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Abstract  

This study reports the synthesis and characterization of a porous geopolymer systems based a 

naturally occurring Moroccan pyrophyllite clay. The contribution of pyrophyllite in 

geopolymerization reaction was very low, the geopolymer matrix formed was assured by 

alkaline activation of the metakaolin present in the sample. The pyrophyllite role is forming of 

disordered and heterogeneous geopolymer promote the pore creation. The structure and 

morphology of the raw natural clay, calcined meta-pyrophyllite phase and prepared geopolymer 

samples are characterized by several methods namely, X-ray Diffraction (XRD), 29Si and 27Al 

magic-angle-spinning nuclear magnetic resonance (MAS NMR) analysis, Fourier Transform 

Infra-Red (FTIR) spectroscopy, Differential Thermal Analysis (DTA) and Thermal 

Gravimetric Analysis (TGA), N2 adsorption/desorption isotherm analysis by the Brunauer-

Emmett-Teller (BET) method and Scanning Electron Microscopy (SEM). The specific surface 

area (SBET) and pore volume (Vp) measured from products utilizing the calcined meta-

pyrophyllite precursor (SBET = 86 m2/g and Vp = 0.08 cm3/g) have both increased markedly 

compared to those values determined using a raw pyrophyllite clay phase (SBET = 30 m2/g and 

Vp = 0.05 cm3/g). The methylene blue (MB) molecular adsorption experiment realized in water 

medium exhibited Pseudo Second Order (PSO) rate kinetics and adopted a Langmuir adsorption 
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model. The thermodynamics data shows that the chemisorption is spontaneous, irreversible and 

endothermic, with the quantity of MB molecules retained by the porous geopolymer specimen 

reaching 64.10 mg/g. 

 

Keywords: Natural Pyrophyllite, Porous geopolymer, alkaline activation solution, adsorption, 

methylene blue. 

 

1. Introduction  

      Geopolymers (inorganic polymers) are amorphous material based alkali aluminosilicates 

possessing a three-dimensional network structure that are produced by the alkali activation of 

silicon and aluminum rich sources such as clay minerals, fly ash, etc. (Davidovits, 1991; 

Darmayanti et al., 2019; Niu et al., 2022). Sodium silicate and alkali hydroxide (KOH and 

NaOH) are most commonly used to activate the silicon and aluminum species for the synthesis 

of geopolymer products (Longhi et al., 2020). In recent years, many studies have been devoted 

to these materials owing to their very interesting physicochemical characteristics. The chemical 

stoichiometric formulation ratios governing geopolymer formation (i.e. Si:Al; X:Al and 

H2O:X2O (X = Na, K) profoundly influence their properties (Zhang et al., 2014). Kaolinite 

(Al2Si2O5(OH)4) is 1:1 layered aluminosilicate mineral clay (i.e. atomic ratio Si:Al = 1) 

commonly used in geopolymer production. To attain the Si:Al formulation ratios of 

conventional geopolymers which reside in the range Si/Al = 2 - 4, it is necessary to augment 

the desired Si and Al inventory using alkaline activation solutions containing generally 

chemical products such as fly ash or other inorganic slag materials that are rich Si and Al rich. 

An alternative approach is to consider using clays such as pyrophyllite (Al2Si4O10(OH)2) which 

is a 2:1 layered aluminosilicate mineral clay (i.e. atomic ratio Si:Al = 2) which possesses a Si:Al 

ratio closer to the target geopolymer compositions in comparison to kaolinite clay. This method 

allows for a more economical rationalization of the Si-containing chemical precursors used for 

preparation of the alkaline activation solution thus reducing the cost of the geopolymer 

production. 

