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ABSTRACT

Natural clays have the characteristics of wide source, low price, large specific surface area and com-
plex porous structure, and also possess a certain adsorption ability for organics in wastewater. In
this study, bentonite (BTT), attapulgite, diatomite and volcanic rock were applied as adsorbents
for the pretreatment of coal gasification wastewater (CGW) by batch experiments. Results showed
that BTT had better removal performance on chemical oxygen demand (COD), ammoniacal nitro-
gen (NH,-N), etc. in CGW after comparison, and the removal efficiencies of COD, NH-N, total
organic carbon and total phenol could reach 28.1%, 33.5%, 33.9% and 39.6%, respectively. The biode-
gradability of CGW has been improved after BTT adsorption, and the biochemical oxygen demand
(BOD,)/COD ratio increased from 0.31 to 0.37. Meanwhile, the toxicity of wastewater has been sig-
nificantly reduced, and the reduction efficiency reached 31.8%. Additionally, the results of kinetics
and isotherms implied that the adsorption of organic pollutants is mainly by the monolayer adsorp-
tion and diffusion-controlled physical adsorption of BTT. Specifically, the effect of pretreatment is
mainly reflected in the adsorption of phenolic pollutants, and the removal of major phenols is the
main reason for the reduction of CGW toxicity and the improvement of biodegradability. Hence,
BTT as a low-cost adsorbent can provide insight into the wide application of CGW pretreatment.
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1. Introduction clean coal conversion and utilization, coal-to-gas indus-
try provides an important solution for the transformation
of China’s energy development mode [1,2]. Coal gasifica-
tion wastewater (CGW) produced from coal-to-gas has the
characteristics of high concentration of chemical oxygen
demand (COD) and ammoniacal nitrogen (NH,-N), high

Recently, China’s energy structure is rich in coal, poor
in oil and gas, which determines that energy consumption
must be dominated by coal. As an important direction of
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toxicity and poor biodegradability, and contains cyanide,
thiocyanate, phenols, polycyclic aromatic hydrocarbon, long-
chain alkane and other refractory organics [3]. As a typical
refractory industrial wastewater, the treatment of CGW
has become an important factor limiting the green devel-
opment of the coal-to-gas industry.

Phenol/ammonia recovery technology was usually uti-
lized to recover ammoniacal nitrogen and phenols with
high concentration from CGW, and greatly reduced the
COD, NH-N and toxicity of wastewater. However, CGW
still had high biological toxicity and poor biodegradabil-
ity (B/C = 0.3-0.35) after the treatment of phenol/ammonia
recovery technology, and the pressure for the stable opera-
tion of subsequent biochemical treatment process was still
relatively huge [4,5]. Therefore, the biochemical treatment
of CGW usually adopts multiple combined processes of
anaerobic and oxic, including traditional activated sludge
method, anaerobic/anoxic/oxic process, anaerobic sequenc-
ing batch reactor (SBR)-oxic, external circulation anaerobic
process, enhanced biological process and anoxic/oxic process
etc. [6]. The anaerobic process plays a role in the biochem-
ical process, which degrades macromolecular refractory
organics into easily degradable small molecular organics
through hydrolysis and acidification, thereby improving
the biodegradability of wastewater [7]. Additionally, the
anaerobic process often has problems such as poor bearing
impact load, high toxicity and low treatment efficiency in
practical applications, resulting in unstable operation and
excessively high concentrations of pollutants in oxic process
and even the entire biochemical process [8]. Thus, in order
to reduce the influent toxicity of anoxic section, improve its
biodegradability, ensure the stable and efficient operation of
overall biochemical process, there is an urgent need to seek
for new efficient and low-cost pretreatment technology.

CGW is usually pretreated by adsorption method or
advanced oxidation processes (AOPs), in which AOPs
mainly utilize hydroxyl radicals (OH*) etc., to degrade
macromolecular refractory or highly toxic organics into
low-toxic and easily degradable small-molecular organics
[9]. It is often employed for advanced treatment after bio-
chemical treatment due to its high cost, and is rarely used
for CGW pretreatment. In the adsorption method, the func-
tional or microporous structure on the surface of adsorbent
can adsorb macromolecular refractory organics to achieve
the purpose of pretreatment. Activated carbon and activated
coke are porous adsorbents with large specific surface area
and strong adsorption capacity, and usually used in the pre-
treatment of CGW [10,11]. Although the treatment efficiency
is high, there still suffers from high cost, which limits its
large-scale application.

