
Vol.:(0123456789)

SN Applied Sciences (2019) 1:1595 | https://doi.org/10.1007/s42452-019-1636-4

Research Article

Adding value to natural clays as low‑cost adsorbents of methylene 
blue in polluted water through honeycomb monoliths manufacture

M. Ahrouch1,2 · J. M. Gatica1  · K. Draoui2 · H. Vidal1

Received: 17 July 2019 / Accepted: 5 November 2019 / Published online: 11 November 2019 
© Springer Nature Switzerland AG 2019

Abstract
A natural Moroccan illite–smectite was used as an adsorbent for the removal of methylene blue (MB) from aqueous solu-
tions. The clay was characterized by FTIR spectroscopy, TGA, SEM–EDS, X-ray fluorescence, XRD and  N2 physisorption. The 
influence of pH, temperature and time on the MB adsorption by the clay was investigated. The maximum equilibrium 
adsorption capacity was 100 mg g−1 at 45 °C. The kinetic behavior and the isotherms better-fitted with the pseudo-
second-order and Langmuir models, respectively. Clay honeycomb monoliths (50 cells cm−2) were obtained by means 
of extrusion from the starting material without any additive except water. The structured filters exhibited better perfor-
mance under dynamic conditions than the powdered clay, adding value to the application of this low-cost adsorbent.
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1 Introduction

The releases of textile industry are in general loaded with 
organic micropollutants, in particular different deter-
gents and dyes. The latter are often used in excess and 
can be classified according to their structure as anionic 
and cationic [1, 2]. In aqueous solution, anionic dyes carry 
a net negative charge due to the presence of sulfonate 
 (SO3

−) groups [3, 4], while cationic dyes carry a net positive 
charge due to the presence of protonated amine or sulfur-
containing groups [5]. Due to their strong interaction with 
many surfaces of synthetic and natural fabrics [6], a broad 
variety of physicochemical and biological techniques has 
been developed and tested in the treatment of effluents 
loaded with these contaminants [7, 8]. These processes 
include precipitation, ionic exchange, filtration on mem-
brane and irradiation. However, these processes are often 
expensive and lead to the generation of large quantities 
of sludges, in addition to the formation of compounds 
derived from the degradation of the active molecules, 

which are sometimes even more toxic [9, 10]. The accumu-
lation and the low biodegradability of these compounds 
make the various treatments difficult to apply [11]. Among 
the wastewater treatment processes, adsorption remains 
a widely used approach for being easy to implement. The 
activated carbon is the adsorbent most largely employed, 
because of its great capacity of adsorption in agreement 
with its high specific surface area [12–14]. However, this 
adsorbent is expensive and poses the problem of its 
regeneration for a multiple use. The search for new effec-
tive and economic adsorbents thus proves attractive [15, 
16]. In this context, the use of other adsorbent materials 
such as clays or natural zeolites is of great interest [17, 18].

The aim of our work was to optimize the adsorption per-
formance of a natural argillaceous material, without any puri-
fication step, through its casting as structured filter for a pos-
sible replacement of the expensive adsorbents used in the 
polluted water treatment. In particular, we were interested 
in eliminating a cationic dye in aqueous solution by reten-
tion onto a local natural clay. Moreover, special attention was 
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paid to the fabrication of honeycomb monoliths from this 
material and their further use for the same application, tak-
ing into account that most previous studies reporting on 
the use of clays to retain dyes employed powders [19–22], 
references dealing with clay structured filters being still com-
paratively scarce [23]. Let us also consider the advantages 
of the honeycomb monolithic design for the treatment of a 
high volume/flow, which are characteristic of environmen-
tal applications, in comparison with packed-bed reactors in 
which pressure drop may become a serious problem [24].

Here, we specifically report on the ability of an interstrati-
fied illite–smectite to eliminate methylene blue (MB) present 
in water. This clay was selected because in a previous study 
[25] it demonstrated to have a high adsorption capacity even 
of heavy metals such as lead. On the other hand, MB was 
chosen considering the vast literature available regarding the 
use of this organic dye in adsorption studies in liquid phase 
[26–31] with which we could compare our own results. More-
over, it was also selected according to its significant pres-
ence in the wastewaters proceeding from the local Moroc-
can textile industry. Undoubtedly, there are other colorant 
molecules that from an environmental viewpoint could be 
also interesting to adsorb such as methyl orange, malachite 
green, crystal violet, Congo red, rhodamine B, among oth-
ers. However, MB is the most studied one as well illustrated 
by the fact that there are even reviews just focused on this 
dye [30, 31]. Since its discovery almost a century and half ago 
[27], MB is one of the most commonly used thiazine (cationic) 
dyes, and many different adsorbents have been reported 
for its removal from aqueous solutions [28]. Although it is 
not particularly hazardous, it has still some toxicity [29], and 
additionally, its quantitative detection is relatively simple. In 
this study, we first used a conventional batch-contact-time 
method [28], investigating the equilibrium of MB adsorption 
onto the powdered interstratified illite–smectite and fitting 
the data to the most used models (Langmuir, Freundlich) and 
also to the less employed Sips equation. The uptake of MB 
on the clay was examined as a function of adsorbate con-
centration, pH, adsorption temperature and contact time. 
Furtherly, honeycomb monoliths were also manufactured 
from the starting clay powder and tested in the retention of 
methylene blue under dynamic conditions via recirculated 
plug-flow adsorption experiments. This study was performed 
in order to add value to these low-cost adsorbents and to 
investigate their potential for a real application.

