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Abstract

The increase in textile fibre production volume is expected to result in a correspond-
ing rise in untreated wastewater, highlighting the need for effective and affordable
wastewater treatment methods. This study explored the potential of hydrotalcite, a
product in cement hydration, which can be used as a low-cost adsorbent, in treating
wastewater containing Reactive Blue 19 or Acid Green 1 dyes. The effect of pH on
the decolourization properties was studied using HCI, HNO3z, H.S04, NaOH, KOH,
Ca(OH)2, and Ba(OH)2. The results showed that both dyes had significantly different
decolourization properties with hydrotalcite in acidic and basic dye solutions, with
acidic environments enhancing dye uptake. The ions present in the dye solution
have no significant impact on the decolourization properties. Zeta potential analysis
supported these findings, with acidic dye solutions exhibiting higher zeta potential.
An intercalation of dye molecules into the layered structure of the hydrotalcite could
not be detected. The study shows that hydrotalcite is most effective as an adsorbent
in acidic environments.
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1 Introduction

The global production volume of textile fibres has more
than quadrupled in the last 50 years [1]. When dyeing
these textile fibres, up to 15 wt.% of the dyes are released
as effluent in the process [2]. Consequently, when not
treated properly, dyes pollute water sources and are a
hazard to living organisms [3]. Fabric production consists
of numerous different steps next to the actual dyeing step.
Details on these sequences are not commonly disclosed to
the public, as these steps are most often company secrets.

As modern dyes are designed to be long-lasting and re-
sistant to light, pH changes and microbial attacks [4],
thorough removal of dyes from, e.g. wastewater can be
challenging. In wastewater treatment, the adsorption pro-
cess is often considered convenient and simple due to its
capability of removing dissolved pollutants [5; 6]. The
used adsorbents range from charcoal [7] over activated
carbon [8] to peat [9] and various plant products [10; 11].
Although activated carbon has been widely used as an ad-
sorbent for several years, as it can adsorb a variety of
dyes [12], it comes at a relatively high cost [13]. Cementi-
tious materials, however, also offer high adsorption activ-
ity, are cheap and easy to produce, and their function as
a filter is independent of their shape. Dye removal from

wastewater by hydrotalcite, a hydration phase of slag-con-
taining cement, has been studied by various authors [14-
20]. With its possibility to exchange interlayer anions [21]
and good adsorption properties [18], it is @ promising can-
didate for dye removal from textile wastewater.

While many studies have investigated the adsorption ki-
netics and maximum dye uptake of hydrotalcite [14; 18;
22], our study focuses less on absolute values of dye up-
take but more on a comparison of uptake mechanisms in
different environments regarding the pH level. A previous
study has determined the optimum pH value to be around
2 [20], which is not relevant to textile wastewater treat-
ment, where pH values from 4 up to 14 are reported [23].

While it is generally accepted that dyes do most often not
intercalate into the interlayer of hydrotalcite and primarily
undergo physical adsorption [17], previous papers have
not explored differences in adsorption behaviour between
different dye classes [15; 16; 18]. The present study also
includes investigations of the effect of different bases and
acids on pH and ion concentration and, thereby, on the
adsorption process. Finally, we used zeta potential meas-
urements to evaluate the role of electrostatic forces in the
adsorption process, a factor that has not been examined
systematically in the literature. To investigate the effect of
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various types of dyes, we used a reactive dye (Reactive
Blue 19) and an acid dye (Acid Green 1) in this study.

2 Experimental
2.1 Materials

The hydrotalcite was synthesized according to a modified
version of the method described by Reichle [24]. A solu-
tion of 0.3 mol magnesium nitrate hexahydrate and
0.15 mol aluminium nitrate nonahydrate in 210 mL deion-
ized water (<1 pyS) was added to a solution of 1.05 mol,
50 % sodium hydroxide (aq.) and 0.283 mol sodium car-
bonate in 300 mL deionized water. The addition was car-
ried out in a 1-liter flask immersed in an oil bath equipped
with a mechanical agitator, a peristaltic pump, and a ther-
mometer. The addition took 4 h at a rate of 1.11 mL per
min at a temperature of 35 °C (£ 0.5 °C). The resulting
slurry was then stirred at 75 = 5 °C for 18 h. After the
heating period, the slurry was cooled to room tempera-
ture, centrifuged, and the separated solid was washed
three times with deionized water until the residual sodium
ion content was below 1 g/L. The resulting product was
then dried at 125 °C in a vacuum oven (100 mbar) for
24 h yielding 20 - 25 g of powder. Two batches of hy-
drotalcite were synthesized. The material was first ground
in a vibratory disc mill for 20 s and afterwards in a mortar
mill for three cycles of 3 min each. The resulting powder
was sieved to a maximum grain size of 63 um, with a re-
sulting dso value of 11 ym and a standard deviation of
2 uym. The synthesized hydrotalcite was characterized by
X-Ray diffraction (XRD) to confirm its composition and pu-
rity. The particle size distribution of the synthesized hy-
drotalcite was determined using a Mastersizer 3000 by
Malvern.

