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Abstract: This study investigates the effect of pollutant initial concentration on the sequential
biosorptive removal of Reactive blue 19 dye and Pb(Il) ions on rapeseed waste. The initial
concentrations of both organic and inorganic pollutants positively influence the sequential biosorption
of the dye and metal ion under study on rapeseed meal waste. The most significant increase was found
in the removal of Reactive blue 19 dye by using rapeseed previously loaded with lead ions. In this
case, the increase of the initial concentration from 15 mg/L to 100 mg/L results in an increase of the
biosorption capacity of almost 6.8 times. Taking into account the frequent quantification of the
wastewater treatment efficiency through the biosorption capacity generated from equilibrium studies,
the obtained experimental data have been modelled by using five two-parameters (Langmuir,
Freundlich, Halsey, Temkin and Harkins-Jura) and five three-parameters (Sips, Redlich-Peterson,
Toth, modified BET and Hill) nonlinear isotherms. Linearized forms of Langmuir and Freundlich were
also discussed. The optimal description for the sequential biosorption of the reactive dye is provided
by the Hill and Langmuir isotherms, whereas the retention of lead on rapeseed waste is provided by
the Freundlich isotherm.
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1. Introduction

Among the variety of pollutants existing in wastewaters, the heavy metals and dyes are of high
prominence. The concern on these pollutants’ presence in aquatic environments and consequently, the
great interest on their removal are associated with their toxicity, mutagenic and carcinogenic effects.
Sorption by low-cost materials from renewable resources is recognized as a promising and sustainable
method for inorganic and organic pollutants removal. In this context, the high number of papers
reporting the performances of natural and waste materials in the sorption of either heavy metals or
dyes from mono-component aqueous solutions should be mentioned [1-7]. However, the coexistence
of heavy metals and dyes in many effluents, as a result of the activity of different industries and/or an
unsatisfactory management of wastewaters, imposes a focus on sorption studies in multi-component
aqueous solutions, which much better simulate real wastewaters. The limited number of studies
existing on these topics is steadily increasing. A significant part of them highlighted especially the
efficient removal of both heavy metal ion, e.g. Pb(Il), Cu(ll), Cd(ll), etc., and various dyes from binary
solutions by their simultaneous or sequential retention on various sorbents, such as: hickory chips,
cotton stalks, peanut hulls, hydrothermally modified fly ash, pre-treated S. cerevisiae, citric acid
modified pine sawdust, treated mango leaves [8-11]. Unlike the simultaneous sorption, the sequential
approach gives the opportunity to add value to a waste represented by the sorbent loaded with one of
the pollutant which is recycled as new sorptive material for the other pollutant [12].

From this perspective, this study is oriented towards the equilibrium aspects of both cases of
sequential biosorption on rapeseed waste (RS): Pb(ll)/Reactive blue 19 (Rb19) and Rb19/Pb(ll),
respectively (Figure 1). Taking into account the primordial importance of the pollutant concentration
in multi-component systems, a special attention is paid to the effects of Pb(Il) and reactive blue dye
initial concentrations on the proposed sequential sorption process.
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Our research team has already gained experience in investigating rapeseed waste performances for
the sorption removal of either heavy metal ions or textile dyes from mono-component agueous
solutions [13-15]. Besides, a recent study describes the RS behaviour through an integrated approach
by combining experimental assessment and statistical modelling, with regards to the sequential
sorption of Pb(ll) ions and Reactive blue 19 dye from aqueous solutions [16]. The study finds that the
sequential retention of the targeted pollutants could represent an option for a low-cost sorbent with a
limited regeneration capacity caused by chemisorption or degradation after multiple sorption-
desorption cycles. For deepening this research, in this work an accurate mathematical description of
the sequential sorption isotherms of Pb (1) ions and Reactive Blue 19 dye on rapeseed waste has been
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Figure 1. Schematic representation of the sequential processes of
Pb(I1) and Reactive Blue 19 dye sorption on rapeseed waste

2. Materials and methods
2.1. Materials

The sorbent, namely rapeseed waste (RS) provided by a local unit of biodiesel production has been
prepared as follows: washing — drying (40°C, 24h) — grinding (0.1- 0.2mm) — keeping in a
desiccator for sorption studies [14,15].

