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ABSTRACT

The purpose of the research was to synthesize new effective and cheap coagulants from industrial wastes (red mud)
and study their coagulation properties on model water of textile industries, as well as develop a closed scheme
of local wastewater treatment using the synthesized coagulants. Liquid coagulants, synthesized with the simple
method, have better performance than commercial FeCl,, since not only iron but also aluminum and titanium com-
pounds are present in the synthesized liquid coagulants, which makes them more effective. For the synthesized
coagulants with a dose of 10 mg/l, the removal efficiency of the dyes mixture from the water was 99.7%, while for
the commercial FeCl,, with a 2.5 times higher dose — only 95.4%. In the case of creating closed scheme of treat-
ment and usage of the treated water with the coagulation method, an additional sorption purification step from the
trace concentrations of pollutants was proposed. The usage of the new coagulants, synthesized from the wastes of
alumina production in the proposed scheme will not only help reduce the environmental burden by minimizing
the wastewater discharges into sewerage, but also recycle the accumulated environmentally hazardous “red mud”
waste into commercial products.
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INTRODUCTION

In recent years, despite the improvement of
the existing technologies in the chemical indus-
try, the man-made environmental pollution has
increased, which is reflected in greater wastes
and wastewater volume. The textile industry is no
exception, and the amount of wastewater polluted
by contaminants of different nature (dyes, surfac-
tants, salts) is constantly increasing. Thus, when
using 1 ton of dyes, more than 225 tons of waste-
water with high color and salt content is produced
[Natarajan et al. 2018; Ying Ling et al. 2017; An-
gelova et al. 2016]. Discharging such waters to
reservoirs leads to the deterioration of sanitary
standards of water, as such water can be toxic to
aquatic organisms due to the content of chlorides
and decay products of dyes.
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The wastewater containing dyes is very dif-
ficult to treat, since the dyes are stable in light and
are usually resistant to aerobic digestion. The col-
or removal is related to the destruction of the con-
jugated unsaturated bonds in the dye molecules.
Therefore, to achieve a satisfactory treatment de-
gree of such wastewater, it is necessary to carry
out a complex of technological methods such as
coagulation, filtration, adsorption on activated
carbon, and the like. However, given the scarcity
of water resources, it is advisable to develop the
purification schemes with a high degree of pol-
lutants extraction, which can ensure wastewater
reusing [Wang Li et al. 2018].

Among the many methods of water treat-
ment today in practice (both at municipal treat-
ment plants and in industrial water treatment pro-
cesses), the method of coagulation, which allows
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removing contaminants of different origins, is
used most often. This method is simple, allows
the usage of different coagulants, and is quite ef-
fective [Nabibidhendi et al. 2007, Makarchuk et
al. 2017, Monastyrov et al. 2019]. However, by
coagulation, it is often not possible to carry out
advanced purification of water that will be re-
used in the production cycle, which necessitates
an additional refinement operation, such as ad-
sorption. As it is known, adsorption is one of the
most common methods for the pollutants remov-
al from wastewater since the adsorption process
will produce a high-quality treated effluent and
have proper design. Consequently, the traditional
wastewater treatment in the textile industries is
usually realized by combining the use of iron-
containing coagulants with secondary treatment
by sorption on activated carbon. However, the
high cost of activated carbon and the complexity
of its regeneration necessitate finding the ways of
its modification to develop performance or reduce
its costs by improving pre-treatment. Therefore,
it is important to develop new high-efficiency
and cheap coagulants. For such coagulants, cost
reductions are possible, for example, by substi-
tuting raw materials with the waste from various
industries containing iron and aluminum com-
pounds. Such wastes in large quantities are waste
from alumina production known as “red mud”.
The issue of the accumulated waste utilization
in large quantities becomes more and more acute
every year. The circular economy technologies
or resource-saving technologies that could reduce
the accumulated amount of industrial waste and
make the process of obtaining the finished prod-
uct cheaper are increasingly urgent [Mazari et al.
2018]. It is possible to implement effective circu-
lar economy technology, for example, by using
the red mud waste generated from the alumina
production. The total amount of red mud pro-
duced every year in the world fluctuates from 60
to 120 million tons. The accumulation of red mud
is a problem not only in Ukraine but also in such
countries as the USA, China, Turkey, Hungary,
India, Russia, Canada. Therefore, the problem of
rational use and recycling of red mud deserves
great attention. The problem of red mud storage
leads to the pollution of soil, surface water, and
the air due to wind deflation, which necessitates
its disposal for environmental disaster prevention,
such as the one that occurred in Hungary in 2010.

