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Abstract Sugar beet residues and various additives were

used to prepare panels by forming the semi-dry or wet

mixtures and pressing the composites at a temperature of

150 �C and pressures of 100–5410 kPa for up to 105 min.

The highest panel density and second highest thickness

were observed when a combination of calcium hydroxide

and boric acid were used as additives using the semi-dry

procedure. SEM images revealed that at pressures over

1000 kPa the cell wall structure of sugar beet was com-

pletely unrecognizable. The FTIR results indicated that the

non-cellulosic polysaccharides contributed significantly to

the properties of the panels by acting as adhesives. The best

flame retardant parameters were also obtained with the

calcium hydroxide/boric acid formulation. In comparison

to composites prepared from recycled paper and mixtures

of sugar beet shreds with recycled paper, higher density

panels were prepared at lower pressure from sugar beet

sources.

Keywords Sugar beet shreds � Recycled paper fiber �
Composite � SEM � FTIR � Flammability � Cone

calorimeter

Abbreviations

AEHC Average effective heat of combustion

AHRR60 Heat release rate averaged over 60 s after

sustained ignition

AMLR Average mass loss rate

ASEA Average specific extinction area

B Sample made with H3BO3

BCa Sample modified with H3BO3 and

subsequently with Ca(OH)2

Ca Sample made with Ca(OH)2

CaB Sample modified with Ca(OH)2 and

subsequently with H3BO3

CaP Sample made with Ca(OH)2/H2O2

FR Fire retardant

FTIR Fourier Transform Infrared Spectrometry

HRR Heat release rate

MS Sample made with MgSO4

MSP Sample made with MgSO4/H2O2

MSSiP Sample made with MgSO4/Na2SiO3/H2O2

P Sample made with H2O2

PHRR Peak heat release rate

PoISP Total smoke production for period after sample

ignition

PrISP Total smoke production for the period prior to

sample ignition

PSiMS Sample made with H2O2/Na2SiO3/MgSO4

RH Relative humidity

RHR Rate of heat release

RM Residual mass as percentage of original mass

RP Sample made with recycled paper

RS Sample made with sugar beet shreds refined to

dimensions less than either 0.254 or 1.27 mm

SBS Sample made with non-refined sugar beet

shreds

SC Sample made with Na2CO3

SCP Sample made with Na2CO3/H2O2

SEM Scanning Electron Microscope

Si Sample made with Na2SiO3

SiP Sample made with Na2SiO3/H2O2

SML Sample mass loss

THR Total heat released on a per mass basis

TPHRR Time to PHRR
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TPSEA Time for peak SEA

TSI Time to sustained ignition

Introduction

Sugar beets are the sixth most abundantly planted crop on

the earth [1]. One by-product of commercial sugar pro-

duction from the sliced sugar beets is the pulp residue

remaining after pressing out the sucrose solution. While

dried beet pulp is widely used as animal feed for all types

of livestock, large amounts of this agricultural residue

remains unused. Besides cellulose and arabinogalactan (a

predominant component of sugar beet hemicelluloses), beet

pulp residue also contains pectin and lignin [2, 3]. Since a

large portion of its hemicelluloses are water soluble, ther-

mal treatment along with high pressure could render it as a

self-bonding composite panel [4]. In the present article, we

demonstrate this potential by semi-dry and wet-forming

sugar beet mixtures to obtain flat sheets, pressing the

mixture with a hot-press, modifying fiber-to-water ratios,

and adding various additives to obtain desired performance

characteristics. The goal was to examine the potential use

of these residues for preparing composite panels compa-

rable with fiberboard/hardboard panels and suitable for

applications in building construction or packaging. The

advantage of this approach for producing composite panels

is that no synthetic polymer adhesives are used since the

non-cellulose polysaccharide components are acting as an

‘‘environmentally sustainable’’ adhesives. Evaluations

included Scanning Electron Microscope (SEM), Fourier

Transform Infrared Spectrometry (FTIR), and cone calo-

rimeter tests. The results in this study are compared with

similar approaches described in the literature [5–13].

In previous research it was demonstrated that eluents

from sugar beet residues could affect the flame retardant

properties of impregnated paper sheets [14]. Silva et al.

