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HIGHLIGHTS

o Ceramsites were synthesized from thermal treatment of red mud, successfully.

e 64 wt% of KRRM at 1000 °C produced the best performing ceramsites.

e 48 wt% of USRM at 700 °C produced the best performing ceramsites.

e Best performing ceramsites exhibited high adsorption capacity and mechanical strength.
e Kinetic and isotherms of phosphate adsorption were studied.
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ABSTRACT

Red mud (RM), an industrial waste of bauxite refinery, shows great potential in adsorptive phosphate
immobilization but granulation of RM enables the ease for field application. Red-mud-based ceramsites
with 12 compositions that blended Korean red mud, American red mud, ocher, and bentonite were
synthesized through firing process (600—1000 °C). The porosity, bulk density, mechanical strength,
mineralogical composition, and phosphate adsorption capacity of granulated RM were characterized and
analyzed. The crystallization of plagioclases, nepheline and gehlenite was observed in the ceramsites
with high alkali flux content, which enhanced both porosity and phosphate adsorption capacity. The
characteristics of the ceramsites without phase transition were highly correlated with porosity. The
mechanical strength of ceramsites was governed by crack population, describable by the Weibull dis-
tribution model, and thus the maximal tensile stress correlated negatively with porosity. Results showed
that 32 wt % of KRREM and USREM treated at 1000 and 900 °C, respectively, yielded the best performing
ceramites in terms of mechanical strength and phosphate adsorption capacity. Ultimately, the phosphate
adsorption capacity, as affected by initial phosphate concentration, contact time, and temperature, of the
optimized ceramsites was studied.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

from dilute streams due to high removal efficiency, cost-effective,
and simple operation (Huang et al., 2017). A variety of soils, clays,

Phosphate is a limiting nutrient for phytoplankton growth.
Ineffective phosphate control would cause eutrophication and
phytoplankton bloom in the natural water system, which de-
teriorates water quality and endangers aquatic ecosystem (Li et al.,
2016). Adsorption is an attractive process for phosphate removal
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and mineral oxides have been reported to have significant
adsorption capacity toward phosphate (Gérard, 2016; Li et al,
2016). The possibility of utilizing mineral processing wastes, such
as fly ash, furnace slag, and biosolids as low-cost adsorbents has
been extensively explored (Jellali et al., 2011; Ge et al., 2018;
Yasipourtehrani et al., 2019).

Red mud (RM), commonly known as bauxite residue, is the
insoluble fine material during caustic digestion of bauxite in
alumina refining process. The production of red mud was estimated
at 3 billion tons in 2010 or an average of 140 million tons per year
worldwide (International Aluminium Institute, 2015). High in iron
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and aluminum oxide content renders RM effective in removing
toxic chemicals from aqueous solutions (Bhatnagar et al., 2011).
Specifically, RM can be fabricated as granules and used as the
substrate of constructed wetlands to improve the removal of
micronutrients, namely, phsphorus. In this case, the red mud-based
granular adsorbents should meet the requirement of mechanical
strength and chemical stability (Wu et al., 2015). Zhu et al. (2007)
first synthesized a granular red-mud-based adsorbent for cad-
mium removal. The raw materials, including red mud, fly ash, so-
dium carbonate, quick lime, and sodium silicate, were calcination at
400 and 800 °C. Tor et al. (2009) applied the same granular ad-
sorbents for defluorination. Several investigators conducted a se-
ries of studies to synthesize granular adsorbents by sintering red
mud with starch and bentonite as binders at 1000 °C (Yue et al.,
2010; Zhao et al., 2010, 2012a, 2012b). The produced adsorbents
showed certain affinity toward phosphate adsorption at a capacity
of 6.64 mg-P g~! and the spent granulized red mud could be re-
generated using dilute HCI or NaOH. In addition to sintering, Ye
et al. (2015) prepared RM granules using carboxyl cellulose as a
gelling agent to bound RM powders with straw at 200 °C. The red
mud granules had high specific surface area (113.5 m? g~') and
phosphate adsorption capacity (86.69 mg-P g~!). However, RM
with organic binding may suffer from biodegradation in long-term
operation.

Synthesizing RM-based granules through firing resembles the
preparation of ceramsite and aggregate in process. Many studies
have utilized waste materials, such as fly ash, wastewater sludge,
waste glass, and oyster shell as raw material for the preparation of
ceramsites with high mechanical strength (Yang et al., 2013; Wei
et al,, 2017; Lu et al., 2013; Wei and Ko, 2017). The parameters in
the ceramsite synthesis include particle size and mass fraction of
raw materials, methods, and the temperature and time during
preheating and final calcination among others. Among the above
parameters, calcination temperature and mass ratio of raw mate-
rials were key factors for the synthesis of ceramsites (Cheng et al.,
2018; Liu et al., 2017; Zou et al., 2009). For water and wastewater
treatment applications, the adsorption capacity of ceramsite is as
important as its mechanical strength. Intuitively, vitrification re-
action tends to enhance the mechanical strength, it also would
reduce the specific surface area thus minimizing the available
active site for adsorption. Therefore, it is important to establish
synthesis process for optimizing the mechanical strength and
adsorption capacity of ceramsites simultaneously. To the best of our
knowledge, past research focused more on the adsorption perfor-
mance only than combined mechanical strength and adsorption
capacity consideration in the preparation of RM adsorbents. Cheng
et al. (2018) and Zou et al. (2009) were among the first to suggest
that ceramsites for water quality control should consider low bulk
density, high engineering strength, and high adsorption capacity.

