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Abstract: Wastewater production is a major environmental issue for the leather and textile industries:
in a modern plant, several synthetic dyes are used in separated coloring batches whose wastewaters
are usually mixed, diluted with other process water streams, and sent to a unique wastewater
treatment plant. This includes specific physical and biochemical tertiary treatments to remove dyes
efficiently. One of the main difficulties of these processes is the presence of multiple dyes, which
cannot be treated with the same efficiency as a “wide-spectrum” process. This work explores the
possibility of using conventional granular activated carbon (GAC) and a new polyurethane foam
(PUF) for the adsorption of an acid red dye in the wastewater of a specific coloring batch of the tanning
industry. The aim of this work is twofold: on the one hand, we aim to explore the performance of
the new PUF sorbent; on the other hand, we aim to explore the possibility of using adsorption as an
optimized pre-treatment for single-dye batches, which may take advantage of the presence of a single
type of target dye and its higher concentration. The effluent is then sent to the wastewater treatment
plant for further depuration.
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1. Introduction

The fashion and related industries such as garments, footwear, and accessories have
been significantly affected by globalization [1–3]; therefore, hundreds of companies and
brands all over the world have emerged thanks to the work of thousands of valuable design-
ers and numerous prestigious design schools [4]. However, while design is predominant in
Western countries [5,6], textile production is still considered an Asiatic domain [7,8] due to
the cheapest manufacturing cost [9,10].

According to the Annual Fashion Talk released by Mediobanca, in 2019, the world
fashion industry was worth USD 471 billion, summing up the revenues of the 80 biggest
manufacturing industries worldwide. Among these, Italy was the most represented country
with the 10 most famous brands [11–13]. Recently, the Global Fashion Industry (source:
https://fashionunited.com, accessed on 15 December 2019), estimated the overall value
of brands, and assets of the global fashion industry to be around USD 3 trillion. Despite
this high value and economic yearly income, the fashion sector generated significant
environmental issues due to the intense use of toxic chemicals [14,15], with a subsequent
necessity to modify processes within sustainable and environmentally friendly limits [16,17].
It was estimated that in 2017, about 80 thousand million garments were sold worldwide;
this substantial increase in consumption resulted in a 75% increase in used clothes disposal,
which without a specific recycling process, was destined for landfill disposal or thermal
incineration [18]. This caused manufacturing industries to adjust dramatically to the
increased request of the market. Nowadays, the estimated yearly consumption of dyes is
around 10,000 tons in textile industries [19], thus resulting in an even higher environmental
impact [20].
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The fashion industry distinguishes itself with the use of diverse production meth-
ods and technological advancements [21,22]; among those, dyeing and weaving produce
the largest number of pollutants [23,24], which increase the level of toxicity and non-
recyclability during disposal [25,26]. Nowadays, the production of 1 kg of fabric requires
an average amount of 200 L water and an amount of chemicals between 100 g to 1 kg (i.e.,
up to 100% of fabric weight, on a mass basis) [27–30]. This inhomogeneity in wastewater
composition is also due to different worldwide regulations [31–33] and the high diversity
of textile wastes [34,35]. Since the dye binding process is not particularly efficient, this
results in the loss of between 10% and 50% of dyes, but also other substances such as
formaldehyde, chlorine, and heavy metals. The disposal of these compounds in rivers and
lakes creates further negative effects on living organisms, which can be quantified only
with specific eco-toxicological measurements [36,37]. Focusing on the dyeing process, 1 kg
of produced fabric generates from 20 to 100 kg of spent dyes, thus resulting in several
washing post-processing steps [38–42]. Therefore, the textile dyeing and finishing industry
created a huge pollution problem, as it is one of the most-discussed secondary pollutants
of textile wastewater in applications related to agricultural irrigations [43–45].

In the late 1990s, dye removal methods included only preliminary water purification
processes such as equalization and sedimentation [46–48] due to the absence of clearly
defined boundaries regarding the release of dye effluents into the environment. After the
definition of the permissible dye effluent release standards, more effective dye removal
methods were introduced, such as chemical–physical or biological plants with activated
sludge [49–52]. Moreover, the necessity to remove high percentages of dyes and surfactants
led companies to try to improve the purification yields of these traditional processes by
adding specific products. Among the proposed techniques, separation using polymeric
porous membranes or composites provided several advantages such as high selectivity,
low energy consumption, and moderate cost [53–56]. Additionally, oxidation, electrocoagu-
lation, and biofilm techniques were utilized to degrade or separate contaminants found
in industrial wastewater [57–59]. The results obtained using this system are encouraging,
but a complementary treatment process is needed to remove residual impurities; more-
over, these methods are expensive and do not guarantee a high and selective removal of
dyes [60–62].

