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Abstract

Extraction of hazardous metals from dumped crystal glass waste was investigated for site decontamination and resource
recovery. Mechanically activated glass waste was leached with biodegradable chelating agents of ethylenediamine-N,N'-
disuccinic acid (EDDS) and nitrilotriacetic acid (NTA), where the concentration and reaction time were determined by using
Box—Wilson experimental design. Hazardous metals of lead (Pb), arsenic (As), antimony (Sb) and cadmium (Cd) with con-
centrations higher than regulatory limits were extracted wherein the extraction yield was found to vary Pb> Sb> As> Cd.
Extraction was influenced more by type and concentration of chelator rather than by reaction time. A maximum of 64% of
Pb could be extracted by EDDS while 42% using NTA. It is found that increase of chelator concentrations from 0.05 M to
1 M did not show improved metal extraction and the extraction improved with reaction time until 13 h. This study provides

sustainable alternative for treating hazardous glass waste by mechanical activation followed by extraction using biodegrad-
able chelator, instead of acid leaching.
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Introduction

Heavy metal pollution is a global challenge, as approxi-
mately half of the polluted sites globally are contaminated
by heavy metals and metalloids [1, 2]. These sites include
closed and operational industrial sites, such as glassworks,
where the use of toxic raw materials, like As, Cd, Pb and
Sb, has resulted in hazardous emissions, effluents and other
solid wastes [3, 4]. In south-eastern Sweden, dumped factory
waste is the main source of environmental exposure to these
metal contaminants around old, non-operational glassworks
[5, 6]. Heavy metal pollution affects human health and the
environment while presenting an annual global economic
impact estimated at over US$ 10 billion [2]. Therefore, it
is a complex challenge that requires a sustainable solution.

From the sustainability perspective, glass waste decon-
tamination with metal recovery could potentially reduce
environmental and human health effects and their associ-
ated economic impact while providing secondary metals [4].
Only very few studies are documented for decontamination
and metal recovery from the actual crystal glass [7]. The
reduction-melting technique used popularly is very energy
intensive (1100 °C) with potential toxic emissions [8].
Therefore, there is a need to study the potential for decon-
tamination and metal recovery from crystal glass waste in an
economically and environmentally feasible way.

A potential alternative is a combination of mechanical
activation and leaching of the glass waste with chelating
agents. Mechanical activation is the application of external
mechanical forces to a material in order to increase its reac-
tion capabilities by changing its surface energy, structure
and/or chemical properties while retaining its chemical inac-
tivity [9]. A chelating agent, on the other hand, is a ligand
that contains two or more electron donor groups so that more
than one bond is formed between a metal ion and the ligand
[10]. Therefore, the suggested metal extraction alternative
would expose metal ions in glass waste for easier extraction
by the chelating agents during the leaching.

Chelating agents are compounds with different numbers
of binding sites capable of complexing heavy metals, and
their stability increases with the number of binding sites
available on the ligands [11, 12]. They are classified into
aminopolycarboxylic acids (APCAs), such as ethylenedi-
aminetetraacetic acid (EDTA), and low-molecular-weight
organic acids (LMWOASs), such as citric acid (CA) [13].
EDTA is widely used in metal extraction studies due to its
effectiveness in metal binding. However, EDTA is persistent
in the environment due to its low-level biodegradability and

hard to be effectively removed from water treatment [14].
Therefore, the biodegradable alternatives ethylenediamine-
N,N'-disuccinic acid (EDDS) and nitrilotriacetic acid (NTA)
were used in this study as they can reduce the exposure of
heavy metal to environment but without introducing new
pollution compared to other non-degradable agents. Both of
EDDS and NTA are APCA type of complexing agents with
characteristics of high stability constant and quick biodeg-
radability in the environment (2.5-7 days) [13-15].

To the best of the authors’ knowledge, a combination of
mechanical activation and biodegradable chelating agents in
metal extraction from crystal glass waste is not documented.
Therefore, this study aimed to assess the application of this
method on contaminated crystal glass waste. Glass sam-
ples were mechanically activated and leached with EDDS
and NTA at varying chelator concentration and reaction
time, while temperature and solid to liquid ratio were kept
constant.

Materials and methods
Sampling

The crystal glass waste was sampled from Madesjo glass
dump (56°44'45.9"N 15°52'13.9”E) in Nybro Municipality,
southeast Sweden (Fig. 1). Madesjo glass dump is a heap of
glass waste from Orrefors Glass Factory that is located about
15 km away. The factory was active from 1898 to 2012 and
produced crystal and other household glass [4].

