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Abstract -- The effect of the hydraulic retention sulphate as an electron acceptor and form hydregkn
time and the sulphate-total COD ratio on the per- phide leading to an increase in the pH of the watet
formance of an anaerobic biological process applied the precipitation of heavy metal sulphides (Wakaal,
to acid mine drainage water (AMD) was evaluated 1979; Mareeet al, 1991; Dvoraket al, 1992; Canty,
using cheese whey as a carbon source. Laboratory-1994; Battagliaet al, 2000; Changet al, 2000; Jong
scale fixed bed bioreactors operating at 25 + 2 °C and Parry, 2003; Bhagait al, 2004; Boshoffet al,

were used in the experiments. Maximum sulphate
reduction and hydrogen sulphide production were
achieved at a hydraulic retention time of 8 days ah

at a sulphate-total COD ratio of 0.5. Under these
conditions, the sulphate removal was found to be
68.1% while the hydrogen sulphide production was
0.27 L/day. At the same time, the total COD removal
obtained was 55.4%.

Keywords—— Acid mine drainage (AMD); Cheese
whey; Sulphate removal; Carbon source; Sulphate-
total COD ratio.

I. INTRODUCTION
Acid mine drainage (AMD) is a big problem in thermi
ing industries causing the pollution of surface amd
derground waters. In many cases this pollution pkes
the disappearance of all aquatic life (Sheoran3meb-
ran, 2006). The River Tinto, located in the counfy

2004; Cohen, 2006; Sheoran and Sheoran, 2006; Van
Roy et al, 2006; Azabouet al, 2007; Changet al,
2007; Hien-Hoeet al, 2007). SRB require a source of
carbon to use sulphate in anaerobic conditions tas-a
minal electron acceptor, which is reduced tg5+Hand
HCOs'. The process for heavy metals removal involves
two stages: the production o&lby SRB, as previously
explained, and the precipitation of metals by the b
logically produced BES. This second step allows the
selective recovery of some metal sulphides (Hammack
and Edenborn, 1992; Kuyucak and Saint-Germain,
1994; Marchakt al, 2001; Jong and Parry, 2003; Bha-
gat et al, 2004, Cohen, 2006; Sheoran and Sheoran,
2006; Van Roet al, 2006; Azabowet al, 2007; Chang

et al., 2007; Hien-Hoat al, 2007). In addition, metallic
hydroxides and carbonates are also settled duéeto t
alkalinity generated during the anaerobic procéss
known that carbonate/bicarbonate buffering is poedu

Huelva (Southwestern Spain) is a typical case of ey the generation of COin the anaerobic process,
treme environment; its average pH is 2.3 and it daswhich is partially dissolved in the anaerobic liquo
high concentration of heavy metals (Fe, Zn and Qu). Therefore, pH values in a well-operated processanem
this river extremophile microorganisms are the onlyn the range of 6.5-8.5 (Kaksonen and Puhakka, 2007
ones that make up the biological community, whigh iNeculita et al, 2007). Different organic compounds
composed of filamentous algae, fungi and bacterihave been used as sources of carbon: lactate (Bebra
Among the eukaryotes, heterotrophic protist represse al.,, 1992; Jong and Parry, 2003; Bhagatal, 2004;
the main consumer group in this ecosystem (Lopeazabouet al, 2007), ethanol (Hien-Hoat al, 2007),
Archilla et al, 2001). The pollution caused by the Riv-sucrose (Zakari@t al, 2007), phenols (Eccles, 1999),

ers Tinto and Odiel is the equivalent of aroundd@0,
tons of sulphuric acid per year. The main sourcpadf
lution is originated in a deposit of 34 Knwhich pro-

starch making process (Chamg al, 2007), tannery
effluent (Boshoffet al, 2004), beet or sugar cane mo-
lasses (Maree, 1991; Kuyucak and Saint-Germain,