Among the separation processes, several adsorption methods have been developed
for the treatment of contaminants in diverse environmental applications, with activated
carbon emerging as a widely favored choice. Nevertheless, it is worth delving into a
comparative exploration of various adsorption techniques aimed at purifying wastewater
and mitigating the impacts of these contaminants [63]. Activated carbon, renowned for its
exceptional adsorption properties, plays a pivotal role in wastewater treatment plants. Its
porous structure and high surface area make it an effective adsorbent for a wide spectrum
of contaminants. However, activated carbon is not the sole contender in the arena of
adsorption processes. Other materials such as polyurethanes, zeolites, clay minerals,
and metal oxides also exhibit remarkable adsorption capacities. Furthermore, adsorption
processes can be customized based on the specific wastewater composition and the target
contaminants. Factors such as pH, temperature, and contact time can be adjusted to
optimize adsorption efficiency. Additionally, advancements in adsorbent modification
techniques, including surface functionalization or the use of nanostructured materials, have
expanded the toolkit for wastewater treatment. This work represented a first attempt to
create a method for the use of alternative materials in a single or combined use to depurate
wastewater from contaminants.

Adsorption separates dyes from textile wastewaters with the selective deposition of
the dye’s molecules on the surface of an adsorbent material. This type of treatment is
particularly suitable for organic substances, such as solvents, surfactants, and pesticides,
as well as dyes [64,65]. The method for adsorption dye removal could be considered an
outstanding process in the case that it selectively separates one dye or a mixture of dyes. In
general, for the adsorption of organic compounds, adsorption can also be repeated several
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times, after the regeneration and reuse of the adsorbent material, until it becomes spent.
This also permits a reduction in process costs in terms of fresh materials involved.

However, the number of regeneration cycles depends on various factors, including
the nature and concentration of pollutants and the adsorption energy bonds. It is well-
established that some dyes can be deposited on the adsorbent through physical adsorption
pathways including the formation of a “condensed” phase on its surface, while in some
other cases, chemisorption mechanisms involving site-specific interactions occur.

In this work, we report the first experimental data on the use of a new sorbent, namely,
a polyurethane foam (PUF) for the treatment of a specific water-based solution produced
during tanning processes. The use of foams in the treatment of wastewater is a promising
option in the field of environmental protection and sustainable water management. Foams
play a crucial role in facilitating the removal of contaminants and pollutants from wastewa-
ter streams [66]. These foam-based treatment methods are highly effective in separating
suspended solids, oils, grease, and even certain dissolved contaminants from water, thus
contributing to the purification of wastewater [67].

In particular, the use of polyurethanes in wastewater treatment represents an innova-
tive and versatile approach to addressing environmental challenges. Polyurethanes, with
their exceptional uptake capacities, have proven to be valuable materials in various stages
of wastewater treatment processes. They are used for the fabrication of membranes and
adsorbents with tailored properties, which are capable of selectively removing pollutants
such as dyes, heavy metals, organic compounds, and microorganisms from wastewater
streams [68,69].

This work (performed in collaboration with the company DMD S.p.A., Solofra, Avel-
lino, Italy) concerns the use of new (the PUF) and conventional (the GAC) adsorbent
materials to depurate the wastewater produced by a single-dye coloring batch to allow a
more targeted pre-treatment of the dye. The aim is to provide a selective recovery of dyes
and to reduce the amount of dye that is sent to the company’s wastewater treatment plants.
In fact, the presence of multiple dye streams, each with specific chemical composition and
characteristics, and their overall dilution with the other process waters makes the tertiary
treatment of these wastewaters particularly complex and expensive. The idea behind this
approach is that it can be easier to treat the wastewater of each dyeing process separately,
targeting the treatment to its specific chemistry. This work focused on the adsorption of
dyes on two types of adsorbent materials: activated carbons [70–73], already studied and
used in traditional purification processes, and polyurethane foams (PUF) [74], explored as
an alternative adsorbent. The preparation of the model dyeing solution used in the tanning
process was replicated in our laboratory. Starting from this, adsorption tests at 20 ◦C and
40 ◦C were performed, also investigating the effect of chemical additives generally used
in the dyeing step (ammonia, fats, formic acid). In addition to the adsorption process, the
desorption reverse process was also analyzed, with the final aim of understanding whether
and how to dispose of the adsorbent material or to regenerate and reuse it in a subsequent
adsorption cycle.

2. Materials and Methods
2.1. Materials

In this work, adsorption experiments were performed either in aqueous solutions or
in model dyeing solutions containing fat-liquoring agents, as used in industrial tanning
processes. “Acid red 97” (obtained by DMD Solofra S.p.A., Avellino, Italy) was used as
a dyeing agent for this work. This kind of dye is particularly suitable for chrome-tanned
leather. The authors only received its commercial nomenclature; therefore, it was not
possible to report specific and detailed information about the formulation, but a UV-Vis
spectrum obtained on the dye was provided, working in collaboration with DMD S.p.A,
Solofra (AV), Italy. For the preparation of the aqueous solutions, the dye was simply
dissolved in distilled water. In contrast, the preparation of the model tanning solution
required several additional chemicals, such as Lipoderm N, ammonia, Coripol DX 1202,
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formic acid, and distilled water. Sorbents utilized for adsorption tests were Filtercarb GCC
1240 and polyurethane. The characteristics of each used compound are reported in the
following paragraphs.