It has been established that red mud can be
used in various industries, for example, in ferrous

metallurgy, for the production of pig iron, alumi-
na, and various separate components, the building
industry for making bricks and cement, ceramic,
glass [Dong-Yan et al. 2012; Nan et al. 2010; Kal-
kan, 2006]. Due to the high content of iron oxides
(up to 55%) and aluminum (up to 30%), red mud
can be used in the water purification technology
as coagulants or adsorbents after their synthesis
processes [Kulishenko et al. 2018; Kyrii et al.
2018]. Therefore, the synthesis of new efficient
coagulants from the alumina waste is a very rele-
vant and promising area both for waste utilization
and the creation of effective wastewater treatment
schemes for the textile industries with coagula-
tion usage. At the same time, the creation of local
schemes of water treatment using the coagulants
obtained from the waste of alumina production
will solve several problems at once:

e Reduction of the ecological load on the en-
vironment through the creation of a closed
scheme of local wastewater treatment;

e Development of new effective coagulants of
complex action from secondary raw materials,
namely from the wastes of alumina production;

e Utilization of a large amount of environmen-
tally hazardous wastes.

This complex approach will allow developing
a local closed scheme for advanced wastewater
treatment from dyes of different origins.

The purpose of the work is a synthesis of
new effective and cheap coagulants from indus-
trial wastes (red mud) and studying its coagula-
tion properties on model waters of textile indus-
tries, as well as development of a closed scheme
of local wastewater treatment using synthesized
coagulants.

MATERIAL AND METHODS

Dyes characteristics

Aqueous solutions of cationic (methylene
blue) and anionic (Congo red) dyes were used to
test the coagulants. The characteristics of the dyes
are presented in Table 1.

Using the Hyperchem program, the 3d mod-
els of the dye molecules were constructed, and
their geometric optimization was carried out
(Fig. 1). The characteristic size of the molecule
(D in Table 1) was taken to be its largest linear
size [Kyrii et al. 2018].
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Table 1. Dye characteristics

Dye Structural formula The dye nature D, nm
Methylene blue HaC /J:b I P IN CHs cationic 1.3
l:H3 C CHy
g
\\ O Na*
Congo red —.—.— anionic 2.52
0 0 Na*
H,N
Model solutions of methylene blue fluorescence method on an Oxford XSupreme

(A = 670 nm) with concentration 10 mg/l, Congo
red (A = 540 nm) with concentration 10 mg/l and
their mixture (A = 664 nm) with concentration of
each 10 mg/l were used.

Characteristics of red mud

For the coagulant synthesis, the red mud of
the Mykolaiv alumina plant (Ukraine) was used.
The chemical composition of red mud was inves-
tigated by means of X-ray diffraction analysis, the
results of which are shown in table 2.

Coagulant synthesis

The coagulant synthesis was carried out by
treating the original red mud with 15% acid in a
1: 1 mass ratio and boiled at 100°C for 1 hour.
The resulting suspension was filtered, and the fil-
trate was used as a liquid coagulant. When using
HCI, the LC, coagulant was received, whereas
with H,SO, — LCSO , Was obtained . The elemen-
tal cornposmon of the synthesized coagulants by

major components was determined by the X-ray

a) b)

—C;.—N;

—H;.—O;

instrument.

Jar-test

A conventional jar test apparatus was used
in the experiments for the coagulation of textile
wastewater by different coagulants: standard
coagulant FeCl,, liquid coagulant synthesized
with the addition of hydrochloric acid (LC.)
and a liquid coagulant with the addition of sul-
fate acid (LC,,). The pH was controlled by add-
ing a strong base (NaOH) to 7. After the desired
amount of coagulants were added to the waste-
water model, the beakers were agitated at vari-
ous mixing time and speed, which consist of rapid
mixing (250 rpm) for 2-3 minutes and slow mix-
ing (30 rpm) for 5 minutes. The samples were
measured for color removing comparing with
the initial concentration. After the agitation was
stopped, the suspension was allowed to settle for
10-20 minutes. Finally, the sample was collected
using a pipette from the top inch of supernatant
for color measurements, which representing the
final concentration. All tests were performed at an
ambient temperature of 20°C.