duces 3 million MAMD per year. This deposit is 3.2 % 1994). The optimum sulphate-total COD ratio for SRB
of the total area and 15.5 % of the hydraulic resesi growth may be in the range of 1:0.5 to 1:4, whhe t
of the watershed. There are several technologies fieccommended C:N:P ratio should be 110:7:1 (Dvatak
AMD purification at laboratory, pilot and full-sed. al., 1992; Kuyucak and Sant-Germain, 1994). In gen-
One of the technologies developed has been thigautil eral, the authors agree that the sulphate-total €D
tion of sulphate reducing bacteria (SRB) which caa
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(or its inverse: total COD-sulphate ratio) is they ko
favouring the metabolism of SRB against the methane
forming bacteria (McCartney and Oleszkiewicz, 1993;
Vavilin et al, 1994; Liet al, 1996; Annachhatre and
Suktrakoolvait, 2001; Mussatt al, 2005). Several
researchers (Tyagit al, 1988; Van Hilleet al, 1999;
Ghigliazzaet al, 2000; and Bhagat al, 2004) devel-
oped a procedure for AMD treatment based on two cir
cuits: a biological circuit where a mixture of AMand
the source of carbon are mixed and subjected tarhe
aerobic process with hydrogen sulphide productiaoth a
a chemical circuit where the raw wastewater istéed
reactor where the precipitation of heavy metalsesak
place when the wastewater is in contact with therdvy
gen sulphide obtained in the anaerobic processilaim
procedures have been successfully applied by ather
thors for heavy and radioactive metals in surfacd a
underground-polluted waters (Kuyucak and Sant-
Germain, 1994; Boshofét al, 2004; Azabouet al,
2007; Changet al, 2007; Hien Hoaet al, 2007; Yiet P
al., 2007; Zakariaet al, 2007; Hintermeyeret al, Figure 1 Photograph of one of the laboratory-scale anaerobic
2008). Hammack and Edenborn (1992) developed fged ped reactors used in the experiments.
multistage chemical circuit and obtained a selectiv
separation of metallic sulphides by varying the aH microorganisms immobilization, yvhich cor_15isied of
each stage. The anaerobic biological process peatud’ropylene cylinders of 2.5 cm in diameter with mt
the alkalinity required for the pH variation. baffles to increase the specific surface area. fiee

A previous work reported the treatment of AMD bydium had a porosity of 90 % and a specific suriaea
SRB using polyacrylate cylinders of 31 litres ofeef  Of 205 i/m”. A perforated plate with 5-mm holes lim-
tive volume with a sand bed and a layer of crushdtfd the top while a screen limited the lower prthe
stones at the bottom. These reactors were filleh wiP€d- The third section consisted of a cylindriaahe, 5
AMD and diluted whey (5.7% vol./vol.) to supportdea €M in height, where a connection was situated lier t
terial growth and incubated in batch mode for 28gsd effluent outlet._ The fourth section c0n5|s_ted pfian
(Christenseret al, 1996). Rough calculations indicatedVerted cone with a 90° angle and 11 cm in heiglite@t
that less than 27% of the sulphate present at ttre g bottom where ti_ie slou_ghed sludge _accumulgtes.dn th
was reduced to sulphide over the course of theystud!PPer part of this section a connection for nitroges
and it was therefore not surprising that a temparal Pubbling was placed to enhance the effluent olifiee
crease in dissolved sulphate concentrations was see Pottom of this section was provided with a conreti

Based on the literature review, the aim of the enirr for s_Iudge outlet. A part qf the sludge was usqdrée
work was to study the effect of the hydraulic réiem CYcling to the top of the bioreactors. A peristafiump
time (HRT) and sulphate-total COD ratio on the per¥rking at 30 rpm and at a flow-rate of 2.25 L/reop

formance of an anaerobic fixed bed bioreactor djyeya alt_ed for 15 minuLes everyhhour t? allow ffolf] slgidgey-
in continuous mode, as a biological process forrdryd cling. Figure 1 shows a photo of one of the bioteec

gen sulphide production, treating AMD, using untitl used.
cheese whey as a carbon source. B. Inoculum and Bioreactors Acclimatization
1. MATERIALS AND METHODS The sludge used as inoculum in the AFBBs was ob-

tained from an anaerobic pond treating piggery avast
from a farm in Los Alcores (Seville, Spain). Thedn-

. lum had a total solid concentration (TS) of 14.1 %
of 7.8-L and an effective volume of 7.0-L were usexd . . / '
0,
laboratory-scale anaerobic bioreactors. The cyiir;ideWhIIe 47.0 % corresponded to volatile solids (VE)e

had a total height of 43 cm and a diameter of 18 crﬁ;dge was collected in an isotonic medium at pél 7.

