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Recycled  glass  derived  from  cathode  ray tubes  (CRT)  glass  with  a specific  gravity  of  approximately
3.0  g/cm3 can  be potentially  suitable  to be  used  as  fine  aggregate  for  preparing  cement  mortars  for  X-ray
radiation-shielding  applications.  In this  work,  the  effects  of  using  crushed  glass  derived  from  crushed
CRT funnel  glass  (both  acid washed  and  unwashed)  and  crushed  ordinary  beverage  container  glass  at
different  replacement  levels  (0%, 25%,  50%,  75%  and  100%  by volume)  of  sand  on the  mechanical  prop-
erties  (strength  and  density)  and  radiation-shielding  performance  of the  cement–sand  mortars  were
athode ray tubes
lass recycling
ement mortar
adiation-shielding
ensity
trength

studied.  The  results  show  that  all the  prepared  mortars  had compressive  strength  values  greater  than
30 MPa  which  are  suitable  for most  building  applications  based  on  ASTM  C  270.  The  density  and  shielding
performance  of  the  mortar  prepared  with  ordinary  crushed  (lead-free)  glass  was  similar  to  the  control
mortar.  However,  a significant  enhancement  of  radiation-shielding  was achieved  when  the  CRT glasses
were used  due  to the  presence  of  lead  in  the  glass.  In addition,  the  radiation  shielding  contribution  of  CRT
glasses  was  more  pronounced  when  the  mortar  was  subject  to a higher  level  of  X-ray  energy.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

.1. Cathode ray tubes

The cathode ray tube (CRT) was first developed in 1897 by Fer-
inand Braun as an oscilloscope to view and measure electrical
ignals [1].  Until the 1920s, the CRT was used as a medium to send
nd receive images electronically in television systems. Later, the
oncept of applying colour CRT was introduced in 1949.

A CRT consists of three basic parts: the electron gun (neck)
ssembly, the viewing surface (panel), and the glass envelope (fun-
el). The basic raw material in the CRT glass is silica (∼50–60 wt.%).
ut other different metallic oxides such as barium oxide and lead
xide are required to be incorporated in CRT glass as shielding
gents for harmful radiation [2].  The oxide content in each com-
onent part is slightly different. For instance, the panel glass only
ontains relatively low lead oxide content (0–3 wt.%), whereas a
elatively high PbO content is often added to the funnel glass

22–25 wt.%) and the neck glass (∼30 wt.%) parts to provide the
equired radiation shielding [3].

∗ Corresponding author. Tel.: +852 2766 6024; fax: +852 2334 6389.
E-mail address: cecspoon@polyu.edu.hk (C.-S. Poon).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.019
1.2. Management of cathode ray tubes

Electronic-waste disposal has become a global environmental
problem. In the European Union, 80% of the total e-waste discarded
in 2001 was  CRT waste sourced from discarded TV and computer
monitors [4]. In the United States, CRT made up one-third of the
total e-waste quantity back in the year 1999 [5]. Predictions by a
model [6] indicated that the mass of leaded glass required to be
disposed of in the US may  be 6 times the current mass by the year
2050. This is due to rapid developments in technology and the elec-
tronic products being replaced by newer models (high resolution
LCD/LED monitor and TV sets) at a rapid rate. With little handling
alternatives, discarded CRT derived from monitors and televisions
are frequently sent to landfills.

A number of studies [7,8] demonstrated that the neck and funnel
glasses of CRT can be considered hazardous waste due to its high
content of lead and its potential leaching based on tested results of
the toxicity characteristics leaching procedure (TCLP).

With rising awareness of the problems caused by Pb leach-
ing from CRT, legislation in Europe and North America imposes
stringent controls on CRT disposal. Also, alternatives other than

landfilling are urgently required to offer a better management solu-
tion for dealing with CRT waste. Reuse by repair/redistribution may
delay the rate of CRT waste generation, but its eventual disposal at
the end of their life cycle remains a major concern.

dx.doi.org/10.1016/j.jhazmat.2011.11.019
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cecspoon@polyu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2011.11.019
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Table  1
Particle size distributions and physical properties of fine aggregates.

