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ABSTRACT

The paper presents the adsorption abilities of organic material against manganese(II) ions. High
concentrations of manganese ions cause serious damage to the environment thus novel methods
for its removal are needed. The objective of the study is to use safe and natural by-product beet
pulp shreds (BPS) as an adsorbent for the Mn ions adsorption from aqueous solutions. Equilibrium
studies were performed to check the maximum sorption capacities of BPS against Mn ions.
Kinetic calculations were used to obtain information on the effectiveness of the adsorption pro-
cess. The speed, efficiency of this process were influenced by such parameters as contact time and
metal ions concentration. Additionally, the influence of temperature on the course of the adsorp-
tion process was determined. Microbial studies of the BPS were performed and it was shown that
there are yeast cells present in the material which in the temperature range of 20°C-30°C is char-
acterized by their higher activity. Maximum sorption capacity for used temperatures (20°C-60°C)
ranged from 4.692 to 6.800 mg/g respectively. Pseudo-second-order model, which assumes that the

adsorption process is probably a chemical reaction provides the best fit.

Keywords: Kinetics; Adsorption; Manganese; Biosorbent beet pulp shreds; Thermodynamics

1. Introduction

Nowadays, many countries implicate new investments
and technologies to reduce harmful compounds emitted
directly to the environment like metal ions. The presence of
different metals in nature is one of the main dangers and
threats to various plants, as well as many animal species.
Moreover, it also has a negative impact on human health.
Various metals are capable of causing serious changes in the
body and acute poisoning [1,2]. Different metal ions have
a negative impact which may become apparent after time;
this depends on the dose to which the individual has been
exposed and the duration of the exposure [3]. Apart from
the most toxic metals, there are transition metals like man-
ganese which on the other hand are necessary for human
health in low concentrations (daily requirement is around
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2.3 mg for men and 1.8 mg for women). Unfortunately, expo-
sures to high manganese levels are also toxic. The regulation
of the minister of health on the quality of water intended
for human consumption specifies the permissible amount
of manganese in water at 0.05 mg Mn/dm® Reports of
adverse health effects resulting from manganese exposure
in humans are associated primarily with inhalation in occu-
pational settings. Inhaled manganese is often transported
directly to the brain before it is metabolized by the liver. The
symptoms of manganese toxicity may appear slowly over
months and years. Manganese toxicity can result in a per-
manent neurological disorder known as manganism with
symptoms that include tremors, difficulty in walking, and
facial muscle spasms [4].

The major anthropogenic sources of environmen-
tal manganese include municipal wastewater discharges
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sewage sludge, mining and mineral processing, emissions
from alloy, steel, and iron production, combustion of fossil
fuels, and emissions from the combustion of fuel additives.
Manganese bearing materials such as waste batteries and
spent electrodes, spent catalysts, steel scraps, sludge and
slag are manganese sources that can pollute the environ-
ment. Manganese minerals are often associated with zinc
sphalerite ores and nickel laterite ores, which are leached
and rejected to the waste effluents in subsequent processing
steps. These manganese-containing industrial waste efflu-
ents could potentially be harmful and should be controlled.
The higher concentration of manganese ions also affects
the environment mostly through fertilization of the water
process leading to eutrophication which harms the water
environment [5].

Current methods for the removal of manganese from
wastewater include precipitation, ion exchange, reverse
osmosis, solvent extraction, flocculation and membrane sep-
aration [6]. Oxidation and precipitation are the most com-
mon methods to remove Mn(II). Such methods are based on
the Mn(II) oxidation to its insoluble manganese dioxide [7].
Conventional treatment methods for the removal of pollut-
ants from aqueous solution, like photochemical and bio-
logical degradation, coagulation, chemical oxidation and
adsorption have been investigated with varying degrees of
success [8]. Among available wastewaters treatment tech-
nologies, adsorption is rapidly gaining prominence as a
method of treating aqueous effluent. The most widely used
adsorbent is activated carbon, but its initial cost and the need
for a costly regeneration system make it less economically
viable as an adsorbent.

