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Abstract
The textile industries release a substantial amount of effluents into water resources every year. The vast majority of these 
effluents are composed of heavy metals that bind the textile fibres with dyes. This work proposes to use an adsorption system 
composed of clay-minerals (kaolinite and montmorillonite) and molecular sieve (zeolite) for separating the Cu2+ and Cr6+ 
ions, considering the pH changes of aqueous solutions. The adsorbent materials were characterized using the following state 
of the art techniques such as X-ray fluorescence, X-ray diffraction, Raman spectroscopy and Cation exchange capacity. During 
the adsorption tests, the contact time of the adsorbates (Cu2+ and Cr6+ ions in concentrations of 100, 50, 10 and 5 mg/L) with 
the adsorbents vary from 1 to 4 h in acidic and alkaline conditions (pH 3.5 and 7.5). The results indicate maximum adsorption 
of Cu2+ (at pH 3.5) and Cr6+ (at pH 7.5) ions on application of the zeolitic material. The clay minerals conclusively proved 
to be less efficient when compared to zeolite. It can be concluded that the adsorption system has achieved the desired effi-
ciency, with substantial removal of Cu2+ and Cr6+ ions for zeolites in synthetic wastewater solutions of the textile industry.
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Introduction

The disposal of heavy metals in the environment by the tex-
tile industry, tanneries and mining causes irreversible dam-
age to the environment [1–4].These pollutants contribute to 
the increase in serious diseases, also causing an impact to 
their ambient environment and water resources [5, 6]. The 
pollution causing industries apply conventional processes to 
treat their effluents for the removal of Cu2+ and Cr6+ ions by 
chemical precipitation [7–9]. Decontamination of the water 
contaminated with traces of heavy metals by these processes 

is complicated. An efficient technique has been used in this 
study to predict the composition of wastewater, which is 
further used for chemical speciation modelling [10–12].

Some treatment technologies such as coagulation can also 
become a secondary source of contamination. The principal 
challenges of conventional treatments are the costs of final 
sludge disposal, the energy consumed and the necessary 
chemicals [13–15]. Therefore, the development of new clean 
technologies for water purification is crucial. The textile 
industries use several types of dyes. These compounds have 
two important components: (i) chromophore group (respon-
sible for the colour) and (ii) functional group (has affinity 
with fibres of the fabric). Due to its applicability, there are 
hundreds of known dyes available in the industries. There 
are major differences between dyes and pigments that must 
be considered. Dyes are generally soluble or partially soluble 
in the substrate (textile materials, paper and leather). There-
fore, the pigments are practically insoluble in the medium 
where they are applied [15–18]. Textile dyes are classified 
into: (i) basic or cationic (soluble in water); (ii) acids or 
anionic (soluble salts of sulfonic acid); (iii) direct ones, also 
called substrate dyes (fibres); (iv) mordants, which is bonded 
to the textile and cellulosic fibres employing an inorganic 
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agent (the most used is chromium in the form of oxide); (v) 
sulphur dyes (insoluble in water); (vi) non-ionic dispersions 
(insoluble in water) applied to synthetic fibres and (vii) reac-
tive (form covalent bonds with cellulose and polyamide fibre 
substrates) [19–21].

Generally, dyes are not easily removable through tradi-
tional effluent treatment processes. Economically, removing 
colour remains a major problem for the industry. Due to the 
presence of heavy metals (such as chromium and copper), 
the separation systems are sometimes not efficient, dispers-
ing these highly damaging elements to biota in the water 
resources [22–24]. Chromium removal from textile efflu-
ents is essential due to its toxicity. The speciations of chro-
mium can be present in trivalent (Cr3+) and/or hexavalent 
(Cr2O7)2− and (CrO4)2− forms. The two forms of hexavalent 
chromium are dependent on pH of the medium, since in 
alkaline environments the chromate ion (CrO4)2− predomi-
nates. Dichromate ions are more toxic than chromate ions 
[25, 26].

