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H I G H L I G H T S

• Dye structures and color removal ef-
ficiency by coagulation process are
interconnected.

• Dyes with same chromophores and
auxochromes can be coagulated with
same coagulant effectively.

• Dyes with azo chromophores –OH
auxochromes are effectively removed
by MgCl2.

• Reactive dyes with pthalocyanine
chromophores are effectively removed
by PAC.

• Basic dyes can only be removed ef-
fectively by anionic coagulants.
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A B S T R A C T

The color removal efficiencies by coagulation of two groups of laboratory-prepared dye solutions were com-
pared; one group comprised dyes with the same chromophores and auxochromes, and the other group consisted
of dyes with different chromophores and the same or different auxochromes. Several coagulants, polyaluminum
chloride (PAC), cationic polyacrylamide (CPAM), anionic polyacrylamide (APAM), aluminum sulfate (alum as
Al2(SO4)3), ferric chloride (FeCl3), aluminum chloride (AlCl3), and magnesium chloride (MgCl2), were selected
to cover a large range of experimental variations in order to obtain sufficient data to predict and model the color
removal efficiency. The effect of coagulant dosage on the color removal efficiency was determined, and the dye
removal mechanism by coagulation was further investigated using the best performing coagulants for each dye
group (disperse, acid, reactive, and basic). It was shown that the best dye–coagulant combinations that achieved
superior color removal efficiency for each dye group with the same structures and functional groups were
disperse dye–MgCl2 at a pH of 12, acid dye–MgCl2 at a pH of 12, reactive dye–PAC at a pH of 7.5, and basic
dye–APAM at a pH of 8.3, in descending order. When treated with the same coagulant, dyes with the same
auxochromes and charge exhibited very similar color removal efficiency. The state of the dye molecules in water
was shown to have a significant influence on the coagulation effect. The experimental results indicated that the
dye color removal efficiency by coagulation is a function of the dye structures.
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1. Introduction

Textile manufacturing processes consist of various processing stages
that require the use of a combination of chemicals and water [1,2].
These processing stages generate large volumes of wastewater [3,4] and
involve complex chemical substances as process residuals, such as dyes.
Thus, the textile industry is considered one of the most polluting in-
dustrial sectors [5]. Increased global focus on environmental protection
and public awareness have resulted in tougher environmental regula-
tions and legislation in many countries. To meet these stringent en-
vironmental protection statutory and regulatory requirements, greater
efforts from scientists and engineers are required [6].

The wastewater generated from textile factories because of residual
materials is characterized by its high biological oxygen demand (BOD),
chemical oxygen demand (COD), color intensity, temperature, pH,
toxicity, and turbidity [7,8]. Modern commercial dyes also have the
characteristics of strong color [9] and structural stability imparted by
extensive chromophore conjugation, synthetic origin, and high degree
of aromaticity [10-12]. This effluent has very low biodegradability
because it contains dye types that have complex structures [13] and
high molecular weights [14] (e.g., plant components such as lignin,
tannin, and melanoidin [15]). Disposal of this wastewater directly into
the receiving water bodies can be toxic to aquatic life [16,17] and can
negatively impact flora and fauna [18,19]. Because these compounds
may be carcinogenic and mutagenic, they pose serious health risks to
human beings [13,20]. In addition, undesirable color changes of the
waste caused by the dyes can inhibit sunlight penetration and deplete
dissolved oxygen in the water, consequently reducing photosynthetic
activity [20].

Various physical, biological, and chemical techniques are used to
remove dye from textile wastewater [3,21-24], which include photo-
catalytic degradation [25], catalytic ozonation [26,27], biological
treatment [28-32], adsorption [33], ion exchange [34,35], electro-
coagulation [8,36], membrane filtration [9,37], combined chemical
and biological processes [38], advanced oxidation processes [39],
coagulation-flocculation [20,24], electrochemical oxidation [7], and
the Fenton process [40]. The performance of these treatment technol-
ogies depends upon their application and is also influenced by the type
of textile effluents [41-43]; dye stability towards light and oxidizing
agents complicates the treatment of textile effluents [13]. For instance,
the widely used conventional biological treatment process is largely
effective in handling suspended solids, BOD, and color (dyes are highly
adsorbed onto activated sludge). Nevertheless, this process is limited in
use because of longer treatment durations, the large operational space
needed, the toxicity and recalcitrant nature of dyes, etc. [8,44]. The
adsorption process has been reported to exhibit high color removal
efficiency and adsorbent regeneration ability [4]. However, its appli-
cation is restricted by sludge generation and high adsorbent disposal
costs [3]. OH radicals generated by the electrochemical advanced oxi-
dation method are effective in oxidizing unsaturated and saturated
compounds [45]. Unfortunately, this process has low stability and high
operating costs. In terms of process selection for removal of color from
textile effluents, coagulation is well established and among the most
widespread chemical-physical water treatment processes [21,46]. It has
been used for many years either as a pretreatment or main treatment
because of its low capital cost [47], simplicity in operation, and high
efficiency [48,49].

