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Abstract: The economical removal of organics from sodium aluminate solutions has been required for decades. Based
on security filtration using tricalcium aluminate hexahydrate (TCA) as a filter aid, a novel short process to eliminate
impurity particles and remove organics simultaneously was presented. Ultrafine TCA samples with poor crystallization,
high TCA content, high surface free energy, and large lattice distortion were prepared in the concentrated sodium
aluminate solution. The zeta potential of the TCA binary mixture in alkaline solutions was linearly depended on the
TCA content, suggesting the additivity of the zeta potential in the binary mixture. The variation in the electrical double
layer of the TCA binary mixture was demonstrated in the alkaline solution. Furthermore, the ultrafine TCA exhibited a
high adsorption capacity for organics with long alkyl chains and high relative-molecular-mass. The adsorption capacity
of 69.69 mg/g organic carbon for sodium humate was achieved, whereas the digestion at a high temperature remarkably
reduced the adsorption capacity of TCA.

Key words: organics removal; tricalcium aluminate hexahydrate; sodium aluminate solution; zeta potential; electrical
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1 Introduction

Owing to degradation from cellulose, lignin,
and humate in bauxite, nearly 400 types of organics
were determined in a sodium aluminate solution
(Bayer liquor) [1—4]. The total organic carbon
(TOC) concentration may reach up to 40 g/L, with
relative molecular masses ranging from tens to
hundreds [5,6]. Because these organic compounds
generally exist in the form of sodium-bearing salts,
organics in the sodium aluminate solution typically
act as surfactants [1,7]. Consequently, in addition to
a loss in the caustic soda, organics significantly
deteriorate clarification, reduce the precipitation
rate, produce poor-quality alumina, and generate
rich foams [8—10]. The liquor combustion [11],

oxidation [12—14], lime caustification [10,15],
precipitation [16], and adsorption [17] have been
developed to remove these organics. However,
attempts to use liquor combustion are largely
declined owing to its high energy consumption and
production costs. Oxidation is limited by its low
efficiency and the formation of sodium oxalate.
Lime caustification and precipitation only remove
sodium oxalate. Furthermore, the
process required in this method complicates
alumina production and increases the production
cost. Therefore, an method to
efficiently remove organics from the
aluminate solutions is required.

The removal of organics from the sodium
aluminate solutions by adsorption using inexpensive
adsorbents (red mud [7], activated alumina [18],

side-stream

economical
sodium
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and coal flash) has been extensively studied
owing to its easy practical application. However,
the low adsorption capacity (<5 mg/g TOC), high
regeneration cost and high adsorbent dosage
notably restrain its application. Inexpensive
adsorbents and simple processes to remove the
organics are necessary for economical removal
of organics from Bayer liquor. Approximately
1.5 g/L tricalcium aluminate hexahydrate (TCA,
3Ca0-AlO3-6H0), acting as a filter aid, was
added to a green sodium aluminate solution
(overflow) after clarification to further remove
suspended ultrafine particles of inorganics in the
security filtration of the Bayer process [19—21].
Assuming that TCA acts as an adsorbent as well as
a filter aid, it has the potential for use in a novel
simple approach to economically remove organics.

To improve the quality of alumina, suspended
ultrafine particles such as sodium aluminosilicate
hydrate, ferrous hydroxide, and unreacted bauxite
were efficiently removed by adding TCA. The
effects of the particle size, morphology, and
structure of TCA on filtration performance have
been studied in detail [19,22,23]. Desilication and
iron removal using TCA were reported [24—26].
However, the removal of organics using TCA was
scarcely reported. In contrast to studies on the
morphology and particle size of TCA acting as a
filter aid, the interaction between organics and TCA
may be remarkably complex, mainly owing to the
complicated interaction between organics with
various functional groups and the TCA filter
aid containing 3CaO-Al,O3;-6H,O and Ca(OH)..
Furthermore, the high ionic strength in the sodium
aluminate solution with various ions, as well as the
binary mixture in TCA samples (TCA and Ca(OH),),
further complicates the formation of the electrical
double layer. These issues directly affect the
removal efficiency of organics. Accordingly, further
investigation of the surface properties and zeta
potential of TCA to improve the adsorption capacity
of organics in the concentrated sodium aluminate
solution is crucial.