By dissolution of proper amounts of Pb(NOs). and Reactive blue 19 dye (analytical grade) in
deionized water, stock solutions with a 1 g/L concentration in the targeted pollutants have been
prepared. The stock solutions dilution provided the working solutions.

2.2. Batch sequential sorption

The batch experiments of sequential sorption have been conducted in 2 stages, according to the
procedure presented in Figure 2. In short, biosorption of lead ions and blue dye, respectively, was
carried out on different samples of RS, in optimum conditions developed in [14] and [15] (liquid-to-
solid ratio: 10 g/L, temperature: 20£1°C, contact time: 180 min. for Pb(ll) and 240 min. for Rb19,
respectively). The sorbents loaded with lead ions (RS-Pb) and reactive dye (RS-Rb19), respectively
thus obtained were then dried for 2 h at 30°C and left overnight at room temperature. RS-Pb was further
used for the removal of dye from aqueous media, while RS-Rb19 was contacted with solutions
containing Pb(II) ions. The pollutants’ concentrations varied in the range 15-125 mg/L and the phases
were left until equilibrium reaching. The other experimental conditions, i.e. liquid-to-solid ratio and
temperature, were maintained as for the mono-component biosorption tests.

Before and after each sorption experiment, the initial and equilibrium concentration of Pb(Il) ions
and Reactive Blue 19 dye have been determined by atomic absorption spectrometry (Buck Scientific
atomic absorption spectrometer, A=283.3 nm) and UV-Vis spectrophotometry (Jasco UV-Vis
spectrophotometer, A=590 nm), respectively.

Pollutant solubilisation (desorption) was expressed as the amount of pollutant X leached in solution
from the biosorbent after biosorption, in percentage, considering eq. 1 [17]:
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Desorbed X, %= CCS—"I *100 (1)

bios
where: Csoi and Chios are the concentrations of the solubilized and respectively, biosorbed pollutant
(expressed as difference between the initial and equilibrium concentration from the biosorption tests), in
mg/L.
In this work, several two- and three-parameter isotherm models were applied to model the
equilibrium data: Freundlich [18], Langmuir [19], Halsey [20], Temkin [21], Harkins-Jura [22], Sips
[23], Redlich-Peterson [24], Toth [25], modified Brunauer—Emmett—Teller (BET) [26] and Hill [27].
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Figure 2. Block diagram of sequential biosorption
experimental design

2.3. Error analysis

Statistical analysis of the goodness of fit of the predicted values by different isotherm equations with
the experimental data was realised by using the coefficient of determination, R?, and chi-square test (y?).
The closeness between the data obtained using a model and the observed data is verified by obtaining
R? values close to 1 and »? values close to 0 [28]. In this way, the best-fit isotherm can be identified for
the biosorption system. The equations of the two types of error analysis are as follows [29]:

RZZ 2(_qe,2m'q_e) - (2)
2(tem®) +Z(ay-a,)
ey icta) ®3)

dem
where: ge (Mg/g) — experimental biosorption capacity at equilibrium, gem (Mg/g) — modelled (predicted)
biosorption capacity, g, (mg/g) — average of experimental de values.

The parameters of biosorption isotherms were determined by nonlinear regression analysis. The
nonlinear equations were computed using the Solver add-in function of the Microsoft Excel, by
maximizing the coefficient of determination while minimizing the chi-square test values. For two
widely used isotherms, Langmuir and Freundlich, the linear regression analysis was also discussed.

