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Uvodni slovo $éfredaktora

Vazeni ¢tenari,

tohoto Cisla si vazte, vzniklo levou rukou! Nechci tim
Fict, Ze vzniklo obzvlasté lehce, nebo Ze jsem jeho
pripravu odbyl. Naopak, vzniklo levou rukou doslova,
protoze den pred zaCatkem sestavovani Cisla jsem
nestastné upadl a vykloubil a nalomil si pravy loket a
mam jej od ramene po prsty v sadre. A jsem
pochopitelné pravak!

Na rychlosti se psani textu levou rukou v mém
pripadé moc nepozna, jen u velkych pismen z pravé
pulky klavesnice nékterych znaku musi pfi mackani
Shiftu pomoci prsty pravé ruky (nebo Caps lock). Taky
ovladani mysSi v levou rukou neni nic moc, ale lepsi se to!

Tolik na polidsténi suchych textt, které na tomto misté jindy nachazite. Rikd se, Ze cizi
nestésti clovéka potési. Nicméné toto neni zadné nestésti, jen neprijemna osobni i
pracovni komplikace.

V Fijnu uspésné probéhl trikrat odlozeny Tyden vyzkumu a inovaci pro praxi a Zivotni
prostredi, jehoZ podstatnou soucédsti bylo symposium ODPADOVE FORUM 2021/2022.
Celkem bylo ve formé prednasek nebo vyvések prezentovano 51 prispévki, se kterymi
se mizZete seznamit na strankach www.tvip.cz, protozZe je tam vystaven jeho kompletni
sbornik. Jako jeho programovy garant si Fikam, Ze jsme termin konani zvolili Stastné.

V dobé, kdy pisi tyto radky (konec listopadu) bychom si to kviili kovidové situaci poradat
netroufli. Zakazané to sice neni, ale ¢lovék citi za uc¢astniky jistou odpovédnost!

Pristi rocnik by se mél konat 20. — 22. 9. 2022 opét v Hustopecich. Kdyz uz jsme byli

okolnostmi nuceni opustit nas tradiéni jarni termin, tak jsme rozhodli pro zari, abychom
nekomplikovali Zivot vysokoskolskym pedagogum. Uvidime, jak se osvédci.

Vzhledem k tomu, Ze toto ¢islo ,,spatfi svétlo svéta“ v predvanoc¢nim case, preji vSem
publikujicim autoram, spolupracujicim recenzentiim a vSem pravidelnym i nahodnym
Ctenarum hezké a klidné proziti vanocnich svatku a mnoho Stésti, zdravi a uspéchu
v osobnim i profesnim zivoté.

Ondfrej Prochazka
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Editorial

Dear readers,

This issue "sees the light of day" in the run-up to Christmas, | wish all publishing
authors, collaborating reviewers and all regular and casual readers a nice and peaceful
Christmas and good luck, health and success in personal and professional life.

Wondering why to publish in the WASTE FORUM magazine, which is in SCOPUS but
does not have an impact factor? It's because:

1. The paper, if it is of good quality and passes the review, is published no later than
10 weeks after the editorial deadline;

2. The journal is Open access, which means that it can be accessed by your
colleagues from all over the world and we have verified that this is indeed the case.
Regularly, most downloads of all issues are from readers from the largest countries in
the world, here the USA, Russia and China.

Finally, I would like to remind you that papers submitted for publication must be the
author's own work and may not have been previously published elsewhere or sent to
another publisher at the same time. For more, see Publication Ethics on
www.WasteForum.cz.

Regards

Ondrej Prochazka
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Pro autory

WASTE FORUM je Casopis urCeny pro publikovani plvodnich védeckych praci souvisejicich
s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadu a recyklace, jak by mohl
naznacCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci ekologickych zatézi atd. Vychazi pouze
v elektronické podobé a Cdisla jsou zvefejiiovana na volné pfistupnych internetovych strankach
www.WasteForum.cz, kde jsou volné ke staZeni.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému Clenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro_autory. Ve snaze dale rozSifovat okruh moznych recenzentll zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmeé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publikacni jazyk je CeStina, slovenstina a anglictina. Preferovana je angliCtina a v tom pfipadé je
nezbytnou soucasti ¢lanku na konci nazev, kontakty a abstrakt v ¢eském &i slovenském jazyce, pficemz
rozsah souhrnu neni shora nijak omezen.

Vydavani C€asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 500 K& za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzavérka nejblizSiho Cisla ¢asopisu WASTE FORUM je 8. ledna 2022, dalSi pak 8. dubna 2022.
Prispévky, které bez problému projdou nezavislym recenznim fizenim, jsou publikovany do 10 tydnd po
redakéni uzavérce!

For authors

WASTE FORUM is an open access electronic peer-reviewed journal that primarily publishes
original scientific papers from scientific fields focusing on all forms of solid, liquid and gas waste. Topics
include waste prevention, waste management and utilization and waste disposal. Other topics of interest
are the ecological remediation of old contaminated sites and topics of industrial and municipal ecology.

WASTE FORUM publishes papers in English, Czech or Slovak. Papers submitted for
publication must be the author's own work and may not have been previously published
elsewhere or sent to another publisher at the same time. For more, see Publication Ethics.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form
to the e-mail address prochazka@cemc.cz. Manuscripts must be fully formatted (i.e. printer-ready) in
MS WORD. The file should have a name that begins with the surname of the first author or the surname
of the corresponding author.

All articles submitted for publication in WASTE FORUM undergo assessment by two independent
reviewers. The reviews are dispatched to authors anonymously, i.e. the hames of the reviewers are not
disclosed to the authors. The paper, if it is of good quality and passes the review, is published no
later than 10 weeks after the editorial deadline.

All papers that was not subjected to a peer-review are labeled in a header of each page by the
text Not peer-reviewed and commercial papers.

Revenue to cover at least the costs associated with the issuance of the magazine, we select a
publication fee 500 CZK per each new page of the paper.

The deadline of the next issue is on January 8, 2022, more on April 8, 2022.
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Jan BRABEC, Jan MACHAC: EU taxonomy and the principle of proportionality: Will increased costs of borrowing
lead to more derogations from emission limits?

EU taxonomy and the principle of proportionality: Will
increased costs of borrowing lead to more derogations
from emission limits?

Jan BRABEC?®, Jan MACHAC®

4Faculty of Humanities, Charles University, Patkova 2137/5, Prague 8 - Liber,
182 00, Czech Republic, e-mail: brabec@e-academia.eu

°Faculty of Social and Economic Studies, J. E. Purkyné University in Usti nad
Labem, Pasteurova 1, Usti nad Labem, 400 96, Czech Republic,
e-mail: jan.machac@ujep.cz

Summary

The European Union has introduced a new taxonomy, which prohibits banking institutions
from financing coal-related projects, even when they are aimed at emission abatement. This
fact could significantly increase the costs of compliance with the latest emission limits for large
combustion plants. Considering that plants may be granted a derogation from achieving the
emission limits due to disproportionate costs, the new taxonomy could unintentionally contribute
to a higher number of derogations in Europe. With the least expensive option of external funding
being unavailable, facilities would have to rely on other options. This paper examines the
sensitivity of costs of compliance to changes in several loan attributes such as the interest rate,
the length of the payback period and the share of the funds that needs to be borrowed. Czech
data were used to make a case study on a hypothetical power plant that needs to retrofit its
current technology. The results show that in some cases even a slight change to the interest
rate or other parameters may change the outcome of a proportionality assessment. With
sources of external financing uncertain, the costs of borrowing could easily prove to be
prohibitive, leading to disproportionate costs compared to environmental effects of the
regulation.

Keywords: EU taxonomy; large combustion plants; best available techniques; principle of
proportionality; emission limits

Introduction

The newly established EU taxonomy* shows that the EU is serious about the fight against climate
change. Only “environmentally sustainable” activities that contribute to at least one of the set goals and
do “no significant harm” should be allowed to receive external financing from European banking
institutions. The taxonomy should be initially introduced to sectors such as energy, forestry, the
productive sector and transport, with planned future extension to other sectors. Naturally, this represents
yet another obstacle for companies that utilize fossil fuels. In recent years, a lot of effort has been put
into emission reduction and many new regulations across various sectors have set stricter emission
limits that both contribute to cleaner air in the EU member states and pressure on individual companies
to comply with the stricter regulation. Gradual tightening has also been ever-present in the sector of
large combustion plants (LCP). An important step in the regulation was the Industrial Emissions
Directive?, which consolidated previous regulation into a single directive and built on the goals of
previous regulation such as the IPPC Directive® later codified as Directive 2008/1/EC*.

The Industrial Emissions Directive (IED) focused on the emission limits for LCP and on Best Available
Techniques (BAT) by strengthening the BAT Reference Documents (BREFs) concept. The regulation
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covers approximately 50,000 installations with extensive permit requirements, but does not introduce
criteria that would allow setting “emission levels associated with the best available techniques” for the
individual sectors®. Whether a result of this omission or not, the latest emission limits set for LCP in the
updated BREFs® have been criticised by power plants as well as scholars”®, who point out that many
installations will choose to finish their operation rather than undergo a modernization. This article shows
that the newly established EU taxonomy may complicate things even further.

Installations point out that achieving the new emission limits with currently installed technologies is
nearly impossible and conforming with the regulation proves to be quite difficult for many LCP®.
However, the regulation offers a way out for installations for which the emission reduction would be too
costly. Article 15 of the IED states that a derogation may be granted if “an assessment shows that the
achievement of emission levels associated with the best available techniques as described in BAT
conclusions would lead to disproportionately higher costs compared to the environmental benefits”.
Specifically, the disproportionate costs must be caused by either geographical location, local
environmental conditions or the technical characteristics of the installation. If a derogation is granted, the
installation may continue its production under less stringent emission limits for a specified period of time.

A notable feature of the regulation is that there are no unified guidelines on how to make the
proportionality assessment. Each member state sets up its own rules and therefore the procedure differs
significantly across Europe® with national states having been left with a great deal of discretion®. Indeed,
the procedure is anything but homogenous. In 2018 only 14 out of 22 countries that responded to the
questionnaire indicated that they had developed guidelines on implementation of Article 15 of the IED.

Another factor that contributes to such heterogeneous conclusions is the assessment of
proportionality itself. Again, only five of the respondents had a clear definition of disproportionality in
2018™. Poland and Wales use a specific benefit/cost ratio, meaning that if benefits are lower than 0.7 or
0.75 of costs, respectively, the assessment recommends granting a derogation'>*®. In France, the
methodology requires a comparison of three scenarios: business as usual, technically feasible
techniques, alternative solution**. Comparison of various scenarios together with assessment of
additional emission reduction is the basis of the Czech methodology"®, while in Slovakia a point system
has been introduced, which takes into account selected key indicators®®.

To comply with the new emission limits, most of the LCP need to invest in new abatement
technologies. Considering that most of the installations invested not so long ago to comply with the
emission limits introduced in the IED, the costs are significant. The plants will be forced to write off their
existing technologies prematurely and invest in new ones. To obtain required funds, installations will
most likely need to use external financing. However, the recently introduced EU taxonomy has created
a guideline on financing projects based on their impact on the environment. As a result, it becomes
highly unlikely to receive external funding from the banking sector to finance a coal-related project, even
if the investment is aimed at emission reduction. Naturally, the costs of borrowing will increase for LCP,
which raises an interesting question regarding the proportionality assessment. Such costs raise the total
costs of conforming to the required emission limits, which should in theory make the derogation
application more likely to succeed. With thresholds remaining constant (whether it is costs of conforming
to older regulation or prevented external damage), an increase in the costs of compliance might just tip
the scales.

The goal of this paper is to model several scenarios using mostly data from the Czech Republic’s LCP
and indicate the potential impacts that the new EU taxonomy may have on the results of future
proportionality assessments. The paper compares the costs of compliance with the thresholds set by the
most common methodologies described above and determines how much the costs of borrowing need to
increase in order to alter the results of a proportionality analysis.

Data and methods

To estimate the potential effects of the EU taxonomy on proportionality analysis, it is important to
understand how the process works in general. The proportionality assessment usually compares the
costs of achieving the required emission limits and environmental benefits caused by lower air pollution
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and subsequent effects. However, the Czech methodology’® makes two comparisons. One is a standard
comparison of costs of compliance with the emission limits with environmental benefits and the latter is
a comparison of two compliance costs — costs needed to comply with the previous regulation and with
the most recent regulation. Such comparison allows one to discover whether achieving the new
regulation is comparatively costly to previous rounds of emission limit tightening. If an installation applies
for a derogation, it also proposes an alternative scenario, which decreases the overall emissions but is
acceptable in terms of costs. Several additional criteria are used to determine proportionality and
derogation application, each having a different weight in the assessment, which is based not only on the
criteria themselves but also on whether other indicators are mostly positive/negative. Therefore, two
categories of cost-related data and an estimate of the effect of the taxonomy are required for determining
proportionality of meeting the new emission limits and the influence of the newly established EU
taxonomy on the results.

First, data on costs of achieving the set emission limits are needed. Unfortunately, data on costs of
emission abatement are quite inconsistent and estimates'’>? often differ by an order of magnitude. The
main reasons for low validity of these results are®:

() The situation at individual plants is often modelled and not based on microeconomic data.

(i) Analyses use unrealistic assumptions such as no previously implemented abatement
technologies.

(i) Analyses use data from macro models and estimate nation-wide effects as opposed to
microeconomic effects on specific plants.

However, a recent study investigated the costs of complying with the new emission limits set in the
latest BREFs for Czech LCP*. The authors surveyed approximately half of the installed capacity of the
Czech LCP and determined per unit costs of achieving both the new emission limits introduced in BREFs
and the older limits set in the IED. These values were used by the Czech Ministry of the Environment in
the update to the official methodology for assessing cost proportionality of emission abatement* and
these data are used in this paper as one of the thresholds. A summary is shown in Table 1. If the costs
of compliance are below the lower threshold, then there is no room for a derogation. If the costs exceed
the higher threshold, then a derogation is recommended. If the costs fall in between those numbers,
other criteria (such as length of derogation, significance for air pollution in absolute terms, additional cost
indicators) will decide whether a derogation is recommended or not. The difference between the costs of
achieving the new emission limits and costs of the alternative scenario is important in such cases.

Table 1: Overview of costs of achieving various levels of emission limits®

Pollutant Costs of achieving IED Costs of achieving BREFs
emission limits (EUR/t) emission limits (EUR/t)
SO, 2,150 11,800
NOy 9,850 35,400
PM 7,900 59,000

Then, data on the costs caused by emitted pollutants on human health and property are needed. Data
from the European Environment Agency present such damage for several pollutants calculated for
individual member states. However, as Table 2 shows, the spread of the values (rounded for
simplification) is quite large and strongly depends on the methodology used for the calculation (such as
VOLY - value of a life year, and VSL — value of statistical life).
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Table 2: Marginal damage costs on health, crops and forests and material damage by major
air pollutants®-¢

EEA (2014) EEA (2020)
Pollutant Marginal cost | Marginal cost | Marginal cost | Marginal cost
EUR/t (VOLY) EUR/t (VSL) | EUR/t (VOLY) | EUR/t (VSL)
SO, 12,500 36,500 22,500 71,300
NO, 6,400 17,650 15,000 49,100
Dust (PM,5) 39,900 115,150 88,100 282,450
Dust (PMy0) 25,900 74,750 57,200 183,400

The table shows a significant increase in the most recent costs associated with air pollution compared
to the report that was in place when the new emission limits were set.

And finally, we identify the effect of the newly established EU taxonomy on the costs of financing the
steps that need to be taken in order to conform with the new regulation. European banks are expected
not to finance any coal-related projects in the future, which will most likely include investments in more
effective abatement technologies. As a result, the affected LCP will need to search for an alternative
source of financing, meaning the costs of complying with the regulation will inevitably increase with the
least expensive option becoming unavailable. Other options represented by non-bank loans, issuance of
corporate bonds or savings may increase the total costs by a negligible amount as well as by
a prohibitive amount. In this paper, different scenarios will be used to show how large a change would
have a significant effect on the overall outcome.

To discover the severity of the effect caused by the EU taxonomy, it is necessary to perform a brief
calculation for a hypothetical power plant that needs to retrofit its old technology with a more powerful
selective catalytic reduction (SCR) unit. Let us assume that the power plant has an installed capacity of
360 MW, and barely conforms with the NO, emission limit set in the IED. Based on EPA®" and the EPA’s
SCR cost calculation spreadsheet®®, it is possible to estimate costs of retrofitting a plant with an SCR
unit, a technology necessary for the plant to comply with the current emission limits. Using the formulas
suggested by the EPA*® gives an estimation of roughly 86.3 million EUR. Assuming that we live in a pre-
taxonomy world in which bank loans are available, let us say that the company will need to borrow 80%
of this sum (69 million EUR) at an interest rate of 4% with a payback period of 10 years. The total costs
for the company would be around 101.2 million EUR in such a case.

A hypothetical power plant of the chosen installed capacity going from, say, 200 mg/Nm?® of NO,
emissions to 175 mg/Nm® (to be slightly below the limit set by BREFs) can realistically capture
approximately an additional 200 tonnes of NO, per year®*. A critical decision must be made about the
lifetime of the installed SCR. Although the equipment itself can easily remain functional for over
30 years®®, there are several reasons against using such a value:

(i) Companies usually write off a technology during a much shorter period of time.

(i) The EU lowers emission limits frequently and requires the use of best available techniques, which
means it is unlikely that the SCR unit will still be considered best available in 30 years.

(i) With pressures to move towards non-fossil fuels and abandon coal no later than in 2038, it would
be naive to expect that the SCR unit will still be in use in the 2050s even if it is best available as
coal will most likely be abolished by then.

For the reasons described above, a lifetime of 15 years was selected for the calculation. A simple
division of the total costs by the number of abated tonnes and years in operation gives a final value of
33,721 EUR, which is significantly above both the old estimate of the damage caused by a tonne of
emitted NO,*® and the estimated costs of conforming with the IED*, slightly below the referenced costs
of achieving the emission limits set in BREFs*® and below the new estimate for externalities® as shown
in Tables 1 and 2. The majority of countries use the estimate of caused external damage™ but some
have different conditions in place. The Czech methodology would lean towards granting a derogation
although the estimated costs are slightly below the upper threshold. Other methodologies might be
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weakly against based on such a result as the benefit/cost ratios used in Wales and Poland to determine
proportionality are 0.75 and 0.7 respectively*®®. This means that, at least in some cases, costs must
significantly outweigh benefits for a case to be deemed disproportional.

In the following section, several parameters of the hypothetical loan are altered to see how much they
need to be changed for the costs of compliance to rise above the proportionality threshold. Specifically,
values of the interest rate and the length of the loan that would increase the costs of compliance above
the two study thresholds are computed.

Results

Let us focus on how much more expensive the external financing needs to become in order to
increase the costs of compliance above the respective thresholds of 35,400 and 49,100 EUR.
Specifically, it is interesting to know how much the interest rate needs to increase to get to these
thresholds, holding other things constant. It turns out that raising the interest rate on the 69 million EUR
loan from 4% to 5.5% will do the trick and will increase the annual cost per tonne to 35,730 EUR. As for
the latter threshold, a much higher increase to the interest rate is required, specifically a rate of 14.5%
leads to the cost of 49,480 EUR per abated tonne.