The objective of this study was to optimize the chemical
composition and sintering temperature for the preparation of
ceramsites from RM toward high phosphate adsorption capacity
and mechanical strength. As the physical-chemical characteristics
of RM was dependent on the source of bauxite and refining process,
two varieties of red mud, namely, Korean red mud (KRRM) and
American red mud (USRM), were selected as the raw materials in
this study due to their distinct mineral composition and properties.
In addition, various amounts of Korean ocher (OCHR) and bentonite
(BENT) were blended with RM to prepare granular RM adsorbents.
The apparent porosity, mechanical strength, phosphate adsorption
capacity and mineralogical composition of the ceramsites were
characterized and analyzed statistically. Ultimately, an optimal
process was established for ceramsites preparation toward high
phosphate adsorption capacity and mechanical strength.
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2. Materials and methods
2.1. Materials

Two types of RM were used in this research, including American
red mud (USRM), supplied by Noranda Alumina in Gramercy, LA,
USA, and Korean red mud (KRRM), supplied by Cheong-Ho Envi-
ronment Development Co., Ltd., South Korea. Cheong-Ho Environ-
ment Development Co. also supplied silica-rich ocher (OCHR).
Bentonite (BENT) (sodium form) was purchased from Fisher Sci-
entific, OCHR and BENT were used as amendments for binding and
for increasing the plasticity for molding, respectively. All materials
were ground using burr-type coffee grinder (DBM-8 Supreme,
Cuisinart, CT, USA) and sieved through 60 mesh (250 pm). The
sieved samples were dried at 105 °C overnight and stored in a
desiccator before use.

The fluorite used in quantitative X-ray diffraction was purchased
from Alfa Aesar (CaF,, >99.5%) and the particle size was finer than
325 mesh. Sodium chloride (NaCl) and monosodium phosphate
monohydrate (NaH,PO4-H,0) were purchased from Alfa Aesar,
Tewksbury, MA, USA.

2.2. Preparation of ceramsites

KRRM-based and USRM-based ceramsites were prepared from
KRRM and USRM, respectively, using OCHR and BENT as binder and
plasticizer, respectively. The fraction of BENT was kept constant at
20 wt% to provide constant plasticity, whereas the rest of 80 wt%
was the mixture of RM and OCHR; the fraction of RM was 0, 16, 32,
48, 64, and 80 wt%. Figure S1 presents the flow chart of ceramiste
preparation. The mixture, 60 g of materials at specific fraction of
RM, BENT, and OCHR in a 125 mL PE bottle, was homogenized by
mixing rotationally at 30 rpm for 2 h. The powder was first mois-
turized by adding deionized water at water content of 34 + 2 wt%
on a wet weight basis. The paste was molded into a spherical shape
with a diameter of 1 cm using round bullet molds (Lee.310” round
bullet mold, Track of the Wolf Inc., Elk River, MN, USA). The damp
granules were dried at 50 °C and a relative humidity of 75%
(controlled by saturated sodium chloride solution according to
ASTM E104-02 (ASTM, 2012)) in a closed chamber (V = 5600 cm?,
A = 1260 cm?, Rubbermaid, GA, USA) for 72 h. The dried granules
were sintered at 600—1000 °C with an interval of 100 °C for 1 h
with a ramping rate of 5 °Cemin~’. The fired granules were
neutralized in 102 M HCl for 2 h twice and in deionized water for
20 min thrice at solid to liquid ratio of 100 g-L~! as to reduce the
alkalinity. Afterwards, the neutralized granules were dried at 105 °C
overnight and stored in a desiccator before further evaluation.

2.3. Characterization

The chemical composition of all raw materials (KRRM, USRM,
OCHR, and BENT) was quantified using X-ray fluorescence (XRF,
Supermini 200, Rigaku Co., Austin, TX, USA) under helium atmo-
sphere. The mineralogical composition was characterized using an
X-ray diffractometry (XRD, Bruker D8 Discover, Bruker AXS Inc.,
Madison, WI, USA) equipped with a LynxEyeXE detector. The
wavelength of X-ray was 1.54 A, generated by Cu Ko radiation
(40 kV, 40 mA) and filtered by a Nickel filter. The samples were
downsized to <44 pum (325 mesh) and mixed with 15.0 wt% of
fluorite (Alfa Aesar, CaF,, >99.5%) for phase quantification. The
scanning degree started from 20° to 90°, with an increment of 0.05°
and scanning time of 0.5 s. The diffraction pattern was analyzed
according to the Rietveld method using Profex 3.14.0 for quantifi-
cation (Doebelin and Kleeberg, 2015; Zhou et al., 2018). The specific
surface area and pore volume of the raw material were measured
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by Micromertics ASAP 2020 (Micrometrics Instrument Co., Nor-
cross, GA, USA). The hysteresis loop of Nj(g) adsorption and
desorption was acquired at 77.54 K. TGA/DSC (SDT Q600, TA In-
strument, New Castle, DE, USA) was to study the reactions involving
RMs, OCHR, BENT, and their mixture while being fired at a ramping
rate of 20 °C- min~! under air atmosphere at flow rate of 50 mL-
min~ . At least 10 mg of the sample was used in each analysis.