Although the number of studies using surface-modified
organic material composites has increased, the removal of
Mn(II) through the adsorption process has not been inves-
tigated either with the use of waste beet pulp shreds. The
paper presents adsorption models of Langmuir, Freundlich
and Temkin, which can determine how metal ions are
bound to the adsorbent surface. Kinetic studies are nec-
essary to obtain information that will enable an efficient
sorption process. It is also important to select appropriate
concentrations of solutions and to determine the appro-
priate time at which the state of equilibrium is established
[9]. Additionally, thermodynamic studies showed a high
influence of the used temperature on sorption capac-
ity and kinetics. Moreover, it is needed to use different
organic materials such as waste beet pulp shreds obtained
as a by-product after sugar production, which can be eas-
ily obtained in large quantities and at the lowest possible
cost. Moreover, this material is non-toxic and biodegradable
what makes it a perfect adsorbent for the removal of vari-
ous metal ions from aqueous solutions. This allows for their
further use in industry, for example, as biofilters useful in
the process of treatment of wastewater from heavy metals.

2. Materials
2.1. Adsorbent material

Beet pulp shreds (BPS) is a matter of organic origin,
100% natural, non-toxic and biodegradable. The material
came from a sugar-producing company. It is a by-product

of the process of obtaining food sugar from sugar beets
mostly used as fodder. The obtained material, before the
sorption studies was ground in a mill and sieved (0.5 mm ¢)
to receive the unified material. The impurities contained in
the BPS were removed by washing the material three times
with deionized water. After the purification process shreds
were dried at 30°C for 72 h.

All chemicals used in the study were of analytical grade
and bought from the Sigma-Aldrich company (Germany).
The solutions of manganese were prepared by dissolving
the weighed amounts of manganese nitrate Mn(NO,), in
distilled water.

2.2. Methods
2.2.1. Characterization of the adsorbent material

PBS specific surface area and total micropores volume
(Brunauer-Emmet-Teller method) were measured with the
use of a Macrometric ASAP 2010 analyzer. To describe the
surface of the organic material SEM-EDS (Hitachi TM-3000
Scanning Electron Microscope with EDX X-ray microan-
alyzer) method was used. The Fourier transform infrared
spectroscopy (FTIR) was used to gain information about
the bonds present in the organic material. For this purpose,
the Nicolet 380 Spectrometer was used.

2.2.2. Microbiological studies

The material was rinsed with autoclaved water (121°C,
2 bar) in the sterile conditions under the laminar flow cham-
ber. In the next step 0.02 cm?® of the filtrate was poured
into the petri dish containing Sabourad agar medium and
put into the heater for 24 h set at 37°C.

2.2.3. Sorption studies

Selected concentrations of manganese ions 150, 200, 250,
300 mg/dm*® were used in the process of sorption experi-
ments. The pH value of 6 is the natural pH of the used beet
pulp shreds (Previous experiments showed that changing
pH does not influence the removal process significantly —
additionally, BPS has buffering properties which maintains
the natural pH of the material over sorption time). The mea-
surements were carried out in the propylene flasks with
a capacity of 60 cm®. The PBS mass used in the study was
equal to 0.500 g and the volume of the model solution was
20 cm®. The time of the experiments was equal to 1, 5, 10,
15, 30, 60 min. The observations were made based on exper-
iments held at 20°C, 30°C, 40°C, 50°C and 60°C. At the end
of the experiments, samples were filtered through the ana-
lytical filters and further analyzed with the use of atomic
absorption spectrometry (AAS) to determine the concen-
tration of manganese metal ions remaining in the filtrate.
The data was obtained in triplicates and then averaged.

2.2.4. Equilibrium studies

The adsorption equilibrium has been well defined
with various isotherm models relating to the amount of
the solute adsorbed per unit mass of the sorbent (7) and
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the concentration of solute in the solvent phase (C). To
describe the sorption parameters three isotherm models
were used: Langmuir, Freundlich and Temkin.

