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Abstract

The thermal analysis methods were used for the description of the adsorption behaviour of selected proteins differing in inter-
nal stability (ovalbumin (OVA) and lysozyme (L.SZ)). These proteins were immobilised on the surface of activated biocarbon
obtained from the horsetail herb precursor. The values of the hydrodynamic radius of both biopolymer macromolecules in
the solution were determined by the use of the viscosimetry method. This parameter is important for the specification of the
possibility of proteins nano-molecules to penetrate the nano-pores of the adsorbent which leads to the increase of biopoly-
mers adsorption. Such behaviour is observed at the pH value which is very close to the pl value of specific biopolymer (the
greatest adsorption of proteins on the activated carbon surface occurs- at pH 5 for OVA being 323 mg/g, as well as at pH 11
for LSZ which is 464 mg/g). Under such conditions, the proteins macromolecules assume conformations characterized by
the lowest values of hydrodynamic radius, i.e. 2.76 nm for OVA and 1.07 nm for LSZ. The data obtained from the analysis
of gaseous products of thermal decomposition of the samples indicated the types of biocarbon surface groups as well as the
enabled specification of the protein macromolecules adsorption mechanism.

Keywords Nanosized proteins - Thermal analysis - Adsorption mechanism - Activated carbon decomposition -
Hydrodynamic radius of macromolecules - Activated carbon surface groups

Introduction

The methods of the protein adsorption process examination

on the solid surface are very diverse. These include: optical,
spectroscopic, microscopic, and thermal analysis techniques.
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The simplest method of the protein adsorption study is
the Solution Depletion Technique based on the determi-
nation of changes in the concentration of biopolymer in
a solution due to its adsorption on the selected material
surface. Protein concentration can be determined by vari-
ous methods, e.g. based on UV absorption, fluorescence,
colorimetry or radioisotope techniques (Jennisen 1981;
Hlady et al. 1999). Several variations of this method have
been developed, among which dynamic (chromatographic)
and static methods have been distinguished. The first
class of methods includes Saturating Sample-Load Col-
umn Method and Limited Sample-Load Column Method
(Jennisen and Heilmeyer 1975; Jennisen and Demirolgou
1992). In the static methods (Batch Depletion Method:
adsorption and Batch Repletion Method: desorption),
adsorbed protein macromolecules are separated from those
in the solution by centrifugation (Jennisen 1975; Jennisen
and Botzet 1979). Radiolabeled proteins are often applied
in their adsorption studies using autoradiography (Tollefen
etal. 1971).

Ellipsometry, Variable Angle Reflectometry, Surface
Plasmon Resonance are the most commonly used optical
methods to study the process of protein adsorption. They are
based on the interactions of light with the formed adsorption
layer of biopolymer (Hlady et al. 1999). In Ellipsometry,
linearly polarized light is reflected diagonally from the inter-
face (determination of the optical properties of the surface
which corresponds to the thickness of the adsorption layer
(Thompson 1993)). Variable Angle Reflectometry is based
on the measurements of refractive indices of the polarized
light beam at the angles whose value is close to the Brew-
ster angle (Schaaf et al. 1987). Surface Plasmon Resonance
(SPR) is closely related to the surface plasmons, i.e. collec-
tive oscillations of free electrons on metallic surfaces which
are dependent on the presence of protein adsorption layer
(Kadir et al. 2005).

The spectroscopic methods, i.e. fluorescence spectros-
copy (mainly total internal reflection fluorescence spectros-
copy (TIRF)), infrared absorption (IR) spectroscopy (mainly
Fourier transform infrared spectroscopy (FTIR)), Raman
spectroscopy and circular dichroism (CD) Spectroscopy are
based on the photons interactions with the adsorbed protein
macromolecules (Buijs and Hlady 1997; Maiti et al. 2004;
Smith and Dent 2005; Kecki 2013). The intensity of the
spectroscopic signal usually indicates the amount of pro-
tein adsorbed on the selected surface whereas the qualitative
spectroscopic data provide information on the structure and
conformation of biopolymer macromolecules.