-3, @ -Na

Fig. 1. 3D models of dye molecules; a — Methylene blue; b — Congo red

36



Journal of Ecological Engineering Vol. 21(5), 2020

Table 2. Chemical composition of red mud

Component Content of components
P in red mud,% wt.

Fe,O, 40 - 55
ALO, 14 -18
SiO, 5-10
Ca0O 5-10
TiO, 4-6

Na,O 2-4

Adsorption procedure

The analysis of the sorption properties was
carried out by constructing the adsorption iso-
therms of dyes (removal of methylene blue and
Congo red). For the sorption studies, a series
of 250 mL glass flasks were filled with 100 mL
of model wastewater solution of different ini-
tial contaminant concentrations (1-10 mg-L").
A fixed amount of sorbent material (0.1 g) was
added into each flask and stirred (350 rpm) for 5
hours at thermostatic water bath shaker (20£2 °C)
to ensure complete sorption equilibrium. After
adsorption, spent sorption materials were sepa-
rated by centrifugal separation. The equilibrium
concentrations of dyes in the solutions after ad-
sorption treatment were determined by means
of the photometric method using UV-5800PC
Spectrophotometer.

RESULTS AND DISCUSSIONS

Characterization of coagulants

The resulting by acid-thermal activation
comprehensive liquid coagulants were character-
ized by the following chemical composition (by
main components): coagulant LC_, Fe — 82.87%,
Al—5.12%, Ti — 0.98%, Ca — 1.78%; and coagu-
lant LC_, Fe - 83.24%, Al — 1.95%; Ti — 1.44%.

Coagulation

The efficiency of using synthesized liquid
coagulants was tested on model waters contain-
ing cationic dyes (methylene blue), anionic dyes
(Congo red), and mixtures thereof. The results
obtained for the synthesized coagulants were
compared with those for the commercial coagu-
lant FeCl, (“NeoSynthesis”, Ukraine).

The coagulation was examined using a pH-ad-
justed jar test. For the synthesized coagulants, the

pH was adjusted to 7, for the commercial coagu-
lant FeCl, — to 9 (at the beginning of flocs for-
mation). Moreover, commercial coagulant FeCl,
experienced difficulties in undergoing coagula-
tion, namely the slow formation and coarsening
of micro-flocs with subsequent long deposition.
In turn, the usage of the synthesized coagulants
LC, and LC, contributed to the high speed of
formation, adhesion and sedimentation of flocs in
the treatment of model wastewater contaminated
with dyes of different origins.

As aresult of research, the optimal conditions
for carrying out the coagulation process for differ-
ent types of coagulants were determined. It was
established that for the treatment of water con-
taminated with one type of dye, the optimal doses
are the same for the three coagulants and equal to
10 mg/l. For the treatment of the model wastewa-
ter polluted with a mixture of dyes, the optimal
dose of commercial coagulant FeCl, is 2.5 times
higher (25 mg/l) than for the synthesized coagu-
lants (11 mg/l). In this case, the removal efficien-
cy of dyes ranges from 94% to 99.7%, depending
on the type of dye and coagulant (Fig. 2).

Therefore, according to the experimental
data, it was found that with the presence of cat-
ionic dyes (methylene blue) in water, coagulant
LC,,, is the most effective (almost 98% removal
degree). Perhaps, this is due to a stronger bond
between the counterions, which are part of the
double electric layer, and the ions of cationic type
of pollutant, which are strongly held by electro-
static and adsorption forces near the surface of the
coagulant during chemical bonding. In the pres-
ence of anionic dyes in water (Congo red), the
LC,, coagulant is the most effective (the degree
of dye removal is almost 99%, while for com-
mercial FeCl, coagulant — only 96.5%). The dif-
ference in the efficiency between the commercial
FeCl, and the synthesized LC_, is explained by its
complex action, since the LC_,, in addition to the
iron compounds, also has aluminum and titanium
compounds.

