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a b s t r a c t
In the current study, the potential use of palygorskite (is also mentioned as “attapulgite”) clay as 
a sorbent for copper metal ions and dyes (Methylene blue) from aqueous solutions, which can be 
both industrial and urban, was examined. The clay sample was evaluated (a) as received without 
any further modification, (b) after water washing and (c) after acidic treatment (HNO3). The adsor-
bents were characterized by cation exchange capacity, X-ray diffraction and nitrogen porosimetry. 
Dynamic measurements were performed in order to investigate the effect of different tempera-
tures, pH values and clay’s particle sizes on Cu2+ adsorption. Breakthrough curves for Cu2+ and dye 
were performed in order to resemble real industrial applications. It was observed that the solu-
tion’s pH was the dominant factor whereas treatment of palygorskite did not change significant the 
adsorption results in comparison to raw palygorskite.

Keywords: Palygorskite; Adsorption; Breakthrough; Copper ions; Dyes; pH; Treatment; Temperature; 
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1. Introduction

From the years of the industrial revolution and beyond, 
wastes from various industrial processes such as metal-
lurgical, leather production, electroplating, battery and 
chemical manufacturing are dumped into the environ-
ment with many of them containing large amounts of 
heavy metals. It is well known that the existence of heavy 
metals in the aquatic system it is very harmful for all liv-
ing species. It also has received considerable attention, 
mainly in recent years, because of the primarily concern 
that heavy metals practically do not biodegrade and as 
a result, they tend to accumulate in living organisms in 
high concentrations (bioaccumulation). Thus, this fact is 

presenting a potential high health risks to consumers and 
causing several health problems in the living organisms.

In order to provide solutions for the removal of metal 
ions from aqueous solutions a large number of effective 
technologies have been developed over the years. However, 
all these technologies have limitations and/or are unable to 
achieve the standards set by international water association 
bodies [1]. To this end, and in order to minimize process-
ing costs, several technologies have focused on the use of 
low-cost adsorbents, that is, agricultural by-products [2,3], 
waste materials [4], bio-sorbents [5–7] and clays [8]. Clay 
material is a readily available, inexpensive material and 
offers a cost-effective alternative to conventional treat-
ment of the aforementioned waste streams [9]. Palygorskite 
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clay material, also known as attapulgite, is classified in the 
list of the low-cost materials. It is a hydrated magnesium 
aluminum silicate hydroxide substance with the chemical 
formula: Mg5(Si,Al)8O20(OH)2(OH2)4·4H2O. Palygorskite has 
the ability to remove heavy metals (Pb2+, Ni2+, Cu2+, Cr[VI]) 
and also dyes from aqueous solutions through the physical 
adsorption mechanism [10].

2. Materials and methods

2.1. Materials and preparation of solutions and samples

Palygorskite samples, brown in color, were examined 
on three different particle sizes: (i) coarse (16/60 mesh: 
250–1,180 µm), (ii) medium (30/60 mesh: 250–600 µm), 
and (iii) fine (<100 µm), which were kindly provided from 
GEOHELLAS S.A. (located in Grevena City, North-Western 
Greece).

The palygorskite was evaluated as follows:

• Without any modification (raw),
• After rinsing (after rinsing with deionized water for 

20 min each time) (washed),
• After treated, according to Al-Degs et al. [11] with HNO3 

(acid-treated), as follows: 30 g of the dried clay sample 
was added into 625 mL of distilled water. The suspen-
sion was heated up to 90°C for 2 h under continuous 
stirring, whereas 625 mL of 0.1 M HNO3 was gradually 
added to the clay solution. At the end, the palygorskite 
was completely washed 4 times with deionized water 
under continuous stirring. The charge of the materi-
als’ treatment was decided based on the nature of the 
target pollutant. Given that the target pollutants were 
positively charged (copper ions and Methylene blue 
dye (it has clear positive charge)), the modification of 
the materials was decided to be with acid in order to 
increase the acidic nature of the material

Before each adsorption experiment, preparation of the 
palygorskite sample was performed by placing an ade-
quate amount in incubator for over 12 h at 140°C, in order 
to remove the absorbed humidity. The pH value of the Cu2+ 
ion solution was measured before each experiment and was 
adjusted with the appropriate micro-addition of acid or alkali 
(HCl 0.1 Μ and NaOH 0.1 M). A stock Cu2+ solution (5 mg/L) 
was prepared by dissolving CuSO4·5H2O in deionized/ultra-
pure water, and was used as the basis for any afterbirth 
experiment. The measurement of Cu2+ concentration took 
place on a Lovibond SpectroDirect Spectrophotometer by 
using 2,2′-Biquinoline-4,4′-dicarboxylic acid reagent.

