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ABSTRACT

Presence of heavy metals is considered to be a major challenge in wastewater treatment. In this research the
effect of heavy metals such as nickel (Ni), chromium (Cr), and manganese (Mn) on fouling in membrane
bioreactors was investigated. Fouling tendency of a cellulose acetate membrane was evaluated in MBRs with
different concentrations of the mentioned elements. The concentrations of extractable extracellular polymeric
substances in the mixed liquor at the steady-state condition and different concentrations of heavy metals were
compared. Also the effects of concentration of heavy metals on mean floc diameter, hydrophobicity, and hence
the fouling propensity of membrane was investigated. The Analysis of variance (ANOVA) method has been used
to illustrate the important factors for the prediction of the fouling behavior. Results showed that different salts of
the same heavy metal ion and various concentrations of heavy metals in wastewater had different effects on sludge

properties and hence induced different fouling tendency of sludge.
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INTRODUCTION

Heavy metals are found in wastewater of
several industries such as metal finishing,
hydrometallurgical, refining, petrochemical,
tanneries and battery manufacturing companies.
Numerous technologies have been applied for
treatment of wastewaters containing heavy
metals; however, still significant amount of heavy
metals remain in treated effluent. Membrane
bioreactor (MBR) is one of the recent advanced
technologies that may be utilized for wastewaters
containing heavy metals (Mack ef al., 2004).
MBR consists of an activated sludge system with
a membrane filtration. The membrane acts as a
barrier that rejects colloidal and suspended matter,
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thus providing a final effluent of superior quality.
This can be proved as an advantage for the removal
of metal ions that are attached to suspended
solids and colloids. MBR helps better treatment
efficiency over the conventional activated sludge
process and provides the opportunity for water
reuse or reclamation (Stephenson et al., 2000).
Nevertheless, fouling seems to be the Achilles
heel of the submerged MBRs which decreases
permeation rate and increases operational costs
(Judd, 2004).

Biofouling on membrane surface is unavoidable
and caused by the nature of biological system,
where microorganisms and bioparticles are the
main constituents of biofouling layer (Judd,
2004). Among the parameters of sludge system,

377



S. Amiri et al., EFFECT OF HEAVY METALS ON ...

extracellular polymeric substance (EPS) content
and soluble microbial products have the most
important impact on the biofouling (Le-Clech
et al., 2006). Furthermore, heavy metals are
considered as a toxicant group which strongly
reduces the activity of microorganisms, changes
the sludge culture, and hence induce alterations
in EPS, floc size and membrane fouling.

With regard to the chemical aspects, the heavy
metals can play a role as coagulants, via charge
neutralization, to produce colloidal flocs. If the
colloidal flocs become large and dense, they
cannot enter the membrane pore, which reduces
the pore blocking (Nghiem ef al., 2005).
Different heavy metals have different effects on
the performance of the MBR and this may be
accounted in several ways. Firstly, heavy metal-
binding sites in biological macromolecules may
have intrinsic preferences for some metals, which
may explain the differences in toxicity of heavy
metals (Albert, 1973). Secondly, metals may
be immobilized on sludge by association with
different binding sites on the cells membrane and
could adsorb asymmetrically on the surface of
cells. Some evidence for the preferential binding
of heavy metals by activated sludge solids having
different particle sizes has been reported (Chen
et al., 1974). Thirdly, metals may be prevented
from binding with sludge particles by association
with soluble compounds.

In Fig. 1 the relative response of microorganisms
to the presence of heavy metals has been
graphically demonstrated quite elegantly by
McCarthy (1964). However, a number of different
environmental factors, such as pH (Babich and
Stotzky, 1977), metal speciation (Sanrdin and
Maier, 2002), mixed liquor suspended solids
(MLSS) concentration (Stasinakis et al., 2002),
age of the culture (Stasinakis et al., 2002) and
presence and concentration of other heavy metals
(Josi-Tope and Francis, 1995) can influence the
shape of the curve.

Considerable work has been done on the
capability of sludge cultures to remove heavy
metals confirming the abilities of microorganisms
in sludge to remove a variety of heavy metals.
Lead, copper and zinc are removed relatively
efficiently by activated sludge organisms, whereas
chromium (Cr), nickel (Ni), and manganese (Mn)
are only partially removed from wastewater
using conventional wastewater treatment systems
(Chang et al., 1995).

