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ARTICLE INFO ABSTRACT

Keywords: The presence of organic compounds in the waste liquor is of serious environmental concern that has plagued the
Organic':s development of alumina industry (Bayer Process). The present work attempts to develop a green and efficient
Bayer liquor process for removal of organics utilizing combined effect of sonolysis and ozonation (US/O3). The effects of
Sonolysis ion d . . dul . d f lysi . d
Ozonation reaction duration, ozone concentration and ultrasonic power are assessed for sonolysis (US), ozonation (O3) an

US/Os combination of sonolysis and ozonation (US/Os3). The optimal conditions for US/O3 treatment system is iden-
AOPs tified to be a reaction duration of 7 h, ozone concentration of 7.65 g/h, and ultrasonic power of 600 W. The total

organic carbon (TOC) removal and decolorization are 60.13% and 87.1%, respectively. The process can be
scaled-up to industrial scale, which could potentially serve to be a convenient, safe and sustainable alternative to
the exisiting treatment technologies. Additionally, the treated waste water can be reused contributing to an
improvement in the overall economics.

1. Introduction

Aluminum is the third most abundant element in the Earth’s crust
[1]. Aluminum alloyed with other metals has innumerable applications
ranging from aerospace industry to food packaging. Aluminum is pro-
duced by the electrolytic reduction of alumina (Al,03), utilizing Bayer
process which has four main process stages: (i) dissolution of bauxite
using strong alkaline at a pressure of 0.5 MPa, at a temperature of
270-300 °C, (ii) addition of seed crystal to facilitate crystallization of
aluminum hydroxide, (iii) calcination of aluminum hydroxide to Al,Os3,
and (iv) evaporation of spent liquor [2,3]. As a result, bauxite is digested
in a highly caustic solution and thus forms a hot sodium aluminate so-
lution (i.e. Bayer liquor).

However, presence of organic compounds in Bayer liquor is one of
the biggest challenges facing the aluminium industries. The major
source of organics in the waste liquor is from bauxite (96%), while the
other organic matters are due to the addition of flotation agents, floc-
culants, etc. [4]. The presence of organic contaminants contribute to the
reduction in quality and yield of alumina products. Accumulation of

organic compounds in the process is known to cause many problems
which include alumina yield reduction, darken the color of solution, dull
the color of alumina, excessive generation of fine gibbsite particles,
lower sedimentation rate of red mud, increase impurities in alumina and
increase caustic loss, density, viscosity and boiling point, etc. [5-7]. On
the other hand, discharge of such organic pollutants will violate the
environmental regulations in particular total organic carbon (TOC) level
that may cause lack of dissolved oxygen in the water, leading to putre-
faction and fermentation, anaerobic bacterial growth, etc., affecting the
flora and fauna of the water bodies.

The technologies that are in practice to deal with the organic matter
in Bayer liquor, include bauxite roasting, mother liquor roasting, ion
exchange, crystallization, lime causticization and wet oxidation, each
with specific merits and demerits. Bauxite roasting are energy intensive
and generate serious gaseous discharges [8]; the mother liquor roasting
are energy intensive and corrosive [9]; the ion exchange are not
economical due to the high cost of resin and its regeneration [10]; the
crystallization are energy intensive with incomplete removal of organic
matter [11]; the lime causticization cause low utilization of lime and loss
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Table 1
Composition and characteristics of Bayer liquor used for the experimental.
Component Nt N¢ Nk Al,03 ok N¢/Nt pH TOC Coxalate
Concentration 179.6 12.2 167.4 102.07 2.7 6.79 14.4 7.925 1.37
(g/L)

Note: Np: total alkali (NayOr), represents the sum of alkali in the form of Na,Ok and NayOc in Bayer liquor, g/L; N¢: carbonate alkali (NapOc), represents the alkali
existing in the form of Na,CO3, calculated as Na,O, g/L; Nx: caustic alkali (NayOy), represents the alkali in the form of sodium aluminate and NaOH in Bayer liquor,
calculated as Na,O, g/L; Al,O3: the mass concentration of Al,O3 in Bayer liquor, g/L; oy: caustic ratio, represents the ratio of caustic to alumina molecular concen-
tration in Bayer liquor; Nc/Ny: the mass percentage of alkali carbonate and total alkali, %; TOC: the total amount of organic matter in Bayer liquor, g/L; Coxalate: the

Total amount of oxalate in Bayer liquor, g/L.

of aluminum [12]; the wet oxidation demands harsh oxidation condi-
tions that demand capital intensive equipments [1].

Among the different technologies, advanced oxidation processes
(AOPs) are recognized as the most effective methods to decompose and
mineralize organic pollutants. The most important oxidative route is the
non-selective oxidation of organic compounds through the formation of
hydroxyl radicals (*OH) with high oxidation potential (EOP = 2.8 V)
[13-15]. AOPs including ozone oxidation [3], wet oxidation process
[16,17], photocatalytic oxidation [18], electrocatalytic oxidation [19],
biodegradation method [20], ultrasonic oxidation [21], supercritical
water oxidation [22], Fenton oxidation process [23], and other combi-
nations of AOPs [24-26], have been well studied. The literature shows
that ozone (O3) has strong oxidizing properties and is widely used in the
degradation of organic matter [27,28]. In addition, ozone oxidation can
be considered advantageous since it is produced in situ and does not
generate secondary pollution [29]. However, ozone generation is energy
intensive, having slow rate of mass transfer. Various methods have
appeared to solve this problem, such as TiO2/UV/03/H205 [30,31].