Sample preparation and treatment

The glass sample was crushed to smaller pieces and pulver-
ised for 30 s in a planetary ball mill (Retsch S100, Germany)
with ten agate balls of 15 mm diameter. The pulverised
glass was sieved to <125 ym and oven dried at 105 °C for
24 h+30 min. To further reduce the size of glass samples
and to enhance the surface energy, 40 g of the pulverised
sample was mechanically activated in a 250 ml agate jar
with ten agate balls of 15 mm diameter. The activation was
done at 600 rpm for a total of 180 min, but in 15 min inter-
vals. The activated sample was then oven dried at 105 °C
for 24 h+30 min.

Metal extraction procedure

The chelating agents EDDS and NTA were used to extract
metals from the activated glass sample at pH 7 in sepa-
rate experiments. Batch leaching was achieved in 100 ml
flasks by agitating 0.5 g of activated glass sample in 60 ml
of EDDS or NTA. A thermostatically controlled shaking
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Fig. 1 Map and photo of
Madesjo glass dump located in
Nybro, southeastern Sweden
(Map data ©2020 Google)

Sweden'\.
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Table 1 Coded and real variables of the experiment according to the
Box—Wilson design

Experiment Coded variables Real variables

No. Concentration ~ Mixing time Concen- Mixing
(x) (xy) tration  time

M) (h)

1 -1 -1 0.4 8

2 1 -1 0.8 8

3 -1 1 0.4 18

4 1 1 0.8 18

5 -1.414 0 0.05 13

6 1414 0 1 13

7 0 -1.414 0.525 2

8 0 1414 0.525 24

9 0 0 0.525 13

10 0 0 0.525 13

11 0 0 0.525 13

12 0 0 0.525 13

13 0 0 0.525 13

water bath (Grant OLS200) was used at constant leach-
ing temperature (25 °C) and shaking speed (150 rpm).
All experimental conditions were kept constant except
chelating agent concentration and leaching time, which
were varied as detailed in Table 1 as real variables. Dur-
ing preparation of chelating agents, the pH of the solution
was adjusted to 7 using sodium hydroxide (NaOH) pellets
(Fisher Scientific) and 1 M nitric acid (HNOj;) (Sigma-
Aldrich). After each extraction run, the flask contents were
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filtered through 0.45 pm filters and the filtrate was ana-
lysed for metals.

Sample characterisation

Metal content in the crushed glass sample was determined
using a hand-held X-Ray Fluorescence (XRF) scanner
(Bruker S1 Titan). Pulverised and activated glass sample
morphologies were characterised by Scanning Electron
Microscopy (SEM) using a Zeiss Ultra 55 SEM. Their par-
ticle sizes were determined using a Zeta Potential and Sub-
micron Particle Size Analyser (Delsa™ Nano C, Beckman
Coulter). Furthermore, an Accelerated Surface Area and
Porosimetry System (ASAP 2020, Micromeritics) was used
to determine sample pore size distribution, pore volume and
specific surface area based on the Brunauer—Emmett—Teller
(BET) method. During the leaching step, pH was measured
using a Radiometer PHM 210 pH meter. Finally, an Induc-
tively Coupled Plasma-Optical Emission Spectrometer (ICP-
OES), iCAP 6500 (Thermo Scientific), was used to analyse
metals leached from the activated glass.

Experimental design and statistical analyses

To understand the effects of mixing time and concentration
of each chelating agent on metal extraction efficiency, the
Box—Wilson experimental design was used [16], as it can
evaluate the performance of each individual parameter and
their interactions with a minimal number of experiments
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[5]. According to the design, 13 experiments were gener-
ated for each chelating agent, and the centre point (0,0) (i.e.
0.525 M of chelator concentration and 13 h of mixing time)
was repeated five times in each case as shown in Table 1.
The polynomial equation used to determine the extraction
efficiency (theoretical) was

y=a0+alxC+a2xt+a3xCxt+adxC>+a5xt,

(1
where y is the predicted extraction efficiency (%), a (0-5)
are the model, linear and interaction constants, C is the
acid concentration in moles (M) and ¢ is the temperature
in degrees celsius (°C) (coded variables in Table 1). The
predicted and experimental optimum conditions were deter-
mined according to the least square method using STA-
TISTICA version 6. Statistical significance of the model
equation and other data was analysed by one-way ANOVA
(analysis of variance).