Sieve size and physical properties Percentage passing (%)

River sand Crushed funnel glass (CFG) Treated funnel glass (TFG) Crushed beverage
glass (CBG)

2.36 mm 100 100 100 100
1.18  mm 94.8 71.4 65.7 53.5
0.6  mm 76.4 40.6 31.6 27.6
0.3  mm 29.2 15.3 8.4 12.7
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0.15  mm 2.2 2.3 

Fineness modulus 1.97 2.70 

Relative density (g/cm3) 2.62 3.00 

Reuse of materials from CRT requires disassembly and sorting
rior to utilization. According to the recycling experiences world-
ide, electric cords, plastic casings, copper yokes and shadow
asks are normally first removed to isolate the CRT. The glass

omponents of CRT are then separated into separate parts and
rushed into glass cullets [9]. Separation of funnel and panel glass
s commonly performed by laser cutting or by a hot wire separation

ethod [2].
Chemical treatments of the heavy metals on the CRT glass by

sing alkali and/or acid solutions have been investigated. Fores-
an  and Foresman [10] claimed that a solution with (3 mass%)

lkali hydroxides could remove lead on the surface of pulverized
lass at a temperature of 70 ◦C when constantly stirred. Goforth
t al. [11] also found that Pb can be extracted from a CRT funnel
lass sample with a carbonate/bicarbonate buffer (pH 9). Ioannidis
nd Zouboulis [12] investigated Pb leaching by several acidic leach-
ng solutions from hazardous industrial wastes and found that the
itric and acetic acid can efficiently remove more than 50% of Pb.

.3. Research significance

Lead-based glasses have widely been used in diagnostic and
edical applications, because of its good X-ray shielding abil-

ty to absorb various ranges of photon energies [13–15].  Due to
nvironmental considerations of toxicity of lead, the use of other
eavy-metals such as bismuth (Bi) and barium (Ba) to replace lead

or the production of radiation shielding glasses has received much
ttention [16–19].  Further, a lead-free radiation protecting sili-
ate glass containing Bi2O3 showed a good compatibility shielding
roperties in comparing with the glass containing PbO [20]. More-
ver, Singh et al. [21] have determined that a barium–borate–flyash
lass had better shielding properties than that of standard radia-
ion shielding concrete. In the present work, we have investigated
he potential use of recycled glass derived from CRT funnel glass
lead containing) as a fine aggregate in cement mortar for X-ray
adiation-shielding applications. Three types of recycled glass were
tudied, namely crushed funnel glass (lead-leaded), treated funnel
lass (metals from the surface of the crushed funnel glass parti-
les are removed through an acid treatment process) and crushed
everage bottle glass (lead-free), so that a more comprehensive
valuation of the effect of different types of glass on the radiation-
hielding properties can be obtained. Four replacement levels at
5%, 50%, 75% and 100% for sand by each type of glass for preparing
he cement mortars were studied.

. Experimental details

.1. Materials
The materials used to prepare the mortar were ordinary Port-
and cement (OPC), fly ash and fine aggregate with a particle size of
ess than 2.36 mm.
0.6 5.0
2.94 3.01
2.99 2.49

2.1.1. Cementitious materials
ASTM Type I OPC and a fly ash complying with ASTM class F ash

were used.

2.1.2. Aggregates
River sand having a fineness modulus of 1.33 was used as

the natural fine aggregate in the control mix. Crushed CRT fun-
nel glass (CFG, crushed and without acid treatment) and acid
washed (treated) crushed CRT funnel glass (TFG) were used to
replace sand by an equivalent volume method. The details of
treatment process for the TFG have been reported in literature
[22]. Conventional crushed beverage glass (CBG, lead-free) derived
from post-consumer beverage container sources was also used for
perform comparative studies. The particle size distributions and
physical properties of all the fine aggregates used are presented in
Table 1.

2.2. Mix  proportions

A total of 13 mortar mixes were prepared in this study. All the
cement mortars were prepared with a fixed cementitious material
content of 608 kg/m3. A sand-to-cementitious material ratio of 2.5
and a water-to-cementitious material ratio of 0.45 were used. The
mix  proportions of all the mortar mixes are shown in Table 2. As can
be seen in the table, the mix  design parameters for all the mortar
mixes were kept constant except for the use of different types of
fine aggregates. Three different types of recycled glass aggregates
were used as a replacement (volume method) for an equal part of
river sand at a level of 25%, 50%, 75% and 100%.

