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• Colloidal aphrons with monomeric Al-
coagulant show outstanding bubble
properties.

• AlCl3- or Fe2(SO4)3-aphrons consume
less chemical but reachhighflotation ef-
ficacy.

• Colloidal species in polymeric coagu-
lants cause fragile aphrons & poor
floatability.
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floc structure induced by coagulative
aphrons.
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The flotation using coagulative colloidal gas aphrons (CCGAs) is of great potential in effectively removing the re-
calcitrant dissolved organic matter (DOM) and colorants from the bio-chemically treated cassava distillery
wastewater. As bubble modifier, the monomeric and polymeric inorganic coagulants need to be studied consid-
ering their distinct influence on the surfactant/coagulant complex, the properties of colloidal aphrons as well as
the process performance andmechanisms. Such studies help to create robust CCGAswith highflotation potential.
In this work, the commonly-used monomeric and polymeric Al(III)- and Fe(III)-coagulants were combined with
the cationic surfactant – cetyl trimethylammonium bromide (CTAB) to generate CCGAs. The CCGAs functional-
ized with Al(III)-coagulants (both monomeric and polymeric ones) were featured as small bubble size, strong
stability and high air content. Particularly, the monomeric Al(III)-coagulant (AlCl3 in this work) resulted in low
surface tension and high foamability when being mixed with CTAB in the bubble generation solution. Those
CCGAs achieved high removal efficiencies of DOM and colorants at low coagulant concentrations. The molecular
weight of DOM in effluentwaswell controlled below1 kDa by CCGAs. For theflocs obtained fromCCGA-flotation,
the characteristic Raman band of DOM and colorants showed the layer-by-layer variation of Raman intensity
which decreased from the outer layer to the center. In contrast with the conventional coagulation-flotation,
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the reduction of coagulant dosage by CCGAswas 67% (AlCl3), 25% (polyaluminum chloride), 60% (Fe2(SO4)3) and
40% (polyferric sulfate). The sludge production could then be largely reduced, andmeanwhile, the retention time
was shortened by 9.5 min.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In spite of the important contributor to theworld's economy, thedis-
tillery industry is among themajor sources of water pollution due to the
generation of huge volume of wastewater (Chowdhary et al., 2017).
Typically, the ethanol distilleries fed with sugarcane molasses and cas-
sava result in 7–15 and 8–12 metric tons of wastewater per metric ton
of ethanol produced, respectively (Kaushik et al., 2018; Singh et al.,
2018; Zhang et al., 2016; Zhang et al., 2017a). The distillery wastewater
is highly rich in antimicrobial and antioxidant dissolved organic matter
(DOM) and colorants, such as melanoidins and lignin phenols (Arimi
et al., 2014; Chen et al., 2018; Zhang et al., 2017a). Even after being
treated with bio-chemical methods (anaerobic digestion and aerobic
processes), the wastewater still contains as high as 550–1800 mg/L
chemical oxygen demand (COD) and 1.3–2.4 Abs./cm (at the wave-
length of 475 nm) color (Liang et al., 2009). The residual recalcitrant
compounds can give rise to offensive order and dark color, and the latter
further causes the reduction of sunlight penetration, photosynthetic ac-
tivity and dissolved oxygen concentration (Agarwal et al., 2010). The
high COD and total nutrient content of the effluent may lead to eutro-
phication of natural water bodies (Mohana et al., 2009). Hence, the par-
tially treated wastewater is not only forbidden to be discharged into
water bodies but also difficult to be reused before it meets the industry
standards for water pollutant control. For instance, in China, CODCr

should be no higher than 150mg/L and 400mg/L for direct and indirect
discharge, respectively, according to “Discharge Standard of Water
Pollutants for Fermentation Alcohol and Distilled Spirits Industry”
(2011).Major concerns and challenges have been raised on the effective
and efficient removal of bio-recalcitrant DOM and colorants from the
distillery wastewater with respect to (i) the lack of feasible and rapid
tertiary treatment technologies, (ii) the overdose of agents that may
lead to large amount of sludge, and (iii) the high financial cost and over-
head charges caused by the poor capacity utilization (Chowdhary et al.,
2017).

Considering the antimicrobial and antioxidant properties of DOM
and colorants in the distillery wastewater, the physiochemical method
– flotation has been recommended as post-treatment technology fol-
lowing the bio-chemical processes (Arimi et al., 2014; Chowdhary
et al., 2017; Liakos and Lazaridis, 2014). The development of efficient
flotation technologies has always been highly demanded, and the
surface-functionalized microbubbles are attracting increasingly atten-
tion. It has been reported that the tiny bubbles with the average
diameter b 1000 nm are able to act as carriers of flotation assistant re-
agents without influencing the performance of the loaded reagents
(Kyzas et al., 2019). In the flotation process, the addition of collectors,
activators and depressants reinforces the colloidal attraction between
pollutants and bubbles and thus accelerates the pollutant adsorption
process (Cauwenberg et al., 1998; M. Zhang et al., 2019; L. Zhang
et al., 2019). Particularly, the colloidal gas aphrons (CGAs) are of great
potential in forming the surface-functionalized bubbles based on their
striking features, including great stability, high air hold-up, large specific
surface area and controllable surface properties. The coagulative CGAs
(CCGAs) have been generated by modifying the surfactant molecules
with coagulants, which show the properties of both coagulants and col-
loidal microbubbles during flotation (Lu et al., 2017; M. Zhang et al.,
2019; L. Zhang et al., 2019. Thus, the favorable CCGAs should be charac-
terized as good adherence of bubbles and high removal of target pollut-
ants (Yap et al., 2014) relative to the features of pristine CGAs. For the
tertiary treatment of distillery wastewater, those modified CGAs
are expected to have the strong ability of complexation and electro-
static attraction of the polyanions of DOM and colorants. Previous
studies have confirmed that, compared with the conventional
coagulation-sedimentation process, the CCGAs produced from the
mixed solution of FeCl3 (as inorganic coagulant) and pentadecyl di-
methyl betaine (C15B) (as frother) achieved the sound treatment ef-
ficiency (Zhang et al., 2017a, 2018a). In the CCGA-involved flotation
(CCGA-flotation), the coagulant is dosed during the bubble genera-
tion process so the apparatus for coagulant dosing and the coagula-
tion unit can be removed. Nevertheless, the CCGAs created from
the FeCl3/C15B solution were of poor stability, causing the concern
of unstable treatment efficacy. In order to establish a really reliable
and efficient CCGA-flotation process, much work still needs to be
done to seek for the coagulant(s) suitable for both of the CCGA mod-
ification and the BTCDWW treatment.

