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ABSTRACT

We characterized alkali-activated slag paste containing dredged marine sediment according
to Na2O concentration by mass of slag in the mixture. The compressive strengths of 3-d
cured AAS–sediment paste specimens were similar to those of 28-d cured AAS–sediment
paste specimens. The optimum Na2O concentration by mass of slag was 6–8%. Leaching
testing of samples cured for 3 d confirmed that heavy metals (Cr, Cu, Cd, and Pb) were
below the detection limits for all these metals. X-ray diffraction, scanning electron
microscopy, and Fourier transform infrared spectroscopy analyses revealed that the
microstructure, fracture surface, and silicate band of calcium silicate hydrate as the main
hydrate of the AAS–sediment paste were similar among the various samples. Despite this,
Ca/Si molar ratios and quantitative analysis results differed among samples with different
Na2O concentrations by mass of slag.

Keywords: Alkali activation; Dredged marine sediment; Ground-granulated blast-furnace slag
(GGBFS); Solidification/stabilization (S/S)

1. Introduction

The Convention on the Prevention of Marine Pollu-
tion by Dumping of Wastes and Other Matter 1972
encourages the recycling of dredged sediment [1,2].
Recycling of smaller fine sediments (<75 μm) is diffi-
cult and uneconomical due to their small particle size,
and also because fine sediments usually contain high
concentrations of heavy metals [3–6]. The high concen-
trations of heavy metals in fine sediments are associ-
ated with the large surface areas of the smaller

particles given that heavy metals tend to accumulate
on particles by means of sorption and co-precipitation
on the surface. Furthermore, carbonates and chlorides
present in dredged marine sediments make it more
difficult to treat contaminants in sediment by means
of normal soil remediation techniques [2,7].

General technologies for treating contaminated
dredged sediment include solidification/stabilization
(S/S) [8], soil washing [9], electrokinetic remediation
[2], thermal treatment [10], and vitrification [11]. S/S
technology stabilizes the contaminants and reduces
their mobility. S/S based on the use of cement has
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been widely used to treat metal-contaminated soil, but
to use dredged fine sediment as recycling material
while meeting environmental and human health
requirements, the development of novel binders and
processes is required. In recent years, many research-
ers have studied the remediation of sediment using
alkali-activated binders such as slag and fly ash
[12–17]. Slag and fly ash are cost-effective alkali-
activated binders that can be activated by alkaline acti-
vators such as alkalis, silicates, aluminates, non-silicate
weak acid salts, and aluminosilicates [18]. These alka-
line activators react with Ca2+ from ground-granulated
blast-furnace slag (GGBFS) to form less soluble com-
pounds [19,20]. In particular, the use of GGBFS is ben-
eficial in developing hardening materials with low
concentrations of alkaline activator [21–26]. Sodium
hydroxide (NaOH) solution is the most commonly
used alkaline activator and is also one of the most cost
effective. The main reaction product of alkali-activated
slag is a calcium silicate hydrate (C–S–H) similar to
that formed by Portland cement hydration [27–29].
The microstructure and properties of alkali-activated
binders depend on the chemical compositions of the
raw materials used, the concentration and type of
alkaline activator, and curing conditions such as
temperature and time [30]. In particular, the concen-
tration of the activator can have a large influence on
the mechanical properties and durability of the hard-
ening paste. C–S–H formed as a reaction product of
the slag with the alkaline activator contributes signifi-
cantly to the overall strength of the resulting material
[27,31–37].

Previous studies have generally focused on evalu-
ating the effectiveness of S/S, mainly from mechanical
and environmental viewpoints. It is important to
determine the potential change in the compressive
strength and microstructure of specimens with
solidified/stabilized sediment due to the addition of
an alkaline activator. Our main objectives in this study
were therefore (1) to evaluate the compressive
strength, (2) evaluate the effectiveness of heavy metal
immobilization, and (3) investigate hardening mecha-
nisms in the microstructure of the hydrate in alkali-
activated slag containing dredged marine sediment.

