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Investigation of thermal bridges
of a new high-performance windows
installation using 2D and 3D methodology

Keywords: thermal bridges, thermal conductivity, thermal insulation, window,
passive house

Abstract: The investigation of energy saving building elements is a paramount
issue at this moment when EU Directives focus on achieving new goals regard-
ing energy performance of buildings and energy efficiency. This work is focused

on the investigation of thermal bridges of a new high-performance windows instal-
lation. This work aims to investigate in detail the thermal properties of the window
installed in the thermal insulation layer and to compare different installation meth-
ods and thermal bridge evaluation methodologies from the point of view of ther-
mal physics. The results show that, comparing the obtained values of the thermal

bridge according to 2D and 3D calculation methods, the values show a difference

of 68%. Furthermore, the arrangement of the values of the thermal bridge accord-
ing to the distance from the load-bearing wall took the opposite trend. Therefore,
when designing energy-efficient buildings, it is risky to evaluate thermal bridges

only with the 2D methodology.

Introduction

The investigation of energy saving building elements is a paramount issue at this
moment when EU Directives focus on achieving new goals regarding energy per-
formance of buildings and energy efliciency. [1]. Correct window installation is still
one of the most difficult hurdles that must be overcome in order to achieve a higher
energy efficiency in buildings [2]. The thermal imaging made by professionals clearly
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shows the thermal bridges at window openings [3]. Thermal bridges are caused by full
or partial penetration of the building envelope by materials with different thermal con-
ductivities, and/or a change in fabric thickness, and/or a difference between internal
and external areas, such as those found at wall/floor/ceiling junctions) [4]. According
to a literature review, the total impact of thermal bridges on heating energy demand
is significant in general, ranging from 5% to 39% [5-8]. The factors mentioned above
are determined by weather conditions, insulation level, thermal bridge constructive
solutions, building type (use and geometry), and methods used to implement its effects
within the calculation of the building energy demand [9]. Thermal bridges can impact
a single point, a linear area, or an entire spatial configuration. Typically, the linear
thermal bridges (LTB) that occur at the junction of two or more building envelope ele-
ments are evaluated in the calculations of the building energy demand. Several scien-
tific studies have been conducted in which LTB was investigated using various calcu-
lations and simulation methodologies, such as static/dynamic and 1D/2D/3D [10-13].
The majority of these studies present empirical LTB dependences, which deter-
mine the linear thermal transmittance value of a specific construction element [14].
On these foundations, numerical calculation software and catalogues are developed.
The European Standard EN ISO 14683 [15] is one of the most widely used atlases
and contains seventy-six cases referring to eight thermal bridge typologies, (roofs,
corners, intermediate floors, internal walls, slab-on-ground floors, suspended ground
floors, pillars, window and door openings). On the other hand, these atlases provide
thermal bridge values calculated using the 2D method. These calculations exclude
PTB, which is formed by thermally conductive fasteners such as waxes, varnishes, etc.

The national document stated that the thermal transmittance of a linear ther-
mal bridge of the Nero Zero Energy Buildings (NZEB) must be a maximum
0.05 W/(mK) [16]. However, the attainment of such a value has become difficult among
project designers and builders. They are looking for new ways to reduce the impact
of point thermal bridges on a building’s energy costs [17]. A new method of installing
windows in a thermal insulation layer is currently being applied in practice. A pre-
fabricated frame, made of higher density stone wool boards and auxiliary elements,
for installation of window frames is being used (Fig. 1). Practice shows that such win-
dow installations are not complicated due to the lightness of the thermal insulation
board and the simplicity of the fastening elements. Moreover, it is suitable for installing
on any type of retaining wall and the thermal conductivity of the frame made of ther-
mal insulation material is low. In fact, since the metal fasteners do not connect to each
other, it is unlikely to create a point thermal bridge effect. The static properties of such
a frame are sufficient enough to install a high-performance window up to 350 mm away
from the retaining wall layer. However, the method of installing windows in this way
is little studied, compared to the general thermal research context. Therefore, the aim
of this work is to investigate in detail the thermal properties of the windows installed
in the thermal insulation layer and to compare different installation methods and ther-
mal bridge evaluation methodologies from the point of view of thermal physics.

10
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Methods

In terms of this study, the physics for the calculation of the heat transfer from point
thermal bridges, followed the requirements of the ISO 10211:2017 standard [4].

Particularly the linear thermal transmittance with calculated with the use
of Equation (1).

Y :LZD _ZUjlj 1)

where: L, - is the linear thermal coefficient obtained by calculating the 2D compo-
nent for the two environments considered, W/m-K; U, - is the thermal transmittance
of the 1D component j separating the two environments being considered, W/m’K;
I~ is the length within the 2D model which the value of U, applies, m.

The point thermal transmittance is calculated as in Eq. 2:

N.
N, !
r=1,- 3 VA3
j=1

2

where: L, - is the linear thermal coefficient obtained by calculating the 3D com-
ponent for the two environments considered, W/m-K; U] — is the thermal transmit-
tance of the 1D component I separating the two environments considered, W/m’K;
A, - is the area which the value U, applies, m* ¥, - are linear thermal transmittance,
Wi/(m - K); [ - is the length which the value of ¥, applies, m; N, - is the number of 2D
components; N, - is the number of 1D components.

The average point thermal transmittance ) , was calculating using Eq. 3:

_ fya
= »

where: a - starting position; b — end position; y — point thermal transmittance
as a function of length from the masonry layer, W/(m - K).

The longitudinal thermal transmittance Ay, was defined as the sum
of the point thermal transmittance of the individual components, calculated accord-
ing to Equation 4

Azps=(nx)a+(nx)ﬁ+...+(nx)y ©)
where: n — average number of fasteners per meter of opening, i, j, ..., m — different
types of metal fasteners.
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The total linear thermal transmittance was also calculated analytically with the use
of the HEAT?3 application, referred to in this study as the calculation procedure
of the complex structure, denoted with the indicator C.

The total linear thermal transmittance of the thermal bridges was calculated based
on the sum-up of the linear thermal transmittance of the individual components,
and the thermal transmittance of the stone wool construction, in accordance with Eq. 5

Yos =Y + AV ®)

or by considering the linear thermal transmittance of the complex structure, in accor-
dance with Eq. 6

Yic =Wsws +A1/)c (6)

where: ¢ - total linear thermal transmittance of the thermal bridges was calculated
based on the sum-up, W/(m - K); ¥;,; — linear thermal transmittance of the ther-
mal bridges of the window opening with stone wool boards (SWB), W/(m - K);
Ay, - longitudinal thermal transmittance, W/(m - K); ¥, - linear thermal trans-
mittance of the complex structure, W/(m - K); Ay - linear thermal transmittance
calculated analytically with the use of the HEAT3 application, W/(m - K).

The parameters of the wall construction selected for the study were as follows:
250 mm masonry with thermal conductivity A = 0.5 W/(m - K); 250 mm thermal insu-
lation material with A = 0.035 W/(m - K); 10 mm layer of external plaster with thermal
conductivity A = 1.0 W/(m - K). Accordingly, the heat transfer coefficient of the wall
structure was U = 0.12 W/(m? - K). The window frame was 6 chambers and its
thickness was 100 mm with a heat transfer coeflicient value of U,=1.06 W/(m? - K).
In this case, the area of the window is evaluated up to the surface of the opening
plaster.

The installation of a window on the opening edge of the building using stone
wool boards was chosen for the study (Fig. 1). The thermal conductivity coeffi-
cient of a special rigid stone wool board (Fig. 1 or Fig. 3) was A = 0.059 W/(m - K).
The length of the window frame fastener W was 192 mm; width - 50 mm; wall
thickness — 2 mm; thermal insulation thickness — 48 mm. The length of the cor-
ner fastener CL of the thermal insulation panels (when the thickness of the ther-
mal insulation layer was > 200 mm) was 192 mm; width - 192 mm (respectively
96 mm on one side of the corner); wall thickness - 2 mm. One wall mounting
piece measuring 80 x 100 mm was estimated in the calculations. The length
of the thermal insulation board interconnects EL was 192 mm; width - 192 mm;
wall thickness — 2 mm. Two wall mounting parts measuring 80 x 100 mm were eval-
uated in the calculations.
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CL

EL

FIG. 1. System of window installation in the insulation layer using the stone wool boards REDAir
TM LINK

SOURCE: own elaboration based on [18]

This study was guided by two methodologies of the standard EN ISO 14683 [15]:
1) numerical calculation of the coeflicient values (3D), where HEAT software was used
and 2) calculation by means of THERM computer software, working under steady
state conditions (2D). The calculation scheme is given in Figure 2.

In order to evaluate the influence of fasteners on heat loss through the window
opening edge, the computer program HEAT3 with a 3D temperature field calcula-
tion was used in the study. At this stage of the calculation, two cases of window frame
installation in stone wool boards were analyzed (Fig. 2):

1) A1 m high wall fragment with three fasteners installed: corner piece CL, mid-
dle piece EL and window fastener W (Fig. 1). Point thermal bridges x.,» Xz1> Xws
are determined;

2) A1 mlong window opening with two corner elements CL and two window fas-
teners W48 (Fig. 1). Point thermal bridges x, ., x,,, are determined.

In this study we analyzed how the value of point thermal bridges ¥, will be dis-
tributed by changing the window installation location in the thermal insulation layer.
The values in the thermal insulation layer of the longitudinal thermal bridge were
calculated from a value of 0 by adding 10 mm towards the outer side of the barrier, i.
from 0 + 10i + 10j... + 10n = 150 mm (Fig. 3).
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I Installation
: | sT | [ SwB|
1

| Thermal bridge -

— CL EL, W48 2xCL; 2x W48 —

1

1

1

1

1

i AV, AV, AV, AV,
1 A
: v %W:T
1

:

1

1

1

1

:I: Changing distance /

FIG. 2. Thermal bridge estimation algorithm
SOURCE: own elaboration

Stone wool board (SWB)

/=150 mm
Thermal insulation

Window

/=0 mm
Load-bearing layer of wall

FIG. 3. Schema of basic positions of the window frame in the section of the thermal insulation
layer using SWB

SOURCE: own elaboration

Also, an investigation using different calculations methods for determining
the additional thermal bridge values: complex AY,. (calculation option (2)) and summed
AY (calculation option (1)), was done (Eq. 5 and 6.). At this stage, we evaluated
the opening edge of a 1 m long window with two corner elements CL and two win-
dow fasteners W.
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Results and discussion

A comparison of the values of all linear thermal bridges analyzed in this study is pre-
sented in Figure 4.

Method
2D 3D

0.14 013
0.12

0.10
0.0852 0.0852

0.08 0.0781 0.0775
0.06
0.04
0.026
. Al

WST WSWB ! WTST WTC1 WTS2 WTC2
The kind of thermal bridges

o
o
N

The value of the thermal bridges W, W/(m-K)

FIG. 4. Comparison of the values of thermal bridges analyzed by different calculation methods
SOURCE: own elaboration

The results of the study show that the thermal bridge through the standard
installation site (old building, without insulating the window frame with stone wool
boards) will give a transmittance of ¥, = 0.13 W/(m - K), while using stone wool
boards for window frame insulation, the value of the thermal bridge transmittance
is ¥,,; = 0.026 W/(m - K). The difference between these values is 80%. However, after
estimating the metal fasteners, the difference is on average 37%.

If we compare the calculation results according to different methodologies, we will
see that when the window is installed right next to the edge of the masonry (/= 0 mm),
the results of the total thermal bridge (¥, = 0.0781 W/(m - K); ¥, = 0.0852 W/(m - K))
is almost the same (difference 0.8% and 0%) as for the complex thermal bridge
(¥, = 0.0775 W/(m - K); ¥,.,= 0.0852 W/(m - K)), therefore, the results of the calcu-
lation according to the methodology specified in EN ISO 10211 [4]: 2008 differ insig-
nificantly from the results provided by the HEAT3 program.

However, when assessing the change in the installation location of the window
frame in relation to the thermal insulation layer, there is a discrepancy between
the results of the different methodologies used. The results (Fig. 5) show that the val-
ues obtained by estimating the sum of the point thermal bridge values (A¥,,) of individ-
ual metal fasteners may differ from 26% to 41% compared to the complex values AY,.,

used in the same calculations that were made by HEAT3 program. As the installation

15
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distance [ of the window frame from the load-bearing wall increases, the difference
between the values of the thermal bridge obtained by different methods increases
(Fig. 5).

This deviation is due to the thermal interaction of the individual fasteners, even
though they are separated by a sufficiently large layer of thermal insulation material.
Thus, the necessity for employing 3D thermal numerical simulations to accurately esti-
mate the influence of metal fasteners on heat loss is revealed. This conclusion is also
reached when comparing the obtained values of the linear thermal transmittance using
the 2D and the 3D calculation tool. Particularly, a deviation of close to 70% on the cal-
culation of the linear thermal transmittance was found (¥, , = 0.026 [W/mK] versus
¥, = 0.0815 [W/mK]). This finding underlines the significance of the use of 3D mod-
els and the consideration of the impact of point thermal bridges, a conclusion which
is in agreement with previous relevant studies [19].

< 0.12

0.10-/./.\-\\*_—_._._.
0084 —4=—F""%

~

N

~N
0.06 A B == S|
0.04
0.02

050 60 70 80 90 100 110 120 130 140 150

Window installation distance from the supporting wall /, mm
— & —combined —=—summed up

The thermal bridges ¥,, W/(m

FIG. 5. Linear thermal transmittance y [W/mK] versus linear installation distance from support-
ing wall | [mm] for complex (C) and summed-up (S) methods

SOURCE: own elaboration

The results show that in the calculations, applying the sum of thermal bridge val-
ues (A¥,,) and installing a window at a distance of 50-100 mm from the masonry
layer, the value of thermal bridges increases by 28% compared to the values of ther-
mal bridges at a distance of 100-150 mm from the load-bearing wall. The highest
value of the thermal bridge (¥,,, = 0.1122, W/(m - K)) was at a distance of 70 mm
from the masonry layer, and the lowest value of ¥, (0.0820, W/(m - K)) was at a dis-
tance of 130 mm from the masonry layer. As a general conclusion, it can be stated that
by applying Ay, and installing the window in the thermal insulation layer at a dis-
tance of 50-100 mm from the masonry layer, increased values of linear thermal trans-
mittance by 30% are observed, compared to the values of linear thermal transmit-
tance at a distance of 100-150 mm from the retaining wall.
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Another interesting finding of this study, related to the calculation methods
employed is presented in Figure 6. Particularly in this figure, the linear thermal trans-
mittance ¥ [W/m-K] versus linear installation distance from supporting wall I [mm]
for 2D and 3D calculation domains is presented. As it can be deduced from this fig-
ure, the linear thermal transmittance values decrease when increasing the installation
distance for the case of the 3D domain, whereas for the 2D the trend is the opposite.
This performance can be attributed to the fact that in the 3D domain calculations,
the thermal interaction of the individual point thermal bridges is considered. Similar
results were obtained by other researchers [6; 20].

I
-
o

0.08
0.06
0.04

*——0——0¢——"0-—0——0—-0——¢—

0.02

——e
—o——

The thermal bridges ¥;, W/(m-K)

050 60 70 80 90 100 110 120 130 140 150

Window installation distance from the supporting wall /, mm
—eo-2D —e—3D
FIG. 6. Linear thermal transmittance p [W/mK] versus linear installation distance from support-
ing wall | [mm] for 2D and 3D calculation domains
SOURCE: own elaboration

In addition, looking at the results from Figure 6, an interpolation of the curves
can be done from which a crossing point of both graphs can be deduced. The func-
tional dependence for the 2D graph was (7):

y(2D)=(1.41-10°) 6" —(2.17-10"*)-1+0.0342 (7)

The functional dependence for the 3D graph was (8):

y(3D)=(2-10"")-1+0.0787 8)

Figure 7 summarizes some of the major findings of this study. This figure is tai-
lored based on the minimum requirements of an EU member state, the legislative pro-
visions of which are similar for many other members states of the central and northern
European continent [1, 5, 21]. The results reveal that minimum legislative requirements
should be fulfilled, then the installation of the window structure from the supporting
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wall, in cases where they are directly mounted to the thermal insulating material,
should not be less than 100 mm. Apparently this assessment is based on the assump-
tions made in this study, which are thought typical for other similar structures.
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FIG. 7. Point thermal transmittance x [W/K] of individual fasteners versus linear installation dis-
tance from supporting wall | [nm] in accordance to minimum legislative requirements

SOURCE: own elaboration

Point thermal trasm

Conclusions

The investigation has shown that by insulating the window frame with stone wool
boards and not evaluating the metal fasteners, we can reduce the value of the thermal
bridge at the junction of the wall and the window frame by 80%. However, the eval-
uation of metal fasteners reduce the value of the thermal bridge by up to 37% com-
pared to the standard option without insulation.

Comparing the obtained values of the thermal bridge according to 2D and 3D
calculation methods, the values show a difference of 68%.

Furthermore, comparing the results of the 2D and 3D calculation methodologies,
the arrangement of the values of the thermal bridge according to the distance | from
the load-bearing wall took the opposite trend. Therefore, when designing energy effi-
cient buildings, it is risky to evaluate thermal bridges using only the 2D methodology.
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Catalytic pyrolysis of low density polyethylene

Keywords: Silica-alumina catalyst, ZSM-5, acidity, in-situ catalytic pyrolysis, waste
plastics

Abstract: Scientists are searching for innovative and sustainable energy production
by meeting the eco-friendly solutions needed. Increasing plastic use and depletion
of fossil fuels brought the energy need and waste management to a common denom-
inator. Many of the developed thermochemical (pyrolysis, gasification, etc.) and bio-
chemical, recycling, and recovery methods achieve promising results for the envi-
ronment. It has been observed that polyolefins (low density polyethylene, high
density polyethylene, polypropylene) are suitable for producing valuable chemi-
cals and fuels by the pyrolysis method. Low density polyethylene produces quite
a lot of wax when pyrolyzed. With the help of different acidic catalysts, these waxes
can produce hydrocarbons in the gasoline-diesel range in in-situ or ex-situ mode.
In this work, we investigated the liquid yield and contents of the products formed
by the in-situ mode and semi-continuous operation. A commercial ZSM-5 and a sil-
ica-alumina catalyst produced by the sol-gel method were used for catalyst screen-
ing with four different catalyst-to-plastic ratios. At a catalyst-to-plastic ratio of 1/250,
ZSM-5 produced 38.83 wt.% of liquid, while silica-alumina produced 84.18 wt.%.
They showed molecular distribution with 92.08 wt.% and 58.34 wt.% in the range
of C,-C,,, respectively.

15

Introduction

The increasing population in the world brings with it the need for energy. The deple-
tion of fossil resources draws attention to renewable energy. Many strategies have
been developed to eliminate the large amounts of existing waste (agricultural waste,
urban waste, disposable products, paper, plastic, construction waste, etc.) that arise
every day. Various thermochemical methods are used for resource recovery from these
waste management strategies. Various types of plastic appear in different fields (food
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and cleaning industry, disposable products, healthcare, etc.). Polyolefins (low density
polyethylene (LDPE), high density polyethylene (HDPE), polypropylene (PP)), PET,
and PVC are plastic types that are frequently used in daily life. As determined, poly-
ethylenes have the largest share of global annual consumption as 102.9 MMT/yr. [1].

Examples of thermochemical methods are pyrolysis, gasification, and hydroc-
racking [2, 3]. Pyrolysis is the chemical cracking that takes place in an oxygen-free
environment at atmospheric pressure and medium-high temperatures (400-600°C).
Polyethylenes’ chemical (non-catalytic) pyrolysis generally results in heavy wax
(C,,-C,,) products. To address the production of lighter hydrocarbons from waste
plastics, catalytic pyrolysis (CP) is considered to be an effective technique. When
using the in-situ mode of the CP, the raw material and catalyst are in direct con-
tact in the reactor. A secondary reactor or catalytic bed is used where the pyrolysis
vapors form in the first reactor and meet with the catalyst for ex-situ mode. In addi-
tion, there are three different operation modes: batch, semi-continuous, and contin-
uous. There are no inlet and/or outlet streams for the batch operation to and from
the reactor. In semi-continuous systems, the raw material is inside the reactor. There
is no continuous feeding, but a continuous output is observed. Finally, there is con-
tinuous feeding and product output in continuous mode [4]. In addition, parameters
such as feedstock type, temperature, reactor type and operation mode, catalyst type,
and catalyst-to-plastic ratio for the pyrolysis process determine the quality and quan-
tity of the products.

In order to obtain gasoline-diesel range fuels from the pyrolysis of plastics, var-
ious acidic catalysts (silica-alumina, FCC catalysts, activated Carbon, clays, metal
oxides, carbonates, zeolites (Zeolyte Y, ZSM-5, B-zeolyte, natural zeolytes) are used
(Mark, 2020). Low density polyethylene can be converted to benzene, toluene, xylene,
di and trimethyl benzene, indane, indene, naphthalene, fluorene, and acenaphthene
hydrocarbons by pyrolysis [5]. The reason why acidic catalysts are specially chosen
is to provide thermochemical cracking successfully. The aim is to obtain target prod-
ucts (i.e. aromatic hydrocarbons) with high selectivity, and the most essential catalyst
types that achieve this are zeolites [6]. New and competitive catalysts can be devel-
oped using various catalyst production and modification methods (such as precipi-
tation, co-precipitation, impregnation, and sol-gel) [7].

In this study, the optimization of a bench-scale pyrolysis setup was performed
by using the LDPE as feedstock. For a selected condition, thermal and in-situ catalytic
pyrolysis products were analyzed. A silica-alumina (Si/Al=30) catalyst was produced
by the sol-gel method to crack LDPE, considering the ability of the ZSM-5 catalyst
to crack polyolefins into light alkenes and aromatics. In-situ CP of LDPE plastics was
semi-continuously performed. The aim is to perform catalyst screening using differ-
ent catalyst-to-plastic ratios and to produce hydrocarbons in the C.-C,, range while
achieving maximum liquid yields.
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Characterization of waste LDPE

For this study, household plastic wastes were collected and separated according to their
types in a certain time period. Generally, food and cleaning packaging and single-use
products were collected. Among these products, LDPEs were selected, and various
characterization methods were applied. First of all, proximate and ultimate analyzes
were performed to understand whether this raw material, which will be pyrolyzed,
would be suitable for producing innovative and sustainable hydrocarbons (Table 1).
Proximate analysis was performed using the related ASTM standards.

TAB. 1. Proximate and ultimate analysis of waste plastics

. Volatile Fixed "
Moisture . c H 0 N S
o Matter Ash (wt%) Carbon
(Wt%) (Wt%) (Wt%) (Wt%) | (wt%) [ (wt%) | (wi%) | (wt%)
1,3341,39 | 93,27+1,49 | 1,74%0,05 3,65£0,17 | 81.61 | 13.22 5.17 0 0
"By difference

SOURCE: own elaboration

Also, ICP-MS was used to detect the elements in LDPE that could not be observed
with ultimate analyses. High amounts of Al, Na, K, Ca, Mg, Fe, and some Cu, Zn, Ba, Cr,
Sr, and Pb were also detected in waste LDPE. The presence of these ingredients can be
caused by the additives, dyes, etc. that are used during the production of the packaging.

In addition to these analyses, TGA analysis was used to predict the behavior
of LDPE as a feedstock in the pyrolysis reactions. With a heating rate of 10°C/min,
the plastics were heated from 25°C to 800°C. At this time, there is a N, flowrate at a rate
of 40 mL/min. As can be detected from the TGA and DTG curves, 310°C stands
for cracking onset, and 481°C represents the temperature with the highest mass loss.
Thus, using 480-500°C for the pyrolysis temperature may be an ideal choice for max-
imum cracking of LDPE.

Non-catalytic pyrolysis of LDPE

In order to examine the thermal and catalytic pyrolysis of low density polyethylene,
pure LDPE was purchased. Prior to performing the experiments, four different con-
trol factors (N, flowrate, feeding period, plastic amount per feeding, and conden-
sation temperature) and three different levels (0.9, 1, 1.1 L/min N, flowrates; 10, 15,
20 min; 10, 20, 30 g; 0, -5, ~10°C) were determined. If experiments were to be carried
out under all these conditions, 81 experiments, and to minimize the error, repetitions
of these experiments would be needed. For this reason, an optimization scheme was
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created using the basic Taguchi L9 (3 4) orthogonal array method, and the number
of experiments was reduced to nine. Thus, both parameter changes could be inter-
preted, and a preliminary experiment plan was obtained. Table 2 shows the product
yields according to the related control factor and levels.

The flowrate of N, gas in the system used for thermal pyrolysis experiments was
determined by a mass flow controller (MFC). When the oxygen-free environment
was provided in the experimental set-up with gas flow, the system was started to be
heated. When the target temperature was reached, feedstocks were continuously fed
to the reactor at regular intervals. With the help of a single condenser, the condensed
liquids at various condensation temperatures were collected, and the noncondensa-
ble gases were exhausted. All experiments were kept constant at a 450°C pyrolysis
temperature, and the process duration was about 80 minutes for all. No solid prod-
uct was obtained in these nine experiments.

TAB. 2. Optimization experiments for thermal pyrolysis of pure LDPE

N, flow Feeding Plastic Condensation | Liquid Gas .
. . X Conversion,
Run rate, L/ period, | amountper | temperature, yield, yield, o
- . . . wt%
min min feeding, g c wt% wit%
1 0.9 10 10 0 95.07 493 100
2 0.9 15 20 -5 91.51 8.49 100
3 0.9 20 30 -10 64.38 | 25.18 89.57
4 1 10 20 -10 55.01 23.60 78.61
5 1 15 30 0 79.45 | 20.55 100
6 1 20 10 -5 64.90 35.10 100
7 1.1 10 30 -5 83.87 | 16.13 100
8 1.1 15 10 -10 64.67 35.33 100
9 1.1 20 20 0 74.22 25.78 100

SOURCE: own elaboration

As can be seen in Table 2, for 0.9 L/min N, flow rate, 10 grams of plastic feeding
in 10 minutes and condensation temperature of 0°C provided the highest liquid yield
with 95.07 wt.% and 100% conversion. The resulting liquid was completely nonvis-
cous pyrolysis oil. In run 2, where 20 grams of LDPE was fed in 15 minutes, 100%
conversion was reached, but its liquid yield was lower than in run 1. Due to experi-
mental errors, run 3 and run 4 could not provide total conversions. When the exper-
iments with 1 L/min were examined, the most successful test was run 5 with 100%
conversion and 79.45% liquid yield. However, all the liquid obtained consists of wax.
The reason for this is residence time which decreases with the increase of N, flow-
rate, and pyrolysis vapors leave the reactor before cracking sufficiently. In addition,
the increase in feeding rate is also a factor. While the N, flowrate was 1.1 L/min,
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all three experiments have reached 100% conversion; run 7 was the most efficient
experiment with 83.87 wt.% of liquid yield and fluid state.

Run 1 and 9 were compared with the same feeding rate (1 g/min) and cooling tem-
perature (0°C); run 1 produced more liquid than run 9. While 0.9 L/min N, flowrate
provides 95.07% liquid obtainment, it was observed that 74.22 wt.% liquid was pro-
duced with a 1.1 L/min nitrogen flowrate. Here again, the reason is the residence time,
which is shortened by the increased gas flow. Because if the pyrolysis vapors were bro-
ken in enough time and left the reactor, the liquid would increase, but with short res-
idence times, it quickly reached the condenser without cracking and could not con-
dense. Thus, the amount of noncondensable gases was increased.

As a result of all these experiments and comparisons, run 5 was chosen as the most
suitable experiment to be tested in in-situ catalytic pyrolysis. One of the reasons is its
high liquid yield of 79.45%. The most important reason was that it produced full wax
and observed in what intervals the catalysts could break LDPE from wax to light
hydrocarbons.

Catalytic pyrolysis of LDPE

ZSM-5 zeolite was purchased from Zeolyst International to investigate the catalytic
pyrolysis of plastics. In this research, a silica-alumina catalyst was produced by the sol-
gel method based on the Si/Al = 30 ratio of the acidic ZSM-5 catalyst. The sol-gel method
basically consists of hydrolysis and condensation reactions. Hydrolysis reactions took
place, and metal hydroxide and alcohols were revealed. Then metal hydroxides came
together with metal hydroxides/alkoxides to produce long chains [8]. First, the alu-
mina precursor, aluminum isopropoxide (AIP), was mixed with an excess amount
of distilled water at 85°C, 900 rpm, and stirred for 1 hour. Afterward, HNO, was added,
and the solution continued to stir for 1 hour under the same conditions. Meanwhile,
a silica solution was prepared. Tetraethyl orthosilicate (TEOS), ethanol, distilled water,
and HCl were mixed at 75°C, 150°C/min heating rate, and 900 rpm for 1 hour. The solu-
tions obtained were added to each other and mixed for an hour at 900 rpm & 85°C,
and the sol was obtained. After that, the gel was formed by decreasing the temperature
to 70°C and turning on the system. The transparent gel was then dried at 120°C over-
night. After drying, catalysts were calcined at 500°C for 6 hours. The obtained catalyst
particles were ground and sieved to 250 pm (60 mesh) as a final step.

In this study, catalytic pyrolysis experiments were semi-continuously operated.
Different from the thermal pyrolysis experiments, LDPE and catalysts were preplaced
inside the reactor. It was then heated from room temperature to pyrolysis tempera-
ture. The gas flow was again determined with the help of the mass flow controller.
While the pyrolysis oil and waxes produced were collected at the condenser outlet,
noncondensable gases were exhausted. Spent catalysts remaining in the reactor were
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also collected separately. Catalytic pyrolysis was applied in-situ mode with commer-
cial ZSM-5 & silica-alumina catalysts. Plastic type, pyrolysis temperature, N, flow-
rate, condensation temperature, and process duration were kept constant for each
experiment as pure LDPE, 450°C, 1 L/min, 0°C, and 1 hour, respectively. In each run,
120 grams of LDPE was fed into the reactor and started to be heated. Catalyst screen-
ing was performed by simply changing the catalyst-to-plastic ratio, and the liquid
yield was observed. Four different experiments were performed for catalyst-to-plastic
ratio as 1/100, 1/250, 1/500, and 1/1000 for the ZSM-5. Before each experiment, ZSM-5
catalysts were calcined for 4 hours at 550°C. 1/250 was determined as the optimum
ratio, and in-situ CP was performed with silica-alumina catalyst under the same con-
ditions. Experiments were repeated in duplicates for each catalyst type. Table 3 repre-
sents the yields of the pyrolysis products & coke formation according to catalyst type
and catalyst-to-plastic ratio.

TAB. 3. Experimental results of thermal pyrolysis and catalyst screening of LDPE

Run Catalyst type Cat;/a[;Iizstic Liql\l:t’,;ield' Ga‘: ty-;;ald, SOIiv(vi;geld,
5 Thermal - 79.45 20.55 0

5.1 ZSM-5 (Si/Al = 30) 1/100 32.21 67.79 0

5.2 ZSM-5 (Si/Al = 30) 1/250 38.83 61.17 1.06

5.3 ZSM-5 (Si/Al = 30) 1/500 4312 56.88 0.96
55 ZSM-5 (Si/Al = 30) 1/1000 45.80 54.20 2.79

5.6 Silica-alumina (Si/Al = 30) 1/250 84.18 15.82 0

*

Coke

SOURCE: own elaboration

By thermal pyrolysis of LDPE, approximately 80% liquid yield and 20% gas
yield was obtained. The liquid was made of full wax. There was not any solid prod-
uct observed. With a catalyst-to-plastic ratio of 1/100 for ZSM-5, the liquid yield was
decreased to 32 wt.%, and the gas yield was increased up to 68 wt.%. No wax was
observed in the liquid. The ratios of 1/250, 1/500, and 1/1000 were also tested with ZSM-
5,and 38.83 wt.%, 43.12 wt.%, and 45.8 wt.% liquid yields were obtained, respectively.
Coke formation was observed in all three ratios. In addition, although by decreasing
the ratios of 1/500 and 1/1000, the liquid yield was increased but wax formation started
to be observed and increased. Thus, the optimum ratio of 1/250 was chosen with a liq-
uid yield of 38.83 wt.%. Afterward, the silica-alumina catalyst was tested at a 1/250
ratio, and it was observed that the amount of liquid was more (84.18 wt.%) than that
produced in thermal pyrolysis. However, 17.35 wt.% of the amount of liquid produced
was brown-colored heavy wax. While this amount was 2.2 wt.% in thermal pyrolysis,
it was not observed in other catalyst-to-plastic ratios.

26



CATALYTIC PYROLYSIS OF LOW DENSITY POLYETHYLENE

The liquid samples obtained from the non-catalytic and catalytic pyrolysis of two
catalysts under the same conditions were examined by GC-MS. Liquids were dis-
solved by tetrahydrofuran (THF) to prepare for GC-MS analysis. Fig. 1 is the illus-
tration of the carbon number distribution for runs 1, 3, and 6.
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FIG. 1. Carbon number distribution of liquid hydrocarbons according to thermal and catalytic
pyrolysis
SOURCE: own elaboration

The content of the liquid obtained from thermal pyrolysis ranged from C_ to C,..
53.01 wt.% of this distribution included C,-C , hydrocarbons that were initially tar-
geted. In addition, aromatic hydrocarbons such as benzene, toluene, and xylene were not
detected in the liquid content. After in-situ pyrolysis with ZSM-5, the distribution nar-
rowed in the C,-C,, range. 92.08 wt.% of this hydrocarbon distribution was in the C-
C,; range. It has been observed that important aromatics such as benzene deriva-
tives, ethylbenzene, toluene, p-xylene, and o-xylene can be produced. On the other
hand, silica-alumina gave peaks in the range of C.-C,,. No hydrocarbons were found
in the range of C,, and C,,. 58.34% of this distribution comprised the C -C,; sec-
tion. Also, essential aromatics, benzene derivatives, and toluene were determined
in the pyrolysis oil.

Conclusions

The study clearly demonstrated the importance of arranging parameters to succeed
in optimization experiments. Continuously operated thermal pyrolysis of LDPE was
investigated. Also, it was essential to keep significant parameters constant in order
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to examine the effect of process parameters. Preliminary results were obtained using
different catalyst-to-plastic ratios. Semi-continuously operated in-situ CP was exam-
ined. In thermal pyrolysis, pyrolysis vapors were exhausted within 80 minutes, whereas
in catalytic pyrolysis, 1 hour was sufficient as a process duration.

In conclusion, according to the results of the catalyst screening, silica-alumina cat-
alysts can be produced with higher acidity (i.e. higher Si/Al ratio) or can be supported
by zeolites or metal oxides. Optimization experiments for catalytic pyrolysis should
be performed by changing process duration, temperature, and N, flowrate parame-
ters, and the results should be improved. In addition, cracking of intermediate liquid
products (wax) or ex-situ CP can be tried to prevent waxes that occur as the catalyst/
plastic ratio decreases. Moreover, a second condenser with a different temperature
(i.e. the first condenser is at 0°C and the second is at -25°C) can be added to the set-
up so that oil and wax products can be collected separately. For future studies, waste
LDPE tests should be performed to compare with pure plastics. In addition, mix-
tures can be formed with different plastic types, and their effects on each other can
be observed. Waste polyethylene blends and polyolefin blends are the studies that are
aimed to be carried out in the continuation of this research.
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Derivatives of tannic acid
as effective antioxidants

Keywords: bioactive substances, tannic acid, spectroscopic methods, biological
activity

Abstract: There is a growing interest in the use of natural antioxidants as food
preservatives, food supplements, drugs or other special purpose materials instead
of synthetic antioxidants because of their possible adverse effects including skin
allergies, gastrointestinal tract problems or even risk of cancer. Tannic acid (TA)
is a plant polyphenol that possesses strong antioxidant, antibacterial and antiviral
properties against Sars-CoV-2 virus. TA is a biocompatible and biodegradable mate-
rial. It has been affirmed as a safe food-product additive by the US FDA. The paper
reviews the recent knowledge about the antioxidant properties of TA and its appli-
cation in different industry sectors as new tannic acid — hybrid materials or supra-
molecular self-assembled molecules.

