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a b s t r a c t
This study quantiﬁes the adsorption of heavy metals on 4 typical moss species used for environmental
monitoring in the moss bag technique. The adsorption of Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+ onto Hypnum
sp., Sphagnum sp., Pseudoscleropodium purum and Brachytecium rutabulum has been investigated using
a batch reactor in a wide range of pH (1.3–11.0) and metal concentrations in solution (1.6 lM–
3.8 mM). A Linear Programming Model (LPM) was applied for the experimental data to derive equilibrium
constants and the number of surface binding sites. The surface acid–base titration performed for 4
mosses at a pH range of 3–10 in 0.1 M NaNO3 demonstrated that Sphagnum sp. is the most efﬁcient adsorbent as it has the maximal number of proton-binding sites on the surface (0.65 mmol g1). The pKa computed for all the moss species suggested the presence of 5 major functional groups: phosphodiester,
carboxyl, phosphoryl, amine and polyphenols. The results of pH-edge experiments demonstrated that
B. rutabulum exhibits the highest percentage of metal adsorption and has the highest number of available
sites for most of the metals studied. However, according to the results of the constant pH ‘‘Langmuirian’’
isotherm, Sphagnum sp. can be considered as the strongest adsorbent, although the relative difference
from other mosses is within 20%. The LPM was found to satisfactorily ﬁt the experimental data in the full
range of the studied solution parameters. The results of this study demonstrate a rather similar pattern of
ﬁve metal adsorptions on mosses, both as a function of pH and as a metal concentration, which is further
corroborated by similar values of adsorption constants. Therefore, despite the species and geographic differences between the mosses, a universal adsorption edge and constant pH adsorption isotherm can be
recommended for 4 studied mosses. The quantitative comparison of metal adsorption with other common natural organic and inorganic materials demonstrates that mosses are among the most efﬁcient natural adsorbents of heavy metals.
Ó 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction
Atmospheric pollution constitutes one of the most important
environmental problems of human health [1–3]. This is especially
true for heavy metal pollutions that enter the food chain via plant
uptake and subsequent ampliﬁcation [4]. To assess the degree of
atmospheric contamination by metals, bioindicators have been
widely used in both urban and industrial areas. Among various bioindicators, mosses were among the ﬁrst ones for tracing pollution
in Europe [5,6], notably in the industrial areas [7–13]. Their capacity to reﬂect the chemical composition of the surrounding atmo-
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sphere is due to the fact that mosses do not have either cuticle
or root and owing to their ectohydric nature, they obtain most elements and nutrients directly from atmospheric deposition [14].
There are several other sorbents that have been tested as pollution
monitors but the cost of moss production is low and they have the
possibility of reutilization which, together with their high adsorption capacity, gives the moss an extra value [15]. Despite several
studies on heavy metal adsorption on mosses [16,17], the detailed
physico-chemical mechanism of these important biosorbents operations remains rather limited in contrast to comprehensive models
and experimental data on other organic surfaces such as bacteria
[18,19], fungi [20], diatoms [21,22] and organic-rich soils [23].
Moss is a phylum of small, soft plants with around 12000 species classiﬁed as Bryophyta [24] which inhabit most of the earth.
Mosses are unique in the sense that they (1) are able to store water
up to 16–26 times dry weight and (2) the phenolic compounds
embedded in the mosses’ cell walls readily avoid moss decay
[25]. Peat moss can also acidify its surroundings by taking up cations such as Ca2+ and Mg2+, and releasing H+. These characteristics
determine the very important role of moss as the interface be-
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tween atmosphere and hydrosphere/biosphere in metal biogeochemical cycles.
This work presents a concerted study of chemical characterization of four species of common European mosses, Hypnum sp.,
Sphagnum sp., Pseudoscleropodium purum and Brachytecium rutabulum, comprising acid–base characterization of the moss surfaces
and adsorption of ﬁve toxic metals (Cu2+, Cd2+, Ni2+, Pb2+ and
Zn2+) as a function of pH and metal concentration in solution. Nickel, cadmium and lead are especially hazardous for human health
[26], causing cancer and mutations in living organisms [27–32]
notably when transported as atmospheric aerosols. Copper has
been responsible for neurological disorders in humans [33] and
behavioral changes in animals [34]. Over the past decade, signiﬁcant progress has been achieved in the application of passive biomonitors to assess the level of atmospheric contamination by
heavy metals using the moss bag technique [35,36]. Despite the
apparent success in using a moss bag for tracing air integral pollution [37,38], fundamental mechanisms controlling heavy metal
interaction with the main sorbent, green moss, still remain poorly
known and the degree of heavy metal retention by moss biomass
cannot be easily predicted.
The present study is therefore aimed at quantifying the ﬁrst-order physico-chemical parameters of divalent metal adsorption on
moss surfaces trying to address the following speciﬁc questions:
(1) What is the most efﬁcient metal adsorbent among 4 selected
species that can be recommended for the moss bag biomonitoring procedure?
(2) What is the chemical nature of the main metal-binding
group at the moss surface and how does it vary depending
on moss species, the identity and aqueous concentration of
metals?
(3) Can we suggest ‘‘universal’’ thermodynamic adsorption
parameters for the prediction of metal adsorption on mosses
under a wide range of solution parameters?
Via providing straightforward and quantitative answers to the
above-listed questions we create a comprehensive model of chemical reactions between heavy metals and the moss-aqueous solution interface, suitable for a number of environmental applications.
2. Experimental
2.1. Moss species
The mosses examined in this research study were the dominant
European species: Hypnum sp., Sphagnum sp., P. purum and B.
rutabulum. They were harvested in June 2012 in NW Spain in
non-urban areas. Before the experiments, the whole moss was
cleaned three times with Milli-Q water (18 MQ) and inactivated
at 120 °C following the standard procedure of moss bag preparation [36]. Intact whole mosses without grinding or disaggregation
were used throughout the study because the physical and biological status of mosses under investigation should be as close as possible to that of moss bags envisaged in the environmental exposure
conditions. The biomass concentration in the experiments was
kept constant at 1 gdry L1.
2.2. Chemicals
The adsorption experiments were carried out at 20 °C individually for each metal for Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+. All metals
were used as nitrate salts (Sigma–Aldrich). The electrolyte solution
was 0.01 M NaNO3 for all the experiments. All the solutions were
prepared with Milli-Q water (18 MQ). The experiments were