The removal of chromium from effluents can be achieved 
by various physico-chemical processes such as oxidation/
reduction, precipitation/filtration, coagulation, ion exchange, 
and membrane separation [27]. These removal processes are 
hampered by the nature of the effluent (organic compounds, 
presence of other metals forming complexing agents) [28]. 
Another heavy metal found in textile effluents is copper. Like 
other metals, it accumulates in sediments and can be re-solu-
bilized through the formation of complexes. Energy analysis 
of an effluent treatment system is important to identify the 
efficiency of the decontamination process. Thermodynamic 
losses which occur in a separation system are often not iden-
tified [29, 30]. It is highly toxic to fish, the toxicity increases 
in the presence of cadmium, zinc or mercury. One of the 
problems with copper removal is the presence of complex 
agents such as ammonia and cyanide, which form the stable 
complexes [31, 32]. Several adsorbents have been proposed 
to remove chromium and copper ions from aqueous solu-
tions of textile effluents such as chitosan, activated carbon, 
biosorbents, and electrolytic processes. The disadvantage of 
these processes is the saturation of the adsorbent medium, as 
well as the energy expenditure associated with electrolytic 
precipitation [33]. An exergetic analysis is useful for identi-
fying the causes and locations of the process inefficiencies. 
Despite the increased demand for more sustainable waste-
water treatment systems, thermodynamic characterization is 
not fully developed [34, 35]. The adsorption process has the 
tendency to adhere the fluid phase molecules to the surface 
of a solid, due to attractive forces between the molecules. 
Adsorbent materials which have large surface area have a 
high adsorptive capacity [36, 37].

Depending on the strength of the bond with which the 
molecules are being adsorbed, the adsorption can be char-
acterized by physics (the molecules or atoms adhere to the 

surface of the adsorbent, in general, through Van der Waals 
forces) or chemistry (the molecules or atoms adhere to the 
adsorbent surface through chemical bonds that are normally 
covalent) [38]. The primary factors affecting the adsorption 
capacity are: i) temperature (lower the temperature, greater 
is the amount adsorbed); ii) surface area (larger the sur-
face area available for adsorption, greater is the amount of 
adsorbed metal) and iii) initial concentration of adsorbate 
(increase in the concentration of adsorbate can accelerate the 
diffusion of solution molecules into solid surface) [39–41].

This work aims to recreate various concentrations of Cop-
per (Cu2+) and Chrome (Cr6+) (100, 50, 10, and 5 mg/L) 
in a textile effluent with two clay minerals (kaolinite and 
montmorillonite) and a molecular sieve (zeolite). The con-
centration of the ions was analysed by ICP-OES (induc-
tively coupled plasma optical emission spectrometry) and 
was measured in triplicates. XRF (X-ray fluorescence), 
XRD (X-ray diffraction), Raman spectroscopy and cation 
exchange capacity (CEC) were used to characterize the 
adsorbents. The contact time of the adsorbent in the adsorb-
ate was 1, 2, 3, and 4 h with a pH varying from 3.5 to 7.5. 
Here, the adsorption system used is according to the stud-
ies by Klunk et al. [42]. The results indicated that at acidic 
pH, there was a greater efficiency of removal of Cr6+ using 
zeolite. And for alkaline pH, there was greater efficiency in 
removing Cu2+ with zeolites. The utility of low-cost adsor-
bents has been considered to be a great alternative for the 
removal of copper and chromium reaching concentrations 
below the detection limit.

Materials and methods

Clays mineral and molecular sieves play an important role in 
the environment, effectively removing toxic metal ions from 
aqueous solution. The use of these materials as adsorbents 
has advantages in terms of low cost, availability, high spe-
cific surface area, non-toxic nature and great potential for 
ion exchange. To attain the objectives of the present study, 
kaolinite, montmorillonite and zeolite were used with refer-
ence to Klunk et al. [43]. Kaolinite has been extensively used 
to remove heavy metal ions, despite its low cation exchange 
capacity. Its structure belongs to type 1:1 with a tetrahedral 
layer of silica (SiO2) joined to an oxygen atom and an octa-
hedral layer of alumina (Al2O3). Kaolinite has high chemical 
stability and low capacity for expansion and cation exchange 
[44, 45]. Montmorillonite has a 2:1 structure with an octahe-
dral alumina layer sandwiched between two opposite layers 
of tetrahedral silica. The bond between two layers of silica is 
very weak, allowing water and exchangeable ions to enter. This 
leads to a high ion exchange capacity [46]. Molecular sieves 
are composed of well-defined crystalline structures. They con-
sist of crystalline aluminosilicates with a three-dimensional 
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structure of silicon and aluminium tetrahedron [47]. The 
combination of these structures creates minerals with inter-
stitial cavities. These structures cause the zeolites to have an 
extremely large internal surface compared to the external sur-
face. Zeolitic materials are differentiated by the Si/Al (SAR) 
ratio. A zeolite’s cation exchange capacity is related to its 
SAR [48]. The ability to exchange cations inside the zeolite 
cavities gives it the characteristics of an efficient material in 
adsorption.

