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DETERMINATION OF SORPTION PROPERTIES
OF HEAVY METALS IN VARIOUS BIOSORBENTS

WYZNACZANIE PARAMETROW SORPCJI METALI CI  EZKICH
W ROZNYCH BIOSORBENTACH

Abstract: Various techniques of determination of properta#sphysicochemical processes of heavy metal
sorption in biosorbents were analysed. The metloégseparing and storing samples, conditions ofeexpent
performance, as well as the methods of data irgpon were discussed. Two procedures of studye wer
analysed: (1) in the static system of biosorbehttmm contact and (2) in the system of dynamievfiof solution.
Copper cation sorption was studied. The effectoofecutive stages of the study on the qualityraflfiesults was
shown. A high degree of uncertainty of the sorpapacity assessment was reported, which was depend
the manner of conducting the study. The applicatibtihe pseudo-second order reaction model wadanuiised

to describe kinetics of cation-exchange sorptioth #n@ model of Langmuir isotherm to describe eftidi. The
study conducted reveals that in order to performmarative analyses, it is necessary to establjsineiconcept

of conducting studies and the interpretation ofiltes
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Introduction

In recent years, studies results on heavy metagbtisor in biomass have been
frequently published. The kinetics and processléxqim have been studied, e.g. [1], the
sorption capacity was determined, e.g. [2], as a®lthe conditions for optimal sorption of
heavy metals in solutions, e.g. mercury sorptiomarine algae [3]. It has been found that
one of the mechanisms of heavy metal cation saorptidiomass is ion-exchange: in lichen
[4] and moss [5], aquatic moss [6], algae [7] andraorganisms [8]. The authors also
point to the possibility of metal cations complexiams well as physical adsorption [9].

An important aim of this study is to evaluate tlosgbilities of biomass application in
the process of remediation, e.g. [10]. Such studgesthe waste biological material, which
is often physically and chemically modified, e. 1] and modified natural mineral sorbents
[12, 13]. These results are also helpful in primstydies regarding the sorption properties
of organisms used in biomonitoring of environmepiallution [14].

The literature reveals the lack of a homogeneouseaut regarding the experimental
methodology. The studies of sorption processesasiowsly prepared biological materials
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are carried out under static conditions e.g. [&B various proportions of biosorbent mass
and volume of solution in which it was immersedt biso under dynamic conditions,

e.g. [16], in which the sorbent is rinsed with #@ution of specified parameters of flow
rate and contact time. The results obtained frofferdint study methods are difficult to

compare since various interpretation standardfregeiently applied.

Equilibrium parameters are most frequently desdrily the Langmuir isotherm
model, e.g. in moss [17], algae [18] and otherdgjadal materials which are waste from the
food production process; e.g. in husksGifer arientinum[19], and are described by the
Freudlich model, e.g. in lichen [20], and less &rextly in the Dubinin and Raduszkiewicz
model [21] and Temkin model [22]. A study regarditige adjustment of 10 different
isotherm models to describe the equilibrium of Cd, and Pb sorption in cyanobacteria
was presented by Dhananjay Kumar ef28]. Most authors show that the best adjustment
was revealed in the Langmuir isotherm model; howethe Freudlich model, e.g. [20] and
the Toth model [23] are also mentioned. The probisrthat the authors rarely provide
information on the uncertainty of sorption capacitgasurements results. For instance, the
sorption capacity of the alggpirogyrasp. for copper cations is 133 mg/g [24], and tlga a
Spirogyra insignionly 19.1 mg/g [25]. Frequently, the only giventistical parameter is
the RZ determination coefficient [21, 22, 26], which domst unequivocally suggest the
uncertainty of determinations.

The kinetics of sorption taking place due to iomleange is described by the
pseudo-first order rate equation and more frequebyl the pseudo-second order rate
equation [21, 26-28]. These models are used tomate the constants of the reaction rate.
This parameter, similar to the sorption capaciyteiquired to assess the possibility of the
practical application of biosorbents [29]. Freqlenthe effect of temperature on the
biosorption processes is also studied. By meaneoArrhenius equation, thermodynamic
parameters are assessed, e.g. the biosorptioatimti\energy, e.g. [30]. Also here, the only
statistical parameter given is tRedetermination coefficient.

