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Enhanced treatment of dispersed
dye-production wastewater by
self-assembled organobentonite
et ina one-step process with poly-
o aluminium chloride

Yao Liu*? & Lizhong Zhu'+?

. Organobentonite has been successfully applied in industrial wastewater treatment. However,

. the solid-liquid separation in wastewater treatment still needs improvement. This study presents

. an enhanced approach with high removal efficiency and short separation time for dispersed dye-
production wastewater using self-assembled organobentonite in a one-step process with poly-

- aluminium chloride (PAC). The enhanced effects of PAC on wastewater treatment by organobentonite

. were comprehensively evaluated. Following the primary decontamination by the self-assembled

. organobentonite, the removal efficiency for dispersed dye-production wastewater was strengthened

. with PAC coagulation. The removal rates of TOC and organic pollutants were 55.0% and 63.5%,

. respectively, with the PAC-enhanced approach and were 1.3- and 1.6-fold higher, respectively, than

. those with the self-assembled organobentonite approach. The combination of PAC with self-assembled

. organobentonite was able to break the stability of the organobentonite suspension and enlarge the floc
size, and thus reduce the solid-liquid separation time from 30 min to 10 min. Additionally, this enhanced

. approach could improve the biodegradability of wastewater with the BOD;/COD¢, ratio increasing

: from 0.22 to 0.39, which was 4.1-fold higher than that of only organobentonite in a one-step process.

. Therefore, the PAC-enhanced approach could be a promising technology for wastewater pretreatment
in practical industrial applications.

. Dye-production wastewaters, generated during the manufacturing of dyes, have heavy colour, rich organic con-
. tent, and serious toxicity. This type of wastewater contains the mixture of colourants and various aromatic organics,
. such as anilines, nitrobenzenes, and phenols, which may cause numerous hazardous water quality effects, includ-
ing aesthetic problems, enhanced concentrations of organic compounds and toxicity to aquatic organisms® 2.
The biological treatment process is widely used in industrial wastewater treatment due to its feasibility and low cost>*.
However, its effectiveness may be limited by the presence of recalcitrant and/or toxic organic compounds in
dye-production wastewater. To ensure the efficiency and stability of biodegradation, a pretreatment procedure
can be indispensable as it can reduce the refractory organics in the effluents and lower the toxicity.
Organobentonite is produced by exchanging inorganic cations in the interlayer of bentonite with organic
cations and is increasingly attracting attention as a sorbent for its rich reserve and high sorption capacity. The
one-step process of organobentonite is a mature approach for refractory organic wastewaters, and it has been
- successfully applied in the pretreatment of coking wastewater®. Traditional applications of organobentonite in
. wastewater treatment usually include two individual steps: a complicated organic modification of bentonite and
- the sorption of organic pollutants by synthesized organobentonite. The one-step process, including the syn-
. thesis of organobentonite and sorption of organic pollutants, was originally proposed to simplify the process
. of wastewater treatment by organobentonite®. In the process, bentonite powders and cationic surfactants were
. well dispersed and formed a stable suspension, and then organic pollutants were removed by self-assembled
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organobentonite through partitioning and adsorption. This process is considered to be a suitable pretreatment
for dispersed dye-production wastewater due to its high removal capacities for organic pollutants, especially for
those refractory hydrophobic pollutants’~. It can remove cationic surfactant and organic pollutants simultane-
ously from the wastewater'®, which could allow it to achieve similar or higher efficiency and lower cost than the
traditional two-step process'! 12,

However, due to the high swelling ratio and tendency to remain suspended in water, the bentonite powder
was found to be difficult to separate from treated wastewater by settlement'* 4. One of the most significant lim-
iting factors of bentonite in industrial application has been the difficulty of separating and handling it'> 6. The
precipitative properties of organobentonite, though they have been improved to some extent by organic modifi-
cations'’, still need improvement for separation and recycling in industrial wastewater treatment’®. In addition,
the sorption capabilities of organobentonite have been reported to be correlated with the octanol-water partition
coeflicients of organic compounds'®. Consequently, it has exhibited poor removal of hydrophilic aromatic com-
pounds?, resulting in low removals for the total organic pollutants in highly concentrated wastewater.

Coagulants are widely used in the pretreatment system to destabilize and aggregate the suspended particles
or precipitates and adsorb dissolved contaminants from wastewater. Chemical coagulation with inorganic coag-
ulants such as poly-aluminium chloride (PAC), has been successfully applied in industrial wastewater treatment.
Studies have also shown that clay can be used as a coagulation crystal nucleus to induce the formation of alum
floc, which has also contributed to the enhanced removal of organic pollutants from wastewater?" 22, Therefore,
the use of coagulation in the combination with organobentonite would promote the separation of organobenton-
ite and enhance the removal efliciency, leading to significant reductions in both precipitation time and organic
content.

In this study, an approach combining self-assembled organobentonite with PAC was developed for treating
industrial dispersed dye-production wastewater. The optimal chemical dosages of the various system components
were determined. The enhancement effect of PAC on the organobentonite method was evaluated through a series
of analyses including the removal rates of colour, total organic carbon (TOC) and organic contaminants, the
precipitation performance of bentonite, and the biodegradability of wastewater. The precipitation performance of
bentonite and organobentonite with sorbed organics was evaluated in terms of the residual turbidity of the super-
natant as a function of precipitation time. The zeta potential values of organobentonite with sorbed organics, as
well as the floc size, were further investigated. This study aimed to provide an enhanced approach for dispersed
dye-production wastewater treatment and technical support to its application.