Adsorption systems

The adsorption study of Cu2+ and Cr6+ ions in clay minerals 
and molecular sieve were investigated in four different con-
centrations (100, 50, 10 and 5 mg/L) for a period of 1 to 4 h 
at pH 3.5 and 7.5. The aqueous solution containing the ions 
(Cu2+ and Cr6+) recreated a textile effluent with a load of toxic 
heavy metals. The operational procedure of the adsorption sys-
tem considers that the samples are completely covered with 
the adsorbent and kept under agitation for 30 min [49]. Post 
this procedure, the samples were transferred to the adsorptive 
system (glass column) according to the studies by Klunk et al. 
[42]. The ion removal efficiency was estimated using the fol-
lowing equation:

where Ci and Cf are the initial and final concentration at 
time t (mg/L) of ions in the solution. The initial and final 
concentration were analysed by ICP-OES and measured in 
triplicates. For each adsorptive medium, a fixed amount of 
5 g of kaolinite, montmorillonite and zeolite with 20 mL 
aliquots of the ions Cu2+ and Cr6+ at different time intervals 
(1, 2, 3 and 4 h) were used. The synthesis of zeolite has been 
developed based on the research work of Klunk et al. [50]. 
Highly pure kaolinite and montmorillonite (Sigma Aldrich) 
were used for the experiment.

Characterization of materials

To understand the adsorption process, adsorptive materials 
need to be characterized by techniques that can reveal their 
peculiarities. Therefore, the characteristics analysed (with 
analytical techniques) in this particular study are: (i) spe-
cific surface area (BET), (ii) chemical composition (XRF), 
(iii) mineral composition (XRD), (iv) chemical structure and 
molecular interactions (RAMAN) and (v) cation exchange 
capacity (CEC) [51–55].

% ions removal =
[(

C
i
− C

f

)

∕C
i

]

× 100

Results and discussion

Characterization of clay minerals and molecular 
sieve

Below are the results documenting the characterization 
of constituent materials present in the adsorption system. 
Table 1 shows the values of the textural properties of these 
adsorbents. The clay minerals (kaolinite and montmoril-
lonite) presented a specific surface area in the order of 
34.82 and 39.66 m2/g, respectively. The pore volume of 
these materials varies from 0.322 cm3/g (kaolinite) to 
0.393 cm3/g (montmorillonite). In addition, the average 
pore diameter of montmorillonite is 17% higher than kao-
linite. When these comparisons occur with zeolite, the 
scenario changes. Zeolite has 51% more specific surface 
area (59.87 m2/g) than montmorillonite. The comparison 
of pore volume of zeolite with montmorillonite shows an 
increase of 22%.

The average pore diameter of montmorillonite is 20% 
less than zeolite. Figure 1 demonstrates the N2 adsorp-
tion/desorption isotherms for the adsorbent samples. It 
can be observed in the adsorption materials’ isotherms 
that an increase in the relative pressure (p/p0) occurs in 
the range of 0.01 and 0.98. For montmorillonite (Fig. 1A) 
the relative pressure (p/p0) varies between 0.35 and 0.98 
where a rapid absorption occurs, thereby indicating the 
existence of empty cavities in the crystalline structure of 
the clay mineral. Additionally, this relative pressure (p/
p0) indicates mesoporous channels. For kaolinite (Fig. 1B) 
and zeolite (Fig. 1C) the relative pressures (p/p0) fluctuate 
between 0.82 to 0.98 and 0.65 to 0.98, respectively. Such 
behaviour can be interpreted by the fact that kaolinite and 
zeolite are filling the pores of their crystalline structure, 
which means the presence of mesoporous cavities.

