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1. Introduction 

The need for the development of polymers, that are originated from renewable 

sources and are recyclable, or more favourably biodegradable at the end of their life-

cycle, is increasing with the decreasing amount of the mineral oil stock and with the 

spreading of the environmental awareness.  

Epoxy resins are widely used in different industries due to their favourable 

properties (e.g. stiffness, chemical mechanical and electrical resistance), especially in 

those cases, where the technological advantages, provided by the epoxy resins can 

overcome their relatively high price (e.g. electronic industry, transportation). 

Replacement of metallic structures by composites of epoxy resins of high mechanical 

capability is rapidly increasing in the aircraft industry. Significant advantages of the 

polymer composites over the metallic materials are their low density, enhanced strength 

and stiffness in the direction of the largest strain. However, compared to the metals, 

their disadvantage is the flammability of their organic matrix. Due to the stricter safety 

requirements, urgent demand revealed for preparing flame-retarded epoxy resins, which 

satisfy the flame retardant and mechanical requirements of the aircraft industry. 

The flame-retardant efficacy of the different phosphorus-derivatives, which are 

applied both as additives and reactive components, is well-known. As the low-

molecular-weight phosphorus compounds are in general volatile, if applied as additives, 

significant loss of phosphorus can occur during processing or at the high temperature of 

burning. This can be avoided by the incorporation of the phosphorus function into the 

polymer structure. In the case of epoxy resins, there are two ways for this purpose: the 

modification of either the epoxy monomer, or the curing agent. 
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2. Scientific background and aims 

The most widely used component among the currently commercialized epoxy 

monomers is the diglycidyl ether of bisphenol-A (DGEBA) representing 75%1, or from 

other statistics 90%2 of the market. This can be explained by its easy production, 

stiffness, toughness, and good adhesion to carbon fibres, which makes this component 

appropriate for high-tech composite applications. However, pseudo-hormone-effect of 

the bisphenol-A (BPA) has been evinced recently categorized as reproductive or 

developmental toxicant even in small quantities3. Considering these findings, the 

increasing composite consumption and the spreading of the environmental awareness 

draw the attention of the researchers to the development of new epoxy monomers, 

derived from renewable sources. 

The materials derived form renewable sources can be divided to five groups based 

on their origin4: plant oils; woody biomass and lignin; polyphenols, tannins and 

cardanol; terpenes, terpenoids and resin acids; and carbohydrates. 

D-Glucose can be produced from starch or cellulose by enzymatic, acidic or 

hydrothermal hydrolysis. Sorbitol is produced by hydrogenation of glucose, and 

dianhydrohexitols are the didehydrated derivatives of sorbitol. Among the cellulose 

derivatives, the researchers mainly focus on the development of the isosorbide-based 

epoxy monomer, however, until now no breakthrough was reached. During the 

preparation of isosorbide from cellulose, the first intermediate product is D-glucose, 

which molecule bears also functionalizable hydroxyl groups, however, until now no 

glucose-based epoxy monomers have been described. 

Phosphorus-containing epoxy monomers can be produced two ways: on the one 

hand, epoxy components can be reacted with phosphorus-containing comonomers, or 

on the other hand, phosphorus-containing molecules can be functionalized to obtain 

epoxide groups. DOPO (9,10-dihydro-9-oxa-10-phosphaphenantrene-10-oxide) is a 

                                                 
1 L. Shen, J. Haufe, M.K. Patel, Product overview and market projection of emerging bio-based 

plastics, PRO-BIP Final report, 2009. 
2 J.M. Raquez, M. Deléglise, M.F. Lacrampe, P. Krawczak, Thermosetting (bio)materials derived 

from renewable resources: A critical review, Progress in Polymer Science, 2010, 35, 487-509 
3 R. Chapin, J. Adams, K. Boekelheide, L.E. Gray Jr., S.W. Hayward, P.S.J. Lees, B.S. McIntyre, 

K.M. Porthier, T.M. Schnorr, S.G. Selevan, J.G.Vandenbergh, S.R. Woskie, NTP-CERHR expert panel 
report on the reproductive and developmental toxicity of bisphenol A, Birth Defects Research Part B: 
Developmental and Reproductive Toxicology, 2008, 3, 157-395 

4 R. Auvergne, S. Caillol, D. David, B. Boutevin, J.P. Pascault, Biobased thermosetting epoxy: 
Present and future, Chemical Reviews, 2014, 114, 1082-1115 
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typical reactive co-monomer, which reacts with the oxirane ring via its active hydrogen, 

forming a covalent bond5. Similar to the epoxy monomers, phosphorus-containing 

hardeners can also be prepared. P-containing anhydride-type curing agent has also been 

synthesized, but because of the P-N synergism, the research of the P-containing amines 

is much more intensive. In most cases, the described synthetic pathways, using often 

harmful/toxic reagents and producing such by-products, do not meet the requirements 

of the green chemistry6. The applied reagents are mostly halogen-containing ones, 

which are unfavourable in terms of environmental and health issues, so the elaboration 

of new, green alternatives of the existing syntheses is indispensable. 