Prior any measurement on the spectrophotometer, and 
in order to remove any suspended solids, 20 mL from the 
aqueous samples were centrifuged (UNIVERSAL 320) for 
20 min and in 9,000 rpm and the supernatant was used to 
determine the Cu2+ concentration.

2.2. Materials characterization

N2 porosimetry and cation exchange capacity (CEC) 
measurements were performed for the characterization of 
palygorskite in order to determine the specific surface area, 
the total pore volume, the pore-size distribution and the ion 

exchange capacity of the palygorskite material before and 
after treatment.

The property, the ability of clays to hold and exchange 
cations is mentioned as cation exchange capacity [12] and its 
determination is an important factor involving several meth-
ods using for example radioactive isotopes [13].

The Jackson Method [13] was used in order to determi-
nate the cation exchange capacity. The method is based on 
the estimation of pH for a standard acetic acid solution, and 
simultaneously, the pH of the supernatant is also measured, 
and practically this value was the same of this of the mix-
ture solution. According to this method, 2.5 g of material is 
placed in a 50 mL beaker with the addition of 25 mL of ace-
tic acid and stirred, mechanically, for 1 h. After this process, 
the mixture was left and the large particles are precipitated. 
The CEC resulting from the following equation:

CEC Observed pH pH acetic acid
M

� �� �� 22  (1)

where cation exchange capacity (CEC) = mmol kg–1 cations 
and M, is the mass of material (note that the mass “M” of dry 
soil or sediment is 1 kg).

Two raw palygorskite samples and to two acid-treated 
were exanimated by N2 adsorption at 77 K in order to deter-
mine any effect of the washing/acid treatment (Figs. 1 and 
2). A Quantachrome Autosorb-1 Porosimeter was used 
for these measurements. All studied samples are putted 
and sealed into glass cells and are outgassed under high 
vacuum (10–5 Torr) and at temperature of 350°C for 12–24 h.

2.3. Copper ions adsorption study

Temperature of solution, pH and contact time, treatment 
of material and particle size of material was investigated as 
the function of the Cu2+ removal ability of palygorskite clay.

2.3.1. Batch adsorption experiments

Adsorption experiments (kinetics) took place in 100 mL 
flasks containing 0.1 g of the adsorbent into 100 mL of cop-
per ion solution (5 mg/L) under stirring, (continuous shak-
ing) in a thermo-controlled shaker-bath (Julabo SW22), at 
200 rpm for 75 min, as numerous similar studies reports 
[1,10,11,14,15]. The adsorption process was observed to 
be initially rapid, followed by slow rate with the equi-
librium plateau achieved after approximately 75 min. 
Furthermore, the adsorption study was performed in the 
three temperatures of 15°C, 25°C and 35°C, as well as in 
three different pH of 3.0, 5.0, and 8, 5. Cu2+ adsorption at 
pH lower than 3 and higher than 8.5 resulted in copper pre-
cipitation, as was expected. The adsorbed Cu2+ capacity has 
been calculated using Eq. (2):

q
C C

m
Vm

f
�

�� �in  (2)

where qm (mg/g) is the adsorption capacity of Cu2+ at time t 
(qt, mg/g), V is the solution’s volume (L), Cin and Cf are initial 
and final Cu2+ concentration (mg/L) and m is total mass of 
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adsorbent used (g). At each predefined time, supernatants 
(20 mL), were decanted for centrifugation and their copper 
ions concentration was measured spectrophotometrically.

2.3.2. Total adsorption capacity determination

The total adsorption capacity is defined, in equilibrium 
conditions, and it is mentioned as “in infinite time”, as 
the adsorbed amount of ions per sorbent mass (mg/g). As 
equilibrium time is defined this time point where after that 
no any notable change in measured adsorption amount is 
observed. In our case this time was measured equal to about 
100 h. The final concentration of Cu2+ which was being mea-
sured in the supernatant solution it should be detectable 
from the photometric method (>0.05 mg/L). Based on this, 
the adsorbent mass was set at 0.031 g. The concentration 
of the solutions was 5 mg/L of copper solution in 200 mL 
beaker. The experiments for each parameter (pH, tempera-
ture, particle size distribution and treatment of the material) 
were repeated twice and the results were averaged.

2.3.3. Fixed-bed column adsorption

Breakthrough experiments with continuous-flow adsorp-
tion were performed according to similar studies [16–18] in 
a vertically placed of 4 mm in inner diameter glass column 
and a total length of 7.5 cm. The flow of copper ion solu-
tion with concentration of 5 mg/L was pumped in upward- 
direction with a flow rate of approximately 40 mL/min. The 
quantity of the adsorbent included in the columns were 
the same for all breakthrough experiments and weighed 
approximately 0.7 g of dried palygorskite which was fixed 
in the glass column using fiberglass mesh at the end caps. 
At the column’s exit, 10 mL effluent samples were collected 
in specified time intervals, using glass vials.

