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Abstract This study investigated the acclimation

potential of batch fed anaerobic biomass with salin-

ities of 0–50 gNaCl l-1. Anaerobic biomass was

acclimatized to salinities up to 20 gNaCl l-1over a

period of 35 days, with 3 consecutive feedings. After

this period the biomass was subjected to non-saline

conditions to simulate fluctuating feed compositions.

High activity was obtained after the first exposure to

non saline conditions for biomass previously exposed

to 30 gNaCl l-1. Short exposure (2–48 h) to high

salinity (40 gNaCl l-1) did not reduce biomass

activity when it was re-subjected to normal condi-

tions. The sensitivity of each anaerobic bacterial

group showed that propionate utilisers were the most

affected by sudden changes in salinity. Using size

exclusion chromatography (SEC) it was found that

biomass exposed to concentrations of salinity above

30 gNaCl-1 produced higher molecular weight

soluble microbial products (SMPs) which were

present in the culture for longer periods than the

control indicating that the effluent was more difficult

to degrade. With the sudden removal of salinity

anaerobic biomass can easily readapt to normal

conditions without any high MW compounds being

produced. These findings highlight the fact that

anaerobic biomass is able to overcome sharp

decreases in salinity in contrast with aerobic biomass

as reported in the literature.

Keywords Anaerobic biomass � Recovery from

salinity � Bacterial sensitivity to salinity �
Soluble microbial products � Sodium inhibition

Introduction

Organics in highly saline wastewaters are poorly

biodegraded by conventional wastewater treatment

plants with non adapted biomass due to the toxic

effect of sodium in the wastewater. High concentra-

tions of salts (10 gNaCl l-1) can cause cell

plasmolysis and the death of microorganisms due to

the dramatic increase in osmotic pressure (Kargi and

Dincer 1998; Kempf and Bremer 1998). Boardman

et al. (1995) investigated the toxicity of sodium in

batch assays using clam wastewater as a biomedia and

substrate; a 10-fold decrease in activity was found for

a 3-fold increase in Na+ concentration from 4.2 gNa+

l-1 to 12.6 g l-1. Tuin et al. (2006) used a laboratory-

scale (1.5 l) Upflow Anaerobic Sludge Blanket

(UASB) reactor for the pre-treatment of a chemical

wastewater which contained complex organics, high

concentrations of sulphate (5-7 gSO4
2- l-1) and high

salinity. At 16 gNaCl l-1 the COD removal was only

40%, while the sulphate removal was 80%. However,

the high sulphate concentrations are likely to
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encourage sulphate reducing organisms to compete

with methanogenesis so no clear conclusions can be

drawn from this work with respect to sodium inhibi-

tion of anaerobic biomass. Debaere et al. (1984) found

no sodium inhibition up to 29.01 gNa+ l-1, and only

at 37.4 gNa+ l-1 did the methanogenic activity

decrease to 50%. Rovirosa et al. (2004) studied the

performance of a downflow anaerobic fixed bed

reactor treating saline (15 gNaCl l-1) synthetic

domestic wastewater. Start up lasted 335 days by

gradually increasing the NaCl from 5 to 15 g l-1 so the

bacteria could acclimatise. After 590 days COD

removal at 15 gNaCl l-1was 68 and 92% for an

organic loading rate (OLR) of 3.8 gCOD l-1 day-1

and 0.47 g l-1 day-1, respectively. Mendez et al.

(1995) studied the treatment of a seafood processing

wastewater (10.7–23.2 gCOD l-1, 10–20 gNaCl l-1,

1.9–2.7 gSO4
2- l-1) in thermophilic (TAF) and

mesophilic anaerobic filters (MAF). Adaptation to

salinity was achieved during a nine month prolonged

start-up period; after this the OLR was increased

gradually to 9 and 14 gCOD l-1 day-1 in the TAF and

MAF, respectively. Under these conditions the COD

removal was 73% for the TAF and 64% for the MAF.

In the above work, the long start up period of

anaerobic biomass acclimating to salinity could be a

serious drawback for the process. Due to the long

acclimation period from the above studies, this study

investigated anaerobic acclimation potential under

different saline concentrations in order to determine if

the long start up period could be reduced.

