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ABSTRACT: This research investigates the capabilities of geopolymer cement in the stabilization
and solidification of heavy metal-contaminated soils, particularly those contaminated with lead and
zine. One of the key aspects of this research is the use of steel and blast furnace slags, considered as
industrial waste, as raw materials in the production of geopolymer cement. To this end, contaminated
soil samples were stabilized using both types of binders, and various tests, including compaction,
uniaxial compressive strength (UCS), toxicity characteristic leaching procedure (TCLP), and scanning
electron microscopy (SEM), were conducted to evaluate the performance of the binders. The results
of the uniaxial compressive strength tests showed that the samples stabilized with geopolymer cement
exhibited higher strength at all curing times compared to those stabilized with Portland cement, with a
strength increase of approximately 100 to 200 kPa. Moreover, the leaching test results indicated that
steel slag significantly reduced the concentration of lead ions from 26,000 ppm to less than 1 ppm. In
the case of zinc, the concentration was reduced from 16,000 ppm to 0.3 ppm, demonstrating the high
potential of this material in the stabilization of heavy metals. However, despite the high compressive
strength of sodium silicate-containing samples, they were less effective in reducing the concentrations of
heavy metals in the leaching tests. This research also showed that increasing the binder content improved
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the mechanical strength of the samples and enhanced the stabilization of contaminants.

1- Introduction

Various technologies have been developed to transform
hazardous wastes into non-toxic materials or reduce the
potential release of toxic species into the environment.
Examples include chemical precipitation, electrolysis,
biological treatment, and stabilization/solidification (S/S) [1].
Remediation technologies can be classified based on in situ
or ex situ immobilization or extraction (the action applied to
metals) and other types of technologies. Remediation of heavy
metal contaminated soils is limited to two main strategies:
immobilization and extraction [2]. Generally, stabilization is a
process in which additives are mixed with waste to minimize
the rate of movement of contaminants from the waste and
reduce the toxicity of the waste. Therefore, stabilization
can be described as a process in which contaminants are
completely or partially confined by the addition of supporting
agents, binders, or other modifiers. Similarly, solidification
is a process that uses additives to change the physical nature
of the waste (measured by engineering properties such as
strength, compressibility, or permeability) during the process.
Therefore, the goals of stabilization and solidification
include both reducing the toxicity and mobility of the waste
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and improving the engineering properties of the stabilized
material [3]. The S/S method is considered to be one of the
effective methods for removing heavy metal contamination
from contaminated soils. This method has high efficiency
and can reduce the leaching of hazardous substances from
waste disposed of in landfills and contaminated soils [4].
In the S/S method, various materials are used as binders,
the most common and widely used of which is ordinary
Portland cement. Other materials that can be used as binders
include lime, gypsum, pozzolans, and fly ash. In some cases,
several stabilizing agents are used in combination and the
effect of each of these materials on stabilization is studied
[5]. Usually, ordinary Portland cement is used for the S/S
method; however, the degree of reduction in the strength of
cement-contaminated soils depends strongly on the type and
concentration of heavy metals. On the other hand, considering
the environmental challenges associated with the production
of Portland cement, including high carbon dioxide emissions
and high energy consumption, the need to find sustainable
and environmentally friendly alternatives is essential. In this
regard, geopolymer cement has been proposed as a suitable
alternative due to its high potential in reducing environmental
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Fig. 1. Compaction of contaminated soil a) mixed with
cement b) mixed with GGBFS c¢) mixed with slag.

impacts, significant mechanical properties, and resistance to
corrosive conditions [6].

Geopolymer cement, which is known as a new type of
adhesive, is a type of inorganic cement obtained by combining
aluminosilicate raw materials with alkaline solutions.

Considering other studies conducted on the use of
geopolymer cements for the removal of heavy metals
from soil, the main objective of this study is to compare
the performance of geopolymer cement with two separate
types of slags, iron and steel smelting, as well as ordinary
Portland cement as a binder. In this study, two types of
alkaline solutions, including sodium hydroxide and sodium
metasilicate, were used in different ratios to activate the
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slag. Also, the efficiency of these compounds in controlling
the release of metal ions and the effect of curing conditions
and time on the mechanical strength of the samples and the
stabilization of contaminants were evaluated.