The final value will also strongly depend on the length of the loan. If the loan is to be repaid in 15
years instead of 10, the interest rate plays a larger role as the interest is accumulated over a longer
period of time. It is clear from the calculations that the interest rate on the 69 million EUR loan would
actually have to decrease from the original value of 4% below 3.5% in order to stay under the
proportionality threshold used in the Czech Republic. If the original interest rate stays in place, then any
length of the loan above 13 years breaks this threshold. In a similar fashion, a comparison to the external
damage costs shows that an interest rate of 9.6% is enough to raise the costs per abated tonne to
49,271 EUR if the money is to be repaid in 15 years. Alternatively, holding the interest rate constant at
4%, the length of the loan would have to increase to unrealistic 36 years. Figure 1 indicates the results.
The starting point represents the original conditions in the example — a payback time of 10 years and
a 4% interest rate. Moving along the dashed arrows indicates the change needed in one parameter
(holding the other constant) that needs to happen in order to reach one of the cost thresholds. Holding
the interest rate at 4%, the lower threshold will be reached when the length of the loan increases from
10 to 13 years, while the upper threshold would be reached in the case of a 36-year loan.
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Figure 1: Effect of interest rate and length of loan on costs of compliance

14.5%

Interest rate

5.5%

4%

10 13 36
Length of the loan
(years)

Source: Own construction

Another factor that plays a major role is the share of the funds that need to be collected externally. It
is interesting to note that under the original scenario of a 10-year loan and 4% interest rate, the threshold
would not be broken even if the whole sum needed to be borrowed. Alternatively, it is possible to change
the original setting to 90% of the sum being loaned and interact with the interest rate just as in the case
above. Under such circumstances, the lower threshold would be reached at a 4.7% interest rate if the
borrowed amount increases to 90% of the total investment, while the higher threshold would be broken
at 13%. Comparing these numbers to the scenario in which only 80% of the sum is loaned, lower interest
rates are necessary to break the thresholds. An interest rate of 5.5% was needed in the original setting
as opposed to 4.7% in this example and a similar story can be told about the upper threshold (14.5%
compared to 13%).

Discussion and conclusion

First of all, it needs to be emphasized that the paper describes an example, although it is largely
based on the real-world situation in the Czech Republic®*® and the cost estimates based on EPA* are
close to scenarios considered by many installations in practice. The main purpose of the paper was to
illustrate the effect the new EU taxonomy can have on the current scheme of derogations based on
proportionality and the sensitivity of such analysis to the interest rate and other factors. To give an
example, nobody can be sure how long European LCPs will remain active. While Germany will shut
down its last coal-burning power plants in 2038, the Czech Republic, on whose plants this paper is
based, is yet to give the final verdict with both 2033 and 2038 being discussed. This is something that
needs to be considered in the calculation because it has a potentially huge impact on the result.

As indicated above, the effects of the EU taxonomy could be significant. In several cases even
relatively small changes to the interest rate or the length of the loan are sufficient to make a significant
impact on the result of the proportionality assessment. Some of the suggested interest rates seem to be
unrealistic in today’s world of nearly negative interest rates. However, with standard banking products
becoming unavailable, it is not unreasonable to see the costs of borrowing for LCP skyrocket and reach
values that were considered impossible not long ago. With only unconventional options remaining, the
interest rates could go up and, in an extreme case where a source of financing cannot be found, the total
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costs of achieving emission limits would essentially become infinite, making the investment costs
prohibitive and the application for a derogation would therefore be easily justified.

The analysis was carried out for NO,, which seems to be causing a lot of troubles to (at least Czech)
facilities. However, similar issues may arise when it comes to SO, emission abatement. The new limit
also seems to be quite challenging for the current setups. We do not expect this situation to occur in the
case of PM as such a situation is usually not a question of a large one-time investment.

The main point of this article is that with the EU taxonomy in place, the new regulation could easily
backfire if derogations based on cost proportionality remain available. Since LCPs nowadays use bank
loans to finance their investments, it is without a doubt the least expensive money available on the
market. With the costs of borrowing increased, the costs of compliance will increase as well, making it
more likely that the conditions required for granting a derogation are met.

Considering how vigorously the EU fights against air pollution, such a state would certainly be
undesirable. However, the EU taxonomy does increase costs of compliance and in the current situation
may even be helping thermal power plants in their tough situation as it makes derogations achievable
more easily. In the long term, though, the future of the principle of proportionality in the field is uncertain.
If the EU is taking its fight against air pollution seriously, significant changes need to happen to make the
principle of proportionality and the EU taxonomy compatible. Alternatively, the principle of proportionality
needs to be abandoned completely, which could have some serious consequences on the energy
markets in Europe.
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Souhrn

Nové implementovana taxonomie fakticky zakazuje bankovnim institucim v Evropské Unii financovat
projekty spojené s uhlim. A to i pfesto, Ze mohou byt zaméfené na sniZeni mnoZstvi vypousténych
emisi. Tato skutecnost by mohla velkym spalovacim zarizenim znaéné prodrazit pinéni nové
stanovenych emisnich limitd. Pravé nepfimérena vyse nakladd muaze byt jednim z ddvodd, pro které
muzZe zafizeni obdrzet vyjimku z plnéni emisnich limiti. Nova taxonomie by tak mohla nezamérné
prispét k vy$§simu mnozstvi takovych vyjimek v Evropé. Taxonomie znemoZriuje vyuZiti nejdostupnéjsiho
zdroje externiho financovani, zarizeni by se tak musela spolehnout na alternativni moznosti.

Tento ¢lanek zkouma citlivost nakladd na plnéni emisnich limitd na nékteré atributy pfipadného uvéru
— konkrétné na udrokovou miru, dobu trvani ptjcky a podil pljcenych prostiredkt na celkové vysSi
investice. Na zakladé ceskych dat byla provedena pfipadova studie na hypotetické elektrarné, ktera ke
spinéni emisnich limitd potfebuje instalovat novou ucinnéjsi technologii. Vysledky naznacuji, Ze
v nékterych pripadech sta¢i i mirna zména vySe zminénych parametrd, aby naklady plnéni emisnich
limitd vzrostly nad hranici prfimérenosti. VVzhledem k nejistym zdrojum externiho financovani mohou
naklady na nahradu soucasné technologie snadno vzrdst na prohibitivni hodnoty, které nebudou
odpovidat environmentalnimu efektu dané regulace.

Klic¢ova slova: Evropska taxonomie; velka spalovaci zafizeni; nejlepsi dostupné technologie; princip
primérenosti; emisni limity
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Summary

The paper deals with the possibilities of preparation, processing and basic properties of silicate mass
- cement paste using superabsorbent polymer (SAP). SAP is a relatively new additive, which is used in
silicate mixtures, where in the early stages of hydration it absorbs excess mixing water and then
releases it in the later hydration stages and thus contributes to the elimination of shrinkage cracks. The
article deals mainly with the influence of recipe modification with regard to the use of energy by-product
of high-temperature fly ash from brown coal combustion and the effects of its use on basic physical and
mechanical properties, such as compressive strength, flexural tensile strength and bulk density.

Keywords: superabsorbent polymer, hydrogel, cement,fly ash.

Introduction

Superabsorbent polymer (SAP) materials are cross-linked hydrogel networks consisting of water-
soluble polymers % SAPs have been utilized in several industries like sanitary, agriculture, and medical *.
As a type of concrete admixture is application of SAP relatively new “. It has been used as an internal
curing mechanism to counteract autogenous shrinkage especially in ultra-high performance concrete
>678 'SAP can be designed in any shape or size, after its desorption it leaves a void in hardened matrix
leading to reduced mechanical properties of cementitious composites .

e %3Aﬁi %‘aﬁﬁ

ll\f :tia% j?%S}

5 to 10 minutes Few hours Up to 168 hours

Time
Dry SAP }\? Water ‘Aggregates . Swollen SAP O SAP void - Collapsed SAP

Figure 1: Behaviour of SAP in cementitious paste in different ages °

There are various types of SAP based on the source of the material (like natural polymers, synthetic,
and semi-synthetic polymers) and production techniques (like radiation cross-linking, network formation,
graft, and cross-linking polymerization) * °. Copolymer of acrylamide and acrylic acid, modified
polyacrylamide '°. These materials are used in ultrahigh performance concrete with cement
binder #2134 "into fibre reinforced mortars '©'>'°, composites for cementitious material based on
modified metakaolin !, pavement concrete °, self-healing and self-sealing cementitious materials
1819.20212223 in cement materials in order to determine plastic shrinkage cracking ***
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At an early age, the addition of SAP as weak points can reduce the compressive strength of UHPC;
however, as age increased, the internal curing water from SAP can densify the microstructure of the
vicinity of SAP and compensate the mechanical properties % For practical applications where frost
resistance is important, it is necessary to choose a suitable SAP granulometry, which is larger, due to
the larger pores, which can be accurately assumed. 2*%’

External water

1 111

External curing

Internal curing

@Internal curing agent alntemal SHEng Apent

(after water release)

. Aggregates [:‘ Concrete matrix ‘Cured zone

Figure 2: Internal and external curing mechanism 3%’

Based on the observations of Chindasiriphan and Yokota ?2?°, mixtures should have a higher potential

for self-healing due to a higher dose of replacement. These are cement mixtures with a high ash content
of up to 45% and a high SAP dose of 4%, 6% and 8% by weight of cement. At such high SAP doses, the
superabsorbent polymer may absorb most of the water in the mixture. *® The first use of SAP in real
construction, the construction of a pavilion for the FIFA World Cup in Kaiserslautern in 2006, used an
amount of SAP of 0.4% by weight of cement with a water content (w/b) of 0.21 and was a sufficient dose
to provide concrete up to 45 kg/m? of internal curing water. *

SAPs are very effective in absorption and desorption, can also be incorporated in dry concrete as an
admixture to absorb additional water during mixing **, or it can be used presoaked *.

Materials

Cement, SAP and as secondary raw materials fly ash were used as input raw materials. Their
properties are listed in the tables below.

Cement—-CEMI525R

Powder binder produced in the Hranice cement plant by joint grinding of Portland clinker, calcium
sulphate, additional components and additives.

Table 1: Properties of cement

CEMI1525R Average values Units
Compressive strength after 28 days =525 MPa
Specific surface 4 400 — 4 900 cm®/g
Bulk density 3100 kg/m®
a 0.64 -

a - expected maximum degree of hydration
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Superabsorbent polymer

It is a solid powder in various shapes, based on 2-Propenoicacid, potassium salt (1:1), polymer with
2-propenamide.

Table 2: Properties of superabsorbent polymer CREABLOC SIS

CREABLOC SIS Average values Units
Density 0.7 g/cm®
Bulk density 720 kg/m®

The size distribution of particles of SAP
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Figure 3: SAP particle size distribution

Fly ash

Used fly ash is a by-product of a brown coal burning thermal power plant in the north middle part of
the Czech Republic.

Table 3: Properties of fly ash

Fly Ash - Chvaletice Average values Units
Specific surface 4870 cm?/g
Bulk density 1150 kg/m®

Formulations of the mixtures

Mixtures were proposed considering the properties of each input material in order to demonstrate the

influence of presence of SAP.
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Table 4: Proposed mixture

Mixture CEM [%] FA [%] SAP [%] W [%]

100 % CEM 100 0 0.00 0.39

90 % CEM + 10 % FA 90 10 0.00 0.40

80 % CEM + 20 % FA 80 20 0.00 0.37

65 % CEM + 35 % FA 65 35 0.00 0.36

100 % CEM + 0.25 % S 100 0 0.25 0.44

90% CEM + 10 % FA + 0.25% S 90 10 0.25 0.50

80% CEM +20 % FA+0.25% S 80 20 0.25 0.48

65 % CEM + 35 % FA + 0.25 % S 65 35 0.25 0.49

100 % CEM + 0.50 % S 100 0 0.50 0.51

90 % CEM + 10 % FA + 0.50 % S 90 10 0.50 0.53

80 % CEM + 20 % FA + 0.50 % S 80 20 0.50 0.55

65 % CEM + 35 % FA + 0.50 % S 65 35 0.50 0.56

100 % CEM + 0.75% S 100 0 0.75 0.58

90 % CEM + 10 % FA+0.75% S 90 10 0.75 0.62

80% CEM+20 % FA+0.75% S 80 20 0.75 0.63

65% CEM +35%FA +0.75% S 65 35 0.75 0.65
Methods

To determine the ideal amount of cement, fly ash and SAP in cement composite, 16 different recipes
were proposed. The individual formulations are combinations of fly ash 10%, 20%, 35% and SAP 0.25%,
0.50%, 0.75% (dosing in % by weight of binder).

Mixing was performed in three stages. In the first phase, the loose raw materials were mixed by hand
(cement, fly ash) for 2 minutes. In the second phase, a superabsorbent polymer was added to the
mixture and mixed by hand for 2 minutes. The resulting bulk mixture had to be completely homogenized
in a homogenizer type H2037 - MI800 Mixer Powder Tumbling for 10 minutes at a speed of 910 rpm. In
the third (wet) phase, water was added to the completely homogenized mixture so as to achieve the
same consistency. The amount of water needed to maintain the consistency of each mixture is recorded
in Table 4. The resulting mixture was placed in a mold, the size of each test beam was 40 x 40 x
160 mm.

Consistency was determined in accordance with the standard CSN EN 1015-3: Methods of test for
mortar for masonry - Part 3: Determination of consistency of fresh mortar (by flow table). The ideal spill
of the cement slurry was chosen to be 21 x 21 mm.

Bulk density - Determination of the bulk density of hardened mortar (EN 1015-10 - Methods of test
for mortar for masonry - Part 10: Determination of dry bulk density of hardened mortar; CSN EN 196-1.:
Methods of testing cement - Part 1: Determination of strength).

To determine the compressive strength, a test was performed according to the valid EN 12390-3:
Testing of hardened concrete - Part 3: Compressive strength of test specimens and the flexural tensile
strength was determined in accordance with EN 12390-5: Testing hardened concrete - Part 5: Flexural
tensile strength of test specimens.

Evaluation of the microstructure of the tested materials was performed using scanning electron
microscopy. In addition to the study of morphology, an energy-dispersive analysis of the characteristic
X-rays was also performed, on the basis of which the chemical composition of selected microscopic
subjects was determined.
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Results and discussion

On Figure 4 it is possible to see how the strengths change according to the added ash replacement
and SAP. With the addition of SAP in an amount of 0.25% of the weight of the cement, the flexural
tensile strengths increased with an average amount of added fly ash by 8.8%. Another addition of SAP
already had a rather destructive effect on the mixture, and with its further addition, the flexural tensile
strength was reduced. The addition of FA in small amounts had a positive effect on flexural tensile
strength. Due to the 10% replacement of the FA binder, there was a slight improvement in flexural tensile
strength. A higher proportion of FA in the mixture (20% and more) meant a decrease in strength with an
increasing proportion of FA.

Flexural tensile strength (28 days)
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Flexural tensile strength [MPa]
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100% CEM 90% CEM + 10% FA 80% CEM + 20% FA 65% CEM + 35% FA

Binder composition

W 0% SAP M 0.25% SAP 1 0.50% SAP 0.75% SAP

Figure 4: Flexural tensile strength (28 days)

Due to the addition of SAP, there was a slight decrease in compressive strength. Mixtures in which
FA was used as a substitute for 10% of the binder component achieved strengths comparable to those in
which FA was not contained. With a further increase in the share of FA and SAP, there was a decrease
in compressive strength. The exception was the mixture with 20% FA binder replacement and 0.25%
SAP, in which the decrease in compressive strength was not very significant compared to the reference
mixture.
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Compressive strength (28 days)
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Figure 5: Compressive strength (28 days)

From the comparison of the bulk density of individual mixtures, it is evident that with the increasing
share of the replaced binder component by FA, the bulk density decreases. It is also clear that as the
amount of SAP used increases, the bulk density of the samples also decreases.
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Figure 6: Bulk density (28 days)

Typical features detected by scanning electron microscopy are captured in the following images:

SEM MAG: 5.00 kx Det: SE SEM MAG: 10.0 kx
SEM HV: 20.0 kV

Figure 7: View of the mixture with 35% Figure 8: Detailed view of the contact
fly ash without SAP zone of the cement matrix and fly ash
grains in a composite with 35% cement

substitution by fly ash, without SAP

On Figure 7 is a microstructure typical of cement fly ash composites. The presence of cement
hydration products (especially calcium hydrosilicate gels), which surround the ash grains, is evident.
(magnified 5,000 times). On Figure 8 presence of calcium hydrosilicate gels and prismatic crystals of
primary ettringite is evident. (magnified 10,000 times).
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TR
SEM MAG: 5.00 kx

SEMHV: 20.0kV 10 ym

Figure 9: View of one of the pores in Figure 10: Detailed view of a polymer
the microstructure of a composite with film in one of the pores of a composite
35% fly ash and 0.75% SAP with 35% fly ash and 0.75% SAP,

indicated by an arrow

On Figure 9 a "coating" of organic polymer on the wall of one of the pores is indicated, indicated by an
arrow (magnified 5,000 times). On Figure 10 the druses of portlandite are also noticeable. (magnified
10,000 times).

One of the essential findings of electron microscopy is a clear demonstration of the formation of
a "coating" or. film of organic material (the SAP used is predominantly formed by organic substances) on
the walls of some pores, at a dose of SAP 0.50%, and especially at a dose of 0.75%. The formation of
this "coating" indicates a de facto redundant amount of SAP in the mixture at these doses. Furthermore,
it has been shown that the mixtures with higher doses of SAP have a relatively lower portlandite content.
This finding probably indicates the ability of SAP to bind calcium ions released by the gradual hydration
of cement, which was confirmed by determining the chemical composition of the "coating" in the pores.

Conclusions

The article is focused on the optimization of the dose of superabsorbent polymer in connection with
the possibility of substituting cement with power plant fly ash in such modified composites.

It was stated that while the substitution of cement with fly ash affects the rheology of the fresh mixture
to a very limited extent, the SAP admixture significantly increases the requirements for the mixing water
dose when the comparable workability of the fresh mixture is required. This is particularly striking at
higher doses of SAP, for example at a dose of 0.75%, the dose of mixing water was increased by more
than half to maintain the consistency of the fresh mixture. From the obtained results it is apparent that
the utilization of fly ash in cement matrix by usage of superabsorbent polymers is possible. Concretely by
improving final properties of mixtures containing these secondary raw materials. Especially flexural
tensile strength was increased by the addition of SAP in various amounts compared to the reference
samples at substitution rate of binder by FA 10%. At the substitution rate by FA 20% and higher meant
decrease in flexular strength, but nevertheless the addition of 0.25% of SAP still increased the values
compared to the reference samples. Compared to the reference samples the compressive strength was
increased only by addition of 0.25% of SAP at the substitution rate of binder by FA at the rate of 20%.
Considering the bulk density, it is apparent that the increasing share of FA as well as increasing content
of SAP in samples both decrease the values of obtained bulk density of the mixtures. Only exception is
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slight increase of bulk density of mixture 65% CEM + 35% FA with 0,50% SAP compared to mixture with
0,25% SAP. This fact might have been caused by the bigger deviation in measurements of mixture with
0,25% SAP, which can be observed in its error line.