Results and discussions

Physico-chemical characteristics of crystal glass
waste

Chemical composition of the crystal glass sample (<125 pm)
was analysed and compared with Swedish limits [17] for
hazardous waste as shown in Table 2. Cu and Mo were
lower than their detection limits in the sample, while cobalt
(Co), chromium (Cr), manganese (Mn), nickel (Ni), silicon
(Si) and zinc (Zn) were either lower than their respective

Table2 Chemical composition of the glass sample determined by
XRF and compared with Swedish limits for hazardous waste [17]

Element Concentration (mg kg™!) ~ Swedish guide-
lines (mg kg™")

As* 22,769 1000

Cd* 3090 1000

Co 53 1000

Cr 28 1000

Cu <LOD 2500

Mn 74

Mo <LOD 10,000

Ni 1409 1000

Pb* 373,674 2500

Sb* 11,915 10,000

Si 555,217

Zn 583 2500

LOD limit of detection (1 mg kg™
“Elements with hazardous concentrations

guidelines or were not listed. On the other hand, arsenic
(As), cadmium (Cd), lead (Pb) and antimony (Sb) were in
hazardous quantities. These results are consistent with find-
ings from previous studies on major contaminants around
former glasswork sites in south-eastern Sweden [6, 8, 18,
19].

Physical characteristics of the glass sample, such as mor-
phology, particle size and specific surface area, were consid-
erably changed following the mechanical activation process.
As shown in the SEM images in Fig. 2, mechanical attrition
during activation reduces the particle sizes considerably. The
initial sample showed smooth surfaces and sharp edges with
particle sizes ranging between 50 and 100 pm, whereas the
activated sample had truncated edges and much reduced par-
ticle sizes at 200-300 nm or 1-2 pm. The activated sample
was agglomerated as shown in Fig. 2b, which is normally
observed in activated glass samples [8, 20]. Hydrodynamic
size distribution of activated glass sample determined by
photocorrelation spectroscopy (Fig. 2¢) was found in two
ranges, i.e. 250-350 nm and 1-3 pm indicating, respectively,
the dispersed and agglomerated glass particles with high
surface energy, correlating well with the SEM studies. A
similar size distribution pattern was also observed in a recent
study on mechanical activation and metal extraction from
crystal glass waste [8].

The friction energy during the activation process changes
the surface energy and structure of the glass samples by
inflicting structural defects that cause particles and ions to be
in a disorderly state [9, 21]. In addition, the sample surface
area increased considerably from 0.10 m?> g ™! to 3.98 m* g™/,
implying that the exo-diffusion of ions into the chelating
agents would be enhanced.

Metal extraction

Extraction focussed on elements that were in hazardous
quantities (As, Cd, Pb and Sb) in the glass sample, based on
Table 2. In our previous study, blank experiment of water
leaching of mechanically activated glass samples resulted
in 3.04 mg 17! of Pb (corresponding to ca. 0.0144% of total
Pb content in glass sample) in leachate at room temperature.
However, acid leaching using 0.5 M, 1 M and 3 M HNO;
resulted in ca. 26-28% of Pb extraction after 12 h [8]. In
the current study, the magnitude of extraction was in the
sequence Pb> Sb> As > Cd, and their maximum extraction
efficiencies in EDDS and NTA, respectively, were found to
be 63.6% and 42.2% for Pb, 10.4% and 8.6% for Sb, 6.3%
and 3.4% for As, while Cd was lower than 1% when either of
the chelators was used. The better extraction of Pb than other
elements is probably due to its higher initial concentration
in the glass samples (Table 2). Elements with smaller total
concentrations may be more tightly bound to the material
matrix, and thus may be more difficult to extract [11]. This
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is further signified by the lower extraction (<11%) of all
elements in smaller total concentrations (As, Cd and Sb).

The lower extraction of these elements compared to Pb
could also be due to their potentially low solubility in the
two chelating agents, as well as due to differences in chela-
tor-metal complex stability, which differs among elements
[10, 22]. For instance, chelators are ineffective in extraction
of As due to its anionic forms that do not allow the formation
of stable chelator complexes [15]. Regarding the stability
constant, although the content of Cd is about 5 times than
Zn (Table 2), higher percentage of Zn was extracted than Cd
owing to higher stability constant of metal complexes for
Zn (i.e. log K of Zn-EDDS is higher than that of Cd-EDDS)
[23]. In addition, there could be elemental competition for
complexation sites, where an element not at equilibrium in
a chelate complex can be replaced by another [24]. On the
other hand, enhanced mobility of iron oxides by chelator
action could result in increased release of bound As and
other trace elements [5]. Therefore, extraction of these ele-
ments is also affected by the material type and chemical
composition [11].