Although MBRs has been extensively employed
in treatment of different wastewaters containing
heavy metals, but less is known about the effects
of these elements on the performance and fouling
of MBRs. The main objective of this work was
to study the effect of sulphate and chloride salts
of heavy metals on sludge characteristics and
on permeability and fouling of a MBR. Mn, Ni
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Fig. 1: The effects of heavy metal concentration on microbial growth (adapted from McCarthy, 1964)
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and Cr were chosen as important heavy metals
because they have been commonly present in
municipal and industrial wastewaters (Dilek
etal., 1998; Stasinakis et al., 2002; Stasinakis
et al., 2003).

Wastewater characteristics, which interact with
sludge, also play a key role in membrane fouling.
It is important to include the parameters that
affect the sludge properties in experiments; such
as concerning the influence of bound EPS (TB-
EPS), loose bound EPS (LB-EPS), mean floc
size, relative hydrophobicity (RH), as negatively
charged colloids plays an important role in
fouling.

MATERIALS AND METHODS

Membrane bioreactor

The sludge filtration test was conducted in a 1.5
L membrane bioreactor using a 0.45 um flat sheet
membrane filter (Albet-AC-045-47, Spain). The
liquid sample was stirred at 400 rpm (Heidolph,
MK3001K, Germany).

In each run the stirred cell was filled with 1 L
of sample, and a constant vacuum of 0.8 bar was
applied for filtration. Hydraulic retention time
(HRT) and sludge retention time (SRT) were set
at 24 hand 10 d, respectively. Continuous suction
was carried out for permeate production. The
total permeated flow over 5 h of filtration was
measured at ambient temperature and pressure
divided by the total surface area expressed in
liter per minute per square meter. Mixed liquor
temperature of the bioreactor varied slightly
between 28°C and 32°C (ambient temperature)
throughout the operation. The permeability of the
membrane was calculated by the flux rate divided
by the transmembrane pressure._

Experimental procedure

The sludge was taken from a petrochemical
wastewater plant (Arak petrochemical Co.). The
synthetic wastewater included glucose (5 g/L),
(NH,),SO, (3 g/L) and (NH,)H,PO, (1 g/L) and
in each experiment just one of the heavy metals
with constant concentration was added to this
synthetic wastewater.

In order to study the effect of heavy metal
concentrations on membrane fouling, 24 hours
before each experiment, the sulfate and chloride

salts of Ni** and Mn*" and sulfate salt of Cr*
with concentrations of 0-0.1, 0.2 and 1.0 g/L
were added to the sludge in the MBR. In order to
adapt mixed culture by heavy metals the sludge
was stirred at 250 rpm for 24 h before each
experiment. The solid content of samples was
adjusted to 4500 mg/L.

EPS extraction and analysis

EPS extraction was performed according to
Azami et al. (2008) by using formaldehyde and
sodium hydroxide. Selection of this method was
due to its higher yield of polysaccharide EPSs
extraction, which typically constitutes the main
portion of EPSs.

Relative hydrophobicity

The relative hydrophobicity of the sludge flocs
was measured as adherence to hydrocarbons. To
determine the relative hydrophobicity, the method
adopted by Chang and Lee (1998) was employed.
40 mL of the activated sludge suspension was
homogenized by stirring (1000 rpm for 2 min) at
4 °C to disrupt the flocs to single cells and small
micro-colonies. 20 mL pure n-hexadecane was
added to the suspension and agitated uniformly
for 5 min in a separator funnel. After 30 min
relaxation, when the two phases were separated
completely, the aqueous phase was transferred
into another glass container. The relative
hydrophobicity was expressed as the ratio of
MLSS concentration in the aqueous phase after
emulsification (MLSSe) to the concentration of
MLSS in the aqueous phase before emulsification
(MLSSi):

Relative hydrophobicity (%) :

(1- MLSS, /MLSS,) x100 (1)

Particle size distribution

The flocs size distribution of the sludge, which
might affect the fouling tendency, was examined
by light microscopy. The images were captured
on a video-microscope (BMZ-04-DZ, Behin
Pazhuhesh Eng. Co, Iran) via charged coupled
device connected to a computer. The images were
taken at different places on slides prepared by
sampling method according to Wang and Gregory
(2002). The digital photographs were processed
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and enhanced by wusing Image Processing
Software that enabled to clearly distinguish the
floc boundaries. These images provide a two-
dimensional representation of the flocs in sludge
culture in the MBR. Because of uniform shapes of
flocs, an equivalent floc diameter (Feret diameter)
was estimated based on the image area and the
assumption of spherical shape. The number of
measured flocs were chosen according to the
British Standard (BS3406, 1984) for microscope
counting which suggests that a minimum of
625 particles should be sized in order to get a
representative size distribution.