This paper is a companion of empirical knowledgéainted in the long process of
conducting and publishing our own studies, e.g.],[3lLpplemented by the results of
experiments carried out for this particular purpdd®e aim of the analyses is assessment of
the effect of sample preparation and storage oshbeages in sorption properties, the effect
of hydrogen cations on heavy metals sorption as agethe effect of experiment conditions
on the properties to be determined. The assessnfiehe uncertainty of equilibrium and
kinetics parameters determination of the ion-exgeaprocess will also be commented on.
The presented results concern the sorption presenfi copper cations. Copper was chosen
due to its good affinity with the active centres tbhe studied biosorbents and slight
uncertainty of measurements.

Materials and methods

The study used various biosorbents: lichelypogymnia physodesossPleurozium
schreberj freshwater alg&pirogyrasp. and saltwater algdalmaria palmate Collected
moss and lichen samples were cleaned from mechamiparities and, after drying at the
temperature of 323 K, were stored in airtight ptilyéene containers. Also, the saltwater
algaPalmaria palmatepurchased as merchandise goods from the compagyti Mlyn
from Radzyn Podlaski (Poland), were stored in piblylene containers. Further preparation
of moss, lichen and saltwater alga samples, silyitarthe freshly collected algapirogyra
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sp., depended on the detailed aims of the stude toonducted. A short description of the
final sample preparation can be found in each saftein concerning the presented results.
The applied analyte proportions were also defimggtther with the manner of conducting

the study: in conditions of a static biosorbentoh contact, or in conditions of dynamic

solution flow.

Static and dynamic conditions of study

In the static system, the biosorbents samplesn(ies dependent on the purpose of the
study) were immersed in the copper sulphate saluifo200 cri. The solution was stirred
intensely with a magnetic stirrer. The process gasied out for 30-50 min, depending on
the sorbent applied. The changes of copper coratens were determined in the solution.

In the dynamic system, the biosorbents samples pieed in a container through
which the copper sulphate solution was permeategt 200 crifmin, providing constant
concentration of copper cations in the solutiorwinich the biosorbent was immersed.
The process took place for 40 min. Copper was ohéted in the initial solution and in
biosorbents prior to and after the sorption.

Equipment and reagents

To determine copper, the SOLAAR 969 atomic absomptspectrometer from
UNICAM manufactured by Thermo Electron Corporatitdi§A was used. Calibration of
the spectrometer was performed with standard soisitirom ANALYTIKA Ltd. (Czech
Republic). The value of the highest standard cogptrtion used for calibration equalling
5 mg/dm was assumed as the threshold of linearndiepee between the signal and
concentration. To examine the pH of solutions inchitbiosorbents were immersed, the pH
meter CP551 manufactured by Elmetron Sp.j. fromrZal§Poland) was used, which had
an absolute error of readings fpH = 0.02. Biosorbents (0.4 g of dry mass) were
mineralised in the mixture of nitric acid and hygea peroxide in the MARS-X microwave
oven manufactured by CEM. The solutions were pegpaiith the MERCK reagents.

Quality control

The quality control of measurements was assuretestlyanalyses of the BCR 414
plankton and BCR-482 lichen reference materialmftbe Institute for Reference Materials
and Measurements in Belgium. The obtained restdtsammarised in Table 1.

Table 1
Measured and certified values of Cu concentratiché BCR 414 plankton and BCR 482 lichen reference
material;qy - certified valuel - uncertainty;SD- standard deviatiom - deviation: the relative difference
between measured by AAS and certified concentraiiofi]

BCR 414 plankton BCR 482 lichen

AAS AAS
A U Mean | #SD D A U Mean | #SD D
[ng/g] [%] [ng/g] [%0]
2095 | 13 ] 278 | 1.9 5.8 703 | 019 | 654 [ 018 | -7.0
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Results and discussion

The presented results have been systematised andacce with successive stages of
the study: the sample collection stage, the analgs®ge preceded by the assessment of
hydrogen cations effect on sorption processestamdtage of interpretation and assessment
of results uncertainty.