In order to provide useful data for the design of the sequential biosorption process as unit
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operation, the study has been performed in two stages. The first stage deals with the effect of initial
dye concentration and initial metal ion concentration on the sequential biosorptive removal of
pollutants. The second stage is focused on the sequential biosorption equilibrium description by means
of the most relevant isotherm models.

3.1. Effect of initial concentration

The influence of the initial concentration on the sequential removal of the inorganic and
respectively, organic pollutant is presented in Figure 3. For comparison, the uptakes obtained in the
biosorption process on pristine RS are also illustrated. In the case of metal ions removal by RS-Rb19,
the biosorption capacity increased with concentration, from 3.12 mg/g at 25 mg/L to 12.26 mg/g for
125 mg/L. As against the biosorption on the pristine RS, the data indicate a slight improvement of the
process at low concentrations (< 50 mg/L), while the process efficiency seems to decrease at higher
concentrations (Figure 3a). According to Figure 3b, a positive effect of the initial concentration was
also observed when RS-Pb was used for the removal of the anthraquinone dye from solution, the
biosorption capacity reaching a value of 8.76 mg/g at 100 mg/L. The difference of the amount of dye
between the liquid and solid phases constitutes a significant driving force for the biosorption process.
However, when compared to the individual biosorption of the same pollutant, there was an increase in
the biosorption efficiency over all concentration range (15—100 mg Rb19/L). At the solution pH 56,
both pollutants are present in the liquid phase in their ionized forms, having opposite charges. This
would suggest a biosorption based on electrostatic interactions.
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Figure 3. Influence of initial concentration on the sequential biosorption of lead ions (a) and
Rb19 dye (b) and pollutant solubilization (inset) (dotted line indicates solubilization in water)

The solubilisation of lead ions was observed at the end of biosorption experiments. As presented in
the inset of Figure 3b, the amount of lead ions present in dye solutions with initial concentrations of
15-50 mg/L was smaller than the one obtained when using ultrapure water. This observation, along
with higher values of groi9 in the sequential biosorption process, indicate a conditioning of the
biosorptive substrate by creating new active centers due to the presence of lead ions. According to the
results of the biosorption study of Pb(Il) ions on RS [15], the uptake of the metal ions took place in
monolayer, respecting the assumptions of the Langmuir isotherm model.

At higher concentrations (e.g. 100 mg/L), it may be also possible that the larger Rb19 dye
molecules (Mrb1g = 626.54 g/mol) could replace some of the metal ions from the RS-Pb surface,
resulting in larger amounts of lead in the solution at the end of the experimental run. Even so, the
desorbed quantity of lead ions is under 3% and can be considered negligible.

3.2. Sequential biosorption isotherms
An adequate design of a biosorption process requires the fundamental information offered by the
biosorption isotherms, which indicate the distribution of the pollutant between the aqueous and solid
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phases when the equilibrium conditions are met. In particular, the equation of a biosorption isotherm
describes the dependence between the amount of species biosorbed per mass unit of biosorbent (ge)
and its residual equilibrium concentration in the solution phase (Ce). In this study, the equilibrium data
was modelled according to the equations of different isotherms, with two parameters (Langmuir,
Freundlich, Halsey and Temkin) and three parameters (Sips, Redlich-Peterson, Toth and Brunauer—
Emmett-Teller).The nonlinear regression models’ parameters were optimized by adopting an error
minimization procedure that implied to simultaneously maximize the coefficient of determination (R?)
and minimize the Chi-square (y°) values by using Excel Solver. The isotherm equations and
parameters, as well as the statistical analysis, are presented in Table 1 and Table 3 for two- and three-
parameter isotherm models previously mentioned. Figure 4 displays the experimental and modelled
biosorption isotherms for Pb(l1) ions and Rb19 dye.