In the presence of several types of pollutants
of different nature in the water (dyes mixture),
there is an increase in the coagulation efficiency
to 95.4% for commercial FeCl,, and to 98.3% and
99.7% for LC,,, and LC_,, respectively, due to the
synergistic effect between dyes and the iron, alu-
minum and titanium compounds in coagulants.
That is, the presence of different types of contam-
ination in water will facilitate a more efficient and
intensive coagulation process.
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100

Removal degree, %

98
96
94
92
90
88
86
84

FeCl,

LCSO4 Cl

B Methylene blue; M Congo red,
I Methylene blue + Congo red

Fig. 2. Comparison of the effectiveness of different coagulants using for various pollutants at the optimal doses

In addition to the dose of coagulants, the rate
of coagulation process passage, namely the rate
of formation, adhesion, and deposition of micro-
flocs, was investigated. Thus, in the water treat-
ment under the same coagulation conditions for
all three coagulants, it was found that the time
of micro-flocs formation and their coarsening
did not exceed 2 min for LC_, 2.5 min for LC_,
and 3.6 min for FeCl,. This indicates that the rate
of coarsening and sedimentation depends on co-
agulant nature. Figure 3 shows the photos of the
water system state after 5 minutes of coagulation
during the micro-flocs deposition stage, under the
same process conditions for three types of coagu-
lants, illustrating the above.

Thus, when purifying the water contaminat-
ed with a mixture of dyes (methylene blue and
Congo red) by synthesized coagulants, there is
an accelerated process of micro-flocs aggregation
— by 3 times for LC_, and 1.5 times for LC

S04

respectively, in comparison with the commercial
FeCl, coagulant. The duration of flocs sedimenta-
tion does not exceed 30 minutes with using syn-
thesized complex coagulants LC , and LC,, and
90 minutes for commercial FeCl

Since the synthesized coagulants have a com-
plex composition, the presence of aluminum in
them contributes to the formation of a more de-
veloped flocs surface and accelerates the forma-
tion of their branched structure, while the pres-
ence of iron promotes the formation of larger
flocs and their rapid deposition.

Coagulation of the model wastewater con-
taminated with dyes (for example Congo red) was
carried out by the following reactions (for Fe as
the main component):

[Fe(H,0)]SO, + 2NaOH =
= [Fe(H,0),](OH), + Na,SO,,
4[Fe(H,0),J(OH), + O, + 2H,0 =
= 4[Fe(H,0),](OH),,

SO4’

Fig. 3. Flocs formation by different coagulants (magnifications in 4 times)
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Table 3. Langmuir, Freundlich, Temkin isotherms constants for the dyes adsorption

Model Langmuir Freundlich Temkin
Model water R? K a_, mg/g R? K: n R? B, J/mol
Methylene blue 0.92 0.14 7.43 0.89 297 1.81 0.89 217
Congo red 0.92 0.02 50.51 0.94 1.96 0.62 0.95 5.35

The dye sorption is due to the exchange reac-
tions of the OH group on the acid anion in the
outer sphere of the aqua-complex:

[Fe(H,0),]J(OH), + RSO,Na =
= [Fe(H,0),]J(OH),(RSO,) + NaOH,
where: R — C,,H, NNaO,S for the Congo red
dye.

Therefore, it can be concluded that for wa-
ter reusing, it is sufficient to use the coagulation
stage, but using liquid effective complex co-
agulants, which allow purifying the water up to
99.7% in a short period. However, in the case of
using closed wastewater treatment schemes, giv-
en the repeated use of purified water, a partial ac-
cumulation of residual concentrations of pollut-
ants is possible, which necessitates an advanced
water purification step, such as sorption.

Adsorption study

In multiple uses of purified water in closed cy-
cles when there is a necessity of advanced tertiary
treatment (for example, when creating a closed
circuit of water without the formation of sewage),
the finishing of water purification by means of
the adsorption method on activated carbon is pro-
posed. Therefore, to develop a universal scheme,
it is necessary to further study the adsorption of
organic pollutants on activated carbon. For this
purpose, an adsorption study was conducted for

100
95
90

85

80

the model water containing cationic dye (methy-
lene blue) and anionic dye (Congo red), with a
concentration of 10 mg/l each. The obtained data
from the sorption isotherm were processed using
the mathematical models of Langmuir, Freun-
dlich, and Temkin (Table 3).