Natural clay materials are naturally existing miner-
als with large specific surface area and complex porous
structure, including bentonite (BTT), attapulgite (ATTP),
diatomite (DTT), volcanic (VLN), etc., which have a certain
adsorption capacity for heavy metals and organic contami-
nants in water. Compared with traditional great adsorbents
such as activated carbon, the adsorption performance of
clays is limited. Modification is often needed to improve
their adsorption performance and then applied for the pre-
treatment of refractory industrial wastewater such as pet-
rochemical wastewater, dye wastewater, pharmaceutical

wastewater, etc. [12-14], but the modification also greatly
increases the application cost. Nevertheless, unmodi-
fied clays have the advantages of natural harmlessness,
low price, wide source and distribution, and are poten-
tial cheap adsorbents with great application prospects. At
present, there is no similar application in the field of CGW
pretreatment.

In this study, the pretreatment effects of selective unmod-
ified clay adsorbents (BTT, ATTP, DTT and VLN) on CGW
were firstly compared. And specific characterizations of
BTT were further analyzed. Then, kinetic and isotherm
experiments were carried out to investigate the adsorption
process and mechanism of BTT on organics. In the addi-
tion, effect of BTT dose was implemented to determine
available addition dose. Finally, various analytical meth-
ods of water quality (UV/vis, excitation-emission matrix
(EEM) and gas chromatograph-mass spectrometer (GC-MS))
was applied to analyze the component variation of CGW
before and after adsorption.

2. Materials and methods
2.1. Materials and characterization

The wastewater used in this study was provided by
Yima Gasification Plant of Henan Province Gas (Group) Co.
(China), and came from the actual CGW influent of anoxic
process. This company is one of the earliest and largest coal-
to-gas plants in China, and the generated CGW is represen-
tative. The water quality of CGW is shown in Table S1 in
detail, in which CGW has the high concentration of organic
pollutants (COD: 3,132-3,532 mg/L) and low biochemical
oxygen demand (BOD,)/COD ratio (0.34-0.38). Na-BTT,
ATTP, DTT, VLN and commercial powdered activated car-
bon (PAC) were purchased from Henan Zhengzhou Huajing
Chemical Co., Ltd. All adsorbents were fully washed with
water to remove impurities before use, and then dried in
an oven at 105°C for 6 h. The obtained solid was further
ground and sieved to 200 mesh. Clays were degassed in a
vacuum drying oven (DZF-6020A, LiChen, China) at 200°C
for 6 h, and the specific surface and pore diameter were
analyzed by a thermogravimetric analyzer (3H-2000PS4,
NETZSCH, Germany).

2.2. Batch adsorption experiment

All adsorption experiments were performed in the
shaker (HZ-9610 K, China) and carried out under the batch
mode. Typically, 250 mL CGW was firstly added to the
500 mL conical flask, and then added 6 g/L adsorbent. The
mixture was put into the shaker at 180 rpm, and the tem-
perature was controlled at 25°C for 120 min. At a given
interval time, a 10 mL water sample was taken out and fil-
tered through a 0.45 um membrane for analytical testing.
All experimental data of adsorption experiments was ana-
lyzed in three parallel groups. The description of kinetic
experiment and isotherm experiment were provided
in S1 and S2, respectively (Supporting information).

2.3. Characterization of clays

The detailed description about the characterizations
of clays was provided in S3, Supporting information.
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2.4. Analytical methods

The description of toxicity test about CGW is shown in
S4, Supporting information. In order to obtain the composi-
tion and characteristics of organics in CGW, EEM was mea-
sured by a fluorescence spectrophotometer (Model F-7000,
Hitachi, Japan), and the specific operation steps was accord-
ing to previous study. Specific analyses were performed
using region fluorescence integration (RFI), calculated and
plotted by Matlab 2019b software. GC-MS (7890A-5975C,
Agilent, USA) was used for the analysis of organics com-
position and content in samples. COD of the sample was
measured by dichromate method, the total phenol (Tph)
was measured by bromination titration method, NH,-N
was measured by Nessler reagent spectrophotometry.
And TOC was measured by total organic carbon analyzer
(TOC-LCPH, Shimadzu, Japan), pH (5G2, Hach, USA) and
conductivity (540d, Hach, USA) used the glass electrode
method.