With a vital role in the quantification and comparison of biosorbent performances, Langmuir
isotherm has three fundamental assumptions which involve: the sorption limitation to a coverage in
monolayer, the homogeneity of all surface sites, being able to host only one retained atom, and the
independence of the molecule’s ability to be retained on a given site to the occupancy of its adjacent
sites [7,30]. The relevance of Langmuir nonlinear model to describe the sequential biosorption of the
other target pollutant by RS-Pb is guaranteed by the high values of the R? coefficient and low values of
the 2 test, as presented in Table 1. Smaller values for the Langmuir parameters were obtained for dye
sequential biosorption than for lead sequential biosorption, suggesting lower sorption energy and
weaker sorbate-sorbent interactions.

By means of Langmuir equilibrium constant, a dimensionless separation factor, i.e. R., can be
calculated [31]:

1
T 1+ K.C

(4)

Ry

The sequential biosorption process is favourable if R is in the range 0 to 1, while R. >1, R. =1 or
RL = 0 describe an unfavourable, linear and respectively, irreversible process [30]. In this study, the
factor R varies between 0.6586 and 0.2099 for Rb19 sequential biosorption and 0.1304 and 0.0363 for
lead ions biosorption.

The heat of biosorption decreases with the increasing degree of site occupation [32]. This is well
described by Freundlich isotherm, which also characterizes processes of reversible and multilayer
sorption in heterogeneous systems, particularly for organic compounds or highly interactive species
[8,33]. The magnitude of the exponent n indicates the favourability of the uptake: n between 2 and 10
represent good, 1-2 moderately difficult and <1 poor biosorption characteristics [32]. Values of
parameter n between 1 and 2 (Table 1) show that the two sequential biosorption systems under study
are characterized by a certain degree of difficulty regarding the solutes’ uptake. The higher value of
Freundlich equilibrium constant, Kr, for the Pb(ll) sequential biosorption in contrast to dye removal
(Table 1) is attributed to a high affinity of the sorbent to the pollutant. Based on the error function
estimates, the nonlinear Freundlich model describes well the sequential biosorption of Pb(ll) ions.

In view of the extensive use of the Langmuir and Freundlich linear isotherm models for modelling
of the equilibrium biosorption data, a comparison between the nonlinear and linearized equations was
done for the sequential biosorption. The results obtained for the linearized models are presented in
Table 2. It was reported the linearization of isotherm equations erroneous parameters and that the
nonlinear method is required to obtain correct parameters [28,34]. In this study, the Langmuir-1 form
provided the best agreement with the experimental data, for both sequential biosorption systems
among the linearized Langmuir models, according to Table 2 and the closeness with the nonlinear
parameters gm and Ki. The error propagation due to linearization caused large discrepancy for
Langmuir-2 parameters in case of Rb19, evidenced by the difference in the y>-test values of one order
of magnitude. Langmuir-3 and Langmuir-4 forms present the poorest applicability among the
linearized Langmuir model equations. On the other hand, linearization of Freundlich isotherm didn’t
result in significant differences when compared to the nonlinear parameters.
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Nevertheless, the trend of the isotherm fitness remained the same as for nonlinear models. It can be
clearly observed from Table 2 the better agreement between the observed and calculated data derived
from Langmuir isotherm in the case of dye sequential biosorption and from Freundlich model for lead
sequential biosorption.
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Figure 4. Equilibrium isotherms for the sequential biosorption process of Pb(Il)
ions (a) and Rb19 dye (b)

Table 1. Two-parameter biosorption isotherm models and obtained parameters for
lead ions and reactive dye

Model Equation* Parameters Pb(11) Rb19
Langmuir q, K. Ce gm (Mg/g) 25.5585 19.9274
LK, C, KL (L/mg) 0.2096 0.0337