The obtained isotherms demonstrated that all sam-
ples exhibit the typical type IV adsorption isotherm with 
H3 hysteresis loop as identified by IUPAC [56, 57]. The 
characteristics of the three raw materials are displayed in 
Table 2. The potential applications as kaolinite, montmo-
rillonite and zeolite adsorbents were defined by the chemi-
cal composition determined by X-ray fluorescence. The 
results are based on the most stable forms of inorganic 

Table 1   Textural properties for clay minerals and zeolite

Adsorbent BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Average pore 
diameter (nm)

Kaolinite 34.82 0.322 3.45
Montmorillonite 39.66 0.393 4.03
Zeolite 59.87 0.485 4.82
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oxides detected by the equipment. The results indicate a 
significant variation among the primary components of 
clay minerals and zeolite.

For kaolinite, X-ray fluorescence reveals a high amount 
of alumina (39.02) when compared to other materials. High 
quantity of Al2O3 in the kaolinite crystalline lattice favours 
the high structural stability of alumina octahedrons (Al2O3), 
causing low exchange capacity among other elements. This 
behaviour is evidenced by the low SiO2/Al2O3 (1.15) ratio 
responsible for the permutation phenomenon.

Montmorillonite and zeolite, in general, revealed high 
silica content with low quantity of alumina and ferric oxide. 

For this reason, the SiO2/Al2O3 ratios of montmorillonite 
(2.82) and zeolite (3.36) favour cation exchange and conse-
quently, greater adsorption capacity in their structures.

To identify the formation of crystalline structures and the 
mineral composition of the adsorbent materials, the X-ray 
diffraction technique is the most suitable and successful. 
The diffractograms obtained are documented in Fig. 2. In 
the clay mineral samples and molecular sieve, bands were 
obtained corresponding to the crystalline phases of the stud-
ied materials.

The results were identified based on the International 
Union Database Crystallography’s Joint Committee on 
Powder Diffraction Standards (JCPDS) [52, 53]. The rela-
tive crystallinity was calculated according to the aggre-
gated intensities of the characteristic diffraction peaks for 
each adsorbent. The chemical formulas of the crystalline 
phases of the minerals present in the adsorbents are shown 
in Table 3. In Fig. 2A the diffractogram corresponding to 
montmorillonite (2θ of 6.5°, 12.8° and 58.1°) has been docu-
mented. The existence of crystalline phases such as musco-
vite (2θ of 9.8° and 38.2°), kaolinite (2θ of 12.5° and 17.9°), 
quartz (2θ of 19.9°, 21.8°, 40°, 45° and 50°), feldspar (2θ of 
21.8°), illite (2θ of 35.1°) and mica (2θ of 61.8°) have also 
been observed.

On the other hand, the kaolinite diffractogram (2θ of 
12.5°, 17.9°, 20.1°, 23.2°, 25.0°, 35.1°, 36.2°, 38.0°, 39.3°, 
45.5°, 48.4°, 56.2° and 62.5°) is displayed in Fig. 2B. Crys-
talline phases appear as quartz (2θ of 19.8° and 30.2°) and 
dickite (2θ of 26.0°). Finally, in Fig. 2C the diffractogram 
of the zeolitic material corresponding to sodalite (2θ of 
14.2°, 20.1°, 25.2° and 43.9°) has been shown. In this zeo-
lite, the presence of mullite (2θ of 31.5°), kaolinite (2θ of 
35.1°, 38.0°, 45.5°, 48.4° and 51.2°) and quartz (2θ of 53.5°, 
54.0°, 59.1°, 61.2°, 63.4° and 64.8°) has been studied. The 
presence of sodalite is reinforced by X-ray fluorescence 
(Table 2), which shows the characteristic SiO2/Al2O3 3.36 
ratio for sodalite.

Fig. 1   N2 adsorption and desorption isotherms of montmorillonite 
(A), kaolinite (B) and zeolite (C)

Table 2   Chemical analysis obtained by X-Ray Fluorescence Spec-
troscopy for kaolinite, montmorillonite and zeolite (% by mass)

