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a b s t r a c t
This study examined the effect of the chemical modification of pine bark (Pinus sylvestris) on the 
sorption efficiency of copper cations. The results were interpreted using pseudo-first order and 
pseudo-second order reaction models as well as Langmuir and Freundlich isothermal models. 
The sorption experiments were carried out using the batch technique. The study indicated the effect 
of the competitive sorption of copper cations and hydrogen cations as well as the adverse effect on 
the sorption efficiency of copper hydroxides formed under alkaline conditions. The need to assess the 
measurement uncertainty in determining the basic parameters of the sorption process was indicated. 
It was also shown that the modification of the pine bark with a solution of hydrochloric acid and 
sodium hydroxide, when compared to the raw bark, reduced the sorption capacity by more than 
29%. It was confirmed that the main mechanism of the sorption of heavy metals in natural sorbents 
is ion exchange.
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1. Introduction

Heavy metals pose a significant threat to the aquatic 
environment, especially in highly industrialized areas. The 
main anthropogenic sources of heavy metals are: mining, 
metallurgy, metal processing, galvanization, tanning, dye 
production, battery production, and fertilizer production 
[1,2]. In many European countries, uncontrolled low emis-
sions, especially during the heating season, are also an 
important source of contamination [3]. The high bioavail-
ability of heavy metals to lower trophic levels may cause 
their accumulation in the tissues of higher consumers, which 
may be particularly dangerous for the human body [4].

Copper is one of the trace elements commonly found 
in plant and animal organisms. Thanks to the ease of elec-
tron collection and donation during oxidation changes, it is 

a part of the active centre of many enzymes. Excess copper 
in the body can increase the formation of reactive oxygen 
species, and consequently lead to liver damage. Oxidative 
stress can also cause damage to DNA structures and chromo-
somes, which can lead to epigenetic changes that can result 
in pathological conditions and diseases such as cancer and 
Alzheimer’s disease [5]. Cu(II) can penetrate surface water 
and groundwater from installations made of copper, brass, 
or bronze. Larger amounts of copper compounds are usually 
present in the waste water from the metallurgical, engineer-
ing, or chemical industries [6].

Conventional methods of removing heavy metals from 
waste water and effluents include: chemical precipitation 
and filtration, electrochemical methods, adsorption, flota-
tion, and reverse osmosis [4]. These methods are mainly used 
to remove contaminants present in concentrations above 
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100 mg L−1. Therefore, despite advanced technologies, they 
become ineffective for low concentrations of heavy metals in 
waste water and sewage [7]. In addition, their use is ener-
gy-intensive, costly, and environmentally unfriendly due to 
the large amount of secondary pollutants that are difficult 
to remove [2]. An example is the use of active carbon-based 
materials as adsorbents, which on the one hand is advanta-
geous due to its ability to adsorb large quantities of a wide 
range of pollutants, and on the other hand is strongly limited 
by high costs and problems in the regeneration process [8].

An alternative to conventional techniques is biosorp-
tion, which uses the natural ability of biomass to bind heavy 
metals to aqueous solutions. The biological material used is 
usually a waste product, which is why these methods are 
cheap, efficient, and can be combined with other separa-
tion processes. Other advantages of biosorption are: high 
efficiency of metal removal from diluted solutions, minimi-
zation of chemical and/or biological deposits, and the pos-
sibility of biosorbent regeneration and metal recovery. The 
biosorption process involves several mechanisms including: 
transport through cell membranes, complexing, chelation, 
ion exchange, precipitation, and physical adsorption [4,9]. 
Metals can be bonded by biomass with different functional 
groups. Most of them occur on the surface of biosorbents, 
mainly in the following groups: carboxylic, thiol, amino, 
phosphate, sulfate, phenolic, carbonyl, amide, and hydroxyl 
groups [10]. In addition, the sorption properties of organic 
materials can be increased by modifying the functional 
groups on the surface of the biosorbents, most often using 
physical (temperature) or chemical (acid, base) methods. 
Such modifications increase the active surface of the bio-
sorbent by loosening the structure or increasing the avail-
ability of functional groups for metal ions by depriving the 
surface of the biosorbent of masking components (minerals, 
proteins, and lipids) [11–13].