Introduction

Tannic acid (TA) formally contains 10 galloyl(3,4,5-trihydroxyphenyl) units sur-
rounding a glucose center (Figure 1) [1-4]. The polyphenolic moieties are responsi-
ble for the outstanding biological properties of TA. The presence of catechol or gal-
loyl groups allows the formation of tannic acid-metal complexes. It can be extracted
from cocoa, green or black tea, pomegranate peel (Punica granatum), sorghum, grapes,
pears, bananas, black-eyed peas or lentils [5,6].
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FIG. 1. Structure of tannic acid
SOURCE: own elaboration

Many studies have proved that tannic acid has numerous positive biological prop-
erties, such as being: antioxidant, antimutagenic, antitumor, antibacterial (in rela-
tion to Staphylococcus aureus, Escherichia coli, Streptococcus pyogenes, Enterococcus
faecalis, Pseudomonas aeruginosa, Yersinia enterocolitica, Listeria innocua, Bacillus
cereus) [7], homeostatic, antiparasitic, antiviral (in relation to Inflilloma Noroviruses,
Herpes simplex virus type 1 and 2, HIV) [7]. In addition, recent studies claim that TA
can prevent SARS-CoV-2 infectivity by inhibiting extracellular RBD (receptor-bind-
ing domain)/ACE2 (angiotensin converting enzyme 2) interactions and the activity
of TMPRSS2 (transmembrane serine protease 2) and 3CLpro (3-chymotrypsin like
protease) [2]. Tannic acid is involved in the prevention of diseases related to oxidative
stress, such as cardiovascular disease, cancer and osteoporosis [8]. TA has the ability
to neutralize free radicals that are responsible for the development of various diseases,
such as allergies, diabetes, Parkinson’s disease and Alzheimer’s disease [7]. It is believed
that the number of hydroxyl groups and the degree of polymerization of the tannic
acid correlate with their free radical scavenging ability. The tannins with the high-
est number of hydroxyl groups are most easily oxidized and therefore have the high-
est antioxidant activity. The effectiveness of tannic acid as a natural antioxidant has
been shown to be due to its complex combination of reducing and redox effects, which
also contribute to its radical scavenging capacity [8]. Moreover, it is believed that
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the antioxidant capacity is the greatest, the easiest and fastest radical scavenging
activity [9]. Interestingly, some researchers argue that the structural features of tan-
nic acid, which are important in antioxidant mechanisms, could be better exploited
in pro-oxidative activities [10]. The antioxidant properties of TA against different
radicals, described as reducing potential or chelating properties are shown in Table 1.

The aim of the work was the synthesis of the manganese(II) complex of tannic acid
and the study of the structure and antioxidant properties of this compound by means
of spectroscopic (FT-IR, UV) and thermogravimetric (TGA/DSC) methods. Mn(II)-TA

can serve as a new material with enhanced antioxidant activity compared to TA.

TAB. 1. Antioxidant activity of tannic acid

Method Results References
95.1 (C,, = 45 pg/cm®; C,,,, = 0.1 mmol/L; t = 30 min 5
DPPH radical scavenging Cy M9 P 3.) g
activity [%] 82.8240,57 (C,, = 50 pg/em®; C,pp,, = 500 pmol/dm®; [11]
t =40 min)
. 7.812.3(C =0.004%;t =30 min 12
DPPH, IC,,", [umol/dm?] oy =~ 0 min) . [12]
4.87 pg/em? (C,ppy = 2x107% mol/dm?; t = 30 min) [13]
ABTS radical scavenging 96.9 (C,, = 45 pg/cm?; C, 5,5 = 2 mmol/dm3; t = 30 min) 5]
activity [%]
. 0.340.0 (C, 575 = 60 pmol/dm?; t = 15 min 12
ABTS, IC,,", [umol/dm?] ( ] i ) 12
18.68 ug/cm?® (t = 10 min) [13]
. 16010 (t = 4 min 14
FRAP, IC,,", [umol/dm?] ( , : i
66114 (t = 30 min) [14]
e 69.1¢4.2 (C,, = 15 pg/cm?, C . .., = 1.33x107° mol/
Superoxide anion radical | 3. " 4 46x107S moi/dms; C,, = 8.15x10°8 [5]
scavenging activity [%] moI/dnn11 {’{’”;“940 min) naT
0,7, 1C,,", [umol/dm?] 704.61106.8 (C,,y, = 0.1 mmol/dm3) [12]
N 3.
FTC (peroxidation 97.7 (Cyy = 15 g/em”);
inhibition of linoleic acid - | 98 (Cy, = 30 pg/em?); 5
the effect of different TA 98.4(C,, = 45 pg/cm3);
concentration) [%] (CPougp = 3.5%; Cpyyy = 30%; 1 = 30 h)
Ferrous ions (Fe?*) chelating | 66.846.2 (C,, = 15 pg/cm3; C,,,, = 2 mmol/dm3; t = 10 5
activity [%] min)
H,0, scavenging activity [%] | 52.845.4 (C,, = 15 pg/cm?; C,,,,, = 43 mmol/dm®) 5]
H,0,, 1C,,", [umol/dm?] 21.944.6 (C,,,, = 10 mmol/dm?; t = 30 min) [12]
89.4%18.1 (Cyppyyrpose = 2.8 mmol/dm3; Cp, ;= 20 pmol/
"OH", IC,,", [umol/dm?] dm?; C,,,, = 100 pmol/dm3; C,, = 50 pmol/dm?; C,,,,, [12]
= 1.42 mmol/dm3; t = 60 min)

*IC,,~ the concentration of TA, which reduces the initial concentration of a given compound by 50%

SOURCE: own elaboration
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Materials and methods

In order to synthesize solid Mn(II) complex with tannic acid, 10 cm® of TA
(C=0.1 mol/dm?, in Tris-HCl solution, pH = 7.4), 10 cm?® of NaOH (C = 0.1 mol/dm?,
aqueous solution) and 10 cm’ of MnCl, (C = 0.1 mol/dm?) were mixed, so that
the molar ratio of tannic acid: NaOH : metal chloride was 1:1:1. The pH of the final
mixture was 6.6. After a few minutes a brown precipitate was obtained, which was
then filtered with a filter paper and allowed to dry for 3 days. The resulting precipi-
tate was carefully collected from the filter and transferred to an Eppendorf tube for
further study (thermal and spectroscopic analysis).

Thermal TA/DSC analysis of Mn(II)-TA was performed with a STA 6000 ther-
mal analyzer (Perkin Elmer, Waltham, MA, USA). Acid and complex samples (tan-
nic acid: 4.67 mg; complex: 5.24 mg) were heated in ceramic crucibles at 30-995°C
under air atmosphere at 10°C/min. The results were processed in the Pyris program.

The infrared spectra (FT-IR) of TA and Mn(II)-TA were recorded using FT-IR
Alfa Bruker spectrophotometer, using two methods: KBr pellet pressing and ATR
(Attenuated Total Reflectance) accessory equipped with a diamond crystal. The spectra
were recorded in the range of 4000-600 cm™ with resolution 2 cm™, using the OPUS
software. The spectra analysis was performed with the SpecViewer program distrib-
uted by ACD/Labs.

To determine the Mn(II):TA molar ratio in aqueous solution the spectrophoto-
metric mole-ratio method was applied. 1 cm? of TA solution with a concentration
of 10~* mol/dm?, prepared in Tris-HCI buffer (pH = 7.4; 0.01 mol/dm?) was transferred
to 18 volumetric flasks with a capacity of 10 cm?. Next, appropriate volume of MnCl,
(C =10"* mol/dm?, in Tris-HCl solution pH = 7.4, C = 0.01 mol/dm?), and then made
up to 10 cm’ with Tris-HCI buffer. Finally, the concentration of MnCl, was in the range
0f 0.001 mol/dm?. The flask was mixed and after 1h the absorbance of successive series
of solutions was measured (at a wavelength of 276 nm). All experiments were done
in five repetitions in three independent experiments.

In order to test the antioxidant properties of the Mn(II)-TA the spectrophoto-
metric DPPH (2,2-diphenyl-1-picrylhydrazyl radical) assay was employed. A work-
ing solution of DPPH" (2,2-diphenyl-1-picrylhydrazyl radical) with a concentra-
tion of C = 60 umol/dm?* was prepared. In a series of test tubes, 2 cm? of the DPPH
solution and 1 cm? of tested substance (in appropriate concentrations; the initial
C = 10 umol/dm?®) were mixed and incubated in the dark for 1h at room temperature.
Then, the absorbance of the solutions was measured at the wavelength A = 516 nm
against a blank. The control sample was the mixture of 2 cm® DPPH solution and 1 cm?
of Tris-HCl (pH = 7.4; C = 0.01 mol/dm”). The antioxidant activity of the substances
was presented as the percentage of inhibition of the DPPH" radical (% Inh) based
on formula I:

A _A
%Inh = {M]JOO% 1)

control
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where: %Inh - the percentage of inhibition of the DPPH' radical, A absorbance

of the control sample, A_ - absorbance of the test sample.

control —

sample

The statistical analysis of the obtained results was developed in an Excel spread-
sheet based on five absorbance measurements in three independent experiments.
Statistical analysis was performed by Student’s t-test at 5% probability.

Results

The registered spectra of TA and Mn(II)-TA proved the formation of manganese com-
plexes with tannic acid in solid state. Based on data from the literature [10; 11] the bands
present in the FT-IR spectra of TA and Mn(II)-TA were assigned (Figure 2, Table 2).

TAB. 2. The values of the wavenumbers [cm™], the intensities and the assignment of bands from
the FT-IR spectra of tannic acid (TA) and its complex with manganese(ll) (Mn(I1)-TA)

TA Mn(11)-TA )
Assignment
IRKBI IRATR IRKB! IRATR
3418 vs 3387w 3419vs 3337w v(OH)
3302s - - - v(OH)
3231s - - - v(OH)
2972 m - 2959 m - v(OH))
2926 m - 2925m 2935w v(OH)
2854 m - 2854 m 2872 w v(C-H)
- 2363 vw - - v(C-H)
- 2336 vw - 2341w v(C-H)
1722 s 1708 m 1714 m - v(C=0)
1660 m - 1654 w v(C=0)
1613 s 1610 m 1616 m 1606 w v(C=0C)
1547 w 1534 w - - B(OH)
1537 m 1516 w 1535w 1508 w B(OH)
1448 s 1448 m 1449 m 1455w B(C-C)
1382s - 1381 m 1375w B(OH)
1346 s - 1348 m - B(OH)
1324 s 1316 s 1327 m 1296 w B(OH)
1201 VS 1197 vs 1201 s 171 m B(C-H)
1031S 1027 s 1033 m - B(C-H)
971 W 952w 968 w 942 vw B(C-H)
870 W 873w 871 vw - y(OH)
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TA Mn(ll)-TA
Assignment
IRKBI IRATR IRKBI IRATR
824 VW 814w - 836w y(OH)
758 M 756 m 758 w 754 w y(OH)
739 W - - - y(OH)
667 W 686 m - - y(OH)
652 W 640 m - 646 m y(OH)
589 W 613 m 595w - y(OH)

“symbols denote: v - stretching vibrations, B - deforming in-plane vibrations, y - out-of-plane deformation

vibrations; intensity: m = medium, s - strong, vs — very strong.
SOURCE: own elaboration
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FIG. 2. Infrared spectra recorded by pressing a KBr pellet in the range of 400-4000 cm™" for:

(a) tannic acid, (b) manganese (Il) complex with tannic acid
SOURCE: own elaboration
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In the FT-IR spectra of the complex (compared to the spectra of TA) the follow-
ing changes were noticed: (a) disappearance of the bands derived from the stretching
vibrations of the hydroxyl groups v(OH) at 3302 and 3231 cm™, (b) shift towards lower
or higher wavenumbers of the bands assigned to the stretching vibrations of the car-
bonyl groups v(C = O) at ~1722, 1660 and 1613 cm™, (c) disappearance of the band
assigned to deformations in the plane of the 3(OH) hydroxyl groups at ~1547 cm™,
(d) shift towards lower wavenumbers among bands assigned to the in plane deforma-
tions of B(OH) at ~1537, ~1324 cm™, and out of plane deformations of the hydroxyl
groups y(OH) in the range: 739-589 cm™. The above-mentioned changes in the spec-
tra of Mn(II)-TA compared to the spectra of TA suggest that the formation of metal
complexes takes place with the participation of hydroxyl groups of the aromatic ring
and carbonyl groups of gallic acid subunits.

The curves below show the results of the thermal analysis of tannic acid (Figure 3)
and its complex with manganese (II) (Figure 4).

Temperature [°C]
30 130 230 330 430 530 630 730 830 930 1030 110

50

90
o
HER i
S 150 =
S Z 200 50 E
2 250 =
S 30
€ 300 N
350
400 -10

DSC TG

FIG. 3. TGA/DSC curves for thermal decomposition of TA (in air atmosphere)
SOURCE: own elaboration

Table 3 summarizes the characteristic steps of thermal decomposition (TGA
curves) of TA and Mn(II)-TA. In the first stage of decomposition, the weight loss
was observed, which for all analyzed compounds was similar (approx. 10%). This
is attributed to the removal of small molecules such as H,O, CO, CO,, and phenol
[15]. In the second stage, the greatest weight loss was observed in the case of TA rather
than Mn(II)-TA. This can be attributed to the depolymerization, hydrolysis or partial
degradation of the compounds [11;15]. However, the differences between the com-
plex and the acid may result from the greater thermal stability of the complex [11].
The last stage was carried out in extremely high temperature ranges. As in the pre-
vious stage, the weight loss of TA was greater compared to Mn(II)-TA. This was due
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to further decomposition of the samples. In the final step, a greater solid residue was
observed for the complex rather than for the acid itself. This could be due to the pres-
ence of metal or its oxides [11;16].

Temperature [°C]
30 130 230 330 430 530 630 730 830 930 1030 100

50 90
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§ 80
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5 200 40

T 30
250 20
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FIG. 4. TGA/DSC curves for thermal decomposition of Mn(ll)-TA(Il) (in air atmosphere)
SOURCE: own elaboration

TAB. 3. Summary of characteristic steps of thermal analysis (TGA/DSC curves) of tannic acid
and its complex with manganese (II)

Stage | Stagel ll Stage Ill
Temperature 0-183.33 183.33-400.60 | 400.60-829.07
TA range °C
% by weight’ 92.056 40751 0.226
Temperature 0-183.33 183.33-382.25 | 382.25-981.15
Mn(11)-TA range °C
% by weight’ 89.315 50.549 11.895

“percentage of the compound, compared to the initial content (100%)

SOURCE: own elaboration

The composition of the complex Mn(II)-TA in aqueous solution was determined

by the use of the spectrophotometric mole-ratio method. The result of the measure-
ment is depicted in Figure 5.
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FIG. 5. Determination of composition of the Mn(ll)-TA complex by a mole-ratio method (stand-
ard deviation were shown)
SOURCE: own elaboration

276 nm

Absorbance A

The above diagram shows that at pH = 7.4, the molar ratio of ligand (tannic acid)
to metal (manganese (II)) is 1:1, which is confirmed in the literature [17].

Metal complexes of tannic acid can be present in various molar ratios. According
to some authors, it depends on the pH of the reaction. For example, Iffat and col-
leagues studied complexes of tannic acid with iron (III). They found that at pH 3, 4
and 5, the metal : ligand molar ratio was 2:1, while at the higher pH (8 and 10), the ratio
was 4:1 [18]. Erdem found that at pH 2.4 the molar ratio was 1:1, at pH 4.4 and 6.4-2:1,
while at pH 8.4 the ratio was 4:1 [11]. In another work, the molar ratio of TA : iron
ion (in the second and third oxidation stages) at different pH was investigated. It was
found that at pH 9, the molar ratio of metal to ligand was 1:1 (for Fe (III) and 3:1
(for Fe (II)), while at pH 2.2 the ratio was 1:1 for both metals [4].

The antioxidant properties of studied compounds were established by the use
of spectrophotometric DPPH assay. The relationship between the % inhibition
of the DPPH" radical and the concentration of Mn(II)-TA was shown in Figure 6.
The IC,, parameter was determined (IC,, = 0.394 + 0.027 umol/dm°), i.e. the concen-
tration of Mn(II)-TA at which 50% of DPPH" radical inhibition was obtained. The IC,,
value for TA was determined in the same way [19] (Table 4). The results showed that
uncomplexed tannic acid showed lower antioxidant activity against the DPPH" radi-
cal than its complex with manganese(II).

37



Monika Borkowska, Monika Kalinowska

100
90
80
70
60
50
40
30
20
10

Inhibition of DPPHe radical [%]

0 0.5 1.0 1.5 2.0 25 3.0 35
Concentration of Mn(ll)-TA
[umol/dm?]
FIG. 6. The relationship between the % inhibition of the DPPH’ radical and the concentration
of Mn(ll)-TA (standard deviations were shown)
SOURCE: own elaboration

TAB. 4. Comparison of the IC,, parameter of tannic acid and its complex with manganese (I1)
(along with standard deviations)

Compound IC,, [pmol/dm3]
TA 0.53310.042 [19]
Mn(ll)-TA 0.394£0.027

SOURCE: own elaboration

Erdem investigated the activity of tannic acid and its complex with iron (III) using
the DPPH method as well. He found that at the concentration of 50 pg/mL, tannic
acid was active at the level of 82.82%. On the other hand, its iron complex showed
a slightly lower activity, the value being 73.53% [11].

In the study of Costa [10]; the antioxidant properties of tannic acid with zinc (II)
and copper (II) were investigated. The reduced antioxidant activity of the complex
comparing with TA molecule was observed. It was found that this is due to the coor-
dination of metal ions with the hydroxyl groups of ligand. This type of coordination
reduces the number of available hydrogen donors and reduces the antioxidant activ-
ity of metal complex compared to the uncomplexed molecule of TA [10].

Summary

The manganese(II) complex with tannic acid was successfully synthetized in the solid
state and confirmed by FT-IR and thermal analysis. Hydroxyl groups of the aromatic
ring and carbonyl groups of gallic acid moieties participate in the formation of the metal
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complex. The TGA/DSC analysis showed higher thermal stability of Mn(II)-TA com-
pared to TA. The Mn(II)-TA complex was stable in an aqueous solution at pH = 7.4.
The ratio of ligand (TA) : metal ion (Mn*") (pH = 7.4) in the solution was 1:1. Mn(II)-TA
showed high antioxidant activity in DPPH assay. The antioxidant activity of the com-
plex was higher than the ligand (TA) alone (IC,, = 0.394+0.027 pmol/dm? for Mn(II)-TA
and IC,; = 0.533+0.042 pmol/dm? for TA). Mn(II)-TA is a potential new material
with enhanced antioxidant activity compared to TA.

Funding: This work was financially supported by the National Science Centre, Poland, underthe
research project number 2018/31/B/NZ7/03083.
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Identification and prioritization
of specific pollutants in Marmara Basin

Keywords: risk assessment, specific pollutants, water framework directive

Abstract: Long-term water management is at the core of the European Union’s Water
Framework Directive (WFD). “Good ecological and chemical status” is desired
for surface, coastal, and transitional waters to protect human health, water resources,
ecosystems, and biodiversity. Physically and chemically untainted water sources
are essential for chemical quality. In contrast, each basin has its own specific
pollution spectrum resulting from agricultural, industrial, and human factors.
Determining the compounds that pose a risk to human health is crucial for later
monitoring and risk assessment studies. 104 pollutants that could have originated
from the industrial sectors in the Marmara basin in Turkey were found as part
of this study. Due to the increasing number of chemicals, obtaining accurate moni-
toring data can be both difficult and costly. As a result, additional evaluation stud-
ies were conducted in the river basin to define the prioritization of substances
with risk in the short, medium, and long term for the substances found in the basin.
As a consequence of the prioritizing evaluation using the TSH/TIS/COMPS model
for 104 pollutants on the specific pollutant list, chemicals with a significant impact
on the aquatic environment have been identified. The highlighted substances are
among the contaminants that must be monitored in the basin and for which imme-
diate action must be taken.

Introduction

River Basin Management Plan concepts are covered under the Water Framework
Directive of the European Union, which also establishes a time frame and program
for EU member states to create management plans. The Water Framework Regulation
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is an organizational directive regarding water. In terms of bringing together the leg-
islation especially with regard to water directives, it is hoped that this legislation will
serve as a single source of information for all of these different water directives and spe-
cific substances and pollution sources. Members of the European Union and candidate
countries like Turkey are concerned about the implementation of the WED in their
country. The WED is also seen as a significant tool for developing countries’ water
management strategies. However, a country’s economic or environmental conditions
may affect the approach utilized to implement the WFD [1-3].

The priority pollutant list specified in the “Surface Water Quality Management
Regulation” was published by the Minister of Forestry and Water Management, Turkey
on November 30, 2012. According to the EU directive published in 2013, additional
pollutants have been added and monitoring is recommended. Priority pollutant mon-
itoring occurs 13 times a year, or every four weeks. It is also recommended to mon-
itor additional pollutants determined by taking into account the country’s needs,
and method development studies are carried out in this regard. The frequency of WFD
monitoring of specific pollutants has been established to be once every three months
and four times per year. In this context, it is important to monitor the compounds
in this class in surface waters at the prescribed frequency, to give the EQS values pro-
duced at the national or river basin scale for these substances, and to put into effect
the steps to be taken. Every six years, member states are required by the WED to look
at specific pollutants and EQS levels. This is also the time when river basin manage-
ment plans are updated.

Turkey’s Ministry of Agriculture and Forestry conducted a number of projects
to detect specific contaminants, which were all financed by the European Union.
Potential contaminants were compiled based on the results of field investigations, sur-
veys, and literature reviews, among many other sources. Using point sources, primarily
industrial activities, capacity reports of substances, which are produced or imported
at a rate of up to 1 ton per year, and non-point sources, such as pesticides that have
been detected in the river basin or are widely used in Turkey, a list of specific pol-
lutants was created [3-5]. As a result of multiple evaluations, thousands of different
pollutants have been included in the list of possible specific pollutants that may exist
in the river basins. Therefore, prioritization is needed to evaluate specific pollutants
among the candidate chemicals.

Specific pollutants in Turkey

Despite the lack of a generally accepted method for the substances’ list, Member States
prioritize specific contaminants using a two-tiered system [3]. In Turkey, the first
stage was to create a professional and legally specific pollutant list after the assess-
ment of the candidate pollutants. The elimination approach is used in the second step
to evaluate specific pollutants among the candidate chemicals.
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The selection of the most hazardous pollutants to monitor in Turkey’s river basins
was carried out using the combined monitoring-based and modelling-based priority
setting scheme (COMMPS) [6] and Total Hazard Scoring (THS) methods [7], as well
as risk code, expert assessment, and bioaccumulation characteristics of substances,
and a national specific pollutant list. Due to the evaluations, the final specific con-
taminant list decreased from 3762 to 250 pollutants [4,5].

Methods for categorization of specific pollutants

A database has been created for prioritization along with the determination of priority
methodologies. An evaluation should be made of the list formed. This evaluation can
be made according to the short, medium, and long terms. A risk assessment has also
been conducted for each individual chemical. In the short-term evaluation, chemicals
that require immediate action are included. Medium and long-term plans can be con-
sidered for four and eight years, respectively. Besides, pollutants can be categorized
according to their detection (category A) and non-detection (category B) at monitor-
ing points or detection in the receiving environment (category C). Another category
C is made according to the risk group of the pollutant. If a manufacturing capacity
report of the substance has information about the amount of use, the “Combined
Monitoring-Based and Modeling-Based Priority Setting” (COMMPS) method can
be applied. If this information is not available, elimination is possible using the Total
Hazard Score (THS) and Total Impact Score (TIS) methods [6,7]. If the chemical
is in the low-risk group, it is evaluated in the other category D. According to expert
opinion, chemicals in these categories can be given more importance [4-7].

Prioritization for monitoring of specific pollutants

An additional assessment within the river basin is required for the prioritization
of substances. It is suggested that point pollution sources operating in the basin be
examined in the short, medium, and long term based on industrial capacity reports,
since each basin contains a significant number of pollutants. This allows profession-
als to detect contaminants that require quick attention in order to continue monitor-
ing program activities. Chemical properties of substances (molecular weight, water
resolution, Henry constant), toxicity data (Risk Codes, LC50, EC50, NOEC, PNEC)
for risk assessment, Resistance/permanence data (semi-life, degradation/hydraulics),
and bioaccumulation features (logKow, BCF) are needed.

Total Hazard Score (THS) is the evaluation of the chemical (pollutant) in terms
of dangerousness. The total dangerousness score of the pollutant is determined
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according to the pollutant’s resistance score (P), bioaccumulation score (B), toxic-
ity score (T) and endocrine disrupting property score (ED). The score is calculated
according to the specified formula. Total Hazards Score = P + T + B + ED. After enter-
ing all of the information into the appropriate fields, the stated formula is used to get
the final score. One point is added to the overall danger score if the chemical is both
highly resistant and bioaccumulating. As a result, the pollutant’s score is calculated.
An environmental pollutant’s Total Hazard Value indicates whether or not it is likely
to cause harm. The scale ranges from zero to four and assigns each pollutant a value
between zero (low impact) and four (high impact).

As part of the chemical hazard evaluation, an exposure assessment is done using
the Total Impact Score (TIS). To compute the overall effect value, the environmen-
tal impact of the chemical and the potential for exposure must be taken into account.
The toxicity (LC50/EC50) and bioaccumulation concentration (BCF) data are used
to estimate the environmental impact of the chemical. Henry’s coefficients and half-
life data are used to determine the chemical’s potential for exposure. Exposure poten-
tial multiplied by Environmental Impact is known as Total Impact Score. There are
three categories of pollutants: low effect (1-20), medium impact (21-60), and high
impact (61-100) based on the Total Impact Score. Risk scoring is done using the THS
and TIS, and chemicals with a high-risk score are added to the pollutant list. The model,
the chemical substance, and a pollutant list must all be considered in risk scoring.

When using the COMMPS approach, chemicals are prioritized according to their
danger, exposure risk, and annual quantity. The COMMPS approach may be used
to prioritize or remove compounds with an annual production volume more than
1 tons/year, and risk assessments are also available. The COMMPS model expresses
the capability of risk rating for substances via capacity reports.

The chemical characteristics of the parameters, toxicity data, Resistivity/
Persistence data, bioaccumulation properties are required for risk assessment.
The contaminants’ exposure and effect scores are calculated based on this infor-
mation. Emission, dispersion, and degradation characteristics are all taken into
account when calculating an exposure score. Toxicity, logKow, and BCF are all factors
in determining the impact score, as is the human effect (Risk Codes). The exposure
and impact scores are multiplied to arrive at the COMMPS score. Once the COMMPS
score is calculated, the pollutant status of the substance is determined. As a results,
The COMMPS Score is derived from the multiplication of exposure score and impact
score [4-7].

These results represent potential hazards to human health and the environ-
ment, particularly loss of life and property. In addition, substances are registered
under the Registration, Evaluation, Authorization, and Restriction of Chemicals
System (REACH), which is currently used in Europe to regulate chemicals, nota-
bly those categorized as R50-R53, R51-R53, etc. REACH is the European Union’s
principal legislation for evaluating chemical risk while safeguarding human health
and the environment.
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It is recommended to evaluate pollutants in terms of risk codes. Pollutants
with a risk code of R50-53 are extremely harmful to the water environment and will
have long-term adverse effects.

Study area: Marmara Basin in Turkey

The Marmara Basin covers a total area of 2,308,464 hectares, which includes artificial
areas, agricultural areas, forest and semi-natural regions, wet areas, and water sur-
faces. There are heavily industrial areas in the basin. Industrial facilities in the basin
area produce plastic, textiles, fibers and marble as well as chemicals, frozen food,
paper, packaging and automobile spare parts. Another important pollutant source
in the basin is agriculture. The number of companies by sectors is provided in Table 1.

TAB. 1. Number of sectors in the basin

Sectors Total Sectors Total
Textile 267 Construction 4
Automotive 184 Marble, Mine, Ceramic 10
Food 225 Non-Ferrous Metal Industry 141
Wine And Olive Industry 180 Paint And Varnish 93
Leather 170 Iron And Steel 114
Chemical 251 Medicine 122
Energy 1 Metal Production 65
Paper 2 Agrochemical 38
Plastic 13

SOURCE: own elaboration

Industrial sector codes (The standard European nomenclature of productive eco-
nomic activities - NACE) that are the most active and pressure on the Marmara basin
water masses are 15.11, 13.30, 29.10, 20.30, 17.21, 20.13, 24.10, 24.54, 24.45, 22.21, 22.22,
and 22.29. The sector codes in the basin according to the industrial sector groups are
given in Table 2.

TAB. 2. Industrial sector codes and group name in the basin

NACE Professional Group Name
15.11 Leather Clothing and Leather Accessories
13.30 Ready-Made Garment Materials and Machines
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NACE

Professional Group Name

29.10 The Manufacture Wholesale and
Retail Sales of The Spare Parts of Automobiles and
Other Transportation Vehicles

20.30 Construction Materials

17.21 Paper And Packaging

20.13 Chemicals, Agricultural Pesticide and Fertilisers

24.10; 24.45;24.54

Iron, Steel, Aluminum and Smelting

22.21,22.22;,22.29

Plastics

SOURCE: own elaboration

After the studies, the number of possible contaminants present in the basin were

evaluated as 104 (Table 3).

TAB. 3. Specific pollutants in the basin

Chemical name CAS no Chemical name CAS no
Perchloroethylene (PER) 127-18-4 | Triphenyltin; Fentin 668-34-8
(=Tetrachloroethylene)

Biphenyl 92-52-4 | Propetamphos 31218-83-4
Benzyl benzoate 120-51-4 | 1,1,2,2-Tetrachloroethane 79-34-5
Styrene; Vinylbenzene 100-42-5 | 3,4-dichloroaniline 95-76-1
Bis(2-ethylhexyl) terephthalate; 6422-86-2 | Benzo(a)fluoren 238-84-6
Dioctyl terephthalate (DOTP)

n-hexane 110-54-3 | 4-Chlorotoluene 106-43-4
2-[2-[2-[2-(4-nonylphenoxy) 7311-27-5 | 4-Chlorophenol 106-48-9
ethoxy]ethoxy]ethoxylethanol

Chlorothalonil 1897-45-6 | 1,2-Dichlorobenzene 95-50-1
Dibutyltin oxide 818-08-6 | m-xylene 108-38-3
Diphenylamine 122-39-4 | Arsenic 7440-38-2
Triclosan; 2,4,4"-trichloro-2'- 3380-34-5 | Zinc 7440-66-6
hydroxy-diphenyl-ether; 5-chloro-

2-(2,4-dichlorophenoxy)phenol

Diazinon 333-41-5 | Copper 7440-50-8
Benzothiazole-2-thiol; 149-30-4 | Chromium 7440-47-3
2-Mercaptobenzothiazole (MBT)

Dioctyl phthalate; DnOP 117-84-0 | Antimony 7440-36-0
Imidazolidine-2-thione; 96-45-7 | Kalay 7440-31-5
Ethylenethiourea (ETU)

1,2,4-trimethylbenzene 95-63-6 Boron 7440-42-8
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Chemical name CAS no Chemical name CAS no
Mesitylene; 1,3,5-trimethylbenzene | 108-67-8 | Cobalt 7440-48-4
Diphenyl ether; Diphenyl oxide 101-84-8 | Silver 7440-22-4
Benzododecinium chloride 139-07-1 | Iron 7439-89-6
BBP; Benzylbutylphthalate 85-68-7 | Aluminium 7429-90-5
Ethylenediamine Tetra Acetic Acid 60-00-4 | Crom+6 18540-29-9
(EDTA)
1,1-isopropylidenebis(p- 116-37-0 | Titanium 7440-32-6
phenyleneoxy)dipropan-2-ol
2,2-dibromo-2-cyanoacetamide 10222-01-2 | Barium 7440-39-3
4,5-dichloro-2-octyl-2H-isothiazol- | 64359-81-5 | Vanadium 7440-62-2
3-on; DCOIT
Tributyl phosphate 126-73-8 | Ammonia n.a
1-Methylnaphthalene 90-12-0 | Total petroleum hydrocarbons n.a.

(TPH)
Dibutylphthalate (DBP) 84-74-2 | Kjeldahl nitrogen n.a.
2,6-xylenol; 2,6-dimethylphenol 576-26-1 | Free Cyanide 57-12-5
Tris(nonylphenyl) phosphite; TNPP | 26523-78-4 | Qil-grease n.a.
4-Chloro-3-methylphenol; 59-50-7 | Total Phosphorus n.a.
Parachlorometacresol
Propylbenzene 103-65-1 | Suspended solid matter (SS) n.a.
1,4-Dichlorobenzene 106-46-7 | Chemical Oxygen Demand n.a.
(cob)
Tetrabromobisphenol A (TBBP-A) 79-94-7 | Total cyanide n.a.
o-xylene 95-47-6 | Ammonium Nitrogen n.a.
p-(1,1-dimethylpropyl)phenol; 80-46-6 | Polychlorinated biphenyls 1336-36-3
p-(tert-amyl)phenol (PCBs) (PCB 28, PCB 31, PCB
52, PCB 101, PCB 118, PCB 138,
PCB 153, PCB 180)
Permethrin 52645-53-1 | Polyaromatic Hydrocarbons n.a.
(PAHSs) (Acenaphthene;
Acenaphthylene; Benzo(a)
anthracene; Chrysene;
Dibenzo(a,h)anthracene;
Fluorene; Phenantherene;
Pyrene)
Propanenitrile, 3-[(2-acetoxyethyl) | 6021-61-0 | 2-kloro-N-(etoksimetil)-N-(2- 34256-82-1
[4-[(2-chloro-4-nitrophenyl)azo] etil-6-metilfenil)asetamid;
phenyl]amino]- Acetachlor
2,4,6-tri-tert-butylphenol 732-26-3 | Bromide 7726-95-6
Isopropylbenzene; cumene 98-82-8 | 1.2-Diklor-4-nitrobenzen 99-54-7
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Chemical name CAS no Chemical name CAS no
Chlorobenzene 108-90-7 | Carbon tetrachloride 56-23-5
4,4-DDD 72-54-8 | Trichloroethylene 79-01-6
Perylene 198-55-0 | Silicon 7440-21-3
DDT 50-29-3 | 2,4-Dichlorophenol 120-83-2
Dieldrin 60-57-1 | 2,2'-dimethyl-4,4" 6864-37-5

methylenebis(cyclohexylamine)
2-Amino-4-chlorophenol 95-85-2 | 2(3)-Tert-butyl-4- 25013-16-5
methoxyphenol
Endrin 72-20-8 | 2,2'-dichloro-4,4'- 101-14-4
methylenedianiline
N,N,N',N'-tetramethyl-4,4'- 101-61-1 | Benzo(e)pyrene 192-97-2
methylenedianiline
2-Chloronaphthalene 91-58-7 | 1,3-Dichlorobenzene 541-73-1
Aldrin 309-00-2 | Monobromodifenil eter; 101-55-3
4-bromodifenil eter
4-Chloroaniline 106-47-8 | Diizohiitil adipat 141-04-8
1-Chloro-2,4-dinitrobenzene 97-00-7 | 4,4'-Dibromodifenil eter 2050-47-7
4-Aminoazobenzene Aniline yellow | 60-09-3 | Tribromodiphenyl ether 49690-94-0

SOURCE: own elaboration

In total, the number of specific pollutants that may have an impact on the basin
is considered to be 104 and the necessary elimination models have been applied.
The prioritization study results showed the pollutants may be widely observed
and it is recommended that they should be monitored in Marmara basin, according
to a short-term assessment.