In order to improve the mass transfer rate and solubility of ozone,
ultrasonic (US), have also been used to augment ozone for the destruc-
tion of organic pollutants in water. US refers to a vibration wave with a
frequency higher than 20 kHz, which uses liquid as a medium to prop-
agate around. The action of ultrasonic is mainly due to the cavitation
effect, manifested as follows: at high ultrasonic energy, the attractive
forces of adjacent liquid phase molecules are broken, forming a cavita-
tion nucleus. And the extremely short lifetime (<10 ps) makes the
cavitation nucleus extremely explosive. At the moment of explosion, it
can generate a local high temperature and high pressure environment of
4200-5000 K and 20-50 MPa, and produce a microjet with a strong
impact at a speed of about 110 m/s [32,33]. Several studies have shown
that the hybrid process, compared to cavitation and other AOPs, has
advantages in its ability to effectively degrade persistent pollutants and
reduce process time, thereby reducing overall energy and oxidant con-
sumption [34-36]. Therefore, US/O3 can maximize their respective
advantages contributing to the removal of organic pollutants more
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quickly and efficiently. Guo et al. have confirmed that the addition of
ultrasonic increases the efficiency of SMX removal by ozonation by 26%,
and it is found that ultrasonic can enhance the cleavage of S—N bond,
making SMX more vulnerable to being attacked by ozone, thus
increasing the removal rate [37]. Cui et al. have studied the oxidative
removal of tannic acid (TA) and humic acid (HA) by US/Os, and re-
ported that the proportion of molecular weight >2000 Da in HA and TA
rapidly decreased from 89.53 to 4%, after 0.5 h; confirming the syner-
gistic effect of US and O3 [38].

Although AOPs are found to have beneficial effects on different
organic compounds, the potential and ability of the combined US/O3
process with reference to the alumina production process has not been
reported. In the present study, the Bayer liquor is subjected to oxidation
using US, Os, and combination of US/O3 systems to assess the effects of
reaction duration, ozone concentration and ultrasonic power. Further,
efforts are made to understand the mechanism of organics degradation.

2. Materials and methods
2.1. Materials

The Bayer liquor is supplied by Yunnan Wenshan Aluminum Co., 1td.,
which is collected after evaporating the mother liquor and decomposing
the seed crystals. Table 1 shows the composition and the characteristics
of Bayer liquor. All reagents used in the experimental procedure are of
analytical grade.

2.2. Apparatus and operating conditions

A schematic of the experimental setup is shown in Fig. 1. The system
consists of the Bayer liquor, ozone generator, ultrasonic device, ther-
mostat water bath, condenser, and drechsel trap (equipped with 20% KI
solution). The ozone generator (JW-30A, Xuzhou Jiuzhoulong Ozone
Equipment Manufacturing Co., ltd., China) relies on high-voltage
discharge to decompose oxygen molecules in the external air flow to

Of

Condenser

liquor

Drechsel trap
(20% KI solution)

Fig. 1. Schematic of the experimental setup for US/O3 treatment of organics in Bayer liquor.
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Fig. 2. (a) Relationship between ultrasonic power and iodine release; (b) Relationship between ultrasonic power and AAss4 of potassium iodide solution.

generate ozone of the required concentration (i.e. 2.68, 5.24, 7.65 g/h).
The ultrasonic device (2.0 kW, 25 kHz, WM-2000 T, Nanjing Yimaneili
Instrument Equipment Co., 1td., China), utilizes a titanium alloy tip
placed about 3 cm below the solution interface to diffuse ultrasonic
generated at different ultrasonic powers (i.e. 200, 400, 600, 800, 1000
W). In order to match the commercial process conditions, experiments
are conducted at 55 °C. The experimental duration is varied from 1 to 10
h to assess the degradation of organics. The sample of volume 10 mL is
collected every 1 h to detection analysis during the duration of experi-
ments, and the residual ozone in the off-gas is absorbed using 20% KI
solution.

2.3. Analytical methods

The ozone concentration is determined by iodometric method [3].
Ozone is bubbled into the 2 wt% KI solution as described in Eq. (1), and a
few drops of 6 mol/L HySO4 are rapidly added to prevent the self-
decomposition of ozone. The final solution is titrated with NazS;03 so-
lution, and starch is selected as a suitable indicator. Eq. (2) is used to
calculate the ozone concentration (g/h), where V; is the volume of
NayS,03 solution titrated (mL), N is the concentration of NayS,03 so-
lution titrated (mol/L), M3 is the ozone molecular weight (g/mol), T is
ozonation duration (min).

2KI+ O; +H,0 < I, + 0, + KOH ¢h)
Vi x N x My, x 60

= X R o ROV 2

c(03) T2 x 1000 2

The TOC content and oxalate content of the samples are detected by
the carbon-sulfur analyzer (COREY-200, Deyang Kerui Instrument
Equipment Factory, China) and the ion chromatography analyzer (Eco
IC, Metrohm, Switzerland), respectively. The sample is acidified with 6
mol/L hydrochloric acid (HCl), to discharge inorganic carbon in the
form of carbon dioxide (CO,). Further the pH is reduced below 2, and
boiled for about 2 min, to ensure complete removal of inorganic carbon.
The treated sample is dried in an oven and its TOC content is measured
using carbon-sulfur analyzer. The absorbance spectra of each sample is
measured by a ultraviolet and visible spectrophotometer (UV-Vis, UV-
2600, Shimadzu, Japan) at wavelengths from 200 to 800 nm, using
quartz cells 5 cm long. The % decolorization is measured by the change
in the absorbance of the sample at a specific wavelength, as shown in Eq.
(3.

Az — Azgg
2346 T 36 100% 3)
346

% Decolorization =

where A3y and As4e represent the absorbance at 346 nm of the
initial and the treated sample, respectively. The three-dimensional
fluorescence spectrum analysis, also known as excitation emission ma-
trix spectroscopy (EEMS), is performed utilizing fluorescence spectro-
photometer (RF6000, Shimadzu, Japan) at an excitation and emission
wavelength and in the range of 350-800 nm and 450-800 nm, respec-
tively. Electron paramagnetic resonance spectroscopy (EPR, A300,
Bruker, Germany) is used to detect the main free radicals in the samples,
with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetrame-
thylpiperidine (TEMP) as a trapping agent. Furthermore, the degree of
removal of organics in the final products for the different treatment
methods is assessed by gas chromatography-mass spectrometer [GC-MS;
GC: GC condition Agilent 7890B gas chromatograph and a column DB-5
(60 m x 0.25 mm x 0.25 pm), inlet temperature 230 °C, split ratio 10:1,
injection volume 1 pL, helium (99.999%) as carrier gas (program: initial
temperature: 40 °C, hold for O min, rise to 150 °C at 5 °C/min, hold for
10 min, rise to 300 °C at 20 °C/min, hold for 10 min); MS: MS condition
Agilent 5977C, America, ionization mode Electron impact (EI), ioniza-
tion energy 70 V volts, transfer line temperature 250 °C, ion source
temperature 230 °C, quadrupole temperature 150 °C, scan range
10-550 m/z, solvent delay 8 min]. The samples are treated with HCI-
butanol derivatization to ensure that all the organic acid groups are
protonated, to ease subsequent separations. The chemical structure of
various organic compounds in Bayer liquor is determined by computer
spectral library search and manual analysis, and their percentage con-
tent is calculated by area normalization method.