      The geopolymers have many applications in different fields such as construction material 

(Samuel et al., 2021), ceramics (Davidovits, 1991) and porous media used for pollutant 

adsorption from aqueous environments (Khan et al., 2015; Singhal et al., 2017). Porous 

geopolymer materials constitute viable alternatives for the treatment of industrial wastewater 

thanks to the ready availability of precursors in nature, their environmentally compatible 
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composition, and their nanoscale size/high volume pores and large specific surface area (Ge et 

al., 2015; Su et al., 2020). The advantage of use the geopolymers in adsorption process is theirs 

easily regeneration and their reuse after exhaustion in production of new building materials 

(Novais et al., 2020). Textile industry is one of the major industries using dyes to color their 

products; however, the waste solutions produced presents an environmental challenge of 

immense scale (Amjlef et al., 2021). Several techniques such as adsorption, photocatalytic 

degradation, precipitation, coagulation/flocculation, biodegradation, ion exchange and 

membrane separation have been used for decontaminating polluted wastewater (He et al., 2020; 

Ait El Fakir et al., 2021; Akhsassi et al., 2021; Bouddouch et al., 2021). More recently, porous 

geopolymers have been used for immobilization of radionuclides and radioactive waste 

generated from low-level waste stream (Kim et al., 2021; Niu et al., 2022). In general, 

adsorption methodologies are more widely preferred due to their efficiency, simplicity and low 

cost. Several works are devoted the adsorption of dye molecules from aqueous solution using 

the geopolymers materials, but their adsorption capacity doesn’t reach those of others 

adsorbents materials such as soils, agricultural waste, unmodified and modified clay (Şahin et 

al., 2015). The advantage of geopolymers compared with raw clays and with others classical 

adsorbents is theirs high mechanic resistance, chemical and thermal stability allowed it her 

regeneration and recyclization (Novais et al., 2020). 

      The aim of this study is to develop a new eco-friendly and cost-effective porous geopolymer 

material based on a Moroccan natural pyrophyllite clay rich taken from Tata region. In order to 

promote the pore development in this geopolymer system a water:solid ratio of H2O:Na2O = 15 

has been implemented, as described in previous work (Bouna et al., 2020). The geopolymers 

systems produced have been characterized by X-ray Diffraction (XRD), 29Si and 27Al magic-

angle-spinning nuclear magnetic resonance (MAS NMR) analysis, Fourier Transform Infrared 

Spectroscopy (FTIR), Differential Thermal Analysis (DTA) and Thermal Gravimetric Analysis 

(TGA), N2 adsorption/desorption isotherm analysis using the Brunauer-Emmett-Teller (BET) 

method and Scanning Electron Microscopy (SEM). In addition, the effectiveness of the newly 

synthesized porous geopolymers was gauged by measuring the stable uptake and elimination 

of methylene blue (MB) from aqueous solution. From an analysis of the adsorption mechanism 

process several kinetic and adsorption models such as Pseudo First Order (PFO), Pseudo 

Second Order (PSO), Intra Particles Diffusion (IPD), Langmuir, Freundlich and Temkin have 

been evaluated.  

2. Materials and Methods 
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2.1. Materials 

      The raw pyrophyllite rich clay (PY) used in this work was acquired from the Addis village 

located in the Tata region of southern Morocco (29°41´31 ̋ N 7°58´25 ̋ W). This region belongs 

geologically in western part of Bani Mountain located in south of Anti-Atlas massif. The metal 

oxide composition of the raw (PY) sample was measured by X-ray Fluorescence analyses is 

presented in Table 1. Silicon dioxide, Sodium hydroxide and methylene blue chemicals 

compounds were purchased from Sigma-Aldrich, and they were used without further treatment.  

Table 1: Chemical composition (wt.%) of the raw pyrophyllite rich clay (PY). 