[15] extracted lignin from sugar cane bagasse and exam-

ined the characteristics of blends of the lignin with poly(-

vinyl acetate). In flame retardation studies of wood

materials [16, 17], cotton [18], and other materials [19, 20],

a cone calorimeter [21] was used to measure the heat

release rate (RHR) due to combustion and other parameters

related to the flammability of materials including times for

ignition [19] and visible smoke [18].

Experimental

Materials

Bags of the sugar beet shreds (SBS) (Midwest-Agri Com-

munities, San Rafael, CA, USA, www.mwagri.com) were

purchased from a retail farm feed store in Oregon, WI. The

shreds from the bags were used either as is without further

treatment, by refining to dimensions smaller than 1.27 mm for

the samples made from mixture of refined SBS and recycled

paper (RS:RP) or sole RP, or by refining to dimensions smaller

than 0.254 mm for refined sugar beet shreds (RS) samples.

The refining machine consisted of two disks co-rotating in pre-

set distance (Fig. 1). Prior to refining the fiber was mixed with

excess of water to achieve reproducible homogenization by

passing the mixture through the rotating disks chamber. After

the process the excess of water was pressed out. On the basis of

known amount of material used and the weight of the product

after pressing the water content was estimated to be 90%. All

the chemicals were from commercial sources and were used

without further purification.

Recycled paper fibers (RP) were obtained from hydro-

pulped recycled corrugated boxes. The boxes were

obtained from a local (Negus Container, Madison, WI,

USA) packaging company’s scrap material. Following

hydropulping, the material was dewatered and placed in

cold storage until used to make panels. The moisture

content of the cold-stored recycled pulp material was

approximately 75%.

Preparation of composite panels

In the preparation of the panels, the SBS were processed by

a semi-dry method and the RS were processed by a wet

method in triplicate. In the semi-dry method, the dry SBS

(300 g) were mixed with water (300 ml) and homogenized

for 1 h by mixing in zip-locked plastic bags. For panels

with chemical additives, the chemicals were mixed with

the water in quantitative based on dry weight (Table 1). For

SBS samples with combined additives they were added in

the order listed in Table 1. The water amount was divided

to equal parts according to the number of additives. Sample

panels were formed as circular sheets (240 mm in diame-

ter). The material was placed between four copper screens

Fig. 1 Image of the refining machine
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and two aluminum plates (310 9 310 mm) and put into a

Fred Carver Laboratory Press (Subdivision of Sterling Inc.,

Menomonee Falls, WI, USA) set at 150 �C. Panels were

hot-pressed with board pressures ranging from 100 to

5410 kPa (Tables 1, 2). After completion of the pressing

process, the circular panel sheets were separated from the

screens and cut to the 100 9 100 mm samples for cone

calorimeter testing. In this way multiple sample specimen

were available for testing.

In the wet method, the SBS (1 kg; particle size

\1.27 mm; 90% water content), no refined recycled paper

(RP; 1 kg; 75% water content), mixture of SBS/RP (0.5 kg

SBS; particle size\0.254 mm and 0.4 kg of no refined RP;

25% water content) was wet-formed into 205 mm diameter

sheets and hot-pressed at 150 �C under pressure conditions

listed in Table 2. The chemicals were added in a same way

as for semi-dry method (Table 1). After the pressing pro-

cess, the panels were cut as previously described for the

semi-dry method samples.

Instrumentation

SEM images of the samples were taken on 1 9 1 mm

samples that were mounted on aluminum sample holders

using silver paste. Samples were sputter-coated with gold

using a Denton Desk-1 sputter coater (Cherry Hill, NJ) and

examined and photographed with LEO EVO 40 SEM (Carl

Zeiss SMT, Inc., Thornwood, NY) at 10 kV. All of the

pressed samples were cleaved in-plane to expose the

internally bonded surface for imaging. The boards were

also fractured in the transverse direction so that the cross-

section could be imaged. However, in some cases the

transversely fractured surfaces were too rough with many

loose fibers; therefore, the cross-section surfaces of the

panels were cut using a razor blade and subsequently

imaged.

