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Abstract

In this study, utilization of waste fluorescent lamp as mineral filler in asphalt mixture was investigated. The phosphorus pow-
der of fluorescent lamps was removed by sieving and washing of the samples. Toxicity of waste lamps was investigated. Glass
sample was used in the ratio of 25%, 50%, 75% and 100% to mineral filler. Optimum bitumen ratio was determined using
super-pave mixing method which requires volumetric properties of the mixtures. Finally, indirect tensile tests were carried
out on the dry and wet samples. Results of toxicity test indicated that glass of waste lamp was not classified as hazardous
waste after washing. Indirect tensile test show that dry resistance values of the sample containing waste glass were similar
to control sample. However, after the samples were conditioned, indirect tensile test show that wet values were significantly
decreased by increasing glass content. As a result, when the glass of waste fluorescent lamp was used as mineral filler, the
asphalt mixtures became more sensitive to moisture. Since this sensitivity will not be important, it is recommended to use
waste fluorescent lamp glasses as a mineral filler for the “binder layer” that is not directly exposed to contact with water.
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Introduction

Environmental pollution and waste problem are among
the first issues that we need to look for solutions due to the
increasing population and consumption habits. The latest
policy in this regard is zero waste. New and strict sanc-
tions for the control and reduction of wastes are adopted
by the countries of the world due to zero waste policies [1].
Therefore, reducing waste at its source, reuse and recycling
applications are gaining importance every day. Further-
more, achieving a circular economy by promoting the 3Rs
(Reduce, Reuse and Recycle) has an important place among
government policies today. Glass waste can be released in
large volumes among municipal solid wastes [2] and prom-
ising element of solid waste recycling, and investigations
on the possibility of using waste glass in different ways are
increasing in the literature. Globally, amount of the waste
glass is estimated to be nearly ten million tons per year [3].

One of the wastes with a high amount of glass is waste
fluorescent lamps (WFLs). Glass corresponds to 90-95%
of the total weight of end-of-life fluorescent lamps [4—6].
WFLs belong to category of e-waste which are generated
due to the short life resulted from increased company com-
petition [7] and the annual production worldwide of e-wastes
are approximately 1.5 billion units [6, 8]. Considering the
zero waste policies, it should be stored separately from
other recyclable solid wastes and should be received from
the source for certain periods by licensed hazardous waste
collection companies due to its mercury content. Mercury
is described as one of the most toxic elements [9, 10], espe-
cially the form of methylmercury form can cause poison-
ing in humans [11]. Significant methylmercury poisoning
events occurred in Minamata in 1956, affecting thousands
[12, 13], Niigata Province in 1969, and Ontario in 1965 [14].
A convention had been held after the Minamata disaster as
named The Minamata Convention on Mercury, recognized
that mercury was a global chemical because of its ability
to bioaccumulate in the environment and its persistence in
ecosystems. Under the convention, the members should take
precautions regarding the temporary storage of mercury in
an environmentally friendly manner, taking into account any
directives. Members shall cooperate with each other and
with relevant intergovernmental and other organizations, as
appropriate, to build capacity for the environmentally sound
temporary storage of mercury and mercury compounds [12].

The total average value of mercury mass in WFLs varies
with lamp type and year of manufacture [15]. The mercury
content of WFLs has been reported as 6-12 mg/lamp [4]
and between 0.72 and 115 mg/lamp [16] for T8 and T12
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type lamps. The average mercury content is also stated as
about 30 mg/lamp [17]. Other types of WFLs are compact
fluorescent lamps (CFLs). According to data reported by
Rey—Raap and Gallardo [18], the mercury concentration in
CFLs is in the range of 2.37 +0.50 mg/g (Average of CFL
from various manufacturers, production year and locations).
As these authors concluded [3, 19], at the end of the lamp's
life, 13.66% of the mercury is dispersed in the glass dur-
ing operating hours, while the phosphor powder (PP) con-
tains 85.76% mercury (the remaining 0.58% is in the vapor
phase). As a result, this glass waste is classified as hazard-
ous according to both European Union [6], USEPA [20]
and Turkey regulations. In the code 20 01 21-Fluorescent
tubes and other wastes containing mercury must also be col-
lected according to the Turkish regulation 28300/2012 and
should be processed in various streams in recycling facili-
ties but are disposed of by burying [21]. According to our
estimates based on regional and national fluorescent lamp
sales and associated with official values of disposed spent
fluorescent lamps, the disposal rate is increased in Turkey
by the years. However, the controlled disposing of WFL is
only 17% of total consumption in 2012. The remains (83%)
usually end up in dumpsters or trash containers and ulti-
mately, in landfills [21]. Before hazardous wastes containing
mercury can be landfilled according to disposal restriction
standards (LDR). The LDR standard for lamps is 25 pg/L,
as determined by The Toxicity Characteristic Leaching Pro-
cedure test (TCLP) [21, 22]. Therefore, the aim of the study
is to develop an alternative disposal and recycle method of
glasses by landfilling. The increase in the number of appli-
cable recycling research will contribute to the development
of solutions for uncontrolled wastes.