Herein, the morphology, structure, and surface
properties of TCA were studied, and the variation
in zeta potential was discussed in detail. The
relationships among the structure, particle size,
morphology, content, and zeta potential of TCA
were explored. Afterwards, the structure of the
electrical double layer of the binary mixture in the

sodium aluminate solution was also examined. The
effects of TCA samples and the relative molecular
mass of the organics on the removal efficiency
were also studied. The results benefit to a deep
understanding of the electrical double layer of the
binary mixture in solutions with high ionic strength
and provide a novel short process to remove
organics from Bayer liquor.

2 Experimental

2.1 Materials

(1) Sodium aluminate solution containing
organics:

A sodium aluminate solution was prepared
by dissolving NaOH and AI(OH)s; into redistilled
water. Considering the presence of sodium-bearing
organics in Bayer liquor, sodium oxalate, sodium
benzoate, sodium humate, and sodium stearate were
respectively dissolved in the redistilled water and
then added to the sodium aluminate solution to
receive the sodium aluminate solution containing
organics.

(2) Preparation of Ca(OH); slurry

Lime (CaO) was first obtained by calcining
Ca(OH), at 850°C for 2h [27]. Following the
method to prepare TCA in alumina refineries,
calcined lime was added to the redistilled water
with a solid content of approximately 130 g/L to
obtain Ca(OH); slurry.

(3) Preparation of TCA samples

Based on the molar ratio of ncio/naio,, the
sodium aluminate solution was mixed with the
Ca(OH); slurry in a 500 mL beaker for 20—100 min
at 95°C by overhead agitation with an electric
mixer. Subsequently, the wet TCA samples were
subjected to vacuum filtration. The TCA samples
were then used to remove the organics by acting as
filter aids, while some TCA samples were washed
with boiling water and dried at 100 °C for 2 h for
characterization.

NaOH, Al(OH);, Ca(OH),, organics, and other
reagents were of analytical grade (Sinopharm
Chemical Reagents Co., Ltd.).

2.2 Methods

2.2.1 Novel short process to remove organics
Without a side-stream process, TCA was also

used as an adsorbent to remove organics from

the sodium aluminate solution (overflow) after
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clarification in the traditional security filtration in
the Bayer process. Unlike the filtering cake pumped
back to the washing process of the red mud in the
traditional process, the filtering cake-adsorbed
organics were discharged along with the red mud
after washing (Fig. 1). Therefore, the short novel
process allows TCA to simultaneously act as a filter
aid for eliminating suspended particles and act as
adsorbents for organic removal.

The dotted line represents the process where
TCA acts as a filter aid, which is traditionally
adopted in the Bayer process. The full line stands
for the novel process where TCA simultaneously
acts as a filter aid and adsorbent. After TCA
adsorbed organics, it was pumped into the
underflow of the last tank during the red mud
washing process. The conventional washing process
generally contains four or five tanks to separate red
mud from the solution.

2.2.2 Procedure

During the security filtration, 1.5 g/ TCA
sample was added to the sodium aluminate solution
(pNa,0k=150 g/L, and ox=1.45) containing organics
at 95 °C and stirred at 100 r/min for 20—100 min.
Vacuum filtration was then performed to obtain
the TCA residue. The TCA residue was used to
determine the organic carbon content.

2.3 Characterization

The X-ray diffraction (XRD) patterns were
recorded using an XRD instrument (Rigaku Smart
Lab 9 kW) with Cu K, radiation at a scanning rate

Digestion
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of 5 (°)/min. The tube voltage, electric current, and
scanning range were 40 kV, 250 mA, and 10°—80°,
respectively. The morphology of TCA was
determined using scanning electron microscopy
(SEM) at an accelerating voltage of 20 kV (JSM—
6360LV, JEOL, Japan). Fourier-transform infrared
(FTIR) spectroscopy (Nicolet 6700, Thermo
Scientific, US) was performed in the range of
400—4000 cm™ at a resolution of 4cm™' with
32 scans. The particle size distribution (PSD) was
determined using a laser particle analyzer (MS 2000,
Malvern Instruments, UK). The zeta potential was
measured using a zeta-potential analyzer (Zano—zs,
Malvern Instruments, UK).