Determination of the spatial distribution of protein mac-
romolecules in the adsorption layer is more complicated and
requires specialized equipment—high-resolution micro-
scopes. Of the microscopic methods Atomic Force Micros-
copy (AFM), Scanning Optical Microscopy (SOM) (especially
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Near-Field Scanning Optical Microscopy (NSOM) variant) are
widely applied (Howland and Benatar 2002).

The thermal analysis methods (TG, DTG analysis, and DSC
calorimetry coupled with analysis of gaseous products of ther-
mal degradation using FTIR and QMS spectrometry) allow
the determination of thermal decomposition of solid systems
modified by the adsorption layers of selected biopolymers and
characterization of adsorption mechanism of protein molecules
(via the analysis of the type of solid surface groups and their
possible interactions with the adsorbate macromolecules)
(Wisniewska et al. 2020b). Thermogravimetry (TG) is based
on the changes in the sample mass during heating as a func-
tion of temperature. Differential Thermogravimetric Analysis
(DTG) provides the information about the derivative of the TG
data as a function of time which allows determination of the
initial and final temperatures of the examined process. In turn,
Differential Thermal Analysis (DTA) calorimetry character-
izes the thermal behaviour of the sample during its physical
and chemical changes as a function of time (Paulik 1995).

In the present study, the above-mentioned thermal analysis
methods were used for the description of adsorption behaviour
of selected proteins differing in internal stability (ovalbumin
(OVA) and lysozyme (LSZ)) immobilised on the surface of
activated biocarbon obtained from the horsetail herb precursor.
They are a valuable complement to the adsorption, electroki-
netic and aggregation data obtained for the systems described
in our previous paper (Szewczuk-Karpisz et al. 2020). The pre-
viously performed experiments indicated that the mesoporous
horsetail herb-based activated biocarbon exhibits the highest
adsorption capacity related to OVA and LSZ at the protein
isoelectric point (i.e. pH 5 for OVA, pH 11 for LSZ). Under
the same conditions the most effective aggregation of solid
suspension in the OVA and LSZ presence was observed (pro-
viding efficient removal of proteins from the aqueous solution
using eco-friendly carbonaceous adsorbent). The data dis-
cussed in this paper indicated the types of biocarbon surface
groups, enabling precise specification of the mechanism and
strength of their interactions with the protein macromolecules.
These results provided additional and valuable information
which enable full characterization and understanding of the
adsorption behaviour of the proteins at the activated carbon-
solution interface. This contributes to more efficient and
conscious planning of the technologies for the separation of
undesirable nano-sized biopolymers in the water purification
processes using nanostructured activated carbons.

Experimental
Materials

The examined activated carbon (AC) was obtained from
the residue after extraction of the horsetail herb with
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ethanol using the procedure described in the previous
paper (Szewczuk-Karpisz et al. 2020). The impregnated
precursor with 50% phosphoric acid solution (weight
H;PO,: precursor ratio—2:1) was activated at 550 °C for
30 min. The obtained material was characterized by the
following textural parameters: the BET surface area—
407 m?*/g, the total pore volume—0.923 cm?/g and the
average pore diameter—9.21 nm (sorptometer ASAP
2020, Micrometrics, Norcross US). The total content of
the activated carbon surface groups was 2.32 mmol/g,
most of which (2.28 mmol/g) are the groups with acidic
character (Boehm method Boehm (1994)).

Lysozyme (LSZ) and ovalbumin (OVA) were obtained
from Sigma-Aldrich. Lysozyme is the enzymatic protein of
cationic character, occurring mainly in polynuclear granu-
locytes, monocytes, and macrophages (in most tissue fluids
such as tears, saliva). In turn, ovalbumin is a glycoprotein
sourced from egg white belonging to the serpin family.