2  Materials and methods

2.1  Materials

The clay used in this study as dye adsorbent was an 
interstratified illite–smectite collected from the north 

region of Morocco known as Chefchaouen. It had a CEC 
of 63 mEq/100 g as measured by the well-known cobalt 
(III)-hexamine trichloride method [32].

The basic dye used in this study was methylene blue 
(MB), from Fluka, with  C16H18ClN3S × 3H2O chemical for-
mula which is of analytical grade. This cationic dye model 
presents decentralized positive charge on the organic 
framework, which could play a major role in keeping 
the species on the surface of the clay, the wavelength of 
664 nm corresponding to its maximum absorbance [28]. 
Literature on the MB adsorption by clays is certainly vast, 
and it has even been used as a method to evaluate CEC 
and surface areas of clays [31–33]. In this research, working 
solutions of MB were prepared with deionized water and 
from a stock solution of 500 mg L−1 to give the required 
initial concentrations (C0 = 20–500 mg L−1) for each experi-
mental run [34].

2.2  Clay monoliths preparation

The clay honeycomb monoliths were obtained by extru-
sion of a paste, previously prepared by mixing the initial 
fine starting powder (< 10 µm) with the adequate amount 
of water (51 mL g−1 of paste). The extrudability of this 
paste, which did not require extra additives, was first pre-
dicted according to Casagrande’s technique as it exhib-
ited appropriate rheological parameters such as a liquid 
limit and a plasticity index of 50% and 29.6%, respectively 
[35]. The resulting green monoliths were dried overnight 
at 60 °C and subsequently calcined at 450 °C for 4 h. This 
treatment was chosen from thermogravimetric analysis 
results (see below) as the one allowing optimal enhance-
ment of the mechanical resistance while preserving the 
clay structure, as learned from the previous experience 
with other clays [36]. The final monoliths presented a hon-
eycomb-type circular section with a diameter of 1.4 cm, a 
density of approx. 50 cells cm−2, 0.33 mm of wall thickness 
and a 72% open frontal area (Fig. 1).

2.3  Characterization of the adsorbents

XRF compositional analysis of the starting clay was carried 
out in a Bruker S4 Pioneer spectrometer.

The textural characterization was performed by means 
of  N2 physisorption at −196 °C using an automatic Auto-
sorb IQ (Quantachrome) analyzer. The clay samples (both 
in the form of powder and as honeycomb monoliths) were 
degassed at 150 °C for 2 h. The obtained isotherms were 
used to calculate their specific surface area (SBET) and 
micro- and mesoporosity. Total pore volume (Vp) data were 
calculated from the amount of nitrogen adsorbed at a 0.97 
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relative pressure value (P/P0). Pore size distribution and the 
average pore were examined by the BJH method from the 
desorption branch of the isotherms.

The FTIR spectra in transmission mode were obtained 
using a Thermo vertex 70 FTIR spectrophotometer. About 
1 mg of sample clay was mixed with approximately 200 mg 
of dried KBr to get pellets. Measurements were taken 
over the range 4000–400 cm−1 in the absorbance mode, 
with a spectral resolution of 4 cm−1. This technique was 
employed to study the clay samples both before and after 
the MB adsorption.

The thermogravimetric analysis (TGA) was carried out 
under air in a Shimadzu TGA-50 thermobalance over 50 mg 
of powdered samples using a heating rate of 10 °C min−1.

SEM images and EDS compositional data of the clay pow-
der were obtained using a QUANTA-200 scanning electron 
microscope equipped with a Phoenix microanalysis system 
using a nominal resolution of 3 nm. SEM images of the clay 
calcined at 450 °C for 4 h and of the clay monolith after the 
same treatment were acquired in a field emission gun (FEG) 
scanning electron microscope (Nova NanoSEM 450).

XRD studies were carried out in a Bruker diffractometer, 
D8 Advance 500 model. Diffractograms were recorded 
using CuKα radiation, and the 2θ angle ranged from 1.5° to 

Fig. 1  A Image of the starting 
clay powder (a) and clay hon-
eycomb monoliths prepared 
from it after simple extrusion 
plus drying (b), additional 
calcination at 450 °C for 4 h 
(c) and further use to adsorb 
methylene blue (d); B geo-
metric characteristics of the 
clay honeycomb monoliths; 
and C schematic diagram of 
the experimental setup for the 
dynamic adsorption studies, in 
which a centrifugal pump was 
employed



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1595 | https://doi.org/10.1007/s42452-019-1636-4

75°, with a step of 0.017° and a counting time per step of 
1 s. Refinement of the analysis was performed by applying 
a Rietveld method by means of the FullProf program [37]. 
In addition, semiquantitative analysis of the mineralogical 
composition was made by means of the PowderCell 2.4 
software.

