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Abstract Sulphate was reduced via sulphide to sulphur when operating a single-stage completely mixed
reactor configuration feeding synthetic feed. The aim of this study was to determine the volumetric and
specific sulphate reduction rates using sugar, ethanol and methanol as a carbon and energy sources. The
presented results indicated that sugar and ethanol were found to be suitable carbon and energy sources
resulting in a volumetric and a specific sulphate reduction rate of 10.4 and 4.8 g SO,/(l.d)and 0.8 and 2.8 g
SO,/(gVSS.d), respectively, at a Hydraulic Retention Time (HRT) of 3.6 h and at ambient temperature
(21°C). Methanol induced methanogenesis rather than sulphidogenesis. The experimental sulphide/sulphate
ratio was consistently lower than the theoretical value which indicated that part of the formed sulphide was
oxidized to sulphur.
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Introduction
Over the past 10 to 15 years the accent for sulphate removal from wastewater streams has
moved away from thetraditional chemical treatment to the biological treatment. It hasbeen
proven that sulphate can be removed biologically (Maree and Strydom, 1985, Mareeet al.,
1986), provided that a suitable carbon source is available, such as lactic acid (Middleton
and Lawrence, 1977). Omil et al. (1997) described the use of acetate and other Volatile
Fatty Acids (VFA) but found that the competition between sul phate reducing (SRBs) and
methanogenic bacteria (MB) was in favour of methane, rather than sulphide production.
Visser (1995), however, showed that the reactor pH of higher than 7.5 shifted the competi-
tioninfavour of the SRB. Swezyk and Pfennig (1990) indicated that ethanol can be used as
a carbon and energy source, but also described competition between SRB and MB.
O'Flaherty et al. (1997) found that ethanol and short chain VFA, such as propionate and
butyrate was degraded faster by SRB when enough sulphate was present in the reactor. A
cheaper possible chemical to be used is methanol (Braun and Stolp, 1985), although they
described that methanol can only be used as an el ectron donor and that an additional carbon
source is needed. Tsukamoto and Miller (1999) showed that methanol could be used as a
carbon source for microbiological treatment of acid mine drainage. Van Houten (1996)
provedthat 30 g SO,/(I - d) could beremoved inan upflow anaerobic sludge blanket reactor,
using acombination of CO,/H., gases as acarbon and energy source.

Theaims of this study wereto determine the volumetric and specific sul phate reduction,
and the sulphide removal rates, when using sugar, methanol and ethanol as carbon and
energy sourcesin asingle stage completely mixed reactor system at decreased HRTS.

Materials and methods

Reactor configuration

Three similar compl etely mixed reactor systems, comprising of areactor (volume 151) and
aclarifier (volume 15 |) were operated (Figure 1). The reactors received synthetic feed, in
which the sulphate as CaSO, and the COD concentrations were 1500 mg/l, each. The COD
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Table 1 The experimental periods, determined by the decrease in HRT, using sugar and ethanol

Period Number of days (sugar) Number of days (thanol) HRT (h)

8
15
3
5
7

24

12
7.2
4.8
3.6
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Treated
water
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151

Figure 1 Flow diagram of reactor system

was added as: sugar, technical ethanol and technical methanol (1 ml per | feed, Crest
Industries, Johannesburg). The feed was supplemented with both macro nutrients (75 mg/I
ammonia-N and 15 mg/l orthophosphate-P) and micro nutrients (100 pg/l Fe, 210 umg/I
Co, 0.28 pg/l Mn, 0.44 pg/l V, 0.25 pg/l Ni, 0.48 pg/l Zn, 0.40 pg/l Mo, 0.18 umg/l B,
0.37 pg/l Cu). The reactors were initialy inoculated with anaerobic sludge obtained from
the local municipal sewage treatment plant which thereafter became conditioned for sul-
phate removal. Both reactor and clarifier were open to the atmosphere to allow for air con-
tact. The reactors were operated at room temperature (21°C). The decreased HRT
determined the experimental periods, when sugar and ethanol were used (Table 1). When
using methanol the HRT was contant at 24 h. When sugar was used, thefeed pH wasaround
4, Initially a pH controller was installed to maintain the reactor pH at 7.5 by adding a
NaHCO; solution. However, once the sulphate reduction had started, sufficient alkalinity
was produced and the reactor pH could be maintained at value between 7 and 8.

Analytical

Determinations of sulphate, sulphide, COD, alkalinity, calcium and pH were carried out
according to standard analytical procedures as described in Standard Methods (APHA,
1985). With the exception of sulphide and feed COD, all analyses were carried out on fil-
tered samples (Whatman #1). The acidity determination of the feed was done by titrating
with 0.1 N NaOH to a pH of 9.0. The COD samples were pre-treated to eliminate the
sulphide contribution to the COD concentration.