Biosorbents can be divided into two categories: living 
or dead microorganisms such as bacteria, fungi, algae, and 
by-products from the food, agricultural, and forestry indus-
tries such as: agave fibres [14], true hemp fibres [15], coconut 
[16], coffee husks [17], sorghum and oat straw [18], barley 
straw [19], soya meal [20], brewer’s spent grain [21], oak 
sawdust [22], pine bark [23], sugar cane and maize pomaces 
[24], orange peel [25], bone composite [26]. An interesting 
solution is also activated carbons made of waste materials, 
which combine the advantages of conventional adsorbents 
and biosorbents [25–27]. The advantage of food, agricultural 
and forestry industry by-products over microorganisms 
is that they do not need to be specifically produced for 
biosorption as they are already available in large quantities 
as by-products or waste. They are rich in lignin, cellulose, 
and hemicellulose and are characterized by the presence 
of numerous functional groups, for example, hydroxyl 
and carboxylic, capable of binding metal cations in a het-
erophase ion exchange process [28,29].

The aim of the study was to evaluate the effect of the 
chemical modification of pine bark on the yield of sorption of 
copper cations. The evaluation was made by comparing the 
kinetics of the process of sorption of copper cations and the 
kinetics of changes in the concentration of hydrogen cations 
sorbed or desorbed from pine bark to the solution, depend-
ing on the modification method. Copper was selected due to 

the small error of determination by atomic absorption spec-
trometry and the high sensitivity to chemical form changes 
depending on the pH of the solution in which the sorption 
was carried out.

2. Materials and methods

Pine bark (PB) (Pinus sylvestris) collected from forest 
areas around Opole (Poland) was used in the research. PB 
was first washed with demineralized water of κ = 0.5 µS cm−1 
conductivity to remove dirt, lichen, and resin, and then 
dried for 24 h at 323°K. The dried PB was ground using a 
fraction of 1.25–1.50 mm grain size for experiments. The PB 
part was chemically modified by intensive mixing for 1 h 
in NaOH or HCl solutions of various initial concentrations 
(0.03–0.1 mol L−1). After the process, the PB was rinsed with 
demineralized water and dried.

2.1. Equipment and reagents

The absorption atomic spectrometer iCE 3500 from 
Thermo Electron Corporation, USA, was used for the 
detection of copper. For copper, the limits of detection and 
quantification of the apparatus are 0.0045 and 0.033 mg L−1, 
respectively. The highest concentration of the standard 
(production: ANALYTIKA Ltd., Czech Republic) used for cali-
bration (5 mg L−1) was taken as the limit for linear concen-
tration dependence of the signal. The conductivity test 
was carried out with the CC-551 conductivity meter from 
Elmetron in Zabrze (PL), whose absolute error of indication 
was ∆κ = 0.1 µScm−1. The pH of solutions was tested with 
the CP551 pehameter from Elmetron Sp.j. in Zabrze (Poland), 
whose absolute error of indication was ∆pH = 0.02.

2.2. Testing methodology

Experiments on copper sorption in PB were carried out 
using the batch technique under conditions of constant mass 
of biosorbent and constant volume of solution for different 
initial concentrations of copper. For the tests, 0.5 ± 0.02 g of 
dried PB sample was used. The sample was placed in per-
forated PE (polyethylene) containers (about 15 mL) and 
immersed in 200 mL copper sulfate solutions. The initial 
concentration of copper in the solution ranged from 1.0 to 
12.0 ± 0.05 mg L−1 depending on the type of experiment car-
ried out. During the process the solutions were intensively 
stirred using a magnetic stirrer. The process was run for 
60 min. Both kinetics and sorption balance parameters were 
determined by measuring the initial, temporary, and final 
concentrations of copper in the solution in which the exper-
iment was conducted. Three repetitions of the experiment 
were performed. During the sorption process, the pH and 
conductivity of the solution were also determined.

2.3. Quality control

The quality control of measurements was assured by 
test analyses of the BCR-414 plankton and BCR-482 lichen 
reference materials from the Institute for Reference Materials 
and Measurements in Belgium. The obtained results are 
summarized in Table 1.
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The results presented in the table confirm the legitimacy 
of the choice of copper as the element with which the research 
was conducted.