2.4  Batch adsorption experiments

The adsorption of MB over the fresh clay powder was stud-
ied in a batch equilibration system. Different parameters 
including initial concentration of MB, contact time, stirring 
speed and pH of the MB solutions were adjusted, the latter 
by adding 0.1 N  HNO3 or 0.1 N NaOH solutions. In general, 
the adsorption experiments were carried out by varying the 
initial concentrations from 50 to 500 mg L−1. In each case, 
0.2 g of sample was added to a conical flask which contained 
the MB solution (50 mL). Two types of experiments were per-
formed. First, the adsorption kinetic curves for two initial 
concentrations of MB (200 and 300 mg L−1) were obtained 
at room temperature in order to study the effect of contact 
time (1 min–4 h) on the adsorption of MB on the clay. The 
suspensions were continuously shaken at 150 rpm, and the 
experimental data were examined by pseudo-first-order 
and pseudo-second-order kinetics [38, 39]. For the fitting, 
only data up to saturation (approx. 30 min) were considered. 
In the second type of experiments, the suspensions were 
stirred at the same speed as before during 4 h (consider-
ing the results from the kinetic study) under variable tem-
perature conditions (20, 25, 35 and 45 °C). The adsorption 
experiments were carried out in a closed system. The MB 
solutions were kept in thermal equilibrium using an auto-
matic thermostat system, including a water bath and an 
integral shaker drive. Three theoretical isotherm models, 
Langmuir, Freundlich and Sips [25], were considered to fit 
the experimental data.

In all cases, the remaining MB in balance was analyzed 
by UV–visible spectrophotometry. The amounts of MB 
adsorbed were calculated from the difference between ini-
tial and final or equilibrium concentration of the correspond-
ing solutions.

2.5  Dynamic adsorption experiments

The capacity to adsorb MB by the clay honeycomb mono-
liths was studied at room temperature in a homemade 
system (Fig. 1), using approx. 6.5 g weighted monoliths 

(L = 5.2 cm approx.) and a 1200 cm3  min−1 recirculated flow 
of the MB aqueous solution (1 L). This study allows testing 
the potential application of the monoliths in the treatment 
of polluted liquid effluents under more realistic conditions. 
Experimental conditions (mass of adsorbent and dye con-
centration) were different to those selected for the batch 
experiments because the two types of experiments are 
not comparable. In order to make a comparison with the 
powder, a packed column containing the same quantity of 
powdered clay (Ø = 1.5 cm, L = 2.5 cm), with quartz wool at 
the outlet to avoid powder drag, and previously submitted 
to the same calcination treatment as the monolith (450 °C, 
4 h), was also tested in the same experimental setup of the 
monolith. Blank experiments confirmed previously a neg-
ligible MB adsorption over the quartz wool. In both cases, 
column and monolith, two different initial concentrations of 
MB, were studied: 20 and 100 mg L−1. As for the batch experi-
ments, the adsorption capacity was analyzed by measuring 
the absorbance at 664 nm of the residual liquid phase, after 
filtration, in a UV–visible Cary 50 spectrophotometer from 
Varian.

3  Results and discussion

3.1  Sample characterization

The chemical composition of the employed natural clay as 
estimated by XRF analysis is given in Table 1. It is remarkable 
that it resembles that typically exhibited by other smectite- 
and illite-type minerals with predominant presence of sili-
con, aluminum and iron oxides [40, 41].

The clay FTIR spectrum is presented in Fig. 2. The sharp 
band at 3625 cm−1, the broad shoulder at 3420 cm−1 and the 
small peak at 1630 cm−1 are attributable to the framework 
OH groups stretching, interlayer water OH stretching and 
 H2O deformation band typically observed in many smectites 
[42]. Silanol groups (Si–OH) are therefore spread over the 
clay surface. This is a very active surface group, which could 
interact with polar organic compounds as methylene blue 
during the adsorption process [43]. On the other hand, the 
most intense bands are perfectly understandable in terms of 
clay lattice vibrations, some of which are of the same nature 
as those of quartz (Si–O–Si or O–Si–O vibrations) [44], except 
the small peak at 1384 cm−1 which might correspond to 
some carbonates [45]. Their presence in any case must not 
be significant considering the relative low intensity of the 
mentioned peak [40, 41]. Figure 2 also shows that calcination 

Table 1  X-ray fluorescence analysis of oxide content (wt%) for the clay sample investigated

SiO2 Al2O3 Fe2O3 Cr2O3 MgO CaO K2O TiO2 V2O5 SO3 ZnO SrO

60.4 21.5 6.8 < 0.1 1.2 2.2 2.0 1.1 < 0.1 0.1 < 0.1 < 0.1
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of the clay at 450 °C for 4 h, the thermal treatment applied 
to the clay honeycomb monoliths as the last step of their 
preparation to make them waterproof, hardly modifies the 
infrared spectrum. Only a slight decrease in the bands above 
3000 cm−1 is observed, what can be denotative of some 
dehydroxylation and dehydration of the clay [42].