Semi-quantitative analysis of the TCA and
Ca(OH), phases content was determined by
relative intensity ratio (RIR) method according to
Eq. (1) [28,29]:

LK,
X, =—11x100% (1

21K,
j=1

where X; is the mass fraction of phase i in the
sample; [; and [; are the integrated intensities of
the strongest diffraction peak of phase i and j,
respectively; K; and K stand for the ratio of /i/I..ai,0,
and [j/l.-a1,0,, respectively (a-ALO; is the reference
phase); 7 is the number of phases in the sample.

The crystallite size (D) and microstrain (¢) for
the preferential orientation of TCA and Ca(OH)
were calculated from the XRD patterns using the
Debye—Scherrer equations [30,31]:
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Fig. 1 Novel and traditional process of security filtration in Bayer process



Zhen-jiang FU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2354-2366

K2

_,Bcos¢9 @)
__ b
8_4tan6? )

where K and A are the Scherrer constant and
wavelength of the X-ray radiation, respectively; 6 is
the Bragg angle of the peak and f is the peak at the
full width of the sample (FW(S)).

The contact angle was first recorded with a
contact angle/surface tension meter (LSA100,
LAUDA Scientific, GER) at 298 K. The surface
dispersion force (rY), polarity force (r"), and free
energy (rs) were calculated according to Egs. (4)
and (5), using the Owens two-liquid method [32].
The solvation trend was determined by the ratio of the
polarity force to the dispersion force (+¥/ %) [33]:

1/2 1/2
) )

(4)
(&)

where gy is the surface tension of water or
diiodomethane at 298 K and @' represents the
contact angle. ! and ) of water are 21.8 and
51 mJ/m, respectively. y{ and 9 of diiodomethane
are 48.5 and 2.3 mJ/m, respectively [34,35].

The organic carbon content of the TCA
samples (adsorption capacity, ¢, mg/g) was
determined by titration with potassium dichromate
(potassium dichromate external heating method)
according to Eq. (6) [36,37]:

n(A+cos0) =208 -y + 2050 - yP

Ve=ys + 9P
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Agitation speed: 250 F/mid
Duration: 40' min
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q= ;—C(VO—V)XIO_SXS.OXI.I/m x100%  (6)

0

where ¢ is 0.8 mol/L, obtained from concentration
of 1/6K,Cr>07 standard solution. 5 mL K,Cr,O7 was
used as standard solution. Vo and V' (mL) are the
volumes of the FeSO4 solution consumed in the
blank and sample groups, respectively. Further, the
universal correction factor of oxidization was taken
as 1.1. m (g) is the measured sample mass.

The standard error (o) in the form of an error
bar was calculated using Eq. (7) after repeating the
experiments under the same conditions:
o= DS

N
where Ds and N (>3) are the standard deviation and
number of samples, respectively.

(7

3 Results and discussion

3.1 Morphology and particle size of TCA samples

Based on the traditional process of removing
inorganic impurities in the form of suspended
ultrafine particles, the concentrated sodium
aluminate solution (green liquor from overflow)
at 95°C was used to prepare the TCA samples.
Figure 2 and Table 1 show SEM images and PSD
values of TCA samples prepared under different
reaction conditions.

Agitation'speed: 250. r/flin
Duration: 60;min " °

B

Volume fraction/%
=W AL

1072107" 10° 10! 10? 10% 10¢
Particle size/um

Agitation speed: 100 r/min
Dutation: 80 min

4#

Volume fraction/%
O N WAL

1021071 10° 10" 10% 103 10*
Particle size/um

1072107" 10° 10' 10% 103 10*
Particle size/um

Volume fraction/%

1072107" 10° 10! 10? 10% 10¢
Particle size/um

Agitation Speed:100 r/min
Duration: 100 min

SN WAoo

1021071 10° 10' 10% 10° 10*
Particle size/um

Fig. 2 SEM images and PSD curves of samples under different reaction conditions (7=95 °C; pna,0k=150 g/L; ox=1.45)
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Table 1 Particle size of samples under various conditions
Sample Asg;aet:i‘/’n Duration/ di/  dso/  do
(r-min ") min pm pum pm
1* 400 20 1.247 3.061 19.143
2" 250 40 1.381 4.554 25976
3* 250 60 1.592 5510 40.116
4* 100 80 2.092 7.525 30.348
5* 100 100 2311 8.846 38.589

As shown in Fig.2 and Table 1, a strong
agitation with a short duration in the preparation of
TCA samples produced the ultrafine TCA particle
of Sample 1% with minor particle agglomeration. A
prolonged duration and weak agitation (Samples 2*
and 3*) enlarged the particle size and promoted the
agglomeration of the ultrafine particles, as verified
by the widened peak in Fig. 2. Further prolonging
the duration and reducing the agitation speed
(Samples 4" and 5%) generated coarse TCA particles
in a cauliflower shape. This implies that an increase
in the agitation speed generates the ultrafine
particles of TCA with a relatively high specific
surface area, possibly favoring the removal of
organics from the sodium aluminate solution.