A single method of treatment is inadequate for decolorization of
textile effluents because of their complex and recalcitrant nature.
Therefore, hybrid processes integrating multiple treatment processes
into a single one have gained considerable attention and are actively
being developed [38,50]. Su and Liang et al. [38,51] reported that a
combination of coagulation and nanofiltration is able to treat high
concentrations of several dyes in wastewater with production of low
amounts of sludge. Sun et al. also reported that coagulation is widely
employed in enhanced primary, biological, and advanced urban

sewerage treatment [52]. The complexity of industrial textile waste-
water and the current focus on hybrid/combined processes make the
coagulation and flocculation process a viable and appropriate treatment
technology for textile wastewater. The importance of coagulation as a
part of the combined treatment process has led to research and devel-
opment focus being placed on flocculation technology, and the synth-
esis of new coagulants (e.g., polysilicate ferric manganese (PSFM)
[50]); many newly synthesized, low cost and highly efficient coagulants
have appeared in recent years [52]. This has led to the emergence of
some new explanations on the efficiency of flocculants/coagulants for
the treatment of effluents with specific water quality, such as surface
complexation based exclusive adsorption, net-sweeping, and organic
matter micelle adsorption [52,53]. However, the advancement of
synthesis technology has compounded the choice of appropriate coa-
gulants as it focusses on specific dye types [54]. Thus, the choice of an
appropriate coagulant remains essential and critical for improving
water quality and reducing environmental impacts.

Several studies have been conducted in the recent past on coagu-
lation of real and synthetic textile effluents [44], using various common
and widely available inorganic chemicals, such as polyferric sulfate
(PFS), polyferric chloride (PFC), polyaluminum chloride (PAC), cationic
polyacrylamide (CPAM), anionic polyacrylamide (APAM), aluminum
sulfate (Al2(SO4)3), ferric chloride (FeCl3), aluminum chloride (AlCl3),
magnesium chloride (MgCl2), and lime [19]. Yadav and El-Gohary et al.
[44,55] reported that MgCl2 and FeSO4 could potentially remove
85–100% color from dye effluents at very high alkaline conditions.
Similar studies in the existing literature have also examined the effects
of pH, coagulant dosages, stirring rate, flocculation time, settling time,
and coagulant aids on color removal efficiency [5,6,47-50,56-60]. Op-
timization of the coagulation process requires effective regulation of
these factors. For instance, it has been shown that the color removal
efficiency of acid red and reactive blue dyes by MgCl2 improved with
increasing coagulant dosage [60]. Increments in PAC and alum dosages
have also been reported to result in increased color removal efficiency
[61]. Reactive and disperse dyes have been shown to attain optimum
color removal efficiency when the pH was above 12 and MgCl2 was
used as the coagulant [58]. Addition of kaolinite as a coagulant aid in
the coagulation/flocculation process (using PAC and alum) has been
shown to increase the efficiency of the process, whereas bentonite af-
fected the same process negatively [61]. The critical factors affecting
the efficiency of the coagulation process, such as pH, affect the per-
formances of various coagulants differently. Coagulation morphology
control involving mainly floc strength, fractal dimension and floc
growth [52,62] is also very critical in optimizing the coagulation pro-
cess. For instance, to ensure good effluent quality and withstand dif-
ferent unfavorable conditions, quality flocs with strong cohesive forces
and suitable particle sizes need to be formed [52]. Verma et al. reported
that flocculation fractal dimension is linear with floc strength [22].
Moreover, throughout the coagulation process, the flocs’ strength is low
and decreases with floc size increment [52].

Textile effluents are complex as they contain a mixture of various
kinds of dyes; therefore, it is important to characterize the type and
structure of dyes in the wastewater before embarking on treatment
using coagulation. Appropriate coagulants can then be selected based
on the chemical structures and specific coagulation mechanisms of
different kinds of dyes; thereafter, coagulation conditions can be opti-
mized with ease.

To the best of our knowledge, limited research has been reported on
how the respective dye structures affect the efficiency of color removal
from textile wastewater. This study aims to investigate how the che-
mical structure of dyes is interconnected with the efficiency of color
removal by coagulation; understanding this interconnection would be
invaluable in choosing the appropriate coagulant for different industrial
textile wastewaters and modeling the performance of a particular
coagulant for various kinds of dyes with similar or different structures
(chromophores and auxochromes).
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2. Materials and methods

2.1. Chemicals, dyes, and coagulants

Twenty-three commercial dyes and seven coagulants were obtained
from the suppliers and used without any further purification. PAC,
CPAM, and APAM were of commercial grade. Al2(SO4)3, FeCl3, AlCl3,
and MgCl2 were procured from Sinopharm Chemical Reagent Co., Ltd.
The dyes were procured from commercial suppliers in China. The real
raw reactive dyes effluent containing two reactive dyes was collected
from Yixing Leqi Textile Dyeing and Printing, Ltd., located in Yixing
City, Jiangsu Province, China. The pH adjustment was performed using
NaOH and HCl, which were of reagent grade and procured from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Experimental procedure

Each of the 23 dyes were used for the preparation of their own la-
boratory dye test solution by adding 1 g of the dye to 10 L of deionized
water. The real raw reactive dyes wastewater (RRD-WW) was diluted to
a ratio of 1:1,000 to prepare real raw dye test solution. Laboratory tests
were conducted on the test solutions of the 23 dyes and the RRD-WW
test solution samples. The synthetic dye test solutions were used to
examine how the dye structures were related to the color removal ef-
ficiency of various coagulants for different dye types; the aim was that
the use of pure dye test solutions would make it possible to obtain this
information. The name, chromophoric group, and maximum absor-
bance wavelength of each of the 23 dyes and the two dyes in the RRD-
WW used for this study are given in Table 1. The molecular structures of
the same dyes (Table S5) and the physiochemical parameters of the raw
reactive dyes textile effluent (Table S1) are provided in the supporting
information section.