The analysis of the microstructure revealed that SAP is very likely to enter into matrix formation
reactions, being able to bind calcium ions released by cement hydration into its structure.

List of symbols

SAP — superabsorbent polymer,
CEM — cement (CEM | 52,5 R),
FA — fly ash.
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Moznosti vyuziti popilku v cementové matrici se superabsorpénimi
polymery

Jindfich MELICHAR, Vit CERNY, Lenka MESZAROSOVA, Petr FIGALA, Amos DUFKA,
Petra HOLUBOVA and Rostislav DROCHYTKA

Vysoké uceni technické v Brné, Fakulta stavebni, Veveri 331/95, Brno

Souhrn

Prispévek se zabyva moznostmi pfipravy, zpracovani a zakladnimi viastnostmi silikatové hmoty —
cementové pasty s vyuZzitim superabsorpéniho polymeru (SAPu). SAP je pomérné novou prisadou, ktera
se pouZiva v silikatovych smésich, kde v ranych fazich hydratace absorbuje pfebyte¢nou zamésovou
vodu a tu nasledné uvolriuje v pozdéjSich hydratacnich stadiich a prispiva tak k eliminaci smrstovacich
trhlin. Clanek se zabyvé zejména vlivem Upravy receptur s ohledem na vyuZziti vedlejsiho energetické
produktu vysokoteplotniho popilku ze spalovani hnédého uhli a dopady jeho vyuziti na zakladni fyzikalné
mechanické vlastnosti, jako jsou pfedevsim pevnost v tlaku, pevnost vtahu za ohybu a objemovou

hmotnost.

Klicova slova: superabsorpcni polymer, hydrogel, cement, popilek.
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Abstract

The aim of this work is to study rheological changes of geopolymers in the initial phases of
solidification of stabilization binders using two standard and one new method. Measurement of dynamic
viscosity with a rotary viscometer and determination of the initial setting time of solidification with a Vicat
instrument were used as standard. In order to better characterize the solidification process of
geopolymer materials, a method for measuring the flow rate through the needle under defined conditions
was designed and confronted. These methods were focused on the influence of the water content in
initial stages of solidification. The results show that the rotary viscosimeter is not suitable for such
measurements which is related to the thixotropy of the material. The Vicat’s device gives relevant times
of solidification, but it measures the already technologically unprocessable form of binders. The optimal
method for practical use and for the estimation of the workability times of geopolymers is the designed
measurement of the flow velocity through a needle under controlled and well defined conditions.

Keywords: geopolymer, binder, rheology, initial setting time, viscosity.

Introduction

A large amount of waste and its high variability are the problems of present waste processing and
they exceed the recycling options and capacities now available. Therefore, some problematic waste has
to be treated before disposal to prevent environmental contamination by dangerous compounds. In many
cases, stabilization of the compounds can solve the problem and one of the most used stabilization
processes is solidification.

For solidification and immobilization of dangerous or unsuitable wastes, that have either organic or
anorganic origin, the solidifying binders on various bases are used. These can be cement binders,
lime-based binders, ash, sulfur or asphalt based binders'®. Recently, alkali activated aluminosilicate
based binders are used which are known as geopolymers. Such binders can be prepared from various
precursors by many different ways. Resulting geopolymer then may have a broad range of properties
(mechanical, structural or chemical etc.). The advantage over other materials is the possibility of
preparing a stabilizing binder with properties optimized for a specific waste. Geopolymers are materials
most often prepared by mixing aluminosilicate powder with an alkali metal hydroxide solution (usually
NaOH and KOH) or with an aqueous alkali metal silicate solution (water glass)®. After mixing the raw
materials and their homogenization, the alkaline hydrolysis process begins, where the aluminosilicate
powder is partially dissolved. This is followed by a polycondensation process associated with the growth
of a three-dimensional polymer network. The resulting geopolymer can have mechanical properties
comparable (or even better) with concrete and it has very good ability to bind metal cations at the same
time. Geopolymers can be used to stabilize e.g. waste sludge from alumina production, waste containing
heavy metals, or radioactive waste”**.

Geopolymers can also be prepared from power plant fly ash'®**. The potential of such geopolymers is
mainly in the construction industry. According to The Association for Utilization of Coal Combustion
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Products, the Czech Republic produces 11 to 14 million tons of energy by-products as waste from coal
power plants and heating plants annually. With price of tens of crowns (CZK) per ton, it is a very
interesting raw material for the production of geopolymers in large volumes'. However, the
disadvantage is that it is chemically very heterogeneous raw material, which often contains hazardous
elements, because the fly ash chemical composition is strongly dependent on the input material and the
combustion technology.

To ensure the stability of the geopolymer properties as binders for the solidification of waste, it is
necessary to produce them from stable raw materials. A suitable raw material is aluminosilicate with high
content of metakaolinite, which is produced on an industrial scale by calcination of kaolins or kaolinitic
claystones®?’.

For industrial applications of geopolymer binders, including solidification of waste, an important
property is their viscosity and its changes over time, i.e. during the solidification of geopolymer binders. It
is suitable to use aluminosilicate from kaolinitic claystone in case of low viscosity geopolymer binder, as
reported in the literature'®’.

However, a fundamental problem of geopolymers is the determination of rheological properties and
their workability time. Standard methods, both the dynamic method using a rotary viscometer and the
static method using a Vicat instrument, do not meet the real requirements for the workability time
determination of geopolymers. Therefore, a new method better corresponding to the real needs was
proposed and confronted in this work.

Materials

Industrially produced precursors were used for the preparation of the geopolymer binder.
Aluminosilicate with a high content of metakaolinite with the trade name Mefisto Los produced by the
calcination of kaolinitic claystone in a rotary kiln at a temperature of 750 °C (Ceské lupkové zavody, a.s.,
Czech Republic), potassium water glass KVS 3,2-3,4 (Vodni sklo, a.s., Czech Republic) and solid
potassium hydroxide (G.R. grade, 88.2 wt% KOH, Lach-Ner, s.r.o., Czech Republic) were used. The
chemical composition of the base materials is given in Table 1. The phase composition of Mefisto Lgs is
shown in Figure 1. It is clear from the particle size analysis that 50 % of all Mefisto Lgs particles is smaller
than 3.7 um and 90 % of all particles is smaller than 10.6 um. The particle distribution is shown in Figure 2.

K - Kaolinite; C - Cristobalite; M - Muscovite; U - Mulite; Q - Quartz

K

Intensity [a.u.]

5 10 15 20 25 30 an%?e 204&] 45 50 55 60 65 70

Figure 1: XRD patterns of aluminosilicate Mefisto Lgs
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Table 1: Chemical composition (wt%) of raw materials

Mefisto Lys |potassium silicate
LOl, 1.53 -
H,O - 60.44
SiO, 51.9 27.00
Al,O4 42.5 0.05
TiO, 1.66 -
Fe,O, 0.88 -
K,O 0.83 12.12
CaO 0.16 -
MgO 0.16 -
SO, 0.08 -
P,O5 0.07 -
V,05 0.05 -
MoO;, 0.04 -
Na,O 0.04 0.38
Cr,05 0.03 -
Zro, 0.02 -
Zn0O 0.01 -
SrO 0.01 -
CuO 0.01 -
NiO 0.01 -
Ga,0;3 0.01 -
As,0; 0.01 -

@ LOI = Loss on ignition.
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Figure 2: Particle size distribution of aluminosilicate Mefisto Lgs

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz WASTE FORUM 2021, ¢islo 4, strana 240



Ale$ SOUKUP, Petr KOUTNIK, Pavlina HAJKOVA, Eliska KOHOUTOVA, Jan KOHOUT: Rheological properties of
geopolymer binders and new method of measurements

Experimental
Analytical and testing methods

The chemical composition of the aluminosilicate was determined by X-ray fluorescence (BRUKER S8
Tiger).

The phase composition of Mefisto Los was determined by X-ray diffraction (BRUKER D8 Advanced
equipped with a BRUKER SSD 160 detector). The XRD was measured using Cu-Ka radiation at 40 kV
and 25 mA. A scan with steps of 26 = 0.02 °/sec for the angles ranging from 5 ° to 70 ° was used.

The chemical composition of the water glass was determined using an OPTIMA 8000 inductively
coupled plasma optical emission spectrometer (Perkin EImer). The total content of alkali metals and SiO,
in the water glass was determined by conventional acid-base titration method.

The Mefisto Los metakaolinite particle size distribution was measured using a Mastersizer 2000 laser
diffraction analyzer (MALVERN Instruments). Prior to the actual measurement, the agglomerates were
disrupted by sonication.

The dynamic viscosity of the geopolymer binder was measured using a Rheotest RN 4.1 rotary
viscosimeter (Rheotest Medingen) with an arrangement of concentric cylinders with a 1 mm gap. The
outer diameter of the rotating cylinder was 36 mm and the inner diameter of the static cylinder was
38 mm. The static cylinder was tempered at 25 °C by a thermostat. The binder was transferred to the
measuring cylinder immediately after mixing and the dynamic viscosity measurement was started twenty
minutes after the binder mixing began. The shear rate was 75 s™. The time curves of the dynamic
viscosity had a characteristic shape consisting of three distinct parts. The initial part of each curve was
almost linear until a significant convex part followed by another almost linear viscosity increase. Initial
setting time was calculated from the intersection of the two linear parts of each curve. The first
regression line based on the initial part of the measurement was considered to be a constant, i.e. a line
parallel to the x-axis (the same values of viscosity were obtained for an extended period of time with
sufficient accuracy). The second regression line corresponds to the linear part with a bigger slope.
Furthermore, the slopes of the second part of the curves characterize the solidification rates of the
binders. The larger the slope, the faster the binder is solidified. The initial setting time, measured with the
rotary viscosimeter are discussed later.

Determination of the initial setting time of the geopolymer binders was performed using a Vicat's
instrument VICATRONIC (MATEST). The measurement was performed according to the adapted
standard CSN EN 196-3:2017*%. The Vicat apparatus was placed in an air-conditioned chamber at 25 °C
and 90 % relative humidity (r.h.) throughout the measurement, to ensure reproducibility of solidification
conditions. The high humidity in the air conditioned chamber reduced the water evaporation from the
geopolymer surface. The initial setting time was then determined by the time when the needle of the
Vicat apparatus for the first time did not fall to the bottom of the test vessel, but remained above its
bottom.

The determination of the geopolymer temperature during the initial setting time were recorded using
the GMH 3250 electronic logger (GREISINGER electronic) with a standard K-type thermocouple. The
temperature values were recorded every 5 minutes.

Determination of initial setting times of geopolymer binders with different water contents using
a pressure needle apparatus was performed on an apparatus designed on the basis of previous
experience with the test of geopolymer binders applicability using injection needles, described by
Koutnik et al.”®. The test was based on measuring the flow of binder extruded through a needle with an
outer diameter of 2.0 mm with constant air pressure of 13.3 kPa (100 Torr) generated by a pump. The air
pressure in the apparatus was regulated by a needle valve and measured with an accurate digital
pressure gauge. The binder flow rate was evaluated by measuring the weight of the binder passing
through the needle in real time. Digital weighing scales with an accuracy of one mg connected to a PC
with the weight being logged with interval of 1 s were used. The whole apparatus was placed in an air-
conditioned chamber, which maintained constant conditions (25 °C and 50 % r.h.). The measurement
took place immediately after mixing the binder or with the start delayed by up to 240 minutes. For the
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delayed start measurement, the binder sample was transferred to a syringe placed in the apparatus after
mixing and the compressed air was not introduced into the syringe immediately, but with appropriate
delay. The initial setting time of binder was defined as the delay time at which the binder flow in the first
10 s of the measurement reached 3015 % of the flow of freshly prepared binder. This limit was based on
previous experience and a number of observations. Longer delay time of the binder before processing,
which results in flow rates below 30 % of the initial value, usually does not allow its application with
achieving comparable properties after hardening. A simplified diagram of the apparatus is shown in
Figure 3.

Figure 3: Schematical drawing of the needle pressure apparatus: 1 — control and data collection
PC; 2 — digital weighing scales with digital output; 3 — 50 ml PP syringe with needle;
4 — air needle valve; 5 — expansion tank; 6 — diaphragm air pump; 7 — pressure gauge.

Preparation of geopolymer binders

The alkaline activator was prepared by dissolving potassium hydroxide in potassium water glass. To
remove water absorbed during grinding and storage, Mefisto Los was dried in an oven at 110 °C. The
preparation of the geopolymer binder itself consisted in mixing the alkaline activator with the dried
aluminosilicate raw material in a planetary mixer at room temperature for 10 minutes. Then, distilled
water was added to adjust the water content of the geopolymer binder, followed by further stirring for
5 minutes. Five binders with total water content of 30, 35, 40, 45 and 50 % were prepared. The total
water content of the geopolymer binder is the sum of the water added during homogenization in the
planetary mixer and the water contained in the raw materials. The Me/Al molar ratio was kept at 1.0 in all
binders and the Si/Al molar ratio was always 1.5.

These values were chosen on the basis of the research of Koutnik et al.*® due to the low viscosity of
the binder after mixing and high strength of the binder after solidification at the same time.

The sample labeling is given in Table 2.
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Table 2: Sample labeling and parameters. Ratios Me/Al, Si/Al and water content in weight %

Marking of geopolymer binders GP 1.0-30 | GP 1.0-35 | GP 1.0-40 | GP 1.0-45 | GP 1.0-50
Molar ratio Me®/Al 1 1 1 1 1
Molar ratio Si/Al 1.5 1.5 1.5 1.5 1.5
Water content [%0] 30 35 40 45 50

®Me = Na + K

Results and discussion
Determination of dynamic viscosity with a rotary viscosimeter

The dynamic viscosity estimated by measurement with the rotary viscosimeter is shown in Figure 4
for binders with different water contents. Clear differences in time dependence of viscosities can be
seen. All measured curves show an almost linear dependence of viscosity on time until a steep increase
is detected as already mentioned (see Figure 4). Initial setting time was calculated from the two linear
parts intersections as described in the Experimental section. Similarly, the results of viscosity
measurements were evaluated e.g. in the works of Arnoult?® and Archez?. For the curves corresponding
to binders with 30, 35 and 40 % of water, the steep part of the curve shows a sharp increase in viscosity
corresponding to the solidification process. The curves of 45 and 50 % binders obviously show the same
change, however, the slope of the steeper part of their curves is significantly lower compared to 30-40 %
binders. An example of the solidification time evaluation is shown in Figure 5 (binder with 30 % water in
this case). Formally, the 45 and 50 % curves can be evaluated in the same manner, but the solidification
does not take place in this range of the water content. Moreover, the initial setting time calculated by the
method of two linear parts intersection for 45 % binder is shorter than in case of 35 % binder, which is
rather unexpected and improbable. Figure 6 shows the initial setting times of geopolymer binders with
different water contents. From above mentioned reasons, the use of the rotary viscosimeter for initial
setting time calculation has some limitations and should be carefully checked. The most probable reason
for such behaviour is the thixotropy of the geopolymer binders as described by Bong?.
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Figure 4: Time changes of dynamic viscosity measured by a rotary viscosimeter
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Figure 5: Example of initial setting time calculation from rotary viscosimeter measurements
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Figure 6: Initial setting times calculated from rotary viscosimeter measurements at 25 °C

Determination of initial setting time by a Vicat device

The results for geopolymer binders with different water contents GB 1.0 - 30 to GB 1.0 - 50 are shown
in Figure 7. For all samples, control vessel (shape-identical to the vessel with the Vicat device) was used
for the simultaneous temperature measurement. The temperature was always measured in the middle of
the control vessel. The results of the temperature measurements are shown in Figure 8.

GB 1.0-30 binder started to solidify the fastest and the initial setting time of geopolymer binder
increased with an increasing amount of water from 265 minutes (K2G80n GB 1.0 - 30) to 393 minutes for
GB 1.0 — 50 binder. The Vicat test corresponded to the real behaviour of the geopolymer solidification
time at rest, i.e. without any agitation, depending on the water content. However, the real workability time
of the binder is shorter than the initial setting time, when the gepolymer is no longer in a liquid state.
Gao® and Kaja** also used the Vicat apparatus and the standard EN 196-3" to determine the initial
setting time. However, their geopolymer mixtures were with the addition of limestone, so the initial setting
times are incomparable.
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Figure 7: The initial setting times of geopolymer binders with 30 to 50 % of water at 25 °C
determined by a Vicat apparatus

Figure 8 shows the temperature profiles inside the control specimen for samples GB 1.0 — 30 to
GB 1.0 - 50 with different water contents, which were placed in an air-conditioned chamber with a constant
temperature of 25 °C. Figure 8 shows the increase of temperature in the middle of the control vessel to 29 °C
in the case of the GB 1.0 — 30 sample followed by gradual decrease to the tempering temperature. The
highest maximal temperatures were recorded for samples with a lower amount of water, while the lowest
maximal temperatures were recorded for the samples with higher water content. Similar measurements were
performed e.g. by Novais®®, who measured the dependence of the temperature of the solidifying binder on
the water content. His work describes the same trend, i.e. a rapid rise in temperature with gradual
temperature decrease. It is clear that geopolymerization is an exothermic process. The heat generated by
geopolymerization is used to increase the material temperature. Due to the high specific heat capacity of
water and the inhibition of the geopolymer reaction, geopolymers with a higher water content do not reach
such temperatures of geopolymers with lower water content.

30

0 200 400 600 800 1000 1200
Time [min]

e GB 1.0-30 ===GB 1.0-35 GB 1.0-40 GB 1.0-45 GB 1.0-50

Figure 8: Dependence of sample temperature on time for samples GB 1.0 —30to GB 1.0 — 50.
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Determination of the initial setting time using velocity of the flow through a needle

The results of the initial setting times measurements are shown in Figure 9. The initial setting times
for binders with water content of 40 and 45 % are very similar. There are larger differences between
binders with water content of 30, 35 and 40 %. It was not possible to determine the initial setting time for
a binder with water content of 50 %. The binder was so thin that in case of a longer delay time before the
measurement started, the undissolved aluminosilicate raw material sedimented to the needle, and thus
the needle became blocked. The reason is that the lower viscosity results in lower resistance of the
environment to the particle movement and in turn accelerates the sedimentation of the solid phase.
However, geopolymer with 50 % water is very unsuitable for practical use, therefore this method is also
suitable for most low-viscosity geopolymer binders applicable in practice. The results show that with
increasing water content in the binder, the time corresponding to the initial setting time also increases
and the binder is applicable for longer time.
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Figure 9: Dependence of the initial setting time of the binders on the water content given by the
needle apparatus

Determining the initial setting time using a needle apparatus described the state of the binders with
different amounts of water, when these were still processable. It was not a static process as in the case
of measurement with the Vicat device, nor permanent mixing as in the case of the rotary viscosimeter.
Therefore, the results of this method can be considered to be more corresponding to practical use.