2.4. Interpretation of results

The concentration of copper ions in KS after the sorption 
process [qM(1)] was determined using Eq. (1):
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where cM(0), initial concentration of copper ions in the solu-
tion (mmol L−1); cM(1), final concentration of copper ions in 
the solution (mmol L−1); V, volume of solution from which 
sorption was carried out; m, sorbent mass.
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where: k′, a pseudo-first order reaction rate constant (min−1); 
k″, pseudo-second order rate constant (g mmol−1 min−1); 
c*Ct(i),t, concentration of cations in PB after time t expressed in 
gram equivalents (mmol g−1); c*Ct(i),1, concentration of cations 
in pine bark in equilibrium expressed in gram equivalents 
(mmol g−1).

Such an expression of concentrations makes it possible to 
compare the process of ion exchange of cations of different 
values [32].

To describe the balance parameters, the Langmuir [33] 
and Freundlich [34] isothermal models were used, the linear 
forms of which are represented by Eqs. (4) and (5):
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where KL, Langmuir constant (L mmol−1); KF, Freundlich 
constant (L mmol−1); 1/n, sorption intensity constant; qM(max), 
maximum sorption capacity of PB (mmol g−1).

It should be noted that in periodic studies, in the case of 
a heterophase ion exchange reaction, the Langmuir constant 
describes the state of equilibrium of the reaction:

M CtR+ ++ + MR  Ct  (6)

where Ct+, cation desorbed from pine bark in the ion exchange 
process.

The Excel software package was used to assess the 
uncertainty of determining the parameters of linear equations.

3. Results and discussion

3.1. Sorption kinetics of copper cations

In order to interpret the processes occurring during the 
sorption of copper cations by pine bark (PB), the parameters 
describing the concentration of copper cations and hydro-
gen cations in a solution and biosorbent were compared. 
Measurements were carried out from 5 to 60 min. It was 
assumed that after 60 min a state near balance between cat-
ions in the solution and the biosorbent had been reached. 
After this time, the recorded changes in concentrations and 
pH of the solution had reached the limit of determination 
and resolution of the analytical methods used. On the other 
hand, the registration of measurements from the fifth minute 
of the process was justified by the fact that the phenomena 
occurring in the first minute of contact between the biosor-
bent and the solution had not yet been explained. In our 
sorption studies conducted using the example of brewers’ 
grains, we have attempted to interpret these phenomena 
[35]. We have shown that in the first minute of sorption 
we can observe non-standard changes in the proportion of 
metal cations in relation to hydrogen cations in the solu-
tion and biosorbent, which can indicate dynamic changes in 
the solution’s composition caused by factors other than ion 
exchange. Only from the fifth minute of the process do these 
changes become monotonic. Therefore, in the study of sorp-
tion kinetics, changes in parameters occurring from the fifth 
minute of the process were taken into account.

The obtained results of measurements of copper cation 
concentration and the pH of solutions are summarized in 
Table 2. We analyzed the sorption process of copper cations 
in raw PB, the sorption of copper cations in PB modified 
in 0.1 mol NaOH solution, and the sorption of copper cat-
ions in PB modified in 0.1 mol HCl solution. As previously 

Table 1
Measured and certified values of Cu concentration in the BCR 414 plankton and BCR 482 lichen reference material; Cv, Certified 
value; U, Uncertainty; SD, Standard deviation; D, Deviation: the relative difference between measured by AAS and certified 
concentrations in (%)

BCR 414 plankton BCR 482 lichen

Cv  
(µg g−1)

±U AAS D (%) Cv  
(µg g−1)

±U AAS D 
(%)Mean ±SD Mean ±SD

29.5 1.3 27.8 1.9 –5.8 7.03 0.19 6.54 0.18 –7.0
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mentioned, the concentrations of cations in solution (s) are 
expressed in gram equivalents (c* = z·c, where: z–valence of 
cation, c–concentration expressed in mmol L−1).

Table 3 presents the values of copper concentrations in KS 
in the balanced state c*Cu(i),1, and the values of reaction rate con-
stants (k) determined on the basis of models of pseudo-first 
order and pseudo-second order reaction kinetics. Greater 
consistency of the determined values of c*Cu(i),1 with experi-
mental data of c*Cu(i),1,exp and high values of determination coef-
ficients R2 (0.999) indicate the better fit of the pseudo-second 
order model of the reaction. These conclusions are consistent 
with our earlier studies [21,35,36] and are also confirmed by 
other authors’ studies [37,38]. Therefore, in further stages of 
the study, the pseudo-second order reaction model was used 
to interpret the phenomena occurring during the process of 
copper ion sorption in PB.