According to the prioritization evaluation using the THS/TIS/COMMPS model
for 104 pollutants in the specific pollutant list, Perchloroethylene, Parachlorometacresol,
Benzo(a)fluoren, Zinc, Copper, Chromium, Tin, Cobalt, Iron, Aluminum, Titanium,
Total petroleum hydrocarbons, Polychlorinated biphenyls (PCBs) (PCB 28, PCB 31,
PCB 52, PCB 101, PCB 118, PCB 138, PCB 153, PCB 180), Polyaromatic Hydrocarbons
(PAHs) (Acenaphthene; Acenaphthylene; Benzo(a)anthracene; Chrysene; Dibenzo(a,h)
anthracene; Fluorene; Phenantherene; Pyrene) substances have a very harmful effect
on the aquatic environment. Therefore, they are among the pollutants that need
to be monitored in the basin and this requires immediate action in the short term.
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Summary

The WFD 2000/60/EC of the European Union establishes the strategic approach for
dealing with chemically contaminated rivers. It aims at both the monitoring and detec-
tion of 45 priority pollutants and specific pollutants in surface waters. Increasing
the number of chemicals to be monitored will prevent the process from being car-
ried out properly. Since there is a very high concentration of pollutants in the basin,
it is important to classify the pollutants that require urgent action in the short, medium,
and long term, according to industry capacity reports. As a result, prioritization stud-
ies on the basin gain importance in terms of planning the monitoring of chemicals
that require urgent action and reducing monitoring costs. It was determined that
the COMMPS approach, THS and TIS were the best ways to prioritize and eliminate
particular pollutants, respectively, in order to detect specific pollutants. The number
of pollutants in the basin and a list of potential contaminants were both established
using the prioritizing methods.
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Evaluating buildings and urban external layout
green retrofitting to improve micro-climate
conditions at district level

Keywords: sustainable retrofitting; ENVI-met; environmental redevelopment; res-
idential buildings; green urban district

Abstract: In the context of sustainable cities and communities, to meet the European

aim of a carbon-free economy by 2050 and to tackle current climate change, the ret-
rofitting of Italian residential building stock as well as the green regeneration

of urban districts is essential. The research aims at assessing the influence of some

cooling strategies applied in a defined hypothetic but realistic urban grid located

in 3 different Italian cities (Milan, Florence and Palermo) evaluating multistorey,
tower and courtyard building types respectively. Using ENVI-met software sev-
eral micro-climate parameters are evaluated. The most significant outcomes are

related to the substitution of the current dark asphalt (reference case) with cool pave-
ments as cool improvement strategy. This measure results in a reduction of exter-
nal air temperature (~ 1.2°C). Additionally, the application of green fagade tech-
nology on buildings noticeably impacts both the wall surface temperature (Milan,
Florence and Palermo: reduction of around 10°C-12°C) and the wall energy bal-
ance with respect to traditional external wall configurations. For the city of Palermo

the cool redevelopment measures results in a slight improvement in terms of micro-
climate parameters compared to other cities.

Introduction

According to the Enerdata report [1] in Europe buildings are responsible of 43% of final
energy consumption and only 15% is satisfied by renewables [2]. Households account
for 2/3 of this need for energy, equaling to about 240 Mtoe in 2019 [1]. At the Italian
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level, residential building stock is nowadays aged and obsolete. This is because 25%
of Italian houses were built before 1950 [3] without meeting any standards concern-
ing energy saving or emissions reduction. According to the ENEA report of 2020
in Italy a total of 40% of primary energy demand is needed in fact for civilian use [3]
and the households’ energy consumption accounts for about 31 Mtoe (data from
2019) [4]. Twenty six percent of Italian residential building stock is classified as energy
efficiency class lower than C (1.2 EP,, . uracons2) T€f€rence building global
energy performance index for non-renewable < global energy performance index
for non-renewables EP, on <150 EP, i andar Jeo1921) [5]- Moreover, natural gas
is always the main source (50%) for energy production while electricity accounts only
for about 18% [4]. In fact, Carpino et al. [6] demonstrate through a survey of about
80 Italian families that 60% of heating systems of their apartments is characterized
by a traditional gas boiler.

Lack of use of renewables for heating and cooling is not only an Italian issue. Due
to climate change, Tootkaboni et al. [7] affirm that a significant increase of about
255.1% for cooling demand will occur in the near future for densely built existing
residential districts. Zinzi et al. [8] mention a monitoring campaign in Rome (Italy),
in line with previous cited research, which demonstrates that the urban environment
and heat island effect noticeably influence the cooling demand of existing residential
buildings. In this context, retrofitting of Italian residential building stock is essential
to meet the European aim of a carbon-free economy by 2050, as well as increasing
energy efficiency up to 32.50%, as called for by the European 2030 climate and energy
framework.

Urban environment design and especially the use of effective cooling strategies
(such as implementation of flowerbeds or cool pavements for the external neighbor-
hood environment or introduction of trees etc.) can tackle climate change and the rise
in external air temperature, avoiding an increase in energy needs during the sum-
mer season and overheating effects inside buildings. Moreover, some efficient cooling
strategies to reduce the heat island effect can be applied also on buildings, on both
green facades and roofs. In the literature, many studies demonstrate that a properly
designed urban environment and appropriate micro-climate condition positively
affect human comfort and wellbeing. For instance, Yldiz et al. [9] developed a model
to demonstrate the relationship between the built urban environment (for instance
in terms of providing open spaces, landscaping, sustainable pedestrian routes, layout
of buildings and streets etc.) and social sustainability, highlighting that accessibility
and quality of social life have the most weight (33%). Abdallah et al. [10] observed that
cooling strategies applied in both deep and shallow canyons can improve the outdoor
thermal comfort for people in terms of PET (Physiological Equivalent Temperature)
for urban districts located in hot humid climates.

The research discussed in the chapter aims at assessing the influence of imple-
menting both green roofs and fagades (as retrofitting measures for existing residen-
tial buildings in urban districts) and some single external cooling strategies, as well
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as a combination of them on micro-climate conditions at both building and urban
level using ENVI-met software [11]. The main goal is providing useful indications
for the designers to choose the most suitable and effective retrofitting strategy for green
urban redevelopment interventions in the context of the European SDGs (Sustainable
Development Goals) concerned with sustainable cities and communities.

State of the art

In the literature there are many studies concerning a systematic review on ENVI-
met software to validate its use in the evaluation of some micro-climate parameters
typical of the urban environment and affecting both users’ external thermal comfort
and building energy performance. For instance, Ouyang et al. [12] validate the per-
formance of ENVI-MET software using full forcing meteorology and considering
several thermal-radiative parameters (such as air temperature and mean radiant
temperature). For validating the model, they perform in situ measurements for dif-
ferent kinds of scenarios. Crank et al. [13] tried to test the effectiveness of the soft-
ware to calculate external air temperature in presence of urban mitigation strategies
such as high albedo materials and trees. According to this study, Tsoka et al. [14] per-
formed a systematic review to estimate the suitability of the ENVI-MET model to cal-
culate changes in external air, surface and mean radiant temperature due to the use
of urban greenery and cool materials for pavements. As regard to ENVI-MET valida-
tion, Perini et al. [15] performed a comparison between ENVI-MET and TRANSYS
to evaluate the mean radiant temperature in a typical canyon between 2 row build-
ings, considering the insertion of trees. A reduction in mean radiant temperature
equal to 20°C occurs as a result of the insertion of trees and the ENVI-MET software
allows for the evaluation of the design of trees and their influence on humans’ exter-
nal comfort and wellbeing.

The air temperature parameter is one of the most evaluated to measure the pos-
sible reduction of the heat island effect. Liu et al. [16] with a detailed literature review
affirm that the external air temperature is the most used and suitable parameter
to evaluate human external wellbeing. They also advise to consider a parameter related
to solar radiation and one concerning ventilation. Faragallah et al. [17] proposed
the use of external cool pavements to reduce outdoor temperature and consequently
the heat island effect during the summer season. They point out that this improve-
ment is the most effective and a decrease in external air temperature by 3.5°C occurs.
In line with previous researchers, to tackle climate change, Cortes et al. [18] propose
a combination of three green retrofitted measures (increase in the number of trees,
grass-covered areas and green roofs in buildings) that results in a reduction in exter-
nal air temperature in a range between 0.5°C and 0.8°C for a zone characterized
by warm summer.
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In general, 52% of researchers considered the PET parameter to evaluate the level
of humans’ external comfort [19] but also the evaluation of the mean radiant temper-
ature is frequently performed as well. In regard to PET, Karimimoshaver et al. [19]
point out that for an urban context both the buildings height (H) and the distance
between buildings in the urban district (W) affect external micro-climate parameters.
An increase in the ratio H/W results in a decrease in PET. For instance, they conclude
that if the H/W parameter varies in a range between 1 and 1.5 the PET drops by about
2°C. In line with that, Wai et al. [20] highlight that a decrease in heat-stress at pedes-
trian level can be obtained by the reduction of buildings length and minor density.

Finally, in regard to the integration of active strategies to produce energy from
renewable sources, Vassiliades et al. [21] perform studies dealing with the influence
on urban thermal comfort with the possible installation of photovoltaic (PV) sys-
tems on urban factories. They compare the solution with and without the active strat-
egy in terms of PET. They point out that in the spring season with the installation
of a PV system there is a reduction of the thermal stresses and so an improvement
in pedestrians’ comfort.

Methodology

The methodology to assess the possible configuration for a green redeveloped urban

district or a new one is the following:

e Identification of a possible typical scheme of an Italian urban district. An urban
grid of 80 m X 80 m was outlined in ENVI-met spaces and located in Milan,
Florence and Palermo that belongs to 3 different Italian climate zones. Milan
is located in northern Italy; it is characterized by subcontinental climate and 2404
Heating Degree Days (HDD). Florence is sited in central Italy and the climate
is a temperate and sub-coastal climate with 1415 HDD. Finally, Palermo, located
in southern Italy, has 751 HDD with a Mediterranean climate characterized by hot
and arid summers. For each location, the maximum outdoor air temperature reg-
istered for the simulation day selected (14" of July) was assumed at 31°C, 36°C
and 37°C respectively. The district configuration is assumed as invariant.

e Definition of 3 different residential building types to be introduced into
the delineated urban grid: multistorey, tower and courtyard buildings. (Figure 1).
For the multistorey buildings a configuration characterized by lower density
(Figure 1) is considered to evaluate the influence of distance between buildings
on the external micro-climate parameters.
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FIG. 1. Sketch of the 4 considered urban layouts for simulation tasks
SOURCE: own elaboration

e Outlining of different cooling strategies at both buildings and urban level.
For the former, the use of vertical greenery for South oriented walls combined
with green roof technological solutions is proposed. Green fagades for buildings
are used in different configurations with changing degrees of greening: for mul-
tistorey buildings 20%, 30% and 50% of greenery with respect to the total south-
ern wall surface are investigated while for tower buildings only 50% of greenery
is considered characterized by a height of 10 m and 30 m.

Various green urban strategies are evaluated in the different configurations
of the outlined typical urban district considering the 3 residential building types
(Table 1). In the initial solution, asphalt pavement for the whole urban grid surface
is considered.
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TAB. 1. Characteristics of Green Strategies considered the different residential building types.
In the table below the percentages refer to the whole surface of the considered urban grid
without buildings. The low-density configuration obviously permits more trees to be included
in the urban grid

Residential building type
Green Strategy High density | Low density . w
Multistorey | Multistorey [EHE e
Flowerbeds [%]: grass 25 cm thick 46.7% 47% 31.5% 57%
Flowerbeds and trees [number of trees]:
rancho trees 8.63 m height 56 150 58 120
Cool pavements [%]: concrete pavement light 100% 100% 100% 100%

“For tower buildings due to the high density of the built environment the same number of trees are provided
but the flowerbeds are lower.

“For courtyard buildings the number of trees is higher because of the shape of the building and to overcome
the decrease in flowerbeds.

SOURCE: own elaboration

In Table 2 the main characteristics of the different kind of pavement for both
the base solution and the cool one is defined.

TAB. 2. Main characteristics of reference case pavement (asphalt road) and cool pavement
(concrete pavement light)

Pavement Albedo Emissivity
Asphalt road 0.20 0.90
Concrete pavement light 0.80 0.90

SOURCE: own elaboration

e Evaluation of different micro-climate parameters with respect to the different
strategies modeled: external air temperature, relative humidity (RH), wall sur-
face temperature, external temperature outside the wall and energy balance (last
3 only for greenery strategy).

For ENVI-met set up, the climate files created by Italian CTI (Italian Thermotech-
nical Committee) referencing the different cities are used. In addition to the nest-
ing grids already set up by the software (5 grids), 3 empty grid rows (6 m) are added
on each side of the model area to avoid errors related to uncertainties in boundary
conditions. The buildings are modeled according to typological features widely spread
in the Italian context, in terms of geometry and envelope characteristics (Table 3).
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TAB. 3. Main characteristics of the materials used for the different technological solutions

Exiting external wall
X Thickness Conductivity Specific Heat Absorption Reflection
Material
[m] [W/mK] [J/kgK] [%] [%]
Bricks - plaster 0.12 0.84 829.84 42 45
Air 0.08 0.03 1006.00 - -
Aerated bricks 0.08 0.30 840.00 - -
Green facade
Thickness Conductivity | Transmittance
Material Emissivit Albedo
[m] y [W/mK] [W/m2K]
Greening 0.10 - - 0.30 0.20
Substrate - 0.05 0.98 - - 0.20
Sandy loam
Styrofoam 0.01 - 0.10 W/mK - -
Air gap 0.08 - - - -
Existing roof
X Thickness Conductivity Specific Heat Absorption Reflection
Material
[m] [w/mK] [J/kgK] [%] [%]
Roofing tiles 0.02 0.84 800.00 50 50
Insulation 0.08 0.07 1500.00 - -
Reinforced 0.24 1.10 840 - -
bricks
Green roof
X Thickness L. Conductivity | Transmittance
Material Emissivity 2 Albedo
[m] [wW/mK] [W/m2K]
Greening 0.10 - - 0.30 0.20
Substrate - 0.15 0.98 - - 0.20
Sandy loam
Styrofoam 0.08 - 0.10 - -

SOURCE: own elaboration

Results and discussion

ENVI-met performed the analysis for over 2400 points in the meshed analysis
grid considering 4 hours (10:00 - 14:00) of 14! of July. The results reported in this
section refer to noon. The graph in Figure 2 relates to the number of points [%]
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and the corresponding value of external air temperature for the city of Florence
and multistorey building types (high density). The results highlight that for the ref-
erence case, distinguished by the presence of dark asphalt for the whole external
pavement, about 8% of points (highest and so representative value) are character-
ized by a temperature equal to 27.86°C. In this case the higher value of the external
air temperature is calculated for the external points in the nesting grid where there
are no shadows cast by buildings. This happens for all considered cooling strategies.

a) Milan
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FIG. 2. Percentage of points with respect to the external air temperature considering different
cities and different intervention scenario. On the right the average of the external air tempera-
ture for each analysed cooling strategy

SOURCE: own elaboration
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The configurations with the presence of flowerbeds and the latter combined
with trees do not result in a significant decrease in the average of external air temper-
ature. In fact, about 8% of points are characterized by a temperature equal to 27.61°C
with a slight reduction of 0.6°C with respect to the reference case. This is probably
related to the evaluation point of the external air temperature fixed at 1.5 m (man-
height to evaluate urban external comfort) while trees are about 9 m tall.

It is worth highlighting that the most significant result is related to the layout
characterized by cool pavements. This solution is the most advantageous considering
the external air temperature parameter. The decrease in the average external air tem-
perature is equal to about 1°C and as previous graph shows (Figure 2) 15% of points
(representative amount) have a temperature equal to 26.93°C. Consequently, a signifi-
cant reduction of about 1.5°C occurs. Even according to literature [22] the use of cool
pavements is the most advantageous cool strategy also with respect to the introduc-
tion of green flowerbeds. This should be analyzed and verified also in terms of CO,
emissions.

As for the city of Florence and the city of Milan, the introduction of cool pavements
is the most effective green strategies to reduce the average external air temperature
by about 1°C. In this case, 16.6% of points is at a temperature equal to 29.3°C while
in the reference case 8% of points is at 30.5°C. Furthermore, the cool pavements result
in an increase in relative humidity by about 4%. Otherwise for the city of Florence
there is a slight increase in RH (~ 0.6%) with cool pavement improvement strategy.
It is worth to notice that in the case of Milan the use of the combination of flowerbeds
and trees causes a higher reduction in external air temperature compared to Florence.
The decrease in air temperature is about 0.6°C. In regard to the green fagade the most
significant result is related to the relative humidity that increased by about 1%.

Regarding the city of Palermo, it is worth to notice that green improvements
only slightly influence the micro-climate parameters compared to the other 2 cities.
For instance, the decrease in external air temperature with cool pavements is lower
by 0.4°C even if most of the points (about 23%) are at 28.3°C. The same occurs
for the relative humidity: the introduction of the green facade for southern orien-
tated walls results in a low decrease of RH of about 0.4%.

In regards to the results concerning the variation of the relative humidity
for the different cooling strategies adopted for the analysed urban grid, it is proved
that the vertical greenery (50%) on the fagade is the most influential (Figure 3). In fact,
an increase in relative humidity of around 1.6% occurs with respect to the refer-
ence case (65.50% average of RH). This is probably due to the evapotranspiration
of the green fagade. The other cooling strategies are comparable in terms of the rela-
tive humidity parameter.
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FIG. 3. Percentage of points included in the urban grid with respect to relative humidity consid-
ering the city of Florence and the high-density multistorey building types. On the right, the aver-
age relative humidity for each analysed cooling strategy is shown

SOURCE: own elaboration

Finally, as for low density multistorey buildings included in the grid, the results
show that the increase in distance between buildings and the reduction in covered
area significantly influences the value of relative humidity rather than external tem-
perature. In fact, even if the temperature is lower than the high-density configuration,
only a slight decrease occurs. In this configuration, relative humidity rises by 4% com-
pared to the high-density grid. Compared to the other models, in this one the most
advisable configuration for both temperature decrease and relative humidity increase
is the redevelopment of the area with cool pavements.

Figure 4 shows the variation of the external air temperature in the outlined urban
grid considering the different analyzed cooling strategies (on top of the figure) applied
for the high density multistorey grids located in 3 cities (Florence, Milan and Palermo).
For instance, regarding the city of Florence, this result confirms the previous results.
In fact, in the last grid (Figure 4 on the right) characterized by cool pavements most
of points are characterized by an average temperature below 26.91°C. This significant
reduction in temperature by adopting a cool pavement redevelopment strategy occurs
also for Milan (~ 1.2°C). For Palermo it is less noticeable, as specified before (~0.4°C).

It is important to highlight that the vertical greenery on fagade (50%) does
not significantly affect the value of external air temperature at the height of 1.5 m.
Consequently, to evaluate the benefit of these buildings’ redevelopment intervention,
the surface temperature and other parameters deal with the buildings are considered.
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FIG. 4 Variation of external air temperature in the considered urban grid with the different cool-
ing strategies and different locations

SOURCE: Own elaboration

Figure 5 illustrates the results related to the variation of the buildings’ surface tem-
perature (southern wall), the energy balance [W/m?] with respect to incoming long-
wave radiation (LW, ) and outcoming (LW, ) by the southern wall and the external

out

air temperature outside the wall, considering different possible locations.
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FIG. 5. Distribution of surface temperature [°C], longwave energy balance [W/m2] and air tem-
perature outside the wall [°C] (southern) for both reference and vertical greenery at 50% cases
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For the city of Florence, regarding the southern wall surface temperature, green
portions are characterized by a temperature of 22.26°C while for traditional facades
it amounts to 34.31°C. At the same time, an observation related to the roof surface
temperature is needed. In the central buildings, where the green roof technology
is applied, the roof surface temperature varied between 26.53°C and 28.47°C. While
for the other buildings, with traditional roof stratigraphy, the temperature signifi-
cantly increases above 42°C. Both green facades and roofs inevitably affect the users’
indoor thermal comfort and the buildings energy performance, especially consider-
ing cooling energy needs during the summer season.

As for energy balance, a significant decrease (~40 W/m?) in the LW, parameter
occurs between green and traditional fagades. The results show that the difference
between LW, (~414 W/m?) and LW _, (~390 W/m?) for a green fagade is equal to about
24 W/m?. Tt is worth to notice that if the southern wall total surface is considered
(1152 m?) a reduction in energy balance of about 14 kW occurs for 50% of green surface
while for southern walls with 20% or 30% green surface, a slight decrease of around
5.5 kW and 8 kW happens respectively. Furthermore, if the variation of LW _, is con-
sidered along the wall height, the solution with green fagade is less affected by variation
of emitted radiation (~1 W/m?). Finally with respect to the external air temperature
outside the wall it is worth to notice that they are lower for a larger area considering
vertical greenery at 50%.

As in Florence, as far as Milan is concerned, a significant decrease in wall sur-
face temperature occurs, equal to 10°C. For the roof surface temperature, the same
effect as in Florence occurs, and the value of roof surface temperature of both cit-
ies are comparable. With the green facade at 50% coverage, the incoming longwave
radiation reduces to 22 W/m?. This avoids 12672 W of incoming radiation when
considering the whole southern fagade surface. Another interesting result related
to Milan deals with the energy balance, because with the introduction of a green
fagade at 50% there is a noticeable increase in building performance and the energy
balance changes from -5 W/m? in the reference case, to 30.70 W/m? in the improved
version. Compared to the reference case, Milan is the worst case compared to Florence
and Palermo. Obviously, this result is affected by the choice of materials and the stra-
tigraphy of the wall.

For Palermo, the most significant result is related to the value of the roof sur-
face temperature. Even if the external air temperature is slightly higher than
the same value related to Florence, the external roof surface temperature is lower
by about 7°C and equal to 35°C. This is probably due to the wind velocity that sig-
nificantly influences the micro-climate parameters as reported also in the literature.
In fact, the wind speed (sea breeze) in Palermo is equal to 5 m/s at 18 m height while
in Florence it is 0.83 m/s, and this inevitably affects the value of the surface temper-
ature on the roof. To validate this result, another simulation is performed consider-
ing the building located in Lecce (HDD = 1153). In this case the wind speed is lower
than in Palermo (3 m/s) and the distance from the sea is higher. In this case, the roof
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surface temperature is above 43°C, as it should be expected. As for the energy balance,
the LW, is 438.63 W/m?* and the LW is 434 W/m?. So, also in this case, the previous
results are confirmed: the introduction of the green fagade at 50% increases the energy
performance of the buildings and positively affects the internal thermal condition
and occupants’ comfort.

As for multistorey buildings, for tower buildings the substitution of dark asphalt
with light asphalt is the most advantageous retrofitted measure for the urban exter-
nal layout, considering buildings located in Florence. This improvement results
in a decrease in average external air temperature of about 1.5°C (cool pavements aver-
age external air temperature equal to 27.04°C). In this case it is worth to highlight
that the introduction of trees combined with flowerbeds leads to a reduction in exter-
nal air temperature by about 0.6°C (average temperature equal to 27.77°C), unlike
in the case of multistorey buildings. With respect to the vertical greenery on fagade
at 50% coverage, the solution with the highest value of RH is the one with a height
equal to 30 m. A value equal to 67.73% is registered with an increase of 5% com-
pared to the reference case. In an urban grid characterized by both higher build-
ings and higher density value, the cooling strategies have a greater effect on micro-
climate parameters.

For tower buildings, due to the computational time required by the calculation
of micro-climate parameters related to the building’s height, only the simulation con-
sidering the grid located in Florence was performed. All the different cooling rede-
velopment measures were considered.

Finally, in regard to courtyard buildings, the most significant results are illus-
trated below (Figure 6). They refer to the city of Florence. In this case, the microclimate
parameters are measured at 1 m of height because of the ENVI-MET mesh construc-
tion. The average external air temperature for the reference configuration is compara-
ble to the other ones. This occurs in all climate zones considered for the analysis. For
the city of Florence, the average external air temperature is equal to about 28.12°C
in the case of courtyard buildings. The most noticeable result in this case is related
to the introduction of both flowerbeds and trees as redevelopment strategies. It results
in a reduction of about 1.5°C in average external air temperature, comparable to other
layout configurations. A simultaneous increase in RH occurs with the combination
of flowerbeds and trees equal to 2%.

Compared to other studied cases in this configuration it is interesting to analyze
the microclimate parameters inside the courtyard.
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Reference case

Potential Air Temperature Min: 27.14 °C
Max: 28.99 °C
[ below 27.33°C  [128.071028.25°C
[ 27.33 t0 27.51 °C []28.25 10 28.44°C
12751 10 27.70 °C [ 28.44 to 28.62 °C
[ 27.70 to 27.88 °C [ 28.62 t0 28.80 °C
[C127.88 10 28.07 °C [ above 28.80 °C

Potential Air Temperature Min: 25.86 °C
Max: 28.89 °C

Facade greenery 50%

Potential Air Temperature Min: 26.79 °C
Max: 28.62 °C
[ below 26.98°C  [127.71t0 27.89°C
[ 26.98 t0 27.16 °C L] 27.89 10 28.07 °C
[E127.16 10 27.34 °C [ 28.07 t0 28.25 °C
[ 27.34 to 27.52 °C [ 28.25 10 28.44 °C
127,520 27.71 °C EEE above 28.44 °C

Potential Air Temperature Min: 25.86 °C
Max: 28.51 °C

Flowerbeds and trees

Potential Air Temperature Min: 25.85 °C
Max: 27.57 °C
[ below 26.02°C 12671 0 26.88 °C
[ 26.02 t0 26.19 °C L1 26.88 t0 27.05 °C
[£5126.19 10 26.37 °C [ 27.05 t0 27.22 °C
[ 26.37 to 26.54 °C [N 27.22 t0 27.40 °C
126,54 10 26.71 °C R above 27.40 °C

Potential Air Temperature Min: 24.76 °C
Max: 27.27 °C
I below 25.01 °C 12601 t0 26.26°C

Cool pavements

Potential Air Temperature Min: 26.55 °C
Max: 27.71 °C
[ below 26.67°C 1271310 27.25°C
I 26.67 to 26.79 °C []27.25 10 27.37 °C
[E5126.79 10 26.90 °C [27.37 to 27.48 °C
[ 26.90 to 27.02 °C [HI27.48 t0 27.60 °C
[C127.02 10 27.13 °C [ above 27.60 °C

Potential Air Temperature Min: 25.86 °C
Max: 27.57 °C
I below 26.03°C 12671 t026.88°C

I below 26.12°C 127180 27.45°C
I 26.12 10 26.39 °C [ 27.45t0 27.71 °C
[ 26.39 to 26.65 °C [ 27.71 t0 27.98 °C
] 26.65 to 26,92 °C [N 27.98 t0 28.24 °C
12692 to 27.18 °C [ above 28.24 °C

I below 26,16 °C  [127.37t027.68°C
I 26.16 to 26.47 °C 127,68 t0 27.98°C
[E126.47 t0 26.77 °C [IEI27.98 10 28.28 °C
[ 26.77 10 27.07 °C [EI28.28 to 28.58°C
[127.07 t0 27.37 °C [ above 28.58 °C

I 26.03 to 26.20 °C 126,88 t0 27.05 °C
[E126.20 to 26.37 °C [IE27.05 10 27.23 °C
[ 26.37 to 26.54 °C [N 27.23 to 27.40 °C
12654 t0 26.71 °C [ above 27.40 °C

I 25.01 to 25.26 °C [ 26.26 to 26.51 °C
[ 25.26 t0 26.51 °C [ 2651 t0 26.76 °C
[ 25.51 t0 25.76 °C [ 26.76 to 27.02 °C
[125.76 t0 26.01 °C [ above 27.02 °C

FIG. 6. Variation of external air temperature for courtyard buildings located in Florence in both
plant and vertical section visualization
SOURCE: own elaboration

As for the reference case as well, the value of the external air temperature is dif-
ferent when comparing the inside and outside of the courtyard (Figure 9), while also
considering building height. The southern houses facing the courtyard, from the first
floor of the building, certainly have better energy performance with respect to the same
height apartments facing the street. This is because the value of the external air temper-
ature inside the courtyard is lower than on the outside. Moreover, compared to other
building types, it is worth to notice that the use of cool pavements in the courtyard
is not so advantageous because there is not as much air recirculation due to the lack
of wind, being that the courtyard is laterally closed.

The most effective way to reduce external air temperature within the courtyard
occurs with the use of flowerbeds combined with trees. In this case the reduction
of average external air temperature is equal to about 1.9°C. This is obviously due
to the shadow provided by the trees and the lack of wind inside the courtyard.
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FIG. 7. Comparison of external air temperature for courtyard buildings outside (on the top)
and inside (on the bottom) the courtyard with the indication of related average external air tem-
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SOURCE: own elaboration

Conclusions

In conclusion, different building types on a typical Italian urban grid were analyzed
with respect to some sustainable and cooling improvement strategies for both buildings
and urban layouts considering different micro-climate parameters. The most advan-
tageous and effective redevelopment measure proves to be the substitution of dark
asphalt with a lighter one. This occurs for all cities and for multistorey and tower
building types. This results in a significant decrease in average external air tempera-
ture of about 1°C for multistorey buildings and 1.5°C for towers. The only exception
is for courtyard buildings where the most effective redevelopment measure is the intro-
duction of flowerbeds and trees for both inside and outside the courtyard. This is inevi-
tably affected by the higher number of trees that can be included in the urban grid due
to the buildings’ layout. In regards to Palermo it is worth to notice that the cool rede-
velopment measure has less impact on external micro-climate parameters (for instance
on external air temperature).

65



Cecilia Ciacci, Banti Neri, Vincenzo Di Naso, Frida Bazzocchi

If a low-density configuration is considered, for instance in a multistorey build-
ings urban grid, the results show that the increase in distance between buildings
and the resulting reduction in covered area significantly influences the value of rela-
tive humidity rather than the average external temperature.

Furthermore, the application of greenery on southern facades mostly affects
the surface temperature and the energy balance of buildings rather than external
air temperature. For multistorey buildings located in Florence the vertical greenery
at 50% coverage leads to a reduction in LW, equal to about 14 kW, due to the differ-
ence of external surface temperature equal to 34.31°C and 22.26°C for green and tra-
ditional facade respectively. This certainly influences the cooling demand of the build-
ing. Considering the other 2 cities, for the reference case condition Milan is the worst
case compared to others. In fact, the energy balance for the reference case is equal
to -5 W/m?. This result is obviously related also to the materials chosen for the exter-
nal envelope stratigraphy.

In conclusion, for future developments, a real Italian district should be con-
sidered, also taking into account different kinds of cooling redevelopment meas-
ures and several building types. The parameters related to pedestrian comfort (such
as the PMV - Predicted Mean Vote) should be considered when comparing differ-
ent cooling strategies.
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A short review of metal-phenolic networks:
synthesis methods and bio-applications

Keywords: metal-phenolic networks (MPNs), self-assembly, plant phenolic com-
pounds, drug delivery, nanotechnology

Abstract: Metal-phenolic networks (MPNs) consist of metal ions, e.g. AP, Mn?t,
or Fe3* and monomeric building blocks of phenolic ligands containing galloyl
and/or catechol groups (e.g. gallic acid, quercetin, or tannic acid). These bio-mate-
rials can be applied as thin bifunctional films on various materials, e.g. polymers,
microorganisms, enzymes, mammal cells, etc. The data in available literature indi-
cate the promising potential of MPNs film for applications in the biopharmaceu-
tical and medical industries. The article reviews the latest knowledge on MPNs,
which are of great interest to the pharmaceutical and biotechnology industries.

Introduction

Phenolic compounds (PCs) are plant secondary metabolites widely distributed
in the plant kingdom. Most of these are derived from L-phenylalanine and shikimate
pathways. Naturally, PCs play an important role in protecting plants against biotic
(pathogens, herbivores) and abiotic (e.g., salinity, extreme temperatures, sun’s ultra-
violet (UV) radiation, heavy metals) stresses. PCs are characterized by the presence
of one or more hydroxyl (-OH) groups attached to the aromatic ring. Based on chem-
ical structure, PCs can be categorized into four main groups: flavonoids (accounting
for about 60% of all PCs), phenolic acids (about 30% of all PCs), stilbenes, and lignans
[1,2]. PCs are known to possess different biological properties, including antioxidant,
antitumor, anti-aging, anti-atherogenic, cardioprotective, antibacterial, antifungal,
antiviral, and anti-inflammatory [3-5]. All these properties make PCs interesting
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substances for applications in many fields, such as biotechnology, cosmetology, food
technology, medicine, and pharmaceuticals. The applications of PCs are often lim-
ited due to their low bioavailability, and poor water solubility. However, this problem
can be solved with the development of self-assembly technology. Most of the PCs con-
taining trihydroxyphenyl (galloyl) and/or dihydroxyphenyl (catechol) groups in their
structures, such as gallic acid, tannic acid, or ellagic acid (Figure 1) can be engaged
in multivalent coordination interactions with various metal ions (e.g. AI**, an*, Fe?t,
Fe’*, Cu?*, Zn**) to form metal-phenolic networks (MPNs) [6,7].

OH OH
HO
HO OH OH
0 OH
HO
0 0~ X0
0
OH

a)

OH
HO OH
0 0
0 0]
HO 0 OH
0 0 0
HO 0
0 0 OH
0
OH
HO 0 0 0
HO HO
0
HO HO OH
OH OH
b 0 .
HO 0 0 OH
HO OH HO 0
OH 0

FIG. 1. The chemical structures of (a) tannic acid, (b) gallic acid, and (c) ellagic acid
SOURCE: own elaboration
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Metal-phenolic networks are supramolecular coordination structures that con-
sist of metal ions coordinated with phenolic ligands. This kind of coordination can
be observed as new absorbance bands in the UV/Vis spectra and acid-responsive
disassembly of MPNs. MPNs can be applied as thin films on diverse templates, such
as porous substrates, colloidal particles (e.g. hollow capsules, nanogels, core-shell
structures), or microorganisms [8,9]. MPNs-based coatings exhibit a wide range
of valuable properties, including: (i) high biocompatibility and bioavailability, (ii)
low toxicity, (iii) adhesive nature enabling the application to various nanomaterials,
(iv) high drug loading capability, (v) antioxidant activity inherent to PCs, and (vi)
stimuli-responsive drug release [9,10]. Moreover, MPNs exhibit tunable lipo/hydro-
philic properties. For example, in a study conducted by Li et al. [11], MPNs consisting
of tannic acid and Fe(III) ions increased the hydrophobicity of Zeolitic Imidazolate
Framework-8 (ZIF-8) [11].

Assembly routes of MPNs

The “one-step” and “multistep” assembly via coordination interactions are the most
commonly used methods for obtaining MPNs. The “one-step” system is based on mix-
ing the organic phenolic ligand and the inorganic cross-linker (metal ions) in the pres-
ence of a substrate on which MPNs coating will be formed (Figure 2). Due to the univer-
sal adhesive properties of PCs, various materials can be used as a substrate (template),
e.g. calcium carbonate (CaCO,), or polystyrene [2,12]. For instance, the “one-step”
assembly of MPNs consisting of commercially available tannic acid and Fe(III) ions
was reported in the study of Ejima et al. [13]. The scientists mixed the mentioned
ingredients with the template (polystyrene) in an aqueous solution for 20 seconds
and 1 hour. The results showed that the stirring times did not affect the resulting film
thickness (~2nm), suggesting that the film formation process was completed immedi-
ately. In this study, polystyrene was finally dissolved to obtain three-dimensional free-
standing films known as hollow capsules [13]. Infrared spectroscopy FT-IR, Raman
spectroscopy, UV/Vis spectroscopy, and X-ray photoelectron spectroscopy (XPS) can
be used to confirm the formation of MPNs coatings [14]. The “one-step” method is easy
and scalable. Moreover, it does not require the use of special and expensive equipment,
and the material components are inexpensive and readily available [12,13].