3. Results and discussions
3.1. Comparison of the adsorption performance of different clays

The removal efficiency of VLN on COD, TOC, Tph and
NH,-N was less than 10%, and ATTP and DTT also had
unsatisfactory removal performance (10%-20%) for CGW
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(Fig. 1). In contrast, BIT showed relatively high adsorp-
tion efficiencies for different pollutants, and relevant COD,
TOC, Tph and NH-N removal efficiency reached 28.1%,
33.5%, 33.9% and 39.6%, respectively. It can be clearly seen
that the CGW chromaticity after BTT adsorption obviously
changed from seal brown to pale yellow, and other adsor-
bents did not cause significant changes in CGW chroma-
ticity (Fig. S1). Besides, VLN exhibited the worst COD,
TOC, Tph and NH-N removal efficiencies, probably due
to its agglomeration in the water body, which resulted
in the ineffective contact of VLN with pollutants.

Compared with other adsorbents, BTT has the small-
est pore diameter (8.22 nm) and the largest specific surface
area (365 m?/g) and porosity (51.4%) (Table S2). Phenols
account for 60%—-80% of the total organic pollutants, so
the phenols removal is the key to the treatment of CGW.
Natural BTT has a large specific surface area and negative
charge on the surface, so that it has a great adsorption effect
on hydrophilic organics such as phenols [13]. Meanwhile,
the negatively charged BTT usually absorbs surrounding
cations to maintain electrical balance, such as Ca* and
Na, etc [12]. Then, these cations with larger ionic radius
can adsorb NH; through ion exchange, thus ensuring the
effective adsorption of NH,-N while removing organic
pollutants. According to the analysis of zeta potential,
the pH , of all clays was below 7 (Fig. 52). The maximum
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Fig. 1. Comparison of adsorption performance (a) COD, (b) TOC, (c) Tph and (d) NH,-N on CGW by different clays.
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negative zeta potential was obtained for BTT (-14.8 mV)
when the pH of solution was 7. And the zeta potentials for
ATTP, DTT and VLN were —6.9, -3.7 and -8.5 mV, respec-
tively. As a result, BTT had a higher capacity to adsorb
NH,-N compared to other clays.

The purpose of CGW pretreatment is to reduce the
toxicity of wastewater and improve the biodegradability,
so as to ensure the stable operation of biochemical pro-
cess. Whether the biodegradability is improved and the
toxicity is reduced is an important basis for evaluating
the effectiveness of pretreatment technology. Thus, BOD,/
COD ratio and acute toxicity analysis of luminescent bac-
teria were used to judge the pretreatment effect of CGW.
As shown in Fig. 2, the BOD,/COD ratio and toxicity unit
(TU) of the raw CGW are 0.31 and 22.3, respectively, which
belongs to high-acute-toxicity and refractory biodegrad-
able wastewater [15]. Because CGW contained abundant
refractory or toxic organic pollutants such as phenols, het-
erocycles, polycyclic aromatic hydrocarbons and long-chain
alkanes, and the main source of biological acute toxicity was
phenols [15].

Fig. 2a reveals that BTT, ATTP and DTT all improved
the biodegradability of CGW after adsorption, while VLN
did not significantly improve the biodegradability. BOD,/
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Fig. 2. Comparison of (a) BOD,/COD ratio and (b) toxicity unit
of CGW after different clays adsorption.