The optimum dosages of coagulants required for color removal were
determined by the jar testing procedure at room temperature
(25 ± 2 °C) to optimize the set experimental parameters (pH, stirring
rate, and flocculating time). The optimum pH values were set as per
previous research [22,63], as shown in Table 2. Next, 200 ml of each

100 mg/L dye test solution, contained in a 250 ml beaker, was placed
on a six-position mechanical stirrer. A period of 1 min was allowed for
the rapid mixing of the coagulants and dye test solutions at 300 rpm,
followed by slow mixing at 50 rpm for 10 min. The solutions were then
allowed to settle for 30 min. After settling, an aliquot of supernatant
was pipetted from each jar and then filtered using a 0.45 μm membrane
prior to analyses. A UV spectrophotometer (Analytik Jena SPECORD 200
PLUS) was used to quantify the color residual after treatment. For each
absorbance measurement, the maximum absorbance wavelength (λmax)
of each dye was employed. The precipitates from the treated dye test
waters were filtered and then neutralized and re-dissolved by acid-
ification to become solution. The Analytik Jena SPECORD 200 PLUS
was then used for spectral analysis of these precipitates. Portions of the
precipitates from the treated wastewaters were filtered, dried, and then
analyzed using a Fourier Transform Infrared Spectroscopy (FTIR) meter
(Brooktensor 27), a D/MAX-2550/PC X-ray diffractometer (XRD) (Ri-
gaku, Japan), a H-9500 Transmission Electron Microscope (TEM) (Hi-
tachi), and a S-4800 Scanning Electron Microscope (SEM) (Bruker Nano
GmbH, Berlin, German). Zeta potential measurement was conducted
using a Zeta potential distribution analyzer (Brookhaven NanoBrook 90
Plus PALS, USA).

The percentages of color removal efficiency were calculated by
comparing the absorbance value after treatment to the absorbance
value for the original dye test solution, as shown by Eq. (1):

=
−

×Color moval Efficiency C C
C

Re (%) 100%t0

0 (1)

where C0 and Ct are the dye concentrations in the original and treated
dye test solutions respectively. Deionized water was used as a reference.

3. Results and discussion

3.1. Effect of coagulant dosage on color removal efficiency

For this study, the coagulation conditions/parameters (mixing time
and speed) were kept constant for all the experiments, and the coagu-
lant dosage was chosen as the single variable for comparison. Four dyes
(disperse red, acid red, reactive red, and basic red) and seven coagu-
lants (PAC, CPAM, APAM, Al2(SO4)3, FeCl3, AlCl3, and MgCl2) were
used. Disperse red, acid red, and reactive red dyes have azo chromo-
phores, whereas basic red dye has a xanthene chromophore; this was
used at preliminary stages to predict if there was any correlation be-
tween the dye structures and the widely used coagulants, as well as how
their dosage was affected. Fig. 1 shows the coagulation performances of
the seven coagulants with the four chosen dyes. It is clearly shown that
with increased dosage of the coagulant, the color removal efficiency
increased accordingly. Table 3 summarizes the maximum dye color
removal efficiencies (for disperse red, acid red, reactive red, and basic
red dyes) by the different coagulants.

Based on these results, MgCl2 achieved the best color removal ef-
ficiency of 96.1% at a low dosage of 81.2 mg/L. Subsequent increment
of coagulant dosage led to a peak of 96.7% at a dosage of 162.4 mg/L.
Further increment of MgCl2 dosage past the peak resulted in decrement
of the color removal efficiency. For instance, at a dosage of 406 mg/L,

Table 1
Dye Characteristics – Chromophoric group and maximum absorbance wave-
length.

Name Chromophoric group Wavelength absorbed
(nm)

Disperse red (D-RD) Azo 459
Disperse black (D-BK) Azo 578
Disperse blue (D-BE) Azo 596
Disperse yellow–brown (D-YB) Azo 281
Acid green (A-GN) Azo 638
Acid orange 20 (A-O20) Azo 511
Acid orange 52 (A-O52) Azo 434
Acid orange74 (A-O74) Azo 477
Acid red (A-RD) Azo 511
Acid yellow 36 (A-Y36) Azo 441
Acid chrome blue k (A-CBK) Azo 552
Acid fuchsin (A-FN) Triarylmethane 306
Acid blue 93 (A-B93) Triarylmethane 630
Acid lake blue (A-LB) Triarylmethane 589
Reactive Turquoise Blue (R-

TB)
Phthalocyanine 611

Reactive yellow 18 (R-LY) Azo 423
Reactive black 5 (R-BK) Azo 620
Reactive red (R-BR) Azo 534
Basic blue 9 (B-BE) Anthraquinones 594
Basic violet 14 (B-V14) Triarylmethane 543
Basic violet 10 (B-RD) xanthene 524
Basic green 4 (B-GN) Triarylmethane 618
Basic crystal violet (B-CV) Triarylmethane 582
Reactive Blue X-BR (RBX-BR) Azo 204
Reactive Red X-3B (RRX-3B) Azo 204

Table 2
Optimum coagulation pH of selected coagulants used by different researchers.

Name of Coagulant Optimum pH Applied pH Reference

Alum 5.7–7.0 5.7 [76–78]
AlCl3 6.5 6.5 [79]
FeCl3 6.0 6.1 [45,80]
MgCl2 12.0 12 [48,53]
PAC 7.5–8.0 7.5 [20,81]
CPAM 7.8 7.8 [82]
APAM 8.3 8.3 [83]
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Fig. 1. Effect of coagulant dosage on the color removal efficiency (D-RD is Disperse Red, A-RD is Acid Red, R-BR is Reactive Brilliant Red and B-RD is Basic Red).

Table 3
Effect of coagulant dosage (mg/L) a on color removal efficiency.