Results and discussion
The results of Table 2 illustrate that sugar and ethanol are suitable carbon and energy
sourcesfor sulphate reduction but not methanol.



Table 2 Experimental conditions, chemical composition of feed and treated water, reaction rates and
stoichiometric ratios between various parameters when comparing sucrose, methanol and ethanol as carbon
and energy sources, feeding artificial feed

Parameter Unit Carbon and energy source

Sucrose MeOH EtOH
Hrt (h) 24 12 7.2 4.8 3.6 24 24 12 7.2 4.8 3.6
Feed:
Sulphate mg/| 1683 1691 1550 1725 1600 1630 1550 1372 1600 1400 1320
COD mg/| 1500 1381 2365 188 1350 2061 1630 1326 1550 1523 1434
Alkalinity mg/| - - 79 89 85
Acidity mg/l 100 100 200 - - -
pH 4.2 4.3 3.9 4.1 4 7.3 7 7.1 6.71 7.1 7
Treated:
Sulphate mg/| 1090 850 47 83 35 1402 648 316 257 75 598
COD mg/| 922 640 552 109 615 563 729 526 726 714 869
Alkalinity mg/| 1026 728 610 920 752 140 777 543 543 641 441
Sulphide (S) mg/| 85 85 183 98 194 29 218 156 234 190 141
VSS g/l 7.9 11.3 11.7 125 132 5.2 5.3 2.6 1.9 2.5 1.7
PH 7.2 7.3 7.6 6.9 7.3 7.6 7.7 768 75 7.7 7.3
Rates:
SO,4reduction  g/(l.d) 0.6 1.7 5 8.2 104 023 25 2.5 4.5 6.6 4.8
COoD o/(l.d) 0.7 1.7 6 4 4.9 1.5 2 1.9 2.7 4 3.8
Specific SO,  gSO4/
reduction (gvss.d) 0.1 0.15 043 066 079 004 121 1 2.4 2.6 2.8

Specific COD  gO,/ 01 015 051 032 037 03 0.74 0.7 142 167 22
Ratios: Theor.

COD/SO, 0.67 086 1 1.2 049 048 6.6 0.8 0.77 0.61 061 0.78
S/SO, 0.33 0.14 01 0.12 01 0.12 013 01 0.13 0.17 0.14 0.19
Alkalinity/SO,  10.4 1.7 087 041 056 048 061 031 047 040 048 061
Sugar

Thesuitability of sugar asacarbon and energy source for biological sulphatereductionina
complete-mix reactor is shown by the following:

Reactionrate. The volumetric and specific sul phate reduction rates (maximum) were deter-
mined to be 10.4 g SO,/(I - d) and 0.79 g SO,/(gV'SS - d) respectively. The volumetric sul-
phate reduction rate increased from 0.6 to 10.4 g SO,/(l - d) and the specific sulphate
reduction rate increased from 0.08 t0 0.79 g SO,/(gV SS - d) when the HRT decreased from
24 10 3.6 h. The increase in the volumetric sulphate reduction rate can be ascribed to the
gradual VSSincreasefrom 7.9to0 13.3 g/l, while theincrease in the specific sul phate reduc-
tion rateisdueto adaptation of the biomass.

When sugar is the carbon and energy source, the SRB can utilize the sugar and produce
hydrogen according to reactions (1) and (2)

C1oH2,044+5H,0+4S035 0 4CO, + 8H, + 4HS+8HCOZ+4H" 0
8H,+2S02 +2H* 0 2HS+8H,0 2

When sulphate in the presence of sugar is reduced in one step to elemental sulphur, the
reactionisasfollows:

CyoH504,+8H,S0, [ 85+12H,CO4+7H,0 ®
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The sulphide oxidizing bacteriacan in the presence of air oxidize the produced sulphidesto
elemental sulphur according to reaction (4):

H,S+ 30,0 S*+H,0 4

Stoichiometric relationship between theoretical and actual ratios for COD o/

sulphate, g oyeg: SUlphi deloroO|uced /sulphate, g @nd alkali nityIoroduced Isulphate,yoved-