2. Materials and methods

2.1. Materials

Dredged marine sediment used in this study was
sampled from Nam Harbor in Busan, Korea. Sediment
in the size range of 10–30 μm was collected in a plastic
bag, which was then hermetically sealed to prevent
any oxidation of reduced compounds. Wet sediment

was used for granulometric analysis, and dried
sediment was used for all other analyses. Particle size
of the sediment was characterized according to ASTM
D2487. The water content, absolute density, and parti-
cle size classification are shown in Table 1. Following
the maritime environment pollutant testing method in
Korea, the contents of heavy metals in the sediment
were analyzed. Table 2 shows the total heavy metal
concentrations (average) in the dredged marine
sediment.

Table 3 shows the properties of the GGBFS used as
the primary binder in the present study; the GGBFS
complied with the Korean Standard KS F 2563, class 3.
GGBFS was analyzed by X-ray fluorescence (XRF),
and its oxide content is listed in Table 4. The
basicity coefficient Kb = (CaO + MgO)/(SiO2 + Al2O3)
was 1.08. NaOH solution was used as an alkaline acti-
vator in this study; it was prepared by dissolving
NaOH beads (>93% pure) in distilled water. The con-
centrations of alkaline activators prepared were 2, 4, 6,
and 8% Na2O by mass of slag.

2.2. Preparation of AAS paste

To keep the microstructural properties and com-
pressive strengths of the samples constant, the col-
lected dredged sediment was dried at 105˚C. The
dried sediment was premixed with GGBFS at a 1:9
ratio using a Hobart mixer. The water-to-binder ratio
(binder: primary binder + anhydrous activator) was
set to 0.3 in consideration of the saturated-surface-dry
of the sediment. Each alkali-activated GGBFS–sedi-
ment (AAS–sediment) paste was cast into three prism
molds (40 mm × 40 mm × 160 mm) on a vibrating
table. All mixtures were sealed in plastic bags and
then cured at 80˚C for 24 h. Specimens were stored in
the laboratory, where the temperature was maintained
at 20 ± 1˚C. Specimens were prepared in triplicate at
3, 7, and 28 d.

Table 1
Physical properties of the sediment

Parameter Value

Water content (wt.%) 41
Absolute density (g/cm3) 2.74
Particle size classification (wt.%) Gravel 0.48

Sand 95.07
Silt 4.46
Clay 0
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2.3. Physical, chemical, and microstructural analytical
methods

Specimens were tested to determine their flexural
and compressive strengths by means of ASTM C348
and 349. After mechanical testing, broken specimens
were crushed for chemical and microstructural analy-
ses. TCLP tests using ICP-OES were performed
according to TCLP method 1311 to examine the leach-
ing characteristics of heavy metals (Cd, Cr, Cu, and
Pb) in specimens cured for 3 d.

Microstructural analysis was conducted to investi-
gate the effect of Na2O concentration by mass of slag
on hydrate transitions. Field-emission scanning elec-
tron microscopy combined with energy dispersive
spectroscopy (FE-SEM/EDS, Carl Zeiss, SUPRA 55VP)
was performed using a platinum powder coating

applied by a sputter coater (BAL-TEC/SCD 005). Pow-
der X-ray diffractometry (PXRD, Bruker, D8 Advance)
and Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific, Nicolet 6700) were also performed.
FE-SEM/EDS plots were obtained over specified
regions. PXRD data over the 2θ range from 5˚ to 70˚
were collected at a constant scanning rate of 2˚/min
under Cu Kα radiation (λ = 1.5406 nm). FTIR absorp-
tion spectra of samples dispersed in KBr were
recorded in the range of 4,000–400 cm−1 by scanning
32 times at a resolution of 4 cm−1. Microstructural
analyses were conducted using the samples cured for
3 d.

3. Results and discussion

3.1. Compressive strength development

The compressive strengths of the samples were
compared to evaluate the effect of Na2O concentration
by mass of slag. The concentration of NaOH solution
as an alkaline activator was varied to obtain a wide
range of concentrations of Na2O by mass of slag in the
mixture. The compressive strength of the AAS–sedi-
ment paste increased with curing time and concentra-
tion of activator (Fig. 1). Compressive strength
developed quite rapidly because of the initial curing
for 24 h at the elevated temperature of 80˚C [38–40].
The minimum difference in compressive strengths
between the samples cured for 3 and 28 d was only
1.5 MPa. The compressive strength values of the 2, 4,