During the adsorption tests, it was found that the fine 
particle size sample induced a large pressure drop result-
ing in very different experimental conditions, therefore the 
comparison of the dynamic study was done between the 
medium and coarse particle size samples.

The total amount of adsorbed copper ions qtotal (mg/g) 
was calculated according to González-López et al. [16]. Total 
mass of adsorbate is equal to the area beneath the curve of 
the plot of the adsorbed metal concentration (Cadsorbed = C0–C), 
as a function of time t as shown:

q
QC C

C
dt

te

total � �
�

�
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�

�
���0

001 000
1

,
 (3)

where Q is the volumetric flow rate (mL/min), C0 and C 
the initial and final concentrations of copper ions respec-
tively, and t, duration in minutes. During the breakthrough 
experiments flow rate and pressure drop across the column 
were recorded and the corresponding diagrams pressure 
vs. time were constructed in order to study the behavior of 
the fixed-bed over time and to avoid pressure build-up.

2.3.4. Adsorption modeling for fixed bed column studies

Various simple mathematical models were used to fit 
the experimental data, understand the dynamic behavior of 

the column and allow some coefficients to be evaluated (max-
imum adsorption capacity, equilibrium time, etc.). Extended 
Langmuir model or Langmuir EXT1, which is an extended 
Langmuir adsorption isotherm equation used in this 
study for fitting and is described by the following equation:

Q
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where b and qm, are related to the affinity and maximum 
sorption, respectively. The model assumes a monolayer 
adsorption process on a homogeneous surface and would 
be most applicable in cases where all binding sites exhibit 
uniform behaviour towards the sorbate.
where Qi is the adsorbed amount of component i, N is the 
number of components, Cj (j = 1, 2, …, n) is the equilibrium 
concentration for each component, whereas bi and qm,i

L the 
Langmuir constants.

2.4. Methylene blue adsorption study

The removal of the cationic dye, Methylene blue, in 
adsorption experiments was also studied as a function of 
contact time and pH, as well as of temperature of solution.

2.4.1. Batch adsorption experiments

Adsorption experiments (kinetics) took place in 100 mL 
flasks containing 0.1 g of the adsorbent into 100 mL of 
Methylene blue dye solution (5 mg/L) under stirring, (con-
tinuous shaking) in a thermo-controlled shaker-bath (Julabo 
SW22), at 200 rpm for 75 min, as numerous similar stud-
ies reports [1,10,11,14,15]. Furthermore, the adsorption 
study was performed in three temperatures, 15°C, 25°C 
and 35°C, as well as in three different pH of 3.0, 5.0, and 
8.5. The selection of the aforementioned pH values was for 
comparison reasons, because the adsorption experiment 
for Cu2+ removal was carried out at those pH conditions. 
The dye content of samples after adsorption was measured 
spectrophotometrically (UV-Vis, Model U-2000, Hitachi) at 
λmax of Methylene blue (633 nm).

3. Results and discussion

3.1. Nitrogen adsorption at 77 K

N2 adsorption isotherms at 77K were performed in order 
to determine structural characteristics of the samples, such 
as pore-size distribution, total pore volume and specific sur-
face area. The three studies present similar, of type II with 
H4 hysteresis loop, isotherms. Fig. 1 presents the N2 iso-
therms at 77K for the medium raw and medium/acid-treated 
of the studied palygorskite clay samples.

In Table 1 are summarized the total pore volume (cc/g, 
STP) and the surface area (m2/g) for the nine studied 
samples. The values for the total pore volume are fluctuated 
from 200 to 282 cc/g (STP), whereas the calculated specific 
surface area was recorded between 168 and 240 m2/g. 
The treatment process resulted in an increase of the surface 
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area up to 18%, but the average pore size was calculated of 
about 5 nm for all studied samples.

Also, the total pore volume differed slightly after 
modification 200 cc/g (STP) to 240 cc/g (STP) (Fig. 1). This 
increase of the pore volume and surface area, after treat-
ment, can be attributed to the removal of impurities and 
constrictions, mainly in blind pores’ entrances.

FMS [19] Eq. (5), was used for the determination of the 
pore size. The calculated pore size was almost the same 
before and after the acid-treatment, for all the studied 
samples, in the range of about 5 nm.

r
r

p
k��

�

�
�

�

�
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0 72
7 2

.
.  (5)

where rk is the Kelvin radius.