carried out at constant pH and were buffered by 2.5 mM MES
(Merck) for pH 5.5, or HEPES for pH 6.5 (Sigma–Aldrich).
2.3. Surface acid–base titration
The acid–base titration of moss surfaces was carried out in
0.01 M NaNO3 at room temperature (20 ± 1 °C). Solutions were
conditioned for 1 h before titration and were also pre-saturated
with nitrogen. The titration was performed in two steps, acid titration by adding aliquots of 0.07 M HCl and basic titration by adding
small amounts of 0.09 M NaOH. The acid–base titration experiments were done by triplicate for each moss in a whole range of
pH between 3 and 11. The reference solution was the supernatant
solution after the conditioning time and removing the moss biomass. The pH was measured by a combined electrode (Mettler
ToledoR) in a pH-meter ion analyzer (PHM250-Meterlab™) with
an uncertainty of ±0.002 units. The excess of charge was computed
as the difference of the acid–base concentration in the suspension
and in the reference solution according to usual procedures of biomass titration [39,40].
2.4. Adsorption of metals onto moss
The metal adsorption experiments were designed to provide a
quantitative physico-chemical characterization of metal binding
by moss species as a function of pH (pH-dependent adsorption
edge) and as a function of aqueous metal concentration (adsorption isotherm). All the experiments were performed in the solution
undersaturated with respect to any metal oxide, hydroxide or carbonate as veriﬁed by speciation calculations with the MINTEQA2
computer code and corresponding database [41,42]. Experiments
were performed in polypropylene beakers continuously agitated
with a suspended Teﬂon coated magnet stirrer and N2 bubbling.
In the pH-edge experiments, the initial metal concentration was
set at 52 lM, 29 lM, 56 lM, 16 lM and 50 lM for Cu2+, Cd2+, Ni2+,
Pb2+ and Zn2+ respectively, while the pH ranged from 1.28 to 11.02,
depending on each metal. The pH was adjusted by adding aliquots
of NaOH (0.1–0.01 M) or HNO3 (0.1–0.01 M). In the second series of
experiments, at constant pH (Langmuirian adsorption isotherm),
the metal ion concentration ranged as follows: 1.6 lM–3.8 mM M
for Cu2+, 2.3 lM–1.5 mM M for Cd2+, 9.1 lM–3.2 mM M for Ni2+,
1.9 lM–1.0 mM M for Pb2+ and 7.0 lM–2.9 mM M for Zn2+. In this
case, the pH was kept constant by adding MES (pH  5.5) for Cu2+
and Pb2+, or HEPES (pH  6.5) for Cd2+, Ni2+ and Zn2+.
The adsorption of Cu2+ and Zn2+ was also studied in a series of
kinetics experiments conducted for Sphagnum sp., at constant pH
and various metal concentrations in solution, via ranging the exposure time from 5 min to 28 days. These experiments demonstrated
the lack of any measurable effect of the exposure time between
5 min and 28 days on the adsorbed metal concentration (see below). As such, the time of contact was 5 min for most of the adsorption experiments.
All sampled solutions were ﬁltered (0.45 lm) and acidiﬁed with
bidistilled HNO3 and analyzed for aqueous metal concentration
using ﬂame atomic adsorption spectroscopy (Perkin Elmer AAnalyst 400) with an uncertainty of ±2% and a detection limit of
0.05 mg L1. The concentration of metal for the initial moss biomass was measured by ICP-MS (Agilent 7500 series) with a detection limit of 0.001 lg L1 and precision of ±5%.
The Dissolved Organic Carbon (DOC) concentration in solution
was monitored for most of the experiments and was analyzed by
using a Carbon Total Analyzer (Shimadzu TOC-VCSN) with an uncertainty of 3% and a detection limit of 0.1 mg L1. Altogether, 170
individual experiments for 5 metals and 4 mosses were performed
in this study.
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0.3

The LPM model was applied for the acid–base surface titration,
pH-edge and ﬁxed pH experiments in order to compute the apparent equilibrium constants and the site densities for each individual
experiment following the approaches elaborated for bacteria
[39,40,43]. This model is convenient for describing complex 3-D
multi-layer systems having both organic components and rigid cell
walls [44–46]. The details of the model description are presented
in the Electronic supplementary material (ESM-1).