Our aim was to synthesize novel epoxy monomers, which can be derived from 

renewable sources, and can represent a suitable alternative to the currently applied 

petroleum-based epoxy components. In order to determine the applicability of the 

synthesized epoxy monomers as polymer precursors, versatile thermal analytical, 

spectroscopic and mechanical investigations were necessary. 

Our aim was to elaborate alternative synthetic pathways for the synthesis of the 

phosphorus-containing flame retardants. Green chemistry approach was applied by 

replacing the currently applied harmful and toxic reagents and increasing the atom 

economy of the reactions. The syntheses of both additive and reactive-type flame 

retardants were planned. In order to determine the flame retardant properties of the 

prepared compounds, standard Limiting Oxygen Index (LOI) and Cone calorimetric 

measurements were carried out, as well as UL-94 tests. 

As epoxy resins are mainly used as composite matrix materials, we aimed at the 

preparation of flame-retarded carbon-fibre-reinforced composites. For the qualification 

of the prepared composites, standard tensile-, three-point bending, and interlaminar 

shear strength (ILSS) measurements were chosen. 

In the case of biocomposites, the application of natural reinforcement is an obvious 

solution. Biofibres are, however, flammable; therefore, to decrease their flammability, 

flame retardant fibre treatments have to be applied, in such a way, that the achieved 

flame retardant properties do not entail with the decrease of the fibre–matrix adhesion 

and of the mechanical properties of the composites. 

                                                 
5 C.S. Wang, C.H. Lin, Synthesis and properties of phosphorus-containing epoxy resins by novel 

method, Journal of Polymer Science Part A: Polymer Chemistry, 1999, 37(21), 3903-3909 
6 R.J. Jeng, J.R. Wang, J.J. Lin, Y.L. Liu, Y.S. Chiu, W.C. Su, Flame retardant epoxy polymers using 

phosphorus-containing polyalkylene amines as curing agents, Journal of Applied Polymer Science 2001, 82, 
3526-3538 
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3. Methods 

The curing reaction of the synthesized epoxy monomers and hardeners was 

determined by differential scanning calorimetry (TA Instruments DSC Q2000). The 

reaction enthalpy of the curing and the glass transition temperature were determined 

from the first and second heating-up, respectively. 

The thermal stability of the samples was investigated by thermogravimetric 

analysis, using a Setaram Labsys TG DTA/DSC instrument, with a heating rate of 

10°C/min, in N2 atmosphere. About 15-20 mg of each sample was applied. 

The determination of the Limiting Oxygen Index (LOI) was carried out according 

to MSZ EN ISO 4589-1 and 4589-2 (2000) standards.  

Standard UL-94 flammability tests (according to ISO 9772 and ISO 9773, 

respectively) were also carried out. UL-94 classification is used to determine 

ignitability, dripping, and flame spreading rates and burning times of the samples.  

Mass Loss type Cone calorimeter tests were carried out by an instrument made by 

FTT Inc. using the ISO 13927 standard method. Specimens (100 mm × 100 mm) were 

exposed to a constant heat flux of 50 kW/m2 and ignited. Heat release values and mass 

reduction were continuously recorded during burning. 

Laser pyrolysis-FTIR method, developed in our research group7, was used for 

investigating the pyrolytic degradation products of samples. The system comprises of a 

laser pyrolysis unit with a CO2 laser (10.6 nm, SYNRAD 48-1), and Bruker Tensor 37 

type FTIR spectrometer.  

Infrared spectra of the charred residues were recorded in ATR mode, using the 

same Bruker Tensor 37 FTIR spectrometer. 

The tensile- (according to MSZ EN ISO 527-2, and MSZ EN ISO 527-4), three-

point bending- (ISO 178:2001), and interlaminar shear strength (ILSS) (ASTM 

D3846-94) measurements were carried out using a Zwick Z020 universal tester. The 

test speed was typically 2, and 5 mm/min, the grip distance 110 mm, the span length 64 

mm. In the case of the ILSS tests, the test speed was 1.33 mm/min.  

Instrumented falling weight impact (IFWI) tests were performed using a Ceast 

Fractovis 6785 instrument (ISO 6603-2:2001I with the following settings: maximal 

                                                 
7 B. Bodzay, B.B. Marosfõi, T. Igricz, K. Bocz, Gy. Marosi, Polymer degradation studies using laser 

pyrolysis-FTIR microanalysis; Journal of Analytical and Applied Pyrolysis, 2009, 85, 313-320 
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energy: 228.64 J, diameter of the dart: 20 mm, weight of the dart: 23.62 kg and drop 

height: 1 m.  