2.3. Mortar sample preparation

All the materials for the mortar mixes were put in and mixed
for 5 min  using a standard rotating drum type mixer. The freshly
mixed materials were placed into steel moulds in two  layers of
approximately equal depth. After the first layer was filled, a rough
compaction was  applied by rodding the moulds 5 times uniformly
over the cross section. After the second (final) layer was  placed,
the moulds were placed on a mechanical vibrating table for com-
paction.

All the specimens were covered with a plastic sheet in the labo-
ratory at a temperature of 23 ± 3 ◦C immediately after casting. The
specimens were demoulded after one day and then water cured for
a further 27 days with an average temperature of 25 ± 3 ◦C before
testing.

2.4. Size of test specimens and testing methods

The mortar specimens were cast in two types of moulds. Prism

specimens having a dimension of 40 mm  × 40 mm × 160 mm were
used to determine the hardened density (water displacement
method) according to BS 1881 Part 114 and flexural and equiv-
alent compressive strength according to ASTM C348 and ASTM
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Table  2
Mix  proportions of mortar (kg/m3).

No. Mix notation Cementitious Fine aggregate Water

Cement Fly ash Sand CFG TFG CBG

1 Control mortar (CM) 456 152 1519 0 – – 273
2  CFG25 456 152 1139 433 – – 273
3  CFG50 456 152 759 867 – – 273
4 CFG75 456 152 380 1300 – – 273
5 CFG100 456 152 0 1734 – – 273
6  TFG25 456 152 1139 – 433 – 273
7  TFG50 456 152 759 – 867 – 273
8  TFG75 456 152 380 – 1300 – 273
9  TFG100 456 152 0 – 1734 – 273

10 CBG25 456 152 1139 – – 361 273
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11 CBG50 456 152 

12  CBG75 456 152 

13 CBG100 456 152 

349, respectively. All the results reported are the averages of three
easurements.
For each mortar mix, five additional mortar disc samples with a

imension of 100 mm × 100 mm × 5 mm were cast for the evalua-
ion of the radiation-shielding properties.

.5. X-ray radiation-shielding test

The X-ray radiation-shielding test was performed in an X-ray
aboratory designed for medical diagnostic examination. The labo-
atory was installed with a medium frequency X-ray unit (Toshiba,
XO-30R). Quality assurance tests for this unit are performed regu-

arly. These tests include output reproducibility, kVp accuracy and
Vp reproducibility. Recent results confirmed the very good perfor-
ance of this X-ray source with the coefficient of variation for all

hese tests being less than 2%. The projected distance (F) between

he target of the diagnostic X-ray tube (DXB-0324CS-A) and the test
amples was kept at 700 mm.  Collimators with double layers of lead
lates/leaves was positioned below the X-ray tube head for confin-

ng/controlling the primary beam. The beam size projected onto the

Fig. 1. Schematic diagram of the experimental
759 – – 722 273
380 – – 1083 273

0 – – 1446 273

100 mm × 100 mm mortar plate (absorber) was  60 mm × 60 mm.
Based on the projected distance (F = 700 mm)  and semi beam size
(b = 60/2 mm),  the angular narrow beam width of � = 2.45◦ was
determined, according to b = F sin � mathematic relationship. This
angle value is within the scatter acceptance angles value of 3.57◦

proposed by Singh et al. [23]. Hence, the scattering effect due to
the probability of scattered photons reaching the Chamber could
be very small. Furthermore, to ensure dose at a point in free air
beneath the samples can be measured accurately, a 6-cc Ionization
Chamber was  positioned 100 mm  beneath the absorber to avoid any
scatter radiation reaching to the detector. Fig. 1 shows respectively
the schematic diagram and the photograph of the experimental test
setup used for this study.

3. Results and discussion
3.1. Flexural and compressive strengths of mortar

The 28-day flexural and compressive strength of the mortar
mixes are shown in Fig. 2. It can be seen that the control mortar with

 setup of X-ray radiation-shielding tests.
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Fig. 2. 28-day (a) flexural and (b) compressive strength of mortars.

00% sand, in general, had higher flexural and compressive strength
alues than the other mortar mixes prepared with the different
ypes of glass. The strength decreased with increasing glass content
robably due to the weaker adhesion between the smooth surface
f the glass particles and the cement mortar [24,25]. However, the
trength values of all mortar mixes were within the strength lim-
ts stipulated by the Building (Construction) Regulations – Chapter
23 Hong Kong and ASTM C 270.