Statistical analysis

The decision, concerning which parameters affect
the response of investigated process, are made
with Analysis of variance (ANOVA). Analysis
of variance will be the predominant statistical
method used to interpret experimental data,
since this method is most objective (Keppel and
Zedeck, 1989). The ANOVA analyses were done
with software package “Design expert” V6.0.

RESULTS

This study dealt with the biological aspects of
membrane fouling in MBRs containing different
concentrations and types of heavy metals.

Fig. 2 presents the membrane permeability versus
concentration of MnSO,, MnCl,, NiSO,, NiCl,
and CrSO,.
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Fig. 2: The membrane permeability versus different concentrations of heavy metals
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Fig. 3: Univariate subfunctions showing the influence of (left) the kind of heavy metal salt and (right) concentration, on
membrane permeability
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The univariate terms of the ANOVA analysis
shown in Fig. 3 reflect relations between different
heavy metal salts and the concentration of heavy
metal on the permeability of membrane.

It may be seen that for a given set of inputs, the
constructed model selected the kind of heavy
metal as the main parameter influencing fouling
behavior. However, the influence of the heavy
metal varies with different salts.

The results of the analysis of variance are
presented in Table 1. As it can be seen, the
membrane permeability was affected by the kind
of heavy metal and its concentration.

Fig. 4 indicates LB-EPS concentration versus
concentration of MnSO,, NiSO, and CrSO,.
TB-EPSc and the mean floc size versus
concentration of heavy metals for MnSO, and
CrSO, are shown in Fig. 5(a,b). Results indicate
that for both MnSO, and CrSO, the mean floc
diameter and TB-EPS are proportional to heavy
metal concentration. The increase in the floc size
is simultaneous with increasing of TB-EPSc.

TB-EPS contributes in removing heavy metals,
and helps in formations of flocs by promoting
microbial aggregation. It has been found that
total EPS in a floc represents up to 80% of the
mass of the entire sludge (Sobeck and Higgins,
2002). After noticing the nature of bioflocs it can
be inferred that interactions between the EPS will
be important to bioflocculation along with the
characteristics of the EPS.

Ionic exchange phenomena form complexes with
negative and positive charged groups, cause the
adsorption and precipitation of EPS. As a result
the mean floc diameter increases.

Concentrations between 0 to 0.3 g/L of MnSO4
cause the increase in the floc diameter (shown in
Fig. 5 a). But for CrSO, there is an exception at
0.2 g/L and concentrations higher than 0.2 g/L
CrSO4 prevent the formation of larger flocs in the
MBR (Fig. 5 b).

Floc size has a direct role in the permeability
by affecting the porosity of cake layer on the
membrane. Besides, as indicated in Fig. 2, the

Table 1: Summary of the results obtained by the ANOVA analysis used for fouling behavior

Degree of

Sum of square

Adjusted Adjusted mean

Eonice freedom error (SS) SS SS F P
Heavy metal salt 4 6.1763 6.1768 1.5442 448 0019
Coesiliien 3 6.2184 6.2184 2.0728 601 0010
(g/L)
Error 12 4.1369 4.1369 0.3447
Totl 19 16.5320
S =0.587149 R-Sq = 74.98% R-Sq(adj) = 60.38%
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Fig. 4: LB-EPS concentration for different concentrations of heavy metals
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permeability of MBR (containing 0.3 g/L CrSO,)
is lower than the MBR with concentration of 0.2
g/LCrSO,.

In Fig. 6, RH percentage of sludge versus
concentration of heavy metals is shown. It
indicates that the RH of the sludge decreases by
increasing concentration of heavy metals.