The apparent porosity of the ceramsite was evaluated according
to ASTM methods (ASTM, 2015, 2016). The ceramsites were boiled
in DI water for 2 h and kept immersed for at least 12 h for complete
saturation. The saturated weight (W, g) and suspended weight (S, g)
of the specimen were determined using a density balance (AT 200,
Mettler Toledo, Columbus, OH, USA). The dry weight (D, g) was
determined after drying at 105 °C for 12 h. The bulk volume (V,
cm?), apparent porosity (¢), and bulk density (pp) of the specimen
were calculated.

v-r=2 (1)

w

¢:W‘; D 100% (2)
D D

pb:V:W——S (3)

where py, is water density (g-cm~3). The mechanical strength of the
ceramsite was evaluated by compression test using a universal
testing system (Model 5567, Instron, Norwood, MA, USA) coupled
with a 5 kN load cell. The displacement rate was 0.127 cm-min~!
and the maximal applied force at failure was recorded. At least 10
specimens were tested for every sample to statistically analyze the
failure probability according to the Weibull distribution, which
expresses the failing probability as a function of applied stress.

Pr=1 —exp{— (U%)m} (4)

i—05
Pf‘i:T (5)

where Pris the probability of failure, m is the Weibull modulus, o is
the tensile stress (MPa), and oy is the Weibull characteristic
strength (MPa), which is dependent on the size and geometry of the
specimen, N is the number of specimens, and i denotes the ith
datum. The Weibull modulus and the Weibull characteristic
strength were obtained by linearizing Eq. (4) through double log-
arithm. The Hiramatsu and Oka’s approximation, as shown in Eq.
(6), were used to estimate the tensile stress (o) of the spherical
granule during compression between two plates (Hiramatsu and
Oka, 1966; Pejchal et al., 2017).

F
g=14x ) (6a)
where F is the peak (failure) load and R is the radius of the testing
specimen.

2.4. Adsorption experiments

The phosphate solution containing 78 mg-P L™ (2.4 x 1073 M)
and 102 M NaCl as ionic strength. Thirty mL of phosphate solution
and 1 g of ceramsite were mixed in a 50-mL LDPE tube, yielding a
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solid to liquid ratio of 20 + 2 g/L. The reaction pH was controlled at
6.8 + 0.2 using 0.2 M HCl and NaOH. The suspensions were agitated
on an orbital shaker at 100 rpm under ambient condition for 48 h.
The sample was filtered through a nylon membrane filter with a
pore size of 0.45 um (Simsii Inc., Irvine, CA, USA). The residual
phosphate concentration in the filtrate was determined by the
vanadomolybdo phosphoric acid colorimetric method, i.e., the
yellow method. A spectrophotometer (UV1280, Shimadzu, Kyoto,
Japan) was used to measure the absorbance of the sample at
430 nm.

To study the kinetics of phosphate adsorption by the optimized
ceramsites, six pieces of ceramsites were placed in 250 mL Erlen-
meyer flask containing 200 mL of solution containing an initial
phosphate concentration of 10—150 ppm-P and 10 mM of NaCl to
reach the solid-to-liquid ratio of 16 g/L and 20 g/L of KRRM-based
and USRM-based ceramsites, respectively. The flasks were shaken
on an orbital shaker at 100 rpm and 20 °C with pH being controlled
at 6.8 + 0.2. At specific time intervals, one-mL aliquot was sampled
and analyzed for residual phosphate concentration as discussed
above. To study the equilibrium adsorption, the optimized ceram-
sites sample was ground with a mortar and pestle until finer than
250 pum (60 mesh). The ground ceramsites were equilibrated with
phosphate containing solution (initial concentrations of
10—180 ppm-P in 10 mM Nacl at solid-to-liquid ratio of 4 g/L) under
constant shaking at 10, 20 and 30 °C in an environmental room for 4
days, while the pH value was being controlled at 6.8 + 0.2.

3. Results and discussion
3.1. Raw material characteristics

3.1.1. Chemical and mineralogical composition

Fig. 1 presents the chemical and mineralogical compositions of
all raw materials used, including KRRM, USRM, OCHR, and BENT.
Table S1 gives the XRD standards for the identification of related
crystalline phases. The high Fe,03; content of USRM agreed with
that of typical bauxite residues produced via the Bayer process (Liu
et al, 2011, 2013). In addition to hematite, minor crystalline calcite
and sodium oxide (<5 wt%) were observed in USRM, accompanied
by 51.3 wt% of amorphous materials. The composition of KRRM
deviated from that of reported RM, which might be attributed to
the distinctive bauxite origin and refining process. More than 68 wt
% of KRRM were amorphous and the richest components were
Nay0O (26.3 wt%) and Al,03 (21.4 wt%). Korean ocher and BENT
shared similar chemical composition, 60 wt% SiO, and 25 wt%
Al>03, but their mineralogical contents were completely different.
Korean ocher comprised of 51 wt% of quartz, while BENT was
mostly in forms of bentonite and cristobalite.