Methods
Viscosity measurements

Viscosity measurements were used for the hydrodynamic
radius (r,) determination of the both protein macromol-
ecules at various pH values (3, 5, and 11 +0.1) at 25 °C.
The pH values of the solutions were adjusted using HCI
and NaOH with the concentrations 0.1 mol/dm® and pH-
meter (Beckman, Brea US). The measured viscosities (77)
were converted to the reduced viscosities (1,.4) according
to the equation:
i

Ny — 1 n
g =2 =T )

Cc Cc

where 7, specific viscosity, 7, relative viscosity, 7, sup-
porting electrolyte solution viscosity, # protein viscosity in
the supporting electrolyte solution, ¢ protein concentration
in the supporting electrolyte solution.

The concentrations of the biopolymer in the support-
ing electrolyte solution (NaCl with the concentration
0.001 mol/dm?®) ranged from 10 to 500 ppm.

Using the linear dependence of the reduced viscosity
as a function of the protein concentration, the intrinsic
viscosity [n] was determined by extrapolating the obtained
line to a concentration equal to 0:

(1] = lim(t,e0) @)

Hydrodynamic radius (z;,) of the lysozyme and oval-
bumin macromolecules was calculated using the formula
developed by Einstein-Simha (Armstrong et al. 2004):

5[ (M13M

=1 Tomn, 3)

where M protein molecular weight, N, Avogadro number.
The viscosity of the biopolymer solutions was deter-
mined using a rotary rheometer CVO 50 (Bohlin Instru-
ments, Worcestershire UK), which was cooperating with a
thermostat RTE 111 M (Spectro-Lab, Warsaw Poland). The
measuring system of this apparatus is composed two coaxial
cylinders made of stainless steel. The double gap obtained
in this way guarantees high sensitivity of measurements,
resulting from the large surface area of the working system.

Adsorption and electrokinetic measurements

Adsorption and electrokinetic measurements were per-
formed in the presence of the supporting electrolyte—NaCl
with the concentration 0.001 mol/dm? at 25 °C.

The protein adsorbed amount on the activated carbon
surface was determined using the static method based on
the difference in its concentration in the solution before
and after the adsorption process. The protein concentration
was established spectrophotometrically (spectrophotometer
UV/Vis, Jasco-530, Tokyo Japan) at the wavelength 280 nm
(maximum UV absorbance).

The potentiometric titration method allowed the deter-
mination of the surface charge density of the solid systems
(without and with ovalbumin or lysozyme) as well as their
pH,,. value (pzc—point of zero charge). On the other hand,
electrophoretic mobility measurements (zetameter Nano ZS,
Malvern Instruments, Bristol UK) allowed the determination
of zeta potential of the AC suspensions (without and with
adsorbates) as well as their pHj,, values (iep—isoelectric
point). The detailed presentation of the obtained results was
given in our previous paper (Szewczuk-Karpisz et al. 2020),
and this paper presents some results relevant to viscosity and
thermal data analysis (obtained for the initial concentration
of biopolymers 500 ppm and pH values: 3,5 and 11+0.1).

Thermal measurements

Thermal properties of the samples were determined using the
simultaneous thermal analyzer STA 449 F1 Jupiter (Netzsch,
Selb Germany). The TG, differential TG (DTG) and dif-
ferential scanning calorimetry (DSC) curves were recorded
over the 30-950 °C range at a heating rate of 10 °C/min in
the helium and synthetic air atmosphere (50 mL/min) using
a TGA-DSC sensor type S. In order to determine the oxy-
gen groups on the surface of unmodified active carbon, the
measurements in helium were performed at up to 1200 °C.
The samples: mass ~ 10 mg (in helium atmosphere) and
mass ~ 7 mg (in air atmosphere) were placed in the alumina
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crucible. The empty Al,O5 crucible was used as a reference.
The gaseous products emitted during decomposition of the
materials were analysed by the FTIR spectrometer Tensor
27 (Brucker Optik GmbH, Ettlingen Germany) and by QMS
403D Aeodlos (Netzsch, Selb Germany) coupling on-line to
the thermal analyzer. The data were collected and processed
using the NETZSCH Proteus® software, version 6.1.