Comparison of the initial setting times for various measurement methods

A comparison of the resulting initial setting times of geopolymer binders shows significant differences
depending on the measurement method used. Figure 10 shows the initial setting times of the binders for
all three methods mentioned in this work. The shortest initial setting times are obtained for the
measurement of the flow through the needle (170 — 210 min for binders with 30 — 45 % water), followed
by a rotary viscosimeter (248 — 287 min for 30 — 50 % water) and the highest values were measured with
the Vicat apparatus (260 — 393 min for 30 — 50 % water). The Vicat device shows true solidification when
the geopolymer is already beyond the workability time limit. The results from the rotary viscosimeter are
affected by the thixotropy of the geopolymers with high water content (45 and 50 %) and do not
correspond to the usual conditions of geopolymer aging at rest. On the other hand, the measurements
confirm the expectation, that agitation of the mixture can prolong the workability time of the geopolymer.
In comparison to the results from the static Vicat test, the curves for 45 and 50 % water (Figure 4) from
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the rotary viscosimeter indicate that even after a long time there would be no complete solidification
during mixing, which correlates with the verification in practice.

450

30 35 40 45 50
Water content [%]

Viscometer —e—Vicat Needle

Figure 10: Initial setting times of the binders for three different measurement methods

Conclusions

In this work, the rheological properties of low-viscosity stabilizing geopolymer binders with different
water content were investigated by three methods - monitoring the flow rate of the binder through the
needle under defined conditions, determining the viscosity with a rotary viscosimeter and determining the
solidification rate with a Vicat device. The tests were supported by monitoring the temperature of the
geopolymer binder during solidification. The results of all the above tests are consistent and confirm the
already known assumptions:

- with higher water content, the viscosity of the binders decreases and the initial setting time is
prolonged, the workability time is prolonged as well.

- as the binder solidification is an exothermal process, heat is generated which results in increased
temperature of the mixture. This temperature decreases with increasing water content which is
probably related to high specific heat capacity of water.

- long-term mixing of the geopolymer binder prolongs the initial setting time.

The rheological tests used so far made it possible to monitor the rheological properties of
geopolymeric binders in the fresh state (rotary rheometer) or in the almost solidified state (Vicat's
apparatus). The newly developed method of measuring the flow rate of the binder through a needle of
appropriate diameter at suitable overpressure together with modifications of the standard viscosity
measurement procedure allow investigation of the change in rheological properties of geopolymer
binders during the whole solidification process from mixing the precursors to the geopolymer
solidification. The developed method of binders evaluation using the flow through the needle seems to
be the most suitable for determining the real workability time of a geopolymer binder.

The tested binders were processable for a long time from the mixing of the basic raw materials. The
solidification initial setting time of the GB 1.0-30 binder measured by means of the Vicat instrument
corresponded to the time when the rheometer recorded the maximum viscosity of the binder.

According to these measurements, the workability of the most viscous binder was determined for at
least 250 minutes from the mixing of the basic raw materials. However, this does not correspond to the

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz WASTE FORUM 2021, ¢islo 4, strana 247



Ale$ SOUKUP, Petr KOUTNIK, Pavlina HAJKOVA, Eliska KOHOUTOVA, Jan KOHOUT: Rheological properties of
geopolymer binders and new method of measurements

real situation that the workability time is significantly lower and corresponds to the time measured by the
designed needle apparatus (approximately 160 minutes).
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Souhrn

Cilem této prace bylo charakterizovani zmén reologickych viastnosti na poc¢atku tuhnuti stabilizacnich
geopolymernich pojiv s vyuZzitim dvou standardnich a jedné nové navrzené metody. Standardné bylo
pouZito méreni dynamické viskozity rotacnim viskozimetrem a stanoveni pocatku tuhnuti Vicatovym
pristrojem. Za ucelem lepSi chakterizace procesu tuhnuti geopolymernich materialti byla navrzena
a konfrontovana metoda méreni rychlosti pratoku pojiva jehlou za definovanych podminek. VySe
uvedené metody byly také vyuZity pro stanoveni vlivu obsahu vody na pocatek tuhnuti geopolymerniho
pojiva.

Bylo zjisténo, Ze rotacni viskozimetr neni vhodny pro méreni pocatku tuhnuti geopolymernich pojiv
s ohledem na jejich tixotropii. Méreni pomoci Vicatova pfistroje dava dobré vysledky ¢ast pocatku
tuhnuti, ale méfi jiz technologicky nezpracovatelnou formu pojiv. Pro praktické vyuZiti, respektive urcéeni
doby zpracovatelnosti geopolymernich pojiv, nejlépe vyhovuje navrZzena metoda, pfi niz je mérfena
zména rychlosti prutoku pojiva jehlou.

Klicova slova: geopolymer, pojivo, reologie, pocatek tuhnuti, viskozita.
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Abstract

This paper presents research on long-term behaviour of cement-bonded particleboards exposed to
adverse conditions. The boards were subjected to frosting / defrosting cycles, up to 300 cycles.
Specifically, 100, 200, 300 cycles were performed at the age of 28 days, 6 months, 12 months,
18 months and 24 months. Compositoin of the particleboards was modified by by-product, which has its
origin in production of cement-bonded particleboards. Dust from cutting and grinding of the
particleboards was used in amount of 7% as a partial substituent of cement (6%) and spruce chips (1%).
The goal of presented research is the assessing the effect of adverse conditions at different age of
cement-bonded particleboards (with modified composition), when attention is paid to mechanical
properties and microstructure, respectively. Bending strength, modulus of elasticity in bending,
transverse tensile strength perpendicular to the plane of the board and microstructure (SEM) were
studied with respect to the changes in time (up to 2 years).

Keywords: Cement-bonded particleboards, modification, composition, alternative raw material,
properties, microstructure, long-term, durability, frost, development in time.

Introduction

Cement-bonded patrticleboards are a globally widespread building material, with the production of the
domestic producer reaching approximately 55 thousand m?® of boards per year. These boards are
characterized by very good durability. The creation of by-products is a typical part of the industrial
production of building materials and components. These by-products very often have no further use and
therefore have to be landfilled. One of the by-products created during production of cement-bonded
particleboards is the dust from their formatting. This fine-grained particulate substance is produced in
quantities of around 7 to 7.5 tonnes per year. With regard to the composition of the cement-bonded
particleboards, there is a possibility of adding this unused by-product, suitably treated, back to the
production of the boards. Each time the compaosition of the material is modified its properties change.
Therefore, it is always necessary to assess and analyse the behaviour of the material in detail when
carrying out any modification. Cement-bonded particleboards are no exception, as evidenced by many
studies and research papers published to date. The authors discuss various aspects of the production of
cement-bonded particleboards using various types of alternative raw materials, including the very
important durability *®.

The aim of the research presented here was assessing long-term behaviour of cement-bonded
particleboards with modified composition. The composition of the boards was modified by dust from the
formatting of these boards. Basic characteristics including microstructure were monitored at six-month
intervals. The analysis of the properties and behaviour of the particleboards were carried out over
a period of 2 years. This time interval is sufficient for objective assessing the durability of the
particleboards. The behaviour prediction and estimating the durability of cement-bonded particleboards
in a real structure when exposed to adverse effects can be formulated by the mentioned procedure.
Atypical such influence is the cyclic freezing and thawing in the presence of water, which is
characteristic of temperate climatic conditions.
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Materials and Methods
Materials

Composition of the cement-bonded particleboards corresponds to standard boards produced
commercially. These particleboards contain (in volume) Portland cement CEM | 42.5 R (25%) according
to EN 197-1°, spruce chips (63%), aluminium sulphate (Al, [SO,] 3), sodium water glass (total 2%), water
(10%). Composition was modified by waste from formatting the particleboards in amount of 7%. Two
following types of the cement-bonded particleboards were tested:

e Reference boards DR - standard composition of the cement-bonded particleboards,
i.e. cement, spruce chips, water and hydration admixtures.

¢ Modified boards DP — standard composition of the cement-bonded particleboards was
modified by dust, which is produced during trimming and grinding of these boards, in amount
of 7% (partial substitution of 6% cement and 1% chips was carried out).

A detailed analysis of the dust generated during the machining of cement-bonded particleboards was
presented by Melichar and Bydzovsky . In the cited study, the authors present a comprehensive set of
all relevant properties and behaviour of dust in terms of its use in cementitious composites. The results
and findings of the authors 10 clearly demonstrate the high potential, suitability and compatibility of
cement-bonded particleboard processing dust for the manufacture of cement composites. Also
significant is the fact that the wood chips contained in the dust are already mineralised and therefore
show better properties than primary spruce chips.

s 3 e R e |
:‘?: PO g ‘_'___n" a ( i 5. “‘ Rtk 1.5,0-0“m-
Figure 1: Structure of the dust in detail, picture from optical microscope

Due to the environmental situation, the dust with a grain size of up to 2 mm was applied. Dust is an
inert particulate substance with no active contribution to the forming structure of the new composite. The
possibilities of replacing the primary raw materials of cement-bonded particleboards in quantities of 6, 8
and 10% were verified and evaluated in the laboratory. The production, testing of properties and
microstructure was carried out in the laboratories of Brno University of Technology, Faculty of Civil
Engineering, Institute of Technology of Building Materials and Components. The tests were carried out in
accordance with technical standards **°. Based on the results and findings amount of 7% was selected
as an optimal possibility for the real production with minimal impact on the decrease of especially the
utility properties of the particleboards.

Subsequently, cement-bonded particleboards were fabricated directly on the production line of the
domestic manufacturer CIDEM Hranice, a.s. Boards with a thickness of 12 mm were manufactured. Test
specimens with dimensions of 290 mm x 50 mm x 12 mm and 50 mm x 50 mm x 12 mm were made from
fabricated boards for the determination of strength characteristics, modulus of elasticity and density with
emphasis on long-term durability (resistance to frost influence, evolution over time) including subsequent
microstructure assessment. In order to obtain the average value, including the deviation (absolute error) and
the coefficient of variation (relative error) of each parameter, six test specimens were tested. Three test
specimens were made in the longitudinal direction of the production line and three test specimens in the
transverse direction, i.e. perpendicular to the direction of the cement-bonded particleboard production line.
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Methods

The intention of the research was evaluating the long-term durability of cement-bonded particleboards
of composition modified by waste dust. Therefore, the test specimens were stored in a climate chamber
with a relative humidity of (75 + 3) % and a temperature of (20 + 2) %. The reason for this was to ensure
the hydration of the cement and at the same time the volumetric stability of the spruce chips throughout
the storage of the test bodies. The chips would show greater volume changes in presence of higher
humidity and thus, among other things, cause pressure on the adjacent cement matrix. This
phenomenon could then result in possible deteriorating the structure of the particleboards. Conversely,
lower humidity is not conducive to promoting hydration reactions of the cement matrix. Before each
parameter determination, the test specimens were tempered in accordance with the requirements of the
relevant technical standard, i.e. at a relative humidity of (65 £ 5) % and a temperature of (20 £ 2) %.

The development of material characteristics over a period of 2 years was evaluated. Emphasis was
placed on effect of modification on properties of the cement-bonded particleboards. Testing was carried
out at the 28 days, and then at six-month intervals, i.e. after 6 months, 12 months, 18 months and 24
months. After reaching the required age, the test specimens were exposed to an alternating
freezing/thawing environment in the presence of water in accordance with the requirements of EN
1328 *°. 100, 200 and 300 freeze/thaw cycles were carried out. This procedure made it possible to
assess how the frost resistance develops with increasing particleboard age over a longer time.

The dried test specimens were weighed using KERN PCB 1000-2 scales with readability of 0.01 g
and the dimensions were measured with a digital caliper KINEX 600/100 mm with a resolution of
0.01 mm. Density of the particleboards was determined and rounded to the nearest 10 kg/m® from the
measured values. Strength and modulus of elasticity were tested on a Testometric M350-20CT device
with a 20kN load cell and accuracy of £ 0.5% of reading down to 1/1000 of the load cell capacity. Testing
and determination of bending strength and modulus of elasticity in bending were performed in
accordance with EN 310™ (test specimens with dimensions 290 mm x 50 mm x 12 mm). Transverse
tensile strength perpendicular to the plane of the board was tested and determined in accordance with
EN 319" (test specimens with dimensions 50 mm x 50 mm x 12 mm). During all mechanical tests, the
load was applied at a constant velocity so that the maximum, i.e. failure of the test specimen, was
reached within (60+30) s. Frost resistance was tested and determined in accordance with technical
standard EN 1328 *°. This technical standard specifies the design of frost resistance on test specimens
for the determination of bending strength. For the purpose of the research, the specimens were also
subjected to freezing and thawing cycles to determine the tensile strength perpendicular to the plane of
the board. The standard requires 50 freeze/thaw cycles to be performed. However, for the purposes of
research and long-term durability assessment, the boards were subjected to up to 300 cycles in
a freezing device. The microstructure of the particleboards was analysed by TESCAN MIRA3 XMU
scanning electron microscope with resolution 1.2 nm at 30 kV (with EDX). Emphasis was put on board
microstructure aged 24 months in climate chamber (20 °C temperature and 75% relative humidity) — both
tested types of the particleboards (reference and modified).

Results and discussion

Physical and mechanical parameters

The density (Figure 2) of all tested boards exceeds 1,000 kg/m® which is in accordance with the
requirements of EN 634-2 %, The average values of the both board types are very similar and in range
from ca 1,230 kg/m® to 1,370 kg/m®. In terms of the development of density over time, a slight increase in
the values is noticeable, i.e. up to 5%. As the number of freeze/thaw cycles increases, a decrease in
density is predominantly evident. Based on the results obtained, it cannot be clearly decided whether DR
or DP plates are more resistant to the effect of freezing with respect to density changes. The effect of
modification was not very pronounced in the case of density, even in terms of the long-term evolution of
this parameter over a 2-year period.

Interesting information on the behaviour of the particleboards due to exposure to adverse frost
conditions is also provided by the determined deviations (error bars - Figure 2). It is evident that the
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deviation from the average density value increases with increasing number of cycles. This is related to
the deterioration of the particleboard structure with regard to frost effect. The relative, i.e. percentage,
deviations are expressed as a coefficient of variation in the following table (Table 1). The coefficient of
variation values are in the order of a few percent. The lower coefficients of variation were mainly
determined for the reference (DR) boards.
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Figure 2: Comparison of cement-bonded particleboards density, red and violet curves represent
decrease of density, black vertical bars represent deviations

Table 1: Coefficient of variation of density of the particleboards DR and DP

Age Density coefficient of variation — DR Density coefficient of variation — DP
[days, [%] (%]
months] Cycles Cycles
Ref M100 M200 M300 Ref M100 M200 M300
28 days 0.80 1.49 1.84 2.28 0.73 1.35 2.36 3.09
6 months 0.87 1.57 1.71 2.19 0.90 1.51 2.83 3.40
12 months 0.61 1.68 2.12 2.32 0.73 1.29 2.27 3.72
18 months 0.92 1.45 1.74 2.15 0.75 1.44 2.90 3.26
24 months 0.69 1.68 1.94 2.10 0.79 1.41 2.78 3.18

The bending strength (Figure 3) of the tested boards ranges from 12.9 N/mm? to 8.8 N/mm? (DR) and
12.7 N/mm? to 8.6 N/mm? (DP), respectively. The decrease in bending strength due to lower cement
dosage in the boards corresponds to the results presented by Zhou et al. **. The minimum bending
strength requirement of 9 N/mm? according to EN 634-2 '* was met for boards without exposure to
freezing cycles. Only some boards exposed to 300 freeze/thaw cycles showed strengths lower than
9 N/mm?. Specifically, DR boards at 28 days and 6 months of age, and DP boards at 28 days of age. An
adverse effect on the strength of the particleboards under cyclic exposure to moisture and temperature
changes was also demonstrated by Miranda de Lima et al. °. A negative effect of water on the properties
of the particleboards (when volume changes of chips occur) was also reported by Drdlova et al. *°.
During further maturation, all boards, even when subjected to 300 freeze/thaw cycles, reached
a strength of at least 9 N/mm?. With increasing age, a gradual increase in bending strength of about
1.1 N/mm? (DR) and 0.8 N/mm? (DP) was observed. Thus, by modifying the composition of the boards,
the long-term strength increase was slightly slowed down. In terms of frost resistance, the two types of
tested boards (DR and DP) can be evaluated very similarly. The resistance to the adverse conditions of
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cyclic freezing and thawing improves slightly with increasing age. The error bars (Figure 3) are much
more pronounced than in the case of density. This fact indicates a higher variability or bending strengths
dispersion due to adverse climatic conditions.
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Figure 3: Comparison of cement-bonded particleboards bending strength, red and violet curves
represent decrease of strength, black vertical bars represent deviations

Table 2: Coefficient of variation of bending strength of the particleboards DR and DP

Age Bending strength coefficient of variation | Bending strength coefficient of variation
[days, — DR [%] — DP [%]

months] Cycles Cycles

Ref M100 M200 M300 Ref M100 M200 M300

28 days 3.14 6.51 9.41 13.75 3.28 4.44 5.77 11.86

6 months 2.03 7.41 9.22 12.13 2.95 4.23 5.29 13.37

12 months 4.16 7.25 8.29 12.42 3.39 5.62 6.04 11.40

18 months 3.31 5.58 7.01 11.25 2.08 4.96 7.80 12.74

24 months 2.64 4.50 6.67 10.39 2.93 5.07 6.60 12.46

The coefficients of variation (Table 2) of the boards before exposure to freeze/thaw cycles range from
ca 2% to 4%, whereas after 300 cycles these coefficients reach values from ca 10% to 14%. Thus, it is
evident that the degradation of the board structure due to exposure to adverse conditions will have a
more pronounced effect on the bending strengths (rather than the densities). DR boards are slightly
better in this respect. Comparing the results and findings of Fuwape et al. *" , it is evident that DR and
DP boards are characterized by very low variability. In fact, Fuwape et al. report values for cement-
bonded particleboards of modified composition corresponding to a coefficient of variation ca 25%.

The modulus of elasticity in bending (Figure 4) of the tested boards ranges from 8,021 N/mm? to
5,213 N/mm? (DR) and 7,965 N/mm? to 4,872 N/mm? (DP), respectively. The requirement for a minimum
modulus of 4,500 N/mm? according to EN 634-213 was met in all cases even plates subjected to 300
freeze/thaw cycles. A gradual increase in modulus of approx. 767 N/mm? (DR) and 817 N/mm? (DP) was
observed with increasing age. The increase in stiffness and bending strength with increasing age is
supported by the results of Vu et al. *2. The slowing of the modulus increase was not confirmed as in the
case of bending strength due to modification of the board composition. The DR boards performed slightly
better in terms of frost resistance, which is particularly obvious after 300 freezing cycles. It is also evident
that the resistance to the adverse freeze conditions improves slightly with increasing age.
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Figure 4: Comparison of cement-bonded particleboards modulus of elasticity in bending, red
and violet curves represent decrease of modulus, black vertical bars represent deviations

Table 3: Coefficient of variation of modulus of elasticity of the particleboards DR and DP

Age Modulus of elasticity coefficient of Modulus of elasticity coefficient of
[days, variation — DR [%)] variation — DP [%)]
months] Cycles Cycles
Ref M100 M200 M300 Ref M100 M200 M300
28 days 2.77 3.60 10.15 13.83 3.47 4.64 9.46 14.54
6 months 2.54 4.87 10.14 15.26 1.82 3.95 5.32 15.07
12 months 5.52 7.94 8.90 12.77 2.77 4.03 8.96 14.81
18 months 4.22 6.13 8.16 12.47 2.69 5.03 8.33 13.34
24 months 3.64 4.84 7.82 10.88 1.64 4.16 7.27 15.96

The coefficients of variation (Table 3) of the boards before exposure to freeze/thaw cycles range from
ca 2.5% to 5.5%, whereas after 300 cycles the coefficients of variation reach values from approx. 11% to
16%. It is therefore evident that the degradation of the board structure due to frost exposure will have
a more pronounced effect on the elastic modulus, than in the case of bending strength and density. DR
particleboards reach better resistance in this respect.