To find the best fit model for the carried out experiments
the first step was to calculate the sorption capacity at the
state of equilibrium g

(Co _ Ce)
g =———V [10] @)
m
Then the sorption capacity at a given time was calculated
9z
c,-C
q, :M.V [11] )
m

Using the information obtained from the above equations
the calculation of the linearized form of the Langmuir iso-
therm was possible:

c C 1
—< +

qy - qmax

(12] ®)

: qmax

Before the kinetics were established a dimensionless
constant separation factor R, was calculated which deter-
mines whether the shape of the isotherm is unfavourable
(R, > 1), linear (R, = 1), favourable (0 < R, < 1) or irrevers-
ible (R, =0) and it is calculated using the equation number 4.
The separation coefficient was calculated for each concentra-
tion used in the study.

1
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The percentage removal of manganese ions from solu-
tions was calculated using Eq. (5):

(Co — Ce)
R =-—=x100 [14] (5)

e
e

The next isotherm model used in the study is the
Freundlich isotherm model which assumes that the sur-
face of the adsorbent material is not homogenous. From the
isotherm parameter “n” one can verify if the process is of
chemical or physical nature. If the value 1/n is below one, it
indicates that the process is chemisorption.

logg, =logK, + 1log C, [15] (6)
n

The third model used in the presented study is the
Temkin isotherm model. It grants that the separate energy
bonds are distributed equally until the energy of the bind-
ing is at its maximum. The equation is presented below:

g, =BInK, + BInC, 7)

B= % [16] (8)

t

2.2.5. Sorption kinetics

Sorption kinetic study is important in wastewater treat-
ment as it provides valuable information on the reaction
pathways and the mechanism of sorption reactions. Besides,
predicting the solute uptake rate is of utmost importance
for designing an appropriate wastewater treatment plant
since it can control the residence time of the solute at the
solid-solution interface. The data modelling rate of sorption
was used for the three kinetic models:

The pseudo-first rate order model

The kinetics of this equation describes the physical
nature of the occurring process and is described by the lin-
ear Eq. (9):

kl
2303 L 17 ©)

log(q, —q,)=1oggq, -

The pseudo-second rate order model

This model assumes that the sorption process has
pseudo-chemical characteristics. The pseudo-second-order
model is represented by Eq. (10):

t t t
—= +—  [18] (10)
9, k-a g,

Webber Morris model

The Webber-Morris model is represented by Eq. (11):

g =k, +1 [19] (11)

id
Thermodynamic studies
To verify the important role of the temperature in the
adsorption process, studies on its influence on the sorp-
tion process were carried out. Eq. (12) was used in the
calculations:

AG =-RTInK, (12)

(13)

To determine the spontaneity of the process, the val-
ues of thermodynamic parameters must be taken into con-
sideration. If the process is spontaneous a decrease in AG®
and AH° values with the increasing temperature. From the
slope and intercept of Van’t Hoff plot of InK_vs. 1/T, the
values of AH® and AS° can be calculated.

3. Results and discussion
3.1. Characterization of materials

Fig. 1 presents microphotographs of BPS made with
scanning electron microscope with EDX analyzer.
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Fig. 1. SEM microphotographs (MAG x1000, x2000) and the elemental analysis of the surface of used material before (A) and after the

sorption process (B).

According to SEM microphotographs, BPS has a hetero-
geneous, porous structure and high surface and inner poros-
ity what is characteristic of all materials of organic origin
[21]. Additionally, the EDX analysis showed that after the
sorption process the manganese ions are present on the
sorbent surface. The elemental compositon of the mate-
rial after the sorption process is: carbon — 50.5%, oxygen —
46.87%, calcium — 1.2%, potassium 0.96%, manganese 0.82%

To check the specific surface area BET analysis was per-
formed. The results reached 4.1244 m?/g what is following
the literature [22]. Even if the area is not as high for exam-
ple as activated carbon — it can remove high concentra-
tions of manganese ions with high affinity.