3.1.2. Particle size distribution

Figure S3 and Table S2 show the cumulative volume size dis-
tribution and particle size of KRRM, USRM, OCHR, and BENT.
Among four ingredients, KRRM was the finest material with dsg of
1.6 um and the lowest uniformity coefficient (4.5), which suggested
that the size distribution was narrow. The dsg of BENT was 11.3 pm
with a uniformity coefficient of 7.9. On the other hand, USRM and
OCHR were much coarser, with dsg of 59.2 and 72.1 pm, respec-
tively. The uniformity coefficient greater than 15, namely, 15.8 for
OCHR and 22.7 for USRM, indicated highly-dispersed nature of the
particle size distribution in USRM and OCHR. Figure S4 presents the
deconvoluted size distribution of the raw materials as the combi-
nation of several log-normal distributions. The distinctive size
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Fig. 1. (a) Chemical composition of KRRM, USRM, OCHR, and BENT as metal oxide and quantitative XRD of (b) KRRM, (c) USRM, (d) OCHR, and (e) BENT (Refer to Table 1 for

diffraction standards.).

distribution of RMs was attributed to differences in sources and
preparation processes of bauxite. The mineral grains insoluble in
the caustic digestant became large particles while some small
nuclei were produced during the dissolution-precipitation route
(Hind et al., 1999). Table S3 summarizes the geometric mean and
volume percent of KRRM, USRM, OCHR and BENT, respectively.

3.1.3. Thermal analysis

The thermogravimetry (TG), derivative thermogravimetry
(DTG), and differential thermal analysis (DTA) of KRRM, USRM,
OCHR, and BENT are shown in Fig. 2. In general, the events that

involve weight loss are dehydration of surface and structured wa-
ter, combustion or pyrolysis of organic compounds, dehydrox-
ylation and decarbonatization (Plante et al., 2009; He et al., 2012).
The above reactions are all endothermic except for the combustion
of organics in oxidative atmosphere, which is exothermic. Re-
actions without weight change can only be revealed in DTA.
Endothermic reactions without weight change may be structure
transformation, magnetic change, sintering and melting.
Exothermic reactions can be iron oxidation and crystallization of
amorphous materials (Plante et al., 2009).

Fig. 2a displays the thermogram of KRRM, revealing several
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Table 1
Correlation analysis of KRRM-based ceramsites.
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KRRM-based ceramsites without phase transition

[} r G Bentonite Calcite Hematite Natrodavyne Quartz Amorphous
o Pearson’r 1 746" -930° -204 644" 875" 735" -.876° 441
p-value .000 .000 .389 .002 .000 .000 .000 .052
N 20 20 20 20 20 20 20 20 20
r Pearson’r 746" 1 -.758" -058 .505° .530° 612° -.630° 320
p-value .000 .000 .808 .023 .016 .004 .003 .169
N 20 20 20 20 20 20 20 20 20
c Pearson’r -.930° -.758" 1 -075 -631° -.730° -.648° 727" -220
p-value .000 .000 752 .003 .000 .002 .000 351
N 20 20 20 20 20 20 20 20 20
KRRM-based ceramsites with phase transition
[} T o Hematite Quartz Amorphous Plagiaclases Ghelenite Nepheline New phases®
o Pearson’r 1 728 -.993° .985° -.841°¢ -463 -877° 721 915° 673
p-value .063 .000 .000 .018 295 .010 .068 .004 .098
N 7 7 7 7 7 7 7 7 7 7
r Pearson’t 728 1 -.669 697 -.794¢ -.595 -.536 .787¢ .799¢ 907"
p-value .063 .100 .082 .033 159 215 .036 .031 .005
N 7 7 7 7 7 7 7 7 7 7
c Pearson’r -.993" -.669 1 -977° 781¢ AT73 858¢ -.683 -876" -621
p-value .000 .100 .000 .038 283 .013 .091 .010 137
N 7 7 7 7 7 7 7 7 7 7
2 New phases equals to the sum of plagioclases, ghelenite and nepheline.
b Correlation is significant at the 0.01 level (2-tailed).
¢ Correlation is significant at the 0.05 level (2-tailed).
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Fig. 2. TG (solid line), DTG (dashed line) and DTA (dashed-dotted line) thermograms of (a) KRRM, (b) USRM, (c) OCHR and (d) BENT. (Ramping rate = 20 °C min~!, purging

gas = 50 mL-air min~?).

weight loss and endo/exothermal events. The endothermic reaction
involving weight loss below 250 °C was attributed to the removal of
water via evaporation, including surface water and crystalline wa-
ter (Girgis et al., 1987). Two weight loss events coupled with sig-
nificant exothermic signals at 320 °C and 480 °C suggested that
KRRM had high organic compounds and distinctive thermal sta-
bility. The low-temperature event was attributed to dehydration
and decarboxylation of surface carboxyl group, whereas the high-
temperature event was caused by decomposition of aromatics in
humic substances (Provenzano and Senesi, 1999). At 720 °C, the