Results and Discussion

Dosage effects of bentonite and cetyltrimethylammonium bromide on the removal of selected
pollutants. The sorption efficiency of the bentonite was dependent on the types of organic pollutants. When
bentonite dosage was increased from 0.1 gL™! to 2.0gL~! and cetyltrimethylammonium bromide (CTMAB)
dosage was kept at 100 mgL~!, the CTMAB loading per unit bentonite of the synthesized organobentonite
was lowered from 400% cation exchange capacity (CEC) to 20% CEC (Fig. 1A). Higher dosages of bentonite
would increase the physical adsorption ability but would lower the partition effect of the surfactant layer in the
organobentonite” **. For the anilines, the breaking point of the removal effect was found to be at the bentonite
dosage of 0.5gL~". The removal rates of 3-chloronitrobenzene and phenols were essentially unchanged through-
out the whole process, indicating that bentonites were not very effective in removing those classes of pollutants,
which might be caused by the hydrophobicity and low organic carbon content of the bentonite** »*. Because of
these experiments, the bentonite dosage was selected at 0.5gL~! for the best removal of five kinds of representa-
tive pollutants.

Surfactants played a key role in the performance of organobentonite in wastewater treatment. With the
bentonite dosage held constant at 0.5gL"!, the removal rates of organics increased as the CTMAB dosage
increased from 10% CEC to 60% CEC (Fig. 1B). Within the experimental range, almost all (>95%) CTMA ™"
was removed by bentonite in the one-step process. With the same CTMAB dosage increase, the removal rates of
2-chloro-4-nitroaniline and 3,5-dichlorophenol increased from 0.9% to 27.9% and from 21.5% to 72.1%, respec-
tively. As the dosage increased, the interlayer packing densities increased, the interlayer space expanded, and
the interaction with the alkyl chain was stronger for CTMA™ in the bentonite to form a more powerful organic
partitioning phase®. The removal rates increased slightly when the CTMAB dosage was more than 60% CEC, but
in consideration of the removal efficiency and cost, the optimal experimental dosage was selected as 0.5gL~! of
bentonite and 60% CEC of CTMAB for the one-step process.

For a further investigation of the structure of the adsorbate layer, the XRD patterns were employed for the
investigation of the interlayer structures of bentonite, traditional synthesized organobentonite in the two-step
process and self-assembled organobentonite in the one-step process. The XRD results showed that the basal spac-
ing of bentonite had swelled from 1.49 nm to 2.06 nm after it had sorbed CTMA™ of 60% CEC in the one-step
process, which had only a negligible difference from traditional synthesized organobentonite (Fig. S1). The basal
space of traditional synthesized organobentonite in the two-step process was 2.09 nm. Similar increments for the
interlayer spacing were also observed in a previous study®. The increase of the interlayer spacing suggested that
the CTMA™ had intercalated into the layers and formed an extended structure with a tilt angle, which would also
suggest the self-assembly of organobentonite in the one-step process.

Removal efficiency for dispersed dye-production wastewater. Based on the selected optimal
dosage, the decolourization and TOC removal of organobentonite in the one-step process was investigated for
dispersed dye-production wastewater. The TOC of wastewater (shown in Fig. S2), treated by the one-step pro-
cess, decreased from 3263.2 to 1722.2mgL ™! for DR 145 and from 14210.0 to 9836.8 mgL~! for DR 167 (DR
145 and DR 167 stand for the wastewater generated during the manufacturing process of C.I. Disperse Red 145
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Figure 1. Dose effects of bentonite, CTMAB and PAC on the removal rates of selected organic pollutants. (A)
CTMAB dose is fixed at 100mg L™, (B) bentonite dose is fixed at 0.5gL~", (C) bentonite and CTMAB dose

is fixed at 0.5g L' and 60% cation exchange capacity, respectively. Error bars represent standard deviations
(n=3).

(heterocyclic azo dye) and C.I. Disperse Red 167 (monoazo dye), respectively). In addition, the colour of waste-
water dramatically decreased from 25000 to 1350 and 16000 to 3277 for the two respective wastewaters. The
one-step process of organobentonite achieved good decolourization performance of dispersed dye-production
wastewater, which suggests that it has promising prospects for industrial application. However, the TOC removal
in the one-step process was relatively low and left much room for improvement.

Co-precipitation, which is often used as a method to improve the efficiency of the pretreatment process of
wastewater, was applied in the combination of the one-step process. With the bentonite and CTMAB dosages
fixed at 0.5gL~" and 60% CEC, respectively, the PAC dosage was evaluated from 0 to 2.0gL™! (Fig. 1C). When
the dosage was 0.5gL~?, the removal rates of the five types of organic pollutants were 15.1%, 41.2%, 60.7%, 81.4%
and 95.3%, respectively, much higher than the 4.2%, 27.9%, 47.4%, 55.2%, and 72.1% achieved without PAC
treatment. It could be that the PAC hydrolysis product was capable of adsorption bridging with bentonite, and of
sorbing organic matter?” 8. The removal rate kept increasing with PAC dosage until the dosage was higher than
0.5g L. Thus, the optimal experimental dosage was selected as 0.5gL ™! of bentonite, 60% CEC of CTMAB and
0.5gL~! of PAC for the one-step process.