; - . : uran-Barrantegt al, 2001) to obtain a biomass con-
The cylinders were divided into four sections. dpper . ’ .
sectio¥1 with a dome at the top, 2 cm in height ary- centration of 10 g/L as VOI‘.”‘t'le su_spended SOMS.‘O*)
lindrical section of 5 cm in height, which was uded in the reactors. T_he isotonic medium had an iniid
biogas storage and was connected to the gash r phate concentration of 2.0 g/L to enhance the dgvel
wastewater inlet and effluent recycling. The secseck m_ent_of SRB and a totai COD of 14.1 g/L. The anaero
tion, 20 cm in height, was the main component &f thIOIC biom_ass conta_uned n the AFBBs were _acclimated
anaerobic fixed bed bioreactor (AFBB) with a total- progressively by increasing the concentration df su

: hate at the inlet from a concentration of 2.0 gtlthe
ume of 5 L. The AFBB was packed with a support fOgtart of this stage up to a concentration of 10L.0ag the

A. Experimental Set-Up
Three transparent acrylic cylinders with a totaluvoe
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end. Therefore, the sulphate-total COD ratio rangethble 2. Characteristics and features of the ehaéey used
from 1:7 (0.1) to 1:1.4 (0.7). The acclimatizatiperiod ~as a source of carbon in the experiments.*

lasted 38 days. The main objective of this starpep Parameter Units _ Average value
riod was to acclimatize the anaerobic microorgarism Total COD  g/L 82.6
inoculated to high sulphate concentrations, simitar Soluble COD  g/L 65.7
those used during the experiments by using reaDAM TS g/L 53.1
as well as to favour the predominance of SRB agains MS g/l 5.3
the methanogens. After this preliminary step,lidpor VS g/l 477
in the bioreactors had the following charactersstigH, TSS g/l 9.6
7.1; alkalinity, 7.5 g CaCgL; total COD, 0.15 g/L and MSS g/L 0.0
sulphate, 1.6 g/L. VSS g/L 9.6
. . Alkalinity g/L 0.7
C. Analytical Determinations Ny glL 18
All the analytical determinations were based on the P glL 04
standard methods (APHA, 1989). Total alkalinitytato Fats gL 20
and soluble COD, total solids (TS), mineral so(IkS), Lactose glL 50.0
volatile solids (VS), total suspended solids (TS8ip- pH 3 6.3

eral suspended solids (MSS), volatile suspendddssol+ vgjues are averages of three determinations. eTtveas
(VSS), sulphate, dissolved sulphide and pH wererdet virtually no variation (less than 5%) between asedy

mined using standard analytical techniques. Heast m L
als concentrations were analysed by atomic absmrpti E- Characteristics of the Carbon Source _

Free hydrogen sulphide was indirectly determinednfr Cheese whey was used as a carbon source in the ex-
the pH value and the concentration of dissolved suPeriments. It was collected from a factory located
phide of the samples (I al, 1986). The biogas pro- San Jose de la Rinconada”, Seville, Spain. Theagee
duction was measured by displacing water saturated cha_racterlstlcs and features of thls wa_stewateecbasn .
H,S and CQ in Boyle-Mariotte vessels. They werelriplicate samples are.summanzed in Table 2. This
connected to the top of the reactors as was prehjiou wastewater shovys a high concentration of soluble or
described. The concentration of §®%LS and CHin 9anic matter, mainly as lactose, a pH value neatrale

the biogas was determined by using an ORSAT appa,lga and a good C:N:P balance for an anaerobic bielo
tus. The HS concentration was measured by passirfgfl Process.