FTIR spectra were obtained using a Nicolet iN10 FTIR

spectrometer with OMNIC Specta software (Thermo Sci-

entific, Verona, WI). The spectra were acquired using a

single bounce ATR accessory with a diamond crystal. A

total of 64 scans were obtained with a resolution of

4 cm-1. The resulting spectra were corrected for baseline

drift and the peak heights were recorded using (Thermo

Scientific).

A cone calorimeter (Combustion Analysis System

(AutoCal), Model No.: Cone 2A Atlas Electric Devices

Company of Chicago, IL) was used to test the samples in

accordance with ASTM International Standard method E

1354 [22]. Before testing, samples were conditioned to the

equilibrium moisture content at 50% R.H. and 23 �C.

Samples were tested in the horizontal orientation using a

25 mm distance from the heat source and data acquisition

was 1 Hz. The optional standard retainer frame was used

without any grid. The samples were tested using a 50 kW/

m2 heat flux. The 57 mm orifice plate was used and the

exhaust flow was 0.024 m3/s.

The following data were recorded as specified in ASTM

standard E1354-09 [22] or the corresponding ISO 5660-1

and ISO 5660-2 standards [23, 24]. The data reported in

this article include the following measurements: HRR (the

heat evolved from the sample due to combustion, expressed

per unit of exposed sample area, per unit of time, kW/m2)

including the initial peak heat release rate (PHRR, kW/

m2), time to PHRR (TPHRR, s); heat release rate averaged

over 60 s after sustained ignition (AHRR60, kW/m2), and

the total heat released (THR, total heat evolved per sample

mass over the entire test period calculated by integrating

the curve of HRR versus time and dividing by the initial

sample mass, MJ/kg). THR is normally expressed in terms

of the surface area (MJ/m2). Due to variations in thickness

and initial mass of the samples, results in this article are

expressed in terms of initial sample mass; average effective

heat of combustion (AEHC, the measured THR divided by

the mass loss for the test duration, MJ/kg); average mass-

loss rate (AMLR, mass lost per time averaged for the

period of 10–90% mass loss, g/s-m2), and residual mass

(RM, residual mass as percentage of the initial mass, %);

Table 1 Uptake of chemicals in samples treated with additives

Abbreviation Additive Uptake of additive

% of original mass

SBS None 0

SBS-B H3BO3 1

SBS-Ca Ca(OH)2 1

SBS-BCa H3BO3/Ca(OH)2 1

SBS-CaB Ca(OH)2/H3BO3 1

SBS-PSiMS H2O2/Na2SiO3/MgSO4 1

RS None 0

RS-B H3BO3 10

RS-Ca Ca(OH)2 10

RS-CaB Ca(OH)2/H3BO3 10

RS-Si Na2SiO3 10

RS-SC Na2CO3 10

RS-P H2O2 10

RS-SiP Na2SiO3/H2O2 10

RS-CaP Ca(OH)2/H2O2 10

RS-SCP Na2CO3/H2O2 10

RS-MS MgSO4 10

RS-MSP MgSO4/H2O2 20

RS-MSSiP MgSO4/Na2SiO3/H2O2 30

RP None 0

RS:RP None 0

SBS Non-refined sugar beet shreds, RS sugar beet shreds refined to

dimensions either smaller than 0.254 mm or 1.27 mm; RP recycled

paper
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average specific extinction area (ASEA; a measure of

smoke obscuration averaged over the entire test period, m2/

kg), and total smoke production (PrISP, for the period

before sample ignition and PoISP, for period after sample

ignition, m2/m2); and time for sustained ignition [TSI,

determined visually and taken as the period required for

most of the surface of the sample to have sustained (4 s

criteria) flames, s]. For many of the results, the measure-

ments are expressed per surface area of the opening of the

sample holder (0.008836 m2).

Results and discussion

Sample preparation

Samples made from the non-refined SBS were thicker and

had slightly higher density than the respective samples

made from the refined materials (Table 2). The non-refined

SBS sample with the additive consisting of H2O2/Na2SiO3/

MgSO4 was the thickest sample at 8.29 mm. The thickness

of the pressed panel sheets of refined samples without

additives increased from 2.12 to 3.53 mm when doubling

the amount of the starting material (i.e., from 1 to 2 kg).