In the case of “multistep” assembly, substrates are sequentially incubated in sep-
arate solutions of excess metal ions or phenolic ligands. The unabsorbed metal ions
of phenolic ligands are removed between the incubation steps with multiple wash-
ing steps. In this way, the precise and dense layering of MPNss is possible. The “multi-
step” build-up of the MPNs process can be monitored by using quartz crystal micro-
balance (QCM) and via UV/Vis absorption spectroscopy. Moreover, the growth rate
of the “multistep” technique can be controlled by pH values. MPNs synthesis using
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the “multistep” method takes much more time (hours) than the “one-step” method
(seconds), but it is not more expensive [2,8].

Phenolic Metal ions
compounds Film Template
formation removal
(optional)
Substrate Coated substrates Capsule Metal-phenolic

network

FIG. 2. Schematic illustration of the formation of MPNs
SOURCE: own elaboration based on [14]

Numerous studies have indicated that the physicochemical properties and for-
mation kinetics of MPNs on substrates are dependent on (i) the metal-ligand molar
ratio (M:L), (ii) the pH value, (iii) the concentration of the precursor, and (iv) the order
of introduction of metal ions and phenolic ligands into the aqueous environment [15].
What is more, the molar ratio of galloyl and catechol units in the PC structure influ-
ences their binding strength to metal ions, metal oxides, or even template surfaces [6].

Bio-applications of phenolic compounds based MPNs

Phenolic compounds-based MPNs have been extensively used in the biopharmaceu-
tical and medical fields because of their multiple functions, such as biocompatibil-
ity, long-term stability, biodegradability, and biosafety [12]. For example, in a study
conducted by Lee et al. [16], mammalian cells were successfully coated with cyto-
protective and biodegradable MPNs composed of tannic acid and Fe(III) metal ions.
The results showed that the formed film not only protects the cells against UV-C radia-
tion and toxic chemical - polyethyleneimine (PEI), but also its stimuli-responsive deg-
radation led to programmed cell proliferation (Table 1) [16]. In another study, tannic
acid was coordinated with 18 different metal ions (in the presence of a polystyrene tem-
plate) to investigate the effect of metal types, and to obtain robust MPNs hollow cap-
sules. It was found that tannic acid/Cu(II) capsules formed the thinnest (9.7 + 1.0 nm)
film, while tannic acid/Zr(IV) capsules were the thickest (14.2 + 1.5 nm). Moreover,
the pH-disassembly kinetics (in the pH range from 7.4 to 5.0) of the chosen MPNs cap-
sules (with Cu(II), Zr(IV), and AI(III) ions) were examined. At pH = 5.0, the longest
disintegration time was obtained for tannic acid/AI(III) MPNs (25% of the capsules
disassembled after 6 hours), which is consistent with a profile desired for drug deliv-
ery. In comparison, at the same pH value, more than 25% of the tannic acid/Cu(II)
capsules disassembled within 1 hour [14]. Park et al. [17] reported that encapsulation
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of baker’s yeast in a shell composed of tannic acid and Fe(III) ions provides cytopro-
tection of encapsulated cells against external factors [17]. In the study of Kim et al. [18],
coating of curcumin-loaded nanoparticles using a tannic acid/Fe(III) complex resulted

in a multi-responsive carrier for drug delivery. It was further found that the sustainabil-
ity of drug release increased with the number of MPNs deposition layers. The cytotox-
icity assay showed that the resulting formulations did not affect the viability of MRC-5
(human lung fibroblasts) cells [18]. Rahim et al. [19], described the simple and rapid

MPNs film formation on the substrate surface by coordination of gallic acid, pyro-
gallol, and pyrocatechol with Fe(III) metal ions [19]. In a study by Bertleff-Zieschang
etal. [20], the properties of MPNs films obtained by “one-step” assembly of four other
flavonoids (quercetin, myricetin, luteolin, and fisetin) upon coordination with Fe(III)

ions were reported. The results showed that quercetin/Fe(III) film exhibited about 10%
higher DPPH" (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity than free

phenolic ligand [20]. Epigallocatechin gallate coordinated with Fe(III) [21], and Pt(II)

[22] metal ions were reported to have cytoprotective properties [21,22]. In the work
of Wang et al. [21], DOX (doxorubicin - antitumor antibiotic) doped ZIF-8 nanopar-
ticles coated with a thin layer of epigallocatechin gallate/Fe(III) complexes showed

good tumor growth inhibition of B16 cancer cells (84.2%) without affecting other cells

[21]. In an acidic environment, which is characteristic for cancer sites, the coordina-
tion between metal ions and phenols networks in the capsule shell is weakened (due

to the protonation of phenolic hydroxyl groups), and the encapsulated substances are

released. The pH-dependent release of MPNss enables creation of efficient anticancer
drug delivery systems [9,23]. The pH-responsive DOX-loaded capsules were also stud-
ied in the work of Ping et al. [24]. The authors found that more than 80% of tannic

acid/AI(III) capsules degraded after 48 h of incubation at pH = 5.0, while at pH = 7.4

degradation was negligible [24]. These and other examples of MPNs bio-applications

are summarized in Table 1.

TAB. 1. Bio-pharmaceutical applications of MPNs based on data from the literature

Types of coated

Phenolic ligands Metal ions .
objects

Applications Ref.

Mammalian cells
Tannic acid Fe(lll) (HeLa, NIH 3T3, Cytoprotective nanocoating [16]
and Jurkat cells)

AL, VA,
cr(llN), Mn(ll),
E?((llll)l),CCuc()l(ll)l), Hollow capsules, positron
Tannic acid Zn(ll), Zr(1V), Polystyrene particles emdlssmn tomography(PET), [14]
Mo(l), Ru(il), and magnetic resonance
Rh(111), Cd(1I), imaging (MRI)
Ce(Ill), Eu(lll),
Gd(I1), Th(llr)
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Types of coated

candidate for colon cancer
treatment

Phenolic ligands Metal ions objects Applications Ref.
Cytoprotective coating;
gf;(;[lycharom ces the enhanced protection
Tannic acid Fe(ll) cerevisiae (Ba}ll<er’s against UV-C radiation, [17]
east) E.coli, lyticase”, and silver
y nanoparticles
Tannic acid Fe(lll) Gold nanoparticles Catalysis [25]
mesoporoussiica | PHand gutathiore-
Tannic acid Fe(lll) pore responsive release [18]
nanoparticles of curcumin
(MCM-41)
Ceraisian,Esoherihia | PrO1Ee coating
L ; . the enhanced protection
Tannic acid Fe(ll) coli, and PC12 against UV radiation [26]
mammalian cells (rat :
pheochromocytoma) and reactive oxygen damage
Tannic acid Fe(lll) Nanodiamonds Enhanced' [27]
photoluminescence
Tannic acid Fe(ll) Polystyrene particles dH;Iil\;)ev;/ycapsules, drug [28]
Chemotherapy; promising
Tannic acid Al(I) DOX. loaded CaCO, candidate for cancer [24]
particles treatment
Gallic acid, . Hollow capsules, drug
pyrogallol, Fe(ll1) Polystyrene particles deliver [19]
pyrocatechol y
Quercetin,
myricetin, Fe(ll1) Polystyrene particles | Hollow capsules [20]
luteolin, fisetin
. . : ) Chemotherapy; promising
Epigallocatechin Fe(lll) DOX dOP?d ZIF-8 candidate for B16 melanoma | [21]
gallate nanoparticles
therapy
Chemodynamic therapy (CDT)
utilizing Fenton chemistry
Epigallocatechin pi(ll) Polyethylene glycol to destroy cancer cells [22]
gallate (PEG) nanoparticles by converting endogenous
H,0, into highly toxic reactive
oxygen species (ROS)
Hollow capsules;
(-)Epicatechin Sm(Ill) None chemotherapy; promising [29]

“lyticase — a mixture of enzymes used to degrade the cell wall of yeast
SOURCE: own elaboration
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Summary

In recent years, phenolic compounds and metal-phenolic networks have attracted
much attention because of their valuable physicochemical properties, and poten-
tial bio-applications in various fields of life. The simplicity, versality, and low cost
of the formation of MPNs surface coatings and capsules make them attractive can-
didates for potential pharmaceutical and biomedical applications. However, there are
still some deficiencies and challenges to overcome in the use of MPNs (e.g. prema-
ture drug release under biological conditions, low drug delivery efficiency, adverse
interactions between MPNs and encapsulated substances) that need to be investigated
and improved in the future.

Acknowledgments: The source of funding for the study was the Polish Ministry of Higher
Education and Science Project No. WI/WB-IIS/3/2021.
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A methodology for interdisciplinary
education of engineers,

adapted to the needs of contemporary cities
(Glocal Project, Erasmust+)

Keywords: Glocal, interdisciplinary training, blended learning

Abstract: The Glocal project (Erasmus+, 2019-1-PL01-KA203-065654) is part
of European Strategic Partnerships Actions of the Erasmus+ program. It has been
developed by a consortium of three European universities: Biatystok University
of Technology, from Poland (its leader), and two partners: Universidad Politécnica
de Madrid, from Spain, and Klaipedos Valstybine Kolegija, from Lithuania.
An important task of the project was the organization of summer schools. A method-
ology for international and interdisciplinary education was developed by the Glocal
project team to conduct such summer schools, as will be explained by the authors,
who are two of the six Glocal project coordinators involved in the development
of this methodology. This is not related with individual work, as it is the result
of the collaborative work of a team of more than 30 university teachers and pro-
fessional experts, with important participation of students, who are also learning
to work in international and interdisciplinary teams. Students worked in teams
of three students, one from each country, to design a green bus stop. To be able
to do so, students need knowledge that has been organized around four blocks
or modules: Architecture and theory of design; Structures and building materi-
als; 3D mapping and modelling; and Systems related to sustainable development.
There is also a general module related to the project (coordination design criteria,
related to the other four blocks but specifically to the first). The developed syllabus
and methodology will be used by the project partner universities, but it will also
be offered to all interested universities, to be freely downloaded from the Erasmus+
platform.
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Introduction

The rapid development of technical sciences in engineering disciplines generates
the need for education in more specialized fields. This is a response to the expectations
of the modern labour market [1]. The activity of the university is therefore focused
on adjusting the educational offer to the current conditions and needs. This process,
however, is associated with a certain inertia resulting from the formal conditions for
introducing new fields of study. At the same time, it is known that in real professional
practice, the international cooperation of engineers from various industries is nec-
essary [2]. This observation reveals a certain deficiency in the educational process.
Graduates of technical universities in many cases show shortcomings in terms of coop-
eration in multi-disciplinary teams [3], especially when these teams deal with com-
plex interdisciplinary projects [1, 4,5].

Hence there is a need for higher education institutions to react faster
to the corrections of the education process [6]. This was possible thanks to partic-
ipation in the European Erasmus + program, in the competition for applications
2019, Round 1 KA2 - Cooperation for innovation and exchange of good practices,
in the activity category KA203 - Strategic Partnerships for Higher Education, that
gave us the opportunity to carry out the Glocal project.

The aim of this study is to present the methodology of interdisciplinary education
of future engineers, prepared as part of the Glocal Erasmus + project, by the Glocal
team of more than 30 university teachers and professional experts, with important
participation from students of the project.

Glocal Erasmus+ project: materials and methods

The project “Glocal - innovative education of future engineers responding to the prob-
lems of modern cities” (Erasmus +, 2019-1-PL01-KA203-065654) was carried out from
1.09.2019 to 31.12.2022, by a consortium of three European universities:

e Bialystok University of Technology (Poland) - leader,

e Universidad Politécnica de Madrid (Spain) - partner

e Kalaipedos Valstybine Kolegija (Lithuania) — partner.

As part of its activities, as well as one of its main goals, these universities devel-
oped a training program for the Glocal project, focusing on its Summer Schools [7].
The basis for the development of the training program was to be the experience
of running two summer schools planned for the summers of the years 2020 and 2021;
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due to Covid-19, both meetings occurred in 2022. The curriculum, teaching materi-
als developed by the consortium teachers [8, 9] and the evaluated learning outcomes
will be used to develop the final form of the syllabus.

The innovative GLOCAL module will be included in the educational offer for stu-
dents at partner universities. It will be implemented as an optional subject (6 ECTS).
We hope it will increase the attractiveness of technical studies, as well as comple-
ment the program with modern ICT technology achievements. It has been designed
to contribute to the creation of a closer link between teaching and hands-on experi-
ence, thus responding to the needs of the European labour market.

Structure of the teaching program
and Glocal training program

The Glocal project has been developing a methodology for the interdisciplinary edu-

cation of young engineers.

The leading assumptions of the methodology were to achieve learning outcomes

in the following areas:

e knowledge and skills in the field of multi-industry cooperation in the broadly
understood architectural and construction area (including architecture, urban
planning, landscape architecture, construction, environmental engineering, archi-
tectural and building structures, spatial management, geodesy, interior design,
BIM)

¢ knowledge and skills in the field of implementing:

— multi-sector projects corresponding to the needs of modern cities,

— multi-sector projects with complex conditions (location, technical, social,
legal, ecological, protection of cultural heritage, shaping the image and brand,
improving the quality of life in the city),

— creative work and cooperation in interdisciplinary, international teams
of designers and contractors

e soft skills in terms of cooperation in an international team (including understand-
ing the value of non-technical engineering activities)

e improving language skills

The adopted framework of learning outcomes, available resources in the form
of laboratories and university equipment, as well as the scientific and didactic achieve-
ments of the consortium’s lecturers were the basis for establishing the four basic edu-
cation blocks (Fig. 1).
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Structure of Glocal
Architecture Structures 3d mapping st‘:) s;ir:;ir:mid
and theory of design | and building materials and modelling
development
Lectures Lectures Lectures Lectures
Seminary Laboratories Laboratories Laboratories
Case study Studial trip Studial trip Studial trip
Studial trip Project Project Project
Project

FIG. 1. Structure of Glocal module
SOURCE: Glocal team own elaboration

Theoretical knowledge and skills transferred to students during the implementa-
tion of the four modules will be used in an interdisciplinary design of a small archi-
tecture facility located in the public space of a modern city (Project general module).
A green public transport bus stop was selected as the theme of the project. It requires
the analysis of numerous conditions in the field of geodesy, architecture, construction,
installation, the selection of modern technologies and materials, of smart city solutions,
and the establishment of criteria and conditions for sustainable urban development.

Architecture and theory of design

The thematic block “Architecture and theory of design” contains theoretical and prac-

tical topics in order to meet the needs of the Glocal project.
They concern thematic issues in the field of:

e theory and design of contemporary architecture, with particular emphasis
on architecture located in public space. Analysis of good design practices regard-
ing small architecture objects in the public space of cities,

e architectural design that meets the conditions of sustainable city development,

e universal design responding to the needs of people with disabilities, including
principles of designing architectural models for people with disabilities,

e cultural values of the urban landscape of the cities of the Glocal project: Biatystok,
Klaipeda and Madrid,

e cultural heritage of European cities, with particular emphasis on the value of their
public spaces. Protection of historical values of European cities,

e the theory of shaping the image and brand of the city.

The module “Architecture and theory of design” includes lectures, seminars
and project classes. The analysis of selected case studies in the form of lectures and the-
matic excursions is foreseen (Fig. 2).
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FIG. 2. Study trip to Warsaw
SOURCE: D. Gawryluk, 04.2022

This is one of the more extended academic content modules, as it provides the basic
knowledge for the project work, and can be considered as general criteria to inte-
grate the different, specialized elements of the construction system that are included
in the four basic education blocks or modules. Project work related to this module
consists in the design of a small architecture facility (green bus stop), been carried
out by the students’ teams.

Structures and building materials

The thematic block “Structures and building materials “ was devoted to issues

in the field of theory and practice of construction corresponding to the needs

of the Glocal project. They concern thematic issues in the field of:

e Dbasic design solutions of various types of structures used in small architecture
facilities

e basic design schemes of the above-mentioned structure. Basic use of selected soft-
ware for designing structures

e structure safety - issues related to ensuring the safety of structures and the use
of structures ensuring safety in public space

e innovative technologies and materials in construction

e sustainable development in revitalization of public areas

e structures and new technologies in revitalization or building new small architec-
ture objects in a heritage context

e basics of circular economy

The module “Structures and building materials “ includes lectures, seminars, lab-
oratories and design classes (Fig. 3).
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a) b)

FIG.3A AND 3B. Structure Laboratory, Bialystok University of Technology
SOURCE: 3a. D. Gawryluk, 3b. M.A. Florez de la Colina, 04.2022

3D mapping and modelling

The thematic block “3D mapping and modelling” concerns the depiction of space
in the field of geodesy, architecture, and landscape architecture through the use of var-
ious drawing techniques and selected databases and graphic programs. They concern
thematic issues in the field of:

e principles of GIS, BIM, Lidar

theory of digitalisation of heritage objects

principles of a smart city (including smart public transport)

3D modelling (hand drawing, 3D printing, use of graphics programs)

The module “3D mapping and modelling” includes lectures, laboratory and design
classes.

a) b)

FIG. 4A AND 4B. Drone workshop in Bialystok, teacher: Indrius Kuklys
SOURCE: 4a. M.A. Florez de la Colina, 4b D. Gawryluk, 04.2022
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Systems related to sustainable development

The thematic block “Systems related to sustainable development” concerns broadly
understood modern systems and services that are used in buildings and public spaces
in cities. In the Glocal offer, they are thematically related to:

e greenery in public space

small retention systems

water installations (Fig. 5)

renewable sources of energy, pv panels

heating, cooling and ventilation systems

The module “Systems related to sustainable development” includes lectures, lab-
oratory and design classes (Fig. 5).

a) b)

FIG. 5A AND 5B. “Instalaciones” Laboratory in Universidad Politécnica de Madrid
SOURCE: 5a. M.A. Florez de la Colina, 5b D. Gawryluk, 2021

Results of first testing experience: Glocal Summer School
in Bialystok, Poland (Project work)

A pragmatic test of the explained methodology, applied to a specific design problem,
was done during the First part of Glocal 1 Summer School, at Bialystok University
of Technology, in Poland. Some of its first results are presented here, through the pre-
liminary projects of a green public transport bus stop developed by students, as well
as some of the activities focused on the integration of the students’ teams.

Glocal project programmed activities included the opportunity to travel to Poland
for students and teaching staff from the other two partner universities, Universidad
Politécnica de Madrid, UPM, from Spain, and Klaipedos Valstybine Kolegija,
Klaipeda State University of Applied Sciences, KVK, from Lithuania. Problems due
to the Covid-19 pandemic delayed the course, planned for summer 2020 to the spring
of 2022. Participants attended the First part of Glocal 1 Summer School in Bialystok,
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in April 2022. This included 8 students from each of the 3 partner universities,
4 incoming teachers from each Spanish and Lithuanian partner, and 14 Polish lec-
turers from academia and from participating companies or local administrations.

During two intensive weeks, 8 teams of students were given a specific location,
different for each team, in Poland, Spain or Lithuania. Each of the 3 team members
came from a different country (Poland, Spain or Lithuania), making it international,
but also each team member had a different course of study (Landscape architecture,
Building construction engineering or Geodesy), making it interdisciplinary. They had
to attend lectures, as well as laboratory and design classes, working with their team
to create a bus stop shelter, as detailed in the agenda of the Summer Course (Glocal

- innovative training of future engineers (pb.edu.pl) [7].

Student project work in Bialystok was supervised by an international and inter-
disciplinary group of teachers, helping students to collaborate in the design. As quite
often occurs in multidisciplinary professional teams, the tendency was that each stu-
dent was doing his or her “part”, related with their specific studies. In the first days
of the program, students created sketches of their ideas and shared them with other
teams (Fig. 6).

a) b)

FIG. 6. A,B,C,D. First part of Glocal 1 Summer School, in Bialystok: students and teachers shar-
ing first ideas

SOURCE: M.A. Florez de la Colina, D. Gawryluk
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We wanted them to be interested in and to learn the basic knowledge included
in each of our modules, to allow them to really and actively collaborate in the whole
design, even if they gave more ideas related to their specific studies (Fig. 7).

FIG. 7. First part of Glocal T Summer School, in Bialystok: students and teachers sharing first ideas
SOURCE: M.A. Fl6rez de la Colina, D. Gawryluk

As seen in those images, most of the student teams got accustomed in those two
weeks to actively participate in sharing their ideas. We found that sometimes “uncon-
ventional places” to share ideas (a common space for instance, instead of a classroom,
in the beautiful building of the library of the Bialystok University of Technology),
could help those more reluctant or shy to express themselves in the English language.

The proposed educational criteria allow for the local government administration,
producers and the professional environment of engineers to have an impact on the edu-
cation process and at the same time expand their own knowledge. We have already
found a positive effect on local and global economic development, through the inter-
est of all participants related to Glocal 1 Summer School in Bialystok, Poland, to col-
laborate in this project.

The work of those teams and their teachers was not finished in April 2022.
As already mentioned, this was only the first part of the Glocal Summer Courses
and their work will continue with a second blended part, with three weeks of e-learn-
ing and two weeks face-to-face in Madrid, in September 2022. This will let us know
if those good preliminary results could be improved.

Summary

A methodology of interdisciplinary education of future engineers has been developed
using the teaching and research potential of three European universities: Bialystok
University of Technology, Universidad Politécnica de Madrid and Klaipedos Valstybine
Kolegija. The reason why participation in projects such as strategic partnerships
of the Erasmus + program is interesting, is that it gives universities the opportunity
to prepare a more attractive educational offer.
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We consider that the Glocal course, prepared as part of the Glocal Erasmus + pro-
ject, by the Glocal team of more than 30 university teachers and professional experts,
with the important participation of students, has adequately prepared the 8 teams
of 3 members of Glocal 1 for the changing needs of the labour market. Students
have achieved a high level of adaptability related to the new knowledge transmitted
to them through the four academic modules designed for this course (Architecture
and theory of design, Structures and building materials, 3D mapping and model-
ling, Systems related to sustainable development). Collaboration between the mem-
bers of each team is a key issue related with the best integration of technical elements
in their projects, as well as in adapting new technical knowledge to the requirements
of small objects in the public spaces of cities. The preliminary student project results
of a green public transport bus stop, as the first pragmatic test of the explained meth-
odology, allow us to think so.

We hope that the transfer of information, experience and skills between lecturers
and students that have occurred in Glocal 1 Summer School in April 2022, in Bialystok,
Poland, will have a positive impact on improving the quality of education, extending
the offer and updating the content of education at other universities, as has already
been the case with our universities.
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Investigation of the effect of waste
polypropylene originated metal contaminants
on the pyrolysis of polypropylene

Keywords: chemical recycling, pyrolysis, plastic waste, polypropylene, ICP-MS.

Abstract: This study aims to characterize the waste PP that was found to have
the highest share in the Household Plastic Waste (HPW) collected in Izmir, Turkey.
PP’s physicochemical properties were evaluated by using different characteriza-
tion techniques, such as proximate and ultimate analysis, Fourier Transform
Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), and Differential
Scanning Calorimetry (DSC). The metal content of the plastics is sourced from addi-
tives used to improve the stability and mechanical properties of plastics. These met-
als can have a catalytic role during the pyrolysis process. The quantities of metals
in the PP-originated ash were investigated by an Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) and Scanning Electron Microscopy — Energy Dispersive
X-Ray Spectroscopy (SEM-EDX). Moreover, to evaluate the influence of the metal
fraction of PP on the product yield and product distribution, pyrolysis experi-
ments were conducted as thermal and catalytic with different PP to ash ratios (10:1,
50:1, and 100:1) at 450°C. The hydrocarbon distribution of liquid products was
investigated by Gas Chromatography-Mass Spectrometry (GC-MS). It was found
that the presence of PP-originated ash in pyrolysis conditions had no remarkable
effect on liquid product yield but had an impact on fuel range (C,~C,,) hydrocar-
bon distribution.
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Introduction

Plastics are among the most utilized materials in various industries such as construc-
tion, packaging, automotive, etc. The variety of plastic products has a wide range,
including various types of plastics listed according to the Standard Practice for Coding

Plastic-Manufactured Articles for Resin Identification [1]. These are polyethylene tere-
phthalate (PET, code: 1), high-density polyethylene (HDPE, code: 2), polyvinyl chloride

(PVC, code: 3), low-density polyethylene (LDPE, code: 4), polypropylene (PP, code: 5),
polystyrene (PS, code: 6), and OTHER (code: 7) [2]. OTHER is defined as the mixture

of miscellaneous plastics, including polyethylene (PE), polycarbonate (PC), polylac-
tide acid (PLA), acrylic, acrylonitrile butadiene styrene (ABS), polyamide (PA), poly-
butylene terephthalate (PBT), fiberglass, and nylon[3]. Each plastic type demonstrates

different features, e.g., PET is lightweight and resistant to pressure, thus used in water
and beverage bottles. In contrast, HDPE has long polymer chains and is highly crys-
talline, so the application area consists of detergent, shampoo, and oil containers [4].
PS is usually used in toys, medical devices, and electronics due to its light and heat

resilience. PP has high resistance to heat and chemicals, and high rigidity, thus used

in furniture production, carpets, and food packaging [4,5]. PVC also has high resist-
ance to temperature and it is versatile so that it can be used in the production of credit
cards, medical devices, food foil, and packaging. However, PVC produces hazardous

chlorine gas in thermochemical treatment which is undesirable.

In Turkey, the production of raw plastic material is speculatively determined
as higher than 1 thousand million tons for 2021. Turkish Plastics Industrialists
Research, Development, and Education Foundation (PAGEV) reported the compo-
sition percentages of produced plastic raw materials for PET, HDPE, PVC, LDPE, PP,
PS, and PVC are 23%, 9%, 15%, 31%, 12%, 10%, respectively for 2021[7]. Since there
is no segregation step for plastic types in municipal waste, the composition of plastic
waste is unknown. Table 1 shows the plastic-type distribution in municipal and house-
hold waste determined in different regions. Specific to this study, the related distri-
bution for Izmir (Turkey) region is provided in the table as well.

TAB. 1. The plastic-type distribution in municipal and household waste

P!ast!c T¥pe This India Spain Thailand Europe 0zech' Qatar

Distribution, stud 7] I8] 4] 2 Republic [o]
(wt. %) y 5]
PET 30.0 9 18.6 5.9 26 2.3 14
PE 375 66 499 77.8 37 49.3 43
HDPE 26.4 N/A N/A 57.4 7 26.5 21
LDPE 1.1 N/A N/A 17.4 30 22.8 22
PVC N/A 4 N/A 2.2 N/A N/A 16
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PI.ast.lc T¥pe This India Spain Thailand Europe Czech. Qatar
Distribution, stud 7] [8] 4] 2 Republic [9]
(wt. %) y [5]
PP 27.6 10 10 7.3 7 30.4 19
PS 0.95 5 5.7 4.8 1 18 5
OTHER 34 6 15.8 5.0 25 N/A N/A
LABEL 0.6 N/A N/A N/A N/A N/A N/A

*Household waste
N/A: No data available

SOURCE: own elaboration

Pyrolysis is a thermochemical conversion technology that could be con-
sidered for waste plastics to produce intermediate energy carriers at reaction
temperatures ca. 500°C in the absence of oxygen. Since the liquid product of plastic
pyrolysis has a high calorific value, plastic waste is a promising feedstock for produc-
ing alternative fuels. The metal content of the plastics is sourced from additives used
to improve the stability and mechanical properties of plastics. Moreover, these metals
can have a catalytic role during the pyrolysis process. It has been reported in the lit-
erature that potassium, calcium and magnesium lower the decomposition tempera-
ture and increase the char yield during the co-pyrolysis of LDPE and wood sawdust
[11]. Lin et al.,, have reported that alkali/alkaline earth metals in cellulose-derived
char improved the cracking of HDPE to produce alkenes and potassium content, but
decreased hydrocarbon formation [12]. To evaluate the effects of ash derived from PP
on product yield and hydrocarbon distribution of the liquid product, pyrolysis pro-
cesses were carried out as thermal and catalytic processes. Three different ratios of PP
to ash (10:1, 50:1, and 100:1) were used for the catalytic pyrolysis of PP.

Materials and methods

For this study, 78 kg of HPW was collected between May and September 2021.
The collected materials were classified according to Resin Identification Codes
(RIC) [1]. Moreover, unidentified plastic labels were segregated into a stand-alone
category (i.e., label). Figure 1 shows the plastic-type distribution of collected HPW.
PET has the highest share with 30 wt.% while HDPE, LDPE, PP, PS, OTHER,
and LABEL were 26.4 wt.%, 11.1 wt.%, 27.6 wt.%, 0.95 wt.%, 3.4 wt.%, and 0.6 wt.%,
respectively. Because of the utilization area of PVC, PVC (code: 3) was not observed
in the collected HPW.
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Others 3.39%
PS 0.95% \ Labels 0.60%

PET 30.0%
PP 27.6%

LDPE 11.1%
HDPE 26.4%

FIG. 1. Plastic-type distribution in collected HPW
SOURCE: own elaboration

Since PP had the highest share in collected HPW and would result in a liquid
product with a high calorific value by pyrolysis process, the physicochemical proper-
ties of waste PP samples were characterized via different characterization techniques.
The ultimate and proximate analyses, FTIR, ICP-MS, TGA, DSC, and SEM-EDX were
conducted for this study. The equipment used for the physicochemical characteriza-
tion of waste PP samples were summarized in Table 2. Proximate analyses were con-
ducted according to related ASTM standards to determine moisture, ash, and volatile
matter contents of waste PP samples [13]. Fixed carbon was determined by the mass
balance after analysing the content of moisture, ash, and volatile content. Ultimate
analysis was used to determine the CHN/S contents of PP samples. Oxygen content
was also calculated by difference.

TAB. 2. Equipment used for the physicochemical characterization of waste PP samples

Analysis Equipment and Standards

Proximate Analyses

Moisture content ASTM D3173
Ash content ASTM D3174
Volatile matter content ASTM D3175
CHN/S Leco TruSpec CHN Analyzer
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Analysis Equipment and Standards

Heating Value Parr 6300 Oxygen Bomb Calorimeter

Agilent 7500c¢ Octopole Reaction (ICP-MS),
CEM Mars 6 (Microwave Digestion System)

Metal Content

TGA Perkin EImer Diamond TG/DTA

DSC Perkin EImer Diamond TG/DTA

SEM-EDX FEI QUANTA 250 FEG

FTIR Perkin EImer Fourier Transform Infrared Spectrometer System

Spectrum BX

SOURCE: own elaboration

FTIR analysis was performed to obtain information concerning the functional
compositional groups in the samples. The scanning wavenumber range was 4000 cm™
to 600 cm™ with a data interval of 1 cm™. Another characterization technique applied
to waste PP is SEM-EDX, used to determine any trace elements that ICP-MS did not
detect since their quantity is below the limit.

Obtained TGA and derivative thermogravimetric (DTG) curves were used to eval-
uate the thermal stability of the waste PP sample and its behaviour under a specific tem-
perature regime. For the TGA tests, the sample temperature was increased from 25°C
to 800°C by applying a heating rate of 10°C/min with an N, flow rate of 40 mL/min. DSC
was performed to determine the melting temperature commonly used for the character-
ization of polymer mixtures. During the DSC analysis, the sample was heated from 25°C
to 350°C with a heating rate of 10°C/min with an N, flow rate of 40 mL/min. The metal
content of PP was investigated by ICP-MS. As a pre-treatment, microwave digestion was
performed at 210°C with the addition of 10 mL HNO, to the 0.25 g of sample for trans-
ferring metal content from the solid phase into the liquid phase.

While physicochemical characterization techniques were applied to waste PP, pure
PP was used for the pyrolysis process. The virgin PP was purchased from PETKIM.
Since the maximum mass loss of PP occurred at 446°C according to the DTG curve,
pyrolysis experiments were carried out as a thermal and catalytic at 450°C in a bench-
scale continuous reactor. For catalytic pyrolysis, the solid residue that remained after
ASTM D3174 analysis of waste PP which is the ASTM standard for the determina-
tion of the ash content was collected to obtain the metal fraction. Pure PP and ash
fraction of waste PP were mixed homogeneously at different plastic-to-ash ratios
(10:1, 50:1, and 100:1) and fed to a pyrolysis reactor. The continuous feeding rate was
60 g/h, and the nitrogen flow rate was 1 L/min for the continuous pyrolysis process.
GC-MS analysis was performed by AGILENT 6890N GC/ 5973N Ei Network MSD
to evaluate the fuel range hydrocarbon distribution.
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Results and discussions

Table 3 shows the proximate, ultimate analysis results and higher heating values
of waste PP. Waste PP has a calorific value of 43.0 MJ/kg, and the carbon and hydro-
gen contents are 80.9 wt.% and 13.5 wt.%, respectively. The ultimate and proximate
analysis results of waste PP are in line with other studies in the literature [11,12].

TAB. 3. Results of ultimate analysis (wt.%), proximate analysis (wt.%), and heating values
(cal/g and MJ/kg) of waste PP

| PP
Ultimate analysis
C 80.9
H 13.5
0 5.6
N 0
S 0
Proximate analysis
Ash 2.30
Moisture content 0.4
Volatile matter 94.8
Fixed carbon” 2.6
Heating Values
HHV (cal/qg) 10279
HHV (MJ/kg) 43.0

SOURCE: own elaboration

Figure 2 shows the FTIR spectra of waste PP utilized in this work. Polypropylene
is formed by the polymerization of propylene and contains methylene, methane,
and a methyl group. Symmetric and asymmetric stretch bands of methyl appear
at 2954 cm™ and 2862 cm™, while the umbrella mode of methyl appears at 1376 cm™.
Moreover, symmetric and asymmetric stretch bands of methylene appear at 2916 cm™
and 2850 cm™.
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FIG. 2. FTIR spectra of waste PP
SOURCE: own elaboration

Figure 3 shows the TGA and DTG curves of waste PP utilized in this work. It can
be seen from the graph that the thermal degradation starts at 250°C, and the maxi-
mum mass loss occurs at 443°C. Sharuddin et al., have studied TGA analyses for plas-
tic types, and the result for PP was in the same line as the result of this study [11,13].
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FIG. 3. TGA and DTG curves of waste PP
SOURCE: own elaboration
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In this study, the melting point of PP was observed as 165°C by a DSC. The research
of Majewsky et al. indicated the melting temperature of PP was observed as 165°C [17].
Moreover, Calero et al. studied the melting temperature of HDPE, LDPE, and PP sam-
ples, and the results showed that PE samples melted at 120-130°C whereas PP sam-
ples melted at 160°C [18]. While TGA and DSC analyses were conducted to assess
thermal stabilization, ICP-MS and SEM-EDX analyses were conducted to evaluate
the metal content of waste PP. Table 4 shows the element content of waste PP that
ICP-MS determined.

TAB. 4. Results of metal content (ug/g) in waste PP

Elements, pg/g

Pb | Ba Sr Zn Cu |Fe Mn |Cr |Ca K Al Mg Na

PP (018 (286 |5 28 817 [72.8 |1 1 174 | 70.9 | 2135 | 842.6 | 261.7

SOURCE: own elaboration

Aluminium has the highest concentration with 2135 pg/g, followed by magnesium,
sodium, and calcium. The high concentrations of calcium, aluminium, magnesium,
and sodium can be explained by the utilization of these metals as additives in the plas-
tic production industry. Aluminium, calcium, and sodium are generally used as anti-
oxidants in plastic production to reduce oxidation [19]. Calcium is used primarily
as a filler and a photo-stabilizer in the form of CaCO, [21]. Aluminium and magne-
sium compounds are widely used as flame retardants to slow down or inhibit igni-
tion or oxidation reactions of plastics [20, 22].