3.2 Phase composition and surface properties of
TCA binary mixture
3.2.1 Phase composition and structure
Ca(OH), is difficult to dissolve in the
concentrated sodium aluminate solution, suggesting
that Ca(OH), and TCA coexist after the lime slurry
is added to the sodium aluminate solution.
Figure 3(a) shows the XRD patterns and
distribution of Ca(OH), and TCA contents (wt.%)

+ Ca(OH), Ca(OH),

TCA 10090 80 70 60 50 40 30 20 10 0
G e e e o e e e e

. "
5% \rl U o e e 839%
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= PDF 721109 (TCA)
S L L Lo

10 20 30 40 50 60 70 80

20/(°)
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in various TCA samples, and Fig. 3(b) shows the
schematic of the TCA composition.

Owing to the high Na,O concentration, TCA
and Ca(OH), were both found in TCA samples
1#=5% (also expressed as a TCA binary mixture).
Furthermore, weak agitation for a long duration
reduced the TCA content but increased the Ca(OH)
content. This is because the Ca(OH), particles are
readily enveloped by the ultrafine TCA particles,
hindering the further reaction of Ca(OH), with
Al(OH)s (Fig. 3(b)). Meanwhile, strong agitation
for a short duration favored the mass transfer of
Ca* in Ca(OH),, leading to the shrinking inner
core of Ca(OH), and an increase in TCA content.
Correspondingly, an increase in the volume fraction
of TCA particles ranging from 1 to 10 pm (Fig. 2)
was observed.

Based on the XRD patterns shown in Fig. 3(a),
Table 2 displays the cell volume (V), FWHM,
microstrain (¢), and crystallite size (D) of TCA and
Ca(OH)z.

The cell volumes (V) of TCA and Ca(OH):
from TCA samples 15 both gradually
approached the cell volume of the standard
(1987.54 A3 in PDF 72-1109, 54.82 A° in PDF
76-0571). An increase in the deviation of the cell
volumes and FWHM generally increased the
microstrain (¢) and lattice distortion. This suggests
that the short duration and increasing agitation
speed generate more active sites on the surface of
Sample 1% compared with Sample 5%,

To further observe the crystallization of TCA
prepared under various conditions, FTIR spectra of
the TCA samples in the wavenumber range of
3720-3600 cm™! are shown in Fig. 4.

(®) TCA
Ca(OH),

TCA and Ca(OH),

Sodium aluminate
solution

Fig. 3 XRD patterns and TCA content in samples prepared under different reaction conditions (a) and schematic of

binary mixture (b)
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Table 2 Cell parameters of TCA samples under different reaction conditions

TCA (211) Ca(OH), (101)

Sample
VA3 FWHM/(°) /107 V/IA3 FWHM/(°)  D/A /107

#

1 1984.48 0.139 5 430 55.01 0.228 498 5 450
2 1985.35 0.134 2.296 55.03 0.232 486 2.521
3¢ 1985.48 0.128 2.124 55.01 0.230 492 2.485
4* 1986.70 0.118 1.838 54.98 0.215 538 2.245
5* 1986.13 0.118 1.847 54.95 0.211 551 2.166

\

i

4#

N
S
R
N\

3#

98
(o)
[*)}
—

o# 5
3642.5

1#

3720 3700 3680 3660 3640 3620 3600

Wavenumber/cm’™!

Fig. 4 FTIR spectra of TCA samples

The stretching vibration peak of the free O—H
bond at 3661.5 cm™' was assigned to the internal
structural hydroxyl of TCA. Another stretching
vibration peak for the O—H bond at 3642.5 cm™
was observed for the 1*~5% TCA samples, which
was mainly due to the formation of a hydrogen
bond (H—O---H) between —OH groups. This
proves the existence of a significant microstrain in
the structure of Sample 1% but a high level of
crystallization in Sample 5% [38,39].

