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ARTICLE INFO ABSTRACT

Keywords: Red mud is an industrial waste produced during the bauxite refining in the Bayer pracess. Increasing effaris have
Red mud been recently paid to produce red mud geopolymers with feasible engineering properties. Meanwhile, the
E::::ge:m R environmental compatibility of red mud geopolymers as construction material has not been clearly investigated,
Hoavy matsl it To facilltate clean production of red mud geopolymers, the release :I;laraﬂerisﬂts of Na, K, Al, Si, Ca, B, Ba, As,
Fiuda Sl Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Sr, T, V, Zn, Cl” and 50, from red mud geopalymers of different

mixture propartions were investigated. Mechanisms dominating the release behaviors were also revealed, Results
showed that red mud geopolymers significantly affect the chroma and turbidity of water body. Though the
cumulative releases of most of the chemical components are in a similar range as cement-based materials,
leaching of Pb, Sb and V in some cases surpass the environmental regulatory limits in Germany and the
Netherlands. Preliminary analysis of release mechanism indicates that the leaching process is complex and

mainly controlled by diffusion, while signs of surface wash-off, solubility and depletion are also detected.

1. Introduction

Red mud (RM) is the major waste of bauxiie refining via Bayer
process [1]. Bauxite, mainly composed of aluminium hydroxides, is the
main source of aluminium production, During the Bayer process, bauxite
is mixed with alkalis and exposed to conditions of elevated pressure and
temperature [2,3]. Aluminium hydroxides in bauxite are extracted as
sodium aluminate for following chemical processes, and RM is gener-
ated simultaneously [2]. As reported, approx. 150 million tons of RM are
produced every year all over the world [4]. RM is high alkalinity (pH
values around 10-12.5) and contains heavy metal and trace elements
[5,6]. Disposal of RM not only requires huge areas of land but also
possess serious environmental concerns.

Nowadays, increasing attention has been paid to the re-utilization of
RM. Due to considerable amount of alumina is remaining in RM after the
Bayer pracess, hydrometallurgy methods using sulfuric, citric and oxalic
acids are developed [7]. Iron oxide is another typical major component
of RM, Magnetic separation were applied for iron recovery as early as
the 1970s [8-10). The recovery efficiency could be significantly
enhanced with high gradient superconducting magnetic separation
system [11]. Pyrometallurgy in terms of roasting and reduction smelting
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processes, acid- and bio- leaching are also efficient methods for iron
recovery [12-15]. Apart from recovering major components, practices
are also made for the recovery of trace and rare earth elements.
Depending on the quality of bauxite ore, the concentration of anatase or
rutile titanium in RM ranges from 2.5% 1o 22.6% [6]. A titanium re-
covery of 64.5% was obtained by Agarzini-Leonardou et al. [16] using
sulfuric acid leaching process. Ercag and Apak [17] developed a furnace
smelting and extractive metallurgy to simultaneously recover titanium,
iron and aluminium, and the titanium recovery elficiency was improved
to 76%. Carbon adsorption and desorption route is normally used to
extract vanadium from RM [18]. The Bayer process contributes to enrich
scandium concentration in RM, with the general composition around
60-120 ppm [19,20]. Meanwhile, most scandium exisls as associated
minerals coupled with isomorphism [21,22]. Success has been made in
selectively extracting scandium by acid leaching with the occurrence of
tributyl phosphate modified activated carbon [23] or by combined ion
exchange-solvent extraction method [20].

There are many other investigations aimed at utilizing RM as con-
struction and building materials. Tsakiridis et al. [24] used RM as part of
raw feedstocks for the production of cement clinkers. Results show that
RM addition of 3.5% possessed no negative effects on the mineral
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composition and mechanical properties of obtained cement, Similar
results were reported by Vangelatos et al. [25], Gordon et al. [26], Singh
et al. [27] and Zhang et al. (28], respectively.