Salinity is often highly variable in many industrial

wastewaters (Lefebvre and Moletta 2006), and several

studies found that a sudden reduction in salinity often

caused more severe effects in aerobic biomass than a

stable but high concentration of salinity (Kinncannon

and Gaudy 1966; Kinncannon and Gaudy 1968;

Burnett 1974). However, to the best of our knowledge

no studies have examined the performance of anaer-

obic biomass after a sudden removal in salinity for

varying periods of exposure to salt conditions. Several

researchers have found contradictory results for the

acclimation of biomass to sodium, and this can be

attributed to factors such as; the effect of other ions

present in the wastewater, and, low concentrations of

potassium acting as an antagonist to sodium. How-

ever, low concentrations of magnesium and calcium

can also act synergistically towards sodium (Kugel-

man and McCarty 1965). Other factors which could

have been important are; different inocula, different

types of reactors, different feed strategies, different

substrates and different test methods. Moreover, little

work has been done to characterize the molecular

weight of organic compounds in the effluent from

saline wastewater treatment plants. Apart from

sodium which causes toxicity to the biomass, it is

possible that the soluble organics produced under

osmotic stress may contribute to the poorer perfor-

mance of the process, and these compounds are

known generically as Soluble Microbial Products

(SMPs). Due to their low biodegradability, SMPs are

important in terms of achieving current discharge

standards and effectively set the upper limit for

treatment efficiency (Barker and Stuckey 1999). It is

also possible that certain fractions of the SMPs could

be inhibitory or even mutagenic.

Hence, the objective of this study was to examine

the ability of anaerobic biomass to acclimate to saline

conditions in a relatively short time under batch

feeding, and study the performance of this biomass

during a sudden reduction in salinity after a short/

long time period exposure to saline conditions. In

addition, the performance of this biomass was

evaluated when re-exposed to salinity after a period

under non-saline conditions. Under these conditions,

evaluation of the sensitivity of each anaerobic

bacteria group was measured by monitoring volatile

fatty acid (VFA) concentrations over time. Finally,

the SMPs in the batch reactors at different NaCl

concentrations were characterized in terms of their

Molecular Weight (MW) over time.

Methods

Determination of volatile suspended solids (VSS) was

performed according to Standard Methods (APHA

1999) The composition of biogas was determined

using a Shimadzu GC-TCD fitted with a Porapak N

column (1,500 9 6.35 mm). The carrier gas was

helium at a flow rate of 50 ml min-1, and the column,

detector and injector temperatures were 28, 38 and

128�C, respectively. The peak areas were calculated

and printed out on a Shimazdu Chromatopac C-R6A

integrator. Calibration gases were accurate to ±5%.

Samples of 1 ml were collected using 1 ml plastic

syringes (Terumo), and the coefficient of variance

(COV) for 10 identical samples was ±2%.

166 Biodegradation (2009) 20:165–175

123



Glucose and VFAs were measured on a Shimadzu

(model 10A) high performance liquid chromatogra-

phy (HPLC) system with an auto-sampler using an

Aminex HPX-87H ion exclusion column (300 9 7.8

mm). The sample volume was 50 ll, the column was

maintained at 55�C, and the eluent was 0.01 M H2SO4

at a flow rate of 0.7 ml/min. VFAs were detected with

UV at 210 nm, while glucose detection was by

refractive index (RI). The detection limit was 10 mg

l-1 for glucose and 5 mg l-1 for VFAs, and the COV

for 10 samples was within ±8% for both parameters.

For Size Exclusion Chromatography (SEC) an

Aquagel OH-30 column (Polymer Labs) was used

with DI water as the eluent at a flow rate of 1 ml

min-1.The sample volume was 50 ll, and the column

was maintained at ambient temperature with both UV

and RI detectors being used to detect the separated

components. Standards of linear polyethylene glycol

(PEG) were used; hence the results obtained are

quoted relative to these linear compounds.

The serum bottle experiments were conducted

using the media and serum bottle techniques devel-

oped by Owen et al. (1979). Anaerobic biomass was

obtained from a conventional sewage sludge digester

(Mogden, UK) that was operated under low salinity.

