of water is very high, it is assumed constant and 

incorporated into the equitibrium constant K . 
w 

Examination of the equitibrium-constant vatues for acetic and propionic 

acids shows that they are atmost equat. In this investigation they are 

assumed equat, and the sum of the acetic acid and propionic acid species 

witt be referred to as the votatite acid species or sometimes simpty as 

acetic acid species. 

Dissociations of the weak acids, weak bases and water can be visuatized 

by their graphicat representation on a pH versus negative tog species 

concentration diagram, (pH is defined as the negative tog of the 

measured hydrogen ion concentration.) Each of the systems in Tabte V 

is separatety represented in Figure 28.for a totat species concentration 

C
T 

equat to □ ,01 motes/t. The pH versus tog species concentration 

diagram is usefut for the fottowing reasons: 
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Species 

Carbonic 

Ammonia 

Drtho-
phosphates 

Sutphide 

Acetic Acid 

Propionic Acid 

Water 

TABLE V 

The weak acid-base systems encountered in the aquatic systems of anaerobic processes. 

Equitibrium Constant at 25 ° oc 

1st 

2nd 

1st 

2nd 

3rd 

1st 

2nd 

Dissociation Equations 

H i D 
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Equitibrium Expression 

K 

[Hc □
3
][H]/[H

2
co

3
] = 

K1 
4,5 X 10-7 

[c □
3

][H ]/[H] = 

K2 4,7 X 10-11 

[NH
3

][H]/[NH4] = 

K 5,5 X 10-10 

[H2Po4][H]/[H
3
Po4] K1 

-3 
= 5,9 X 10 

[HP□4][H]/[H2Po4] 
-5 

= 

K2 6,2 X 10 

[P□4][H]/[HP□4] = 

K3 
4 8 X 10-13 

' 

[HS][H]/[H2S] = 

K1 1,1 X 1□- 7 

[s][H]/[Hs] 
-4 

= 

K2 1,0 X 10 

[Ac][H]/[HAc] 
-5 

= K 1,8X10 

[Pr][H]/[HPr] = K 1,3X10 
-5 

[□H][H] = K 1 ,01 X 1□-
14 

K 

[ J 

is the equitibrium constant of the acid dissociation 

denotes the totat concentration in motes/t 

H2 C0 3 
➔" 

inctudes the dissotved CO
2 

concentration 

ionic concentration of approximatety zero is assumed 

pK 

6,35 

10,33 

9,26 

2,23 

7,21 
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1. The concentration of each specific species in a particutar 

system can be easity evatuated through the whote pH range. 

2. The equitibrium constant for each dissociation is given by 

the intersection of the species tines invotved. Since the 

scates are in negative tog units, the negative tog of the 

equitibrium constant (pK) is atso tisted in Tabte V. 

3. Varying the totat species concentration of a system does 

not atter the shape of the species concentration tines, but 

merety shifts them up or dawn. 

4. The different systems do not interfere with each other, and 

can therefore be represented on one diagram. The diagram in 

Figure 29 represents the carbonic� ammonia and acetic acid 

systems (in aqueous sotution) with totat species concentrations 

of 0,1; 0,05; and 0,01 motes/t respectivety. 

Now that the dissociation of weak acid-base systems has been briefty 

described, the reasoning into how they tend to resist pH changes can 

be discussed. 

pH Buffer Capacity 

105. 

Resistance to pH change is described by the pH buffer capacity and 

measured in terms of the buffer index. The buffer index, B, is defined 

as the change in monovatent strong base (or acid) concentration with 

respect to the change in pH, i.e. 

dC 
a 

dpH 

where C
b 

and C
a 

are the additions of monovatent strong base and acid 

respectivety (units are motes/t). An average buffer index (for a 

finite change in pH) witt define the motes/t of strong base or acid 

addition required to cause that change in pH. 

In any weak acid-base dissociation reaction, the buffer index of the 

system is directty retated to the equitibrium constant, totat species 

concentration and hydrogen ion concentration as fottows: 

2,303 
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FIGURE 29: ReLationship Between Species Concentration, Buffer Index and 

Titration Curve (on a pH Basis) for an Aqueous System Containing 

Weak Acids and Bases 



107. 

A graphica1, representation of the buffer index and species concentration 

versus pH for a unit tota1, species concentration of any weak acid-base 

system is shown in Figure 30. The diagram can be used to i1,1,ustrate 

the fo1,1,owing points: 

1. Buffering capacity is a maximum where the pH equa1,s the 

equi1,ibrium constant pK, i.e. where the component species 

of the weak acid-base system are in equa1, concentration. 

For a unit CT' the curve has the same shape irrespective of 

the pK va1,ue. 

2. Buffering index decreases rapid1,y on either side of the pK 

va1,ue and becomes neg1,igib1,e within 2 pH divisions. The 

decrease in buffer capacity coincides with the concentration 

of one species of the system becoming dominant over the other. 

3. A1,tering the tota1, species concentration has the effect of 

a1,tering the height of the be1,1,-shaped buffer index curve. 

Buffer index versus pH curve for any weak acid-base can be obtained 

simp1,y by drawing the parabo1,a of Figure 30 (corrected for tota1, 

species concentration) with the pK va1,ue of the week acid-base 

coinciding with the pH. Figure 31 represents the buffer index for 

the dissociation of the ammonia species (pK = 9,26) with tota1, species 

concentrations of □ ,DB mo1,es/1,. 

The dissociation reaction of water offers buffering capacity at very 

high and very 1,ow pH's. Buffer index is re1,ated to the equi1,ibrium 

constant and hydrogen ion concentration as fo1,1,ows: 

K 

= 2,303 ([H] + 2:!....) 
. [H] 

K is a constant, and the buffer index of water is therefore dependent w 
on pH on1,y, as shown in Figure 32. 

Since different acid-base dissociation reactions do not interfere 

with each other, the buffer indecies of the different systems can 

a1,1, be represented on one diagram and simp1,y added to give the tota1, 

buffer index. The buffer indecies of the systems represented in 

Figure 29 are shown in the same figure, together with the tota1, buffer 

index curve. 
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110. 

Assuming that the mechanism of the weak acids/bases is the oniy mechanism 

buffering the anaerobic aquatic system, the resistance which the process 

shows to pH change may be quantitativeiy described by the totai buffer 

index. Knowiedge of the concentrations and dissociation constants of 

the weak acids and bases is required for the caicuiation of the buffer 

capacity of a system. 

Experiments were conducted to ascertain to what extent the buffer 

capacity in the aquatic system of an anaerobic process is provided by 

the weak acid and base systems discussed above. The same experiments 

were used to identify the reiative importance of systems, so as to 

simptify subsequent caicuiations for the determination of pH. 



TABLE VI 

Titration curve for a □,1 mol,es/1, aqueous sotution of acetic acid 

as cal,cul,ated from the buffer index. 

�w �a �T r3 1� llpH Cb pH T 

mol,es/1,/pH mol,es/1,/pH mol,es/1,/pH mol,es/1, mol,es/l, 

2,0 0,025 - □,025 D,013 0,013 

2,5 0,008 0,001 0,009 0,005 0,01a 

3,0 0,003 0,004 0,007 0,004 0,022 

3,5 - 0,013 0,013 0,007 0,029 

4,0 - □,032 0,032 0,016 0,045 

4,5 - □,054 D,054 0,027 0,072 

4,7 - 0,058 0,058 0,011 0,083 

5,0 - o, 052 o,□52 □,016 □,099 

5,5 - 0,028 □,028 o,□14 0,013 

6,0 - 0,011 0,011 □, □□6 0,119 

6,5 - o,□□4 0,004 0,002 o, 121 

7,0 - 0,001 0,001 0,001 D, 122 

B,O - - - - 0,122 

9,0 - - - - . D, 122 

10,0 - - - - o, 122 

11 , 0 D,003 - o,□□3 0,001 □, 123 

11 , 5 o,o□ a - □,□08 o,□04 O, 127 

12,0 □,025 - □,025 0,013 □, 140 

�w is the buffer capacity of water 

�a 
is the buffer capacity of acetic acid 

�T is the total, buffer capacity 

llpH is the step-increase in pH 

Cb 
is the cu,nul,ative total, of ( �T * flpH) and is equal, 

to the mol,es/1, of strong monoval,ent base required 

in the titration 

112. 
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titration curve, indicating the point of maximum buffer capacity. At 

very high and tow pH's, the system is seen to have high buffer capacity 

due to the high buffer index of water. 

Manuat catcutation of the titration curve becomes tedious when severat 

weak acid-base systems are present. A computer programme used to 

facititate these catcutations is given in Appendix III. The programme 

inctudes the necessary corrections for temperature and ionic strength 

which must be apptied to the equitibrium constants. 

The titration curve for the weak acid-base systems presented in Figure 29 

was catcutated by this programme. As expected, the diagram indicates 

that in high buffer index regions, targe quantities of strong base or 

acid are required to effect smatt pH changes, and vice versa. 

A comparison of the theoreticat titration curve for the aqueous system 

of an anaerobic process(as determined above) and an experimentat 

titration curve performed on the same system, determines the accuracy 

of the assumption that weak acid-base systems provide the buffer capacity 

in anaerobic digestion processes. 

ExperimentaL verification of the above assumption was conducted on 

sampLes from two anaerobic processes. Samptes were extracted from an 

experimentat bench-scats anaerobic fitter treating a wine distittery 

waste (see Chapter I) and from a futt-scate digestor of the Athtone 

Sewage Works, Cape Town, treating a domestic studge. Both processes 

were in normat stabte operation at the time of sampting. 

SampLes from the process treating spent wine were prepared by removing 

a sampLe from the fitter and immediatety dituting it ten times with 

de-ionized(C02 free)water. This was done to reduce the toss of CO2 
and NH

3 
to the atmosphere during titrations. The samptes were 

centrifuged, and then considered ready for use. Samptes from the 

process treating domestic studge were stored for severat days before 

use. For this reason, they were submitted to an atmosphere containing 

3rf/o CO2 and 71% CH4 (approximate composition of a digestor gas) for 

severat hours to ensure CO2 saturation. The samptes were then prepared 

in the same way as the spent wine samptes. 
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Measurements to determine the concentrations of totat carbonic, ammonia, 

orthophosphate and votatite fatty acid species were conducted according 

to the methods in Appendix I. Hydrosutphuric measurements were omitted 

since concentrations reported in titerature have been very tow (36) . 

(Confirmation of its insignificance was obtained from the experiments 

conducted.) Resutts of the anatysis for the totat species concentrations 

of the two samptes (from spent wine and domestic studge treatment 

processes) are recorded in Tabte VII. Temperature and conductivity 

were measured to correct the eguitibrium constants as per Appendix II. 

The samptes were titrated upscate and downscate with Na□H and H2s□4 
respectivety, and the titration curve recorded on an automatic recorder 

coupted to the titrator (see Appendix I) . The experimentat titration 

curves for the two wastes are shown in Figure 34, and are compared 

with the theoreticat curve as predicted by the weak acid/base systems 

measured. 

Ctose corretation of the theoreticat and experimentat curves was obtained 

for both samptes, confirming that the measured weak acid-base systems 

controt the buffer capacity. Since the two processes were treating 

widety different wastes, it seems probabte that most anaerobic processes 

are buffered by weak acid-base systems of carbonic acid, acetic acid, 

ammonia and orthophosphate. 

From the species concentration and buffer index diagrams of the undituted 

sampte extracted from the process treating spent wine (Figure 35 ) , it 

is possibte to identify the important weak acid-base systems: (the 

sampte from the domestic studge process witt yietd simitar diagrams, 

since the species concentrations are of the same order). 

Orthophosphates were insignificant in providing any buffe� 

action due to their tow totat species concentration. This 

is demonostrated in the buffer index diagram. The totat 

species concentration of the hydrosutphuric acid is probabty 

stitt tower, since its effect cannot be discerned on the 

titration curves in Figure 34. 

The pH in anaerobic processes rarety fatts outside the range 

6,0 to 7,5. Co�rection to pH in an unbatanced process shoutd 

be atways apptied before the pH fatts outside these timits. 



TABLE VII 

Chemicat anatysis of undituted samptes extracted from processes 

treating spent wine and domestic studge. 

Weak Acid/Base 
Totat Species Concentration motes/t 

Species 
Spent Wine Domestic Studge 

Carbonic 5 7 ,5 X 1□-3 
78,0 X 1 □-3 

Ammonia 11, 6 X 1 □-3 
24, 3 X 1□-3 

Acetic Acid 10,0 X 10-3 
2, 1 X 1□-3 

Orthophosphate 2,5 X 1 □-3 
2, 1 X 10-3 

Temperature 
o

c 20 20 

Conductivity 
5,8 5,1 

mi tti-siemens 

116. 
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The buffer index diagram in Figure 35 demonstrates that the 

buffer capacity in the pH range 6,0 to 7,5 is aimost compieteiy 

suppiied by the first dissociation constant of carbonic acid. 