3.2.2 Surface contact angle and surface force of
TCA binary mixture

The PSD, morphology, TCA content, and
structure of TCA depended on the agitation speed
and duration, and the surface properties of the TCA
samples changed accordingly. The contact angle,
dispersion force (7¢), polarity force (#f), and surface
free energy (rs) values are listed in Table 3.

The results in Table 3 show reductions in ¢, P,
and 7, from Sample 1% to Sample 5%. This is mainly
due to the reduction in the TCA content and a high
level of crystallization from Sample 1# to Sample 5%,
as shown in Fig. 4.

Compared to the desilication product (DSP),
calcium—silicate residue, calcium—titanate, hematite,

magnetite in red mud, and gibbsite [33,40,41] in
Table 4, the surface of TCA was characterized by a
high polarity force (29.17 mN/m), which possibly
improved dipole—dipole interactions between the
TCA surface and the polar groups of the surfactants.
Furthermore, the increase in the ratio of the polarity
force to the dispersion force (#&/rd), from 0.61
for Sample 5% to 0.60 for Sample 1% implies a
strong interaction between TCA and the organics.
Meanwhile, the surface free energy of Sample 17
reached 77.81 mN/m, which was much higher
than that of the substances in Table 4. This
finding implies that TCA owns good adsorption
performance in Bayer liquor.

3.3 Zeta potential of TCA samples in alkaline

solutions

Although the =zeta potential has been
extensively studied for solid—liquid interfaces of
single solid samples, the variation in the zeta
potential of mixtures has been scarcely reported.
The as-synthesized TCA binary mixture exhibited
different structures, crystallization, and surface
properties. These variations could lead to a variable
zeta potential by the preferential adsorption of
various ions from Bayer liquor, providing an
approach to regulate the removal efficiency of
organics. Therefore, the zeta potential of the TCA
binary mixture was recorded in the dilute NaOH
and the concentrated sodium aluminate solution.
3.3.1 Zeta potential of TCA samples in dilute NaOH

solution

Samples 1%-5% were characterized by a
positive potential in the pH range of 8-14, as
shown in Fig. 5. The zeta potential of Sample 1*
was the lowest, while that of Sample 5% was the
highest. Meanwhile, an increase in the pH from 8 to
14 led to a notable reduction in the zeta potential of
the TCA samples.
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Table 3 Average contact angle and surface force of Samples 17, 3%, and 5*

Contact angle/(°)
Sample rP/(mN-m™) r4/(mN-m™) rd/(mN-m™")
Water Diiodomethane
1* 17.4 26.2 29.17 48.64 77.81
3* 222 29.3 28.47 46.97 75.44
5* 29.4 34.9 26.94 44.21 71.15

Table 4 Physics constants of substances in Bayer liquor

e/ rs/ rs/ d
Substance (mN-m™) (mN'm™) (mN-m) r8/r§
DSP 18.87 39.65 56.95 0.50
Hematite 19.38 43.13 59.03 0.49
Magnetite 14.41 40.44 54.85 0.36
Goethite 14.67 40.83 55.50 0.36
Caleium 1, o 39.54 5739 045
titanate
Limestone 8.43 43.59 52.02 0.19
Dicaleium 4 37.94 5701 0.50
silicate
Aluminum N N
hydroxide 89 39-40 =48 ~0.20
50
40| &
>
£
= 301
E
2
= 20 +
Q
N
10|
0

Fig. 5 Effect of pH on zeta potential of TCA in dilute
NaOH solution

The positive zeta potential is mainly due to
the occurrence of Ca’** from Ca(OH), and TCA
according to Egs. (8)—(10) [21,42]:
3Ca0-AlL0;-6H,0=3Ca**+2AI1(OH),+40H (8)
3Ca0-Aly03-6H,0+2NaOH===

3Ca(OH),+2NaAl(OH), 9)
Ca(OH),==Ca*'+20H" (10)

TCA and Ca(OH),in the TCA binary mixture

both provide Ca?’, and Ca?>" preferentially
constitutes the electrical double layer and

contributes to the positive charges of the particles.
An increase in the pH increases the stability of
Ca(OH),, and the migration of OH™ to the electrical
double layer reduces the zeta potential. Meanwhile,
because Ca(OH) is less stable than TCA [20,21],
the increase in the Ca(OH), content in Sample 5%
increases the zeta potential. However, the poor
crystallization, strong polar surface, and high
surface free energy of Sample 1# may promote the
adsorption of anions in the electrical double layer,
leading to the lowest zeta potential.