Effect of samples preparation and storage on theisorption properties

The preparation of biological material usually deted of separating it from
mechanical impurities, sometimes rinsing with watad drying into a solid mass in the
process of thermal vaporisation of water from, atpae [27], or in the process of
lyophilisation [32]. Cleaned and dried samples wstia@ed in paper containers or tightly
closed plastic containers [3].

Frequently, in order to average the system, thepksmrwere homogenised in mortar
grinders [3]. Sometimes, the homogenised biologitaltterial immobilised on various
carriers, e.g. polisilicates [5].

Our own studies show that averaging the contemaiiile cations bound in biosorbent
may be achieved by bathing it in demineralised waysical substances bound on the
surface dissolve in water, provoking the ion-exg®process, which, as a consequence,
causes averaging of the content of mobile catiamsnt with the active centres in the
whole biosorbent mass. While stirring intenselytiséging results were obtained after
30 min of bathing. This did not cause mechanicahaige of cellular structures. It may also
be used to saturate the active centres with redjuiaions, e.g.: H Na', K, Mg®
and C4&" [33].
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Fig. 1. Influence of time of alga conditioning inndieeralised water on the sorption properties (fer0
the algae were not conditioned) [34]
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Improvement of sorption properties, especiallyhie tase of algae, was achieved in
the process of sample conditioning in demineralisater directly prior to the experiment
[34]. Examples of changes in the sorption propertiEalgaeSpirogyrasp. in relation to
conditioning time in water, before the actual expent, are shown in Figure 1. Alga
samples with the mass of 0.4 g d.m. (dry mass) virereersed in 200 cfof copper
sulphate with the initial concentration of 0.017 aidm®. For the purpose of comparison,
the Figure presents the average concentration vafueopper absorbed in the same
conditions on living algae.

The results indicate that the lyophilised algae #radalgae dried at 323 K should be
immersed in demineralised water for at least 15 tmireach the proper sorption properties.
The algae dried at 353 K generally had slightly seosorption properties. The need to
condition the alga samples in demineralised watier po sorption has also been suggested
by other authors [2, 35].

An easy way to assess the irreversible changesgaltace in biosorbents, which are
stored for too long, is to perform conductometrytbé demineralised water in which
a sample is immersed. This was used e.g. to adbesglestruction of lichen cell
membranes, which takes place under the influenceonfamination of the atmospheric
aerosol [36]. On the basis of the algjairogyraspp., it was reported that water conductivity
after a 180-minute contact with the samples of pregp algae compared to living algae
increased in the series: living algae < lyophiliséghe= algae dried at 323 K < algae dried
at 353 K < algae dried at 323 K and stored for @9sd[34]. The sorption properties of
algae change in the reversed series. Some stwgjiest better sorption properties of dead
biomass, e.g. of algahlorella vulgaris[37].

To conclude, even at the stage of sample preparatid storage, changes in sorption
properties may appear, which can be assessed bggiolga the conductivity of
demineralised water in which the biosorbent is insad. Prior to the performance of
appropriate analyses, the conditioning of driedsbibents in demineralised water may
have an effect on the course of the sorption psces

Effect of hydrogen cations on sorption processes

The effect of pH on the sorption properties of heawetals in biomass in lichen,
e.g. [38], moss, e.g. [39] and algae, e.g. [4@}igely recognised. Most study results show
that the maximum sorption of heavy metals is addefor pH ranging from 4 to 6,
depending on the type of absorbed metal, its Initimcentration and the applied sorbent.
Usually, a decrease of heavy metal sorption in iaciblutions is explained by
a competitive sorption of hydrogen cations, whitealkaline solutions, this is due to the
creation of hydrocomplexes, insoluble metal compisyumainly hydroxides, as well as the
blockade of active centres or the change in theféiom of metals [3, 21, 38, 41, 42].
It should be pointed out that this is in accordanedgth the formula:
PHprec. = Z'- (14 z- logye + z — PKsp), where: pHec is the pH value above which
hydroxides precipitate, is the cation valence,. + z is the cation concentration in solution
[mol/dn?], Ksp is the solubility productconstants (Ks, = —logKsy), and hydroxides
precipitate at pH = 5.7 from the copper salt solutivith the concentration of 1 mmol/dm