Geopolymer is a subset of alkali-activared material (AAM). Firsl
coined by French scientist Joseph Davidovits in the 19705, geopolymer
is now a robusl allernative cementitious material [29,30]. The solid
precursors mos frequently used for geopolymer production include
siliceous fly ash (FA) and metakaolin (MK), with the alkaline activators
of sodium hydroxide, sodium silicate and their mixtures [31-34].
studies have demonstrated that properties such as excellent mechanical
strength, high-temperature resistance, strong adhesion to various sur-
faces, stability under chemical attacks, low cost, etc., can be obtained by
well-produced geopolymer [27,33-35]. In addition, equivalent COg
emission of geopolymer was estimated up to 90% lower than cement
counterpart,

Mixture of RM and FA was adopted by Zhang et al. [36] as solid
precursor for geopolymer synthesis. The compressive strength of ob-
1ained geopolymer was not satisfactory, but improvement was made by
the authors in [37]. Studies show that replacing FA by MK or ground
granulated blast furnace slag (GGBS) contributes to improve the
strength of RM geopolymer (RMG) [38,39]. Factors influencing reaction
kinetics and strength evolution have been characterized in [40-43].
Efforts have also been paid in expanding the synthesis protocol. He et al.
[44] produced RMG using rice husk ash as reactive precursor. In [45],
one-part (just add water) RMG was developed via the alkali-thermal
activation of RM. These practices contributed to optimise the produc-
tion of RMG.

Meanwhile, all these practices focused on the synthesis procedure
and the mechanical properties of obtained RMGs, with limited attention
paid to the environmental compatibility of produced RMGs. Major
components, heavy metals and trace elements might be released from
RMGs into surrounding environment when getting contact with water.
studies focusing the stabilization property of geopolymer on artificially
supplied components have been conducted [46-48]. However, these
studies designed to evaluate the suitability of geopolymer for hazardous
materials immobilization, and the matrixes are mean! to be deposited.
The release procesue, mechanism and limit are different with charac-
terization framework for construction materials. To ensure that RMG-
based construction materials meet environmental regulatory criteria,
the release behaviours of chemical components should be evaluated
before marketing. However, siudies about this aspect have not been
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2. Materials and methods
2,1. Materials

‘Two RMs, noted as RM-1 and RM-2, were used in this work. The
chemical and mineral compositions of RMs, MK and GGBS were char-
acterized using X-ray fluorescence (XRF) and X-ray diffraction, respec-
tively. The bulk chemical composition is listed in Table 1, with the XRD
results shown as Fig. §1 in supplementary. The MK is predominantly
composed by Si0; and Aly03. The §iOz and Al;03 make up over 50 % of
the GGBS in chemistry, with Ca0 accounting for 34.5 %, 8iOa, Al:Oq and
Ca0 are reported as main reactive components during alkali activation,
Different from MK and GGBS, significant amount of Fe;Og is detected in
both RMs. The total content of SiOa, Aly03 and Ca0 in RMs are less than
in MK and GGBS.

All the solid precursors were digested in aqua regia solution for the
determination of heavy metal and trace elements content. The mea-
surement was conducted using Inductively coupled plasma mass spec-
trometry (ICP-MS). Results are listed in Table 2. '

sadium hydroxide and sodium silicates solutions are used as alkaline
activators. The NaOH solution is 9 mol/l, which is prepared by dis-
solving analytical grade NaOH pellets in water. The sodium silicate so-
lution originally contains 26.2 wi% Si0z, 7.7 wi% Naz0 and 66.1 wi%
H,0 (Si02/Naz0 molar ratio of 3.5), The 5iD4/Nay0 molar ratio was
adjusted to 1.5 by adding sodium hydroxide pellets, Both activators
were prepared and stored in airtight container for 24 h prior to use.

Five geopolymers were synthesized in this work, the mix proportions
are shown in Table 2, which are determined based on laboratory pre-
tests. For all mixtures, the sand to binder ratio was of 3.0, The sand
used was CEN standard according to EN 196-1.