Remazol Brilliant Blue R (Sigma Aldrich; chemical formula:
C22H16N2Na2011S3, molar mass of 626.54 g/mol, water sol-
ubility is 1 mg/mL), also known as Reactive Blue 19
(RB19), was used as a reactive dye and belongs to the
anthraquinone dye class. Naphthol Green B (Alfa Aesar;
chemical formula: CsoHisFeN3NasO1sS3, molar mass:
878.47 g/mol, water solubility at 20 °C: 160 mg/mL), also
known as Acid Green 1 (AG1), was used as an acid dye.

2.2 Methods
2.2.1 Decolourization experiments with UV-VIS
spectroscopy

To conduct the decolourization experiments, 50.00 mg
(£ 0.05 mg) of the dye was mixed with 500 mL of deion-
ized water. This dye concentration was chosen to ensure
that the solution was not completely decolourized during
the adsorption tests, but still, a sufficient change in the
dye concentration of the solution was able to be analysed
with UV/VIS. Different bases and acids were added to ad-
just the initial pH of the solution to 5 (+ 0.3) and 11
(£ 0.1) using a Schott ProLab 400 with a SI Analytics pH-
combination electrode N65. The targeted pH values were
chosen based on common pH values reported in textile
wastewaters [23]. The bases used were 1.0 mol/L KOH,
1.0 mol/L NaOH, saturated (1.7 g/I) Ca(OH)2, and
1.0 mol/L Ba(OH)2, while the acids used were 0.1 mol/L
HCI, 0.1 mol/L HNOs3, and 0.1 mol/L H2S0a4. Two sets of
decolourization experiments were conducted, one where

the pH was set only initially and the hydrotalcite was sub-
sequently added, and another where the pH was main-
tained constant throughout the experiment. 200 mg of hy-
drotalcite was added to the 500 ml dye solutions for each
decolourization experiment.

A Perkin-Elmer Lambda 465 UV-VIS spectrometer with an
8-channel flow-through cell, coupled with an ALS PCP 151L
Metering Pump, was used to measure the decolourization
of the solution in situ as a function of time. To prevent
solid material from entering the hoses, and so the analysis
chamber, we used 10 um UHMW polyethylene cannula fil-
ters (Erweka), which were tested beforehand to ensure
that they did not adsorb any dye. The experiment was car-
ried out for a duration of 3 h, and calibration curves were
measured beforehand to calculate the dye concentration
from the measured absorption. The initial measurement
frequency was every minute for the first 10 minutes, fol-
lowed by measurements every 5 minutes for the first hour,
and then every ten minutes for the remaining two hours.
The measurements were performed on a single cell at a
time, utilizing an automated sample changer. The entire
spectrum was recorded at each measurement time, but for
illustration of the data, a specific wavelength (585 nm for
RB19 and 600 nm for AG1) with a low noise level was cho-
sen. The initial dye concentration was known for every
measurement. To adjust for slight variations in the meas-
ured intensity, the first measurement value was always set
to 100 % after measuring a blank and baseline. For the
evaluation of the raw data, we used IDISis software (Au-
tomated Lab Systems).

After each decolourization experiment, the suspension
containing the dye-stained hydrotalcite was filtered using
a type 598 round filter. The resulting solid phase was
stored in a snap-top glass vial at room temperature for
further analysis.

2.2.2 Zeta potential

A Dispersion Technology 1200 measurement device was
used to measure the zeta potential using the electroacous-
tic method, alongside the pH using a Metrohm LL-
Solitrode. The temperature remained constant at 20 °C
throughout the measurements. Measurements were con-
ducted in a 150 mL glass beaker with magnetic stirring.
5 mg of dye was diluted in 50 mL of deionised water. HCI,
KOH, and Ca(OH)2 were titrated to maintain a constant pH
value. We opted to increase the weight fraction of hy-
drotalcite to 1 wt.% because it represents the threshold
between the suitability for the electrophoretic and electro-
acoustic methods [25]. This enables comparison tests be-
tween the two test methods in the future.