The primary use of recycled glass is construction industry
which can consume enormous amount of these materials
[23]. Most of them indicated that alkali—silica reaction is
considered as a major obstacle that restrains the use of recy-
cled glass in concrete [2]. Recent studies deal with how to
overcome this obstacle [23, 24]. Another important utiliza-
tion of recycled glass is asphalt pavements. There are numer-
ous studies in the literature that utilize recycled glasses as
an aggregate for cement concrete production. Wartman et al.
[25] stated that crushed glass can be used as aggregates,
because it is abundantly available, environmentally friendly,
and relatively cheap to natural aggregates. Nicholls and Lay
[26] reported that up to 30% addition of crushed glass into
asphalt mixture does not alter workability and compaction
performance. Other studies also showed that utilization of
recycled glass at lower ratios has no negative impact on the
performance of asphalt mixtures [27-30]. A study by Ara-
bani et al. [31] reveals that utilization of crushed glass hav-
ing the maximum size of 4.75 mm with 3-5% anti-stripping
aging in the asphalt mixtures had higher modulus of elastic-
ity, lower sensitivity to temperature changes, and a longer
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fatigue life than the conventional mixtures. Many researchers
found that glass powder (GP) as filler does not decline the
performance of asphalt mixtures if optimum glass ratio in
the mixture is obtained [32]. Optimal glass content seems
to be in between 7 and 15% [29, 31, 33]. Simone et al. [34]
also observed that incorporation of GP as filler increased
the stiffness of asphalt mastics. As a result, this option may
result in formation of asphalt mixes having better bearing
capacity and rutting resistance [34].

Waste glass does not break down easily on its own, so
it can remain in the field for many years [23]. Studies have
shown that there is a potential amount of glass that can be
recovered from WFLs [19, 35]. Waste lamps are considered
as highly hazardous and risky for recycling. Recycling of
used lamps may generate glass, metal and pulverized phos-
phorous thus the amount of waste that would end up in the
landfills [36]. The most critical obstacle in the recycling of
the lamp is removal of the mercury deposited in PP attached
to the surface of the glass [37-39]. There is only one study in
the literature which have utilized glass of spent fluorescent
lamps as filler in asphalt mixture. The study presented that
incorporating used fluorescent lamps (2-5%) can provide an
alternative resource for low to moderate traffic road surfaces
after subjected to tests including the Marshall, indirect ten-
sile stiffness modulus, wheel track, indirect tensile fatigue
and dynamic creep test [40].

In this study, utilization of glass of used fluorescent lamps
in the asphalt mixtures was investigated using a different
approach. The superpave method was used for asphalt design
in the study. A parallel issue is the recent depletion of scarce
raw materials used in construction of road, forcing highway
authorities to seek sustainable and new resources [40]. Due
to reuse and recycle of wastes policies, reusing glass waste
as part of electronic waste in asphalt pavements instead of
more traditional mineral fillers can be an economical and
environmental solution.

Materials and methods
Preparation of samples

Waste lamps were collected from official buildings located
in Isparta and provided by a company operating in Turkey.
The company has a license from the Ministry of Environ-
ment and Urbanization to collect WFLs. Waste tubular fluo-
rescent (type T8 and T12) and compact fluorescent lamps
(CFLs) were selected to be used owing to their high rate of
current consumption (Turkey in 2018; 70% CFL, 30% tubu-
lar lamps) [41] and their relatively higher mercury content.
Tubular lamps are classified as hazardous waste and their use
is decreasing day by day [42]. For this reason, CFLs sam-
ples and mixture samples (type T8 and T12) were used in

toxicity tests. Mix sample was prepared by mixing 30% pul-
verized tubular lamps and 70% pulverized CFLs samples to
simulate a more realistic situation. The amount of mercury
vapor released during the cracking processes was measured
with the Jerome 431-XE mercury vapor detector. This device
detects elemental mercury vapor and measures in the range
of 0.003-0.999 mg. Samples are shown in Table 1 for TCLP
tests. The methods and procedures applied to the samples
are given in Table 2.