3.2. Cation exchange capacity

Jackson Method [13] was used for the determination 
of cation exchange capacity. As it is obvious in the Table 2 
the particle size of the sample didn’t effect crucial on the 

CEC values. As for acid-treated samples, there was a sig-
nificant difference in CEC and in specifically between the 
smaller particle sizes, which indicates that the acid treat-
ment either reduced or covered the potential positions that 
the cations could occupy. Based on the above, one may 
mention that the treatment of material with acid probably 
leave some residual acid traces which then further “con-
taminate” the samples. These results were also consis-
tent with the relevant porosimetry results and are similar 
with what is reported in other studies [20].

3.3. X-ray diffraction

Fig. 3 shows the X-ray diffraction spectrum of the nat-
ural palygorskite (raw). Here the characteristic peak at 8.5° 
(1.05 nm) is attributed to the existence of the palygorskite 
natural mineral. The characteristic peaks at 14.0° (0.62 nm) 
and 28.1° (0.32 nm) are also attributed to the natural paly-
gorskite [21]. On the other hand, the characteristic peak at 
26.6° (0.34 nm) is attributed to the presence of quartz. Similar 
spectrum is reported in the recent literature [21].

3.4. Total adsorption capacity

In the case of Cu2+ adsorption, the results obtained by 
the total adsorption determination revealed, as expected, 
the great dependency of the phenomenon with varying pH 

Table 1
Characteristics of porous structure of palygorskite

Sample Total pore volume 
(cc/g) STP

Surface area, 
BET, (m2/g)

Fine/raw 270 ± 5.4 190 ± 3.4
Medium/raw 220 ± 4.4 180 ± 3.7
Coarse/raw 203 ± 3.6 168 ± 3.5
Fine/washed 264 ± 4.6 192 ± 4.2
Coarse/washed 230 ± 3.3 184 ± 3.2
Medium/washed 200 ± 3.7 171 ± 3.7
Fine/acid-treated 282 ± 4.0 240 ± 4.5
Medium/acid-treated 235 ± 3.9 225 ± 4.1
Coarse/acid-treated 210 ± 4.2 200 ± 4.8

Table 2
Results of CEC

Sample CEC (meq/kg)

Coarse/raw 149.6
Coarse/washed 167.2
Coarse/acid-treated 61.6
Medium/raw 158.4
Medium/washed 162.8
Medium/acid-treated 50.6
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Fig. 1. N2 adsorption isotherm at 77 K for medium/raw and acid-treated.
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and are presented in Table 1. Based on these data it is con-
cluded that the more beneficial conditions were when the 
temperature was 15°C and the pH 8.5. The sample’s parti-
cle size didn’t play any important role. As the pH becomes 
acidic (pH = 3.0), the quantity of the total adsorption 
decreased significantly, especially in 15°C. The differences 
of the results between particle size and treatment of the pal-
ygorskite weren’t noteworthy.

The palygorskite showed adsorption capacity up to 
30 mg/g, comparable with the literature [22,23]. As it is 
obvious in Table 3 and Fig. 4 the pH of the solutions was 
the most important parameter, irrespective of temperature 
change, particle size distribution and material modification.

It is widely known that the adsorption process is a 
multi-parametric phenomenon in which the major factors 
are the solution’s pH and temperature. Those factors can 
strongly affect the final adsorption capacity of the materi-
als. Based on Table 3, it clear that the in the case of strong 
acidic conditions (pH 3.0), the increase of the temperature 
from 15°C to 25°C caused an increase of the adsorption 

capacity ranging from 20% (coarse raw sample) to 294% 
(fine raw sample); the average increase was calculated to 
be 116%. Similar behavior was observed in the case of mild 
acidic conditions (pH 5.0); the increase of the temperature 
from 15°C to 25°C caused an increase of the adsorption 
capacity ranging from 13% (medium acid-treated sam-
ple) to 65% (fine raw sample) – the average increase was 
calculated to be 42%. However, a reverse behavior was 
observed in the case of alkaline conditions (pH 8.5) where 
by increasing the temperature from 15°C to 25°C, a very 
slight decrease of adsorption capacity was observed; the 
increase of the temperature from 15°C to 25°C caused a 
decrease of the adsorption capacity ranging from 6% (fine 
washed sample) to 17% (medium acid-treated sample) – 
the average increase was calculated to be 42%. The first 
point to mention is that the optimum conditions for the 
adsorption was found to be alkaline. This can be explained 
taking into consideration the nature of the ions (copper 
cations), so at these conditions the excess of hydroxyl 
groups (ΟH–) of the solution favors the interaction of the 
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Fig. 2. N2 adsorption isotherm at 77 K for fine/raw and coarse/acid-treated.