The zeta potential was calculated with the determination
of the electrophoretic mobility (CVI). After setting the ini-
tial pH, hydrotalcite was added to the dye solution, and up
to 15 measurements were taken within 20 min. To ensure
reproducible results, the hydrotalcite concentration was
increased to 1 wt.% (10 g/L) compared to the 0.04 wt.%
(0.4 g/L) in the UV/VIS experiments. The zeta potential
value at 10 min was chosen as the decisive value.
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2.3 X-ray diffraction

XRD analysis was used to determine whether the dye was
adsorbed onto the surface of the hydrotalcite or interca-
lated into the layered structure. By measuring the change
in interlayer distance, XRD provided insight into the loca-
tion of the dye within the hydrotalcite structure. A Bruker
D8 Advance X-ray diffractometer (Cu-tube with 1.5418 &
wavelength and a LYNXEYE_XE_T detector) was used to
characterize the hydrotalcite before and after dye adsorp-
tion. The XRD measurements were performed over a 2-
Theta range of 5-70 °, a step size of 0.02 ° and a meas-
urement time of 0.2 s/step. Measurements were carried
out on a Si low background sample holder due to the small
sample size.

3 Results and discussion

With the measured absorption and its above-mentioned
calibration, we calculated the decolourization [mg ad-
sorbed dye per g hydrotalcite].

In the first decolourization experiments, we used four ba-
ses (NaOH, KOH, Ca(OH)2, Ba(OH)z) and three acids (HClI,
HNOs, H2SO4) to determine their potential effect on the
decolourization efficacy of hydrotalcite. No pH adjust-
ments were made after hydrotalcite was added and during
the decolourization process.

The UV/VIS results showed significant differences between
the bases and acids in terms of their decolourization effi-
ciencies for both dyes (cf. Figure 1 & Figure 2). The decol-
ourization process exhibited an initial rapid phase, fol-
lowed by a slower phase leading to a plateau after
approximately one h. At this stage, the excess dye in the
solution suggested that the maximum adsorption capacity
had been reached for the given concentration. Interest-
ingly, samples containing Ca(OH)2 and Ba(OH)2 appeared
to adsorb more dye than samples containing the other ba-
ses. This was at first counterintuitive, as we expected the
decolourization to be mainly controlled by the OH" or H*
present in the solution and not the counterparts of the ba-
ses or acids. However, XRD analysis of the dyed solid
showed the presence of BaCOs and CaCOs, which could
have interfered with the measurements. To confirm this,
we analysed the UV/VIS spectra of the dye-stained water
(green and blue) and added Ba(OH): to the solution. The
addition of Ba(OH): slightly changed the UV/VIS spectra,
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indicating that the presence of BaCOs and CaCOs had in-
deed affected the measurements.

Furthermore, the graphs of AG1 and RB19 show a differ-
ence in their total dye uptake. RB19 is more effectively
adsorbed than AG1, possibly due to the different functional
groups present in the molecules. While both dyes have hy-
droxyl and sulfonate groups, AG1l has three nitroso
groups, while RB19 has two amino groups, which may af-
fect the adsorption behaviour. Different functional groups
of dyes may affect properties like dye-fibre fixation, sub-
stantivity or stability towards acid hydrolysis [26]. In ad-
dition, the different molecular sizes and shapes of the dyes
may play a role. Planar molecules, such as RB19, are likely
more easily adsorbed, as n-n-stacking of aromatic rings
has been observed to positively influence dye adsorption
as van der Waals, dipole and hydrogen bonds are maxim-
ised [27; 28]. Finally, differences in the surface charge of
hydrotalcite could also contribute to the varying adsorp-
tion behaviour. The solubility in water was high for both
dyes, and the pH of the solution was controlled in the same
manner, suggesting that these factors did not play a role
in the observed differences between the two dyes.

We observed a slight increase in decolourization efficiency
for the acids after 20 min, prompting further investigation.
To this end, we repeated the experiment and extracted
20 mL of the liquid phase before and after the observed
increase at 20 and 90 min, which were subsequently ana-
lysed via ICP-OES. The analysis revealed a slight increase
in Mg and Al in the dye solution at 90 min compared to the
solution at 20 min. One possible explanation for this ob-
servation is that more hydrotalcite was ground by the
magnetic stirrers, resulting in increased dilution of Mg and
Al. However, if this were the case, we would expect to see
this effect for all curves and not only at a pH value of 5.
Therefore, the slight increase in decolourization after
20 min remains unclear to the authors.