The tensile strength perpendicular to the plane of the board (Figure 5) ranges from 1.16 N/mm? to
0.55 N/mm? (DR) and 1.13 N/mm? to 0.50 N/mm? (DP), respectively. The requirement for a minimum
tensile strength of 0.5 N/mm? according to EN 634-2 ** was met in all cases even boards subjected to
300 freeze/thaw cycles. A gradual increase in tensile strength of approximately 0.26 N/mm? (DR) and
0.27 N/mm? (DP) was observed with increasing age. The slowing down of the increase in tensile strength
was not confirmed as in the case of bending strength due to the different composition of the boards. The
DR plates performed slightly better in terms of frost resistance, which is particularly evident after 300
freezing cycles. The resistance (tensile strength) to the adverse conditions of cyclic freezing and thawing
improves slightly with increasing age.
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Figure 5: Comparison of cement-bonded particleboards transverse tensile strength
perpendicular to the plane of the board, red and violet curves represent decrease of strength,
black vertical bars represent deviations

Table 4: Coefficient of variation of transverse tensile strength perpendicular to the plane of the
board — particleboards DR and DP

Age Transverse Tensile strength coefficient of | Transverse Tensile strength coefficient of
[days, variation — DR [%)] variation — DP[%]

months] Cycles Cycles

Ref M100 M200 M300 Ref M100 M200 M300

28 days 3.47 4.64 9.46 14.54 4.63 3.47 7.74 17.80

6 months 1.82 3.95 5.32 15.07 3.91 6.08 6.71 10.03

12 months 2.77 4.03 8.96 14.81 7.61 11.08 10.92 17.04

18 months 2.69 5.03 8.33 13.34 5.08 8.39 14.65 17.74

24 months 1.64 4.16 7.27 15.96 6.12 9.25 12.44 16.62

The coefficients of variation (Table 4) of the boards before exposure to freeze/thaw cycles range from
ca 1.6% to 6.1%, whereas after 300 cycles the coefficients of variation reach values from about 10% to
17.7%. Thus, it is evident that the board structure deterioration due to adverse conditions exposure has
a more pronounced effect on the modulus of elasticity (than in the case of bending strength and density).
DR boards can be better evaluated in this respect. By comparing all the parameters determined, it can
be concluded that the tensile strength perpendicular to the plane of the board is the most subject to
degradation due to the action of adverse effects. This is indicated by the highest decreases in this
strength with increasing number of freeze/thaw cycles and by the highest coefficients of variation. This is
due to the anisotropy of the cement-bonded particleboards. The swelling and shrinkage in the thickness
direction is the greatest when contact with water and temperature changes occur. Orientation of the
spruce chips and manufacturing process are major cause. The particleboards are pressed and subjected
to heat treatment during their production. In this way, tension is brought into the boards in the thickness
direction. During contact with water, the volumetric changes in the chips cause the stresses are released
in the thickness direction. When the release of this stress occur, the wood chips then exert pressure on
the surrounding cement matrix. This fact is confirmed, for example, by the findings of Rowell et al. %°.
When the cohesive value of the matrix is exceeded due to this pressure, the structure of the boards
gradually fails, which is most evident when the tensile strength is tested perpendicular to the plane of the
board.
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Microstructure

Microstructure analysis revealed that the cement matrix of the particleboards is compact and the
crystalline phases are extensively developed with no structural defects. The microstructure images of the
particleboards at 24 months of age before and after 300 freeze cycles are shown below (Figure 6 to 9).
The interface between the cement matrix and spruce chips is compact in the case of the boards not
subjected to freeze/thaw cycles. In the case of all analysed boards, it is evident that both crystalline and
amorphous phases of the cement matrix grow into the surface layers of the cellular structure of the
chips. The differences between the reference and the adversely stressed boards are mainly evident by
the identified cracks.

Nl

F > -
SEM MAG: 500 x | | MIRA3 TESCAN
SEM HV: 15.0kV | 100 pm

SEM MAG: 1.00 kx Det: SE MIRA3 TESCAN|
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AdMas - FAST VUT Brno
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Figure 6: SEM pictures of DR Ref-24m board; a) microstructure of cement
matrix, b) detail of interfacial transition zone
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AdMas - FAST VUT Brno SEM HV: 15.0kV | 20 pm

Figure 7: SEM pictures of DR 24m M300 board; a) microstructure of cement
matrix under spruce chip, b) detail of interfacial transition zone
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Microscopic cracks are in the area where spruce chips were present in the cement matrix
(DR boards) (Figure 7a). This is indicates matrix degradation, which relates, among other things, to
volumetric changes in the adjacent spruce chip. The volumetric changes in the chips are due to the
alternating effects of positive and negative temperatures combined with the presence of water. The
crystalline phases of the cement matrix in the cellular structure of the spruce chips can be seen in Figure
7b. Microscopic cracks in the chip with widths of a few um were also identified at this location.
Considering the microstructure of the dust-modified particleboards, i.e. DP, it is clear that the matrix of
the reference test specimens is compact with a well-developed and compact crystalline structure
(Figure 8, 9). This is supported by the results of the determined mechanical parameters, where negligible
differences were observed between DR and DP particleboards. Synergic interaction of wood chips in the
cement matrix is obvious. Such as in the case of DR, exposure to freezing cycles resulted in degradation
of the structure on a microscopic scale. However, the identified failures (cracks) are rather local
character without affecting the evolution of the matrix structure. Minor defects were also identified in the
ITZ between the spruce chips and the cement matrix (Figure 9b).

SEM MAG: 2.00 kx Det: SE | MIRA3 TESCAN| SEM MAG: 500 x Det: SE | | MIRA3 TESCAN|
SEM HV: 15.0 kV 20 pm SEM HV: 15.0 kV 100 pm
AdMas - FAST VUT Brno AdMas - FAST VUT Brno

Figure 8: SEM pictures of DP Ref-24m board; a) microstructure of cement
matrix, b) detail of interfacial transition zone

SEM MAG: 2.00 kx Det: SE | MIRA3 TESCAN SEM MAG: 2.00 kx Det: SE | MIRA3 TESCAN

SEM HV: 15.0kV | 20 ym SEM HV: 15.0kV | 20 ym
AdMas - FAST VUT Brno AdMas - FAST VUT Brno

Figure 9: SEM pictures of DP 24m M300 board; a) microstructure of cement
matrix under spruce chip, b) detail of interfacial transition zone
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Conclusions

Based on the results obtained and the findings concluded in the scope of long-term durability of
cement-bonded particleboards of modified composition, the following can be stated:

Waste dust from formatting the cement-bonded particleboards can be used for their re-production
in amount of 7% as substituent of cement (6%) and spruce chips (1%). This way could save circa
2,600 tons of cement and 140 tons of spruce chips per year in production of cement-bonded
particleboards.

Effect of the composition modification on mechanical properties and microstructure including their
development in time is negligible.

Particleboards modified by waste dust meet requirements of technical standard EN 634-2
(density, strength characteristics, modulus of elasticity and frost resistance).

In terms of long-term development, there is a slight improvement in frost resistance. Boards
subjected to 300 freeze/thaw cycles reach a bending strength of at least 9 N/mm? after 2 years
maturing.

Microstructure analysis showed very good interactions between the spruce chips and the cement
matrix, even after exposure to 300 freeze/thaw cycles. Identified microscopic failures were rather
local.

The crystalline phases of the cement matrix penetrated into the surface parts of the cellular
structure of the spruce chips over a period of 2 years. This has the effect of forming a more
compact ITZ structure between the chips and the adjacent matrix. It is therefore evident that in the
long term the interaction between the spruce chips and the cement matrix in the cement-bonded
particleboards improves. The ITZ has a relatively significant effect on, among other things, the
durability of cement-bonded particleboards and therefore an improvement in this respect can be
predicted with time.

For further research, it would be interesting to study the durability under other adverse conditions
such as temperature shocks, CO,, SO, etc.
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Dlouhodoba trvanlivost cementotriskovych desek modifikovaného slozeni
odpadnim prachem
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Vysoké uceni technické v Brné. Fakulta stavebni. Vevefi 331/95. 602 00 Brno
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Souhrn

Cléanek prezentuje vyzkum zaméfeny na dlouhodobé chovéni cementotfiskovych desek vystavenych
nepriznivym vlivam. Desky byly podrobeny zmrazovacim / rozmrazovacim cyklum, do 300 cykid.
Konkrétné bylo realizovano 100, 200 a 300 cyklu, a to ve stari desek 28 dni, 6 mésicu, 12 mésicd,
18 mésicu a 24 mésicu. SloZzeni desek bylo modifikovano vedlej§im produktem vznikajicim pri
opracovani pravé cementotfiskovych desek. Prach z formatovani a brouseni cementotfiskovych desek
byl pouzit v mnozstvi 7 % jako parcialni nahrada cementu (6 %) a smrkovych tfisek (1 %).

Cilem prezentovaného vyzkumu je posouzeni vlivu nepfiznivych podminek v rozdilném stari
cementotfiskovych desek (modifikovaného sloZeni), kdy je pozornost vénovana mechanickym
vliastnostem, resp. mikrostruktufe. Byla analyzovana pevnost v ohybu, modul pruznosti v ohybu, pevnost
v tahu kolmo na rovinu desky a mikrostruktura (rastrovaci elektronova mikroskopie) s ohledem na zmény
v ¢ase (do 2 let).

Klicova slova: Cementotiiskova deska, modifikace, slozeni, alternativni surovina, viastnosti,
mikrostruktura, dlouhodoby, trvanlivost, mraz, vyvoj v ¢ase.
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Cementotriskové desky s vysSim obsahem netradi€¢nich
alternativnich surovin substituujicich pojivo a trisky

Tomds MELICHAR, Jifi BYDZOVSKY, Sarka KEPRDOVA, Amos DUFKA

Vysoké uceni technické v Brné, Fakulta stavebni, Veveri 331/95, 602 00 Brno,
e-mail: melichar.t@fce.vutbr.cz, bydzovsky.j@fce.vutbr.cz,
keprdova.s@fce.vutbr.cz, dufka.a@fce.vutbr.cz

Souhrn

Clanek prezentuje laboratorni vyzkum zaméfeny na posouzeni vlastnosti a mikrostruktury
cementotfiskovych desek modifikovanych alternativnimi surovinami. Konkrétné bylo modifikovano
sloZeni pojiva jemné mletym vapencem a Skvarou. Soulasné byla provedena Uprava sloZeni plniva,
tj. substituce smrkovych tfisek. Jako substituent byly vyuZity druhotné tfisky ziskané upravou odrezkd,
které vznikaji jako vedlej§i produkt vyroby cementotriskovych desek. Pojivo bylo nahrazovano
vmnozZstvi do 10 % a smrkové tfisky substituovany v mnozstvi 10 % az 20 %. Vlastnosti
cementotfiskovych desek byly analyzovany po 28 dnech zrani v laboratornich podminkach, vé. ovéreni
mrazuvzdornosti (100 cykld).

Vysledky prezentovaného vyzkumu Ize shledat jako prinosné. VyuZitim alternativnich surovin, které
jJinak nejsou vyuZity (vyjma vapence) a predstavuji tak odpad, dojde k snizeni zatéZe Zivotniho prostredi
a soucasné zachovani uzitnych vlastnosti cementotfiskovych desek bez negativniho viivu na jejich
mikrostrukturu.

Klicova slova: Cementotriskova deska, odrezky, $kvara, vapenec, drceni, mleti, smrkové tfisky,
vedlejsi produkt, odpad, mechanické parametry, mineralogické sloZeni, mikrostruktura.

Uvod

Vyroba cementovych kompozitd vyztuzenych dfevni hmotou s vyuzitim alternativnich surovin je
pomérné podrobné& zkoumana **°. Pfes znadny podget publikovanych vyzkumnych praci stale existuje
pomérné Siroky prostor pro nove alternativy v této oblasti. Tyto alternativy vyplyvaji mimo jiné z aktualni
environmentalni situace. Zamérem prezentovaného vyzkumu je podrobné posouzeni vlastnosti
a mikrostruktury cementotfiskovych desek modifikovanych dosud nevyuzivanymi alternativnimi
surovinami, z nichz nékteré takto predstavuji odpad. Konkrétné byl vyuzit jemné mlety vapenec, Skvara
a upravene odrezky, které vznikaji pfi opracovani cementotfiskovych desek. Mlety vapenec je primarné
vyrabéna surovina, kter& ma uplatnéni nejen ve stavebnim pramyslu, ovSem pfi vyrobé
cementotfiskovych desek se tato surovina dosud nepouziva. Co se tyka Skvary a odfezk(, tak se jedna
o vedlejSi produkty, které prozatim nemaji dalSiho vyuziti. Teplarenska Skvara je dostupna v mnozstvi
cca 850 tis. tun (halda v Oslavanech). Odfezky vznikajici pfi formatovani cementotfiskovych desek jsou
rocné produkovany v mnozstvi cca 5,5 tis. tun (data tuzemského vyrobce desek CIDEM Hranice, a.s.).
Z hlediska materialové baze a zamysleného ucelu Ize vybrané alternativni sloZky charakterizovat jako
vysoce kompatibilni. Prizkumem odbornych publikaci (napf. %) nebylo zjisténo, ze by se nékdo
podrobné zabyval problematikou vhodné upravenych odfezkd s ohledem na jejich zpétné vyuziti béhem
produkce cementotfiskovych desek.

Pouzité suroviny, receptury

Pro modifikaci sloZzeni cementotfiskovych desek byly vybrany odfezky vznikajici pfi vyrobé téchto
desek tuzemského vyrobce — vyrobni zavod CIDEM Hranice, a.s. Odfezky bylo nutné nejprve vhodné
upravit. Zamérem totiz bylo vyuziti pfedevSim smrkového dfeva obsaZeného v odfezcich. Proto byly
odfezky nejprve podrobeny drceni v Celistovém drti€i. A dale pak vyseparovany ftfisky, resp. Castice
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o velikosti 0,5 aZz 1 mm, a pak také €astice o velikosti 1 az 2 mm. Tento postup byl zvolen s ohledem na
predchozi podrobné analyzy odiezk(i a moznosti jejich upravy ** *?. Castice velikosti 0,5 a7 1 mm a 1 az
2 mm obsahuji nejvétsi podil dfevni hmoty, coz bylo prokazano fyzikalné-chemickymi i termickymi
analyzami (popis metod — viz ' *%). Pojivo desek bylo modifikovano $kvarou a vapencem. Byl pouzit
vapenec VMV-15/F (Kotou¢ Stramberk) s obsahem 96,5 % CaCO; (stanoveno rentgenovou
fluorescenéni analyzou). Vapenec je primarni surovina, ktera ovSem neni pro vyrobu desek bézné
vyuzivana. Dale byla jako substituent pojiva vyuZita teplarenska Skvara (Oslavany). Skvéara je
alternativni surovina bez dalSiho vyuziti, tj. deponovana na skladce. Vzhledem ke slozZeni, zejména
granulometrického, bylo nutné Skvaru upravit. Cilem bylo ziskani suroviny o mérném povrchu
prevysujicim hodnoty cementu. Proto bylo realizovano mleti v kulovém mlynu a tak ziskana partikularni
latka o mérném povrchu 510 az 540 m?/kg (stanoveno permeabilni metodou na Blainové pfistroji dle
CSN EN 196-6 ). Suroviny byly analyzovany s ohledem na v&echny jejich podstatné charakteristiky 4.
Skvéara obsahuje vysoky podil amorfni faze, SiO, (51 %) a Al,O; (22,4 %). Amorfni faze byla stanovena
kvantitativni rentgenovou difrakéni analyzou (se standardem CaF,; pouzity pfistroj — viz nasledujici
kapitola). Indexy uginnosti (stanovené principiainé dle CSN EN 450-1 *°) rovnéz vykazuji velmi dobré
hodnoty z hlediska aktivity této alternativni slozky jako substituentu primarniho pojiva. Pro vyrobu desek
byl pouzit portlandsky cement CEM | 42,5 R (zavod Mokra), jehoz parametry odpovidaji pozadavkium
EN 197-1 . Dale byly pouzity smrkové tfisky dodané pfimo od vyrobce desek CIDEM Hranice, a.s.,
vCetné hydrata¢nich a mineralizacnich pfisad (sodné vodni sklo, siran hlinity). S ohledem na vysledky
analyz alternativnich surovin ™ 2 a jejich vliv na cementové kompozity ** byly navrzeny konkrétni
receptury cementotfiskovych desek (Tabulka 1).

Tabulka 1: SloZzeni cementotriskovych desek

Slozk Receptura — slozeni [%)]
OZKa
REF |V1/DT11|V1/DT12 | V1/DT21 | V1/DT22 | S1/DT11 | S1/DT12 | S1/DT21 | S1/DT22
Cemfzr‘g%EM Y 225 225 225 225 225 225 22,5 22,5
Vapenec VMV-
jpak 0 2,5 25 25 2,5 0 0 0 0
Teplarenska 0 0 0 0 0 2,5 2,5 25 25
Skvara
Smrkové trisky 63 56,7 50,4 56,7 50,4 56,7 50,4 56,7 50,4
— primarni
Druhotné trisky 0 6,3 12,6 0 0 6,3 12,6 0 0
0,5-1 mm
Druhotné trisky 0 0 0 6,3 12,6 0 0 6,3 12,6
1-2 mm
Hydratacni 2 2 2 2 2 2 2 2 2
pfisady
Voda 10 10 10 10 10 10 10 10 10

Metodika experimentu

Cementotfiskové desky byly vyrobeny v laboratofich Ustavu stavebnich hmot a dilct, Fakulty
stavebni, VUT v Brné. Vyroba probihala tak, aby byly co nejvérnéji simulovany realné podminky vyroby
tuzemského producenta desek (CIDEM Hranice, a.s.). V prvnim kroku vyroby byla pfipravena smés pro
zhotoveni desek. Nejprve byl do navihenych tfisek s pfimési siranu hlinitého a sodného vodniho skla
pfidan cement, pfip. substitu¢ni alternativni slozky. Nasledné byla smés dikladné promichana po dobu
3 minut pomoci stavebniho michadla. Déle byla na desky ocelové formy 450x450 mm pfes sito
s velikosti ok 2 mm nakladena vrstva smési v tloustce pfiblizné 1 — 2 mm. PokraCovalo vrstveni jadrové
vrstvy smési pres sito o velikosti oka 6 mm v tloust’ce pfiblizné 30 mm. Finalni vrstva byla opét kladena
pres sito s oky o velikosti 2 mm v tloustce 1 — 2 mm. Na takto pfipravenou smés byla umisténa ocelova
deska. Dotazenim matic byla smés ocelovou deskou slisovana na pozadovanou vrstvu do tloustky cca
14 mm. Vrstvena smés je zachycena na obrazku 1.
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Obrazek 1: Laboratorni vyroba cementotfiskovych desek; a) forma s navrstvenou smési
a slisovanymi deskami; b) detail navrstvené smési pred slisovanim

Slisovana smés mezi ocelovymi deskami byla vloZzena do propafovaci komory. Zde byla po dobu
6 hodin udrzovana teplota 40 az 45 °C, coz jsou podminky zajiStujici potfebnou manipulaéni pevnost
vzniklych desek. Nasledné byly desky vyjmuty z forem a umistény do laboratorniho prostfedi o teploté
20 °C a relativni vihkosti vzduchu 50 %, kde desky zraly po dobu 6 dni. Po zrani 6 dni byly desky suSeny
pfi teploté 70 az 75 °C po dobu 11 hodin. Nasledné byla z cementotfiskovych desek fezanim zhotovena
zkuSebni télesa (6 ks pro kazdy testovany parametr) o rozmérech v souladu s pfislusnymi technickymi
normami *?*. Probihalo zrani téles do dosazeni celkové doby 28 dni. Dale byla zku$ebni télesa
temperovana pfi teploté 20 °C a relativni vihkosti vzduchu 65 %. Polovina zkuSebnich téles byla
podrobena cyklickému zmrazovani a rozmrazovani dle ustanoveni technické normy CSN EN 1328 2.