Microbond tests were carried out in order to determine the interfacial shear 

strength (IFFS) between the fibres and matrices. For this purpose, 50 mm-long 

elemental fibres were mounted in a paper frame and matrix droplets were placed on 

these elemental fibres. The measurements were carried out using a Zwick Z005 

universal tester, with a test speed of 2 mm/min. 

Contact angle measurement of deionized water droplets on the surface of the 

matrices was carried out according to EN 828:2013. Droplets of 5 µL were placed on 

the surface of the matrix specimens; and at least 10 angles were measured.  

 

4. Results and discussion 

According to the literature overview no D-glucose-based epoxy monomers have 

been prepared until now. Glucose is an easily available commercial product and it is a 

“green”, inexpensive and non-toxic starting material in organic syntheses.  

Starting from D-glucose three glucopyranoside-based compounds: a bifunctional 

(GP2E), a trifunctional (GP3E) and a tetrafunctional (GP4E), and a glucofuranoside-

based trifunctional epoxy monomer (GFTE) have been synthesized. The curing 

reactions of these monomers was investigated with differential scanning calorimetry, 

applying DDM (4,4’-diaminodiphenylmethan) as model hardener. 

Form the four glucose-based epoxy monomers, the highest glass transition 

temperatures were reached with the application of the cured trifunctional monomers. As 

the Tg is a key parameter determining the potential fields of application, the monomer 

for the scaled-up synthesis was chosen from these two molecules. The synthetic 

pathway of the liquid and easily processable GFTE has been scaled-up. In the cases of 

the small-scale syntheses, both the allyl derivative and the epoxy monomer were 

purified with chromatography. However, at up-scaled reaction and under industrial 

circumstances this kind of purification is not economical, and very time-consuming (as 

large amounts of solvent and silica gel are consumed, dilute solutions have to be 

concentrated). For elaborating scaled-up synthesis these drawbacks were taken into 

account (Scheme 1). 
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Scheme 1 Scaled-up synthesis of GFTE 

 

Phosphorus-containing epoxy monomer has been synthesized in the reaction of the 

pentaerytritol-based epoxy monomer (PER) with 9,10-dihydro-9-oxa-10-

phosphaphenantrene-10-oxide (DOPO). The resulting monomer was cured with a 

cycloaliphatic amine-type hardener. With the application of the adduct, P-containing 

samples of gradually increasing phosphorus content were prepared. Although DOPO 

was successfully applied for the reactive flame retardancy of epoxy resins according to 

the literature, in the pentaerythritol-based epoxy formulation it could not express its 

beneficial effect. The LOI value of the cured resins increased only one V/V% compared 

to the reference, even at 4 mass% P-content, and the UL-94 rating remained HB (Table 

1). This can be explained by the molecular incompatibility of the rigid, apolar structure 

with the more polar and flexible epoxy monomer. 
 

Table 1 Effect of P-containing epoxy monomer on the flammability of the cured resin 

sample LOI (V/V%) UL-94 
reference 23 HB (32 mm/min) 

PER-DOPO 1%P 23 HB (14.3 mm/min) 
PER-DOPO 2%P 23 HB (vert. 1st ignition) 
PER-DOPO 3%P 23 HB (vert. 1st ignition) 
PER-DOPO 4%P 24 HB (vert. 2nd ignition) 

 

Flame-retarded bioepoxy resins were prepared with the application of the 

commercially available sorbitol polyglycidyl ether (SPE). The additive-type flame 

retardancy of the cycloaliphatic amine-cured SPE was investigated. 3 mass% P-

containing samples were prepared with the application of the liquid RDP (resorcinol 

bis(diphenyl phosphate), and the solid APP (ammonium polyphosphate), and by 

combining them.  

When applied alone, both the RDP, and APP-containing formulations showed 
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increased LOI values, however, their UL-94 rating was still HB. Based on earlier 

experiences, 3 mass% of phosphorus is generally enough to reach appropriate flame 

retardancy, thus, with the combination of RDP and APP, mixed flame retardant (FR) 

formulations have been also prepared. When 1 mass% of phosphorus was introduced 

from RDP and 2 mass% from APP, the UL-94 rating remained HB, but inverting the 

ratio, and when same amount of P originated from the two additives, V-0, self 

extinguishing rating was reached, with LOI values of 33-34 V/V%. 

For the explanation of these surprising results, the mode of action of the different 

flame retardants had to be determined. The APP acts in the solid phase as charring 

agent, and its ammonia-content as blowing agent; while the organophosphorus additive 

acts typically in the gas phase, as radical scavenger. Presumably, with the application of 

the combined FR formulation, a balanced solid and gas-phase mechanism was reached. 

To confirm this hypothesis, the gases formed during pyrolysis, and the charred residues 

were investigated. 