“Lipoderm N” (BASF, Ludwigshafen, Germany) is an anionic emulsifier with a fat-
liquoring action; its effect is considered necessary since animal skin loses most of its natural
fats and oils during the tanning stage. Therefore, this emulsifier is put in contact with the
leather matrix, preventing the adhesion of fibers [75,76] and favoring the penetration of
dye into the leather. According to the BASF datasheet, the liquid form of Lipoderm N is
characterized by a yellowish-brown color and pH of 8; moreover, it has an active content of
approximately 50% on a mass basis, and its suggested stocking conditions are between 0 ◦C
and 35 ◦C. This compound can be easily diluted in water, and its solutions are generally
resistant to acids, alkalis, and salts.

Ammonia (Sigma Aldrich, Milan, Italy) is one of the auxiliaries used during the dyeing
process to adjust the pH from acid to basic. In fact, at the beginning of the process, the
leather that is obtained from the previous tanning steps has a pH of 3–4; then, with the
addition of ammonia, the pH becomes close to 8. When the solution is basic, the dye is
conveyed into the fiber. Indeed, in this step, the fiber allows the dye to penetrate within the
cross-section of the leather.

Coripol DX 1202 (TFL, Rheinfelden, Germany) was used as a synthetic fat-liquoring
agent. This white/yellowish anionic compound appears as an emulsion and is based on
sulfated high molecular hydrocarbons. One of the properties of Coripol is its high heat
resistance and good stability in mineral tanning floats. It is possible to dilute it in water
under stirring at 60 ◦C. By combining it properly with the individual components of the
fat-liquoring mixture, it is possible to reach practically any kind of softness or surface
effects. Its pH is approximately 8, which is the same as the compound whose commercial
name is Lipoderm N.

Formic acid (Thermo Fisher Scientific, Waltham, MA, USA), 85% w/w in water, was
used as a reactive to adjust the acidity at the end of the dyeing protocol and to further
improve the color penetration into fibers. Formic acid is used in the dyeing process to fix
the color of the leather; in particular, it has an inverse role with respect to ammonia. After
addition, the pH of the solution becomes acid again, and the fibers close, entrapping the
dye inside the pores and the section of leather.

Two adsorbent materials were used to perform and compare adsorption experiments:
granular activated carbon and polyurethane foam [77,78]. The activated carbon used in
this work is FILTERCARB GCC 1240, which is used in granules of 1–2 mm diameter. It
is generally used for water filtration processes and was obtained by Carbonitalia S.r.l.
(Vezzano Ligure, Italy). This material is produced from coconut charcoal, physically
activated with water vapor to develop a large active surface, which makes it suitable
for the purification of water and organic liquids of the chemical and food industry (oil,
liqueurs, glycerin, acids). Filtercarb GCC 1240 is an adsorbent characterized by a large
specific surface and finds applications in numerous fields, such as pharmaceutical, food,
catalysis, gas storage, and electrode materials, and also in the removal of odor from liquid
and gaseous phases and the elimination of organic pollutants from drinking water and
wastewaters [79,80]. The granular activated carbon was pre-washed before adding it to
colored solutions.

Polyurethane is a leading member of the wide-ranging and highly diverse family of
polymers or plastics. In this work, polyurethane was used in slices of cubic shape (about
1 × 1 cm). Its cellular-like structure is expanded by adding to the formation reaction a
blowing agent that volatilizes because of the heat generated during the polymerization
reaction. Polyurethane (PUF) has been used as an adsorbent in the treatment of contam-
inated water and effluent because of its low cost and the possibility of using it without
pre-treatments [81,82]. In addition, PUF belongs to classes of substances characterized by
both polar and nonpolar groups. Chemical and physical properties of the material used in
this work has been reported in Table 1.
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Table 1. Chemical and physical properties of used materials.

Material Molecular Weight
[g/mol] Color CAS Number Bulk Density

[kg/m3] Water Solubility

Acid Red 97 699 red-yellowish 10169-02-5 1579 8.85 g/L
Lipoderm N * opaque white * * *

Ammonia 17 colorless 7664-41-7 0.73 31% w/w
Formic acid 46 colorless 64-18-6 1.22 Highly miscible

Filtercarb GCC 1240 * black * 530 Not miscible
Polyurethane 312 red-yellowish 25036-33-3 870 Not miscible

Coripol DX 1202 * opaque white * * *

* Information not provided by the manufacturer.