Vazeni téles probihalo na vahach KERN PCB 1000-2 s pfesnosti 0,01 g. Rozméry byly stanoveny
digitalnim posuvnym méfitkem KINEX 600/100 mm s rozlidenim 0,01 mm. Z namé&fenych hodnot byla
stanovena hustota cementotfiskovych desek dle CSN EN 323 % a zaokrouhlena na nejbliz&ich 10 kg/m?.
Mechanické vlastnosti byly testovany na elektro-hydraulickém zafizeni Testometric M350-20CT
s pfesnosti zaznamu 0,5 % o citlivosti ¢teni zatéZovaci sily 1/1000 th. Stanoveni modulu pruZnosti
a pevnosti v ohybu bylo provedeno v souladu s pozadavky CSN EN 310 *". Pevnost v tahu kolmo na
rovinu desky byla stanovena dle ustanoveni technické normy CSN EN 319 *8. Mineralogické sloZeni bylo
analyzovano s vyuzitim pfistroje X-ray diffractometer Empyrean Panalytical (CuKa radiation) s uhlovym
rozliSenim 0,026 ° na praskovych vzorcich o maximalni velikosti zrna 63 pm. Mikrostruktura byla
pozorovana a hodnocena na rastrovacim elektronovém mikroskopu TESCAN MIRA3 XMU s rozliSenim
1,2nm pfi 30kV. Fyzikalné-chemické a mikrostrukturalni analyzy byly provedeny na vzorcich
odebranych ze zkusebnich téles po 28 dnech zrani.

Vysledky a diskuze

Dosazené vysledky hustoty (p — pfed zmrazovanim, p, — po zmrazovani) prokazuji, ze vliv provedené
modifikace slozeni cementotfiskovych desek teplarenskou Skvarou a druhotnymi tfiskami nema na
stanovené hodnoty vyrazny vliv. Pribéh hodnot (Obrazek 2) poukazuje na spiSe minoritni rozdily mezi
jednotlivymi typy desek (Ap). Zména hustoty desek se vyrazné neprojevi ani vlivem puasobeni
nepfiznivého prostiedi (Apy), tj. stfidavého zmrazovani a rozmrazovani. Zmény hustoty se pohybuji
jednotlivych hodnot od priméru. VyraznéjSi odchylky od priméru sledovaného parametru byly
zaznamenany Vv pfipadé receptur obsahujicich jako substituent teplarenskou Skvaru. S pfihlédnutim
k hodnotam stanovenych variacnich koeficientd (Tabulka 2) je evidentni, Ze desky modifikované
teplarenskou Skvarou vykazuji vy$Si miru variability. Vzhledem k dosazenym hodnotdm se ovSem
nejedna o pfili§ vyrazné diference. Lze usuzovat, ze vapenec pfispiva ke tvorbé struktury matrice desek
lépe, coz mlze mit pozitivni vliv na proménlivost dosazenych vysledkd hustoty. Z hlediska variability
hustoty se jednoznacné projevil negativni vliv mrazu, kdy byly stanoveny vyssi variaéni koeficienty desek
podrobenych cyklickému zmrazovani a rozmrazovani.
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Obrazek 2: Hustota cementotriskovych desek — referenénich (standardni receptura)
a modifikované vapencem, Skvarou a druhotnymi triskami; véetné zobrazeni chybovych usecek

Tabulka 2: Variacni koeficienty hustoty desek referen¢nich a modifikovaného sloZeni, véetné
komparace ruzného prostredi uloZeni desek

Hustota — variaéni koeficient [%]
Zkusebni
N Receptura
télesa
REF | V1/DT11 | V1/DT12 | V1/DT21 | V1/DT22 | S1/DT11 | S1/DT12 | S1/DT21 | S1/DT22
Srovnavaci | 1,03 2,03 2,61 3,65 1,84 4,25 4,38 3,64 3,96
Zmrazovana | 1,64 3,22 4,12 3,71 2,90 4,76 5,99 4,77 5,10

Podstatnou uzitnou vlastnosti cementotfiskovych desek je pevnost v ohybu (f,, — pfed zmrazovanim
fm2 — po zmrazovani). Stanovené vysledky pevnosti v ohybu (Obrazek 3) vykazuji jiz mezi jednotlivymi
typy desek patrnéjsi diference, nez v pfipadé hustoty. V pfipadé témeéF vSech hodnocenych typl desek
se projevil vliv davky druhotnych tfisek, kdy pfi 20% nahradé primarnich smrkovych tfisek druhotnymi Ize
zaznamenat vyraznéjSi poklesy ohybové pevnosti (fialova kfivka, hodnoty Af,, — Obrazek 3).
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Obrazek 3: Pevnost v ohybu cementotriskovych desek — referencnich (standardni receptura)
a modifikované vapencem, Skvarou a druhotnymi tfiskami; véetné zobrazeni chybovych useéek
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Vysledky pevnosti indikuji pfiznivy vliv druhotnych tfisek na mrazuvzdornost (fi,, Afy,2), a to konkrétné
varianta tfisek o velikosti v rozmezi 1 az 2 mm. Tento pozitivni vliv byl zaznamenan jak v pfipadé
modifikace matrice vapencem, tak Skvarou. Pozitivni vliv druhotnych tfisek Ize pfipisovat jejich vétsi
stabilité z hlediska expozice v prostfedi o zvySené vihkosti. Druhotné tfisky byly totiz ziskany z drcenych
odfezk(i cementotfiskovych desek. Proto jsou jiz tyto tfisky pomérné dobfe mineralizovany (vodnim
sklem, sirany a vapennymi ionty z cementové matrice). Druhotné tfisky jsou tedy mnohem vice odolné
vuci objemovym zménam pfi kontaktu s vodou a pfi vykyvech teploty. V dusledku pak pusobi pfi
bobtnani mensim tlakem na obklopujici matrici. Stejné jako v pfipadé hustoty se projevil vliv mrazu na
variabilité ohybové pevnosti, kdy desky vystavené stfidavému zmrazovani a rozmrazovani dosahuiji
mirné vysSich hodnot variacniho koeficientu (Tabulka 3).

Tabulka 3: Variacni koeficienty pevnosti v ohybu desek referencnich a modifikovaného slozZeni,
vcéetné komparace ruzného prostredi ulozeni desek

Pevnost v ohybu — variaéni koeficient [%)]

Zkusebni

télesa Receptura

REF |V1/DT11|V1/DT12|V1/DT21|V1/DT22|S1/DT11|S1/DT12|S1/DT21 |S1/DT22

Srovnavaci | 5,21 6,32 8,32 6,98 7,29 7,87 9,50 7,25 8,38

Zmrazovana | 6,97 8,45 10,57 8,26 8,97 8,97 8,41 7,85 8,23

Pribéh hodnot modulu pruznosti v ohybu (Obrazek 4, E., — pfed zmrazovanim, E.,, — po zmrazovani,
AE;, — zména modulu vlivem modifikace slozeni) do zna¢né miry kopiruje trend pevnosti v ohybu
(Obrazek 3). Zajimava je mirna odliSnost pribéhu kfivek charakterizujicich pokles sledovaného
parametru vlivem cyklického zmrazovani a rozmrazovani (AE;), kdy desky S1/DT21, tedy na bazi
Skvary a druhotnych tfisek 1 az 2 mm vykazuji velmi nizky az nulovy pokles ohybového modulu
pruznosti. Nicméné je patrné, ze v pfipadé modifikace matrice desek Skvarou i vapencem s vyuzitim
tfisek o velikosti 1 az 2 mm dochazi ke zlepSeni mrazuvzdornosti, tj. obdobné jako v pfipadé pevnosti
v ohybu.
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Obrazek 4: Modul pruznosti v ohybu cementotfiskovych desek — referen¢nich (standardni
receptura) a modifikované vapencem, Skvarou a druhotnymi tfiskami; véetné zobrazeni
chybovych usecek

S ohledem na variabilitu hodnot modulu pruznosti v ohybu (Tabulka 4) je evidentni, Zze rozptyly téchto
hodnot jsou mirné vy3Si v porovnani s variabilitou hodnot ohybovych pevnosti (Tabulka 3). Modifikace
slozeni cementotfiskovych desek se tedy z hlediska variability i poklesu dosaZenych hodnot projevi ve
vétSim méfitku na modulu pruznosti neZli na ohybové pevnosti.
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Tabulka 4: Variacni koeficienty modulu pruznosti v ohybu desek referen¢nich a modifikovaného
slozeni, véetné komparace ruzného prostredi uloZzeni desek

Modul pruznosti v ohybu — variaéni koeficient [%]
Receptura
REF |V1/DT11|V1/DT12|V1/DT21|V1/DT22|S1/DT11|S1/DT12|S1/DT21|S1/DT22

Srovnavaci | 5,49 6,58 8,78 8,67 7,89 8,65 10,29 8,47 9,83
Zmrazovana | 6,57 7,51 10,06 9,64 9,02 10,32 11,47 9,25 11,08

Zkusebni
télesa

Podstatnou uZitnou vlastnosti cementotfiskovych desek je rovnéZz pevnost v tahu kolmo na rovinu
desky, tj. rozlupCivost (Obrazek 5, f.. — pfed zmrazovanim, f., — po zmrazovani). Vzhledem k poklesu
tohoto hodnoceného parametru vlivem modifikace slozeni desek (Af.) Ize konstatovat, ze se zde Uprava
slozeni desek projevila v nejvétsim méFitku. Pokles rozlupcivosti dosahuje az pres 20 % vlivem upravy
slozeni desek. Dale je patrné, Ze modifikace vapencem se projevila pozitivnéji na odolnosti desek vici
vlivu mrazu (Af,), coz potvrzuji i vysledky pevnosti v ohybu (Obrazek 3).
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Obrazek 5: Pevnost v tahu kolmo na rovinu desky cementotriskovych desek — referenc¢nich
(standardni receptura) a modifikované vapencem, Skvarou a druhotnymi triskami; véetné
zobrazeni chybovych usecéek

Mira variability pevnosti v tahu kolmo na rovinu desky (Tabulka 5) je nejvy38Si z posuzovanych
parametrt. Tuto skute€nost bylo do zna&né miry mozné predikovat, nebot nejvétSi objemové zmény
probihaji s ohledem na orientaci smrkovych tfisek v deskach pravé ve sméru tloustky. V tomto sméru
totiz také probiha hutnéni (lisovani) desek pfi jejich vyrobé&. Timto jsou do tfisek, resp. desek vnasena
napéti, ktera se pak nasledné pfi kontaktu desek s vodou mohou uvolfiovat a pUsobi pravé ve sméru
tloustky. Tuto hypotézu také podporuji vysledky jinych autord * #. Negativni vliv plisobeni napéti
v deskach vyvolané objemovymi zménami smrkovych tfisek pak jesté umocni pfipadné poruchy
soudrznosti matrice (napf. zhor$eni vlivem modifikace slozeni matrice).

Tabulka 5: Variacni koeficienty pevnosti v tahu kolmo na rovinu desky zkusSebnich téles
referen¢nich a modifikovaného slozZeni, véetné komparace ruzného prostredi ulozeni desek

Pevnost v tahu kolmo na rovinu desky — variaéni koeficient [%]

ZkusSebni

télesa Receptura

REF |V1/DT11|V1/DT12|V1/DT21|V1/DT22|S1/DT11|S1/DT12 |S1/DT21 | S1/DT22

Srovnavaci | 6,87 7,84 9,68 10,02 10,23 10,24 12,26 10,16 9,41
Zmrazovana | 7,81 8,57 10,84 10,84 11,26 12,47 15,69 11,32 10,27
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Puvod pouZzitych tfisek ma na finalni vlastnosti dfevo-cementového kompozitu, tj. i cementotfiskovych
desek velmi vyznamny vliv, coz se v ramci zde prezentovaného vyzkumu potvrdilo nejvyraznéji na odolnosti
desek vlci vlivu mrazu. Velmi vyraznou zavislosti na pouzitém druhu odpadniho dieva do dfevénymi tfiskami
vyztuZenych cementovych kompozitd podporuiji i vysledky prezentované Nasserem a kol. *°.

Provedenym mineralogickym rozborem bylo prokazano, ze fazové slozeni vSech analyzovanych typu
desek je obdobné. Ve vSech deskach byly nalezeny obdobné mineraly a gelové struktury, tj. dominantné
portlandit, kalcit, CSH struktury a amorfni faze, stopové pak ettringit a slinkové mineraly. Diference Ize
zaznamenat spiSe v intenzité difrakCnich linii, kdy receptury s obsahem vapence vykazuji vyraznéjsi piky
kalcitu a naproti tomu desky s obsahem Skvary jsou charakterizovany navic pfitomnosti mulitu, hematitu
a vyraznéji zvySenym pozadim (skelna faze). Pfitomnost skelné faze v deskach s obsahem teplarenské
Skvary indikuje, Ze ne vSechna zrna této Skvary se aktivné zapojila do utvareni struktury cementové
matrice desek. Tvorba ettringitu byla v mirné vétsi mife zaznamenana v pfipadé referenéni receptury,
coz ovSem souvisi s vy$§im obsahem C3A. Desky obsahujici druhotné tfisky o velikosti 0,5 az 1 mm se
vyznacuji vy8Sim mnozstvim portlanditu a CSH fazi, coz koresponduje se skute€nosti, Zze pouzité
druhotné tfisky obsahuji i zbytky cementové matrice. Cementova matrice ulpivajici na povrchu
druhotnych tfisek ma plvod v pfipravé této alternativni suroviny, kdy zdrobrovaci a tfidici proces
nevykazuje 100% uspésnost separace cementové matrice a dfevni hmoty. V pfipadé druhotnych tfisek
o velikosti 1 az 2 mm se jiz tento faktor neprojevil v tak vyrazné mire.

Mikrostruktura a prvkova analyza analyzovanych desek (Obrazek 6 az 9) je kompaktni bez zjevnych
poruch mezi jednotlivymi fazemi matrice. Obé modifikacni slozky matrice synergicky spolupusobi
s hydrata&nimi produkty a parcialné se zapojuji pfi utvareni struktury matrice. Vapenec je v tomto ohledu
vyhodnéjsi variantou substituentu cementového pojiva.

Interfacialni zéna matrice a smrkovych tfisek nevykazuje poruchy &i defekty a hydrataéni produkty
pronikaji do bun&&né struktury tfisek (Obrazek 9). K obdobnému zji$téni dospél i Capari a kol. &, kdy bylo
mikrostrukturalni analyzou prokazano, ze dochazi k migraci iontll cementové matrice do struktury dfeva.
Dle Frybort a kol. ?® dochazi mezi dfevni hmotou a cementovou matrici k vyméné iontdl, coZ pfispiva
k zlepSeni zakotveni matrice k povrchu dfevénych tfisek.

Na zakladé prvkové analyzy se potvrdil pfedpoklad, Ze ne v8echna zrna Skvary a v mensi mife
i vapence se aktivné nepodilela na utvareni struktury cementové matrice, kdy pusobila spiSe jako inertni
mikroplnivo (Obrazek 7 a 8). Elektronovym mikroskopem bylo prakticky nemozné rozlisit tfisky druhotné
a primarni.
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Obrazek 6: Mikrostruktura desek REF; a) vyznaceni lokality vyskytu ettringitu;
b) identifikace prvki
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Zaveér

Dosazené vysledky a zjiSténi prokazaly, Zze modifikace slozeni cementotfiskovych desek jemné
mletym vapencem, teplarenskou skvarou a druhotnymi tfiskami (z drcenych odfezkl cementotfiskovych
desek) vykazuje znacné vysoky potencial. Vyjma vapence, vSechny zminéné suroviny prozatim
nenalézaji dalSiho uplatnéni a tak pfedstavuji zatéz pro zZivotni prostfedi a v pfipadé odfezku i finanéni
zatéz pro jejich puvodce, kdy je nutné tento vedlejSi produkt vyroby cementotfiskovych desek

skladkovat. Zadna z analyzovanych surovin neni v souéasnosti vyuzivana jako slozka receptury pro
vyrobu cementotfiskovych desek.

S ohledem na nizSi naro€nost pfipravy alternativnich slozek lze shledat jako vyhodnéjsi variantu
V1/DT21, kde 10 % vapence nahrazuje primarni pojivo (portlandsky cement) a 10 % druhotnych tfisek
substituuje primarni tfisky (oba typy — smrkové dievo).

Jako environmentalné Setrné&jsi Ize pro dalSi komercni vyuziti shledat recepturu S1/DT21, kde 10 %
teplarenské Skvary nahrazuje primarni pojivo (portlandsky cement) a 10 % druhotnych tfisek substituuje
primarni tfisky (oba typy — smrkové dfevo). Nevyhodou této varianty je nutnost mleti skvary na mérny
povrch piesahujici 500 m?/kg.

S uvazenim stanovenych materidlovych vlastnosti a chovani desek b&éhem cyklického zmrazovani
a rozmrazovani lze konstatovat, ze vSechny testované desky vyhovuji pozadavkim dle pfislusnych
technickych norem.

Jednoznacné se projevil pozitivni vliv druhotnych tfisek na mrazuvzdornost, a to pomérné vyrazné
v pfipadé nahrady primarnich tfisek druhotnymi tfiskami o velikosti 1 az 2 mm. Ddvodem je lepSi
objemova stabilita druhotnych tfisek, coz souvisi s jejich pfedchozi mineralizaci (v ramci vyroby
cementotfiskovych desek). Tyto druhotné tfisky tedy vstupuji do vyrobniho procesu s jiz pomérné
stabilizovanymi vlastnostmi.

Mineralogické slozeni analyzovanych variant cementotfiskovych desek souvisi s puvodem jejich
surovin, coz bylo prokazano kvalitativnim XRD rozborem fazového slozeni. Podstatna je skuteCnost, Ze
Skvara se do 28 dni zrani uplatni spiSe jako inertni plnivo. Tuto skute€nost potvrzuji i pfedchozi
zjisténi .