The washing process was applied efficiently separate PP
from fluorescent lamp glasses. The washing process was car-
ried out by mixing 20 g of each sample in 400 ml of distilled
water, at room temperature, for 18 +2 h, at 265 rpm in a
magnetic stirrer, and the filtrate containing PP was sepa-
rated with washing from the glass sample. Glass samples
without PP were dried at room temperature for 24 h [42].
While mercury metal has the property of evaporation at any
temperature, Raposo et al. [43] determines that the mercury
that can be found in the glass samples of WFLs begins to
be released the environment above 25 °C. This is because
mercury is bound in the structure of the fluorescent lamp
glass. For this reason, it was predicted that there was no
mercury loss during the drying process at room temperature
(20 °C) for 24 h.

TCLP testing

The TCLP tests were performed in 500 mL polypropylene
flasks with mechanical stirrers. 400 ml of acetate buffer solu-
tion with a pH of approximately 4.66+0.01 was added to
20 g glass samples. The sample was stirred at room tempera-
ture for 20 h at 30 rpm and then filtered through a 0.60 pm
glass microfiber filter with the help of a vacuum pump. The
mercury content was determined using atomic absorption
spectrophotometer (attached with flow injection system)
(PerkinElmer-FIMS 400) [4, 44-46].

Aggregates, filler and bitumen
Both aggregates and bitumen used in the study were

obtained from Isparta Municipality Asphalt Construction

Table 1 Samples subjected to TCLP tests

Number of
sample

Sample name

1 CFLs glass + phosphorus powder (PP)

2 CFLs glass on 100y sieve

3 Mix sample (30% tubular +70% CFLs) glass + PP
4

Mix sample (30% tubular +70% CFLs) glass on 100u
sieve

5 Washed mix sample glass (30% tubular +70% CFLs)
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Table 2 Preparation procedures

Methods Sample 1 ~ Sample2  Sample3  Sample4  Sample 5
for samples
Broken of lamp X X X X X
Crushing to 1-2 cm X X X X X
Sieving for PP and glass separation X X X
Washing for PP and glass separation X
Pulverization in a mill (Retsch/RM 200) X X X X X
Mixing tubular lamp and CFLs samples X X X

Site. Aggregates used in the study consisted of clean, strong
and durable grains and did not contain clay soils, plant mate-
rials, etc. Gradation of sample aggregates was determined
using a sieve according to specifications.

Apparent specific gravity (ASG), volume specific gravity
(VSC), water absorption rate (WAR) and volume specific
gravity on a saturated basis of the aggregates were deter-
mined according to ASTM C 128-88 [47]. Apparent specific
gravity of the filler was determined according to ASTM C
854-10 [48]. Penetration tests on asphalt cement samples
were carried out according to TS 118 [49] using penetrom-
eter. TS 119 [50] was applied to determine the ductility of
the asphalt mixtures. Softening point test according to TS
120 [51] was also carried out to determine the consistency
of the bitumen. Viscometer was used to determine the high-
temperature fluidity characteristics of the bitumen. The pyc-
nometer method was used for the determination of the spe-
cific gravity of asphalt mixture (TS EN 15326) [52]. As the
bitumen material, 0.074 mm pore diameter (200 mesh) was
sieved and the material that passed under the sieve was used.

Design of bituminous mixtures with the superpave
method

In Superpave method, design of asphalt mixture considers
the air voids, voids in the mineral aggregate (VMA), and
voids filled with asphalt (VFA). The asphalt binder content
in the mixture is determined using the percent air voids.
VMA is called as the sum of the volumes of the air voids
and the unabsorbed binder in the compacted specimen. VFA
is the ratio of VMA containing asphalt binder. It is widely
accepted that these volumetric properties are effective in
predicting the asphalt performance [53].