When combined with PAC, the one-step process was observed to be effective in both decolourization and
TOC removal for dispersed dye-production wastewater (Fig. 2). The wastewater samples in this research were
actual industrial dye manufacturing effluents with very high colour, obtained directly from the factory. The decol-
ourization rate of PAC coagulation was 63.6% for DR 145 and 46.5% for DR 167. With the selected optimal dosage
applied in the one-step process with PAC, the decolourization rate was 94.8% and 81.1% for DR 145 and DR 167,
respectively. Various types of wastewater pretreatment technologies, such as coagulation and Fenton oxidation,
were previously reported to be effective in colour removal (from 72% to 94%) for simulated disperse dye solu-
tions?. When applied to actual industrial dye-production wastewater, however, the colour removal was lower®®3!
(from 71% to 74%). The one-step process with PAC was very effective in colour removal for actual dispersed
dye-production wastewater. Furthermore, the TOC removal achieved by this approach was 67.7% and 42.3% for
DR 145 and DR 167, respectively, which is similar to the widely applied treatments of industrial wastewater®> %,
The enhancement by PAC coagulation was mainly embodied in TOC removal, which was 16.0% higher than that
without PAC and was 3.7-fold higher than PAC alone. The results proved the one-step process with PAC to be an
effective approach for the treatment of dispersed dye-production wastewater.

PAC enhancements of self-assembled organobentonite for wastewater treatment. Removal
efficiency of organic pollutants. The organic composition of wastewater was characterized before and after the
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Figure 2. Decolourization and TOC removal of dispersed dye-production wastewater by (a) PAC coagulation,
(b) the one-step process of organobentonite and (c) the one-step process with PAC. Bentonite dose: 0.5gL™",
CTMAB dose: 60% CEC, PAC dose: 0.5gL ™. Error bars represent standard deviations (n=3).
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Figure 3. Removal rate of organic contaminants by (a) PAC coagulation, (b) the one-step process of
organobentonite and (c) the one-step process of organobentonite with PAC for (A) DR 145 and (B) DR 167.
Bentonite dose: 0.5gL~!, CTMAB dose: 60% CEC, PAC dose: 0.5gL"". Error bars represent standard deviations
(n=3).

one-step process with or without PAC treatment. As shown in Fig. 3, following the primary decontamination by
self-assembled organobentonite in the one-step process, removal of organic pollutants was enhanced by PAC
coagulation. In the one-step process, the six categories of pollutants showed average removal rates of 70.2%,
48.2%, 17.7%, 38.1%, 28.1% and 28.0% for hydrocarbons, nitrobenzenes, acids/alcohols/esters, phenols, hetero-
cycles, and anilines, respectively. After adding PAC, those removal rates increased to 94.5%, 89.9%, 71.0%, 69.8%,
49.1% and 44.5%, respectively, which represented a substantial improvement in decontamination. The removal
rates with PAC alone for the six categories of pollutants were lower than those of the one-step process (shown
in Fig. 3). The combination of PAC and organobentonite achieved a synergistic removal of nitrobenzenes and
anilines. In the one-step process, the total concentrations of organic compounds in DR 145 and DR 167 reduced
by 48.3% and 30.0%, respectively. The total removal of organic pollutants by PAC coagulation was 18.3% for DR
145 and 12.1% for DR 167, while in the one-step process with PAC, the total decontamination rates were 78.2%
and 48.7% for dispersed dye-production wastewater (DR 145 and DR 167, respectively). The results indicate that
PAC coagulation can improve the total decontamination of a one-step process for dispersed dye-production
wastewater.

The scanning electron microscope (SEM) micrographs provided a glance at the surface structure of the ben-
tonite and organobentonite (shown in Fig. 4). The surface of natural bentonite (Fig. 4A) was tightly packed with
a typical flat flaky texture, as reported previously*. The self-assembled organobentonite (Fig. 4B) in the one-step
process exhibited a curly lamellar structure with a rough surface and high porosity, which could lend it better
sorption performance due to the larger surface area. In the one-step process with PAC, the sorbed organoben-
tonite transformed to coarse and aggregated morphology (Fig. 4D). There were some amorphous particles in
both organobentonite agglomerations (Fig. 4D) and the flocs formed by PAC coagulation alone (Fig. 4C). The
particles have a diameter of approximately 100 nm and were identified as aluminium by the energy dispersive
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Figure 4. Scanning election micrographs and element surface distribution graphs of Al: (A) bentonite, (B) and
(B1) organobentonite in the one-step process, (C) flocs in PAC coagulation, (D) and (D1) organobentonite in
the one-step process with PAC.
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Figure 5. The variations in organobentonite settling properties: (A) residual turbidities and (B) zeta potential

of (a) bentonite suspended effluent, organobentonite suspended effluent in (b) the one-step process and (c) the
one-step process with PAC. Bentonite dose: 0.5gL~!, CTMAB dose: 60% CEC, PAC dose: 0.5gL". Error bars

represent standard deviations (n=3).

spectroscopic analysis. The results indicated that the PAC hydrolysis product was capable of adsorption bridging
with sorbed organobentonite, forming porous agglomerations to improve the removal efficiency of both organic
pollutants and sorbed organobentonite.