 
Fig. 3. X-ray diffraction pattern of natural palygorskite material.
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samples with the cations. By increasing the temperature 
of the solution, the mobility of the cations in the solution 
becomes higher and therefore the capacity increases. On 
the other hand, at acidic conditions (strong or mild), the 
excess of the hydrocations (H+) does not favor the inter-
action of copper ions (cations) with the functional groups 
of the material. The increase of the temperature, increases 
not only the mobility of copper ions, but also of H+, so 
the probable adsorption interactions become more diffi-
cult. The latter explanation is based on fundamentals of 
physico-chemistry and this is the reason that usually we 
check the effect of temperature only on optimum pH con-
ditions (in which the adsorption is favored). To check the 
adsorption capacity of the materials used, a comparative 
table is given in following (Table 4).

In the case of dye adsorption, the results obtained 
by the total adsorption determination revealed, higher 
adsorption capacity than in the case of copper ions 
removal. The latter can be attribute to the more in num-
ber functional sites of Methylene blue molecule which can 
easily interact with the adsorbent material. Taking into 
account that the sample is the same both in dye and copper 
ions adsorption, the charge and functional groups are the 
same, so the difference can be only attributed to the dif-
ferent pollutant. Similarly, the most favorable conditions 
were in the alkaline region (pH = 8.5) which is clearly due 
to the cationic nature of the dye molecule (it has located 
positive amino group). Also, the increase in temperature 
from 15°C (54.87 mg/g) to 25°C (72.32 mg/g) caused an 
improvement of 32% in the adsorption performance of 

Table 3
Total adsorption capacity of nine studied palygorskite samples at 15°C, 15°C and 35°C and at pH 3.0, 5.0 and 8.5

Total adsorbed amount (mg/g)

pH pH = 8.5 pH = 5.0 pH = 3.0

Temperatures T = 15°C T = 25°C T = 35°C T = 15°C T = 25°C T = 35°C T = 15°C T = 25°C T = 35°C

Fine/raw 29.97 25.21 27.08 12.28 20.09 20.32 2.94 2.73 11.59
Fine/washed 29.29 27.60 27.57 15.96 19.33 21.02 3.74 7.04 13.10
Fine/acid-treated 25.16 25.97 25.91 8.58 13.77 13.38 2.50 3.43 4.85
Coarse/raw 26.88 26.37 23.62 12.67 19.23 19.02 6.44 14.99 7.73
Coarse/washed 29.42 27.48 27.04 12.53 14.97 19.35 5.27 12.67 8.78
Coarse/acid-treated 28.18 25.41 25.84 8.22 11.37 10.55 2.45 6.23 5.73
Medium/raw 27.24 26.70 25.64 11.36 18.63 17.43 4.79 6.75 8.22
Medium/washed 29.17 27.60 26.18 12.22 17.27 15.67 5.01 6.90 9.03
Medium/acid-treated 28.56 25.18 23.80 8.22 10.18 9.31 3.78 2.84 5.37

   
(A) (B) (C) 

   
(D) (E) (F) 

Fig. 4. (A–C) Total adsorption capacity in T = 15°C, 25°C and 35°C for pH = 3.0, 5.0, 8, 5, and (D–F) total adsorption capacity at pH = 8.5, 
5.0 and 3.0 for T = 15°C, 25°C, and 35°C, respectively.
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the material. Further increase to 35°C (125.44 mg/g) dras-
tically increased the adsorption capacity by 129% (Fig. 5). 
The latter adsorption behavior is common, because the 
increase of temperature “helps” the movement of dye 
molecules in the solution and therefore their contact with 
the active adsorption sites becomes easier.

3.5. Fixed-bed column experiments

As is already indicated by batch experiments, the 
pH of feed solution is an important controlling factor in 

the heavy metal adsorption process. Based on this fact 
solutions at different pH, namely 8.5, 5.0 and 3.0 were 
used to monitor the behaviour of the column. As the 
best results were obtained in the case of pH5 we pres-
ent the breakthrough curves only of this pH experiments  
(Figs. 6 and 7).

Here must be also noted that among the three studied 
samples the sample “fine” is not able to be used in column 
experiments as the pressure became too high and the solu-
tion flow was blocked. This happened because of the very 
small particle size of the material. A small increase of the  
column pressure, during the exploitation of the experiments, 

Table 4
Maximum adsorption capacities of various clay minerals for 
copper ions removal

Natural sorbent qm (mg/g) Reference

ZrO-montmorillonite 7.10 [24]
Na-bentonite 17.87 [25]
Na-montmorillonite 33.33 [26]
Bentonite polyacrylamide composite 11.36 [27]
Goethite modified bentonite 9.90 [28]
Humic acid modified bentonite 10.33 [28]
Montmorillonite-Illite 30.99 [29]
Montmorillonite 17.88 [30]
Natural clay 44.84 [31]
Kaolinite 10.78 [32]
Goethite 37.25 [33]
Montmorillonite 13.27 [34]
Functionalised bentonite 45.80 [35]
Kaolinite 4.42 [36]
Palygorskite 2.35 [37]
Spent activated clay 10.90 [38]
Montmorillonite 7.61 [34]
Clinoptilolite 13.60 [39]
Siderite 19.80 [40]
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Fig. 5. Total adsorption capacity in T = 15°C, 25°C and 35°C for 
pH = 3.0, 5.0, 8.5, for the removal of Methylene blue by coarse raw.
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was also observed in the case of the “medium acid-treated” 
sample.