3.3.2 Zeta potential of TCA samples in sodium

aluminate solution

TCA, which acts as a filter aid, is generated in
the concentrated sodium aluminate solution. The
zeta potentials of Samples 1-5% in the sodium
aluminate solution (pna,06=30.7 g/L, and a,=3.0) are
plotted in Fig. 6(a).

In contrast to the positive potential in the
dilute NaOH solution (8 <pH <14), the zeta
potentials of Samples 1"-5* were all negative in the
sodium aluminate solution. The phenomena are
mainly caused by AI(OH), in the sodium aluminate
solution, which readily enters the electrical double
layer [43]. Meanwhile, the substantial adsorption
capacity of Sample 1% for AI(OH), and OH"
led to the most negative zeta potential, whereas
Sample 5%, with the highest content of Ca(OH), and
a high level of crystallization, was characterized by
the highest zeta potential.

Based on the contents of TCA and Ca(OH);
in the TCA binary mixture, the line relationships
between the TCA content (Crca) and zeta potential
() in alkaline solutions are shown in Fig. 6(b) and
Table 5. An increase in pH results in a decrease in
the absolute value of the slope, indicating that the
electrical double layer is more stable resulting from
the adsorption of Al(OH), and OH™ in the alkaline
solution. The linear relationships (Egs. (11) and
(12)) in the sodium aluminate solution for the
binary mixture (TCA and Ca(OH);) imply the
occurrence of composition additivity for the zeta
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Fig. 6 Zeta potentials of Samples 1*~5% in sodium aluminate solution (a) and effect of TCA content on zeta potential in

alkaline solutions (b) (pNa,0k=30.7 g/L; ox=3.0)

Table 5 Intercept, slope, and R? of fitting equations in Fig. 6(b)

Sodium

Data pH=8 pH=9 pH=10 pH=11 pH=12 pH=13 pH=14 aluminate
solution

Intercept 91.61+7.00 88.18+10.11 85.95+10.70 80.97+4.52  73.843.61  62.39+5.93  47.19+7.63  30.63+2.52

Slope

—57.54+£7.94 —54.23+11.46 —53.40+£12.14 —51.07£5.13 —50.95+4.10 —50.16+6.72 —48.62+8.66 —45.69+2.86

R? 0.93 0.84 0.82 0.96

0.97 0.93 0.88 0.98

potential. These findings suggest that the zeta
potential of TCA can be quantitatively regulated
based on the distributions of TCA and Ca(OH),.
Furthermore, according to Egs. (11) and (12), the
TCA phase was characterized by a negative zeta
potential, and Ca(OH), owned a positive zeta
potential from the positive intercepts in the sodium
aluminate solution, owing to Al(OH), entering the

electrical double layer preferentially (specific
adsorption) of TCA.

(=30.63-45.69Crca )
(=—15.06+45.69Ccacom), (12)

3.3.3 Zeta potential of TCA samples in sodium
aluminate solution containing organics
Sodium-bearing organics in the concentrated
sodium aluminate solution predominantly exist in
the form of anionic surfactants [1,44]. These
surfactants may be preferentially adsorbed on the
surface of TCA through electrostatic forces and
specific adsorption. The effects of the organics on
the zeta potential of TCA are listed in Table 6.
Based on the zeta potential of Sample 3*
(—8.62mV) in the sodium aluminate solution
without organics, the organics in sodium aluminate

Table 6 Effects of organics on =zeta potential of
Sample 3* in sodium aluminate solution

Oroani Molecular Content/ Zeta
gamie formula 10°  potential/mV
Blank - _ —8.62
Sodium
oxalate (SO) Na,C;0. 110 10.54
Sodium
benzoate (SB) CHsNaO; 104 15.23
Sodium dodecyl -
sulfate (sDg)  C12H2S0:Na 104 29.80
Sodium 1o NaO L0 am
myristate (SM) T2 .
Sodium
stearate (SS) CisHysNaO> 104 -36.90
Sodium
humate (SH) 52 22.60

TCA content: ~1.5 g/L, pna,0v=30.7 g/L, 0x=3.0

solution notably reduced the zeta potential of TCA.
Surfactants with long alkyl chains (SM and SS)
further reduced the zeta potential, mainly owing to
the ideal surface activity and specific adsorption
through the strong interaction between the
surfactant and particle surface [45,46]. For example,
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compared with sodium oxalate, stearate ions were

preferentially adsorbed on the TCA surface, further

reducing the zeta potential.