The anaerobic biomass was maintained in a batch

reactor (5 l) and fed with glucose as a substrate for 3

months at an OLR of 2 gCOD l-1 day-1, nutrients

according to Owen et al, and salinity less than 2

gNaCl l-1. The reactor was fed under batch mode

every 7 days (6 days of mixing and 1 day for the

biomass to settle and then the supernatant was

removed and new feed added). Biomass from this

reactor was used as an inoculum in 165 ml serum

bottles (2 gVSS l-1). Anaerobic conditions were

achieved by flushing the bottles with N2 (70%) and

CO2 (30%) at a flow rate of 0.5 l min-1. To each

serum bottle, 95 ml of anaerobic media was added

(Owen et al. 1979), then 5 ml of glucose to give a

final concentration of 2 gCOD l-1 before capping it

with a leak proof Teflon seal. The serum bottles were

placed in a Gallenkamp Orbital Incubator Shaker at a

constant temperature and shaker speed of 37�C and

200 rpm, respectively. In the re-feeding, biomass was

removed by centrifugation (3,000 rpm for 10 min),

and then placed back into the serum bottles and new

media added with the same concentration of salinity

and substrate. During the transfer of biomass N2/CO2

was purged into the bottles to maintain anaerobic

conditions. In the experiments where the conditions

changed from saline to non-saline (less than 1 gNaCl

l-1), the biomass was washed for 1 min with DI water

to minimise any sodium that may have been absorbed

by the biomass, and osmotic shock. At the beginning

of the experiment 5 samples for each concentration of

salinity were set up. In each feeding one of the

sample was used for VFA and SMP analysis, The

COV for CH4 was ±3% between 5 different samples,

while for VFAs for 3 identical samples was ±8%.

Results

Exposure to three batch feedings at different salt

concentrations

Anaerobic biomass not adapted to sodium was

subjected to different concentrations of NaCl in order

to examine their acclimation potential. During the

first exposure (Fig. 1a) concentrations above 20

gNaCl l-1 caused significant inhibition, while the

biomass exposed to 10 and 20 gNaCl l-1 produced

slightly less methane compared to the control after

0

10

20

30

40

50

60

70

80A

B

0 50 100 150 200 250 300

Time (h)

C
u

m
u

la
ti

ve
 C

H
4 

(m
l)

Control 10gNaCl/l 20gNaCl/l
30gNaCl/l 40gNaCl/l 50gNaCl/l

Control 10gNaCl/l 20gNaCl/l
30gNaCl/l 40gNaCl/l 50gNaCl/l

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250

Time (h)

C
u

m
u

la
ti

ve
 C

H
4 

(m
l)

Fig. 1 (a) First batch exposure of non acclimatized biomass to

concentrations of 0–50 gNaCl l-1. (b) Third batch exposure of

non acclimatized biomass to concentrations of 0–50 gNaCl l-1
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265 h. At concentrations of 40–50 gNaCl l-1, even

after 265 h the methane production was negligible. In

the next feedings, the media was replaced by new

media with the same salinity and substrate concen-

tration (2 gCOD l-1). After the third batch feeding,

the biomass that exposed to 10 gNaCl l-1 immedi-

ately produced the same amount of methane as the

control while the biomass exposed to 20 gNaCl l-1

reached the same methane production level of the

control after 142 h. With biomedia containing higher

concentrations of salt (30 gNaCl l-1), the decrease in

inhibition was substantially less, while above and

including 40 gNaCl l-1 inhibition was not reduced

even after the third feeding.

Exposure to no salt for two batch feedings after

three feedings with salt

After the third batch with a total exposure to salinity of

35 days, the biomass was then fed with a new medium

with NaCl less than 1 g l-1 at 2 gCOD l-1 glucose.

Results in Fig. 2a show that the slowest rate of methane

production was from the biomass that was pre-exposed

to the highest sodium concentration. The biomass pre-

exposed to salt concentrations up to 20 gNaCl l-1

showed a high activity despite previous acclimation of

the biomass to salinity. In the second feeding under

organic shock conditions (4 gCOD l-1 glucose), the

recovery was significantly higher especially for bio-

mass pre-exposed to higher concentrations of salinity

(Fig. 2b). The biomass previously exposed to 50

gNaCl l-1 in the second feeding (with salt less than 1

gNaCl l-1), produced the same amount of methane as

the control after 250 h (Fig. 2b).