0.2

3. Results
In order to deﬁne the optimal experimental conditions for
adsorption experiments, notably the minimal metal concentration
in solution and at the moss surface, two types of preliminary
experiments were conducted: (1) analysis of bulk metal concentration in non-contaminated mosses, prior to the adsorption experiments, and (2) metal release from non-contaminated mosses into
aqueous solution at the typical condition of adsorption
experiments.
3.1. Metal concentration in mosses

Excess of Charge, mmol L-1

2.5. Lineal Programming Model (LPM)

Hypnum sp.
Sphagnum sp.
Pseudoscleropodium purum
Brachytecium rutabulum

0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
2

3.2. Metal release by moss
The metal released by the intact biomass into aqueous solution
reﬂects the degree of moss degradability under given experimental
conditions. The concentration of released metal therefore deﬁned
the minimal threshold of aqueous metal loading in moss adsorption experiments. Below this threshold value, speciﬁc for each metal and each moss, the addition of metal in solution for adsorption
on selected biomass was considered unwarranted. For the purpose
of quantifying this threshold value, the released metal concentration of Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+ was measured in 0.01 M
NaNO3 for a 1 gdry L1 biomass of each moss, after 1 min, 12 min,
1 h, 5 h and 8.5 h of exposure (Table ESM-2). Typically, the released
metal concentrations are 2 orders of magnitude lower than the
minimal (starting) metal concentration in our adsorption experiments. As such, the released metals do not interfere with adsorption constant measurements in this study.
According to the released metal ion concentrations, the studied
moss species can be ranked as follows: for Cu2+ and Pb2+, B. rutabulum > P. purum > Sphagnum sp. P Hypnum sp. For Cd2+, P. purum > B. rutabulum > Hypnum sp. P Sphagnum sp. For Ni2+, B.
rutabulum > Hypnum sp. > Sphagnum sp. P P. purum. For Zn2+, P.
purum > B. rutabulum > Sphagnum sp.  Hypnum sp.
Table ESM-2 also shows that the DOC concentration in solution
and contacting with mosses increased with time during the ﬁrst
1.5 h of experiments, and then stabilized around 38 mg L1,

6

8

10

12

pH
Fig. 1. Surface acid–base titration of each moss species in 0.01 M NaNO3 and
1.0 gdry L1 biomass. Each experiment was carried out by triplicate. The solutions
were conditioned during 1 h. Lines represent the LPM model results.
Table 1
Surface acid–base titration and LPM parameters for moss in 0.01 M NaNO3 with
1.0 gdry L1 of biomass. Conditioning time of 1 h.
Species

The total elementary composition of the studied mosses is
listed in the Electronic supplementary material (Table ESM-1). It
can be seen that Zn2+ was the most abundant metal for each moss
(27–40 mg kg1), except for Sphagnum sp., where Pb2+ showed the
highest concentration (42.9 mg kg1). According to their elementary composition, the studied mosses can be ranked in the following order: for Cu2+, B. rutabulum > Hypnum sp. > P. purum >
Sphagnum sp., for Cd2+, Sphagnum sp. > Hypnum sp.  P. purum P
B. rutabulum, for Ni2+, B. rutabulum > Hypnum sp. > Sphagnum
sp. > P. purum, for Pb2+, Sphagnum sp. > Hypnum sp. > B. rutabulum > P. purum. Finally, for Zn2+, P. purum > B. rutabulum > Sphagnum sp. > Hypnum sp. Based on these results, we deﬁned the
minimal charge of moss surface by adsorbed metals as a factor of
2 higher than the metal concentration in intact biomass.

4

pKa

Binding sites
mmol g1

Possible functional group

Hypnum sp. (ST = 3)

3.70
5.35
6.10
6.90
7.73
8.68
10.43

1.83  101
1.10  102
2.13  102
3.32  102
3.45  102
6.66  102
1.40  102

Carboxyl/phosphodiester
Carboxyl
Phosphoryl
Phosphoryl
Amine
Amine
Polyphenol

Sphagnum sp. (ST = 3)

3.58
4.73
5.63
6.45
7.05
7.85
8.05
9.10
10.30

1.56  101
9.48  102
4.77  102
3.43  102
3.10  102
3.36  102
2.84  102
6.72  102
1.56  101

Carboxyl/phosphodiester
Carboxyl
Carboxyl
Phosphoryl
Phosphoryl
Amine
Amine
Amine
Polyphenol

Pseudoscleropodium
purum (ST = 3)

3.75

1.52  101

Carboxyl/phosphodiester

4.95
5.75
6.55
7.30
8.00
9.05
10.30

2

1.85  10
1.70  102
2.42  102
3.46  102
3.40  102
6.77  102
2.06  101

Carboxyl
Carboxyl
Phosphoryl
Phosphoryl
Amine
Amine
Polyphenol

3.60

1.51  101

Carboxyl/phosphodiester

4.50
5.93
7.35
8.18
9.15
10.13

1.22  101
1.52  102
3.38  102
1.21  102
1.32  102
1.38  101

Carboxyl
Phosphoryl
Phosphoryl
Amine
Amine
Polyphenol

Brachytecium
rutabulum (ST = 3)