100 ml of biogas through a Pbg@aturated solution, g Experimental Procedure

while the CQ was measured passing the remaining 9agree AFBBs working in parallel at semi-continuous
through a half saturated KOH solution. The diff@®® 5nq down-flow modes were used in the experiments.
in volumes are equivalent to the amounts e8HINd  Therefore, all experiments were carried out inlitige
CO, respectively and the final remaining volume i;ng the final results expressed as means. Theorsact
equivalent to the amount of methane in the biogas. operated at hydraulic retention times of 16, 1&nd 4
experiments were carried out at a room temperaitire qavs with intermittent feedings every 2.5 hourgasly-

25 £ 2°C according to the average temperature 8n tQiate conditions were assumed to be achieved after
county of Huelva. The volumes of biogas producefleriod equivalent to three times the nominal hyticau
were _corrected to standard temperature and pressWgention time (HRT) selected. Effluent samples aver
conditions. collected and analysed for at least six consecatiyes.

D. Characteristics of the AMD The steady-state value of a given parameter wantak
The acid mine drainage water used in the experisnerds the average of these consecutive measurements fo
was obtained from the River Tinto. Table 1 showes ththat parameter when the deviations between the ob-
average characteristics and features of the AM2dbasserved values were less than 3% in all caseseflsa,

on triplicate samples. 1986). The effect of sulphate-total COD concertradi
Table 1. Average characteristics and features ef AMD was evaluated at ratios of 0.50, 0.66 and 1 usoig-v
collected from the River Tinto and used in the expents.* metric ratios of cheese whey and AMD of 1:5, 14nd
Component Units Average value 1:10, respectively.
Ee mg/L 2830.0 ll. RESULTS AND DISCUSION
u mg/L 168.0 . . .
Zn mg/L 1200 A. Effect of the Hydraulic Retention Time (HRT) on
Mn mg/L 56.0 th_e Process Performance
Ni mg/L 292 Figure 2 shows the effect of the HRT on the sulphat
cd mg/L 19 and total COD removals and on the methane and
Cr mg/L 0.2 hydrogen sulphide gas production. An increase @& th
S0, glL 85 HRT determined an increase in the sulphate removal.
pH - 23 However, when the HRihcreased from 4 to 8 days, the
* Values are averages of three determinations. eTheas ~ Maximum increase of sulphate removal was obtained
virtually no variation (less than 3%) between asedy (63.5%). A similar trend was appreciated for td@I&D
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removal in the range of 4-8 days. However, when thmaximum sulphate removal was achieved at a HRT of
HRT increased to values higher than 8 days, thal toB days with a maximum 4% production and a
COD removal decreased and sulphate removal wesnsiderable increase in pH and alkalinity. In orfde
decelerated. Methane and sulphide gas producti®RB to thrive, they require a pH in the range ob B
increased when the HRT increased from 4 to 8 day®leculitaet al, 2007). Outside this range, the rate of
while at higher values the production of both matha microbial sulphate reduction is reduced. Low pHbj<
and hydrogen sulphide decreased. The maximumormally inhibits sulphate reduction. It was also
production of methane and hydrogen sulphide amdported that when the pH in the reactor is much
maximum removals for sulphate and total COD wereigher than 7.0, only a small amount of,His
obtained at a HRT of 8 days. It was found that BTl generated, as occurred in the biological sulphate
higher than 8 days, total COD removal and methase geduction process using tannery effluents as aocarb
production decreased faster than sulphate remdtéd.

