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bstract

The effect of C/N ratio of activated sludge on heavy metal biosorption was investigated. Three sets of semi-continuous reactors with different
eed C/N ratios (9, 21 and 43 mg COD/mg TKN) were set up. Sorption equilibrium tests have indicated that the biosorptive capacity of activated
ludge was highly dependent on metal species and the C/N ratio. The increase in C/N ratio resulted in an increase in the Cd(II) sorption capacity
f activated sludge whereas it decreased the Cu(II) sorption capacity. As for Zn(II), a different behavior was observed such that, the highest and
owest capacities have occurred at C/N ratio of 21 and 43, respectively. For Ni(II) biosorption, isotherm tests produced greatly scattered data; so, it

as not possible to obtain any plausible result to indicate the relationship between maximum adsorptive capacity and C/N ratio. The accompanying

elease of Ca(II) and Mg(II) ions and also carbohydrates into the solution during biosorption have indicated that ion exchange mechanism was
nvolved however, was not the only mechanism during the sorption process.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The increase in industrial activities has intensified environ-
ental pollution with the accumulation of heavy metals. The
ain concern with the heavy metals is their toxicity and tendency

o accumulate throughout the food chain, which is a serious
hreat to the environment, animals and mankind. Therefore, the
eed for cost effective methods for the removal of metals is vital.
ommonly used methods are precipitation, ion exchange, elec-

rochemical processes and membrane processes. However, the
pplication of such processes is sometimes restricted because of
echnical or economic constraints. The search for new technolo-
ies, involving the removal of toxic metals from wastewaters
as directed attention to biosorption, due to the metal-binding
apacities of various biological materials [1].
The sequestering of metal ions by solid materials of biological
rigin is known under the general term “biosorption”. It is a
ell-known fact that various types of algae, bacteria, fungi and
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east can readily adsorb or accumulate metal ions in significant
uantities [2–8]. Furthermore, many researchers suggested that
iomass from biological pollution control processes, especially
ctivated sludge systems could be effective in removing heavy
etals from polluted waters [9–14].
Factors, which may influence the biosorption process, include

H, concentration of metal present in the wastewater, and the
omposition and characteristics of wastewater and sludge. Metal
emoval by sludge is a consequence of interaction between met-
ls in the aqueous solution and the bacterial cell surface; and
ollows complex mechanisms, mainly ion exchange, chelation
nd adsorption by physical forces [2].

The adsorption of heavy metals on the sludge surface is
sually attributed to the formation of complexes between met-
ls and as carboxyl, hydroxyl, and phenolic surface functional
roups of the extracellular polymeric substances (EPS). These
iopolymers which can be produced by many different species
f bacteria isolated from activated sludge have been shown to be
nvolved in the adsorption of metal ions from solution [9,15–21].
It has been suggested that the composition of the growth
edium is important in the production of EPSs [9]. Feeding
icroorganisms with substrates at various carbon to nitrogen

C/N) ratios was shown to change the composition of EPS in
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Table 1
Characeristics of activated sludge samples cultivated at different C/N ratios [23]

C/N ratio (mg COD/mg TKN) Total EPS (mg/g MLVSS) Protein in EPS (mg/g MLVSS) Cabohydrate in EPS (mg/g MLVSS)

33
2 28
4 12
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9 41
1 49
3 58

erms of protein and polysaccharide content [22,23]. A sum-
ary of the results obtained from this earlier study conducted

s given in Table 1. This table shows that at low C/N ratios the
redominant fraction of EPS is proteins, whereas at high C/N
atios the predominant component of EPS is carbohydrates [23].
onsidering that the carbohydrates and proteins have different

unctional groups that are effective in biosorption (carboxylic
nd amine groups in the case of proteins and mainly carboxylic
unctional groups in the case of carbohydrates), the C/N ratio
f the feed can become a critical determinant of biosorption
apacity. Therefore the purpose of this study is to identify the
ffect of growth conditions of activated sludge (in terms of C/N
atio) on biosorption process and biosorption mechanisms of
our different heavy metals (Cu(II), Cd(II), Zn(II) and Ni(II))
nto activated sludge.