21 mg L1, 60 mg L1 and 61 mg L1 for Hypnum sp., Sphagnum
sp., P. purum and B. rutabulum, respectively. In this regard, Sphagnum sp. and Hypnum sp. seem to be the most inert and stable moss
species in neutral aqueous solutions excreting the lowest amount
of DOC.
3.3. Surface acid–base titration
Surface acid–base titration allows to quantify the proton and
hydroxyl buffer capacity of mosses in a wide range of pH and thus
determines the concentration of amphoteric surface functional
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groups. These acid–base titrations were performed for a pH range
from 3 to 11 as illustrated in Fig. 1. The pH values of the zero net
proton adsorption (pHPZC) were equal to 5.01 ± 0.13 (Hypnum
sp.), 4.64 ± 0.10 (Sphagnum sp.), 4.96 ± 0.14 (P. purum) and
6.23 ± 0.25 (B. rutabulum). These differences in pHPZC can be understood in terms of the different concentrations of surface functional
groups of each moss species. B. rutabulum showed the highest excess of adsorbed protons (0.21 mmol L1), whereas Sphagnum sp.
exhibits the highest negative surface charge. Consequently Sphagnum sp. may be the most efﬁcient cation adsorbent, as it has the
highest number of negatively charged moieties on the surface.
The results of the LPM application for the surface titration
experiments are summarized in Table 1. The moss species can be
ranked according to the total number of binding sites available
on the surface as: Sphagnum sp. (0.65 mmol g1) > P. purum
(0.55 mmol g1) > Hypnum sp. (0.49 mmol g1) P B. rutabulum
(0.48 mmol g1). The values of pKa obtained from the LPM ﬁt can
be tentatively linked to several possible functional groups: phosphodiester (pKa = 3.6–3.7), carboxyl (pKa = 4.7–5.7), phosphoryl
(pKa = 5.9–7.4),
amine
(pKa = 7.7–9.2)
and
polyphenols
(pKa = 10.1–10.4), present in all of the four moss species.

1.0

0.8

[Cu]ads mmol gr-1

A

5 min
1.2 hours
1.09 days
7.04 days
28.06 days

0.6

0.4

0.2

0.0
0

1

2

3

[Cu]aq mmol

4

gr-1

1.0
5 min
1.2 hours
0.91 days
7.07 days
27.93 days

[Zn]ads mmol gr-1

0.8

B

3.4. Long-term adsorption of metals

0.6

The adsorption of Cu2+ and Zn2+ was studied as a function of the
metal ion concentration in solution (0.04–2.6 mM) over different
exposure periods, from 5 min to 28 days (Fig. 2). The result of these
experiments allows us to choose the optimal exposure time for
adsorption of metals on moss. It is shown from Fig. 2 that the
adsorption of Cu2+ and Zn2+ achieved the maximum during the ﬁrst
5 min. The adsorption of Cu2+ and Zn2+ was similar at different
exposure times, thus strongly suggesting the achievement of an
adsorption equilibrium during the ﬁrst several minutes of reaction.

0.4

0.2

0.0
0

1

2

3

4

[Zn]aq mmol gr-1
Fig. 2. Long-term adsorption of copper (A) at pH = 5.30 ± 0.01 and zinc (B) at
pH = 6.20 ± 0.05. [Cu2+] = 0.05–2.42 mmol g1 and [Zn2+] = 0.04–2.54 mmol g1.
Biomass was always kept constant as 1.0 gdry L1.

3.5. Adsorption of metals as a function of pH (pH-edge)
The adsorption of Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+ on moss was
studied as a function of pH that ranged from 1.8 to 6.5, 1.3 to

100

100

100

A

80

40
Hypnum sp.
Sphagnum sp.
P. purum
B. rutabulum
Rhodobacter sp.

20

2+
adsorbed

60

60
40
Hypnum sp.
Sphagnum sp.
P. purum
B. rutabulum
Bacteria consortia

20

0

%Ni

2+
adsorbed

80

%Cd

%Cu

2+
adsorbed

80

2

4

6

8

2

4

6

40

8

10

12

0

2

4

pH

100

6

8

10

12

pH

100
80

60
40
Hypnum sp.
Sphagnum sp.
P. purum
B. rutabulum
Bacteria consortia
Gloeocapsa sp.

20
0

%Zn

2+
adsorbed

80

E

Hypnum sp.
Sphagnum sp.
P. purum
B. rutabulum
Gloeocapsa sp.

D
2+
adsorbed

60

0
0

pH

%Pb

C

20

0

0

Hypnum sp.
Sphagnum sp.
P. purum
B. rutabulum
Rhodobacter blasticus

B

60
40
20
0

0

2

4

pH

6

8

0

2

4

6

8

10

12

pH

Fig. 3. Percentage of metal adsorbed onto moss surface as a function of pH, in 0.01 M NaNO3 and 1.0 gdry L1 biomass. Initial metal concentration 0.052 mM. Lines represent
the LPM model results. Dashed line was recalculated from Pokrovsky et al. [64] at 4 gwet L1 (A), Borrok et al. [48] at 10 gdry L1 (B), Pokrovsky et al. [40] at 10 gwet L1 (C), Ginn
and Fein [83] at 1 gdry L1 and Pokrovsky et al. [43] at 4 gwet L1 (D), Pokrovsky et al. [43] (E) at 1.01 gdry L1.
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11.0, 1.9 to 10.5, 1.3 to 7.4, and 1.8 to 10.1, for Cu2+, Cd2+, Ni2+, Pb2+
and Zn2+, respectively (Fig. 3). The pH-dependent adsorption edge
is rather similar among all mosses, in the ﬁrst-order agreement
with the principal of ‘‘universal adsorption edge’’ developed earlier
for heterotrophic bacteria and their consortia [19,39,47,48].
The adsorption of metals typically starts at pH around 2 and the
maximum adsorption percentage is achieved at pH > 6 depending
on the identity of the metal. For Cu2+, the adsorption was 82% at
pH 6.1 for Sphagnum sp. whereas the highest percentage of adsorption was reached for P. purum (92%) at pH 5.2. For Cd2+, the maximum adsorption was reached at pH 8.7 (91%) for Sphagnum sp. The
lowest adsorption of Cd2+ percentage, 79%, was at pH = 8.8 for P.
purum. For Ni2+, Sphagnum sp. also had the highest adsorption
capacity with 70% at pH = 7.2. The adsorption of Pb2+ was quite
similar among different species (around 97% at pH = 5.5). Finally,
Zn2+ exhibited the lowest maximal adsorption of 73% at pH = 7.8
on Sphagnum sp.
Based on the results of the pH-dependent adsorption edge,
the mosses investigated in this study can be ranked as following:
for Cu2+, P. purum > B. rutabulum P Hypnum sp. > Sphagnum sp.,
for Cd2+, B. rutabulum > Sphagnum sp. P P. purum > Hypnum
sp., for Ni2+, B. rutabulum > P. purum  Hypnum sp.  Sphagnum
sp., for Pb2+, B. rutabulum  Sphagnum sp.  Hypnum sp.  P. purum
and ﬁnally for Zn2+, B. rutabulum P Sphagnum sp. P Hypnum
sp. P P. purum.
A plot of DOC concentration as a function of pH during metal
adsorption experiments demonstrated a slight increase in DOC