The visualization of the results contained in Table 2 is 
shown in Figs. 1 and 2 using the pseudo-second order model 
(dependence 3). An example of the simultaneous sorption of 
copper cations and hydrogen cations in PB modified with 
sodium hydroxide is shown in Fig. 1. In this case, however, 
it should be emphasized that the modification of the bio-
sorbent with the NaOH solution alkalizes the environment, 
causing a reduction in the concentration of hydrogen cations 

in the solution read by the pH measurement as sorption of 
hydrogen cations in PB. The directional coefficient a of the 
straight line determined on the basis of the pseudo-second 
order model (dependence 3) makes it possible to determine 
the concentration of sorbed cations in equilibrium: a = 1/c*Ct(i),1.

For the directional coefficients presented in Fig. 1, the con-
centrations of the sorbed cations are: c*Cu(i),1 = 0.0075 mmol g−1, 
c*H(i),1 = 0.0113 mmol g−1, and c*Cu+H(i),1 = 0.0186 mmol g−1. This 
data indicates a significant reduction in the sorption of 
copper cations in an alkaline environment. Most authors’ 
research indicates that the maximum sorption of copper is 
achieved in the pH range from 5.0 to 5.5 [10,21,39]. Above 
pH 5.5, insoluble copper (II) hydroxide begins to precip-
itate and settle on the walls and bottom of the vessel [40]. 
The specificity of AAS measurements means that with inten-
sive mixing of the solution, both copper cations active in the 
ion exchange and their insoluble hydroxides are introduced 
into the apparatus. As a result, the amount of copper cations 
involved in the ion exchange process is even smaller than the 
results from the obtained measurement data. A more com-
prehensive explanation of this phenomenon is presented in 
one of our other articles [35].

A different course of the process was observed in raw 
PB and PB modified in 0.1 mol HCl. The examples shown 

Table 2
Changes in the concentration of copper cations and the pH of the solution during the sorption of raw PB, and modified PB in solutions 
of NaOH and HCl with concentrations of 0.1 mol L−1

t (min) PB PB + NaOH PB + HCl

c*Cu(s),t (mmol L−1) pH c*Cu(s),t (mmol L−1) pH c*Cu(s),t (mmol L−1) pH

0 0.0321 4.52 0.0315 4.55 0.0305 4.53
5 0.0221 4.34 0.0195 5.67 0.0221 4.01
10 0.0165 4.28 0.0174 6.23 0.0185 3.99
15 0.0132 4.26 0.0161 6.55 0.0171 3.95
20 0.0112 4.25 0.0153 6.78 0.0157 3.94
25 0.0095 4.24 0.0146 7.08 0.0146 3.93
30 0.0081 4.24 0.0143 7.31 0.0139 3.92
35 0.0074 4.23 0.0142 7.61 0.0134 3.91
40 0.0064 4.23 0.0142 7.98 0.0131 3.91
45 0.0059 4.22 0.0141 8.21 0.0126 3.90
50 0.0049 4.22 0.0141 8.41 0.0122 3.91
55 0.0045 4.22 0.0140 8.68 0.0121 3.90
60 0.0042 4.21 0.0139 8.94 0.0119 3.89

Table 3
Kinetic parameters of the process of sorption of copper cations in raw and modified PB in 0.1 mol HCl and 0.1 mol NaOH; c*Cu(i),1, 
concentration of copper in PB in the balanced state (mmol g−1); c*Cu(i),1,exp, concentration of copper in PB determined experimentally; k′, 
pseudo-first order reaction rate constant (min−1); k″, pseudo-second order reaction rate constant (g mmol−1 min−1); and R2, correlation 
coefficient

Biosorbent c*Cu(i),1,exp. Pseudo-first order model Pseudo-second order model

c*Cu(i),1 k′ R2 c*Cu(i),1 k″ R2

PB 0.0112 0.0145 0.185 0.913 0.0134 6.428 0.999
PB + NaOH 0.0071 0.0022 0.135 0.918 0.0073 51.12 0.999
PB + HCl 0.0075 0.0056 0.143 0.989 0.0084 15.72 0.999
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in Fig. 2 are characterized by the simultaneous sorption of 
copper cations in PB, and desorption from PB to the solution 
of hydrogen cations.