3. Results and discussion
3.1. Properties of ultrasonic field

The cavitation threshold is the minimum sound intensity or sound
pressure amplitude at which ultrasonic in the liquid medium produce
cavitation. Cavitation is possible only when the sound intensity exceeds
the cavitation threshold. The common method to quantitatively char-
acterize the cavitation threshold is mainly iodine release method and
UV-vis spectroscopy. Previous studies have shown that potassium io-
dide solution can be reduced to iodine after ultrasonic irradiation, as
shown in Egs. (4)-(6) [39]. If a small amount of carbon tetrachloride
(CCly) is added to the solution, the output of iodine can be significantly
increased, as shown in Egs. (7)-(9). Iodine in solution can turn blue due
to starch. Once sodium thiosulfate is added, the blue color disappears, as
shown in Eq. (10). Therefore, the consumption of sodium thiosulfate
solution can be used to indirectly measure the yield of acoustic
cavitation.
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HCI+ [0]—~Cl, + H,0 (8)

2KI + CL—2KCl+1, 9
2Na, S, 03
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(10)

The relationship between ultrasonic power and iodine release is
shown in Fig. 2(a). It can be seen that an increase in ultrasonic power
increases iodine release with the maximum acoustic cavitation effect at
600 W.

The excess iodine ion in the solution react with iodine to form I3,
which has extremely high sensitivity at a wavelength of UV 354 nm (Eq.
(11)) [40]. Based on this principle the yield of acoustic cavitation can be
indirectly measured by AAss4 (absorbance change at UV 354 nm) of I3.

[(2) 0

= single US y = 0.11498x+0.12166
ogl °© singleOs R% =0.95165
4 US/O,
S 0.6 =0.05774x+0.08817
=
S R>=0.89073
S 04+ « s °
= s y=001996x+0.02225
02k R% = 0.94633
0.0

Time (h)
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The relationship between ultrasonic power and AAgss4 of potassium io-
dide solution is shown in Fig. 2(b). It can be seen that an increase in
ultrasonic power increases AAss4 and the trend is in accordance with the
I, with the maximum at 600 W.

L + 1217 (11D

The thermal effect of Bayer liquor on sonolysis can be measured
using reaction calorimetry [41]. The temperature change (AT) of Bayer
liquor during sonolysis is measured by a precise thermometer. The
enthalpy change can be calculated, as shown in Eq. (12),

0=C,x AT xm 12)

where Q and C, represent the heat and constant pressure heat ca-
pacity, respectively. The solution mass is represented by m. C, of Bayer
liquor is generally maintained at around 3.68 kJ/kge°C. The % energy
loss can be calculated, as shown in Eq. (13).

AT xC, x p

<w = 100% 13)

% Energy loss =

where W represents the ultrasonic power, t represents the treatment
time, and p represents the density of Bayer liquor. The % energy loss of
acoustic cavitation in due to reaction calorimetry is shown in Fig. 3. It
can be found that the % energy loss shows a decreasing trend with the
increase of ultrasonic power. At an ultrasonic power of 600 W, the en-
ergy utilization is 87.22%.

3.2. Reaction kinetics

The kinetics of TOC removal in various systems are shown in Fig. 4
and Table 2. The results show that the combined US/Og3 system is more
efficient as compared to standalone US and Os systems. A comparison of
the three methods indicate a reduction in TOC concentrations of 6.79 g/
L, 5.05 g/L and 3.16 g/L respectively, which correspond to a removal
efficiency of 14.32%, 36.28% and 60.13%. In conclusion, the oxidation
effect of US/Oj3 system is far higher than the sum of the invidaul effects
of single US and Os.

In order to understand the mechanism of TOC removal, kinetic
analysis is carried out under optimal conditions. The pseudo-first-order
kinetic model and pseudo-second-order kinetic model for TOC removal
in various systems are represented using Eq. (14) and (15), respectively
[42,43].

TOC,

1
"(Foc

Y=kt +b a4

0.21 :
= single US
oigl o singleO, y = 0.02431x+0.00942 &
' I RZ =0.97524
0.15F ’
8@
e 0.12 -
= <y =0.00942x+0.01111
2 0.09 - R2=0.92514
S 0.06 | o« »—°
o V= 0.00274x+0.00274
0.03 } R2 = 0.95584
0.00 |

Time (h)

Fig. 4. Kinetics of TOC removal in various systems; (a) pseudo-first-order kinetic model; (b) pseudo-second-order kinetic model.
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Table 2
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Apparent rate constants and correlation coefficients of TOC removal in various systems.

Test Ultrasonic power Ozone concentra-tion T t Pseudo-first-order kinetic model Pseudo-second-order kinetic model
h °C h
w) (/) o) ® k (1/h) 'Y k (L/(goh) R

single US 600 / 55 7 1.996 x 102 0.946 2.740 x 1073 0.959

single O3 / 7.65 55 7 5.774 x 1072 0.891 9.420 x 1073 0.925

US/03 600 7.65 55 7 1.150 x 107! 0.952 2.431 x 1072 0.975

1 1 molecular weight compounds [48]. However, this improvement is sub-
TOC TOC, ki+b (15) ject to the following limitations: (i) the reactivity of molecular O3 with

where TOCy, TOC, and k are defined as initial TOC concentration,
instantaneous TOC concentration and apparent rate constant, respec-
tively. It can be observed for various systems the regression coefficients
of the pseudo-first-order kinetic models (R2 =0.891-0.952) are less than
that of the pseudo-second-order kinetic models (R? = 0.925-0.975).
Therefore, the TOC removal process appears to follow a pseudo-second-
order kinetic model, suggesting that the apparent rate constant may be
proportional to the quadratic of species concentration. Table 2 shows the
apparent rate constants and correlation coefficients of TOC removal of
various systems, which clearly indicates that the combined treatment is
far higher than the sum of rate constants of both the standalone treat-
ment methods, confirming superiority of the synergic effect of the
sonalysis and ozonation. Its magnitude can be described using
enhancement factor (E), as shown in Eq. (16). E > 1, indicate synergistic
effect; E = 1, indicate no synergistic effect; E < 1, indicate inhibitory
effect.

kus/()3
E= kys + ko, (16)

The results show E of 1.999 confirming the synergic effect. Ultrasonic
promotes ozone to produce more *OH facilitating increased oxidation
rate, thereby shorten reaction duration, ozone consumption and
improve overall economics.