with pH (Fig. 4). Among 4 studied mosses, P. purum and B. rutabulum are the most reactive species, excreting P2 times more DOC
compared to Sphagnum sp. and Hypnum sp. Therefore, Sphagnum
sp. and Hypnum sp. are the most inert species in terms of biomass
degradation and organic carbon leaching. This conclusion is consistent with results of metal release from the moss biomass (see
Section 3.2).
The LPM model was applied for the experimental data on the
pH-dependent adsorption edge of divalent metals examined in this
study (Table 2). The smallest pKs corresponding to the strongest
binding were found for Sphagnum sp., 3.15 and 4.40 for Cu2+
and Cd2+ respectively. For Ni2+, Hypnum sp. yielded pKs of 3.50,
and for Pb2+ and Zn2+, B. rutabulum showed the strongest binding
pKs, 3.20 and 0.65, respectively. The number of surface binding
sites capable of adsorbing cationic metals was computed to be the
highest for P. purum (4.0  102 mmol g1) in the presence of Cu2+.
Sphagnum sp. contained 1.8  102 mmol g1 for Cd2+ adsorption
experiments, whereas B. rutabulum exhibited the highest number
of sites for Ni2+, Pb2+ and Zn2+ with 3.2  102, 1.3  102 and
2.0  102 mmol g1, respectively.
3.6. Adsorption of metals as a function of metal concentration in
solution (‘‘Langmuirian’’ isotherm)
The adsorption of Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+ on Hypnum sp.,
Sphagnum sp., P. purum and B. rutabulum was studied at
constant pH 5.5, 6.5, 5.6, 6.5 and 6.8 respectively, in the range of

Sphagnum sp.

Hypnum sp.
80

80
Cu2+
Cd2+
Ni 2+
Pb2+
Zn2+

-1

60

[DOC], mgL

[DOC], mgL-1

60

Cu2+
Cd2+
Ni 2+
Pb2+
Zn2+

40

20

40

20

0

2

4

6

8

10

12

0

2

4

pH

8

10

80

60

60

[DOC], mgL-1

80

40

Cu2+
Cd2+
Ni2+
Pb2+
Zn2+

20

40

Cu 2+
Cd 2+
Ni 2+
Pb2+
Zn2+

20

0

0
0

2

4

6

pH

12

Brachytecium rutabulum

Pseudoscleropodium purum

[DOC], mgL-1

6

pH

8

10

12

0

2

4

6

8

10

pH

Fig. 4. Dissolved Organic Carbon measured during metal adsorption experiments as a function of pH, in 0.01 M NaNO3 and 1.0 gdry L1 biomass.
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Table 2
Experimental conditions and LPM parameters for metal adsorption on moss as a function of pH in 0.01 M NaNO3 with biomass of 1.0 gdry L1. Ks corresponds with the equilibrium
constant for the reaction between metal in solution and the available sites as a function of pH.
Species
Hypnum sp.
Sphagnum sp.

Metal studied

pH-range

[Me2+] lM

pKs

Binding sites mmol g1

Copper

1.67–6.44
1.72–6.50

51.94

1.80
3.15
0.60
1.90
2.05

3.32  102
8.69  103
1.95  102
3.96  102
3.49  102

29.36

4.15
1.30
0.25
4.40
0.35
1.55
0.00
2.50
1.05
0.15

1.28  103
8.55  103
9.29  103
8.26  104
1.78  102
7.81  103
7.85  103
1.31  103
1.38  102
6.97  103

56.23

3.50
0.70
0.55
0.60
0.15
0.50

5.71  104
2.46  102
2.48  102
6.38  103
1.95  102
3.20  102

Pseudoscleropodium purum
Brachytecium rutabulum
Hypnum sp.

1.72–6.38
1.81–6.63
Cadmiun

1.28–10.21

Sphagnum sp.

1.35–11.02

Pseudoscleropodium purum

1.37–11.02

Brachytecium rutabulum

1.84–9.74

Hypnum sp.