Another approach in this area is the assessmdnidrbgen cation participation in the
process of ion-exchange. Our own studies reveal tlepending on the biosorbent
properties as well as the initial concentrationredtal cations and pH of the solution, the
hydrogen cations may be sorbed or desorbed indlwian. Figure 2 presents the changes
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of hydrogen cations;y, in CuSQ solutions of 200 ci the initial copper concentration of
mmol/dn? and initial pH = 4.6, in which licheRlypogymnia physodesnossPleurozium
schreberj and marine algRalmaria palmatevere immersed. For the purpose of this study,
1 g d.m. of each biosorbent was used.
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Fig. 2. Changes of hydrogen catioms, in CuSQ solution during sorption by licheRlypogymnia
physodesmossPleurozium schreberand marine algBalmaria palmatd31]

The results presented on the chart point to cléérences in changes of hydrogen
cations concentrations in solutions in which thaedid biosorbents were immersed.
According to the chart, during the ion-exchangecpss lichens desorb the hydrogen
cations, and moss initially desorbs and later sonlisle in algae, there is a simultaneous
sorption of copper cations and hydrogen cations.is Thks influenced by the
cation-exchanging properties of biosorbents and ¢beditions of their vegetation.
A characteristic feature of lichen is its ability produce lichen acids [43]. Their amount,
depending on the species, ranges from 0.5 to 1( #6hen dry mass. A natural lichen
mechanism is acidification of its surroundings;réfere, in solutions, the sorption of heavy
metals takes place with a simultaneous desorptfohydrogen cations [44]. The moss
natural environment in terms of pH is similar te thonditions of the experiment. The
registered non-monotonic changes of hydrogen cat@mmcentration during the sorption
process probably result from stabilisation of euilm between the Hand CG"* cations
and the mobile cations desorbed from moss, e.g’; K C&* and Md". Also, other
authors report the limited heavy metal sorptiorcations which are naturally present in the
environment [15, 27].

Algae behave in a dissimilar manner. Salt wateiichvis their natural environment, is
slightly alkaline (pH = 7.5 to 8.4); therefore, iinothe acid and slightly acid solutions
(the initial pH of copper solution used in the esigent was 4.6), the sorption of hydrogen
cations takes place simultaneously with the sonptibheavy metal cations.
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The examples presented substantiate the need éstigate the changes in pH of
solutions during sorption. This enables the deatectof possible changes of cation
concentrations produced by the creation of inseludblemical forms of metals during the
experiment; also, it suggests a possible competstorption of hydrogen cations, especially
at low metal concentrations in solution, which, aagonsequence, has an effect on the
measurement results.

Effect of experiment conditions on the kinetics angorption equilibrium parameters

As mentioned in the introduction, to describe timetics of heavy metals sorption, the
Lagergren model, pseudo-first order model (Eg. &by pseudo-first order models (Eq. (2))
are frequently used. To describe parameters cédgdibrium state, the Langmuir isotherm
model e.g. [45] is most frequently applied (Eq).(3)

ln(qM(l)_q\/I(t)):Inq\A(l)_kD 1)

t _ : 1 - 1 @)
Quey K HU%w)™ Guw

1 1 N 1 g 1 3)

qM @) qw(max) qVI (max)D<L qVI 1)

where:k and k" are constants of the pseudo-first and pseudorskooder reaction rates,
respectively,qu iS the metal concentration in sorbent after titneyy . is the metal
concentration in the sorbent, which is in equililoni with the concentration of this metal in
solution: cyay, Owmax) iS the sorbent sorption capacity, afdis the Langmuir equilibrium
constant.