The nature of the cellulose acetate membrane
is hydrophilic. In the range of 0.01 to 0.06 g/L
of heavy metals, NiCl, causes the most RH
reduction of the sludge which causes theminimum
membrane permeability due to increased affinity
of the mixed culture to the membrane surface.
Inthe range 0f0.01 t0 0.06 g/L MnSO4 and CrSO,,
RH is independent of concentration (Fig. 6); but
the permeability is assumed to be dependent
on the cake layer porosity that increases due to
better flocculation of sludge caused by heavy
metals bridges.
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Another comparison between NiSO, and CrSO,
shows that the LB-EPS for NiSO, is lower than
CrSO, (depicted in Fig. 4). Likewise the CrSO,
permeability is more than NiSO,. This occurrence
could be the consequence of other parameters
such as sludge hydrophobicity that was shown
in Fig. 6. In addition the decrease of sludge RH
for NiSO, was more than CrSO,. Hence, the RH
and LB-EPS of sludge play an important role on
difference between membrane permeability for
NiSO, and CrSO,.

DISCUSSION

As shown in Fig. 2, it was observed that the
efflux increases in the presence of low heavy
metal concentrations, nevertheless increasing
heavy metal concentrations reduced the
increasing rate of permeability. This can be due
to the toxic effect of heavy metals on sludge
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Fig. 5: TB-EPSc concentration and the mean floc diameter versus different concentrations of MnSO, (a) and CrSO, (b)
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Fig. 6: Relative hydrophobicity of sludge versus concentration of different heavy metals
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properties such as EPS concentration at heavy
metal concentrations higher than 0.2 g/L. and
hence declining the membrane permeability. The
results indicate that the membrane permeability
for MnSO, and NiSO, is more than MnCl, and
NiCl,, respectively. This could be due to toxic
effect of chloride anions on sludge culture.
Furthermore, Mn is on seventh group of periodic
table and has bigger atomic radius (164 pm)
than Ni (in tenth group, 149 pm atomic radius).
Hence, membrane has more permeability with
Mn?* containing sludge than Ni** due to higher
ability to form complex with cellular materials.
For the same reason Cr** (Cr is in sixth group of
periodic table) at low concentration in sludge has
larger permeability than Mn*". While at higher
concentrations the membrane permeability in the
presence of MnSO, is more than that of CrSO,
which could be due to more toxicity of CrSO, on
sludge properties at high concentrations.

Based on the results shown in Fig 4, it was shown
that with increasing the concentration of
heavy metals up to about 0.1 g/L, the LB-EPS
concentration decreases. While by increasing the
concentration of heavy metals from 0.1 to 0.4 g/L
LB-EPS increases. The LB-EPS concentration for
MnSOQ, is less than that for other heavy metals.
Lower LB-EPS concentration results in higher
membrane permeability as shown in Fig. 2. This
behavior is the result of the fact that metal toxicity
is mainly dependent on the metal concentration,
speciation, the state of microbial growth and the
biomass concentration as reported by Arican
and Yetis (2002). Microbial resistance to heavy
metal is mediated by a series of systems like the
permeability barrier, intra- and extra-cellular
sequestration, active transport efflux pump,
enzymatic detoxification and reduced sensitivity
of cellular targets to metal ions (Tanaka et al.,
2004; Nies, 2003). The forgoing mechanisms
increase the LB-EPS concentration.

This first version of our empirical model of
membrane permeability indicates that this type of
approach might help to better classify the factors
influencing membrane fouling. If it is possible to
give reasonably accurate fouling behavior with a
simple method, it will also be easier to convince
the researchers to take the possible important
factors on fouling. Future work will therefore

try to improve the model and extend it to other
MBRs containing different kind of wastewaters.
The LB-EPS, TB-EPS, mean floc size and
sludge RH are significant parameters that affect
membrane fouling. This study shows that
different heavy metals have specific effect on
sludge properties and membrane fouling; this may
be due to their distinct toxicity limit and different
intrinsic preferences of heavy metal-binding sites
of biological macromolecules.

It could be a useful tool in fouling behavior

studies to demonstrate interactions that determine
membrane permeability decreases and to assess
the potential to reduce membrane fouling with
different options in MBRs.
The results also show that presence of low
concentration of heavy metals in the MBR
system results in lower LB-EPS and higher
TB-EPS hence reduce fouling and increase the
membrane permeability. Future research will
be directed towards deepening knowledge on
mechanisms of metal interactions with biological
macromolecules and its effect on fouling in MBR
systems.
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