For the process carried out with the use of raw PB, the 
concentration of copper cations in the biosorbent in equi-
librium was c*Cu(i),1 = 0.0133 mmol g−1. This caused a decrease 
in the copper concentration in the solution (V = 0.2 L) by 
0.0667 mmol. In turn, the concentration of hydrogen cat-
ions released into the solution from PB increased by 

0.0676 mmol. In the analyzed variant, the number of sorbed 
copper cations was very close to the number of desorbed 
hydrogen cations, which indicates ion exchange as the main 
sorption mechanism. Such conclusions are confirmed in 
studies by many authors [36,37,41,42].

In the case in which PB modified in hydrochloric acid 
was the biosorbent, the concentration of sorbed copper 
cations was c*Cu(i),1 = 0.0084 mmol g−1, as a result of which 
0.0417 mmol of copper disappeared from the solution, 
whereas the concentration of hydrogen cations released into 
the solution from the biosorbent increased by 0.2083 mmol. 
Based on the presented data, it can be concluded that during 
the ion exchange process, the acid physically associated with 
PB in the process of its modification and drying was released 
into the solution [35].

The influence of the pH of solutions on the sorption 
processes of heavy metals has been repeatedly taken into 
account during studies assessing the possibilities of using 
various types of biosorbents for the treatment of waste water 
and sewage [38]. Most of the test results indicate that the best 
sorption performance is achieved in the pH range from 4 to 6, 
depending on the type of metal, its initial concentration, and 
the sorbent used. The reduction in sorption of heavy metals 
from acidic solutions is most often explained by the compet-
itive sorption of hydrogen cations. The pH impact assess-
ment is usually made on the basis of equilibrium data, not 
taking into account the description of the process kinetics.Fig. 1. Sorption kinetics of copper cations and hydrogen cations 

in PB modified in 0.1 mol NaOH solution.

Fig. 2. Kinetics of the sorption (S) of copper cations and desorption (D) of hydrogen cations with raw PB (a) and PB modified in 
0.1 mol HCl solution (b).
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The examples of kinetics of the sorption process pre-
sented in Figs. 1 and 2 indicate possible factors limiting the 
sorption of copper cations. In the case of PB modified with 
the NaOH solution (Fig. 1), the concentration of ionic cations 
active in the ion exchange is reduced in the solution due to 
the formation of insoluble hydroxides, which consequently 
has a negative effect on the sorption efficiency. The modifi-
cation of PB with the HCl solution saturates the functional 
groups on the surface of the biosorbent with hydrogen cat-
ions and gradually acidifies the solution, also due to the 
release of the acid physically bound to the PB during modifi-
cation and drying (Fig. 2b). The acidification of the solution, 
taking into account the heterophasic double-replacement 
reaction (dependence 6), shifts the reaction direction to the 
left, that is, in the direction that limits the sorption of copper 
cations [35].

The most efficient results of the copper cation sorp-
tion process occurring mainly through ion exchange were 
obtained for raw PB. In chemical terms, the bark is a very 
complex conglomerate characterized by the presence of 
numerous hydroxy acids and phenolic acids. This affects 
the saturation of active centres on the bark surface with 
various cations, including those active in the ion exchange 
process with hydrogen cations, which increases the sorption 
efficiency.

3.2. Equilibrium of copper cation sorption

The Langmuir and Freundlich isothermal models 
[Eqs. (4) and (5)] were used to describe the parameters of 
the balance of sorption of heavy metals in PB. The linear 

interpretation of isotherms is shown in Fig. 3, and their 
parameters describing the balance of sorption are presented 
in Table 4.

The results contained in Table 4 indicate a better match 
between experimental data and the Langmuir isother-
mal model (determination factors 0.983 < R2 < 0.993). This 
model assumes the existence of a certain number of active 
sites on the surface of the biosorbent where only one mol-
ecule can be sorbed. The results obtained suggest that the 
PB surface is covered with a monolayer of copper cations 
and there is a uniform distribution of active centres on the 
surface of the sorbent, which is justified in the event of 
ion exchange [11,20]. There are reports confirming good 
matching of balanced data of copper sorption in pine saw-
dust with both Langmuir and Freundlich isotherms [43].