Based on the results, no gas-phase effect could be detected in the case of the “pure” 

APP-containing sample, while with increasing RDP content, increasing amount of P 

was observed among the gas-phase degradation products (Figure 1). 

 

 
Figure 1 Effect of liquid, solid and combined flame retardants in the gas-phase during  

LP-FTIR measurements 
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The intensity of the P-O-P (910 cm-1) and P=O (1215 cm-1) bonds in the FTIR 

spectrum of the charred residue is high in the case of the APP 3%P, and decreases with 

the decreasing amount of APP, which indicates the dominance of the solid-phase 

mechanism of the APP. 

 

By synthesizing additive-type flame retardants, our aim was the atom economic 

preparation of such simple compounds, which can act both in the solid- and gas phase. 

For this purpose, different alcohols were reacted with phosphorus-pentoxide, and the 

resulting acidic phosphates were neutralized with melamine. With the application of 

these additives, 3 mass% P-containing samples were prepared, and their flammability 

and thermal stability were investigated.  

 

 
Figure 2 Effect of the synthesized additives on the thermal degradation of the SPE – T-58 system  

 

The measured LOI values and UL-94 ratings were inferior to the values measured 

for the RDP-APP combinations (with the application of the synthesized additives, V-1 

rating was reached), however, the thermal stability of these systems was significantly 

higher. The degradation of the reference resin starts sharply, with high degradation rate, 

in the case of the FR formulations, the decomposition is prolonged. No significant 

difference can be seen between the two aliphatic-type flame retardants (the ethanol-

based EtP-Mel and the ethylene glycol-based EGP-Mel), but when the aromatic, 

resorcinol-based FR was applied, the temperature corresponding to 50% mass loss is by 

60°C higher than that of the reference resin. The solid-phase mechanism of the 
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synthesized additives is clearly proven by the significantly increased amount of the 

charred residue: in the case of the reference, this value is only 6.6% at 500°C, while 

that for the FR compositions is around 30% (Figure 2). 

 

Phosphorus-containing amines have been synthesized, which, by utilizing the P-N 

synergism, can act as flame retardant and as curing agent at the same time. The 

synthesized amines were investigated with differential scanning calorimetry in order to 

evaluate their applicability as hardeners. All of the prepared compounds proved to be 

suitable curing agents. Flammability test were performed in order to find the most 

effective one. Self extinguishing (V-0) rating in the UL-94 test, and an LOI value of 33 

V/V% was reached in the case of the aliphatic P-containing amine (TEDAP). With the 

application of TEDAP, an intumescent flame retardant system was developed, with 

outstanding efficiency, so this compound was applied as reactive flame retardant in the 

followings. 

 

As epoxy resins are mainly used as matrix materials for high-tech composite 

applications, the investigation of the flammability and mechanical properties of the 

flame retarded composites was indispensable. Although the prepared FR composites 

reached V-0 rating in the UL-94 test, their heat release was significantly higher 

compared to that of the FR matrices during the Cone calorimeter tests, albeit the 

composites contained 40 mass% of inflammable carbon fibre reinforcement. This can 

be explained by the hindered charring caused by the stiff carbon fibres: no suitable char 

was formed on the surface of the sample, thus, the heat- and oxygen transport was 

unlimited, which led to more intense burning. 

In order to combine the outstanding mechanical performance of the carbon fibre-

reinforced composites with the effective flame retardancy of the FR matrices, coated 

composites were prepared. As core material, the aromatic reference composite 

(DGEBA-ref-comp) was applied, while the coating consisted of the best FR 

composition, the aliphatic flame retarded matrix (PER-FR). Two types of coated 

composites were prepared: in the one case, the 2 mm-thick core was coated on both 

sides with 1 mm-thick coating layers, while in the other case, a 2 mm-thick coating was 

placed only on one side of the core. These coated composites reached V-0 rating in the 

UL-94 test, and their LOI value was 37 V/V%. During the Cone calorimeter test 
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applying a heat flux of 50 kW/m2, in the case of composite containing the 2 mm-thick 

coating, no ignition occurred, only charring, and the heat release fluctuated around zero 

(Figure 3). This phenomenon can be explained by the unhindered charring of the 

coating layer, combined with the effective heat-dissipation from the surface due to the 

good heat conductivity of the carbon fibres. 