The FTIR spectra before and after the sorption of Mn(II)
onto the PBS are presented in Fig. 2.

In both cases, a wide peak at 3,306 cm™ suggests the pres-
ence of hydroxyl groups (OH). The characteristic sharp peak
at 1,741 cm™ indicates the COO~ carboxylate group. FTIR
analysis of the material after the sorption process showed
that the mentioned peak has a much lower intensity sug-
gesting that carboxylate groups are probably involved in the
adsorption of manganese(Il) ions. The peak at the wavelength
1,004 cm™ originate from NH amine groups. Additionally,
there are several peaks at different wavenumbers for exam-
ple 1,096 cm™ (CO + OH); 1,219 ecm™ (C-O-C) glycosidic
bond [23]; 1,370 cm™ - C-H bonding and wagging and OH

bonding also responsible for Mn(Il) ions binding what is
suggested by their lower intensity after the sorption process.
This conclusion can be drawn based on the disappearance
of the peak after the sorption process; 1,428 cm™ —-COO-
symmetric stretching; 1,601 cm™ — COO - anti-symmetric
stretching [24]; 1,741 cm™ C=O stretch in carbonyl and
ester groups; region 2,900-2,938 cm™ —CH stretching, CH,
anti-symmetric stretching of methyl and methylene groups;
The spectrum shows peaks which are characteristics for
the cellulose structure what is following the literature [25].

3.2. Microbiological studies

On Fig. 3a Petri dish with YPD growth medium with
grown cells is shown. The picture was taken 24 h after the
inoculation of the probe. Colonies of yeast cells can be seen
on the surface of the medium suggesting the presence of
yeast cells in the PBS.

3.3. Sorption studies

To determine the sorption capacity of the used material,
the equilibrium data for Mn(II) was analyzed. Fig. 4 shows
the sorption capacity over time depending on the initial
concentration and the degree of manganese removal.

Based on the results shown in Fig. 4 it can be concluded
that the equilibrium state of sorption is achieved after about
30 min. In the initial stage of the process, the highest increase
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Fig. 2. The FTIR analysis of raw BPS and BPS after the Mn(II) ions sorption process.

Fig. 3. Photograph of Petri dish with grown yeast cell colonies.

in the sorption capacity occur and is observed for up to
15 min. This can be related to the increase in the collisions
number of manganese ions with the surface of BPS [26]

It can be seen that as the Mn(II) concentration
increases the sorption capacity g, increases as well rang-
ing from 4.692 to 6.800 mg/g. Additionally, the percent-
age removal R ranges from 75.69 to 58.68 depending on

the manganese concentration. Increasing the concentra-
tion by about 93% decreases R, by only 22.5% suggesting
that the used adsorbent has a high affinity for manga-
nese ions. The highest removal of manganese ions can be
seen at the lowest concentration used in the study. The
reason is connected with the number of free active sites
on the adsorbent surface which can adsorb a finite num-
ber of metal ions and a lower amount of manganese ions
in the solution. Similar results have been obtained in
various studies using different adsorbents [7,25-28].

3.3. Equilibrium studies

To acquire information regarding the sorption process
with the use of BPS various equilibrium studies were per-
formed. Obtained results can be modelled, projected and
optimized for the process of environment bioremediation.

In Fig. 5, three used linearized form of isotherms used in
the study are presented.

The parameters calculated based on isotherms are sum-
marized in Table 1.