2.2, Sample preparation

Geopolymer mortars were produced in the following steps. The
weighted solid precursors were firstly mixed in a planet mixer for 1 min,
alkaline activator was then added and further mixed for 2 min. Standard

Table 2
Content of heavy metals and trace elements in GGES, MK and RMs (given inmg/

kg).

reported. Parameter GGBS MK RA-1 RM:2
As part of environmental evaluation of RMG, this work is designed to R 297 oad 7 55
reveal the release characteristics of Na, K, Al, Si, Ca, €17, 50477, Ba, As, Arsenic 15.1 81 8.1 6.5
Cd, Co, Cr, Cu, Mo, Ni, Pb, Sb, Se, Sr, T1, V, Zn from RMGs. A preliminary Barium 728 127 53 )]
analysis of factors controlling the release process is also made. Com- Lead 19.8 17.7 363 46.7
parison with release of cement-based materials, environmental regula- mmm 307:3 ;Iu " :3;; :‘;‘7
tory limits in Germany and the Netherlands is included to provide a Chromiis 357 726 5.4 521
direct view of release characteristics of RMGs. All the results from this Colbmll 133 2.9 9.8 46
work contribute to raise the environmental concern about RMG and E:P;:}c :l‘-:: :g 1;; ::;
L ] ¥ - 2 i q i h e e s
promote its environmentally compatible application. Nk;ﬂ 0 R s tos
Selenium 3.23 1.90 272 3.02
Strontinm 838 6.6 a9 63
Thallium 032 0.11 0,44 0.27
Vanadimm 88.5 1123 S84 1048
Zinc 46.3 299 46.0 403
Table 1
Chemical compasition of MK, GGBS and RMs, given in % by weight.
Al04 S0 CaQd Fea0a Mg0 TIO; N0 Kz0 Chloride Sulfur ns 504
MK 326 61.2 o1 1.2 0.2 1.6 0.2 0.6 0.01 0.07
GGBS 10.5 A0.4 3.5 0. 46 0.4 0.6 L6 m. 219
RM-1 15.7 14.0 67 35.3 0.1 1.4 a9 0.7 0.10 0.25
RM-2 23.0 55 10.2 44.0 o1 5.6 1.8 0.9 (.08 017

n.d., none detected.
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sand was filled into the mixer and mixed for another 3 min to get ho-
mogeneous mortar. Fresh mortar was then casted into 40 - 40 - 160 mm*
moulds and vibrated 2 min. After being covered by glass plate, mortar
together with moulds were transferred into curing box (20 °C and
approx. 100 % relative humidity (RI4)). Samples were demoulded alter
24 h, sealed in plastic bags and transferred into curing room of 20 “C.
Throughout sample preparation process, no thermal treatment was
required (Table 3).

2 3. Strength measurement

The flexural and compressive strength were measured after 7d and
28 d curing, following DIN EN 196-1. Far each geopolymer, three rep-
licates were used for the flexural strength measurement. Three-point
loading method was applied for the measurement with the distance
between two supports being 100 mm. The load rate was 0.05 kN/s,
which was applied at the mid span. The resultant six halves after flexural
strength measurement were used for compressive strength measure-
ment, for which the force rate was 2.4 kN/s. )

2.4. Horizontal dynamic surface leaching

RMG mortars were cured for 28 days prior to the leaching test.
Vessels with screw cap were used, Plastic bar spacers, 2 em in thickness,
were put in the vessels to ensure a distance between the sample and
vessel. Sample surface areas were measured to delermine water volume,
i.e. the water volume is 80 I/m? of sample surface. Leachate was
sampled and changed at 0.25, 1, 2.25, 4, 9, 16, 36, and 64 days. Blank
tests, in which no geopolymer mortar was put, were also conducted. For
every mix proportion, double-determination was applied, ie, two
mortar samples in each system were used for leaching.

After sampling, the pH value and electric conductivity of eluate were
immediately measured. Na, K and Ca concentration was measured using
flame photometry (ELEX 6361, Eppendorf), and Cl~ and S04*~ content
was measured using ion chromatography (ICS 1100, DIONEX). The
concentrations of Al, §i, As, B, Ba, Cd, Co, Cr, Cu, Mg, Mn, Mo, Ni, Pb, Sb,
Se, Sr, T1, V, Zn were then measured using ICP-OES (5110, Agilent) after
acidifying the eluate with 5 vol% supra pure nitric acid.

After dividing individual measured concentration by the average
concentration of all steps, the normalized concentration for each step
was obtained (Eq. (1)). Based on the concentrations and eluate volume
to sample surface ratio, cumulative release can then be calculated (Eq.
2n.