. Materials and methods

.1. Reactor operation

Mixed culture bacteria grown in semi-continuous reactors
ere used during the experiments. The microbial seed was
btained from the primary settling tank effluent of Ankara
astewater Treatment Plant. Reactors had a working volume

f 2 L and were operated at a mean cell residence time of 8
ays. They were placed in a water bath where the temperature
as kept at 20 ◦C. Required oxygen and complete mixing were
rovided by the use of air pumps. Dissolved oxygen concentra-
ion in reactors was kept at a minimum of 3 mg/L and pH was

aintained at 7.0 ± 0.2.
Three sets of replica reactors were operated under three dif-

erent C/N ratios. The first C/N ratio was selected as 21 (in
erms of the ratio of chemical oxygen demand, COD to total
jeldahl nitrogen, TKN). This set of reactors was operated to

epresent the typical operational conditions of activated sludge
ystems treating municipal wastewaters. The reactors were fed
ith the synthetic medium having the following composition (as
g/L): glucose (935), peptone (200), K2HPO4 (600), KH2PO4

300), NH4Cl (225), MgSO4·7H2O (112.5), FeSO4·7H2O
3.75), ZnSO4·7H2O (3.75), MnSO4·7H2O (3.75), CaCl2 (15),
aHCO3 (180). The second set of reactors was operated at a
/N ratio of 9 to represent a carbon-limited situation, whereas

he third set of reactors was operated at a C/N ratio of 43, to
epresent nitrogen limited situation. The carbon content of the
eactors with C/N ratio of 9 and 43 were adjusted by modifying

he glucose amount in the feed.

Reactors were brought to steady state which was demon-
trated by measuring mixed liquor suspended solid (MLSS)
nd mixed liquor volatile suspended solid (MLVSS) concen-

b

q

8
21
46

rations daily. Once the steady state was reached, biosorption
ests were conducted using the sludge wasted daily from each
eactor. Sludge was first centrifuged for 15 min, the super-
atant was discarded and remaining biomass was resuspended
n deionized water. This centrifugation–resuspension proce-
ure was repeated once more; and finally, the MLSS concen-
ration of biomass suspension used in biosorption tests was

easured.

.2. Biosorption tests

Before running sorption equilibrium (isotherm) tests, a series
f sorption kinetic experiments was run in order to investigate
he time dependency of sorption and determine the equilibrium
ime needed for isotherm tests. These experiments were con-
ucted by mixing heavy metal solutions with a known amount
f biomass and by taking samples from this mixture at different
ime intervals until there was no net sorption. These experiments
ere repeated at several initial metal concentrations to see the
ossible effect of initial metal concentration on sorption kinet-
cs. In all these tests, the temperature and the initial pH of the

etal solution were kept constant at 25 ◦C and 4.0, respectively.
o buffers were used to keep the pH constant during the course
f sorption in order not to affect the sorption process by buffers’
omponents.

Biosorption isotherm tests were performed using flasks with
net volume of 50 mL which were placed in a shaking incu-

ator operating at 200 rpm and 25 ◦C. The amount of biomass
dded into each flask was approximately 0.1, 0.2 and 0.3 g as dry
atter, based on MLSS concentration of sludge with C/N ratios

f 9, 21 and 43, respectively. The heavy metal concentrations
aried from 10 to 1000 mg/L while the initial pH was set to 4.0
sing 0.01 M HNO3. The sorption isotherm tests were carried out
t unadjusted pH conditions. Cd(II), Cu(II), Zn(II), and Ni(II)
as added as CdCl2·H2O, CuCl2·2H2O, ZnCl2, NiCl2·6H2O,

espectively. When equilibrium was attained, biomass in sam-
les was removed by filtration through a 0.45 �m membrane
lter and filtrates were analyzed for the heavy metal content by
sing flame atomic absorption spectrophotometer (AAS) (ATI
nicam 929) [24]. Beside the adsorbed metal ions, released
a(II) and Mg(II) ions were also analyzed using AAS. Also, the
mount of carbohydrate release was measured. All the biosorp-
ion tests were run in duplicate and deionized water was used
n all biosorption tests to differentiate between the ions released
nd ions existing in water. Biosorptive capacity was calculated

y using the equation:

e = V (C0 − Ce)

m
(1)
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Fig. 1. Biosorption kinetics at C/N 9:

here qe is the equilibrium capacity as mg metal/g dry biomass,
the volume of the metal solution, Ce and C0 the equilibrium

nd initial metal concentrations in aqueous phase as mg/L, and
is the amount of dry biomass in grams.

.3. Analytical methods
MLSS and MLVSS were determined according to Standard
ethods for the Examination of Water and Wastewater [24]. The

mount of carbohydrate release during biosorption process was
easured by using phenol sulphuric acid method [25].
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w
w
d

Fig. 2. Adsorption isotherms for different C/N ratio
(II); (b) Cu(II); (c) Zn(II); (d) Ni(II).