The probes for thermal measurements were prepared at
25 °C in the same way as for the adsorption measurements.
0.01 g of the activated carbon was added to 10 cm® of the
solution containing the supporting electrolyte (0.001 mol/
dm? NaCl) and selected protein (ovalbumin or lysozyme
with the concentration 500 ppm). Then the pH of the sam-
ples was adjusted to the value 3, 5, or 11 +0.1. When the
adsorption was complete, the solid was separated from the
solution using the micro-centrifuge, dried at room tempera-
ture and subjected to the thermal measurements.

Results and discussion

The size of protein macromolecules in the solutions of dif-
ferent pH values depends on their internal stability. Both
proteins differ from each other as regards physicochemical
parameters such the pl (isoelectric point) value and molecu-
lar weight, as well as internal stability (Rabe et al. 2011).
LSZ is classified as a ‘hard protein’—it has high internal
stability, that is its conformation is slightly dependent on the
solution pH value. In turn, OVA is a ‘soft protein’—it has
low internal stability and assumes denatured conformations
in the solutions of strongly acidic or basic character. The
isoelectric point (pI) of ovalbumin is about 4.8 whereas that
of lysozyme—about 10.7 (Szewczuk-Karpisz et al. 2020).
The molecular weight of LSZ is 14.3 kDa whereas that of
OVA is 43 kDa. Figure 1 shows the dependencies of the
reduced viscosities of ovalbumin and lysozyme solutions
as a function of protein concentration obtained at different
pH values. In turn, Table 1 presents the values of hydrody-
namic radius of protein macromolecules determined from
the intrinsic viscosities data.

Proteins with low internal stability, such as OVA, undergo
strong structural changes at pH values close to their isoelec-
tric point. This is directly related to their denaturation which
manifests itself in the destruction of the secondary, tertiary,
and quaternary structures resulting from the breaking of the
stabilizing chemical bonds (hydrogen, ionic, and disulfide
bridges). It is worth noting, that at pH 5, which is close to
the isoelectric point OVA, the protein assumes its native
structure and its size is the smallest—the hydrodynamic
radius is 2.76 nm. This is consistent with the literature data
which state that the diameter of the OVA particle varies in
the range of 5.4-5.6 nm (Nakamura et al. 1997; Neumann
et al. 2010). Clear denaturation of albumin macromolecules
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Fig. 1 Dependencies of the reduced viscosity of OVA (a) and LSZ
(b) solutions on their concentration at pH 3, 5 and 11

Table 1 Characteristics of
protein macromolecule sizes in
the solution

Protein pH [n] Iy
[dm3/g] [nm]

OVA 3 0.6601 4.10
5 0.2007 276

11 05093 3.76

LSz 3 0.0870 2.09
0.0612 1.86

11 0.0117 1.07

occurs only at pH 3 and 11. Under these conditions, the
r, of ovalbumin is 4.1 and 3.76 nm, respectively (Table 1).
Therefore, the extent of development of the ovalbumin mac-
romolecules is the greatest in the solution of pH 3.

On the other hand, the structure of high internal stability
proteins including lysozyme, is slightly dependent on the
solution pH. This indicates that their macromolecules retain
their native conformation within the wide pH range. Accord-
ing to the literature reports, lysozyme does not change its
structure in the pH range 1-8 (Parmar et al. 2009). This is
confirmed by the viscosity measurement results, i.e. the val-
ues of the hydrodynamic radius of LSZ macromolecules in
the solution. In the range up to pH 9, no significant changes
in the values of this parameter were observed. It varies from
2.09 (pH 3) to 1.86 nm (pH 9). Only at pH 11, which is
very close to the value of the isoelectric point of lysozyme,
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the size of its macromolecules decreases noticeably and ry,
reaches the value of 1.07 nm.

The pH,,, value of the activated carbon without adsorb-
ates is 3.2 (Fig. 2a). Thus, at pH 3.2 its surface charge is
equal to 0. Such a small acidic value of pzc results from a
large content of surface oxygen groups with acidic character
in comparison to those with basic one. The protein addi-
tion changes noticeably the position of pH,, . points (they
were shifted towards higher pH values, changing in the range
3.7-3.9). According to Hartvig et al. (2011) the changes in
the solid surface charge are mainly dependent on the type of
amino acids that are close to the surface (N-terminus and the
side chains of arginine, histidine and lysine of the adsorbed
amino acids, as well as the C-terminus and aspartate, gluta-
mate, cysteine and tyrosine amino acid side chains).