Extraction of As, Cd and Sb was not optimised due
to low extraction efficiency (within 5% statistical error
allowance), and the results are shown in Supplementary
information. For Pb, extraction was obtained as shown
in Fig. 3. It was higher in EDDS than NTA in all 13

Fig.2 Scanning electron
microscopy (SEM) images

of glass sample a before
mechanical activation and b
after mechanical activation;

¢ volume-weighted hydrody-
namic size distribution of the
glass sample after mechanical
activation
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differences in complexation characteristics, based on their
chemical structures. The stability of the metal-ligand com-
plex, which is dictated by the number of donor atoms in
each chelator, influences the extraction ability of each
chelator. Therefore, EDDS, a structural isomer of EDTA,
is more stable than NTA as it has more binding sites and
thus is a better chelating agent for crystal glass waste [15,
25]. Meanwhile, in current study, solid to liquid ratio was
kept constant at 1:120. In our previous study on mechano-
chemical extraction of lead from crystal glass waste [8],
solid to liquid ratio was 1:250, and the highest extraction
of Pb achieved was 78% in 3 M HNO; and at 95 °C. At
higher solid content and operation at room temperature,
the current study shows 63% Pb recovery with the help of
EDDS, which indicates the advantage of using biodegrad-
able chelating agent.

The observed differences could also be explained in
terms of differences in the chelator stability constants [11,
26]. EDDS has slightly higher equilibrium constants for
trace elements than NTA, the stability constants (log K) of
Pb complexes specifically being 12.7 and 11.3 for EDDS
and NTA, respectively [24]. Thus, equilibrium concentra-
tion of the products (trace elements) during the extraction
process should be higher in EDDS than in NTA. However,
the effect of stability constants on extraction could also be
a function of pH. For instance, Tandy et al. [24] observed
that NTA extracted more Pb than EDDS in acidic condi-
tions, despite EDDS having a higher stability constant. On
the other hand, competition kinetics between metal bind-
ing by surface sites of the material and metal complexa-
tion by the chelating agent could be another explanation
for the higher efficiency of EDDS than of NTA. Polettini,
et al. [15] observed reduced competition between major
cations and trace elements for complex formation in favour
of EDDS than of EDTA and NTA, which could be the case
in the current study as well.

Extraction efficiency in this study is lower than what was
reported in previous studies on cathode ray tube (CRT) glass
[27, 28]. The main influencing factors could be pH, chela-
tor to target trace elements ratio (i.e. liquid to solid ratio)
and efficiency of the mechanical activation step. Previous
studies have shown pH-related effects on extraction due to
buffering capacity of each material systems [11, 22, 29].
In the present study, pH was tuned to 7 at the beginning of
extraction process and there was no noticeable variation of
pH observed during and at the end of extraction. This is due
to the relatively low concentration of metals in the extraction
solution and also because of high chelator to metal ratios.
Therefore, pH was not considered as a variable in experi-
mental design. On the other hand, the higher the chelator to
trace element ratio, the more uncomplexed ligand is present
in the extraction solution, and thus, the faster and more com-
plete is the extraction [24]. For mechanical activation, an

‘in-situ’ mechanical activation-extraction system results in
enhanced metal extraction due to prolonged sample milling,
and increased surface area and temperature during the reac-
tion [27, 28]. In the current study, all the parameters were
kept constant, and the metal extraction was ‘ex-situ’ (carried
out separately after mechanical activation).

Effect of chelator concentration on extraction efficiency

Within a certain concentration range, metal extraction is
known to increase with concentration of chelators until a
critical concentration point at which almost all mobile met-
als are extracted, and thus, any further increase in chelator
concentration is insignificant for metal ion extraction [30]. In
one study, increase in chelator concentration from 0.005 M
to 0.1 M only triggered marginal increase in Cd, Pb and
Zn extraction, while another study assessing concentra-
tion effect from 0.001 M to 0.05 M observed no significant
improvement in metal extraction beyond 0.01 M [21, 31],
which is similar to the reported work of Zou et al. [30] in a
study of concentration variation from 0.05 M to 0.1 M. In
the current study, increase in concentration did not improve
Pb extraction as shown in Fig. 4a, b. For both EDDS and
NTA, there was a sharp decrease in extraction at higher che-
lator concentrations (from 0.05 M to 0.525 M). Towards 1 M
concentration, there was a slight increase in extraction for
EDDS, whereas for NTA the decrease continued gradually.
The differences in extraction efficiency at the three concen-
trations in each chelating agent were found to be statisti-
cally significant (p <0.05). As discussed earlier, extraction
is affected by stability constant (log K) of chelator-metal
complex and pH. Both EDDS and NTA are aminopolycar-
boxylic acid type of chelating agents. EDDS has more bind-
ing site than NTA; NTA tends to form 2:1 (ligand:metal)
complexes with metal ions, whereas EDDS forms 1:1 com-
plexes. Therefore, EDDS extracts more Pb than NTA. In the
current study, the concentration range (0.05 M—1 M) most
probably surpasses the range where an increase in extraction
could be observed by increasing the chelator concentration.
This could be due to that chelators of access amount are self-
interacted, and thus, the number of active sites available for
metal chelation is reduced.

