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Highlights

EMR calcined at 800 °Chas the optimum strength activity index of 84.79 at 28-d.
Pozzolan activity of EMR is boosted in B-CaSO4-0.5H>0O and weakened in Mn3O4 and MnFe;Os.
Presence of gypsum in EMR retards the cement hydration and forms ettringite.

Mn?" and NH4"-N below national standards at calcination above 800 °C.
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Abstract

Degradation in grade of manganese ore aggravates the complexity of electrolytic manganese residue
(EMR). Calcination is one of the most practical pretreatment methods to improve EMR activity and
dispose the hazardous elements. In this paper, the evolution of mineral phase, pozzolanic activity,
pore structure and harmful components induced by calcining EMR was investigated. The results show
that EMR calcined at 800 °Chas the strength activity index (SAI) of 84.79 at 28 d, which is attributed
to the decomposition of dihydrate gypsum and the formation of activated calcium, silicon and
aluminum oxide. The formation of B-type hemihydrate gypsum increases the pozzolan activity, while
the latter is limited by the formation of stable Mn-spinel (Mn304) and Mn-hercynite (MnFe2Oy4). In the
EMR-doped mortar matrix, the production of a large amount of ettringite due to the existence of
gypsum, as well as common C-S-H, portlandite and AFm, which strongly verify the pozzolanic
activity of EMR. Leaching results show that Mn*>* and NH4"-N could not be eliminated completely at
by the cement. The Mn?*" and NH4"-N levels in mortar are fully below the regulatory standards when
calcinated above 800°C. All heavy metals are fixed in the cement and calcination process, ensuring

the cleaner utilization of EMR in building materials.

Keywords: Calcination; Electrolytic manganese residue; Pozzolanic activity; Hazard-free treatment;

Mortar stabilization.



2456

2757

3%0

3861
39
40
42
43
44
45
4664
47
48
4%65
50
51
5200
53
54
55
56
o768
58
59
6069
6l
62
63
64
65

1 Introduction

Electrolytic manganese is an essential metallurgical and raw material that is widely used in the
production of batteries, steels, alloys, building and other industries (Duan et al., 2010; Duan et al,
2011). China is currently the top producer of electrolytic manganese with an annual production of
over 1.5 million tons, accounting for approximately 98% of global output (Xu et al., 2014; Zhou et
al., 2014; Shu et al., 2016; Li et al., 2016; Han and Wu, 2019; He et al., 2021a). Electrolytic
manganese residue (EMR) is a hazardous solid waste produced as a byproduct after the traditional
sulfuric acid leaching of manganese carbonate ore and ammonia neutralization (Wang et al., 2019;
Wang et al., 2020; He et al., 2021D).

Currently, fabricating one ton of electrolytic manganese metal could produce about 10-14 tons of
EMR (Shu et al., 2016; Wang et al., 2019; Shu et al., 2019a). It is noted that this condition has
worsened rapidly due to the continued depletion of global raw ore (Duan et al., 2010; He et al., 2021c¢).
The stacked EMR with a high-water content of 25-35 wt.% and a low-pH range of 5.0-6.5, and the
particle size of 20-500 pm, which changes with the disposed time and formation process (Han and
Wu, 2019). In addition, EMR contains not only a large number of soluble salts, such as ammonium
sulfate and manganese sulfate, but also heavy metal elements including Ni, Co, Cd, Pb, Cu, etc (He
et al., 2021c; Shu et al., 2020b; Ma et al., 2020; Wang et al., 2020). The discharged EMR is
significantly difficult to be disposed because of its diversity, fineness, and viscosity (Duan et al, 2011;
Zhang et al., 2020b; He et al., 2021c). Therefore, electrolytic manganese smelters dispose of their
EMR in designated waste landfill sites without any effective pretreatment (Duan et al, 2011; Wang et
al., 2020; He et al., 2021c¢). It is inevitably that a large amount of landfill sites and the surrounding
soil and groundwater may be seriously polluted (Han and Wu, 2019). In addition, as the continuous

stockpiled EMR is exposed to the open-air environment, inevitably soluble metal sulfate and
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ammonium sulfate decomposition occurs, resulting in harmful gases emissions (e.g., SO2 and NH3)
(Wang et al., 2016; Sun et al., 2020; Li et al., 2016). Therefore, the stored EMR has significantly
hindered the development of the manganese industry and posed a serious threat to the ecological
environment (He et al., 2021c; Lan et al., 2021a). These environmental problems caused by EMR
have currently attracted widespread concern in society, and urgently need solutions.

At present, the existing landfills can dispose of EMR in bulk, but the subsequent secondary
pollution does not solve the problem completely (He et al., 2021b). Utilization of water leaching, acid
leaching, and bioleaching treatments can effectively extract the valuable substances from EMR, but
the disposal of secondary contamination induced by the leachate is still an inevitable hidden trouble
(Duan et al., 2010; Bal et al., 2018; Han et al., 2018; Lan et al., 2021b; He et al., 2021c, 2021d). The
stabilization/solidification technology can be used to immobilize hazardous components in EMR, and
the disposed EMR is directly applied in building materials (Chen et al., 2020; Han et al., 2020; He et
al., 2021d; Lan et al., 2021a). The resource utilization of EMR has been realized to a certain extent.
However, its application in engineering practice is severely limited by high immobilization charges,
uncontrollable hardening efficacy and potential re-leaching risks. However, calcination is widely
employed in the solid waste pretreatment procedure as one of the most environmentally friendly
disposal methods (Xu et al., 2011; Li et al., 2018; Ma et al., 2020; He et al., 2021d). Calcination has
many benefits with respect to other methods, as the hazardous substances in EMR are cleaned during
the calcination process. Although the calcination causes energy consumption, a small minority of the
heat released by calcination can be used for power generation, while the collected gases are made
into chemical reagents or recycled reserves (Shu et al., 2020; Zhang et al., 2020; Zhou, 2021). More
importantly, compared with untreated EMR, calcined EMR tends to have high reactivity and is more

suitable for the production of building materials, such as bricks, ceramics, lightweight aggregates and
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supplemental cementitious materials (Yang et al., 2014; Wu et al., 2016; Wang et al., 2019; Zhang et
al.,2019a,2019b; Xu et al., 2019; Zhang et al., 2020a; Han et al., 2020; Zhou et al., 2021). Meanwhile,
the quasi-sulfoaluminate cement with high compressive strength was manufactured by EMR (close
to 40%) combined with limestone and kaolinite calcined at 1200°C (Hou et al., 2012). Numerous
studies have explored the recycling alternatives of EMR in building materials, especially the potential
use as a substitute for cement in mortar and concrete (Hou et al., 2012; Lan et al., 2021d). The high
specific surface area and gypsum phase of EMR significantly increase the unit water demand, and
gypsum accelerates cement hydration as it promotes ettringite production and provides more
nucleation space for precipitation of hydration products (Zhou et al., 2021). It is expected that EMR
can replace part of the cement and obtain acceptable mechanical strength and significant economic
benefits due to the higher pozzolanic activity (Ma et al., 2020; Zhou et al., 2021). Calcination or
incineration temperature has a significant effect on the reactivity of EMR. Recent studies have
confirmed that the potential pozzolanic activity of EMR can be activated by thermal treatment, either
by incineration alone or in combination with other solid wastes (Wang et al., 2013; Liu et al., 2017;
Lietal., 2018; Li et al., 2020; Xie et al., 2021).

Notwithstanding the satisfying results for EMR-combined matrix, more research is needed
regarding the effect of heat treatment on the physicochemical properties and pozzolan activity of
EMR. Therefore, this paper aims to identify and quantify the changes in the physicochemical
properties and pozzolanic activity of EMR disposed by different calcination temperatures. The
evolution of physicochemical characteristics and mineral phase of the undisturbed and calcined EMR
was characterized. Then, their pozzolan activity was analyzed in terms of the mortar strength activity
index, Frattini test and calcium hydroxide consumption. The effects of EMR at different calcination

temperatures on cement hydration, product phase formation and the microscopic pore structure of the
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cementitious matrix were investigated. The leaching test was used to determine the leaching content

of harmful components of EMR and the EMR-blended matrix with different calcination temperatures.

2 Material and methods

2.1 Raw materials

The EMR wused was obtained from an electrolytic manganese smelter from Xiangtan
Electrochemical Group. It is noted that the raw EMR is yellow mud-like material different from the
common black (Fig.1a), which is due to the pyrite and soft manganese ore are introduced to two ore
one-step process. Prior to test, the in-situ EMR was first dried at 75 °Cfor 72 hours, and then crushed
and ground until it passed through a 150 meshes sieve with a specific surface area of 4.01 m?/g
(measured by nitrogen adsorption BET method). The basic physical characteristics of EMR according
to ASTM standard are shown in Table 1.

The microstructure of EMR was described using scanning electron microscopy (SEM) (Fig. 1b).
The results showed the grinded EMR particles with different sizes and morphologies, in which the
smaller particles tend to cluster around the larger particles. The particle size distribution of EMR was
detected with a particle size analyzer, as shown in Fig. 2. The chemical compositions of EMR and
ordinary Portland cement (OPC) are shown in Table 2. As can be seen, the EMR has a large loss on
ignition (LOI) of 18.24 % due to its high-water content. In addition to that, the raw EMR has a
superior sulfate and iron, so the raw EMR is labeled R-EMR"S!, Besides, the estimated Bogue

potential phase composition of tested PC is shown in Table 3.

Table 1. Basic physical parameter of EMR



Feature Water content Density Stacking density =~ Mass fraction of water- pH

(%) (grem?) (grem?) soluble substance (%)

Value 31.2£2 2.8+£0.2 0.9+0.1 15.542 6.2+0.2

gm.&w[\)H

Table 2. The chemical compositions of EMR and ordinary Portland cement

=
How';po\l
o

Sample SiOz CaO Fe203 A1203 MgO SO3 MnO CI'203 LOI

}i @ % % %) %) %) %) (%) (%)

14
15 EMR 34.67 5.58 21.21 9.01 0.61 20.53 3.94 0.03 19.6

16
17 OPC 20.08 63.41 3.01 5.29 2.06 2.17 N.D 1.62 3.6

18
21341 Note: N. D stands for not detected.

21

2142

23

24

23 Table 3. Potential phase composition of tested OPC
26

g; Clinker CsS C:S CA C4AF

29

30 Mass fraction (%) 54.4 22.6 6.9 10.1
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31246 Fig. 1. The R-EMR"! stockpiles produced by the two ore one-step process (a) the storage field of
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2%47 the R-EMR!S! (b) the microstructure of EMR by SEM.
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Fig. 2. The specific particle size distribution of R-EMR"S! by BET method.

2.2 Different calcining temperatures

The calcined high-sulfur and iron-based EMR (C-EMR"!) was prepared at the desired calcining
temperature in a muffle furnace. Calcining was conducted with a controlled airflow, where any flue-
gas generated was collected and treated by a recovery device (Fig. S1). Five calcination temperatures
(200 °C, 400 °C, 600 °C, 800 °C, 1000 °C) were set and compared with the R-EMR"S! to investigate the
evolution of mineral phases and the fluctuation of pozzolanic activity. To promote the high-quality
calcination, R-EMR"S!was calcined for lasting 2 hours after increasing the temperature to the setting
value at the heating rate of 5 °C/min. After calcination, the C-EMR"S!was rapidly collected from the
muffle furnace, and then promptly cooled in the air. The label “C200-EMR"5"”” means that the EMRS!
calcined at 200 °Cwas used to follow-on operational test and evaluation, and so does the other “EMR-

temperature” labels.

2.3 Characterization methods

The chemical compositions of R-EMR"S! and C-EMRM™S! were determined using the X-ray
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fluorescence (XRF, Bruker S4 Pioneer spectrometer). The mineralogical compositions of the R-
EMR"S! and C-EMRMS! were identified using an X-ray diffractometer (XRD, Bruker D8 Advance
diffractometer) employing Cuka radiation (A = 0.154 nm, 40 kV, 50 mA) over scanning range 20 =
5-80° with step width 2°/min™!. The results of mineral phases were quantified by XRD-Rietveld
analysis (Crumbie et al., 2006). The transition of mineral phases at various elevated temperatures was
characterized by simultaneous thermal analyzer (TG-DTG, 50-1200 °C, 10 °CG/min). The morphology
of R-EMR"S! and C-EMR"S! was observed by a scanning electron microscope (SEM, JSM-6490LYV,
20.0 kV with different magnification times). The particle size distribution and the specific surface
area of R-EMR™! and C-EMR"S! were determined by laser particle size scanning analyzer (BT-9300S,
Bettersize Instruments Ltd., CN) and the Brunauer-Emmett-Teller (BET)-N. adsorption method,
respectively. The density and water absorption of R-EMR"S! and C-EMR"S! was determined using a

pycnometer with kerosene as a medium and tea-bag method, respectively.

2.4 Evaluation of calcined EMR pozzolanic activity

The pozzolanic activity of C-EMR"S! samples was analyzed by strength activity index (SAI) test,
Frattini test and saturated lime (SL) consumption test.
SAI test

The SAI results were used to characterize the pozzolanic activity of supplementary cementitious
materials (Liu et al., 2017; Pourkhorshidi et al., 2010; Tironi et al., 2013). The SAI was calculated as
the ratio of the compressive strength of the blended mortar to that of the referred ordinary Portland
cement at the same curing age, as shown in equation (1). The compressive strength of blended mortar
at 3, 14, 28, 60 and 90 days was detected to characterize the pozzolanic activity of C-EMR"S! at

different temperatures based on the Chinese standard (GB/T 1596-2017). Compared with ASTM
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C618-17A, the pozzolanic activity of C-EMR"S! was amplified by replacing 20% pozzolanic and 80%
cement with 30% pozzolanic and 70% cement mixed mortar. The compressive strength of blended
cement was evaluated on mortar cubes (4 cm x4 cmx4 cm) performed with fixed sand/ binder (1:3
by mass ratios) and water/ binder mass ratios (1:2). After the strength test, some fragments on the
sample center were collected and then immersed in ethyl alcohol for 48 hours and then dried at 60 °C

over 12 hours to eliminate the moisture.