(1)

Cng —

aille

¢x, normalized concentration of internal i

o -
T the average concentration of the whole DSLT cycle, T = Ef«

E-YE=Yl-aly @
[

Table 3
Mix proportion of red mud geopolymer mortar, given in g.

RM- RM- MK GGBS NaOH  Sodium Silicate  Sand

1 2
RMG- 45 - - 405 180 45 1350
ll;lG- 225 - - 225 180 a3 1350
R;G 225 - 225 - o4 2i6 1350
M\::G* - 225 - 225 180 15 1350
l:‘lﬂ— - 225 25 = 64 216 1350
5

Construction and Buillding Materials 321 (2022) 125564

E, cumulative release at the end of interval n in mg/m*
i sampling period, from 110 8

E,release of interval i in mg/m*

gconcentration in the eluate in mg/1

cobackground concentration in the blank in mg/1

V/0 volume to surface ratio, V/0 — B0 I/m?

3. Results and discussion
3.1. Flexural and compressive strength

Fig. 1 depicts the evolution of flexural and compressive strength of
RMG mortars. Both the flexural and compressive strength are signifi-
cantly influenced by binder formulation. It can be inferred by comparing
RMG-1 with RMG-2 that increasing RM content results in the decrease of
mechanical behaviour of obtained RMG. In addition, the influence of
RM-1 and RM-2 on mechanical property of RMG is similar, reflecting as
comparable flexural and compressive strength of RMG-2 with RMG-4,
and RMG-3 with RMG-5. The MK-bearing geopolymers (RMG-3 and
RMG-5) achieve better mechanical property than GGBS-bearing coun.
terparts (RMG-2 and RMG-4) of similar RM content. This might be
assigned to the higher reactivity of MK, which has been demonstrated in
our previous studies [52,53). Due to the higher fineness and layered
structure of metakaolin, higher amount of liquid was required. Though
the increased liquid-to-solid ratio possess some negative effect on pore
structure, the corresponding activator content was also increased, This
contributed to improve the geopolymerization, leading to the better
mechanical property of RMG-3 and RMG-5.

Benefitling from the continuous reaction, both the flexural and
compressive strength increase with the increase of curing time. And all
the RMG mortars show good mechanical properties, with the 28
d compressive strength higher than 30 MPa. Moreover, three of the
synthesized RMGs achieve 28 d compressive strength over 50 MPa,
Though the RMG-2 exhibite the lowest mechanical property, the 28
d flexural and compressive strength are 8.9 MPa and 35.2 MPa. Both are
better than many of the RMGs reported in [36-38,44,45,49]. The me-
chanical behaviours shown in Fig. 1 indicate that RMGs produced in this
work are suitable for a broad civil engineering applications. Further-
more, no thermal pre-treatment such as alkali fusion is involved in this
work and all the RMGs are produced at ambient condition, indicating
that the RMGs synthesized in this work might be more environmentally
friendly than reporied in [36-38,44,45,49] and can be used for in-situ
scenarios.

3.2. Eluate pH value, electric conductivity and chroma

Fig. 2 (a) depicts the pH values of cluates, The pH values are deter-
mined by several factors, such as the dosage of alkaline activator,
physicochemical properties of solid precursors, reaction degree, etc. The
sampling interval can also influence pH value since the leaching of
chemical components is time related. Meanwhile the pH values of each
system vary slightly throughout the whole DSLT, with the standard
deviations (ep;) < 0.2. This might be assigned to the high alkalinity of

H—cap

——eluate

— hardened
geopolymer
sample

A A

Fig. 1. Schematic representation of the leaching device.



2 Sun ol al Gonstruction and Building Muerials 321 (2022) 125564
15 80
(a) RMG-1 RMG-3 (b) RMG-1 RMG-4
RMG-2[[_IRMG4|| 7. RMG-2|IBI RMG-5]
12 RMG-5|| — RMG-3 7]
— o 80 o
= e T
< - il
g R B H
=
g 1 = . =] 0 404
=g = g = =
g a S -
E B
3 8
10
u ] L & T T
7d 28d 7d 28d

Curing time

Curing time

Fig. 2. Flexural (a) and compressive (b) sirength of RMG moriars.