Precipitation performance of organobentonite with sorbed organics. In the precipitation performance test, it was
observed that the organobentonite with sorbed organics began to agglomerate and rapidly grew into thick flocs
after the addition of PAC. It was found in previous studies that the major drawback of the one-step process was
that it could be very time-consuming'® **; in our research, the solid-liquid stratification for the one-step process
was observed after 30 min of the precipitation, while the sorbed organobentonite settled in less than 10 min with
the addition of PAC (Fig. 5A). The time for the settling process was shortened in this combined treatment. It was
also observed that the sludge volume of sorbed organobentonite in the one-step process was reduced after the
addition of PAC. The precipitate from the combined process was much easier to recycle and reuse in the industrial
applications compared to traditional treatments*. The results showed that PAC could enhance the precipitation
performance of self-assembled organobentonite in the one-step process, and thus achieved rapid separation and
better recycling ability.

The zeta potential values (shown in Fig. 5B), which reflected the stability of the clay solution, were the key to
understanding the outstanding performance of the PAC coagulation after the one-step process. The initial ben-
tonite suspension had a —20.3-mV zeta potential value in dispersed dye-production wastewater and thus formed
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Figure 6. Effect of the treatment using (a) PAC coagulation, (b) the one-step process of organobentonite and
(¢) the one-step process of organobentonite with PAC on (A) COD¢,, BOD; and (B) BOD,/CODy¢, ratio of
dispersed dye-production wastewater. Bentonite dose: 0.5g L™, CTMAB dose: 60% CEC, PAC dose: 0.5gL .
Error bars represent standard deviations (n=3).

a negative stable system. The electronegativity of the suspension decreased to —8.5mV after the addition of the
cationic surfactant (CTMAB). CTMA™ could adsorb to the bentonite surface through electrostatic attraction
and neutralize its charge®® ¥, leading to a less negative and more flocculated system. After the PAC coagulation
treatment, the zeta potential of organobentonite with sorbed organics further decreased to —2.6 mV. The cationic
hydrolysis products of PAC could break the stability of the organobentonite suspension by neutralizing the nega-
tive charge of bentonite®®, which would promote the coagulation of unstable colloids. In the one-step process with
PAGC, the floc size of bentonite particles increased from 60.3 pm to 105.4 pm with the presence of CTMAB and
further increased to 450.2 pm with the addition of PAC (Fig. 5B). These results indicated that the addition of PAC
could break the stability of the organobentonite suspension and increase the floc size, which would accelerate the
solid-liquid separation.

Biodegradability of wastewater.  For investigating the biodegradability of the wastewater treated by the phys-
icochemical treatment methods, the COD¢, and 5 days biochemical oxygen demand (BOD;) were determined
using wastewater samples. The CODy, values of wastewater (Shown in Fig. 6A) treated by a one-step process with
PAC decreased from 10.39 to 2.72 and from 37.74 to 25.08 gL~ for DR 145 and DR 167, respectively. However,
the reduction in BOD; values was 1.04 and 0.61 gL ™! for the two respective dispersed dye-production wastewa-
ter samples, which was less significant. The COD¢, removal rate of the treatments ranked as follows: one-step
process with PAC > one-step process > PAC coagulation, while the BOD; removal ranked in an opposite order.
These results demonstrated that it was predominantly the refractory organics, rather than the biodegradable
compounds, which were removed by the one-step process with PAC.

The biodegradability of raw and treated dispersed dye-production wastewater, evaluated through a calcu-
lation of the BOD,/COD, ratio, is shown in Fig. 6B. The BODs/COD¢, ratios of raw wastewater were 0.18 and
0.25 for DR 145 and DR 167, respectively. The biodegradability of effluents treated by PAC coagulation showed
little difference from the raw wastewaters. This indicated that using the one-step process with PAC method led to
noticeable improvement in the biodegradability index (BOD;/COD¢,,) for dispersed dye-production wastewaters.
The index of treated effluent increased by 0.17 (from 0.18 to 0.36, and from 0.25 to 0.40 for DR 145 and DR 167,
respectively) on average with the one-step process with PAC, which was 4.1-fold higher than that without PAC.
Therefore, wastewater became more easily degraded by a biological reaction after treatment with the one-step
process with PAC.

The lowered organic content in dispersed dye-production wastewater is the main reason for the improvement
in biodegradability. As shown in Fig. 7, the organic content of the treated effluents, especially those treated by
organobentonite in one-step process with PAC, was effectively removed. Moreover, the organic composition in
the wastewater was altered by the treatments. Anilines and nitrobenzenes were found to be the main organic con-
stituents in dispersed dye-production wastewater. The nitrobenzenes/anilines ratio of DR 145 and DR 167, which
could be considered as a marker of the organic composition, was reduced by the one-step process with PAC,
from 95.1% to 48.4% and 51.9% to 3.2%, respectively. Therefore, the one-step process with PAC was proven to
have the ability to reduce the organic content and alter the composition of dispersed dye-production wastewater.
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Figure 7. Organic composition of dispersed dye-production wastewater treated by (a) PAC coagulation, (b) the
one-step process of organobentonite and (c) the one-step process with PAC. Bentonite dose: 0.5gL~!, CTMAB
dose: 60% CEC, PAC dose: 0.5gL™". Error bars represent standard deviations (n=3).