Oxides 

(wt.%) SiO2 Al2O3 Fe2O3 K2O MgO SO3 CaO Na2O P2O5 

Loss on 

ignition 

PY 60.6 23.5 3.2 2.5 0.8 0.6 0.5 0.4 0.1 7.8 

 

2.2. Porous Geopolymer Preparation 

      The natural raw pyrophyllite sample was coarsely crushed and ground, and sieved to a 50 

µm particle size; this sample is denoted PY. PY-800 is the PY sample calcined at 800 °C for 8 

h in air using a Lenton muffle furnace. PY-GPx (x = 1 - 7) are the geopolymers obtained after 

adding 2g of PY-800 to an alkaline activation solution previously prepared by the dissolution 

of desired amount of SiO2 and NaOH in 15 ml of distilled water under vigorous magnetic 

stirring until it became a homogeneous gel (Table 2). The PY-GPx (x = 1 - 4) are the reaction 

mixtures stirred for 15 min for homogenization and then kept in oven at 70°C for 72 h for the 

geopolymerization reaction to proceed, whereas the PY-GPx (x= 5 - 7) samples are maintained 

at 25 °C. The solid recovered is crushed and washed successively with distilled water to remove 

the excess soluble unreacted matter (Fig. 1). The sample is recuperated by centrifugation, then 

dried and re-crushed for structural characterization and adsorption testing. 
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Fig. 1: Schematic representation of the porous PY-based geopolymer preparation. 

Table 2: Synthesis conditions of each geopolymer preparation. 

Geopolymer PY-800 (g) SiO2 (g) NaOH (g)  H2O (ml) 

Geopolymerization  

Temperature (°C) 

PY-GP1 2 1 1 15 70 

PY-GP2 2 0.5 1 15 70 

PY-GP3 2 0 0.5 15 70 

PY-GP4 2 0.5 0.5 15 70 

PY-GP5 2 1 1 10 25 

PY-GP6 2 0.5 1 10 25 

PY-GP7 2 0.5 0.5 10 25 

 

2.3. Characterization Methods 

      The chemical composition of raw natural pyrophyllite rich clay (PY) was determined by X-

ray Fluorescence (Axios PANalytical spectrometer). The XRD data from the different 

geopolymer preparations were measured using a Bruker D8 Advance Twin diffractometer using 

KαCu irradiation at a wavelength of λ = 1.5418 Å. The diffraction patterns were determined 

over a 5 - 60° 2θ range, time of reckoning 0.3 s and step scanning of 0.05°. FTIR spectra were 

carried out in the range of 400 - 4000 cm−1 using the IRAffnity-1S Shimadzu 

spectrophotometer. TGA and DTA analyses were performed using the Q500 TA instrument. 

The TGA and DTA phenomena of raw PY and PY-GP4 samples were examined over a 25 - 
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1000 °C temperature range with a rate of 10 °C/min. The specific surface area of raw PY and 

PY-GP4 samples were determined using the BET method (Brunauer et al., 1938), while the N2 

adsorption/desorption isotherms at 77 K were utilized using a 3FLEX (Micromeritics, USA) 

analyzer type. The total pore volume VT was determined from the volume of N2 gas adsorbed 

at relative pressure of 0.89, with each sample being outgassed at 200 °C for 12 h prior to 

measurement. SEM analysis was used to examine the morphology of each geopolymer 

preparation; this was undertaken using a Jeol TSM-IT100 operating at a voltage of 20 KeV, 

coupled with an Energy Dispersive X-rays Spectroscopy (EDS) analyzer. 

All 29Si measurements were performed at 7.05 T using a 300 MHz Bruker Avance III HD 

spectrometer operating at 29Si Larmor frequency (νo) of 59.63 MHz. These experiments were 

performed using a Bruker 7 mm HX probe which enabled a MAS frequency of 5 kHz to be 

implemented. The pulse length calibration was performed on solid kaolinite (Al2Si2O5(OH)4) 

from which a π/2 pulse time of 6 µs was determined. Quantitative single pulse measurements 

were undertaken using a recycle delay of 240 s. The reported 29Si chemical shifts were 

externally referenced against the primary reference of (CH3)4Si (1% in CDCl3, δiso = 0.0 ppm) 

via the secondary solid kaolinite reference (δiso = –91.5 ppm) (Watanabe et al., 1987; Harris et 

al., 2002). The corresponding 1D 27Al MAS NMR study was undertaken at 9.4 T and 11.7 T 

using Bruker Avance 400 MHz and Bruker Avance 500 MHz spectrometers, respectively. 