RMGs and no obviously change in solubility of mineral phases
[50,52,55). In comparison, GGBS-bearing RMGs (RMG-1, RMG-2 and
RMG-4) exhibit higher pH values than the MK-bearing counterparts
(RMG-3 and RMG-5). It should be mentioned that more activator was
used for the synthesis of RMG-3 and RMG-5 than other RMGs. The
higher rection degree might be responsible for the lower pH values of
eluates.

The electrical conductivity of the eluates is shown in Fig. 2 (b). The
RMG-1, RMG-2 and RMG-4 exhibit similar eleciricity patterns and the
values are much higher than RMG-3 and RMG-5. As stated in [50,51].

the electricity conductivity can be served as total ionic strength indi-
cator. It can then be inferred that larger amounis of chemicals are
leached from RMG-1, RMG-2 and RMG-4. Further discussions will be
given in the following sections.

A qualitative analysis of eluate chroma and trbidity is taken into
consideration in this work. As shown in Fig. 2 (c), the eluates of RMG-1
and RMG-2 look similar as the blank (deionized water), while the eluate
of RMG-4 seems to be a little turbid. Colour of arange and light maroon
can be clearly seen for the eluate from RMG-3 and RMG-5, respectively.
The origin of the colour in eluate deserves further investigation. Though

14 3500
RMG-1 RMG-4 RMG-1
(@ RMG-2|[ RMG-5 — ®) oot
134 RMG-3 'E' RMG-3|
RMG-4/
2] e aa g 25007 ¢ RMG-5
g an [T n | =
2 1 1 | | 2000 -
B 414(|H I Hi 1T H
T | I 5 1500
10
1000 -
: g
R 5004 . . ¢ ¢ 1
] T L“"I' T I'|"l' "Ll' T 0 T T T T T T T T
0.25 1 .25 4 8 16 36 B4 025 1 225 4 8 16 36 64
Time (d) Time (d)
(] o o) A o) A A
SR
B E RS e i n
- ..:1: & . - - - ‘%“'1
--.'. ll " 1 - r'.l;'
PR L= ol - B
L T —=in

Fig. 3. The pH value, electric conductivity and photo of the eluates.
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superior mechanical properties are achieved by RMG-3 and RMG-5, the
obvious affection on chroma and rurbidity of water body hinders their
field application. Pre-treatment of RM-2 or optimization of synthesis
procedure should be made to produce geopolymers that can be envi-
ronmentally accepted used as construction material.

3.3. Leaching of major components

The predominant reaction product of RMG-3 and RMG-5 is the N-A-
§-(H) gel, with Si and Al serving as the main framework components.
Due to the high Ca content in GGBS, formation of C-A-S-H takes place in
RMG-1, RMG-2 and RMG-4, resulting in the coexistence of N-A-5-(H)
with C-A-5-H. The release behaviours of Si, Al and Ca are shown in
Fig. 3. Higher amounts of §i are leached from RMG-1, RMG-2 and RMG-
4 than from RMG-3 and RMG-5. It should be pointed oul that the initial
Si contents in RMG-3 and RMG-5 are higher than the others because of
the high §i0» content of MK and larger adoption of sodium silicate
activator. The low release results of Si from RMG-3 and RMG-5 might be
ascribed to the reduced availability of Si in pore solution stemmed from
the high reaction degree.

Compared with the release characteristics of 5i, Al behaves on the
contrary, i.e., higher amount of Al is leached from RMG-3 and RMG-5. A
calculation of AL/Si ratio indicates that the eluate Al/Si ratios of RMG-3
and RMG-5 are higher than the corresponding ratio of the binders, while
eluate Al/Si ratios lower than binders are found in RMG-1, RMG-2 and
RMG-4. This means that Al is more easily leached than 5i from RMG-3
and RMG-5, and vice versa. Preferential release or incongruent disso-
lution of geopolymers have been reported in [52,53], This can be related
to the partitioning property of Si and Al in reaction products and pore
solutions, as well as the stoichiometry of gels. Further investigations are
required to deepen understanding about the chemistry and stability of
geopolymers.