It is in fact the oniy system in this pH range which operates 

as a weak acid. Buffer capacity afforded by the acetic acid 

and ammonia wiii generatty be insignificant in this pH range, 

and particutarty so if their species concentrations are tow. 

119. 

Even at higher concentrations, such as 3000 mg/i of acetic acid, 

the contribution to buffer capacity at pH 6,0 witt be approximatety 

15% oniy. 

The species concentration diagram in Figure 35 demonstrates 

that in the pH range 6,0 to 7,5, the acetic acid and ammonia 

species are aimost compietety dissociated. This accounts for 

the fact that (a) they provide no buffering capacity, and (b) 

they may be considered to act as a strong acid and base 

respectiveiy (in that specified pH range oniy). 

From the behaviour pattern described above, it is ctear that for the 

aquatic system of anaerobic processes, resistance to pH change in the 

range pH 6,0 to 7,5, is governed by the carbonic weak acid system onty. 

Acetic acid and ammonia act as a strong acid and base respectiveiy, and 

thus, do not inftuence the buffer capacity. 

The pH which is estabtished in an anaerobic digestor witi be dependent 

on the interaction of the carbonic weak acid system and the strong acid­

base systems (inctuding the acetic acid and ammonia systems). 



E. pH ESTABLISHMENT AND CONTROL 

The simplified aqueous system controlling the pH of an anaerobic 

process in the region 6,0 to 7,5 consists of the carbonic weak acid 

and the strong acid-base systems�n which are included acetic 

acid and ammonia). The system is further simplified by considering 

the summation of the strong acids and bases to yield a net acidic or 

120. 

basic concentration. In the aquatic system of anaerobic processes, it 

will become evident that the summation yields a net basic concentration. 

The carbonic and strong base systems used to define and control the 

pH are sketched in Figure 36. 

A p�oton balance from the zero-ion conditions of the carbonic and 

strong base systems in water defines the ionic equilibrium➔
• point of 

the two systems, and hence the pH. Zero-ion condition is given by the 

ionic condition of species before their addition to water. Since the 

carbonic species are derived mainly from the carbon dioxide gas 

(released during the digestion process), their zero-ion condition will 

be the dissolved carbon dioxide or carbonic acid species. Zero-ion 

conditions of the water and strong base are obviously their undissociated 

species. The following dissociations from zero-ion conditions are 

corsidered in the proton balanc� 

DH 

t 

wne�e s
6 

is the concentration of a monovalent strong base. 

T�e proto� balance yields: 

* Ionic equilibrium is defined as a steady-state dynamic balance between 
the reacting compounds and their ions. 
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Consutting Figure 36, in the pH range 6,0 to 7,5, shows that the co;, 
H+ and □H- concentrations are neg1igib1e, and the equation above can 

therefore be reduced to: 

... ( 24) 

In Figure 36, the ionic equiLibrium point, and therefore the pH, are 

defined by the intersection of the He□; and S� Lines. (It is now 

obvious that if a net strong acid concentration were present, no 

sotution in the pH range 6,0 to 7,5 wouLd be possibLe.) The above 

graphicaL sotution for the ionic equiLibrium point and pH requires 

knowLedge of the totaL carbonic species concentration, and either the 

net strong base or He□; concentration. Appendix I considers the 

difficuLties encountered in measuring the above three variabtes. 

Measurement of the c□2 partiaL pressure (over the aquatic system of 

the process) ·and the pH is the easiest method for defining the ionic 

equiLibrium point. The equiLibrium expressions for the first 

dissociation reaction of carbonic acid and the equiLibrium equation 

for free and dissoLved CO2 reLate the two variabtes, CO2 and pH, i.e. 

[Hc□
3
][H] 

K1 [H2c□
3
] 

.•. ( 25 ) 

[H2c□
3

] = 

KG 
--�� 

pc□ 
2 

.•. ( 26) 

wheie K
G
* is the so1ubi1ity equiLibrium constant of c □2 in water 

and P
O 

is the partiaL pressure of c □
2 

(atmosphere). 
[ 2 

Combining equations (24), (25 ) and (26) we arrive at: 

pc□ 
(K * K) * --

2 

1 G [H] [He□) ••• ( 2 7) 

Eq�ation (27) is graphica11y represented in Figure 37. Corrections 

for temperature and ionic strength, as set out in Appendix II, are 

appLied to constants K1 
and KG before being used in equation (27). 

The diagram is extremeLy usefuL in cLarifying various points in pH 

estabLishment and controL: 

* The vaLue of pK
G 

at 25
°

C is 1,46 motes/1/atmosphere. 
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The net concentration of strong base 5
b 

is not provided by the 

ammonia and acetic acid atone, This may be experimentatty verified 

as fottows: in the treatment of spent wine, a P
C□ 

of □,31 atmospheres 

and a pH of 7,18 were recorded. These vatues are ptotted on the 

diagram (Figure 37) to define the ionic equitibrium point, and hence 

the 5
b 

vatue of □,□98 motes/t. Measured vatues of ammonia and acetic 

acid were D,□11 and □,□ 18 motes/t respectivety, giving a net measured 

124. 

S
b 

concentration of 0,001 motes/t. The difference between the catcutated 

and measured vatues of S
b

' i.e. □,097 motes/t gives the concentration 

provided by some other strong base. Treatment of domestic studge was 

found to give simitar resutts. 

From the data devetoped above, the assumption that the equivatent of 

some strong base is reteased (or hydrogen ions removed) during anaerobic 

digestion seems to be verified, but the findings disagree with those 
( 4 2) 

of Pohtand . The origin of the strong base, however, is not ctear. 

Its retation to the anaerobic process during periods of overtoad is 

investigated in Park K. 

Examination of Figure 37 shows that the buffer capacity decreases with 

decreasing pH, i.e. at tow pH's, a unit change in S
b 

causes a targer 

change in pH than at high pH's. This seems contrary to expectation 

since the buffer index for unit totat carbonic species increases for 

a decreasing pH between 7,5 and 6,0 (Figure 38). However, the unit 

species buffer index diagram assume a constant totat carbonic species 

concentration, whereas in the anaerobic process the totat carbonic 

spe�ies concentration changIBwith change in pH for a constant partiat 

pressure of CO2. The species concentration decreases rapidty with 

decreasing pH (for an unchanged partiat pressure of CO2), and the 

buffer capacity is correspondingty reduced. This is ittustrated in 

Fig�re 38, which shows how (a) the buffer index for unit species, (b) 

the total carbonic species and (c) the buffer capacities change with pH 

for different CO
2 

partiat pressures. 

Th S t t · b · d · t 1 bt · d f HC □- measurements, e 
b 

concen ra ion can e in irec uY o aine ram 
3 

which in turn are measured by atkatinity titrations. Atkatinity for a 

pure carbonic species system is defined as: 
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- + In the pH region 6, □ to 7,5, c □3, DH and H concentrations are 

negtigibte (see Figure 36), and the above equation reduces to: 

In pure carbonic aquatic systems the atkatinity titration witt give 

an accurate estimate of the He □; concentration. However, with other 

weak acid systems present, notabty acetic acid, the titration witt be 

some measure of the totat atkatinity present, inctuding that provided 

126. 

by the acetic acid. In this case the titration witt give a poor 

estimate of the He□; concentration, particuiarty where the acetic acid 

concentration is high. A correction can be made to the totat titration 

vaiue by subtracting that part of the atkatinity which is ascribed to 

the titration of the acetic acid fraction. Estimation of the atkatinity 

due to the acetic acid concentration is not retiabte, so that He□; 
concentrations are not given accuratety. The difficutties in measuring 

atkatinity makesit a poor parameter for determining the vatue of He□; 
and S

b
, and hence for defining the ionic equitibrium point. 

Measurements of atkatinity were omitted in this study because it is 

redundant for catcutating the ionic equitibrium point, providing pH 

and P
C02 

are measured. If P
C0

2 
is not measured, then atkatinity 

measurements can be substituted but this is not satisfactory for 

accurate work. 

Measurement of the partiat pressure of CO
2 

and pH is the most accurate 

method for determining the ionic equitibrium point in the aquatic 

system of the anaerobic process. The diagrammatic representation of 

the ionic equitibrium point in retation to P
C
□ and S

b 
(Figure 37) witt 

be particutarty usefut in describing the pH changes which occur in 

anaerobic processes. 

The partiat pressure of c □
2 

is given by the percentage CO
2 

in the gas, 

onty if it can be assumed that the dissotved CO
2 

is under atmospheric 

pressure at sea tevet. The magnitude of the errors introduced by this 

approximation at high attidues and in deep digestors is shown in 

Appendix IV. 

pH is estabtished and controtted by the co
2 

partiat pressure and the 

net strong base concentration (Figure 37). Both these parameters are 

controtted normatty by the activities of the micro-organisms in the 

process. However, during unbtanced operation it is possibte to adjust 

the P
C
□ and S

b 
(and hence the pH) by methods described in Part F. 

2 



F. pH ADJUSTMENT 

The pH in a process can be adjusted by changing the composition of 

the waste, modifying the environmentai conditions for the organisms, 

direct chemicat dosing and changing the CO
2 

partiat pressure. 

Changes in waste composition shoutd be considered where the waste 

contains excess acids or bases. It may be necessary to partty 

neutratize the pH by additions of either a strong base or acid as 

the case requires. Usuatty,pH adjustment is necessary onty with 

some specific industriat organic waste. The vast majority of organic 

wastes do not require pH adjustment; it is certainty not required in 

domestic studges. 

Modification of the environmentat conditions of a process usuatty 

atters the degree of activity of the acid and methane organisms by 

different amounts. A dectine in pH is caused by an increase in the 

activity of the acid forming organisms retative to the activity of 

the methanogenic organisms (see Part A). This usuatty occurs during 

periods when the metabotic capacity of the methanogenic organisms 

127. 

is exceeded (e.g. during start-up operations, sudden increases in toad 

rates and temperature reductions - see Chapter I). Since high-rate 

digestion processes are normatty operated under environmentat conditions 

optimum for the methanogenic organisms, any deviation from these 

conditions is tikety to decrease the activity of the methanogenic 

organisms. This depresses the pH. Short-term temperature increase is 

an exception, since it temporarity increases the activity of the 

methanogenic organisms (7) . In an overtoaded process with a depressed 

pH, a short-term temperature increase may be a possibte procedure to 

return the pH to its normat vatue for the process. (This sotution is 

usefut onty in processes where the activities of the methanogenic 

organisms have not been comptetety inhibited.) 

Direct chemicat additions to a process is the method most often used 

to adjust pH in an unbatanced process. The additions immediatety 

change the S
b 

and carbonic species concentrations, thus atteviating 

the adverse pH conditions. Retief is onty temporary, but it provides 

time for the cause of the inbatance to be determined and corrected. 

To increase the pH, the fotiowing chemicais can be used: Ca(DH)
2

, 

Cac□
3
, NaHC□

3
, Na

2
co

3
, NaDH and NH

3
• A decrease in pH can be obtained 



128. 

by dosing with any strong acid such as HCt. Direct correction of 

the c □
2 

partiat pressure is setdom used as a method of pH adjustment. 

The effect on pH of each of the above dosing chemicats, and the effect 

of ?r·o- changes, can be demonstrated by referring to a pH conditioning 
� c 

diagram. This witt be considered in the next section. 



...... 
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G. pH CONDITIONING DIAGRAM 

pH Conditioning Diagram for Compl,etel,y Sol,ubl,e Dosing Chemical,s 

The basic pH conditioning diagram (Figure 39) is essential,l,y identical,. 

to the diagram in Figure 37, except for the units of the axis which 

require some cl,arification. 

The vertical, axis represents either the partial, pressure of CO2, 

the percentage CO
2 

in the gas, or the H
2
c□

3 
concentration. Percentage 

c□2 
is assumed to be equal, to the CO2 partial, pressure in the digestor 

atmosphere (see Appendix IV). The H
2
c□

3 
concentration is obtained 

from equation (26), i.e. 

= 

which expresses the H2 c□
3 

concentration in mol,es/1,. Conversion to 

equival,ents/1, is obtained as fol,l,ows: 

where ( ) represents equival,ents/1,. Equival,ent concentrations can 

in turn be expressed in mg/1, (or ppm) as CaC□
3 

as fol,l,ows: 

i.e. 

(H2C □
3

) * equival,ent weight CaC □
3 

* 1 □ 3 
= mg/1, as CaC□

3 

(H CD ) * 50 * 10
3 

2 3 
mg/1, as CaC□

3 

The horizontal, axis represents either the He□; or strong base 

concentration. These parameters can be expressed either in mol,es/1,, 

equival,ents/1, or mg/1, as CaC□
3

. Conversions from one unit to another 

are the same as for the H
2
c□

3 
conversions, except that He□; has unit 

val,ency. 

Units general,l,y used in cal,cul,ations wil,l, be ppm as CaC□3 on both 

axes, and c □
2 

percentage on the vertical, axis. 