Nickel

Sphagnum sp.
Pseudoscleropodium purum

1.90–9.50
1.96–9.53
1.91–9.66

Brachytecium rutabulum

1.90–10.52

Hypnum sp.
Sphagnum sp.
Pseudoscleropodium purum
Brachytecium rutabulum

Lead

1.31–6.70
1.29–7.39
1.29–7.13
1.51–7.38

15.93

2.95
3.00
2.95
3.20

1.27  102
1.30  102
1.11  102
1.32  102

Hypnum sp.
Sphagnum sp.
Pseudoscleropodium purum
Brachytecium rutabulum

Zinc

1.87–10.08
1.83–9.72
1.86–9.75
1.90–9.94

50.48

0.55
0.45
0.35
0.65

1.57  102
1.81  102
1.39  102
2.00  102

1.6 lM–3.8 mM (Cu2+), 2.3 lM–1.5 mM (Cd2+), 9.1 lM–3.2 mM
(Ni2+), 1.9 lM–1.0 mM (Pb2+) and 7.0 lM–2.9 mM (Zn2+) as shown
in Table 3 and Fig. 5. The adsorption curve is rather similar among
all four mosses and depends signiﬁcantly on the identity of the metal. The concentration of adsorbed metal increased linearly with
[Me2+]aq until 0.5 mM. Above this concentration, Cu2+, Cd2+, Ni2+,
and, in a lesser degree, Pb2+, demonstrated the beginning of surface
sites saturation.
The Langmuirian adsorption isotherm describes a large number
of adsorption experiments on biosorbents [49]. It was used to
rationalize the adsorption data according to the following:

½Me2þ aq
2þ

½Me ads

¼

½Me2þ aq
1
þ
K L qmax
qmax

sp. > Sphagnum sp. > P. purum; for Zn2+, B. rutabulum P Sphagnum
sp.  P. purum P Hypnum sp.
Overall, Sphagnum sp. can be considered to be among the strongest adsorbents, although the relative differences to other mosses
are within 20%.
All the data collected for Langmuir isotherm experiments were
used to apply the LPM model and the results are shown in Table 3.
The LPM revealed small but statistically signiﬁcant differences in
metal binding by different species. In particular, Hypnum exhibited
the highest amount of binding sites for Cd2+ (40 mmol g1), Pb2+
(50 mmol g1) and Ni2+ exposure (8 mmol g1), and Sphagnum sp.
exhibited the maximal amount of binding sites for Zn2+
(29 mmol g1) among 4 moss species.

ð1Þ

where KL is the Langmuir equilibrium (g mmol1) constant and qmax
is the maximum adsorption capacity (mmol g1). This equation provided an adequate ﬁt to the data with R2 > 0.98; obtained Langmuirian parameters are listed in Table 4.
The highest value of KL was obtained for Ni2+ adsorption (7.1–
11.4 g mmol1) while the KL for adsorption of Cu2+, Pb2+ and Zn2+
ranged between 0.3 and 1.0 g mmol1. The maximum adsorption
capacity (qmax) was reached for Pb2+ on B. rutabulum
(2.6 mmol g1). An integral parameter of metal adsorption on
mosses is deﬁned as the sum of all 4 metals qmax value which follows the order: B. rutabulum (4.9 mmol g1) > Sphagnum sp.
(4.2 mmol g1) > Hypnum
sp.
(3.6 mmol g1) > P.
purum
1
(3.5 mmol g ).
Individually for each metal, the moss adsorption capacity can be
ranked as follows: For Cu2+, P. purum P Sphagnum sp. > Hypnum
sp. P B. rutabulum; for Cd2+, Sphagnum sp. > B. rutabulum P Hypnum sp. > P. purum; for Ni2+, Sphagnum sp. P Hypnum sp. P B.
rutabulum P P. purum; for Pb2+, B. rutabulum > Hypnum

4. Discussion
4.1. Moss chemical composition and degradation in aqueous solution
The total chemical composition of the four moss species examined in this research study is in general agreement with results reported for other moss species [50–52]. In particular, Castello [52]
reported the chemical composition of H. cupressiforme and P. purum. while for both P. purum the concentration of Al, Cu and Zn is
in the same order; As, Cd, Cr, Fe, and Pb concentrations are lower
in the present study and Mn and Ti concentrations are higher in
this study compared to Castello [52]. Overall, all studied species
are enriched in Al, As, Fe, Mn, and Ti and Sphagnum sp. and B. rutabulum are enriched in Pb and Cr, respectively, compared to the literature data.
The differences in composition between mosses could be
understood in terms of morphologic speciﬁcity and growth rates.
The smaller species are able to form compact communities and
more crowded leaves allow them to reach high efﬁciency to bind
metals [50]. In terms of growth rate, the species with lower rates
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Table 3
Experimental conditions and LPM parameters for metal adsorption on moss as a function of metal concentration in solution (Langmurian-isotherm) in 0.01 M NaNO3 with
biomass of 1.0 gdry L1. Km corresponds with the equilibrium constant for the reaction between metal in solution and the available sites as a function metal aqueous concentration
in solution.
Species
Hypnum sp.

Metal studied

[Me2+] M
6

3

5.50 ± 0.04

5.19  10

Sphagnum sp.

5.52 ± 0.03

1.57  106–3.62  103

Pseudoscleropodium purum

5.51 ± 0.04

1.57  106–3.78  103

Brachytecium rutabulum

5.53 ± 0.04

9.13  106–2.85  103

6.52 ± 0.04

2.31  106–1.41  103

Sphagnum sp.

6.52 ± 0.05

2.31  106–1.34  103

Pseudoscleropodium purum

6.52 ± 0.05

2.31  106–1.47  103

Brachytecium rutabulum

6.62 ± 0.08

3.11  106–1.23  103

5.63 ± 0.03
5.65 ± 0.05
5.67 ± 0.03

9.37  106–2.89  103
9.88  106–3.17  103
9.08  106–2.41  103

5.58 ± 0.04

9.37  106–2.91  103

6.55 ± 0.07
6.52 ± 0.05

1.93  106–9.93  104
2.03  106–1.04  103

Pseudoscleropodium purum

6.55 ± 0.06

1.98  106–1.03  103

Brachytecium rutabulum

6.53 ± 0.05

2.03  106–6.97  104

6.76 ± 0.05

7.19  106–2.83  103

Sphagnum sp.