Oxides Kaolinite Montmorillonite Zeolite

SiO2 44.93 51.37 59.48
Al2O3 39.02 18.20 17.71
Fe2O3 3.89 1.10 0.94
Na2O 0.41 3.38 2.73
K2O 1.72 4.22 1.17
CaO 2.89 1.15 2.41
MgO 0.50 4.43 0.81
TiO2 0.51 0.95 1.02
SO3 0.23 0.39 0.33
SiO2/Al2O3 1.15 2.82 3.36
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Raman spectroscopy is a technique used to identify min-
erals. The spectra of Raman function as a mineral signature 
[54]. The results of Raman spectroscopy are displayed in 
Fig. 3A–C. In montmorillonite (Fig. 3A), high intensity 
bands of 80 and 1200 cm−1 refer to the vibration of inter-
layer cations and Si–O, respectively. Moderate intensity 
bands identified the bonds of the clay mineral tetrahedra 
with O–Al–O (250  cm−1), Si–O–Si (558  cm−1), Al–OH 
(749 cm−1) and Mg–Al–OH (850 cm−1).

Therefore, for kaolinite (Fig. 3B), low intensity bands 
referring to the O–Si–O (122 cm−1), Si–O (1240 cm−1) and 
hydroxyl (1600 cm−1) have been identified. For high inten-
sity bands, the kaolinite spectrum reveals the presence 
of the O–Al–O (230 cm−1), Si–O (410 cm−1), Si–O–Si 
(560 cm−1) and Al–OH (680 cm−1). Finally, Raman spec-
troscopy identified the structural bonds of low and high 
intensity for the zeolitic material (Fig. 3C). In this way, 
the Cl–Na (74  cm−1), Na–O (160  cm−1) and O–Al–O 
(285 cm−1) connections have been identified, referring to 

the formation of Sodalite zeolite. This molecular sieve is 
proven by identification of chemical formula and crystal-
line structures with the aid of XRF (Table 2) and XRD 
(Table 3), respectively. The Sodalite structure has the 
vibrations of Al–Si (360 cm−1) and Si–O (680 cm−1).

Raman spectroscopy is a powerful tool to comple-
ment other characterization techniques. In this regard, the 
vibrations of the bonds between clay-minerals and zeolitic 
material reveal the characteristic structures of the adsor-
bent materials [58]. The cation exchange capacities (CEC) 
were determined by the inductively coupled plasma opti-
cal emission spectrometry (ICP-OES). The values of the 
cation exchange capacity of the adsorbent materials are 
demonstrated in Table 4. The CEC results for clay miner-
als are 50% higher for montmorillonite. This was due to 
the greater specific surface area (Table 1) of montmoril-
lonite when compared to kaolinite.

When these results are compared to the zeolitic mate-
rial, it is evident that the molecular sieve performs the 
cationic exchanges more efficiently, leading to 3.61 fold 
greater than the best quality clay mineral. Zeolite has 
1.51 times greater specific surface area when compared 
to montmorillonite. The high CEC values of the zeolitic 
material are related to the availability of SiO2 and Al2O3 
in the crystalline lattice which allow the exchange of ions 
in the mineral’s tetrahedrons. The results of XRD (Fig. 2) 
that revealed the diffractograms profiles of the various 
crystalline materials present in the samples are the proof 
for that. The CEC values found for sodalite zeolite reveals 
that these materials have high potential as ion exchangers. 
The adsorption process of Cu2+ and Cr6+ ions were inves-
tigated in four different concentrations (100, 50, 10, and 
5 mg/L), two pH variations (3.5 and 7.5), and adsorption 
time of the aqueous solutions in the adsorptive system 

Fig. 2    Diffractogram of (A) 
montomorillonite, (B) kaolinite 
and (C) zeolite. The crystalline 
phase is Mt: Montmorillonite; 
Mus: Muscovite; Ka: Kaolinite; 
Qt: Quartz; Fd: Feldspar; It: 
Illite; Mi: Mica; Di: Dickite; So: 
Sodalite; Mul: Mullite

Table 3   Crystalline structures and chemical formula of the com-
pounds presents in materials

Crystalline structures Chemical formula

Montmorillonite MgNaAl5(Si4O10)3(OH)6

Kaolinite Al2Si2O5(OH)4

Sodalite Na8Al6Si6O24Cl2
Mullite Al4,44Si1,56O9,78

Quartz SiO2

Muscovite KAl2(AlSi3O10)(OH)2

Feldspar KAlSi3O8

Illite KAl2(Al4Si4O10)(OH)2

Mica KAl2(AlSi3O10)(OH)2

Dickite Al2Si2O5(OH)4
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from 1 to 4 h. The results (removal % of the ions) are 
exhibited in Fig. 4 (Cu2+ ions) and Fig. 5 (Cr6+ ions).