COD ratio of CGW increased from 0.31 to 0.37 by BTT,
while ATTP and DTT only increased to 0.34 and 0.32,
respectively. Besides, the toxicity of BTT, ATTP and DTT all
decreased after adsorption except VLN. BTT still exhibited
the strongest detoxification ability, and TU value dropped
from 22.3 to 15.2. Although the treated wastewater was still
highly toxic, the toxicity of wastewater has been greatly
reduced. By contrast, TU value of ATTP and DTT was only
reduced to 18.81 and 18.12, respectively. Besides, we uti-
lized PAC as the adsorbent for CGW pretreatment. Results
showed that the biodegradability of wastewater was greatly
improved and the acute toxicity was significantly reduced,
in which BOD,/COD ratio increased to 0.39 (Fig. S3a), and
TU value decreased to 8.81 (Fig. S3b). However, from the
perspective of economic analysis, the unit price of BTT
(1.7 ¥/kg) is much lower than that of PAC (13 ¥/kg). Thus,
the cost of removing COD per kg of BTT is far lower than
PAC. Given the above, BTT has a good removal effect on
organic pollutants and NH,-N, and can improve the bio-
degradability of CGW to the greatest extent and reduce the
toxicity. We will discuss the adsorption properties of BTT in
detail in the following sections.

3.2. Phase and morphological characteristics of BTT

The metal oxides in BTT mainly contain SiO, (59.12%),
MgO (16.66%), Fe,O, (3.71%), CaO (1.12%), AL O, (3.24%),
K,O (0.08%) and Na,O (6.59%), and the major metal oxides
are 5i0,, MgO and Na,O (Table S3). The high content of
Na,O fraction represents that BTT can effectively adsorb
NH,-N by ion exchange. As the surface morphology of
BTT has a direct impact on its ability to adsorb pollutants
in water, a scanning electron microscope (SEM) analysis
was used to visually determine the aggregation pattern and
lamellar structure of BTT. SEM images reflect that BTT is
distributed in the form of numerous well-defined fragmen-
tary agglomerates, and there is no connection between them
(Fig. S4a). After amplification, the morphology of BTT is
similar to cabbage, which is composed of small scales with
rough cincinal lamellar structure (Fig. S4b). The overall
layer structure appears to be loose, which can make the BTT
quickly absorb moisture in the water. Moreover, there is a
certain gap between the layers, so it has a relatively large
pore and specific surface area, which provides a favorable
channel and void structure for its adsorption of pollutants
in CGW.

As shown in Fig. S5, 3,439 and 1645 cm™ are the stretch-
ing vibration peak and bending vibration peak of O-H,
respectively. And 2,923 and 2,856 cm™ are the asymmet-
ric and symmetric stretching vibration peaks of -CH,-.
788 and 1,039 cm™ correspond to Al-O and Si-O groups,
respectively, forming the basic Si-O tetrahedral and Al-O
octahedral skeleton of BTT. Thus, the stretching vibrations
peaks of Si-O-Mg and Si-O-Fe appear at 517 and 464 cm™.
Notably, the stronger Si-O bonds are formed in the struc-
ture of BTT. Because the partial entry of Na* into the Si-O
layer results in a reduction in the charge between the lay-
ers and a weakening of the electrostatic interaction, thereby
enhancing Si-O bonding energy. Meanwhile, the strong Si-O
bonding energy allows for enhanced adsorption on the BTT
surface.
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3.3. Adsorption kinetics

Adsorption kinetics is mainly utilized to study the dif-
fusion, adsorption performance and mechanism of adsor-
bate in adsorbent particles [16], and the pseudo-first-order
and pseudo-second-order kinetic models were selected
to simulate the adsorption process of CGW by BTT. COD
adsorption efficiency increased with reaction time, and
reached the adsorption equilibrium at 120 min (Fig. 3a).
Finally, ~30% of COD adsorption efficiency could be
achieved. The fast adsorption rate in the initial stage may
be because the organic pollutants are quickly adsorbed by
the adsorption sites on the BTT surface. After the surface
adsorption sites are occupied, the adsorption rate slows
down due to the diffusion resistance until the adsorption
is saturated. R? of the pseudo-first-order kinetic model
(0.9517) is higher than that of pseudo-second-order kinetic
model (0.9009), indicating that the pseudo-first-order
kinetic model can better describe the adsorption process
of CGW by BTT, and g, calculated by this model is more
consistent with the experimental results (Table S4). Hence,
the adsorption process is mainly controlled by physical
diffusion, which is manifested as a physical adsorption
mechanism on the surface and pores of BTT.