In terms of the cumulative release, the release of Ca can be classified
into three groups. The largest amount of Ca was released from RMG-1.
RMG-2 and RMG-4 showed comparable Ca release, which is lower
than RMG-1 but higher than RMG-3 and RMG-5. This follows the initial
Ca content in the binders. The proportion of GGBS in RMG-1 is higher
than in RMG-2 and RMG-4, contributing to the highest initial Ca content.
Though the same mixing ratio is applied for RMG-2 and RMG-4, the RM-
2 i composed of more Ca0 than RM-1, resulting in higher Ca content of
RMG-4 than RMG-2, The same explanation can be applied for the release
results of RMG-3 and RMG-5.

The release characteristics of Na and K from RMG mortars are shown
in Fig, 4. The extremely high release of Na from all systems is assigned 1o

2500
| RMG-1 RMG-4.
= ) RMG-2!—+— RMG-5
£ 2000- RMG-3|
E
3
5 1600+
2
3
2 1000+
@ k')
§ »
3 i
E s00- i » —p|
u R * B 0 :‘; a Il_=ﬂ
0 ey T T T T
'] 10 20 30 40 50 80 70

Time (d)

Fig. 4. Cumulative release of Si (), Al (b} and Ca (c) from RMG mariars.
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the adoption of sodium-based activators. In comparison, higher amount
of Na is leached from RMG-1, RMG-2 and RMG-4 than the others,
Similar phenomenon is observed for the release of K. In spite of that
RMG-3 and RMG-5 are composed of higher initial Na content, the higher
release of Na from RMG-1, RMG-2 and RMG-4 might be caused by slight
lower reaction degree, leaving unreacted alkali mobile in pore solutions.
In contrast, the K is originated from solid precursors. The higher cu-
mulative release of K from RMG-1, RMG-2 and RMG-4 can be altributed
to the initially higher K content in GGBS than in MK.

Fig. 5 shows the cumulative release of CI~ and SO4"". The release
behaviours of both components from all RMG are similar. The above-
mentioned elements show a trend of continuous increase of cumulative
release, however, the cumulative releases of CI™ and 5042’ gradually
reach a maximum after 16 days of release. This reflects the gradually
reduced release of both components from RMGs into eluate, indicating a
depletion of leachable part. In [52,53], both CI” and 504 have been
demonstrated as readily soluble species in geopolymers and the release
is controlled by availability.

3.4. Leaching of heavy metal and trace elemenis

The leaching of heavy metal and trace elements from geopolymers
into water is important for the environmental characterization. In this
worl, the release of B, Ba, As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, 5r,
Tl V and Zn were considered. The cumulative releases of these com-
ponents are calculated and listed in Table 4. It can be inferred that the
releases of heavy metal and trace elements are influenced by the inilial
content, binder formulation, reaction degree, chemical state, etc. The
release results of 167 cement-based materials derived from [54-56] are
given in Table 4.

Compared with the cement-based materials and the limits in Ger-
many and the Netherlands, the releases of most of the studied compo-
nents are in a similar range a5 cemeni-based materials and meets the
thresholds. Meanwhile, the cumulative releases of Pb from RMG-1,
RMG-2, RMG-4 and RMG-5 surpass the German threshold, the release
of Sb from RMG-3 and RMG-5 is higher than the German and Dutch imit
values (Sb From RMG-4 is also over the German threshold). Though the
German limit value on V is currently suspended, the releases of V from
all RMGs exceed it.

Fig. 6 shows the release resulis of Cr, ©d, Zn, Pb, V and Mo from RMG
mortars. High release of these components [rom RMG mortars at early
ages is achieved, reflecting as repaid increase of cumulative releases.
With the extension of release time, the cumulative release of Cr, Cd, Pb
and Zn gradually approaches or closes to a maximum. Meanwhile, a
calculation shows that less than 30% of Cd and 10% of Cr, Pb and Zn
were leached from RMGs. This indicates the reduced release of these
elements influenced by low leachable content [53]. The partitioning of
these components in RMG deserves in-deepth characterization. In
contrast, trend of continuous increase of the cumulative release of V and
Mo can be seen from Fig. 6 (e) and (). Apart from the high initial con-
tents of both elements in RMG binders, the high mobility of V and Mo
might also be responsible. The corresponding mechanisms will be dis-
cussed in section 3.5,