The pseudo-second order reaction model used in aftisle was proposed and
interpreted by Yuh-Shan Ho [46-48]. It should bdicexd that this model can be used in
determination of the analyte concentration in bibsat in equilibrium stategy ).

Sorption in the static system

In the static system, the sorption kinetics paransetlepend on the ratio of mass,
volume and initial concentration of solution. ItsvBbund that the constant reaction rate is
influenced by the initial solution concentrationO]3 but also, at the same initial
concentrations, the ratio of sorbent mass to swiutblume [49]. The reaction rate constant
increases together with the increase of biosortreats [37]. Equilibrium parameters also
undergo some changes. This was confirmed by thuy sifisorption processes of €and
Ni?* cations depending on the mass of the applied @hjarella vulgaris[37], as well as
the sorption of copper cations by the aRprogyrasp. [21].

Figure 3 presents temporal changes of copper ctiatiem in Pleurozium schreberi
during sorption. In the solution volume of 200 *cmand at initial concentration of
0.08 mmol/dmi the moss samples were immersed with their resgentass: 0.2, 0.3, 0.4,
0.6, 0.8 and 1.0 g d.m. In the system of the statitact of biosorbent-solution, the kinetic
and equilibrium parameters are most easily detexthby the measurements of initial and
final concentrations of solutions on which sorptieas performed:

(em@)—em@)V
Qg = M (4)
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where:V is the volume of solution on which sorption wasfgened,mis the sorbent mass,
and the indices (0) and (1) refer to the initiadl dimal solution concentrations, respectively.
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Fig. 3. Effect of the mass of mo&$eurozium schreberon the changes of copper concentrations in
solution during the sorption process

In Figure 4 lines with parameters calculated froseymo-first and pseudo-second
order (Eqg. (1) and (2)) models are shown.

a) b)
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Fig. 4. Kinetics of copper sorption in mosBleurozium schreberdescribed by: a) pseudo-first and

b) pseudo-second order reaction model

Table 2 contains data collected regarding kinetapprties described by the reaction
model of the pseudo-first and pseudo-second osdgablished on the basis of the results
presented in Figure 4. The results, in compliandth wWependence (4), were calculated
at 1 g d.m. of moss.
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Table 2
Kinetic parameters of the process described byghetion model of the pseudo-first (dependence (1))
and pseudo-second (dependence (2)) order

Dry mass of Pseudo-first order Pseudo-second order
the moss Oeu) k' Oeu) K"
[0] [mmol/g] [1/min] [mmol/g] [g/(mmol -min)]
0.2 0.0464 0.105 0.0707 4.83
0.3 0.0309 0.084 0.0517 6.73
0.4 0.0234 0.086 0.0397 9.26
0.6 0.0148 0.082 0.0268 15.9
0.8 0.0093 0.085 0.0200 29.8
1.0 0.0074 0.099 0.0162 39.9

Data collected in Table 2 show that there are charig sorption kinetics parameters
depending on sorbent mass, which has been confibyiasther studies [30]. These data
also point to a better adjustment of the pseudosstorder reaction model as well as to
discrepancies incym 1) values, i.e. different concentration values of aapgccumulated in
a mass unit of moss in equilibrium, determined lo@ basis of the applied models. It is
interesting, however, that they are in a linearaation:ocyyx = 1.40cu1)k-
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Fig. 5. Isotherms of copper sorption in md8kurozium schreberia - m = const.,V = const.,
b - Ccuo) = const.,V = const., ¢ €cuo) = const.m= const., d Ceuwo) = const.V = const.,qcl,(l),k~v,
€ - Ccyo) = const.V = const. geyuyw [31]