2.0
100 - A . ?i 4 A B,
~ 80F R 15}
é % é i i i i ¥ .= -0.3359x + 1.6469
L R’=0.4839
£ e £ 10} .
F 4 14 = o . .
3 I v=10.174x + 15.912 £ * b 4 *
£ Foae .
& 20 [] R’=0.5347 05F
B *
B one-step process *
A one-step process with PAC *
0 1 L 1 I 1 0.0 X ) . ) .
1.0 1.5 20 25 3.0 35 4.0 1.0 1.5 20 25 3.0 35 4.0
IgK IgK

Figure 8. Relation between removal rate of the processes. (A) PAC enhancement, (B) IgK,,, of aromatic
organics. Bentonite dose: 0.5gL~!, CTMAB dose: 60% CEC, PAC dose: 0.5gL~". Error bars represent standard
deviations (n=3).

Nitrobenzenes were reported to be hardly removed by aerobic degradation which was restricted by the electron-
egative nitro group®. It was reported that anilines had lower toxicity than nitrobenzenes and were easily min-
eralized by aerobic degradation®”*.. As such, the alteration of the organic composition could also enhance the
biodegradation ability of dispersed dye-production wastewater.

The removal efficiency of organic pollutants by organobentonite was generally correlated with the hydropho-
bicity (using 1gK,,,, as a factor), which did not apply to the one-step process with PAC. As shown in Fig. 8A, the
removal rate of aromatic pollutants in the one-step process was positively correlated with the IgK,,, of compounds
(r*=0.535, p < 0.01). If the hydrophobicity of the aromatic pollutants strengthened, the adsorption effect got
stronger. Similar correlations between the hydrophobicity and the adsorption effect on organobentonite were
observed in previous research®. However, the IgK_,, and removal rate showed no significant correlation (p > 0.05)
in the one-step process with PAC. The PAC is capable of non-selective adsorption and co-coagulation of organic
pollutants*2, which might be the reason for the lack of correlation between the 1gK,,, and the removal of organic
pollutants. The strengthening effect of PAC (shown in Fig. 8B) was negatively correlated with the IgK,,, of com-
pounds (*=0.484, p < 0.01). In addition to the high efficiency in removing hydrophobic pollutants, the nega-
tive correlation in the one-step process with PAC represented a removal potential for hydrophilic organics as
well. Therefore, the use of PAC in the combination with organobentonite would compensate for the weakness of
organobentonite and thus promote its practical industrial application.

In summary, adding PAC could enhance the decontamination of self-assembled organobentonite and shorten
the solid-liquid separation time in the treatment of dispersed dye-production wastewater. The PAC-enhanced
approach was effective in overall decontamination and in the prior removal of recalcitrant organics, and thus
improved the biodegradability of wastewater. Therefore, it could be a promising technology for wastewater pre-
treatment in practical industrial applications.

Methods
Materials. The sodium bentonite raw material was purchased from Chengbei Co., Ltd. (Zhejiang, China).
The cation exchange capacity (CEC) was 0.696 mmol g~! bentonite. Analytical-grade cetyltrimethylammonium
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‘Wastewater sample

parameters DR 145* DR 167*

Ph 1.24 2.02

Colour® 250001000 16000+ 2375
TOC? (mgL") 3263.2+87.2 14210.0+418.0
COD¢’ (mgL™) 10391.0+157.4 37736.4£246.0
BODg® (mgL™") 1916.7 £ 121.6 9538.9+£125.1
BOD;/COD,” 0.18+0.012 0.250.004

Table 1. Characteristics of dispersed dye-production wastewater. DR 145 and DR 167 are the abbreviations of
wastewater generated from the manufacturing processes of C.I. Disperse Red 145 and C.I. Disperse Red 167,
respectively. "Mean =+ standard deviation (n=3).

bromide (CTMAB) was selected to modify the bentonite. 2-chloro-4-nitroaniline, 3-ethylanilinopropiononitrile,
phenol, 3,5-dichlorophenol, and 3-chloronitrobenzene were of analytical grade. Analytical-grade PAC (contain-
ing 27% as Al,O5) with a basicity of 70-75% was used as the coagulant and was purchased from Dingshengxin
Chemical Co., Ltd. (Tianjin, China). Other chemicals used in this study were purchased from the Aladdin
Chemical Reagent Co., Ltd., China.

The dispersed dye-production wastewater, with colour and TOC from 16000 to 25000 and from 3263.2 to
14210.0 mg L™, respectively, was collected from a dyestuff chemical factory in Zhejiang, China. The detailed
characteristics of the dispersed dye-production wastewater are provided in Table 1. The molecular structures of
the disperse dyes and their syntheses are shown in Fig. S3.

Sorption-coagulation experiment. Representative aromatic organics in dispersed dye-production
wastewater, such as 2-chloro-4-nitroaniline, 3-ethylanilinopropiononitrile, phenol, 3,5-dichlorophenol, and
3-chloronitrobenzene, were used to investigate the optimal dosages of bentonite, CTMAB, and PAC"**. The
detailed characteristics of the selected pollutants are shown in the Supporting Information (Table S1). The cho-
sen concentrations were 100 mgL~! for hydrophilic organic compounds and 10 mg L~ for hydrophobic organic
compounds with a comparative lower water solubility**. In the optimization process, the selected amount of
bentonite and CTMAB was added into a 22-mL sampling tube. Then, 20 mL of a solution of the selected organic
compound at a certain concentration was added separately, and the sampling tube was sealed and shaken at 25°C
and 200 rpm. For the coagulation treatment, the PAC was added after the sorption equilibrium had been reached,
then the sample was stirred at 25 °C and 50 rpm for 30 min. All of the samples were centrifuged at 3000 rpm for
20 min. The supernatant was extracted by n-hexane and used for further analysis by GC-MS.