The sample, which was not classified as hazardous waste
because of TCLP, was used as fillers in asphalt pavements.
Prepare test samples, a mixture of 1200 g is prepared in
aggregates determined according to the percentage of mate-
rial on the gradation sieve to be used for the design and dried
in an oven at 110 °C until it reaches a constant weight. Two
samples were prepared from the combinations of fluores-
cent flat glass used as aggregate and filler material. Glass
of WFLs was used as 25%, 50%, 75% and 100% of the min-
eral filler, respectively. Bitumen ratios of 4%, 4.5%, 5%,
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5%, 6% and 6.5% were used for each series of four. As a
result, 16 samples were prepared for glass of WFLs instead
of using mineral fillers. Before preparing the samples, the
mold is placed in an oven for 1.5-2 h and the temperature
is 150-160 °C.

Asphalt cement is also kept in an oven to become fluid.
Then, liquid asphalt is poured on the gradation according
to certain proportions and mixed with the aggregate in the
presence of heat, and this process is continued until there
are no white spots in the aggregates. Then, the thoroughly
mixed gradation is poured into the mold and compressed
with a machine under predetermined conditions.

After the compaction to calculate the air void contents,
VMA contents, VFA contents and specific gravity values,
the following equations were used:

Va=(1-Gmb ! Gmm) *100

Gmb=wp/Wesr,— W

Cmm=W,,o+ W,/ VtV,

Veﬁ= Vagg - VBA

where Va (%); air void content, Gmb (g/cm3); bulk spe-
cific gravity, Gmm (g/cm®); maximum theoretical specific
gravity, wp, (g); dry weight, Wy, (g); saturated surface dry
weight, W, (2) weight submerged in water, W, (g); weight
of aggregate, W, (g); weight of binder, V,; (cm?); effective
volume of aggregate, V, (cm3); volume of binder, Vagg (cm3);
volume of aggregate and Vy, (cm?); volume of absorbed
asphalt [53-55]. When the air voids are calculated the cor-
responding VMA and VFA values are calculated using the
following equations:

VMA =100 —[(Gmb * Ps)/Gsb]

VFA=VMA - Pa

where VMA (%); voids in mineral aggregate, Ps (%);
aggregate content by weight of mix, Gsb (g/cm?); bulk spe-
cific gravity of the aggregate, VFA (%); voids filled with
asphalt and Pa (%); percent of air voids [56, 57].

Moisture sensitivity of asphalt mixtures

Moisture sensitivity of asphalt mixes is defined as the resist-
ance to damage in contact with water, as moisture densifies
in the asphalt mixture, it can damage the bond between the
asphalt binder and the aggregate. Moisture susceptibility in
asphalt mixture is assessed using AASHTO T283 [58] tests.
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Compressed samples are first kept in an oven at 40 °C for
72 h. After the samples are taken out of the oven, they are
divided into 2 groups equally and kept at room tempera-
ture until the temperature drops to 25 °C. Indirect tensile
strength is determined for unconditioned samples at 25 °C.
The second group of samples is kept in a 25 °C water bath
for 24 h. After that samples were placed in a water-filled
container with 2.5 cm of water on top and vacuum was
applied until the saturation rate is 55-80%. Vacuumed sam-
ples were wrapped with cling film and kept in a deep freeze
at—18 °C for 16 h. Then, the samples are kept in a water bath
at 60 °C for 24 h followed by water bath in 25 °C for 2 h.
Finally, they were subjected to indirect tensile test (IDT).
The sensitivity of samples to water is determined by Indirect
Tensile Strength Ratios (TSR). Unconditioned (IDTdry) and
conditioned (IDTwet) for samples are calculated with the
following equation.

TSR =IDTwet / IDTdry

TSR =Indirect tensile strength ratio

IDTwet = Average indirect tensile strength of the condi-
tioned group (kPa)

IDTdry = Average indirect tensile strength of the uncon-
ditioned group (kPa)

Asphalt mixtures with an indirect tensile strength ratio
of less than 0.8 are less resistant to moisture, but mixtures
greater than 0.8 presents better resistance to moisture dam-
age [59].

The indirect tensile test

To determine the tensile properties of asphalt concrete, an
indirect tensile test is performed. The indirect tensile test
(IDT) involves the fracture of the cylindrical test specimen
by compressing under load, which is applied vertically to
the cylindrical test sample. This test simulates the fracture
properties of road surfaces. IDT value is calculated using the
following equation [58]:

IDT=2P,, /rTD

where:

P_,.«=Maximum applied load (kN),

T=Thickness of the sample,

D =Diameter of sample.