As novel surface-functionalizedmicrobubbles, the CCGAs adopted in
the flotation process have not been sufficiently investigated concerning
the selection of the bubble modifiers (coagulants) as well as the
resulting bubble properties and process performance. Al(III)- and Fe
(III)-coagulants are known as the most extensively used coagulants in
water and wastewater treatment (Davis and Edwards, 2014). The mo-
nomeric coagulants, typically, aluminum chloride (AlCl3) and ferric sul-
fate (Fe2(SO4)3), undergo rapid hydrolysis reactions. Comparatively, the
polymeric coagulants, typically, polyaluminum chloride (PACl) and
polyferric sulfate (PFS), are pre-hydrolyzed; they contain monomeric
species (i.e. Al3+, Al(OH)2+, Fe3+), intermediate polymeric species
(i.e. Al13 ([(AlO4Al12(OH)24(H2O)12)7+)) as well as complete polymeric
or colloidal species (i.e. Al(OH)3, Fe(OH)3, and Al30 ([(Al30O8(OH)56
(H2O)24)18+)) (Shirasaki et al., 2016; Tian et al., 2018). Those Al species
(particularly, the polymeric species) could interact with the surfactant
molecules (particularly, the hydrophobic tail) through bridging or net
adsorbing (Lu et al., 2017). It should be pointed out that the interfacial
behaviors between surfactants and (poly)electrolytes are determined
by the type and concentration of surfactant and (poly)electrolyte,
charge fractions and electrolytes properties (Koolivand-Salooki et al.,
2019). Hence, the interaction between the monomeric/polymeric inor-
ganic coagulants and the surfactant molecules can be different, which
results in the distinct characteristics of CCGAs. Consequently, the spe-
cific performancemay be achieved during the CCGA-flotation treatment
ofwater andwastewaterwhen differentmodifiers (monomeric or poly-
meric coagulants) are adopted.

The present study investigated and compared the CCGAs that were
modifiedwith commonly-usedmonomeric and polymeric inorganic co-
agulants, respectively, for the removal of bio-recalcitrant DOM and col-
orants from the bio-chemically treated cassava distillery wastewater
(BTCDWW). The influence ofmonomeric and polymeric inorganic coag-
ulants as bubble modifier was investigated on properties of surfactant/
coagulant complex, CCGA characteristics, process performance, charac-
teristics of residual colorants andDOM, coagulant consumption and floc
properties. This novel flotation technology with different species of in-
organic coagulants was compared with the conventional coagulation-
flotation process at the equivalent coagulant dosage. Herein, the objec-
tive are, on one hand, determining the suitable inorganic coagulant
(s) as bubble modifier for the tertiary treatment of BTCDWW and opti-
mizing the CCGA-flotation process, and on the other hand, interpreting
the mechanisms of removing the bio-recalcitant DOM and colorants by
this advanced flotation method.
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2. Materials and methods

2.1. Materials

2.1.1. Chemicals
Cetyl trimethylammonium bromide (CTAB, C19H42BrN), aluminum

chloride (AlCl3), ferric sulfate pentahydrate (Fe2(SO4)3∙5H2O, 97%
pure), sodium bicarbonate (NaHCO3) and nitric acid (HNO3, guarantee
reagent) were purchased from Sinopharm Chemical Reagent Co., Ltd.
PFS (99% pure)was provided byXiya Reagent Co., Ltd. All those reagents
were of analytical grade except HNO3, and no further purification was
conducted prior to use. All the solutions were prepared with deionized
water. PACl with the basicity of 2.0 and the total Al concentration of
100 mmol/L was prepared by slowing titrating NaHCO3 solution into
the AlCl3 solution and aging for 24 h.

2.1.2. Quality of wastewater
The target wastewater, BTCDWW,was collected from a cassava eth-

anol plant located in Taicang, Jiangsu Province of China. The ethanol is
produced fromcassava clips through the processes of disintegration, liq-
uefaction, saccharification, fermentation and distillation, successively.
The cassava distillery wastewater generated from the distillation step
then undergoes continuous stirred tank reactor, up-flow anaerobic
sludge bed reactor, and sequencing batch reactor in series for the anaer-
obic and aerobic treatment. The bio-chemically treated wastewater had
the average measured soluble COD, color, zeta potential, pH, turbidity,
alkalinity and surface tension of 1074.2 ± 73.2 mg/L, 2561.9 ± 68.4
Pt\\Co unit (PCU),−18.4 ± 1.1 mV, 8.3 ± 0.1, 18.5 ± 2.1 NTU, 1069.4
± 2.9 mg CaCO3/L, and 58.7 ± 1.2 mN/m, individually. The leading
bio-recalcitrant dissolved colorants in BTCDWW have been found to
be lignin phenols, lignin breakdown products and melanoidins (Zhang
et al., 2017a, 2017b). The BTCDWW was stored at 4 °C before use and
was used up within 7 days. All the experiments in this study were per-
formed in triplicate at 25 ± 1 °C (controlled by air conditioners in lab).
In this work, the experimental data were presented as mean value ±
standard error, and their significant difference was analyzed using a
one-way analysis of variance (ANOVA) on StatView 5.0 software (Lu
et al., 2019). The statistical significance was considered when a proba-
bility (P) value was below 0.05. Results of ANOVA can be found in
Supporting Information.