Despite testing several different acids, no significant dif-
ferences were observed between their decolourization ef-
ficiency. Similarly, only minor variations were observed in
the monovalent bases, while the divalent bases exhibited
differences that were more pronounced. Upon adding hy-
drotalcite to the solution, the pH value quickly shifted to-
wards the equilibrium pH of hydrotalcite in the solution,
9.5. Any adjustments made to the initial pH had little im-
pact on the final pH values, which averaged 10.5 (£ 0.3)
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Figure 1 Dye adsorption in mg dye per g of hydrotalcite for Reactive Blue 1 for the acids (left) and bases (right) measured at 585 nm. The error

bars indicate the standard error (n=3)
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Figure 2 Dye adsorption in mg dye per g of hydrotalcite for Acid Green

bars indicate the standard error (n=3)

for all batches with bases and 8.9 (+ 0.5) for all batches
with acids. To further investigate the effects of pH, we con-
ducted additional experiments with HCI, KOH, and
Ca(OH)2, in which we maintained a constant pH after the
addition of hydrotalcite (cf. Figure 3).
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Figure 3 Dye adsorption in mg dye per g of hydrotalcite for Reactive
Blue 19 and Acid Green 1 at a constant pH value. The error bars indi-
cate the standard error (n=3)

The results from the decolourization experiment (cf. Figure
3) showed that the acidic batches - now as the pH is kept
constant — had a higher potential for decolourization com-
pared to the previous experiment. Figure 3 indicated that
HCl had almost 50% higher decolourization potential for
RB19 and 90% higher potential for AG1 compared to the
setup where only the initial pH value was set. The decol-
ourization potential of Ca(OH)2 and KOH did not exhibit
significant differences across the dyes. This difference be-
tween decolourization efficiency in Figure 1 and Figure 2
compared to Figure 3 could be attributed to the availability
of metal ions in the solution. At higher pH values, the sol-
ubility of carbonates decreases [29], resulting in more
Ca?*/Ba?* ions present in the liquid phase at low pH val-
ues. We hypothesize that these metal ions form coordina-
tion complexes with dye molecules. In this scenario, the
metal ion (e.g. Ca%* or Ba%*) acts as the central ion, which
is surrounded by a group of ligands (e.g. sulfonate groups
of AG1 or RB19). However, further studies are required to
validate this hypothesis and examine the specific mecha-
nisms through which metal-dye complexes are formed and
contribute to the decolourization process.

However, we did observe some additional peaks for the
sample containing Ba(OH)2 (cf. Figure 4 at ~24° 26) and
Ca(OH)2, which we attributed to the formation of their re-
spective carbonates, BaCOsz and CaCOs, during the decol-
ourization experiment.
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Figure 4 - XRD diffractograms in the range of 10-25° 26 of hy-
drotalcite after decolourization experiments in various solutions.
H = hydrotalcite; B = barium carbonate

Therefore, to further investigate the mechanisms respon-
sible for the observed differences in decolourization, we
examined two main mechanisms of ion uptake of hy-
drotalcite that have been reported in the literature: phys-
ical adsorption (cf. Introduction) and intercalation [30;
31]. Intercalation occurs when ions are incorporated into
the interlayer region of hydrotalcite, leading to changes in
its lattice parameters that can be observed through X-ray
diffraction. To examine whether intercalation occurred, we
compared the synthesized hydrotalcite with filtered hy-
drotalcite after the decolourization experiments. Our anal-
ysis indicated no changes in lattice parameters for the an-
alysed samples (cf. Figure 4), suggesting that no
intercalation took place. Consequently, the decolourization
shown by the UV/VIS results has to be due to the adsorp-
tion of dyes on the hydrotalcite surface.

We, therefore, excluded the effects of intercalation and fo-
cused on understanding the factors that contribute to
physical adsorption. To investigate the observed differ-
ences in physical adsorption, we conducted zeta potential
measurements during the decolourization experiments.
Although these quantities are not absolute values, they
can be compared relative to each other. It is important to
note that zeta potential is highly dependent on the availa-
ble surface area, thus on the particle size distribution and
the weight percentage of solids in the solution.

When a charged particle is dispersed in water, a layer
model is used to explain the adsorption process based on
Helmholtz and Stern [32; 33]. In Figure 5 and Figure 6,
the different layers are presented for the case of a high
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and a low zeta potential. When diffusion movements occur
in a solution, a part of the diffuse layer is stripped off due
to friction, and the measured potential is, therefore, no
longer neutral in charge, which is the zeta potential.
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Figure 5 Potential curves of the surface of a negatively charged hy-
drotalcite particle for a high zeta potential. (A) displays the negatively
charged particle surface; (B) is the Stern layer containing dehydrated
ions; (C) represents the shear plane; (D) displays the diffuse layer,
which accommodates the negatively charged dye molecules (Acid
Green 1).