The advantage of combined US/O3 process over standalone O3 can
be attributed to two aspects: (i) formation of excess *OH upon the
thermal decomposition of O3 and (ii) the reduction in the mass transfer
resistance due to cavitation effect of US, facilitating higher transfer rate
of Os. Studies have shown that simultaneous introduction of O3 and US
results in additional pathway of *OH generation due to implosive
collapse of O3 [44]. When ultrasonic and ozone are combined, ozone is
thermolysed in the cavitation bubbles, as shown in Egs. (17) and (18)
[38,45].

0; + US—0, +0(*P) an

O(*P)+H,0-2 OH 18)

The % removal of organic matter in US/O3 system is effectively
increased, since 1 mol ozone molecule decompose to 2 mol *OH, as
against the generation of only 1 mol *OH for standalone O3 system [3].
The type of reactions of *OH with organic compounds are: (i) extraction
of hydrogen from C—H, N—H or O—H bond (Eq. (19)), (ii) radical-
-radical interactions (addition of molecular O, forming peroxy radicals)
(Eq. (20)), and (iii) direct electron transfer producing oxidative in-
termediates (Eq. (21)). Finally, the organics are mineralized to inorganic
salts, CO5 and HoO [46,47].

"OH+RH—H,O+R (19)
R +0,—RO, (20)
‘OH +RX—RX* +HO"™ 21)

The RH and RX represent the organic compounds, while their radi-
cals are represented by R®, RO3 and RX*". Differnt organic anions are
formed as high molecular weight compounds are broken into low

organics and their oxidation by-products and (ii) the gas-phase decom-
position of O3 to more reactive radical species [28].

3.3. Effect of operating parameters

3.3.1. Effect of ozone concentration

The ozonation process contributes through direct ozonation and
through indirect *OH oxidation based on solution pH. The ozone mol-
ecules can directly react with a few organic species in acidic media,
while in alkaline media, ozone molecules mainly undergo indirect re-
actions by non-selective oxidation [49]. This can be attributed to the free
radicals generated by the chain reaction of ozone molecules with any
organic compounds. Egs. (22) and (23) present radicals from ozone
molecules; Egs. (24)-(31) show a series of chain reactions and radicals
formed during the ozonation process [3].

0; +OH —HO; +0, (22)
0; + HO, »HO, + O3 23)
HO,—0; +H* 24
Oy +H"—HO, (25)
0;+0;, »0; +0, (26)
0y +H"—HO, (27)
HO,—O0y; +H" 28)
HO,— OH + 0, (29)
0; + OH—HO, (30)
HO,—HO, + 0, (31

The effect of ozone on decomposition of organics from strongly
alkaline Bayer liquor is evaluated for a duration of 1 h to 7 h, at a
temperature of 55 °C, covering ozone concentration of 2.68 to 7.65 g/h
and the results are presented in Fig. 5(a)-(c). With the increase of ozone
concentration, the residual TOC concentration decreased from 6.39 to
5.05 g/L, and the TOC % removal increased significantly from 19.37 to
37.16%. Furthermore, at ozone concentration of 2.68 and 5.24 g/h, the
concentration of oxalate decreased marginally after 7 h of oxidation. A
decomposition in the range of 18.25 to 20.44% could be achieved, due
to resistant macro organic molecules oxidized to oxalate. However, the
concentration of oxalate increased significantly from 1.37 to 2.98 g/L at
a ozone concentration of 7.65 g/h, due to decomposition of macromo-
lecular organic matter oxidized as oxalate in large quantities. And at
7.65 g/h of ozone concentration, a 62% decolorization could be ach-
ieved after 1 h of oxidation. However, at 2.68 and 5.24 g/h of ozone
concentration, the % decolorization is <22.6%. Based on the above
experimental results, the optimal ozone concentration is selected as
7.65 g/h.
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Fig. 5. (a) effect of ozone concentration on
TOC removal; (b) effect of ozone concen-
tration on oxalate removal; (c) effect of
ozone concentration on the % decoloriza-
tion; (d) effect of reaction duration on TOC
removal and oxalate removal; (e) effect of
reaction duration on the % decolorization;
(f) effect of ultrasonic power on TOC
removal; (g) effect of ultrasonic power on
oxalate removal; (h) effect of ultrasonic
power on the % decolorization. Conditions:
(a)-(c): Bayer liquor 500 mlL, reaction
duration 7 h, ultrasonic power 600 W,
temperature 55 °C, pH 14.4; (d)-(e): Bayer
liquor 500 mL, ozone concentration 7.65 g/
h, ultrasonic power 600 W, temperature
55 °C, pH 14.4; (f)-(h): Bayer liquor 500
mL, reaction duration 7 h, ozone concen-
tration 7.65 g/h, temperature 55 °C, pH
14.4.
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Fig. 6. Free radicals in Bayer liquor treated with US/Og; (a) EPR spectra of *OH and SO3~; (b) EPR spectra of O3 ; (c) EPR spectra of 10y; (d) quenching effects; (e)
Percentage of different ROS in the removal of TOC. Conditions: TBA 7.5 mol/L, SOD 500 mg/L, MeOH 8 mol/L, FFA 3 mol/L, Bayer liquor 500 mL, reaction duration
7 h, ozone concentration 7.65 g/h, ultrasonic power 600 W, temperature 55 °C, pH 14.4.