2.2. Generation of CCGAs modified with monomeric and polymeric
coagulants

2.2.1. Preparation and characterization of bubble generation solution
An amine-based cationic quaternary surfactant – CTAB was used as

frother for bubble generation and its critical micelle concentration
(CMC) had been reported to be approximately 0.98 mmol/L (Zhang
and Guiraud, 2017). The stable CGA dispersion cannot be obtained
when the surfactant concentration was largely lower than CMC (Yan
et al., 2005), and meanwhile, the overdose of chemical reagents should
be avoided during the water treatment process. Therefore, the concen-
tration of CTABwas fixed at 0.30mmol/L in all the bubble generation so-
lutions (approximately 1/3 of CMC) in this work. The emphasis was put
on the impact of different coagulant species on the CCGA properties and
process performance. Monomeric (AlCl3 and Fe2(SO4)3) and polymeric
(PACl and PFS) inorganic coagulants were chosen as representative
bubble modifiers with coagulation function. The CCGA generation solu-
tions (the coagulant/surfactant mixed solutions) were prepared by
slowly adding the predetermined amount of coagulants into the CTAB
solution, mildly shaking for 1 min and then aging for 30 min. The coag-
ulant/surfactantmixed solution and the complex of coagulant and CTAB
were then characterized with respect to surface tension and functional
groups using a tensiometer (SFZL-U1, Shanghai Innuo precision Instru-
ments Co., Ltd. China) and a Raman Spectrometer (Lab RAM R-HR Evo-
lution, Horiba JY, France), individually.
2.2.2. Production and characterization of CCGAs
CCGAs were generated with a laboratory-fabricated apparatus

equipped with three baffles, which has been described in details in
our previous publication (Lu et al., 2017). The bubble generation solu-
tionwas stirred for 2min using a high-speed agitator (TFS-400, TYEE In-
dustry, China) at the speed of 6000 rpm. The CCGAs produced from the
mixed solution of AlCl3/CTAB, PACl/CTAB, Fe2(SO4)3/CTAB and PFS/
CTAB were named as AlCl3-CCGAs, PACl-CCGAs, Fe2(SO4)3-CCGAs and
PFS-CCGAs, respectively. The CGAs produced from the CTAB solution
without coagulant modification were then named CTAB-CGAs.

The produced CCGA suspension was pumped out immediately after
generation for the bubble characterization, including diameter, half life-
time and air holdup. For the size assessment, the CCGAs were trans-
ferred onto a glass slide and photographed by an optical microscope
equipped with a digital camera (IX71, Olympus, Japan) at 100× magni-
fication. The images were processed by ImageJ software coupled to the
“Analyze Particles” tool, and the average bubble size was attained from
at least three pictures. The half-life time and air hold-up of CCGAs were
investigated through the drainage kinetics study (Zhang and Guiraud,
2017).

2.3. Flotation treatment of BTCDWW

2.3.1. Description of flotation process
Trials of “CCGA generation and flotation” were conducted at batch

mode. The freshly created CCGA suspension (200 mL after complete
drainage) was transferred into the flotation cell containing 600 mL of
BTCDWW by peristaltic pump (YZ1515X-A, Longer, China) at the flow
rate of 280mL/min. For each trial, after the flotation treatmentwas con-
ducted for 3 min, the effluent (30 mL) was collected from the outlet at
the bottom of the flotation cell and thewet scum (50mL) was obtained
from the surface of the flotation suspension. The raw BTCDWW was
weakly basic (pH 8.3 ± 0.1), and the previous study had confirmed
that the process performance of CCGAs did not vary greatly in the initial
pH range of 7.0–11.0 (Zhang et al., 2018a). Hence, the pH of BTCDWW
was not pre-controlled or pre-adjusted in all the flotation trials of this
work.

As comparison, coagulation-flotation was carried out on 600 mL of
BTCDWW at the same dosage of coagulant and surfactant. Coagulation
was first performed on a programmable coagulation test mixer (TA2-
1, Hengling Technology Co. Ltd., China) with the following steps:
premixing at 250 rpm for 0.5 min, dosing coagulant, rapidly mixing at
200 rpm for 1 min, and slowly mixing at 30 rpm for 10 min. Thereafter,
the CTAB-CGAs without further surface functionalization were pumped
into the coagulation suspension, and the retention time of the flotation
separation (3 min) and the sampling method were the same as that of
the CCGA-flotation.

2.3.2. Evaluation of flotation performance
The flotation effluent obtained from each trial was filtrated through

0.45-μmmembrane (polysulfone, Micron-PSE, China) andmeasured for
physicochemical parameters and characteristics of residual DOM. The
color of effluent was determined by comparing the sample with the
platinum cobalt standards according to Standard Methods for the
Examination of Water and Wastewater (1998). COD was measured by
a CTL-12 expedite testing apparatus (CTL-12, Huatong Environmental
Protection Instrument Co. Ltd., China). The concentrations of residual
Al or Fe were attained by analyzing the HNO3-digested effluentwith in-
ductively coupled plasma mass spectrometry (ICP-MS, NX300,
PerkinElmer ICP-MS, U.S.A.); and the corresponding concentrations of
residual Al(III)- or Fe(III)-coagulants could then be calculated. The effi-
ciencies of color and COD removal as well as coagulant utilization
were calculated by considering the dilution effect that was induced by
the bubble suspension. Zeta potential, residual CTAB concentration
and pH of flotation effluent were determined by Zetasizer (Nano ZS90,
Malvern Instruments Ltd., U.K.), ionometer (PXS-270, INESA Scientific
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Instrument Co. Ltd., China) coupled with bromide ion selective elec-
trode (PBr-1-01, Prima, China), and pH-meter (Innolab-20p, Prima,
China), respectively.

The DOM in the BTCDWW before and after flotation treatment was
characterized with high performance size exclusive chromatography
(HPSEC, TSK gel 4000SW column, Tosoh Co., Japan) and LC-10AD
(Shimadzu, Japan) and fluorescence excitation-emission matrixes
(EEMs, RF-6000 spectro fluorophotometer, Shimadzu, Japan), respec-
tively. For the latter measurement, the BTCDWW samples before and
after treatmentwere diluted 50 and 20 times, individually, by ultrapure
water for the COD below 22 mg/L in order to minimize inner-filter ef-
fects. The variation of apparent molecular weight (AMW) distribution
and fluorescent features could then be obtained.
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As for the properties of floats, the wet aggregates were analyzed via
laser light scattering instrument (Mastersizer 3000, Malvern Instru-
ments Ltd., U.K.) for themean diameter (d50), size distribution and frac-
tal dimension. The detailed principles for the measurement can be
found in the former publications (Zhang et al., 2017b). The micro-
Raman imaging spectroscopy was used to analyze the freeze-dried
floats. The measurements were conducted in backscattering geometry
under the ambient condition using the Horiba Jobin Yvon R-HR spec-
trometer (LabRAM HR Evolution, Horiba JY, France) equipped with
785-nm laser excitation (power b 100 mW) and 600 mm−1 (50 nm)
grating. The light was focused and collected through a 50× magnifica-
tion objective (about 2μm focus diameter). To avoid burning the sam-
ples, the laser power was reduced to 30 mW. The sample surface was
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raster-scanned using an automated X-Y stage of 12.3 μm×12.6 μmwith
a spatial step size of 0.8 μm. The integration time of each spectrumwas
4 s, and two spectra were accumulated and averaged to obtain better
signal in case of linescans.