Effect of reaction time on extraction efficiency

The effect of reaction time on Pb extraction is discussed
for constant, mid-point concentration (0.525 M) and three
time points (2 h, 13 h and 24 h), as shown in Fig. 4. Extrac-
tion in EDDS (Fig. 4a) increased between 2 and 13 h and
then decreased thereafter. The pattern was almost similar
in NTA (Fig. 4b), though the increased extraction before
13 h and a reduction thereafter were negligible. The dif-
ferences in extraction at the three times were statistically
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Fig.4 Combined effects of chelator concentration and reaction time on Pb extraction efficiency for a EDDS and b NTA

significant (p < 0.05) for EDDS, whereas for NTA the differ-
ences were only statistically significant between 2 and 13 h.
The increase in trace ion extraction from 2 to 13 h was only
8% and 2% in EDDS and NTA, respectively. Within the first
2 h of each experiment, 85% and 95% of the final extrac-
tion was already achieved in EDDS and NTA, respectively.
Extraction of trace elements by chelating agents is based on
a two-stage kinetic equilibrium rate, i.e. the rapid desorption
stage from the onset of extraction until reaction equilibrium,
and the slow leaching stage after equilibrium [5, 30]. Thus,
the current results in the experimental setting signify that the
extraction was already in the slow, post-equilibrium leaching
stage after 2 h. Previous studies have shown similar trends
of reaching equilibrium within the first 2 h of extraction [5,
8, 30].

Statistical analysis and optimisation

Extraction of Pb by EDDS and NTA was achieved as shown
by the statistical and polynomial model results in Table 3.
The correlation coefficients (R?) indicate the correlation
between predicted (theoretical) and observed (experimen-
tal) extraction efficiencies of Pb, which was high for both

Table 3 Statistics and fitting of model equations for Pb extraction

chelators (0.965 and 0.976). This high correlation is shown
in Fig. 5a, b for EDDS and NTA, respectively, confirming
the suitability of the proposed model equation in fitting the
experimental data as well as existence of a significant cor-
relation among chelator concentration, reaction time and
extraction efficiencies.

According to the Least Square method (STATISTICA)
in the identification of optimum process conditions, it was
established that the maximum predicted values for Pb extrac-
tion by EDDS and NTA were 63.2% and 42.3%, respec-
tively, with 0.05 M of each chelator and 13 h reaction time
as the optimum process conditions. For the experimental
part, however, under the same optimum process conditions
(0.05 M and 13 h), Pb extraction by EDDS and NTA was
found to be 63.6% and 42.2%, respectively, which is similar
to the prediction.

Conclusions

This study investigated extraction of hazardous met-
als from contaminated crystal glass waste using biode-
gradable chelating agents EDDS and NTA to achieve

Chelator  Polynomial equation R? Fvalue p<0.05 p value
summary

EDDS V1 =579+ (=47.1) X C+ 0.9 x 1+ (=0.1) X C X t + 28.6 X C* + (-0.03) x 1 0.976 201.4 Significant ~ #¥**

NTA Y, =415+ (=16.1) X C+ 02X 1+ (=0.2) X C X t + 7.6 X C> + (—0.01) X 1> 0.965 166 Significant ~ *¥¥*
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decontamination and sustainable resource recovery. The
glass waste contained hazardous concentrations of As,
Cd, Pb and Sb which were extracted in the sequence
Pb> Sb> As > Cd. Mechanically activated glass samples
were leached with the chelating agents at different con-
centrations and reaction times. Increase in chelator con-
centration did not enhance Pb extraction, whereas increase
in reaction time enhanced extraction efficiency until 13 h
for the extraction at certain concentration of chelator.
Overall, chelator concentration was more important for

Predicted/Theoretical values

Pb extraction than the reaction time. Ultimately, the opti-
mum extraction conditions were 0.05 M and 13 h, although
within 2 h more than 85% of the extraction was achieved in
each case. EDDS was more effective than NTA in extract-
ing the metals due to its higher stability constant. The
maximum Pb extraction efficiency achieved (64%) was not
high enough to achieve complete decontamination and full
metal recovery potential. However, it could be improved
through further optimisation of variables, like solid to
liquid ratio, temperature, pH and further mechanical
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activation steps. This investigation could facilitate more
research on decontamination and resource recovery poten-
tial from hazardous dumped waste for a circular economy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10163-022-01351-7.
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