.2. Hardened density of mortar

Fig. 3 shows the effect of CFG, TFG and CBG content on the

ardened density of the mortars. It can be clearly shown that the
ardened density of the mortars increased with increasing CFG and
FG content. At 100% replacement, the density of the CFG and TFG
ortars increased by 14.6% and 11.2% as compared to the control

Fig. 3. Hardened density of mortars.
Samples thickness (mm)

Fig. 4. Dose attained beneath the mortars prepared with different types of glass.

mix, respectively. The significant contribution of lead in the glass
to the mortar’s density is evident. However, due to the removal of
lead on the surface of TFG through the acid washing process, the
density of TFG mortar was lower than that of CFG mortar for the
same glass replacement content. As expected, the density of the
CBG mortar slightly decreased with increase of CBG content. This
was due to the specific gravity of CBG being lower than that of sand
(see Table 1).

3.3. X-ray radiation-shielding properties

3.3.1. Effect of different types of recycled glass
Fig. 4 compares the radiation attenuation results of the control

mortar and the mortars prepared with different types of glass at
an X-ray energy level of 140 kVp (peak kilovoltage). The exit air
dose value was  attained directly beneath the samples. From the
results obtained, it is clearly shown that different types of aggregate
and thickness of the mortar samples absorbed different amounts of
X-ray radiation.

The lowest dose value was  recorded for the CFG100 mix. The
dose attained beneath the 5 mm thick CFG mortar was 56.2% lower
than the corresponding control mortar. This result can be attributed
to the fact that the CFG mortar has a higher density. The atomic
structure in the dense CFG particles actively interacted with X-rays,
thus reducing its energy and the depth of radiation penetration [26].

The results show that the dose values were also greatly depen-
dent on the sample thickness. As the sample thickness was
increased from 5 mm to 25 mm,  the doses attained progressively
reduced. This result is in agreement with pervious findings of Asai
and Hirayama [27]. It is well known that increasing the thickness
of absorber might increase the buildup factor due to a multiple
scattering effect. However, the photoelectric effect would be pre-
dominance at this energy level (140 kVp) which resulted in the fast
removal of the low energy photons to avoid their buildup in the
medium [28]. Also, a study of Singh et al. [23] have demonstrated
that a well collimated narrow beam with a small angular can sup-
press the multiple scattered photons effect even at large absorber
thickness of 4 mfp  (mean free path). Thus it can be concluded that
both increasing the material’s density and sample thickness can
provide a higher radiation-shielding effect.

3.3.2. Influence of glass content
The influence of different glass content on radiation-shielding

was investigated and the results are plotted in Fig. 5. It is noted
that the increase of CBG content had no significant effect on the

dose value due to it having a similar density to that of sand.

However, the dose value decreased with increasing CFG and
TFG content in the mortars. It is obvious that the denser leaded
CRT aggregates increased the effectiveness of radiation-shielding
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Fig. 5. Dose attained beneath the mortars with different sample thickness.

ecause they can absorb more radiation photons. Comparing the
esults of the CFG and TFG mortars, the positive contribution of
FG on radiation-shielding became less pronounced as the mortar
hickness increased.

As the density of a material determines its resistance to radi-
tion penetration, thus it is of interest to plot the dose values as

 function of the density of the mortar samples (Fig. 6). There is a
trong linear relationship between the two, with the dose values
ecreasing linearly with increasing density of the mortar samples.

.3.3. Influence of X-ray energy level
To investigate the possibility of application of the CRT mortar-

ased shielding materials in areas such as diagnostic X-ray and
T-scanner facilities, the radiation-shielding ability of the mortars
as tested with varying X-ray energy level ranging from 40 kVp

o 140 kVp, with an increment of 20 kVp and an exposure time of
bout 20 mAs. The results are presented in Fig. 7.

It can be seen that the dose values varied with X-ray energy
evel. This is because the doses attained can be associated with the
ifferent energy absorption mechanisms for different energy levels
29]. At this region of low energies, the contribution from photo-
lectric interactions is more important than Compton scattering.
he Compton scattering can be ignored in our experiment due to
ts small effect and only predominate at higher energies (few MeV)
30].

As can be seen in Fig. 7, for 40 kVp energy investigation the
-rays have a very low energy and were absorbed within 5 mm

hick mortar absorber, regardless of types of aggregate. However,

he measured dose increased rapidly with increasing energy level
hich might be related to the decrease of the probability of pho-

oelectric interactions (attenuation). At higher range of energies
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ig. 6. Dose values as a function of mortar density for different compositions.
Fig. 7. Effect of energy level on dose attained beneath the 5 mm thick mortar sam-
ples.