The thermal stability of the fresh clay, the clay calcined 
at 450 °C for 4 h and the clay-based monolith submitted to 
the same treatment was also studied. As shown in Fig. 3, 
the thermal analysis reveals the existence of two main dif-
ferent stages of weight loss for the fresh clay. The first loss 
occurs practically from room temperature up to approxi-
mately 200 °C and might reasonably correspond to the 
release of adsorbed water. The second weight loss, which 
extends up to around 600 °C, should be basically related 
to dehydroxylation of the different silicate phases present 
in the clay, not discarding some contribution of interlayer 
water. In the case of the calcined sample, there is a rea-
sonable decrease in the weight loss with almost complete 
disappearance of the first stage. Finally, the slightly higher 
mass loss in the clay honeycomb monolith if compared 
to the latter is attributable to a higher humidity degree 
reached from exposure to the air after the calcination 
treatment. In any case, the similarity of its profile respect 
to the calcined powder suggests that the extrusion pro-
cess has no effect on the composition or structure of the 
clay. Moreover, the thermogravimetric analysis also points 

to the suitability of the calcination treatment at 450 °C 
for leading to a monolith that is resistant to the aqueous 
phase while mostly preserving the initial clay.

The XRD study gave results in agreement with the 
above. As can be observed in Fig. 4, the diffractogram of 
the raw clay can be interpreted as the sum of contribu-
tions of different phases. In particular, the relatively most 
intense peaks can be assigned to quartz (most likely pre-
sent as large crystals), in good agreement with the FTIR 
analysis, while the rest is mainly associated with an inter-
stratified silicate composed of illite–muscovite and smec-
tite–montmorillonite and with topaz. The presence of all 
these hydroxylated silicate minerals is also consistent with 
the TGA study above commented. Moreover, the Rietveld 
analysis indicated that the best-fitting of the experimen-
tal data is obtained when other minority phases are con-
sidered such as lazurite, zircon, rutile, albite, boehmite, 
anatase, gibbsite, augelite, glauberite and glauconite. The 
presence of these phases, although much less significant, 
might justify the content of elements such as Al, Fe, Mg, 
Ca, K, Ti or S measured by XRF (Table 1). In addition, the 
semiquantitative analysis allowed estimating the mineral-
ogical composition of our clay as follows: 43.0% smectite, 
23.8% illite, 30.2% quartz and 2.9% topaz. This confirms 
that the contribution of impurities, on the other hand, is 
reasonable for a natural clay that has not been treated/
purified with the intention to simplify the overall manufac-
ture of our low-cost adsorbent filters. It is also remarkable 
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Fig. 2  FTIR spectra corresponding to the powdered clay sample, 
both fresh and calcined at 450 °C for 4 h, and crushed pieces of the 
clay honeycomb monolith after MB adsorption. Details of the MB 
adsorption IR bands are shown in the inset

Fig. 3  TGA profiles of the clay sample as-received, after calcination 
at 450 °C for 4 h, and after extrusion as a honeycomb monolith plus 
calcination at 450 °C for 4 h. The dashed line indicates the tempera-
ture at which a waterproof monolith can be obtained
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that the analysis of the diffractogram obtained for the cal-
cined clay (upper part of Fig. 4) was similar to that of the 
fresh clay, so confirming that the calcination treatment did 
not significantly alter the structure of the clay.

The  N2 adsorption–desorption isotherms and BJH 
pore size distribution curves of both clay powder and 
clay honeycomb monoliths are plotted in Fig. 5. Curves 
corresponding to the clay powder calcined at the same 
temperature as the monolith are also included as a refer-
ence. All the isotherms showed the typical II-type sorp-
tion behavior, characteristic of mainly macroporous 
adsorbents according to the IUPAC classification, with 
H3-type hysteresis loop denotative of plate-like particles 
giving rise to slit-shaped pores [46]. On the other hand, 
the BET surface area and pore volumes were calculated 
from the adsorption data, the values being summarized 
in Table 2. As expected, the calcination treatment induces 
some decrease in porosity and consequently of specific 
surface area. On the contrary, extrusion of the clay has 
almost no effect on the textural properties, since the val-
ues obtained for the calcined powder and honeycomb 
monolith are very similar. It should be also noticed that all 
the samples, although mainly macroporous, have some 
meso- and microporosity, put into evidence by the pore 
size distribution curves of Fig. 5.