3. Results and discussion

3.1. Properties of CCGAs functionalized with monomeric and polymeric in-
organic coagulants

On being combinedwith surfactant molecules in the bubble genera-
tion solution, themonomeric and polymeric coagulants could influence
the bubble properties by changing the properties of the surface-
functionalized CGAs. Hence, the interaction between different inorganic
coagulants and CTAB, the foamability of the coagulant/surfactant mixed
solution and the features of CCGAs should be comparatively
investigated.

3.1.1. Interaction between coagulants and surfactant molecules in bubble
generation solutions

Surface tension was measured at the air-water interface to perceive
the equilibrium surface activity of the bubble generation solution – the
coagulant/CTABmixed solution. The surface tension of CTAB solution at
the concentration of 0.3 mmol/L was measured to be approximately
38.2 mN/m. As presented in Fig. 1(a), the surface tension of the mixed
solutions remained below that of the CTAB solution over the investi-
gated concentrations of all the coagulants. It has been reported that
the presence of inorganic salts can largely reduce the surface tension,
which is caused by decreasing the electrostatic double layer repulsion
among the surfactant head-groups (CTA+ in this work) and thus in-
creasing the adsorption of the surfactant molecules at the air-water in-
terface (Kanokkarn et al., 2017; Varade andGhosh, 2019). It implies that
the coagulant-CTAB complexes formed and distributed at the solution
surface, resulting in more considerable surface activity compared with
the scenario with CTAB alone. Thus, the foamability of the mixed
solution was improved given that lower surface tension could provide
higher foamability (Koolivand-Salooki et al., 2019). Noting that the sur-
face tension started to rise when the AlCl3 or Fe2(SO4)3 concentration
was higher than 36 mmol Al/L and 12 mmol Fe/L, individually. That
may result from theneutralization effect occurred between the counter-
ions of inorganic salts and the oppositely charged head-group of surfac-
tant when too much salts are added. This will cause the increase of
surface tension and the decrease of foamability (Kanokkarn et al.,
2017). The “turning points” were found to be 4 mmol Al or Fe/L for
PACl- and PFS-involved bubble generation solutions. The branched
structures of polymeric compounds probably behave as active anti-
foams and thus decrease the foamability of bubble generation solution
(Arnaudov et al., 2001). The reinforcement in foamability was appar-
ently greater for the bubble generation solutions involving monomeric
coagulants (particularly, AlCl3) in contrast with those with polymeric
coagulants. The former allowed a wider coagulant concentration range
of maintaining the mixed solution in lower surface tension than the
latter.

Raman spectra of coagulant/CTAB composites are shown in Fig. 1
(b) and (c). The spectra of dried AlCl3/CTAB, PACl/CTAB, Fe2(SO4)3/
CTAB and PFS/CTAB mixtures (Fig. 1(b) and (c)) were comparatively
studiedwith those of the pristine coagulants and surfactant before com-
position (Fig. 1(d)). The band located at ~685 cm−1 could be attributed
to the Al\\O vibration caused by the hydrolysis of AlCl3. The signal at
~635 cm−1 is the characteristic peak, being assigned to the stretching vi-
brations of AlIV-O and AlVI-OH and bending vibrations of AlVI-OH2, for
the effective identification of polycation Al13 in PACl (Li et al., 2017).
This typical peak was detected from the mixtures of PACl/CTAB (high
PACl dose) and AlCl3/CTAB with (low AlCl3 dose). This implies that the
molar ratio of the metal ions, such as Al (III), to the hydro-ions plays
the important role in the formation of Al13. To be specific, the low alka-
linity consumption resulting from the lowAlCl3 dose or the polymeric Al
(III) addition could facilitate the formation of this highly efficient coag-
ulant species. The peaks at ~1035 cm−1 could be ascribed to the SO4 fun-
damental vibration (Frost et al., 2013; Liu and Wang, 2015), which
represented the Fe2(SO4)3 and PFS in the samples. These typical
Raman peaks of coagulants appeared in the spectra of coagulant/CTAB
mixtures; and the Raman band at 1442 cm−1 (-CH2 bending mode in
CTAB) could also be found in both CTAB and the CTAB-involved mixed
samples (Joseph et al., 2017). It should be pointed out that the shift of
peaks towards lower or higher wavenumbers is representative of
changes in chemical bonds and crystal symmetry due to perturbations
from the interaction between the inorganic coagulants and CTAB
(Joseph et al., 2017). Moreover, the overall spectral profiles of the
surfactant-coagulant composites resembled those of the corresponding
coagulants at both of the low and high coagulant concentrations. The
abovementioned analyses demonstrate the strong ability of bubble gen-
eration from the coagulant/CTAB mixed solutions as well as the great
coagulation potential of the coagulant-CTAB complexes. Thus, those
bubble generation solutions are of potential in generating the
coagulative microbubbles.

3.1.2. Comparison of properties between CCGAs functionalized with mono-
meric and polymeric inorganic coagulants

The CCGAs created from the mixed solution of monomeric/poly-
meric coagulants and CTAB may exhibit different bubble characteristics
that relate to their flotation performance. Herein, the coagulant-
functionalized CGAswere first characterized in terms of bubble size, sta-
bility (half-life time) and air holdup. As presented in Fig. 2(a), the CTAB-
CGAs were of average diameter of ~98.0 μm. As for CCGAs, in the
adopted coagulant concentration range of 4–48 mmol Al/L or mmol
Fe/L, the average diameter of AlCl3- or PACl-CCGAs was close to or
even smaller than that of CTAB-CGAs. However, the Fe(III)-coagulant-
involved CCGAs were of larger size, and particularly, the diameter of
PFS-CCGAs was almost two times higher than that of CTAB-CGAs at
the PFS concentration ≥ 24 mmol Fe/L.