Coagulant Name Maximum dye removal efficiency (%)

D-RD A-RD R-BR B-RD

Al2(SO4)3 79.1 (320) 11.1 (800) 10.3 (640) 1.0 (800)
AlCl3 97.5 (96.4) 19.2 (289.2) 18.4 (482) 1.6 (800)
FeCl3 96.9 (108) 43.9 (108) 31.2 (432) 1.6 (20)
MgCl2 96.7 (162.4) 87.0 (324.8) 85.5 (406) 1.5 (406)
PAC 97.4 (800) 59.3 (1000) 95.1 (1000) 2.7 (1000)
CPAM 95.3 (100) 92.5 (80) 39.9 (100) 2.4 (40)
APAM 82.4 (100) 10.2 (100) 9.6 (100) 5.3 (100)

a The figures in parentheses are the coagulant dosages.
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MgCl2 achieved a color removal efficiency of 96.6%. In most cases, 95%
color removal efficiency could be achieved for disperse red dye when
different coagulants were used.

CPAM achieved the best results for acid red at a dosage of 80 mg/L,
achieving a color removal efficiency of 92.5%. The lowest color re-
moval efficiency by CPAM was 32.4% at a dosage of 20 mg/L.
Increasing the dosage of CPAM increased the color removal efficiency
until the peak was attained. Further increment resulted in decrement of
the color removal efficiency; that is, at a dosage of 100 mg/L, the color
removal efficiency was lowered to 82.1%. MgCl2, in contrast, resulted
in the second highest color removal efficiency, 87.0% at a dosage of
324.8 mg/L. MgCl2 exhibited the same phenomenon as CPAM whereby
increment of coagulant dosage led to increment of the color removal
efficiency until the peak was attained. Any further coagulant dosage
increments past the peak led to decrement of the color removal effi-
ciency. For instance, at a dosage of 81.2 mg/L, MgCl2 yielded 48.6%
color removal efficiency, whereas at a dosage of 406 mg/L, it yielded a
color removal efficiency of 82.1%. In terms of the ease of coagulation,
flocculation, and filtration of the aliquot supernatant, MgCl2 exhibited
better performance than CPAM.

The best color removal efficiency for reactive brilliant red dye was
achieved by PAC. Increment of PAC dosage resulted in subsequent in-
crement of the color removal efficiency. For instance, a PAC dosage of
200 mg/L yielded 37.0% color removal efficiency, whereas 600 mg/L
PAC dosage removed 88.9% of the reactive brilliant red color.

The best color removal performance for basic red dye was exhibited
by APAM. Increment of the dosage of APAM resulted in increment of
the color removal efficiency of the basic red dye. Nevertheless, the color
removal efficiency was relatively low. At a 20 mg/L dosage of APAM,
only a 2.0% color removal efficiency of basic red dye was achieved. At a
60 mg/L dosage of APAM coagulant, 4.1% color removal efficiency was
achieved, whereas at 100 mg/L dosage, 5.3% color removal efficiency
was achieved. In all cases, less than 3% color removal efficiency could
be achieved for basic red dye when cationic coagulants were used.

The above results indicate that the best dye color removal effi-
ciencies were achieved by AlCl3 for disperse red dye, MgCl2 for acid red

dye, PAC for reactive brilliant red, and APAM for basic red dye.
However, MgCl2 at the very low dosage of 81.2 mg/L removed 96.1% of
color for disperse red dye, indicating better performance than AlCl3 at
lower dosages. It is evident from the results that the best removal ef-
ficiency for each dye is dependent on the type of coagulant. The dis-
perse red dye had the best color removal efficiency for all the tested
coagulants. Disperse dyes have been reported to coagulate well and
settle easily compared with the other types of dyes [64]. The improved
coagulation by disperse dyes results from their greater numbers of more
polar groups (such as -O- and –NH-) and fewer hydrophilic groups.
Disperse red dye has these characteristics, which make it easy to re-
move by coagulation.

According to the experimental results obtained above, the –OH
functional group in the disperse red dye and acid red dye reacts with
magnesium ions [58]. This leads to the formation of magnesium hy-
droxide precipitate, which has a structure that provides a large area for
adsorption [60]. It also creates a positive electrostatic charge at the
surface. This positive electrostatic charge at the surface and the large
cumulative adsorptive surface area enable efficient coagulation
[58,60]. PAC exhibits strong bridge adsorptive performance. Its struc-
ture consists of a polycarboxyl complex with variable morphology;
thus, it reacts easily with the reactive groups (–Cl, –OH, and SO3Na) in
reactive brilliant red dye. Basic red dye has good solubility and is po-
sitively charged; thus, it reacts easily with APAM, which is anionic.

3.2. Effect of dye structure on color removal efficiency by different
coagulants

From the first phase of the experiments, it was determined that the
best dye–coagulant combinations were disperse red dye–MgCl2, acid
red dye–MgCl2, reactive brilliant red dye–PAC, and basic red
dye–APAM. Consequently, MgCl2 was used for investigation of other
disperse dyes and acid dyes, PAC for reactive dyes, and APAM for basic
dyes. Each of these dye cluster had a group of dyes with the same
chromophores and auxochromes and another group with different
chromophores and the same or different auxochromes. The aim was to

Fig. 2. The comparison of the color removal efficiency by different coagulants as a function of dosage: a) acid dyes treated with MgCl2, b) basic dyes treated with
APAM, c) disperse dyes treated with MgCl2, and d) reactive dyes treated with PAC.
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establish whether possible/predictable correlation exists between dye
color removal efficiency and structure. The results showing the com-
parison of the color removal efficiency by various coagulants as a
function of dosage are presented in Fig. 2. Table 4 compares the max-
imum color removal efficiencies of different dye clusters by different
coagulants.