behaviour may be determined by the existing

competition between methanogenic and sulphat 80 0,35
reducing bacteria as is well known. When environtalen

conditions favour the development of SRB the 70 1 103
development of methanogenic bacteria is affectet| an 60

likewise, if methanogenic metabolism is favourdu t 1 0,25
SRB is inhibited and sulphate reduction reactior § 50 -

affected (Rabuset al,1996). Effects of HRT on = 102 T
efficiency of this type of bioreactors have beemlely 3 407 =
studied (Rockholet al, 2002; Kaksonen and Puhakka, & 4 10150
2007; Neculiteet al, 2007). The variability of hydraulic &

properties of porous media used in reactive migture 20 10!
may result in HRTs specific to each bioreactorislt 1 oo0s
usually accepted that hydrogen sulphide productiol 101 ’
occurs in at least 3 to 8 d (Neculiga al, 2007). A 0 ‘ ‘ ‘ 0

longer HRT may imply depletion of either the aviaiia 0 5 10 15 20
organic matter source or the sulphate source f@&. &R

a semicontinuous anaerobic laboratory reactor, mor
sulphates were reduced to sulphides with a 3-5 @ HR |—e— Sulphate —H— Total COD
compared to a 1-d HRT, regardless of the organi|-—¢ — Hydrogen Sulphide —— Methane
carbon/sulphate ratio (Neculigt al, 2007). Sulphate
removal greater than 80% could be achieved ifjgure 2. Variation of the sulphate and total CGnovals
biological sulphate reduction assays using molaases and hydrogen sulphide and methane productions thith
carbon source at total COD-sulphate ratios grethn  hydraulic retention time.

10 when methane producing bacteria (MPB)

predominated (Annachhatre and Suktrakoolvait, 2001

HRT (days)

Competition between SRB and MPB was more intens 8 6
as the total COD-Sulphate ratio was reduced fram%
The COD removal decreased to approximately 30% at 7 ] 15
total COD-Sulphate ratio less than 2 because of th 6 =
accumulation of sulphurous precipitates and the- nor <
biodegradable portion of molasses in the sludgt 54 T4 8
(Annachhatre and Suktrakoolvait, 2001). In addition S
sulphate removal yields higher than 89% were aeliiev & 4 - 132
in the anaerobic treatment of industrial effluewith a 2
HRT of 2 days using propionate as the carbon sourc 3 1273
(Ghigliazzaet al, 2000). 5 ] 2
Figure 3 shows the effect of the HRT on the pH 14
and alkalinity in the effluent of the process. An 14
increase in the pH and the alkalinity values was o o

observed with the increase in the HRT. A slighttida
pH and an alkalinity value of around 3 g/L appearted
be favourable for the maximum conversion of sulphat HRT (days)

to sulphides. pH and alkalinity increased considlgra [~ Effluent pH —m— Effluent Alkalinity (g/) |
at a HRT of 8 days, coinciding with the increas¢hie

sulphate removal and with the maximum production ofgjgyre 3. variation of the pH and alkalinity withet hydraulic
hydrogen sulphide. The results obtained show tiat t yetention time.

0 5 10 15 20
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source (Boshoffet al, 2004). Effluent pH from stirred tank reactors (STR) using tannery effluerdsa
anaerobic solid-substrate reactors treating AMOhwi carbon source for biological sulphate reductionjlevh
cow manure and sawdust (2:1 in weight) as the carbohigher values (0.6 g/L-d) were obtained when UASB
source, dropped over time from 6.7 to approximatelyreactors were used to treat the same type of suéstr
5.5. This fact brought about a decrease in thehsit¢  (Boshoffet al, 2004).

removal rate from 250 to 40 mmofird (Drury, 1999). V. CONCLUSIONS

B. Effect of the Sulphate-Total COD ratio The best results for biological sulphate removahdid
Figure 4 shows the effect of the sulphate-total CODmine drainage water using anaerobic fixed bed oesct
ratio on the sulphate and total COD removals, nretha with undiluted cheese whey as a carbon source were
and hydrogen sulphide productions for a hydraulicachieved at a HRT of 8 days and at a sulphate-total
retention time of 8 days, a value that was consitdies

optimum according to the previous results obtained.