CS,

SAl= CS,

()

where, CSa is the compressive strength of the tested C-EMR!S! sample (MPa) and CSg is the
compressive strength of the controlled mortar (MPa). In comparison with ASTM C618, the test
sample has a positive pozzolanic activity as SAI greater than 0.75 after 7 and 28 days at 20% cement
replacement. According to GB 2847-2005, the test specimen possesses a positive pozzolanic activity
as the results of SAI greater than 0.65 after 28 days with 30% cement replacement.
Frattini test

Based on EN 196-5, the Frattini test involves chemical titration to determine the concentrations of
dissolved [Ca’] and [OH] in a solution with 30% pozzolanic and 70% cement. Thus, 14 g cement
and 6 g C-EMR"S! mixed with 100 mL deionized water for preparing test samples. The pozzolanic
activity of the tested sample was qualified as the test result was lower than the concentration of
Ca(OH): in saturation concentration at the same alkalinity. The samples were sealed for 8 days in a
cylindrical polyethylene container and then placed in water bath kettle at 40 °C. The solution was
filtered in vacuum and then cooled to ambient temperature upon test ages to detect. The filtrates were
titrated with 0.1 mol/L HCI solution with methyl orange indicator and 0.015 mol/L EDTA solution to
analyze [OH ] and [Ca*'], respectively. The comparative analysis was made with the solubility curve

of Ca(OH); at 40 °C as the reference. The C-EMR"S! was defined as active pozzolanic material when
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[Ca?"] and [OH] in solution were down the solubility isotherm.
SL consumption test

Considering the Frattini test only qualitatively determined the pozzolanic activity of C-EMR"S!, the
SL test was performed to further investigate the reacted yield and rate of C-EMRS! with Ca(OH)..
Thus, a mixture consisting of C-EMR"S!, Ca(OH), and water was fabricated as a certain weight ratio
of 1:1:2. Then, the samples were placed in the water bath at 40 °Cuntil the specified test ages. Samples
were then filtered and titrated for [OH"] and [Ca*'] using the same procedure as the aforementioned
Frattini test. Notably, the absolute amount of Ca(OH); in the system is settled and the raised

temperature guarantee rapid reaction with the pozzolan substance (Hardjito et al., 2012).

2.5 Leaching test

The leaching tests of R-EMR"S! and C-EMR™! were conducted using the horizontal vibration
extraction procedure (HJ/T 300-2007; HJ-557-2010; HJ 908-20). The fragmentized samples (5g each)
were placed into a plastic bottle with a solid/ liquid mass ratio of 1:20 (100 mL), respectively. After
vibrating for 8 hours at a frequency of 120min™! and then sitting for 16 hours, all samples were filtered
and stored for inductively coupled plasma optical emission spectrometry (ICP-OES) tests. Atomic
absorption spectrophotometry inflame was used for determining the concentration of metal ions (HJ
484-2009). NH4"-N was measured via Nessler's reagent spectrophotometry method of HJ 535-2009

(Standards, 2009b) and GB/T 205-2000 (Standards, 2000).

3 Results and discussion
3.1 Physicochemical characteristics and mineral composition of R-EMRHS!

The XRD diagram of dried EMR is given in Fig. 3. The mineral composition of dried EMR mainly
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includes jarosite, dihydrate gypsum, quartz, kaolinite, hematite, limonite, muscovite, and other
sulfate-soluble substances. On the one hand, these mineral phases are derived from the additional
mineral phases of low-grade manganese ore. On the other hand, the hydrometallurgical process of
sulfuric acid leaching combined with two ore one-step method (pyrite) accumulating a large amount
of soluble sulfate. Compared with the previous EMR, the introduction of sulfuric iron ore caused a
substantial increase in the concentration of the iron phase (He et al., 2021¢). The manganese ore not
only formed fine particle under the strong chemical reaction accompanied by sulfuric acid leaching,

but also reconstructed into porous particle morphology (Fig. 2).

58]

— R-EMRHSll

1-KAL(AISi;0,,)(OH),
2-CaSO,2H,0
3-28i0, ALO,2H,0
4-KFe,(S0,),(OH),
5-FeO(OH)-nH,0
6-Si0,

7-Fe,0,
8-MnFe,0,
9-MnSO,-H,0
10-(NH,),S0,-H,0

(=)}

20 (degrees)

Fig. 3. The mineralogical compositions of the R-EMR"S!,

It is clear from Fig. 3 that crystal of quartz and gypsum phase has the most intact and sharp
diffraction peaks at 26.6° and 11.6° (20), respectively. Other mineral phases have lower crystallinity,
lower intensity peaks and dispersed peak shapes. From the production of EMR, it is inferred that
jarosite and sulfates are the products of the acid leaching, and goethite and dihydrate gypsum are the

products of neutralization and precipitation of the leaching substrate. However, the presence of clay-
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like minerals, gypsum, and iron phase contributes to the high-water absorption of EMR. In addition,
it has been noted that part of the water exists in the fine capillary dissolution pores of EMR, and the
traditional drying temperature failed to evaporate this part of the moisture (He et al., 2021c). This
may also be an essential contribution to the high viscosity and high-water absorption of EMR.

Fig. 4 shows that R-EMRS! has seven obvious endothermic peaks at 72, 145, 260, 500, 860, 946,
and 1030 °C. The total mass loss of R-EMR"! was 25.4 % within the range of 35~1050 °C. Combined
with the setting calcination temperature, the whole calcination can be divided into five stages.

The first stage (0-200 °C): the two endothermic peaks at 72 °Cand 145 °C in this stage are mainly
caused by the desorption of adsorbed water in EMR particles and the removal of crystal water from
the dihydrate gypsum, with a mass loss rate of 5.5 %.

The second stage (200-400 °C): further dehydration of the hemihydrate gypsum and the precipitation
of ferric sulfate from heat-hydroxyl dehydration of jarosite, which is also the main reason for the heat
absorption peaks at 260°C. In addition, the small troughs ranging from 260 to 400°C validate the
continued progress. The overall mass loss at this stage reached 4.65 %. Thus, the dehydration effect
occurs mainly in EMR below 400 °C, where the total amount of adsorbed water, crystal water and
hydroxyl dehydration are about 10.17 %.

The third stage (400-600 °C): thermal decomposition of ferric sulfate to generate hematite and the
escape of gases from the thermal decomposition of ammonium sulfate, and the overall mass loss in
this stage about 6.23 %. The fourth stage (600-800 °C): the activation of alumino-silica minerals and
the continuous decomposition of gypsum to increase active ingredients in the system. Although there
is no obvious endothermic peak in this stage, the restructuration, recrystallization and amorphization
of minerals are continuously proceeding, which is reflected in the subsequent activity test results and

other results. It is precisely due to the small fluctuation of chemical composition that the overall mass
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loss in this stage is 2.22 %.

The fifth stage (800-1000 °C): the muscovite mineral decomposed as the temperature increases,
which was verified by the endothermic peak at 860 °C. The decomposition, recrystallization and
amorphization of silica-alumina and sulfate minerals in EMR could be obtained from the two heat
endothermic peaks at 946 and 1030 °C with the re-escalation of temperature. At this stage, the overall
mass loss was 6.77 % due to the dehydration formation of type II anhydrite, sulfate decomposition

and mineral activation.

100
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Fig. 4. The TG-DTG diagram of R-EMR! (A, B stand for Mineral phase [CaSO4-2H,0] dehydration; C
represents mineral phase jarosite and CaSO4-2H>O dehydration and recrystallization; D shows Kaolinite
mineral phase dehydrate activation and gas spillage; E expresses muscovite decomposition and mineral

amorphization; F and G signify mineral decomposition, recrystallization and amorphization).

3.2 Physicochemical characteristics of C-EMRHS!
The physicochemical properties of C-EMR"S!via various calcination are exhibited in Table 4. The

dominant oxides present in the C-EMR"! consisting of SiO», Al,Os, CaO, Fe;0s, SO3 and MgO,
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which express a close commonality with R-EMR"S! (Table 2). However, the oxides proportions of C-
EMR"S!varied slightly under different calcination.

Table 4 depicts the main compositions of C-EMR"S! kept basically stable under the calcination
from 200 °Cto 1000 °C. It is noted that the sulfates are emitted in gaseous form (SO3) as the increasing
calcination temperature, which is attributed to the decomposition of sulfates in the EMR. The
reduction of SO; can affect the variation in other oxides content.

More specifically, oxides such as Si02, Al2O3, CaO and Fe>Os slightly increased with the increase
of temperature. Other oxides have been tested without large fluctuations because of the low initial
content. The loss on ignition (LOI) diminishes with increasing temperature and reaches up to 20.6%.
In contrast to blast furnace slag, the production of EMR with a hydrometallurgical process results in
a high LOI due to the absence of a precalcination at high temperatures (He et al., 2021a).

Table 4 also exhibits that the amorphous phase of C-EMRS! increased with the increasing
calcining temperature. The maximum amorphous phase content was 42.18% at 800 °C, which implied
that the high temperature has a significantly activation on the pozzolanic activity of EMR and the
optimal calcined temperature was of 800 °C.

The density, particle size, BET surface area and water absorption of EMR after different calcination
temperatures are shown in Table 4. The density of EMR increased with the increase of temperature.
The particle size of calcined EMR increases continuously with density, while the opposite trend of
surface area in the calcined EMR. The open pores of EMR particles are gradually closed with the
increase of temperature. The unit water demand increases and then decreases with the increase of
temperature, which is related to the transformation of the gypsum. In conclusion, the physicochemical

properties of EMR are related to the mineral decomposition, reconstruction and crystal transformation.
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%15 Table 4. Physicochemical properties of C-EMRHS!

% Samples C- EMR;'OSOI C- EMRL*OSO' C- EMR6”050' C- EMR?OSOI C- EMR:*O%IO

7 Chemical analysis (% by mass)

2 SiO, 36.87 37.04 38.22 38.58 40.68
1(1) ALO; 8.22 8.00 8.65 9.26 9.05
% CaO 5.921 5.581 5.924 6.383 6.646
12 Fe03 21.8 21.86 2233 2331 24.92
1; SO; 19.14 20.75 16.79 15.11 10.26
;(9) MgO 0.604 0.572 0.618 0.495 0.639
;é MnO 4.555 4.286 4.531 3.825 4.493
;Z Na,O 0.372 0313 0.34 0.327 0.362
2 K>0 1.41 1.32 1.44 1.48 1.57
o TiO, 0.252 0.238 0.249 0.265 0.281
% P,0s 0376 0365 0.441 0.508 0.587
gé Amorphous phase 23.15 27.33 34.12 42.18 41.26
22 LOI 3.09 5.82 8.86 13.05 20.6
2 2 Property Physical characteristics
;; Density (g/cm?’) 2.915 2.924 2.931 2.937 2.945
%19) D50 (um) 12.83 13.51 13.92 14.25 14.94
fé BET surface area (m%g) 5.6327 3.8751 3.7114 2.8251 2.5671
2 g Water absorption (g/g) 3.15 3.52 3.73 2.02 1.75
46
4316
48
égn The apparent morphological of EMR at different calcination temperatures is exhibited in Fig. 5.
51

2%18 As can be seen, the EMR gradually turns red in color at 0-400°C, mainly due to the increase in the

54
5519  goethite. In 400-600 °C EMR with light-red is deepened and converted to red because of hematite in
56
57
5320  large amount. When calcined to 800 °C there is a light sintering agglomeration and the EMR exhibits
59
23?21 the dark-brown in color. At 1000 °C, EMR transforms to black due to the presence of large amount of
62
63
64
65
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Fig. 5. Apparent morphology of the calcined EMRS!,

3.3 The transformation of the mineral composition of C-EMRHS!

w-Jarosite [KFe;(SO,),(OH),] w-Quartz [SiO,] #-Muscovite-[KAI,(AlSi;0,)(OH),]
o-Gypsum [CaSO,2H,0] e-Hemihydrite [CaSO,0.5H,0] A-Anhydrite [CaSO,]
*-Mascagnite [(NH,),SO,H,0] #- Kaolinite [2Si0,-Al,05,-2H,0] e-Hematite [Fe,0;]
¥-Alabandite [MnSO,H,0] ==- Dannemorite [MnFe,0,] ©-Limonite [FeO(OH)-nH,0]

®- Hausmannite [Mn;0,]
E AN A0OmumE AR 6 EmOO =
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Fig. 6. The mineralogical compositions of the R-EMR"S!,

The mineral compositions of C-EMR"! were identified by XRD results, as exhibited in Fig.6. And
TG-DTG results of the calcined samples after experiencing the setting calcination temperature

treatment are shown in Fig. S2.
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3.3.1 Effect of calcination on gypsum phase

Combining the results in Figs. 4, 6 and S2, the stepwise dehydration of dihydrate gypsum to
anhydrous gypsum phase as the rising calcination temperature. Specifically, when the calcination
temperature below 200 °C, all crystalline water in the gypsum phase was firstly eliminated. When the
calcination temperature exceeds 200 °C, the diffraction peaks disappear at 14.7 °, 25.7 °, 29.7 © and
31.9 ° (20), indicating the continued dehydration of hemihydrate gypsum. With increasing the
temperature below 800 °C, the diffraction peaks progressively strengthen at 25.5 °, 31.4 ° and 40.9 °
(20), showing the decomposition of anhydrous gypsum. Then, the anhydrous gypsum (Type II)
diffraction peak weakens gradually, which is associated with the inclusion of fused and glassy quartz
phases in the EMR. The chemical formulae of the calcined reactions of the gypsum phase are shown

in equations (2) to (5) and Fig. S3.