Finally, Fig. 6 shows a representative SEM image (a) and 
its corresponding EDS spectrum (b) obtained for the fresh 
clay sample. As can be noticed, the clay is composed of 
an agglomerate of particles of heterogeneous size and 
irregular shape. It is also displayed inter-particle/agglom-
erate void spaces that may contribute to porosity as stated 
above. The look resembles very much that observed previ-
ously for other natural clays of smectite type [36, 40, 41]. 
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Fig. 5  N2 adsorption–desorp-
tion isotherms and pore size 
distribution curves of the 
clay sample as-received, after 
calcination at 450 °C for 4 h, 
and after extrusion as a honey-
comb monolith plus calcina-
tion at 450 °C for 4 h
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In the same way, similar images were obtained for the cal-
cined powder (Fig. 6c), demonstrating that no significant 
morphological changes occur as a result of the calcination 
treatment. Regarding the clay monolith, the apparent loss 
of surface roughness in the images obtained for this sam-
ple (Fig. 6d) can be reasonably attributed to the higher 
compaction of the clay grains as a result of the extrusion 

step. Also noticeable, except gold that is present due to 
its use for metalizing the raw clay sample, all the elements 
detected by EDS analysis are consistent with both the XRF 
analysis and XRD study above discussed.

3.2  Adsorptive performance of the powdered clay

3.2.1  Effect of pH

The effect on the MB adsorption by the studied clay at 
varying the solution pH is shown in Fig. 7a. The results 
indicate that the dye removal efficiency slightly increases 
between pH values of 2 and 8. A similar trend was 
observed by other authors studying the adsorption of MB 
on different natural clays of smectite [28, 47] or diatomite 
[43] type, but it contrasts with results obtained for kaolin 
[18]. It is also noteworthy that the adsorption capacity of 
our adsorbent increased remarkably above pH 8, espe-
cially with increasing the pH value from 10 up to 12. In 

Table 2  Textural data of the investigated samples as estimated 
from  N2 physisorption

a Both calcined at 450 °C for 4 h

Sample SBET
(m2 g−1)

Total pore 
volume
(cm3 g−1)

Micropore 
volume
(cm3 g−1)

Fresh clay 61 0.093 0.021
Calcined  claya 41 0.087 0.018
Clay-based  monolitha 40 0.086 0.019

Fig. 6  SEM image (a) and EDS spectrum (b) of the fresh clay powdered sample, and SEM images of the clay calcined at 450 °C for 4 h (c) and 
the clay honeycomb monolith calcined at the same conditions (d)
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order to understand this dependence of the MB adsorp-
tion with the pH, we performed additional measurements 
to estimate the point of zero charge (pzc) of the studied 
clay sample which resulted to be 6.4, observing that the 
surface of the adsorbent becomes negatively charged, 
especially above pH 8 (Fig. 7b). This effect can explain why 

above this value the electrostatic interaction with the MB 
cationic molecule is particularly favored [13].

3.2.2  Adsorption kinetics

Figure 8a shows the MB adsorption capacity of our clay 
at room temperature as a function of time under the dye 
initial concentrations of 200 mg L−1 and 300 mg L−1. Notice 
that the adsorption process was rapid in the first minute, 
then continued with a slower rate during the following 
10 min, and finally reached a nearly constant value after 
30 min.

As previously mentioned in the experimental section, 
the results were analyzed by using the models of pseudo-
first-order and pseudo-second-order [48, 49]. The rate con-
stants of the MB adsorption on the clay were determined 
graphically (Fig. 8b, c), leading to the results summarized 
in Table 3. The highest correlation coefficient, that denotes 
the best-fitting of the experimental data, was found for 
a pseudo-second-order model. This result agrees with 
many previous studies that employed not only natural 
clays [18, 21, 28, 47, 50] but also other proposed synthetic 
materials such as activated carbons from biomass [13, 16], 

Fig. 7  a Effect of pH on the adsorption of MB (initial concentra-
tion = 240  mg  L−1, stirring speed = 150  rpm, temperature = 25  °C, 
contact time = 240  min and adsorbent dosage = 0.1  g/25  mL); b 
determination of the point of zero charge (pzc) value for the clay 
sample. The intersection of solid and dashed lines indicates the pH 
values at which the pH of the dye solution before  (pHi) and after 
 (pHf) the contact with the clay is the same
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oxides [15] and silicates [19]. In addition, Table 4 shows the 
pseudo-second-order model constant rate values reported 
for different adsorbents allowing a comparison with our 
own results.

3.2.3  Adsorption isotherms

The adsorption isotherms were obtained by monitoring 
the evolution of the retention capacity at equilibrium, qe 
(mg g−1), for each initial concentration of the pollutant as 
function of the equilibrium concentrations (mg  L−1) at dif-
ferent temperatures (20, 25, 35 and 45 °C). The obtained 
results are plotted in Fig. 9a.

The experiments carried out show that the capacity 
of adsorption increases with the initial concentration. In 
addition, the shape of the obtained isotherms suggests 
the saturation of the surface sites and therefore the for-
mation of the monolayer. A similar trend was found by 
other authors when studying MB adsorption on different 
natural clays [18, 43, 47]. Moreover, according to Giles 
classification [51], our isotherms, with independence of 
the temperature studied (20–45 °C), are of type H which 
are the result of the dominance of strong ionic adsorb-
ate–adsorbent interactions [52]. In this sense, a chemical 
adsorption of positively charged functional groups of MB 
on the negatively charged surface groups of the clay is 
proposed.