Image of Fig. 1
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The stability of CCGAs represented by half-life time determines their
formation and destruction. The half-life time of the CCGAs modified
with the two types of Al(III)-coagulants was higher than that of CTAB-
CGAs, and themost stable CCGAswere achieved at the Al concentration
of 4 mmol/L (Fig. 2(b)). Comparatively, when the addition of Fe(III)-co-
agulant was higher than 24 mmol Fe/L, the half-life time suffered a
sharp drop, and the bubbles perished immediately once being created
especially for the PFS-CCGAs. The half-life time can be maintained by
van derWaals forces betweenmolecules in the bubble suspension, elec-
trical double layers created by dipolar surfactants, and restoring force to
the lamellae (Bera et al., 2013). The boosted steadiness induced by the
coagulant/surfactantmixtures (such asAlCl3/CTAB)would lead to an in-
creased volume of CCGAswith augment half-life time. Then, those bub-
bles could be enhanced by thinner but more stable lamellae which
prevented coalescence and coarsening (Manyala et al., 2018). The
stability of CCGAs was not negatively influenced by the monomeric
and polymeric Al(III)-coagulant species. However, when the concentra-
tion of Fe(III)-coagulant reached sufficiently high values, the so-
generated CCGAs could be unstable because the coacervation between
surfactant and coagulant occurred by strong electrostatic interaction
(Chakraborty et al., 2006); additionally, the commercial PFS product
used in thisworkwas not completely soluble and the colloidal or partic-
ulate species (typically, Fe(OH)3) possibly accelerated the drainage of
CCGAs. In addition, the air holdup of CCGAs decreased slightly in con-
trast with that of CGAs (61.1%) as shown in Fig. 2(c): that of AlCl3-
CCGAs, PACl-CCGAs and Fe2(SO4)3-CCGAs ranged between 55.0 and
60.0% while that of PFS was a bit lower (50.0–55.0%). The CCGAs with
small size, large air holdup and high stability are preferred by flotation
separation: on the one hand, the large specific surface area provides im-
portant contacting area for the capture of pollutants; and on the other
hand, the good stability can prolong theworking time of bubbles during
the flotation retention time.

Based on the bubble properties obtained above, it can be concluded
that the CCGAs functionalized with Al(III)-coagulants (both of mono-
meric and polymeric ones) were of smaller bubble size, stronger stabil-
ity and higher air content, and comparatively, the CCGAs modified with
the commercially obtained PFS did not take advantages owing to the
unfavorable microbubble properties. In the previous studies, the inter-
action between ionic surfactant and inorganic coagulant (FeCl3 or
PACl) has been confirmed, which facilitated the creation of CCGAs (Lu
et al., 2017; Zhang et al., 2018a). The features of CCGAs derived fromdif-
ferent ionic surfactants, such as CTAB and betaines, were quite similar in
terms of bubble size, half-life time and air content. Thus, this workwent
further into one key factor determining the properties and the flotation
performance of CCGAs – the species of surface modifier (inorganic
coagulant).

3.2. Process performance in removing bio-refractory DOM and colorants

3.2.1. CCGA-flotation
The CCGAs functionalized with monomeric and polymeric coagu-

lants were adopted in the flotation treatment of BTCDWW. The efficacy
of decoloration and COD removal, the variation of zeta potential and the
pH of effluent were examined. The results denote that the optimum
decoloration efficiency reached 90.0 ± 1.0%, 92.7 ± 0.3%, 97.4 ± 3.2%
and 90.6 ± 1.9% for AlCl3-, PACl-, Fe2(SO4)3- and PFS-CCGAs at respec-
tive coagulant dosage in the flotation suspension of 3 mmol Al/L,
12 mmol Al/L, 6 mmol Fe/L and 9 mmol Fe/L (highlighted in circles in
Fig. 3(a)). The CCGAs functionalized with monomeric coagulants ob-
tained high removal efficiency of dissolved organic colorants at low co-
agulant concentrations, i.e. ≤6 mmol Al or Fe/L, whereas the CCGAs
modified by polymeric coagulants were apt to consume more reagents
in order to achieve equivalent flotation efficiencies. Combining the
decoloration effect with the CCGA properties in Section 3.1.2, it is
worth noting that the optimum decoloration efficacy was attained by
the Fe2(SO4)3- and AlCl3-CCGAs with the longest half-life time. This
agreed well with the former results (Lu et al., 2017; M. Zhang et al.,
2019; L. Zhang et al., 2019). The unstable CCGAs modified with PFS
did not take advantage in color removal even at higher coagulant dosage
compared with the Fe2(SO4)3-CCGAs. During flotation, the coagulants
were first coated on the surface of CGAs, and the decoloration would
then be enhanced if the stability of CCGAs was sufficiently high to sup-
port the capture of colorant molecules. Besides, the separation and re-
moval of dissolved colorants in BTCDWW depended greatly on the
complexation between the effective species in the inorganic coagulants
and the molecules of colorants. The monomeric Fe(III)-coagulant (Fe2
(SO4)) achieved highest color removal that was consistent to the
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previous reports (Liang et al., 2009). Therefore, the type and species of
coagulants as well as the stability of bubbles could be the essential fac-
tors determining the color removal.
The optimum COD removal of 80.7 ± 0.4%, 75.4 ± 3.4%, 64.8 ± 5.2%
and 80.1 ± 1.7% was achieved at the coagulant dosage of 5 mmol Al/L
(AlCl3-CCGAs), 9 mmol Al/L (PACl-CCGAs), 9 mmol Fe/L (Fe2(SO4)3-

Image of Fig. 3
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CCGAs) and 15 mmol Fe/L (PFS-CCGAs) in the flotation suspension, re-
spectively (highlighted in circles in Fig. 3(c)). The corresponding resid-
ual soluble COD was 207.3–378.1 mg/L, which met the standard of
indirectly discharging effluent (≤ 400mg/L) in the fermentation alcohol
and distilled spirits industry in China (Discharge Standard of Water
Pollutants for Fermentation Alcohol and Distilled Spirits Industry,
2011). Similarly to the scenario of color removal, the CCGAs functional-
ized with monomeric coagulants needed less coagulant dose to achieve
their individual optimum COD removal efficiency than those modified
by polymeric coagulants. The COD removal included the separation of
the recalcitrant DOM besides that of colorants. The process was pre-
dominated by the coagulationmechanisms induced by coagulants, typ-
ically, electrostatic neutralization/attraction, complexation, bridging,
adsorption and sweeping (Davis and Edwards, 2014). The highly effec-
tive species of PACl and PFSwith high positive charges, such as Al13, Al30
and polymeric Fe(III) species with medium and high molecular mass,
played the most significant role in capturing DOM molecules (Dong
et al., 2014; Yan et al., 2008). Hence, in spite of short half-life time, the
polymeric coagulant-modified CCGAs still reached sound COD removal.