2CaS0, -2H,0—"2C ,2CaS0, -0.5H,0 (B)+3H,0 @)
2CaS0, -0.5H,0—24%C_,2CaS0, (B)+H,0 3)
2CaS0, (B)—X20E _, Cas0, (I1) + CaO+S0, (4)
2CaS0, (I —=22 5 CaSO, (I) + CaO +S0, (5)

3.3.2 Effect of calcination on the iron phase
From Figs.4, 6 and S2, it can be seen that the dehydration of limonite is intensified with the increase
of calcination temperature, and recrystallizes to hematite (after 200°C). The newly-presented
diffraction peaks about hematite at 33.2° and 35.6° (20) all verify this process. In addition, the jarosite
is decomposed into sulfates and ferric oxide below 400°C. Then, further decomposition and
recrystallization occurred to form hematite. The whole process is shown in equation (6).
2KFe, (SO, ),(OH), LOODC>3FeZOa +K SO, +3H,SO, +3H,0 (6)

3.3.3 Effect of calcination on the silica-alumina phase
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The diffraction peak intensity of quartz in EMR gradually weakens with the increase of calcination
temperature. It speculates that the quartz phase increasingly becomes amorphous and fuse with other
metal elements to form glassy silicate within this thermo-range. When the calcination temperature
exceeds 500°C, kaolinite first undergoes dehydration and followed by gradually dihydroxylation
(Zhou et al., 2021). It is noted that kaolinite is decomposed into active silica and amorphous alumina
with low crystallinity and hydration and gelling properties (eq. (7)). When the temperature rises to
800 °C, muscovite is significantly enhanced by thermal decomposition into siliceous or silicon-

alumina amorphous phases (eq. (8)).

AL (Si,0,)(OH), —2-80C _, A] 0, -28i0,+2H,0 )
KAL (AISi,0, )(OH), +Si0, —*C ,KAISi O, + Al SiO, +H,0 ®)

3.3.4 Effect of calcination on harmful components

NH4*-N and Mn?" are the main contaminants in EMR. In the production of manganese ore,
ammonia is introduced to neutralize the leachate to form ammonium sulfate. In contrast, the two ore
one-step method is adopted due to the decrease in ore grade, which changes the procedure while
reduces the introduction of NH4"-N. As a result, the characteristic diffraction peak of ammonium
sulfate (28.5 ©) is not obvious in the XRD results. Fig.6 shows that the characteristic diffraction peak
of ammonium sulfate gradually weakens between 200-400 °C and disappears in the diffraction pattern
at 600 °C, indicating that ammonium sulfate escapes as a gas between 400-600 °C. Meanwhile, part
of sulfate also partially escaped as gas during the temperature-rise period (above 800 °C). The

chemical reactions are shown in equations (9) and (10).

(NH4 )2 SO4 ’ Hz()M(L> (NH4 )2 SO4 + Hzo ©
3(NH,),S0, —9C_, ANH, +N, +380, +6H,0 (10)

The residual manganese in the EMR is mainly in the form of manganese sulfate and manganese
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oxides, which causes the low crystallinity of manganese in the EMR. The manganese sulfate is mainly
dehydrated and decomposed at 800 °C to form MnOs3 (eq. (11-12)). The part of the manganese sulfate
gradually converted into Mn3O4 with the calcination temperature higher than 800 °C (eq. (13)). The

Mn-hercynite compound is formed by calcining Fe,O3 and Mn3O4 formed as the temperature exceeds

900 °C (eq. (14)).
MnSO, -H,0—%-%C_,MnSO, +H,0 (11)
2MnSO, —*€ ,Mn .0, +S0, +S0, (12)
6Mn,0, 2, 4Mn 0, +0, (13)
Fe, 0, +Mn,0, —1%%0C _; MnFe,0, +Mn,O, (14)

The mass loss of the EMR prepared at different calcination temperatures are shown in Table 5.
The overall mass loss decreases with increasing temperature, which is attributed to the reduction in
mass due to dehydration, decomposition, amorphization and podzolization. Specifically, the overall
mass loss of EMR is reduced by 3.91%, 6.60%, 3.94%, 3.59% and 5.34% after calcination at 200,
400, 600, 800 and 1000°C, respectively. The water stores between the pores in the porous fineness
slag caused by sulfuric-acid leaching, which requires the continuous calcination to achieve complete
dehydration (Wang et al., 2020). The TG curves of the calcined EMR are consistent with the analysis

in Fig. 4, all detailed data are shown in Fig. S2.

Table 5. The loss in mass of R-EMR"S'and C—EMR?OS(IHOOO at different temperature stages

Loss in mass (%) Stage (I~V)
Sample Stage 1 Stage 1T Stage III Stage IV Stage V Loss in mass
35-200°C 200-400°C 400-600°C 600-800°C 800-1000°C
R-EMR'™ 5.5164 4.6503 6.2278 22211 6.7697 25.3853
C-EMRIE! 1.2893 3.1128 7.5591 2.4491 7.0693 21.4796
C-EMRI 0.4536 0.2390 1.6875 8.8236 3.0756 14.8793
C-EMR 0.5614 0.1451 0.2596 5.0881 4.8822 10.9364
C-EMR{S 0.2323 0.0425 0.0340 1.8411 5.2005 7.3504
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0

C-EMRHS 0.023 0.0066 0.0132 0.0494 1.9138 2.006

In conclusion, the increase in temperature on the one hand facilitates the resourceful recovery of
valuable elements. On the other hand, the increase in the content of amorphous substances via
calcination is accompanied by dehydration and recrystallization of hydrated minerals into high-
activity states. In addition, increasing temperature promotes the aluminosilicate activation and sulfate
decomposition, which increase alkalinity and reduces hazardous elements. Thus, the thermodynamic

treatment has significant advantages for the resourceful and harmless treatment of EMR.

3.4 Pozzolanic activity of C-EMRHS!

In order to find an optimal calcination temperature for EMR with good pozzolanic activity and
compressive strength, the compressive strength of the EMR-blended mortar was tested at 3, 14, 28,
60 and 90 days. The results of SAI test in mortar with 30% EMR at different calcination temperatures
are shown in Table 6. The control sample with 100% cement was set for comparative analysis. In
general, a sample with a SAI of 75% at 28 days is considered as a standard pozzolanic material. The
28-day SAI of the EMR-blended mortar calcining at 200, 800 and 1000 °C all exceeded 75%, in
particular the maximum SAI at 800 °C was 84.79%. Therefore, the EMR calcined at 200, 800 and
1000 °C can be classified as a high pozzolanic activity material. In addition, the SAI of all samples
increased with the curing age, in which the highest SAI at 800 °C was 87.96%. The reasons for these
phenomena are closely related to the evolution of the mineral phases (He et al., 2021c; Zhou et al.,

2021).
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Table 6. Compressive strength and SAI of EMR-blended mortar

3 days 14 days 28 days 60 days 90 days

Samples CS SAI CS SAI CS SAI CS SAI CS SAI

(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)

PC 16.20  100.00 33.65 100.00 40.75 100.00 4431 100.00 47.01 100.00
R-EMR™! 8.50 5247 22,10 65.68 28.05 68.83 3152 71.14 3392 7215
C-EMRY 9.70 59.87 2481 7372 30.16 74.01 3430 7741 36.78 78.24
C-EMRYY 6.20 3827 19.15 5691 23.80 5840 27.15 6127 2945 62.65
C-EMRG 2.55 1574 17.50 52.01 2195 5387 2475 5586 27.82 59.18
C-EMR 9.95 61.42 2495 7415 3455 8479 3785 8542 4135 87.96
C-EMRf5 9.75 60.19 2371 7046 3091 7585 3433 7748 3945 83.92

In early hydration, EMR has a significant retardation on cement hydration due to the presence of
gypsum. Thus, the SAI values of all EMR-blended mortar specimens are below 75%. The
hemihydrate gypsum phase formed at 160 °C could improve the reactivity of EMR (Zhou et al., 2021).
However, the hemihydrate gypsum phase continues to dehydrate with increasing temperature to form
apoorly crystalline B-type gypsum phase, which reduces the pozzolanic activity of EMR. Meanwhile,
the decomposition of other mineral phases and gas evaporites synergistically builds a porous EMR
microstructure, which significantly increases the water absorption of EMR, especially at 400°C and
600°C. It means that the actual water-cement ratio of the mortar decreases and then reduces the
fluidity of the mortar and is not conducive to the development of strength. Although kaolinite is
dehydrated and decomposed in the range of 400-600°C to form the silica-alumina phase, but the low
temperature silica and amorphous aluminum phase formed at this stage do not contribute significantly
to the strength development (Figs. 6 and S2). With the increase of calcination temperature, the
gypsum phase is thermally decomposed to increase the active calcium oxide content, and the existing

silica-alumina phase is activated to form amorphous silica-alumina material. However, the pozzolanic
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activity of EMR calcined at 1000 °C is reduced due to recrystallization of amorphous minerals and

the massive formation of Mn3O4, which also caused a slight decrease in SAL
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Fig. 7. Frattini test results for EMR with different calcination temperatures after curing at 40°C for 8 days.

Fig. 7 shows the results of the Frattini test for EMR replacing 30% cement blended paste. In the
range of 35 and 90 mmol/L [OH], the theoretical maximum [CaO] concentration can be calculated

using the equation given in EN 196-5 to plot the Ca(OH); solubility curve at 40 °C,

350

MaX[CaO] :m (15)

Fig. 7 shows that the positions of R-EMR™', C-EMRESIand C-EMRES! are on the Ca(OH):

solubility isotherm and this region is defined as the range of non-pozzolanic activity. Test samples

within this range lacked qualifying pozzolanic activity. For C-EMRIS!, C-EMRES! and

C-EMRIBL, the test results all lie below the calibration line, indicating that the samples have a good
pozzolanic activity. In particular, when the calcination temperature is increased to 800 °C, the [CaO]

and [OH] positions of the tested samples were far below the Ca(OH); solubility isotherm. It indicates

that the Ca** and OH- released by cement hydration are consumed by the pozzolanic reaction of EMR.
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Therefore, the EMR calcined at 800°C can be considered as a high pozzolanic activity material, which

is consistent with the SAI test results.
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Fig. 8. Results of SL tests with EMR at different calcination temperatures in sealed plastic bottles at 40 °C

after 3, 14, 28, 60 and 90 days.

Fig. 8 shows the consumption of saturated lime with EMR after different calcination temperatures.
The results can be divided into three stages based on the consumption rate of saturated lime, which
are the pre-term accelerated consumption period, mid-term steadily increased consumption period

and post-term sluggish increased consumption period. All samples exhibit a rapid lime consumption

over 3 days. Specifically, the total lime consumption of the C-EMRES! was 65.87% at 28 days. It

is noted that the sample had a lime consumption rate of 0.21% per hour for the first 3 days and an
overall lime consumption rate of approximately 0.1% per hour by 28 days, which slowed down again
with longer curing age. This is consistent with the SAI results, which reached a value of 84.79% at

28 days. In addition, the calcined samples with high SAI exhibit a greater amount of lime consumption



469  compared to the samples with low SAIL Overall, lime consumption tests occurred at an accelerated

0 rate during the first 3 days curing age and were essentially complete during the 28 days curing age.
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Fig. 11. Correlation results of the 8-d Frattini test and SL tests (3, 14, 28, 60 and 90 days)

Based on Figs. 9-11, there is a significant correlation between the SAI results and the Frattini test
results (R? = 0.8776). In contrast, although Frattini test and SL test, SA1 test and SL test also have a
good correlation, the test conditions and errors lead to poor stability. It may be that the mass ratio of
lime to EMR formed by mixing 7 g cement with 3 g EMR in the Frattini and SAI tests is much lower
than the ratio formed by mixing 1 g of EMR with 75 ml of saturated lime solution in the SL test.

Due to the lower ratio of lime to EMR, the SL test exhibits a higher pozzolanic activity compared
to the Frattini test. In addition, unlike the SAI and Frattini tests, where there is no cement and no bulk
solid phase is formed because the SL test uses a different system. Further, a small amount of solid
Ca(OH): passing through the filter has greater buffers in the titration and introduces large errors. Also,
previous studies indicated that the SAI test was performed at 23°C for 28 days, while the Frattini test

was conducted at 40°C for 8 days (Tironi et al., 2013).
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3.5 Effect of calcined EMR on cement hydration

3.5.1 Hydration kinetics

5

—
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Fig. 12. Exothermic hydration of the EMR-blended slurry (a) rate of heat release (b) cumulative heat of

hydration

The results of the exothermic heat of hydration of the slurry mixed with calcined EMR are shown
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in Fig. 12. The results of setting time and soundness of cement and EMR-blended mortar are
presented in Table S1. The mixture consisting of 30% EMR to 70% cement with a water/binder ratio
of 0.5 was analyzed in-depth. Fig. 12 shows that the hydration exothermic peaks of EMR at
calcinations of 400 and 600 °C are shifted to the right with various degrees, implying that the addition
of EMR is able to retard the hydration process (Table S1). Compared with previous PC results, the
addition of EMR reduces the intensity of hydration exothermic peak, especially in the slurry prepared
by EMR calcined at 400 °C and 600 °C (He et al, 2021c). The retardation of cement hydration is
attributed to two possible reasons: one aspect is the synergistic contribution of the high-water
absorption of EMR particles with dissolved sulfate ions (Zhou et al., 2021). The majority of the water
are first absorbed by the calcined EMR particles while much less water is used for the cement
hydration than for the stoichiometry. On the other hand, a large amount of sulfate ions dissolved in
the slurry reacts with calcium and aluminum phase to form hydration products, which adsorb on the
surface of the cement particles. It retards the dissolution of cement particles and inhibits the growth

of crystals (Wang et al., 2013; Xu et al., 2019).

The exothermic peak of hydration of samples mixed with C-EMR}SI and C-EMRII3I is much

higher than the other samples, which can be considered that the calcined EMR promotes the hydration

reaction. The cumulative heat of hydration of slurry mixed with C-EI\/]R?OSOI and C-EMR%%IO was

265 J/g and 269.7 J/g for 84 h, respectively. It also confirms that the activation of EMR on cement

components, such as C3A (Xu et al., 2019). The exothermic peak of hydration of the slurry mixed

with C-EMRgIOSOI and R-EMRHS! is lower than that with C-EMR?OSOI and C-EMRH)%IO , but

higher than that with C-EMRIS! and C-EMRISI, which is also closely related to the

transformation of the gypsum and the formation of amorphous activated substance. The existing

studies indicated that the calcined EMR at 160 °C has a high reactivity due to the presence of the
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hemihydrate gypsum phase. On the other hand, calcination above 360 °C decreases the reactivity of
EMR while increasing its water absorption due to the generation of low-activity anhydrous gypsum.