endothermic weight loss was contributed by the decomposition of
carbonate-containing minerals, including calcite and natrodavyne
(Buhl, 1991; Radha et al., 2010). Beyond 700 °C, although no
apparent weight loss or exo/endotherms was observed, the
changed slope with respect to the base line suggested that partial
melting of fluxes, such as Na,O and CaO, might take place that
altered the heat capacity. Fig. 2b shows that the reactions of USRM
were all endothermic, indicating that there were little organic
compounds in USRM. The weight losses between 200 °C and 600 °C
were contributed by the dehydration and dehydroxylation of
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residual bauxite minerals. Gibbsite dehydrated at 280 °C; diaspore
and boehmite dehydroxylate at 315 °C and near 500 °C, respectively
(Kloprogge et al., 2002). The intense endothermic weight loss at
730 °C was ascribable to decarbonatization of calcite (Radha et al.,
2010). It is expected that other surface analyses such as FTIR and
XPS will be useful to study surface reactions such as dehydration,
organic burnout, decarbonization, and dehydroxylation on red
muds, owing to the change in the stretching of the chemical bounds
and the bonding energy of the elements, as well (Kloprogge et al.,
2002; Hu et al., 2019). Fig. 2c shows the thermogram of OCHR.
The broad exothermic band at 350 °C revealed that OCHR contained
organic compounds with various degrees of thermal stability. The
weight loss of 2.8 wt% at 490 °C was likely due to the dehydrox-
ylation of boehmite (Kloprogge et al., 2002), suggesting that
amorphous boehmite might make up 16 wt% of OCHR. The exo-
therm without weight loss at 937 °C was contributed by the crys-
tallization of amorphous quartz (shown later). Fig. 2d displays the
thermal analysis of BENT. Apart from the removal of surface water
below 150 °C, the endotherms at 700 °C and 930 °C were
contributed by the dehydroxylation of bentonite and the break-
down of montmorillonite structure, individually (Stankovic¢ et al.,
2011; Wolters and Emmerich, 2007).

3.2. Characteristics of synthesized ceramsites

3.2.1. Thermal and mineralogical analysis

Figure S4 shows the chemical composition of 12 granules pre-
pared from RM, OCHR, and BENT at different OCHR to RM weight
ratios and constant 20% BENT weight fraction. Several ceramsites
sintered at 600 °C showed low integrity and disintegrated during
neutralization process, including the ones prepared with 16, 32,
and 48 wt% of KRRM and 48, 64, and 80 wt% of USRM. Fig. 3 pre-
sents the thermogram of KRRM-based and USRM-based granules in
airflow from 50 to 1000 °C. Since the reactions below 800 °C were
dehydration, dehydroxylation, organic combustion, and decar-
bonatization, the intensities of the thermal events were the sum-
mation of the above four reactions at specific weight ratio or raw
materials. For example, the differential weight loss and endo-
thermic energy of decarbonatization at 700 °C increased with the
weight fraction of RM. On the other hand, the exotherms occurred
at T > 800 °C did not follow the weight ratio. The blend without RM
exhibited an exothermic band at 935 °C, which was contributed by
OCHR. For USRM-based blends, the exotherm faded as the fraction
of OCHR decreased and could no longer be observed when the
fraction of USRM was greater than 32 wt%. However, the case of
KRRM-based blends showed differently from those of the USRM-
based. As the fraction of KRRM increased, the exotherm not only
intensified but also shifted downwards from 935 °C to 892 °C,
which phase transition upon the introduction of KRRM.

In order to verify the formation of KRRM-based ceramsites,
quantitative XRD was conducted according to Rietveld refinement
(Rietveld, 1969) as shown in Fig. 4. The phases observed in
ceramsites with KRRM <16 wt% were bentonite and quartz, while
the content of the latter increased with temperature, suggesting the
crystallization of amorphous silicon dioxide. As the content of
KRRM increased, the fraction of alkali flux components (i.e., Na;O
and Ca0) increased, which enhanced the liquidation upon firing
and promoted the formation of new phases at T > 900 °C. The
plagioclases, a series of minerals, composed of different fraction of
albite (NaAlSi3Og) and anorthite (CaAl,Si;Og), were observed when
the KRRM content was between 32 and 64 wt%, while nepheline
(NaAlSiO4) and gehlenite (CayAl,SiO7) were formed when the
KRRM content was greater than 64 and 80 wt¥%, respectively.
Meanwhile, the content of amorphous materials decreased signif-
icantly. The alkali flux, originated from the decomposition of calcite
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(CaCO3) and natrodavyne (NasAl3SiOq3-NapCOs3), led to partial
melting in the inner surface and cracks of the ceramsites where the
plagioclases nucleated and grew (Johannes et al., 1994). As the
fraction of KRRM increased, the content of Na;O increased so that
the fluid-mediated dissolution-reprecipitation reaction enabled the
exchange reaction between Na™ and Ca®* to form nepheline from
albitic plagioclases (Upadhyay, 2012). The crystallization of neph-
eline increased CaO content in the liquid phase and, therefore,
triggered the secondary crystallization flossrom nepheline to geh-
lenite at the surface of the grain (Nowok et al., 1990). As will be
shown later, the KRRM-based ceramsites will have much smaller
specific surface area than that of raw materials due to the vitrifi-
cation process. Our previous results also revealed that the
morphology of KRRM was smoothened and its pHy,c was decreased
with the activation temperature (Lin et al., 2020). In contrast, the
crystalline substances in the USRM-based ceramsites included only
quartz, bentonite, calcite, and hematite regardless of sintering
temperature (not shown), suggesting the absence of phase
transformation.