For evaluating the removal efficiency between two physicochemical treatments, the combined one-step pro-
cess with PAC coagulation was performed as a two-step treatment whereby sorption was followed by coagulation.
Bentonite and CTMAB (100% CEC indicated that the CTMAB dosage corresponds to 100% of bentonite CEC
satisfied by CTMAB) were premixed and added to 200 mL dispersed dye-production wastewater in a 250-mL
container. The sorption process was conducted under comparatively rapid agitation at 200 rpm for 30 min. PAC
was added when the sorption equilibrium had been achieved. The suspension was stirred at a lower speed of
50 rpm for 10 min. After a static settlement for 10 min, the supernatant was separated for further clean-up and
extraction.

A settlement experiment was conducted in a 3-L container. A certain amount of bentonite and CTMAB were
added to 2L dispersed dye-production wastewater, and the mixture was stirred at 200 rpm for 30 min. PAC was
added when the sorption equilibrium had been achieved. Then, the suspension was stirred at 50 rpm for 10 min.
The residual turbidity of the supernatant was measured continuously throughout a 60-min settling period.

Chemical analysis and characterization. Analysis of samples for colour, BOD;, COD¢, and turbidity
were determined according to China National Standard Methods (GB 11903-89, HJ 505-2009 and GB 11914-89
and GB 13200-91, respectively). The TOC in the raw and treated wastewater was measured with a TOC analyser
(TOC-VCPH, Shimadzu). Zeta potentials of organobentonite with sorbed organics and floc size were meas-
ured with a Zetasizer (Nano ZS90, Malvern) and a laser granulometer (Mastersizer 2000, Malvern), respectively.
The surface morphologies and microscopic features of sorbed bentonite and organobentonite were determined
using scanning electron microscopy (SEM, Hitachi SU8010) at an operating voltage of 3kV. The powder samples
were sputter-coated with a thin layer of gold and X-ray diffraction (XRD) patterns of the prepared samples were
acquired with an X-ray diffractometer (XRD 6000, Shimadzu) using Cu Ko radiation (40kV,30 mA). All XRD
patterns were obtained from 3° to 20° with a scan speed of 4° min .

The raw and treated wastewater needed to be cleaned up by solid-phase extraction (SPE) before it could be
analysed by GC-MS. Before the extraction process, the SPE C18 column was washed with 5mL dichloromethane,
followed by 5mL methanol and finally by 5mL deionized water. After a 20-fold dilution with deionized water,
200 mL raw and treated dispersed dye-production wastewater together with 20 mL methanol was percolated
through the SPE-C18 column assisted by a vacuum pump. 5 mL deionized water was used to wash the column.
The trapped organic pollutants were eluted with 7mL dichloromethane (3:2:2, extracting 3 times). The solution
was concentrated to near dryness with gentle nitrogen flow and then diluted to 1 mL with n-hexane for GC-MS
analysis.

The quantitative analysis of target organic compounds in the wastewater was carried out by a gas chroma-
tography (Agilent 7890B) equipped with 5977 A mass spectrometer operated in the electron impact (EI) mode.
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Aliquots of 1 uL were splitlessly injected into an HP-5 MS UI column (30 m, 0.25 mm i.d., 25 pm thick, Agilent
Inc.). The temperature programme of the GC analysis was as follows': the initial temperature at 45 °C, held for
2 min; increased by 15°C min ! to 150 °C, then held for 2 min; increased by 2°C min~! to 220°C, then held for
2 min; increased by 30 °C min™! to 300 °C; then held for 15 min. The injector was kept at 250 °C. The carrier gas,
helium, constantly flowed at 1.0mL min~".

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Oliveira, D. P, Carneiro, P. A., Sakagami, M. K., Zanoni, M. V. & Umbuzeiro, G. A. Chemical characterization of a dye processing
plant effluent-identification of the mutagenic components. Mutat. Res. 626, 135-142 (2007).

Dodangeh, M., Pajootan, E., Mohammadian, M., Allen, N. S. & Eskandari Fard, R. Alkali-clearing process optimization of the newly
synthesized disperse dye and its promising removal from wastewater using electrocoagulation. Desalin. Water Treat. 57, 4641-4651
(2014).

. Singh, K. & Arora, S. Removal of Synthetic Textile Dyes From Wastewaters: A Critical Review on Present Treatment Technologies.

Crit. Rev. Environ. Sci. Techonl. 41, 807-878 (2011).

. Sultana, S. et al. Bio-electro degradation of azo-dye in a combined anaerobic—aerobic process along with energy recovery. New J.

Chem. 39, 9461-9470 (2015).

. Wu, Z. & Zhu, L. Removal of polycyclic aromatic hydrocarbons and phenols from coking wastewater by simultaneously synthesized

organobentonite in a one-step process. J. Environ. Sci. 24, 248-253 (2012).

. Ma, J. & Zhu, L. Removal of phenols from water accompanied with synthesis of organobentonite in one-step process. Chemosphere

68, 1883-1888 (2007).

. Jovi¢-Jovici¢, N., Milutinovi¢-Nikoli¢, A., Grzeti¢, I. & Jovanovié, D. Organobentonite as efficient textile dye sorbent. Chem. Eng.

Technol. 31, 567-574 (2008).