According to the values of the regression coefficient
R? one can see that the Langmuir isotherm model has the
best fit for the occurring sorption process at every tempera-
ture used in the experiment suggesting that a monolayer of
the manganese ions on the surface of BPS is formed [29].
Langmuir constant K, represents the affinity of adsorption
sites for solute molecules and a measure of how strong solute
molecule is attracted onto the adsorbent surface. Constant
K, reduces with the increasing temperature of the sorption
process indicating that the decrease in temperature will
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Fig. 5. Langmuir (A), Freundlich (B), and Temkin (C) isotherms of Mn(II) sorption onto PBS at different temperatures.
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Table 1

Parameters and the equations of the isotherms for the sorption on BPS at varying temperatures

Isotherm models

Equations and parameters

Langmuir Equation R? 9, (ME/8) K, (dm*/mg)
T (°C) 20 y =0.1256x +3.2311 0.965 7.992 0.039
30 y =0.1256x + 3.7382 0.995 7.962 0.034
40 y =0.1264x + 3.5575 0.978 7911 0.036
50 y=0.1276x + 3.5214 0.989 7.837 0.036
60 y=0.1171x + 4.3390 0.996 8.540 0.027
Freundlich Equation R? K, (mgn(dm?)/ng) 1/n
T (°C) 20 y =0.2804x +0.2399 0.830 1.737 0.280
30 y=0.3154x + 0.1563 0.925 1.433 0.315
40 y =0.2932x +0.2027 0.864 1.595 0.293
50 y =0.2895x +0.2074 0.912 1.612 0.290
60 y=0.3457x +0.1011 0.973 1.262 0.346
Temkin Equation R? K, (dm%/g) B
T (°C) 20 y =1.5685x — 0.8912 0.824 0.567 1.569
30 y =1.7025x — 1.7064 0.945 0.367 1.703
40 y=1.6018x - 1.2118 0.869 0.469 1.602
50 y=1.5764x -1.1327 0.921 0.487 1.576
60 y =1.8891x —2.4857 0.981 0.268 1.889

facilitate adsorption what is consistent with the obtained
results of higher adsorption capacity at lower temperatures
[30]. Additionally studying the R? regression coefficient
R? (proportion of the variation in the dependent variable
that is predictable from the independent variable - linear
regression) for the Freundlich and Temkin models it can
be seen that the obtained values are low, suggesting that
those models are not suitable for characterizing the Mn(II)
sorption process onto BPS.

3.4. Kinetic studies

Kinetic studies were performed to obtain information
regarding the physicochemical characteristic of the occur-
ring sorption of Mn(II) ions onto the PBS. The manganese
ions sorption consists of different steps depending on vari-
ous factors. To obtain the information regarding the kinetics
of the Mn(II) sorption process on the beet pulp shreds, the
data concerning the sorption time and initial concentration
were used. Fig. 3 shows the number of metal ions sorbed
in mg/g of used sorbent (BPS) against contact time using
the constant mass of the sorbent. These plots show that for
all solution concentrations, the number of manganese ions
sorbed onto the BPS surface increases rapidly at the begin-
ning and very slowly toward the end of the sorption. This
phenomenon explains that in the first step, the metal ions
are sorbed onto the surface of BPS where there are no other
such molecules, and consequently, the ion-ion interactions
are negligible [9].

The authors used the pseudo-first rate order model,
pseudo-second rate order model and Webber—-Morris model

(intra-particle diffusion model) in the study (Fig. 6 and
Table 2).

Observing the kinetic data in Table 2 it can be seen that
the model with the best fit according to the regression coef-
ficient R? is the pseudo-second kinetic order model, thus
it can be assumed that the process is probably chemisorp-
tion, based on the influence of valence bonds through the
sharing/exchange of electrons between manganese ions
and beet pulp shreds [31] and what is following the FTIR
analysis shown in Fig. 2.

3.5. Thermodynamic studies

Thermodynamic studies of the Mn(Il) sorption on the
BPS were carried out to verify the effect of the tempera-
ture on the sorption process. To determine the process dif-
ferent changes in the thermodynamic parameters must be
considered (standard enthalpy (AH°), standard entropy
(AS°), and standard free energy (AG°)) which occur due
to the transfer of unit mole of Mn(Il) from solute onto the
liquid-solid phase. The temperature changes will have
an impact on the equilibrium constant and the sorption
capacity of beet pulp shreds (Table 3) [32].