 

 
Figure 3 Heat release rates of the coated composites 

 

For the preparation of biocomposites, the application of natural reinforcement is an 

obvious choice. The natural fibre reinforcement represents a green and suitable 

alternative to the glass and carbon fibres (which are produced with high energy 

consumption) in several fields of application. Their flammability, however, represents a 

major drawback. This disadvantage can be overcome by the application of phosphorous 

compounds for the fibre treatment. The so-called thermotex treatment offers a simple 

solution for the flame retardancy of natural fibres: the preheated fibres are immersed 

into cold ammonium phosphate solution so that the P-compounds can be absorbed to 

the capillaries of the fibres (thermotex-treated hemp fabric, THF). Further increase in 

the stability can be reached by combining the thermotex treatment with silylation 

(SiTHF). The two types of treated and the reference (NHF) fabrics were applied as 

reinforcement in reference and flame-retarded (FR) matrices. The LOI value of the 

composites with reference matrix is increasing with the fibre treatments, however, V-0 
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rating can be reached only when both the matrix and the fibres are flame retarded 

(Table 2). 

Table 2 Flammability of the composites containing treated and untreated reinforcement 

matrix reinforcement 
LOI 

(V/V%) 
UL-94 

P-content 
of the composite (%) 

reference 

- 23 
HB 

(32 mm/min) 
0 

NHF 22 
HB 

(18.2 mm/min) 
0 

THF 26 HB 0.51 

SiTHF 28 HB 
0.51+ 

1.47% Si 

FR 

- 29 V-0 2.5 
NHF 32 V-1 1.75 
THF 32 V-0 2.26 

SiTHF 32 V-0 
2.26+ 

1.47% Si 
 

Although the strength of both the flame retarded matrix, and the treated fabrics 

decreased significantly compared to the corresponding references, in the case of the 

composites containing treated fabrics with FR matrix, the measured strength reaches 

the values of the reference composite (NHF-ref). This phenomenon was explained by 

the increased fibre–matrix adhesion, and the better wettability of the treated fabrics by 

the more polar FR matrix. 
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5. Theses 

5.1. Four new bioepoxy monomers have been synthesized from D-glucose being a 

renewable starting material. The curing reactions of the prepared epoxy monomers, 

the glass transition temperature and thermal stability of the cured resins have been 

foremost determined. The cured networks prepared from the two trifunctional (a 

glucopyranoside- and a glucofuranoside-based one) epoxy monomer showed the 

highest degree of cure, glass transition temperature and hardness among the 

synthesized ones. These results are even higher, in some cases, than the values 

measured for the reference DGEBA (diglycidyl ether of bisphenol A)-based 

formulations. The synthesis of the glucofuranoside-based epoxy monomer has been 

successfully scaled-up. When applied with an appropriate hardener, this monomer 

ensures high glass transition temperature to the cured polymer network. [1, 27-29.] 

 

5.2. It has been proved, that by the application of the widely used DOPO (9,10-dihydro-

9-oxa-10-phosphaphenantrene-10-oxide) no effective reactive flame retardancy can 

be achieved in pentaerythritol-based epoxy resin. Phase separation of the 

components arose presumably, due to the incompatibility of the low-molecular-

weight hydrophilic epoxy monomer and the flame retardant molecule, containing 

condensed aromatic rings. [2, 23.] 

 

5.3. Synergistic effect has been demonstrated between the solid, intumescent-type 

flame retardant (ammonium polyphosphate, APP) and the liquid resorcinol 

bis(diphenyl phosphate) (RDP) (which acts mainly in the gas phase as radical 

scavenger). Self-extinction was reached when the two additives were combined, 

while the specimens of the “pure” formulations (applying either solid or liquid 

FRs) burned vertically with the same phosphorus content. The phenomenon was 

explained by balanced gas and solid-phase mechanism. [27-29.] 
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5.4. Novel additive-type flame retardants have been synthesized by the addition 

reaction of P2O5 and different alcohols, followed by salt formation with melamine. 

These additives, unifying the solid phase intumescent mechanism of the phosphoric 

acid derivatives and nitrogen-containing compounds, and the gas-phase effect of 

the organophosphates, ensure good flame retardancy at low phosphorus content. 

[6-8., 27-29.] 

 

5.5. The hindering effect of the stiff carbon fibres on the charring of the intumescent 

flame retardant systems has been revealed, thus, the peak of heat release is higher 

in the case of the flame retarded composites than that of the corresponding 

matrices. The hindering effect of the carbon fibres has been compensated by 

surface-coating. In the case of the coated composites, the effect of the solid-phase 

mechanism of the intumescent flame retardant, and the heat-dissipation from the 

surface due to the good heat-conductivity of the carbon fibres act in the same time. 

No flaming was detected in the case of the coated composites subjected to 50 

kW/m2 heat flux, and their Limiting Oxygen Index is also significantly higher than 

that of the core and the coating. [9-13.] 