Results and discussion
Mercury levels in the working environment

The amount of mercury released from a broken fluorescent
compact lamp was reported to be above 1 mg [45] and 1/3rd
of the total amount of mercury in the lamp would disperse
into the environment within 8 h [60]. The breaking, dis-
mantling and sieving of WFLs carried out under vacuum.
Mercury released into the environment was measured
0.011-0.015 mg Hg/m? for the 6 h working time. The mer-
cury emissions of the indoor working environment did not
exceed OSHA (Occupational Safety & Health Administra-
tion) standard (exposure threshold of 0.1 mg Hg/m?) [61].

Results of TCLP analysis

The test results of the samples prepared for the TCLP tests
were compared with the storage limits in the field. The mean
values of these data are USEPA (200 pg/L land storage
limit-LDR: Land Disposal Restriction) [45]. The compari-
son with the limit specified in the Regulation on the Control
of Hazardous Wastes (<20 pg/L) and the Regulation on the
Regular Storage of Wastes (200 pg/L) is shown in Table 3.

In the TCLP tests performed before and after the PP is
separated, it has been determined that 75% of the toxicity
can be reduced when the PP is separated by the sieving
method in the CFL sample, and in addition, the toxicity can
be reduced by 69% in the mixture sample by the sieving
method. Using the PP washing procedure, the toxicity of
the glass samples was reduced below the USEPA limit value
(0.2 mg/L) and the Hazardous Waste Control Regulation
limit value (0.02 mg/L). Since the TCLP value (0.017 mg/L)
of the washed mixture sample is not in the hazardous waste
class, it was decided to use the washed fluorescent lamp
sample to be tested as fillers on the road pavement.

Physical properties of mineral aggregate
and apparent specific gravity of mineral filler

The test results performed to determine the specific gravity
of the fine and coarse aggregate used in this study are given
in Table 4. The results were found to be within the limits

Table 3 Results of TCLP tests

Sample Sample name pg/L
1 CFLs glass + PP 103.6
2 CFLs glass on 100y sieve 25.96
3 Mix sample (30% tubular+70% CFLs) glass + PP 88.34
4 Mix sample (30% tubular+70% CFLs) glass on 100u sieve 274
5 Washed mix sample glass (30% tubular+70% CFLs) 17.66
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Table 4 Properties of the

. Properties Value Standard
aggregates used in the study
Volume specific gravity of coarse aggregate (25—4.75 mm) 2.73 ASTM C 128-88
Coarse aggregate (25-4.75 mm) water absorption rate (%) 1.45 ASTM C 128-88
Volume specific gravity of fine aggregate (4.75-0.075 mm) 2.69 ASTM C 127-88
Fine aggregate water absorption rate (%) 1.13 ASTM C 127-88

Table 5 Apparent specific gravity of mineral filler

Filler type Specific gravity Standard
Lamp glass 2.16 ASTM C 854
Normal filler 2.653 ASTM C 854
Table 6 Properties of Bitumen used in the study

Property Unit Mean value Standard
Penetration (25 °C) X 0.1 mm 61.5 ASTM D5
Viscosity (135 °C) Pas 0.474

Viscosity (165 °C) Pas 0.151

Mixing temperature °C 162.7

Pressing temperature °C 149

Softening point °C 49 ASTM D92
Ductility (5 cm/min) Cm > 100 ASTM D113
Specific gravity g/em® 0.97 ASTM D70

specified in the specification. The specific gravity test results
of the mineral fillers used are given in Table 5.

Properties of bitumen and aggregate gradation
used in samples

The specific gravity of bitumen was determined as 0.97
gr/cm?. Other properties of bitumen used in the study are
given in Table 6. The aggregate gradation used in the experi-
ment was selected according to the limits determined in the

Fig. 1 Aggregate gradation used 120
in the experiments
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General Directorate of Highways wear layer Type-1 condi-
tioning. The gradation values used are given in Fig. 1.

Determination of optimum bitumen ratio

Percentage of bitumen was determined as 4.5% for the con-
trol samples. When glass of WFL (25%, 50%, 75%, and
100%) was used as filler, optimum bitumen percentages were
determined as 5.29%, 4.78%, 5.13% and 4.94%, respectively,
using the graphs of VMA and VFA graphs.