2- Methodology

In this study, a contaminated soil sample from a lead
and zinc mine waste site located in Buin Zahra County was
used. Due to mining activities, this area contains significant
amounts of mineral waste that have been improperly
disposed of in a landfill. Improper accumulation of this
waste has increased the risk of heavy metal contamination
in the surrounding soils and has become a potential source of
environmental pollution. To investigate this issue in detail,
completely random sampling was carried out from different
parts of this site. Two separate types of slag were used to
produce geopolymer cement in this study: iron smelting
slag and steel slag. For sample preparation the soil, slag and
cement were dried in an oven for 24 hours at 110 degrees
Celsius to ensure that no moisture remained in the materials.
This step was necessary to accurately control the moisture
content of the samples, as residual moisture could change
the results. The alkaline solution was also prepared one day
before the samples were prepared. This was done because the
alkaline solution generates heat during production and there
must be enough time to reduce this heat so that it does not
affect the final properties of the samples when mixed with
other materials. To investigate the effect of curing time on the
properties of the samples, four different time periods were
considered, including 3, 7, 28 and 90 days.

3- Discussion and Results

The graphs related to the compaction test are shown in
Figure 1. The results indicate that the addition of cement, iron
smelting slag and steel have different effects on compaction
parameters. These changes are clearly observed in the graphs
of optimum moisture content and dry specific gravity. The
soil compaction graphs show significant differences in the
mechanical behavior of soil with the use of different additives.
Adding cement to the soil increased the optimum moisture
content. This increase may be due to the water absorption
characteristics of cement and the need for more moisture for
better compaction. However, the addition of cement led to a
decrease in the dry specific gravity. This decrease may be due
to the change in the internal structure of soil and cement and
its effect on soil compaction.

Accordingto the standards of the Environmental Protection
Agency (EPA), all industrial and mining waste accumulations
must be monitored for heavy metal concentrations by leakage
tests (TCLP). The TCLP test simulates acid rain conditions
over a long period of time (approximately 100 years). This test
uses a weak acidic solution (usually acetic acid) to model the
long-term effects of acid rain on the samples and measures the
amount of pollutants that may be released from the samples
during this period. The results of this test can help determine
the long-term stability and safety of stabilizing materials in
the face of environmental conditions. EPA Method 1311 was
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used to conduct a deep leaching test of mineral tailings and to
evaluate the potential for heavy metal release from stabilized
samples after 28 days of curing. The TCLP test results (Figure
2) showed that steel slag effectively prevented the leakage
of pollutants, and the levels of pollutants were within the
desired range and below the established standards. Portland
cement also performed similarly and prevented the leakage
of pollutants well. However, iron and steel slag performed
worse than the other two options, and the amount of leaked
pollutants was higher than the standard limit.

4- Conclusions

The results of the tests showed that the addition of cement
caused a slight increase in the optimal moisture content
but a decrease in the maximum dry specific gravity. These
changes indicate that cement, due to its nature, requires more
water to achieve optimal compaction, but at the same time,

it makes the soil structure less dense. In the case of iron
smelting slag, the increase in specific gravity and optimum
moisture content indicates that this material contributes to
greater soil compaction and requires more water to achieve
optimum compaction. In general, these results indicate that
each material has different effects on soil compact ability and
optimum moisture content due to its physical and chemical
properties. The results of this study show that geopolymer
cement shows higher initial strength compared to Portland
cement and can be a suitable option for situations where there
is a need for rapid stabilization of soil contamination.
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Table 1. Chemical analysis of GGBFS and steel slag.
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Fig. 1. Laboratory images of soil compaction testing in combination with stabilizers.
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1. Unified Soil Classification System - USCS

YAAo

25 (5)3re S5 (sl tlojl gl )3 Cles g o)l 4 oo
SIS g cdlo anlp Job )3 ugh) g Lo Wil (Jaes Laulyd
slgs oo bl cpl g3 S oS s a0 J 58 cdday 1L ladiges
2 Gy sl i 8 pbieos 1y dlge a5 oy Al
)5 5 5> Sglite g yglJas £ 93 dadiges CudeS il Lyl
2053 A (g gl L (Bl 3 ladigad 5 o pglJos gy o b
i) g osbye sllaome (sjlodud yslateds Llyd cpl B o3l
s ygldes by o b Al digas olgs p Y Cugby 5T
I3 gl 0900 s 433 £ clad p3 el VF ke 4 landiges
Lie slod jd diges «gygl Jos lojiode dus (gly ¢ pums 43,5
ol 3)90 St Ll (gilwand jolaieds (g ol NAD (5510
Lol e Sl b 0,8 a8 (gl dos gy 92 cnl 285 )18