When the optimum removal efficiencies of color and COD were
attained, the aggregates induced by AlCl3-CCGAswere incipiently stable
with the zeta potential lower than −10 mV, and those induced by the
CCGAs modified with the other three coagulants were destabilized
with the zeta potential ranging from−7.6mV to−3.1mV. For the latter
three types of CCGAs, greater quantity of coagulants was needed such
that the polyanions of DOM could be sufficiently neutralized; and the
color and COD removal efficiencies sharply deteriorated when the zeta
potential was higher than −5 mV, indicating that the unfavorable re-
stability of DOMpollutants began to occur. Given to theflotation perfor-
mance of color and COD removal, the coagulant dosage was optimized
to be 5 mmol Al/L, 9 mmol Al/L, 6 mmol Fe/L and 9 mmol Fe/L for
AlCl3-, PACl-, Fe2(SO4)3- and PFS-CCGAs, individually. The correspond-
ing pH of flotation effluent was measured to be approximately 6.6, 7.1,
3.9 and 5.5, respectively (Fig. 3(g)). The Fe(III)-coagulant-involved
CCGA-flotation resulted in more acidic effluent than the Al(III)-coagu-
lant-involved process. The effluent with low pH can be directly reused
in neither the bio-chemical processes nor the coagulation-involved
treatment. For the former, the microorganisms normally work well in
neutral pH (Widyarani et al., 2018); for the latter, the water at pH
below 4.0 may lead to the reduced coagulation performance (Lee
et al., 2017).

3.2.2. Performance of coagulants in CCGA-flotation and conventional
coagulation-flotation

The process performance of CCGA-flotation was further compared
with the conventional flotation method under the same operation con-
ditions. As denoted in Fig. 3(b) and (d), in the coagulation-flotation pro-
cess, the high removal efficiencies of color and CODwere only achieved
through keeping increasing the coagulant dosage for both monomeric
and polymeric coagulants. In the investigated coagulant dosage range,
the best performance was obtained at 15 mmol Al/L for AlCl3,
12 mmol Al/L for PACl and 15 mmol Fe/L for Fe2(SO4)3 and PFS. The
decoloration efficiency was found to exceed 97.0% or 90.0% for the mo-
nomeric and polymeric coagulants, respectively; however, the COD re-
moval was lower than 75.0%. The zeta potential was measured to be
lower than−10 mV except for that induced by the largest PACl dosage
(12 mmol Al/L) (Fig. 3(f)). The incipient stability of flocs obtained from
the coagulation-flotation process indicates the insufficient electrostatic
attraction or charge neutralization between the cationic coagulant spe-
cies and the polyanions of DOM though high coagulant dosage was
adopted. For the pH of effluent, the pH decreased to 5 or even lower
as the dosage of monomeric and polymeric coagulants was over 6 and
10 mmol/L, respectively, for the CCGA-flotation. Comparatively, the
coagulation-flotation resulted in the effluent with pH ranging from 6
to 9 even at the coagulant dosage N10 mmol/L. During CCGA-flotation,
the hydrolysis of inorganic coagulants, particularly those monomeric
ones, happened on the bubble surface. The hydrolyzed species could
rapidly interact with DOM and colorants in the BTCDWW, which prob-
ably further facilitated the hydrolysis of those metal salts and gave rise
to the sharp drop of pH. Thus, the dosage of inorganic coagulants in
CCGA-flotation should be strictly controlled in order to avoid the pro-
duction of acidic effluent.

Based on the performance of CCGA-flotation and coagulation-
flotation, the former took advantages in the strong capacity (97.4 ±
3.2% of color removal by Fe2(SO4)3-CCGAs and 80.7 ± 0.4% of COD re-
moval by AlCl3-CCGAs) for the removal of bio-recalcitrant DOM with
much less coagulant demand (6 mmol Fe/L for Fe2(SO4)3-CCGAs and
5 mmol Al/L for AlCl3-CCGAs). The reduction of coagulant dosage by
CCGAs was 67% (AlCl3), 25% (PACl), 60% (Fe2(SO4)3) and 40% (PFS)
when the two flotation processes were compared. This would help to
decrease the amount of sludge generated from this treating unit. The
duration for the CCGA-flotation was as short as 5 min, including the
time for bubble generation; however, that for the coagulation-
flotation was 14.5 min, including the individual duration of coagulation
(11.5 min) and flotation separation (3 min) (The bubbles were gener-
ated when coagulation was carried out). Moreover, in the CCGA-
flotation, the individual construction for the coagulation step could be
omitted since the coagulant was added during the bubble generation
process. It can then be concluded that the CCGA-flotation was a robust,
rapid, simplified and economical technology as the tertiary treatment of
BTCDWW. The monomeric inorganic coagulants (AlCl3 and Fe2(SO4)3,
especially AlCl3) were more suitable for the surface-functionalization
of CGAs.

3.3. Flotation characteristics induced by monomeric and polymeric
coagulant-involved CCGAs processes

Theflotation characteristics induced by CCGAsmodifiedwithmono-
meric and polymeric inorganic coagulants needed to be specifically ex-
plored to understand the related mechanisms and to differentiate the
current flotation technology with the conventional one. Hence, the re-
sidual DOM, colorants and coagulant in flotation effluent were analyzed
and the floats were characterized. The following results were obtained
at the optimum coagulant dosage, individually, according to the process
performance in Section 3.2.

3.3.1. Features of residual DOM and colorants in effluent
The AMWdistribution of the residual DOMbefore and after flotation

treatment is presented in Table 1. TheHPSEC results showed the relative
content of DOM in different molecular weight fractions. In the
BTCDWW, more than half of the DOM (57.7%) fell in the molecular
weight range b 0.1 kDa, demonstrating an important proportion of the
small molecularweight DOM in this bio-chemically treatedwastewater.
The proportion of DOM in 0.1–1 kDa was close to zero in the raw
BTCDWW. The residual DOM was distributed in 10–50 kDa (21.9%),
1–10 kDa (14.0%) and N 50 kDa (6.4%), respectively. The CCGA-
flotation almost completely eliminated the DOM with high molecular
weight except the flotation with PFS-CCGAs. The AMWof DOM in efflu-
ent was well controlled below 1 kDa, 99.0% of which was smaller than
0.1 kDa. Noting that, in the coagulation-flotation with PACl, around
99.2% of the residual DOM was in the AMW range of 0.1–1 kDa; after
modifying PACl onto the bubble surface, the AMW of residual DOM
could be further reduced to b0.1 kDa. The DOM with such mall AMW
should be the inhibitory compounds resisting the CCGA-flotation treat-
ment, which contributed to the residual COD in effluent. Considering
the high decoloration effect of this advanced process, a large proportion
of those residual small AMW compounds should not be coloredmatter.