Since the equil,ibrium constants change for different temperatures and 

ionic strengths (see Appendix II), the pH conditioning diagram wil,l, 

change correspondingl,y. A sel,ection of pH conditioning diagrams 

for different temperature and ionic strengths are given in Appendix V • 
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These are seen to vary considerabty with changing temperature 

and ionic strengths. The computer programme for ptotting the diagrams 

is given in Appendix VI. 

Anaerobic processes normatty operate at a pH between 6,8 and 7,2, 

and within a CO2 percentage range of 25 to 35%. These timits are 

shown on the conditioning diagram in Figure 39. A pH outside these 

timits indicates an inbatance in the process, and adjustment of the 

pH becomes necessary. 

Before adjusting the pH of an anaerobic process, the equitibrium 

point shoutd be estabtished on the diagram by measuring the percentage 

c □2 and the pH. This point represents both CO2 sotubitity equitibrium 

and carbonic species ionic equitibrium. 

Additions of chemicats atter the ionic and CO2 sotubitity equitibrium 

points, and hence the pH. It is assumed that ionic equitibrium is 

immediatety satisfied, and that sotubitity equitibrium is satisfied 

at a much stower rate, depending mainty on the CO2 production of the 

organisms. The direction and magnitude of changes of the equitibrium 

points for the addition of the fottowing different chemicats witt now 

be considered: 

1. a strong base or acid other than a carbonic species acid or base 

2. a bicarbonate 

3. a carbonate 

4. carbonic acid 

Firstty, the movement of ionic equitibrium is considered, assuming 

no CO2 exchange takes ptace with the gas. Changes in the concentrations 

of the HC □
3 

and H2c□
3 

are computed for the addition of each chemicat, 

in order to define the new ionic equitibrium point. 

Secondty, the movement of ionic equitibrium is considered white it 

adjusts to the c□
2 

sotubitity equitibrium. The changes in H2C □
3 

and He□; are computed for c□2 exchanges with the gas in order to 

define the finat ionic and sotubitity equitibrium point. 

These catcutations assume that the sotubitities of the chemicats are 

infinite. 



1. Ionic Egui1ibrium Movement for the Addition of a Strong 
Base or Acid 

132. 

The change in [Hc □
3
] may be ca1cu1ated as fo11ows: it was shown 

ear1ier in equation (24) that the ionic equi1ibrium point is 

given by 

The addition of X mo1es/1 of a strong monova1ent base mere1y 

a1ters the above proton-ba1ance equation to 

:he change in [HC□
3
] for the addition of Xis therefore given 

by 

X ••• ( 2 8) 

Equation (28) assumes that Sb 
remains unchanged during the 

addition of the strong base, X. Since Sb is governed by the 

bio1ogica1 process, it seems va1id to assume that the process, 

and thus S
b

, wi11 initia11y remain unaffected by the addition 

of a dosing chemica1. 

The change in [H2 c□
3
] may be ca1cu1ated by considering a mass­

ba1ance of the carbonic species: 

..• (29) 

Since no exchange of c□
2 

with the gas is considered, C
T remains 

constant. In the pH region 6,0 to 7,5, the [c□
3
] is again 

neg1igibte, so that for changes in [Hc □
3

], equation (29) reduces 

to 

By substitution of equation (28) into the equation above, 

Hence, addition of X mo1es/t of a strong base changes the 

[H2c□
3
] and [HC □

3
] by equat amounts of X motes/t. The 

concentrations can be expressed in ppm as Cac□3 as fottows: 



= 

= 

[H CD]* 100 * 10
3 

2 3 ppm as CaC□
3 

ppm as CaC□
3 

1 3 3. 

Thus, for the addition of X motes/i of X, the HC0
3 

concentration 

changes by X * 50 * 1 □
3 

ppm as CaC□
3

, white the H2
c□

3 
concentration 

3 changes by X ➔} 1 OD ➔} 1 D ppm as Caco
3

, i.e. expressed as ppm as 

CaC □
3

, the H
2

c □
3 

change is twice the HC0
3 

change. 

On the pH conditioning diagram, the direction and magnitude of 

the ionic equitibrium movement for the addition of a strong base 

is graphica11y shown in Figure 40. The addition of a strong acid 

wi11 merety reverse the direction and magnitude of the ionic 

equitibrium movement. 

It shoutd again be noted that any acid or base with a dissociation 

constant significantty outside the pH range 6,0 to 7,5 can be 

taken to act approximatety as a strong base or acid. 

2. Ionic Eguitibrium Movement for the Addition of a Carbonate 

Since the addition of a carbonate aiters the totai carbonic species 

concentration, it is usefu1 to consider two carbonic species 

systems - one with a totai species concentration CTg 
given by 

the originai species present before the addition of a carbonate, 

and the other with a totai species concentration CTs equai to the 

carbonate added. 

A mass-batance of the two systems, negtecting [c □
3

] as being 

insignificant, is given by 

[Hc □
3

g] + [H2c □
3 g] = CTg 

•.. ( 30) 

[HC0
3s

] + [Hl03s] = CTs 
... ( 31 ) 

and adding the two systems gives 

[Hc □
3

] + [Hl□
3

] = CTg + CTs 
••• ( 32) 
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Consider atso a proton-batance of the comptete system: 

zero-ion 

co 
3g 

He□; 

t 
g 

condition ---- H CO ------
2 3g 

i.e. 2[co ] + [He□ J + [□H] 
Jg 3g 

DH 

Negtecting [c□
3
], [□H] and [H] simptifies 

[Hc□
3g] = 2[H

2c□
3s] + [HC□

3s] 

the above equation to 

The change in [HC □
3
] may now be catcutated as fottows: 

considering equations (30), (31) and (32), the fottowing 

equation is derived 

[He□) = [HCD ] + [Hc□
3

] 
3s g 

Substituting equation (34) in equation (33) yietds 

Finatty, substituting equation (31) into the above gives 

[He□) = 

••• ( 33) 

••• ( 34) 

•.• ( 35) 

Assuming that S
b 

remains constant, the change in [HC□
3

] witt 

be given by 

••• ( 36) 

The change in [H2c□
3

] may be catcutated as fcttows: substitution 

of equation ( 35) into (32) yietds: 

••• ( 3 7) 

1 35. 



Again, 5b 
and CTg are constant, so that the change in H

2
c□ 3 

is given by 

= - C Ts 

Hence, addition of C
T 

motes/t of a carbonate changes the HC□-s 3 
concentration by 2 CTs motes/t and the H

2
c□ 3 concentration 

136. 

by C
Ts motes/t. The concentrations can be expressed in ppm as. 

CaC □ 3 as was shown in the case of strong base addition (page 13j),, 

In the pH conditioning diagram, the direction and magnitude of 

ionic equitibrium movement is shown in Figure 40. Removat of 

c□

3
, for exampte by the precipitation of CaC□ 3, reverses the 

direction and magnitude of ionic equitibrium movement. 

3 . Ionic Eguitibrium Movement for the Addition of a Bicarbonate 

Two carbonic species systems, identicat to those in the carbonate 

addition case (page13 3), are considered. The mass-batance 

equations ( 30), ( 3 1), (32) and (34) remain unchanged. 

A proton-batance of the comptete systems fottows: 

zero-ion condition ------ H CO ------2 3g 

-

DH 

t 
Hi 

------

l 
H

+ 

The change in [HC□
3
] may now be catcutated: omission of the 

[co
3
], [□H] and [H] ions from the proton-batance yietds the 

fottowing simptified equation: 

Substituting equations (34) and (3 1) into the above gives 

::;: 

5b 

5 + 

b 



With S
b 

remaining constant, the change in He□; is given by 

= 

The [H
2
co

3
] remains unchanged: substitution the above equation 

into equation ( 32) yietds 

= 

and since C
Tg 

remains constant, there is no change in [H
2
c□

3
J. 

Hence, addition of C
Ts motes/t of bicarbonate changes the He□; 

concentration by an amount equat to C
Ts' and teaves the H

2
c□

3 

concentration unattered. Concentrations may again be expressed 

in ppm as CaC□
3 

( page 13 3). The direction and magnitude of ionic 

equitibrium movement is shown in Figure 40. 

4. Ionic Eguitibrium Movement for the Addition or Removat of 
Carbonic Acid (Dissotved c□

2
l 

The ionic equitibrium which is estabtished by the addition of 

H2C□
3 

is defined by the acid-base systems discussed in Part E. 

The changes in [H2c□
3

] and [Hc□
3

] may be defined by considering 

the proton batance equation (24), i.e. 

• •• ( 24) 

and the mass-batance equation 

A combination of the two equations gives 

.•• ( 3 8) 

Assuming S
b 

constant, equation (24) shows there is no change in 

the HC □; concentration, white equation ( 38) shows the H
2

C□
3 

concentration change is equat to the H
2

C□
3 

added, i.e. C
T

. 

Concentrations may again be expressed in ppm as CaC□
3

. The 

direction and magnitude of the ionic equitibrium movement is 

shown in Figure 40. Removat of H
2
c□

3
, for exampte by CO

2 
stripping, reverses the direction and magnitude of the ionic 

equitibrium point movement. 

1 3 7. 
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A combination of the direction diagrams in Figure 40 is shown 

in the pH conditioning diagram (Figure 3 9), corrected to scate. 

Addition of the above dosing chemicats causes oversaturated, under­

saturated or saturated conditions with respect to CO
2 

sotubitity 

138. 

to devetop. As CO
2 

exchange between the water and gas proceeds, the 

H
2
c□

3 
concentration changes as indicated by the c□2H

2
c□

3 
sotubitity­

equitibrium equation (26). In the pH conditioning diagram, the ionic 

equitibrium point moves verticatty up or down, as shown for H
2
c□

3 

additions in subsection 4 above. The point where donic and sotubitity 

equitibria are both satisfied defines the finat pH. 

Upward Adjustment of pH 

The different effect each dosing chemicat has on pH is demonstrated 

in the fottowing exampte by referring to the pH conditioning diagram 

(Figure 39): 

Consider an initiat ionic and CO
2 

sotubitity equitibrium point given 

by a pH of 6,3 and a CO
2 

percentage of 40 (point 1). A strong base, 

a carbonate and a bicarbonate are each added in equat amounts (500 

ppm as CaC□ 3 ) to raise the pH. For the respective chemicat additions 

of strong base, carbonate and bicarbonate, the ionic equitibria 

initially move to points 2, 3 and 4 (as indicated by the direction 

diagram). 

Addition of the bicarbonate causes no change in the H
2
c□

3 
concentration, 

so that CO
2 

sotubitity remains satisfied, and the finat pH of 6,52 

is given by point 4. 

Additions of a strong base and carbonate, however, cause undersaturated 

conditions to devetop. The H
2

C □
3 

concentrations, after the addition of 

the strong base and carbonate, are given respectivety by 400 and 1100 

comes ppm as CaC□
3

. pH in both cases is extraordinarity high. As CO
2 

into sotution to satisfy the undersaturated conditions, the H
2
c□

3 

concentration increases, causing the ionic equitibrium point to move 

verticatty up. At the same time, the pH is decreasing rapidty. CO
2 

sotubitity is eventuatty satisfied when the CO
2 

in sotution is in 



equil,ibrium with the original, partial, pressure, i.e. point 4. 

Thus, the final, pH is the same in al,l, cases. 

The decreasing efficacy of the dosing chemical,s with increasing pH 

(for a constant Pc□ 
) can be noted in Figure 3 9. For exampl,e: with 

2 
a constant percentage CO2 of 40, 500 ppm as Cac□

3 
of some base is 

required to raise the pH from 6,D to 6,3, whi l,e 4000 ppm is required 

to raise the pH from 7,0 to 7,3. 

Experimental, Verification of the pH Conditioning Diagram for the 
Addition of Sol,ubl,e Dosing Chemical,s 

139. 

Experimental, verification for dosing with compl,etel,y sol,ubl,e chemical,s 

was conducted on sampl,es taken from the anaerobic process treating 

wine distil,l,ery waste. The experimental, procedure was as fol,l,ows: 

Sampl,es were subjected to an atmosphere containing 3 9% CO2 and 

71% CH
4 

until, c □2 saturation was achieved. Temperatures were 

adjusted to 2□
0c, pH's to the l,ow initial, val,ues required, and 

ionic strengths to D,1. The gas source was then removed, and 

sampl,es dosed with Na□H, Na
2
c□

3 
and NaHC□

3 
respectivel,y.  The 

pH was al,l,owed to become stabl,e, after which the gas source was 

re-introduced to saturate the sampl,e with c□2• After dosing 

(in the absence of the CO
2 

source), ionic equi l,ibrium was attained 

quickl,y, and consequentl,y, pH measurements were taken al,most 

immediatel,y. The time taken to reach CO2 sol,ubil,ity equil,ibrium 

under the experimental, conditions was of the order of 10 min. 