R? 0.9772 0.9925

Va 0.1441 0.0762

Freundlich qC:KFCé/n n 1.4271 1.3284
Kr (mg/g)(L/mg)*m 4.4403 0.8354

R? 0.9886 0.9793

? 0.0784 0.1962

Halsey qe=e(anH-lnCe)/nH NH -1.4214 -1.2977
Ku (L/mg) 0.1213 1.3664

R? 0.9886 0.9778

Va 0.0793 0.1957

Temkin _RT br (kd/mol) 0.5727 0.7761
9.~ In(K1Co) Kr (L/g) 3.1285 0.5786

R2 0.9159 0.9838

7 0.3802 0.1178

Harkins-Jura ( A )05 Ans (mg/L)? 14.6572 4.5763
S\ By (Mg/L) 0.7156 1.4378

Bru-log Ce R2 0.9630 0.8849

Va 0.3937 1.2215

gm — Langmuir saturation biosorption capacity; Ce — sorbate concentration at equilibrium; K, Kr, Kn, Kt — equilibrium constants of the
corresponding isotherm model; 1/n — biosorption intensity; ni — Halsey isotherm constant; R — universal gas constant (8.314-103
kJ/(mol.K)); T — absolute temperature (K); bt — Temkin isotherm constant; Any and Bry — Harkins-Jura isotherm constants.

Table 2. Comparison of obtained parameters derived from linear and nonlinear
Langmuir and Freundlich isotherm equations
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Model Linearized equation Plot Parameter Pb(11) Rb19
Langmuir-1 Ce_Ce+ 1 Ce s, C. gm (Mg/q) 25.0650 22.1765
% q, K. 9 Kv (L/mg) 0.2152 0.0283

R? 0.8733 0.8541

Ve 0.1443 0.0912

Langmuir2 1 _1 1 1 Ly L gm (Mg/g) 19.7282  135.9683
. . Kaq. C. 9 - Ce Kv (L/mg) 0.3026 0.0040

©m " R? 0.9874 0.9895

b 0.2323 0.8668

Langmuir-3 B 1 q q.Vs. = gm (Mg/g) 20.7243 17.8033
%"k, C, ¢ G KL (L/mg) 0.2856 0.0378

R? 0.7878 0.6310

Ve 1.0402 3.3842

Langmuir-4  9e _ Je v, gm (Mg/q) 24.4566 25.6573
C, KudnKed, c. e K (L/mg) 0.2250 0.0239

R? 0.7878 0.6310

2 0.3117 0.1967

Freundlich B 1 logq, vs. log C, n 1.4349 1.1996
logq, =logKp+—logCe ¢ Kr (mg/g)(L/mg)¥n 4.4378 0.6891

R? 0.9867 0.9710

e 0.0789 0.2649

Another exponential isotherm equation, Halsey model is suitable for characterizing a biosorption
process that takes place in multiple layers at a relatively large distance from the heterogeneous surface
[29,35]. In this way, Halsey isotherm is similar to Freundlich model, the reason why the coefficient of
determination and at least one of the Halsey parameters are very close or even identical, being
presented in [36—41]. In this research study, Figure 4a reveals the similarity between the shapes of the
two isotherms for both sequential biosorption systems. This is more evidently for lead, where the
values of the exponent are very close and R? coefficients are identical (Table 1). However, Freundlich
isotherm model is a better fit, because of the lower Chi-square values obtained.

The Temkin isotherm model considers the interaction between the solute and sorbent, which causes
a linear decreasing of biosorption heat with coverage rather than logarithmic [33]. It is implied by its
equation exhibited in Table 1 that biding energies are uniformly distributed [30]. The Temkin
parameter br indicates the variation of the biosorption energy, which is higher in case of Rb19 uptake,
showing stronger interactions with the biosorbent compared to metal biosorption. Also for this case,
the Temkin model provided a better fit to the experimental data (Table 1, Figure 4a).

Harkins-Jura isotherm is another model assuming multilayer biosorption and a heterogeneous
distribution of active sites [29]. As the tabulated results of error analysis show, this isotherm describes
unsatisfactorily both lead and Rb19 dye equilibrium data (Table 1).