TAB. 5. SEM-EDX result of waste PP

Elements, wt.%

( 0 Na Si Ti cl N Cu Al Ca

75.2 16.2 0 0.95 2.90 1.73 2.60 0.30 0.06 0

SOURCE: own elaboration

Table 5 shows the elemental composition of scanned areas of waste PP samples
by weight percentages that SEM-EDX obtained. SEM-EDX results prove the pres-
ence of some elements in the sample, which ICP-MS did not detect since their quan-
tity is below the limit. Titanium, silicon, and chlorine were the main elements seen
by SEM-EDX. In general, titanium is used as a pigment, while calcium and silicon
oxides may be used as reinforcing filler that provides tensile strength [18, 19].
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FIG. 4. Product yields for thermal and catalytic pyrolysis of PP
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Pyrolysis experiments were carried out as thermal and catalytic to evaluate
the effect of the metal fraction on the liquid product yield and quality. The product
yields for the thermal pyrolysis of pure PP and the catalytic pyrolysis of PP with differ-
ent PP-to-ash ratios (10:1, 50:1, and 100:1) are represented in Figure 4. The liquid yield
for pyrolysis of pure PP is 66 wt.%, while liquid yields are 59 wt.% feed, 67 wt.% feed,
and 63 wt.% feed for PP: Ash (10:1), PP: Ash (50:1), and PP: Ash (100:1), respectively.
It can be seen from the graph that there is no remarkable effect of the metal fraction
on liquid product yields since the liquid product yield has decreased in the presence
of ash content with a PP-to-ash ratio of 10:1. The hydrocarbon composition of the liq-
uid products of pure PP and the PP: Ash (10:1) were determined by the GC-MS analysis.
Fuel range (C,-C,,) hydrocarbon distribution increased from 72.5 wt.% to 81.6 wt.%
in the presence of ash with a PP: Ash ratio of 10:1.

Conclusions

The detailed characterization of PP collected in Izmir provided information to evalu-
ate their suitability as raw feedstock to achieve high conversion to the liquid product
by pyrolysis process. This study concluded that the elemental composition of plas-
tic waste could vary since several additives are used in the plastic production indus-
try to improve the plastic properties for utilization in different sectors. According
to TGA-DSC curves, PP completes its thermal degradation at 500°C, and the melting
temperature is 165°C. The determined melting temperature can be used for process

96



INVESTIGATION OF THE EFFECT OF WASTE POLYPROPYLENE ORIGINATED METAL CONTAMINANTS...

optimization if pre-treatment is used for the pyrolysis system. The temperatures
obtained with the DTG curves can be evaluated in optimizing the pyrolysis process
to achieve maximum mass conversion. Aluminium, magnesium, sodium, and calcium
were indicated as dominant elements by ICP-MS. The high concentrations of these
metals can be explained by the utilization of these metals as antioxidants in plastic
production to reduce oxidation. Titanium, silicon, and chlorine were the main ele-
ments seen by SEM-EDX. Primarily, these elements are used as a reinforcing filler that
provides tensile strength. The yield of liquid products in thermal pyrolysis of pure PP
and catalytic pyrolysis of PP with different ratios of PP to ash (10:1, 50:1, and 100:1)
are 66 wt.%, 59 wt.%, 67 wt.%, and 63 wt.%, respectively. Moreover, the distribution
of hydrocarbons in the fuel range (C,-C,,) increased from 72.5 wt.% to 81.6 wt.%
in the presence of 10:1 ash.
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Environmental and water-use impact
for indirect evaporative coolers
in the mediterranean climate area

Keywords: indirect evaporative cooling technology, experimental tests, air-cool-
ing system, water-use efficiency, CO, emissions

Abstract: The energy consumption of the heating, ventilation, and air-condition-
ing systems (HVAC) represents around 40% of energy consumption in Europe.
According to several studies, evaporative cooling technology presents an inter-
esting solution to conventional air-cooling systems in terms of energy efficiency.
However, few research works analysed water-related indexes in indirect evapo-
rative coolers (IEC). So, the main objective of this research study was to evaluate
the environmental and the water-use impact on IEC systems in the Mediterranean
climate area. Several experimental tests were carried out to fit the empirical mod-
els of cooling capacity, power consumption and water consumption of an IEC.
These models were used for annual energy simulations. Several key performance
indices (KPI) were obtained with the results of these annual simulations. These
KPIs for the IEC system were evaluated for four different climate zones. Based
on energy simulations, the IEC system reached the highest values of annual sea-
sonal energy efficiency ratio (SEER), 3.8, and cooling capacity per unit of water con-
sumed (KPI. ), 0.23 kWh/], for the Athens weather conditions, but also the highest
value of annual CO, emissions (E,), 3378.4 kgCO,/year. The results showed that
the IEC systems reached the highest values of environmental impact and water-
use efficiency for hot climate zones.
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Introduction

The energy consumption of the heating, ventilation, and air-conditioning systems
(HVAC) represents a high percentage of the total energy consumption in the world,
around 50% [1]. According to several studies in the last decade, the final energy con-
sumption in buildings accounts for 40% of the total energy consumption and 36%
of the total CO, emissions in Europe [2]. The Energy Performance of Buildings
Directive established sustainable development and the achievement of competitive
HVAC systems as main objectives [3]. The main types of HVAC systems are divided
in the literature as: conventional HVAC systems based on direct expansion units,
air-cooling systems based on evaporative cooling technology and hybrid HVAC sys-
tems, see Fig. 1.

| HVAC systems |
[ 1
I I I
| Conventional | | Evaporative cooling | | Hybrid systems
L Based on direct Direct L - DX + DEC
expansion unit —  Evaporative cooler - DX+ IEC
(DX) (DEC) - IEC + DEC
- DEC + Dessicant wheel (DW)
ndi - IEC + Dessicant wheel (DW)
ndirect
L evaporative cooler
(IEC)

FIG. 1. Main types of air-cooling systems
SOURCE: own elaboration

Evaporative cooling technology presents an interesting solution to conventional
cooling technologies based on direct expansion units. Most of the experimental stud-
ies of indirect evaporative coolers (IEC) focused on the analysis of energy perfor-
mance. A recently published article performed the energy consumption comparison
between three different air-cooling systems in Mediterranean climates [4]. The main
finding was that the IEC system and the hybrid system, composed of an IEC system
and a desiccant wheel (DW) consumed three, four, ten and fifteen times less than
the conventional DX system depending on the climate zone. However, few research
works have analysed water-related indexes in indirect evaporative coolers. A method-
ology to determine the water-use efficiency in evaporative coolers was developed [5].
Another study showed high values of water-use efficiency for the IEC technology
and combined systems with IEC [6].
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Based on the lack of research studies on environmental and water indexes of indi-
rect evaporative coolers, the main objective of the present work was to evaluate
the environmental impact and the water-use efficiency for indirect evaporative cool-
ers in different climate zones of the Mediterranean area.

Experimental setup of the IEC system

An innovative air-cooling system based on an indirect evaporative cooler (IEC) was

experimentally studied in this work. The evaluated IEC system was mainly composed

of the following elements, see Fig. 2:

e An efficient counterflow heat exchanger.

e A process fan.

e A gross 60% filter (gross filter).

e AnePM, 65% filter (fine filter).

e Several sensors of air temperature (T), air relative humidity (RH), pressure
drop (P), volumetric air flow (V), electrical power consumption (W) and water
consumption (W,,).

The sensors of air temperature, air relative humidity and pressure drop were used
to evaluate the IEC performance. The accuracy of the sensors of air temperature, air
relative humidity ratio, pressure dop in the outlet gate of the IEC system, volumetric
air flow, electrical power consumption and water consumption are shown in Table 1.

TAB. 1. Accuracy of the sensors in experimental setup

Variable Sensor Accuracy
Temperature (T) PT100 +0.2 °C (0-50°C)
Relative humidity (RH) Capacitive +3.0% (0-90%)
Pressure drop (P) Piezo-resistive +0.05 hPa (-150-150 hPa)
Volumetric air flow (V) Differential +5% reading (< 500 Pa)
Electrical power consumption (W) 3-phase +1.0% reading (0-10 kW)
Water consumption (W,,) 3-paths valve +2.0% reading (0-3 1/s)

SOURCE: own elaboration

The inlet air conditions were adjusted with an air handling unit (AHU) composed
of a cooling coil, a heating coil, a steam humidifier and a centrifugal fan, as shown
in Fig. 2. With this experimental setup, the IEC system was evaluated under differ-
ent working conditions.
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Indirect Evaporative Cooler (IEC)
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FIG. 2. Experimental setup of the evaluated IEC system
SOURCE: own elaboration

The IEC system worked with a single inlet air stream. This air flow was 100% inlet
air (IA) which was divided into two air streams: exhaust air (EA) and outlet air (OA).
This efficient air-cooling system consisted of alternative wet and dry channels sepa-
rated by thin plates. The inlet air flow was cooled without increasing its air humidity
ratio and the exhaust air flow was humidified and then exhausted outside. The most
important characteristics of this indirect evaporative cooler are shown in Table 2.
It should be noted that the value of the exhaust air ratio (R,,) was the value of the rela-
tion between the exhaust air flow rate (V) and the inlet air flow rate (V,,). The nom-
inal values of the cooling capacity, inlet air flow rate and exhaust air ratio for the eval-
uated IEC system were 18 kW, 5000 m> h™' and 0.45, respectively.

TAB. 2. Main characteristics of evaluated IEC system

Parameter Value Unit
Nominal cooling capacity 18 kw
Nominal inlet air flow rate 5000 m3h~!
Exhaust air ratio (R, = V.,/V,) 0.45 -
Nominal power consumption 1.5 kW
Maximum water consumption 44 [h

SOURCE: own elaboration
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The IEC system evaluation

Experimental tests were used to obtain the models of the different established out-
put parameters: cooling capacity (lemg), power consumption (W__ ), and water con-
sumption (V). Each experimental test was carried out under different working condi-
tions during a steady-state period of thirty minutes. During these experimental tests
in the IEC system, different values of inlet air temperature (T',), inlet air humidity
ratio (w,,), inlet volumetric air flow (VI ,)» and exhaust air ratio (R,,) were considered

to develop the respective mathematical models, see Table 3.

EX)

TAB. 3. Summary of experimental tests in IEC system

TIA VIA VIA RE X TIA wlA VIA REX
U el | okl | i | H | | rel | lokal | miml | H
N1 32 11 3000 0.3 N6 40 1 3700 0.7
N2 32 8 3000 0.5 N7 32 1 4500 0.3
N3 32 1 3000 0.7 N8 32 14 4500 0.5
N4 40 1 3700 0.3 N9 32 1 4500 0.7
N5 40 8 3700 0.5

SOURCE: own elaboration

Second order polynomial equations were used to obtain the relationship between
the input parameters (inlet air temperature, inlet air humidity ratio, inlet volumet-
ric air flow and exhaust air ratio) and the output parameters (cooling capacity, power
consumption and water consumption), see Eq. 1.

k k k=1 k
o 2
Y=b,+>b X, +>b, - X +Y > b-X;-X, )
i=1 i=1 i=1 i=2;j>i
Where Y was the estimated output value, X were the input parameters; b, was the aver-
age response in each model, and b, b, and bij were the estimated parameters of linear,
quadratic and the second-order terms, respectively.

On the other hand, several energy simulations were carried out to com-
pare the environmental impact of the IEC system under different climate zones
in Mediterranean area climate. The Transient System Simulation Tool (TRNSYS)
was the software used to carry out annual energy simulations [7]. The Képpen-Geiger
climate classification was the climate criterion selected in this work [8]. It should
be noted that the typical climate zones in the Mediterranean area were represented
by the Almeria weather conditions, the Zagreb weather conditions, the Athens
weather conditions, and the Genoa weather conditions, (see Table 4). The first letter
of the nomenclatures of the four selected climate zones indicated the main climate,
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the second letter of the nomenclatures of these climate zones indicated the character-
istic precipitation and the third letter of these nomenclatures represented the charac-
teristic temperature in summer:

e Almeria - BSk. (B: arid; S: steppe; k: cold arid).

e Athens - Csa. (C: warm temperate; s: summer dry; a: hot summer).

e Genoa - Csb. (C: warm temperate; s: summer dry; b: warm summer).

e Zagreb - Cfc. (C: warm temperate; f: fully humid; ¢: cool summer).

The IEC system was evaluated during the cooling period. The value of the annual
cooling period for each climate zone was the number of hours in which the outdoor
air temperature (7),) was above 18°C. These annual cooling periods and the CO, emis-
sion factors considered (F_,,) for each city are also shown in Table 4. The values
of the inlet volumetric air flow rate (V,,) and the exhaust air rate (R,,) considered
during the energy simulations were constant. These values were the respective nom-
inal values, see Table 2.

TAB. 4. Selected climate zones of Mediterranean area

Climate zone City Country F0,[kgCO,/kWh] Cooling period [h]
BSk Almeria Spain 0.331 4337.52
Csa Athens Greece 0.577 4072.08
Csb Genoa Italy 0.466 3343.36
Cfc Zagreb Croatia 0.273 2222.44

SOURCE: own elaboration

The IEC system studied in this work was evaluated in terms of the output param-
eters shown in Eq. 2 to Eq. 4, for the experimental tests N1-N9, see Table 2. In addi-
tion, several environmental impact indexes were established to analyse the energy
behaviour of the IEC system, see Eq. 5 to Eq. 9. The values of environmental impact
and water-use efficiency indexes were obtained for the respective annual cooling
period of each selected climate zone:

COOling CapaCity [kW] Qcooling = puir ’ VOA ’ (hIA - hOA) (2)
Power consumption [kW]: W =W +W 3)

cons Process fan Pump

Water consumption [I/h]: VW = Measurement of IEC water consumption (4)

z Qmo in,
Seasonal energy efficiency ratio [-]: SEER = ZW—lg (5)
Annual CO, emissions [kgCO,/year]: ECOZ =F., W, (6)
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z Q.cou in,
Cooling capacity per CO, emission [kWh/kgCO,]: KPI.. .., = ZE—C(I); @)
. . . Z Qcouling
Cooling capacity per unit of water consumed [kWh/1]: KPI ,, = Z—V (8)
w
| » | sy,
Water consumption per CO, emission [1/kgCO,]: KPI,, .., = —2 iCoa )

Experimental results of the output parameters

The results of cooling capacity, power consumption and water consumption of the IEC
system for each experimental test are shown in Table 5. It can be observed that
the highest values of Q ,,, were achieved under working conditions of tests N4 and N7.
In both cases, the values of the inlet air humidity ratio and the exhaust air ratio were
11 g/kg and 0.3, respectively. However, the value of the cooling capacity in test N7 was
higher than the value of the cooling capacity in test N4 due to the higher inlet air flow
rate and so, a higher outlet air flow rate value. The lowest values of power consump-
tion (me) were achieved when the value of the exhaust air ratio (R,,) was 0.7,
see tests N3, N6 and N9 in Table 5. This was due to the lower outlet air flow rate val-
ues for these three experimental tests. However, the highest values of water consump-
tion (V') were also reached for tests N3, N6 and N9 with a R, value of 0.7. This was
due to the higher values of the humidified air flow (V).

From the experimental results shown in Table 5, mathematical models of the out-
put parameters were developed. The coefficients of determination (R?) for the cool-
ing capacity ‘(leing) model, the power consumption (Wmm) model and the water con-
sumption (V) model of the evaluated IEC system were greater than 0.987 for all
output parameters. Therefore, these models adequately predicted the experimental
behaviour of the IEC system.

TAB. 5. Experimental results of the output parameters for the studied IEC

Test | Q0 [KW] | W, [kW] |V, [I/h] Test | Q,,;,, [kW] | W, [kW] |V, [i/h]
N1 17.5 0.377 14.6 N6 22.2 0.669 43.7
N2 16.7 0.399 21.3 N7 335 1.130 17.2
N3 13.3 0.376 37.8 N8 26.8 1.126 40.8
N4 30.0 0.692 17.3 N9 24.3 1.079 42.5
N5 283 0.703 23.2

SOURCE: own elaboration
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Annual results of environmental and water-use impact

The annual values of several indexes related to environmental impact and water-use
efficiency were obtained according to Eq. 5 to Eq. 9. The cooling period considered
for each climate zone (Almeria, Athens, Genoa and Zagreb) was defined as the num-
ber of hours in which T, exceeded 18°C, see Table 4.

The results of the seasonal energy efficiency ratio and the cooling capacity per unit
of water consumed indexes for the evaluated IEC system can be observed in Fig. 3.
Both performance indexes were related to the cooling capacity of the IEC system.
It should be noted that both indexes showed the same trend: the seasonal energy
efficiency ratio (SEER) value increased when the cooling capacity per unit of water
consumed (KPI,. ,,) increased and vice versa. The highest SEER value was obtained
for the climate conditions of Athens, being the only climate zone characterised by hav-
ing a hot summer (Csa). The order of the cities shown in Fig. 3 and Fig. 4 was selected
according to the descending order of the respective cooling periods, see Table 4. It can
be observed that the order of the cities according to their SEER values did not coincide
with this descending order. This direct relationship was not established since the cool-
ing period was counted as the period in which the outdoor air temperature exceeded
18°C during a year. However, the climate severity in the different cooling periods was
different for each climate zone or city. The results of the KPI. , index showed that
the KPI.. ,, value for the Athens weather conditions was 2.0, 3.8 and 7.6 times higher
than the KPI_ ,, values for the Zagreb, Almeria and Genoa weather conditions.

0.25 1.5
0.23
0.20 6.0
= 015 45 1
E &
.é_; 3.8 0.12 o
£ 010 3.0
2.
0.06 3
0.05 1.5
K
0.00 ' 0.0
Almeria Athens Genoa Zagreb

mKPlc-w @SEER

FIG. 3. Results of IEC annual environmental impact: KPI,,_,, and SEER
SOURCE: own elaboration
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Fig. 4 shows the results of CO, emissions (E,), the cooling capacity per CO,
emission (KPI._.,,), and the water consumption per CO, emission (KPI,, .,,) indexes
for the evaluated IEC system. All these environmental impact indexes were related
to the CO, emissions. According to Eq. 9, the value of this CO, emissions index was
directly related to the value of annual power consumption and the CO, emissions fac-
tor (F,) for each country. The value of this factor can be observed in Table 4. In fact,
the order of the climate zones according to the value of F,,, coincided with the order
of the climate zones according to the results of annual CO, emissions (E,), see Fig. 4.
However, it should be noted that the KPI,, ., value decreased and increased when
the value of annual E_, increased and decreased, respectively, see Fig.4. The lowest
annual E_,, value and the highest KPI,, .., value were reached for the Zagreb weather
conditions, 870.7 kgCO,/year and 71.4 I/kgCO,, respectively.

Another important environmental index was the cooling capacity per CO, emis-
sion (KPI.. .,)- The results of this index can also be seen in Fig. 4. The highest val-
ues of the KPI. ., index were reached for the Zagreb and Athens weather condi-
tions, 8.3 kWh/kgCO, and 6.7 kWh/kgCO,, respectively. The results of the KPI.. .,
index showed that the KPI_ ., value for the Zagreb weather conditions was 1.2,
2.0 and 6.4 times higher than the KPI ., values for the Athens, Almeria and Genoa
weather conditions, respectively. It should be noted that Zagreb was the climate zone
with the lowest number of cooling hours.
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FIG. 4. Results of IEC annual environmental impact: KPI,_,,, KPl,,_,, and E,,,
SOURCE: own elaboration
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According to the results of the five indexes of environmental impact and water-
use efficiency for the evaluated IEC system in the four climate zones representative
of the Mediterranean climate area, the following points should be highlighted:

e The values of the seasonal energy efficiency ratio (SEER) ranged from 0.6 to 3.8
for the four climate zones. The IEC system for Athens weather conditions achieved
the highest SEER value, 3.8. However, the IEC system for the weather conditions
of Genoa obtained the lowest SEER value, 0.6, due to less severe climate conditions.

e The values of CO, emissions (E_,,) ranged from 870.7 to 3378.4 kgCO,/year
for the four climate zones. The IEC system for weather conditions of Zagreb,
with a SEER value of 2.3, achieved the lowest value of CO, emissions,
870.7 kgCO,/year. However, the IEC system for the weather conditions of Athens,
despite having the highest SEER value, obtained the highest value of CO, emis-
sions, 3378.4 kgCO,/year. This was due to the fact that the values of the F, fac-
tor and cooling period for the Athens climate zone were higher than those
for the Zagreb climate zone.

e The values of the cooling capacity per CO, emission (KPI. .,,) ranged from 1.3
to 8.3 kWh/kgCO, for the four climate zones. The IEC system for the weather
conditions of Zagreb, with the lowest value of annual CO, emissions, achieved
the highest value of cooling capacity per CO, emission, 8.3 kWh/kgCO,. However,
the IEC system for the temperate weather conditions of Genoa obtained the low-
est value of cooling capacity per CO, emission, 1.3 kWh/kgCO,.

e The values of the cooling capacity per unit of water consumed (KPI,, .,) ranged
from 0.03 to 0.23 kWh/I for the four climate zones. The IEC system for Athens
weather conditions achieved the highest value of this important index, 0.23 kWh/1.
However, the IEC system for the less severe climate conditions of Genoa showed
the lowest value of this water-use efficiency index, 0.03 kWh/L.

e The values of the water consumption per CO, emission (KPI,, .,,) ranged from
29.1 to 71.4 I/kgCO, for the four climate zones. The IEC system for the weather
conditions of Athens, with the highest value of cooling capacity per unit of water
consumed, achieved the lowest value of water consumption per CO, emis-
sion, 29.1 I/kgCO,. However, the IEC system for weather conditions in Zagreb,
with the lowest value of CO, emissions, obtained the highest value of water con-
sumption per CO, emission, 71.4 1/kgCO.,.

Conclusions

In the present work, the environmental and water-use impact for indirect evapora-
tive coolers (IEC) in the Mediterranean climate area were analysed. Experimental
tests were carried out to develop several IEC models. These empirical models were
used to simulate IEC annual operative conditions under four different European
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climates. Then, key performance indices (KPI) such us SEER, KPI.. ., KPI.. .,,and ECO2
were calculated on an annual basis. Based on the annual results obtained, the IEC
system for the weather conditions of Athens, the only climate zone characterised
by having a hot summer (Csa), reached the highest values of SEER and KPI. . Then,
the IEC for Zagreb weather conditions showed the lowest value of E_, and the high-
est value of KPI_. ., due to the lowest number of cooling hours and, so, the lowest
number of IEC operation hours. These results show that the IEC system for hot cli-
mate zones reaches the highest environmental impact and water-use efficiency

values.
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Study of antioxidant properties of zinc
and manganese complexes with phenolic acids

Keywords: antioxidants, phenolic acids, superoxide dismutase, IR spectroscopy,
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Abstract: Superoxide dismutase is the strongest antioxidant found in cells.
It is an enzyme that is part of the antioxidant defence system developed by organ-
isms to protect themselves from hazardous activity of free radicals [1]. These atoms
or molecules both naturally occur in the body and may be formed as a result
of external factors. In addition to a number of important functions they perform,
their excess can contribute to the formation of many disorders in the normal func-
tioning of the body [2]. Unfortunately, due to its relatively large size, superoxide
dismutase cannot be used to treat the mentioned disorders, so for years the search
for compounds with similar activity has continued [3]. One group of the compounds
known for their antiradical properties are phenolic acids. They have both the abil-
ity to scavenge free radicals by donating a hydrogen atom and exhibit indirect anti-
oxidant activity [4]. Their properties point to their potential use as SOD mimet-
ics - low molecular weight compounds that act similarly to superoxide dismutase.
In many of the SOD mimetics known to date, there is a metal ion that is the accep-
tor of the unpaired electron from the free radical, thereby inactivating it [3].
This paper reviews the literature on the subject and presents the synthesis of Mn
and Zn metal complexes with p-coumaric and cinnamic acids. Spectroscopic stud-
ies, i.e. IR and Raman spectroscopy, were carried out, which showed that the stud-
ied metals attach to the carboxyl group of selected phenolic acids. The antioxidant
properties of the complexes were determined through investigating OH radical
inhibition and SOD activity. All the complexes showed antioxidant properties.
Theoretical values of HOMO and LUMO molecular orbitals for the studied com-
plexes were also determined as a parameter of their antioxidant capacity.
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Introduction

Free radicals, including reactive oxygen species (ROS), are constantly produced by liv-
ing organisms during their metabolism. Free radicals are atoms or molecule that have
one or more unpaired electrons on its valence shell [2]. They have many functions
in the body. For example, ROS are produced by phagocytes to fight pathogenic micro-
organisms, which make them an important part of body’s immune system [5]. Free
radicals also act as signalling molecules in the cerebral circulation and are essential
in relay processes. They influence neuroplasticity, memory formation and the regu-
lated production, release and reuptake of neurotransmitters. Furthermore, it is less
well known that catecholamines and serotonin have significant free radical scaveng-
ing and neuroprotective capacities, indicating that redox regulation may also play
a key role in neurotransmission [6].

Other beneficial effects of free radicals are related to their physiological roles
in the functioning of many cellular signalling systems [5]. As secondary messen-
gers, they are involved in cell growth and death; they can also be an inducer of apop-
tosis. Reactive oxygen species are also involved in: oxidation and reduction reac-
tions in the respiratory chain; detoxification and purification of the body by, among
other things, participating in the metabolism of xenobiotics; restoration of energy
sources in the form of high-energy phosphate compounds; synthesis of prostaglan-
dins and leukotrienes [7].

Free radicals are characterised by their high reactivity and lack of stability. In order
to “find a pair” for their unpaired electron, free radicals tend to attack other mole-
cules, and due to their high reactivity, can take electrons from them. Therefore, if due
to overproduction or exogenous causes there are too many free radicals in the body,
undesirable effects may occur. Excessive amounts of reactive oxygen species can lead
to a chain reaction, and as a result, to cell damage [2]. ROS cause a number of dys-
functions in the body. The spectrum of these disorders is really wide, from irregular-
ities in the functioning of neurotransmitters, to damage to cell membranes, to car-
cinogenesis. The action of free radicals has been linked to the aging process, as well
as to many diseases, including autoimmune disorders, neurodegenerative diseases
and cancer [2, 8, 9]. Selected diseases and disorders with which the effects of reactive
oxygen species have so far been linked include Alzheimer’s disease, insulin resistance,
autism, malaria, multiple sclerosis, muscular dystrophy, cancer, Parkinson’s disease,
chronic granulomatous disease, depression, rheumatoid arthritis, schizophrenia, dia-
betes, and anaemia [8].

Phenolic acids are significant compounds of the human diet. Examples of com-
pounds from the phenolic acid group include cinnamic acid and its derivative: p-cou-
maric acid, both shown in figure 1 [10].
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a) b)
HO A OH A OH
HO HO

FIG. 1.a) Cinnamic acid and b) p-coumaric acid
SOURCE: [11]

Phenolic acids are characterised by their great antioxidant activity. They can scav-
enge various oxidants [12, 4], such as reactive oxygen species, even those as toxic
as the hydroxyl radical [12]. They play a crucial role in scavenging superoxide radi-
cals in the human organism. Their activity helps protect lipids and proteins present
in the human body from oxidation [13]. The main method of neutralizing the action
of free radicals is considered to be the donation of hydrogen from the OH group
to the radical which leads to its neutralization. However, these compounds also exhibit
indirect antioxidant activity by enhancing the body’s endogenous protection against
free radicals [14]. For example they can form complexes with metal ions, causing these
metals to lose their oxidative properties. This effect is called chelation and can have
application in treatment and prevention of many diseases [15]. Phenolic acids can also
act as inducers of endogenous protective enzymes such as catalase and extracellular
superoxide dismutase. In addition, phenolic acids show positive regulatory effects
on signalling pathways [14], they can be inducers of apoptosis which improve cellu-
lar antioxidant defence mechanisms [16]. Phenolic acids also show ability to protect
DNA from harmful effects of free radicals including H,O, [4].

While phenolic acids belong to the non-enzymatic defence against free radicals,
the body also has antioxidant enzymes, among them superoxide dismutase (SOD).
This enzyme is considered to be the most effective antioxidant in the cell. It cataly-
ses the dismutation of two molecules of superoxide anion radical to hydrogen per-
oxide and molecular oxygen [1]. This reaction occurs in two stages. In the first stage,
the metal ion is reduced with the simultaneous release of an oxygen molecule, while
in the second stage the metal ion is oxidised with the participation of a superoxide
anion radical and hydrogen with the simultaneous generation of hydrogen perox-
ide [17]. There are three types of superoxide dismutase in mammal organisms:

e cytosolic - containing copper and zinc - CuZnSOD,
e mitochondrial - with manganese in the active centre - MnSOD,
o extracellular dismutase ECSOD [18,19].

Superoxide dismutase was proven to help to protect the body against many diseases,
such as Parkinson’s disease and cancer [20]. However, in many cases the use of natural
superoxide dismutase does is not effective. This is because these enzymes are character-
ised by a relatively large size which causes a number of limitations in their application
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[3, 20, 21]. These limitations include: lack of activity when administered orally; inability
to gain access to the intracellular space where superoxide is produced; immunogenic-
ity when obtained from non-human sources; short half-lives and high cost [20, 21].
To overcome these barriers, research has been conducted for years to develop low
molecular weight compounds that are superoxide dismutase mimetics [3, 20, 21] that
potentially could improve treatment of several diseases [21].

Experimental part

The syntheses of all of the complexes were carried out in the same way: a 0,001 mole
of phenolic acid was weighed and then dissolved in a stoichiometric amount (10 cm?)
of 0,1M aqueous sodium hydroxide solution. The solution was stirred and heated
to 50°C until the acid dissolved entirely. A clear solution of sodium salt of p-coumaric
acid was obtained. At the next stage, 5 cm? of copper (II) chloride solution (0,0005 mole)
was slowly added (dropwise) to the previously prepared solution of sodium salt
of p-coumaric acid, stirring all the time. The stoichiometric ratio in the ligand mix-
ture (p-coumarate ion: copper ion) was 2:1. The mixture was shaken on a shaker for 2h
at 50°C. Then the whole mixture was left for 3 days for the precipitation of p-coumaric
acid-copper complex. The precipitated complex was filtered off on a funnel with a fil-
ter paper and washed to remove residual chloride. The precipitate was allowed to dry
at room temperature and then dried at 50°C for two days and transferred to a desiccator.

FTIR spectra of the obtained complexes were recorded on KBr matrix in the range
of 4000-400 cm™! using OPUS software. Raman spectra of the obtained complexes
were also recorded using OPUS software in the range of 4000-400 cm™. All spectra
were analysed using Specwiever software.

The antioxidant properties were investigated by OH radical inhibition assay. In its
assay, the hydroxyl radical formed in the Fenton reaction is trapped by salicylic acid,
and 2,3-dihydroxybenzoic acid is formed. The antioxidant competes with salicylic
acid in trapping the hydroxyl radical and reduces the generation of 2,3-dihydroxy-
benzoic acid, which has an absorbance maximum at A = 510 nm. The more effective
the antioxidant, the lower the absorbance at A = 510 nm [21]. Solutions of the stud-
ied complexes in dimethyl sulfoxide were prepared. Test sample (At) was as follows:
1 ml solution of the tested compound in dimethyl sulfoxide, 0,3 ml of 8 mM FeSO,
solution, 1 ml of 3 mM ethanolic salicylic acid solution and 0,25 ml of 20 mM H,0O,
solution were added to a test tube and mixed. The sample was then incubated at 37°C.
After 30 minutes, 0,5 ml deionized water was added and the absorbance was meas-
ured at A = 510 nm in reference to deionized water. Control sample (A ) contained
H,O instead of H,O, and blank sample (A,) contained dimethyl sulfoxide instead
of a solution of the tested compound in dimethyl sulfoxide. Percentage of OH radi-
cal inhibition was calculated using the following formula (1):
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A -A
1% =|1-| =——<| |x100% o
Ab

where: A, - absorbance of the tested sample, A_- absorbance of the control sample,
A, - absorbance of blank sample.

SOD activity was determined by an indirect method based on the competitive reac-
tion of the tested compounds and XTT dye (2,3-bis(2-methoxy-4-nitro5-sulfophenyl)-
2h-tetrazolium-5-carboxanilide natrium salt) with a saturated solution of potassium
peroxide in dimethyl sulfoxide. The studied complexes, acting as scavengers of super-
oxide anion radical, decreased the absorbance at 480 nm [23]. Solutions of the stud-
ied complexes in dimethyl sulfoxide were prepared. Test sample (At) was as follows:
100 pl of a solution of the tested compound in dimethyl sulfoxide, 2 ml of 0,01 M
phosphate buffer and 150 ul of XTT dye solution in dimethyl sulfoxide were added
to a test tube. Then the sample was mixed, 100 ul of saturated KO, solution was added
and the sample was mixed again. Then the sample was incubated in the dark. After
30 minutes, the absorbance at A = 480 nm was measured in reference to the phosphate
buffer used for sample preparation. Control sample (A ) contained dimethyl sulfox-
ide instead of a solution of the tested compound in dimethyl sulfoxide. Percentage
of radical inhibition was calculated using the following formula (2):

A-A
1% = CA £ %100% )

c

where: A, - absorbance of the tested sample, A_- absorbance of the control sample.

The electron affinity (EA), which is a parameter that determines the radical inac-
tivation capacity, was determined [24]. For model systems of zinc and manganese
complexes, the energies of Zn (II) and Mn (II) complexes were calculated, as well
as the energies of complexes with reduced charge of the central ion (which is the effect
of electron transfer during the reaction). Which can be represented as (3)-(4):

E-2Zn(1)+0;" — E—2zn(1) " +0, 3)
E-Mn(l1)+0: — E-Mn(11) " +0, )

According to literature the compounds with the lowest EA value are character-
ized by increased SOD activity [24].