In turn, the isoelectric point of the activated carbon
(pH;¢p) is 2.4 (Fig. 2a). The protein addition contributes to a
clear shift of the solid pH;,,, value. In the case of both exam-
ined proteins, the observed pH,,, value of solid particles
covered with the biopolymer approaches the pl value of the
protein. In the presence of OVA, the pH;, value is about 4.9

(a)
pH values corresponding with pzc and iep points
10.7
12
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8
4.9
6 3.9
3.2 2.4
4 Z Z
2
0
AC AC+OVA AC+LSZ
Mpzc Eiep
(b) Protein adsorbed amount [mg/g]
464
500

400

300

200

100

pH3 pHS

pH 11

OOVA mLsz

Fig. 2 Electrokinetic parameters characterizing the AC systems with-
out and with adsorbed proteins (a) and the protein adsorbed amounts
on the AC surface at pH 3, 5 and 11 (b); the initial concentration of
the biopolymer equal to 500 ppm

whereas in the presence of LSZ it is 10.7. Such behaviour
ensures the total coverage of the solid surface by the protein
macromolecules—as a consequence of their adsorption, the
solid acquires properties similar to those of the adsorbate
(Rezwan et al. 2005; Szewczuk-Karpisz and Wisniewska
2014).

As can be seen in Fig. 2b the greatest adsorption of
proteins on the activated carbon surface occurs at such a
pH value which is very close to the pI value of the spe-
cific biopolymer. Thus, for OVA its maximal adsorption
is observed at pH 5 (about 322 mg/g) whereas for LSZ
the highest adsorption level is obtained at pH 11 (about
464 mg/g). Under these conditions proteins macromol-
ecules have a net charge equal to O—there is no electro-
static repulsion between the molecules adsorbed on the AC
surface (Pezennec et al. 2000) and the protein desorption is
minimal. What is more, at pH 5 the OVA molecules (r,, is
2.76 nm) can penetrate freely the mesopores (with the diam-
eter 9.21 nm) present in the engineered biochar structure. In
the case of LSZ at pH 11 (7, is 1.07 nm), such penetration is
much more effective and the lysozyme adsorption reaches
the highest level of all examined systems.

Figure 3a shows the thermoanalytical curves obtained
as a result of the thermal decomposition of the activated
carbon in the helium atmosphere. In the first stage, up to
150 °C, the weight loss of 0.82% is related to the endo-
thermic process of physically bound water removal from
the AC surface. At higher temperatures, the presence
of peaks on the DTG and Gram Schmidt curves with the
weight losses: 0.97% at 150—450 °C, 6.65% at 450-800 °C
and 32.71% at 800-1200 °C is related to the decomposition
of the surface oxygen groups. For better interpretation of
these results, Fig. 3 presents the changes in the intensity of
the carbon monoxide signals as a function of temperature
obtained from the analysis of gaseous products of reaction
by means of the infrared spectroscopy method. Comparing
the obtained results with the literature data (Figueiredo et al.
1999; Szymarski et al. 2002; Sternik et al. 2019), it can be
concluded that in the first stage the carboxylic groups are
destroyed which causes CO, emission (Fig. 4), and in the
second stage—mainly lactone groups (emission of CO,) and
additionally carboxylic (CO, and CO emissions) and phe-
nolic (CO emission) anhydrides. Above the temperature of
800 °C, the increase in the intensity of CO and CO, signals
in the gaseous products indicates clearly the decomposition
of carbonyl, quinone and pyron groups. Our previous study
(Wisniewska et al. 2017; Sternik et al. 2019) shows that the
concentration and type of surface groups of activated car-
bons depend largely on the type of precursor substrate, as
well as carbon material synthesis and activation methods.
Figures 3b and c¢ show the TG-DTG-DSC curves of carbon
biocomposites modified by proteins in the solutions of pH
5 (for OVA) and pH 11 (for LSZ). As in the case of the
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unmodified AC sample at low temperatures, the first endo-
thermic process at temperatures up to 125 °C with the weight
losses below 1% is associated with the dehydration process.
In the second stage, in the temperature range of 150-450 °C,
wide peaks on the DTG curves with weight losses of 9.15%
(Tprg=316.5 °C) and 11.33% (Tprg=331.2 °C) for the
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AC+ OVA sample (at pH 5) and AC+LSZ one (at pH 11)
are mainly related to the condensation, decarboxylation, and
deamination of individual amino acids of the proteins (Dunn
and Brophy 1932; Kato and Fujimaki 1971; Yablokov et al.
2013; Weiss et al. 2018). According to the literature data
(Kuzema et al. 2016; Chrzanowska and Deryto-Marczewska
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Fig.4 Changes in signal intensity of a) CO, and b) CO determined
from the FTIR analysis during pyrolysis of unmodified activated car-
bon