Exposure to no salt after a short period at 40

gNaCl l-1

40 gNaCl l-1 was added to non acclimatised to

salinity anaerobic biomass for 2, 24 and 48 h. During
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Fig. 2 (a) First exposure of biomass to non saline conditions

after a long exposure to salinity. (b) Second exposure of

biomass to non saline conditions after a long exposure to

salinity. (c) Exposure of biomass to non saline conditions after

2, 24 and 48 h exposure to salinity
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this period all the biomass samples showed negligible

methane production compared to the control shown in

Fig.1a. When the biomass was returned to non saline

conditions it produced 40 ml CH4 in 69 h, while the

control produced around 50 ml for 2 gVSS l-1

(Fig. 2c). Exposure to 40 gNaCl l-1 for 2, 24, and 48

h did not result in any significant difference in

methane production after the sudden removal of

salinity.

Re-exposure to salt

After the two batch feedings with non saline media,

the biomass was then re-exposed to the initial salinity

concentrations. It can be seen from Fig. 3 that the

biomass exposed to 10 and 20 gNaCl l-1 maintained

almost the same activity of the third feeding before

the exposure to no sodium. The methane production

of biomass exposed to concentrations of salt higher

than 30 gNaCl l-1 (Fig. 3) remained at the same low

level as the third exposure to salinity, so no

conclusion for the re-exposure to salinity can be

drawn for this level of salinity.

Sodium effects on VFA production

Up to 20 gNaCl l-1 VFAs were catabolised by the

anaerobes in 150 h and this is an indication of good

performance (Fig. 4a). However, when the biomass

was exposed to concentrations higher than 20 gNaCl

l-1 this resulted in an accumulation of VFAs. As can

be seen from Fig. 4b and c, the main VFAs forming

under saline conditions were acetate and propionate,

and increasing the concentration of sodium chloride

resulted in an increase in VFAs (Fig. 4a). With

biomass exposed to 20 gNaCl l-1 acetate was

consumed after 90 h, whereas propionate was only

consumed completely after 160 h. At concentrations

higher than 20 gNaCl l-1 the acetate concentration

was higher than the propionate. This occurs due to the

higher overall production of acetate over propionate

(seen from the control biomass), however, even after

250 h the concentration of these acids had not started

to decrease significantly as a result of a severe

inhibition of the propionic utilizers and methanogens.

Glucose was found only in the first 11 h at

concentrations of 362 mg l-1 and 453 mg l-1 for

biomass exposed to 40 and 50 gNaCl l-1,

respectively.

The role of formic acid in methanogenesis under

high salinity

Formic acid was found only during the initial period

at a concentration of 40 mg l-1 for the control at 17 h,

while for biomass exposed to the highest salinity (50

gNaCl l-1) 43 mg l-1 was produced after 44 h. This

was an indication that salinity was not inhibitory to

the formic acid formers. Moreover, it is likely the

highest percentage of the CH4 was produced by the

reductive methanogens due to the fact that the

acetoclastic methanogens were significantly inhib-

ited. However, to confirm that reductive methanogens

were not inhibited formic acid was fed to the biomass

(Dolfing and Bloemen 1985). Anaerobic biomass was

initially exposed to 2 gCOD l-1 of formic acid for 25

days in serum bottles to increase the population and

activity of reductive methanogens. In the next batch

test the same concentration of formic acid was used

with salinities of 20 and 40 gNaCl l-1. From the first

feeding at 40 gNaCl l-1 methane production almost

reached the methane control level after 140 h

(Fig. 4d) compared with the biomass fed glucose

(Fig. 3) which in the same time only produced 4.5 ml

of CH4, and hence it was clear that salinity did not

inhibit reductive methanogenesis.

Effect of sudden removal of salt on anaerobic

bacteria by monitoring VFAs

VFA production (acetic, propionic and n-butyric

acids) under no salt conditions after long exposure

of the biomass to salinity is shown in Fig. 5a–c. The
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biomass that was previously exposed to the highest

salt conditions showed the slowest degradation of

VFAs. For biomass previously exposed to up to 30

gNaCl l-1 (Fig. 5a–c), propionic acid was the only

remaining acid. For biomass previously exposed to

40 and 50 gNaCl l-1 the remaining acids were acetic,

propionic and n-butyric.