. Results and discussion

.1. Adsorption kinetics

The results of kinetic experiments conducted for four differ-
nt heavy metals showed that biosorption of heavy metals by
ctivated sludge is a fast process. For all metals, at all initial
oncentrations tested (200–400 mg/L), an initial rapid uptake

as observed and nearly 85% of biosorption was completed
ithin the first 5 min. After 5 min, the metal uptake rate gradually
ecreased and the system finally reached equilibrium approxi-

s: (a) Cd(II); (b) Cu(II); (c) Zn(II); (d) Ni(II).
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ately after 90 min (Fig. 1). This behavior implicates the fact
hat sorption occurs at two stages. First one is the rapid sur-
ace binding and the second is the slow intracellular diffusion
26–28]. Since almost 100% of metal removal was achieved
ithin the first 90 min of biomass-heavy metal contact; an equi-

ibrium time of 4 h was employed in the isotherm tests to make
ure a complete equilibrium is reached.

.2. Isotherm studies

The maximum adsorptive capacity of the activated sludge
rown under different C/N ratios was determined by examin-
ng the relationship between qe and Ce. As shown in Fig. 2,
dsorption capacity increased with equilibrium metal ion con-
entration and reached a plateau which corresponded to max-
mum adsorptive capacity. For Cd(II), as presented in Fig. 2a,
he maximum biosorptive capacities were attained as 120, 140
nd 170 mg Cd(II)/g biomass, for the C/N ratios of 9, 21, and 43,
espectively. As it can be seen from Fig. 2a, the increase in C/N
atio resulted in an increase in the Cd(II) sorption capacity of AS
ut not much. For Cu(II) biosorption, the maximum biosorptive
apacities at C/N ratios of 9, 21 and 43 were attained as 160, 90
nd 40 mg Cu(II)/g biomass, respectively (Fig. 2b). These find-
ngs show that biosorption capacity for Cd(II) increased with
he increase of C/N ratio whereas the increase in C/N ratio
esulted in a decrease in Cu(II) biosorption. There was a remark-
ble increase in the Cu(II) sorption capacity of activated sludge
ith the decrease of C/N from 21 to 9. An increase in C/N

rom 21 to 43, has resulted in about 40% decrease in maximum
u(II) biosorption capacity of activated sludge. A comparison of
/N effect on biosorption capacity indicated that Zn(II) behaved

otally different than the other metals investigated. When the C/N
atio was increased from 9 to 21, biosorptive capacity of acti-
ated sludge also increased some, but an increase in C/N from
1 to 43 resulted in a drastic decrease in biosorption capacity,
bout 65% (Fig. 2c).

The isotherm plots presented in Fig. 2d have indicated that
or Ni(II), the adsorptive capacity of activated sludge cultivated
nder all three C/N ratios was highly complex. The biosorptive
apacity was fluctuating with increasing Ce. One of the possible
easons for this unexpected behavior was thought to be very low
endency of Ni(II) ions for biosorption among the heavy metal
ons studied in literature [29,30]. Also, nickel was found to be
ssociated predominantly with the soluble fraction of polymers
16]. The stronger affinity of Ni(II) for soluble polymers than
or biomass can explain the lower binding capacity of activated
ludge for Ni(II), and indicates that these soluble complexes
ay be unavailable for uptake by biomass [31]. So, inconsis-

ent and unstable behavior of Ni(II) observed in this study can
e attributed to the lowest biosorption tendency and weakest
inding of nickel to the EPS of activated sludge.

.3. Biosorption mechanism
.3.1. Ca(II) and Mg(II) release
Searching for the mechanism of sorption, the desorbed

ations (Ca(II) and Mg(II)) from the sludge solids during sorp-

s
o

r

ig. 3. The ratio of adsorbed to released ions: (a) Cd(II); (b) Cu(II); (c) Zn(II).

ion tests were also analyzed. Fig. 3 represents the ratio of
dsorbed to released ions for three C/N ratios together. At
ll equilibrium metal concentrations, there was a concomitant
a(II) and Mg(II) release with sorption indicating the existence
f an ion exchange between Cd(II) and Ca(II) and Mg(II). At low
etal concentrations it was observed that the ratio was highly

ependent on Ce. On the other hand, at high metal concen-
rations, ratio of adsorbed to released ions reached nearly an
quilibrium in all cases. At high equilibrium concentrations, the
atio of Cd(II) to Ca(II) + Mg(II) ions remained nearly the same
or all C/N ratios whereas the ratio of Cu(II) to Ca(II) + Mg(II)
ons was much higher for C/N 43. For Zn(II), highest ratio was

een at C/N 9 and the values were very close to each other for
ther C/N ratios.