. Koswojo, R. et al. Acid Green 25 removal from wastewater by organo-bentonite from Pacitan. Appl. Clay Sci. 48, 81-86 (2010).
. Ma, J., Cui, B., Dai, J. & Li, D. Mechanism of adsorption of anionic dye from aqueous solutions onto organobentonite. J. Hazard.

Mater. 186, 1758-1765 (2011).

Zhu, R. et al. Montmorillonite as a multifunctional adsorbent can simultaneously remove crystal violet, cetyltrimethylammonium,
and 2-naphthol from water. Appl. Clay Sci. 88-89, 33-38 (2014).

Zhu, L. & Ma, J. Simultaneous removal of acid dye and cationic surfactant from water by bentonite in one-step process. Chem. Eng.
J. 139, 503-509 (2008).

Yao, M., Zhang, X. & Lei, L. Removal of Reactive Blue 13 from dyeing wastewater by self-assembled organobentonite in a one-step
process. J. Chem. Eng. Data 57, 1915-1922 (2012).

Zhu, L., Baoliang Chen, A. & Shen, X. Sorption of phenol, p-nitrophenol, and aniline to dual-cation organobentonites from water.
Environ. Sci. Technol. 34, 387-391 (1999).

Zhu, L., Chen, B,, Tao, S. & Chiou, C. T. Interactions of organic contaminants with mineral-adsorbed surfactants. Environ. Sci.
Technol. 37, 4001-4006 (2003).

Lee, K. E., Morad, N., Poh, B. T. & Teng, T. T. Comparative study on the effectiveness of hydrophobically modified cationic
polyacrylamide groups in the flocculation of kaolin. Desalination 270, 206-213 (2011).

Zhang, B., Su, H., Gu, X., Huang, X. & Wang, H. Effect of structure and charge of polysaccharide flocculants on their flocculation
performance for bentonite suspensions. Colloids Surf. A Physicochem. Eng. Asp. 436, 443-449 (2013).

Yang, L., Jiang, L., Zhou, Z., Chen, Y. & Wang, X. The sedimentation capabilities of hexadecyltrimethylammonium-modified
montmorillonites. Chermosphere 48, 461-466 (2002).

Li, J., Zhu, L. & Cai, W. Microwave enhanced-sorption of dyestuffs to dual-cation organobentonites from water. J. Hazard. Mater.
136, 251-257 (2006).

Zhu, L., Ruan, X., Chen, B. & Zhu, R. Efficient removal and mechanisms of water soluble aromatic contaminants by a reduced-
charge bentonite modified with benzyltrimethylammonium cation. Chemosphere 70, 1987-1994 (2008).

Zhu, R. et al. Sorptive characteristics of organomontmorillonite toward organic compounds: a combined LFERs and molecular
dynamics simulation study. Environ. Sci. Technol. 45, 6504-6510 (2011).

Wu, C. D. et al. Enhanced coagulation for treating slightly polluted algae-containing surface water combining polyaluminum
chloride (PAC) with diatomite. Desalination 279, 140-145 (2011).

Hu, W. & Wu, C. Enhanced coagulation for improving coagulation performance and reducing residual aluminum combining
polyaluminum chloride with diatomite. Environ. Sci. Pollut. Res. 23, 498-503 (2016).

Zhu, R., Zhu, L. & Xu, L. Sorption characteristics of CTMA-bentonite complexes as controlled by surfactant packing density.
Colloids Surf. A Physicochem. Eng. Asp. 294, 221-227 (2007).

Boyd, S. A., Sheng, G., Teppen, B. J. & Johnston, C. T. Mechanisms for the adsorption of substituted nitrobenzenes by smectite clays.
Environ. Sci. Technol. 35, 4227-4234 (2001).

Alkaram, U. E, Mukhlis, A. A. & Al-Dujaili, A. H. The removal of phenol from aqueous solutions by adsorption using surfactant-
modified bentonite and kaolinite. J. Hazard. Mater. 169, 324-332 (2009).

Zhu, L., Xiaogang Ren, A. & Yu, S. Use of cetyltrimethylammonium bromide-bentonite to remove organic contaminants of varying
polar character from water. Environ. Sci. Technol. 32, 3374-3378 (1998).

Yan, M. et al. Mechanism of natural organic matter removal by polyaluminum chloride: effect of coagulant particle size and
hydrolysis kinetics. Water Res. 42, 3361-3370 (2008).

Blel, W, Dif, M. & Sire, O. Effect of a new regeneration process by adsorption-coagulation and flocculation on the physicochemical
properties and the detergent efficiency of regenerated cleaning solutions. J. Environ. Manage. 155, 1-10 (2015).

Kim, T. H., Park, C., Yang, J. & Kim, S. Comparison of disperse and reactive dye removals by chemical coagulation and Fenton
oxidation. J. Hazard. Mater. 112, 95-103 (2004).

Wang, C. T, Hy, J. L., Chou, W. L. & Kuo, Y. M. Removal of color from real dyeing wastewater by Electro-Fenton technology using
a three-dimensional graphite cathode. J. Hazard. Mater. 152, 601-606 (2008).

Kumar, P, Prasad, B., Mishra, I. M. & Chand, S. Decolorization and COD reduction of dyeing wastewater from a cotton textile mill
using thermolysis and coagulation. J. Hazard. Mater. 153, 635-645 (2008).

Cheng, H. et al. Pretreatment of wastewater from triazine manufacturing by coagulation, electrolysis, and internal microelectrolysis.
J. Hazard. Mater. 146, 385-392 (2007).