CODU_SE[/SL“ phate . ,oveqlatio
Thetheoretical valuefor the COD o 4/sulphate,

- emoveq-Talio (mg O,/mg SO,) was 0.67 and
0.50 when sulphate was reduced to sulphide (reaction 1) and sulphur (reaction 3) respec-
tively. The corresponding theoretical value for sugar o oyed/SUl Phate, gmoveq (Mg Sugar/mg
S0O,) amount to 0.59 and 0.45 when sul phate is reduced to sul phide and sul phur respective-
ly. The experimental determined values (as mg O,/mg SO,) were found to be greater than
0.8 (0.86, 1.00 and 1.20) for retention times greater than 5 h (24 h, 12 h, and 7.2 h respec-
tively) and smaller than 0.8 (0.49 and 0.48) for retention timeslessthan 5 h (4.8 h and 3.6
respectively). The higher COD . /Sulphate, o ,qeq-ralios measured at longer retention
timesindicated that a portion of the organic carbon was not utilised for sulphate reduction
but possibly fermented to methane by the methanogens. Visser’'s results (1995) indicated
that the SRB are more competitive at longer rather than at shorter retention times, whereas
in this study the results showed that at shorter residence times lower COD, o/
sulphate, ¢ \oyeq-ratios were measured, thus that the faster growing SRB out-competed the
slower growing MB for the available carbon in solution. The better COD utilisation at
shorter residence times can possibly be ascribed to the utilisation of H, (reaction 2), as
hydrogen is consumed by SRB when excess sulphate is present (Visser et al., 1993). The
low COD, ¢ ioved/SUlPhtE, o oveq VA UES Of 0.49 and 0.48 at HRT of 4.8 and 3.6 h, respec-
tively, can be contributed to the fact that the sulphate was immediately reduced to sulphur
(reaction 3).

Sulphide ceq/SUlPhatE ooy eq et
The theoretical value for sulphidey, o ceq/SUl Phate; gy yeq ratio is 0.33 and 0.00 when sul-

phateisreduced to sul phide (reaction 1) and sul phur (reaction 3) respectively. Sulphidecan
be oxidised by aerobic bacteria (reaction 4). The experimental sulphi deproduced/
sulphate . oveq Varied between 0.06 and 0.14. Thefact that the actual values were between
thetheoretical valuesfor sulphide and sul phur as end-productsindicated that only aportion
of the sulphateis reduced to elemental S viasulphide, whilethe balance of the reduced sul-
phate remained in the sul phide form. Thelow sul phide concentrations could be contributed
to the sul phide oxidation to sul phur. Thisresult was confirmed by the formation of ayellow-
white layer (sulphur) on top of the clarifier during the experiment.

It appeared (although not clearly), that the sulphidey ,yceq/SUlPhate emoyeq Fatio
increased when the HRT decreased. At decreasing HRT from 24 to 3.6 h, using ethanal, the
sul phidey o ceq! SUl PhaLE; goyeq Fati0 increased from 0.1 to 0.19. These results indicated
that sulphide, produced from sulphate, can completely be converted to sulphur, provided
that the HRT isnot too short. It can be concluded that under the specific reaction conditions,
the volumetric reaction rate of sulphide oxidation to sulphur is slower than the volumetric
sulphate reduction rate, resulting in un-oxidised sulphide in the effluent. The lower rate of
sulphide oxidation than sul phate reduction at lower HRT may also be explained by oxygen
limitation. The available air in the reactor isdueto air diffusion from the top of the clarifier
into the reactor system. The DO concentration in the reactor when measured was almost
0%, indicating that the reactor was anaerobic. Janseen (1997) found that under conditions

when the oxygen concentration is such that the molar ratio (02/82—)(%sump is between 0.5




and 1.0, thiosulphate and sulphur are produced. He stated that maximal sulphur production
was obtained at (02/82)Consump between 0.6 and 1.0. Thus, abetter sulphide oxidation rate
could have been obtained at lower HRT if asmall amount of air or oxygen had been added
to the reactors. However, if excessive amounts of oxygen are added the produced sul phur
will be oxidized to sulphate. Efficient sulphide oxidation isbeneficial to the biological sul-
phate reduction process ashigh level sof sulphidesaretoxicto SRB and may causeinstabil-
ity in the process (Ol eszkiewicz and Hilton, 1986).

Alkalinity/sulphateratio
Thetheoretical alkalinity/sulphateratiois 1.04 (Reaction 1). The actual valuesvaried from

1.7 (when the HRT was 24 h) to less than 0.56 (when the feed rate was 4.8 and 3.6, respec-
tively). The high value of 1.7 was due to the dosage of bicarbonate during the initial period
to neutralize the acidic feed. The low values were due to the fact that acid water was fed
directly. Due to the production of alkalinity and the availability of Ca™ (feed), CaCOg
precipitated which could be observed as depositsin the reactors and tubing.