The abilities of three-parameter isotherms, namely Sips, Redlich-Peterson, Toth, modified BET and
Hill, to model the equilibrium data of the two sequential biosorption systems under investigation were
also examined. The resulting curves and parameters are presented in Figure 4b and Table 3.

The first two three-parameter isotherms previously mentioned combine the characteristics of both
Langmuir and Freundlich models. Sips equation was formulated for predicting the heterogeneous
biosorption process, when the sorbate interacts with only one active site, creating a monolayer [42]. At
low Ce values, Sips isotherm reduces to Freundlich model, while at high concentration values it
approaches the Langmuir isotherm. The dimensionless exponent s of Sips equation (Table 3)
quantitatively describes the heterogeneity of the sorbate-biosorbent system and is usually in the range
0—1. When this parameter is equal to unity, this equation will take the Langmuir form. Such is the case
of Rb19 sequential biosorption in this investigation, which is in line with a much better fit of Langmuir
isotherm rather than the Freundlich model. This affirmation is corroborated by the very close value of
Sips maximum biosorption capacity (20.43 mg/g) with the Langmuir saturation capacity (19.92 mg/g).
Pb(I1) ions sequential biosorption presents some degree of heterogeneity, as denoted by the s value in
Table 3, not very far below unity. However, the error analysis indicates a relatively poor prediction of
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the laboratory data, suggesting that Sips isotherm does not allow for reliable assumptions for the
sequential biosorption of Pb(l1).

Table 3. Three-parameter biosorption isotherm models and obtained parameters
for lead ions and reactive dye

Model Equation* Parameters Pb(11) Rb19
Sips 45K CS gs (Mg/g) 29.9476 20.4367
LR Ks (L/mg) 0.1736 0.0322
S 0.9255 1.0000
R? 0.9788 0.9918
b 0.1306 0.0789
Redlich-Peterson _ KgpCe Kre (L/g) 1243.69 0.6582
4 ac? a (L/mg)# 280.9027 0.0322
B 0.2974 1.0000
R? 0.9886 0.9918
e 0.0793 0.0789
Toth o= 47, Kr1oCe gro (Ma/g) 26.5378 20.4369
& (K COO T Kro (L/mg) 0.2200 0.0322
(1HKn,Co)) t 0.8874 1.0000
R? 0.9719 0.9918
P 0.1524 0.0789
Modified BET ~ 2perK1Co qeet (Mg/g) 26.8400 18.4649
de = (1-K,C,)(1 —K,C, + K,C,) K1 (L/mg) 0.1912 0.0383
Kz (L/mg) 0.0007 0.0003
R? 0.9795 0.9931
Va 0.1564 0.0989
Hill 4 Ch qri (Mg/g) 13400.41 11.6247
qe=m h 0.7039 1.4076
Hi " e Khi 3036.4036 28.6924
R? 0.9886 1.0000
P 0.0793 4.52-10°

0s, gTo, gri — maximum biosorption capacity; gser — monolayer biosorption capacity, Ce — sorbate concentration at equilibrium;
Ks, Kre, Kto, Kni — equilibrium constants of the corresponding isotherm model; Ki, K2 — equilibrium constant of biosorption for first and
upper layers, respectively; S, f, t, h — corresponding isotherm model exponent; a — Redlich-Peterson isotherm constant.