The energy values of HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) orbitals of the optimized chemical structures
were calculated. Molecules with higher HOMO energies exhibit lower SOD activity [24]
and those having low LUMO energy value are characterized by high SOD activity [25].
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Results

Examples of IR and Raman spectra are presented in figure 2. The values of wave num-
bers and intensities as well as band assignments present in the spectra of the studied
compounds are summarised in tables 1 and 2. They were compared to literature val-
ues of studied phenolic acids.

a)

4000 3000 2000 1000
Wavenumber (cm-1)

4000 3000 2000 1000
Wavenumber (cm-1)

FIG. 2. a) IR and b) Raman spectra of manganese p-coumarate
SOURCE: own elaboration
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TAB. 1. Wave numbers and intensities of the bands of the IR, ;. and Raman spectra of p-coumaric
acid and its complex with manganese and zinc

P-coumaric acid [26] L LULEIEEE Zinc p-coumarate
p-coumarate Assignment [27]
IR, Raman IR, Raman IR, Raman
3383 VS - 3456 VS - 3425VS - v (OH),,,
3080W | 3069VW | - 3062 W - 3060W | v (CH), +v(CH),.
3026 W 2025 VW | 3023W 3030 VW | 3027 M 3036 VW | v (CH),,+u(CH)..,
2839 M- 2959 2974
2513 M - W-2813 - W-2819 2985VW | v (OH),,,
VW w

1672 VS - - - - - v (C=0)
1628 S 1636 M 1636 S 1638 VS 1636 S 1647 VS | v (CC),.,
1601 VS 1606 VS 1609 M 1609 M 1606 S 1624 M v (CC),,,
1591S 1593 M - - - 1601 W v (CC),,,

- - 1528 VS - 15418 - v,,(C00")
1512 S 1519 VW - 1515 VW 1512 VS 1538 VW | v (CC),,,
1449 VS 1448 W 1442 M - 1445M 1450 VW [ v (CC),,

- - 1412 S 1425 W - 1409 W v,(C007)
1379 M - 1384M | 1384VW | 1398 M - B (CH),.+ B (OH),,
1327 S - - 1324 VW - 1330 VW | B (CH),..
1314 1306 VW | 1290W | 1294VW | 1285W | 1304VW | B (CH). .+ B (CH),,
1283 M 1282 W 1245 M 1250 M - 1263 M v (C-0H)
1244Vs | 1260 M - - 1244 - B (OH),,
1215VS 1213 M - 1204 VW - 1208 W B (CH)
1173 S 11728 171w 1174 W 1M71 M 157VW | B(CH),,
1105 M - 1105 W - 1106 W - B (CH)
1013 W - - - - 1033 VW | B(CH)
978 S 977 W 984 M 986 VW 986 W 982 VW | u(CCO)
941 M 952 VW - - 939 VW - Y(CH),,
920 M - 881 VW 882 VW - 876 VW [ y(CO)
860 W 864 W - 862 VW 870 W 853 VW | y(CH)
833S 837 VW 834 M - 833 M - Y
799 M 800 W 797 W 800 VW 810 W - a(Cce)

- - - 760VW | 741 W 764VW | y,(C007)
692 M 680 VW 705W 710 VW - - B (CO)
646 W 645 VW - 643 VW 642 W 619VW ® (CC)
557 W 552VW | 565W - - - v(OH)
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P-coumaric acid [26] LTSS Zinc p-coumarate
p-coumarate Assignment [27]
IR, Raman IR, Raman IR, Raman
525M 534 VW - - 535W - a(C=C-C)
- - - - 520 W - B,(CO07)
517 M 516 VW 517 W - - - ® (CC)
453 W - - - - ® (cC)
430 VW 421 VW B (CH)

s - strong, vs - very strong, m — medium, sh - shoulder, w - weak, vw - very weak

SOURCE: own elaboration

TAB. 2. Wave numbers and intensities of the bands of the IR,,, and Raman spectra of cinnamic
acid and its complex with manganese and zinc

Cinnamic acid [28] | Manganese cinnamate Zinc cinnamate .
Assignment [27]
IR, Raman IR, Raman IR, Raman
3495 W - 3456 S - 3416 S - v (OH)
3066 M | 3068 W 3058 S 3061TM 3061S 3060M | v (CH)
3027 M [ 3031VW [ 3025S 3029 VW 3030S 3036 W | v (CH)
2982
M- - - - - 2985 VW | v (OH)
2542
M
1685 _
VS - - - - - v (C=0)
1629 S 1638 VS 1638 M 1640 VS 1646 M 1647 VS [ v (C=C)
- | 16008 - 1599 M - 160TM | u(CC),, +B (CH)
v (CC),,, +B (CH)
1577 M - 1574 M - 1578 M - X
+a (CCC)
- - 1537 S - 1538S 1538 VW [ v, (CO0")
1495M | 1496 VW | 1473 M 1497 VW 1504 M 1498 VW | B (CH)am_
1449 | 1444vW | 1450M | 1453w 1449M | 1450w | u(cC), + B (CH),,
v(CC) +B(CH
1421 S - - 1427 VW - - (CC),.o* B (CH)
+B (OH)
- - 1418 S 1396 VW 1408 VS 1409 VW | v (C00")
v (CC),,+ B (OH)
1334M | 1329 VW - - - 1330 VW i
+B (CH),,, + B (CH)
U (CC)BTD+ B(CH)BfD
1313 S 1308 VW - 1325 VW 1302 W - )
+B (CH)
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Cinnamic acid [28] | Manganese cinnamate Zinc cinnamate
Assignment [27]
IR, Raman IR, Raman IR, Raman
v C-(0H)+u(CC

1286 S 1293 M - 1299 VW - 1304 VW +p (O(H) )+ v(CO),,,

- - 1252 W 1254 W 1258 W 1263 W v (CC) + B (CH)
1222 S 721TW 1204 W 1204 W 1207 W 1208 W v (CC),, +B(CH)
1176 M | 1179 M - 1180 W 1157VW | 1157W | v(CC), .+ B (CH),,

-~ - - - - S EICDN
1073 W - 1071 W - 1069 VW - v (CC),,*+ B (CH),,
1027W | 1027w | 1028w | 1029vw | 1029W | 1033 VW [u(CC),+B (CH),,

- 1002 M - 1001 W - 1003W | v (CC),+a (CCC)
980 S 977VW | 983 W - 915VW | 982 VW [ u (C-0)+y(C-C)
914 M - - - - - y(CCH)
875W 876 VW 881 W 878 VW 877TW 878 VW | y(CH),,,

- - - 849 VW - 853 VW | B, (C0O07)

CH). +y(OCOC
84a7TW | sagvw | - - 850 W - I(v (c)f:'i':) v(ocec)
CH). +vy(HCCO

769 | 771VW | 779W - 771M | 763VW I(y(o)éﬁc;( (Heeo)

- - 717 W - 717 W - Y, (C007)
7118 714 VW - - - y(CH), , +®(CCC)

- 688 VW | 687 M - 683 M - B (C=0) +a (CCC)
683M | 681VW - - - - a(cce)
620 W 619 VW 696 W 620 VW 637 W 619 VW | B (C=0) +a(CCC)
590 M - - - - - y(C=0)
542 M - 537 W - 538 VW - v(0CC) + a(C=C-C)
483 M - 491 W - 484 W - »(CCC)

s - strong, vs — very strong, m — medium, sh - shoulder, w — weak, vw — very weak

SOURCE: own elaboration

In the spectra of complexes of p-coumaric and cinnamic acids with manganese,
and zinc, bands indicating the presence of C=0 carboxylic group, such as very strong
stretching vibration v(C=0) in the range 1672-1685 cm™, disappeared. In the case
of IR, spectra of cinnamates, asymmetric stretching vibrations v, (COO") appear
symmetric stretching vibrations v (COO") in the range
1408-1414 cm™ and bending vibrations y (COO") appear in the range 717 cm™.
When it comes to p-coumarates, asymmetric stretching vibrations v, (COO") appear
in the range 1528-1541 cm™, v (COO") in the range 1412 cm™ and bending vibra-
tions y,(COO") appear in the range 741 cm™'. Raman spectra show symmetric bending

in the range 1537-1538 cm™,
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oscillations B (COO-) in the range 849-853 cm™ (cinnamates), asymmetric stretch-
ing vibrations v, (COO") 1538 cm™ (zinc cinnamate) and symmetric stretching
vibrations v (COO-) in the range 1396-1409 cm™ (cinnamates) and 1409-1425 cm™
(p-coumarates).

Figure 3 shows the results of investigating OH radical inhibition properties
and SOD activity of the tested complexes. SOD activity of tested complexes was com-
pared using IC50 parameter (concentration [mM] at which the tested compound
shows scavenging of 50% of radical). When analysing OH radical inhibition activity
it was not possible to determine IC50 parameter so activity of solutions of concentra-
tion 1 mM was compared instead.

a)
= 100
E 90
5880 [
=ET0
= 860 T T -
2 £ 50
S8 82.89
> 40
£2 61.362 64.43
gEY 58.09
5820 :
z 10
0
Manganese Zinc Manganese Zinc
p-coumarate p-coumarate  cinnamate cinnamate
b
) 7
6
6.326
5
=
E 4
o
83
2
! 0.327
2320 0.141 0538
Manganese Zinc Manganese Zinc

p-coumarate p-coumarate cinnamate cinnamate

FIG. 3. Results of a) OH radical inhibition activity assay and b) SOD activity assay
SOURCE: own elaboration

As shown in figure 3, manganese p-coumarate in concentration 1 mM shows
the best OH radical scavenging activity (82,89%+1,194). All of the other investigated
complexes show similar activity in that area with manganese cinnamate being least
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active (58,09%2,143). Considering all of the above it is not possible to find an unam-
biguous relationship between which of investigated metals have the greatest impact
on increasing OH scavenging activity of phenolic acids.

As a parameter of antioxidant capacity of the studied compounds, the values
of the energy of molecular orbitals HOMO and LUMO were determined (theoreti-
cally) for optimised structures of complexes of zinc and manganese with the studied
acids. Geometric optimization was performed using the density functional B3LYP
method using the LAN2LDZ database.

TAB. 3. Theoretical energy parameters for molecules of manganese and zinc complexes
with p-coumaric and cinnamic acids

Manganese Zinc Manganese Zinc
Parameter .
pcoumarate pcoumarate cinnamate cinnamate
HOMO [eV] -6,3867 -8,9892 -6,1614 -9,5671
LUMO [eV] -6,3189 -6,07948 -5,4321 -6,2887
AHOMO/LUMO [eV] 0,0678 2,90972 0,7293 3,2784
EA [kcal/mol] -43,2470 -27,4433 -22,5740 -30,0279

SOURCE: own elaboration

Molecules with higher HOMO energies show lower SOD activity [24]. On the other
hand, according to Schepetkin et al. [25], molecules that have low LUMO energies have
high SOD activity. Schepetkin also found by comparing theoretical data of calculated
HOMO and LUMO energies that they correlate well with experimentally determined
SOD activity, which was represented as log (1 / IC50) [25]. According to the calcu-
lated HOMO and LUMO energy values, manganese cinnamate have the highest SOD
activity, among the studied complexes. This is consistent with the results of the SOD
activity assay. Figures 4 and 5 show shapes of theoretical HOMO and LUMO orbit-
als of studied complexes.

b
? LUMO ) LUMO

HOMO HOMO

FIG. 4. Shapes of theoretical HOMO and LUMO orbitals of a) manganese p-coumarate and b) man-
ganese cinnamate

SOURCE: own elaboration
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a) LUMO b) LUMO

HOMO HOMO

FIG. 5. Shapes of theoretical HOMO and LUMO orbitals of a) zinc p-coumarate and b) zinc cin-
namate

SOURCE: own elaboration

Based on the calculated values of the electron affinity EA, it can be concluded that
the studied complexes exhibit a rather good capacity to scavenge the superoxide radical,
a result consistent with those obtained in the performed tests for OH radical inhibition
and SOD activity. The EA energy for superoxide dismutase is 195,79 kcal/mol [24].
With respect to this value, the highest SOD activity among manganese complexes
is shown by manganese p-coumarate. Manganese complex with cinnamic acid show
lower activity. Considering the influence of the ligand on the antioxidant proper-
ties of SOD, it can be observed that complexes with cinnamic acid are characterised
by the lowest potential to inactivate the superoxide radical, which, however, was not
unambiguously confirmed by antioxidant studies.

Conclusions

Manganese and zinc complexes with p-coumaric and cinnamic acid exhibit good anti-
oxidant properties and high SOD activity. It was proven both by OH radical inhibition
and SOD activity assays. Manganese p-coumarate showed the highest level of OH rad-
ical inhibition, and the complex with the best SOD activity was manganese cinnamate.
When it comes to SOD activity determined by theoretical parameters such as electron
affinity and HOMO and LUMO energies, manganese p-coumarate showed the best
results. FTIR and Raman spectra showed that the synthesis of said complexes is pos-
sible and that the metals attach to the carboxyl group of investigated acids. The stud-
ied metal complexes with phenolic acids are good antioxidants and can be consid-
ered as potential mimetics of superoxide dismutase, which could help in treatment
of various diseases. Further research is needed to confirm the properties of the tested
compounds and the possibility and safety of their application.

Acknowledgement: Research funded by the NCN grant OPUS 15 UMO-2018/29/B/NZ9/01997.
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The application of nanoadsorbents
in wastewater treatment

Keywords: adsorption, heavy metals, nanomaterials, water treatment, biosorption

Abstract: The aim of this review was to describe the recent achievements in the appli-
cation of nanoparticles as biosorbent nanocomposites in heavy metal removal from
water and wastewater. Treatment of water and wastewater contaminated with heavy
metal ions is one of the main tasks of environmental engineering. This is due
to the increasing industrialization of society. In addition, heavy metals getting
into the environment result in serious disturbances in the metabolism of fauna
and flora. One of the sustainable approaches proposed by science is the use of low-
harmful biosorbents, produced on the basis of waste from the agri-food industry,
including fruit pomace. Due to the relatively low specificity and, consequently,
insufficient sorption efficiency, attempts are made to modify such wastes, which
will still be economically viable. In this review, four heavy metal ions, often found
in industrial wastewater, were taken into account: copper(II), lead(II), cadmium(II)
and zinc(II). Data on their sorption on different nanoscale particles has been col-
lected and discussed.

Introduction

Adsorption is one of the most described methods used to remove non-biodegrad-
able pollution such as heavy metals, dyes, and drugs. There are several techniques
for removing heavy metals from wastewater, i.e. precipitation, ion exchange, mem-
brane filtration or adsorption. In this decade, the last one is more and more widely
described as the most effective and at the same time profitable [1]. During the last dec-
ade, nanoadsorbents were noted to be promising materials in heavy metal removal
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in water and wastewater treatment [2]. Among many nanoadsorbents, some mate-
rials stand out, for example CuO, MgO, ZnO or hydroxyapatite nanoparticles [3, 4].
According to the literature data, they have low toxicity and are easily accessible sor-
bents. It was already proven that some nanoparticles linked with biomass show
fast adsorption rates and good sorption efficiency towards a broad range of heavy
metal ions in wastewater. Their application in water treatment results in significantly
improved performance due to bigger surface area, stability in operating conditions
and no secondary pollution [5]. The use of advanced nanoengineering technologies,
such as an innovative combination of the basics of chemical engineering and nano-
technology, expands the horizons on the treatment of waters contaminated with heavy
metals [6].

Nanomaterials as heavy metal sorbents

Different metal oxides, being known for their applications as sorbents, now are widely
prepared in the nanoscale with the sudden development of nanotechnology. Their big-
gest advantages are better selectivity and affinity against heavy metals. Nanoadsorbents
have high surface area, short diffusion paths, catalytic properties and high porosity,
which makes them effective sorption materials [7].

Many nanomaterials have been studied for their potential in heavy metal sorption.
They can be divided into categories, such as carbon based, silica based, metal and metal
oxide nanoparticles and nanocomposites [8]. The most described heavy metal sorbents
are magnetic (iron oxide) nanoparticles, which are easy to separate from the wastewater
with a magnetic field, which is non-toxic and inexpensive [9]. Nevertheless, under cer-
tain circumstances, the separation requires large magnetic fields, causing an increase
in cost. Other metal oxides (e.g. ZnO, MgO, CuO) nanoparticles are cheaper. Their
disadvantage is an agglomeration tendency, which can decrease their sorption effi-
ciency [2]. Activated carbon has proven high sorption activity towards many pollut-
ants, including heavy metals. In recent years, innovative carbon nanotubes, fullerenes
or graphene oxides are being widely developed and used as nanosorbents. However,
there is a problem with their potential toxicity in the environment [10, 11]. Between
various sorption factors, the one that stands out as the most important is the concentra-
tion of nanoadsorbent. Table 1 brings together information about the removal of four
different heavy metal ions from water solutions, using the most effective nanoadsor-
bents [12-24].

According to the information collected in Table 1, for copper(II) ions, ZnO nan-
oplates were definitely the most effective sorbents, with the sorption capacity equal
to 1600 mg of Cu(II) ions in 1 g of the sorbent. It is the highest found sorption capacity
in current review. The use of MgO nanoparticles, which are easier and less expensive
to prepare, allowed the obtaining of the second highest value of q, equal to 593 mg/g.
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As for Pb(II) and Cd(II) ions, the most effective sorbents were manganese oxide nano-
particles and nano zerovalent iron, respectively, 352.55 and 769.00 mg/g. There is much
less data about zinc(II) ion removal on nanosorbents. The highest found sorption
capacity was 44.248 mg/g for CuO nanopowder. Activated carbon was the weak-
est sorbent for all heavy metal ions in this review, however it is hard to compare
with other sorbents due to the lack of information on adsorption parameters, such
as pH or time of sorption.

TAB. 1. Nanoadsorbents for the removal of Cu(ll), Pb(Il), Cd(ll) and Zn(ll) ions from water

Metal Maximum
ion Adsorbent Sorption factors adsorption Isotherm Ref.
capacity (q) [mg/g]
Cu(ll) | Magnetic 5min 25.77 nd.” [12]
nanoparticles pH 6
298K
Chitosan coated 30 min 236.7 Langmuir [13]
magnetic pH 6
nanoparticles 303K
Zn0 nanoplates n.d. 1600 Freundlich [14]
Magnesium oxide 120 min 593 Freundlich [15]
nanoparticles pH 3-4
343K
Zinc oxide 120 min 226 Freundlich [19]
nanoparticles pH3-4
343K
Chitosan/multiwall n.d. 454.5 n.d. [16]
carbon nanotubes
composite
Pb(Il) | Iron oxide 120 min 36 Langmuir, [17]
nanoparticles pH 2-3 Freundlich
298K
Manganese oxide 298K 352.55 Langmuir [18]
nanoparticles
Nano-alumina 90 min 100 Langmuir, [19]
pH 5 Freundlich
RT
CuO nanoparticles 120 min 14.859 Langmuir [20]
pH 6
Activated carbon n.d. 6.68 n.d. [21]
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Metal Maximum
ion Adsorbent Sorption factors aqsorption Isotherm Ref.
capacity (q) [mg/g]

Cd(ll) | Magnetic 60 min 18.8 Langmuir, [22]
nanoparticles Freundlich
Nano-alumina 90 min 83.33 Langmuir, [19]

pH 5 Freundlich

RT
Multi-walled 30 min 257 Langmuir [23]
carbon nanotubes pH 8

298K
Nano zerovalent 297K 769 Langmuir [24]
iron

Zn(ll) | CuO nanopowder 120 min 44.248 Langmuir [20]

pH7
Activated carbon n.d. 11.24 n.d. [21]
“n.d. - no data.

SOURCE: own elaboration

The potential of nano-biosorbents

Conventional nanomaterials have some disadvantages, such as difficulties in sepa-
rating or instability. The solution to this problem is the immobilization of nanopar-
ticles in various matrices, e.g. biomass. There are many materials suitable for this
purpose, e.g. biomass char, easily obtained from the biological waste or fruit/vege-
table pomace from the agri-food industry. Obtained nano-biosorbents composites
are likely to be more effective in comparison to non-modified biosorbents or nano-
particles alone. For example, the addition of iron nanoparticles caused the increase
of the surface area of rice husk biochar and thus improved its sorption activity [25].
Moreover, these nano-composites have better thermal stability. Data on the sorption
activity of nano-biosorbents are summarized in Table 2 [26-34].
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TAB. 2. Nanoadsorbents combined with biomass for the removal of Cu(ll), Pb(Il), Cd(I1) and Zn(II)
ions from water

Metal Maximum
ion Adsorbent Sorption factors adsorption Isotherm Ref.
capacity [mg/g]

Cu(ll) | MgO nanopartices/ | pH5 186.219 Langmuir [26]
olive pomace
composite
Dactyloctenium n.d. 98.8 (% removal) | Langmuir/ [27]
aegyptium biomass/ Freundlich/
montmorillonite Temkin/Dubinin-
clay nanocomposite Radushkevich
Nanoscale zero- 30 min 227.2 Langmuir/ [28]
valent iron/ Freundlich
Posidonia oceanica
marine biomass

Pb(ll) | Hydroxyapatite 0.02 g HANP@AP | 303 Langmuir [29]
nanoparticles/ pH5
apple pomace C = 100 mg/I Pb2*
composite
Dactyloctenium n.d. 81.54 (% removal) | Langmuir/ [27]
aegyptium biomass/ Freundlich/
montmorillonite .

Temkin/
clay nanocomposite Dubinin-
Radushkevich

Nano-zero valent pH 6 29.91 Langmuir [30]
iron/undulating
venus shell
composite
Nanoscale zero- 30 min 108 Langmuir/ [28]
valent iron/ Freundlich
Posidonia oceanica
marine biomass
Fish bone n.d. 576.495 n.d. [31]
hydroxyapatite
nanopowder
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Metal Maximum
ion Adsorbent Sorption factors adsorption Isotherm Ref.
capacity [mg/g]

Cd(ll) | Hydroxyapatite 0.02 grams 250 Langmuir [29]
nanoparticles/ of sorbent/L
apple pomace pH 5
composite C = 100 mg/I Cd2*
Nano-zero valent pH6 38.99 Langmuir [30]
iron/undulating
venus shell
composite
Dactyloctenium n.d. 76.32 (% removal) | n.d. [27]
aegyptium biomass/
montmorillonite
clay nanocomposite
Magnetic biochar 295K 41.33 Langmuir [32]
Iron nanoparticles/ | 30 min 94.2 (% removal) | n.d. [33]
chitin nanoparticles
composite
Nanoscale zero- 30 min 72 Langmuir/ [28]
valent iron/ Freundlich
Posidonia oceanica
marine biomass
Fish bone n.d. 75.877 n.d. [31]
hydroxyapatite
nanopowder

Zn(ll) | Magnetic biochar 295K 35.40 Langmuir [32]
Magnetite 3h 98.9 (% removal) | Freundlich [34]
nanoparticles/ 7 grams
laurel sawdust of sorbent/L
composite
Magnetite 98.8 (% removal)

nanoparticles/
canelo sawdust
composite

Magnetite
nanoparticles/
eucalyptus sawdust
composite

97.6 (% removal)

SOURCE: own elaboration
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Referring to Table 2, it can be noted that some of the collected data was hard
to compare due to the lack of information on sorption parameters (e.g. [34]). Nano-
biomass powder can be produced by ball milling, the most common physical modifi-
cation method. Magnetic nano-modified biomass is easily separated from pollutants
with a magnetic field, preventing the contamination of groundwater and mak-
ing the sorption process less expensive [34, 35]. The nano-biosorbent pointed out
in Cu(II) ion removal is nanoscale zero-valent iron impregnated in Posidonia oceanica
marine biomass [28]. High copper(II) removal (98.8%) was also obtained in the case
of Dactyloctenium aegyptium biomass/montmorillonite clay nanocomposite [26].
The greatest adsorption capacity for lead(II) ions was gained using hydroxyapatite nan-
opowder made from fish bones [31]. In another work, the most active nano-biosorbent
for Cd(II) sorption, which was the hydroxyapatite/apple pomace nanocomposite, was
produced [29]. As for the information on % removal of these ions, iron nanoparticles
immobilized on chitin was more active (94.20%) compared to Dactyloctenium aegyp-
tium bio-mass/montmorillonite clay nanocomposite (76.32%). In the case of zinc(II),
magnetic biochar had an adsorption capacity equal to 35.40 mg/g, which was a higher
value in comparison to the activated carbon, but lower than CuO nanopowder alone
(Table 1). Between different sawdust/magnetite nanoparticle composites, the highest
Zn(IT) removal was obtained with the use of laurel sawdust. The production of nano-
sorbents and their modification by various methods should be assessed in terms
of costs, being eco-friendly by using e.g. wastes from the agri-food industry as a raw
material matrix [37].

Summary

As discussed above, nanomaterials and naturally derived sorbents in the nanoscale
can be used as effective sorbents to remove heavy metal ions from contaminated water
and wastewater. In this review, the use of nanomaterials and their different combi-
nations with biomass to remove the divalent ions of four heavy metals (copper, lead,
cadmium and zinc) was described. As a result of this review, it was observed that
due to the physical and chemical modifications of their sorption surfaces, nano-bio-
composites showed an increased sorption capacity towards heavy metal ions com-
pared to the nanomaterials or biosorbents of natural origin. Easy synthesis, economic
availability and easily modified sorption surfaces are some of the major features that
led to the development of this innovative technology. In addition, properly modified
nano-biosorbents are recyclable thanks to easier separation of pollutants from them.
Further research is needed to develop ecological methods for the synthesis of nano-
biocomposites for the sorption of heavy metals using waste biomass. There is a need
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to develop the possibility of the scale-up by improving the environmental friendli-
ness of nanoparticles and circular economy production, making the entire process
of using nano-biosorbents in heavy metal removal as cost-effective as possible.

Funding: This research was carried out as part of the work no. WI/WB-115/4/2021 and financed
from funds from the Ministry of Science and Higher Education.
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Antioxidant studies of rosmarinic acid
and its complexes with zinc and copper
in experimental and theoretical approach

Keywords: rosmarinic acid, FRAP, DPPH, DFT studies, metal complexation

Abstract: In this article, DFT studies on the antioxidant properties of ros-
marinic acid and its zinc and copper complexes were conducted to indicate which

of the functional groups of the tested compounds is the most involved in radical

scavenging activity. For this purpose the BDE, PA and PDE parameters were cal-
culated. The results of the theoretical calculations proved, that the hydroxyl group

attached to the aromatic ring of caffeic acid, which is a component of rosmarinic

acid, has the greatest activity in radical scavenging reaction. The antioxidant activ-
ity of acid and its copper and zinc complexes were compared in DPPH and FRAP

assays. In DPPH assay, zinc and copper complexes exhibited greater antioxidant

activity than rosmarinic acid, while in FRAP assay only zinc improved the anti-
oxidant properties, while copper exhibited similar ferric reduction activity as ros-
marinic acid.

Introduction

Rosmarinic acid is an ester of 3,4-dihydroxyphenylacetic acid and caffeic acid linked
by an ester bond. It occurs in many plants, but for the first time as a pure compound,
it was isolated from Rosmarinus officinalis, to which it owes its name. Due to the com-
mon presence among both highest plant families like Lamiacae and Blechnaceae
and lowest plant families like hornworts, Potamogetonaceae and Cannaceae, rosmarinic
acid cannot be used as a chemo taxonomical marker to differentiate plant families.
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Rosmarinic acid plays an important role in plant cells as a defense compound against
herbivores and pathogens [1]. In the human body, rosmarinic acid and its derivatives

exhibit biological activities — they improve cognitive performance, prevent the devel-
opment of Alzheimer’s disease, show cardioprotective effects and are applied in cancer
chemoprevention [2]. High antioxidant activity of rosmarinic acid contributes to strong
antitumor properties. Studies performed on rats proved that rosmarinic acid at the con-
centration of 5 mg/kg body weight reduces lipid peroxidation. Anticancer activity is also

a result of its ability to increase apoptotic proteins expression [3]. In the body of a rat,
rosmarinic acid is metabolized into coumaric and caffeic acid. These metabolites have

a great impact on reducing the cholesterol concentrations in rat cells by increasing

fatty acid p-oxidation activity [4,5]. Rosmarinic acid also exhibits anti-inflammatory
and antiviral antibacterial properties. It is used in the cosmetic industry as a fragrant

additive. In the food industry, rosmarinic acid is an important food additive, that pre-
vents food spoilage. In the pharmaceutical industry, rosmarinic acid is used as a medic-
inal substance and dietary supplement [6]. Pharmacological application of rosmarinic

acid is based on its capacity to prevent the oxidation of low density lipoprotein, inhi-
bition of cyclooxygenase and the prevention of murine cell proliferation [7]. Studies

of rosmarinic acid showed that it exhibits anti-HIV activity [8]. Due to the molecular
structure of rosmarinic acid, which contains four phenolic hydrogens and two catechol

moieties, this compound has great antioxidant properties. The phenolic hydrogens are

responsible for radical scavenging capacity, while the presence of two catechol moieties

provide the polarity of the molecule, that facilitate the penetration of the lipid bilay-
ers in cells, protecting them against oxidation [9]. Studies conducted by Gao et al. [10]

show that rosmarinic acid harms the H,O, induced apoptosis in astrocytes and reduces

the level of reactive oxygen species and malondialdehyde. Experimental antioxidant

scavenging activity tests shows that rosmarinic acid has greater radical scavenging activ-
ity in comparison with Trolox and ascorbic acid [11]. The aim of this study is to inves-
tigate the influence of metal complexation on the antioxidant properties of rosmarinic

acid. Metal complexation of ligands leads to the perturbation of electronic charge dis-
tribution within the moiety. Alkali metals and heavy metals like Hg(II), Hg(I), Ag(I)

and Pb(II) perturb the electronic system, whereas transition metals stabilize it. It occurs,
that metal complexation of ligands contributes to its biological properties and reactivity

[12]. Studies over antioxidant properties shows, that metal chelates are more efficient

in the free radicals scavenging in comparison with pure ligands [13]. In the frame-
work of this paper, the DFT calculations were performed, in order to indicate the most

probable placement of a reactive functional group that is responsible for the antioxi-
dant capacity of the rosmarinic acid molecule. For this purpose, the bond dissocia-
tion energy was calculated. Bond dissociation enthalpy (BDE) is given with the fol-
lowing formula (1) [14]:

BDE =H +H

molecule radical hydrogen radical — H parent molecule (1)

135



Monika Parcheta, Renata Swistocka, Wlodzimierz Lewandowski

The cited formula describes the mechanism of the radical scavenging of the com-
pound, that rely on the hydrogen transfer between the antioxidant and free radi-
cal, thus BDE is the parameter that determines the strength of the OH bond [15].
Copper and zinc were selected for the complexation of rosmarinic acid, due to their
potent influence on the human body. Since 1930, copper is considered as the essen-
tial trace metal in living organisms. Cu(II) cation constitutes a coordination center
both in mononuclear and multinuclear coordination compounds, especially in case
of polymer ligands [16].

In organisms, copper plays a major role as an enzyme cofactor and a structural ele-
ment of proteins involved in the charge transfer processes. Copper deficiency reduces
the activity of certain enzymes e.g., zinc-copper superoxide dismutase Cu / ZnSOD,
ceruloplasmin and enzymes independent from copper, e.g. catalase or glutathione per-
oxidase, and also affects the proper functioning of free radical scavengers, i.e. metal-
lothionein or glutathione [17,18].

Copper deficiency in the body can cause: hernias, aneurysms, rupture of blood
vessels, nosebleeds, osteoporosis, brain disorders, disorders in glucose and cholesterol
metabolism, in the functioning of the thyroid gland, general weakness and fatigue
[19]. Zinc is a necessary trace element, supporting the proper functioning of metal-
loenzymes such as oxidoreductases, ligase or hydrolases, in which zinc plays the main
structural or catalytic role. Zinc has antioxidant properties. It prevents the formation
of a dangerous hydroxyl radical OH"and the oxide radical anion O] [20]. Zinc also
plays a significant role in maintaining redox balance in cells [21].

Material and methods

Zinc and copper rosmarinates were obtained in a two step reaction. The first step
consisted in obtaining the sodium salt of rosmarinic acid, by adding in a stechio-
metric ratio (1:1) the powder of rosmarinic acid to the sodium hydroxide water solu-
tion (0,1M). The obtained suspension was placed in an ultrasonic bath and heated up
to 60°C until the complete dissolution of the rosmarinic acid took place.

In the second step, the water solution of zinc and copper chloride were added
in order to obtain zinc and copper rosmarinates respectively. The chloride salts were
added to the sodium rosmarinate solution in a molar ratio like 1:2 (2,5 ml of 0,1M
zinc/copper chloride). The complexes were placed in a shaker for two hours at room
temperature. The precipitate was washed with acetone to rinse the remaining chlo-
rides under the control of an AgNO, solution. The obtained solution was dried at 70°C.
The compounds obtained this way were subjected to an antioxidant test. The FRAP
and DPPH antioxidant assays were performed with initial concentration of rosma-
rinic acids and its complexes of 5 - 10°M water solutions. Theoretical studies were
performed using the Gauss 08 computational program. All theoretical calculations
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were made in the B3LYP database using the LAN2DLZ density functional. All cal-
culations of the thermodynamical parameters were performed for optimized rosma-
rinic acid isomer with the lowest energy value.

Results
|. Theoretical approach — DFT results
The optimized structure of rosmarinic acid with atom numeration and designated

positions for possible nucleophilic acid is presented in Fig.1 All calculations were car-
ried out for isomers with the lowest energy values.

6 3 4
9
10
11
position | 7 8
14 5
15 12
: 13 7
ring |
16
8 18 1
position Il 17 9 6
ring Il
3 5
1 4
position |
2
position Il

FIG. 1. Optimized rosmarinic acid molecule with atom numeration and positions prone
to the nucleophilic attack
SOURCE: own elaboration

In Table 1 the results of calculated BDE parameters for hydroxyl and carboxylic
radicals, marked with positions as shown in Fig. 1 are given.
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TAB. 1. BDE values for individual radicals within the rosmarinic acid molecule

The radicals of hydroxyl groups within the Radical of carboxylic
aromatic ring of rosmarinic acid molecule group
Ring | Ring | Ring Il Ring Il _
Position | Position Il Position | Position I
BDE [kJ/mol]
451 | 5078 | 8557 | 6674 | 410,15

SOURCE: own elaboration

The antioxidant properties are determined by the functional group of the com-
pound in which the value of the BDE parameter, i.e. the dissociation energy of the O-H
bond, is the lowest [22]. Based on the results of experimental studies, it can be con-
cluded that the hydroxyl group attached to the first aromatic ring in position I has
the greatest share in increasing the antioxidant properties of the compound. The BDE
parameter determines the probability of the HAT mechanism in which the reaction
between the antioxidant and the radical proceeds according to the equation (2) [23]:

ArOH +H" 2 ArO" + XH (2)

For the specified positions of the hydroxyl groups and for the carboxyl group
of rosmarinic acid, the values of the PA (proton affinity) parameter were calculated.
This parameter describes the first of two stages of the SPLET (Sequential Proton-Loss
Electron Transfer) antioxidant mechanism, which proceeds according to the follow-
ing reaction equation: ArOH - ArO- + H*. The numerical value of this parame-
ter was calculated according to the equation: PA =H, ..+ H* - H,,,;; . According
to the above-mentioned reaction equation, PA shows a tendency to donate a proton
with the simultaneous formation of an anion in the antioxidant molecule [24]. Table 2
shows the PA values.

TAB. 2. Proton affinity values calculated for individual hydroxyl positions and carboxyl group
in rosmarinic acid. Position numeration according to Figure 1

Anions of the hydroxyl groups of the aromatic ring U2 amon;rfotuhpe )]
Ring | Ring | Ring Il Ring Il _
Position | Position Il Position | Position Il
PA [kJ/mol]
251,69 336,51 336,51 | 312,90 323,64

SOURCE: own elaboration
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The comparison of the numerical values of the PA parameter shows that
the hydroxyl group attached to the I aromatic ring in the first position shows the great-
est tendency to lose a proton and form an anion. Therefore, this position can be
indicated as the most reactive in relation to the other analyzed ones in the rosma-
rinic acid molecule. The IP (Ionisation Potential) and PDE (Proton Dissociation
Enthalpies) parameters were also calculated. They describe the first and second
steps of the ET-PT (Electron Transfer — Proton Transer) mechanism, respectively.
The first step can be described by the reaction equation: ArOH+X">ArOH""+XH.
The equation that allows us to calculate the enthalpy of the above reaction is as follows:
IP=H , . + Hy - H, . The second step of the ET-PT mechanism is described
by the following chemical reaction equation: ArOH™* > ArO" + H'. The PDE parameter
was calculated based on the equation: PDE=H, +H,.-H, /... [25]. The IP parameter
for the rosmarinic acid molecule is 116.50 k] / mol. The Table 3 presents the numer-
ical values of the PDE parameter:

TAB. 3. PDE values calculated for individual hydroxyl positions and carboxyl group in rosmarinic
acid. Position numeration according to Figure 1

The radicals of hydroxyl groups within the Radical of carboxylic
aromatic ring of rosmarinic acid molecule group
Ring | Ring | Ring Il Ring Il _
Position | Position Il Position | Position Il
PDE [kJ/mol]
24277 | 24844 | 28323 | 26441 | 607,81

SOURCE: own elaboration

The lowest value of the PDE parameter is characteristic for the radical
of the hydroxyl group of ring I in position I, which means that it is the radical cat-
ion of this hydroxyl group that most readily decomposes into the radical and proton.
Based on theoretical calculations of the electron parameters discussed above, it can
be concluded that the hydroxyl group attached to the first ring in the first position
has the greatest influence on the antioxidant properties of rosmarinic acid. The high
chemical activity of this group indicates that zinc and copper cations will attach to it,
forming zinc rosemary and copper rosemary complexes, respectively. The diagram
of the aforementioned complexes with the numbering of atoms in the molecule is pre-
sented below.