Langmuir isotherms (dependence (3)) are most fretueletermined by measuring
the equilibrium properties in the system of differénitial concentrations of solution and
constant volume of solution and sorbent mass, [BQ. Their main aim is to assess the
sorption capacity. However, it should be stresbsadl isotherms may also be determined in
the system of different volumes of solution or eliffint sorbent mass, at a constant initial
concentration of solution. Figure 5 presents thethisrms localisation determined for
copper in the following systems: a) different iaitconcentrations with a constant sorbent
mass and solution volume, b) constant volume, aemshitial concentration and different
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sorbent mass, c) constant sorbent mass, consttalt doncentration and different solution
volumes. Additionally, isotherms are presented,civiire determined on the basisggfy
concentration values determined from simple parareetescribing the kinetics of reaction:
d) the pseudo-second and e) the pseudo-first ¢fadae 2).

Determined sorption capacities are contained betWe@841 mmol/g (isotherm b) and
0.0920 mmol/g (isotherm a). A statistically sigo#fint assumption may be made that the
isotherms (b) and (d) are the same. These isothesns determined on the basis of data
presented in Figure 3; however, as mentioned beforerder to draft isotherm (b), the
valuesqc,q) were used which were determined in accordance deéftendence 4, on the
basis of measurements of copper concentration énstiution in the equilibrium state,
while, in order to draft isotherm (d), the datanfrorable 2 were used, which were
determined on the basis of directional coefficieatslines describing the reactions of
pseudo-second order. This points to good correlatimtween the Langmuir model and the
model describing the kinetics of the pseudo-seamd@r reaction. It should be noted that
the gcy() values determined from the pseudo-second ordetioeamodel are usually larger
than the values determined experimentally.

The issue to consider is the reason for changediractional coefficients of lines
described by the Langmiur model, which can be oleskat the change &/m ratio, while
maintaining the same initial concentrations of ohs on which sorption was performed.
Many authors report this regularity, e.g. [37].

The Langmuir isotherm model, described by depere@léBx may be transformed into
the following form:

K=o, (5)
M@ Im(max~IM(1)
and later, assuming thadmax— 0wy = dr » Wherecg is the concentration of the unfulfilled
active spaces in the sorbent magg:) = gur iS the concentration of metal bound in sorbent,
and thatcyq) = cy’ is the concentration of cations of the sorbed Mmetasolution, in
equilibrium, it can be stated that:

KL - qMR (6)
Cy+ ey
i.e. that the Langmuir equilibrium constant desesilthe reaction equilibrium state:
M*'+R S MR @)

The kinetics of such a reaction is described byptbeudo-second order model, which,
in turn, substantiates the fact that lines (b) @)dverlap, which is presented in Figure 4.

It should be noted that the real process of ioriarge of biosorbent-solution takes
place until equilibrium is attained between thebsor and desorbed cations in the
biosorbent and in the solution. It is described thg equation of the heterophasic
ion-exchange:

M* + CtRs Ct" + MR (8)
where Ct is the cation desorbed due to ion-exchange.

As a consequence, while comparing equation (6) thithequilibrium constant of the
heteropasic ion-exchand§g, which characterises the reaction described byatému (8)
(R from equation (7) is equivalent with CtR from etjoa (8)), the following ratio can be
determined:
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Kig =Cqpr KL (9)

Equilibrium of the ion-exchange suggests that, wlith constant initial concentration
of the sorbed metal in the soluticmu) = const.), the concentration of catioeteased into
the solution due to ion-exchange increases witlirtbeease of sorbent mass and decreases
with the increase of solution volume. Therefore,different conditions of the process,
assuming thaKz = const.,the value ofK_ changes, which influences the inclination of
Langmuir isotherm: tg = llwmayKL, decreases together with the increaseVonh.
Dependence (9) has a limited range sincecdt — 0 the equilibrium is described by
equation (7).

Regardless of the manner of sorption procedure kihetics and equilibrium state
parameters are influenced by the temperature of pgrecess [15, 26, 30, 50-52].
The constant of reaction rate decreases togettilerthnd temperature increase.