3.2.2. Porosity, mechanical strength and adsorption capacity

Fig. 5 presents characteristics of ceramsites, including apparent
porosity (¢), mechanical strength (c) and phosphate adsorption
capacity (I'). The apparent porosity presented herein refers to the
open porosity, which increased with the blending traction of RM
but decreased with sintering temperature. According to Figure S2,
the content of loss on ignition (LOI) increased with RM ratio, that is,
the apparent porosity would increase when the combustible ma-
terials were removed. Since the LOI content of KRRM was higher
than that of USRM, the porosity of the KRRM-based ceramsites was
greater than that of USRM-based ones. Notably, the porosity of the
KRRM-based and USRM-based ceramsites fired at high tempera-
tures (T > 900 °C) varied distinctively. Since the USRM-based
ceramsites did not undergo phase transformation, the alkali flux,
i.e,, Na;O and CaO, vitrified and filled the pores to minimize the
surface energy, which caused the porosity to decline (Cultrone
et al., 2004). In contrast, the porosity of the KRRM-based ceram-
sites fired at T > 900 °C increased markedly and showed a high
correlation with the content of new phases, ie. plagioclases,
nepheline, and gehlenite (will show later). Obviously, phase tran-
sition shrunken the crystal structure and thus porosity (Nowok
et al., 1990).

The mechanical strength of ceramsites was evaluated by
compression between two steel plates, resembling the point-load
test. When 33.2% and 64.5% of the specimen were broken into 2
pieces and 3 pieces (Figure S5), individually, it suggested that the
failure was originated from the tensile fracture of the flaws in the
middle of the specimen (Hiramatsu and Oka, 1966; Wong and
Einstein, 2009). Ceramsites are brittle materials that are porous
and populated with flaws, such as defects, dislocation, and dis-
continuations (Li et al., 2000). The failure of brittle materials varied
with shape, size, maximal tensile stress, orientation, and popula-
tion of the flaws, which can be described by the Weibull distribu-
tion (Freiman and Mecholsky, 2012). Figure S6 and Figure S7
present the linearized Weibull distribution of the KRRM-based
and USRM-based ceramsites, respectively; Table S4 and Table S5
summarize the corresponding parameters obtained. The probabil-
ity of failure could be well described by the Weibull distribution
since the values of correlation coefficient (r) were mostly greater
than 0.90. The results confirmed that the ceramsites fractured from
the flaw of the porous ceramic body as a brittle material. The
variation of the mean tensile stress upon firing temperature is
depicted in Fig. 5. Generally, the mean tensile stress decreased with
the fraction of RM and increased with sintering temperature. Since
no phase transformation occurred in the USRM-based ceramsites,
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Fig. 3. Thermal analysis of (a) KRRM-based and (b) USRM-based green body. (KRRM + OCHR = 80 wt%, BENT = 20 wt%; ramping rate = 20 °C min~", purging gas = 50 mL-air
min~"). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the variations of the mean tensile stress as a function of USRM
fraction at different firing temperature are parallel to each other. In
contrast, the mean tensile stress of KRRM-based ceramsites fired at
T > 900 °C decreased markedly when a phase transformation
occurred. The transition from plagioclases to nepheline, from
nepheline to gehlentie has been reported to promote the micro-
cracks through closed pore opening mechanism and reaction-
induced fracturing due to volume changes (Jamtveit et al., 2009;
Nowok et al., 1990; Upadhyay, 2012).

We tested the phosphate adsorption capacity of the ceramsites
at pH 6.8 with the initial phosphate concentration of 75 mg-P L™,
as shown in Fig. 5. For the KRRM-based ceramsites fired at 700 °C,
the adsorption capacity was around 0.5 mg-P g~ ! regardless of the
fraction of KRRM. As the sintering temperature increased, the
adsorption capacity of the KRRM-based ceramsites declined
dramatically except for the ones with phase transitions, which is
attributable to the enhanced affinity of the new phases toward
phosphate and increased porosity. On the other hand, the adsorp-
tion capacity of the USRM-based ceramsite increased with the
fraction of USRM and decreased with the sintering temperature,
indicating the adsorptive behavior was solely affected by the
porosity and surface area reduction.

3.3. Correlation analysis

Table S6 shows results of the analysis of correlation among
adsorption capacity and porosity and maximal stress of USRM-
based ceramsites at the significant level of p-values < 0.01.
Porosity showed a strong negative correlation with the maximal
stress (|Pearson’s | > 0.8), and a medium positive correlation with
the adsorption capacity (0.4 < |Pearson’s| < 0.8). A medium nega-
tive correlation between maximal stress and adsorption capacity
was also observed. The correlations were reasonable as no phase
transition was involved in the USRM-based ceramsites; the firing
process minimized the porosity and flaw population, which
enhanced the mechanical strength, but in turn decreased the
adsorption capacity as the surface area was decreased.

Table S7 summarizes the correlation analysis of the KRRM-
based ceramsites, including the ones without and with phase
transition. For all KRRM-based ceramsites, the maximal stress and
porosity showed high negative correlation with strong significance
(p < 0.01), confirming the close relationship between porosity and
the population of flaws and cracks. The phosphate adsorption ca-
pacity of the KRRM-based ceramsites without phase transition
correlated positively with the porosity and the content of natro-
davyne, but negatively with the content of quartz at significant
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V: hematite, M: natrodavyne,

level of p < 0.01. Results suggested that porosity dominated the
phosphate adsorption capacity while natrodavyne could be the
major phase responsible for phosphate adsorption. In contrast, the
correlation between the porosity and phosphate adsorption ca-
pacity of the KRRM-based ceramsites with phase transition was not
statistically significant (p > 0.05). Instead, the phosphate adsorp-
tion capacity was highly correlated with the fraction of the new
phases, i.e. plagioclases, ghelenite and nepheline, at significant level
(Pearson’s r > 0.8 and p < 0.01). Furthermore, the phosphate
adsorption capacity correlated negatively with plagioclases but
positively with ghelenite and nepheline. This outcome revealed
that the phosphate adsorption capacity of the KRRM-based
ceramsites with phase transition was dependent on the fraction
of the new phases, specifically, ghelenite and nepheline.