Chromatographic analysis of supernatant from

biomass exposed to 0-50 gNaCl l-1

In SEC the organics with a low molecular weight

(MW) go deeper into the gel pores and so take a

longer time to elute, whereas the high MW com-

pounds are quickly excluded from the column. As can

be seen from Fig. 6a, the presence of salt (40 gNaCl

l-1) after the first 24 h resulted in much higher

intensities (concentrations) of soluble organics com-

pared to biomass exposed to no salt, while biomass

exposed to 20 gNaCl l-1 had signal intensities

between the two. It appears that the presence of

higher NaCl concentrations caused a greater accu-

mulation of SMPs with higher MWs, especially those

eluting at 9–10 min, corresponding to compounds in

the range 1.147–7.12 kDa; these compounds did not

appear in cultures with no salt. This result suggests

that biomass exposed to high salinity produced higher

MW compounds. The results after 48 h (Fig. 6b)

show that for biomass exposed to 20 gNaCl l-1 there

were no peaks at 9–10 min, while the other peaks

appeared at the same retention time, but with a lower

signal. This may be due to the degradation of the

organics in the initial bulk liquid and the simulta-

neous accumulation of methane. On the other hand,

biomass exposed to 40 gNaCl l-1 resulted in the

generation of two new peaks at 7–8 min and 10–11

min. The same behaviour was found for biomass

exposed to 50 gNaCl l-1 from 24 to 48 h (Fig. 6c).
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Fig. 4 (a) Total VFA production in the first batch feeding for

biomass exposed to 0–50 gNaCl l-1. (b) Acetic acid production

in the first batch feeding for salinity concentrations of 0–50

gNaCl l-1. (c) Propionic acid production in the first batch

feeding for salinity concentrations of 0–50 gNaCl l-1. (d)

Cumulative CH4 production from biomass exposed to no

salinity, and 20 and 40 gNaCl l-1. Formic acid used as a sole
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For the biomass after 48 h, the compounds at 7–8 min

and 10-11 min may have been produced from the

partial degradation of the compounds at 4–5 min and

9–10 min respectively (Fig. 6b, c).

Chromatographic analysis of effluent from

biomass exposed to no salinity after a long

exposure to 20 and 40 gNaCl l-1

The chromatograph of the biomass that was subjected

to no salinity after a long exposure to saline

conditions (20 and 40 gNaCl l-1) is shown in

Fig. 7. The higher peak at around 13 min is probably

VFAs and intermediates of glucose. The lower peak

eluted at about 5 min is high MW, probably as a

results of cell lysis. This peak has a higher intensity

than for the biomass previously exposed to 40 and 20

gNaCl l-1 compared with the biomass that was not

exposed to saline conditions before. The intensity of

the peak at 13 min for the biomass is considerably

lower compared with the biomass exposed to saline

conditions.

Discussion

The results of re-feeding under batch conditions show

that the acclimation potential is rapid for biomass

exposed to 10 gNaCl l-1, and relatively fast for

biomass exposed to 20 gNaCl l-1. Even with biomass

exposed to 30 gNaCl l-1 acclimation is possible at a

slower rate. However, biomass that was exposed to

40–50 gNaCl l-1 over a period of 270 h showed no

acclimation, even after the third refeeding.

According to Speece (1996), toxicity should be

interpreted as an adverse effect, not necessarily
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Fig. 5 (a) Acetic acid production in the first batch feeding at

non saline conditions after the exposure to saline conditions for

concentrations of 0-50 gNaCl l-1. (b) Propionic acid produc-

tion in the first batch feeding under non saline conditions after

exposure to saline conditions for concentrations of 0-50 gNaCl

l-1. (c) N-Butyric acid production in the first batch feeding

under non saline conditions after exposure to saline conditions

for concentrations of 0-50 gNaCl l-1
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lethal, on bacterial metabolism, whereas inhibition

should be considered as an impairment of bacterial

function. The effect of a sudden removal of salinity

from aerobic systems is probably lethal on aerobic

bacterial populations (Kinncannon and Gaudy 1966,

1968); Burnett (1974) using activated sludge showed

BOD removal efficiencies dropped from 95 to 25%,

with an increase of 3.5% in the effluent solids, when a

freshwater feed was changed to a salty feed, but when

returning to a freshwater feed the removal efficiency

reduced to 8%. Kinncannon and Gaudy (1966), using

an aerobic sludge, found more severe effects with the

sudden removal of salinity than an increase. Com-

paring the results of his study with that of

Kinncannon and Gaudy (1966); Burnett (1974)