3.3.2. Effects of reaction duration

The effect of reaction duration on the decompostion of organics is
assessed at a ozone concentration of 7.65 g/h, temperature of 55 °C,
covering reaction duration of 1-10 h and the results are presented in
Fig. 5(d) and (e). After 7 h of oxidation treatment, the concentration of
TOC decreased from 7.925 to 5.05 g/L, a 37.16% reduction. When the

reaction duration is increase to 10 h, the concentration of TOC decreased
margianally with the total decomposition having increased only to
39.05%. However, the concentration of oxalate increased from 1.37 to
3.48 g/L, due to decomposition and accumulation of macromolecular
organic matter as oxalate in large quantities. And the % decolorization is
62% after 1 h of oxidation, confirming significant decolorization due to
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ozone oxidation. Any further increase in the reaction duration is insig-
nificant for decolorization. Hence the optimal reaction duration is
chosen as 7 h.

3.3.3. Effect of ultrasonic power

The main ways of removing organic pollutants by sonolysis are
thermal decomposition inside cavitation bubbles and attack of *OH in
solution, which will eventually lead to the formation of hydroxylated
products [50]. The former mechanism is the main removal path for non-
volatile compounds, while the second mechanism is usually predomi-
nant for volatile pollutants [51]. Moreover, the hot spot hypothesis
suggests that the ultrasonic removal reaction may occur in three areas:
(i) inside the cavitation bubbles, (ii) the interfacial region between
cavitation bubbles and the bulk solution, and (iii) the bulk solution [52].
The *OH generated by aqueous solution sonolysis may either react in the
gas phase or recombine at the cooler gas-liquid interface or in the so-
lution bulk to produce hydrogen peroxide and water, as shown in Egs.
(32)-(35) [53]:

H,O0— OH + "H (thermal decomposition) (32)
"OH + H—H,0 (33)
2'OH—H,0, (34
2 H—H, (35)

If the solution is saturated with oxygen, peroxyl and more *OH
radicals are formed in the cavitation bubble itself, and additional H,O5 is
produced at the gas-liquid interface or in the solution bulk, as shown in
Egs. (36)-(39):

0, + H—HO, (36)
0,-0+0 (37)
O+H,0— OH+ OH (38)
HO, + HO,—H,0, + O, (39)

The effect of ultrasonic on the removal of organics from strongly
alkaline Bayer liquor is assessd for a reaction duration of 1 to 7 h,
temperature of 55 °C, ozone concentration of 7.65 g/h, and ultrasonic
power covering 200 to 1000 W. The results are compiled in Fig. 5(f)-(h).
With an increase of ultrasonic power, the TOC is found to decrease until
an ultrasonic power of 600 W, while it is found to decrease with further
increase. At 600 W ultrasonic power, at duration of 7 h the residual TOC
concentration decreased to 3.16 g/L, which correspond to % removal of
60.13%. On the other hand, the % decolorization is 71.2% within 1 h,
which increased to 87.1% after 7 h. An increase in ultrasonic power is
known to generate cavitation bubbles at higher temperatures that would
cause acoustic screens and insufficient collapse of cavitation bubbles. In
which case, more ozone molecules will be degassed and the proportion
of *OH will decrease. This is consistent with the basic properties of ul-
trasonic (Section 3.1). Based on experimental results the optimal ultra-
sonic power is identified to be 600 W.

In conclusion, the following experimental conditions are identified
to maximize the removal of organic matter in Bayer liquor: reaction
duration; 7 h, ozone concentration; 7.65 g/h, ultrasonic power; 600 W,
and temperature; 55 °C.

3.4. Evaluation of removal effect

3.4.1. Free radicals type analysis

Spin-trapping EPR is increasingly used to detect free radicals, in
which 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetrame-
thylpiperidine (TEMP) are commonly used as spin traps. *OH, SO3~
and O3~ can react with DMPO to form stable DMPO-*OH, DMPO-SO%~
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Fig. 7. UV-Vis absorbance spectrums of raw Bayer liquor and the sample
subjected to 7 h oxidation in single US, single O3 and US/O3 systems.

and DMPO-03" adducts, respectively. 10, can react with TEMP to form
stable TEMP-10, adducts. The hyperfine splitting peaks of DMPO-SO%~
adducts generally have the following characteristics: 1:1:1:1:1:1 sextet,
and their hyperfine splitting constants are ay = 13.51 G, ap.gy = 9.93 G,
aygr = 1.34 G, op.g2 = 0.88 G; the hyperfine splitting peaks of
DMPO-°OH adducts generally have the following characteristics:
1:2:2:1, and their hyperfine splitting constants are ay = 14.9 G, op.y =
14.9 G; the hyperfine splitting constants of DMPO-O3~ are ay = 14.3 G,
apy = 11.2 G, op.y1 = 1.3 G; the hyperfine splitting constants of
TEMP—102 are ay = 16.3 G [54]. The EPR spectra of DMPO and TEMP-
trapped radical adducts of Bayer liquor treated with US/O3 are shown in
Fig. 6(a)-(c). The results show that the types of free radicals are *OH,
SO5~, 05~ and '0,. The Bayer liquor contains about 1.37 g/L S037, so
the possible source of SO3~ is shown in Egs. (40) and (41) [55,56].

H™ + SO}” -HSO; (40)

HSO; + OH—SO0; + H,0 (41)

In addition, the contribution of different reactive oxygen species
(ROS) in the removal of TOC is examined by quenching test. As we all
known, tert-butanol (TBA), furfuryl alcohol (FFA) and superoxide dis-
mutase (SOD) can be used as scavengers for *OH, O3~ and 10,. The
difference in quenching between ethanol (EtOH) and TBA is used to
examine the contribution of *OH and SO3 . The quenching test of
different scavengers in removal of organics by US/O3 are shown in Fig. 6
(d) and (e). The results show that the different scavengers significantly
delayed the removal of organics, and the order of the oxidation effect is
US + O3 > US + O3 + FFA > US + O3 + SOD > US + O3 + TBA > US +
O3 + MeOH. As a result, the order of the effects of various ROS in the
removal of TOC is *OH > 03~ > 10, > SO3 ™ after a duration of 1 h. The
effects of different ROS changed significantly as the reaction duration is
prolonged. The order of the effects of different ROS in the removal of
TOC is *OH > 10, > 0%~ > SO4~, when the duration is 7 h.