This increasing amount of starting material also required an

increased pressure and prolonged pressing time (Table 2).

The thicknesses of refined samples (2.12–4.19 mm) were

less than the non-refined SBS samples (4.81–8.29 mm)

with the exception of recycled paper and refined sugar beet:

recycled paper samples with thickness of 6.03 and

4.50 mm and densities of 996 and 1022 kg/m3. The recy-

cled paper material contains long softwood fibers that

might act to enhance the network strength of the formed

mat. For the refined samples, the optimal pressure cycle to

reduce flow required lower pressures for longer times,

while panels from non-refined SBS material were made

using slightly higher pressures for shorter time periods.

The sugar beet sample containing Ca(OH)2/H3BO3 dis-

played the best properties with regards to the combination

of time, pressure, density, and thickness. For this sample,

Table 2 Pressure conditions used for preparation of composite panels

Sample SWa/g WCb/% Applied pressure/kPa at various times/min Density/kg m-3 Thickness/mm

Initial 15 30 45 60 75 90 105

SBS 300 9 840 1130 265 1930 1755c – – – 1000 6.15

SBS-B 300 9 770 250 2220 2100 2290c – – – 866 4.91

SBS-Ca 300 9 915 1060 1785 695c – – – – 1015 5.64

SBS-BCa 300 9 250 870 1120 230 160a – – – 877 5.17

SBS-CaB 300 9 115 595 785 335 220c – – – 1058 7.17

SBS-SiMS 300 9 175 800 450 190 115c – – – 967 8.29

RS 1000 90 215 215 160 840 770c – – – 773 2.12

RS 1500 90 130 115 160 190 365 870 770c – 887 2.37

RS 2000 90 130 145 160 160 200 220 275 465c 1015 3.53

RS-B 1000 90 115 160 175 365 725 985 1130c – 779 2.65

RS-Ca 1000 90 100 130 145 160 175 1320 840c – 911 3.97

RS-CaB 1000 90 115 100 115 160 189 495 840c – 927 4.19

RS-Si 1000 90 115 115 115 160 290 945 680c – 897 2.59

RS-SC 1000 90 115 145 145 220 770 1262 1030c – 872 2.32

RS-P 1000 90 115 160 175 175 479 986 825c – 835 2.69

RS-SiP 1000 90 100 100 100 115 100 145 435 595c 759 3.21

RS-CaP 1000 90 100 116 130 245 680 800c – – 937 2.83

RSS-CP 1000 90 100 125 115 115 145 320 885c – 903 2.79

RS-MS 1000 90 100 130 160 580 610 1000c – – 937 2.83

RS-MSP 1000 90 100 100 100 130 160 510c – – 984 3.14

RS-MSSiP 1000 90 100 100 100 100 145 335 725c – 876 3.04

RP 1000 90 335 3235 1000 5410 3450c – – – 996 6.03

RS:RP 1000 90 5410 4300 3200 1740 1640c – – – 1022 4.50

See Table 1 for abbreviations
a Initial sample weight
b Water content
c Pressure at the end of the process
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only 1% of combined additives were used in contrast to the

refined samples where, in the presence of 10–30% of

additives, lower pressures for longer time periods were

used to prevent degradation due to the much higher amount

of additive (Table 1). The sugar beet sample containing

Ca(OH)2 was pressed at higher pressure and for a shorter

time than sample containing Ca(OH)2/H3BO3 and had the

second highest density. This might be due to the fact that

Ca(OH)2 was not solubilized and not washed out from the

sample. In the samples containing Ca(OH)2/H3BO3 and

H3BO3/Ca(OH)2, Ca(OH)2 was neutralized with boric acid

to form Ca3(BO3)2. When boric acid was added before

calcium hydroxide (SBS-BCa), some of the hemicelluloses

may have been solubilized, resulting in lower density of the

resulting panel than for SBS-CaB. The obtained densities

for all the samples were higher than those reported on

maize husk, maize cob, groundnut shell, coconut pith, or

paddy straw under comparable pressing conditions and

bigger particle size [5]. These higher densities might be

related to the type of hemicellulose present in individual

species and their behavior during pressing as well as the

fiber thermal softening that occurs in the presence of water

and high temperature. In the majority of the experiments

from this study the applied pressure was lower than that of

fiberboards made from tree-top residues with comparable

product densities [8].