Table 2
Contents of heavy metals in the dredged sediment

Cr (mg/L) 1,043
Cu (mg/L) 1,206.7
Cd (mg/L) 1.6
Pb (mg/L) 232

Table 3
GGBFS specifications

Property Value

Density (g/cm2) 2.90
Fineness (cm2/g) 4,150
Flow rate (%) 99
Strength activity index—age of 7 d (%) 64
Strength activity index—age of 28 d (%) 102
Strength activity index—age of 91 d (%) 113
MgO (wt.%) 3.1
SO3 (wt.%) 0.6
Loss on ignition (wt.%) 0.2
Cl− (wt.%) 0.004

Table 4
Chemical composition of GGBFS

Compound wt.%

CaO 46.2
SiO2 32.3
Al2O3 13.5
MgO 3.2
SO3 2.0
TiO2 1.0
Fe2O3 0.4
Other 1.4

Fig. 1. Compressive strengths of AAS–sediment pastes at
3, 7, and 28 d according to the concentration of Na2O rela-
tive to slag mass (S1: 2% Na2O; S2: 4% Na2O; S3: 6%
Na2O; S4: 8% Na2O).
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6, and 8% Na2O–AAS–sediment pastes at 28 d were
17.8, 32.1, 44.6, and 44.6 MPa, respectively. Basically,
increasing the concentration of the alkaline activator
increased the strength of the specimens. However,
compressive strength was not directly proportional to
Na2O concentration by mass of slag. For example,
although the compressive strength of the 8% Na2O–
AAS–sediment paste was the highest among the sam-
ples prepared, its compressive strength development
was similar to that of the 6% Na2O–AAS–sediment
paste. In particular, after 28 d of curing, the compres-
sive strengths of the 6 and 8% Na2O–AAS–sediment
pastes were the same (44.6 MPa). These results suggest
that the optimum Na2O concentration by mass of slag
in terms of producing the highest compressive
strength is between 6 and 8%.

3.2. TCLP

All AAS–sediment paste samples cured for 3 d
were subjected to TCLP testing to evaluate the effect
of the S/S in immobilizing various types of heavy
metals. All analyzed heavy metals (Cr, Cu, Cd, and
Pb) in the TCLP leachates were below the detection
limits: 0.007 mg/L for Cr, 0.006 mg/L for Cu,
0.004 mg/L for Cd, and 0.04 mg/L for Pb. We attribu-
ted the effective immobilization of leachable metals in
the contaminated sediment for the 3-d cured AAS–
sediment paste to rapid hardening by the initial high
temperature curing [38–40]. NaOH–slag paste has a
high neutralization potential and can prevent leaching
and dissolution of heavy metals in a matrix of
hydrates [41,42]. Because the concentrations of Cr, Cu,
Cd, and Pb in the TCLP leachates from the AAS–sedi-
ment paste were below the regulated levels suggested
by the United States Environmental Protection
Agency, the AAS–sediment paste can be classified as a
non-hazardous material. Thus, the AAS–sediment
paste described in this study can be considered safe
for use in various fields.

3.3. XRD analysis

XRD patterns for the AAS–sediment pastes are
shown in Fig. 2. The main hydration product was C–
S–H with a low degree of crystallinity as a broad fea-
ture centered at a 2θ of 29˚ [27,31–34]. The observed
increase in intensity of XRD according to the Na2O
content in the specimens could be explained as the
increase in volume or crystallinity of hydrate in the
alkali-activated slag. XRD patterns of katoite, zeolite
A, hydrotalcite, and quartz were also observed in

the AAS–sediment pastes. Quartz is a major mineral
constituent of sediment [43].