3.5.2 Analysis of hydration products

@-Ettringite ¥-C4AF *-Portlandite 4-Quartz #-CS A-C3S #-Hydrocalumite OAFmI

2 theta (degrees)

Fig. 13. XRD patterns of EMR-blended mortar curing at 28 days.

Fig. 13 shows results of hydration products of the mixed mortar prepared by EMR at different
calcination temperatures after curing for 28 days. The main hydration product phases of the EMR
blended mortar were ettringite, AFm (monosulfate), hemi-sulfate and common cement hydration

products. Fig. 13 exhibits that the calcium alumina phase is present in large amounts in the hydration

products of mortar. The mortar formed by C-EMRISI, C-EMRIS! and C-EMRHS! produce large

amounts of ettringite due to the large amount of gypsum with high temperature transformation.
Meanwhile, the formation of aluminate phase may be provided by the high temperature calcination
of EMR. Fig. 13 also shows that the diffraction peak intensity of ettringite increases and then
decreases with increasing calcination temperature. In contrast, the diffraction peak of portlandite

decreases and then increases with increasing calcination temperature. The mixed mortar prepared by
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EMR calcined at 400 and 600 °Cproduces a large amount of calcium alumite and a small number of
portlandite. By contrast, the blended mortar prepared by EMR calcined at 800 and 1000 °C formed
less ettringite and aluminate phases and more portlandite. It is closely related to the high temperature
transformation of the gypsum and aluminosilicate phases in the EMR.
3.5.3 Microstructure analysis

Fig. 14 shows the SEM images of the 30% EMR-blended mortar after 28 days of curing. In mortar
with 70% PC, portlandite with good crystallinity layered is produced to form a dense structure, and
C-S-H gels formed by hydration are interspersed with needle-like ettringite. With the addition of
EMR, more discernible pores are observed in the ENR-blended mortar, resulting in a loose
microstructure. These pores not filled by hydration products can adversely affect the mechanical

properties of the mortar. In addition, a large number of ettringite occurred in R-EMRHSI |

C-EMRISI, C-EMR!E and C-EMRES! samples due to the presence of gypsum phases. There are

significant differences in the morphology of ettringite produced by different gypsum phases.

Especially for the mortar blended with C-EMRI and C-EMRIS!, a large amount of needle-like

ettringite fills the microstructure of the mortar, forming a large number of pores structure. It also

verifies the reason for the poor mechanical properties of the mortar blended with C-EMRHS! and

C-EMRHS!. The AFm phase with hexagonal lamellar crystals and a large amount of portlandite were
found in the mortar blended with C-EMRHS! and C-EMRHSI . The SEM images of mortar mixed

800 1000 °

with C-EMRIISI and C-EMR{SL exhibit that the short rod-like and vermiculite-like C-S-H gels

are formed due to the introduction of additional Si and Al elements from EMR, which reduces the
Ca/Si ratio of the gels. However, C-S-H gels with different morphology can not be considered as the
products of hydration or EMR-active reactions. The effect of EMR on calcium silicate hydrate gels,

including their composition and morphology, needs further investigation.
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Fig. 15. Nitrogen adsorption isotherm patterns (a) adsorption curve and (b) desorption curve of EMR-blend

mortar.

Pore distribution of the EMR-blended mortar is shown in Fig. 15. All samples exhibited a hysteresis

effect, which indicates that the EMR-blended mortar is unevenly distributed and mostly large pores.
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With the addition of EMR, the pore volume of EMR-blended mortar increases. It can be explained by
the loose porous properties of EMR (Xu et al., 2013). In addition, the diversity of types and structures
of hydration products in the presence of EMR leads to more pores in the mortar structure.

Fig. 15a indicates that the adsorption volume of the EMR-blended mortar decreases with the
increase of calcination temperature, which indicates that calcination can reduce pore volume of the
mortar. And the desorption curve in Fig. 15b exhibits that the desorption volume of the EMR-blended
mortar shifts from type-H3 type to type-H4 as the calcination temperature increases. It implies the
non-uniform slit-like pores in the mortar are transformed into homogeneous slit-like pores. The test
result suggests that the macropores of mortar may be partially or fully filled by the hydration products
of EMR. The results of the pore distribution are in agreement with the SAI results and further confirm

the occurrence of EMR pozzolanic activity, which is beneficial for the strength development.

3.6 Leaching characteristics analysis

Heavy metal contaminants in EMR, such as Mn, Cr and Zn, are a matter of great concern when used
in construction materials (Duan et al., 2011; Han et al., 2020; He et al., 2021b). To ensure the safety
of EMR utilization, the toxicity characteristic leaching procedure (TCLP) was used to determine the
leaching concentration of raw EMR, calcined EMR, and EMR-blended mortar.

The TCLP test results are shown in Table 7. It indicates that the leaching concentrations of heavy
metals were well below the standard limits for all samples. In the EMR, the concentrations of Zn and
Mn were higher than the other minor constituents. The direct utilization of EMR may bring
contaminants into the finished product and cause secondary environmental pollution. After the
pretreatment of calcination, the leaching concentration of heavy metal decreases with the increase of

calcination temperature. The glassy and crystalline products produced during the calcination can



595 incorporate metal ions into the amorphous network and crystal structure, leading to the

%96  immobilization of heavy metals (Shu et al., 2019a, 2020; Sun et al., 2020). In comparison with

598  for elemental Cr that may come from raw PC. In the mortar, heavy metals may be embedded in the
1899 hydration products or form precipitates with other ions (Xu et al., 2019). In addition, the dense
1600  structure of EMR-blended mortar prevents the leaching behavior of heavy metal. In conclusion, the

1601  immobilization of heavy metals in the calcination process and in the mortar leaves no significant
17
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1602 concerns for the future utilization of EMR in building materials.

20

2

2

23

2604 Table 7. Leaching concentrations of EMR-blended mortar using the TCLP

25

26 .
27 Concentration of heavy metals (mg/L)

28 Sample
29 Cr Pb As Cu Zn Ba Cd Se Ni
2(1) R-EMR™ 0.200  0.010  0.010  0.020  6.500  0.050  0.020 0.010 0.200
;é C-EMR 0.100  0.050  0.050  0.010  7.000  0.020  0.020 0.050 0.110
gé C-EMRg 0.100  0.040  0.020 0.040 7.200 0.020  0.020 0.070 0.150
?3 C-EMRL 0.200  0.050 0.080 0.050 7.500 0.010 0.010 0.080 0.150
%(89) C-EMRy 0.050  0.020  0.030  0.020  1.200  0.010  0.010 0.020 0.020

41 C-EMR!SY 0.002 0.010 0.010 0.010 0500 0.010 0.010 0.020 0.010
42

32 M-REMR!S! 0.002  0.002 0.001 0.005 1.200 0.005  0.002 0.020 0.010

22 M-CEMRY 0.001  0.001 0.005 0.001 2.200 0.002  0.002 0.008 0.020

2; M-CEMR 0.001 0.002 0.002 0.004 2700 0.001 0.002 0.008 0.010

gg M-CEMRE! 0.002  0.003 0.008 0.005 2500 0.002 0.001 0.005 0.050

gé M-CEMRES! 0.001 ND 0.003 0.002 0.700 ND 0.001 0.001 0.050

gi M-CEMR| ND 0.001  0.001 0.001 0.050 ND 0.001 ND ND
55
56 PC ND 0.004 0.001 0.003 ND 0.005  0.001 ND ND

57
58 GB5085.3-2007 15.0 5.0 5.0 100.0 100.0 100.0 1.0 1.0 5.0

59

60 GB5085.3-1996  1.50 1.0 0.5 2.0 5.0 - 0.1 0.5 1.0
61
62
63
64
65
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Note: ND: not detected.

In addition, the variations of soluble Mn?* and NH4"-N content in EMR are also of interest. Table 8
shows the leaching concentration of calcined EMR under different leaching conditions. It indicates
that the leaching content of Mn?" and NH4"-N at strong acid condition (pH=2.88) are higher than the
weak acid conditions (pH=4.93 and 7). Under the strong acid condition (pH=2.88), the content of
Mn** and NH4"-N in the raw material was 127.74 and 15.14 times higher than the standardized limits,
while the content of Mn?* and NH4*-N in the water leaching was 67.5 and 12.06 times higher than
the standardized limits. After calcinating at 200, 400 and 600 °C, the leaching of Mn?* did not decrease
significantly but increase due to the water loss. When the calcinating temperature exceeds 800 °C, the
Mn?" is fixed in glass and crystals in the form of oxides, resulting in a significant decrease in the
leaching value and complied with the standard limits (GB5085.3-1996; GB5085.3-2007). The content
of NH4"-N escapes as a gas at temperatures above 280 °C. When the calcination temperature exceeds

600 °C, the emission of NH4*-N complies with the standard (GB5085.3-1996).

Table 8. Leaching concentrations of EMR using the TCLP

Acid (pH=2.88) leaching  Acid (pH=4.93) leaching Water (Ph=7) leaching

Samples Mn NH;-N Mn NH3-N Mn NH3-N
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
R-EMRHS! 638.70 378.50 543.20 367.50 337.50 301.40
C-EMR} 655.20 375.20 564.80 344.20 344.10 311.20
C-EMRLS 805.10 54.10 641.30 48.40 410.50 24.50
C-EMRI 851.50 21.60 710.60 17.30 466.80 10.70
C-EMREE! 41.71 1.20 38.10 0.90 24.10 ND
C-EMR{5% 35.81 0.20 29.20 ND 18.70 ND
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GB5085.3-1996 5.00 25.00 5.00 25.00 5.00 25.00

The results of the Mn?" and NH4*-N in EMR-blended mortar at different curing ages are shown in
Table 9. The 3-d leaching concentrations of Mn?" and NH4"-N in mortar prepared by raw EMR and
EMR calcined at 200 °C still exceeded standard limit. Meanwhile, the 3-d leaching of Mn?" in the
EMR-blended mortar mixed with the EMR calcined at 400 °C and 600 °C also exceeded the standard
limits. As the continued cement hydration promotes the solidification of Mn** and the release of
NH4"-N, all the specimens meet the standard limits after 28-d. The leaching of Mn** and NH4*-N of
mortar formed by EMR calcined at temperatures above 800 °C for 3 d, 28 d and 90 d were all in
accordance with the standard limits (GB5085.3-1996).

Table 9. Leaching concentrations of EMR mortar using the TCLP

3 days 28 days 90 days
Samples Mn NH;-N Mn NH3-N Mn NH;-N
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
M-REMR™! 55.20 27.20 2.80 7.20 2.81 5.60
M-CEMRJ 62.50 25.50 3.20 5.20 3.11 5.10
M-CEMR 75.20 12.40 4.70 3.10 4.85 4.00
M-CEMR{ 80.10 8.70 4.20 2.00 4.66 3.20
M-CEMR}S! 2.10 1.00 1.10 0.50 1.00 ND
M-CEMR!S) 0.50 0.10 0.20 ND 0.10 ND
GB5085.3-1996 5.00 25.00 5.00 25.00 5.00 25.00

4 Conclusion
The effects of calcination on the physicochemical properties and pozzolanic activity of EMR were
investigated. In addition, the feasibility of EMR as a construction material was explored in terms of

hydration kinetics, hydration phase, pore structure and leaching behavior. Based on the experimental
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results, the following conclusions can be drawn:

(1) The mineral composition of raw EMR mainly includes jarosite, dihydrate gypsum, quartz,
hematite, limonite, muscovite, and other sulfate-based dissolved materials. The high-water absorption
of EMR is mainly associated with the gypsum and the formed porous structure after calcination. The
density of EMR increases and the BET specific surface area decreases with the increase of calcination
temperature, as the open pores of EMR particles become closed.

(2) The EMR calcined at 800°C has the optimum pozzolanic activity, which is attributed to the
decomposition of dihydrate gypsum and the formation of activated calcium, silicon and aluminum
oxide. At 200 °C, calcination increased the pozzolanic activity of EMR due to the dihydrate gypsum
dehydrated into B-type hemihydrate gypsum. Above 800 °C, the type Il anhydrous gypsum weakens
and transforms into type I anhydrous gypsum, which is related to the intercalation of fused quartz
phases in EMR. The pozzolanic activity of EMR calcined at 1000°C was reduced due to the
recrystallization of amorphous minerals and the formation of stable Mn-spinel (Mn304) and Mn-
hercynite (MnFe>O4).

(3) A large amount of sulfate ions dissolved in the slurry reacts with calcium and aluminum phase to
form hydration products, which adsorbs on the surface of the cement particles. It retards the cement
hydration and inhibits the growth of crystals. The pore volume of EMR-blended mortar increases as
the addition of EMR, which can be explained by the loose porous properties of EMR. However, the
pores volume in the EMR -blended mortar gradually decreased due to the filling effect of the hydration
products caused by the increasing pozzolanic activity of EMR.

(4) After calcinating at 200 °C, the leaching of Mn?* and NH4*-N did not decrease significantly but
increase due to the water loss. The Mn?* and NH4*-N fully below the national standards at calcination

above 800°C (GB5085.3-1996; GB5085.3-2007). As the continued cement hydration promotes the
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solidification of Mn?" and the release of NH4"-N, all the specimens meet the standard limits after 28-
d. The leaching of Mn?** and NH4"-N of mortar formed by EMR calcined at temperatures above
800 °C for 3 d, 28 d and 90 d were all in accordance with the standard limits (GB5085.3-1996).
(5) The leaching tests results indicated that the leaching concentration of heavy metals decreased with
increasing calcination temperature. It is because the glassy and crystalline products produced after
calcination can incorporate metal ions into the amorphous network and crystal structure, leading to
the immobilization of heavy metals. In EMR-blended mortar, heavy metal may be embedded in the
hydration products or form precipitates with other ions. In addition, the dense structure of the mortar
prevents the leaching behavior of heavy metal.