FTIR study

According to FTIR results, the spectra of dark and light

spots on the prepared composite surfaces were similar with

intensities of bands at: 668 [–OH out of plane bending];

1020 [m (CC)(CO) stretching and –C–OH banding]; 1050 [m
(CC)(CO) stretching]; 1096 [m (CO) ? d (OH)]; 1140 [m
(C–O–C) glycosidic bond]; 1236 [m (COC) ester]; 1318 [–

C–H banding and wagging and OH banding]; 1371 [–C–H

banding]; 1428 [–COO- symmetric stretching]; 1615 [–

COO- anti-symmetric stretching (salt)]; 1733 [C=O stretch

in carbonyl and ester groups, acid]; 2900–2938 [–CH

stretching, CH2 anti-symmetric stretching of methyl and

methylene groups]; 3272–3344 cm-1 [–OH stretching]

fluctuating from sample to sample.

On the recycled paper sample new bands at 897 [c (C–

OH) ring], 1200 [C–O–C stretching mode of the pyranose

ring], and 1260–1280 cm-1, which are typical for cellulose

and related to the degree of crystallinity were observed

[25]. These samples also did not have the spectral bands

typical for non-cellulosic polysaccharides at 1236, 1428,

and 1615 cm-1, as the hemicelluloses were washed out

during the delignification process.

However, during pressing, the pectin and arabinogalac-

tans present in sugar beet [2] were partially eluted from the

sample and dried as film on surface of the pressing machine.

The FTIR spectrum of the film contained all the bands of

sugar beet samples. For further analysis, the ratio of peak

heights of 1615 and 1733 cm-1 were calculated for all

samples. The ratio of those peak heights on the eluted film

spectra was 1.65, while on the light spot of sugar beet sam-

ples it was 1.23 and on the dark spot the value was 1.60. The

maximum ratio was observed at the surface edge of a sugar

beet sample modified with H3BO3/Ca(OH)2 sample and was

2.14. For sugar beet sample when Ca(OH)2/H3BO3 was used,

the carboxyl peak shifted to 1619 cm-1 and the ratio was

1.89. This indicates that non-cellulosic polysaccharides are

eluted out of sugar beet cell walls and are taking part in the

adhesion process during the pressing. This is happening by

intermolecular dehydration of the solubilized/displaced and

subsequently dried arabinan. Similarly, it is evident that

intermolecular dehydration of cellulose is also contributing

to the process of panel formation as on recycled paper

comparable panels were produced. This process takes part at

higher pressures as seen from conditions used when panels

from recycled paper were prepared.

SEM study

The SEM image of the sugar beet sample surface of

untreated starting material is shown in Fig. 2a. It is less

compact, but similar to the surface of the sugar beet panel

sample (Fig. 2b). Upon fracture, some preserved parts of

the sugar beet cell wall could be observed acting like

tubing at the cross-section (Fig. 2c). The refined sample

(Fig. 2d), refined to particles smaller than 0.0127 mm,

have a less preserved structure with less and smaller tubing

upon fracture when compared with the non-refined sample.

In the presence of calcium hydroxide the internal surface of

panels from the sample was less homogeneous, indicating

the presence of insoluble or precipitated additive (Fig. 3a),

which was not observed on sample without additive. Upon

fracture of the sugar beet sample treated with calcium

hydroxide, the original structure of the root of sugar beet

could be observed, but the cell lumina were more com-

pressed (Fig. 3b) than analogical image of sugar beet

sample without additive. On the sample from refined sugar

beet and recycled paper mixture, the anatomical structures

of sugar beet fibers completely disappeared on the cleaved

surface of sample (Fig. 3c). With samples containing

recycled paper the fracture experiment could not be per-

formed. Instead, the sample was sectioned with a razor

blade and the SEM images (Fig. 3d, e) showed the paper

fibers along the cut surface. This was compared with image

of the cleaved surface of the recycled paper sample

(Fig. 3e) which looked similar to that of the RS:RP sample.