181

3.4. Effect of BTT dose

As BTT dose gradually increased to 10 mg/L, COD
value dropped from a rapid decrease to a slow decrease to
a stable basically (Fig. 3b). Related COD removal efficiency
increased rapidly to 21.7% and then slowly rose to 27.6%.
This is because the low dosage of bentonite does not agglom-
erate, and the adsorption sites on the particle surface and
pores can be fully exposed. On the contrary, high dosage of
BTT may agglomerate and reduce the specific surface area,
resulting in the slowing down of the adsorption rate and
the speed of adsorption efficiency. Therefore, in order to
save the adsorption cost, we set the BTT dose to 2 g/L in the
following experiments.

3.5. Adsorption isotherms

With increased equilibrium concentration of COD,
the adsorption capacity of COD by BTT rapidly increased
before gradually presenting a gentle trend (Fig. 3c). This
finding shows that BTT has a strong affinity and higher
adsorption capacity for organics. Adsorption isotherms
(e.g., Freundlich and Langmuir) are applied for describ-
ing the equilibrium relationship between adsorbent and
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Fig. 3. (a) Adsorption kinetics and (b) effect of absorbent dose and (c) adsorption isotherms of COD removal by BTT.
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adsorbate, the affinity, and the adsorption capacity of adsor-
bent. The Langmuir model is based on the assumption that
only monolayer adsorption can occur on the adsorbent
surface, whereas the Freundlich model provides an empir-
ical description of the equilibrium adsorption of multi-
ple components [17]. R? fitted by the Langmuir model is
0.9799, while that by the Freundlich model is only 0.8513
(Table S5). Results implied that Langmuir model could bet-
ter describe the adsorption process, and uniform monolayer
adsorption took place on the adsorption sites of BTT.

3.6. Component variation of CGW by BTT adsorption

Major element content of BTT before and after adsorp-
tion is shown in Table S6. Compared with raw BTT, the
atomic ratios of C and Na after adsorption change sig-
nificantly from 56.67 at.% and 16.06 at.% to 69.36 at.% and
4.58 at.%, respectively. It reveals that organics in the CGW
is effectively adsorbed, and NH,-N is immobilized on the
BTT surface by ion exchange. Surprisingly, BTT morphology
does not change obviously, indicating that the adsorption
process does not destroy the BTT structure (Fig. 4c and d).
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/UV%5 and (d) UVSOO/UV400 CGW by BTT adsorption.

The organic functional groups will show characteristic
absorption bands in the UV-Vis spectrum of CGW, which
can express the characteristics of organic pollutants, such
as aromaticity. UV-Vis absorption spectra at 200-400 nm
before and after adsorption are illustrated in Fig. 4a. CGW
has obvious absorption peaks at 200, 220 and 270 nm, indi-
cating that the wastewater mainly contained aromatic
compounds. Three absorption peaks correspond to the E1
band (A, =184 nm), E2 band (A__ =204 nm) and B band
(A,.,. = 255 nm) of benzene [18], respectively, demonstrat-
ing that aromatic organic compounds have a larger conju-
gated system than benzene, that is, other electron donating
groups are connected to the benzene ring. The absorbance in
the range of 200-400 nm was greatly reduced after adsorp-
tion, which reflects the great adsorption performance of
BTT on aromatic compounds.