All heavy metals are fixed in the cement and calcination process, ensuring the cleaner utilization
of EMR in building materials. Further studies on the effect of EMR on the C-S-H composition and
structure of concrete, the effect of EMR on other components of concrete, the improvement of EMR

reactivity, and the long-term durability of EMR-infused concrete are recommended.
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Highlights

® EMR calcined at 800 °C has the optimum strength activity index of 84.79 at 28-d.

® Pozzolan activity of EMR is boosted in B-CaSO4-0.5H>0O and weakened in Mn3O4 and MnFe>Os.
® Presence of gypsum in EMR retards the cement hydration and forms ettringite.

® Mn?" and NH4"-N below national standards at calcination above 800 °C.
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Abstract

Degradation in grade of manganese ore aggravates the complexity of electrolytic manganese residue
(EMR). Calcination is one of the most practical pretreatment methods to improve EMR activity and
dispose the hazardous elements. In this paper, the evolution of mineral phase, pozzolanic activity,
pore structure and harmful components induced by calcining EMR was investigated. The results show
that EMR calcined at 800 °Chas the strength activity index (SAI) of 84.79 at 28 d, which is attributed
to the decomposition of dihydrate gypsum and the formation of activated calcium, silicon and
aluminum oxide. The formation of B-type hemihydrate gypsum increases the pozzolan activity, while
the latter is limited by the formation of stable Mn-spinel (Mn304) and Mn-hercynite (MnFe2Oy4). In the
EMR-doped mortar matrix, the production of a large amount of ettringite due to the existence of
gypsum, as well as common C-S-H, portlandite and AFm, which strongly verify the pozzolanic
activity of EMR. Leaching results show that Mn*>* and NH4"-N could not be eliminated completely at
by the cement. The Mn?*" and NH4"-N levels in mortar are fully below the regulatory standards when
calcinated above 800°C. All heavy metals are fixed in the cement and calcination process, ensuring

the cleaner utilization of EMR in building materials.

Keywords: Calcination; Electrolytic manganese residue; Pozzolanic activity; Hazard-free treatment;

Mortar stabilization.
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1 Introduction

Electrolytic manganese is an essential metallurgical and raw material that is widely used in the
production of batteries, steels, alloys, building and other industries (Duan et al., 2010; Duan et al,
2011). China is currently the top producer of electrolytic manganese with an annual production of
over 1.5 million tons, accounting for approximately 98% of global output (Xu et al., 2014; Zhou et
al., 2014; Shu et al., 2016; Li et al., 2016; Han and Wu, 2019; He et al., 2021a). Electrolytic
manganese residue (EMR) is a hazardous solid waste produced as a byproduct after the traditional
sulfuric acid leaching of manganese carbonate ore and ammonia neutralization (Wang et al., 2019;
Wang et al., 2020; He et al., 2021D).

Currently, fabricating one ton of electrolytic manganese metal could produce about 10-14 tons of
EMR (Shu et al., 2016; Wang et al., 2019; Shu et al., 2019a). It is noted that this condition has
worsened rapidly due to the continued depletion of global raw ore (Duan et al., 2010; He et al., 2021c¢).
The stacked EMR with a high-water content of 25-35 wt.% and a low-pH range of 5.0-6.5, and the
particle size of 20-500 pm, which changes with the disposed time and formation process (Han and
Wu, 2019). In addition, EMR contains not only a large number of soluble salts, such as ammonium
sulfate and manganese sulfate, but also heavy metal elements including Ni, Co, Cd, Pb, Cu, etc (He
et al., 2021c; Shu et al., 2020b; Ma et al., 2020; Wang et al., 2020). The discharged EMR is
significantly difficult to be disposed because of its diversity, fineness, and viscosity (Duan et al, 2011;
Zhang et al., 2020b; He et al., 2021c). Therefore, electrolytic manganese smelters dispose of their
EMR in designated waste landfill sites without any effective pretreatment (Duan et al, 2011; Wang et
al., 2020; He et al., 2021c¢). It is inevitably that a large amount of landfill sites and the surrounding
soil and groundwater may be seriously polluted (Han and Wu, 2019). In addition, as the continuous

stockpiled EMR is exposed to the open-air environment, inevitably soluble metal sulfate and
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ammonium sulfate decomposition occurs, resulting in harmful gases emissions (e.g., SO2 and NH3)
(Wang et al., 2016; Sun et al., 2020; Li et al., 2016). Therefore, the stored EMR has significantly
hindered the development of the manganese industry and posed a serious threat to the ecological
environment (He et al., 2021c; Lan et al., 2021a). These environmental problems caused by EMR
have currently attracted widespread concern in society, and urgently need solutions.

At present, the existing landfills can dispose of EMR in bulk, but the subsequent secondary
pollution does not solve the problem completely (He et al., 2021b). Utilization of water leaching, acid
leaching, and bioleaching treatments can effectively extract the valuable substances from EMR, but
the disposal of secondary contamination induced by the leachate is still an inevitable hidden trouble
(Duan et al., 2010; Bal et al., 2018; Han et al., 2018; Lan et al., 2021b; He et al., 2021c, 2021d). The
stabilization/solidification technology can be used to immobilize hazardous components in EMR, and
the disposed EMR is directly applied in building materials (Chen et al., 2020; Han et al., 2020; He et
al., 2021d; Lan et al., 2021a). The resource utilization of EMR has been realized to a certain extent.
However, its application in engineering practice is severely limited by high immobilization charges,
uncontrollable hardening efficacy and potential re-leaching risks. However, calcination is widely
employed in the solid waste pretreatment procedure as one of the most environmentally friendly
disposal methods (Xu et al., 2011; Li et al., 2018; Ma et al., 2020; He et al., 2021d). Calcination has
many benefits with respect to other methods, as the hazardous substances in EMR are cleaned during
the calcination process. Although the calcination causes energy consumption, a small minority of the
heat released by calcination can be used for power generation, while the collected gases are made
into chemical reagents or recycled reserves (Shu et al., 2020; Zhang et al., 2020; Zhou, 2021). More
importantly, compared with untreated EMR, calcined EMR tends to have high reactivity and is more

suitable for the production of building materials, such as bricks, ceramics, lightweight aggregates and
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supplemental cementitious materials (Yang et al., 2014; Wu et al., 2016; Wang et al., 2019; Zhang et
al.,2019a,2019b; Xu et al., 2019; Zhang et al., 2020a; Han et al., 2020; Zhou et al., 2021). Meanwhile,
the quasi-sulfoaluminate cement with high compressive strength was manufactured by EMR (close
to 40%) combined with limestone and kaolinite calcined at 1200°C (Hou et al., 2012). Numerous
studies have explored the recycling alternatives of EMR in building materials, especially the potential
use as a substitute for cement in mortar and concrete (Hou et al., 2012; Lan et al., 2021d). The high
specific surface area and gypsum phase of EMR significantly increase the unit water demand, and
gypsum accelerates cement hydration as it promotes ettringite production and provides more
nucleation space for precipitation of hydration products (Zhou et al., 2021). It is expected that EMR
can replace part of the cement and obtain acceptable mechanical strength and significant economic
benefits due to the higher pozzolanic activity (Ma et al., 2020; Zhou et al., 2021). Calcination or
incineration temperature has a significant effect on the reactivity of EMR. Recent studies have
confirmed that the potential pozzolanic activity of EMR can be activated by thermal treatment, either
by incineration alone or in combination with other solid wastes (Wang et al., 2013; Liu et al., 2017;
Lietal., 2018; Li et al., 2020; Xie et al., 2021).

Notwithstanding the satisfying results for EMR-combined matrix, more research is needed
regarding the effect of heat treatment on the physicochemical properties and pozzolan activity of
EMR. Therefore, this paper aims to identify and quantify the changes in the physicochemical
properties and pozzolanic activity of EMR disposed by different calcination temperatures. The
evolution of physicochemical characteristics and mineral phase of the undisturbed and calcined EMR
was characterized. Then, their pozzolan activity was analyzed in terms of the mortar strength activity
index, Frattini test and calcium hydroxide consumption. The effects of EMR at different calcination

temperatures on cement hydration, product phase formation and the microscopic pore structure of the
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cementitious matrix were investigated. The leaching test was used to determine the leaching content

of harmful components of EMR and the EMR-blended matrix with different calcination temperatures.

2 Material and methods

2.1 Raw materials

The EMR wused was obtained from an electrolytic manganese smelter from Xiangtan
Electrochemical Group. It is noted that the raw EMR is yellow mud-like material different from the
common black (Fig.1a), which is due to the pyrite and soft manganese ore are introduced to two ore
one-step process. Prior to test, the in-situ EMR was first dried at 75 °Cfor 72 hours, and then crushed
and ground until it passed through a 150 meshes sieve with a specific surface area of 4.01 m?/g
(measured by nitrogen adsorption BET method). The basic physical characteristics of EMR according
to ASTM standard are shown in Table 1.

The microstructure of EMR was described using scanning electron microscopy (SEM) (Fig. 1b).
The results showed the grinded EMR particles with different sizes and morphologies, in which the
smaller particles tend to cluster around the larger particles. The particle size distribution of EMR was
detected with a particle size analyzer, as shown in Fig. 2. The chemical compositions of EMR and
ordinary Portland cement (OPC) are shown in Table 2. As can be seen, the EMR has a large loss on
ignition (LOI) of 18.24 % due to its high-water content. In addition to that, the raw EMR has a
superior sulfate and iron, so the raw EMR is labeled R-EMR"S!, Besides, the estimated Bogue

potential phase composition of tested PC is shown in Table 3.

Table 1. Basic physical parameter of EMR
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Feature Water content Density Stacking density =~ Mass fraction of water- pH
(%) (grem™) (grem™) soluble substance (%)
Value 31.242 2.840.2 0.9+0.1 15.542 6.2+0.2
Table 2. The chemical compositions of EMR and ordinary Portland cement

Sample  SiO» CaO Fe 03 Al,O3 MgO SO3 MnO Cr203 LOI
(%) (%) (%) (%) (%) (%) (%) (%) (%)

EMR 34.67 5.58 21.21 9.01 0.61 20.53 3.94 0.03 19.6
OPC 20.08 63.41 3.01 5.29 2.06 2.17 N.D 1.62 3.6

Note: N. D stands for not detected.

Table 3. Potential phase composition of tested OPC

Clinker C3S Czs C3A C4AF

Mass fraction (%) 54.4 22.6 6.9 10.1

Fig. 1. The R-EMR"! stockpiles produced by the two ore one-step process (a) the storage field of

the R-EMR!S! (b) the microstructure of EMR by SEM.
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Fig. 2. The specific particle size distribution of R-EMR"S! by BET method.

2.2 Different calcining temperatures

The calcined high-sulfur and iron-based EMR (C-EMR"!) was prepared at the desired calcining
temperature in a muffle furnace. Calcining was conducted with a controlled airflow, where any flue-
gas generated was collected and treated by a recovery device (Fig. S1). Five calcination temperatures
(200 °C, 400 °C, 600 °C, 800 °C, 1000 °C) were set and compared with the R-EMR"S! to investigate the
evolution of mineral phases and the fluctuation of pozzolanic activity. To promote the high-quality
calcination, R-EMR"S!was calcined for lasting 2 hours after increasing the temperature to the setting
value at the heating rate of 5 °C/min. After calcination, the C-EMR"S!was rapidly collected from the
muffle furnace, and then promptly cooled in the air. The label “Ca00-EMR"S"”” means that the EMRS!
calcined at 200 °Cwas used to follow-on operational test and evaluation, and so does the other “EMR-

temperature” labels.

2.3 Characterization methods

The chemical compositions of R-EMR"S! and C-EMRM™S! were determined using the X-ray
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fluorescence (XRF, Bruker S4 Pioneer spectrometer). The mineralogical compositions of the R-
EMR"S! and C-EMRMS! were identified using an X-ray diffractometer (XRD, Bruker D8 Advance
diffractometer) employing Cuka radiation (A = 0.154 nm, 40 kV, 50 mA) over scanning range 20 =
5-80° with step width 2°/min™!. The results of mineral phases were quantified by XRD-Rietveld
analysis (Crumbie et al., 2006). The transition of mineral phases at various elevated temperatures was
characterized by simultaneous thermal analyzer (TG-DTG, 50-1200 °C, 10 °CG/min). The morphology
of R-EMR"S! and C-EMR"S! was observed by a scanning electron microscope (SEM, JSM-6490LYV,
20.0 kV with different magnification times). The particle size distribution and the specific surface
area of R-EMR™! and C-EMR"S! were determined by laser particle size scanning analyzer (BT-9300S,
Bettersize Instruments Ltd., CN) and the Brunauer-Emmett-Teller (BET)-N> adsorption method,
respectively. The density and water absorption of R-EMR"S! and C-EMR"S! was determined using a

pycnometer with kerosene as a medium and tea-bag method, respectively.

2.4 Evaluation of calcined EMR pozzolanic activity

The pozzolanic activity of C-EMR"S! samples was analyzed by strength activity index (SAI) test,
Frattini test and saturated lime (SL) consumption test.
SAI test

The SAI results were used to characterize the pozzolanic activity of supplementary cementitious
materials (Liu et al., 2017; Pourkhorshidi et al., 2010; Tironi et al., 2013). The SAI was calculated as
the ratio of the compressive strength of the blended mortar to that of the referred ordinary Portland
cement at the same curing age, as shown in equation (1). The compressive strength of blended mortar
at 3, 14, 28, 60 and 90 days was detected to characterize the pozzolanic activity of C-EMR"S! at

different temperatures based on the Chinese standard (GB/T 1596-2017). Compared with ASTM
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C618-17A, the pozzolanic activity of C-EMR"S! was amplified by replacing 20% pozzolanic and 80%
cement with 30% pozzolanic and 70% cement mixed mortar. The compressive strength of blended
cement was evaluated on mortar cubes (4 cm x4 cmx4 cm) performed with fixed sand/ binder (1:3
by mass ratios) and water/ binder mass ratios (1:2). After the strength test, some fragments on the
sample center were collected and then immersed in ethyl alcohol for 48 hours and then dried at 60 °C

over 12 hours to eliminate the moisture.