3.5. Leaching mechanism of studied components

Beyond characterizing the release characteristics of chemical com-
ponents from RMG mortars, this work also investigates the primary
leaching mechanisms. Potential factors controlling the leaching of
chemical components from monolithic matrixes include surface wash-
off, diffusion, solubility and/or depletion [54,58]. Methods have been
developed to analyse the leaching mechanism. In CEN/TS 16637-2,
three-siep diagram analysis protocol is suggested, in which key values of
normalized concentrations (0.5, 1.0, 2.0) are provided. A three-step:
diagram (such as Fig. 7 (a)) indicates diffusion-controlled leaching
process. While, solubility-controlled leaching is reflected as normalized
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Fig. 5. Cumulative releass of Na (a) and K (b) from RMG mortars.
Table 4
cumulative release of heavy metal and trace elements from RMG mortars, in mg/m*
Element RMG-1 RMG-2 RMG-3 RMG-4 RMGS CEM* German Threshaold © Dutch Threshold *
As 3.2 2.60 315 4.07 4,26 0.017-11 1 260
Se 3.81 3.64 243 4.01 3.92 0.1-4.3 7.69 4.8
] 146.24 106.67 544 1797 B6.62 0.25-8.6 813 =
Cr 0.86 0.97 0.74 1.00 0.90 0.18-34 7.7 120
on 0.97 1.09 2.3 0.95 256 0.021-22 15.4 98
hlo 22.82 25.84 21.00 27.82 21.18 0.069-3.5 8.6 144
Mt 1.45 1.46 .96 137 1.48 - b .
Pl B.47 B.S 648 11.94 10,52 0.006-28 7.7 400
Tl 0.34 04 0.25 0.27 0.13 0.004-0.66 0.88 o
v 20.88 39,97 137.43 56.41 173.39 0.037-61 4.4 320
Oa 83.16 7.51 4.96 49,05 1.09 0.59-196 375 1500
cd 0.36 0.31 0.23 0.29 017 0.001-0.51 0.56 3B
Co 2.56 1.96 4.34 1.92 3.05 0.036-3 8.8 .
Ni 1.49 2.05 336 1.69 3.84 0.16-23 15.4 B1
Sh 1.45 .M 0.63 049 0.33 0.007-5.4 55 87
St 2513 11.45 0.16 18.22 012 - o .
in 517 9,33 6.08 7.96 9.94 0.12-67 63.9 800
“lgaching results of cement based materials, data from [54], [55] and [56].
baverage of release results of cement based materials, data from [55] and [56].
*German threshold [57].
Yihreshald in the Netherlands [S6).
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Fig. 6. Cumulative release of €I (a) and 505" (b) from RMG mortars.

cancentration appro. 1 at all leaching steps. Detailed description about
the analysis procedure of leaching mechanism is referred to [53,59].
The normalized concentrations of Na, Ca, §i and Al are exemplarily
shown in Fig. 7. As can been seen that the normalized concenirations of
Na, Si and Al from all RMG mortars as well as the normalized concen-
trations of Ca from RMG-3 and RMG-5 roughly satisfies the three-step-
diagram characteristics. thus the leaching process can be classified as
diffusion controlled. By contrast, the normalized concentrations of Ca
from RMG-1, RMG-2 and RMG-4 are around 1, meeting the solubility
controlled leaching characteristics. The difference in  leaching

characteristics of Ca indicates its divergent chemical states in RMGs.
During the reaction of RMG-1, RMG-2 and RMG-4, significant precipi-
tation of Ca as C-A-S-H was detected. Meanwhile, RMG-3 and RMG-5 are
of Ca-poor characteristic, dissolved caleium ions during reaction are in
pore solution or modify the N-A-5(H) gel as (N, C)-A-S-(H) [60,61], The
differences in chemistry might possess influence on the leaching
behaviours.

Though the leaching of Si and Al can be considered as diffusion
controlled. The normalized concentrations of both components from
RMG-3 and RMG-5 at early ages are much lower than target values. This
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Fig. 7. Cumulative release of Cr (a}, Cd (b), Zn (c), Pb {d), ¥ () and Mo (F) from RMG mortars.

phenomenon can be regarded as delayed release. As stated by van der
Sloot [55], there might be solubility controlling phases on sample sur-
face that limit the leaching of the elements. Advanced characterization
of samples coupled with geochemical modelling are ongoing to reveal
the related mineralogical phases. In addition, surface-wash is involved
in above release scenarios, reflecting as slightly higher normalized
concentration at the beginning of leaching test.