Fitting of adsorption isotherms of MB on the clay sam-
ple by the Langmuir model was also studied by plotting 
Ce/qe versus Ce. According to Fig. 9b, the values obtained in 
such representation follow an almost perfect linear trend 
what indicates that the Langmuir model is adequate for 
a good description of our adsorption isotherms. From 
the above data, monolayer adsorption capacities were 
estimated in each case, resulting to be 100, 95, 94 and 
92 mg g−1 at 45, 35, 25 and 20 °C, respectively. The rela-
tively small dispersion of these values in the studied range 
suggests that the temperature has not a great effect on the 
adsorption capacity. It is remarkable that the maximum 
adsorption capacity measured in this study (100 mg g−1) 
is an intermediate value in the context of adsorption 
capacities for natural materials [31]. Moreover, our result 
is higher than that reported for other natural clays [21], 
low-cost recycled wasted materials from tea or rice [15], 
or even similar to that of more sophisticated adsorbents 
with clearly higher specific surface area, either activated 
carbon-based [15] or mesoporous silicates [19]. Addition-
ally, Table 5 summarizes the maximum adsorption capac-
ity values reported for other adsorbents in the literature. 
Comparing them with the results obtained in this work, 
our Moroccan illite–smectite can be employed as low-cost 
adsorbent and considered as an alternative to other mate-
rials such as activated carbon and mesoporous silicate for 
the MB removal.

Table 3  Kinetic parameters for 
the adsorption of MB on the 
clay sample

C0
(mg  L−1)

qe exp
(mg g−1)

Pseudo-first-order Pseudo-second-order

k1
(min−1)

qe cal
(mg g−1)

R2 k2
(g mg−1 min−1)

qe cal
(mg g−1)

R2

200 47.3 0.139 5.8 0.902 0.054 47.6 0.999
300 71.2 0.097 9.4 0.934 0.029 71.4 0.999

Table 4  Parameters 
determined by theoretical 
models for the adsorption of 
MB over different adsorbents

a Pseudo-second-order
b Langmuir model

Adsorbent K2
(g mg−1  min−1)a

KL
(L  mg−1)b

ΔG°
(KJ  mol−1)

References

Activated carbon – 0.04/0.07 – [13]
Mesoporous birnessite – 0.27/0.44 − 4.3/− 8.8 [15]
Activated carbon 0.057 0.03 − 7.9/− 12.4 [16]
Kaolin and zeolite 0.014/0.63 – 81.5/88.5 [18]
Mesoporous silicate material (dolomite) 0.0001/0.0007 0.12/0.18 − 0.3/− 4.5 [19]
Natural serpentine 0.001 0.05 − 0.3/− 3.0 [21]
Montmorillonite 0.004/0.042 0.01/0.77 – [28]
Moroccan clays 0.003/0.13 0.27/2.12 − 7.0/1.4 [46]
Moroccan diatomite 0.015 1.30 − 30.8/− 35.3 [47]
Natural clay mineral – − 0.07/− 0.03 6.8/7.4 [51]
Natural Moroccan illite–smectite 0.029/0.054 1.11/1.91 − 32.7/− 33.7 This work
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The results of fitting the adsorption isotherms to the 
Freundlich model are represented in Fig. 9c. On the other 
hand, the parameters values of Langmuir, Freundlich and 
Sips models are summarized in Table 6. Their comparison 
allows concluding that the experimental data fit better 
with the Langmuir model, according to the respective cor-
relation coefficients (R2). Such conclusion agrees with that 
of other authors who also found that data corresponding 
to MB adsorption onto different natural clays were better 
described by the Langmuir isotherm model [21, 28, 43, 47], 
being their corresponding constant values in a reasonably 
similar range (Table 4). Additionally, the results found in this 
work suggest that MB adsorption occurs like a monolayer on 

homogeneous sites, which are identical and contain equiva-
lent energy [13].

3.2.4  Adsorption thermodynamics

Thermodynamic studies are especially useful for interpret-
ing the adsorption behavior in terms of process equilibrium 
[48]. Thermodynamic parameters evidencing the influence 
of temperature can be determined by combining the ther-
modynamic equation, ΔG° = ΔH° − TΔS°, and van’t Hoff equa-
tion, which allows achieving the Eyring equation (Eq. 1):

where R is the universal gas constant (8.314 J K−1  mol−1), 
T (K) the absolute temperature, ke

° is the thermodynamic 
equilibrium constant, and ΔH° and ΔS° are the changes in 
enthalpy and entropy, respectively. Therefore, in this work 
the thermodynamics of the MB adsorption onto the clay 

(1)Ln
(

k
◦

e

)

=
−ΔH

◦

RT
+

ΔS
◦

R

Fig. 9  Adsorption isotherms and effect of the temperature of the 
MB solution in contact with the clay sample (a); fitting of the iso-
therms data to a Langmuir model (b); and fitting of the isotherms 
data to a Freundlich model (c)