The numbering of the hydrogen atoms has not been included in the Fig. 2
for the sake of clarity. It has been assumed that the numbering of hydrogen atoms
corresponds to the number of the carbon or oxygen atom to which it is attached.
The letter M symbolically denotes a metal atom (zinc or copper).
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93 6
10 16 34 33 32
b : 8 ¢ 1 15 35 36 31 30a°0P
6 Ta 12 14 30
) 1 13 15 28 99 14
2 18 16 9 12
4 3 17 8 M 19 20 25 27 13
2 7 21 26 1
1 10 2 22
23

FIG. 2. Scheme of the optimized structure of the rosmarinic acid complex, where the letter M
denotes a zinc or copper atom

SOURCE: own elaboration

HOMA aromaticity indices were calculated for the molecule of rosmarinic acid
and its zinc and copper complexes. Table 3 shows the HOMA values.

TAB. 4. HOMA aromaticity index values of rosmarinic acid and its complexes

Rosmarinic acid Copper rosmarinate Zinc rosmarinate
Ring | Ring Il Ring | Ring Il Ring | Ring Il
0,874 0,901 0,874 0,901 0,843 0,901

SOURCE: own elaboration

ll. Experimental approach - Antioxidant assays results

FRAP and DPPH antioxidant tests were performed, which compared the activity
of rosmarinic acid and its complexes with copper and zinc. The obtained results
are presented as IC50 in the case of the DPPH method and as mM Fe?* in the case
of the FRAP method. Fig. 3 presents the results of antioxidant tests in graphical form
for the DPPH test. In DPPH antioxidant assay the highest radical scavenging activity
shows zinc rosmarinate (0,015 mM). Slightly worse antioxidant activity towards DPPH
radical shows copper rosmarinate (0,0024 mM). Rosmarinic acid exhibits the worst
free radical scavenging activity (0,0029 mM).
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FIG. 3. Comparison of antioxidant activity of rosmarinic acid and its complexes with copper
and zinc by DPPH method

SOURCE: own elaboration

In Fig. 4 the results of FRAP antioxidant activity is presented. In the FRAP test,
the antioxidant activity increases according to the following order: copper rosmari-
nate = rosmarinic acid = zinc rosmarinate.

FRAP assay

= rosmarinic acid m zinc rosmarinate = copper rosmarinate

35

30

25

20

mM Fe 2+

15

10

o

0
FIG. 4. Comparison of antioxidant activity of rosmarinic acid and its complexes with copper

and zinc by FRAP method
SOURCE: own elaboration
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Summary

As part of the work, theoretical calculations of the structure of rosmarinic acid
and its complexes with copper and zinc were performed using the DFT method,
with the B3LYP function, using the LANL2DZ database. For the optimized structure
of rosmarinic acid, the following thermodynamic parameters were calculated: BDE,
PA, PDE and IP in order to establish the position and functional group responsible for
the antioxidant properties of this compound. Rosmarinic acid is an ester of caffeic acid
and 3,4-dihydroxyphenyl lactic acid. The most active is the hydroxyl group derived
from cafteic acid located in the aromatic ring. Metals, i.e. zinc and copper, do not
affect the electron charge distribution of the aromatic ring, as evidenced by the cal-
culated values of the HOMA index. The only slight difference occurs for the aro-
matic ring I of zinc rosmarinate, for which the value of HOMA index is 0,843, while
for rosmarinic acid the value of this parameter is 0,840. Rosmarinic acid and the dis-
cussed complexes were subjected to antioxidant tests using DPPH and FRAP methods.
In the case of determining the antioxidant capacity in the DPPH free radical quench-
ing test, the antioxidant activity increases in the series: zinc rosemary, cupric rose-
mary, rosmarinic acid. The FRAP method allows direct determination of the reduc-
tion abilities of a compound. In FRAP assay the greatest reduction activity showed
zinc rosmarinate, while the smallest reduction activity exhibited copper rosmarinate.
Thus, complexation of rosmarinic acid with transition metals (Zn, Cu (II)) resulted
in an increase in antioxidant properties in DPPH assay, while in FRAP assay, zinc
exhibited better antioxidant properties than copper.
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Heat pump market in Poland in recent years

Keywords: heat pumps, renewable energy, heating, cooling, heat pump market

Abstract: The purpose of this study is to show current trends in the heat pump
market in Poland, Europe, and the world and to characterize the factors shap-
ing this market. The analysis focuses mainly on the years 2020-2021, but in order
to illustrate the trends in a broader time perspective, it also takes into account
the sales and stock of heat pumps even since 2005. Moreover, the study identi-
fies, based on the example of Poland, what actions should be taken to overcome
the barriers that hinder the growth of the heat pump market in Central and Eastern
Europe (CEE). For this analysis, a detailed review of reports, data, and articles
on the heat pump market in Poland over the past years was conducted. The num-
ber of units sold was determined, and the results were compared to the achieve-
ments of other European and global markets. The study also described two scenarios
(baseline and optimistic) for the heat pump market development until 2030. Based
on the available data, factors shaping the heat pump market, including European
and national policies and financial support programs, were presented and char-
acterized, and barriers impeding the dynamic growth of heat pump technology
were identified.

Introduction

In current times, some of the major challenges of the modern world are climate change
and excessive energy consumption. Global demand for heat and power is growing
rapidly, driven by economic growth. As a result, greenhouse gas and volatile pollut-
ants emissions into the atmosphere are also increasing at an equally rapid rate [10].
One of the technological solutions to reduce these risks are heat pumps. They are
an energy-efficient, economical and environmentally friendly alternative to gas boilers
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or air-conditioners in all climate zones [3]. These devices convert work into heat,
whereby the ratio of the effect of the work to the expenditure of driving energy is,
according to the law of conservation of energy, greater than or equal to one. Heat
pumps work on the same principle as refrigerators, but the heat flow is in the opposite

direction - the heat pump takes heat from the environment and transfers it to the heat-
ing system. The heat transformed by the heat pump usually comes from renewable
sources such as air, water, or ground, making it an extremely future-proof solution
[8]. In this paper, on the basis of a literature review, we analyzed the Polish heat pump
market with respect to the global and European markets, and identified opportuni-
ties and threats for this technology. It also allowed, among others, to estimate the sit-
uation on the Polish heat pump market in the future years, as well as to determine
what actions should be taken for further and more dynamic growth of this market.

Global heat pump market

In 2020, nearly 180 million heat pumps were used worldwide to heat buildings. Over
the past years, the global stock has grown by approximately 10% per year, and this
growth is particularly evident in the three major global heating markets - North
America, Europe and North Asia [1, 16].

Despite the upward trend, heat pumps still meet a small amount of the world’s
residential heating demand (about 7% in 2020) and most heat pumps are installed
in new buildings. Progress is still needed worldwide to increase the use of heat pumps,
especially in existing buildings [1].

Considering the type of heat pumps, air-to-air heat pumps dominate global sales.
The development of energy policy and increasing demand for air-conditioning have
undoubtedly contributed to their growing popularity. Less popular in the world
are ground source heat pumps with annual sales of about 400,000 units, more than
half of which are installed in the United States [1]. The reasons for that may be due
to the higher costs of the installation with a Ground Source Heat Pump (GSHP)
(in comparison with an Air Source Heat Pump (ASHP)) and the necessity to possess
a plot of land on which the boreholes could be made.

To better illustrate the situation on the global heat pump market, Figure 1 shows
the size of the global heat pump stock by region, compared to the assumptions to be
met according to the Net Zero Scenario [1].

It can be noticed that the global heat pump resource is growing steadily with China
and North America accounting for the largest market share. However, it seems that
this growth is not dynamic enough to meet the NZE scenario targets predicted
for 2025 and 2030, as confirmed by [16]. Therefore, actions and activities must be taken
to improve and disseminate heat pump technology worldwide.
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FIG. 1. Development of heat pump market by region compared to NZE assumptions
SOURCE: |IEA (2021) Heat Pumps. All rights reserved

Global growth in the heat pump market can be seen not only in terms of sales
volumes, but also in the development of heat pump technology itself. The typical sea-
sonal performance factor for heat pumps (an indicator of average annual energy effi-
ciency) has increased steadily since 2010 and now stands at almost 4 for space heating.
The increase in heat pump efficiency in recent years has been primarily influenced
by the shift from inverter-less to inverter technology. This means that not only regu-
lations, standards, and labeling, but also technological advances themselves are con-
tributing to improvement worldwide [1].

European heat pump market

As estimated in [14], despite challenging conditions in the heating device market,
heat pump sales in Europe increased by 7.4% in 2020, with 1.62 million units sold
across Europe. Under the assumption that the lifetime of heat pumps is about 20 years,
the current stock of heat pumps in Europe is about 14.86 million units, of which
as many as 13.2 million are used for heating. Taking into account 115-120 million
residential buildings in Europe, the share of heat pumps in the building market was
determined to be around 11%. The following table (Tab. 1) compares the volume
of heat pumps sold and the market size for these devices in Europe from 2005 to 2020.
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TAB. 1. Development of heat pump sales and stock in Europe

Year Sales Stock

2005 446 037 1150000
2006 509 794 1660 000
2007 589 118 2240000
2008 804 457 3050000
2009 734282 3770000
2010 800 388 4570000
2011 808 591 5370000
2012 750 436 6110 000
2013 769 879 6870000
2014 792 621 7640000
2015 892809 8520 000
2016 999 682 9490 000
2017 1120000 10 580 000
2018 1270000 11810 000
2019 1510000 13290 000
2020 1620 000 14 860 000

SOURCE:[14]

According to [14], three main factors influence the growth of the heat pump mar-

ket in recent years:

1)

2)

3)
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Modern technological solutions of heat pumps, which currently allow them
to operate in a wide range of temperatures (with outdoor temperatures as low
as —25°C) and to provide domestic hot water even at 65°C. This, in turn, makes
it possible to use heat pumps in many more buildings than even a decade earlier.
The need for an accelerated energy transformation, including the heating and cool-
ing sector, has put heat pumps in the spotlight of policy makers. Legislation passed
in recent years is being implemented in all European Union (EU) member states,
with building standards limiting maximum heat demand per m?, mandating
the integration of renewable energy and favoring smart buildings. These measures
are beginning to bear fruit, and moreover are often supported by institutional
and financial subsides.

Steadily increasing sales, which result in reduced purchase costs for heat pumps
and increased availability of these devices and their components. Thanks
to the parallel reduction in purchase costs of the photovoltaic (PV) system, the self-
generated electricity can be used to power the heat pumps, making the entire
system very economical.
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In 2021, the strongest relative growth in the heat pump market compared to 2020
was achieved in Poland (43.8%), Germany (37.2%) and the Netherlands (30.5%), while
only Norway saw a decline, with 12.6% fewer heat pumps sold in 2020 [14].

The sales development, especially in the context of the COVID-19 pandemic, indi-
cates the ongoing strong market expansion of the heat pump industry in Europe [14].

In terms of units sold, the largest heat pump markets in Europe are France
(394,129 units), Italy (232,834 units), Germany (140,390 units), Spain (127,856 units)
and Sweden (107,723 units) [14, 6]. France, Italy and Germany, as the three largest heat
pump markets, together account for 48% of total sales. With Spain, Sweden, Finland,
Norway, Denmark, the Netherlands, and most importantly Poland, the top 10 heat
pump markets account for a total of 87% of annual sales [6].

In 2020, a total of 14.24 GW of heat pumps were installed in Europe, generating
approximately 27.11 TWh of useful energy and using 16.92 TWh of renewable energy
for heating and cooling, while avoiding 4.31 Mt of equivalent CO, emissions. This has
also generated a total employment need of 89,784 FTEs. In total, nearly 14.86 million
heat pumps have been installed since 1996, representing an installed thermal capacity
of 128.7 GW. All heat pumps in operation have produced 252.6 TWh of usable energy;,
including 160.2 TWh from renewable sources, and have saved 204.8 TWh of final
energy and 93.11 TWh of primary energy [14].

Heat pumps sold in the last 20 years have contributed 41.07 Mt of greenhouse gas
(GHG) emissions savings. The distribution of this savings across countries is directly
proportional to the distribution of renewable energy. Both of these are directly related
to the reduction of fossil energy demand. However, the current rate of growth of heat
pumps in Europe is still insufficient to decarbonize heating and cooling by 2050. A dis-
torted pricing mechanism that favors the use of fossil fuels and technologies based
on them is identified as one of the problems to be solved [14].

Today, more and more countries are undertaking significant energy transition
activities in the district heating sector. To this end, the European Union (EU) has pre-
sented its strategy for the integration of this sector. This document predicts that by 2030,
40% of all residential buildings and 65% of all commercial buildings will be heated
by electricity. Furthermore, according to the European Green Deal [5] and the Paris
Agreement [17], the EU’s goal is to achieve climate neutrality by 2050 (i.e. an econ-
omy with zero net GHG emissions) [4]. Considering that and bearing in mind that
at the same time the principle of preserving energy efficiency still applies, it can be esti-
mated that most new buildings in Europe will be heated and cooled precisely by means
of heat pump systems [6].

Polish heat pump market

In recent years, the Polish heat pump market has been developing at a very fast pace.
In 2020, the number of heat pumps sold exceeded the number of coal boilers sold
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for the first time and heat pumps became the first choice technology. In terms of sales
growth, it was ranked 5%, which was considered an excellent result, while predicting
that in 2021 it will be ranked 3¢ in this respect [7].

According to [13], in 2021 Poland experienced the fastest growth rate for heat pump
technology in Europe, with market expansion by 66% with over 90,000 units installed,
reaching a total of more than 330,000 units. The Polish Heat Pump Technology
Development Organization (PORT PC) also found that the number of heat pumps
sold for central heating increased by 80% in 2021 compared to 2020. What is more,
their analysis shows that the largest increase in heat pump sales in Poland in 2021 was
in the air-to-water heat pump market, where 79,000 units were sold, which in turn
means an 88% increase over sales in 2020. Per capita, more heat pumps were installed
last year than in other key emerging heat pump markets such as Germany and the UK
[9]. This is particularly important because for years Poland has been considered one
of the most energy independent countries in Europe. Its coal mining sector and coal-
fired power plants have provided carbon-intensive but domestic energy - both for heat-
ing and cooling. Even now, with the recent development of renewable energy sources
that helps reduce the dependence of Poland on conventional sources, the share of coal
in electricity and heat generation is approximately 70% [13].

Given the above, it can be presumed that the heat pump market achieved such
growth, mainly due to the implementation of the ten-year “Clean-Air” program,
which began in 2018. Under this project, Poland is to allocate nearly 25 billion euros
to improve energy efliciency and replace old coal-fired heating systems with cleaner
alternatives. As early as March 2020, it was estimated that over 32% of grant applica-
tions were for heat pumps [11]. In addition to subsides, many regions in Poland have
also begun phasing out coal-fired heating systems through the introduction of appro-
priate regulations and standards. Prior to this, the number of heat pump installations
was moderate and has increased modestly over the years, which shows that national
policy is really important in market transformation towards green heating without
fossil fuel-based heating systems [13]. In addition, the PORT PC association in its
report pointed out that in the case of air-source heat pumps, the key element behind
such a significant increase in their sales are: growing attractiveness of the solutions,
favorable heating costs, growing trust in this technology among users and install-
ers, investors’ interest in emission-free heating systems, comfort of use and growing
ecological awareness of the society [9]. Systemic support is also envisaged to facili-
tate transformation of Polish companies from the heating sector towards innova-
tive, “green” technologies. An example of such activities is, among others, launching
a competition at the National Centre for Research and Development (NCBiR) under
the “Fast Track” addressed to such entities [11].

It is worth mentioning that an important role in the implementation of heat
pump technology in Poland was also played by the activity of PORT PC itself, which
is responsible for developing and implementing industry guidelines, quality stand-
ards, and certification, as well as conducting training programs for installers.
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Figure 2 shows the number of heat pumps sold in Poland in 2015-2021 by type
of heat source: air source heat pump (ASHP) or ground source heat pump (GSHP)
and their purpose: heating or domestic hot water preparation (dhw).
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FIG. 2. Sales of different types of heat pumps in Poland during 2015-2021
SOURCE: Own study based on [9, 7]

When analyzing the chart, it can be seen that as of 2018, air-source heat pumps,
used primarily for heating purposes - ASHP (heating), are the most popular solu-
tion, due to the availability of air as a lower heat source and lower capital costs than
in the case of ground-source heat pumps - GSHP (heating). Moreover, also since 2018,
a dynamic growth in the total number of heat pumps sold can be observed, compared
to previous years, when the growth occurred, but was very slow.

Currently, to maintain such dynamic growth of heat pump sales in Poland, a new
program called “My Heat” has been announced. It provides subsidies for the installa-
tion of air, water and ground source heat pumps, used either for heating the home alone
or in combination with simultaneous provision of domestic hot water. The beneficiar-
ies of the program are the owners or co-owners of newly built single-family houses [12].

According to the PORT PC analysis [11] and [7], sales growth will continue in 2022,
mainly for air-to-water heat pumps and to some extent for ground source heat pumps.
Stagnation or even a slight decrease is expected in sales of heat pumps for preparation
of domestic hot water. It has been estimated that in new buildings with surface heat-
ing the costs of heating with heat pumps are even less than 50% of the costs of heat-
ing with wood pellets, natural gas or fuel oil. In existing single-family homes, heat-
ing cost savings can be up to 30% by using heat pumps.

PORT PC in its report [11, 15] also presented forecasts for the development
of the heat pump market in single family buildings in Poland until 2030, assuming
two scenarios - the baseline and the optimistic.

The first scenario predicts that in 2030 there will be approximately 1.09 million
heat pumps operating in Polish households, providing approximately 29.81 P]/year
of RES energy (average share in all buildings at 10%).
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In the second scenario, the number of heat pumps is expected to reach approxi-
mately 2.08 million and the value of the RES energy produced by them will be approx-
imately 60.36 PJ/year (share — 22.8%). The values presented depended on, among oth-
ers, the adopted intensity of support for this technology in various areas.

Figure 3 shows the forecast for the development of heat pump energy production
in 2020-2030 divided into the baseline and optimistic scenarios [11].

70
60.4

60 50.9
50 429

40 36
30.2
30 252

20.9 268 298

20 148 175
108 127 176 195 21-

10504 116 129 143 15.8

[PJ/year]

0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
—e— Baseline scenario Optimistic scenario

FIG. 3. Forecast of the development of RES energy production from heat pumps in Poland
in 2020-2030

SOURCE: Own study based on [11]

In addition to environmental benefits, the dynamic growth of the heat pump
market will also contribute to the development of Polish companies manufacturing
heat pump components and service companies. According to estimates by PORT PC
and EHPA, in 2030 in Poland, with a projected number of 1.09 to 2.08 million heat
pumps in operation (depending on the scenario), the heat pump manufacturing, instal-
lation and servicing sector will employ 11,000 to 20,000 people [11, 2].

Opportunities and threats

It is estimated that with continued improvements in heat pump energy efficiency
and cleaner energy production (rapid reduction of emissions associated with elec-
tricity supply), heat pumps could meet 90% of global heating needs with a lower car-
bon footprint than condensing gas boilers, and by 2025, 100% of heat pumps will
be lower carbon than natural gas boilers. The potential of air-source heat pumps
to reduce CO, emissions compared to condensing gas boilers is presented in the fig-
ure below (Fig. 4) [1].

Unfortunately, it can be observed that Poland has a slightly lower potential
for CO, reduction by air-source heat pumps than its eastern, western and southern
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neighbors, which may be due to the national energy mix. This is particularly worry-
ing, as the main goal of the European Green Deal is precisely to decarbonize the entire
EU economy by as much as 95% by 2050 [11].

Heat pump emissions
reduction potential (%)

[E———
-50 0 50 100

FIG. 4. Potential of ASHPs to reduce CO, emissions compared to condensing gas boilers
SOURCE: |IEA (2021) Heat Pumps. All rights reserved

Regardless of whether the global, European or Polish market is analyzed, the main
barrier against the development of heat pump technology is the high price of equip-
ment purchase and installation. On many world markets the ratio of the size of invest-
ment outlay for a heat pump installation compared to the potential savings in energy
costs (e.g. when replacing a gas boiler with an electric heat pump) is often not so
attractive and beneficial as to encourage the potential user to purchase it, especially
in case of renovation of the existing heating system [, 2].

Another inconvenience when using a heat pump system is high electricity prices.
Worldwide, they are about twice or even three times higher than natural gas prices.
Closing the gap between electricity and natural gas prices while eliminating electric-
ity taxes in ‘power-to-heat’ applications would definitely influence the uptake of heat
pump technology [1]. The authors in [13] indicate that for Poland, the most effective
way to completely eliminate coal from individual heating, as well as to meet policy
goals (including increasing energy security, reducing CO, emissions, and lowering
heating costs), would be to massively introduce heat pumps and energy efficiency pro-
grams while increasing the use of RES for electricity generation. According to a PORT
PC report [11, 15] and [2], 2022 will be another year of challenges and opportuni-
ties for the heat pump industry in Poland. The lack of qualified installers dealing
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with the installation of heat pumps has been singled out as a significant barrier
to the development of the market for these devices. Other challenges facing the Polish
heat pump market include the need to manufacture low-cost Polish equipment, sim-
plify the assembly and commissioning of heat pumps, shorten the supply chain,
and manufacture components and accessories for heat pumps. It is estimated that com-
mon systems for training of installers, implementation of intelligent R&D programs
for manufacturers and monitoring studies of working pumps in residential buildings
would undoubtedly bring beneficial results. Attention was also drawn to the need
for an information campaign on heat pumps [9]. As the use of heat pumps is closely
related to the domestic electricity market, it would also be an important step for-
ward to introduce dedicated electricity tariffs for heat pumps in Poland in parallel
with the launch of the Demand Side Response (DSR) service aggregation project [11].
With the exception of domestic politics, all of the above opportunities and threats
can to some extent be applied to the rest of the Central and Eastern Europe markets.

Summary

Analyzing the heat pump market in Poland and reviewing the characteristics
of the global and European market, it can be concluded that heat pumps are one
of the leading technologies, ready to implement the new energy policy strategy
of decarbonization in Poland. It seems to be true, that they act as a kind of pioneer
among energy systems, combining features of current solutions and modern, fully
digitalized solutions of the future. Unfortunately, the development of this technology
faces many barriers and threats, mainly related to economic aspects and lack of edu-
cation and information, as well as execution of installations with these devices itself.
Importantly, numerous R&D gaps in this technology are also pointed out. Currently,
due to the favorable growth trend of the heat pump market, measures such as raising
energy and emission standards, harmonizing definitions related to heat pump effi-
ciency, increasing requirements for thermal performance of buildings, and energy
efficiency of the heating devices and their components would contribute to wider use
of heat pumps and make heat pumps and other renewable energy sources the pri-
mary heat providers.
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Pesticide industry wastewater treatment
with photo-Fenton process

Keywords: raw pesticide wastewater, photo-Fenton process, Box-Behnken design

Abstract: Pesticide manufacturing industry wastewater causes pollution prob-
lems due to the toxic components, high chemical oxygen demand (COD),
biochemical oxygen demand (BOD), high total dissolved solids (TDS)
and intensive color, disgusting odor and generally low pH values. Since suffi-
cient treatment efficiency cannot be obtained with biological treatment in these
wastewaters, chemical processes based on advanced oxidation methods are
needed for the removal of toxicity and organic load caused by pesticide wastewa-
ter. Advanced oxidation methods are based on the formation of hydroxyl radicals
(OH") and provide the conversion of toxic organic substances into harmless products.
The major objective of this study is to investigate the oxidation of raw pesticide
wastewater by the photo-Fenton process by using a Box-Behnken statistical experi-
mental design and surface response methodology. In the photo-Fenton experiments,
the effects of different oxidant and catalyst concentrations for COD removal at dif-
ferent reaction times were investigated by using Box-Behnken statistical design.
As a result of the studies, the most appropriate reaction conditions according
to COD removal; H,0, concentration was 1000 mg/L, Fe*? concentration was
325 mg/L, reaction time was 35 minutes and COD yield was 70%.

Introduction

Pesticides are agricultural drugs used to combat weeds, plants and insects that are
harmful to crops and affect the efficiency during the cultivation of plants. They
are often used in modern agriculture to meet the nutrition needs of the growing
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population and to obtain increased yields. However, pesticides are highly toxic, carci-
nogenic and mutagenic in nature, and persist in nature at low concentrations for a long
period of time after use.

Pesticide manufacturing industry wastewater causes pollution problems due
to the toxic components, high chemical oxygen demand (COD), biochemical oxygen
demand (BOD), high Total dissolved solids (TDS) and intensive color, disgusting odor,
and generally low pH values [1]. Chemical oxidation demand of pesticide wastewater
is higher than biological oxidation demand of it. Therefore, microorganisms cannot
easily degrade wastewater originating from the pesticide industry. Despite the low
economic cost aspect of biological treatment, conventional biological methods have
not been an effective method to treat or degrade refractory and toxic organics in pes-
ticides in wastewater. In addition, the pH value of pesticide wastewater is very low
and this pH value is not suitable for the biological treatment processes. So, pesticide
wastewater cannot be treated by biological processes directly, it is not feasible to use
single conventional biological methods or conventional chemical-precipitation meth-
ods in the treatment of pesticide wastewater.

New technologies are to be developed for effective treatment of wastewater contain-
ing pesticides. An advanced oxidation process that depends on highly concentrated
and refractory compounds in pesticide wastewater should be preferred as a pretreat-
ment process before biological treatment methods to treat or degrade non-biodegrada-
ble pesticides in wastewater. In recent years, advanced oxidation processes (AOPs) have
been used as potentially powerful methods capable of transforming non-biodegradable
pollutants into harmless substances. Almost all AOPs rely on the generation of reactive
free radicals, such as hydroxyl (OH"), with a redox potential of 2.8 V. The free radicals
react rapidly with most of the organic compounds, either by addition to a double bond
or by abstraction of a hydrogen atom from aliphatic organic molecules. The resulting
organic radicals then react with oxygen to initiate a series of oxidation reactions lead-
ing to mineralization of the organics to produce CO, and H,O. Therefore, advanced
oxidation is a promising alternative for mineralization and reducing recalcitrant
organic compounds in wastewater. The Photo-Fenton process as an advanced oxida-
tion process is a very effective method to degrade pesticides in wastewater. It changes
the form of compounds, converting them into an easily degradable form for microor-
ganisms in biological treatment methods [2]. In addition, the photo-Fenton process
has many advantages, it requires a short reaction time and low amounts of oxidant
and catalyst doses compared to other advanced oxidation methods.

The major objective of this study is to investigate the advanced oxidation of pes-
ticide wastewaters by the Photo-Fenton process as a pretreatment process. The effect
of hydrogen peroxide (H,0,) and ferrous ion (Fe**) concentrations and reaction times
on the oxidation of pesticide wastewater was investigated with chemical oxidation
demand (COD) removal by using a Box-Behnken statistical experimental design
and surface response methodology.
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Material and methods

The pesticide wastewater used in these experiments was obtained from a pesticide factory
in Izmir, Turkey. This factory produced many kinds of pesticides, such as azoxytrubin,
imidaclobrid, epoxinazole and methoxy fenozide etc. The wastewater from the pesticide

production industry contained a lot of precursor chemicals and pesticides. The COD

concentration of the wastewater was around 150,000 mg/L. The pH value of the waste-
water was around 5. In addition, suspended solids were very high. The Photo-Fenton

experiments were carried out at room temperature (23+2°C) using different hydrogen

peroxide and ferrous ions. Hydrogen peroxide solution (35% w/w) and ferrous sulfate

was obtained from Merck, and was used as an oxidant and catalyst, respectively.

Design of experiments

The effects of variables on the response are complicated and observed by means
of the mostly known approach, which is altering one factor at a time for multivariable
systems. However, this technique is not practical for estimation of responses. So, some
experimental statically design should be used for optimization of the reaction con-
ditions. For this purpose, several significant parameters are determined by response
surface methodology (RSM). Between all RSM designs, Box-Behnken design needs
fewer experimental runs and shows to be efficient at intermediate levels not experi-
mentally studied [3-4].

The main objective of the study was to statistically determine the most favorable
levels of the parameters for the treatment of pesticide wastewater. Oxidation of pes-
ticide wastewater was investigated by the Photo-Fenton process in terms of COD
removal efficiency. The effects of H,O, and ferrous ion concentrations and reaction
time on the oxidation of real pesticide wastewater, which is produced by the pes-
ticide industry, were investigated by using a Box-Behnken statistical experiment
design method. As the dependent variable, the most important parameter was con-
sidered as COD and the COD removal efficiencies were examined. In the statistical
method, Fe*? and H,O, concentrations and reaction time were selected as independ-
ent variables. Operating range for the independent variable; H,O, concentration
was 1000-5000 mg/L (X,), Fe*? concentration was 100-500 mg/L (X,), reaction time
was determined as 5-60 minutes (X,).

Experimental procedure

All batch photo-oxidation experiments were performed in the completely mixed, batch,
cylindrical photochemical reactor containing a 16 W low-pressure mercury vapor lamp
with a total volume of 2.2 L. Figure 1 shows a schematic diagram of the laboratory-
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-scale photochemical reactor which was used for oxidation experiments in previous
studies [5].

After the addition of raw pesticide wastewater into the reactor, ferrous ion as a cat-
alyst was added and mixed well with the wastewater before the addition of hydrogen
peroxide as an oxidant. The UV lamp was immediately turned on after the addition
of hydrogen peroxide to the reactor. The time at which the ultraviolet lamp was turned
on was considered as time zero, or the beginning of the experiment. Samples with-
drawn from the reactor at certain time intervals were analyzed immediately to avoid
further reactions. Raw and treated wastewater samples were withdrawn from the reac-
tor in order to execute chemical oxygen demand and pH analysis. In addition, total
organic carbon and suspended solids analyses were also done.

Cooling Water

inlet outlet

Chemical Dosage Solution Inlet

UV Lamp

Quartz Tube
Thermometer

Cooling jacket

Magnetic Stirrer

FIG. 1. A schematic diagram of the laboratory-scale photochemical reactor
SOURCE: own study based on [5]

In the experiments, the effects of hydrogen peroxide (H,0,) and ferrous ion (Fe*?)
concentrations and reaction times as independent variables on the oxidation of raw
pesticide wastewater were evaluated in terms of chemical oxidation demand (COD)
removal as dependent variables in the Box-Behnken design.

Results and discussion

The Box-Behnken design approach is mentioned as an effective and useful way for opti-
mization of the three variable response functions, predicting the response of the fitted
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model by the ANOVA tests. Hydrogen peroxide (X,), ferrous ion (X,) and reaction time
(X,) as the independent variables were selected in design. In addition, percent COD
removal (Y,) as the dependent variable was selected in statically design for this pur-
pose. The low, center and high levels of each variable organized by statically approach
as -1, 0, and +1 respectively as shown in Table 1.

TAB. 1. Levels of variables in Box-Behnken design

H,0, (mg/L) Fe* (mg/L) Reaction Time (min)
Parameter/Codes
x1 X2 X3
Low (-1) 1000 100 5
Center (0) 3000 300 32,5
High (+1) 5000 500 60

SOURCE: own elaboration

Reaction conditions for independent variable; H,O, concentration was 1000-5000
mg/L (X)), Fe* concentration was 100-500 mg/L (X,), reaction time was determined
as 5-60 minutes (X,). The effects of independent variables (hydrogen peroxide, fer-
rous ion and reaction time) on dependent variable (percent COD removal) were evalu-
ated. The experimental conditions of the Box-Behnken experiment design and results
of for Photo-Fenton processes presented in Table 2.

TAB. 2. The experimental conditions in photo-Fenton oxidation and COD Removal efficiencies
as dependent variables in Box-Behnken design

Run H,0, (mg/L); X, Fe*?(mg/L); X, | Reaction Time (min); X, | COD Rem. Eff. (%);Y,
1 1000 100 32,5 61,6
2 5000 100 32,5 42,4
3 1000 500 32,5 55,2
4 5000 500 32,5 52
5 1000 300 5 70
6 5000 300 5 48,8
7 1000 300 60 68
8 5000 300 60 68
9 3000 100 42,2
10 3000 500 27
1 3000 100 60 30
12 3000 500 60 45,6
13 3000 300 32,5 52

160



PESTICIDE INDUSTRY WASTEWATER TREATMENT WITH PHOTO-FENTON PROCESS

Run H,0, (mg/L); X, Fe*?(mg/L); X, | Reaction Time (min); X, | COD Rem. Eff. (%);Y,
14 3000 300 32,5 52
15 3000 300 32,5 52

SOURCE: own elaboration

This statically design was preferred due to fewer combinations of the independ-
ent variables to estimate the second-order polynomial regression model. Coeflicients
in the regression model were determined by means of 15 runs. Nine coeflicients were
calculated such as one block term, three linear terms, three quadratic terms and three
interaction terms. The application of RSM offers an empirical relationship between
the response function and the independent variables. The mathematical relationship
between the response function (Y) and the independent variables (X) can be approx-
imated by a quadratic (second-order) polynomial equation as follows:

Y=b,+bX, +bX, +bX, +b XX, +b XX +b XX +b X?*+b,X?+b,X? (1)

23772773 11771 22772 33773

The coeflicients of the response functions for different dependent variables were
determined by correlating the experimental results with the relevant functions used
in a Stat-Ease regression program. Different response functions with the determined
coeflicients are presented by Eq. (2). Evaluations of experimental results and desig-
nated of all Figures were done by means of Egs. (2) and Stat-Ease regression program.
The objective function for COD removal efficiency with the determined coefficient
is presented by Eq. (2).

Y, = 86,44-0,03X,+0,13X,-0,39X ,+1,0E-05X X +1,0E-%X X,+

+0,0014X X ,-3,54E-%6X 2-0,0003X,2-0,003X  (R-Squared = 0.9931)  (2)

The results of analysis of variance (ANOVA) are also presented in Tables 3 indi-
cating the fact that that the predictability of the model is at a 99% confidence interval.

TAB. 3. ANOVA test for response function Y, (COD removal, %)

Source Sum of squares D.F. Mean square F Value p-value
Model 2259,44 9 251,05 79,75 <0,0001
X,-H,0, 237,62 1 237,62 75,48 0,0003
X,Fe*? 1,62 1 1,62 0,5146 0,5053
X;-Reaction time 69,62 1 69,62 22,12 0,0053
XX, 64,00 1 64,00 20,33 0,0063
XX, 112,36 1 112,36 35,69 0,0019
X, X, 237,16 1 237,16 75,34 0,0003
X2 739,28 1 739,28 234,84 <0,0001
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Source Sum of squares D.F. Mean square F Value p-value
X,2 658,05 1 658,05 209,04 <0,0001
X2 22,16 1 22,16 7,04 0,0452
Residual 15,74 5 3,15
Lack of Fit 15,74 3 5,25
Pure Error 0,0000 2 0,0000
Cor Total 2275,18 14

SOURCE: own elaboration

Response function predictions are in good agreement with the experimental data
with a coefficient of determination (R?) of higher than 0.993. Furthermore, the com-
puted F value (79.75) is much greater than that of the tabular F g, , ,,, value of 3.70
suggesting that the treatment is highly significant. P values of less than 0.05 for any
factor in the analysis of variance (ANOVA) indicated a significant effect of the cor-
responding variable on the response.

From the analysis of the ANOVA test presented in Tables 3, it can be said that
hydrogen peroxide dose and reaction time (X, X,, X, X,, X X,, X,X,, X%, X% X,?) were
the two major factors affecting the COD removal due to high ‘F’ ratios and low ‘p’
values. Response functions with determined coefficients were used to estimate varia-
tions of response functions with the independent variables under different conditions.