As it is shown in Figs. 6 and 7 the breakthrough curves 
of the continuous flow experiments for all studied sam-
ples, follow the characteristic sigmoidal curve. For Cu2+ 
adsorption on palygorskite under study, the highest max-
imum bed capacity and the longest breakthrough time is 
obtained at coarse raw sample.

Adsorptions with “medium” samples in the same 
parameters (raw, 25°C, pH = 5.0) were also presented sta-
ble pressure through the whole duration, approximately at 
600 mbar without high pressure. The adsorption process 
through breakthrough experiment had a normal break-
through curve that took place 210 min, with initial concen-
tration of copper ions approximately at 5 mg/L. Langmuir 
EXT1 used to fit to experimental data for determination of 
the total adsorbed amount qtotal for copper, calculated equal 
to 45.94 and 23 mg/g for “medium raw” and “medium 
acid-treated” respectively, according to equation (3).

The Langmuir EXT1 isotherm model was in excellent 
agreement with the experimental results as suggested 
by R2 also for “coarse” samples. In the case of medium 
samples (raw and acid-treated) the Langmuir maxi-
mum adsorption capacity was 35.05 mg and 20.83 mg/g, 
respectively (Table 5).

At both cases the total adsorbed amount decreased in 
the case of the acid-treated samples. This can be attributed 
to the fact that the treatment with the acid removed, on the 
surface, active places for copper ion adsorption.

4. Conclusions

Cu2+ adsorption was studied for different palygorskite 
samples in a pH range of 3 to 8.5. In summary, the basic 
parameter which affects the total adsorption capacity of Cu2+ 
is the pH whereas the particle size, the temperature and the 
acid treatment of the material play insignificant role on the 
adsorption phenomenon. The basic environment was the 
favorable for the adsorption. In acidic environments, there 
was a decrease in the kinetics of the adsorption as well as 
in the total amount of adsorbed Cu+2. The higher adsorp-
tion capacity of Methylene blue dye was also observed at 
pH = 8.5. Further investigation on binary, heavy metal and 
dyes, systems will be performed.

Acknowledgements

This research was funded by the Greek Secretariat 
of Research and Technology, ERANETMED 2-72-357, 

“Development of a solar powered, zero liquid discharge 
Integrated DEsalination MembrAne system to address the 
needs for water of the Mediterranean region”, IDEA.

References
[1] A. Garcı́a-Sánchez, A. Alastuey, X. Querol, Heavy metal 

adsorption by different minerals: application to the remediation 
of polluted soils, Sci. Total Environ., 242 (1999) 179–188.

[2] S. Samantaroy, A.K. Mohanty, M. Misra, Removal of hexavalent 
chromium by Kendu fruit gum dust, J. Appl. Polym. Sci., 
66 (1997) 1485–1494.

[3] I. Anastopoulos, G.Z. Kyzas, Agricultural peels for dye 
adsorption: a review of recent literature, J. Mol. Liq., 200 (2014) 
381–389.

[4] C. Namasivayam, N. Muniasamy, K. Gayatri, M. Rani, 
K. Ranganathan, Removal of dyes from aqueous solutions by 
cellulosic waste orange peel, Bioresour. Technol., 57 (1996) 
37–43.

[5] U. Farooq, J.A. Kozinski, M.A. Khan, M. Athar, Biosorption 
of heavy metal ions using wheat based biosorbents – a 
review of the recent literature, Bioresour. Technol., 101 (2010) 
5043–5053.

[6] G.H. Pino, L.M.S. de Mesquita, M.L. Torem, G.A.S. Pinto, 
Biosorption of cadmium by green coconut shell powder, Miner. 
Eng., 19 (2006) 380–387.

[7] G.H. Pino, L.M.S. de Mesquita, M.L. Torem, G.A.S. Pinto, 
Biosorption of heavy metals by powder of green coconut shell, 
Sep. Sci. Technol., 41 (2006) 3141–3153.

[8] V. Chantawong, N.W. Harvey, V.N. Bashkin, Comparison of 
heavy metal adsorptions by Thai Kaolin and Ballclay, Water Air 
Soil Pollut., 148 (2003) 111–125.