The normalized concentrations of Cr, Cd, Pb, Zn, V and Mo are shown
in Fig. 8. It should be mentioned that the mechanism analysis herein is
limited to the leachable part of these components. For Cr and Cd, the
normalized concentrations vary throughout the whole leaching process.
This can be caused by the low available content of both elements in RMG
binders. The c2_s (average concentration of eluates 2-8) divided by the
detection limit is smaller than 1.5, which confirms the leaching char-
acteristics of inadequate leachable content, Though not shown here, the

leaching of Sr from RMGs shows a similar trend.Fig. 9.

As shown in Fig. 8 () and (d), the normalized concentrations of Pb
and Zn meet neither solubility nor diffusion controlled leaching patiern,
but gracually decrease of normalized concentration can be seen. Further
comparing ¢; and cy shows that £ < 0.9, demonstrating that depletionof
the small leachable fraction is involved in the leaching of both compo-
nents from RMG mortars. Leaching of Cu, Ni and Mn from RMG is
similar. Meanwhile, diffusion or solubility can not be fully excluded
from the leaching process. Depending on the initial content and the
physicochemical properties, these heavy metals can form precipitates of
low solubility or participate in pore solution [47,62-65]. Detailed
characterization of the chemical states is required to better reveal the
leaching mechanism.

The release of V and Mo can be characterized as diffusion-controlled
leaching, with the normalized concentrations satisfying the three-siep-
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diagram characteristic (Fig. 8 () and (). Analogue transilion was also
observed for B and Se. similar leaching characteristic was also found in
the release of fly ash geopolymer and metakaolin geopolymer [53]. As
listed in Table 4, the cumulative releases of B, 5e, Mo and V are higher
than ather components. Apart from the high initial content, the high
mobility of these elements might also matter. [t has been demonstrated
in [52] that these elements are mainly present as oxyanions. Like the
\ransformation of V into VO, element closing 10 oxygen in electro-
negativity tends to form oxyanion with {he chemical bonding between
oxygen and metal being covalent [52]. High mobility of these compo-
nents was detected in the most acidic condition (pH < 2) a5 well as pH
9.12 [52]. As shown in Fig. 2, the pH values of eluates are around
11-12, favouring the high leaching of these components from RMG
mortars. The special partitioning characteristics, as well as the low 64
d cumulative release and high normalized concentration suggest that the
leaching of V and Mo can continue until deplection.

4. Summary and conclusion

The mechanical strength and leaching of chemical components from
RMG was characterized in this work. Following conclusions ¢an be
drawn:

(1) The 28 d compressive strength of RMG ranged [rom 35.2 MPa 1o
687 MPa, which significantly depended on binder formulation.
Increasing RM content resulted in the decrease of mechanical behaviour
of obrained RMG, and MK-bearing RMGs passessed better mechanical
property than GGBS-bearing counterparts.

(2) The pH values remained around 11-12 with slight fluctuation
throughout the whole test. RMGs containing GGBS showed higher pH
values than MK-bearing RMGs, while the latter obviously affect the
chroma and turbidity of waler body.

i (¢) and Al (d) from RMG mortars.

(3) In terms of the leaching of major components, larget amounts of
5i, Ca, Na and K were leached from GGBS-bearing RMGs, while the
leaching of Al, €1~ and $04% behaved on the contrary.

(4) The cumulative releases of most of the studied heavy metal and
trace elements were comparable with cementitious materials and met
the thresholds. Meanwhile, the cumulative releases of Pb, Sh and V in
<ome cases were higher than cement counterparts and surpassed the
limit values.

(5) Leaching mechanism analysis showed that diffusion was the
predominant controlling factor for the release of major components,
heavy metal and trace elements. Signs of surface wash-off, solubility and
depletion were also detected.

Apart from the above findings, attention would be made to further
reveal the chemical states of above components within geopolymer,
[nfluence of pore structure and pore solution on the release will be
investigated, Cross-checking with other state-of-the-art techniques is
planned to optimise the preparation and promote the environmentally
compatible application of RMGs.
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