2019) the main products of protein decomposition are:
H,0, NH;, HCN, C,H,, CO, and CH,, as well as ketones,
aldehydes, carboxylic acids and other hydrocarbons can be
formed. The MS spectra of the main decomposition prod-
ucts of the analyzed carbon biocomposites are presented in
Fig. 5. In the discussed temperature range to 500 °C, there
appear the sharp peaks originating from m/z: 15 (CH,), 17
(H,O, NH,), 18 (H,0), 27 (HCN), 30 (NO), 41 (CH;CN),
44 (CO,), 51 (alkyl radicals) as well as slight peaks for 46
(NO,, CO,), 64 (SO,), 78 and 91 (aromatic compounds),
which are absent in the MS spectrum of the unmodified AC
sample. In addition, in the case of the AC+LSZ sample (at
pH 11), H,S was formed during pyrolysis (Fig. 5f). In the
case of the LSZ modified sample, an increase in the inten-
sity of the peaks in relation to the OVA modified one was
observed. Additionally, the shift of peaks position on the
DTG and most MS curves towards higher temperatures takes
place, which is related to the greater amount of adsorbed
protein. Above 450 °C, endothermic effects with the weight
loss of 25.24% (AC+ OVA at pH 5) and 21.59% (AC+LSZ
at pH 11) are mainly related to the further decomposition of
biopolymer residues strongly bound to the adsorbent surface
and inside its pores, as well as oxygen groups of carbon
surface as a result of decarbonization. These processes take
place in a continuous manner in the whole discussed tem-
perature range and the main gaseous products of decomposi-
tion are CO, (Fig. 5h) and nitrogen oxides (Fig. 5e).

The decomposition processes during heating depend
primarily on the amount of adsorbed adsorbate, the pore
structure, and the functional groups of the activated car-
bon. Figures 6 and 7 show the TG, DTG IDSC curves of
thermal decomposition in the atmosphere of synthetic air
obtained for the samples of unmodified activated carbon