MgCl2 showed very good dye color removal efficiency for the four
disperse dyes. The results are shown in Fig. 2 (c). However, disperse
black dye exhibited a lower color removal efficiency than the rest. All
the disperse dyes have same main structure with azo chromophores and
auxochromes (–OH and –Cl). The –OH auxochromes in all the four
disperse dyes form Mg(OH)2, which acts through an adsorptive coa-
gulation mechanism. Disperse red, disperse blue, and disperse yellow
brown have an additional auxochrome (-S), which suggests that dis-
perse black is more nonionic, and thus has lower color removal effi-
ciency. The –OH auxochrome is the key reason for easy removal of
disperse dyes by coagulation using MgCl2, as the coagulant.

PAC showed very high color removal efficiencies for the four re-
active dyes. The results are shown in Fig. 2(d). PAC provided the best
color removal efficiency for reactive turquoise blue at the lowest dosage
compared with the other three (reactive brilliant red, reactive black 5,
and reactive light yellow 18). Reactive turquoise blue has a phthalo-
cyanine chromophore, whereas the other three have an azo chromo-
phore. This explains the easier color removal of reactive turquoise by
PAC than the other three reactive dyes. All four reactive dyes contain
the same auxochromes (–SO3Na, –Cl, and –NH2). The phthalocyanine
chromophore is the reason for easier color removal of reactive tur-
quoise blue compared with the other three reactive dyes with azo
chromophores by coagulation using PAC; the presence of –SO3Na, –Cl,
and –NH2 auxochromes also allows easy color removal of reactive dyes
by coagulation using PAC.

APAM showed better color removal efficiency for the basic dyes
than all the positive ion coagulants. The results are shown in Fig. 2(b).
However, it still had low color removal efficiencies for the basic dyes,
apart from basic crystal violet dye. This was because basic dyes do not
easily coagulate [64]. Basic crystal violet had the highest color removal
efficiency, followed by basic green 4 and basic violet 14, whereas basic
red 10 and basic blue 9 respectively had the lowest dye color removal
efficiencies (shown in Fig. 2(b)). Basic crystal violet, basic green 4, and

basic violet 14 dyes have a triarylmethane chromophore. However,
basic green 4 has one more –NH2 than basic crystal violet, and thus has
a more positive charge in solution; NH2 forms –NH3+ in solution. Basic
red 10 has a xanthene group chromophore, whereas basic blue 9 has an
anthraquinone group chromophore. Therefore, the absence of the –NH2

auxochrome is key for these dyes to achieve better color removal effi-
ciency by coagulation using APAM.

Moreover, all five basic dyes contain an –NH2 auxochrome (apart
from crystal violet) and an alkyl functional group -Cl. The absence of
the –NH2 in crystal violet explains its higher color removal efficiency
than the other basic dyes, as amines increase basicity.

MgCl2 showed very good dye removal efficiency for five acid dyes
(acid green, acid orange 20, acid red, acid orange 52, and acid orange
74). MgCl2 had moderate color removal efficiency for two other acid
dyes (acid yellow 36 and acid chrome blue K). Acid fuchsin and acid
blue 93 had very low color removal efficiencies, and acid lake blue
exhibited zero color removal efficiency for the same coagulant. The
results are shown in Fig. 2(a). Acid fuchsin, acid blue 93, and acid lake
blue dyes have triarylmethane chromophore groups, whereas the rest of
the acid dyes have azo chromophore groups. They all have –OH and
–SO3Na. However, acid lake blue alone has NH4+, which indicates why
it did not coagulate at all, as this makes it more cationic. Therefore, the
azo chromophore is the key group for acid dyes to achieve better color
removal efficiency by coagulation using MgCl2. The presence of triar-
ylmethane chromophore in an acid dye makes its removal by MgCl2
coagulant difficult.

The disperse dyes, acid dyes, and reactive dyes have acidic func-
tional groups (such as –OH, –SO3Na, –Cl, –O–, and –NH–) which can
coordinate with metal ions to form relatively hydrophobic complexes.
These hydrophobic complexes can easily be removed by coagulation. In
contrast, basic dyes have basic functional groups and thus do not easily
coagulate.

3.3. Spectral analysis and investigation of the mechanism of color removal
by coagulation

For this experiment, disperse red, acid red, reactive turquoise blue,
and basic crystal violet dyes were chosen. These dyes had the best color
removal efficiencies in their cluster groups. The spectra for the un-
treated dye test water and supernatant from treated dye test water were
analyzed. The precipitates from the treated dye test waters were filtered
and then neutralized by acidification to re-dissolve them into solution
[60]. The solutions obtained from the precipitates had same colors as
the original test dye solutions. A UV spectrophotometer was used to
analyze the samples. Fig. 3 shows the obtained results. According to
these results, the supernatant aliquots exhibited no characteristic dye
color peaks for wavelength ranges of 200 nm to 900 nm, as shown by
Fig. 3. This result suggests the transfer of dye from the dye test solution
by coagulation into the precipitate, and thus that the dye was easily
separated from the liquid [58]. Untreated dye solutions and neutralized
precipitate solutions appeared to have identical characteristics, apart
from the differences in absorbance (shown in Fig. 3). The untreated dye
solutions and the neutralized precipitate solutions had different con-
centrations. These differences in concentration caused differences in
absorbance between the two solutions. The above results indicate that
coagulation did not change the molecular structure of the dyes, but
rather transferred the dyes from the solution into the precipitate, which
could easily be removed [58].

3.4. Effect of zeta potential change on dye color removal efficiency by
coagulation

Fig. 4 shows the results of zeta potential measurement of combi-
nations of disperse red dye with AlCl3, acid red dye with MgCl2, re-
active turquoise blue dye with PAC, and basic crystal violet dye with
APAM coagulation processes. These combinations were chosen from

Table 4
Comparison of the maximum color removal efficiency of different dye clusters
by different coagulants.