Ligninocellulose materials are undoubtedly susceptible 
to chemical modification, which may change their structure, 
increase porosity, or generate more active sites on the bio-
sorbent surface [12,31,44]. However, in our own research, 
chemical modification with acid and alkali caused a 
decrease in the efficiency of copper ion sorption in PB from 
29.7% to 43.6%. There are literature reports [13,45], which 
confirm a decrease in the sorption capacity of PB modi-
fied with acids. Usually, a decrease in the sorption capacity 
would be observed, together with an increase in the time of 
contact of acid with PB and an increase in the concentration 
of acid used for modification. Similar results were obtained 
with NaOH or ammonia [46]. Moreover, the authors [13,46] 
stated that the chemical modifications did not significantly 
affect the porosity of the bark. Therefore, the size of the sur-
face did not determine the sorption process. The efficiency 

Table 4
Sorption balance parameters of copper ions in raw and modified PB 0.1 mol HCl and 0.1 mol NaOH determined using the Langmuir 
and Freundlich models; qM(max), sorption capacity (mmol g−1); KL, Langmuir constant (L mmol−1); KF, Freundlich constant (L mmol−1); 
1/n, sorption intensity constant; R2, correlation coefficient; s, uncertainty standard; and u, combined uncertainty

Biosorbent qM(max) ± s (%) KL ± u (%) R2 KF ± s (%) 1/n R2

PB 0.101 ± 14 25.8 ± 16 0.990 0.096 ± 15 0.622 0.926
PB + NaOH 0.057 ± 16 61.2 ± 18 0.993 0.044 ± 17 0.496 0.986
PB + HCl 0.071 ± 18 55.2 ± 19 0.983 0.093 ± 17 0.747 0.949

Fig. 3. Langmuir (a) and Freundlich (b) isotherms describing the parameters of balance of sorption of copper ions.
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of the process was determined mainly by the type of func-
tional groups associated with lignin, which is most abun-
dant in the chemical composition of bark (about 50%). 
Among the functional groups, lignin, phenolic, hydroxyl, 
carboxylic, benzyl alcohol, methoxyl, and aldehyde groups 
were identified [42].

Table 5 summarizes the values of sorption capacities 
of various biosorbents determined from the Langmuir iso-
therm model. Most authors present sorption parameters in: 
mg g−1, mg L−1. Such results require recalculations. Reactions 
occur in molar ratios and only the interpretation of concen-
trations expressed in moles enables the proper assessment 
of the affinity of cations to functional groups of biosor-
bents. In Table 5, for the purpose of this article, concentra-
tions were converted to mmol g−1. The efficiency of copper 
sorption in PB, in comparison with other biosorbents, was 
medium. Lower qM(max) values (below 0.1 mmol g−1) were 
found for coconut shell, rice straw, and barley straw, while 
much higher values (above 0.4 mmol g−1) were found for 
beech sawdust, meranti sawdust, and peach pips. It is worth 
noting that in comparison to conventional adsorbents, 
such as activated carbon or fly ash, raw PB had a higher 
sorption capacity.

The sorption capacity of PB with respect to the com-
pared biosorbents was on an average level. None of the 
quoted articles attempts to assess the uncertainty of sorp-
tion capacity measurements. And, as shown in other studies, 
even with relatively large correlation coefficients (R2 > 0.9), 
the uncertainty of the sorption capacity determined from 
the Langmuir model may be close to or greater than the cal-
culated value of qM(max) [21]. In this article, the measurement 
uncertainty qM(max)does not exceed 18% (Table 4).

3.3. Optimization of copper cation sorption

For specific initial conditions of the process, the use of 
the pseudo-second order model enables the assessment of 
instantaneous changes in cation concentrations in the solu-
tion and in the biosorbent, and enables the determination 
of kinetic and process equilibrium parameters. Table 6 
summarizes the values of the parameters of straight lines 
y = a·x + b determined on the basis of the pseudo-second 
order model (dependence 3), for selected methods of the 
chemical modification of PB. Table 6 also presents the values 
of the standard deviation determined for: the directional 
coefficient sa and the intercept sb as well as the parameters 
characterizing the sorption process—the reaction constant 
k″ and the concentration of cations in the biosorbent in 
equilibrium c*Ct(i),1. The determined correlation coefficients 
R2 were not smaller than 0.994.