2.2. Methods

The experimental work was preceded by the preparation of either water-dyeing or
fat-liquoring model dyeing solutions. Then, the experiments were divided into two macro-
steps: adsorption experiments of dye with granular activated carbon and polyurethane,
using the previously prepared dyeing solutions; secondly, desorption of dye from spent
sorbents was performed. A sketch of the methodology is provided in Figure 1. A further
description of the methodology is reported in the following sub-sections.
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Figure 1. Description of the procedure used in this work for the treatment of wastewater, from
preliminary filtration to adsorption and desorption process units. * On the basis of the selective
capacity of the adsorbent material, here we may have other compounds reported in Table 1.

2.2.1. Dye Preparation Solutions

We followed a simplified protocol of a typical dyeing recipe provided to us by DMD
Solofra S.p.A. and replicated it to simulate the composition of a typical tanning solution.
In Table 2, a description of the four main steps involved in leather dyeing preparation is
reported. However, in this study, we prepared dyeing solutions, as indicated in Table 2,
but we did not use any leather scraps since the goal of this work was to adsorb dyes on
active carbons and try to regenerate sorbents using desorption processes. In Table 2, all
the percentages reported theoretically refer to the mass of leather, which, for simplicity, is
set to a reference value of 5 g. We decided to work in the worst conditions, meaning that
we considered the case in which it is possible to find all the chemical additives used in the
dyeing phase in the simulated wastewater.

According to the recipe reported above, the first step consists of the addition of the
fat-liquoring agent and ammonia to the water in order theoretically to prepare the leather
(not used in this study) for the addition of dye. To reproduce the stirring occurring on a
large scale in tanning drums, the solutions are stirred for 60 min. In the second step, the
addition of dye occurs, with a continuous magnetic rotating plate for 30 min. In the third
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step, the fattening agent is added during another 30 min stirring. In the fourth and final
step, formic acid is added to the solution; this has the function of narrowing the fibers and,
consequently, fixing the dye deeply. According to this recipe, 3% of dye on a mass basis is
added to the solution.

Table 2. Simplified model dyeing solution preparation (mass percentages per unit leather mass).

Mass Ratio Steps of Preparation Role of Additive

1st step—60 min stirring at 200 rpm *
600% w/w Distilled water Diluent

1% w/w Lipoderm N Emulsifier
3% w/w Ammonia pH corrector

2nd step—addition of dye with 30 min stirring at 200 rpm
3% w/w Acid Red 97 Coloring agent

3rd step—pre-fixing with 30 min stirring at 200 rpm
3% w/w Coripol DX 1202 Emulsifier

4th step—fixing with 60 min stirring at 200 rpm
5% w/w Formic acid diluted in water 1:1 v/v pH corrector

* Note that this first step is also characterized by the addition of 5 g leather; however, in this study, leather is not
involved since the authors focused on the recovery and eventual reuse of the model solution.

2.2.2. Adsorption Experiments

The adsorption experiments are batch tests carried out in a PID-controlled oven at a
fixed temperature. A fixed volume of the target solutions is placed in contact with a given
mass of sorbent. For the kinetic tests, the experiments were performed setting the mass
of GAC at 0.5 g and the mass of PUF at 0.1 g. In contrast, the initial dye concentration
within the solution was varied according to the following indications: setting a volume of
30 mL of distilled water, different samples were prepared at 6 different dye concentrations,
corresponding to dye concentration between 10 and 200 mg/kg. For the adsorption
isotherms, the dosage and the concentration of the dye were varied to cover a representative
concentration range.

Dye concentration measurements (in mg per kg of solutions) were performed using a
spectrophotometer HACH (Loveland, CO, USA) mod. DR/2010 operating in the visible re-
gion, equipped with square-based glass cuvettes for blank and sample absolute absorbance
measurement. As it is possible to see in Figure 2a, Acid Red 97’s maximum absorbance
peak was detected at 500 nm. Calibration lines were obtained on diluted Acid Red 97
solutions (Figure 2b), whose starting concentrations were known. In particular, the dye
was dissolved first in water (round dots) and then in the model solution including tanning
additives (square dots). These solutions were diluted 1:10 v/v in distilled water before
absorbance measurements.

Processes 2023, 11, x FOR PEER REVIEW 7 of 18 
 

 

  
(a) (b) 

Figure 2. (a) UV-Vis spectrum of Acid Red 97. (b) Calibration curves of dye concentrations in water 
and model solutions. 

The dye concentration and adsorption uptake expressed in these experiments were 
correlated by the following equation: 

(ݐ)ݍ =  ௔ܸ

݉
 ൫ܥ଴ − ൯ (1)(ݐ)ܥ 

where q(t) is the amount of dye adsorbed at time t, m is the mass of the sorbent, Va is the 
volume of the solution, C0 is the initial dye concentration, and C(t) is the concentration of 
dye at time t. Adsorption isotherms were fiĴed using the Henry model as follows: 

௘ݍ = ௘ (2)ܥ  ܭ 

where Ce is the dye concentration at equilibrium and qe is the dye adsorption uptake at 
equilibrium. 