6.79 ± 0.08

7.34  106–2.88  103

Pseudoscleropodium purum

6.77 ± 0.05

7.19  106–2.85  103

Brachytecium rutabulum

6.78 ± 0.06

7.04  106–2.78  103

Hypnum sp.

Hypnum sp.
Sphagnum sp.
Pseudoscleropodium purum

Copper

pH-range

Cadmiun

Nickel

Brachytecium rutabulum
Hypnum sp.
Sphagnum sp.

Hypnum sp.

Lead

Zinc

has a longer time to bind metals and increases the concentration of
several metals inside the cells or cell walls [53]. Eventually, the difference in composition can also be explained by a different capacity to cation exchange, because of the differences in the chemical
composition of the membranes and cell walls [54].
The concentrations of released metals during moss interaction
with aqueous solution were signiﬁcantly lower than those used
in adsorption experiments. During the 9 h of solution exposure
experiments, Sphagnum sp. and Hypnum sp. proved to be the most
inert species in terms of both DOC and metal release, which is certainly linked to the speciﬁcity of their cell wall chemical composition as described below.
4.2. Acid–base properties of mosses
The amphoteric properties of the moss stem from acid–base
dissociation of protonated organic moieties on the surface of the
cell wall. The acid–base titration showed that Sphagnum sp. exhibits the highest excess of negative charges corresponding to its
highest capacity for metal adsorption. The acid–base titration of
4 mosses demonstrated a certain variability of pKa among mosses
likely linked to the different compositions of their cell walls. In this
study, Hypnum sp., Sphagnum sp., P. purum and B. rutabulum
showed pKa values 4, 4.5–5.75, 6–7.35, 8–9.15 and 10. These
pKa can be tentatively related with carboxyl/phosphodiester, carboxyl, phosphoryl, amine and polyphenol functional groups.

–3.65  10

pKm

Binding sites mmol g1

2.25
5.10
0.70
2.65
0.75
2.85
1.45
2.40

0.430
34.828
0.051
1.038
0.104
1.220
0.181
0.523

2.55
5.90
1.45
3.35
1.15
2.45
6.20
2.45
4.60
4.90

0.172
14.526
0.029
0.591
6  103
0.114
40.266
0.133
1.329
1.306

1.25
1.25
1.35
5.70
1.20

0.073
0.081
0.053
7.669
0.057

2.95
2.05
3.45
2.80
6.00
3.10

0.799
0.137
0.961
0.334
50.400
1.117

2.15
3.95
2.05
3.45
6.10
2.25
5.45
2.40
4.65

0.084
0.653
0.059
0.200
28.601
0.095
7.118
0.116
2.070

Sphagnum sp. contains the highest amount of total binding sites,
followed by P. purum (15% smaller), Hypnum sp. (25% smaller)
and B. rutabulum (25% smaller). It is important to note that Sphagnum sp. exhibits the dominance of carboxyl, phosphoryl, amine
functional groups, the main metal-binding moieties on the biological surfaces [19,48]. As such, Sphagnum sp. is the most efﬁcient
metal adsorbent given the carboxyl and phosphoryl groups are
the primary metal-binding groups at a high concentration of metals [55,56] whereas the sulphydryl and amine groups can be determinant especially under extreme pH conditions and low metal
concentrations [57]. The pKa computed reported for different
microorganisms are around  3, 4–5, 6–7 and 9–10 with total
binding sites around 0.044–0.113 mmol g1 of bacteria [39,48,57,
58]. The relative percentage of functional groups for the different
microorganisms inferred from surface titration (Fig. 6) showed that
mosses possess a relatively higher percentage of carboxyl/
phosphodiester, amine/polyphenol groups compared to bacteria
[48,59] and cyanobacteria [43,60], whereas the number of carboxyl
groups on mosses is smaller compared to bacteria.
Lignin and cellulose represent the main organic composition of
the mosses cell walls [61]. These polysaccharides contain
alcohols, aldehydes, ketones, acids, phenolic and hydroxides as
the main functional groups. Accordingly, the carboxylic and phenolic groups have been suggested to be responsible for the adsorption
of metals on peat moss [62], similar to humic and fulvic acids
[63].
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Fig. 5. Metal adsorbed onto moss surface as a function of metal concentration in solution (Langmurian-isotherm), in 0.01 M NaNO3 and 1.0 gdry L1 biomass at constant pH
(see Table 3). Lines represent the LPM model results.

Table 4
Langmuir parameters computed from the experiments at different aqueous metal
concentrations (Langmuirian isotherm).

1.509
1.109
0.880
2.560

0.531
0.746
0.775
0.305

Hypnum sp.
Sphagnum sp.
Pseudoscleropodium purum
Brachytecium rutabulum

Zinc

0.702
0.929
0.901
1.049

0.765
0.456
0.344
0.388

4.3. Metal adsorption on mosses
All 4 studied mosses demonstrated very fast adsorption kinetics
as the equilibrium or steady-state metal concentration in solution
in contact with devitalized biomass is achieved within several minutes of reaction and remains constant over almost a month of
exposure. This corroborated numerous previous observations on
other biological surfaces on the fast equilibrium adsorption of
divalent metals [64–66] and on organic-rich abiotic surfaces such
as soils [67].
Heavy metals can be bound to most surface layers of cell wall
through cation exchange, assimilated within the cells for cellular
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Fig. 6. Relative percentage of binding functional groups obtained from the acid–
base titration for bacteria consortia [48], soil bacteria [39,59], cyanobacteria [43,60]
and moss (this study).