These experiments were performed using Bruker 3.2 mm HX probes which enabled a MAS 

frequency of 20 kHz throughout. The 27Al pulse length calibration was performed on a 1.1 M 

Al(NO3)3 solution where a non-selective (solution) π/2 pulse length of 9 µs was determined, 

thus equating to a selective (solid) π/2 pulse length of 3 µs for the I = 5/2 27Al nucleus. Semi-

quantitative data was acquired using single pulse experiments employing a π/6 pulse length of 

1 µs and a recycle delay of 30 s. The reported centre-of-gravity (apparent) shifts (δ) and 

isotropic (δiso) 
27Al chemical shifts were externally referenced against the primary 1.1 M 

Al(NO3)3 solution reference (in D2O, δiso = 0.0 ppm) (Harris et al., 2002). The spectral 

simulation of all 29Si and 27Al MAS NMR data was performed using the DMfit software 

package (Massiot et al., 2002). Additional 2D 27Al MQMAS data were acquired using a three-

pulse z-filtered pulse experiment. Typical pulse widths for the excitation, conversion and soft 

z-filter pulses were 2.4, 0.8, and 9.8 µs, respectively. In similar fashion to the 1D MAS NMR 

data, the 27Al chemical shift referencing was undertaken externally against the primary 

reference of Al(NO3)3(aq) (1.1 mol in D2O, δiso = 0.0 ppm) (Harris et al., 2002). 

2.4. Adsorption Tests 
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      For the present study, methylene blue (MB) was chosen as the organic pollutant model dye 

due to its potential relevance to the textile industry, and the ease of incorporation and 

manipulation in the experimental testing. We have studied a several indicators that influence 

the MB adsorption phenomena including adsorbent mass, pH, contact time, MB initial 

concentration and temperature effect. These adsorption conditions are given in Table 3. 

Table 3: Methylene blue adsorption tests conditions 

Parameters 

studied 

Temperature 

(°C) 

pH Geopolymer 

powder 

mass (mg) 

Contact time 

(min) 

MB initial 

concentration 

(mg/L) 

MB solution 

volume (mL) 

 

adsorbent mass 

effect 

25 7 20-200 180 100 25 

pH effect 25 2-10 60 180 100 25 

Stirring time 

effect 

25 7 60 5-240 100 25 

MB Initial 

concentration 

effect 

25 7 60 120 50-300 25 

 

Temperature  

effect 

25 

35 

45 

55 

 

7 

 

60 

 

120 

 

100 

 

25 

 

      The pH values are adjusted with 0.1M HCl and 0.1M NaOH solutions and are monitored 

using a pH meter. The adsorption experiments are arranged in batch conditions into a beaker 

under vigorous stirring to keep liquid/solid ratio constant. Aliquots of 3ml volume were 

removed after a contact time period, then separated by centrifuge at 4000 rpm for 2 min and 

analyzed with a 6705 UV/Vis spectrophotometer operating at a wavelength of 664 nm.  

      The adsorption capacity at equilibrium (qe), the adsorption capacity any time t (qt) and the 

percentage of MB removed at any time t are determined by equations (1), (2) and (3), 

respectively (Suopaja et al., 2020; Amjlef et al., 2021) : 

𝑞𝑒 =
(𝐶𝑖−𝐶𝑒)

m
𝑉      (1) 

𝑞𝑡 =
(𝐶𝑖−𝐶𝑡)

𝑚
𝑉      (2) 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶𝑖−𝐶𝑡)

𝐶𝑖
100     (3) 
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In these equations Ci, Ce and Ct are the initial concentration, equilibrium concentration and 

concentration at time t of MB concentration in mg/L, respectively, while V is the volume of 

solution (in L) and m is the mass of adsorbent (in g).  