Balla, W. et al. Electrocoagulation/electroflotation of reactive, disperse and mixture dyes in an external-loop airlift reactor. J. Hazard.
Mater. 184, 710-716 (2010).

Hu, Z. et al. Wettability of compound organobentonites with ultra-low swelling modified by a series of bis-quaternary ammonium
salts. Colloid. Surface. A. 441, 685-694 (2014).

Sun, X., Huang, W., Ma, Z., Lu, Y. & Shen, X. A novel approach for removing 2-naphthol from wastewater using immobilized
organo-bentonite. J. Hazard. Mater. 252-253,192-197 (2013).

Shen, Y. H. Removal of phenol from water by adsorption-flocculation using organobentonite. Water Res. 36, 1107-1114 (2002).
Girses, A. et al. The investigation of electrokinetic behaviour of micro-particles produced by CTA* ions and Na-montmorillonite.
Appl. Surf. Sci. 318, 79-84 (2014).

SCIENTIFICREPORTS | 7:6843| DOI:10.1038/s41598-017-07333-2 9



www.nature.com/scientificreports/

38. Wang, D., Tang, H. & Gregory, J. Relative importance of charge neutralization and precipitation on coagulation of Kaolin with PACI:
effect of sulfate ion. Environ. Sci. Techn. 36, 1815-1820 (2002).

39. Zhao, S., Ramette, A., Niu, G. L., Liu, H. & Zhou, N. Y. Effects of nitrobenzene contamination and of bioaugmentation on
nitrification and ammonia-oxidizing bacteria in soil. FEMS. Microbiol. Ecol. 70, 159-167 (2009).

40. Albrecht, W. & Neumann, H. G. Biomonitoring of aniline and nitrobenzene. Arch. Toxicol. 57, 1-5 (1985).

41. Aruoja, V,, Sihtmée, M., Dubourguier, H. C. & Kahru, A. Toxicity of 58 substituted anilines and phenols to algae Pseudokirchneriella
subcapitata and bacteria Vibrio fischeri: comparison with published data and QSARs. Chemosphere 84,1310 (2011).

42. Tan, B. H,, Teng, T. T. & Omar, A. K. M. Removal of dyes and industrial dye wastes by magnesium chloride. Water Res. 34, 597-601
(2000).

43. Vacchi, E I et al. Chlorine disinfection of dye wastewater: implications for a commercial azo dye mixture. Sci. Total Environ. 442,
302-309 (2013).

44. Ruan, X,, Zhu, L., Chen, B., Qian, G. & Frost, R. L. Combined (1)H NMR and LSER study for the compound-specific interactions
between organic contaminants and organobentonites. J. Colloid Interface Sci. 460, 119-127 (2015).

Acknowledgements
This work was jointly supported by the National Natural Science Foundation of China (21621005) and the Key
Innovation Team for Science and Technology of Zhejiang Province (2009R50047).

Author Contributions
Yao Liu and Lizhong Zhu designed the experiment and wrote the manuscript. Lizhong Zhu conducted the
experiments. Yao Liu analysed the data. Both authors have read and approved the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07333-2

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7:6843| DOI:10.1038/s41598-017-07333-2 10


http://dx.doi.org/10.1038/s41598-017-07333-2
http://creativecommons.org/licenses/by/4.0/

	Enhanced treatment of dispersed dye-production wastewater by self-assembled organobentonite in a one-step process with poly ...
	Results and Discussion

	Dosage effects of bentonite and cetyltrimethylammonium bromide on the removal of selected pollutants. 
	Removal efficiency for dispersed dye-production wastewater. 
	PAC enhancements of self-assembled organobentonite for wastewater treatment. 
	Removal efficiency of organic pollutants. 
	Precipitation performance of organobentonite with sorbed organics. 
	Biodegradability of wastewater. 


	Methods

	Materials. 
	Sorption-coagulation experiment. 
	Chemical analysis and characterization. 

	Acknowledgements

	Figure 1 Dose effects of bentonite, CTMAB and PAC on the removal rates of selected organic pollutants.
	Figure 2 Decolourization and TOC removal of dispersed dye-production wastewater by (a) PAC coagulation, (b) the one-step process of organobentonite and (c) the one-step process with PAC.
	Figure 3 Removal rate of organic contaminants by (a) PAC coagulation, (b) the one-step process of organobentonite and (c) the one-step process of organobentonite with PAC for (A) DR 145 and (B) DR 167.
	Figure 4 Scanning election micrographs and element surface distribution graphs of Al: (A) bentonite, (B) and (B1) organobentonite in the one-step process, (C) flocs in PAC coagulation, (D) and (D1) organobentonite in the one-step process with PAC.
	Figure 5 The variations in organobentonite settling properties: (A) residual turbidities and (B) zeta potential of (a) bentonite suspended effluent, organobentonite suspended effluent in (b) the one-step process and (c) the one-step process with PAC.
	Figure 6 Effect of the treatment using (a) PAC coagulation, (b) the one-step process of organobentonite and (c) the one-step process of organobentonite with PAC on (A) CODCr, BOD5 and (B) BOD5/CODCr ratio of dispersed dye-production wastewater.
	Figure 7 Organic composition of dispersed dye-production wastewater treated by (a) PAC coagulation, (b) the one-step process of organobentonite and (c) the one-step process with PAC.
	Figure 8 Relation between removal rate of the processes.
	Table 1 Characteristics of dispersed dye-production wastewater.