Thus, measurement of the final, pH (with ionic and CO
2 

sol,ubil,ity 

equil,ibria both satisfied) was taken after 10 minutes. Sampl,es 

which were subsequentl,y l,eft for up to 24 hours showed no change 

in the pH val,ues. Detail,s of the experimental, procedure are 

set out in Appendix I. 

pH measurements at (a) ionic equil,ibrium (with undersaturated CO
2 

conditions) and (b) ionic and CO2 sol,ubil,ity equil,ibrium are recorded 

on Tabl,e VIII together with the theoretical, pH val,ues obtained graphical,l,y 

from the pH conditioning diagram (see exampl,e in preceding subsection -

page13B). The experimental, resul,ts are represented on the pH conditioning 

diagrams in Figures 41, 42 and 43 . 
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TABLE VIII 

Comparison of measured and theoreticat pH's (as obtained from the pH 

conditioning diagram) for the addition of sotubte dosing chemicats to 

samptes of activety dig�sting spent wine (ionic strength 0,1; temperature 

20
°

C; 39';0 CO
2 

atmosphere). 

Dosing 
Chemicat 

Na0H 

NaHC0
3 

Dosing 
Quantity 

Added 

ppm as Cac □
3 

0 

500 

500 

500 

pH on Addition of 
Dosing Chemicat 

(CO
2 

Undersaturated 
Conditions) 

Measured 

6,63 

6,82 

6,93 

Theoreticai 

6,57 

6,73 

6,85 

pH After c □
2 

Saturation 
is Achieved 

Measured 

6, 12 

6 ,42 

6,62 

6, 75 

Theoreticat 

6, 1 2 

6 ,40 

6,58 

6, 71 

--------------------------------------- ------------------------

0 

3000 

0 

500 

500 

500 

500 

---------------

0 

3000 

0 

500 

500 

500 

1000 

8,00 

-

6,90 

7, 12 

7, 19 

7,35 

-----------

-

8,85 

-

-

-

-

-

-

6,95 

7,10 

7,20 

7,28 

-------------

-

-

-

-

-

-

-

6,30 

7,01 

6, 30 

6,52 

6,65 

6, 76 

6,85 

----------

6 ,2 3 

6,94 

6,20 

6 ,4 3 

6,60 

6, 71 

6,88 

6, 30 

6,94 

6,30 

6,52 

6,64 

6, 75 

6,83 

------------ -

6, 2 3 

6, 96 

6,20 

6,61 

6,61 

6,72 

6,88 
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Experimentat resutts obtained in saturated CO
2 

conditions (i.e. with 

ionic and sotubitity equitibria both satisfied) conformed to the 

theoreticatty predicted vatues ctosety in att cases. In undersaturated 

conditions, the pH vatues for step-wise additions of Na□H and Na
2
c□ 3 

may be fottowed in Figures 41 and 42. Again, pH vatues were found 

to be in agreement with the predicted vatues from the pH conditioning 

diagram (Tabte VII). For targe additions of dosing chemicats, the pH 

in undersaturated CO
2 

conditions moves outside the carbonic acid­

bicarbonate buffer system (hence off the diagram) and no prediction 

of the pH in undersaturated conditions can be made. 

For the case of pH adjustment with comptetety sotubte dosing chemicats, 

the pH conditioning diagram appears to provide an accurate method for 

predicting the pH movement in anaerobic digestors. 

Downward Adjustment of pH 

The unusuat case of pH correction from a high to a tow vatue is 

graphicatty shown in Figure 4 3 , for the fottowing theoreticat cases: 

Initiat ionic and CO
2 

sotubitity equitibrium (point 1) is given by a 

c□
2 

percentage of 30 and a pH of 7,4□. Addition of 500 ppm as CaC□
3 

of a strong acid moves the ionic equitibrium in the direction opposite 

to that for strong base additions, i.e. to point 2. pH at this point 

is 7,05 and H2 c □ 3 concentration 2500 ppm as CaC□
3

, indicating an over­

saturated c□
2 

condition. As CO
2 

comes out of sotution, the H
2
c□3 

concentration decreases and the ionic equitibrium point moves vericatty 

down. The pH is correspondingty increased untit ionic and CO
2 

sotubitity 

are again both satisfied, i.e. point 3. The finat pH is given by 7,37. 

La1ge quartities of acid are required to adjust the pH since the buffer 

capacity in this region is very high. 

Anaerobic processes faiting at high pH witt probabty not show signs 

of faiture betow pH 7,5. The diagram, however, is timited to a maximum 

pH of 7,5, so that it witt not prove very usefut in curing processes 

faiting at high pH. For this reason, and because it is an unusuat 

case, experimentat verification of strong acid dosing was omitted. 

No further consideration is given to pH adjustment at high pH. 



pH Conditioning Diagram Incorporating Cac□
3 

Sotubitity 

Thus far, the discussion and formutations have assumed that the 

various chemicats are infinitety sotubte. Taking the normat dosing 

quantities into accoun� the assumption in the case of att sodium 

com�ourds is correct. Catcium compounds, however, are retativety 

insotubte, with CaL□
3 

forming the sotubitity timiting condition in 

the pH range 6,0 to 7,5 (37) . Since time, (Ca(0H)
2

), is the dosing 

chemicat most often used for adjusting pH in digestors, it is 

important to investigate the effect of CaC□
3 

soLubiLity on pH 

adjustment. 

CaC0 is extremety insotubte, having a sotubitity product, K, of 
3 ;] s 

4,8 X 1 □-
7 at 25 ° c, i.e. 

145. 

::: K 
s 

• •• ( 3 9) 

PerrnissibLe catcium concentration tines (i.e. the maximum [ca] 

aLLowabte before CaC□
3 

precipitation occurs) can be ptotted on the 

pH conditioning diagram by retating Ca++ with H2c □
3 

and He□;. The 

two equiLibrium expressions for the dissociation of carbonic acid 

yieLd 

K2 X [Hc□)/[H] 

[H] K
1 

X [H2 c□
3]/[Hc□3

] 

and by substituting them into equation (39) we arrive at 

[ca] 
K
s 

X K
1 

X [H
2
c□

3
] 

K2 X [Hc□)
2 

Permissibte catcium concentration tines are pLotted on the pH 

conditioning diagram in Figure 44. Temperature and ionic strength 

corrections for the equitibrium constants are made as set out in 

Appendix iI, and incorporated into the diagram. The diagram 

demonstrates that the permissibte catcium concentration decreases 

rapidLy with increasing pH, particutarty in the tow pH regions. 

'b Ca++ In a normatty operating process, the maximum permissi te 

concer:tration is of the order of 100 ppm as CaC □
3

. 
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Where catcium based dosing chemicats are used, CaC□
3 

sotubitity 

equitibrium, together with ionic and c□2 sotubitity, witt govern 

the finat pH estabtished. The effect of CaC□
3 

equitibrium on the 

finat pH is best ittustrated by addition of a fictitious chemicat, 

Ca(HC□
3

)
2

, and by referring to Figure 44. 

Consider a sampte with an initiat equitibrium point 1 given by 3□% 
c□

2 
and a pH of 6,2. The initiat assumed catcium concentration in 

the sampte is zero, i.e. Cac□
3 

undersaturated conditions exist. The 

pH is therefore not timited by CaC □
3 

sotubitity. Ca(HC□
3
)

2 
is now 

added stowty, causing the ionic equitibrium point to move in the 
- -

++ 

14 7. 

direction of HC□
3 

increase. The HC□
3 

and Ca concentration increase 

by equat amounts. The point where the Ca++ concentration added equats 

the permissibte Ca++ concentration at ionic equitibrium is atso the 

CaC □
3 

sotubitity equitibrium point, i.e. point 2. c □
2 sotubitity 

remains satisfied at att times and thus does not affect the pH. 

Any further addition of Ca(HC□
3

)
2 

witt cause the Cac□
3 

sotubitity 

to be exceeded, and CaC□
3 

witt precipitate out. No increase in pH 

witt be achieved since the strong base added as He□; is removed as. 

co;. pH is therefore timited by CaC□
3 

sotubitity. 

The order in which the ionic, c□2 sotubitity and CaC□
3 

sotubitity 

are satisfied is difficutt to estabtish. Ionic equitibrium is 

satisfied immediatety, but the c□2 and CaC□
3 

sotubitity are very 

much time dependent reactions. The rate of the reactions witt be 

dependent, amongst other things, on the concentrations of the 

component species. It is stressed that the rates of reaction onty 

govern the pH white under or oversaturated c □
2 

and CaC□
3 

conditions 

prevait. The finat equitibrium point and pH are independent of the 

reaction rates. These observations are best ittustrated by considering 

a theoreticat exampte deating with two extreme cases, one in which 

c□
2 

sotubitity is comptetety satisfied before CaC□
3 

sotubitity is 

satisfied; the other in which CaC□
3 

sotubitity is first sctisfied. 

The movement of pH is presented on the pH conditioning diagram (Figures 

45 and 46). 

Consider a process with an initiat c □
2 

percentage of 40, a pH of 6,4 

and a catcium concentration equat to zero. These conditions define 

the initiat equitibrium, point 1 in Figures 45 and 46. Ionic and CO
2 

sotubitity equitibria are both satisfied and undersaturated CaC□
3 
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conditions exist. Ca(DH)
2 

is now added to raise the pH. Addition 

of 600 ppm of Ca(DH)
2 

as CaC□
3 

moves the ionic equi1ibrium to point 

2, as described by the direction diagram. The system is now over­

saturated with respect to CO
2

. 

The case where CO
2 

so1ubi1ity is satisfied wi11 be considered first 

(see Figure 45). To satisfy the CO
2 

so1ubi1ity equi1ibrium, H
2

c □
3 

comes into so1ution causing the ionic equi1ibrium point to move 

vertica11y up to point 3 . The system remains oversaturated with 

Cac□ 3 , and its precipitation causes the ionic equi1ibrium to move 

to point 4 as shown by the direction diagram (reverse direction of 

co; added). At point 4, the ca1cium concentration remaining in the 

system is equa1 to the permissib1e ca1cium concentration as shown on 

the diagram. CO
2 

must now come out of so1ution to satisfy the CO
2 

so1ubi1ity, and the ionic equi1ibrium moves to point 5. CaC□
3 

so1ubi1ity wi11 again be exceeded, causing further CaC□
3 

precipitation 

and CO
2 

oversaturated conditions. These sequentia1 adjustments to pH 

wi11 proceed unti1 such time as the ionic, CO
2 

so1ubi1ity and CaC□
3 

so1ubi1ity equi1ibria are a11 satisfied, as shown by point 6. 

The case where CaC □
3 

equi1ibrium is satisfied before CO
2 

equi1ibrium 

wi11 now be considered (see Figure 46). As CaC□
3 

is precipitated 

o 1t, the ionic equi Librium point moves in the direction of C□
3 

remova1 

_r,til, such point wrere the remaining ca1cium concentration equa1s the 

per�issib1e ca1cium concentration, i.e. point 3. Cac□
3 

so1ubi1ity 

is now satisfied, but the system remains undersaturated with respect 

, r- □ 
T,[I w .  2. 

satisfy 

Ionic equi1ibrium now moves vertica11y up to point 4 to 

the c□
2 

so1ubi1ity, which makes the system undersaturated 

with respect to CaCD,. J Disso1ution of CaC□
3 

is extreme1y s1ow, but 

ionic equi1ibrium wi11 eventua11y move to point 5 where the CaC□
3 

so1ub1Lity is satisfied. CO
2 

wi11 again come into so1ution to 

satisfy so1ubi1ity. These adjustments continue ti11 ionic, CO
2 

s□Lubi1ity and CaC□
3 

so1ubi1ity are a11 satisfied, as shown by point 

6, The fina1 equi1ibrium (point 6) is identica1 in both cases 

�igures 45 and 46). 

��e movement of pH in the aquatic system of a norma1 anaerobic process 

is Like1y to fa11 between the two extreme cases described above. If 

Lime is added s1ow1y so as to maintain CO
2 

and CaC□
3 

so1ubi1ity-

449. 



equiLibrium conditions, the equiLibrium point moves horizontaLLy 

across to point 6 on Figures 45 and 46. 

150. 

ExperimentaL verification for Ca(OH)2 additions (in the form of a 

sLurry) was conducted on a de-ionized water adjusted to an ionic 
0 

strength of 0,1, a temperature of 20 C, and saturated in an atmosphere 

containing 39% CO2. IsoLation of the intermediate pH's in over dnd 

undersaturated conditions proved difficuLt, and onLy finaL pH's were 

measured when aLL the equiLibria were considered satisfied. pH 

generaLLy reached stabitity after 15 min to 20 min. DetaiLs of the 

experimentat procedures are set out in Appendix I. 

The finaL measured pH's for the addition of various quantities of 

Ca(DH)
2 

are recorded on TabLe IX. These vaLues may be compared with 

the theoreticaLLy predicted pH's obtained from the pH conditioning 

diagram showing the caLcium soLubiLity Lines (Figure 44). Predicted 

pH's for the hypotheticaL case of considering caLcium to be infiniteLy 

sotubLe are aLso recorded in TabLe IX (i.e. the pH's which wouLd have 

been recorded had NaOH been used instead of Ca(OH)2). 