Redlich-Peterson isotherm is an empirical model, with the ability to describe the equilibrium over a
wide range of concentrations and it can be applicable in either homogenous or heterogeneous systems
[29]. The reason can be found in the expression of its equation, by displaying a linear dependence in
the numerator, and an exponential relation in the denominator (Table 3). At high concentrations of
solute, the equation takes the Freundlich form. The exponent £ is a measure of the heterogeneity
degree of the biosorbent (0 < < 1). There are two limiting behaviours: for f = 1 the equation predicts
the Langmuir biosorption capacity, and for g = 0 it follows the Henry’s law of linear biosorption [43].
The graphical results in Figure 4b and the tabulated goodness-of-fit statistics suggest the good
compatibility of this isotherm model for both sequential biosorption systems studied. In this case, a
value closer to zero reflects a pronounced heterogeneity of the lead-biosorbent system, much better
than Sips isotherm. The sequential biosorption of the blue dye follows a monolayer homogeneous
sorption, as indicated by g = 1. In this case, a parameter is equivalent to the Langmuir equilibrium
constant, K.. Indeed, the values for the two parameters are close (Tables 2 and 3). By similitude, Krp
should then be equivalent to the product qmKL from the numerator of Langmuir equation. By taking
also in account the value of parameter a, the maximum biosorption capacity according to Redlich-
Peterson model would be 20.441 mg/g, which is very similar to the Langmuir biosorption capacity
shown in Table 1.

In order to reduce the error between the predicted and observed equilibrium points, Langmuir
model was modified in the form of Toth equation [30]. This isotherm assumes a quasi-Gaussian energy
distribution and is applicable for the heterogeneous systems at low and high concentrations [29,44].
Parameter t is said to characterize the system heterogeneity: for t = 1 the biosorption is homogeneous,
while as t is further bellow the unity, the more the system heterogeneity increases. Toth isotherm
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describes very well the Rb19 dye uptake on RS-Pb, indicating a homogenous process as a result of t =
1 (Table 3). Yet again, Toth parameters gro and Ko are similar to the ones of Langmuir model. On the
other hand, Toth equation is not such a good fit for lead ions sequential biosorption based on the
goodness-of-fit statistics in Table 3. As seen in Figure 4a, Toth isotherm curve fits better at low Pb(ll)
concentrations.

Brunauer-Emmett-Teller (BET) isotherm model is a special case of Langmuir isotherm, extended
for the evaluation of multilayer sorption systems [35]. In order to apply BET isotherm to liquid phase
sorption, Ebadi et al. [26] proposed a modification of BET classical equation, by including the
equilibrium constants of the first and consecutive layers, namely K; and K> (modified BET equation in
Table 3). The results of the goodness-of-fit statistics R? and »? in Table 3 indicate that the experimental
data for Pb19 sequential biosorption was able to comply with this equation, but for the Pb(ll) data was
a relatively poor fit. In both cases, the monolayer BET biosorption capacity values are similar to the
Langmuir saturation capacity values.

The Hill isotherm model explains the binding of different species on homogeneous substrates,
assuming a cooperative interaction in which the binding at one site of the substrate could influence
ligand binding at other sites in the vicinity [45]. This is expressed by the exponent of the equation: if h
=1, the biding is hyperbolic or non-cooperative, if h > 1, there is a positive cooperative sorption, while
negative cooperation takes place when h < 1. Hill equation showed good compatibility with the
equilibrium data derived for both pollutants under study, according to the error analysis results
presented in Table 3 and the curves illustrated in Figure 4. While the h value above 1 (Table 3) shows
a positive cooperative sequential biosorption of Rb19, the binding of Pb(ll) ions to the active sites on
RS-Rb19 surface are inhibited by the interactions taking place in the vicinity (negative cooperation).

At a closer look, Hill isotherm equation is very similar to Langmuir equation. The latter can be
derived from the former by dividing the Langmuir non-linear equation with the equilibrium constant
Kc from Table 2 as follows:

q.= I Ce )

1
—+
Kr, Ce

Comparing with the Hill equation, it can be observed that: KDEKL when h = 1.
L

Now, if the optimization of Hill equation is done by setting h = 1 as constraint (or h < 1 for Rb19
and h > 1 for lead), the optimal parameter values, presented in Table 4, are very close to the values for
Langmuir equation (Table 2), in the detriment of a poorer fit.