As can be seen from Table 3, the limiting
sorption of the Congo red dye, calculated accord-
ing to the Langmuir model, is 50.51 mg/g, which
is 6.8 more than for methylene blue. It may be
due to the higher binding energy between the sur-
face of activated carbon and the dye Congo red,
which is confirmed by the calculated Temkin B
constant. The high determination coefficient of
the Langmuir model indicates the monolayer fill-
ing of the pollutant in the sorbent layer during the
sorption process.

The physical nature of the sorption was con-
firmed by the IR-spectroscopy of three samples:
initial activated carbon F300, methylene blue
dye, and saturated activated carbon F300 with
methylene blue dye (Fig. 4). The absence of dis-
placement of the major peaks in the range 900 —
1400 cm™ for -COO-; 1200 — 1450 cm ! for NH';
1900 — 2000 cm ! for -C(O)0O-; 2300 — 2350 cm™!
for -C=N; 2850 — 3050 cm ' for -CH-; -CH,- in-
dicates that the pollutants are not destroyed and
adsorbed in the pores of the carbon. It is relat-
ed, probably, with the interaction of the surface
functional groups of the activated carbon with the
molecules of the pollutants.

75
300 800 1300 1800

—_—1

2300 2800 3300 3800
2 —3

Fig. 4 IR spectrum of AC A300 (1), Methylene blue (2), AC F300 + Methylene blue (3)
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Fig. 5 Conceptual scheme of local wastewater treatment using effective coagulants
based on waste: WW — wastewater; CW — cleaned water; RM — red mud;
LC — liquid coagulant; AC F300 — activated carbon Filtrasorb 300

Conceptual scheme of wastewater
treatment for closed cycles

Figure 5 shows the developed local puri-
fication scheme, based on the conducted re-
search, which includes the coagulation and ad-
sorption step.

According to the proposed conceptual
scheme, the process proceeds in 5 stages. The
synthesis of coagulants occurs by acid-thermal
activation of red mud with mineral acids. The
result receives complex liquid LC and LC,
coagulants containing the iron, aluminum, and
titanium compounds. The finished product can
be stored and used on any treatment plant. It is
necessary to remove suspended particles from
wastewater (stage 1) and averaged their com-
position (stage 2) to achieve high efficiency of
treatment by coagulation. The foremost treat-
ment step is coagulation (stage 3), then the fil-
tration step on the microfiltration membranes
(stage 4), which contributes to the separation
of impurities in the event of a violation of the
technological regime. Afterwards, the water
can be reused for technical operations. In the
case of the accumulation of residual concentra-
tions of contaminants, it is suggested to con-
duct advanced secondary treatment of water by
adsorption (step 5).

CONCLUSIONS

The scheme of local wastewater treatment
with the use of new effective complex-action
coagulants synthesized from industrial waste by
means of a simple method has been developed.
The synthesis of such coagulants was carried out
by acid-thermal treatment of waste of alumina
production red mud. The created liquid complex
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action LC and LC , coagulants showed high
efficiency (up to 99.7%) while removing dyes of
different nature.

It was found that in the case of a mixture of
anionic and cationic dyes removal from aque-
ous solutions, the dose of synthesized coagu-
lants is half of that corresponding to the com-
mercial FeCl, coagulant. The duration of coag-
ulation by synthesized coagulants is reduced by
1.5 — 3 times compared to the traditional FeCl,
coagulant due to the accelerated processes of
formation, agglomeration, and sedimentation
of the formed particles. It was shown that lig-
uid complex coagulant LC,, is the most effec-
tive due to its more stable operation and inde-
pendence from the type and amount of water
contaminants.

The patterns of adsorption purification from
trace concentrations of dyes on activated car-
bon have been investigated. Their mathematical
processing and analysis of the IR-spectra of the
initial and contaminated samples of the sorp-
tion material, as well as the methylene blue dye,
showed the physical nature of the interaction of
the dyes with activated carbon.

On the basis of the identified patterns, a
closed scheme of local wastewater treatment of
the textile industry has been developed, which
will minimize the amount of sewage discharged
into sewage and reservoirs due to the reuse of
water. The scheme provides for the treatment of
wastewater contaminated with dyes by the co-
agulation method, to return it to the technologi-
cal cycle using highly effective liquid coagulants
of complex action. When advanced secondary
treatment of water from trace concentrations of
contaminants after multiuse is appropriate, it is
planned to purify water with adsorption on acti-
vated carbon.
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