Name Coagulant Name Maximum dye removal
efficiency (%)

Disperse red (D-RD) MgCl2 96.7
Disperse black (D-BK) 93.3
Disperse blue (D-BE) 96.6
Disperse yellow–brown (D-YB) 95.3
Acid green (A-GN) MgCl2 79.9
Acid orange 20 (A-O20) 80.3
Acid orange 52 (A-O52) 88.7
Acid orange74 (A-O74) 84.3
Acid red (A-RD) 87.0
Acid yellow 36 (A-Y36) 55.3
Acid chrome blue k (A-CBK) 63.2
Acid fuchsin (A-FN) 24.7
Acid blue 93 (A-B93) 30.8
Acid lake blue (A-LB) 0.0
Reactive Turquoise Blue (R-TB) PAC 97.4
Reactive yellow 18 (R-LY) 90.3
Reactive black 5 (R-BK) 98.8
Reactive red (R-BR) 95.1
Basic blue 9 (B-BE) APAM 5.0
Basic violet 14 (B-V14) 45.5
Basic violet 10 (B-RD) 5.3
Basic green 4 (B-GN) 56.5
Basic crystal violet (B-CV) 94.3
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Fig. 3. The spectrogram comparison of different dye-coagulant combinations as a function of color removal mechanism by coagulation process: a) basic crystal violet
dye treated with APAM, b) reactive turquoise blue treated with PAC, c) acid red dye treated with MgCl2, and d) disperse red dye treated with AlCl3.

Fig. 4. The effect of coagulant dosage on zeta potential: a) disperse red dye treated with AlCl3, b) acid red dye treated with MgCl2, c) reactive turquoise blue treated
with PAC, and d) basic crystal violet dye treated with APAM.
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hindsight as they achieved the best color removal efficiencies at low
dosages. The zeta potentials of disperse red dye, acid red dye, and re-
active turquoise dye increased with increased coagulant dosage
(Fig. 4a–c). In contrast, the zeta potential of basic crystal violet dye
declined with increase in coagulant dosage because of its cationic
nature. These results indicate that the coagulants could induce coagu-
lation through charge neutralization [65]. It has been reported that if
the zeta potential value is close to zero and the optimal coagulation/
flocculation efficiency is achieved, then excess coagulant dosage will
result in charge reversal; thus, the efficiency of coagulation/floccula-
tion will be decreased [65]. The results of this study (Fig. 4) indicate
that charge neutralization was not the sole mechanism of coagulation
for AlCl3, MgCl2, PAC, and APAM. However, it played a major role in
the disperse red dye–AlCl3 and acid red dye–MgCl2 combinations
(Fig. 4a–b) as their zeta potentials for various coagulant dosages were
mostly close to zero [66].

The zeta potential for disperse red dye for the applied dosages of
AlCl3 was between −2.61 mV and 0.93 mV, whereas that of acid red
dye was between −6.04 mV and 9.42 mV for the applied dosages of
MgCl2. The zeta potential for the reactive turquoise blue dye–PAC
combination for the applied dosages of PAC, in contrast, was between
15.03 mV and 33.97 mV. For the basic crystal violet dye–APAM com-
bination, the zeta potential for the applied dosages of APAM was be-
tween −22.43 mV and −43.69 mV. According to Kumar et al., colloids
with zeta potential between 0 and±5 mV exhibit rapid coagulation or
flocculation stability behavior, those between± 10 and± 30 mV ex-
hibit incipient instability, those between±30 and± 40 mV exhibit
moderate stability behavior, and those between± 40 and± 60 mV
exhibit good stability behavior [67]. This agrees with our zeta potential
results in relation to the comparison of the effect of the coagulant do-
sage on dye color removal efficiency

3.5. Analysis of coagulation precipitates by FTIR and XRD

The disperse red dye–AlCl3, acid red dye–MgCl2, and reactive tur-
quoise blue dye–PAC combinations achieved the highest color removal
efficiencies at low dosages; therefore, these combinations were chosen
for both the FTIR and XRD tests to further clarify the internal me-
chanisms of the dye and coagulant combinations. Fig. 5 shows the FTIR
and XRD analysis results.

FTIR is vital in the study of chemical properties and component
stereo structures of materials. Comparison of the infrared spectra of the
dyes and their precipitates revealed absorption peaks at
3,300–3,500 cm−1 (Fig. 5a–c) caused by stretching vibration of hy-
droxyl groups [68]; these hydroxyl groups exist either in a free state or
in a contiguous state with metal ions, implying that reactions occurred
between the coagulants and the metal ions [69]. The adsorption peaks
at 1,620–1,650 cm−1 (Fig. 5a–c) are attributed to bending vibration of
hydroxyl groups. Liu et al. describes this peak as variable angle vibra-
tion resulting from absorbed water, crystal water, and coordinated
water [69]. The pure dyes and the dye–coagulant (floc) patterns at
these two peaks appeared basically the same, apart from the slight
weakening due to the floc formation. This can be ascribed to the change
in hydrogen bonding caused by the reaction of the coagulants with the
dyes. The absorption bands of the precipitates at 584 cm−1 (Fig. 5a)
and 563 cm−1 (Fig. 5c) for AlCl3 and PAC, respectively, correspond to
characteristic Al–O absorption peaks (bending and stretching vibra-
tions), whereas the low-frequency region bands for MgCl2 of 515 cm−1

and 439 cm−1 (Fig. 5b) correspond to bending and stretching vibra-
tions of Mg–O bonds (MgO translational modes) [19]. These FTIR re-
sults indicate the formation of new chemical species due to coagulation
[69].