Figure 4 shows the greatest efficiency in the removal 
of Cu2+ ions occurs at alkaline pH. The adsorbent mate-
rial having the greatest retention power for copper ions is 
zeolite. The pH 7.5 promotes the mobility of Cu2+ ions 
making it easier for zeolite to promote ion exchange in 
the crystalline lattice. This kind of pH behaviour can be 
explained by variations in the surface charge of alumina 

during the adsorption process. At alkaline pH, alumina is 
responsible for cationic exchange between the crystalline 
structure of zeolite and Cu2+ ions present in the solution. 
In this way, an exchange occurs between the copper ions 
(entering the zeolite cavity) and Al3+ ions (that exit the 
structure). When Al3+ ions exit the zeolitic structure, they 
combine the hydroxyl (–OH) compounds, giving an alka-
line character to the solution.

In Fig. 5, the influence of acidic pH can be found dur-
ing the removal of Cr6+ ions in aqueous solution. The 
alkaline pH favours the removal of Cu2+, at pH 7.5. The 
efficiency of the adsorption process is more successful 
for Cr6+ ions. The adsorbent material showing the best 
performance in the adsorptive process was zeolite. This 
tendency can be explained by the exchange of cations in 
the zeolitic structure, releasing H+ by Cr6+ ions. At the 
beginning of the adsorption process, ion exchange with 
the H+ ions takes place in the solution, where the substi-
tuted Cr6+ ions occupy the sites vacated by the H+ ions. 
Consequently, it has been studied that higher concentration 
of H+ ion in solution results in lower pH of the solution 
after adsorption.

Fig. 3    Raman spectroscopic 
of (A) montmorillonite, (B) 
kaolinite and (C) zeolite

Table 4   CEC values for clay minerals and zeolite

Si/Al Ratio CEC (meq/g) Average

Montmorillonite 0.82 0.80
0.80
0.79

Kaolinite 0.56 0.54
0.54
0.53

Zeolite 2.92 2.90
2.89
2.88



3383Journal of the Iranian Chemical Society (2021) 18:3377–3386	

1 3

Fig. 4    Percentage of removal Cu2+ in adsorbent materials
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Fig. 5    Percentage of removal Cr6+ in adsorbent materials
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Conclusions

In the present work, clay minerals and molecular sieve 
have been used as adsorbents for adsorption of Cu2+ and 
Cr6+ ions in aqueous solution. These ions were selected 
to simulate a textile effluent due to the presence of toxic 
heavy metals. The characterization of the adsorbent 
materials was fundamental to understand the adsorption 
process.

The average pore diameter of montmorillonite is 17% 
greater than kaolinite and 20% less than zeolite. Zeolite has 
51% more specific surface area and 22% more pore volume 
than montmorillonite. The N2 adsorption/desorption iso-
therms demonstrated that all samples exhibit the typical type 
IV adsorption profile with H3 hysteresis loop, which is the 
characteristic of the material having porous cavities in the 
structure. Montmorillonite and zeolite, in general, displayed 
high silica content with low amounts of alumina and ferric 
oxide, favouring cation exchange and consequently greater 
adsorption capacity.

X-ray diffraction reveals the crystalline structures and 
chemical formula of the compounds present in adsorbent 
materials. This technique aided in the acquisition of high 
crystallinity of the samples, corresponding to high purity of 
the materials. As a complementary technique, Raman spec-
troscopic analysis identified mineral signatures of montmo-
rillonite, kaolinite and zeolite with intense bands, among 
other compounds. CEC revealed that zeolite is an easier 
medium to exchange ions than clay minerals, being 3.61 
fold more efficient.

The adsorption process of the Cu2+ and Cr6+ ions has a 
direct influence on the pH of the medium. The results allow 
concluding that for alkaline pH there was greater adsorption 
of Cu2+ and for acid pH, the adsorption of Cr6+ ions was 
more successful. Both results obtained by the adsorption 
process were more efficient using zeolite. The clay minerals 
had decent adsorption capability, but is less effective when 
compared to the molecular sieve. Henceforth, it can be con-
cluded from the present study that the adsorption system has 
potential for effective removal of Cu2+ and Cr6+ ions from 
wastewater of the textile industry.
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