For the PFS-involved flotation process, there was still around 10% of
DOMwith the AMWof 1–10 kDa even though the coagulant was coated
on the bubble surface and used as CCGAs. The visible particulate or col-
loidal Fe(III) species (typically, Fe(OH)3) in PFS could be hydrophobic
and not be capable of forming the complex with the cationic CTAB,
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Table 1
AMW distribution of residual DOM in effluent of two flotation processes at individual optimum dosages.a

Optimum dosage (mmol Al/L or
mmol Fe/L)

AlCl3 PACl Fe2(SO4)3 PFS BTCDWW

As bubble
modifier

As
coagulant

As bubble
modifier

As
coagulant

As bubble
modifier

As
coagulant

As bubble
modifier

As
coagulant

5 15 9 12 6 15 9 15

AMW distribution (%) b 0.1 kDa 99.6 ± 0.4 98.9 ± 0.1 99.1 ± 0.2 0.1 ± 0.0 99.5 ± 0.4 100.0 ± 0.0 83.8 ± 1.7 88.6 ± 0.2 57.7 ± 1.6
0.1–1 kDa 0.4 ± 0.4 0.1 ± 0.0 0.9 ± 0.2 99.2 ± 0.5 0.5 ± 0.4 – 7.3 ± 0.5 – –
1–10 kDa –b – – 0.7 ± 0.3 – – 8.9 ± 1.2 11.4 ± 0.2 14.0 ± 2.7
10–50 kDa – 1.0 ± 0.0 – – – – – – 21.9 ± 1.1
N 50 kDa – – – – – – – – 6.4 ± 2.0

a The results in Table 1 were taken from the triplicate samples, and error bars stand for std. deviation (n = 3).
b Data undetectable.
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which resulted in unstable bubbles as denoted in Section 3.1.2. During
the short retention of CCGA-flotation, the PFS-CCGAs could not effi-
ciently capture and remove the large DOMpolyanions. Thus, it is not fa-
vorable to use the polymeric coagulants with insoluble species for the
surface functionalization of CGAs.

The fluorescence intensity (Fmax) of the fluorescent componentswas
obtained from the EEMs of the flotation influent and effluent (Fig. S1).
The results shown in Fig. 4 help to quantitatively evaluate the different
capacity of monomeric and polymeric coagulants as CCGA modifier in
removing the fluorescent components from BTCDWW. The typical
peak located at λEx/Em = (325–330 nm)/(408–413 nm) was observed
in Fig. S1 and particularly focused on. In both of the CCGA-flotation
and coagulation-flotation, the Fmax value of the characteristic peak
quenchedmore greatly by Fe(III)-coagulants than that by Al(III)-coagu-
lants, and the monomeric coagulants performed better than the poly-
meric ones (see in Fig. 4). The results reveal that the CCGAs modified
with the monomeric Fe(III) coagulant exhibited the strongest capacity
in removing the fluorophores of breakdown products of lignins and/or
humic substances (such as humic acid) in the BTCDWW, which are
the corresponding bio-recalcitrant colorants represented by the typical
peak in EEMs (Carstea et al., 2016).
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Fig. 4. Comparison of Fmax variation between (a) CCGA-flotation and (b) coagulation-
flotation at optimum coagulant dosage, individually. The coagulant dosage in (a) was
5 mmol Al/L, 9 mmol Al/L, 6 mmol Fe/L and 9 mmol Fe/L for AlCl3-CCGA, PACl-CCGA. Fe2
(SO4)3-CCGA and PFS-CCGA, respectively. The coagulant dosage in (b) was 15 mmol Al/
L, 12 mmol Al/L, 15 mmol Fe/L and 15 mmol Fe/L for the coagulation-flotation with
AlCl3, PACl, Fe2(SO4)3 and PFS, respectively. Error bars stand for standard deviation, n= 3.
3.3.2. Utilization of monomeric and polymeric coagulants in flotation
The coagulant concentration in effluentwas alsomonitored bymea-

suring the Al(III) and Fe(III) concentration before and after flotation,
and then the utilization efficiency of the adopted coagulants in the flo-
tation processes was obtained (Fig. 5). At the coagulant dosage below,
equal to and above the optimum value of CCGA-flotation, the utilization
efficiencies of AlCl3 and Fe2(SO4)3 in CCGA-flotation were lower than
that in the coagulation-flotation process. As illustrated in Section 3.1,
the interaction between the monomeric coagulants and the surfactant
gave rise to the solutionwith stronger foamability, which could then fa-
cilitate the creation of CCGAs. Part of CCGAs that did not participate in
forming the aggregates of “bubble-DOM” drained in the flotation sus-
pension, and the loaded monomeric coagulants on those CCGAs were
then collected with the effluent. It is worth noting that the monomeric
coagulant-involved CCGAs still achieved high removal efficiencies of
color and COD even though the coagulants were not well utilized. This
was probably attributed to the special way of coagulant-DOM attach-
ment in CCGA-flotation: the monomeric coagulants were first coated
on the bubble surface and then captured the organic pollutants, during
which the large specific surface area of bubbles provided sufficient
space for the interaction between coagulants and pollutants. In contrast,
when being dosed directly into BTCDWW, the coagulants might not be
well dispersed in water; and the “coagulant clusters” removed together
with theflocs of coagulant-pollutant by bubbles, leading to the pseudoly
high utilization of coagulants (M. Zhang et al., 2019; L. Zhang et al.,
2019). As for the CCGAs functionalized with polymeric coagulants,
N80% of the adopted coagulants could be consumed at the coagulant
dosage ≥9 mmol Fe or Al/L, and no great difference was observed be-
tween the two flotation processes considering the utilization efficiency
of coagulants. It has been aforementioned that the polymeric species of
coagulants, particularly the colloidal species of Fe(III) hydrolytes (such
as Fe(OH)3), negatively influenced the stability of CCGAs, resulting in
the rapid drainage of bubbles. Nevertheless, the free polymeric Fe(III)
species could capture the bio-recalcitrant DOM and colorants by their
strong capacity of electrostatic attraction, adsorption and sweeping. In
the flotation effluent, the concentration of residual coagulants was
then measured to be low.