3. Results and Discussion 

3.1 XRD Analyses 

      The X-ray diffraction data of the raw PY clay, PY-800 calcined phase and different 

geopolymers elaborate PY-GPx (x = 1 - 7) are shown in Fig. 2. The diffractogram of the raw 

PY sample exhibits intense characteristic reflections from pyrophyllite (Al2Si4O10(OH)2, 

JCPDS: 96-900-0277), muscovite (KAl2(AlSi3O10)(OH)2, JCPDS: 96-900-4642), kaolinite 

(Al2Si2O5(OH)4, JCPDS: 80-0886) and quartz (SiO2, JCPDS: 96-900-9667). Corresponding 

diffraction data from the calcined PY-800 fraction shows the disappearance of the kaolinite 

reflections which exhibits reduced crystallinity under thermal treatment due to structural 

disorder induced by high temperature dehydroxylation of this system (Bouna et al., 2020; Sayed 

et al., 2020). The reflections from the quartz and pyrophyllite components are unchanged except 

for the characteristic (003) reflection of pyrophyllite appearing at 29.08° (2θ) which moves to 

a smaller angle 28.7° (2θ) that due to the PY dehydroxylation after calcination at 800 °C (Li et 

al., 2014; Erdemoğlu et al., 2020). In contrast, the muscovite was transformed to potassium 

aluminum silicate phase (K(Si3Al)(Al2)O11, JCPDS: 046-0741) (Bouna et al., 2020) upon 

calcination. For the synthesized geopolymer samples PY-GPx (x = 1 - 7) the appearance of the 

amorphous hump in 20 - 35° 2θ angular range is observed to be more intense in  the PY-GP1, 

PY-GP4 and PY-GP5 samples which are geopolymer syntheses at both 70°C and at room 

temperature, thus suggesting that the observed amorphous component is independent of 

geopolymerization temperature. All geopolymers spectra shown the very intense reflections of 

both pyrophyllite and potassium aluminum silicate phases indicate theirs low chemical 

activation. In the next study, we have choosing PY-GP4 sample for undergo more 

characterization method and realize the adsorption tests. The last is geopolymer elaborate with 

lower chemical activators (Table 2) and prepared quickly because those prepared at room 

temperature demand more days for drying. 
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Fig. 2: XRD data from the PY raw clay, PY-800 calcined fraction and geopolymers samples 

PY-GPx (x = 1, 2, 3 and 4) geopolymers prepared at (a) 70°C, and (b) PY-GPx (x = 5, 6 and 

7) geopolymers prepared at room temperature. 

3.2 29Si and 27Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

Analyses 

      The experimental and deconvoluted 29Si and 27Al MAS NMR data from the PY raw clay, 

PY-800 calcined fraction and PY-GP4 prepared geopolymer samples are presented in Figs. 3(a) 

- (c), with the chemical shifts and the quadrupole coupling constants reported in Tables 4 and 

5. For the PY raw sample, the prominent resonance at ~–96 ppm Q4(1Al) is attributed to a 

pyrophyllite clay phase (Fitzgerald et al., 1996; Li et al., 2014), while the signals at ~–108 and 

~–112 ppm correspond to the fully condensed Q4(0Al) Si species of quartz and amorphous 

silica, respectively, which are present in the raw sample (Mackenzie and Smith, 2002). The 

quartz assignment is corroborated by the XRD analysis above. The 29Si broad resonances in the 

–80 - –95 ppm range are contributions from Q3(0Al) (~–93 ppm), Q3(1Al) and Q3(2Al) species; 

the former resonance is the well-characterised hydroxylated Q3(0Al) Si position in kaolinite 

(Mackenzie and Smith, 2002), while the latter observed at ~–86 ppm represents Q3(1Al) and 

Q3(2Al) species associated with a muscovite phase present in the raw material (Weiss et al., 

1987). Only two resonances are observed in the variable field 27Al MAS NMR data in Figs. 