The XRD results (Fig. 5d) indicate the presence of elemental Al and
O in the sub-formula of the dye–AlCl3 precipitate and the presence of
elemental Cu and O in the sub-formula of the dye–PAC precipitate.
They also show the presence of elemental Mg and O in the sub-formula

of the dye–MgCl2 precipitate. These results indicate that the pre-
cipitates are newly formed chemical species, which is an occurrence
generally consistent with the FTIR results. The XRD and FTIR results
show that the removal of disperse red dye by AlCl3, acid red dye by
MgCl2, and reactive turquoise blue dye by PAC involves specific che-
mical binding between dyes and coagulants. Thus, dyes with the same/
similar structures and chemical properties will exhibit similar color
removal efficiency, which is an assertion consistent with the findings of
the optical analysis (shown in Fig. 2).

3.6. Structural and morphological characteristics of coagulation precipitates

SEM and TEM were used to investigate the morphology of coagu-
lation precipitates (disperse red dye–MgCl2, acid red dye–MgCl2, and
reactive turquoise blue dye–PAC) to determine the coagulation me-
chanism (Fig. 6). The SEM images (Fig. 6a and 6d) indicate that the
disperse red dye–MgCl2 and acid red dye–MgCl2 coagulation pre-
cipitates were composed of aggregated nanoparticles that adhered to
fibrous structures. In contrast, the reactive turquoise blue dye–PAC
coagulation precipitate was composed of irregularly shaped nano-
particles with the coagulation precipitate as the coating layer (Fig. 6g).
These findings indicate that coagulation caused the dyes to adhere onto
the surfaces of the nanoparticles to form the precipitates.

To further confirm the presence of flocs on the coagulant nano-
particles, elemental distribution patterns of precipitates after coagula-
tion were determined by energy dispersive spectroscopy (EDS) (Fig. 6b,
6e, and 6 h). The EDS elemental distribution mixture shows that the
disperse red dye–MgCl2 precipitate was composed of Mg, Na, Si, Cl, and
C; the acid red dye–MgCl2 precipitate was composed of Mg, Na, Si, Cl, S,
and C, whereas the reactive turquoise blue dye–PAC precipitate was
composed of Al, Na, Si, Cl, S, and C. Table S2 shows the elemental
components derived from the dyes and coagulants. Thus, EDS can
confirm the presence of good distribution of dyes on the coagulants,
indicatinging the adsorption of the dyes on the surfaces of the coagu-
lants.

TEM images indicate that the disperse red dye–MgCl2, acid red
dye–MgCl2, and reactive turquoise blue dye–PAC combinations were
composed of cherry-like, irregularly shaped, and aggregated nano-
particles, respectively (Fig. 6c, 6f, and 6i). Therefore, it is reasonable to
conclude that the dyes adhered to the surfaces of the coagulant nano-
particles by adsorption.

3.7. Mechanism of color removal by coagulation

To better understand the mechanism of dye color removal by coa-
gulation taking place between coagulants and different dye structures, a
preliminary depiction of the process is proposed in Fig. 7. MgCl2 was
used at a pH of 12 in the removal of both disperse and acid dye colors
(Fig. 2a and 2c). At high pH all Mg2+ was likely converted to magne-
sium hydroxide precipitate. Boon et al. proposed that the solubility
constant of magnesium hydroxide precipitate causes its formation from
magnesium ions at pH values greater than 10.5 [47]; the Mg(OH)2
solubility is given by:

= + −Ksp Mg OH[ 2 ][ ]2 (2)

where Ksp denotes the dissociation constant of hydroxide. The forma-
tion of the hydroxide precipitate is favored by increase in either Mg2+

or OH− concentration. With removal rates of more than 90% for the
disperse dyes (Fig. 2c), conversion of Mg2+ to hydroxide precipitate has
probably occurred. Leentvaar et al. proposed that this magnesium hy-
droxide precipitate functions through the mechanism of adsorptive
coagulation [70]. Owing to its structure, it has a large surface area for
adsorption. This, together with the positive electrostatic charge on its
surface, enhances its efficiency as a coagulant [47,58]. It is therefore
proposed that the disperse and acid dyes were removed using MgCl2
through a charge neutralization mechanism, sweep flocculation, and an
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adsorptive coagulation mechanism. This inference also agrees with the
findings obtained via FTIR, XRD (Fig. 5), SEM-EDS, and TEM (Fig. 6)
analyses, indicating that a new chemical species was formed as a result
of specific chemical binding between the dye and coagulant.

Reactive dyes have anionic functional groups; thus, their dissolution
in water releases negative charges [61], as shown in Fig. 4c. This
confirms that charge neutralization mechanism plays a role in the de-
colorization of these dyes in solution. The negative charges on the dye
molecules are probably neutralized by the hydrolyzed products of the
PAC coagulant. Decrease in pH has been reported to cause reduction of
the charge density, leading to self-aggregation of the dye molecules
[71]. However, it has been reported that PAC attained maximum effi-
ciencies at a pH of 7 and that any reduction in pH leads to decline of
coagulation [61]. In this study, PAC was used at a pH of 7.0–7.5.

With charge neutralization, when a certain critical coagulant con-
centration is reached, the maximum color removal efficiency is at-
tained; thus, further increase of coagulant dosage is expected to cause
the suspension to re-stabilize and result in color removal reduction. The
obtained results shown in Fig. 2d and Fig. 4c showed otherwise.
Therefore, it seems that charge neutralization alone was not responsible
for color removal of the reactive dyes using PAC. Sweep flocculation
and bridge adsorption mechanism could also be occurring either in-
dividually or together. However, because of the polymeric properties of
PAC, sweep flocculation and bridge adsorption mechanism could be
more likely the dominant mechanism. This also agrees with the FTIR,
XRD (Fig. 5), SEM-EDS, and TEM (Fig. 6) findings indicating that a new
chemical species was formed, resulting in specific chemical binding
between the dye and coagulant.