2.2.3. Desorption Experiments 
In this work, desorption tests were performed both in clean distilled water and in the 

clean solution obtained following the recipe described above, where “clean” refers to a 
total absence of the dye in the starting solutions. These tests were aimed at studying the 
possibility of reusing the solution in a new cycle of the tanning process, thus reducing 
fresh reagent consumption. In detail, a solution with a dye concentration of 70 mg/kg was 
put in contact with a given mass of sorbent until reaching uptake equilibrium conditions. 
Then, the adsorbent was separated from the solution and inserted into a newly prepared 
clean model solution. Then, the behavior of the adsorbent materials was investigated by 
changing the volume of this solution (6 mL, 9 mL, and 12 mL, respectively) at the temper-
ature of 40 °C. While higher temperatures can be surely more effective for desorption, this 
temperature has been considered to contain the energy costs and the evaporative losses. 
The amount of dye desorbed from GAC to the receiving liquid medium was determined 
as a function of time, using the following equation: 

(ݐ)ௗݍ = ௔ݍ  − ௥ܸ

݉
(3) (ݐ)௔ܥ 

where qd(t) is the residual amount of dye on the sorbent at time t (mg/g), Vr is the volume 
of the receiving liquid medium, and Ca(t) is the desorbed dye concentration in the liquid 
phase at time t (mg/kg). PUF was separated from the dyeing solutions after the adsorption 
experiments and was observed using a stereomicroscope, model SZX-T, Optika, Ponteran-
ica, Italy. 

During the experiments, we noted the presence of very fine PUF particles in the final 
solutions after centrifugation. Therefore, the solution was further filtered to be sure to re-
move these residues. 

Figure 2. (a) UV-Vis spectrum of Acid Red 97. (b) Calibration curves of dye concentrations in water
and model solutions.



Processes 2023, 11, 3006 7 of 17

The dye concentration and adsorption uptake expressed in these experiments were
correlated by the following equation:

q(t) =
Va

m
(C0 − C(t)) (1)

where q(t) is the amount of dye adsorbed at time t, m is the mass of the sorbent, Va is the
volume of the solution, C0 is the initial dye concentration, and C(t) is the concentration of
dye at time t. Adsorption isotherms were fitted using the Henry model as follows:

qe = K Ce (2)

where Ce is the dye concentration at equilibrium and qe is the dye adsorption uptake
at equilibrium.

2.2.3. Desorption Experiments

In this work, desorption tests were performed both in clean distilled water and in the
clean solution obtained following the recipe described above, where “clean” refers to a
total absence of the dye in the starting solutions. These tests were aimed at studying the
possibility of reusing the solution in a new cycle of the tanning process, thus reducing fresh
reagent consumption. In detail, a solution with a dye concentration of 70 mg/kg was put
in contact with a given mass of sorbent until reaching uptake equilibrium conditions. Then,
the adsorbent was separated from the solution and inserted into a newly prepared clean
model solution. Then, the behavior of the adsorbent materials was investigated by changing
the volume of this solution (6 mL, 9 mL, and 12 mL, respectively) at the temperature of 40 ◦C.
While higher temperatures can be surely more effective for desorption, this temperature
has been considered to contain the energy costs and the evaporative losses. The amount of
dye desorbed from GAC to the receiving liquid medium was determined as a function of
time, using the following equation:

qd(t) = qa −
Vr

m
Ca(t) (3)

where qd(t) is the residual amount of dye on the sorbent at time t (mg/g), Vr is the volume of
the receiving liquid medium, and Ca(t) is the desorbed dye concentration in the liquid phase at
time t (mg/kg). PUF was separated from the dyeing solutions after the adsorption experiments
and was observed using a stereomicroscope, model SZX-T, Optika, Ponteranica, Italy.

During the experiments, we noted the presence of very fine PUF particles in the final
solutions after centrifugation. Therefore, the solution was further filtered to be sure to
remove these residues.

3. Results and Discussion

This first section concerns the adsorption of Acid Red 97 on activated carbon (GAC)
and polyurethane foam (PUF), as reported in Figures 3 and 4.