Table 5  Maximum adsorption capacity of various adsorbents for 
MB according to Langmuir model

Adsorbent qmax
(mg/g)

References

Mesoporous birnessite 113 [15]
Kaolin and zeolite 45–22 [18]
Mesoporous silicate material (dolomite) 92 [19]
Natural serpentine 58 [21]
Raw kaolin 14 [33]
Moroccan raw and decanted clays 49–114 [46]
Moroccan diatomite 11 [47]
Natural clay mineral 76 [51]
Raw ball clay 34 [52]
Modified ball clay 100 [52]
Natural Moroccan illite–smectite 100 This work

Table 6  Langmuir, Freundlich and Sips parameters for MB adsorp-
tion by the clay sample

T (°C) 20 25 35 45

Freundlich model KF (mg g−1) 45.6 60.4 48.9 48.5
1/n 0.186 0.100 0.168 0.181
R2 0.863 0.862 0.826 0.849

Langmuir model Qm (mg g−1) 91.7 93.5 95.2 100.0
KL (L  mg−1) 1.91 1.89 1.41 1.11
R2 0.999 0.999 0.999 0.999

Sips model Qm (mg g−1) 97.93 92.0 92.5 99.5
KS (L  mg−1) 1.04 2.87 3.60 2.11
n 0.68 0.89 1.01 0.71
R2 0.961 0.982 0.918 0.958
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was also investigated at different temperatures, in particu-
lar at 20, 25, 35 and 45 °C. According to the latest estimates 
of different authors [53, 54] to determine thermodynamic 
parameters, the right way to calculate the equilibrium con-
stant for the adsorption system includes obtaining adsorp-
tion isotherms at different temperatures. In this context, 
it is recommended to use the equation described below 
(Eq. 2) to determine the thermodynamic parameters:

where Ke
° is the thermodynamic equilibrium constant that 

is dimensionless, KL is the Langmuir isotherm constant, 
[adsorbate]° is the standard concentration of the adsorb-
ate (1 mol L−1), and � is the activity coefficient which is 
unitary for very diluted or ideal solutions. The average 
standard enthalpy change of MB adsorption on the clay 
was estimated using the above equation. The values of 
ΔS

◦ and ΔH◦ were obtained from the intercept and slope 
of the plot of ln (Ke

°) against 1/T (Fig. 10), resulting to be 
45.1 J K−1  mol−1 and − 19.5 kJ mol−1, respectively, what 
leads to values of the change in free energy (∆G°) around 
− 33 kJ mol−1 in the range of 20–45 °C (Table 7), with a 
correlation coefficient for the fitting of 0.994. Therefore, 
the process of MB adsorption on the clay here studied is 
exothermic [49, 55] and spontaneous. Our results con-
trast with those obtained by other authors [18, 28, 43] 
who found positive values for both ∆H° and ∆S° in the 
case of the adsorption of MB onto a natural montmoril-
lonite, kaolin or diatomite, respectively. On the contrary, 
our results agree with those reported for the same process 
over two other clay minerals, one of them mainly com-
posed of quartz, clay, dolomite, hematite and feldspars, 
and the other consisting of illite associated with very small 
amounts of chlorite [47]. In any case, it should be noticed 
that establishing a correlation between thermodynamics 
of the adsorption process and the mineralogical nature 
of the clay used as adsorbent is not certainly an easy task. 
This finding is well illustrated by Omer et al. [56] in a recent 
paper, in which both, the exo- or endothermic characters, 
could be observed for a same type of mineral category. 
This is also reflected on the wide range of values estimated 
for ∆G° as illustrated in Table 4. 

3.3  Methylene blue adsorption on the clay 
honeycomb monolith

After studying the retention of MB on our clay as a pow-
der, we conducted an additional study using it in the form 
of honeycomb monolith but under dynamic conditions 
(Fig. 1). Evidences for the MB adsorption on the clay mon-
olith were obtained not only from its coloring after the 

(2)

K
◦

e
=

1000 ⋅ KL ⋅molecular weight of adsorbate ⋅
[

adsorbate
]

◦

�

process (Fig. 1) but also through FTIR analysis of crushed 
pieces (Fig. 2). As it can be observed, new peaks at 1602, 
1486, 1393, 1353 and 1333 cm−1 were detected after the 
dye was adsorbed. The first two can be assigned to C=C 
and C=N, and C=S+ stretching vibrations of the MB hetero-
cycle, respectively, while those at lower frequency might 
be associated with the symmetrical and asymmetrical 
bending vibrations of the  CH3 functional groups of MB 
and the stretching vibrations of the C–N terminal satu-
rated dimethylamino groups [56, 57]. It should be added 
that the position of the peaks previously attributed to the 
clay was not shifted as a consequence of the interaction 
with MB. This is consistent with the electrostatic nature of 
the interaction between adsorbate and adsorbent above 
suggested by the isotherms. It is also reasonable consid-
ering that our clay was not functionalized to enhance its 
adsorptive performance as other authors did [22]. The only 
significant change observed after the treatment with MB is 