ExperimentaL and theoreticaL resuLts are in cLose agreement, showing 

that CaC□
3 

soLubiLity equiLibrium Limits pH adjustments to reLativeLy 

tow p�!s. � h �s, in the prepared water sampLes, pH adjustment to a 

vak:e of , ,IJO is i,-�F;o,3sibLe wiU, Ca(OH)2 
additions. 

-,-he resu11ts of experimar,ts perforrr.ed on sampLes taken from processes 

treati�g spent wine a�d domestic sLudge did not foLLow the predicted 

vatues of the p� c□�ditioning diagram. Inhibition of CaC□
3 

precipitation 

by orthophosphates was isoLated as the factor causing the discrepancy 

betwee� meas�red and theoreticaL resuLts (see Part H). 



151. 

TABLE IX 

Comparison of measured and theoreticat pH's (as obtained from the 

pH conditioning diagram) for the addition of Ca(DH)
2 

to water samptes 

(ionic strength 0,1; temperature 2□
°

C; 39% c□
2 

atmospheres). 

Ca(OH)2 
Added Finat pH Ca1,cutated pH 

for hypothetica1, 
ppm as Cac □

3 infinite Ca 
++ 

Measured Theoretica1, So1,ubi ti ty 

D 6,00 6,00 6,00 

500 6,35 6, 34 6,34 

500 6,42 6 ,43 6, 53 

500 6 ,42 6 ,4 3 6,67 

1000 6,42 6 ,43 6,85 

1000 6 ,42 6 ,43 6,92 

�---------------1------------- �--------------- --------------------

0 6 ,40 6 ,40 6,40 

500 6,53 6,54 6 ,57 

500 6,53 6,54 6,69 

1000 6,53 6,54 6,87 



H. INHIBITION OF CaC□
3 

PRECIPITATION 

The use of time as a dosing chemicat to raise the pH to 7,D is 

feasibte onty if CaC □ 3 precipitation is inhibited. Fortunatety, 

most wastes appear to contain some inhibitory agent, the principat 

one p�ubabty being orthophosphate. 

inhibition of CaC □ 3 precipitation by orthophosphate has previousty 
(43) (44) . (45) (46) been noted by Stumm , Bachra and Schmid Van Wazer , 

has attributed the inhibition mechanism to the abitity of chain 

phosphates to absorb onto growing surfaces and nuctei of catcium 

carbonate crystats, thereby preventing the growth of the crystats. 

owever, it witt be apparent from the fottowing experiments that 

a fraction of the dissociated catcium and carbonate species did not 

even combine to form nuctei, but that they remained in their ionic 

for'.17. 

/\ series of experiments was run to determine the inhibitory effect 

15 2. 

of different orthophosphate concentrations on CaC□ 3 precipitation. 

{De-ionized water was used to make up the samptes.) Ats□ the same 

experiments were repeated on samptes taken from the anaerobic processes 

treating spent wine and domestic studge. A comparison of these two 

cash, of resL;tt'.: ;-:i,:.,de it possibte to determine whether the mechanism 

precipitation inhibition by orthophosphates in the artificiat 

sot�tion was the same as the mechanism of inhibition observed in the 

a�aerobic digestor samptes. 

Water samptes were prepared with orthophosphate (N2
2

HP□d ) concentrations 

of □ ,1 X 1 □-
3

; 0,5 X 1 □-
3

; 1,0 X 1 □-
3 and 6,0 X 1 □- 3 moies/t (in the 

same range as that found in anaerobic digestors), ionic strengths of 

□ ,1, temperatures of 2□
0

c, and saturated with CO
2 

in an atmosphere 

c:□'.,cc::i,-1ir-1g 39% co2• foitia1, pH's were set to either 6, □ or 6,4 by 

2ddition of H
2

s □
4

. Ca(DH)
3 

was incrementa1,ty fed, in the form of a 

::ot'.']:ry, and the pH was taker1 after each addition, or,ce equitibrium was 

BdtabLished (in a 39% CO
2 

atmosphere). The time taken for the pH to 

:·sach stabi ti ty in each case was of the order of 1 D minutes. Detai ts 

of the experimentat procedure are avaitabte in Appendix I, The same 

experimentat techniq�e was used on the samp1,es from the anaerobic 

processEs, except that no adjustment to the orthophosphate concentration 

was made. 



15 3. 

The pH movement for the addition of each dose of Ca(DH)
2 

was graphicatty 

anatysed on pH versus s6 (or He□;) diagrams (e.g. Figure 47). These 

diagr.sms inc1,ude 

(a) the equiLibrium Line for Na□H additions, which is equivatent 

to considering Ca(OH)2 additions if Ca++ were infinitety 

soLubLe (i.e. no CaC□
3 

precipitation); and 

(b) the equiLibrium tine for Ca(OH)2 
additions to a sampte containing 

no orthophosphates (the dotted Line indicates the maximum pH 

attainabte - further increase in Sb is impossibte, and Ca(DH)
2 

additions merety cause CaC□
3 

precipitation). 

Both these Lines were obtained from a pH conditioning diagram (for 

a constant 39% CO
2

), and have been experimentaLty verified - see 

Tab Les VI I I and IX. The ini tiaL equi Librium points of the samptes were 

fixed by the measured pH and the [HC□
3

] obtained from the pH conditioning 

diagram (for 39% c□
2 

atmosphere), and pL□tted on the diagraTTS (e.g. Figure 47), 

Thereafter, the recorded pH was pLotted against the Ca(DH)2 additions 

(e.g. Figure 47). 

The pH versus He□; concentration for each experimentaL run was pLotted 

on these diagrams, as shown by the run with a water sampte containing 
-3 

an orthophosphate concentration of 3 X 10 moLes/L in Figure 47. The 

difference in He□; concentrations between this experimentat Line and 

the tine which considers catcium infiniteLy soLubte, gives the 

concentration of co; which was precipitated out, presumabty as CaC□
3

. 

These vaLues are pLotted against the Ca(DH)2 concentration added, as 

shown in Figure 48 for a 3 X 1□- 3 motes/1, concentration of orthophosphate. 

The s1,ope of the Line indicates that a constant fraction of Ca(DH)2 
added was precipitated out as CaC□

3
• Resutts for sampLes containing 

-3 -3 -3 
orthophosphate concentrations of 1,0 X 10 ; 3,□ X 10 ; and 6,0 X 10 

m□Les/L are generaLty simiLar. 

Exarninatioc1 of Figure 48 rev eats that CaC □
3 

precipitation is main Ly 

dependent on Ca(OH)2 additions, and not on pH. The fraction of CaC□
3 

precipitated to Ca(OH)
2 

added can be approximated as constant, and 

was equaL to 0,50; 0,60 and 0,61 for orthophosphate concentrations of 
3 -3 -3 1,0 X 10- ; 3,0 X 10 and 6,0 X 10 rnotes/t respectivety. 
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Resu1,ts from the samp1,es removed from processes treating spent wine 

and domestic s1,udge are shown in Figures 49, 50, 51 and 52. Measured 
-3 3 

orthophosphate concentrations were 2,5 X 10 and 2,0 X 1□- mo1,es/1, 

respective1,y. Resu1,ts fo1,1,owed t�ends simi1,ar to those of pure water 

15 5. 

. -3 ' -3 with orthophosphate additions (1,0 X 10 to 6,0 X 10 mo1,es/1,). The fraction 

of CaC0
3 

precipitated to Ca(OH)
2 

added was found to be 0,55 in both 

cases. It thus appears that inhibition of CaC0
3 

precipitation in 

most anaerobic processes is caused by orthophosphates. 

The mechanism of inhibition of CaC0
3 

precipitation by orthophosphates 

is not c1,ear: 

(a) From the experiments conducted above, it can be shown 

that one mo1,e of orthophosphate can keep as much as 

( b) 

30 mo1,es of Ca++ from precipitating out. However, 

compounds or comp1,exes which combine in this ratio, i.e. 

(Ca)30(P□4) are not reported in 1,iterature� 47) 

. ( 4 6) Prevention of crystal, growth of CaC□
3 

nuc1,ei does 

not appear to govern the inhibition of CaC□
3 

precipitation, 

since it is in fact the formation of the CaC0
3 

nuc1,ei 

which is inhibited. This is indicated by the measured 

pH's in the experiments conducted above, which show that 

part of the Ca++ and co; remained in ionic form, and did 
++ -

not combine to form Caco
3

. Had the Ca and co; comp1,ete1,y 

combined to form CaC□
3

, no pH increase above the pH 

defined by the CaC□
3 

so1,ubi1,ity wou1,d have been possib1,e. 

(c) It therefore appears that orthophosphates have in some way a 

direct effect on the so1,ubi1,ity of CaC03. 

Equi1,ibrium was attained approximate1,y 10 minutes after dosing, and 

samp1,es subsequent1,y 1,eft for up to 24 hours showed no change in pH. 

The mechanism of inhibition of CaC□
3 

precipitation appears to be 

stab1,e and re1,ative1,y independent of time. 

In the samp1,es having orthophosphate concentrations tower than 
-3 1 x 1 □ mo1,es/1,rthe pattern of CaC0

3 
precipitation 

-4 
Experimental, resu1,ts for concentrations of 1 X 10 

changed. 
-4 

and 5 X 10 

mo1,es/1, are shown in Figures 5 3 and 54. CaC0
3 

initia1,1,y precipitated 
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159. 

out in the same proportion to Ca ( DH)
2 

added as in the case of samptes 

with high concentrations of orthophosphates. At a certain point, 

however, the orthophosphates themsetves appeared to precipitate out 

comptetety. In so doing, they no tonger inhibited CaC□
3 

precipitation, 

and the excess Ca++ and co; species which were hetd in sotution 

precipitated out. The system was thus returned to the simpte ortho­

phosphate-free system where pH increase above a certain tevet was 

impossibte because of the timiting CaC□
3 

sotubitity equitibrium. 

The point at which orthophosphates precipite out is not ctear, and 
- ++ 

probabty depends, amongst other factors, on pH, HC□
3 

and Ca 

concentrations. The rate of reaction for the phosphate precipitation, 

and consequentty the CaC □
3 

precipitation which fottowed, was found 

to be retativety stow. Up to 3 hours were required before the pH 

reached stabitity. Phosphate precipitation, probabty in the form 

of CaHP□
4 

has been reported to have stow precipitation rates (43l . 

An investigation was made to determine whether comptete phosphate 

precipitation was possibte in a water sampte containing 3 ,0 X 1□-
3 

motes/t orthophosphate. Additions of up to 15 ODO ppm of Ca (DH)2 
as CaC□

3 
caused an initiat increase in the pH, up to 7,2, where it 

remained stabte even after three hours of reaction time. Apparentty, 

sufficient phosphate was teft in sotution to inhibit CaC□
3 

precipitation. 

In conctusion, it appears that if the aquatic system of an anaerobic 
-3 

process contains about 3 X 10 motes/t of orthophosphates, CaC□
3 

p�ecipitation witt atways be partiatty inhibited. A pH increase to 

7,0 and higher witt therefore be possibte with Ca(OH)
2 additions. 

-3 
However, if the orthophosphate concentration is betow 1 X 10 motes/t, 

the danger exists that the phosphates witt precipitate out; inhibition 

of CaC □ 3 precipitation woutd be removed, and Ca(DH)
2 

additions woutd 

merely precipitate out as CaC□
3
. pH woutd be timited by the CaC□

3 

sotubitity; i.e. in the region of 6,2 (see Figure 44). 

Inhibition of Cac □3 precipitation need not be timited to orthophosphates. 

Potyphosphates, for exampte, are atso strong inhbitors, even in minute 
. (44) corce�trations • I� anaerobic processes the resutts of the 

experime�ts above indicate that orthophosphate is the principat 

irhibitor. 



I. COMPARISON OF DOSING CHEMICALS 

The effect of each dosing chemica1 on pH has been discussed in detait, 

and a comparison of their re1ative merits is now in order. The 

fottowing tist of chemicats was considered as possibte dosing agents 

for raising pH: 

NaOH 

Ca[ □� is most unsuitab1e due to its tow sotubitity and stow rate 
� 

of dissotution. Consequentty, Caco
3 

is setdom or never used as s 

dosing chemicat. 

[a(OH)2 is the most frequentty used dosing chemica1 despite some 

disadvantages. In a process containing more than 1,0 X 1□-
3 

motes/t 

of orthophosphate, CaC□
3 

precipitation is partiatty inhibited and 

approximatety 55% of Ca(OH)
2 

added is precipitated out as CaC□
3

; onty 

45% of the time added contributes towards raising the pH. Besides 

16□• 

being inefficientty used, the Ca(OH)2 tends to ftoccutate the suspended 

sotids in the process and to precipitate them out. Hence, untess proper 

mixing is maintained in the process, a further deterioration of the 

process coutd resutt. With orthophosphate concentrations tower than 
-3 1,0 X 10 motes/t, the danger exists that the orthophosphates witt 

precipitate out, thus removing the inhibition of CaC0
3 

precipitation. 