Basic dyes are cationic; thus, their dissolution in water releases
positive charges, as shown in Fig. 4d. The inorganic salts and CPAM
could not easily coagulate the basic dyes as they are also cationic
(Fig. 1). In contrast, APAM, being anionic in nature, was able to induce

coagulation of the basic dyes. Increase in coagulant dosages led to re-
duction in zeta potential, and thus increase in the color removal rate for
all five basic dyes. Based on this finding, we propose that basic dyes
were removed partly through a charge neutralization mechanism.
However, with the increase of coagulant dosage, there is an increase in
negative charges, signified by great reduction in zeta potential values;
that is, further from 0 mV, as shown in Fig. 4d. There was still increase
in color removal efficiency with the reduction of zeta potential resulting
from increase in coagulant dosage. Therefore, sweep flocculation and
bridging adsorption could also be occurring alongside charge neu-
tralization [13].

3.8. Color removal of raw reactive dyes wastewater by coagulation

Real raw reactive dyes wastewater (RRD-WW) samples were used to
test and validate the potential and full-scale application of the choice of
appropriate coagulant, for decolorization of dye wastewater based on
dye structure considerations. The RRD-WW contained two reactive
dyes: Reactive Blue X-BR and Reactive Red X-3B. These two dyes have
the same chromophore (azo) and auxochromes (SO3Na, –Cl, and –NH2).
Based on earlier studies, it was shown that PAC had the best color re-
moval performance for reactive dyes, whereas APAM had the worst
color removal performance among the seven coagulants used (Fig. 1).
Therefore, the RRD-WW was subjected to coagulation using PAC and
APAM.

The results showed that coagulation using PAC was effective in
decolorization of the reactive dye effluents (Fig. 8). PAC achieved the
best color removal efficiency of 78% at a dosage of 400 mg/L, which
was higher than the value achieved with the existing conventional
treatment methods applied in textile industry effluents [4]. This mat-
ches well with the results obtained with the synthetic reactive dye test
solutions (reactive brilliant red, reactive black 5, and reactive light

Fig. 5. The FTIR spectra: a) disperse red dye treated with AlCl3, b) acid red dye treated with MgCl2, c) reactive turquoise blue treated with PAC, and d) XRD patterns
of precipitates.
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yellow 18 dyes) that have the same chromophore (azo) and aux-
ochromes (SO3Na, –Cl and –NH2) as the two dyes in the RRD-WW.

In contrast, APAM achieved color removal efficiency of below 14%
across all administered dosages, which indicates that it is ineffective for
decolorizing reactive dye wastewater. These findings emphasize that
coagulation using the right coagulant is effective in removing soaps,
surfactants, metallic ions, and color from textile effluents. Furthermore,
the simplicity and low cost of operation of this method make it viable to
be used either alone or combined with other processes with various
limitations (e.g., electrochemical oxidation and adsorption) (Tables S3
and S4) for pretreatment/post-treatment of textile industry effluents
[2,7].

4. Conclusions

In this paper, the direct reactions between 23 dyes with known
chemical structures and 7 different coagulants were studied to reveal
the effects of dye structures on the coagulation performance, which was
also verified by real raw wastewater (from a dyeing and printing
company). MgCl2 removed color effectively from wastewater con-
taining disperse dyes with azo chromophores and auxochromes (–OH
and –Cl). PAC removed color effectively from reactive dye wastewater
containing phthalocyanine and azo chromophores, with the same
auxochromes (–SO3Na, –Cl, and –NH2). PAC also effectively removed
color from the real raw reactive dyes wastewater, with removal effi-
ciency as high as 78%. This indicates that PAC can effectively deco-
lorize raw real textile effluents containing reactive dyes with azo
chromophores and –SO3Na, –Cl, and –NH2 auxochromes. Basic dyes are
positively charged, and thus generally exhibited very low removal

efficiency with the positive ion coagulants. APAM, a negative ion coa-
gulant, showed better removal efficiency than the positive ion coagu-
lants for basic dyes. The most important mechanisms for disperse, acid,
reactive, and basic dye removal by coagulation are charge neutraliza-
tion, sweep flocculation, and bridge adsorption.

The state of dye molecules in solution has a considerable influence
on color removal efficiency by coagulation. If the dye structure contains
fewer hydrophilic groups and more polar groups, the solution is sus-
pended or colloidal, and thus is easy to coagulate and remove, as in the
case of disperse dyes. If there are charged groups such as –NH-, –NH2,
and -SO3H in the dye structure, they affect the electrical properties of
the dye. This affects the neutralization reaction between the coagulant
and the dye, which in turn affects the coagulation.

The experimental results of this study indicate that there is an in-
terconnection between dye structures and the dye color removal effi-
ciency by coagulation. It was shown that dyes with the same or similar
characteristics, such as auxochromes and charge, have very close color
removal efficiencies when treated with the same coagulant type.
Therefore, this work provides a reference for structural considerations
of dyes when choosing the most appropriate coagulant for textile
wastewater treatment, as well as modeling of the same. More studies
with a wider range of dyes and newly synthesized coagulants need to be
conducted, thus enabling the development of models that can be used
to easily predict the appropriate coagulant for decolorizing any textile
effluent based on the structures of the dyes it contains.
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Fig. 7. Scheme illustrating the proposed coagulation mechanism taking place between the coagulants and different dye structures.

Fig. 8. Color removal of real raw reactive dyes wastewater by coagulation.
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