3.3.4 Effect of electrical double layer on zeta
potential of TCA samples in alkaline solution

Based on the variation in the zeta potential
of TCA in the dilute NaOH solution, sodium
aluminate solution, and sodium aluminate solution
containing organics, a schematic diagram of the
electrical double layer of the TCA binary mixture is
shown in Fig. 7.

TCA and Ca(OH); are both nearly insoluble,
and the presence of OH™ in the alkaline solution
further reduces their solubility. The high Ca*
content provided by Ca(OH), and TCA in the dilute
NaOH solution was present in the electrical double
layer, leading to a positive zeta potential (Fig. 7(a)).
Due to electrostatic forces and specific adsorption,
AI(OH), readily entered the inner Helmholtz plane
(IHP) of TCA particles, leading to different
structures of the Stern double layer. A few cations
were attracted by anions gathered in [HP and the
outer Helmholtz plane (OHP) was formed [47,48].
Meanwhile, more AI(OH), was present in the
electrical double layer, which further reduced the
zeta potential (Fig. 7(b)). In addition to OH™ and

Al(OH),, organic anions in the sodium aluminate
solution preferentially entered the IHP through
specific adsorption and electrostatic forces. The
anions present in the electrical double layer further
reduced the zeta potential (Fig. 7(c)). Based on the
zeta potential, the preferential occurrence of anions
in the electrical double layer followed the order of
organic anion > Al(OH), > OH in the alkaline
solution. Furthermore, the relatively less stable
Ca(OH); in the TCA binary mixture provided some
Ca*" in the electrical double layer, increasing the
zeta potential in the TCA binary mixture.

In summary, because of the variable phase
composition, TCA structure, surface energy, and
anions in the sodium aluminate solution, the zeta
potential was reduced from the dilute NaOH
solution to the sodium aluminate solution. The
preferential migration of organic anions into the
electrical double layer further changed the electrical
double layer and decreased the zeta potential.
Compared to DSP, calcium—silicate residue, calcium—
titanate, and hematite in red mud with low surface
energy [33,40,41], TCA may be a more promising
adsorbent for economically removing organics from
sodium aluminate solutions by regulating the TCA
purity, structure, and surface properties.

(b) Sodium aluminate

(c) Sodium aluminate solution
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Fig. 7 Schematic diagram and potential trend of electrical double layer with TCA present in alkaline solution



Zhen-jiang FU, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2354-2366 2363

3.4 Economical removal of organics with TCA in
sodium aluminate solution
3.4.1 Effect of organics on adsorption capacity of
TCA binary mixture

A notable reduction in the zeta potential
implies that organics removal with TCA is feasible.
Therefore, the adsorption capacities of Samples
1¥=5% in the concentrated sodium aluminate solution
containing various organics are presented in Fig. 8.

35
1
= 30 wzza2t
‘e = 3* .
@ 25 B4 u
s 5 o
2 5l
g 20 )
o
S 15¢
=}
S
& 10
2
|/,
2 st /
/.
om 7
SO SB SDS SM S8

Adsorbate
Fig. 8 Effect of organics on adsorption capacities of TCA
samples (pna,0k=150 g/L; a=1.45; organics concentration:
0.5 g/L; T=95 °C; =60 min; agitation speed: 100 r/m;
TCA content: 1.5 g/L)

As shown in Fig. 8, the adsorption capacity
was high for organics with long alkyl chain and
high relative-molecular-mass (SS and SH), while it
was less than 8 mg/g for SO and SB. This is in good
agreement with the zeta potentials of the TCA
samples (Table 6). Owing to the longer chain of
SS compared to SM, SS can readily self-assemble
into micelles [49]. Furthermore, increasing the
concentration of the organics (0.5 g/l in Fig. 8)
benefited to multilayer adsorption at the TCA
interfaces [50]. Therefore, the adsorption capacity
of TCA for SS was significantly increased. In
addition, the adsorption capacities of Sample 1*
reached 31.95 and 29.01 mg/g in the solutions
containing SH and SS, respectively, much higher
than those of active alumina and red mud [7,18].
This finding suggests that TCA can efficiently
remove organics with medium and high relative-
molecular-mass from Bayer liquor.