With the precipitation of CaC□ 3 , the pH is 1imited to a maximum vatue 

where the CaC□3 sotubitity equitibrium is satisfied. This nowhere 

near pH 7,0 and the use of time in this case woutd prove to be a 

comptetety unsatisfactory method of pH adjustment. 

Dosing chemicats with sodium cations are a11 extremety sotubte, and 

do not show the disadvantages of the ca1cium compounds. NaHC0
3 is 

�he most usefut of these chemicats since it 1eaves the H
2

co3 concentration 

l;nchanged. Na2
co

3 
and NaOH cause CO2 

undersaturation, and consequentty 

�n abnormatty high pH. If onty a sma11 suppty of CO
2 

is avaitabte 

from the gas, the pH may remain permanentty high. However, CO
2 

production of the organisms is usua11y sufficient to maintain saturated 



CO2 conditions, providing the dos:i,ng chemical, is added inc;remental, 1,y 

over a period of time. The probl,em of high pH val,ues as a resul,t of 

1,arge doses of Na2
co3 and Na□H is al,so encountered with Ca(DH)2 

additions. 

Ammonia,as a dosing agent, wil,1, exhibit the same effects on pH as any 

strong base addition such as Na□H discussed above. 

Al,1, strong acid additions used to depress the pH react in the same 

manner. There is therefore no partitutar advantage-in choo�ing a 

specific acid, except that toxic chemical,s shoul,d be avoided. 

A disadvantage of al,1, of the dosing chemical,s is that they become 

toxic above a certain threshol,d coMcentration. Cation toxicity of 

sodium and cal,cium general,1,y becomes significant at concentrations 

higher than 0,2 and 0 ,1 mol,es/1, respectivet/ 10
). A_ combinat.ion of 

cations sometimes al,ters their toxic threshol,d, since some cation� 

act antagonistical,1,y, and other synergistiqal,1,y with each other. 

161. 

Ammonia and acetic acid (strong base and acid respectivel,y in the pH 

range 6,0 to 7,5) are especial,1,y toxic in their unionized form. The 

toxic threshol,d concentrations of ammonia and acetic acid are thus 

dependent on pH. Care shoul,d be taken not to exceed the toxic threshol,d 

concentrations for any of the chemical,s added. For this reason it may 

become necessary to add a combination of the dosing chemical,s avail,abl,e, 



J. pH AND THE MECHANISM OF FAILURE 

Anaerobic fitters treating wine distittery waste (see Chapter I) were 

used for this series of experiments. The fitters were overtoaded 

by imposing high feed rates to induce conditions of faiture in the 

process. It was hoped that the response of the process under these 

overtoaded conditions woutd give an indication of the mechanism of 

faiture, and in particutar, the inftuence of pH since it has featured 

so prominentty in past research on faiture. 

Operating Procedure 

162. 

To induce initiat stabte conditions, Fitters No. 1 and 2 were operated 
3 at a retativety tow toading rate of approximatety 7,0 kg COD/day/m 

of hydrautic votume for a period of 35 days. This toading rate 

corresponds to a hydrautic retention time of 2,7 days. 

The processes were overtoaded by graduatty increasing the toading rates 

over a period of 20 days. The maximum toading rates (i.e. on the 20th 

day) were both approximatety 65 kg COD/day/m
3 

of hydrautic votume, 

corresponding to a hydrautic retention time of about D,4 days. 

The treatment efficiencies of the processes were monitored by measuring 

the pe�centage conversion of waste COD to methane. For this purpose, 

the waste ftow, waste COD, gas production and percentage methane were 

measured. The gas votume was not corrected for STP, i.e. not reduced 

by approximatety 1 □%; and no account was taken of the COD converted 

to organisms - atso about 10�. Since these two corrections are of the 

same order but opposite in action, they are compensatory and the 

percentage conversion of waste COD to methane (not corrected to STP) 

thus provides a sufficientty accurate measure of the treatment 

efficiency. 

The fottowing factors governing the pH were measured: percentage CO2, 

votatite fatty acids and ammonia. The� strong base Sb was evatuated 

from the pH conditioning diagram for each particutar percentage CO
2 

and pH. The contribution to the net strong base Sb by a strong base 

other than ammonia was catcutated as fottows (page 124): 

where X = a strong base other than NH
3

• 



(It has been pointed out that the strong base Xis formed, or 

equivaLentty hydrogen ions are removed, during the anaerobic waste 

stabilization process - see page 124). 

Past research has indicated that failure of a process is often due to 

inhibition of methane formation - either by a tow pH or by a high 

voLatite fatty acid concentration. Thus, it was hypothesized that 

eventual faiture in the fitters woutd be due to pH, or to factors 

related to pH. Consequentty, att measurements on the mechanism of 

failure were retated to pH. Studge concentrations in the fitter 

and effluent were !29..1 measured; this was an unfortunate omission, 

for the response of the processes subsequently appeared to indicate 

that reduction in the organism concentrations in the fitters was 

the dominant factor in the failure mechanism. The votatite fatty 

acid and pH inhibition mechanism did not appear to contribute 

significantly to the faiture mechanism. 

163. 

The behaviour of the process was monitored at frequent intervals, since 

reports have indicated that faiture due to inhibition by pH or votatite 

f tt ·c:1 . "d(48)(49) All t ·t . th a y acics is rapi . uu parame ·ers moni □ring e process 

were measured three times a day. 

For the Last ten days of operation of Fitter No. 1, a fraction of the 

solids in the effluent was settted out and returned to the fitter, 

This was initiated when the conclusion was formed that failure was 

being caused by organism washout and not by the inhibition of the 

organism activities. 

Resutts 

3 
During the initial tow Loading period (7,D kg COD/day/m ), the treatment 

efficiencies for both fitters were approximately 95% COD removats. 

Subsequently, as the Loading intensity increased over the 20 day period 

of ove��oading, the efficiency progressively decreased (Figure 55). 

At the maximum Loading rates of 65 kg COD/day/m3 the treatment efficiencies 

for Fitters No. 1 and 2 were respectivety 35% and 25% COD removats. 
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I� order to investigate the mechanism of faiture in retation to pH, 

tha measured pH's, a�d factors controtting pH, were pt□tted against 

the treatment efficiency (Figures 56, 57 and 58). 

·1. T�:s vot2ti te fatty acids concentrations in both fi 1,ters were 
-3 

xetativety tow (10 X 10 motes/t) at the higher treatment 

efficiencies (9 □% COD reductions). As the treatment efficiency 

deteriorated, so the votatile fatty acids increases; at the 

16 7. 

lmAlast treatment efficiency (approximatety 3 □% COD reductions), 

the votatite fetty acid concentrations in Fitters No. 1 and 2 were 

35 X 1 □-
3 

motes/t and 45 X 1□-
3 

motes/t respectivety (Figure 56). 

2. The concentration of strong base X in both fitters decreased 

gradualty from 90 X 1 □-
3 motes/t at 9 □% COD reductions, to 

-3 
25 X 10 motes/t at the towest treatment efficiency (Figure 56). 

3. The ammonia concentration in both fitters was retativety 

insensitive to the treatment efficiency, and remained atmost 
-3 constant at 12 X 10 motes/t (Figure 56). 

4. tn both fitters the rate of dectine in the pH increased 

prograssivety as the treatment efficiency deteriorated - see 

Figu:c·e 58. (The is to be expected, since the buffer capacity 

decreases with decreasing pH - see page 124.) The initial pH 

in both fitters was 7, 2. At maximum toading, the towest pH's 

obtained in Filters No. 1 and 2 were 6,4 and 6,05 respectively. 

5. l�e percentage CO2 in the digestor gas from both filters 

i:-; 0;:c3asEd stightty from 32% at 9 □% COD reductions, to 38% 

at t�e towest treatment efficiencies - 3□% COD reductions 

I'isc: 1ssion 

From t�a behaviour of the parameters monitoring the response of the 

fitter during the overtoaded period, it was not possibte to identify 



organism washout. However, the fottowing observations support the 

contention that organism washout was probabty the dominant mechanism 

of faiture: 

The treatment efficiencies of both fitters deteriorated onty graduatty 

with increasing toad (Figure 55). This contrasts with the sudden and 

comptete process faitures reported by the CSIR (i) 
and Thiet (49)

. The 

imptication was that pH and votatite fatty acids were dominant in the 

mechanism of faiture, since their reported faitures showed sudden 

sharp depressions in the pH and increases in the votatite fatty acids. 

This pattern of faiture was not in evidence in the process faiture of 

the fitters. 

168. 

The onty atternative exptanation for the stow deteriorati�n in the process 

efficiency is the progressive washout of organisms (both acid and methane 

forming) from the process. 

The retative activities of the methane and acid forming organisms 

remained approximatety in proportion to each other, even at tow treatment 

efficiencies. (The votatite fatty acis, which are the end products of 

acid fermentation, did not show are sharp increase.) This is contrary 

to the expected pH and votatite fatty acid inhibition mechanisms, since 

rnethanogenic organisms are usuatty inhibited before the acid forming 

organisms, with resutting rapid accumutation of votatite fatty acids. 

(The graduat increase in the votatite fatty acids, however, did indicate 

that the methanogenic organisms were coping with the toad at a stower 

rate than the ac�d forming organisms. 

When the toad was removed after the 20 days of overtoad, the process 

showed fast recovery. Methane formation continued at a decreasing rate 

for the next two days untit waste remaining in the reactor was comptetety 

stabitized. This appears to indicate that the process was highty 

overtoaded (i.e. high food/organism ratio), and that the organisms were 

incapabte of treating the totat waste ftow. The activities of the 

organisms, however, did not appear to be impaired in any way. 

Retention of sotids in Fitter No. 1 appeared to aid the processes; the 

treatment efficiency of Fitter No. 1 was consistentty higher than that 

of Fitter No. 2. This further supports the hypothesis that washout of 

sotids definitety contributed to the process faiture. Further discussion 



169. 

on the mechanism of faiLure due to organism washout is not possibLe, 

since 0itaL information on the soLids concentrations in the reactor and 

effLuent were not measured. 

( 1 ) 
One may now enquire why the processes reported by the CSIR showed 

such precipitate faiLure. A possibLe expLanation is that their processes 

were operating near the minimum soLids retention time before faiLure. 

The retative ratio of methane to acid organisms wouLd then be Lower 

than for Long soLids retention times. Thus, their processes were more 

sensitive to overLoading, since washout of organism further reduces the 

methane/acid organism ratio. The retative reduction in the concentration 

of the methanogenic organisms was probabty sufficientty high to cause 

an unbatanced organism poputation. As a consequence, the voLatite fatty 

acids accumutated in the processes and the pH dectined. The prl and 

votatiLe fatty acids are both toxins, and probabty caused the 

sudden faiture of their processes. 

ALthough pH and votatiLe fatty acids inhibition did not appear to 

contribute significantty towards the mechanism of faiLure, the pH and 

retated measurements remain usefut for determining the causes for the 

dectine ir1 pH. 

In the anaerobic process, decrease in pH may be caused by either a 

decrease in 

pressure of 

not increase 

the net strong base Sb, or an increase in the partiat 

CO
2
, or both .. The percentage CO

2 
in the digester gases did 

significantty with decreasing treatment efficiency (Figure 5 7) , 

and thus did not appreciabLy depress the pH: the effect of the change in 

c□ 2% on pH may be noted on a pH conditioning diagram. The decreasing 

vatue of net strong base 5b was thus isotated as causing the depression 

in pH. 

The systems contributing to the S
b 

concentration, i.e. votatiLe fatty 

acids, ammonia and strong base X are shown in Figure 56, A comparison 

of the three systems (on a basis of treatment efficiency) indicated that 

the increase in the voLatiLe fatty �cids and decrease in strong base X 

were responsibte for the reduction in the net strong base 5b 
vatue. 

The ammonia remained virtuatty unchanged, and thus did not affect the 

Sb vaLue. Thus, pH appears to be dependent mainty on the votatite fatty 

acids and strong base X. 



The for�ation of strong base X, or equivatentty the removat of 

hydrogen ions, has been identified as dependent on the waste 

stabitization process (Figure 56). Ats□, it appears that the 

formation of strong base Xis in some way retated to the conversion 

of the votatite fatty acids to methane: a comparison of the increases 

in the votatite fatty acids with the decreases in strong base X 

(Figure 56) shows that they are approximatety proportionat, possibty 

in the ratio 1 : 1. 