Beyond that, other important UV absorption parame-
ters can also reflect the characteristics of dissolved organic
matter (DOM) in CGW before and after adsorption from
various aspects. UV, is usually used to reflect organic com-
pounds with unsaturated C=C structure in CGW, includ-
ing aromatic compounds [19]. SUVA is the ratio of UV,,,
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and TOC, which can be used to represent the aromaticity
of CGW [20]. Therefore, the levels of UV,,, and SUVA can
jointly reflect the content of aromatic compounds, and the
low content of aromatic compounds represents better bio-
degradability of wastewater. UV, and SUVA were reduced
by 35.1% and 14%, respectively, indicating that BTT has a
better adsorption effect on aromatic compounds (Fig. 4b).
UV, /UV,  can describe the proportion of the molecular
size of DOM in wastewater, and larger ratio value reveals
the higher proportion of small-molecular organic pollut-
ants [21]. Additionally, UV, /UV,  is applied to charac-
terize the humification degree of wastewater. Hence, the
smaller value of UV, /UV, implies the higher degree of
humification, and the more benzene-ring organics exist in
wastewater [22]. As the results that UV, /UV_ decreased
slightly while UV, /UV, = increased significantly after
adsorption (Fig. 4c and d). In this case, the adsorption per-
formance of BTT on small-molecular organics is better than
macromolecular organics, and the concentration of ben-
zene-ring organics is obviously reduced. The major DOM is
phenolic compounds (small-molecular organics), it can be
inferred that BTT has a great adsorption effect on phenolic
substances from the above results.

EEM can represent the change of DOM fluorescence
characteristics with excitation and emission wavelengths,
and can qualitatively analyze organics in wastewater accord-
ing to the fluorescence characteristics of different types of
organics. As shown in Table S7, RFI divides EEM into five
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Fig. 5. EEM analysis of CGW (a) before and (b) after BTT
adsorption.

regions, which are aromatic protein I (Region I), aromatic
protein II (Region II), fulvic acid (Region III), microbial
metabolites (Region IV) and humic acid (Region V) [23].

Fluorescence peaks of CGW are mainly in the Region
I and Region IV, indicating that the organics in CGW
are mainly aromatic proteins and microbial metabolites
(Fig. 5a). Aromatic proteins generally refer to amino acids
with aromatic properties, such as tryptophan and tyrosine.
Microbial metabolites can also represent tryptophan-like,
tyrosine-like or its residues [24]. The distribution of main
fluorescence peaks of CGW EEM is consistent with pheno-
lic substances such as phenol and catechol [25,26], indicat-
ing that the main organic pollutants are phenolic compound.
Integration and proportion of five fluorescence regions
did not change significantly, but the fluorescence intensi-
ties of Region I and Region IV decreased significantly by
43% and 45%, respectively (Fig. 5b). Meanwhile, aromatic
proteins in Region II also had a removal efficiency of 43%,
but the removal of fulvic acid in Region III and humic
acid in Region V was unapparent (Table S8). Results also
showed that BTT had better adsorption performance on
aromatic substances especially phenolic substances.

The components of DOM in CGW were analyzed by
GC-MS, and the organics were also were qualitatively
detected according to the spectral library (Table S9). Various
phenolic substances such as phenol, catechol and alkyl phe-
nols exist in CGW, of which the total proportion of phenolic
substances is as high as 65.51%, and the highest proportion
of phenol is 28.74%. Surprisingly, the total proportion of phe-
nolic substances decreased to 53.57% after BTT adsorption,
and the proportion of various phenols decreased. But het-
erocyclic organics (e.g., isoquinoline) and long-chain alkanes
(e.g., nonadecane) have unsatisfactory removal efficiency,
and the proportion of total DOM did not decrease after
adsorption. This also reflects that the adsorption ability of
BTT for phenolic substances is stronger than other organic
contaminants, which also directly leads to the improve-
ment of biodegradability and the reduction of toxicity.

4. Conclusions

CGW chromaticity after BTT adsorption obviously
changed from seal brown to pale yellow, and other adsor-
bents did not cause significant changes in CGW chromatic-
ity. The pseudo-first-order kinetic model can better describe
the adsorption process of CGW by BTT, and the adsorption
process is mainly controlled by physical diffusion. Results
implied that Langmuir model could better describe the
adsorption process, and uniform monolayer adsorption took
place on the adsorption sites of BTT. The adsorption ability
of BTT for phenolic substances is stronger than other organic
contaminants, which also directly leads to the improve-
ment of biodegradability and the reduction of toxicity.
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Supporting information
Appendix S1

Under the conditions of 25°C and 180 rpm, 6 g/L ben-
tonite (BTT) was added to the coal gasification wastewa-
ter (CGW) and the reaction was carried out for 120 min to
reach the adsorption equilibrium. During the adsorption
process, samples were taken at regular intervals through
a 0.45 um membrane to measure the chemical oxygen
demand (COD) value. The pseudo-first-order kinetic model
[Eq. (1)] and pseudo-second-order kinetic model [Eq. (2)]
are the most commonly used kinetic models.