and those of modified with a suitable protein at pH 3, 5,
and 11. In the case of unmodified activated carbon, two
main stages can be observed. The first one, with a weight
loss of approx. 0.9%, is related to the dehydration pro-
cess. In the temperature range of 150-940 °C, there is a
distinct exothermic peak on the DTG and DSC curves,
which reflects the oxidation process taking place in the
samples. This process may be multi-stage, depending on
the conditions of its conduction, as mentioned in our pre-
vious papers (Skowrotiski 1979; Deryto-Marczewska et al.
2010). The main decomposition products were CO, (m/z
44) and H,0 (m/z 18) (Fig. 8). In addition, the occurrence
of nitrogen oxides (m/z 30) and SO, (m/z 64) in gaseous
products, prove the presence of sulfur and nitrogen groups
on the AC surface. For the OVA and LSZ modified sam-
ples, the first stage (up to 150 °C) associated with the
dehydration, is not much different from starting material.
A slight increase in the weight loss by approx. 0.3% and
the shift of DTG peaks towards higher temperatures is
related to additional interactions of water molecules with
the functional groups of amino acids included in individ-
ual proteins. Evident changes were observed in the temper-
ature range of 200-450 °C. Weight losses from 4.4 to 9%
for the OVA modified samples and from 4.6 to 12% for the
LSZ modified samples are the result of organic substances
decomposition processes. As in the case of the previously
discussed measurements in helium, in this temperature
range, there are processes related to decarboxylation and
deamination of amino acids adsorbed on the adsorbent
surface as well as partial oxidation of carbon biocompos-
ites. As a result, the total energy effect of the reaction is
exothermic, and the increase in its intensity for AC + OVA
pH 5 and AC+LSZ pH 11 samples results from a signifi-
cant increase in the surface concentration of the protein
due to its maximal adsorption under the pH conditions
close to the isoelectric point of the biopolymer (Figs. 6
and 7). As can be seen from the MS data presented in
Fig. 8, the main products of amino acid degradation were
HCN (m/z 27), CH,CN (m/z 41), NH, (mm/z 17), hydrocar-
bons (m/z 51, 15), benzene (m/z 78) and oxides formed
as a result of oxidation of organic molecules and carbon
surface groups: H,O (m/z 18); CO, (m/z 44), NO, (m/z
30, 46) and SO, (m/z 64). Similar to the unmodified AC
sample, the main decomposition stages took place in the
400-700 °C temperature range. Weight losses over 54%
are mainly related to the oxidation of organic nitrogen,
carbon materials formed as a result of the decomposition
of biopolymers and AC graphene layers. As a result of
these reactions, the evolution of CO,, NO,, H,0, and SO,
was observed in the mixture of post-reaction gases, but in
the case of the latter two, the intensity of the release was
lower than in the previously discussed stage.
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Fig.5 Evolution of MS signals
of main gaseous products a m/z
15 (CH,); b 17 (H,0, NH,);

¢ 18 (H,0); d 27 (HCN), e 30
(NO, NO,), £ 34 (H,S), g 41
(CH5CN), h 44 (CO,),i 46
(NO,, CO,), j 51(alkyl radicals),
k 64 (SO,) as well as aromatic
compounds: m/z 78 (k) and 91
(1) of pyrolysis in the helium

of AC unmodified (black line)
and modified with OVA (circle)
and LSZ (star) at pH 5 and 11,
respectively
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Conclusions pH 5) and AC+LSZ (prepared at pH 11) systems during

The smallest sizes of both biopolymers macromolecules
under the pH conditions very close to their isoelectric points
(pH 5 for OVA and pH 11 for LSZ) enable free penetration
of proteins into the solid pores. This results in the highest
adsorption level of both proteins at pHs corresponding with
their pl points. This is also the main reason for the greatest
changes in the weight losses of the AC +OVA (prepared at

their thermal decomposition in relation to the unmodified
activated biocarbon. The MS spectra analysis indicated that
the main decomposition products of the activated carbon/
protein composites are CH,, H,O, NH;, HCN, NO, CH;CN,
CO,, alkyl radicals, NO,, SO, and aromatic compounds.
Their presence is the result of oxidation reactions of organic
nitrogen, carbon materials formed during the decomposition
of biopolymers and graphene layers of activated carbon.
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Fig.6 TG (a), DTG (b) and (a)
DSC (c¢) curves in the air atmos- TG M
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Fig.7 TG (a), DTG (b) and (a)
DSC (c¢) curves in the air atmos- TG /%
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Fig.8 Evolution of MS signals
of main gaseous products a
mlz 15 (CHy); b 17 (H,0,
NH,); ¢ 18 (H,0); d 27(HCN),
e 41 (CH;CN), £ 44 (CO,),

g 46 (NO,, CO,), h 51(alkyl
radicals), i 64 (SO2) as well

as j benzene (m/z 78) thermal
decomposition of AC unmodi-
fied (black line) and modified
with OVA and LSZ at 3, 5 and
11 for the initial concentra-
tion of the biopolymer equal to
500 ppm
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