One of the important properties of bituminous hot mixes
is the air void ratio. In Superpave method, the asphalt con-
tent is determined at 4% air voids. The most important
reason for defining this limit range is to prevent a possible
deterioration in hot bituminous mixtures. Another reason is
to ensure the water impermeability of the lower layers of the
hot bituminous mixtures, sufficient stability and to reduce
the oxidation of bitumen. If oxidation occurs, it reduces the
penetration value of the binder and causes the coating to
become brittle and brittle after a while [62].

As illustrated in Fig. 2a—d, when the bitumen ratio
increases, the air void ratio decreases. With increasing
density, physical properties such as durability, imperme-
ability and stability also increase. In high density mix-
tures, aging which occurs because of bitumen oxidation
and ultraviolet rays is slower and, therefore, an increase
in durability and a decrease in deterioration due to peel-
ing. Figure 3a—d illustrates that as the ratio of bitumen
increases, the practical specific gravity also increases. The

—o— Specification lower limit (% passing)
Specification upper limit (% passing)
Used in experiment (% passed)

6 8 10 12 14 16 18 20

Sieve Diameter (mm)
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Fig. 2 Relationship between air voids and bitumen ratio, a 25% fluorescent glass, b 50% fluorescent glass, ¢ 75% fluorescent glass, d 100% fluo-

rescent glass

relationship between the weight ratio of bitumen and the
practical specific gravity is almost directly proportional.

Another important feature of mixtures is the void ratio
between mineral aggregate (VMA) which is the air voids
between aggregate particles, including bitumen filled voids
in compacted pavement mixes. The VMA represents the
usable volume required for the bitumen and air space in
the mixture. Therefore, as VMA increases, the thickness
of the bitumen film on the aggregates increases and thus it
can be said that the durability of the mixture will increase
[63]. In the Highways Technical Specification of 2013,
the lowest VMA value for aggregates used in the wear
layer is determined as 14%. The relationship between the
VMA and the ratio of bitumen is given in Fig. 4a—d When
fluorescent lamp glass was used as filler, VMA values
were found to be higher than 14% for all samples tested.
In general, VMA values are decreasing with increasing
bitumen ratio.

The VFA is an important measure of relative durabil-
ity. Low VFA means there is not enough asphalt to provide
durability. The VFA also affects the plasticity and coating
friction coefficient in hot bituminous mixtures [63]. Most
specifications require VFA of 70-80% during the design
phase. In the Highways Technical Specification (2013), VFA
(%) value should be between 65% and 75%. The relation-
ship between the VFA and the ratio of bitumen is given in
Fig. 5Sa—d. As shown in figures increase in the bitumen ratio
cause an increase in the VFA value. When glass of WFL
(25%, 50%, 75%, and 100%) was used as filler, optimum
bitumen ratios that meet VFA values were determined as
5.3%, 4.78%, 5.12% and 4.94%, respectively.

Indirect tensile strength test results
Results of Indirect Tensile Test (IDT) conducted accord-

ing to AASHTO T-283 of both wet and dry samples were
presented in Fig. 6 As shown in the figure the IDT values
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Fig. 3 Relationship specific gravity and bitumen ratio (%), a 25% fluorescent glass, b 50% fluorescent glass, ¢ 75% fluorescent glass, d 100%

fluorescent glass

of control samples are higher than other samples. As can be
seen in Fig. 6, the IDTwet values decrease proportionally to
the amount of waste glass used in the study. Performance
of samples containing waste glass is inferior to the control
samples. As stated by Paul et al. [32] if the optimum ratio of
glass is used in the asphalt mixture, the performance would
not decline. Many researchers indicated that optimal glass
content is between 7% and 15% [29, 33, 64]. Some inves-
tigations also found that small amount of glass addition to
the asphalt mixture may improve some properties of the
mixtures [34, 40]. GP was attributed to low asphalt absorp-
tion by the glass and high silica content in its composition
[65-67].