Rastrovacim elektronovym mikroskopem byla potvrzena zjisténi XRD analyzy. Rovnéz je patrné, zZe
mikrostruktura modifikovanych desek je kompaktni s minimaini odliSnosti od referenénich desek.
Rozhrani cementové matrice a smrkovych tfisek nevykazuje poruchy a hydratacni produkty matrice
pronikaji do bunééné struktury dfeva. BohuZel nebylo mozné jednoznacné rozliSit primarni a druhotné
tfisky.

V ramci navazujiciho vyzkumu nyni probiha dlouhodobé expozice desek v laboratornim a dale i jinych
agresivnich prostfedich (CO,, SO,, atp.), ¢imz bude nasledné mozné zpfesnit a rozSifit stavajici
vysledky a zjisténi. Dale budou realizovany i doplrikové zkousky, pro uceleni souboru materialovych
charakteristik desek (tloustkové bobtnani, rozmérové zmény atd.), ¢imz bude umoznéno komplexni
posouzeni chovani navrZzenych variant materialového slozeni.

Podékovani

Tento vysledek byl realizovan za finanéni podpory projektu GA CR &islo 19-00291S s nazvem
LAnalyza procest pii utvafeni struktury silikatovych kompoziti s organickymi pinivy a jejich chovani za
specifickych podminek namahani*,

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz WASTE FORUM 2021, ¢islo 4, strana 270



Tomas MELICHAR, Jiri BYDZOVSKY, Sarka KEPRDOVA, Amos DUFKA: Cementotfiskové desky s vy$§im
obsahem netradicnich alternativnich surovin substituujicich pojivo a tfisky

Literatura

1 Hossain MU, Wang L, Yu IKM, Tsang DCW, Poon Ch-S (2018) Environmental and technical
feasibility study of upcycling wood waste into cement-bonded particleboard, Construction and
Building Materials 173:474-480. doi: https://doi.org/10.1016/j.conbuildmat.2018.04.066.

2 Kochova K, Gauvin F, Schollbach K, Brouwers HJH (2020) Using alternative waste coir fibres as
a reinforcement in cement-fibore composites, Construction and Building Materials 231:117121.
doi: https://doi.org/10.1016/j.conbuildmat.2019.117121.

3 Ezerskiy V., Kuznetsova N. V., Seleznev A. D., Evaluation of the use of the CBPB production waste
products for cement composites, Construction and Building Materials, Volume 190 (2018) 1117-
1123.

4 WanglL., ChenS.S., Tsang D. C. W., Poon Ch. S., Shih K. Value-added recycling of construction
waste wood into noise and thermal insulating cement-bonded particleboards, Construction and
Building Materials, Volume 125 (2016) 316 — 325.

5 Ashori A., Tabarsa T., Sepahvand S.: Cement-bonded composite boards made from poplar strands,
Construction and Building Materials, Volume 26, Issue 1 (2012) 131 — 134.

6 Cabral M. R., Nakanishi E. Y., Marmol G., Palacios J., Godbout S., Lagacé R., Savastano H., Fiorelli
J.: Potential of Jerusalem Artichoke (Helianthus tuberosus L.) stalks to produce cement-bonded
particleboards, Industrial Crops and Products, Volume 122 (2018) 214 — 222.

7 He P., Hossain M. U., Poon Ch. S., Tsang D. C. W. Mechanical, durability and environmental
aspects of magnesium oxychloride cement boards incorporating waste wood, Journal of Cleaner
Production, Volume 207 (2019) 391 — 399.

8 Caprai V., Gauvin F., Schollbach K., Brouwers H.J.H. Influence of the spruce strands hygroscopic
behaviour on the performances of wood-cement composites, Construction and Building Materials,
Volume 166 (2018) 522 — 530.

9 Menezzi, C., Castro, V., Souza, M. Production and properties of a medium density wood-cement
boards produced with oriented strands and silica fume. Ciencia y tecnologia, Volume 9, Issue 2,
Maderas (2007) 105 — 115.

10 Nasser RA, Salem MZM, Al-Mefarrej HA, Aref IM (2016) Use of tree pruning wastes for
manufacturing of wood reinforced cement composites, Cement and Concrete Composites 72:

246 — 256. doi:10.1016/j.cemconcomp.2016.06.008.

11 Melichar, T., Bydzovsky, J., Dufka, A. Detailed analysis of modified by-product from cement-bonded
particle board fabrication. WSEAS Transactions on Environment and Development. 2018. 14.
408 — 417. ISSN: 1790-5079. http://www.wseas.org/multimedia/journals/environment/2018/b025915-
abs.pdf.

12 Melichar, T., Bydzovsky, J., Dufka, A., Seldom Used By-product from Trimming Cement-bonded
Particleboards Shows Potential for Modifying Building Materials Composition. WasteForum. 2019.
No. 4. pp. 368 — 377. ISSN 1804-0195.

13 CSN EN 196-6 Metody zkou$eni cementu - Cast 6: Stanoveni jemnosti mleti, 2019.

14 Melichar, T., Lédl, M., Bydzovsky, J., Dufka, A. Effectof use of non-traditional raw materials on
properties and microstructure of cement-bonded particleboards. WasteForum. 2020. No. 4.
pp. 254 — 264. ISSN 1804-0195.

15 CSN EN 450-1 Popilek do betonu - Cast 1: Definice, specifikace a kritéria shody, 2013.

16 CSN EN 197-1 Cement - Cést 1: SloZeni, specifikace a kritéria shody cementti pro obecné pouZziti,
2012.

17 CSN EN 310 Desky ze dfeva. Stanoveni modulu pruznosti v ohybu a pevnosti v ohybu, 1995.
18 CSN EN 319 Trieskové a vlaknité dosky. Stanovenie pevnosti v tahu kolmo na rovinu dosky, 1994.

19 CSN EN 634-2 Cementotfiskové desky - Specifikace - Cast 2: Pozadavky pro tFiskové desky pojené
portlandskym cementem pro pouziti v suchém, vihkém a venkovnim prostfedi, 2007.

20 CSN EN 323 Dosky z dreva. Zistovanie hustoty, 1994.

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz WASTE FORUM 2021, ¢islo 4, strana 271


https://www.scopus.com/record/display.uri?eid=2-s2.0-85061285974&origin=reflist&sort=plf-f&src=s&st1=Detailed+Analysis+of+Modified+By-Product+from+Cement-Bonded+Particle+Board+Fabrication&st2=&sid=cfed8aedc97a2c53274760256a75e5ee&sot=b&sdt=b&sl=101&s=TITLE-ABS-KEY%28Detailed+Analysis+of+Modified+By-Product+from+Cement-Bonded+Particle+Board+Fabrication%29&recordRank=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85061285974&origin=reflist&sort=plf-f&src=s&st1=Detailed+Analysis+of+Modified+By-Product+from+Cement-Bonded+Particle+Board+Fabrication&st2=&sid=cfed8aedc97a2c53274760256a75e5ee&sot=b&sdt=b&sl=101&s=TITLE-ABS-KEY%28Detailed+Analysis+of+Modified+By-Product+from+Cement-Bonded+Particle+Board+Fabrication%29&recordRank=
http://www.wseas.org/multimedia/journals/environment/2018/b025915-abs.pdf
http://www.wseas.org/multimedia/journals/environment/2018/b025915-abs.pdf

Tomas MELICHAR, Jiri BYDZOVSKY, Sarka KEPRDOVA, Amos DUFKA: Cementotfiskové desky s vy$§im
obsahem netradicnich alternativnich surovin substituujicich pojivo a tfisky

21 CSN EN 1328 Cementotfiskové desky - Stanoveni odolnosti proti mrazu, 1998.
22 CSN EN 317 Triskové a vlaknité desky. Stanoveni bobtnani po uloZeni ve vodé, 1995.

23 CSN EN 318 Desky ze dfeva - Stanoveni rozmérovych zmén v zavislosti na zménach relativni
vihkosti vzduchu, 2003.

24 Fuwape, J.A.; Fabiyi, J.S.; Osuntuyi, E.O. (2007) Technical assessment of three layered cement-
bonded boards produced from wastepaper and sawdust. Waste Management 27(11),
pp. 1611 — 1616.

25 Rowell, R.M. (2005) Chemical modification of wood. In: Rowell, R.M. (Ed.), Handbook of Wood
Chemistry and Wood Composites. CRC Press, Boca Raton, FL, pp. 381 — 420.

26 Frybort, S., Mauritz, R., Teischinger, A., Miller, U. Cement bonded composites — a mechanical
review, BioResources 3 (2008) 602 — 626.

Cement-bonded particleboards with higher content of non-traditional
alternative raw materials substituting binder and chips

Tomas MELICHAR, Jiri BYDZOVSKY, Sarka KEPRDOVA, Amos DUFKA

Brno University of Technology, Faculty of Civil Engineering, Veveri 331/95, 602 00 Brno, Czech
Republic, e-mail: melichar.t@fce.vutbr.cz, bydzovsky.j@fce.vutbr.cz, keprdova.s@fce.vutbr.cz,
dufka.a@fce.vutbr.cz

Summary

This paper presents a laboratory research focused on assessing the properties and microstructure of
cement-bonded particleboards modified by alternative raw materials. Specifically, composition of the
binding agent was modified by finely ground limestone and heating plant slag. Simultaneously
a composition of wood content was modified, i.e. spruce chips. Secondary spruce chips obtained from
the treatment of offcuts, which are a by-product of the production of cement-boded particleboards, were
used as a substituent. The binder was substituted in quantities of up to 10 % and the spruce chips were
substituted in amount of 10% to 20%. The properties of the cement-bonded particleboards were
analysed after 28 days of ageing in laboratory conditions, including evaluating frost resistance
(100 cycles). The results of the presented research are beneficial (in terms of environmental aspect and
science). Utilization of alternative raw materials, which are otherwise not used (except for limestone) and
thus represent waste, will reduce the environmental burden and at the same time preserve the utility
properties of cement-bonded particleboards without negatively affecting their microstructure.

Keywords: Cement-bonded particleboard, offcuts, slag, limestone, crushing, grinding, spruce chips,
by-product, waste, mechanical parameters, mineralogical compaosition, microstructure.

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz WASTE FORUM 2021, ¢islo 4, strana 272



Miroslava VANDLICKOVA, Iveta MARKOVA, Stanislava GASPERCOVA, Katarina HOLLA:
Vplyv granulometrického zloZenia prachu cumaru na riziko iniciacie

Vplyv granulometrického zlozenia prachu cumaru na riziko
iniciacie

Miroslava VANDLICKOVA, Iveta MARKOVA', Stanislava GASPERCOVA,
Katarina HOLLA

Zilinska univerzita v Ziline, Fakulta bezpecnostniho inZinierstva,ul. 1. maja 32, 010
26 Zilina, e-mail: miroslava.vandlickova@fbi.uniza.sk, iveta. markova@uniza.sk,
stanislava.gaspercova@fbi.uniza.sk, katarina.holla@fbi.uniza.sk

" korespondenéni autor

Suhrn

Prispevok sa zaobera analyzou granulomertickej skladby frakcii drevného brusneho prachu cumaru
(Dipteryx odorata) pripraveného pomocou rucnej vibraénej brisky Makita 9556CR 1400W, sandpaper.
Za ucelom selektovania percentualnych podielov jednotlivych frakcii (<63; 63; 71; 200, 315; 500 um)
vzoriek drevného prachu sa vzorky sitovali na automatickom vibraénom sitovacom stroji Retsch AS 200
control. Tento typ exotickej dreviny bol vybrany s ohladom na jeho vyuZitie pri vyrobe podlahovych
krytin, nabytku a interiérovych dekorativnych predmetov.

Ciefom &lanku je prezentacia granulometrického zloZenia prachu cumary a sledovanie vplyvu frakcii
na spravanie sa prachu pri jeho tepelnom zatazeni.

Vysledky ukazuju rozdielne spravanie pri termickej degradacii jednotlivych frakcii pocas ich tepelného
zataZenia. Teplota vznietenia rozvireného prachu bola stanovena na 410 °C pre frakciu 500 um a so
zmenou velkosti Castic sa zniZila na 370 °C (frakcia 71 um). Vysledky ukazuju rozdielne spravanie pri
termickej degradacii jednotlivych frakcii po¢as ich tepelného zatazenia. Désledok zniZzenia teploty
iniciacie je v zmene rozmerov a plochy prachovych &astic. So zmen$ujucim sa rozmerom drevnych
prachovych Castic narasta riziko tvorby vybusnej prachovzdusnej zmesi v pracovnom prostredi a klesa
hodnota minimalnej teploty vznietenia.

Riziko iniciacie bolo sledované aj metodou termickej analyzy (TGA — termogravimetricka analyza),
kde sa potvrdil dvojstupriovy termicky rozklad dreva. Prvé zmeny (suSenie) nastavaju pri 67 °C,
maximalnu rychlost rozkladu sledujeme pri 329 °C a v druhom stupni pri 447 °C.

Kracové slova: cumaru, drevny prach, teplota iniciacie

Uvod

Prach je definovany ako malé pevné Castice v atmosfére, ktoré sa usadzuju vlastnou vahou, ale ktoré
moZu zostat rozprasené/rozvirené vo vzduchu nejaky ¢as'?. Pod pojem prach je vo véeobecnosti mozné
zahrnut rozomleté pevné latky oznaované ako puder, mucéka, prasok, Glomky vlakien apod. 3. Drevny
prach, ako vedlaj$i produkt pri spracovani dreva **>®"®° zohrava negativnu ulohu pri posudzovani
nebezpedenstva vzniku poziaru ' alebo vybuchu '*1*'*1>1° Dal§im vyznamnym, ale neziaducim
efektom je vplyv drevného prachu na ludsky organizmus **'.

Negativny ucinok drevného prachu je ovplyvneny velkostou Castic. Frakcie s vacSou velkostou maju
tendenciu sa usadzat '°'*'°. Pog&etnost mikrofrakcii (<100 pym) evokuje vznik rozvirenej formy prachu.
Vo vyrobnom procese vznikajl takmer vyluéne prachy polydisperzné, obsahujlce Gastice roznych velkosti *%.
Granulometrickou analyzou sa zistuje stupern rozdrvenia zakladného materialu, ktory je jednou
z charakteristickych schopnosti prachu vytvarat disperzni sustavu . Sitovanim je vytvarany subor
Castic do jednotlivych velkostnych intervalov, odkial sa potom prisluSnym postupom odvodi kumulativna
krivka zrnitosti .
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Prach sa vyskytuje v pracovnom prostredi vo forme ako usadeny (aerogel) a rozvireny (aerosdl).
Uvedené formy moézu lahko menit stav z usadeného na rozvireny (napr. vibraciami, otrasmi alebo
pradom vzduchu) * 2. PoZiarne nebezped&enstvo drevného prachu zavisi od jeho formy. Usadeny drevny
prach ma sklon k samovznieteniu a bezplamefiovému horeniu (tleniu). Bezplamenové horenie (tlenie) je
nebezpecéné kvoli produkcii velkého mnozstva splodin horenia, predovSetkym oxidu uholnatého.

NebezpecnejSou formou z hladiska protipoziarnej bezpelnosti je rozvireny prach, ktory je zdrojom
rizika explézie #* ?*. Horlavy prach v rozvirenom stave je schopny prudko oxidadne reagovat a tato
reakcia ma charakter vybuchu a za urgitych podmienok méze tento dej prejst az do detonacie *%.
Klacovy parameter hodnotiaci nebezpecenstvo vzniku iniciacie rozvireného prachu je teplota vznietenia.
Sleduje sa v predpisanom ski$obnom zariadeni (v peci) podla EN 50281-2-1: 2002 2, kde je rozvirena
vzorka drevného prachu vystavena pdsobeniu salavého tepla. Teplota vznietenia rozvireného prachu je
vzduchu vnutri tejto pece 2.

Cumaru (Dipteryx odorata) patri do skupiny amazonskych drevin *** a pouziva sa pri vyrobe

podlahovych krytin, nabytku a interiérovych dekorativnych predmetov 2"?®. Drevo tohoto stromu ma
netradiéni &ervenooranzovu farbu a zaujimavd kresbu 2°%%3'. V porovnani s eurépskym drevom su
tropické dreviny tvarovo stalejSie z dévodu rastu vo vys3ej relativnej vihkosti vzduchu a v stélejSich
klimatickych podmienkach. Tropické dreviny su viac homogénne (nie je taky vyrazny rozdiel medzi
letnym a jarnym drevom) neZ eurdpske dreviny 3223, Tropické drevo ma vy$siu hustotu a vy$siu tvrdost,
a preto st menej nachylné na opotrebovanie ***. Tropické dreviny maju vy$siu Zivotnost a st vhodné aj
pre umiestnenie do vihkého prostredia. Preto sa tropické drevo Casto vyuziva do exteriérov napr. ako
drevena podlaha na terasy, stoly, stoliky, obklady bazénov a podobne **. Zvy$ena odolnost proti
poveternosti ho predurduje na pouzitie ako fasadneho obkladu drevenych stavieb 3**". V/ sugasnosti sa
exotické dreviny Coraz Castejie spracovavaju v nasich podmienkach a to prinasa tvorbu ich drevného
prachu. O parametroch posudzujucich riziko vznietenia cumaru dreva a jeho prachu je malo poznatky.

Tropicka drevina cumaru je v centre pozornosti *#%94%4! Soriano a kol. ** stanovil hustotu cumaru
v rozpati 1060 — 1070 kg.m™. Cumaru (Dipteryx odorata) patri do skupiny tvrdych drevin.

Ciefom prispevku je analyza drevného prachu Cumaru (Dipteryx odorata) prostrednictvom
granulomertickej sitovej analyzy, identifikacia morfologickej Struktiry a stanovenie vybranych fyzikalnych
vlastnosti. Jednou z experimentalne skumanych charakteristik hodnotiacich poZiarne riziko drevnych
prachov bola aj teplota vznietenia, ktord bola stanovena pre rézne frakcie drevného prachu cumaru.
Zaroven je ciefom prispevku sledovat vplyv velkosti Castic rozvireného prachu na zmenu minimalnych
tepl6t vznietenia.

Metodika a materialy

Vyskum zvolenych parametrov cumaru vyplyva z poZiadaviek slovenskych spracovatelov, ktori
zaradili uvedenu drevinu do ponuky predavaného tovaru a dochadza k spracovaniu a uprave uvedenej
dreviny v naSich prevadzkach.

~Vychodiskovy tvar vzoriek Cumaru (Dipteryx odorata) (Obrazok 1) boli hranoly o rozmeroch 152 mm
(dlzka) x 38 mm (Sirka) x 38 mm (vySka). Vzorky boli vysuSené na vihkost cca 8 + 10 % a pripravené
v drevarskej dielni sukromnej firmy, ktora vyraba interiérové prvky.