The results in Fig. 8 also show that the highest
adsorption capacity for organics was obtained with
Sample 1% compared to other TCA samples in
solution containing organics with various relative-

molecular-mass. This suggests that ultrafine particle,
weak agglomeration, large lattice distortion, strong
polar surface, high surface free energy, good
solvation trend (#8/r¢), high content of TCA, and
small zeta potential are conducive to the efficient
removal of organics in the sodium aluminate
solution.
3.4.2 Effect of digestion on SH removal with TCA
The humic acid in bauxite is readily dissolved
in the sodium aluminate solution in the form of
sodium humate (SH). SH is consequently degraded
into various organics in the sodium aluminate
solution at high temperatures. According to the
digestion temperatures of gibbsite and diasporic
bauxite (145 and 280 °C, respectively), the effect of
the digestion temperature on the adsorption
capacity of TCA is shown in Fig. 9.

90

go| MW 145°C,1h
280 °C,2h
70l 69.69

60
50t
401
30
20t
10}

0

Adsorption capacity/(mg-g™")

0.4 0.8 1.2 1.6
Can/(g-L™)
Fig. 9 Effect of different digestion conditions and SH
concentration (Csy) on adsorption capacity of Sample 17
(pNa,0k=150 g/L; aw=1.45; T=95 °C; =60 min; agitation
speed: 100 r/m; TCA content: ~1.5 g/L)

The results in Fig. 9 show that increasing the
SH concentration increased the adsorption capacity
of TCA. In particular, a significant increase in the
adsorption capacity was observed from 0.4 to
0.8 g/L, and a slight increase in the adsorption
capacity was found with a further increase in the
SH concentration, possibly owing to the micellar
adsorption increasing the repulsive forces among
OH", AI(OH),, and single organic anions [2,49].
The maximum removal of 69.69 mg/g organic
carbon was achieved at 1.6 g/ SH after digestion at
145 °C for 1 h. Meanwhile, the adsorption capacity
was notably reduced for SH digested at 280 °C
owing to the decomposition of SH in the
concentrated alkaline solution at a high temperature.
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This is consistent with the low adsorption capacity
of organics with short alkyl chains, as shown in
Fig. 8. Correspondingly, the dark black sodium
aluminate solution changed into a gray—orange
solution (Fig. 10) after the removal of organics.
These results prove that organics removal from a
sodium aluminate solution is a promising method,
where TCA simultaneously acts as an adsorbent
and filter aid. Further studies on the electrical
double-layer structure of the mixture and increasing
the adsorption capacity should be carried out.

Cy04gL  Cy08gL  Cy-l2gL

L l ' '

Cyr04gll  Cy08gl  Cyol2glL Cy=LbgL

‘w
After u l\

Fig. 10 Comparison of solution color before and after
145 °C; digestion

Cy1.6 gL

adsorption (Digestion temperature:
time: 1 h; TCA content: ~1.5 g/L)

4 Conclusions

(1) TCA prepared from an aluminate solution
was present in the binary mixture. Shortening
the duration and increasing the agitation speed
generated ultrafine TCA samples with poor
crystallization, high TCA content, high surface free
energy, large lattice distortion, and large
microstrain.

(2) Increasing the pH from 8 to 14 notably
reduced the zeta potential in the dilute NaOH
solution. The preferential adsorption of AlI(OH),
gave rise to a negative zeta potential in the sodium
aluminate solution. Anionic organics with long
alkyl chains and high relative-molecular-mass
further reduced the zeta potential. Ultrafine TCA
with poor crystallization was characterized by a
further negative zeta potential. Furthermore, the
zeta potential was linearly depended on the TCA
content in TCA samples, suggesting the additivity

of the zeta potential in the binary mixture.

(3) Ultrafine TCA with poor crystallization
and anionic organics with long alkyl chains and
high relative-molecular-mass both increased the
adsorption capacity of TCA. The digestion of SH at
high temperatures reduced the adsorption capacity
of TCA. An adsorption capacity of 69.69 mg/g was
achieved for SH, accompanied by a change in the
solution color from black to gray—orange.
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