CS,

SAl= CS,

()

where, CSa is the compressive strength of the tested C-EMR!S! sample (MPa) and CSg is the
compressive strength of the controlled mortar (MPa). In comparison with ASTM C618, the test
sample has a positive pozzolanic activity as SAI greater than 0.75 after 7 and 28 days at 20% cement
replacement. According to GB 2847-2005, the test specimen possesses a positive pozzolanic activity
as the results of SAI greater than 0.65 after 28 days with 30% cement replacement.
Frattini test

Based on EN 196-5, the Frattini test involves chemical titration to determine the concentrations of
dissolved [Ca’] and [OH] in a solution with 30% pozzolanic and 70% cement. Thus, 14 g cement
and 6 g C-EMR"S! mixed with 100 mL deionized water for preparing test samples. The pozzolanic
activity of the tested sample was qualified as the test result was lower than the concentration of
Ca(OH): in saturation concentration at the same alkalinity. The samples were sealed for 8 days in a
cylindrical polyethylene container and then placed in water bath kettle at 40 °C. The solution was
filtered in vacuum and then cooled to ambient temperature upon test ages to detect. The filtrates were
titrated with 0.1 mol/L HCI solution with methyl orange indicator and 0.015 mol/L EDTA solution to
analyze [OH ] and [Ca*'], respectively. The comparative analysis was made with the solubility curve

of Ca(OH); at 40 °C as the reference. The C-EMR"S! was defined as active pozzolanic material when
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[Ca?"] and [OH] in solution were down the solubility isotherm.
SL consumption test

Considering the Frattini test only qualitatively determined the pozzolanic activity of C-EMR"S!, the
SL test was performed to further investigate the reacted yield and rate of C-EMRS! with Ca(OH)..
Thus, a mixture consisting of C-EMR"S!, Ca(OH), and water was fabricated as a certain weight ratio
of 1:1:2. Then, the samples were placed in the water bath at 40 °Cuntil the specified test ages. Samples
were then filtered and titrated for [OH"] and [Ca*'] using the same procedure as the aforementioned
Frattini test. Notably, the absolute amount of Ca(OH); in the system is settled and the raised

temperature guarantee rapid reaction with the pozzolan substance (Hardjito et al., 2012).

2.5 Leaching test

The leaching tests of R-EMR"S! and C-EMR™! were conducted using the horizontal vibration
extraction procedure (HJ/T 300-2007; HJ-557-2010; HJ 908-20). The fragmentized samples (5g each)
were placed into a plastic bottle with a solid/ liquid mass ratio of 1:20 (100 mL), respectively. After
vibrating for 8 hours at a frequency of 120min™! and then sitting for 16 hours, all samples were filtered
and stored for inductively coupled plasma optical emission spectrometry (ICP-OES) tests. Atomic
absorption spectrophotometry inflame was used for determining the concentration of metal ions (HJ
484-2009). NH4"-N was measured via Nessler's reagent spectrophotometry method of HJ 535-2009

(Standards, 2009b) and GB/T 205-2000 (Standards, 2000).

3 Results and discussion
3.1 Physicochemical characteristics and mineral composition of R-EMRHS!

The XRD diagram of dried EMR is given in Fig. 3. The mineral composition of dried EMR mainly
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includes jarosite, dihydrate gypsum, quartz, kaolinite, hematite, limonite, muscovite, and other
sulfate-soluble substances. On the one hand, these mineral phases are derived from the additional
mineral phases of low-grade manganese ore. On the other hand, the hydrometallurgical process of
sulfuric acid leaching combined with two ore one-step method (pyrite) accumulating a large amount
of soluble sulfate. Compared with the previous EMR, the introduction of sulfuric iron ore caused a
substantial increase in the concentration of the iron phase (He et al., 2021¢). The manganese ore not
only formed fine particle under the strong chemical reaction accompanied by sulfuric acid leaching,

but also reconstructed into porous particle morphology (Fig. 2).

58]

— R-EMR”Sll

1-KAL(AISi;0,,)(OH),
2-CaSO,2H,0
3-28i0, ALO,2H,0
4-KFe,(S0,),(OH),
5-FeO(OH)-nH,0
6-Si0,

7-Fe,0,
8-MnFe,0,
9-MnSO,-H,0
10-(NH,),S0,-H,0

(=)}

20 (degrees)

Fig. 3. The mineralogical compositions of the R-EMR"S!,

It is clear from Fig. 3 that crystal of quartz and gypsum phase has the most intact and sharp
diffraction peaks at 26.6° and 11.6° (20), respectively. Other mineral phases have lower crystallinity,
lower intensity peaks and dispersed peak shapes. From the production of EMR, it is inferred that
jarosite and sulfates are the products of the acid leaching, and goethite and dihydrate gypsum are the

products of neutralization and precipitation of the leaching substrate. However, the presence of clay-
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like minerals, gypsum, and iron phase contributes to the high-water absorption of EMR. In addition,
it has been noted that part of the water exists in the fine capillary dissolution pores of EMR, and the
traditional drying temperature failed to evaporate this part of the moisture (He et al., 2021¢). This
may also be an essential contribution to the high viscosity and high-water absorption of EMR.

Fig. 4 shows that R-EMR"S! has seven obvious endothermic peaks at 72, 145, 260, 500, 860, 946,
and 1030 °C. The total mass loss of R-EMR"! was 25.4 % within the range of 35~1050 °C. Combined
with the setting calcination temperature, the whole calcination can be divided into five stages.

The first stage (0-200 °C): the two endothermic peaks at 72 °Cand 145 °C in this stage are mainly
caused by the desorption of adsorbed water in EMR particles and the removal of crystal water from
the dihydrate gypsum, with a mass loss rate of 5.5 %.

The second stage (200-400 °C): further dehydration of the hemihydrate gypsum and the precipitation
of ferric sulfate from heat-hydroxyl dehydration of jarosite, which is also the main reason for the heat
absorption peaks at 260°C. In addition, the small troughs ranging from 260 to 400°C validate the
continued progress. The overall mass loss at this stage reached 4.65 %. Thus, the dehydration effect
occurs mainly in EMR below 400 °C, where the total amount of adsorbed water, crystal water and
hydroxyl dehydration are about 10.17 %.

The third stage (400-600 °C): thermal decomposition of ferric sulfate to generate hematite and the
escape of gases from the thermal decomposition of ammonium sulfate, and the overall mass loss in
this stage about 6.23 %. The fourth stage (600-800 °C): the activation of alumino-silica minerals and
the continuous decomposition of gypsum to increase active ingredients in the system. Although there
is no obvious endothermic peak in this stage, the restructuration, recrystallization and amorphization
of minerals are continuously proceeding, which is reflected in the subsequent activity test results and

other results. It is precisely due to the small fluctuation of chemical composition that the overall mass
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loss in this stage is 2.22 %.

The fifth stage (800-1000 °C): the muscovite mineral decomposed as the temperature increases,
which was verified by the endothermic peak at 860 °C. The decomposition, recrystallization and
amorphization of silica-alumina and sulfate minerals in EMR could be obtained from the two heat
endothermic peaks at 946 and 1030 °C with the re-escalation of temperature. At this stage, the overall

mass loss was 6.77 % due to the dehydration formation of type II anhydrite, sulfate decomposition

and mineral activation.

100 . v v . . 0
-3 -0.0002
()5 : i
-0.0004
90 z
— -0.0006 g
5 S
X »
% -0.0008 &
a g
s ‘ =
—— R-EMR" 0001 2
80 —— Deriv mass |
s | 4 -00012
5E ‘ | !
Stage 1 Stage Il |  Stage Il StageIV = StageV | = -0.0014
Lossin mas§ Lossinmass |  TLossin mass Lossinmass |  Lossinmass |
5.5164% —4.6503% L =6.2278% =22211% | =6.7697%
70 L— : ' : ' : ' - -0.0016
200 400 600 800 1000

Temperature (°C)

Fig. 4. The TG-DTG diagram of R-EMR! (A, B stand for Mineral phase [CaSO4-2H,0] dehydration; C
represents mineral phase jarosite and CaSO4-2H>O dehydration and recrystallization; D shows Kaolinite
mineral phase dehydrate activation and gas spillage; E expresses muscovite decomposition and mineral

amorphization; F and G signify mineral decomposition, recrystallization and amorphization).

3.2 Physicochemical characteristics of C-EMRHS!

The physicochemical properties of C-EMR"S!via various calcination are exhibited in Table 4. The

dominant oxides present in the C-EMR"! consisting of SiO», Al,0s, CaO, Fe;0s, SO3 and MgO,
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which express a close commonality with R-EMR"S! (Table 2). However, the oxides proportions of C-
EMR"S!varied slightly under different calcination.

Table 4 depicts the main compositions of C-EMR"S! kept basically stable under the calcination
from 200 °Cto 1000 °C. It is noted that the sulfates are emitted in gaseous form (SO3) as the increasing
calcination temperature, which is attributed to the decomposition of sulfates in the EMR. The
reduction of SO; can affect the variation in other oxides content.

More specifically, oxides such as SiO2, Al2O3, CaO and Fe>Os slightly increased with the increase
of temperature. Other oxides have been tested without large fluctuations because of the low initial
content. The loss on ignition (LOI) diminishes with increasing temperature and reaches up to 20.6%.
In contrast to blast furnace slag, the production of EMR with a hydrometallurgical process results in
a high LOI due to the absence of a precalcination at high temperatures (He et al., 2021a).

Table 4 also exhibits that the amorphous phase of C-EMRS! increased with the increasing
calcining temperature. The maximum amorphous phase content was 42.18% at 800 °C, which implied
that the high temperature has a significantly activation on the pozzolanic activity of EMR and the
optimal calcined temperature was of 800 °C.

The density, particle size, BET surface area and water absorption of EMR after different calcination
temperatures are shown in Table 4. The density of EMR increased with the increase of temperature.
The particle size of calcined EMR increases continuously with density, while the opposite trend of
surface area in the calcined EMR. The open pores of EMR particles are gradually closed with the
increase of temperature. The unit water demand increases and then decreases with the increase of
temperature, which is related to the transformation of the gypsum. In conclusion, the physicochemical

properties of EMR are related to the mineral decomposition, reconstruction and crystal transformation.
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Table 4. Physicochemical properties of C-EMRHS!

C-EMR;'OSOI C-EMR?OSO' C-EMR6H050' C-EMR?O%I C -EMRIHO%IO
Samples
Chemical analysis (% by mass)
Si0; 36.87 37.04 38.22 38.58 40.68
AlLO3 8.22 8.00 8.65 9.26 9.05
CaO 5.921 5.581 5.924 6.383 6.646
Fe 05 21.8 21.86 22.33 23.31 24.92
SOs3 19.14 20.75 16.79 15.11 10.26
MgO 0.604 0.572 0.618 0.495 0.639
MnO 4.555 4.286 4.531 3.825 4.493
Na,O 0.372 0.313 0.34 0.327 0.362
K,O 1.41 1.32 1.44 1.48 1.57
TiO; 0.252 0.238 0.249 0.265 0.281
P,0s 0.376 0.365 0.441 0.508 0.587
Amorphous phase 23.15 27.33 34.12 42.18 41.26
LOI 3.09 5.82 8.86 13.05 20.6
Property Physical characteristics
Density (g/cm?) 2915 2.924 2.931 2.937 2.945
D50 (um) 12.83 13.51 13.92 14.25 14.94
BET surface area (m?/g) 5.6327 3.8751 3.7114 2.8251 2.5671
Water absorption (g/g) 3.15 3.52 3.73 2.02 1.75

The apparent morphological of EMR at different calcination temperatures is exhibited in Fig. 5.
As can be seen, the EMR gradually turns red in color at 0-400°C, mainly due to the increase in the
goethite. In 400-600 °C EMR with light-red is deepened and converted to red because of hematite in
large amount. When calcined to 800 °C, there is a light sintering agglomeration and the EMR exhibits

the dark-brown in color. At 1000 °C, EMR transforms to black due to the presence of large amount of
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Fig. 5. Apparent morphology of the calcined EMRS!,

3.3 The transformation of the mineral composition of C-EMRHS!

w-Jarosite [KFe;(SO,),(OH),] w-Quartz [SiO,] #-Muscovite-[KAI,(AlSi;0,)(OH),]
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*-Mascagnite [(NH,),SO,H,0] #- Kaolinite [2Si0, A1,0,-2H,0] e-Hematite [Fe,0;]
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Fig. 6. The mineralogical compositions of the R-EMR"S!,

The mineral compositions of C-EMR"! were identified by XRD results, as exhibited in Fig.6. And
TG-DTG results of the calcined samples after experiencing the setting calcination temperature

treatment are shown in Fig. S2.
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3.3.1 Effect of calcination on gypsum phase

Combining the results in Figs. 4, 6 and S2, the stepwise dehydration of dihydrate gypsum to
anhydrous gypsum phase as the rising calcination temperature. Specifically, when the calcination
temperature below 200 °C, all crystalline water in the gypsum phase was firstly eliminated. When the
calcination temperature exceeds 200 °C, the diffraction peaks disappear at 14.7 °, 25.7 °, 29.7 © and
31.9 ° (20), indicating the continued dehydration of hemihydrate gypsum. With increasing the
temperature below 800 °C, the diffraction peaks progressively strengthen at 25.5 °, 31.4 ° and 40.9 °
(20), showing the decomposition of anhydrous gypsum. Then, the anhydrous gypsum (Type II)
diffraction peak weakens gradually, which is associated with the inclusion of fused and glassy quartz
phases in the EMR. The chemical formulae of the calcined reactions of the gypsum phase are shown

in equations (2) to (5) and Fig. S3.