(120–140 kVp), the measured dose of the leaded glass (CFG or
TFG) mortars were clearly different from those (sand or CBG) mor-
tars. This indicates the photoelectric interaction/attenuation for the
CFG and TFG at these energies were much higher in comparing
with both the sand CBG. It is also noted that, increasing the CFG
and TFG contents in the cement mortar significantly improved the
radiation-shielding properties, particularly at higher energy levels.
However, the CBG mortar had similar dose values to that of the
control, regardless of the glass replacement and energy level.

3.3.4. Linear attenuation coefficients, half-value layer,
tenth-value layer thickness of mortar-based shielding
compositions

As discussed in the previous section, the depth of X-ray pen-
etration for a given energy level is dependent on the density of
the mortar samples. Since different materials have different radi-
ation attenuation abilities, a convenient method to compare the
required thickness of the mortar samples for effective radiation
shielding was  used and the results are shown in Fig. 8 and Table 3.
The method compares the equivalent shielding thickness in terms
of half-value layer (HVL) and tenth-value layer (TVL) of the mortar-
based shielding composites at an X-ray energy level of 140 kV with
that of a 1 mm thick lead sheet.The linear attenuation coefficients
(LAC) were determined using the following
Table 3
Linear attenuation coefficients, HVL and TVL of mortars at energy level of 140 kV.

Sample Linear
attenuation
coefficient
(mm−1)

Thickness
(mm)  1 mm
Lead Eq.

HVL (mm) TVL (mm)

Lead sheeta 4.010 1.0 0.2 0.6
CM  0.069 57.7 10.0 33.1
CFG25 0.095 42.4 7.3 24.3
CFG50 0.121 33.2 5.7 19.1
CFG75 0.145 27.6 4.8 15.9
CFG100 0.171 23.4 4.0 13.4
TFG25 0.093 43.0 7.4 24.7
TFG50 0.118 34.1 5.9 19.6
TFG75 0.146 27.4 4.7 15.7
TFG100 0.167 24.1 4.2 13.8
CBG25 0.063 63.8 11.0 36.6
CBG50 0.069 58.2 10.1 33.4
CBG75 0.069 58.1 10.1 33.4
CBG100 0.069 58.5 10.1 33.6

a Lead sheet (1 mm Lead Equivalent).
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Fig. 8. Comparison of radiation-shieldin

here the � is the sample thickness and I0 and I are the number of
ose counts (intensity) recorded in the primary beam and detector
eneath the sample, respectively.

The HVL and TVL are the thickness of the samples at which the
ncident energy is attenuated by a factor of one-half and one-tenth,
espectively. Thus, from Eq. (1) the value of HVL and TVL are given
y (In 2)/� and (In 10)/�, respectively.

As can be seen from the figure, no significant difference was
oticed for the mortar prepared with different CBG content. For
he CFG and TFG, as the glass content incorporated in the mortar
ncreased from 0 to 100%, the HVL values decreased from 10 cm
o 4.0 cm and 4.2 cm,  respectively. This means that the material
eeded for the CFG and TFG mortars to reduce the dose rate by
ne-half, were only 40% and 42% of the material required for the
ontrol mortar. Therefore, it may  be of economic and practical value
o use the CFG and TFG mortar as a shielding material for diagnostic
-ray and CT-scanner rooms.

. Conclusion

Based on the laboratory investigation, the following conclusions
an be drawn:

The flexural and compressive strength gradually reduces with
increasing glass content, regardless of the type of glass. However,
all the mortar mixes showed strength values greater than 4 MPa
(flexural strength) and 30 MPa  (compressive strength), which can
be used for most building applications.
The crushed beverage bottle glass (CBG) has no significant influ-
ence on the density and radiation-shielding performance of the
mortar when compared with the control (sand) mortar.
The hardened density of the mortar increases with increasing
crushed funnel glass (CFG) and treated funnel glass (TFG) con-
tent because of the higher specific gravity of the leaded CRT
glass.
The radiation-shielding properties are significantly improved by

the incorporation of CFG and TFG as aggregates.
It is feasible to utilize CFG and TFG as aggregates in mortar-based
composites for various shielding applications such as in diagnos-
tic X-ray and CT-scanner rooms.

[

kness of mortars with 1 mm lead sheet.
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