[9] A. Sánchez, F. Ysunza, M.J. Beltrán-García, M. Esqueda, 
Biodegradation of viticulture wastes by Pleurotus: a source 
of microbial and human food and its potential use in animal 
feeding, J. Agric. Food Chem., 50 (2002) 2537−2542.

[10] J.H. Potgieter, S.S. Potgieter-Vermaak, P.D. Kalibantonga, Heavy 
metals removal from solution by palygorskite clay, Miner. Eng., 
19 (2006) 463–470.

[11] Y.S. Al-Degs, M.I. El-Barghouthi, A.A. Issa, M.A. Khraisheh, 
G.M. Walker, Sorption of Zn(II), Pb(II), and Co(II) using raw 
sorbents: equilibrium and kinetic studies, Water Res., 40 (2006) 
2645–2658.

[12] S. Sen Gupta, K.G. Bhattacharyya, Adsorption of heavy metals 
on kaolinite and montmorillonite: a review, Phys. Chem. Chem. 
Phys., 14 (2012) 6698–6723.

[13] F. Aprile, R. Lorandi, Evaluation of cation exchange capacity 
(CEC) in tropical soils using four different analytical methods, 
J. Agric. Sci., 4 (2012), doi: 10.5539/jas.v4n6p278.

[14] B. Yu, Y. Zhang, A. Shukla, S.S. Shukla, K.L. Dorris, The removal 
of heavy metal from aqueous solutions by sawdust adsorption —  
removal of copper, J. Hazard. Mater., 80 (2000) 33–42.

[15] O. Abollino, M. Aceto, M. Malandrino, C. Sarzanini, E. Mentasti, 
Adsorption of heavy metals on Na-montmorillonite. Effect of 
pH and organic substances, Water Res., 37 (2003) 1619–1627.

[16] M.E. González-López, A.A. Pérez-Fonseca, M. Arellano, 
C. Gómez, J.R. Robledo-Ortíz, Fixed-bed adsorption of 
Cr(VI) onto chitosan supported on highly porous composites, 
Environ. Technol. Innovation, 19 (2020) 100824, doi: 10.1016/j.
eti.2020.100824.

[17] A. Aichour, H. Zaghouane-Boudiaf, F.B.M. Zuki, M.K. Aroua, 
C.V. Ibbora, Low-cost, biodegradable and highly effective 
adsorbents for batch and column fixed bed adsorption 
processes of Methylene blue, J. Environ. Chem. Eng., 5 (2019) 
103409, doi: 10.1016/j.jece.2019.103409.

[18] N. Fallah, M. Taghizadeh, Continuous fixed-bed adsorption of 
Mo(VI) from aqueous solutions by Mo(VI)-IIP: breakthrough 
curves analysis and mathematical modeling, J. Environ. Chem. 
Eng., 8 (2020) 104079, doi: 10.1016/j.jece.2020.104079.

[19] E.P. Favvas, K.L. Stefanopoulos, A. Ch. Mitropoulos, A simple 
equation for accurate mesopore size calculations, Microporous 
Mesoporous Mater., 145 (2011) 9–13.

Table 5
Langmuir model equation fitting parameters for Cu2+ adsorption 
isotherms at 25°C, pH = 5.0, for the four studied samples

Sample Langmuir b R2

qm (mg/g)

Medium/raw 45.94 2.1 × 10–4 0.996
Medium/acid-treated 23.00 9.3 × 10–4 0.988
Coarse/raw 35.05 6.45 × 10–3 0.993
Coarse/acid-treated 20.83 1.17 × 10–3 0.997



109M. Pachoulis et al. / Desalination and Water Treatment 255 (2022) 101–109

[20] O. Abollino, A. Giacomino, M. Malandrino, E. Mentasti, 
Interaction of metal ions with montmorillonite and vermiculite, 
Appl. Clay Sci., 38 (2008) 227–236.

[21] K.C. Magalhães Xavier, M.S. Ferreira dos Santos, M.R.M. Chaves 
Santos, M.E. Rodrigues Oliveira, M.W.N. Cordeiro Carvalho, 
J.A. Osajima, E.C. da Silva Filho, Effects of acid treatment on 
the clay palygorskite: XRD, surface area, morphological and 
chemical composition, Mater. Res., 17 (2014) 3–8.

[22] X. Wang, C. Wang, Chitosan-poly(vinyl alcohol)/attapulgite 
nanocomposites for copper(II) ions removal: pH dependence 
and adsorption mechanisms, Colloids Surf., A, 500 (2016) 
186–194.

[23] S.K. Bhagat, K. Pyrgaki, S.Q. Salih, T. Tiyasha, U. Beyaztas, 
S. Shahid, Z.M. Yaseen, Prediction of copper ions adsorption 
by attapulgite adsorbent using tuned-artificial intelligence 
model, Chemosphere, 276 (2021) 130162, doi: 10.1016/j.
chemosphere.2021.130162.