2CaS0, -2H,0—"2C ,2CaS0, -0.5H,0 (B)+3H,0 @)
2CaS0, -0.5H,0—24%C_,2CaS0, (B)+H,0 3)
2CaS0, (B)—X20E _, Cas0, (I1) + CaO+S0, (4)
2CaS0, (I —=22 5 CaSO, (I) + CaO +S0, (5)

3.3.2 Effect of calcination on the iron phase
From Figs.4, 6 and S2, it can be seen that the dehydration of limonite is intensified with the increase
of calcination temperature, and recrystallizes to hematite (after 200°C). The newly-presented
diffraction peaks about hematite at 33.2° and 35.6° (20) all verify this process. In addition, the jarosite
is decomposed into sulfates and ferric oxide below 400°C. Then, further decomposition and
recrystallization occurred to form hematite. The whole process is shown in equation (6).
2KFe, (SO, ),(OH), LOODC>3FeZOa +K SO, +3H,SO, +3H,0 (6)

3.3.3 Effect of calcination on the silica-alumina phase
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The diffraction peak intensity of quartz in EMR gradually weakens with the increase of calcination
temperature. It speculates that the quartz phase increasingly becomes amorphous and fuse with other
metal elements to form glassy silicate within this thermo-range. When the calcination temperature
exceeds 500°C, kaolinite first undergoes dehydration and followed by gradually dihydroxylation
(Zhou et al., 2021). It is noted that kaolinite is decomposed into active silica and amorphous alumina
with low crystallinity and hydration and gelling properties (eq. (7)). When the temperature rises to
800 °C, muscovite is significantly enhanced by thermal decomposition into siliceous or silicon-

alumina amorphous phases (eq. (8)).

AL (Si,0,)(OH), —2-80C _, A] 0, -28i0,+2H,0 )
KAL (AISi,0, )(OH), +Si0, —*C ,KAISi O, + Al SiO, +H,0 ®)

3.3.4 Effect of calcination on harmful components

NH4*-N and Mn?" are the main contaminants in EMR. In the production of manganese ore,
ammonia is introduced to neutralize the leachate to form ammonium sulfate. In contrast, the two ore
one-step method is adopted due to the decrease in ore grade, which changes the procedure while
reduces the introduction of NH4+"-N. As a result, the characteristic diffraction peak of ammonium
sulfate (28.5 ©) is not obvious in the XRD results. Fig.6 shows that the characteristic diffraction peak
of ammonium sulfate gradually weakens between 200-400 °C and disappears in the diffraction pattern
at 600 °C, indicating that ammonium sulfate escapes as a gas between 400-600 °C. Meanwhile, part
of sulfate also partially escaped as gas during the temperature-rise period (above 800 °C). The

chemical reactions are shown in equations (9) and (10).

(NH4 )2 SO4 ’ Hz()M(L> (NH4 )2 SO4 + Hzo ©
3(NH,),S0, —9C_, ANH, +N, +380, +6H,0 (10)

The residual manganese in the EMR is mainly in the form of manganese sulfate and manganese
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oxides, which causes the low crystallinity of manganese in the EMR. The manganese sulfate is mainly
dehydrated and decomposed at 800 °C to form MnOs3 (eq. (11-12)). The part of the manganese sulfate
gradually converted into Mn3O4 with the calcination temperature higher than 800 °C (eq. (13)). The

Mn-hercynite compound is formed by calcining Fe;O3 and Mn3O4 formed as the temperature exceeds

900 °C (eq. (14)).
MnSO, -H,0—%-%C_,MnSO, +H,0 (11)
2MnSO, —*€ ,Mn .0, +S0, +S0, (12)
6Mn,0, 2, 4Mn 0, +0, (13)
Fe, 0, +Mn,0, —1%%0C _; MnFe,0, +Mn,O, (14)

The mass loss of the EMR prepared at different calcination temperatures are shown in Table 5.
The overall mass loss decreases with increasing temperature, which is attributed to the reduction in
mass due to dehydration, decomposition, amorphization and podzolization. Specifically, the overall
mass loss of EMR is reduced by 3.91%, 6.60%, 3.94%, 3.59% and 5.34% after calcination at 200,
400, 600, 800 and 1000°C, respectively. The water stores between the pores in the porous fineness
slag caused by sulfuric-acid leaching, which requires the continuous calcination to achieve complete
dehydration (Wang et al., 2020). The TG curves of the calcined EMR are consistent with the analysis

in Fig. 4, all detailed data are shown in Fig. S2.

Table 5. The loss in mass of R-EMR"S'and C—EMR?OS(IHOOO at different temperature stages

Loss in mass (%) Stage (I~V)
Sample Stage 1 Stage 1T Stage III Stage IV Stage V Loss in mass
35-200°C 200-400°C 400-600°C 600-800°C 800-1000°C
R-EMR'™ 5.5164 4.6503 6.2278 22211 6.7697 25.3853
C-EMRIE! 1.2893 3.1128 7.5591 2.4491 7.0693 21.4796
C-EMRI 0.4536 0.2390 1.6875 8.8236 3.0756 14.8793
C-EMR 0.5614 0.1451 0.2596 5.0881 4.8822 10.9364

C-EMR{Y 0.2323 0.0425 0.0340 1.8411 5.2005 7.3504
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C-EMRHS 0.023 0.0066 0.0132 0.0494 1.9138 2.006

In conclusion, the increase in temperature on the one hand facilitates the resourceful recovery of
valuable elements. On the other hand, the increase in the content of amorphous substances via
calcination is accompanied by dehydration and recrystallization of hydrated minerals into high-
activity states. In addition, increasing temperature promotes the aluminosilicate activation and sulfate
decomposition, which increase alkalinity and reduces hazardous elements. Thus, the thermodynamic

treatment has significant advantages for the resourceful and harmless treatment of EMR.

3.4 Pozzolanic activity of C-EMRHS!

In order to find an optimal calcination temperature for EMR with good pozzolanic activity and
compressive strength, the compressive strength of the EMR-blended mortar was tested at 3, 14, 28,
60 and 90 days. The results of SAI test in mortar with 30% EMR at different calcination temperatures
are shown in Table 6. The control sample with 100% cement was set for comparative analysis. In
general, a sample with a SAI of 75% at 28 days is considered as a standard pozzolanic material. The
28-day SAI of the EMR-blended mortar calcining at 200, 800 and 1000 °C all exceeded 75%, in
particular the maximum SAI at 800 °C was 84.79%. Therefore, the EMR calcined at 200, 800 and
1000 °C can be classified as a high pozzolanic activity material. In addition, the SAI of all samples
increased with the curing age, in which the highest SAI at 800 °C was 87.96%. The reasons for these
phenomena are closely related to the evolution of the mineral phases (He et al., 2021c; Zhou et al.,

2021).
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Table 6. Compressive strength and SAI of EMR-blended mortar

3 days 14 days 28 days 60 days 90 days

Samples CS SAI CS SAI CS SAI CS SAI CS SAI

(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)

PC 16.20  100.00 33.65 100.00 40.75 100.00 4431 100.00 47.01 100.00
R-EMR™! 8.50 5247 22,10 65.68 28.05 68.83 3152 71.14 3392 7215
C-EMRY 9.70 59.87 2481 7372 30.16 74.01 3430 7741 36.78 78.24
C-EMRYY 6.20 3827 19.15 5691 23.80 5840 27.15 6127 2945 62.65
C-EMRG 2.55 1574 17.50 52.01 2195 5387 2475 5586 27.82 59.18
C-EMR 9.95 61.42 2495 7415 3455 8479 3785 8542 4135 87.96
C-EMRf5 9.75 60.19 2371 7046 3091 7585 3433 7748 3945 83.92

In early hydration, EMR has a significant retardation on cement hydration due to the presence of
gypsum. Thus, the SAI values of all EMR-blended mortar specimens are below 75%. The
hemihydrate gypsum phase formed at 160 °C could improve the reactivity of EMR (Zhou et al., 2021).
However, the hemihydrate gypsum phase continues to dehydrate with increasing temperature to form
apoorly crystalline B-type gypsum phase, which reduces the pozzolanic activity of EMR. Meanwhile,
the decomposition of other mineral phases and gas evaporites synergistically builds a porous EMR
microstructure, which significantly increases the water absorption of EMR, especially at 400°C and
600°C. It means that the actual water-cement ratio of the mortar decreases and then reduces the
fluidity of the mortar and is not conducive to the development of strength. Although kaolinite is
dehydrated and decomposed in the range of 400-600°C to form the silica-alumina phase, but the low
temperature silica and amorphous aluminum phase formed at this stage do not contribute significantly
to the strength development (Figs. 6 and S2). With the increase of calcination temperature, the
gypsum phase is thermally decomposed to increase the active calcium oxide content, and the existing

silica-alumina phase is activated to form amorphous silica-alumina material. However, the pozzolanic
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activity of EMR calcined at 1000 °C is reduced due to recrystallization of amorphous minerals and

the massive formation of Mn3O4, which also caused a slight decrease in SAL
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Fig. 7. Frattini test results for EMR with different calcination temperatures after curing at 40°C for 8 days.

Fig. 7 shows the results of the Frattini test for EMR replacing 30% cement blended paste. In the
range of 35 and 90 mmol/L [OH], the theoretical maximum [CaO] concentration can be calculated

using the equation given in EN 196-5 to plot the Ca(OH), solubility curve at 40 °C,

350

MaX[CaO] = m

(15)

Fig. 7 shows that the positions of R-EMR™', C-EMRESIand C-EMRES! are on the Ca(OH):

solubility isotherm and this region is defined as the range of non-pozzolanic activity. Test samples

within this range lacked qualifying pozzolanic activity. For C-EMRIS!, C-EMRES! and

C-EMRIBL, the test results all lie below the calibration line, indicating that the samples have a good
pozzolanic activity. In particular, when the calcination temperature is increased to 800 °C, the [CaO]

and [OH] positions of the tested samples were far below the Ca(OH); solubility isotherm. It indicates

that the Ca** and OH- released by cement hydration are consumed by the pozzolanic reaction of EMR.
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Therefore, the EMR calcined at 800°C can be considered as a high pozzolanic activity material, which

is consistent with the SAI test results.
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Fig. 8. Results of SL tests with EMR at different calcination temperatures in sealed plastic bottles at 40 °C

after 3, 14, 28, 60 and 90 days.

Fig. 8 shows the consumption of saturated lime with EMR after different calcination temperatures.
The results can be divided into three stages based on the consumption rate of saturated lime, which
are the pre-term accelerated consumption period, mid-term steadily increased consumption period

and post-term sluggish increased consumption period. All samples exhibit a rapid lime consumption

over 3 days. Specifically, the total lime consumption of the C-EMRES! was 65.87% at 28 days. It

is noted that the sample had a lime consumption rate of 0.21% per hour for the first 3 days and an
overall lime consumption rate of approximately 0.1% per hour by 28 days, which slowed down again
with longer curing age. This is consistent with the SAI results, which reached a value of 84.79% at

28 days. In addition, the calcined samples with high SAI exhibit a greater amount of lime consumption
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Fig. 11. Correlation results of the 8-d Frattini test and SL tests (3, 14, 28, 60 and 90 days)

Based on Figs. 9-11, there is a significant correlation between the SAI results and the Frattini test
results (R? = 0.8776). In contrast, although Frattini test and SL test, SA1 test and SL test also have a
good correlation, the test conditions and errors lead to poor stability. It may be that the mass ratio of
lime to EMR formed by mixing 7 g cement with 3 g EMR in the Frattini and SAI tests is much lower
than the ratio formed by mixing 1 g of EMR with 75 ml of saturated lime solution in the SL test.

Due to the lower ratio of lime to EMR, the SL test exhibits a higher pozzolanic activity compared
to the Frattini test. In addition, unlike the SAI and Frattini tests, where there is no cement and no bulk
solid phase is formed because the SL test uses a different system. Further, a small amount of solid
Ca(OH): passing through the filter has greater buffers in the titration and introduces large errors. Also,
previous studies indicated that the SAI test was performed at 23°C for 28 days, while the Frattini test

was conducted at 40°C for 8 days (Tironi et al., 2013).
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493 3.5.1 Hydration kinetics
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499 The results of the exothermic heat of hydration of the slurry mixed with calcined EMR are shown
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in Fig. 12. The results of setting time and soundness of cement and EMR-blended mortar are
presented in Table S1. The mixture consisting of 30% EMR to 70% cement with a water/binder ratio
of 0.5 was analyzed in-depth. Fig. 12 shows that the hydration exothermic peaks of EMR at
calcinations of 400 and 600 °C are shifted to the right with various degrees, implying that the addition
of EMR is able to retard the hydration process (Table S1). Compared with previous PC results, the
addition of EMR reduces the intensity of hydration exothermic peak, especially in the slurry prepared
by EMR calcined at 400 °C and 600 °C (He et al, 2021c). The retardation of cement hydration is
attributed to two possible reasons: one aspect is the synergistic contribution of the high-water
absorption of EMR particles with dissolved sulfate ions (Zhou et al., 2021). The majority of the water
are first absorbed by the calcined EMR particles while much less water is used for the cement
hydration than for the stoichiometry. On the other hand, a large amount of sulfate ions dissolved in
the slurry reacts with calcium and aluminum phase to form hydration products, which adsorb on the
surface of the cement particles. It retards the dissolution of cement particles and inhibits the growth

of crystals (Wang et al., 2013; Xu et al., 2019).

The exothermic peak of hydration of samples mixed with C-EMR}SI and C-EMRII3I is much

higher than the other samples, which can be considered that the calcined EMR promotes the hydration

reaction. The cumulative heat of hydration of slurry mixed with C-EI\/]R?OSOI and C-EMR%%IO was

265 J/g and 269.7 J/g for 84 h, respectively. It also confirms that the activation of EMR on cement

components, such as C3A (Xu et al., 2019). The exothermic peak of hydration of the slurry mixed

with C-EMRgIOSOI and R-EMRHS! is lower than that with C-EMR};{OSOI and C-EMRH)%IO , but

higher than that with C-EMRIS! and C-EMRISI, which is also closely related to the

transformation of the gypsum and the formation of amorphous activated substance. The existing

studies indicated that the calcined EMR at 160 °C has a high reactivity due to the presence of the
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hemihydrate gypsum phase. On the other hand, calcination above 360 °C decreases the reactivity of
EMR while increasing its water absorption due to the generation of low-activity anhydrous gypsum.

3.5.2 Analysis of hydration products

@-Ettringite ¥-C4AF *-Portlandite 4-Quartz #-CS A-C3S #-Hydrocalumite OAFmI

2 theta (degrees)

Fig. 13. XRD patterns of EMR-blended mortar curing at 28 days.