metabolism or distributed within the porous matrix of the surface
layer. Regardless of the nature of ﬁnal, biologically-active metal
compartment in the cells, reversible adsorption on the cell surface
represents the ﬁrst and often limiting step of metal uptake by the
microorganisms. Increasing the pH in solution leads to deprotonation of available surface sites that become therefore available to
complex metals. The adsorption of metal on moss as a function
of pH allowed us to rank the mosses according to their adsorption
capacity for each metal. Considering the pH-edge adsorption, B.
rutabulum seems to be the most efﬁcient species because it reaches
the highest percentage of adsorption and has the highest number
of available sites for almost all the metals studied. However, high
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4.4. Universal adsorption parameters
The adsorption of metals on mosses as a function of pH follows
a universal adsorption pattern that is well comparable with other
organic materials. In Fig. 3 we presented a pH-dependent adsorption edge for bacteria consortia and individual bacteria species obtained at experimental conditions very similar to those used in the
present study. In full accord with numerous previous observations
[40,43,47,48,64,83], the existence of ‘‘universal metal (Cu2+, Cd2+,
Ni2+, Pb2+, and Zn2+) adsorption edge’’ both for bacteria and bryophyte can be concluded. In contrast to former studies, dealing only
with Cd2+ for establishing this ‘‘universal edge’’, this study extends
to 4 other important divalent metals, all of them with a similar universal dependence on the percentage of adsorption on pH. This
ﬁnding should certainly facilitate quantitative modeling of metal
interaction with biosorbents under various environmental
conditions.
The universal adsorption edge, consisting in similarity of the
pH-dependent adsorption edge on various biosorbents for each
metal, likely stem from the dominance of carboxylates and phosphorylates as the main binding sites for metal complexation at
the moss surface. The same binding sites are most frequently reported on bacteria [39,40,43,48,64], peryphytic bioﬁlms [67] and
diatoms [22]. Consequently, regardless of the biological nature of
the sample and the bacteria/plankton/plant kingdom, the adsorption curve remains rather similar reﬂecting the dominance of main
metal-binding moieties. However, given their (1) large surface
area, (2) high stability of devitalized mosses in aqueous solution,
notably Sphagnum sp., and (3) low cost of natural or artiﬁcially
grown (notably cloned) moss species, devitalized moss should remain by far the best biomonitor that can be used for passive
adsorption of divalent metals.

A

1.4

qmax (mmol g -1)

DOC concentration released by B. rutabulum during its interaction with aqueous solution suggests its high instability in water
and precludes its use as a biomonitor. In contrast, Sphagnum sp.
seems to be the most promising species as a potential bioindicator, because it releases a relatively small amount of DOC and it
is capable of efﬁciently binding metals in the full range of pH
investigated as follows from its maximal adsorption capacity
(qmax).
The number of major binding sites determined for mosses is
equal to 34.8 mmol g1 for Cu2+, 40.3 mmol g1 for Cd2+,
7.7 mmol g1 for Ni2+, 50.4 mmol g1 for Pb2+ and 28.6 mmol g1
for Zn2+. These values are signiﬁcantly higher than those reported
for other microorganisms which typically rank between 0.1 and
4 mmol g1 of dry biomass, for aerobic soil bacteria Pseudomonas
aureofaciens [39], heterotrophic bacteria [46,68], bacterial consortia [48], marine diatoms and freshwater species [69] and cyanobacteria [43].
The qmax obtained for 4 mosses was compared with that for
aquatic plants [70–73], yeast [74], herbaceous peat [26,75], Sphagnum peat [26], fungus [20,76], bacteria [77,78], plants [79], algae
[80,81] and soil [82]. The comparison is presented in Fig. 7. It can
be clearly seen that the qmax value is the highest for mosses compared to all other studied organic surfaces, especially for Cu2+
and Pb2+ adsorption. Aquatic plants were the second group with
highest adsorption capacities, reaching the maximum adsorption
capacity in P. luceus with qmax = 0.496 mmol g1 for Zn2+ and
0.642 mmol g1 for Cu2+ [70]. Herbaceous peat also demonstrated
signiﬁcant adsorption capacities, although much lower than the
mosses. Overall, the mosses examined in this study exhibit one
of the highest adsorption capacity among all known biological sorbents and as such can be efﬁcient candidates for the environmental
biomonitoring application.

Fig. 7. The value of qmax for (A) copper and zinc and (B) cadmium and lead. These
data were collected from the literature for aquatic plants [70–73], yeast [74],
herbaceous peat [26,75], Sphagnum peat [26], fungus [20,76], bacteria [77,78],
plants [79], algae [80,81] and soil [82].

5. Conclusions
The interaction of 5 heavy metals (Cu2+, Cd2+, Ni2+, Pb2+ and
Zn ) with 4 mosses (Hypnum sp., Sphagnum sp., P. purum and B.
rutabulum) demonstrated their potential use as bioindicator of
atmospheric pollution. Via combining thorough solid and solution
analyses, including surface acid–base titration, pH-dependent
adsorption edge and ‘‘Langmuirian’’ adsorption at constant pH
and variable metal concentration, we conclude that Sphagnum sp.
exhibits the highest proton and metal adsorption capacity while
being most stable in aqueous solution in terms of DOC release
and biomass degradation. Compared with other biosorbents,
mosses possess signiﬁcantly higher concentration of surface
groups capable to bind divalent metals at the cell surface.
2+
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