Figure 2 shows the effect of different Fe*? concentrations and different reac-
tion times ion on percent COD removal when the initial concentration of H,O,
was 1000 mg/L.

cop 0
[%] 40

60 500
49 400
38 - 300
Reaction Time 16 200 Fe+2

[min] 5 100 [ma/L]

FIG. 2. COD removal efficiencies achieved with different Fe*2 concentrations and reaction times
(H,0,: 1000 mg/L, pH:5)
SOURCE: own elaboration
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The addition of ferrous ion to the oxidation process increased the COD removal
efficiencies due to the acceleration of hydroxyl radical formation by means of fer-
rous ion. When ferrous ion increased to 350 mg/L from 100 mg/L, COD removals
were increased to 70% from 50% at H,O, concentration of 1000 mg/L and reaction
time of 5 min. As shown in Figure 2, percent COD removals were 58, 65 and 48%
when Fe*? concentrations of 100, 300 and 500 mg/L, respectively at a H,O, concentra-
tion of 1000 mg/L and reaction time of 5 min. Excess amounts of ferrous ion caused
to decrease COD removal efficiencies due to the inhibition effect of ferrous ion on pro-
duction of hydroxyl radical. When reaction time was increased to 60 min from 5 min,
COD removals were not significantly increased at H,O, concentration of 1000 mg/L
and reaction time of 5 min. Long reaction times as independent variables are not pref-
erable, because oxidation reactions occur rapidly and low reaction times are sufficient
to produce hydroxyl radicals to react with refractory organics.

Figure 3 shows the effect of different Fe** concentrations and different reac-
tion times ion on percent COD removal when the initial concentration of H,O,
was 1000 mg/L. As shown in Figure 3, percent COD removals were 40, 68 and 65%
when Fe*? concentrations were 100, 300 and 500 mg/L, respectively at a H,O, concen-
tration of 3000 mg/L and a reaction time of 60 min. When reaction time decreased
to 5 min from 60 min, only 20% COD removal efficiencies were ascended at H,O,
concentration of 3000 mg/L and ferrous ion concentration of 300 mg/L. At these
results, it can be said that a high amount of hydrogen peroxide needs long reaction
times to be efficient at COD removal.

90

80

70

60

COD 5p
[l 40
30
20

60 500
49 400

38 - 300
Reaction Time 16 200 Fe+2

[min] 5 100 [ma/L]

FIG. 3. COD removal efficiencies achieved with different Fe*2 concentrations and reaction times
(H,0,: 3000 mg/L, pH:5)

SOURCE: own elaboration
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Figure 4 shows the effect of different Fe*? concentrations and different reac-
tion times ion on percent COD removal at when initial concentration of H,O,
was 5000 mg/L. As shown in Figure 4, percent COD removals were 30, 52 and 42%
when Fe*? concentrations of 100, 300 and 500 mg/L, respectively at a H,O, concen-
tration of 5000 mg/L and reaction time of 60 min.

cop 90
% 40

60 500
49 400

38 . 300
Reaction Time 16 200 Fe+2

[min] 5 100 [mg/L]
FIG. 4. COD removal efficiencies achieved with different Fe*2 concentrations and reaction times
(H,0,: 5000 mg/L, pH:5)
SOURCE: own elaboration

As shown in Figure 2-3-4, percent COD removals were 65, 42 and 32% when H,O,
concentrations of 1000, 3000 and 5000 mg/L, respectively, at a ferrous ion concen-
tration of 300 mg/L and reaction time of 5 min. It can be said that the requirement
of a hydrogen peroxide concentration to degrade real pesticide wastewater was small
at a medium ferric ion concentration. At this situation, high oxidant usage resulted
in alow COD removal efficiency due to excess H,O,/Fe (II) molar ratio. At high H,O,
concentrations, it is probable that H,O, served as a free-radical scavenger for itself,
reducing the [OH"].

OH'+ H,0, > H,0+ HO, 3)
OH®+HO," > H,0+0, @)
An excess of H,0, favors reactions consuming such radicals, which is an adverse

effect. In agreement with Tokumura et al. [6] a reduction in process performance was
observed at high H,O, concentrations indicating the adverse effects of excess H,O,.
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The optimal H,0,/Fe*?/reaction time ratio resulting in the maximum COD (70%)
removal was found to be 1000/325/35. Optimal values of the operating parameters
maximizing COD removal were determined. In addition, at these operating parame-
ters, TOC and suspended solids removals were also observed as 20% and 32.5%, respec-
tively. After the photo-Fenton process as a pretreatment method, treated pesticide
wastewater was then to be treated with the biological treatment method. Biological
treatment methods can be applied to effluent from the Photo-Fenton process and dis-
charge standards to surface water can be reached.

Summary

Real pesticide wastewater treatment with the Photo-Fenton process as a pretreat-
ment process was investigated. The Box-Behnken statistical experiment design
and the response surface methodology (RSM) were used for this purpose. The effects
of hydrogen peroxide (H,0,) and ferrous ion (Fe*?) concentrations and reaction times
as independent variables on the oxidation of raw pesticide wastewater were evalu-
ated in terms of chemical oxidation demand (COD) removal as dependent variables
in the Box-Behnken design.

In the statistical method, Fe** and H,O, concentrations and reaction time were
selected as independent variables. The operating range for independent variable; H,O,
concentration was 1000-5000 mg/L (X,), Fe*? concentration was 100-500 mg/L (X,),
reaction time was determined as 5-60 minutes (X,). Experimental data was used
to determine the coefficients of the response functions. Predictions obtained from
the response functions were in good agreement with the experimental results, indi-
cating the reliability of the method used.

The optimal H,O,/Fe*?/reaction time ratio resulting in the maximum COD (70%)
removal was found to be 1000/325/35. Optimal values of the operating parameters
maximizing COD removal were determined. In addition, at these operating param-
eters, TOC and suspended solids removals were also observed as 20% and 32.5%,
respectively. After the photo-Fenton process was utilized as a pretreatment process,
treated pesticide wastewater was converted to be treated with a biological treatment
method. Therefore, the aim of the research was successful.
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Determination of optimal pyrolysis
process parameters to maximize
gasoline-like renewable fuel production
from polypropylene: a review

Keywords: PP, plastic pyrolysis, process optimization, renewable fuels, plastic waste

Abstract: Polypropylene (PP) is the most common type of plastic found in munic-
ipal plastic waste. Its physicochemical properties (e.g., volatiles, calorific value)
make PP suitable for pyrolysis to produce alternative fuels. In this study, a liter-
ature review was conducted to determine the optimal parameters (e.g., tempera-
ture and vapor residence time) and units (e.g., reactor type) of a pyrolysis process
for maximum production of hydrocarbons in the gasoline range (C5-C12). To be
consistent with industrial processes and to understand the behavior of thermal
pyrolysis, the scientific articles on continuously operated and non-catalytic pyrol-
ysis of PP were studied in terms of product yield and pyrolysis oil composition.
The yield of pyrolysis oil decreased at a temperature higher than 550°C. The max-
imum yield of gasoline (54 wt.%) was obtained in continuously stirred tank reac-
tors (CSTRs), which proved to be the reactor with the best performance. The main
product was mainly wax in continuously spouted bed reactors (CSBRs) because
the vapor residence time (i.e. less than a second) was too short for the formation
of lighter products. Gas production was the target for bubbling fluidized bed
reactors (BFBRs), falling-film reactors (FFRs), and rotating cone reactors (RCRs).
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Introduction

Due to their durability, low price, and ease of processing, demand for the produc-
tion of plastics has increased since the mid-20th century [1]. This demand, driven
mainly by the packaging, construction, automotive, and electrical appliance indus-
tries, has resulted in the production of 55 million tons of plastics in the EU27+3
countries or 367 million tons worldwide [2]. There is no doubt that the generation
of plastic waste, which is directly related to the production rate of plastics, is a threat
to the environment. One of the approaches to address this problem is the Waste-to-
Energy (WtE) approach, which aims to recover energy, monomer and fuel from plas-
tic waste through incineration, mechanical recycling and chemical recycling, respec-
tively. Incineration is used to generate heat and power, while mechanical recycling
mainly involves the extrusion and reforming of used plastics. Pyrolysis, on the other
hand, is a thermochemical conversion technology that leads to the production of fuel-
like products from plastics.

Polypropylene (PP) is the most abundant type of plastic in the documented
amount of plastic waste and has suitable physicochemical properties for the produc-
tion of gasoline-like fuels (i.e., C5-C13 hydrocarbons) [2] by pyrolysis. Pure PP con-
sists mainly of volatiles (about 99.2 wt.%) and traces of ash and moisture [3]. In addi-
tion, the high C/H ratio (about ca. 6.6) of PP indicates a high calorific value of ca.
47.3 MJ/kg [3]. The amount of energy that could be generated by burning PP equal
to 10 wt.% of the amount fed to the process can meet the energy demand of the pyrol-
ysis process [4]. Due to these characteristics, the pyrolysis of PP - as an energeti-
cally self-sufficient process — can simultaneously provide a renewable fuel and con-
tribute to the reduction of non-recycled plastic waste. However, the high viscosity
and low thermal conductivity of PP limit heat transfer during pyrolysis. Therefore,
the type of pyrolysis reactor, in addition to other process parameters (e.g. reaction
temperature, residence time) directly affects the quantity and quality of the prod-
ucts of PP pyrolysis [5]. The main product of thermal pyrolysis PP is wax. Limiting
wax formation and increasing lighter fuel production are possible by establishing
optimal operating parameters and units for non-catalytic pyrolysis. In the pyrol-
ysis of PP, increasing the pyrolysis temperature favors the cracking of waxes into
smaller hydrocarbons (e.g., gasoline-like fuels, non-condensable gases) [6]. Another
option is to increase the vapor residence time; many studies find that longer vapor
residence times result in hydrocarbons with lower molecular weights [7, 8]. To set
an optimal pyrolysis temperature and a vapor residence time, the pyrolysis reactor
should be adjustable. Batch and/or semi-batch reactors are often preferred for labo-
ratory scale because of their ease of operation but are difficult to scale up. In contrast,
continuously operated reactors such as continuously spouted bed reactors (CSBRs),
rotating cone reactors (RCRs) and continuously stirred tank reactors (CSTRs) over-
come mass and heat transfer limitations [9] and are therefore well suited for scaling
and use in large-scale processes.
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In this work, published scientific articles focusing on continuous and non-cat-
alytic pyrolysis of PP are reviewed. The ultimate goal is to find optimal conditions
for process parameters and the most suitable reactor type for the production of gas-
oline-like liquid fuels. At the same time, the other focus is on NC pyrolysis of PP,
to find optimal conditions for the production of C5-C13 hydrocarbons without pro-
moters such as catalysts or other upgrades. To understand the relationship between
temperature, reactor type, and liquid yield, the maximum allowable pyrolysis tem-
perature, and lowest yield were set to be 550°C and 70 wt.%, respectively. The data
matching the highest liquid production range were further analyzed to determine
the residence time of the vapor in different types of reactors. In this study, the literature
reports addressing the results of PP pyrolysis obtained from non-catalytic and con-
tinuously operated pyrolysis systems are reviewed. The report summarizes the status
and achievements of research and technology development based on scientific litera-
ture, available reports of commercial/industrial trials, and scientific expertise acquired
in our research group in the field of plastic pyrolysis. The objective is to develop some
recommendations and suggestions regarding the design of a plastic pyrolysis process
on a commercial/industrial scale.

Materials and methods

The data used for this work was collected from Web of Science, Scopus, and Wiley
databases for the period 1984 to 2021. The articles were searched with the keywords
“Polypropylene” and “Pyrolysis”. The collected data were split into three sets accord-
ing to an operation mode used for pyrolysis: Batch, Semi-batch, and Continuous.
Only the articles in the “Continuous” set were selected for this study to be in line
with the industrial processes. The articles in this set were further categorized into
two sets depending on the catalyst usage: Non-catalytic and Catalytic. The articles
in the “Non-catalytic” set were used to explain the characteristics of the products
of pyrolysis changing with process parameters (e.g. temperature, vapor residence
time) and units (e.g. reactor types) without using any promoters such as catalyst
and steam. In total, 14 articles [6,7,17-20,8,10-16] concerning non-catalytic and con-
tinuous pyrolysis of PP were collected and analyzed in detail to explain optimum

pyrolysis conditions for gasoline-like fuel production.

Thermal gravimetric analysis (TGA) shows that pyrolysis of PP occurs at temper-
atures between 415°C and 540°C under an inert gas (e.g. N,) flow rate [10]. The max-
imum cracking takes place for PP at 470°C determined by differential thermal
derivative thermogravimetry (DTG) [11]. Also, many studies reported that almost
a complete conversion of the initial mass of PP is measured by TGA [10, 12]. In light
of the kinetic data of PP, the maximum allowable temperature for pyrolysis was
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selected at 550°C (vertical dashed lines in Figure 1), while the lowest liquid yield was
70 wt.% (horizontal dashed lines in Figure 1) and was selected by considering possi-
ble experimental errors and the average yield data of the collected articles.

The data fulfilling the yield and temperature boundaries (upper-left section
of Figure 1) were examined in terms of the detailed composition of liquid products
varying with process parameters (i.e. temperature and vapor residence time). Studies
[13-15] did not report any data about wax, gasoline, and diesel range hydrocarbons
being excluded in this part even though the data was located between the tempera-
ture and the yield boundaries.

Results

Figure 1. shows the correlation between liquid yield and pyrolysis temperature.

At a temperature higher than 550°C, liquid production decreases with increasing

temperature, while gas production accelerates due to secondary reactions, regard-

less of reactor type [6, 15, 16]. The compositions of the liquid products are listed
in Table 1, except for the studies by Jin et al. (2018), Fraczack et al. (2021), Kaminsky

(1991), and Walendziewski (2005), for which no data are available. In the temperature

range of liquid production (T< 550°C), the main product of pyrolysis oil is wax [17].

The trend is consistent with the collected data from the literature, except for the con-

tinuous and non-catalytic pyrolysis data in CSTRs. Leaving the hot pyrolysis vapors

for more than one second improves the cracking of the wax and the production of light

hydrocarbons, especially at temperatures above 500°C [7].

CSTRs were operated below the temperature (i.e. 470°C) where maximum deg-
radation occurs, according to DTG data mentioned above. Although the pyrolysis
temperatures were significantly lower for CSTRs, the liquid yields were not lower
than 90 wt.% [14, 18, 19]. All studies used an extruder to preheat PP before deliver-
ing CSTRs to it. The use of a pretreatment reactor boosted liquid yield by shortening
the time to reach pyrolysis temperature, which prevented the production of by-prod-
ucts (e.g., char) generated by slow pyrolysis [20]. Gasoline range hydrocarbons were
the product in CSTRs (see Table 1). The formation of lighter hydrocarbons is unu-
sual for the non-catalytic pyrolysis of plastics at very low temperatures (~400°C). This
trend can be explained in two ways:

1) PPisabranched polymer and has a lower C-C bond-breaking energy compared
to other plastics (e.g., low density polyethylene, high density polyethylene), which
allows for greater cracking even at lower temperatures [21].

2) Elevated vapor residence time can also lead to the formation of C5-C12 hydrocar-
bons, but the authors have not provided data on vapor residence time [14, 18, 19].
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FIG. 1. The correlation between liquid yield and pyrolysis temperature for PP (Black: CSBR, Red:
CSTR, Blue: BFBR, Green: FFR, Orange: RCR, Purple: CFR)

SOURCE: own elaboration

Vapor residence time was less than one second for CSBRs suppressing both gas
and light oil (i.e., C5-C20 hydrocarbons) yields. Arabiourrutia et al. (2012) reported
that the gasoline and diesel range hydrocarbon yields were increased when the pyrol-
ysis temperature was increased from 450 to 500°C [6]. In contrast to the study
by Arabiourrutia et al. (2012), Aguado et al. (2002) did not observe any change
in the yield of hydrocarbons in the gasoline and diesel range at the same tempera-
tures [16]. As can be seen in Table 1, a slight increase in vapor residence time leads
to the production of C5-C12 hydrocarbons.

Continuous flow reactors (CFRs) were continuously operated tubular reac-
tors. The data obtained for CFRs were in the range of liquid formation in Figure 1.
In all studies, an extruder operated at a temperature between 250 and 280°C was used
as the pretreatment reactor [13, 22, 23]. Miskolczi et al. (2009) and Walendziewski
(2005) reported a liquid yield of 96 wt%. The almost complete liquid production
would be triggered by the above-mentioned pretreatment process. In contrast to other
studies, Miskolczi et al. (2006) reported 52 wt.%, 3 wt.%, and 45 wt.% as liquid,
gas, and solid yields, respectively [23]. Although no process time was mentioned
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in the study, the pyrolysis time would not have been sufficient for this study, which
resulted in a high amount of solid product.

TAB. 1. The composition of liquid products of the data point falling in temperature and yield

boundaries
Te?:li::ra- re\s,iadpe‘:lrce V{ax (L2 (?2653-0(':'1"2‘!) (CDSISZ‘:I:’.) Tf)lal Lot Reference

°C) time () | PEMOMEAN ot () | yieldiwrzy | Yield Get-E)

450 0.020 92.0 0.00 0.00 92.0 [16]
500 0.020 75.0 0.00 0.00 75.0 [16]
550 0.020 67.0 0.00 0.00 67.0 [16]
450 0.054 92.0 1.10 6.90 100 [6]
500 0.054 75.0 3.30 21.7 100 [6]
510 5.60 56.2 28.8 6.40 91.4 7]
510 4.20 57.5 311 6.48 95.1 [71
520 N/A 48.9 28.9 18.0 95.8 [22]
380 N/A 13.4 54.3 324 100 [19]
380 N/A 13.2 54.2 325 100 [18]

N/A: Not available
SOURCE: own elaboration

Bubbling fluidized bed reactors (BFBRs) [8, 24, 25], falling-film reactors (FFRs)
[15], and RCRs [26] were operated at higher temperatures compared to other reactor
types. Therefore, the data obtained for these reactors were placed in the gas forma-
tion section of Figure 1. Since these reactors, especially BEBRs and RCRs, overcome
heat transfer limitations due to the use of heat transfer media (e.g. sand), keeping
the pyrolysis temperature in the liquid formation range and increasing the vapor
residence time lead to an improvement in gasoline-like oil production. For exam-
ple, Predel and Kaminsky (2000) studied the non-catalytic pyrolysis of PP in a BFBR
at 510°C, where the vapor residence time was about 5 s [7]. In this study, 92 wt.% liq-
uid and 30 wt.% C5-C12 hydrocarbons were produced.

CSTRs were found to be the most efficient reactors for the production of gaso-
line range (C5-C12) hydrocarbons at lower temperatures (~400°C). It should be men-
tioned that the use of a pretreatment reactor for the hot plastic melt helps to obtain
the highest yield of gasoline-like oil (54 wt.%). Although more than 90 wt.% liquid
yield was obtained in CSBRs, the liquid product was almost all wax due to the imme-
diate removal of vapors from the reactors. BEBRs, FFRs and RCRs were operated at gas
production temperatures (T > 550°C). These studies were good examples of gas pro-
duction rather than gasoline production.
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Conclusions

This study reviews the literature reports dealing with the results of PP pyrolysis from
non-catalytic and continuously operated pyrolysis systems. The main conclusions
are presented below:

At temperature higher than 550°C, the yield of liquid product decreases.

Using a heat carrier such as hot sand or pretreatment reactor to feed hot plastic
to the main reactor enhances lightweight fuel production.

CSTRs are found to be the best performing reactors to produce gasoline-like fuel
at temperatures below 450°C.

The maximum C5-Cl12 hydrocarbons yield was 54 wt.% obtained in CSTRs
at 380°C.

The main product in the pyrolysis oil was wax for CSBRs due to very short vapor
residence time.

In general, BFBRs, FFRs, and RCRs were operated at gas formation range
(T > 550°C).
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Acid leaching for the recovery of lithium
and cobalt from spent lithium-ion batteries

Keywords: Li-ion batteries, leaching, recovery of metals, waste management, envi-
ronmental engineering

Abstract: Spent batteries are one of the most problematic in the waste management
sector. The number of batteries grows annually, where only a few percent of mate-
rials are successfully recovered. Battery waste recovery is challenging for its com-
plex composition including porous electrodes and toxic electrolytes. In this work,
we refer to the acid leaching of spent battery waste for the recovery of Li and Co.
Spent batteries were discharged, mechanically disassembled, and electrode pow-
der was treated chemically. The leaching agents were mild organic acids like glu-
taric, lactic, and formic acids, and/or sulphuric acid. The morphology of spent
electrode carbon-based powder was determined with SEM. The post-leaching
solutions were studied within the ICP-OES to estimate the % of the recovery
rate of certain metals. The recovery rate reaches even 59% and 82% of Co and Li,
respectively, when the acid-leaching bath contained sulphuric acid, hydrogen per-
oxide, and glutaric acid.

Introduction

Portable electronic equipment has become an indispensable element of work and eve-
ryday life, and the demand for new devices of this type is constantly growing. It is asso-
ciated with a significant increase in production, among others polymetallic batteries
and accumulators, the proper recycling of which has been a challenge for the func-
tioning waste management systems for years. Currently, metallic raw materials con-
tained in waste electronic equipment can be efficiently recovered, but the methods
of their recycling and preparation for re-use must be constantly improved and adapted
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to the changing material composition of polymetallic components depending
on the technologies used for their production [1].

The lack of effective regulations, collection systems and battery waste recycling
technologies poses a challenge, especially in solving two global problems related
to the management of this type of waste [2]. One of them is a potential risk of contami-
nation with transition metal compounds from battery waste, which is toxic to the water
and soil environment, as well as to living organisms. The second problem, especially
related to battery management, is the overexploitation of natural resources of metals,
which are the basic raw material used in the production of all types of used batteries
and accumulators. Therefore, in order to develop comprehensive solutions in the man-
agement of the battery waste stream, it is necessary not only to introduce new regu-
lations regarding the improvement of waste battery collection systems but above all
to modernize the method of their recycling, from mechanical treatment, through
the recovery of individual components of used batteries, to their recycling and use,
e.g. for the production of new cells [3, 4].

Lithium-ion batteries (LiBs) are currently the most common type of cells used
to power electronic equipment as well as modern hybrid and electric vehicles. LiBs are
made of many different components, and their raw material composition may vary
depending on the type of battery (especially the chemical composition of the cath-
ode material used) and its manufacturer [5].

The largest part that builds Li-ion batteries is the so-called battery black mass
(also known as battery powder) i.e., powdered anode and cathode materials obtained
from the paramagnetic fraction, which is released as a result of separation and frag-
mentation operations carried out during the mechanical processing of used batteries
and accumulators. Battery mass is rich in compounds of various metals, incl. lithium,
cobalt, nickel, manganese, iron, copper and aluminum. The chemical composition
of a typical lithium-ion battery is described in Shin et al. According to the authors,
it contains 5-20% cobalt, 5-10% nickel, and 5-7% lithium [6]. In addition, the bat-
tery powder is on average 40-50% of the weight of the entire battery.

Li-ion battery waste is a source of many valuable materials, in particular metal-
lic raw materials, incl. lithium, aluminum, cobalt, copper, zinc, nickel, and manga-
nese, which are permanent components of this type of battery [7-9] numerous lit-
erature reports also indicate that apart from the most frequently mentioned metals
occurring in the cathode of Li-ion batteries, the cells also contain other elements that
require recovery in order to protect the environment. These are in particular: As, Ba,
Cd, Cr, Pb, Hg, Se, Ag, As, Ba, Cd, Cr, Fe, Hg, Mo, Pb, Sb, Se, Tl and V [10-14]. Most
of them are adversely affected by living organisms, causing numerous health prob-
lems, including cancer [15, 16].

The recovery of metals from used batteries can be carried out by many techniques,
including hydrometallurgical methods based on the use of chemical compounds to dis-
solve the individual components of the battery and, subsequently, precipitate them
from the solution and separate them. The use of hydrometallurgical processes allows
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for achieving a higher purity of the recovered products compared to other methods
while reducing energy consumption and reducing gas emissions. Nevertheless, they
require pre-treatment of the batteries (e.g. crushing, magnetic separation, immer-
sion in water or solutions), and then the use of strong chemical compounds, espe-
cially inorganic acids, generating secondary pollution difficult to neutralize [17-19].

Typically, inorganic and/or organic acids are used to leach electrode powder from
spent batteries in which metals from the electrodes are dissolved and then recov-
ered from the solution. The most commonly used leaching agents are inorganic acids
(mainly sulphuric acid [20, 21], hydrochloric acid [22, 23], nitric acid [24], phosphoric
acid [25, 26]) and organic acids - citric acid [27, 28], acetic acid [29], ascorbic acid [30],
glutaric acid [31,32], succinic acid [33] as well as mixtures of various acids [34, 35].
Additionally, organic acids used together with inorganic acids act as a reducing
agent. Leaching is most often carried out by combining acids with hydrogen per-
oxide (H,0,) [36, 37]. In addition, literature sources also indicate the use of other
reducing compounds, such as e.g. sodium bisulfate (NaHSO,)[38, 39], sodium thio-
sulfate (Na,S20,) [40], ammonium chloride (NH,Cl) [41], glucose [42], sucrose [42]
and cellulose [43].

In the literature, the most frequently studied are spent lithium-ion batter-
ies with a cathode in the form of LiCoO,, which were previously used in laptops
or mobile phones. In this work, for comparative purposes, similar studies were con-
ducted to determine the quantitative and qualitative composition of spent LiBs from
laptops. The material was subjected to initial, manual mechanical treatment in order
to separate the anode-cathode powder. The battery mass was leached with mixtures
of chemical compounds to recover the lithium and cobalt contained therein.

Materials and methods

The material taken for metal recovery investigation after the acid leaching was the elec-
trode powder separated from spent Li-ion batteries previously contained in the older
types of laptops (flat cells, similar to those currently used in mobile phones). Before
the mechanical disassembling, spent batteries were discharged with the use of DC
electronic load (Figure 1) to avoid hazards during mechanical processing (sudden
changes in temperature, current conduction, explosion).

The next stage of the research was mechanical treatment in order to separate
the individual components of the battery as much as possible and to separate the elec-
trode powder containing metals, including lithium and cobalt. The anode-cathode
material tested was mineralized, and the metal content in the obtained solution was
determined using the ICP-OES method.
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a)

b)

FIG. 1. Discharging an exemplary tested waste LiB: a) the charging state of the waste LiB just
after connecting to the device, b) the state of the waste LiB after discharge

SOURCE: own elaboration

Metal leaching experiments from the tested battery powder were carried out
with the use of sulphuric, lactic or formic acids as the leaching agents. The process
was supported by a reducing agent in the form of hydrogen peroxide or hydrogen
peroxide and glutaric acid in order to demonstrate their synergistic effect in a given,
acidic reaction environment. The exact parameters of the performed leaching exper-
iments are presented in Table 1.

TAB. 1. Determined parameters of the leaching process

Sample Leaching agent Reducing agent Temperature so";/tli';'u'd Time
1 1.5 M sulphuric acid | 3 mL H,0,
.. | 3mLH,0,
2 1.5 M sulphuric acid + 5.g glutaric acid
3 5 M lactic acid 3mLH,0,
90°C 1/10 120 min
4 5 M lactic acid 3 mLH,0, L
+ 5 g glutaric acid
5 5 M formic acid 3mLH,0,
6 5 M formic acid 3 mLH,0, N
+ 5 g glutaric acid

SOURCE: own elaboration

After the leaching experiments were completed, the samples were vacuum fil-
tered. The content of lithium and cobalt in the obtained polymetallic solutions was
determined using the Inductively Coupled Plasma Optical Emission Spectroscopy
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(ICP-OES) method (Agilent 720). The powder residues were dried at 105°C overnight
and then subjected to Scanning Electron Microscopy (SEM) analysis — FE-SEM Merlin
(Zeiss) equipped with a Gemini II column was used, operating in low kV value range
(0.5-1.5kV) and probe current 10-20 pA.

Results and discussion

As aresult of the mechanical treatment of spent li-ion batteries, various material frac-
tions were obtained, which can be classified into three basic groups i.e., ferromagnets
- steel parts (mainly the outer casing), diamagnets — plastic outer protection and sep-
arators, and paramagnets — mainly anode and cathode powders deposited on copper
and aluminum foil, respectively (material for further research on chemical leaching).
The individual components of the battery obtained as a result of mechanical process-

ing are shown in Figure 2.

FIG. 2. Spent Li-ion battery - before and after the mechanical treatment: a) spent battery before
mechanical treatment, b) protective foil, ¢) steel casing, d) the cell after removing the outer
casings, e) internal structure of the cell (a coil of anode and cathode materials and separators),
f) separator, g) aluminum foil with embedded cathode material, h) copper foil with deposited
anode material, i) electrode powder saturated with electrolyte

SOURCE: own elaboration
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Based on the fragmentation and separation operations as well as measurements
of the masses of individual components, it was determined that the largest part
of the battery (over 40 wt.%) is the electrode powder containing both electrolyte
and metals, including Al, Co, Cu, Li, Mn, Ni and Zn (Table 2).

TAB. 2. Metal content in the powdery initial material

Metal Al Co Cu Li Mn Ni Zn
Concentration, mg/kg 875 198000 3782 40100 756 12550 87

SOURCE: own elaboration

Next, the anode and cathode powders were mixed and washed within the dis-
tilled water several times to remove the electrolyte. As the spent battery electrode pow-
der contains several valuable metals, it was treated with acids to recover them. Post-
leaching powder was separated from the solution within the filtration, and the solution
containing acids and metal ions was studied with ICP-OES. So far, depending
on the composition of the leaching agents, different lithium and cobalt recovery rates
were recorded. At first, bare sulphuric acid was used, as the most commonly used
leaching acid, with hydrogen peroxide and/or glutaric acid acting as reducing agents.
Then, the sulphuric acid was changed with a mild acid, like formic acid. Other con-
ditions, such as glutaric acid or hydrogen peroxide contents, were the same as for sul-
phuric acid. Next, formic acid was used as the main leaching agent, while the other
experimental conditions were analogical to the previous ones.

The results of the Co and Li recovery rates indicate that the highest leaching of these
two metals was simultaneously obtained in sample 2, where the sulphuric acid was
used as the leaching agent and the reducing agents were H,0O,, and glutaric acid (59%
and 82%, respectively). In turn, the lowest rate of cobalt recovery was obtained in sam-
ple 1 (1.5 M H,SO, + H,0,), despite using hydrogen peroxide as a reducing agent, often
indicated in the literature as a compound that significantly improves the leaching of this
metal [44]. The low cobalt recovery rate in the present experiments, despite the use
of H,0,, can probably be explained by a too-small dose of this factor. The preparation
of the powder material for testing may also have an impact - the entire electrode pow-
der was used i.e., anodic and cathodic mass, without additional thermal or chemical
treatment, which is often practiced in literature sources to eliminate potential con-
tamination, at the same time affecting a more complicated material preparation pro-
cess than the one presented in this paper. The use of organic acids as leaching agents
affected the Li recovery rates. These results were much lower than for the sulphu-
ric acid leach tests, while higher rates of this metal recovery were obtained for sam-
ples 5 and 6 leached with formic acid (47 and 45%, respectively). In the case of cobalt
recovery, for samples 3-6, the rates were higher than for sample 1, but also lower than
for sample 2. Among the experiments with organic acids, the best results for both
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tested metals were received for sample 6 (5 M CH,0, + H,0, + C.H,O,) - Co: 26%,
Li: 45%. Nevertheless, they are significantly lower than for a similar blend of reducing
agents but combined with an inorganic leaching agent in the form of H,SO, (sample 2).

Next, the morphology of the post-leaching battery powder was investigated
with the Scanning Electron Microscopy (SEM), (see Figure 4). Sample 1 was treated
with H,SO, + H,0O, and has quite a uniform morphology, where the carbon-based
layers are visible. Additionally, some granules are present that appear randomly
on the surface, see Fig. 4a. Next, the leaching within the bath also containing glu-
taric acid delivers a completely different morphology.
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FIG. 3. Recovery rates of Li and Co obtained as a result of acid leaching of electrode powder
from spent Li-ion batteries

SOURCE: own elaboration

The structure of carbon-based electrodes is highly porous, where the non-regu-
lar flake-like and grain-like structures can be distinguished. These structures having
a size of 2-5 pm are coated with small spherical objects having a size of about a few
hundred nanometers, see Fig. 4b. So far, the leaching with the acid bath containing
mild organic acid as a reducing agent etches the electrode surface more effectively
than the bath without the glutaric acid.

The following Fig. 4c corresponds to the sample treated with lactic acid and hydro-
gen peroxide. The morphology of sample 3 is similar to the morphology of sample 1,
while more tiny grains and flake-like structures on the surface are visible.

Addition of glutaric acid to the bath for sample 4 leads to a similar effect as for sam-
ple 2. The surface has a completely different morphology when the mild acid is added,
where both bulk structures and nanostructures can be observed. The whole sample
is coated with tiny granules, see Fig. 4d.
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When sample 5 is treated with the formic acid and hydrogen peroxide presented
in Fig. 4e, the surface of the sample seems to be similar to sample 3 (Fig. 4c).

However, after the glutaric acid addition to the leaching bath, the morphology
looks similar to sample 4, where the grain-like structures are observed, see Fig. 4f.

The surface is highly non-uniform, having cracks and granules. So far, it is clearly
seen that depending on the application of the leaching agents the morphol-
ogy of the samples changes, where the addition of the organic acid as a reducing
agent improves the leaching and increases non-homogeneity of the surface which
can be an advantage to the future applications of spent battery powder in catalysis
or electrocatalysis [45].

a) b)
c) d)
e) f)

FIG. 4. Scanning Electron Microscopy images of the a) sample 1, b) sample 2, c) sample 3,
d) sample 4, e) sample 5, and f) sample 6
SOURCE: own elaboration
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Conclusions

One of the most common ways to recover valuable metals from the spent battery
waste-based electrodes is the hydrometallurgical method. It is based on the application
of strong inorganic acids that are used to treat the carbon-based powder full of valu-
able metals. In this work, we present the application of the acid leaching of the spent
battery waste by use of mild organic acids including lactic, formic, and glutaric acids,
and the mixture of these acids with one of the most commonly used acid leaching
agents — sulphuric acid. The results of the recovery rate of valuable metals like Li
and were investigated with the ICP-OES, where obtained results were compared
to the reference solution containing sulphuric acid and hydrogen peroxide. Depending
on the composition of the leaching solution, the recovery rate differs. Leaching of bat-
tery waste powder in H,SO, and H,O, leads to the high recovery rate of Li — about 82%,
while the Co recovery is very low at ~ 2%. The addition of the glutaric acid to the leach-
ing bath increases the Co recovery rate to 59% and the Li recovery remains stable.
When the sulphuric acid is substituted with the mild organic acids like lactic or for-
mic acid, the lithium recovery drops, but still, the values are higher than for the appli-
cation of H,SO, and H,O,.

Formic acid acts more efficiently as a leaching agent than the lactic acid and each
time, the application of glutaric acid improves the cobalt recovery from the electrode
powder leading to Co: 26%, Li: 45% recovery rates when the CH,O, + H,0, + C.H,O,
were used. Since the most effective recovery rates from Li and Co were obtained
for baths containing H,SO,, H,0,, and C.H,O,, substitution of the sulphuric acid
with eco-friendly mild organic acids also makes it possible to recover metals lead-
ing. Additionally, the morphology of post-leaching spent battery waste powder was
investigated with SEM. It is seen that depending on the composition of the leaching
bath, the morphology differs. The most developed surface is observed for the samples
leached in the presence of glutaric acid leaching solutions. These studies require fur-
ther investigation to determine the composition of the character, especially in pho-
tocatalytic studies, where traces of Co and its compounds are desired.
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