1000/T (K-1)

3.15 3.25 3.35

Ln
 (K

e0 )

12.8

13.0

13.2

13.4

Fig. 10  Thermodynamic study for the MB adsorption on the clay 
sample, performed through fitting of the experimental data to the 
linear form of van’t Hoff equation

Table 7  Equilibrium constants based on the Langmuir isotherm 
and after applying Eq.  (2) to make it dimensionless and values of 
Gibbs’s free energy calculated from Eq. (1)

T (K) KL (L mg−1) KL (L mol−1) Ke
° Ln (Ke

°) ∆G° (kJ mol−1)

293 2.06 65.78 × 104 65.78 × 104 13.40 − 32.71
298 1.89 60.45 × 104 60.45 × 104 13.31 − 32.94
308 1.41 45.20 × 104 45.20 × 104 13.02 − 33.34
318 1.11 35.54 × 104 35.54 × 104 12.78 − 33.70
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the recovery of intensity of the bands located in the upper 
region, reasonably due to rehydration of the calcined clay 
that constitutes the matrix of the monolith under the 
aqueous medium treatment.

The recirculated plug-flow tests were performed using 
two initial concentrations of MB, 20 and 100 mg L−1, in 
aqueous solution, and also employing a column contain-
ing the same quantity of clay in the form of powder and 
calcined at the same temperature as the monolith for com-
parative purposes. Figure 11 shows the results obtained 
in this study. As can be noticed, the adsorptive behavior 
changes with the initial concentration of the adsorbate. 
For low concentrations of MB (C0 = 20 mg L−1), the dif-
ferences observed between the two samples studied, 
honeycomb monolith and packed column, are relatively 
small. The maximum quantities of pollutant absorbed by 
the two samples are 2.8 and 2.9 mg g−1, respectively. The 
obtained curves also show that the elimination of pol-
lutant is almost complete after 3 h of flow recirculation 
under the tested experimental conditions. On the con-
trary, the experiments carried out for higher concentra-
tion of MB (C0 = 100 mg L−1) allow a clearer differentiation 
between the two studied samples. The clay-based mono-
lith becomes more efficient adsorbent than the column. 
Although total elimination of MB cannot be achieved 
after 500 min of flow, the removal efficiency varies from 
about 41% for the clay-based monolith to 37% for the col-
umn that contains the same quantity of powdered clay. 
These results correspond to an adsorbed amount of 5.9 
and 5.1 mg g−1, respectively. Moreover, experiments of 
much longer duration (not shown) indicated that after 
24 h the monolith and the packed column adsorbed 9.1 
and 7.2 mg/g, respectively, confirming the higher removal 
efficiency of the former (58% vs 48% in the case of the 
column). These experiments also demonstrated the repro-
ducibility of the results obtained up to 8 h, with an experi-
mental deviation lower than 2%.

It is also noteworthy that in the case of the packed col-
umn the flow measured at the outlet was immediately 
decreased from 1200 to 400 cm3 min−1, whereas the flow 
kept constant during the whole experiment in the case of 
the monolith. This observation has a double significance. 
First, it demonstrates the advantage of using the honey-
comb monolith to avoid pressure drop problems, a virtue 
that joins that of easy replacement upon saturation. Sec-
ond, it gives double value to the results obtained with this 
design because it operated under less favored conditions 
for adsorption such as a three times lower contact time 
than that employed for the packed powder [15]. Moreo-
ver, the results obtained with the clay monoliths of this 
study are also more interesting than those we previously 
observed for similar clay honeycomb monoliths that even 

had been activated by means of coal templating, measur-
ing under the same experimental conditions [36].

4  Conclusion

According to textural, chemical and structural charac-
terization, the studied raw argillaceous material mainly 
consisted of a thermally stable interstratified illite–smec-
tite with appropriate porosity and surface area for use as 
adsorbent. Its maximum methylene blue (MB) adsorption 
capacity was found to be 100 mg g−1 at 45 °C. The adsorp-
tion isotherms of MB dye could be satisfactorily described 
by the equations of Langmuir model. The kinetic study of 
the MB retention by the clay revealed that the adsorption 
process is of second order, while the thermodynamic study 
indicated its exothermic character and spontaneity in the 
range from 20 to 45 °C.

The results obtained with honeycomb monoliths 
extruded from this clay without additives were of particu-
lar interest. They proved that the application of structured 
filters under dynamic conditions could be more effective 
than using packed columns of the same material but in 
powdered form. For example, the integral clay honeycomb 
monoliths allowed almost complete removal of MB from 

Fig. 11  Methylene blue adsorption at room temperature as a func-
tion of time on the clay honeycomb monolith and a packed column 
containing the same amount of calcined clay
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1 L of aqueous solution containing 20 mg L−1 of MB, in 
recirculating flow experiments and for relatively short 
times (< 6 h), operating with 6.5 g weighted monoliths at 
1200 cm3 min−1.
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