Acid Red 97 dissolved in distilled water (pH = 8) was adsorbed on Filtercarb GCC
12 × 40. The kinetic tests are reported in Figure 3a,b. Figure 3a shows the time courses
of Acid Red 97 concentration, c(t), while Figure 3b represents its uptake on the activated
carbon, q(t), in distilled water during the batch adsorption tests performed at 20 ◦C. The
experiments revealed that adsorption takes place over a long time, reaching equilibrium
conditions after about 11 days. The dye uptake is around 9 mg/g for a residual concen-
tration of about 55 mg/kg. As a qualitative representation of the experiments performed,
Figure 4 reports the time evolution of color intensities in the test samples at the beginning
(upper figure, at t = 0) and end of the adsorption treatment (lower figure, at t = 11 days).
The efficacy of adsorption on activated carbon is evident: after about 11 days, the most
concentrated tests with, respectively, an initial dye concentration of 202 mg/kg, 150 mg/kg,
and 70 mg/kg, become almost transparent, while the three less concentrated samples
(41 mg/kg, 30 mg/kg and 18 mg/kg) become transparent.
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Figure 3. Test performed at 20 ◦C with Acid Red 97: (a) residual concentration in the distilled water
solution in contact with GAC vs. test time and (b) adsorption uptake on GAC in the distilled water
solution vs. test time. Test performed at 20 ◦C with Acid Red 97: (c) residual concentration in the
model dyeing solution in contact with GAC vs. test time and (d) adsorption uptake of residual Acid
Red 97 on GAC in the model dyeing water solution vs. test time. Test performed at 20 ◦C with Acid
Red 97: (e) residual concentration in the distilled water solution in contact with PUF vs. test time and
(f) adsorption uptake on PUF in the distilled water solution vs. test time. Test performed at 20 ◦C
with Acid Red 97: (g) residual concentration in the model dyeing solution in contact with PUF vs.
test time and (h) uptake of residual Acid Red 97 on PUF in the model dyeing solution vs. test time.
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Figure 3c,d shows the time courses of the Acid Red 97 concentration, c(t), and its
uptake on the activated carbon (GAC), q(t), in the model dyeing solution during the batch
adsorption tests performed at 20 ◦C. The mass of the sorbent was 0.5 g, the volume of
the dyeing solution was 30 mL, and the pH was equal to 8, as in the previous set of
experiments. The experimental results confirmed the general trend previously observed for
the adsorption in the distilled water solution and indicated a lower adsorption efficiency,
reaching, for the highest dye concentration, an uptake of around 6 mg/g for a residual
concentration of about 100 mg/kg. In particular, the most concentrated starting solutions
(205 mg/kg, 170 mg/kg, and 130 mg/kg, respectively) lost part of their color intensity
without losing their opacity; the same behavior was encountered for the less concentrated
samples. The experiments reported in Figure 3c,d revealed faster adsorption dynamics,
with equilibrium conditions approached after around 5 days for all the samples, instead
of 11 days, as observed in the case of distilled water. This result probably mirrors the
competition between fats and dye on the surface of the activated carbon. The corresponding
image in Figure 4 shows the time evolution of color intensities in the test samples at the
beginning and end of the adsorption treatment. In this case, the solution color appears
more opaque due to the presence of fattening agents: the color of the clean model solution
is very close to the one shown for the lower dye concentration with GAC after 11 h.

In the following experiments, the granular activated carbon was substituted with PUF
(Figure 3e–h) to compare the effect of another adsorbent material on distilled water plus
dye solutions and on model dyeing solutions with fattening agents. The trend behavior
of this new sorbent material was investigated. However, some differences arose from the
use of a lower amount of PUF (0.1 g), which derived from the practical problem that it was
not possible to set 0.5 g as the mass of PUF used in all the following experiments since the
volume occupied by this material was much larger than 0.5 g GAC mass. A comparable
mass of PUF would not have allowed a good bathing of the sorbent in the dyeing solution.

Figure 3e,f describes the time courses of the Acid Red 97 concentration and its uptake
on the polyurethane foam (PUF) in distilled water during the batch adsorption tests per-
formed at 20 ◦C in a total volume of 30 mL (pH was 7.8). As for the GAC, the experiments
shown in Figure 4 revealed that adsorption took place over a long time, reaching equilib-
rium conditions after about 11 days. In these last experiments, the dye uptake is higher than
that observed for the activated carbon, reaching up to 35 mg/g for a residual concentration
of 85 mg/kg. Moreover, the corresponding image in Figure 4 shows the time evolution
of color intensities in the test samples at the beginning (t = 0) and end (t = 11 days) of the
adsorption treatment. Again, dye concentrations visibly decrease from left to right. In this
case, due to the lower weight of PUF than GAC, the sorbent material is not immediately
visible in the glass vial since it is floating on the upper part of the solution; however, it is
still completely submerged.

Figure 3g,h shows the time courses of the Acid Red 97 concentration, c(t), and of its
uptake on the polyurethane foam (PUF), q(t), in the model dyeing solution. The adsorption
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data indicated that, differently from the activated carbon, the adsorption of Acid Red 97 on
PUF is not affected by the presence of other species in the dyeing solution.