showed that anaerobic biomass performs better than

aerobic biomass under sudden changes from saline to

fresh water conditions. In the present study, some

continuing methane production following a sudden

removal of salinity after long exposures to high salt

concentrations (40–50 gNaCl l-1) indicates that the

biomass was not fully destroyed. Moreover, a dou-

bling of the activity after the second feeding, and

recovery of its initial activity in term of total methane

(100%) over a short time (250 h) without salt

indicated that anaerobic bacteria were only tempo-

rarily deactivated by high salinity, so sodium caused

more of an adverse effect than impairment with

anaerobic bacteria. With biomass exposed to lower

concentrations of 30 gNaCl l-1 the initial activity was
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re-established faster. When the anaerobic biomass

was returned to non saline conditions after a short

period (2–48 h) under highly saline conditions (40

gNaCl l-1), it produced approximately 80% of the

amount of methane as the control after three days.

This has practical implications in anaerobic treatment

as a temporary salinity shock (up to 48 h) would

appear to only partially inhibit methanogenesis when

the biomass is returned to normal conditions.

Re-exposure to salinity after the two non-saline

feedings showed that the biomass maintained most of

the activity that had developed after the third batch

feeding with salinity. Anaerobic biomass that had

adapted to salinity levels up to 20 gNaCl l-1 can

withstand variations in salinity quite effectively. The

propionic acid utilisers seem to be the most sensitive

group under high salinities as propionate was the last

VFA biodegraded at salinities up to 20 gNaCl l-1,

and was present at high concentrations at higher

salinities. This shows that the rate of biodegradation

by the propionic utilizers was significantly decreased

in the presence of NaCl. This finding is in agreement

with Soto et al. (1993) who found that an increase in

the sodium concentration from 5 to 12 gNa+ l-1

resulted in an increase in the propionate to acetate

ratio from 0.7 to 1. However, Feijoo et al. (1995)

using granular non-adapted biomass found that n-

butyrate utilisers were the most sensitive group of

bacteria. The contradictory results between the pres-

ent study and the study of Feijoo et al. (1995) can

possibly be attributed to different morphological

characteristics of the biomass which had an effect

on the sensitivity of each bacterial group. The

acetoclastic methanogens were found to be the

second most sensitive group to sodium in a mixed

anaerobic biomass that had not been adapted to

sodium. In contrast, the reductive methanogens that

utilize H2 and CO2 were not affected severely by

sodium toxicity. Liu and Boone (1991) used a sludge

that was acclimated to salinity and found that the

reductive methanogens were the least affected by

sodium. However, Zheng et al. (2005) found less

production of H2 and a reduction of the percentage of

H2 in the gas at higher sodium concentrations

indicating that there was inhibition of H2 utilising

microorganisms by sodium. In the present study, the

production of formic acid by anaerobic biomass

during the initial period, and the low inhibition at

high salinity of reductive methanogens when formic

acid was used as a substrate indicates that more

substrate could be consumed through reductive

methanogenesis under high salinity compared to

non saline conditions. The glucose oxidisers showed

a high tolerance to sodium as there was no remaining

glucose after 40 h. As was mentioned above, the

anaerobic biomass can function relatively well with

sudden changes from saline to normal conditions.

During this sudden change the propionate utilisers

had the slowest degradation rate, and in general are

the most sensitive to salinity fluctuations. The n-

butyric utilisers were also affected significantly by

the sudden reduction of salinity as the degradation

rate of butyric acid was seriously decreased for

biomass previously exposed to 40 and 50 gNaCl l-1.

However, under high salinity n-butyric utilizers did

not show any inhibition, probably as a result of fast

biodegradation of butyric acid under these conditions.

The low methane production rate at high salinity

could also be due to the consumption of substrate by

anaerobic biomass to generate compatible solutes

and extracellular polysaccharides to survive under

high osmotic conditions (Vyrides and Stuckey

2007). Another factor could be the high MW

organics that are produced in the reactor, possibly

due to the release of extracellular compounds during

metabolism, enhancement of cell lysis, or stimula-

tion of efflux mechanisms (Aquino and Stuckey

2006). These high MW SMPs with high salinity

wastewaters are significantly higher compared to no

salt wastewater, and hence the higher MW fractions

of the COD are more slowly degraded resulting in

poor performance of the anaerobic biomass. The

results of this study show that the high MW

compounds (SMPs) from biomass exposed to 40–

50 gNaCl l-1 were hardly degraded as they

remained in the medium over time, and these high

MW compounds (SMPs) did not appear in concen-

trations lower than 20 gNaCl l-1. These findings

highlight the fact that to increase the performance of

an anaerobic reactor treating saline wastewater,

attention should be paid to the removal of the

SMPs. The use of a membrane reactor could be a

solution as it can separate the high MW compounds

from the effluent (Aquino et al 2006). In the case of

a sudden removal of salinity from biomass which

had been exposed to saline conditions for a long

time, the SMPs do not seem to cause any severe

toxic effects.
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Conclusions

• Anaerobic biomass can acclimatize to salinities

up to 20 gNaCl l-1 over a period of around 35

days during 3 batch feedings.