3.4.2. UV-Vis analysis

UV-Vis is an electronic spectrum, mainly based on the molecular
absorption of certain compounds in 200-800 nm spectral region. The
band width of 200-400 nm is ultraviolet region while 400-800 nm is
visible light region. Differene in UV-Vis absorption spectra represent
valence electron. As stated by Yan et al., the chemical changes during
the oxidation of dissolved organic matter (DOM) can be roughly
compared using UV-Vis [57]. The effect of oxidation of organics can be
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judged, which plays an important role in analyzing the types of chro-
mophores. The UV-Vis absorbance spectrums of raw Bayer liquor and
the sample subjected to 7 h oxidation with US, with O3 and combination
of US/O3 systems are shown in Fig. 7.

The absorbance of samples oxidized by O3 and US/O3 for 7 h at
300-400 nm is obviously lower than the raw Bayer liquor, with a clear
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Fig. 9. Total-ion chromatogram of GC-MS for raw Bayer liquor and samples
obtained after 1 h and 7 h of US/O3 treatment (marked as by-products).
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downward shift, indicating a reduction in organic matter concentration
[58]. This phenomenon can be attributed to the decrease in the molar
absorptivity of solution after oxidation, due to hypochromic effect.
However, the absorption spectrum did not decrease after 7 h, indicating
that US is not effective in the color reduction.

3.4.3. EEMS analysis

The relationship between the fluorescence intensity of a substance
and the change of excitation wavelength and emission wavelength is
assessed using excitation emission matrix spectroscopy (EEMS). Ever
since EEMS is used by American marine chemist Coble et al. to study the
fluorescence properties of dissolved organic matter (DOM) in the Black
Sea, it is widely being utilized to characterize type and source of DOM in
water [59]. Furthermore, EEMS has been shown to be a particularly
effective to study the complexation of metal ions with humic materials.
The comparison of EEMS of Bayer liquor before and after oxidation for 7
h by the three different systems are shown in Fig. 8. It can be clearly seen
that there are two scattering peaks, belonging to first-order Rayleigh
scattering (distributed along Agn = Apx) and Raman scattering,
respectively.

The raw Bayer liquor (Fig. 8(a)) has a single and complete charac-
teristic peak (Agm/Mx: 625 nm/550 nm), and the spectral lines are
densely distributed, indicating high purity, mainly due to polycyclic
aromatic hydrocarbons with complex structure and high content of
fluorescent components. Contrary to the results of Elkins et al. [60], this
study found the characteristic peaks of humic organic compounds hav-
ing significant red shift (i.e. moved to the long-wave direction), indi-
cating the conjugation effect of large molecular compounds with
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Table 3

Organic components in raw Bayer liquor and after treatment with US/O3 for 1 h and 7 h.

Ultrasonics Sonochemistry 88 (2022) 106106

No. Compounds Structure formula Confidence Relative content (%)
%
%) Raw Bayer liquor 1h 7h
1 (s)-2-methyl-1-butanol = 92.4 0.66 / /
\/?\/OH
2 butanoic acid \H‘J\ 92.3 8.19 6.98 17.83
3 acetic acid o 97.9 26.54 34.9 9.71
W)L”"
4 4-heptanone \H\ 97.4 0.56 / /
5 n-butyl ether \[2_& . 97 32.36 30.15 30.12
6 propanoic acid \H‘J\ 98 2.26 2.76 /
7 3-methyl-4-heptanone o 98 0.78 / /
\Hj\ou
8 2-methyl-propanoic acid [ 98.2 1.56 1.48 2.9
W)‘\on
9 3-pentyl-carbonic acid \j\ o 72.9 0.23 / /
OJKOH
10 3-methyl-butanoic acid )\/ﬁ\ 97.1 0.3 0.23 /
OH
11 dibutoxymethane >[\ )< 89.9 0.43 0.36 0.43
12 di-tert-butyl ether >I\ )< 82.9 0.19 / /
o
13 1-butoxy-1-isobutoxy-butane /ﬁ 97 1.85 / /
NN (,/\(
14 benzoic acid [} 94.6 0.32 0.39 /
©)‘\0H
15 formic acid 78.9 1.4 0.78 /
o /\o
16 butanedioic acid o 96.7 4.39 4.3 0.64
H()N
OH
o
17 glutaric acid o 0 91.6 1.22 1.76 /
no s~y
18 4-hydroxy-benzoic acid a 96.5 2.66 / /
OH
HO
19 4-trimellitsaeureanhydrid %:@:é‘ 87.4 0.75 1.14 /
20 1,2-benzenedicarboxylic acid Q 88.3 0.62 1.84 1.2
@#’“
on
0
21 1,3-benzenedicarboxylic acid H o 94.1 0.72 / 2.5

oH

;

(continued on next page)
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Table 3 (continued)

No. Compounds Structure formula Confidence Relative content (%)
%
(%) Raw Bayer liquor 1h 7h
22 1,4-benzenedicarboxylic acid H 94.3 0.73 3.49 2.98
23 phenylphosphonic acid ‘H) 57.8 0.52 / /
B
[ on
OH
24 tris(2-ethylhexyl)amine j)\ 93.2 0.58 / /
25 5-hydroxy-1,3-benzenedicarboxylic acid o o 69 3.1 / /
Ht)J\Q)‘\()H
OH
26 hexanedioic acid o 94.4 1.52 1.97 1.46
Ho.
MOH
o
27 2,5-dichlorophenyl isophthalic acid 1o, o ] 48.2 0.19 / /
O cl
o
o
28 3-benzyl-2-t-butyl-4-oxoimidazolidine-1-carboxylic acid /\LL 65.5 0.25 / /
o
29 3-(((3-methylbutan-2-yl)oxy)carbonyl)benzoic acid \H\ L@/‘\L 54.2 0.8 / /
30 1,2,4-benzenetricarboxylic acid L@;:]: 87.4 2.67 / 7.74
31 2-amino-5-iodobenzoic acid Q 54.1 0.24 / /
1
NH,
32 3,4-bis(tert-butylsulfanyl)-1-phenylpyrrole-2,5-dione ’% 52.3 0.4 / /
N
33 2,4-dimethyl-3-pentanol 88.9 / 0.31 0.64