3.4. Optimizing the granulation process

As revealed by above correlation analysis, the phosphate
adsorption capacity was negatively correlated to the mechanical

, @: amorphous, O: plagioclases, A: nepheline, V: gehlenite (Refer to Table 1 for diffraction standards.).

strength of the ceramsites. For field applications of ceramsites in
phosphate control at fixed bed or construction wetland systems, it
is necessary to maintain both high mechanical strength and
phosphate adsorption capacity. Eq. (6) was used to determine the
optimal condition for KRRM-based and USRM-based ceramsite.

(T ai
Ei= (Tavg> ) (‘Tavg)

where E;, I'; and oj are the evaluation score, adsorption capacity
(mg-P-g~ 1), and mean tensile stress (MPa) of the ith specimen,
respectively. I'ayg and 6,yg are the average adsorption capacity (mg-
P-g~!) and tensile stress (MPa) of all specimen of the KRRM-based
and USRM-based ceramsites tested. Fig. 6a and b presents the E
value of the KRRM-based and USRM-based ceramsites, respectively.
For the KRRM-based ceramsite, the optimal condition was at
E = 2.45 (or I'j/Tayg = 2.78 and 6j/cayg = 0.88), the one made with
64 wt% of KRRM at 1000 °C (KRg4-1000), On the contrary, the E value
of the USRM-based ceramsites fired at 700 °C was 1.5 regardless of

(6b)
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Fig. 5. Porosity (¢), maximal tensile stress (¢) and adsorption capacity (I') of (a) KRRM-based and (b) USRM-based ceramsites.

USRM wt%. Therefore, the optimal condition selected was at E of
1.32 for the ceramites prepared with 48 wt% of USRM and at 700 °C
(US48-700), which had the least trade-off between the mechanical
strength (T'j/T"avg = 2.2) and the phosphate adsorption capacity (o;/
Gavg = 0.6).

The evaluation of both ceramsites based on the bulk density-
tensile stress and porosity-tensile stress were also conducted (54,
Supporting Information). Figure S8 presents the process evaluation
based on the bulk density and tensile stress, as suggested by Cheng
et al. (2018) and Zou et al. (2009). Apparently, it is not an appro-
priate mean to evaluate ceramsites since the method would
recommend optimal ceramsites be prepared by sintering at 1000 °C
without RMs, under which condition there would be no phosphate
adsorption capacity (Fig. 5). The process evaluation based on
porosity and tensile stress is with flaws (Figure S9). The optimized
ceramsites, in terms of physical properties, namely, bulk density-
tensile stress or porosity-tensile stress, were ones prepared with
32 wt% of KRRM at 1000 °C and 32 wt% of USRM at 900 °C. How-
ever, the phosphate adsorption capacity of the above ceramsites
were relatively poor (Fig. 5). Thus, the process optimization for
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ceramsites according to bulk density-tensile stress or porosity-
tensile stress should not be recommended; instead, it should be
optimized based on the adsorption capacity and mechanical
strength directly.

3.5. Mechanism of phosphate adsorption by the optimized
ceramsites

The phosphate adsorption characteristics on the optimized
KRRM-based ceramsites (64 wt% of KRRM at 1000 °C, KRg4-1000)
and USRM-based ceramsites (48 wt% of USRM at 700 °C, US4s-700)
were investigated in details as to evaluate their potential uses as a
substrate of constructed wetlands. Considering that the pH value of
conventional constructed wetlands is mostly neutral, i.e., 6.2—7.8
(Valipour and Ahn, 2016), the adsorption experiments were
investigated at pH 6.8 with an emphasis on the kinetics and equi-
librium adsorption isotherms of phosphate adsorption on ceram-
ites. Nevertheless, both KRRM-based and USRM-based ceramsites
were expected to show greater adsorption capacity at lower pH ~4
(Huang et al., 2009; Lin et al., 2020). Furthermore, the reusability
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Fig. 6. Evaluation of (a) KRRM-based and (b) USRM-based ceramsites according to Eq. (6).

test of the ceramsites was not done as the substrate should last
years to minimize frequent replacement or regeneration (Shilton
et al., 2006). Fig. 7a and b shows the phosphate uptake by KRga-
1000 and US4g.700 ceramsites at 20 °C and various initial concen-

The adsorption kinetics of KRRM-based and USRM-based was fitted
by the pseudo-second order model (Tran et al., 2017):

trations. Clearly, the adsorption of phosphate on of both ceramsites d_F: ky(Te — f)2 (7a)
was rather slow, especially, the ones with greater initial concen- dt
trations, which had not reached equilibrium in one week (168 h). or
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Fig. 7. Phosphorus adsorption using optimized KRRM-based ceramsites (KRg4-1000) and USRM-based ceramsites (US4s.700). Kinetic of phosphate uptake by (a) KRg4-1000 and (b)
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kotI'2