Also the image of the cut profile of recycled paper (Fig. 3f)

was similar to the image of the mixture of refined sample

and recycled paper (Fig. 3d).
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Fig. 2 SEM images of no

refined sugar beet sample (SBS;

a), opened surface of panel

made from SBS (b), fracture of

the SBS panel (c), and fracture

of panel made from recycled

paper (d)

Fig. 3 SEM images of a

surface of no refined sample

treated with calcium hydroxide

(SBS-Ca) sample (a), fracture

surface of a SBS-Ca sample (b),

splitted surface of a refined

sugar beet/recycled paper

sample (RSB/RP; c), section

image on the razor blade cut of

RS/RP (d), cleaved surface of a

RP sample (e), and section

image on the razor blade cut of

a RP sample (f)

1450 I. Šimkovic
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On samples where NaSiO3 was added, small white

particles were observed on the fracture surface (Fig. 4a–d).

These particles probably originated from precipitated sili-

cates, since all three images where NaSiO3 was used

looked similar. Additionally, the film that dried on the

surface of the pressing platens during first periods of the

pressing process of refined or non-refined sugar beet sam-

ples gave a similar image (Fig. 5) as films obtained from

xylan [26].

Cone calorimetry study

The results from the cone calorimeter tests included those

associated with heat released, mass loss, ignition, and

visible smoke observations are listed in Table 3. It was

shown that in most cases the results of multiple analysis

were close and representative results could be obtained

from single experiment. This was in agreement with results

obtained on wood and paper sheet samples [14, 16, 17].

Initial peak of the heat release rate (PHRR) value

(146 kW/m2) for untreated sugar beet sample was close to

most of the treated samples. The smallest value from this

group of samples was obtained on the sample modified

with calcium hydroxide and boric acid (119 kW/m2). The

shape of the chart of heat releasing rate (HRR) versus time

was affected by the shrinkage, surface deformation, and

charring processes during flaming, resulting in a much

broader second peak than the first one and several waves

between them (Fig. 6). Reported PHRR values are for the

initial peak which maybe less than the value for the second

peak. We also listed a HRR averaged for 60 s time interval

after sustained ignition (AHRR60) for all the samples.

HRR data averaged over a time period typically have less

variability than PHRR data. Only for sugar beet sample

treated with mixture of calcium hydroxide and boric acid

AHRR60 was smaller than for unmodified sample, which

correlated with PHRR values. The bigger difference

between these two variables (PHRR and AHRR60) was

observed for sugar beet sample modified with calcium

hydroxide, which also had the highest AEHC.

The values of AEHC were similar for the whole group

of SBS samples (Table 3). Only the sample treated with

calcium hydroxide in combination with boric acid had a

lower value of AEHC (10.43 MJ/kg) than untreated sample

(10.68 MJ/kg). Likewise, the sample treated with calcium

hydroxide in combination with boric acid, it had the lowest

THR (MJ/kg) value from the no refined samples.

Fig. 4 SEM images of no

refined sugar beet sample

modified with H2O2/Na2SiO3/

MgSO4 combination (a); refined

sugar beet sample with Na2SiO3

(b); H2O2/Na2SiO3 (c); and

H2O2/Na2SiO3/MgSO4

treatments at the splitted

surfaces (d)

Fig. 5 SEM image of film surface dried from eluted water solution

during pressing of refined and no refined samples
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For all the samples with additives lower average mass

loss rate (AMLR) values were observed, than for the

untreated sample (12.5 g/m2s). Except for the slightly

lower value for MgSO4/Na2SiO3/H2O2 and Ca(OH)2/

H3BO3 treated samples, also the lowest AMLR value was

observed for the non-refined sugar beet samples. The

residual mass (RM) was the lowest for untreated sample

and increased from 25 up to 34% for Ca(OH)2/H3BO3

treated sample. Higher RM is typically associated with a

more effective fire retardant treatment.