 

5.6. Mechanical „hybrid effect” has been revealed in case of natural fibre reinforced 

epoxy resin composites, when both the reinforcement and the matrix were flame 

retarded. In the case of phosphoric acid-treated and neutralized fibres, increased 

fibre–matrix interlayer was observed. The significant improvement of the adhesion 

can be explained by the better wetting of the hydrophilic natural fibres by the 

hydrophilic flame-retarded matrix, and presumably by the easier penetration of the 

matrix to the increased-sized capillaries. [14, 15, 24, 33.] 
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6. Application of the results 

The syntheses of the glucose-based epoxy monomers were carried out with the 

support of the European Union, within the Clean Sky Framework Programme. The 

produced glucofuranoside-based epoxy monomer (GFTE, which ensures high glass 

transition temperature, when applied with suitable hardener) is currently investigated 

by Dassault Aviation as matrix material for natural fibre reinforced composites, with 

possible application as inner casing of their aircrafts.  

The reagents applied during the syntheses of flame retardant components, and the 

elaborated synthesis pathways match the criteria of green chemistry. The atom 

economy of the reactions is high, no solvent is needed in most cases, and no harmful 

by-products are produced, so these reactions are possibly convenient to replace the 

currently applied less eco-friendly technologies. 

 

7. Publications 

 

Full scientific publications related to the PhD thesis: 

1. Zs. Rapi, B. Szolnoki, P. Bakó, P. Niedermann, A. Toldy, B. Bodzay, Gy. 
Keglevich, Gy. Marosi: Synthesis and characterization of bio-based epoxy resin 
components derived from D-glucose, European Polymer Journal, 2014, közlésre 
elfogadva 
IF: 3,242 

2. B. Szolnoki, A. Toldy, P. Konrád, G. Szebényi, Gy. Marosi; Comparison of 
additive and reactive phosphorus-based flame retardants in epoxy resins, Periodica 
Polytechnica Chemical Engineering, 2013, 57 (1-2), 85-91. 
IF: 0,130 I: 2 

3. A. Toldy, B. Szolnoki, I. Csontos, Gy. Marosi; Green chemistry approach for 
synthesizing phosphorus flame retardant crosslinking agents for epoxy resins, 
Journal of Applied Polymer Science, 2014, 131 (7), 40105. 
IF:  1.640 I:1 

4. O. Unsalan, B. Szolnoki, A. Toldy, G. Marosi, FT-IR spectral, DFT studies and 
detailed vibrational assignment on N,N′,N″-tris(2-aminoethyl)-phosphoric acid 
triamide, Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 
2012, 98, 110-115. 
IF: 2,098 I: 2 

5. A. Toldy, Gy. Harakály, B. Szolnoki, E. Zimonyi, Gy. Marosi; Flame retardancy of 
thermoplastics polyurethanes, Polymer Degradation and Stability, 2012, 97 (12), 
2524-2530. 
IF: 2,769 I: 5 
 



- 17 - 

 

6. K. Bocz, B. Szolnoki, M. Władyka-Przybylak, K. Bujnowicz, Gy. Harakály, B. 
Bodzay, E. Zimonyi, A. Toldy, Gy. Marosi; Flame retardancy of biocomposites 
based on thermoplastic starch. Polimery, 2013, 58 (5), 385-394. 
IF: 0,470 I: 1 

7. K. Bocz, B. Szolnoki, A. Marosi, T. Tábi, M. Władyka-Przybylak, Gy. Marosi; 
Flax fibre reinforced PLA/TPS biocomposites flame retarded with multifunctional 
additive system, Polymer Degradation and Stability, 2014, 106, 63-73. 
IF: 2,633 I: 1 

8. Szabó L., Bocz K., Szolnoki B., Zimonyi E., Víg A., Marosi Gy.; Lenszál erősítésű, 
termoplasztikus keményítő égésgátlási lehetőségeinek vizsgálata, Magyar 
Textiltechnika, 2013, 66 (4), 158-165. 
IF: - 

9. A. Toldy, B. Szolnoki, Gy. Marosi, Flame retardancy of fibre-reinforced epoxy 
resin composites for aerospace applications, Polymer Degradation and Stability, 
2011, 96 (3), 371-376. 
IF: 2,769 I: 51 

10. K. Molnár, B. Szolnoki, A. Toldy, L.M. Vas; Thermochemical stabilization and 
analysis of continuously electrospun nanofibres - Carbon nanotube-loaded 
polyacrylonitrile nanofibres for high performance carbon nanofibre mass 
production, Journal of Thermal Analysis and Calorimetry, 2014, 117 (3), 1123-
1135 
IF: 2,206 I: 0 

11. K. Molnár, G. Szebényi, B. Szolnoki, Gy. Marosi, L.M. Vas, A. Toldy, Enhanced 
conductivity composites for aircraft applications: carbon nanotube inclusion both in 
epoxy matrix and in carbonized electrospun nanofibres, Polymers for Advanced 
Technologies, 2014, 25 (9), 981-988. 
IF: 1,964 I:0 