Table 4. Optimal parameters of Hill isotherm equation when h = 1

qHi Khi /KL R? Vi
Pb(I1) 25.8398 4.9122 4.7709 0.9776 0.1544
Rb19 20.4367 31.0498 29.6535 0.9918 0.0789

The best-fitted isotherm model was established considering a nonlinear regression with high value
of R? and, in the same time, a low value of y. As it is demonstrated in Table 1 and 3, the sequential
biosorption of lead ions was found to be described, in the order of precision, as follows: Freundlich >
Halsey =~ Redlich-Peterson =~ Hill > Sips > Langmuir > Toth > (Hill for h = 1) > modified BET >
Harkins-Jura > Temkin. The application of the Freundlich isotherm as best fit supports the assumption
of a mainly heterogeneous sequential biosorption of Pb(Il). This is sustained by the good compliance
with Halsey, Redlich-Peterson and Hill isotherms and their heterogeneity parameters (when it is the
case) bellow unity.

The Rb19 equilibrium data complies with the nonlinear isotherms in the following order: Hill >
Langmuir > Sips = Redlich-Peterson = Toth = (Hill for h = 1) > modified BET > Temkin > Halsey =
Freundlich > Harkins-Jura. The compliance with both Hill and Langmuir isotherm indicates that there
was a monolayer sequential biosorption of Rb19 dye and a homogeneous distribution of active sites on
the surface of the RS-Pb biosorbent. The prevalence of Langmuir-type biosorption is marked by the
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equality with unity of the exponents of Sips, Redlich-Peterson and Toth equations. Moreover, it can be
observed from Figure 4b that these three-parameter isotherms overlapped each other, having the same
R? and »? (Table 3). It is also the same for the special case when the Hill equation is reduced to
Langmuir isotherm, i.e. h = 1. According to Langmuir isotherm (Table 2), the monolayer biosorption
capacity is 19.93 mg/g. However, from the Hill equation a saturation capacity of 11.62 mg/g was
obtained. More experiments should be made at higher concentrations, in order to establish the
experimental saturation capacity.

4. Conclusions

The sequential biosorption of Pb(Il) and Reactive blue 19 dye on rapeseed waste has been studied
from 2 points of view: (1) the influence of the tested pollutants initial concentrations; (2) the
compatibility of the obtained equilibrium data with five two-parameter and five three-parameter
isotherm models. The initial concentration has a positive effect in both cases under study, the
sequential biosorption capacity increasing with the increase in concentration. Compared to the
individual biosorption of each target pollutant on pristine RS, an inhibition of the sequential
biosorption of lead ions was observed at higher initial concentrations, whereas the uptake of the blue
dye seemed to have improved slightly. The comparison between the linear and nonlinear forms of the
highly popular Langmuir isotherm indicated that the nonlinear model presents a better way to
determine the isotherm parameters. The derivation to obtain the linear equations influences the
estimation of parameters. In case of Freudlich isotherm linear vs. non-linear comparison, the results
weren’t significantly different. The separation factor determined from Langmuir isotherm suggested
that lead ions, as well as anionic dye, sequential biosorption was in favourable region (RL <1). Based
on the data obtained from the nonlinear regression error analysis, Freundlich isotherm proved to be
valid for the observed equilibrium data of Pb(Il) sequential biosorption, which takes place with relative
difficulty (n between 1 and 2). Among the three-parameter isotherms, Halsey model, assuming
multilayer and heterogeneous sorption, was found to provide the closest fit to the equilibrium data.
Sequential biosorption data for Rb19 dye can be represented by Hill and Langmuir nonlinear
isotherms, both describing a homogeneous biosorption system. Furthermore, Sips, Redlich-Peterson
and Toth isotherms reduced to Langmuir equations as their exponential parameter equalled unity.
Further work to establish the saturation concentration in the laboratory should be undertaken to
elucidate between the Hill and Langmuir saturation biosorption capacity. The data provided by this
study can be significant for the practical applicability assessment of the sequential sorption systems in
water treatment and pollution control.
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