3(b) and (c); these correspond to four coordinate AlO4 positions in the muscovite phase and six 

coordinate AlO6 positions associated with the kaolinite, muscovite and pyrophyllite phases 

(Sanz and Serratosa, 1984). The broad 29Si linewidths observed for these Q3 resonances, 

together with the extended tailing of the 27Al AlO4 and (in particular) AlO6 resonances on the 

high field/low ppm side suggests that significant structural disorder is associated with all three 

phases. 

      Upon calcination of the pyrophyllite phase at 800 C, the 29Si and 27Al MAS NMR data from 

the PY-800 sample exhibits clear evidence of dehydroxylation under this thermal treatment. 

The 29Si resonance at ~–96 ppm shifts to ~–102 ppm (see Fig. 3(a)) (Sainchez-soto et al., 1993), 

while the Al speciation exhibited in Figs. 3(b) and (c) assumes greater complexity. Of particular 

note is the second order broadened five coordinate (AlO5) pyrophyllite resonance at δiso ~25 

ppm (CQ = 10.5 MHz, ηQ = 0.0) resulting from the AlO5(OH) → AlO5 dehydroxylation process. 

This observation is consistent with previous studies (Sainchez-soto et al., 1993; Sa´nchez-Soto 

and Pe´rez-Rodrı´guez, 1997). Upon the loss of the OH– group the Al speciation transforms 

from six coordinate to five coordinate thus reducing the point symmetry and markedly 
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increasing the linewidth, although axial point symmetry (ηQ = 0.0) is maintained. The accuracy 

of the deconvoluted 27Al MAS NMR data is confirmed by constraining these field dependent 

data at different external magnetic field strengths, as evidenced in Figs. 3(b) and (c) and Table 

5. The thermal transformation process also induces an increase in AlO4 speciation at the 

expense of AlO6 inventory from the clay compositions, with an additional AlO5 transitional 

species (δiso ~25 ppm) also being observed; however, this AlO5 species is characterized by a 

significantly narrower linewidth and smaller quadrupolar parameters in comparison to the AlO5 

species generated by the pyrophyllite dehydroxylation process (CQ ~10.5 MHz vs. 3.1 MHz) 

(Bradley and Hanna, 1993, 1994; Samuel et al., 2021).  

      For the final PY-GP4 geopolymer preparation the 29Si MAS NMR data of Fig. 3(a) shows 

that most of the Si speciation is dominated by shifts in the –80 - –95ppm range. These structural 

moieties are condensed Q4 Si units with a predominance of Al in the next-nearest-neighbor 

coordination sphere (Rowles et al., 2007; Tsai et al., 2010; Walkley et al., 2018; Tian et al., 

2020). Structural units such as Q4(2Al), Q4(3Al) and Q4(4Al) are intrinsic to the amorphous 

geopolymer network and form selectively at the expense of AlO5 and AlO6 speciation (Rowles 

et al., 2007; Walkley et al., 2018; Samuel et al., 2021). In additional to the 29Si MAS NMR 

characterisation, the 27Al MAS NMR data of Figs. 3(b) and (c) demonstrate the predeominance 

of AlO4 moieties defining this network, although these data also show that some 

residual/unreacted muscovite and pyrophyllite clay components still exist in the system. The 

27Al MQMAS data in Figs.3 (d)-(f) also confirms that the disordered muscovite phase is 

persistent thoroughout the geolpymer transformation process. These data also demonstrate that 

the short range disorder affecting the AlO4 and AlO6 positions has different origins, with the 

AlO4 species being influenced by chemical shift dispersion while the AlO6 species are 

dominated by distributions of quadrupolar parameters introduced by disorder in the Al-O bond 

lengths and bond distances (Rowles et al., 2007; Walkley et al., 2018).  
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Fig. 3: Solid state NMR study showing the (a) 29Si MAS NMR data, (b), (c) variable field 

27Al MAS NMR data, and (d)-(f) 27Al MQMAS data from the PY raw clay, PY-800 calcined 

fraction and PY-GP4 prepared geopolymer systems. The resonances marked with asterisks (*) 

represent spinning sidebands. 