C–S–H as the main hydrate is known to be the
main determinant of strength development in GGBFS
[27,31–37,44–49]. However, despite the increase in
compressive strength with increasing Na2O concentra-
tion in the AAS–sediment paste, the intensities of
C–S–H in the hydrates were similar. In contrast, the
intensities of the XRD patterns of katoite, and zeolite
A increased with increasing Na2O concentration.
Katoite is a calcium aluminum silicate hydrate (C–A–
S–H) phase formed by incorporation of aluminum in
C–S–H. It is also a member of the calcium aluminum
garnet series in the hydrogarnet family that has more
hydroxide than other calcium aluminum garnets. The
hydrogarnet family Ca3Al2(SiO4)3−x(OH)4x is capable
of incorporating OH− by substitution of silicates
[50–52], and hydrogarnet is classified as katoite for
1.5 < x < 3 [53,54]. The amount of katoite in a hydroga-
rnet family depends on the amount of OH− present in
the activation environment. The tendency of the peak
intensity of katoite to increase according to the percent
of Na2O by mass of slag was similar to the observed
increase in compressive strength. This suggests that
compressive strength development is correlated with
the peak intensity of C–S–H and C–A–S–H. Zeolite A
is usually formed in low-calcium alkali-activated bin-
der systems. Although zeolite A is thought to be
formed by reaction of high-sodium, silicate, and
aluminum after formation of C–S–H, additional stud-
ies are required to confirm this. Hydrotalcite was
observed in other studies of hydrates in the AAS sys-
tem [27,31,32,55–57]. Hydrotalcite, as a layered double
hydroxide structure, can consist of OH−, Cl−, or CO2�

3

as balancing anions. Hydrotalcite was observed at 2θ
of 11.5˚ (Fig. 2), and hydrotalcite likely incorporated
Cl− or CO2�

3 in the interlayers.

3.4. FE-SEM/EDS analysis

Fracture surfaces of the AAS–sediment pastes were
analyzed by FE-SEM. The fracture surfaces of samples
showed relatively compact matrices of hydration
products (Fig. 3). The main hydrates were C–S–H
phases, described as “relatively nondescript” or con-
sisting of “equant grains”, approximately, correspond-
ing to the Type III classification of Diamond (1976)
[46]. There were no substantial differences in fracture
surfaces of the AAS–sediment pastes among samples
with different concentrations of Na2O by mass of slag.
This implied that C–S–H phases comprised the main
hydrates in the formulations containing 2–8% Na2O
by mass of slag.
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To determine the chemical compositions present in
the microstructures of AAS–sediment paste samples,
we performed EDS analysis of the hydrates. The
majority of the phases contained various elements in
the bulk region, suggesting the formation of alkali-ac-
tivated hydrate by polymerization throughout the
interparticle volume. Microanalysis was performed

using chosen points on the surface of the hydrates for
each sample. Fig. 4 shows correlations between com-
pressive strength and the Ca/Si molar ratio of the
main hydrates for various concentrations of Na2O.
The Ca/Si molar ratio ranged from 2.1 to 1.53. The
most favorable Ca/Si molar ratio for the development
of C–S–H was between 0.66 and 2 [58]. Ca/Si molar

Fig. 2. XRD patterns of AAS–sediment pastes cured for 3 d (S1: 2% Na2O; S2: 4% Na2O; S3: 6% Na2O; S4: 8% Na2O).

Fig. 3. SEM images of AAS–sediment pastes containing various Na2O concentrations by mass of slag, each cured for
28 d: (a) 2% Na2O, (b) 4% Na2O, (c) 6% Na2O, (d) 8% Na2O.
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ratios between 2.1 and 1.53 have been classified as
C–S–H(II) or γ–C–S–H in previous studies [59,60]. The
Ca/Si molar ratio decreased with an increase in the
percent of Na2O by mass of slag, and was inversely
proportional to the compressive strength. The highest
compressive strength was observed at a Ca/Si molar
ratio of around 1.5. A low Ca/Si molar ratio in C–S–H
indicates a greater degree of polymerization, which
improves the compactness of C–S–H [47,61].

3.5. FTIR spectroscopy

Spectra of the four paste samples showed analo-
gous absorption bands (Fig. 5). All had bands at
around 3,450 and 1,645 cm−1, respectively, related
to –OH stretching vibration and bending vibration of
H:OH groups in the hydrated products [62–65]. The
band near 950 cm−1 was attributed to the asymmetric
stretching vibration mode of Si–O–T bonds (T: tetrahe-
dral Si or Al). This band actually represents a super-
position of stretching modes from both crystalline and
vitreous phases. The next main band at 485 cm−1 was
assigned to the Si–O bending mode.