Indirect Tensile Strength (IDTwet, IDTdry) which show
the sensitivity of the samples to moisture shown in Fig. 7.
TSR of the samples containing waste glass as filler did not
confirm the limit value of 0.8 which is specified in the stand-
ards. TSR is evidence of the strength loss resulting from
damage caused by “stripping” under laboratory controlled

@ Springer

accelerated water conditioning. The results of study indicate
that asphalt samples manufactured using waste glass will
suffer from long-term susceptibility to stripping. To over-
come the effects of water damage, hydrated lime which is
an anti-stripping additive is suggested in all asphalt mix-
tures. In addition, this issue can be looked at with another
positive approach. The bituminous course of a road pave-
ment is generally constructed in two sub-layers. The upper
part is called as bituminous surface course, and the lower
part called binder course. The bituminous course of a road
pavement is generally constructed in two sub-layers. The
upper part is called as bituminous surface course, and the
lower part called binder course. While the bituminous sur-
face course is exposed to natural factors, such as rainwater
and traffic, the binder course is not directly exposed to these
effects [68]. For this reason, since the waste material used
in the study will not come into direct contact with water, it
can be used effectively in the binder course and is suitable
for a sustainable use.
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Fig.4 Relationship between VMA and bitumen ratio (%), a 25% fluorescent glass, b 50% fluorescent glass, ¢ 75% fluorescent glass, d 100%

fluorescent glass

As a continuation of the study, new studies which
aiming to determine the optimum asphalt mixtures can
be research by mixing other wastes such as waste of
tire rubber, coking sulfur paste [69, 70] or other wastes
which have been reported successful results with WFLs
in asphalt production in the literature. On the other hand,
there are different literature studies on the recycling of
waste fluorescent lamps to control them. According to
Asari et al. [71] stated that technologies and systems
should be developed to ensure the use of mercury to be
recovered by establishing a closed-circuit recycling sys-
tem in Japan for fluorescent lamp waste management. In
addition to promoting public participation and collection
systems in the system, it is of great importance to establish
regulatory measures, new technologies for alternatives to
the use of mercury, and new recycling business models. To
manage solid waste management more effectively and to
recycle some of the material for its economic value, there
is a tremendous demand for recycled waste nowadays,
which was not there before [72]. Therefore, researchers

are trying to create many alternative elements from various
types of solid waste.

Conclusions

WEFLs can cause serious harm to both the environment
and human health due to the mercury metal they contain.
Removal of phosphor dust by washing process, the mer-
cury metal can be reduced and the WFL glasses can be
recovered without being evaluated as hazardous waste. The
use of waste glass in different layers on the road pavement
prevents environmental pollution and can make serious
contributions to the economy. In the TCLP tests performed
before and after the PP is separated, it has been found that
when the PP is separated by the sieving method in the
glass samples, the toxicity was reduced by 75%. Since the
TCLP value (0.017 mg/L) of the washed samples is lower
than limit value (0.02 mg/L), the glass of WFLs tested as
filler for the asphalt mixtures. In the continuation of the
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rescent glass

study, the mercury in the form of PP separated by washing
from fluorescent lamps can be removed by various leching
studies and PP can be used as a non-hazardous waste in
highway applications for lighting purposes.

The appropriate binder ratios were determined using
superpave mixing method. The optimum binder ratios
were found as 4.5%, 5.30%, 4.78%, 5.12% and 4.94% for

m IDTdry

il

Reference 25% 50% 75% 100%
0%

= [DTwet

1000 ¢

800

600

400 +

200 -

Indirect Tensile Strength, kPa

Glass Content (%)

Fig.6 Indirect tensile strength
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the control sample, samples containing 25%, 50%, 75%
and 100% waste glass, respectively. The binder ratio of
the samples containing waste glass was higher than control
sample which may increase the cost of the mixture.

The results of the study indicates that IDTdry strength
of the samples containing waste glass close to the control
sample, while IDTwet strength values were decreasing
with increasing glass ratio. The test results show that the
use of waste glass makes the sample more sensitive to
moisture, that is, its strength will be significantly reduced
when exposed to water and moisture. When the TSR ratios
were examined, it was seen that the values obtained were
below the limit value requested in the specification. As a
result, when the glass of WFL was used as mineral filler,
the asphalt mixtures became more sensitive to moisture.
Since this sensitivity will not be important, it is recom-
mended to use WFL glasses as a mineral filler for the
“binder layer” that is not directly exposed to contact with
water. Alternatively, to overcome the effects of water dam-
age, hydrated lime which is an anti-stripping additive can
be used.
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