Obrazok 1: Vzorka Cumaru (Dipteryx odorata)
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Brusené boli vzorky cumaru (Dipteryx odorata) (Obrazok 2) pomocou ru¢nej kotucovej brusky Makita
9556CR 1400W, brusny papier K36, pricom vznikal drevny prach. Vzorky pripravoval skiuseny odbornik
na brusenie, aby sa proces brusenia, ¢o sa tyka pritlaku brusiaceho prostriedku na povrch dielca,
rychlosti brusenia ako aj smeru brusenia (krizové), ¢o najviac priblizil realite. Nabruseny prach bol
zbierany do zasobnika na kotucovej bruske, odkial bol nasledne presypany do sklenenej hermeticky
uzavretej nadoby, aby sa nezvySovala vihkost ziskaného prachu. Po kazdom bruseni bol zasobnik
vyCisteny a brusenie sa opakovalo 3x. Z kazdej dreviny bol ziskany prach o hmotnosti 300 g ako zaklad
pre granulometricku analyzu.

1

Obrazok 2: Pripraveny experimentalny material - drevny prach cumaru

Fyzikalne viastnosti drevnych prachov a sitova analyza

ViIhkost vzoriek drevného prachu bola stanovena gravimetricky a sypna hustota drevnych prachov
bola stanovena podia ISO 23145-1 ** (Tabulka 1). Vzorky boli vystavené prostrediu pribliznému
stolarskej dielni, aby sa dosiahli ¢o najrealnejSie vysledky. Toto prostredie predstavovalo uzatvoreny
priestor s teplotou 22 °C, tlakom prostredia 91 870 Pa a relativnou vihkostou miestnosti 39 %.Nasledne
boli vzorky prachov umiestnené do sklenenych hermeticky uzavretych nadob a boli prenesené na
testovanie vlhkosti vahovou metédou. Testovanie vihkosti bolo vykonané podfa EN 13183-1 *.

Sitova analyza bola vykonana na sitovacom stroji Retsch AS 200 podfa ISO 3310-1:2007-03 “*.
Vrecko sa po kazdej drevine vycistilo pouzitim priemyselného vysavaca. Na zaklade sitovej analyzy boli
jednotlivé druhy drevnych prachov rozdelené do Siestich frakcii (500 ym, 315 ym, 200 ym, 100 pm,
71 ym, 63 ym a < 63 pm). Sita boli odvazené spolu s navazkou drevného prachu na laboratérnych
vahach s presnostou vazenia 0,001 g. Postup merania bol vykonany s hmotnostou navazky 30 g
v 5 meraniach, po dobu 10 minut.

Urcenie tvaru a velkosti ¢astic drevnych prachov

Stavba dreva méze byt pozorovana na makroskopickej a mikroskopickej trovni “°. Ur&enie tvaru
a velkosti Castic drevnych prachov bolo realizované mikroskopickou analyzou mikroskopom Nikon
Eclipse Ni s kamerou Nikon DS-Fi2. Struktdra drevnych prachov bola sledovana pod stereomikroskopom
Nikon SMZ 1270. Stereomikroskop Nikon SMZ sa pouziva na pozorovanie trojrozmernych
mikroskopickych predmetov. Mikroskopické analyzy drevnych prachov boli scenované pre frakciu
100 pym.

Stanovenie teploty vznietenia rozvirenych prachov

Experimenty boli realizované v skuSobnom zariadeni na meranie minimalnych teplét vznietenia
rozvirenych prachov, ktoré bolo doplnené automatickymi vahami HL 100, ZU, kompresorom na stlateny
vzduch EINHELL a zariadenim ALMEMO na meranie teploty vo vnutri experimentalneho zariadenia.
Postup merania sa realizoval podia STN EN 50281-2-1 2. Podrobny popis experimentu
a fotodokumentécia je v prispevku Vandlickovej a kol. *'.

Brusenie, sitova a gravimetricka analyza a stanovenie teploét vznietenia sa realizovali
v Poziarnochemickom laboratériu na Katedre poziarneho inzZinierstva Fakulty bezpeénostného
inZinierstva v Ziline.
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Realizacia termogravimetrickej analyzy (TGA)

Termogravimetricka analyzy (TGA) je rychly sp6sob odhadu zmeny lignocelulézového materialu pri
tepelnej degradécii v laboratérnych podmienkach *¢. Dosiahnuté TG krivky ukazuju vztah medzi rastom
alebo poklesom hmotnosti na teplote. Tepelnou analyzou sa sleduje rychlost degradacie, ubytok
hmotnosti, zmena teploty rozkladu, zmeny v exotermickych a endotermickych efektoch atd. Vodorovné
Casti TG, DTG krivky, sa vyznacuju konstantnou hmotnostou a strmost’ charakterizuje rychlost zmeny
hmotnosti a prechod maximalneho bodu (dm/dt max) *°. TG analyza bola uskutoénena na pristroji
METTLER STARe SW 9.01, vyhodnocovana prislusnym softwarom na Fakulte bezpecénostniho
inzenyrstvi TU-VSB v Ostrave. Z experimentalnych merani boli ziskané TG, DTG krivky, ktoré su
prezentované v nasledovnych &astiach. Ubytok na hmotnosti bol udavany v percentach z pévodne;
hmotnosti vzorky.

Vysledky a diskusia
Vysledky stanovenia fyzikalnych parametrov prachov cumaru

Priprava vzoriek bola spojena so zakladnym testovanim, ato stanovenim hustoty vzoriek dreva
(Tabufka 1) a sypnej hustoty drevného prachu cumaru. Dezintegracia drevnej hmoty na prach nemeni
elementarne chemické zloZenie *°, ale meni pomer velkosti povrchu k objemu dezintegrovanej &astice
(priklad Obrazok 1 a Obrazok 2) ako aj hustotu (Tabulka 1).

Tabul'ka 1: Gravimetrické stanovenie hustoty vzoriek a sypnej hustoty drevnych prachov

Prach Hustota v_zgorlek Priemerna sygna hustota Vihkost’ [%]
[kg.m™] [kg.m™]
Cumaru 1075,69+12,25 190,30+2,46 5.93+0.05

Vysledky sitovej analyzy

Percentualne podiely frakcii prachu cumaru (Tabulka 2) su prezentované od frakcie 500 ym, kedze
vysSie podiely sa pohybovali okolo 1 % u vSetkych vzoriek (Obrazok 2), ¢o je v zhode s vysledkami
domaécich drevin #*°',

Tabulka 2: Vyhodnotenie % podielov frakcii prachu cumaru

Vzorka % podiel frakcii vzoriek drevnych prachov
500 pm 315 pm 200 pm 100 pm 71lum 63 um [ <63 um
Cumaru 1,15 2,78 26,92 36,37 21,14 6,07 5,18
prach +0,07 +0,75 +0,78 +1,20 +0,87 +0,59 +0,49
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Obrazok 2: Kumulativna krivka prachu Cumaru

Vysledky stanovenia tvaru, vel'kosti ¢astic a mikroskopicka analyza prachovych cCastic
Cumaru

Prach je rozdrvena (disperzna) pevna latka a so vzduchom tvori disperzny systém. Disperzia prachu,
tj. velkost jeho Castic, sa stanovi sitovou analyzou (granulometricky), ktora stanovi percenta Castic
urgitého rozmeru %%, Cielom vSetkych technik pre uréenie velkosti ¢astic je poskytnut jednoduché
Cislo, ktoré udava velkost Castic. AvSak Castice su trojrozmerné objekty, pre ktoré sa vyZaduju najmenegj
3 parametre (dizka, Sirka a vyska) za uéelom poskytnutia kompletného opisu. Rozmer &astice je dany
najdlhdou hranou d pravouhlého rovnobeznika opisaného okolo &astice, dizka d je najvaési rozmer,
hrabka je najmensi rozmer, $irka je medzilahly rozmer *2

Pozorovany 3D tvar vybranych drevnych prachov cumaru (Obrazok 3) pod stereomikroskopom Nikon
SMZ 127 bol realizovany priblizenim 0,63 zoom (Co predstavuje 27,72x nasobné zvacsenie) 1, 2 a 3
zoom (&o predstavuje 44x, 88x a 132x zvacsenie sledovaného objektu) na uvedenom stereomikroskope.
Tvar a Struktura drevnych prachov bola pozorovana pri vSetkych uréenych velkostnych frakciach.

Ugelom analyz je ukazat rozmanitost tvaru u jednotlivych frakcii. Pre kazdu frakciu je vybrana séria
scenov. Prva Stvorica je monovrstva prachu, zvacsena 0,63; 1; 2 a 3 zoom. Druha Stvorica je 1Tmm
suvisla vrstva prachu pod mikroskopom, opat zvacSena 0,63; 1; 2 a 3 zoom. Samozrejme, ¢im menSia
frakcia, tym bola priprava monovrstvy vac¢si problém. Monovrstva frakcie pod 100 um uZz nie je Cista
(Obrazok 3). Forma Castic sa s velkostou meni. Frakcie 500, 315 a 200 um su vlaknité, skuceravené,
¢lankovité. Frakcia pod 100 um vytvara zhluky a tvar je tazko identifikovatelny.

Vizualizacia ukazuje rozdielnost tvaru a plochy frakcii. Uvedena skuto€nost sa potvrdila aj na zmene
hodnoty minimalnej iniciacnej teploty vznitenia rozvireného cumaru prachu (Tabulka 3).
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500um - 0.63zoom 500um — 1 zoom >00um -2 zoom 500um- 3 zoom

500um - 2 zoom 500um - 3 zoom

315um — 2 zoom 315um - 3 zoom

315um - 0.63 zoom 315um — | zoom

315um - 0.63 zoom 31 Sum —~ | zoom 315um - 2 zoom 315um -3 zoom

200 um — 0.63zoom 200um — 1 zoom "00 um — 2 zoom "OOum 3 zoom

200um - 0 63 zoom "00um ~ 1 zoom 200um - 2 zoom "0011 m- 3 zoom

100um - 0.63zoom 100um - 1 zoom 100um — 2 zoom | OOum 3 zoom

100um - 0.63 zoom 100um — | zoom 100um — 2 zoom

Obrazok 3: Scany Cumaru prachu pre frakcie 500, 315, 200 a 100 um so zvaésenim 0.63, 1, 2
a 3zoom
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Skumané vzorky drevného prachu Cumaru si zachovavaju svoju anatomicku Strukturu. Identifikované
Castice drevnych prachov vzorky Cumaru (Obrazok 4) su vo velkostnej frakcii <100 pym. Tvar velkosti
Castic drevnych prachov je mozné sledovat prostrednictvom mikroskopickej analyzy. Scany ukazuju tvar
prachovych &astic so zachovanim anatomickej $truktury ¢°°,

\

Y A
Cumaru—100x Cumaru - 200x Cumaru —400x

Obrazok 4: Mikroskopické castice drevného prachu Cumaru
Legenda: modra linia prezentuje velkost 100 um v 2D rozloZeni

Wang a kol. ** sledoval mikroskopické zloZenie cumaru s hustotou 941 kg-m™. VIaknové bunky
cumaru mali husté bunkové steny, takmer Ziadne bunkové lumeny a hrubka bunkovej steny vidkien
cumaru a taun bola 6,80 a 2,82 um.

Vysledky stanovenia teploty vznietenia rozvireného prachu

Je mozné konstatovat, Ze vznietenie drevnych prachov v rozvirenom stave ma $pecificky priebeh **,
ktory méZeme charakterizovat v nasledujucich fazach:

1. Iniciacia vybuchu vo vyhrevnej peci po rozpraseni prachu,

2. Ciasto€ny prepad nespaleného drevného prachu a vznik splodin horenia,

3. vznietenie drevného prachu s najintenzivnejSim plameriom,

4. dohorievanie prachovej zmesi s miernym iskrenim a pomalym ustupom vznietenia,
5. vyhorenie prachovej zmesi nachadzajucej sa vo vyhrevnej trubici.

Prezentacia maximalneho plamena bola urobena pre frakcie 500 ym, 315 ym a 71um. Intenzita
plamena sa menila - rastla so zmen3ujucimi sa velkostami €astic. Explézia vacSich €astic drevného
prachu bola s menSou intenzitou plamefia (Obrazok 5). Podmienky vo vyhrevnej peci boli nasledovné:
navazka 0,2 g prachu, privadzany tlak vzduchu 30 kPa, teplota pece 500 °C.

Obrazok 5: Vyslahnutie plamenia pri vznieteni
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Vysledky jednotlivych minimalnych teplét vznietenia vzoriek drevného prachu Cumaru je mozné vidiet
v tabulke 3, kde so zmenou velkosti Castice prachu dochadzalo k zmene minimalnej teploty vznietenia.
Taburlka 3: Stanovenie teploty vznietenia jednotlivych frakcii drevného prachu Cumaru

Frakcie (um) 500 315 200 100 71 63 <63
Teplota vznietenia (°C) 410 400 380 380 370 370 370

Pri najvacsej velkostnej frakcii 500 ym zacala minimalna teplota vznietenia na hodnote 410 °C, ktora
sa nasledne so zmenou velkosti €astic priamoumerne znizovala (Obrazok 6). NajvyraznejSia zmena
minimalnej teploty v zavislosti od velkosti ¢astic sa pohybuje od velkosti pod 200 um. Najvyraznejsi
vplyv na zmenu minimalnej teploty maju najjemnejSie Castice, konkrétne 71 ym a mene;j.

420
e y = -6E-05x2 + 0,1252x + 363,02
S 410 -
> R? = 0,9457
§ 400
ﬁ —
3 8 3%
c
g3 380 —
-g > 370 Minimalna teplota vznietenia
5 s B = P0lyg. (Minimalna teplota vznietenia)
2 360
E— 50 100 150 200 250 300 350 400 450 500
Ll ;e L. .

Velkost castic drevného prachu [um]

Obrazok 6: Vplyv velkosti ¢astic vzorky Cumaru na minimalnu teplotu vznietenia

Posudzovanie rizika vybuchu rozvireného drevného prachu na zaklade teploty vznietenia je
vSeobecne uplathované a akceptované. Ale je potrebné brat do Uvahy aj ostatné faktory, ktoré mozu
mat vyznamny vplyv na teplotu vznietenia **#*>1°,

Vysledky termickej analyzy

Termogravimetria meria hmotnosti vzorky ako funkciu jej teploty pri plynulom ohreve vzorky. Ohrev je
z 20 °C na 1000 °C s rychlostou ohrevu 10 °C.min™. Ziskané Gdaje (Tabulka 4) sa zaznamenavaju ako
tepelna zavislost straty hmotnosti v désledku termickej degradacie vzoriek a Studiom tohto grafu
(Obrazok 7) sa ziskavaju hlavné parametre, Cize teplota, pri ktorej zaCinaju degradacné reakcie Tp;
maximalna teplota Ubytku hmotnosti T,nax, €O predstavuje vytazok prchavych latok z procesu pyrolyzy,
a Ubytok hmotnosti Am, zodpovedajuci vzorke tepelne degradovanej °. C.e,is;. predstavuje percentualny
zostatok vzorky po€as daného termického procesu (Tabulka 4). Analyzovala sa vzorka celej zmesi.
Analyza bola robena pred sitovani na jednotlivé frakcie.

Jones a kol. *® realizoval subor experimentov za u&elom hodnotenia rizika vzniku explézie u vybratych
druhov biomasy (vzorky oliv, slne€nicovych semiackov, miskantusu, drevného prachu ako borovica
a jalovec). Spdsob hodnotenia rizika vzniku explozie skumal na zaklade aktivacnej energie pre pyrolyzu
a stanovenia charakteristickych teplét pomocou TGA analyzy. Konstatuje, ze nizke aktivatné energie
pyrolyzy zvaduiju riziko vznietenia biomasy. Makovicka a kol. *°, pre vybrané tropické dreviny (Cumaru,
Garapa, Ipe, Kempas, Merbau) zistovali vztah medzi neizotermickymi termogravimetrickymi chodmi
a stratou hmotnosti dreva pri plameni pocas skusky horfavosti kénickym kalorimetrom. Tiez konStatuju
termicku degradaciu v 3 stupnoch, ako je rozklad dreva na samotné prchavé latky, oxidacia uhlikovych
zvyskov a tvorba popola.
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Tabulka 4: TGA analyza prachu cumaru

. . Procesy termickej degradacie
i Procesy susenia - -
Drevny l. stupen Il. stupen
prach . o T pmax o o o o
T, (°C) | Am (%) (°C) Am (%) | Tomax (°C) Am (%) Crezist. (%)
Cumaru 67 3,68 329 64,37 447 32,08 0,01
_ 9.364 ny Rate:18.8 “Crnmiy “
.
5 —

Obrazok 7: Termogravimetricka krivka drevného prachu cumaru

Zaver
Na zaklade ziskanych experimentalnych vysledkov je mozné konstatovat’ nasledujuce:

e Cumaru (Dipteryx odorata) ako tropicka drevina ma porovnatelné fyzikalne vlastnosti s domacimi
drevinami. Jeho spracovanie je sprevadzané tvorbou prachovych Castic podobného zloZenia ako
(smrek, dub a buk — najpocetnejSie dreviny v naSom prostredi).

e Sitova analyza ukazala percentualne podiely pre uréené frakcie. NajpoCetnejSia frakcia bola 100 ym
(37 %). Celkovy percentualny podiel ¢astic < 100 um bol 69 %.

e Tvar Casti zachovava morfolégiu dreva a mikroskopia potvrdzuje zachovanie anatomickej Struktury
vlakien drevnej hmoty.

o Teplota vznietenia rozvireného prachu stanovena v experimentalnych podmienkach pre rozvireny stav
zacCala na 410 °C (frakcia 500 pm) a so zmenou velkosti €astic sa zniZila na 370 °C (frakcia 71 pm).

e V dosledku plynulého ohrevu 10 °C.min™ drevného prachu sa sleduje proces vysu$enia vzorky uz od
67 °C a k termickej degradacii dochadza v dvoch stupfioch. Prvy stupern nastava pri teplote 329 °C
a druhy pri teplote 447 °C.
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Effect of particle size distribution of cumar dust on risk of initiation
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Summary

The paper deals with granulometric analysis of selected samples of oriental wood dust
Cumaru (Dipteryx odorata) of grinders Makita 9556CR 1400W, sandpaper K36 for the purpose
of selecting the percentages of the various fractions (<63; 63; 71; 200; 315; 500 xm) of samples
of wood dust. Samples of wood were selected with regard to their used in the production of floor
coverings, furniture and interior decorative items. Wood dust samples were made using a hand
orbital sander Makita 9556CR 1400W and sizing on the automatic mesh vibratory sieve
machine Retsch AS 200 control.

The aim of the article is to present the particle size distribution of cumara dust and to monitor
the influence of fractions on the behavior of dust under its thermal load.

The results show different behavior in thermal degradation of individual fractions during their
thermal loading. The ignition temperature of the airborne dust was determined to be 410 °C for
the 500 um fraction and decreased to 370 °C with a particle size change (71 um fraction). The
results show different behavior in thermal degradation of individual fractions during their thermal
loading. The consequence of lowering the initiation temperature is a change in the dimensions
and area of the dust particles. As the size decreases of wood dust particles, the risks of creating
an explosive airborne dust in the working environment increase and the value of the minimal
ignition temperature decreases.

The risk of initiation was also monitored by thermal analysis method (TGA), where the two-
stage thermal decomposition of wood is confirmed. The first changes (drying) occur at 67 °C,
the maximum rate of decomposition is monitored at 329 °C and in the second stage at 447 °C.

Keywords: cumaru, wood dust, ignition temperature
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