In all the cases, the adsorption kinetics appear quite slow. In this work, we used the
Lagergren model with the experimental equilibrium data and fitting the experiments with
the sole kinetic constant. Despite a good fitting capacity, we are not able to describe the
dataset in a consistent way. The long characteristic time suggests that, for the GAC, the
adsorption is limited by diffusion in the pore structure while, for the PUF, the large pore
structure probably links the low adsorption rate with surface reaction kinetics. Further
studies are needed to interpret this aspect.

The adsorption isotherms for Acid Red 97 in distilled water and the model solution
at 20 and 40 ◦C tested with GAC and PUF are shown in Figure 5. The isotherms show
an almost linear trend, which is well-described by the Henry law presented in Section 2,
whose parameters are reported in Table 3. Other models can be used, but the significance
of the additional fitting parameters is questionable.
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distilled water (DW) at 20 ◦C, (e) PUF in the model solution (MD) at 20 ◦C, and (f) PUF in the model
solution at 40 ◦C.
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Table 3. Henry model parameters obtained from fitting on isotherms.

Solution Ads* Material Temperature, ◦C Henry Constant R2, %

Aqueous GAC 20 0.121 93.4
Model GAC 20 0.056 98.5
Model GAC 40 0.012 96.7

Aqueous PUF 20 0.459 98.6
Model PUF 20 0.469 95.7
Model PUF 40 0.296 96.9

*Ads: adsorbent material; R2: mean squared error.

The experiments revealed that the adsorption isotherm at T = 20 ◦C with distilled
water and the model solution have quite different behavior; however, the isotherm at 40 ◦C
with the model solution is less favorable. As expected, due to the effect of temperature in
an exothermic process, the adsorption capacity at 40 ◦C is far lower than that observed at
20 ◦C.

The same construction of isotherms is reported for the adsorption experiments per-
formed with PUF at 20 ◦C in distilled water and using the model solution at 20 ◦C and
40 ◦C. At 20 ◦C, the use of PUF did not show a significant difference between the adsorption
isotherm in distilled water and the same isotherm with the model solution. In this case, at
a constant temperature, the adsorption is as favorable as using the model solution, without
being affected by the presence of the additional species in the model dyeing solution. On
the other hand, the adsorption isotherm for PUF at 40 ◦C in the model solution is less
affected by a temperature change from 20 ◦C to 40 ◦C than the activated carbon.

The Henry law isotherm can be seen as the first portion of the Langmuir model:

lim
c→0

q = qmax
Kc

1 + Kc
∼= qmaxKc = Hc (4)

where qmax is the maximum adsorption capacity of the sorbent. In the case of the adsorption
of a specific compound, such as a specific molecule or an ion, on a single specific active
site, the Langmuir constant (K) corresponds to the equilibrium constant for the adsorption
reaction and can be written as:

K = exp
(
−∆G◦

RT

)
(5)

Therefore, the relation between Henry constant and temperature can be written as:

H = qmax exp
(
−∆G◦

RT

)
(6)

Therefore, if at least two values of the Henry constant (H1 and H2) at two temperatures
(T1 and T2) are known, one can derive an estimation of the ∆G◦ and qmax as:

∆G◦ =
Rln

(
H1
H2

)
(

1
T2
− 1

T1

) (7)

qmax = H1exp
(

∆G◦

RT1

)
= H2exp

(
∆G◦

RT2

)
(8)

While this method is rigorously valid for the case of adsorption of one compound on
one active site, it may be able to describe the behavior of more complex systems if they
do not deviate too much from the ideal behavior. When applied to our data, the model
indicates, for PUF, a value of ∆G◦ of −17.55 kJ/mol and a qmax = 347.9 mg/g. For GAC, the
values are inconsistent. This is expected because PUF tests for the model aqueous solution
and for the model dying solution show similar results, indicating that PUF is selective
toward the dye and it is not affected by the other species in the liquid phase. Furthermore,



Processes 2023, 11, 3006 12 of 17

due to the PUF chemical structure, the predominance of a single kind of active site is a
reasonable assumption. On the other hand, the adsorption of the GAC reveals a high
variability with the composition of the matrix and with the temperature, and several kinds
of active surface sites can be expected. Therefore, the same inconsistencies of the ∆G◦ and
qmax values further indicate that the dye adsorption process for GAC involves multiple
active sites and that the interactions with the other components of the liquid solution cannot
be neglected.

The limited variation in the adsorption capacity as a function of temperature suggests
that the regeneration of the spent PUF is not feasible. To obtain an effective desorption, a
significant reduction in the adsorption isotherm is needed.

Desorption tests on spent activated carbon were carried out, starting from a sample of
GAC used for the adsorption of Acid Red 97 in the model dyeing solution.