As can be seen, the decrease in the sulphateGo@l

ratio caused an increase in sulphate and total COD

removals and consequently in the production of 80 1
methane and hydrogen sulphide. Specifically, total 70 | 109
COD and sulphate removals of 56% and 69% 1ogs
respectively were found at a sulphate-total COlbrat 60 1 1o

of 0.5. Several studies have been conducted tatfiead S 50 - '
best sulphate-total COD ratios for AMD treatment = 1% 3
under sulphate-reducing conditions but the results 3z 40 - T05 %
were not consistent (Neculitet al, 2007). With g 30 | 104©
sludge as the carbon organic source (Al-Ani, 1984) & 1oz
best performance was found for a sulphate-total COD 20 <>\(}\c

ratio of 0.2 (total COD-sulphate ratio of 5.0), wses 10 192
other studies using natural or synthetic substrates 101
found that SRB were predominant for a sulphatd/tota 0 ‘ ‘ 0
COD ratio higher than 0.59 (total COD/sulphatecrati 0 0,5 1 15
below 1.7) (Neculitaet al, 2007). Moreover, a Sulphate/total COD ratio (g/g)
sulphate removal of 50% was achieved in UASB

reactors used for lead removal through a biological |—e— Sulphate —H— Total COD

sulphate reduction process with ethanol as anrelect | —o— Hydrogen Sulphide —O— Methane
donor at a sulphate-total COD ratio of 0.5 (HieraHo
et al, 2007). Lower sulphate removals were observedrigyre 4. Variation of the sulphate and total C@Movals and
at a sulphate-total COD ratio of 0.27 when lacte#s  hydrogen sulphide and methane productions withstiighate-
used as a carbon source as a result of the competit total CODratio for a HRT of 8 d.

between methanogens and SRB (McCartney and

Oleszkiewicz, 1993).

Figure 5 shows the effect of sulphate-total COD
ratio on the pH and alkalinity in the effluent. éan be 6,7 2.9
observed, an increase in pH value and alkalinity
concentration occurred when the sulphate-total COD
ratio decreased. This meant that a better perfarenan 6.6 -
and hydrogen sulphide production were achieved.

Within the range of ratios tested, the best resuéise 127
obtained at a sulphate-total COD ratio of 0.5. #sw 6,5 -
found that maximum values of total COD and sulphate

removals were no higher than 56% and 69%,
respectively. These results coincided with those 6.4 |
obtained by other authors (Dvoraét al, 1992, T25
Kuyucak and Sant-Germain, 1994). In addition,
Annachhatre and Suktrakoolvait (2001) found that 63 ‘ ‘
total COD removal decreased to 30% when the 0 05 1 15
sulphate-total COD ratio was higher than 0.5.

Finally, under the optimal conditions obtainedfie t
present work, the average value of sulphate reslucti ‘+Eff|uentpH —M— Effluent Alkalinity (g/l)‘
rate was found to be 0.34 g/L-d and the percentége
hydrogen sulphide in the biogas achieved 30 %.drowFigure 5. Variation of the pH and alkalinity withet sulphate-
sulphate removal rates (0.25 g/L-d) were achieved iotal COD ratio.

pH
Alkalinity (g CaCOas/L)

2,4

Sulphate/total COD ratio(g/g)
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COD ratio of 0.5. Under these conditions, the maxim plating wastewater under sulphate-rich condition,
removal of sulphate was 68.1%, which was equivalent Chemospherd8, 218-226 (2007).
to a sulphate reduction rate of 0.34 g/L-d, while hy- Christensen, B., M. Laake and T. Lien, “Treatmeht o
drogen sulphide production was 0.27 L/d and the hy- acid mine water by sulphate-reducing bacteria:
drogen sulphide concentration in the biogas was.30% Results from a bench scale experimeWgter Res.
The decrease in the HRT to values lower than 8 days 30, 1617-1629 (1996).
produced the decrease in the pH and alkalinityhef t Cohen, R.R.H., “Use of microbes for cost reductién
process due to the inhibition of the microorganisms metal removal from metals and mining industry
sponsible for carbonaceous compound decomposition waste streams,”). Clean. Prod. 14, 1146-1157
and buffer production. (2006).
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