To sum up, the number of active centres in a mams af sorbent should have
a defined value which, in a constant temperat@ains unchanged in relation to a given
cation. The chemical character of active centreg prafer the sorption of defined cations
of heavy metals. Neither the Langmuir model norgbkeudo-second order reaction model
provide for the interaction between the sorbed @esbrbed cations, which, in turn, at the
change ofV/m parameter, influences the value of directionaffacients of lines describing
equilibria and kinetics of ion-exchange.

Sorption in the dynamic system

In the case of a dynamic flow of solution, it may dssumed thai) = cw(1) and that
cei = 0. In this case, the equilibrium is describedelyiation (7). This enables repeatable
parameters required to determine the Langmiur &athto be obtained, which in a limited
scope are independent from the mass of the appbedent. The disadvantages of this
method are large volumes of solution used and aptoated measurement of kinetics
parameters of the process. This method also resjdigéermination of analytes in sorbent
samples, as opposed to the static method, in vdgaation (4) may be applied.

Supply tank

Perforated sample
container

-

Flow control valve

Receiving
tank

Fig. 6. Diagram of the set for determination of itQrum parameters in the system of a dynamic
solution flow
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Figure 6 presents the diagram of the set for detertion of equilibrium parameters in
the system of a dynamic solution flow.

Figure 7 presents Langmuir isotherms determinethéndynamic method for moss
Pleurozium schreberilichen Hypogymnia physodeand algaSpirogyrasp. In order to
determine the isotherm parameters, solutions opeppulphate with the concentrations
ranging from 0.015 to 0.080 mmol/drwere let through the samples of arbitrary mass
ranging from 0.5-1.0 g d.m. Copper was determinedhe solution and in biosorbent
samples prior to and after sorption.
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Fig. 7. Langmuir isotherms determined by the dymamethod for: a Spirogyrasp., b -Hypogymnia
physodesc - Pleurozium schreberi

Detailed results together with the assessment ofsorement uncertainty were
presented in Table 4. It is important that, as gppoto the static method, this manner of
conducting the study enables to compare equilibjpamameters regardless of the type of
the studied biosorbents and applied proportionbia$orbent-solution, and, moreover, in
relation to the processes of remediation or adtieenonitoring of waters, it is comparable
with real conditions. An advantage of this methedaiso the possibility of an arbitrary
enrichment of solutions with chemical ingredierttsh&ir constant concentration during the
experiment.

Uncertainty of determination of parameters of equilbrium and kinetics
of the ion-exchange processes

As mentioned before, frequently the only given istatl parameter of lines
determined from the dependences (1)-(3) is therménation coefficienfR%. Some authors
additionally provide standard deviation determin&gdm the series of experiment
repetitions, e.g. [7, 15].

Our own studies reveal that significant statistigatameters are the standard error of
the absolute terma and the standard error of directional coefficiéntof the lines:

y =bx +a, determined from the dependences (1)-(3). To deter standard errors afand
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b coefficients, various statistical software paclaged calculation sheets may be used,
e.g. Excel or LibreOffice Calc. On the basis of stheparameters, the uncertainty of
determination of reactions rate constants as veeaption capacities may be calculated.
Tables 3 and 4 present collected statistical degarding thea and b coefficients of lines
describing kinetics of sorption process with theeymo-first and pseudo-second order
model (Fig. 4) and statistical data regarding Hwthierms presented in Figures 5 and 7.

Table 3
Parameters of lings=bx + a describing the pseudo-first order reactiamns:In gcyw), b = &k’ and pseudo-second
order:a = (K"(geuny?)) ™ b = (geun) ™ With a given standard erroSEof directional coefficients
and absolute terms

Dry mass of the Pseudo-first order Pseudo-second order
”['S]SS a |#SE.| b | #SE | R? a |#SE.| b | #SE | R?
0.2 -3.07 0.14 | -0.104@.0081| 0.943 41.4 35 14.14 0.1y 0.9p9
0.3 -3.47| 0.10| -0.0844€.0056| 0.958| 55.5 5.1 19.33 0.2p  0.9p8
0.4 -3.75| 0.10| -0.0864€.0060| 0.954| 68.6 7.2 252D 036 0.9p8
0.6 -4.21 0.11| -0.0829.0062| 0.947 87 13 37.30 0.61 0.997
0.8 -4.67| 0.13| -0.0849.0078| 0.922 94 11 50.04 0.54 0.999
1.0 —4.90| 0.15| -0.09910.0086] 0.930| 95.8 7.1 61.81 034 0.999