The change in sorbed metal quantity (q) to Ca(II) + Mg(II)
elease ratio with equilibrium metal concentration indicates that
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nitial metal concentration plays an important role in biosorp-
ion mechanism. As the initial metal concentration and in turn Ce
ncreases, there occurs a change in removal mechanism. As pre-
ented in Fig. 3, q/(Ca + Mg) ratio is smaller than 1.0 at Ce values
elow 50 mg/L. However, the q/(Ca + Mg) ratio is well above 1.0
t higher metal concentrations. This indicates that, although the
hole metal removal cannot be explained by ion exchange alone,

on exchange mechanism appears to be involved in biosorption.
or all metals except Ni(II), ion exchange accounted for at least
0% of the biosorption at high metal concentrations with only
xception of Zn(II) sorption at C/N ratio of 9, which was at about
5%. However, an ion exchange phenomenon is not very obvi-
us at low metal concentrations. It is speculated that at low metal
oncentrations, metals bind to the already existing and available
inding sites at the surface. This binding could be thought as
urface precipitation (for some metals as bulk precipitation due
o relatively high solution pH at low metal concentrations), com-
lexation and limited extent ion exchange. After a certain metal
oncentration is reached, these available binding sites would be
lled up, leaving limited or no sites for the forthcoming metal

ons. At the same time, as the heavy metal concentration in the
olution increases, there becomes a greater drive for the metal
o exchange the cations already at the surface. This then ini-
iates ion exchange which starts to pick-up and take over the
iosorption mechanism.

.3.2. Carbohydrate release
From Fig. 4, it can clearly be seen that besides the Ca(II)

nd Mg(II) ions, a significant amount of carbohydrates was also
eleased into the solution during biosorption of Cd(II) for all C/N
atios. Carbohydrate release into the solution per unit weight
f biomass (as dry matter) increased with the increase of Ce
nd followed nearly the same trend with released ions. How-
ver, the amount of released ions increased when the C/N ratio
ncreased from 9 to 21 and remained nearly the same when the
atio increased from 21 to 43. On the other hand, the released
arbohydrate amount was very low at C/N ratio 21 and signifi-
antly higher at C/N ratio 43.

It was observed that the amount of total ion released during
he biosorption of Cu(II) decreased gradually with the increase
f C/N ratio, especially to 43. Since a positive correlation
s expected between the released cations and carbohydrates,

decrease in carbohydrate amount was also expected with
ncrease of C/N ratio. But surprisingly the opposite was observed
Fig. 5). For Zn(II) biosorption, the release of Ca(II) + Mg(II)
as highest at C/N ratio 21 and almost half of it for C/N ratio 9

nd 43. When the amount of carbohydrate release was inves-
igated, it was observed that carbohydrate release increased
lightly with the increase of C/N ratio (Fig. 6).

The reason of measurement of released carbohydrates during
iosorption is our expectation that during an ion exchange pro-
ess when the heavy metal exchanges with Ca(II) and Mg(II) on
he sludge surface, some fraction of EPS should be released into

he solution. Carbohydrate fraction is considered to be an indica-
or of polymer release and analyzed all throughout the tests. Our
esults clearly demonstrated the release of polymers from sludge
urface during biosorption process possibly by the ion exchange

i
c
t
c

ig. 4. Release of Ca(II) + Mg(II) and carbohydrates due to Cd(II) adsorption:
a) C/N 9; (b) C/N 21; (c) C/N 43.

echanism. Ideally, a higher polymer release is expected with
higher amount of exchanged ions. However, there are some

nconsistencies between the amount of Ca(II) + Mg(II) release
nd carbohydrate release for some heavy metals at some C/N
atios as mentioned above. The reason of inconsistencies is
elieved to be explainable by the unmeasured protein fraction
elease during biosorption process. Since Ca(II) and Mg(II)
how affinity to carboxylic acids which are components of both
arbohydrates and proteins, release of both fractions is expected
uring an ion exchange process. Because our results reflected
nly a part of the released polymers, some unexplainable trends
xisted in the results.