We performed three desorption tests starting from the same adsorption test solution
(same volume); however, the following desorption step occurred in three different volumes.
To explain the experimental procedure, the following letters (reported in Figure 6) define
the consequential steps of this process:

(A) A preliminary model solution of 30 mL containing an initial dye concentration of
80 mg/kg was prepared. In these conditions, without putting the solution in contact
with GAC, the initial uptake capacity is referred to as 0 mg/kg. Then, 2 g of GAC
(4 times larger than the previous adsorption experiments) was added to the solution
in order to obtain a solid/liquid ratio of around 67 g/L.

(B) The equilibrium adsorption uptake was reached at 3.53 mg/g, at a concentration of
10.9 mg/kg at the temperature of 20 ◦C.

(C) The GAC adsorbent spent was then separated from the solution, dried, and put in
contact with a fresh solution to perform the desorption step (in this case, the c(t)
becomes equal to zero).

(D) One-third of the spent GAC was added to the desorption liquid (volume of 6 mL),
reaching a final concentration of 172 mg/kg, corresponding to about 1.47 mg/g
residual uptake.

(E) One-third of the spent GAC was added to the desorption liquid (volume of 9 mL),
reaching a final concentration of 174 mg/kg, corresponding to about 0.39 mg/g
residual uptake.

(F) One-third of the spent GAC was added to the desorption liquid (volume of 12 mL),
reaching a final concentration of 173 mg/kg, corresponding to almost no residual uptake.
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Figure 6. Adsorption and desorption test on Acid Red 97 adsorption on GAC using dye-free model
dyeing solution at 40 ◦C as desorption media and using distiller water at 40 ◦C as desorption media
(points D, E, and F overlap in terms of concentration).

Figure 6 shows the adsorption–desorption tests. In detail, the A to B segment is related
to the adsorption process; the B to C segment is related to GAC addition to clean solution;
the C to D segment is related to desorption in a new fresh volume of 6 mL; the C to E
segment is related to desorption in a new fresh volume of 9 mL; and the C to F segment is
related to desorption in a new fresh volume of 12 mL.
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Figure 6 shows that the worst operating conditions are defined by the letter D, cor-
responding to about 1.5 mg/g residual uptake, while better performances are observed
for E and F. When the tests were carried out with distilled water at 40 ◦C, all the points, D,
E, and F, approached the Acid Red 97 isotherm. When the tests were carried out with the
clean model solution, point D appeared very close to the corresponding 40 ◦C isotherm,
but the E and F points were below the isotherm. Such behavior is unexpected and probably
mirrors the existence of specific chemical interactions between the dye and the other com-
ponents of the model solution, which enforce desorption efficiency thanks to complexation
mechanisms. It is worth noting that the liquid produced by desorption in the clean model
solution can be used to prepare a fresh batch for a new tanning process.

This experimental result indicates that, despite the lower adsorption capacity, the use
of GAC can be a valuable option to reduce the content of Acid Red 97 in tannery wastewater
plants while restoring other components that can be useful for the production process.

4. Conclusions

Considering the generally high cost of wastewater treatment [83–91], in this work, we
investigated the possible on-site depuration of exhaust dye solutions used in the leather
industry before discharging them to the traditional sewage system. This work aimed to
study the adsorption treatment of the effluent of a specific coloring drum used in the
leather industry in place of testing the mixture of diluted dyes transferred to a wastewater
treatment plant. This approach gives the chance to reduce the concentration of the effluents
before they reach the plant, which can simplify the treatment of the other process waters
while taking benefits from the presence of a single dye at higher concentration levels.
The coloring batch process unit only generates excess dye and fattening agents as wastes;
therefore, it could be easier to recover those materials instead of sending them to general
plant wastes. In the experiments, a real dyeing solution (dyes and fattening agents) was
prepared following the coloring recipe provided by an Italian manufacturer.

The experiments use two sorbents, a polyurethane foam (PUF) and granular activated
carbon (GAC). The experiments revealed slow adsorption kinetics: for GAC, the adsorption
rate is probably limited by diffusion in the pores, and the foam kinetics is probably limited
by the surface reaction rate. Further studies are needed to investigate this issue.

The experiments indicate that the PUF has a far larger adsorption capacity with respect
to GAC, but GAC may be effectively desorbed, thus opening the possibility for a cyclic
use of the sorbent and the reutilization of the solution for future tanning processes. Of
course, this possibility requires new in-field investigations. It is finally worth comparing the
performances of the PUF and GAC with those of other sorbents: despite the huge number of
studies on dye adsorption, the large differences in dye typologies and wastewater solutions
make the comparison cumbersome [92,93]. In the range of concentrations studied therein,
the sorbent adsorption capacity ranks low with respect to other sorbents, but the linear
trend of adsorption isotherms indicated that the attainment of saturation levels is still far,
suggesting that there is room for further exploitation of the PUF and GAC in this specific
treatment. Furthermore, this also suggests that other sorbents can be proficiently used to
improve the single-dye batch treatment process.
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