In conctusion, it appears that faiture of the fitter processes can be 

attributed to the washout of organisms, and not to an inhibition 

mechanism. This suggests that unbatanced organism activities, which 

produce the pH and votatite fatty acid toxins, are induced onty when 

the sotids retention time in a process is near minimum. The dectine 

in pH was caused by an increase in the votatite fatty acjds and a 

decrease in the strong base X; both as a resutt of the dacrs0se ir 

treatment efficiency. 
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K. CONCLUSIONS 

1. A high strength waste such as wine distittery waste is 

amenabte to treatment in the anaerobic fitter system. For 

the treatment of spent wine, the treatment efficiencies 

and capacities (based on the totat votume of the system) 

appear to be atmost identicat to those of the contact 

system. On this consideration, there appears to be tittte 

advantage in reptacing the estabtished contact systems with 

the fitter system. An advantage of the fitter system, however, 

is the simpticity of its operationat controt. 

2. The major site of the stabitization process in the fitters 

appears to be in the interstices of the media, and not on the 

surface area of the media. Of the four fitter media emptoyed, 

i.e. quartzite, ctinker, perforated ptate and sand, the ptate 

media gave the most satisfactory performance. Further 

attention in research shoutd be devoted to devetoping a 

positive method for sotid-tiquid separation rather than 

providing targe surface areas for micro-organism adhesion. 

3. The steady-state continuous cutture kinetic modet can be 

usefutty apptied to the anaerobic fitter system. As in the 

contact system, the sotids retention time is the governing 

parameter of the process modet, and can be used to describe 

the fottowing process characteristics: 

(a) Treatment efficiency deteriorates rapidty betow 

a sotids retention time of about 7 days, but does 

not improve significantty at sotids retention times 

greater than 9 days. 

(b) Sotids concentration in the reactor increases both 

with sotids retention time and toading rate. The 

maximum treatment capacity of a reactor with 

effective sotids retention properties is eventuatty 

timited by the sotids concentration becoming 

unmanageabty high. 
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(c) Response of a process to shock toads is governed 

by the solids retention time. At Long sludge 

ages, the process shows stability. 

(d) The concentration of solids in the effluent is an 

ext�emely sensitive parameter controlting the 

solids retention time and therefore the process 

performance. Even small increases in effluent 

solids concentration is indicative of imminent 

process failure. For efficient process operation, 

it is important that positive and effective control 

be kept over the solids wasted. Possibte methods 

are the centrifuging of effLuent and the return 

of solids to the reactor 

4. Response of the anaerobic filters to changing environmental 

conditions such as during start-up, and temperature and loading 

rate fluctuation� was generally the same as the reported 

behaviour in literature. The parameters, pH, volatile fatty 

acids, gas production and percentage methane gave good 

indication of the process behaviour during unstable conditions 

of operation. 

The control of pH in the aquatic syste� of an anaerobic process 

is intimately related to the activities of the micro-organism 

population. However, the foltowing factors were isolated as 

governing the pH: 

(a) pH in anaerobic processes is g□ver�ed by the interaction 

172. 

of the strong and weak acid-base systems. The predominating 

weak acid-base systems are carbonic acid, acetic acid and 

ammonia species. As buth acetic acid and ammonia species 

occur in dissociated form in the pH range 6,0 to 7,5, the pH 

is governed by the carbonic acid system, and the equivalent 

of a net strong base. 



(b) Predictions to pH change using sotubte dosing 

chemicats such as NaHC□
3 

is facititated by the use 

of a pH conditioning diagram. The partiat pressure 

of CO
2 

and the pH are used to define the initiaL 

equiLibrium point before chemicaL dosing. 

(c) ALkaLinity is not an essentiaL measurement in the 

monitoring of a digestor. Equatty good controL 

can be achieved by measuring the CO
2 

partiaL pressure 

and the pH. In fact, totat atkatinity measurements 

are undesirabte as they are affected by the votatite 

fatty acid 'atkatinity'. 

(d) Orthophosphate inhibits CaC □� precipitation. Lime, 
,] 

Ca (OH) 
2
, is onty effective if orthophosphate, or some 

other chemicat which inhibits CaC□
3 

precipitation, is 

present. In the absence of orthophosphates, Ca(DH)2 
is comptetety ineffective as a dosing chemicat to 

raise the pH above about 6,3, since the [a(OH)2 adcied 

precipitates as CaC□
3

• 

(e) In the presence of orthophosphate, time is onty 45% 

effective, and its cost shoutd therefore be compared 

with the cost of dosing chemicats such as NaHC□
3 

which 

is 1 □□% effective. 

(f) 
-3 

Orthophosphate concentrations greater than 1,0 X 10 

moLes/t partiatty inhibit Ca[□� precipitation for any 
,a 

addition of Ca(DH)2• With concentrations betow 

1,□ X 1 □-
3 

motes/t, the danger exists that the ortho­

phosphate itsetf may precipitate out during the Ca(DH)
2 

additions, 

mechanism. 

thus removing the Ca[□ precipitation inhibition 
3 

CaC□
3 

woutd then precipitate out, and thus 

depress the pH to about 6,3. No further increase in the 

pH woutd be possibte with Ca(OH)� additions. 
L 

(g) The mechanism of faiture in the overtoaded processes 

appeared to be governed mainty by organism washout and 
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not by pH and voiatiie fatty acid inhibition of the 

methanogenic organisms. However, the graduai depression 

in pH which did occur appeared to be governed by the 

voiatiie fatty acids and the strong base reieased during 

the waste stabiiization process. The changes in 

percentage c□
2 

in the digestor gas and ammonia did not 

significantiy affect the pH. 

ooo□□Oooo 
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A. 1 

APPENDIX I 

ANALYTICAL TESTS AND EXPERIMENTAL PROCEDURES 

1. Orthophosphates 

Orthophosphate concentrations were determined by the method 

described by Edwards, MoLof and Schneem in 'Determination of 

Drthosphate in Fresh and SaLine Waters' from the JournaL of 

the American Water Works Association - Ju1,y 1965. 

2. Ammonia 

3. 

4 

5. 

Free and saLine ammonia concentrations were determined by the 

conventionaL method as described in Standard Methods, 13th 

Edition, 1971, (p. 186), pub1,ished by the American Pub Lie Hea1,th 

Association, Washington D.C. 

Vo1,ati1,e Fatty Acids 

Total., voLati1,e fatty acid concentrations were measured by the 

method described by Montgomery, Dyrnock and Thorn in 'The Rapid 

Cotorirnetric Determination of Organic Acids and Their Sa1,ts 

in Sewage Studge Liquor' from The Ana1,yst, Vol.,. 87, 1962. 

Carbonic Species 

A 'Beckman Carbon Ana1,yser' (with Infrared AnaLyser, Model., 215A) 

was used for the determination of the total., inorganic carbon. 

Samp1,es were centrifuged and di1,uted with CO
2 

free de-ionized 

water to give readings in the range of D - 100 ppm of carbon. 

For this range of carbon concentration, the sca1,e was approximate1,y 

Linear to carbon concentration (see Operating ManuaL). 

Chemical., Oxygen Demand - COD 

ChemicaL oxygen de�a��2 (COD) were mca�ured by methods described 

i11 Standa:cd Methods, 13th Edition, 1971 (p. 501), pub1,ished by 



6. 

7. 

8. 

the American Pubtic Heatth Association, Washington D.C. 

Sotubte COD measurements were made on the supernatant of a 

centrifuged sampte (sampLe was centrifuged for 15 minutes). 

Votatite Suspended Sotids - VSS 

Votatite suspended sotids concentrations were measured by 

methods described in Standard Methods, 13th Edition, 1971 

(p. 538), pubtished by the American Pubtic Heatth Association, 

Washington D.C. 

The totat suspended sotid materiat was centrifuged from the 

mixed tiquor. 

Gas Composition 

A.2 

The methane and carbon dioxide components in the digester gas 

were measured with a 'Beckman/GC-2A' gas chromatograph. Samptes 

were introduced with (a) a gas-tight syringe (measurements for 

Chapter I), and (b) an automatic sampting vatve (measurements 

for Chapter II). Hydrogen was used as the carrier gas. The gas 

component was assumed proportionat to its peak height (see 

operating manuat). 

Conductivity 

Conductivity measurements were made with a 'Radiometer' 

conductivity meter Type CDM2b. 

pH measurements were taken with 'Radiometer' pH meters 

Types 1 26 1 

, 
'28' and 1 29' . pH meter Type '2 6' was the most 

accurate and coutd determine the second decimat point of a 

pH division. 



10. Temperature 

Temperatures were measured with a mercury bul.,b thermometer 

graduated in □,□5 ° C divisions. 

A.3 

11. Titration Curves 

1 2. 

The fol.,l.,owing combination of 'Radiometer' equipment was used: 

(a) pH meter Type '2B'. 

(b) 'Autoburette ABU12' as the automatic burette feeding 

the titrant. 

(c) 'Titratgraph' as the recorder on which the titration 

curve was pl.,otted. 

(d) Gas tight beaker and assembly to hol.,d the sample and 

el.,ectrodes. A stirrer and thermometer were incl.,uded 

in the aseembl.,y. 

(e) General., purpose gl.,ass and reference cal.,omal., el.,ectrodes 

were used. 

Operating procedure is described in the operating manual.,s 

of the apparatus. 

Chemical., Dosing 

Experiments were conducted in the same beaker assembl.,y of 11 (d) 

above. The gas (39% CO2 
and 71% CH4) was obtained from a gas 

cyl.,inder prepared by AFROX and fed into the beaker (bel.,ow water 

l.,evel.,) with a diffuser. pH measurements were taken with 

'Radiometer' pH meters Type 1 26 1 and '2B' and general., purpose 

el.,ectrodes. 

Sampl.,es of 50 ml., were used in the tests. The sampl.,es were dil.,uted 

with de-ionized water (as required) and the initial., pH's adjusted 

with H2s □4 and Na□H. The gas was bubbl.,ed through the sampl.,e 

continuousl.,y to ensure CO2 saturation at al.,l., times. Chemical., 

additions were introduced through a smal.,l., hol.,e in the l.,id of the 

beaker. Temperature measurements were taken from a thermometer 

immersed in the sample, and the necessary corrections were made 

by immersing the sampl.,e in either hot or col.,d water as required. 



APPENDIX II 

TEMPERATURE AND IONIC STRENGTH CORRECTIONS TO THE EQUILIBRIUM 

CONSTANTS ( 37) 

Temperature corrections were apptied only to the equilibrium 

constants retated to the carbonic system. The pK vatues for the 

dissociations of carbonic acid and water are calculated from: 

( 
17 osi

1
000

) 
+ 

p
K1 

= 215,21 log T - D,12675 T - 545,56 

pK2 
= ( 

29 0
�• 39 ) + 0,02379 T - 6,498 

pK w 
( 4 787 3) 

T ' + 7, 1 3 21 tog T + D, D 1 0 3 6 5 T - 2 2 , 801 

where Tis in degrees Kelvin. The pK vatue for the sotubitity of 

CaC □ 3 in water is given by: 

pK 0,01183 t + 8,03 
s 

where tis in degrees celciLs. The pK5 vatue for the sotubitity of 

co2 in water is given by: 

and 

pK
G 

= 1,12 + 0,0138 t 

pKG 
= 1,36 + D,0069 t 

in the range o
0

c to 35 ° c 

in the range 35 ° c to so
0

c 

A.4 

Ionic strength corrections were apptied to att equitibrium constants 

except for the CO2 solubitity constant. Determination of ionic 

strength concentrations were made from both conductivity and totat 

dissotved sotids measurements. Their retationships to ionic strength 

are: 

-5 
µ = 2,5 X 10 SD 

-5 
and µ = 1,55 X 10 CN 



A.6 

APPENDIX III 

The computer programme used for the catcutation of theoreticat 

titration curves is shown overteaf. The corrections apptied to the 

equitibrium constants for ionic strength are inctuded in the programme. 

The equitibrium constants (corrected for temperatur� are read into 

the programme. Atthough onty carbonic acid, ammonia, acetic acid 

and orthosphosphate species are inctuded in the programme it can 

be easity m odified to inctude any other weak acid-base system. 
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CALlCLtT:c� CFTHLOR�TlCAL TITRATION CURVE FROM THE WEAK 

= ICNIC ST�LNGTH CF SAMPLE 

= �C�M�LITY OF TITRA�T. 
(_, :�J TE�F, AIS, srL, CNN 

, .. -T { r· :; • ; , f. 3 • 5 , F G • 1 , F 8 • 5 ) 

. ..;L_:J,_:d .:,:c;;'; 'Jr ;-,CT:i.VITY (:GEFFI::IE:NT:S. 

-C ■ .;  * (l�IS ** C.5 / <:.c + AIS ** c.5)) - 1Co2 * AIS}} 

i - "-�•.; ** !FX * l.Cl 

a L ■ w ** (FY *4 ■ C) 
( ,- V r " 

'/ 1 = ?}\2. FJ:� CAR30NIC SPECI:s. 