In(q, -q,)=Ing, Kt (S1)

where g, and g, are the equilibrium adsorption capacity

and adsorption capacity (mg/g) at a certain time ¢ (min),

Table S1
Water quality analysis of CGW in this study

respectively, and k, is the rate constant of the pseudo-
first-order kinetic model (min™).

_ gkt

= S2
1+k,q,t 52)

t

where, g, and g, are the equilibrium adsorption capacity and
adsorption capacity (mg/g) at a certain time ¢ (min), respec-
tively, and k, is the rate constant of the pseudo-second-order
kinetic model (g/mg-min).

Appendix S2

BTT dose in the CGW was varied in the range of 0-10 g/L,
the sample was taken through a 0.45 um membrane after
adsorption equilibrium to determine the equilibrium con-
centration of COD. Several mathematical models can be

Parameter Value Parameter Value
COD (mg/L) 3,132-3,532 Total nitrogen (mg/L) 220.2-265.6
BOD, (mg/L) 1,038-1,172 Total phosphorus (mg/L) 1.35-2.57
BOD,/COD 0.34-0.38 Total phenol (mg/L) 502-564
TOC (mg/L) 1,025-1,239 pH 7.58-7.72
NH,-N (mg/L) 191.3-237.1 Conductivity (uS/cm) 1,720-1,930
204w —0—BTT
—O— ATTP
10+ o —A—DTT
> l ] —V— VLN
£ 0
3 \ —
E=) 1 T
2 _10 4 N
e 10 \ | \
& | o
S -20 | A
S , N | 3
Raw BTT ATTP DTT VLN 30 3
Fig. S1. Color change of CGW after the adsorption of -40 T T 1
different clays. 2 3 4 S5 7 8 9 10 11 12
pH

Table S2
Specific surface area of clays

Clays Specific surface Total pore Porosity Pore diameter
area (m%/g) volume (%) (nm)
(em?/g)
BTT 365 0.15 51.4 8.22
ATTP 30 0.062 42.6 19.21
DIT 46 0.041 31.2 12.31
VLN 17 0.011 40.1 43.11

Fig. S2. Zeta potentials of all clays at various pH values.

Table S3
Main chemical oxide components of BTT

Composition SiO, MgO Fe,0, CaO ALO, K,O Na,0O

Percentage  59.12 16.66 3.71 112 324 0.08 6.59

(Wt.%)
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used to quantitatively describe the adsorption isotherm,
including Langmuir [Eq. (3)] and Freundlich [Eq. (4)].

: qmaxKLCe
Langmuir: g =-ma =t ¢ S3
8 e 1+K,C, (53)
Freundlich: g, = K,C)" (S4)

where g, and g, (mg/g) are the equilibrium and the max-
imum adsorption capacities, respectively (mg/g), C, rep-
resent the concentration of adsorbate in the solution after
equilibrium (mg/L), K, is the Langmuir constant (L/mg),

) 0.45
0.40
0.35-
0.30

o 025

= 0.20 -

0.15 -

0.10

0.05 -

0.00

(a

——

Raw PAC

and K, ((mg/g)/(mg/L)"") and n are the Freundlich constants
representing the affinity between adsorbents and adsor-
bates and the apparent heterogeneity, respectively. K,, K,
K,, and 1/n were obtained after the model fitting.

Appendix S3

The Brunauer-Emmett-Teller test method (ASAP
2020, Micromeritics, USA) was utilized to determine
the pore size, pore volume and specific surface area of
adsorbents. Zeta potential meter (DelsaNano C, Beckman
Coulter, USA) was utilized to measure the zeta potential
of adsorbents. X-ray fluorescence (XRF, Thermo, USA)

30

(b)

25

HH

20
2151
10

5

Raw PAC

Fig. S3. (a, b) BOD,/COD ratio and TU value before and after CGW adsorption by commercial PAC.