The influence of the temperature on the sorption process
for different manganese ions concentrations can be exam-
ined using the data obtained from equilibrium and kinetic
models.

Using the value of the K, partition coefficient, thermo-
dynamic parameters of the process which are; change of
enthalpy AH, change of entropy AS and free energy Gibbs
AG were calculated. The obtained results are shown in



124
0.14 9,
A
0.12 1m
Ld
0.1+ K XK 155 mgfdm?
= ¢ ¢4 215 mg/dm®
2 X
S 0.08 1 EEE 223 mg/dm?
£ > b 289 mg/cm?
T 0.06 1
=
e - *
o, 0.04 \
o ]
»
0.02 4
X
0 =
'0.02 T L L] T T
0 10 20 30 20 50

J. Chwastowski, P. Staron / Desalination and Water Treatment 242 (2021) 117-127

14
B
12 A
10 1
o
o 84
E
=
£ 6
g
47 X XK 155 mg/dm?
* 98 215 mg/dm?
2 4 HEN 243 mg/dm?
bbb 289 mg/dm
0 +- - T T 1§ L] T 1
0 10 20 30 40 50 60
t {min)

K ¥ K 155 mg/dm?
¢ & @ 215 mg/dm*
HEME 243 mg/dm?
P PP 285 mg/dm?

3 4 5 6 7 8
105

Fig. 6. Kinetics of pseudo-first-order (A), pseudo-second-order (B) and Weber—Morris (C) models for the Mn(II) sorption onto the BPS

(T =20°C).

Table 4. Studying the values of the Gibbs free energy it can
be seen that at all of the tested temperatures the values are
negative suggesting that the adsorption of the Mn(II) ions
onto the BPS is spontaneous and feasible thermodynam-
ically [33]. Moreover, the AG values are decreasing during
temperature increase suggesting that the adsorption is more
favourable at higher temperatures [34]. Additionally, all
values of the AS° obtained in the study were higher than 0
suggesting that the organization of the Mn(Il) ions at the
phase interface during the sorption process is more random.
Moreover, it can be implied that occurring phenomena are
connected with the associative mechanism [35].

Examining Fig. 7 it can be seen that the adsorption of
Mn(II) ions onto the PBS is a 3-way process depending on
the temperature used in the test. The exothermic process
was observed at the lowest temperature suggesting that
microorganisms present in the material were not active
(microbiological studies of the PBS were made and it was
concluded that it consist of yeast cells in its structure). In
the range between 30°C and 40°C, a rise can be seen in the

removal capability and a change to the endothermic process
which can be associated with the activation of microorgan-
ism cells. The mentioned temperature is optimal for most
of the yeast cells to grow and proliferate [36]. At the tem-
perature higher than 40°C yeast cells are degraded due to
the denaturation process of proteins resulting in cell death
[37]. At the temperature above 40°C process turned into
the exothermic process according to the negative values
of AH probably due to the mentioned lowered cell activ-
ity and death [33]. The negative AS value is connected
with the decrease in the degree of freedom of adsorbed
species [38].

4. Conclusion

The above study showed that beet pulp shreds have a
high affinity for the Mn(Il) ions and can rapidly remove
them at various concentrations from aqueous solutions.
The adsorption process of manganese ions on BPS was
dependent on different chemical and physical parameters.
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The sorption process is fast at the first minutes of the
experiment and the equilibrium is reached after ~30 min.
Equilibrium studies showed that the Langmuir isotherm
was the best fit for all of the used temperatures (each regres-
sion coefficient R*> was higher than 0.99). Maximum sorp-
tion capacity for used temperatures (20°C-60°C) ranged
from 4.692 to 6.800 mg/g respectively. The R parameters
for each experiment was in the range between 0 and 1 what