[24] K.G. Bhattacharyya, S.S. Gupta, Kaolinite, montmorillonite, and 
their modified derivatives as adsorbents for removal of Cu(II) 
from aqueous solution, Sep. Purif. Technol., 50 (2006) 388–397.

[25] Z.-r. Liu, S.-q. Zhou, Adsorption of copper and nickel on 
Na-bentonite, Process Saf. Environ. Prot., 88 (2010) 62–66.

[26] F. Xiao, J.C. Howard Huang, Comparison of biosorbents with 
inorganic sorbents for removing copper(II) from aqueous 
solutions, J. Environ. Manage., 90 (2009) 3105–3109.

[27] G. Zhao, H. Zhang, Q. Fan, X. Ren, J. Li, Y. Chen, X. Wang, 
Sorption of copper(II) onto super-adsorbent of bentonite-
polyacrylamide composites, J. Hazard. Mater., 173 (2010) 
661–668.

[28] B.I. Olu-Owolabi, D.B. Popoola, E.I. Unuabonah, Removal of 
Cu2+ and Cd2+ from aqueous solution by bentonite clay modified 
with binary mixture of goethite and humic acid, Water, Air, Soil 
Pollut., 211 (2010) 459–474.

[29] J.U. Kennedy Oubagaranadin, Z.V.P. Murthy, V.P. Mallapur, 
Removal of Cu(II) and Zn(II) from industrial wastewater by 
acid-activated montmorillonite-illite type of clay, C.R. Chim., 
13 (2010) 1359–1363.

[30] A. Sdiri, T. Higashi, T. Hatta, F. Jamoussi, N. Tase, Evaluating 
the adsorptive capacity of montmorillonitic and calcareous 
clays on the removal of several heavy metals in aqueous 
systems, Chem. Eng. J., 172 (2011) 37–46.

[31] Y.C. Sharma, Thermodynamics of removal of cadmium by 
adsorption on an indigenous clay, Chem. Eng. J., 145 (2008) 
64–68.

[32] Ö. Yavuz, Y. Altunkaynak, F. Güzel, Removal of copper, nickel, 
cobalt and manganese from aqueous solution by kaolinite, 
Water Res., 37 (2003) 948–952.

[33] M. Mohapatra, L. Mohapatra, P. Singh, S. Anand, B.K. Mishra, 
A comparative study on Pb(II), Cd(II), Cu(II), Co(II) adsorption 
from single and binary aqueous solutions on additive assisted 
nano-structured goethite, Int. J. Eng. Sci. Technol., 2 (2010) 
89–103.

[34] C.O. Ijagbemi, M.H. Baek, D.S. Kim, Montmorillonite surface 
properties and sorption characteristics for heavy metal removal 
from aqueous solutions, J. Hazard. Mater., 166 (2009) 538–546.

[35] T.S. Anirudhan, S. Jalajamony, S.S. Sreekumari, Adsorption 
of heavy metal ions from aqueous solutions by amine and 
carboxylate functionalised bentonites, Appl. Clay Sci., 65 (2012) 
67–71.

[36] S. Shahmohammadi-Kalalagh, H. Babazadeh, A.H. Nazemi, 
M. Manshouri, Isotherm and kinetic studies on adsorption of 
Pb, Zn and Cu by kaolinite, Caspian J. Environ. Sci., 9 (2011) 
243–255.

[37] A. Sheikhhosseini, M. Shirvani, H. Shariatmadari, Competitive 
sorption of nickel, cadmium, zinc and copper on palygorskite 
and sepiolite silicate clay minerals, Geoderma, 192 (2013) 
249–253.

[38] C.H. Weng, C.Z. Tsai, S.H. Chu, Y.C. Sharma, Adsorption 
characteristics of copper(II) onto spent activated clay, Sep. Purif. 
Technol., 54 (2007) 187–197.

[39] M.K. Doula, A. Dimirkou, Use of an iron-overexchanged 
clinoptilolite for the removal of Cu2+ ions from heavily 
contaminated drinking water samples, J. Hazard. Mater., 151 
(2008) 738–745.

[40] Z. Dankova, A. Bekényiová, I. Štyriaková, E. Fedorová, Study of 
Cu(II) adsorption by siderite and kaolin, Proc. Earth Planet. Sci., 
15 (2015) 821–826.


	_Ref77087075
	_Ref83821569
	_Ref77087079
	_Ref83821574
	_Ref77087081
	_Ref83821575
	_Ref77087051
	_Ref77087212
	_Ref77087483
	_Ref83823086
	_Hlk93659856