Table 4
Parameters of lines determined from the Langmathirm model, presented in Figures 5 and 7 (Gcumax)
b = (GeumayKL) ™, SE- standard erro? - determination coefficient, determined sorption
capacity:geymax [mmol/g]

Isotherms a +SE, b +SE, R? Qcumay) +SEycu(man [%]
Fig. 5, a 10.9 2.3 0.0337 0.0011 0.996 0.092 16
Fig. 5, b 11.9 1.1 0.0439 0.0014 0.99p 0.084 9.2
Fig. 5, ¢ 11.8 2.3 0.0631 0.0024 0.9938 0.085 20
Fig. 5, d 11.2 1.1 0.0433 0.0014 0.99p 0.090 9.8
Fig. 5, e 11.3 4.9 0.1043 0.0073 0.981 0.087| 43
Fig. 7, a 15.1 9.8 0.1854 0.00664 0.992 0.066| 65
Fig. 7, b 12.9 1.5 0.0330 0.0084 0.99)7 0,077 12
Fig. 7, c 8.53 0.92 0.0182 0.0004 0.997 0.117| 11

Statistical data presented in Table 3 show thap#edo-second order model is better
adjusted. On average, the standard erraat @hd b coefficients is approximately 1.5 %,
while in the case of the pseudo-first order reactimdel, this value is approximately 15 %.
The determination coefficient also suggests a batipistment.

The values of standard error determined for thedytment sorption capacities present
themselves variously. Information in Table 4 suggebat the slightest error of sorption
capacity determination in the static system is attaristic for the isotherm drafted in the
conditions ofccygy = const.,V = const. (Fig. 5, b), determined from the linesalibing
kinetics of reaction of the pseudo-second ordeg.(Bi d), while in these two cases, the
same conditions of process were maintained: diffet#osorbent massicyg = const.,

V = const. In the case of the al@pirogyraspp., the uncertainty of determination of
sorption capacity reaches 65 %. The studies redeal depending on the experimental
conditions, the uncertainty of determination ofpdimm capacity may exceed a determined
value [34]. Data presented in Table 4 also sughesthe determination coefficieRf does
not correlate with the values of standard errdratefore, it should not be the only indicator
of results reliability.
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Compared with the isotherms presented in Figutbesjsotherm determined for moss
Pleurozium schreberin the dynamic system is characterised by the sdwalue of the
directional coefficient @cymagyKi) ™" = 0.0182) and the absolute ternifmax) ™ = 8.53,
which, in accordance with the dependence (3), latasinto the highest value of sorption
capacity. As mentioned before, in the dynamic methbere are no interactions between
the sorbed and desorbed cations. The results alggest that sorption properties
of the studied biosorbents, in relation to coppetions, change in the order:
Pleurozium schreber Hypogymnia physodesSpirogyrasp.

Conclusions

The presented study results suggest that varictter&influence determination of
sorption properties, mainly the manner of condgrtime experiment, but also the manner
of preparing and storing the samples, a competiimgtion, e.g. of hydrogen cations as
well as interaction between cations of the sorbeai/it metals and the desorbed cations due
to ion-exchange. An important element of the stigdg statistical evaluation of the results
showing the uncertainty of determined parametens;hy due to various factors, may reach
significant values. It is possible that an optimathod which enables a comparison of
equilibrium parameters of biosorbent-solution ie ttynamic method, which in relation to
the remediation processes or active biomonitoringaters, is close to real conditions.

The conducted study shows that the assessmentrpficsp properties of various
biosorbents requires the establishment of a joamicept for conducting studies and the
interpretation of results.
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