• Anaerobic biomass previously exposed to salin-

ities up to 50 gNaCl l-1 for 35 days can recover

quickly to full activity under non saline condi-

tions. The exposure to sodium can be considered

more as an adverse effect on biomass metabolism

than fatal, and the initial activity can be recovered

over time.

• Anaerobic biomass re-exposed to 10 and 20

gNaCl l-1 retains almost the same activity that

had been present before the exposure to no

sodium for 40 days.

• Amongst biomass not adapted to salinity, the

propionate utilisers seem to be the most sensitive

group to sodium toxicity, while the acetoclastic

methanogens were the second most sensitive. In

contrast, the reductive methanogens and acid

formers were not severely affected by sodium

toxicity. With a sudden reduction in salinity, the

propionate and n-butyric utilisers and acetoclastic

methanogens were affected more.

• Results from SEC reveal that anaerobic biomass

under high salinity release high MW SMPs that

are difficult to biodegrade.

Acknowledgements I.V. would like to thank the A.G.

Leventis Foundation for the award of a scholarship.

References

APHA (1999) Standard methods for the examination of water

and wastewater. American Public Health Association,

Washington, D.C

Aquino SF, Stuckey DC (2006) Chromatographic character-

ization of dissolved organics in effluents from two

anaerobic reactors treating synthetic wastewater. Water

Sci Technol 54(2):193–198. doi:10.2166/wst.2006.505

Aquino SF, Hu AY, Akram A, Stuckey DC (2006) Character-

ization of dissolved compounds in submerged anaerobic

membrane bioreactors (SAMBRs). J Chem Technol Bio-

technol 81(12):1894–1904. doi:10.1002/jctb.1622

Barker DJ, Stuckey DC (1999) A review of soluble microbial

products (SMP) in wastewater treatment systems. Water Res

33(14):3063–3082. doi:10.1016/S0043-1354(99)00022-6

Boardman GD, Tisinger JL, Gallagher DL (1995) Treatment of

clam processing wastewaters by means of upflow anaer-

obic sludge blanket technology. Water Res 29(6):1483–

1490

Burnett WE (1974) The effect of salinity variations on the

activated sludge process. Water Sew Works 121:37–38

Debaere LA, Devocht M, Vanassche P, Verstraete W (1984)

Influence of high NaCl and NH4Cl salt levels on metha-

nogenic associations. Water Res 18(5):543–548. doi:

10.1016/0043-1354(84)90201-X

Dolfing J, Bloemen W (1985) Activity measurements as a tool

to characterize the microbial composition of methano-

genic environments. J Microbiol Methods 4(1):1–12. doi:

10.1016/0167-7012(85)90002-8

Feijoo G, Soto M, Mendez R, Lema JM (1995) Sodium inhi-

bition in the anaerobic-digestion process—antagonism

and adaptation phenomena. Enzyme Microb Technol

17(2):180–188. doi:10.1016/0141-0229(94)00011-F

Kargi F, Dincer AR (1998) Saline wastewater treatment by

halophile-supplemented activated sludge culture in an

aerated rotating biodisc contactor. Enzyme Microb Tech-

nol 22(6):427–433. doi:10.1016/S0141-0229(97)00215-9

Kempf B, Bremer E (1998) Uptake and synthesis of compatible

solutes as microbial stress responses to high-osmolality

environments. Arch Microbiol 170(5):319–330. doi:

10.1007/s002030050649

Kinncannon DF, Gaudy AF (1966) Some effect of high salt

concentrations on activated sludge. J Water Pollut Control

Fed 38:1148–1156

Kinncannon DF, Gaudy AF (1968) Response of biological

waste treatment systems to change in salt concentrations.