The ASEA value was the lowest for boric acid treated

sample (SBS-B) (4 m2/kg). Also the pre- and post-igni-

tion smoke production values were low for SBS-B

sample (7 and 9 m2/m2, respectively). For the boric acid

in combination with calcium hydroxide the post-ignition

smoke production (PoISP) value depended upon the

order of adding of boric acid and calcium hydroxide.

Much higher PoISP values were observed for sugar beet

modified with boric acid and calcium hydroxide combi-

nation (SBS-BCa; 233 m2/m2) than for sample where

calcium hydroxide was added before boric acid (SBS-

CaB) (97 m2/m2) in the process of activation (see

Experimental section). The values of time at the peak of

heat release rate (TPHRR) and times of spontaneous

ignition (TSI) were similar for most of the sugar beet

samples.

Table 3 Cone calorimeter data on sugar beet composite panels

Samplea Heat released Mass Smoke Ignition

PHRRb/

kW m-2
AHRR60c/

kW m-2
AEHCd/

MJ kg-1
THRe/

MJ kg-1
IMf/

g

AMLRg/

g m-2 s-1
RMh/

%

ASEAi/m2 kg-1 PrISP/

PoISPj/m2 m-2
TSIl

TPHRRk/s

SBS 146 114 10.68 7.99 60.7 12.5 25 19 6/89 29/23

SBS-B 145 124 10.72 7.79 42.5 12.4 27 4 7/9 24/18

SBS-Ca 173 118 11.28 7.92 57.2 11.7 30 22 6/93 32/27

SBS-BCa 140 114 10.94 7.70 59.0 11.7 30 51 7/233 27/19

SBS-CaB 119 103 10.43 6.87 75.9 10.8 34 18 2/97 28/21

SBS-PSiMS 149 120 10.49 7.02 80.2 10.2 33 25 7/144 32/24

RS 189 208 12.54 10.09 16.4 16.5 20 48 6/67 32/22

RS-B 164 167 11.03 7.96 20.6 17.0 28 45 11/64 29/22

RS-Ca 113 108 12.30 8.75 36.2 14.2 29 54 6/152 34/28

RS-CaB 113 104 10.91 7.78 38.9 14.8 29 56 16/160 39/34

RS-Si 132 128 11.87 8.52 23.2 13.3 28 101 5/186 24/20

RS-SC 143 134 11.66 8.60 20.2 13.5 26 124 6/204 23/19

RS-P 170 135 12.37 9.63 22.5 14.0 22 60 8/111 24/20

RS-SiP 150 123 11.40 8.64 24.4 12.2 24 51 9/97 26/21

RS-CaP 133 117 11.88 8.77 30.0 13.6 26 45 10/104 35/30

RSS-CP 153 111 11.59 8.63 25.2 12.5 25 109 10/222 19/19

RS-MS 190 150 11.65 9.57 26.5 17.6 22 27 4/62 25/21

RS-MSP 197 152 11.74 8.92 30.9 17.3 24 30 4/76 25/23

RS-MSSiP 192 113 11.25 7.83 26.6 12.4 30 41 5/81 24/22

RP 173 163 12.84 10.60 64.2 19.3 17 76 21/433 65/41

RS/RP 168 160 12.61 9.91 46.0 15.7 21 77 2/315 73/26

a Refer to Table 1
b Initial peak heat release rate
c Heat release rate averaged over 60 s after sustained ignition
d Average effective heat of combustion
e Total heat released per kg of initial mass
f Initial sample mass
g Average mass loss rate (10–90%)
h Residual mass
i Average specific extinction area
j Pre- and post-ignition smoke production
k Time to peak of RHR/sustained ignition
l Time of sustainable ignition
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The refined sugar beet sample produced by the wet

procedure gave slightly higher PHRR value (189 kW/m2)