Hydrotalcite particle surface

Figure 6 Potential curves of the surface of a negatively charged hy-
drotalcite particle for a low zeta potential. (A) displays the negatively
charged particle surface; (B) is the Stern layer containing dehydrated
ions; (C) represents the shear plane; (D) displays the diffuse layer,
which accommodates the negatively charged dye molecules (Acid
Green 1)

In Figure 7, it can be observed that the zeta potential of
acidic solutions (~50 mV) is higher than that of alkaline
solutions for both studied dyes. This can be explained by

the accumulation of the positive charge of H* ions in the
Stern layer due to the negatively charged hydrotalcite par-
ticle surface. The positive zeta potential measurement
suggests a positive Stern potential (wi), while the nega-
tively charged dyes accumulate in the diffuse layer. Com-
pared to HCI, samples prepared with Ca(OH)2, Ba(OH)2, or
KOH show significantly lower zeta potentials. This is due
to the lack of small positively charged ions (H*) in the so-
lution in the basic environment, resulting in a lower yi, as
the inner Helmholtz layer is less densely populated. More-
over, the ion radius of H* is considerably smaller than Na*
or K* ions, leading to a smaller potential drop, illustrated
in Figure 6. The UV/VIS results support these findings, as
they demonstrate that acidic solutions are more effective
than alkaline solutions in terms of dye uptake.
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Figure 7 Zeta potential of 0.5 g Hydrotalcite diluted in 50 ml dye so-
lution for RB19 (a) and AG1 (b) for different bases, acids, and a refer-
ence without pH adjustments

However, it is not conclusive that this is due to a nega-
tively charged hydrotalcite particle. Another possible ex-
planation is that the particle surface of hydrotalcite may
be positive in an acidic environment. This would make it
unlikely for hydrogen ions to accumulate onto the particle
surface as positively charged ions have a higher hydration
number than ions with a negative charge. This is because
it is harder for the ion to strip off the hydrate shell in case
of a higher hydration number.

As a result, the van der Waals forces between the particle
surface and the ions on the inner Helmholtz plane are not
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as strong, allowing negatively charged dye ions to accu-
mulate onto the Stern layer. However, the authors were
not able to provide conclusive evidence to support either
theory, highlighting the need for further research. None-
theless, it is important to note that in both scenarios, the
shear plane of hydrotalcite has a net positive charge in all
cases tested, hence a positive zeta potential. Furthermore,
the potential in the Stern layer is increasing with decreas-
ing pH values, which is consistent with the observed in-
crease in decolourization potential.

While the zeta potential measurements helped to explain
the differences in dye uptake in the presence of acids and
bases, it remains inconclusive as to why the uptake of AG1
is significantly lower than that of RB19. While both dyes
have similar zeta potential values, the authors suggest
that the difference in uptake is more likely due to the size
and shape of the dye molecules and their respective func-
tional groups. One possible approach to verify this as-
sumption is to carry out decolourization experiments using
organic compounds with a single functional group and still
exhibit a detectable UV/VIS spectrum.

4 Conclusion

This study investigated the relationship between the pH
and the decolourization potential of hydrotalcite in solution
with the two dyes, Reactive Blue 19 and Acid Green 1. Four
bases (NaOH, KOH, Ca(OH)2, and Ba(OH)2) and three ac-
ids (HCI, HNOs, and H2S04) were used to determine their
effect on the decolourization efficiency of hydrotalcite.

The results showed that both dyes had significantly differ-
ent decolourization properties in acidic and basic dye so-
lutions with hydrotalcite, with acidic environments en-
hancing the dye uptake. The ions present in the dye
solution did not appear to have a big impact on the decol-
ourization properties, except for Ba(OH)2 and Ca(OH)3,
where divalent bases showed higher decolourization effi-
ciencies than the monovalent bases. For the divalent ba-
ses, however, carbonates formed during the experiment,
which appeared to have affected the results. Minimizing
the CO2 uptake in a dye solution with a high pH value of
11 reduces the production of carbonates and results in a
smaller difference between monovalent and divalent ba-
ses.

The higher zeta potential observed in acidic, compared to
basic, dye solutions supports the previous findings. It in-
dicates that the presence of H* and OH" in the solution is
the main factor controlling the differences in dye uptake,
where H* ions seem to have a positive effect on the decol-
ourization properties.
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