D9 JloS g (o rdiged 2les Slaogad 59y p (Jame
0,9 oz dadigas Lolp  (ygldes Glojite ;5B p sl
5oy ¥ e b i8S Jlal > ey Ar g YA Y Y Lol iz il
5 Sk Pl p agldes 59 sl g gl Sl o &
Slyss gy (swyp 4 0jgy V09> L8l polais] baiges (SHlSe
ol & Joleo oy YA e sl b Sleww S5l cdyiy
ladiges olgd Cons g Ddosily Olpeis Jlod gl @2 y0 da gy
SaaSVgb sl o)) jolaieds jg) A ke ooy b Sl
ol A5 a8 )5 a5 )3 ladigad (53l 5 polsS a5 swn 9 ogles
CoksS g 3 8kae 2 loj b Sl ISl (gl Jae e (slaloj

b wali8 ) d0l,8 Gz ol )0 ladiges

cou g b -Y
adgl SB diges g9y » b yiulojl gl =) =¥

ASTM 5,5l g, 5l o3lizl b S gl 1oy ¢ i ol 5
il ilojl (S canaib g g9y gl b s D2216
Caz b pbol ASTM D6913-04 5 lstiul | lls I s, 4
weyate 039 Ginlejl 31 (GS) Sl s pogase (i o
S 1515 Lialesl . ooliwl ASTM D854 5 skl b gollae oo
stial 5 S sy gy 5 Sl Kt IS e ysliion
bgiye Ltslofl «SB PH iz s gl 05 plosl ASTM D698
I olge lise s gl s plosl ASTM D4972 5 )lsibl 5o

3kl b gollae iolosl cpl s oolil 3lyisl 59y 5l SB )3 dg3g0



1185 100
—t— Soil % a1
/a.za
E 1/90 i -
&
5 70
E‘ 1/85 4 g & EE
e 3
_5 E 50
= 1/80 - Iy e
E S 30
E ’Aw
% 175 i ol
E 7 " ‘,_-4527
e
0
0.001 0.01 0.1 1 10 100
1170 4 Particle size(mm)
5 é 1'0 1'2 1'4 1I6 1'3 2'0 2'2 2'4 w=- Dy=0145 | C,=3471 Unified Soil Classification:
PL=- Dy =1.514 C.=3.15 SP-5M - Poorly graded sand with silt and gravel
Optimum maeisture content(%) Pl=- Dy = 5.027
(< (!
SBO it ‘J!)S(ug allae 3 )90 S gus dild Hldged (@r.y g
Fig. 2. a) Grading diagram of the studied soil, b) Standard soil compaction
2/05 —e— Soil 1/95 - —e— Soil
2/00 —o— GGBFS 5% —eo— OPC 5%
— —e—GGBFS10% o~ 1/90 4 —e—OPC 10%
E 1705+ —e— GGBFS 15% E —e—OPC 15%
> 2 1/85 -
X 1/90 S
2 2
‘@ 1/85 ‘w 1/80 1
[ [
% 1/80 % 1175
> 2
B 1/75 4 ©
£ £ 1/70
g 11704 g
= 5% 165
3 1/65 - 3
= =
1/60 - 1/60 1
1/55 T T T T T T T T T T T 1/55 T T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24 26 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Optimum moisture content(%) Optimum moisture content(%)
o Gl
205 —e—Soil
2/00 —e— Slag 5%
— —e— Slag 10%
g 1857 —eo— Slag 15%
X 1/90
2
@ 1/85
o
()
T 1/80
)
T 1/75
£
g 170
3 1/65 -
=
1/60 |
1/55 T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24 26

Optimum moisture content(%)

d

(358 5,1 s s Lglce (2 (o2Tersd o,k s boglice (0 (loges by bgloee (il aglTeS 15 4y bigspo o575 ¥ S5

Fig. 3. Compaction of contaminated soil a) mixed with cement b) mixed with GGBFS c) mixed with slag.
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lizer content b) with 10% stabilizer content ¢) with 15% stabilizer content

YAAA



1000

1000
GGBFS
900 LT 000 I GGBFS
I oPc I orc
800 800
B siag I 520
700 4 700
’g 600 o E 600
X 5004 X 500 -
= 3
o 400+ o 400
300 + 300 4
200 4 200
100 100
o< 0
3 7 28 3 7 28
Time (Day) Time (Day)
( (I
1000
GGBFS
o0/
I o~
800 -
B siag
700 -
o 600
Q
=X 500+
3 4001
300 4
200 -
100 -
) 3 Days 7 28
Time (Day)

3

Y58 0, U bglseo (z op2lrgh 8, pw b bolse (& yloaw b bglsce (U1 059 1SE 4y Loy po o5T1,5 .Y JSW5

Fig. 3. Compaction of contaminated soil a) mixed with cement b) mixed with GGBFS c) mixed with slag.
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Fig. 6. Uniaxial strength with different NaOH/Na,SiO, ratios a) GGBFS samples b) Steel slag samples.
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