To describe the kinetics of the desorption process, as 
shown in Fig. 2, a pseudo-second order model can also be 
used. Then the function describing the model takes the form: 
t/n*Ct(s),t = ƒ(t). In this case, the concentration of cations in the 
biosorbent, in equilibrium, is equal to the loss of the num-
ber of cations n* that have been sorbed from the solution:  
c*Ct(i),1 = n*Ct(s),0 – n*Ct(s),1. Under the conditions of the experi-
ment (sorbent mass m = 0.5 g, volume of solution V = 0.2 L): 
n*Ct(s),1 (mmol) = c*Ct(s),1 (mmol L−1)∙0.2 (L). Hence the number 
of cations released as a result of desorption in the solution, 
in equilibrium, is: n*Ct(s),1 – n*Ct(s),0 = –c*Ct(i),1.

After converting the data set in Table 6, the average stan-
dard deviation of the directional coefficient was sa = 0.61% 
(max 1.63%), and the intercept sb = 30.2% (max 62%). 
The reaction rate constant is determined on the basis of 
intercept b and the directional coefficient a (dependence 3): 
k″ = a2/b. However, the complex error of this expression 
often exceeds the designated value. Therefore, under the 
conditions of conducting this experiment, the sorption per-
formance should be better determined on the basis of the 
directional coefficient a, which has a simple translation into 
the concentration of cations encapsulated in the biosorbent 
in equilibrium: c*Ct(i),1 = 1/a.

The determined values of c*Ct(i),1 confirm that both the 
alkalization and acidification of PB cause the limitation of 
the sorption of copper cations. The best sorption parameters 
are obtained in the case of raw PB, in which the number of 
sorbed copper cations is close to the number of hydrogen 
cations desorbed from the PB to the solution. In comparison 
to chemically modified PB, the sorption capacity is nearly 
30% higher. As mentioned earlier, the complex chemical 
structure of the bark and its natural saturation of active 
centres with hydrogen cations may have an impact on this.

A simple way to control the ion exchange process occur-
ring according to: M+ + CtR ←→ MR + Ct+ (dependence 5) is 
the use of conductometric measurements and the compar-
ison of changes in conductivity and hydrogen cations con-
centration in the solution during the process. The process of 
such exchange is simple κ = a·c*H(s) + b, where: κ, conductiv-
ity (µS cm−1); c*H(s), concentration of hydrogen cations in the 
solution (mmol L−1). The value of the directional coefficient 
a of the straight line between 260 and 290 indicates that the 
process was undisturbed [46]. Fig. 4 shows the course of 
changes in the conductivity and concentration of hydrogen 
cations in raw PB and PB modified in 0.1 mol HCl.

Table 5
Comparison of sorption capacities [qM(max)] of various biosorbents 
(mmol g−1)

Sorbent Cu Literature

Coconut shell 0.067 [37]
Coffee waste 0.183 [39]
Rice straw 0.043 [48]
Spent grain 0.164 [1]
Barley straw 0.073 [49]
Beech sawdust 0.476 [50]
Meranti sawdust 0.504 [51]
Lignin 0.360 [52]
Fly ash 0.074 [53]
Hazelnut shell powder 0.333 [44]
Pine sawdust 0.315 [43]
Peach pips 0.493 [43]
Activated carbon 0.096 [45]
Activated carbon modified with citric acid 0.235 [45]
PB 0.101 This work
PB + NaOH 0.057 This work 
PB + HCl 0.071 This work
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4. Conclusions

Lignin-cellulose materials are susceptible to chemical 
modifications that can change their structure or generate 
more active areas on the sorbent surface [12]. However, 
surface modifications, through alkalization or esterifica-
tion [29] often incur higher costs and, as a result, they may 
be unprofitable. The conducted research has shown that 
chemical modification with acid and base of lignin cellulose 
material such as PB does not always produce the desired 
effects. The presented research results indicate a significant 
effect of hydrogen cations on copper sorption (and proba-
bly also other heavy metals) in PB. Competitive sorption of 
hydrogen cations affects the kinetics of ion exchange and 
the sorption efficiency of copper cations. The best sorption 
efficiency was obtained for raw PB, in which active cen-
tres are naturally saturated with hydrogen cations. The 
results of the research also indicate the correct adjustment 
of the pseudo-second order model to the description of the 

kinetics of the ion exchange between the solution and PB. 
It has been confirmed that the main mechanism of sorption 
is ion exchange.
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