Table 2
Values of parameters characterizing Mn(II) sorption kinetics on
BPS (T=20°C)

125

suggest favourable conditions of the adsorption process. It
can be concluded from the sorption kinetic modelling that
the sorption process is best described by the pseudo-sec-
ond rate order model according to the highest regression
coefficient (>0.99). Thus, it can be concluded that the pro-
cess is probably chemical what is under the FTIR analysis.
To calculate the thermodynamic parameters thermody-
namic studies were performed. The process presented in the
article is both endo and exothermic process depending on
the used temperature in the occurring adsorption process
which is probably connected with the presence of microor-
ganisms and their metabolic activity. Overall it can be con-
cluded that the beet pulp shreds can be successfully used in
the process of removing manganese ions from the aqueous

Kinetics/parameters Concentration (mg/dm?) solutions.
155 215 243 290
Pseudo-first-order
q, (mg/g) 0.650 0.915 1.149 1.799 Table 3
K, (min™) 0.002 0.003 0.003 0.003 Resultg of the sorption. capacity in the equilibrium .(qe) of the BPS
R 0.9522 05887 07604 0.9319 for various concentrations of the Mn(II) after 60 min
Pseudo-second-order T (°C) C, (mg/dm?)
q, (mg/g) 4.715 6.825 7.138 12.029 155 215 243 290
K, (min™) 0.696 0.234 0.300 0.260 9, (mg/g)
R? 1.0000  0.9992  0.9992  0.9998
; 20 4512 5.780 6.056 6.412
Webber-Morris 30 4.676 6.040 5.848 6.786
I 4.053 5.001 4.826 5.459 40 4572 5.920 5.820 6.584
K, (mg/g min®) 0.102 0.200 0.180 0.208 50 4580 5.852 5.868 6.508
R? 0.6580 0.6792 0.7211 0.7614 60 4.520 5.744 5.976 6.624
Table 4
Thermodynamic parameters for the adsorption of manganese ions on BPS
Mn C; (mg/dm?) T (K) AH (kJ/mol) AS (J/mol K) AG (kJ/mol)
293 11.46 -56.425 -51.12
303 -56.34
155 313 —41.11 -5.034 -56.92
323 -58.55
333 -61.74
293 11.70 -59.406 -57.53
303 -63.04
215 313 -6.22 -0.259 -63.17
323 -63.17
333 -69.80
293 84.80 -51.455 -66.31
303 -71.15
243 313 -39.90 -10.301 -72.24
323 -74.95
333 -78.02
293 109.36 -61.070 -70.02
303 -75.72
290 313 -50.10 -8.448 -76.65
323 —-79.60
333 -82.78
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Fig. 7. Plots of InK, vs. 1/T for determination of thermodynamic parameters.

Symbols

~ 3

=Y

- B IS
5
%

I RR

[sv]

S

>

Beet pulp shreds

Initial concentration of Manganese ions,
mg/dm?®

Concentration of Manganese ions at equi-
librium, mg/dm?®

Sorption capacity at equilibrium, mg/g
Sorption capacity at a given time, mg/g
Mass, g

The percentage removal of manganese
ions at equilibrium

Maximum sorption capacity, mg/g
Langmuir constant, dm’/mg

Freundlich constant, mg=@(dm?)"g"!
Heterogeneity factor;

Equilibrium binding constant correspond-
ing to the maximum binding energy, dm®/g
Constant related to the heat of sorption,
J/mol

Temkin isotherm constant;
Pseudo-first-order rate constant, 1/min
Pseudo-second-order rate constant,
g/(mgmin)

k., — Intra-particle diffusion rate constant,
mg/g min®

I — Intercept of the line in Weber-Morris
model;

AG — Change of Gibbs free energy, J/mol

AH — Change of enthalpy, J/mol

AS — Change of entropy, J/mol K

K, — Distribution coefficient, cm®/g

R — Gas constant, J/mol K

T — Temperature, K
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