12. Toldy Andrea, Szolnoki Beáta, Czeller Anna, Égésgátolt szénszál-erősítésű 
epoxigyanta kompozitok fejlesztése repüléstechnikai alkalmazásokhoz, Műanyag és 
Gumi, 2010, 47 (10), 384-386. 
IF: - 

13. A. Toldy, B. Szolnoki, A. Czeller; Entwicklung von flammgeschützten 
kohlefaserverstärkten Epoxidharzcomposites für die Flugzeugindustrie, Gummi 
Fasern Kunststoffe, 2011, 64 (6), 354-356. 
IF: - 

14. B. Szolnoki, K. Bocz, P.L. Sóti, B. Bodzay, E. Zimonyi, A. Toldy, B. Morlin, K. 
Bujnowicz, M. Wladyka-Przybylak, Gy. Marosi; Development of natural fibre 
reinforced flame retarded epoxy resin composites, Composites Part A: Applied 
Science and Manufacturing, 2014, beküldve 
IF: 3,012 

15. Fejős M., Szolnoki B.: Szorbit poliglicidil éter alapú bioepoxigyanta és abból 
készült természetes szöveterősítésű biokompozitok mechanikai és dinamikus 
mechanikai tulajdonságai, Műanyag és Gumi, 2013, 50 (12), 449-453. 
IF: - 
 
 
 
 
 
 



- 18 - 

 

Other publications: 
 

16. Gy. Keglevich, A. Grün, R. Kovács, K. Koós, B. Szolnoki, S. Garadnay, J. Neu, L. 
Drahos, I. Greiner; Heteroarylacetyl chlorides and mixed anhydrides as 
intermediates in the synthesis of heterocyclic dronic acids, Letters in Drug Design 
& Discovery, 2012, 9 (4), 345-351. 
IF: 0,961 I: 6 

17. Gy. Keglevich, P. Bagi, Zs. Rapi, P. Bakó, L. Drahos, B. Szolnoki, Gy. Marosi; The 
synthesis of bio-based flame-retarded epoxy-precursors, Macromolecular 
Symposia, 2014, közlésre elfogadva 
IF: - 

18. Turcsán T., Mészáros L., Szolnoki B., Termoplasztikus elasztomer társítása 
cellulózzal, Műanyag és Gumi, 2012, 49 (3), 110-114. 
IF: - 
 
 
Book chapter: 
 

19. Gy. Marosi, B. Szolnoki, K. Bocz, A. Toldy; Reactive and Additive Phosphorus-
based Flame Retardants of Reduced Environmental Impact, in: C.D. Papaspyrides, 
P. Kiliaris (eds): Polymer Green Flame Retardants 1st Edition, Chapter 5, pp. 181-
220, Elsevier, 2014 
 
 
Important oral presentations: 
 

20. A. Toldy, B. Szolnoki, E. Zimonyi, Gy. Harakály, T. Igricz, Gy. Marosi, 
Application of phosphorus-containing reactive flame retardants in thermosetting 
and thermoplastic polymers, 13th European Meeting on Fire Retardant Polymers, 
Alessandria, Italy, 2011 

21. Szolnoki B., Toldy A., Madi K., Marosi Gy.; Égésgátolt epoxigyanta kompozitok 
fejlesztése, XXXIV. Kémiai Előadó Napok, Szeged, 2011 

22. Szolnoki B., Konrád P., Toldy A., Szebényi G., Marosi Gy.; Epoxigyanták 
égésgátlásának módszerei, Tavaszi Szél Konferencia, Győr, 2012 

23. B. Szolnoki, A. Toldy, P. Konrád, G. Szebényi, Gy. Marosi; Comparison of 
additive and reactive phosphorus-based flame retardants in carbon fibre reinforced 
epoxy resin composites, 15th European Conference on Composite Materials, 
Venice, Italy, 2012 

24. B. Szolnoki, K. Madi, A. Toldy, G. Marosi, Development of flame retarded natural-
fibre-reinforced epoxy resin composites, 7th International Conference on 
Modification, Degradation and Stabilization of Polymers, Prague, Czech Republic, 
2012 

25. Szolnoki B., Rapi Zs., Niedermann P., Toldy A., Bakó P., Marosi Gy.; Égésgátolt 
epoxigyanta prekurzorok szintézise megújuló nyersanyagforrásból, MTA Műanyag 
és Természetes Polimerek Munkabizottsági Ülés, Budapest, 2012 

26. B. Szolnoki, B. Bodzay, Z. Rapi, P. Bakó, A. Toldy, P. Bagi, G. Keglevich, G. 
Marosi; Characterization of flame retardant epoxy resins from renewable sources, 
14th European Meeting on Fire Retardancy and Protection of Materials, Lille, 
France 2013 
 



- 19 - 

 