T kptTe +1 (7b)
where I' (mg-P/g) is the adsorption capacity at time t (h); I'e (mg-P/
g) is the equilibrium adsorption capacity; k; is the pseudo-second
order rate constant (g/(mg-Peh)). The fitting results are summa-
rized in Table S8. Based on the high R? values, the pseudo-second
order model was sufficient to describe the kinetics of phosphate
adsorption. Notably, KRg4-1000 appeared to be more effective in the
removal of phosphorus than US4g.79¢ in terms of both equilibrium
adsorption capacity and rate constant. As the adsorption of phos-
phate on ceramsites was slow, the adsorption isotherm was
established using ground ceramsites (finer than 250 um or passing
60 mesh) instead of intact granules. As can be seen in Fig. 7c and d,
the adsorption capacity of phosphate on both ground KRg4-1000 and
US4g-700 increased with equilibrium phosphate concentration and
temperature. The equilibrium phosphate adsorption can be well
described by the Freudlich isotherm:

I =KpC}/m (8)
where I' is adsorption capacity (mg-P/g), Kr and n are constants
with n being greater than 1. Table S9, summarizes the parameters of
Freundlich. Results show that both Kr and n increased with tem-
perature, indicating the variation in surface heterogeneity and
equilibrium state between red mud surface and phosphate. It is
clear that the phosphorus adsorption capacity of KRgs-1000 Was
superior to US4g-1000, however, the surface area and pore volume of
the former actually were smaller than the latter. Based on the N
adsorption-desorption hysteresis (Figure S10), the specific surface
area (SSA) and pore volume (Vpore) of KR32-1000 Were 2.3 m?/g and
7.5 x 10~ cm?[g, according to BET and BJH models, respectively.
The small SSA and Vpere was attributed to the vitrification and
phase transformation of KRgs4-1000 during the sintering process,
which eliminated the microstructure to minimize the surface en-
ergy (Lin et al.,, 2020). In contrast, the SSA and Vpore 0f US48.900 were
retained at 24.2 m?/g and 0.099 cm?/g, individually, because no
prominent phase transformation occurred. The pore size distribu-
tion suggested that most of pores of US4g900 wWere mesoporous
(pore diameter of 2—50 nm), which is beneficial for phosphate
adsorption due to much accessible red mud surface (Hyok Ri et al.,
2021; Shi et al.,, 2020; Zhang et al., 2021). Furthermore, the phos-
phate uptake by KRgs-1000 did not occur in monolayer fashion,
rather phosphate adsorption occurred in 90 layers, based on the
total adsorption density of 89.8 pmol/m? at 20 °C with respect to
the theoretical monolayer phosphate coverage density of 5.8 umol/
m? (Lin et al,, 2020). In other words, the phosphate was immobi-
lized via surface precipitation enabled by the dissolution of the
calcium-based and aluminum-based minerals, e.g., plagioclases,
nepheline, and gehlenite (Lin et al., 2020). On the contrary, the
surface coverage of US4g-900 (8.0 umol/mz) was of the same order of
magnitude as the theoretical monolayer coverage, indicating that
the surface precipitation was not prominent. The above observation
was consistent with the major crystalline phase of USss-900, he-
matite, which has a low solubility at neutral pH. Lastly, the phos-
phate adsorption capability of the optimized red mud-based
ceramsites was comparable with that of other industrial waste-
derived adsorbents. Table S10 reveals that the adsorption capacity
of the optimized KRRM-based and US-based ceramsites was com-
parable to other adsorbents originated from waste residues. In
summary, the red mud-based ceramsites will have great potential
for application in phosphate removal from water.

1
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4. Conclusion

The ceramsites based on Korean red mud (KRRM) and American
red mud (USRM) were prepared with the addition of OCHR and
BENT in the sintering temperature range of 600—1000 °C for
phosphate immobilization. The characteristics of the ceramsites,
including porosity, maximal tensile stress, and phosphate adsorp-
tion capacity varied with the composition of raw materials and the
firing temperature. Since KRRM had higher content of alkali flux
(Nay0 and Ca0), the crystallization of plagioclases, nepheline, and
gehlenite was observed in the KRRM-based ceramsites, which
increased both the porosity and phosphate adsorption capacity. The
phosphate adsorption capacity of the ceramsites without phase
transformation showed a positive correlation with porosity due to
the reduction of surface area. The failure pattern of ceramsites
agreed with brittle materials, which was governed by flaw popu-
lation and could be described by the Weibull distribution model.
Hence, the optimal formulation for the synthesis of ceramsites
could be established by simultaneous evaluation of the phosphate
adsorption capacity and maximal tensile stress. The kinetics and
equilibrium of phosphate adsorption of the optimized ceramsites,
namely, KRg4-1000 and US4g-700 were studied. Results indicated that
pseudo second-order reaction rate law and Freundlich adsorption
isotherm better described the mode of phosphate adsorption on
ceramites. The optimized ceramsites will be an idea substrate for
constructed wetlands, primarily for the elimination of micro-
nutrients such as phosphate. Further study on the biocompati-
bility and the effect of biofouling and competing ions on the
adsorptive removal of phosphorus is highly desirable.
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