OH

34 1,1-dibutoxy-butane M 87.7 / 0.55 /
1o
35 propanedioic acid o 91.6 / 0.3 /
o

36 2,3-dimethyl-butanedioic acid o 89.5 / 0.23 /
HO
OH
o

37 1,1,3,3-tetrabutoxy-2-propanone \ J) 71.5 / 0.22 1.55

3
o
o

(continued on next page)
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Table 3 (continued)

Ultrasonics Sonochemistry 88 (2022) 106106

No. Compounds Structure formula Confidence Relative content (%)
%
(%) Raw Bayer liquor 1h 7h
38 n-propyl-2-hydroxy-1-oxohexahydro-1 h-azepine 88.9 / 0.3 /
o
N</\
OH
39 n,n-dioctyl-1-octanamine 91.3 / 0.64 17.33
RS S T e
40 1,2-ethanediylbis[bis(1-methylethyl)-phosphine Y 53.2 / 0.91 /
\("\/\PJ\
41 2,3-dimethyl-2-pentenoic acid 79.1 / / 0.59
'OH
42 3-methyl-3-nonanol 74.8 / / 0.97

W‘!UQ

aromatic structures. These compounds form dimers or multimers at
higher concentrations, resulting in the transfer of energy back and forth
between the component molecules, extending the life of the molecules
before being irradiated by fluorescence. Ultrasonic treatment can
change the physicochemical properties of the solution, which may lead
to depolymerization of some macromolecular compounds in the aggre-
gated state, resulting in the exfoliation of luminescent groups and the
formation of non-aggregated long-chain carbons. However, it is easy to
be bent resulting in a significant decrease in fluorescence efficiency, thus
showing the phenomenon of sparse spectrum, as shown in Fig. 8(b). The
Bayer liquor treated with O3 and US/QOs, the characteristic peaks are
hardly seen, except first-order Rayleigh scattering and Raman scat-
tering, as shown in Fig. 8 (¢) and (d). The possible explanation could be
that most of the aggregated high molecular compounds are oxidized and
removed by °OH, forming short-chain carbons and some long-chain
carbons with very low concentrations, resulting in a significant
decrease in fluorescence intensity.

3.4.4. GC-MS analysis

The total-ion chromatogram of GC-MS of raw Bayer liquor and
samples after 1 h and 7 h of US/O3 treatment are shown in Fig. 9.
Comparing the characteristic ions (Fig. 9) with the data in the spectral
library, the organic components in raw Bayer liquor and samples treated
with US/O3 for 1 h and 7 h are deduced, as shown in Table 3. The HCI-
butanol derivatization confirms presence of large amount of n-butyl
ether (25.12-43.46%) could be attributed to condensation of two
equivalents of n-butanol during butyl esterification process. Table 3
presents, 31 types of organic compounds exist in raw bayer liquor which
include 23 organic acids, 3 ketones, 2 alkanes, 1 amine, 1 alcohol and 1
ether. specifically, the 23 organic acids include butanoic acid, acetic
acid, propanoic acid, 2-methyl-propanoic acid, 3-pentyl-carbonic acid,
3-methyl-butanoic acid, benzoic acid, formic acid, butanedioic acid,
glutaric acid, 4-hydroxy-benzoic acid, 4-trimellitsaeureanhydrid, 1,2-
benzenedicarboxylic acid, 1,3-benzenedicarboxylic acid, 1,4-benzenedi-
carboxylic acid, phenylphosphonic acid, 5-hydroxy-1,3-benzenedicar-
boxylic acid, hexanedioic acid, 2,5-dichlorophenyl isophthalic acid, 3-
benzyl-2-t-butyl-4-oxoimidazolidine-1-carboxylic acid, 3-(((3-methyl-
butan-2-yl)oxy)carbonyl)benzoic acid, 1,2,4-benzenetricarboxylic acid
and 2-amino-5-iodobenzoic acid; 3 ketones include 4-heptanone, 3,4-bis
(tert-butylsulfanyl)-1-phenylpyrrole-2,5-dione and 3-methyl-4-hepta-
none; 2 alkanes include dibutoxymethane and 1-butoxy-1-isobutoxy-
butane; 1 amine include tris(2-ethylhexyl)amine; 1 alcohol include (s)-
2-methyl-1-butanol; 1 ether include di-tert-butyl ether. Furthermore, the
characteristic peaks of Bayer liquor are significantly reduced after being
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treated with US/Os for 1 h, which could be attributed to the significant
reduction in the chromophores. These chromophores mainly include
some aromatic compounds and other unsaturated cmpounds such as
polyphenols, quinones, C=0 and C—=C. After US/O3 treatment for 7 h,
the organic compounds are significantly oxidized, and only 10 species
remained, mainly including aldehydes, amines, alkanes, alcohols and
some organic acids, while other are transformed or completely
mineralized.

3.5. Removal mechanism

The humate molecules in bauxite is degraded in the Bayer process to
form many organic compounds, which contain single benzene rings,
other unsaturated bonds and various simple substituents, mainly car-
boxylic acids and some hydroxyl groups. Various aliphatic compounds
are formed by degrading the substituents that are cleaved from the
benzene rings in the original humate molecule. According to reports, the
removal of organics in the US/O3 system is generally through reactions
mediated by *OH, ozone, hydrogen peroxide, and pyrolysis [61]. This
process can increase the degree and rate of removal of organic matter,
due to the decomposition of aromatic compounds and other unsaturated
bonds. The opening of benzene ring has been considered to be a strong
evidence for the conversion of aromatic to aliphatic compounds. As the
degree of benzene ring breakage continues to increase, it polymerizes to
form larger aliphatic compounds.