Biotechnol Bioeng 10:483–496. doi:10.1002/bit.260

100408

Kugelman IJ, McCarty PL (1965) Cation toxicity and stimu-

lation in anaerobic waste treatment. J Water Pollut

Control Fed 37:97–116

Lefebvre O, Moletta R (2006) Treatment of organic pollution

in industrial saline wastewater: a literature review. Water

Res 40(20):3671–3682. doi:10.1016/j.watres.2006.08.027

Liu YT, Boone DR (1991) Effects of salinity on methanogenic

decomposition. Bioresour Technol 35(3):271–273. doi:

10.1016/0960-8524(91)90124-3

Mendez R, Lema JM, Soto M (1995) Treatment of seafood-

processing wastewaters in mesophilic and thermophilic

anaerobic filters. Water Environ Res 67(1):33–45. doi:

10.2175/106143095X131178

Owen WF, Stuckey DC, Healy JB, Young LY, McCarty PL

(1979) Bioassay for monitoring biochemical methane

potential and anaerobic toxicity. Water Res 13(6):485–

492. doi:10.1016/0043-1354(79)90043-5

Rovirosa N, Sanchez E, Cruz M, Veiga MC, Borja R (2004)

Coliform concentration reduction and related performance

evaluation of a down-flow anaerobic fixed bed reactor

treating low-strength saline wastewater. Bioresour Tech-

nol 94(2):119–127. doi:10.1016/j.biortech.2003.12.010

Soto M, Mendez R, Lema JM (1993) Sodium inhibition and

sulfate reduction in the anaerobic treatment of mussel

processing wastewaters. J Chem Technol Biotechnol

58(1):1–7

Speece RE (1996) Anaerobic biotechnology for industrial

wastewater. Archaea Press, Nashville, Tennessee

Tuin BJW, Geerts R, Westerink JB, van Ginkel CG (2006)

Pretreatment and biotreatment of saline industrial waste-

waters. Water Sci Technol 53(3):17–25. doi:10.2166/wst.

2006.072

174 Biodegradation (2009) 20:165–175

123

http://dx.doi.org/10.2166/wst.2006.505
http://dx.doi.org/10.1002/jctb.1622
http://dx.doi.org/10.1016/S0043-1354(99)00022-6
http://dx.doi.org/10.1016/0043-1354(84)90201-X
http://dx.doi.org/10.1016/0167-7012(85)90002-8
http://dx.doi.org/10.1016/0141-0229(94)00011-F
http://dx.doi.org/10.1016/S0141-0229(97)00215-9
http://dx.doi.org/10.1007/s002030050649
http://dx.doi.org/10.1002/bit.260100408
http://dx.doi.org/10.1002/bit.260100408
http://dx.doi.org/10.1016/j.watres.2006.08.027
http://dx.doi.org/10.1016/0960-8524(91)90124-3
http://dx.doi.org/10.2175/106143095X131178
http://dx.doi.org/10.1016/0043-1354(79)90043-5
http://dx.doi.org/10.1016/j.biortech.2003.12.010
http://dx.doi.org/10.2166/wst.2006.072
http://dx.doi.org/10.2166/wst.2006.072


Vyrides I, Stuckey DC (2007) Mechanisms employed by

anaerobic biomass to survive under high saline conditions:

compatible solutes. 11th world congress on anaerobic

digestion, Brisbane, Australia

Zheng XJ, Zheng YM, Yu HQ (2005) Influence of NaCl on

hydrogen production from glucose by anaerobic cultures.

Environ Technol 26(10):1073–1080

Biodegradation (2009) 20:165–175 175

123


	Effect of fluctuations in salinity on anaerobic biomass �and production of soluble microbial products (SMPs)
	Abstract
	Introduction
	Methods
	Results
	Exposure to three batch feedings at different salt concentrations
	Exposure to no salt for two batch feedings after three feedings with salt
	Exposure to no salt after a short period at 40 gNaCl l&minus;1
	Re-exposure to salt
	Sodium effects on VFA production
	The role of formic acid in methanogenesis under high salinity
	Effect of sudden removal of salt on anaerobic bacteria by monitoring VFAs
	Chromatographic analysis of supernatant from biomass exposed to 0-50 gNaCl l&minus;1
	Chromatographic analysis of effluent from biomass exposed to no salinity after a long exposure to 20 and 40 gNaCl l&minus;1

	Discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