27. B. Szolnoki, D. Budai, P. Niedermann, P. Konrád, Zs. Rapi, P. Bakó, B. Bodzay, A. 
Toldy, Gy. Marosi; Flame retardancy and mechanical properties of sugar-based 
high-tech epoxy resins, International Conference on Bio-Friendly Polymers and 
Polymer Additives (BPPA14) Budapest, 2014 

28. B. Szolnoki, Zs. Rapi, P. Bakó, B. Bodzay, A. Toldy, Gy. Marosi; Sugar-based 
high-tech epoxies: Synthesis and flame retardancy, 2nd International Conference on 
Bio-based Polymers and Composites, Visegrád, 2014 

29. B. Szolnoki, Zs. Rapi, D. Budai, P. Niedermann, P. Bakó, A. Toldy, B. Bodzay, Gy. 
Marosi; Synthesis and characterization of epoxy resins derived from D-glucose, 8th 
International Conference on Modification, Degradation and Stabilization of 
Polymers, Portorož, Slovenia, 2014 

 
 

Important posters: 
 

30. B. Szolnoki, Gy. Marosi, A. Toldy, Multilayer flame retarded epoxy resin 
composites for aircraft applications, 14th European Conference on Composite 
Materials, Budapest, 2010 

31. A. Toldy, B. Szolnoki, A. Szabó, B. Bodzay, Gy. Marosi, Comparison of flame 
retardant and mechanical performance in aliphatic and aromatic epoxy resins, 7th 
European Workshop on Phosphorous Chemistry, Budapest, 2010 

32. B. Szolnoki, A. Toldy, Gy. Marosi, Effect of moisture absorption on the mechanical 
properties of epoxy resins, 6th International Conference on Modification, 
Degradation and Stabilization of Polymers, Athens, Greece, 2010 

33. K. Madi, B. Szolnoki, K. Bocz, A. Toldy, Gy. Marosi, K. Bujnowicz, M. Wladyka 
Przybylak; Flame retardancy of hemp fabric reinforced epoxy resin composites, 
International Conference on Bio-based Polymers and Composites, Siófok, 2012 

34. Gy. Harakály, B. Szolnoki, K. Bocz, E. Zimonyi, Gy. Marosi, Flame retardancy of 
thermoplastic starch composites with a phosphorus-based plasticizer, International 
Conference on Bio-based Polymers and Composites, Siófok, 2012 

35. B. Szolnoki, B. Bodzay, Zs. Rapi, P. Bakó, A. Toldy, P. Bagi, Gy. Keglevich, Gy. 
Marosi, Characterization of flame retardant epoxy resins from renewable sources, 
Oláh György Doktori Iskola X. Konferenciája, Budapest, 2013 

36. B. Szolnoki, K. Molnár, G. Szebényi, A. Toldy, G. Marosi; Flame retardancy of 
epoxy resin composites reinforced with CNT-loaded carbon nanofibre, 14th 
European Meeting on Fire Retardancy and Protection of Materials, Lille, France 
2013 

37. Zs. Rapi, P. Bakó, B. Szolnoki, P. Niedermann, A. Toldy, Gy. Keglevich, Gy. 
Marosi; Synthesis and characterization of bio-based epoxy resin components 
derived from D-glucose, Conference on Bio-Friendly Polymers and Polymer 
Additives (BPPA14) Budapest, 2014 

 


	1. Introduction
	2.  Scientific background and aims
	3. Methods
	4. Results and discussion
	5.  Theses
	5.1. Four new bioepoxy monomers have been synthesized from d-glucose being a renewable starting material. The curing reactions of the prepared epoxy monomers, the glass transition temperature and thermal stability of the cured resins have been foremost det�
	5.2. It has been proved, that by the application of the widely used DOPO (9,10-dihydro-9-oxa-10-phosphaphenantrene-10-oxide) no effective reactive flame retardancy can be achieved in pentaerythritol-based epoxy resin. Phase separation of the components aro�
	5.3. Synergistic effect has been demonstrated between the solid, intumescent-type flame retardant (ammonium polyphosphate, APP) and the liquid resorcinol bis(diphenyl phosphate) (RDP) (which acts mainly in the gas phase as radical scavenger). Self-extincti�
	5.4. Novel additive-type flame retardants have been synthesized by the addition reaction of P2O5 and different alcohols, followed by salt formation with melamine. These additives, unifying the solid phase intumescent mechanism of the phosphoric acid deriva
	5.5. The hindering effect of the stiff carbon fibres on the charring of the intumescent flame retardant systems has been revealed, thus, the peak of heat release is higher in the case of the flame retarded composites than that of the corresponding matrices
	5.6. Mechanical „hybrid effect” has been revealed in case of natural fibre reinforced epoxy resin composites, when both the reinforcement and the matrix were flame retarded. In the case of phosphoric acid-treated and neutralized fibres, increased fibre–mat
	6.  Application of the results
	7. Publications