than untreated sample (146 kW/m2). This result might be

due to different amount of air present in the samples and

the thinner samples produced in this way. The charts of

RHR versus time of same selected samples have much

higher second peak (Fig. 7). There were no additional

peaks in between. This is probably related to decreased

thickness of the panels prepared from refined material

which is less deformed during the process. The lowest

PHRR values (113 kW/m2) were obtained for samples

treated with calcium hydroxide and Ca(OH)2/H3BO3

combination in comparison with other samples prepared

from the refined material. Also the values for panels made

from recycled paper (173 kW/m2) and mixture of refined

sugar beet and recycled paper (168 kW/m2) samples were

lower than those of RS (189 kW/m2). This is probably

related to the fact that more of the sugar beet material was

degraded during the pressing, which resulted in higher

PHRR values due to higher cellulose content in those
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samples in comparison to samples prepared solely from

sugar beet. The absence of a well defined initial peak in the

recycled paper test may also reflect the higher cellulose

content since lignin is associated with the char layer that

reduces the initial rate of degradation. The test durations

for these 2–4 mm thick samples did not allow consistent

reporting of the average HRR for the longer durations also

typically reported. Thin samples also results in less pro-

nounced initial peaks as the back surface quickly heats up

and produces the second peak. Even for the 60 s duration,

the short durations resulted in the inclusion of a portion of

the second peak as evidenced by the PHRR for refined and

boric acid treated samples being less than the correspond-

ing result for AHRR60. The values of both PHRR and

AHRR60 were bigger for refined than for untreated

samples.

The value of AEHC was the lowest for refined sample

treated with Ca(OH)2/H3BO3 (10.91 MJ/kg). This was also

the case for THR (7.78 MJ/kg). The similar AEHC values

for the refined sample (12.54 MJ/kg), recycled paper

(12.84 MJ/kg), and their mixture (12.61 MJ/kg) indicated

that there was not much difference in heat of combustion

between these two samples due to content of cellulose,

hemicelluloses, and lignin. The AMLR was the highest for

recycled paper sample (19.3 g/m2s) and then the next

highest for refined sample modified with magnesium sul-

fate (17.6 g/m2s) and MgSO4/H2O2 combination sample

(17.3 g/m2s), while the lowest value was obtained for

Na2SiO3/H2O2 combination (12.2 g/m2s), which was

greater than the value for the MgSO4/Na2SiO3/H2O2

combination with the lowest observed AMLR value

(10.2 g/m2s). It indicated the potential of sodium silicate as

flame retarding additive and was also reflected in similar

AMLR values for samples with the Si element. The

residual mass (RM) values (20–21%) were again the lowest

for samples without added chemicals. The highest RM for

the refined sugar beet samples was for MgSO4/Na2SiO3/

H2O2 combination (30%) while the lowest value was

observed for recycled paper (17%).

The ASEA value for refined sugar beet samples is the

lowest for magnesium sulfate treatment (27 m2/kg) and

highest for sodium carbonate treatment (124 m2/kg). From

the point of view of total smoke production both samples

treated with boric acid (SBS-B and RS-B) seems to be the

best due to small values. The highest value was observed

on recycled paper sample (433 m2/m2 for PoISP).

The time at peak of heat release rate (TPHRR) values

were low for refined sodium carbonate treatment (22 s) and

analogical Na2CO3/H2O2 combination (20 s), while the

highest value was observed on recycled paper sample

(65 s). Also the biggest time of spontaneous ignition (TSI)

value was observed for recycled paper (41 s) and the

smallest for refined sample with calcium carbonate additive

(19 s) and Na2CO3/H2O2 combination (19 s) sample.

Based on the lowest PHRR and the other variables asso-

ciated with heat released, the samples with calcium

hydroxide added before boric acid (SBS-CaB and RS-

CaB), were considered the best flame retarded samples

(Table 3). The treatments were more effective resulting in

improving performance in the refined sugar beet samples

which may reflect more effective treatment of the smaller

particles.

Conclusions

Composite panels from the SBS were prepared with or

without refining and pressing the material at 150 �C and

pressures from 100 to 5410 kPa. The non-refined sugar

beet panels required less pressure to produce a suitable

panel than required for the refined material. Results from

cone calorimeter tests of the samples with calcium

hydroxide added before boric acid, were considered as the

best flame retarded samples. The no refined sugar beet

samples had similar fire performance as the recycled paper

sample in terms of heat released (peak heat release rate and

average effective heat of combustion), shorter ignition

times, and much less visible smoke.
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