Fig. 13 shows results of hydration products of the mixed mortar prepared by EMR at different
calcination temperatures after curing for 28 days. The main hydration product phases of the EMR
blended mortar were ettringite, AFm (monosulfate), hemi-sulfate and common cement hydration

products. Fig. 13 exhibits that the calcium alumina phase is present in large amounts in the hydration

products of mortar. The mortar formed by C-EMRISI, C-EMRIS! and C-EMRHS! produce large

amounts of ettringite due to the large amount of gypsum with high temperature transformation.
Meanwhile, the formation of aluminate phase may be provided by the high temperature calcination
of EMR. Fig. 13 also shows that the diffraction peak intensity of ettringite increases and then
decreases with increasing calcination temperature. In contrast, the diffraction peak of portlandite

decreases and then increases with increasing calcination temperature. The mixed mortar prepared by
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EMR calcined at 400 and 600 °Cproduces a large amount of calcium alumite and a small number of
portlandite. By contrast, the blended mortar prepared by EMR calcined at 800 and 1000 °C formed
less ettringite and aluminate phases and more portlandite. It is closely related to the high temperature
transformation of the gypsum and aluminosilicate phases in the EMR.
3.5.3 Microstructure analysis

Fig. 14 shows the SEM images of the 30% EMR-blended mortar after 28 days of curing. In mortar
with 70% PC, portlandite with good crystallinity layered is produced to form a dense structure, and
C-S-H gels formed by hydration are interspersed with needle-like ettringite. With the addition of
EMR, more discernible pores are observed in the ENR-blended mortar, resulting in a loose
microstructure. These pores not filled by hydration products can adversely affect the mechanical

properties of the mortar. In addition, a large number of ettringite occurred in R-EMRHSI |

C-EMRISI, C-EMR!E and C-EMRES! samples due to the presence of gypsum phases. There are

significant differences in the morphology of ettringite produced by different gypsum phases.

Especially for the mortar blended with C-EMRI and C-EMRIS!, a large amount of needle-like

ettringite fills the microstructure of the mortar, forming a large number of pores structure. It also

verifies the reason for the poor mechanical properties of the mortar blended with C-EMRHS! and

C-EMRHS!. The AFm phase with hexagonal lamellar crystals and a large amount of portlandite were
found in the mortar blended with C-EMRHS! and C-EMRHSI . The SEM images of mortar mixed

800 1000 °

with C-EMRIISI and C-EMR{SL exhibit that the short rod-like and vermiculite-like C-S-H gels

are formed due to the introduction of additional Si and Al elements from EMR, which reduces the
Ca/Si ratio of the gels. However, C-S-H gels with different morphology can not be considered as the
products of hydration or EMR-active reactions. The effect of EMR on calcium silicate hydrate gels,

including their composition and morphology, needs further investigation.
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Fig. 15. Nitrogen adsorption isotherm patterns (a) adsorption curve and (b) desorption curve of EMR-blend

mortar.

Pore distribution of the EMR-blended mortar is shown in Fig. 15. All samples exhibited a hysteresis

effect, which indicates that the EMR-blended mortar is unevenly distributed and mostly large pores.
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With the addition of EMR, the pore volume of EMR-blended mortar increases. It can be explained by
the loose porous properties of EMR (Xu et al., 2013). In addition, the diversity of types and structures
of hydration products in the presence of EMR leads to more pores in the mortar structure.

Fig. 15a indicates that the adsorption volume of the EMR-blended mortar decreases with the
increase of calcination temperature, which indicates that calcination can reduce pore volume of the
mortar. And the desorption curve in Fig. 15b exhibits that the desorption volume of the EMR-blended
mortar shifts from type-H3 type to type-H4 as the calcination temperature increases. It implies the
non-uniform slit-like pores in the mortar are transformed into homogeneous slit-like pores. The test
result suggests that the macropores of mortar may be partially or fully filled by the hydration products
of EMR. The results of the pore distribution are in agreement with the SAI results and further confirm

the occurrence of EMR pozzolanic activity, which is beneficial for the strength development.

3.6 Leaching characteristics analysis

Heavy metal contaminants in EMR, such as Mn, Cr and Zn, are a matter of great concern when used
in construction materials (Duan et al., 2011; Han et al., 2020; He et al., 2021b). To ensure the safety
of EMR utilization, the toxicity characteristic leaching procedure (TCLP) was used to determine the
leaching concentration of raw EMR, calcined EMR, and EMR-blended mortar.

The TCLP test results are shown in Table 7. It indicates that the leaching concentrations of heavy
metals were well below the standard limits for all samples. In the EMR, the concentrations of Zn and
Mn were higher than the other minor constituents. The direct utilization of EMR may bring
contaminants into the finished product and cause secondary environmental pollution. After the
pretreatment of calcination, the leaching concentration of heavy metal decreases with the increase of

calcination temperature. The glassy and crystalline products produced during the calcination can
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incorporate metal ions into the amorphous network and crystal structure, leading to the
immobilization of heavy metals (Shu et al., 2019a, 2020; Sun et al., 2020). In comparison with
for elemental Cr that may come from raw PC. In the mortar, heavy metals may be embedded in the
hydration products or form precipitates with other ions (Xu et al., 2019). In addition, the dense
structure of EMR-blended mortar prevents the leaching behavior of heavy metal. In conclusion, the
immobilization of heavy metals in the calcination process and in the mortar leaves no significant

concerns for the future utilization of EMR in building materials.

Table 7. Leaching concentrations of EMR-blended mortar using the TCLP

Concentration of heavy metals (mg/L)

Sample
Cr Pb As Cu Zn Ba Cd Se Ni

R-EMR™ 0.200  0.010 0.010 0.020 6.500 0.050  0.020 0.010 0.200
C-EMRYH 0.100  0.050 0.050 0.010 7.000 0.020  0.020 0.050 0.110
C-EMR 0.100  0.040 0.020 0.040 7.200 0.020 0.020 0.070 0.150
C-EMRH 0.200  0.050 0.080 0.050 7.500 0.010 0.010 0.080 0.150
C-EMR{ 0.050 0.020 0.030 0.020 1.200 0.010 0.010 0.020 0.020
C-EMRF, 0.002 0.010 0.010 0.010 0.500 0.010 0.010 0.020 0.010
M-REMR'S! 0.002  0.002 0.001 0.005 1.200 0.005 0.002 0.020 0.010
M-CEMRY 0.001  0.001  0.005 0.001 2200 0.002 0.002 0.008 0.020
M-CEMR} 0.001  0.002 0.002 0.004 2.700 0.001  0.002 0.008 0.010
M-CEMREY! 0.002 0.003 0.008 0.005 2.500 0.002 0.001 0.005 0.050
M-CEMRE! 0.001 ND 0.003  0.002 0.700 ND 0.001 0.001 0.050
M-CEMR;y ND 0.001  0.001 0.001 0.050 ND 0.001 ND ND
PC ND 0.004 0.001 0.003 ND 0.005  0.001 ND ND
GB5085.3-2007 15.0 5.0 5.0 100.0 100.0 100.0 1.0 1.0 5.0

GB5085.3-1996  1.50 1.0 0.5 2.0 5.0 - 0.1 0.5 1.0
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Note: ND: not detected.

In addition, the variations of soluble Mn?* and NH4"-N content in EMR are also of interest. Table 8
shows the leaching concentration of calcined EMR under different leaching conditions. It indicates
that the leaching content of Mn?" and NH4"-N at strong acid condition (pH=2.88) are higher than the
weak acid conditions (pH=4.93 and 7). Under the strong acid condition (pH=2.88), the content of
Mn** and NH4"-N in the raw material was 127.74 and 15.14 times higher than the standardized limits,
while the content of Mn?* and NH4*-N in the water leaching was 67.5 and 12.06 times higher than
the standardized limits. After calcinating at 200, 400 and 600 °C, the leaching of Mn?* did not decrease
significantly but increase due to the water loss. When the calcinating temperature exceeds 800 °C, the
Mn?" is fixed in glass and crystals in the form of oxides, resulting in a significant decrease in the
leaching value and complied with the standard limits (GB5085.3-1996; GB5085.3-2007). The content
of NH4"-N escapes as a gas at temperatures above 280 °C. When the calcination temperature exceeds

600 °C, the emission of NH4*-N complies with the standard (GB5085.3-1996).

Table 8. Leaching concentrations of EMR using the TCLP

Acid (pH=2.88) leaching  Acid (pH=4.93) leaching Water (Ph=7) leaching

Samples Mn NH;-N Mn NH3-N Mn NH3-N
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
R-EMR"S! 638.70 378.50 543.20 367.50 337.50 301.40
C-EMRS() 655.20 375.20 564.80 344.20 344.10 311.20
C-EMR 805.10 54.10 641.30 48.40 410.50 24.50
C-EMR{{H 851.50 21.60 710.60 17.30 466.30 10.70
C-EMR}®! 41.71 1.20 38.10 0.90 24.10 ND

C-EMR{, 35.81 0.20 29.20 ND 18.70 ND
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GB5085.3-1996 5.00 25.00 5.00 25.00 5.00 25.00

The results of the Mn?" and NH4*-N in EMR-blended mortar at different curing ages are shown in
Table 9. The 3-d leaching concentrations of Mn?" and NH4"-N in mortar prepared by raw EMR and
EMR calcined at 200 °C still exceeded standard limit. Meanwhile, the 3-d leaching of Mn?" in the
EMR-blended mortar mixed with the EMR calcined at 400 °C and 600 °C also exceeded the standard
limits. As the continued cement hydration promotes the solidification of Mn** and the release of
NH4"-N, all the specimens meet the standard limits after 28-d. The leaching of Mn?*" and NH4*-N of
mortar formed by EMR calcined at temperatures above 800 °C for 3 d, 28 d and 90 d were all in
accordance with the standard limits (GB5085.3-1996).

Table 9. Leaching concentrations of EMR mortar using the TCLP

3 days 28 days 90 days
Samples Mn NH;-N Mn NH3-N Mn NH;-N
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
M-REMR™! 55.20 27.20 2.80 7.20 2.81 5.60
M-CEMRJ 62.50 25.50 3.20 5.20 3.11 5.10
M-CEMR} 75.20 12.40 4.70 3.10 4.85 4.00
M-CEMR{ 80.10 8.70 4.20 2.00 4.66 3.20
M-CEMR}S! 2.10 1.00 1.10 0.50 1.00 ND
M-CEMR; 0.50 0.10 0.20 ND 0.10 ND
GB5085.3-1996 5.00 25.00 5.00 25.00 5.00 25.00

4 Conclusion
The effects of calcination on the physicochemical properties and pozzolanic activity of EMR were
investigated. In addition, the feasibility of EMR as a construction material was explored in terms of

hydration kinetics, hydration phase, pore structure and leaching behavior. Based on the experimental
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results, the following conclusions can be drawn:

(1) The mineral composition of raw EMR mainly includes jarosite, dihydrate gypsum, quartz,
hematite, limonite, muscovite, and other sulfate-based dissolved materials. The high-water absorption
of EMR is mainly associated with the gypsum and the formed porous structure after calcination. The
density of EMR increases and the BET specific surface area decreases with the increase of calcination
temperature, as the open pores of EMR particles become closed.

(2) The EMR calcined at 800°C has the optimum pozzolanic activity, which is attributed to the
decomposition of dihydrate gypsum and the formation of activated calcium, silicon and aluminum
oxide. At 200 °C, calcination increased the pozzolanic activity of EMR due to the dihydrate gypsum
dehydrated into B-type hemihydrate gypsum. Above 800 °C, the type Il anhydrous gypsum weakens
and transforms into type I anhydrous gypsum, which is related to the intercalation of fused quartz
phases in EMR. The pozzolanic activity of EMR calcined at 1000°C was reduced due to the
recrystallization of amorphous minerals and the formation of stable Mn-spinel (Mn304) and Mn-
hercynite (MnFe>Os).

(3) A large amount of sulfate ions dissolved in the slurry reacts with calcium and aluminum phase to
form hydration products, which adsorbs on the surface of the cement particles. It retards the cement
hydration and inhibits the growth of crystals. The pore volume of EMR-blended mortar increases as
the addition of EMR, which can be explained by the loose porous properties of EMR. However, the
pores volume in the EMR -blended mortar gradually decreased due to the filling effect of the hydration
products caused by the increasing pozzolanic activity of EMR.

(4) After calcinating at 200 °C, the leaching of Mn?* and NH4*-N did not decrease significantly but
increase due to the water loss. The Mn?* and NH4*-N fully below the national standards at calcination

above 800°C (GB5085.3-1996; GB5085.3-2007). As the continued cement hydration promotes the
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solidification of Mn?" and the release of NH4"-N, all the specimens meet the standard limits after 28-
d. The leaching of Mn?** and NH4"-N of mortar formed by EMR calcined at temperatures above
800 °C for 3 d, 28 d and 90 d were all in accordance with the standard limits (GB5085.3-1996).
(5) The leaching tests results indicated that the leaching concentration of heavy metals decreased with
increasing calcination temperature. It is because the glassy and crystalline products produced after
calcination can incorporate metal ions into the amorphous network and crystal structure, leading to
the immobilization of heavy metals. In EMR-blended mortar, heavy metal may be embedded in the
hydration products or form precipitates with other ions. In addition, the dense structure of the mortar
prevents the leaching behavior of heavy metal.

All heavy metals are fixed in the cement and calcination process, ensuring the cleaner utilization
of EMR in building materials. Further studies on the effect of EMR on the C-S-H composition and
structure of concrete, the effect of EMR on other components of concrete, the improvement of EMR

reactivity, and the long-term durability of EMR-infused concrete are recommended.
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861 Table S1 Setting time and soundness of EMR-blended mortar

Sample Cement M-REMRHS! M- (_:EMRIZ'IOSOl M- CE]\/IRZIOSOI M- CEMR?OSOI M- CEMR?OSOI M- CEI\/[R{'([)%IO
ST (min) 315 330 355 410 390 360 335
Soundness Q Q Q uQ UuQ Q Q

862  Note: ST stands for final setting time. Q and UQ present qualified and unqualified, respectively.