Fig. S4. SEM images of BTT for CGW pretreatment before (a, b) and after (c, d) adsorption.
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Fig. S5. FT-IR spectrum of BTT.

Table 54
Kinetic parameters for COD adsorption by BTT

Kinetic model R? k, (min™) k, (min™) ¢, (mg/g)
Pseudo-first-order 0.9571 0.0795 - 32.35
Pseudo-second-order 0.9009 - 0.0022 38.12

Table S5
Adsorption isotherm parameters of COD adsorption by BTT

Models Parameters Value
9, (M8/8) 257.48
Langmuir K, (L/mg) 0.0398
R? 0.9799
K, ((mg/g)/(mg/L)") 17.19
Freundlich n 2.78
R? 0.8513
Table S6
Atomic ratio of BTT before and after adsorption (at.%)
Condition C Ca Fe Na Mg
Before 56.67 5.56 6.02 16.06 15.69
After 69.36 5.46 6.62 4.58 13.98

spectrometer was used to detect the content of each metal
oxide of BTT. X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher, USA) was used to detect
the chemical element species and their valence states on
the surface of BTT. The surface morphology of adsorbent

Table S7

Five regions of EMM
Regions Types of substance Ex (nm) Em (nm)
I Aromatic protein I 200-250 260-320
I Aromatic protein II 200-250 320-380
I Fulvic acid 200-250 380-550
v Microbial metabolites 250-450 260-380
\% Humic acid 250-450 380-550

Table S8

Integration and proportion of fluorescence region

Index Sample I I m v v

Raw 1.75 044 025 210 048
BTT 099 025 051 115 042
554 223 52 13.6 34
482 194 165 114 45

Regional

integration (x106)
Raw
BTT

Integration
percentage (%)

could be directly reflected by a scanning electron micro-
scope (SEM, S-3400N, Hitachi, Japan). By analyzing the
changes of characteristic peaks of Fourier-transform infra-
red spectroscopy (FT-IR, Nicolet iS50, USA), the relevant
information of surface functional groups of BTT could be
obtained, in order to discuss the chemical effects such as
dehydration and dehydrogenation, surface ion exchange,
and then explore the adsorption mechanism.

Appendix S4

After the lyophilized powder of Vibrio Qinghai was
recovered with the resuscitation liquid, the bacterial lig-
uid is inoculated into the sterilized fresh medium for slant
subculture. Then the third-generation slant strain was inoc-
ulated into a flask and cultured at 150 rpm, 25°C shaker
for 30 h to the logarithmic growth phase for the deter-
mination of luminescent bacteria toxicity. Different pro-
portions (10%, 20%, 40%, 60%, 80%, and 100%) of water
samples were added to the white 96-well plate in turn, and
the luminescence intensity (RLU) was tested by a multi-
function microplate reader. The luminescent bacteria inhibi-
tion rate (1) and toxicity unit (TU) value were calculated as
follows:

n :(1— EII:E’ ]xlOO% (55)
0
1
TU = c (S6)

where, EC, is the RLU at 50% inhibition.
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Table 59

Qualitative analysis of organic composition of CGW before and after BTT adsorption
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Organics compounds

Raw CGW (Peak area percentage/%)

BTT adsorption (Peak area percentage/%)

Phenol

Catechol

Resorcinol
Hydroquinone
2-Methylphenol
4-Methylphenol
2,4-Dimethylphenol
3,5-Dimethylphenol
2,3,5-Trimethylphenol
4-Methyl naphthol
3,4-Dimethylphenol
Oxine

Benzopyrrole
Isoquinoline

Xylene

Diphenyl
Anthracene
Benzofuran
Nonadecane
Lignocaine
Hexatriacontane
Others

28.74
6.78
3.21
1.33
3.82
14.58
1.32
2.87
1.01
0.92
0.93
1.23
3.22
2.11
0.76
0.21
0.15
0.18
0.78
0.56
0.44
24.85

23.22
4.12
291
1.01
222
12.32
1.21
3.32
1.32
1.11
1.22
0.86
2.85
1.98
2.01
0.53
0.42
0.61
0.67
0.72
0.71
34.96
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