Fig. 10 shows the general reaction pathways for the removal of
typical organics in Bayer liquor by US/Os. It can be seen from Table 3
that the unsaturated organic compounds such as 4-hydroxy-benzoic acid
and 5-hydroxy-1,3-benzenedicarboxylic acid, are not only high but can
be thoroughly removed and hence these two organic compounds are
selected as typical representatives. The electrophilic addition reaction of
*OH to aromatic rings is the main factor that constitutes the reaction
mechanism of *OH and aromatic compounds [62].

The 4-hydroxy-benzoic acid is oxidized and removed by °OH,
through either of the two paths. (i) Decarboxylation reaction: *OH
cleave C—C bond connecting the benzene ring and the carboxylic acid,
and the carboxyl group is removed to generate hydroquinone. *OH
continue to oxidize phenolic products to generate peroxyl peroxy radi-
cals in the benzene ring, which lead to cleavage of the benzene ring
through dimerization to generate maleic acid and fumaric acid. (ii)
Dehydrogenation substitution reaction: the hydroxyl groups (-OH) on 4-
hydroxy-benzoic acid belongs to the activating group, which can pro-
mote the substitution reaction of the hydrogen atom on its vicinal po-
sition. Therefore, *OH preferentially attacks the vicinal position of the
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Fig. 10. General reaction pathways for the removal of typical organics in Bayer liquor by US/Os.

aromatic ring of ~OH functional group, and then the substitution reac-
tion of hydrogen extraction occurs to generate the hydroxylated product
3,4-dihydroxybenzoic acid. *OH continue to attack the H atom at the
ortho position of the carboxyl group on 3,4-dihydroxy-benzoic acid, and
a hydrogen extraction substitution reaction occurs, and then C—C bond
containing two —-OH is cleaved, and the benzene ring is cracked to
generate 2,3-dimethyl-2-pentenoic acid. The oxidation process of 5-hy-
droxy-1,3-benzenedicarboxylic acid is similar to that of 4-hydroxy-ben-
zoic acid. On the one hand, it can form phloroglucinol through
decarboxylation reaction, and then form peroxy radicals in the benzene
ring; on the other hand, it can also form 2,5-dihydroxyisophthalic acid
through dehydrogenation substitution reaction, and the continuous
attack of *OH radical leads to cleavage of the benzene ring to form 2,3-
dimethyl-2-pentenoic acid. *OH radical reacts with C=C bond of the
butenedioic acid and 2,3-dimethyl-2-pentenoic acid to form 2,3-

dimethyl-butanedioic acid, hexanedioic acid, glutaric acid, propane-
dioic acid, butanedioic acid and n,n-dioctyl-1-octanamine (adduct with
N). Then, the above products are continuously oxidized by *OH radical,
cutting off the C—C bond at the terminal carbon position, and gradually
removing the carboxyl group to generate 4C, 3C and 2C products (i.e. 2-
methyl-propanoic acid, 3-methyl-butanoic acid, butanoic acid, prop-
anoic acid, acetic acid, formic acid), which can finally be mineralized to
generate CO», H20 and inorganics. In addition, the above mechanism is
also applicable to the oxidative degradation process of other poly-
carboxylic acids.

3.6. Economic evaluation

The cost of removing TOC consists of total capital cost and operating
and maintaining (O&M), where the cost involved in O&M system
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includes part replacement cost, chemical cost, and electrical cost [63].
Assuming the total capital cost is P, the annual replacement cost of ul-
trasonic and ozone equipment parts is about 0.02P, and analytical cost is
0.1P-0.3P. Since products such as catalysts are not added, the chemical
price is 0. Ozone is often produced onsite due to its chemical instability,
with the most common equipment using corona discharge systems. The
energy demand of such an ozone generator can vary between 8 and 20
kWh/kgos. The energy density of ultrasound in this experiment is 1.2
W/mL, which results in very high equipment capital costs and higher
O&M costs. Therefore, there is an urgent need to use the lowest possible
energy density to make the process more feasible, which can be achieved
by using larger throughputs. The premise that the US/O3 process is
economically feasible on an industrial scale is that its energy density
should not exceed 0.05 W/mL. Therefore, we roughly measure the
economic benefits of this process through the cost of ozone. For every 1
ton of TOC processed, the ozone consumption is 3.49-11.24 ton, with an
average of 8.16 ton. Electricity is calculated at a rate of $0.08/kWh.
Therefore, the average consumption of this process for 1 ton of TOC is
5,222 USD, and the minimum consumption is 2,233 USD. The average
price of 1 ton of TOC processed in the industry is 5,000 USD at present.
In summary, the US/Oj3 process for the removal of organic matter from
Bayer liquor has considerable feasibility in the industrial field.

4. Conclusions

This work harnessed UV-vis analysis, EEMS analysis and GC-MS
analysis to understand the underlying mechanisms for the removal of
organic matter from Bayer liquor utilizing combined US/O3 process. The
following are the major conclusions and are summarized below:

(1) The effect of operating parameters such as reaction duration,
ozone concentration, and ultrasonic power are found to influence
degradation of organics using the combined US/O3 process. The
TOC concentration decreased from 7.925 to 3.16 g/L with a
duration of 7 h, at a ozone concentration of 7.65 g/h and at a
ultrasonic power of 600 W, along with the % decolorization of
87.1%.

The removal of organic matter followed the pseudo-second-order
reaction kinetics, and the calculated apparent rate constant (k)
for US, O3 and combined US/O3 systems to be 2.74 x 1073 L/
(geh), 9.42 x 1073 L/(geh) and 2.431 x 1072 L/(geh), indicating
the synergistic effect to be significantly dominant as compared to
the standalone systems.

The order of the effects of different ROS in the removal of TOC is
*OH > '0, > 05~ > S04, when the duration is 7 h.

Of the 31 different types of organics detected in the Bayer liquor,
21 are transformed or completely mineralized by the combined
US/Og3 treatment. The possible removal mechanism is identified
which include decarboxylation reaction, dehydrogenation sub-
stitution reaction and the cleavage of the benzene ring.

(2)

3

(4

—

The results highlight the potential of synergic/combined effect of
US/Og treatment system to serve as a viable process that could alter the
existing waste water handling sytems of alumina production process.
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