(� i : / �·� = ; - ; � � F ,J i\ C r\ r:� ��\ C N I C :' F E C I E S • 
·
1
-. .... : , , : = ;1 :< :-· .JR ,; -: t r 1 c Ac I c • 

::,r;f ✓

, - t>:\ f 1:)j-\ Cf�Td�PHCSPHAT:. 
' j f' ,. = ;- I< :C. F '.: F- C F'. T H C P h C S r- H !'-.TE • 

t' :,: -.,,, - ? I< :.0 /-- C R CH TH C PHU SP r1 A T !:: S • 

: :., :. V :: : .'� J.. 2: ! C F P I< VA l U ES TC K VA LUE S AND C DR REC TI C N 

11.w /!l[ ■ = ** WPKl) / CFK ** �.C) 

- 1�.: I <�:. □ ** SPKllJ / (FM ** :.:J 
- (1 •= / (lC.C ** CPKZJ l / FD 

,,�\ = 11.: / (l □ .c ** ACPK)l I (F� ** 2.c, 

( � • :.: / ( l "- • � * * N P K l } / ( F �'i * * 2 • C l 

11.: / r:2.c ** PPKll) / (F� ** 2.C) 

1::_.r_:: / C.i.C'.C ** PPK:?l) / FC 

- 11.: / t:c.c ** PP�3)) / (FD / (FT * FM)) 
' ( ':, , -;,: I l ;n<, CK l , CK: , AC l(, N K , F K: , PK 2 , PK 3 

''. " : ( j:..: � '_ • 4 ) 

r:;��·: ... �. ;._:f v;\f'�::CNIC SPf::CILS IN M3/LITRC. 
-,C= �'.,,'..:. ::;F ,C,Ct.TIC ACIC SPECIES Hi fv!G/LITEE. 

:_ ,- -- C ,.; ';:, • '..' F CG.THO F HOSP h ,'.,TE SF::: CIC::::; ::: 1'. r� G /LITRE • 

:\ : ., '_' I :; , l � l S C , C AC , C N , C P 

_\ITl;;L F'H JF TITF::.rrcN. 
·-- r� ("\ 
- '�" "' , ... 
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C 

C C�LCULATICN Cf BUFFER INDICES. 
SC dW = 2.3J3 * C1WK / H) + H) 

ac1 = 2.:303' * ·nee • ,CK1 • HJ ·, < (CKl + H) •.• 2.0 J) 

JC2 : 2.303 * CtCC •CK2 * H> / ((CK2 + HJ •• 2.0)) 
;;>AC = 2.303. * ltCAC • ACK ♦ HJ /((ACK + HJ' ••- 2.0l> 
dN = 2.3C3 * C.tCN * NK *:KJ / (CNK + HJ ** 2.0>> 
8Pl - t::•303 • ( rep· • PKl""• 'Hl / ((PKl + H) •• ·2.cn 
JP2 = 2.303 • tiCP •PK2 • Ht/ ((PK2 + HJ •• 2.0)) 
BP3 = .z.303 • HCP •PK3·♦- H1.i<(PK3 + H) ••�.Olf 
BT = 3W + BCl + ac2 + SAC + 8N + 9Pl + BP2 + BP3 

� CALCULATION OF XML STRONG SASE ADDED IN ML.REQUIRED TC CAUSE 
.; M4 lr�Cki::ASL CF OtlPH UNITS. 

C 

C 

XML = (C.1 * 8T) / CNN * SML 
�F <PH - 2•C> Z.5 , 25, 35 

. 
XMLT = ML• GF STRONG BASE RE�UIRED TO RAISE THE PH FROM THE 
INITIAL VALUE Of 2.C 

2$ X�LT = X�L 

GC TC 35 

3 S X M:... T · = X ,1 LT + XML 
8� ;-iF ... TL (t:,, :;.4J o�h 8Cl, BC2, BAC, BN, BPl, BP2, 6P3, BT, XMLT 
l :-1 F O i-< :: ;.. T · t 1 C; L l 1 • 4 ) 

lF !PH - 12.Q) 61, 61, 71 
6: PH= PH + :J.: 

GC TC: 4'.3 
71 .i:.F (;J - 2) 

G� TO lG 
21 ::, TGF' 

um 

19, 21 
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APPENDIX IV 

cnRRECTIONS TO CO
2 

PARTIAL PRESSURES 

This project has considered anaerobic processes to be under an 

2tmospheric pressure of 1 atmosphere. However, atmospheric pressure 

decreases for increasing attitudes, and gas pressures at the bottom 

of digestors are not atmospheric. 

Correction to atmospheric pressure for different attitudes can be 

applied with the following formula: 

H 62 000 1og 760 
p 

A.9 

where His the attitude in ft. and p the pressure in mm of mercury. 

For a rise in attitude from sea tevet to 6 DOD ft the atmospheric 

pressure drops frum 1 atmosphere to 0,8 atmtispheres. Partial pressure 

of CO� wilt be correspondingly reduced by 20%. This could have 
L 

considerable effect on the pH in a digester (see any pH conditioning 

diagram). 

Under quiescent conditions the gas pressure increases with increasing 

depths in a digester. Since 1 atmosphere approximately equals a 

pressure of 10,5 m of water, the pressure at the bottom of a 10 m 

deep digestor is twice the pressure at the top. The partial pressure 

cf CO
2 

is correspondingly increased, affecting the equilibrium point 

and pH significantty. However, digester contents are normatty under 

compLetety mixed conditions, so that pH shoutd be uniform throughout. 

i�e vaLue of the pH witt be dependent on the depth of the digester, 

and wiLL probably correspond to the CO
2 

partial pressure at mid-depth. 

Deep digestors coutd thus depress the pH significantly, as shown by 

the pH conditioning diagram for an increased partial pressure of co
2

. 



APPENDIX V 

A setection of pH conditioning diagrams for ths differsnt temperatwree 

and ionic strengths which may be enc ountered in anaerobic processes 

fottow overteaf. The corrections which are apptied to the equitibrium 

constants for different temperatures and ionic strengths are set o�t 

in Appendix I I. 

In each diagram, pH vatues range from 6,0 to 7,E in intervats of □ ,1 

pH divisions, and the permissibte Ca++ concentration from 2000 to 

4 ppm as CaC03 in the fottowing order: 

2000; 1500; 100; 500; 300; 200; 1509 100;; 50; 

30; 20; 15; 1 D; 8 • ' 6; 4. 

A direction diagram for the addition of various possibte dosing 

chemicats is shown on each diagram. 
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APPENDIX VI 

The computer programme used to catcutate and ptot the pH conditioning 

diagrams in Appendix Vis given overteaf. 

Equitibrium constants are adjusted for temperature and ionic strength 

with the equations set out in Appendix II. 
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CALCU
°

LAlION OF'· pH ·coNO'tTl(J
°

NING DIAGRAM FOR THE AQUATIC 
SYSTEM OF AN AEROBIC DIGESTOR. 

. . 

REAL Kl, K2, KG, KS, IS 
DIMENSION PC02(ldO>• ALKtlOO), C03(1COJ� C02(10Df, 0(100}, ST�lNG( 

.6J, C<4Cl, T<lO), IS<lO) 
D� 11 JK = lt a 

T= TEMPERATURE IN THE DIGESTOR. 
IS =IONIC STRENGTH IN THE DIG£STOR. 

RE.AC lo, 2CJ T<JK>, IS(JK} 
2: FORMAT (2f2:.S) 
1:. CONTI�-'.UE. 

JO 13 J = 1, lo 
REA[.' ·<t, 23} C(JJ 

23 FOR�AT (FZC.5) 
i:::. cc�;TI�'.:JE 

DO , -, JX -
1, 8 -

AA 
-

T l J f< ) -

33 
- r,;tJKl -

Pl -

3.1416 -

PLCTT�NG I�STRCCTlONS. 

t;ALL SCA .. F l .ccc75, .075, -4CCC., -30. J 
CJ�L FGRI□ tG, o., c., sec., 2C) 
LA�L FGRIC <1, Oat O., 5., 14) 
�ALL FG�lD IC, O., 70., SOC., ZC> 
�ALL FGRID <l, lCCOO., O., 5., 14) 
80 37 � = 1, lGOCl, lCCC 
Ml = L -1 

i��CCE fZl, SJ �L 
CALL PCHAR tX, -S., .1, $, PI/2., 5) 

z.::. FCRMAT (l5) 
37 co:HlNUE 

uo cc L = 1, 11, 10 
XL = L - 1 
y = 1-'.L 
ENCC:;£ <S5t S) "'lL 
CALL PCHAR (-3CC., Y, .1, S, O., 21 

::S FCR�AT (12) 
6;.:, CCNT INUE 

CALL PCHAR (-G:D., 2C., .1, •PERC�NTAGE CO2'• PI/2, lq) 
CAL� PCHAR C35GC., -6., .l, 'BICARB. AtK. AS CAC03', c., 21) 
CALL PCHAR <-3CCO., C., .1, 'M CRAP!', PI/2, 7) 
u:c;cDE (400, STRING) SB 
CALL PCHAR tG., 75., .1, STRING, C., 21) 

L: FCkr�T ,•rc�IC STRENGTH=', F6.4) 
:::•;C'.:'J£ <SOC, STRING> AA 
Ct.;_L PLHAR (GGCC., 75., alt STRING, o., 15) 

-2C FC'Ri 1 AT <' Tt.t-:P.DEGC=', FS.1) 
CAi..L PLTlM£<9C) 

----- -- ---- ------------
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.. 
v 

C CAL�ULATIC� Of lOUILIBRIUM CONSTANTS FCR SPECIFIC TE�PERATURES. 
C R�l =PKl OF CARUONIC SPECIES. 
� RK2 = PK2 CF CARBONIC SPECIES. 

C HK5= PGG OF CALCIUM CARBONATE SOLUBILITY, 
C KKG = PKG Of CO2 SOLUBILITY. 

C 

TK = 27�. + T<JK) 

A.20 

�Kl - 17 □ 52. / TK + 215.21 • < ALOGlC <TK)) - 0.12675 •TK - sqs.56 
�K� - L�cz.:3 1 TK +0.02319 •TK �.49e 

\, 

�A� - :.12 + C.0133 * TlJK) 
j\j,..., 

..;,.,:.....,:..;L.ATl.::�. Of ACTIVITY CGEFFICIENTS 
t v - -�.�•< t::<JK}**:.S/(1. + IS<JKJ••�-�ll - <;.Z•IS(JK))l 

, r - ' -
.L:.... • 

FM**2. 
/ FJ 

; ; '.:: - l .:. • t- * C - � ,� S ) / F J * * 2 • 

,3, ,_; :: ' : ::.; T ;; �; T F' H t T H E H '.: 0 :.7 ( A L � l I ': C A 1,.. C 'J LA T;: C 
T' .� 

n::.. r�0T��L r�:isuq: CF CO2 (PCC2) :NPUTS. 

:: ; ( .\ 1- '\ { l l - 1 J:: CC • ) 3 5 , 3 5, �:: 

.,-· 'I (;
1 r:'.:J'.:.(I) - ]'.:.) :33, S'+• 1:4 

1... 
� � C� :. ,., t 1 + 1 J = ;: : C 2 ( 1 ) + 1 • 

-- ·- j_ + : 
t;r TC: 35 

�F CCNSTANT PH IS PLrTTE�. 
1:, ALK(l), PC02{1)) 

; r ir - 71) �1, 42, 42 
4 -� �-, = 71 

c��L FP�JT 12, ALK(!), rcn2(I)) 

1-:,_ Pt-I :: PH· + 

e r: TC 37 
l :.:_ CUJT :�;Ul 

j = j,_ 



C 

C FC!'.1 A co�;STA�H CALCIUM CONCENTRATICN, THE HC03 (ALK) IS 
C CALCU�ATE� FRO� THE PARTIAL PRESS�RE CF CO2 <PCC2) INPUTS. 

CA = CCJ) 

. , - __ I = l __ , 
M ;:: 1 

P::C2lI> - ..,. 
eE. COJ(l) = KS / CA * 10. ** 5. ·,­

CG2(I) = KG * Pco2fti ;''.100;:·· 
DU> = CC3(Il *Kl ,., C02(IJ I K2 
ALK<I> = saRT rn<rf1 ,* sec-do. 
I.F !ALKCI) - lOGOC.J �97,.- 97, 98 

97 M = M + l 
:lo .IF (PCCZ(r) - 30.} 55, 66, 65 
65 PC02ll+ll = PCC2(Il + i. I - .,. , - - + ... 

GC TC 86 

f 

C lACH LINE CF CC'tJSTANT CALCIUM CONCENTRATION IS PLOTTED. 
G..: Ct-LL FPLJT t3, ALK(l), PC02( l)) 

11- <r - 11, 43, 44, 44 
1-14 M = 71 
L, 3 J C ::. 3 i = ::. t M 

C��l FPLOT t2, ALK(IJ, PCOZ(I)) 

(;;;!._L FFLCT (3, 1cuoo., -:w., 

�t\ �L 
(' I\ f f 
.., ?' 1- '-

t:: r; � 

£X1T 

--- ----·-- ----
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