Methanol

Methanol was not suitablefor sulphate reduction (reaction 5 and 6). Using methanol the sul-
phate reduction ratewasonly 0.29 SO,/(l - d). The actual COD, oy/sul phat€, y,oveq Va Ue of
6.6 (Table 2) was much higher than the theoretical value of 0.67 when sulphide is the end-
product or 0.5 when sulphur is the end-product. This indicated that other micro-organisms
were competing for the same COD in the anaerobic reactor. Oremland and Polcin (1982)
showed that the MB out-compete SRB for methanol. Visser (1995) stated that in the anaero-
bic degradation of organic matter inthe presence of sulphate, thereleased electrons (interms
of COD) are used by SRB and MB. When hydrogen is the avail able substrate the SRB will
out-compete the MB. When neither substrate is present, the avail able methanol will be used
for methanogenesis (reaction 7) and not for sul phate reduction. Thisfinding differsfrom the
resultsfrom Weijmaet al. (1999) who obtained asul phate reductionrateof 119 SO,/(l - d) at
aHRT of 3 h, with methanol asthe carbon and energy source. However, they operated under
thermophilic conditions (65°C), whereasthisinvestigation was carried out under mesophilic
conditions (22°C). The different results can be ascribed to the difference in affinity for
methanol as substrate between mesophilic and thermophilic SRB.

4CH0H+3S02" [ 3HS+3HCO3+5H,0+CO, (5)
CHZOH+2H,S0, 0 2H,CO4+2H,0 6)
2CHZOH [ CH,+CO, (7)

ul phideproduced [sulphate, . ,eq Fatio. The actual sulphide/sulphateratio of 0.13, whichis
greater than O (sulphide,, . ced/SUlPhaLE, o oyeq Fati0 When sulphur is the end-product) but
less than 0.33 (sul phideproduced/wl phate, ooveq-ratio when sulphide is the end-product),

indicated that both sul phur and sul phide are formed as end-products.

Ethanol
Ethanol, like sugar, isasuitable carbon and energy sourcefor biological sulphate reduction
in acomplete-mix reactor.

Reactionrate. The volumetric and specific sul phate reduction rates (maximum) were deter-
minedtobe6.69SO,/(I -d) and 2.8 9 SO,/(gV SS - d) respectively. Thevolumetric sulphate
reduction rate increased from 2.5 t0 6.6 g SO,/(1 - d) when the HRT decreased from 24 to
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4.8 hand the specific sulphatereduction ratefrom 1.2t0 2.8 g SO /(g V SS - d). With ethanol
the volumetric sulphate reduction rate was higher (2.8 g SO,/(g VSS - d) thanin the case of
sugar (0.8 g SO,/(g VSS - d). Thisis due to the lower VSS-concentration in the case of
ethanol (1.7 to 2.6 g/) thanin the case of sugar (7.9t0 13.2 g/l).

Stoichiometric relationship between theoretical and actual ratios for COD,gpoved!
sulphate, o oveq: SUl phideproduced /sulphate, g @nd alkali nityproduced/sul phate, o oved:
Similar observations can be made for the variousratios for ethanol as a carbon and energy
sourcethanfor sugar. Thetheoretical valuefor ethanol ooy eq! SUlPNaLE, g poveq 1S 0-32 (reac-
tion 8) and 0.24 (reaction 9) when sulphateis reduced to sul phide and sulphur respectively
(massto mass).

2C,HsOH+3S0,2 ] 3HS+3HCO3+3H,0+CO, €)
C,HgOH+2H,S0,0 25+2H,CO4+3H,0 )
General

The specific sulphate reduction rates, using sugar (0.79 g SO,/(g VSS - d)) and ethanol
(2.89S0O,/(g VSS - d)) are higher than the value of 0.03-0.13 g SO,/(g V'SS - d) obtained
from other studies (Olthof et al., 1985). This can be ascribed to the production of hydrogen,
when both sugar and ethanol are degraded, resultinginahighreactionrate. Alsotherelative
low sulphide concentration in solution in the single-stage process contributed to the
obtained reults, as high sulphide concentrations aretoxic to SRB.

Conclusions

Thefollowing conclusionswere made from the investigation.

1. Sugar and ethanol were found to be suitable carbon and energy sources for sulphate
reduction. The volumetric and specific sulphate reduction rates (maximum) for sugar
were determined to be 10.4 g SO,/(l - d) and 0.79 g SO,/(g VSS - d) respectively. The
corresponding rates for ethanol were determined to be 6.6 g SO,/(l - d) and 2.8 g SO,/
(g VSS - d) respectively.

2. Methanol wasnot suitable as carbon and energy sourcefor sul phate reduction, duetothe
fact that the methanogenic bacteriadominated the sul phate reducing bacteria.

3. Optimum utilisation of the carbon and energy source was obtained at shorter residence
times (less than 8 h). At long residence times (longer than 8 h), sulphate reducing
bacteriawere out-competed by methanogenic bacteria.

4. Thereduced sul phate was converted to sul phide and to sulphur. Longer residence times
favoured the production of sulphur as end-product over sul phide as end-product.
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