Image of Fig. 4
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Fig. 5.Utilization efficiency of coagulant at different dosages inflotation suspension in CCGA-flotation and coagulation-flotation, respectively: (a) AlCl3, (b) PACl, (c) Fe2(SO4)3, and (d) PFS.
Error bars stand for standard deviation, n = 3.
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In addition, the CTAB concentration in effluent at the optimum dos-
age of CCGA-flotation was measured to be 16.5 ± 0.7 mg/L, 10.7 ±
0.8 mg/L, 13.3 ± 0.6 mg/L and 12.7 ± 0.9 mg/L for AlCl3-, PACl-, Fe2
(SO4)3- and PFS-functionalized CGAs, individually. Correspondingly,
the residual CTAB concentration was 15.5 ± 0.7 mg/L, 13.1 ±
0.3 mg/L, 13.5 ± 0.9 mg/L and 10.6 ± 0.5 mg/L, respectively, for
coagulation-flotation. As a quaternary ammonium compound, CTAB
can be toxic to the aquatic life and it can be inhibitory to methanogens
at ≥25 mg/L (Tezel et al., 2006). Hence, the release of CTAB in the efflu-
ent by CCGA-flotation would not greatly threaten the microbial system
in the anaerobic treatment if the flotation effluent was reused in that
upstream process.

3.3.3. Floc properties derived from flotation suspension
The fractal dimension and size distribution of floats induced by

Al(III)- and Fe(III)-coagulants were comparatively analyzed be-
tween CCGA-flotation and coagulation-flotation under their indi-
vidually optimum coagulant dosage. These two parameters are
among the crucial physical properties having the impact on the ef-
ficiency of unit processes in water treatment works. As presented
in Fig. 6(a) and (c), for both monomeric and polymeric species of
coagulants, the Al(III)-coagulants-modified CGAs gave rise to the
flocs with higher fractal dimension (2.20–2.50) and larger particle
size (110–185 μm) than the Fe(III)-coagulant-functionalized CGAs
(Df = 1.95–2.00 and d50 = 45–60 μm). Apparently, dense and
large flocs were generated by the former while loose and small
ones were attained by the latter. The close conformation rather
than the open structure gave more benefit during the flotation sep-
aration of pollutants (Zhang et al., 2017b).

The two-dimensional Raman mapping was derived from the repre-
sentative floats being derived from the two PFS-involved flotation pro-
cesses at their optimum PFS dosage, individually (see in Fig. 7). The
typical peak at approximately 980 cm−1 was used as typical Raman
band. It could be assigned to the C\\O vibrations in COOH (Mittra
et al., 2012) and/or the C-O-C glucosidic linkage coupled with C-OH
stretch (Komulainen et al., 2013). It was among the most significant
functional groups in DOM and colorants of BTCDWW, typically such as
melanoidins or lignin compounds (including lignins, lignin phenols or
their derivates) (Zhang et al., 2018a, 2018b). The sample obtained
from the CCGA-flotation was of 10 times' stronger Raman intensity
(Fig. 7(a)) in comparison to that generated from the conventional coag-
ulation flotation (Fig. 7(b)). The intensity of featured Raman band ex-
hibited the layer-by-layer variation intensity for the CCGA-flotation,
decreasing from the outer layer to the center. As for the coagulation-
flotation process, the comparatively homogeneous mixture of DOM
and colorants was observed in flocs. The distinction of floc structure
could be ascribed to the specific ways of capturing DOM and colorants
in the CCGA-flotation and the coagulation-flotation: in the former, the
CCGAs coated with coagulants collected DOM and colorants in water
via surface attachment. Therefore, the characteristic Raman band of
DOM and colorants was of higher intensity in the outer layer. In the lat-
ter, the coagulant fully mixed with DOM and colorants during

Image of Fig. 5
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coagulation, after which the microbubbles caught and separated the
flocs from the flotation suspension. When the microbubbles drained
and perished, the flocs then presented absolutely different structure in
the surface maps.

4. Conclusions

In this study, monomeric or polymeric inorganic coagulants were
assessed and compared as bubble modifier for the flotation treatment
of BTCDWW. The mixed solution of inorganic coagulant (particularly,
monomeric Al(III)-coagulant) and surfactant (CTAB) could present
great potential for bubble generation in terms of low surface tension
and high foamability. Attractive bubble features facilitating the follow-
ingflotation treatmentwere obtained fromCCGAs. The CCGAs function-
alized with Al(III)-coagulants (both of monomeric and polymeric ones)
were of smaller bubble size, higher stability and larger air content com-
paredwith the unmodified bubbles. The CCGAs functionalizedwithmo-
nomeric coagulants led to high removal efficiencies of DOM and
colorants from BTCDWW at lower coagulant concentrations than
those modified with polymeric coagulants. Approximately 99.0% of
DOM in the effluent was smaller than 0.1 kDa except the scenario
using PFS-CCGAs. The monomeric Fe(III) coagulant effectively removed
the breakdown products of lignins and/or humic substances after being
modified on the CCGA surface. The monomeric coagulants were apt to
be coated on the bubble surface, which was comparatively difficult for
the polymeric ones possibly due to the steric hindrance induced by
the polymeric species. The large specific surface area of bubbles then
provided those monomeric coagulants with sufficient space for captur-
ing pollutants. This speculation was confirmed by the structure of flota-
tion flocs shown by Raman mapping. Compared with the conventional
way of dosing coagulant in flotation, CCGAs decreased the coagulant
dose by 67% (AlCl3), 25% (PACl), 60% (Fe2(SO4)3) and 40% (PFS) in a
shorter retention time (reduced by 9.5 min). This is quite beneficial to
reducing the quantity of sludge and increasing the treatment capacity.
In the CCGA-flotation, the monomeric inorganic coagulants, rather
than the generally-considered polymeric ones, were recommended
for the tertiary treatment of BTCDWW. Future research on CCGA-
flotation could focus on the alkalinity impact and the carbon balance
in the process as well as scaling up the treatment unit in distillery
plants.
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Fig. 7. Representative Raman 2D-mapping of flotation flocs with the corresponding cross section spectra: (a) PFS-CCGA-involved flotation and (b) coagulation-flotation with PFS as
coagulant. Mapping regions are the relative intensities of the O\\O vibration at 980 cm−1.
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