These arguments are in agreement with the recent stud-
es that indicated the importance of calcium ions as a major

ontributer to bioflocculation [32]. Bruus et al. [32] fur-
her reported that when other ions (monovalent or divalent
ations other than calcium and magnesium) are introduced
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ig. 5. Release of Ca(II) + Mg(II) and carbohydrates due to Cu(II) adsorption:
a) C/N 9; (b) C/N 21; (c) C/N 43.

nto the medium at high concentrations, calcium was released
rom the activated sludge flocs accompanied by a major
elease of extracellular polymers (EPS) (both carbohydrate and
roteins).

.3.3. Equilibrium pH
As it can be seen from Fig. 7, the initial heavy metal concen-

ration also had a remarkable effect on the equilibrium pH of
he solution. In all cases, as the initial concentration increased,
he equilibrium pH of the solution decreased. There is a sharp
ecrease in equilibrium pH between the initial metal concen-
rations of 300 and 500 mg/L for all metals. This substantial
hange could be related to the alteration in biosorption mecha-
ism, initiated by the initial concentration of metal. A possible

on exchange mechanism between the metal ion and the hydro-
en ions on the activated sludge surface can be suggested to
xplain this decrease in pH. The release of surface bound hydro-
en ions into the solution causes a decrease in system pH. It is apt

t
a

t

ig. 6. Release of Ca(II) + Mg(II) and carbohydrates due to Zn(II) adsorption:
a) C/N 9; (b) C/N 21; (c) C/N 43.

ere to note that for all metals studied, C/N has not a remarkable
ffect on equilibrium pH.

.4. Overview of metal biosorption in relation to C/N

The effect of C/N ratio on biosorption capacities for three dif-
erent metal ions is summarized in Fig. 8. It can easily be seen
rom the figure that the effect of C/N ratio on heavy metal sorp-
ion capacity of activated sludge is highly variable. The metal
ons tested showed different biosorption affinities for microor-
anisms grown under different C/N ratios. Biosorption capacity
or Cu(II) ions increased with the decrease of C/N ratio whereas
he increase in C/N resulted in an increase in Cd(II) biosorption
ffinity. As for Zn(II) ion, a different behavior was observed such

hat, the highest and lowest capacities occurred at C/N ratio 21
nd 43, respectively.

Highly variable effect of C/N ratio on the affinity of metals
o bind activated sludge indicated that the composition of EPS,
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Fig. 7. Effect of initial metal concentration on the equilibrium pH: (a) Cd(II);
(b) Cu(II); (c) Zn(II) (initial pH 4.0).

Fig. 8. The change of biosorption capacities of metal ions with C/N ratio.

w
t
r
d
f
a
[
a
O
s
t

t
a
h
g
C
I
c
n

4

i
m
o
i
C
i
a
r
p
g
o
o
h
s

A

f
(

R

Materials B137 (2006) 990–997

hich is known to be affected by C/N ratio [22], is an impor-
ant parameter influencing biosorption. An increase in C/N ratio
esulted in a decrease in protein but an increase in carbohy-
rate content of EPS. As indicated by several researchers, metals
avor specific binding sites and therefore different metals may
ssociate preferentially with different specific types of groups
27,33–35]. In line of this fact; Cd(II) appeared to have higher
ffinity for carboxylic groups, while Cu(II) did for amine groups.
n the other hand, in the uptake of Zn(II) both groups were pos-

ibly equally involved as there is no increasing or decreasing
rend with C/N ratio.

The classification of heavy metals (based on atomic proper-
ies and solution chemistry of metal ions) suggested by Nieboer
nd Richardson [36] further evidences that Cd(II) exhibits a
igher affinity for O-containing groups than for N-containing
roups. On the other hand, according to their classification,
u(II) was a N- and S-seeking metal while Zn(II) was O-seeking.

n parallel, Cu(II) biosorption increased with an increase in –NH
ontent of EPS in activated sludge. However, Zn biosorption was
ot in accordance with this classification.

. Conclusions

In this study, it is demonstrated that EPS composition is an
mportant characteristic of activated sludge influencing heavy

etal biosorption. Results indicate that heavy metal sorption
nto activated sludge is a very fast process. The isotherm exper-
ments conducted at constant temperature with three different
/N ratios (9, 21 and 43) showed that the biosorptive capac-

ty of activated sludge was highly dependent on metal species
nd C/N ratio. The dependence of biosorptive capacity on C/N
atio was different for each metal. This was attributed to the
resence of several different types of metal-binding functional
roups which are favored by different metals. The measurement
f the Ca(II) and Mg(II) ions which were released into the aque-
us phase implied that ion exchange plays an important role in
eavy metal biosorption but it is not the only mechanism respon-
ible for removal.
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