All samples contained carbonate species, as indi-
cated by the large absorption band observed around
1,450 cm−1 and the small one observed at 720 cm−1,
related to antisymmetric stretching (υ3) and out-of-
plane bending (υ2) modes of CO2�

3 ions, respectively
[62,66–71].

The four paste samples had similar overall IR spec-
tral characteristics, with the same number of apparent
silicate bands and band positions. However, some dis-
similarities were noted among the samples. Funda-
mental structural differences between the four
samples were observed around 1,000–400 cm−1. The
full width at half maximum (FWHM) of these bands
decreased as the Na2O concentration by mass of slag
increased. It is known that phases of non-ordered
structures cause increases in bandwidths due to the
existence of significant fluctuations in geometric
parameters [72]. These results suggest that non-
ordered phases decreased with increasing Na2O con-
centration by mass of slag. These results were con-
firmed by the increase in relative diffraction peak

Fig. 4. Correlations between compressive strength and
atomic molar ratios of the main hydrates according to
Na2O concentration.

Fig. 5. FTIR spectra of AAS–sediment pastes cured for 3 d (S1: 2% Na2O; S2: 4% Na2O; S3: 6% Na2O; S4: 8% Na2O).
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intensity of XRD patterns with increasing Na2O con-
centration by mass of slag. We attributed this to
increased crystallinity in the samples, consistent with
lower Ca/Si molar ratios with increasing Na2O con-
centration by mass of slag [61]. The principal band
associated with the Al–O and Si–O stretching vibra-
tions near 1,000 cm−1 [73] is indicative of a wide distri-
bution of SiQn(mAl) units in the examined structures.
The Si–O stretching modes for the SiQn units yielded
infrared absorption bands localized around 1,200,
1,100, 950, 900, and 850 cm−1 for n = 4, 3, 2, 1, and 0,
respectively [74], indicating a structure of SiQ2(1Al)
for all samples. A shoulder at about 1,030 cm−1 was
assigned to the tetrahedral Al–O–Si asymmetric
stretching vibration in aluminosilicates. The Al–O–Si
vibrational bands were broad because of the amor-
phous structure of the aluminosilicate within the slag.
The peak corresponding to Si–OH bonds, with a
shoulder at 895 cm−1 and lower than the wavenumber
of 950 cm−1, became clearer as the Na2O concentration
in the paste increased. Silicon interacts with infrared
radiation, and high silicon content resulted in a sharp
peak at 895 cm−1 corresponding to Si–O stretching and
OH banding. Both of these results indicated increased
incorporation of Si into the C–S–H structure with
increasing Na2O concentration in the paste.

4. Conclusions

Contaminated dredged marine sediment with a
fine grain size was solidified/stabilized with GGBFS
using various concentrations of NaOH solution as an
alkaline activator. The resulting AAS–sediment pastes
showed high-compressive strength development
despite containing dredged marine sediment, and
heavy metal (Cr, Cu, Cd, and Pb) concentrations were
all below the limits of detection in TCLP tests.
Compressive strength increased with increasing Na2O
concentration by mass of slag, but this increasing ten-
dency plateaued, with concentrations of 6 and 8%
yielding the highest compressive values observed. The
peak intensity of the C–A–S–H phase in the XRD peak
pattern increased with increasing Na2O concentration
by mass of slag, but the extent of the increase was not
directly proportional to the Na2O concentration by
mass of slag. We attributed this non-proportional rela-
tionship to diminution in the increase in peak inten-
sity of C–A–S–H. FE-SEM images of fracture surfaces
of all samples revealed compact structures of equant
grains as C–S–H phases. The Ca/Si molar ratio of the
C–S–H phases as determined by EDS analysis was
strongly correlated with compressive strength; the
highest compressive strength value was observed for a
Ca/Si molar ratio of 1.5. The structure of AAS–sedi-

ment paste was confirmed to be SiQ2(1Al) by means
of FTIR and FE-SEM/EDS analyses, and there was
some incorporation of Si in the C–S–H structure
depending on the Na2O concentration by mass of slag.
In conclusion, when the formulation of the binder and
the concentration of activator are optimized, contami-
nated dredged marine sediment of fine grain size can
be recycled for reuse in various fields.
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