 

 

Table 4: The assignment of the chemical shifts from the 29Si MAS NMR data. 
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Assignment δiso (29Si)/ppm (± 1) 

Q4(0Al) Silica (amorphous) –112 

Q4(0Al) Quartz –108 

Q4(1Al) Pyrophyllite (dehydroxylate) –102 

Q4(1Al) Pyrophyllite (hydroxylate) –96 

Q4(2Al) –93 

Q4(3Al) –87 

Q4(4Al) –82 

 

Table 5: The assignment of the chemical shifts from the 27Al MAS NMR data. 

 

3.3 Infrared Spectroscopy Analyzes 

      Fig. 4 shows the FTIR spectra of the raw PY clay, the calcined PY-800 fraction and the 

prepared PY-GP4 geopolymer. The bands at 562 and 474 cm-1 present in each sample are 

ascribed to characteristic deformation vibrations of the Si-O bond previously reported in clay 

minerals (Li et al., 2014), while the band observed at 798 cm-1 is attributed to quartz Si-O bond 

vibrations (Bouna et al., 2020). Intense bands in the 1029 - 1047 cm-1 range are characteristic 

of asymmetric stretches in Si-O bonds, with the shifting position from 1047 cm-1 (for the  

calcined PY-800 precursor) to 1029 cm-1 (for geopolymer PY-GP4) suggests successful 

activation of meta-pyrophyllite phase with the alkaline activation solution and formation of 

geopolymer matrix (Singhal et al., 2017; Hu et al., 2020). The moderately intense band at 3650 

cm-1 appearing in the raw PY spectrum is characteristic the of OH vibrations associated with 

pyrophyllite, muscovite and kaolinite clays; this band disappears from PY-800 sample under 

calcination (dehydroxylation) conditions at 800 °C  (Li et al., 2014; Wan et al., 2017). A less 

intense band appearing at 1649 cm-1 is assigned to bending deformation modes of adsorbed 

water (Singhal et al, 2017; Tchakouté et al., 2021). This band is more prominent in the 

geopolymer PY-GP4 sample. A large band distributed over the 2800-3750 cm-1 range is 

associated with the PY-GP4 data is characteristic of OH vibrations observed in amorphous 

Assignment δiso (27Al)/ppm (± 2) CQ/MHz (± 0.05) 

Muscovite (AlO4) 72 2.4 

Muscovite & Pyrophyllite (AlO6) 8 3.4 

Pyrophyllite Dehydroxylate 25 10.5 

(ηQ = 0.0) 

Geopolymer (AlO4) 61 2.3 

Geopolymer (AlO5) 25 3.1 

Geopolymer (AlO6) 5 2.6 
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geopolymers (Bouna et al., 2020). For PY-GP4@MB; the sample obtained after methylene blue 

adsorption. We show the appearance of news vibrations bands at 1342, 1387, 1503 and 1607 

cm-1 attributable to the bending vibrations of methylene blue molecule adsorbed into 

geopolymer surface (Dzoujo et al., 2022). Furthermore, we observed the narrowing of the band 

characteristic of OH vibrations (2800-3750 cm-1) that confirm and highlight the MB molecules 

fixation (Dzoujo et al., 2022). 

 

 

Fig. 4: FTIR spectra of the raw PY clay, the calcined PY-800 fraction, the synthesized 

geopolymer PY-GP4 and PY-GP4@MB sample obtained after MB molecules adsorption. 

3.4 TGA/DTA analysis  

      Fig. 5 present the thermograms and differential thermal analysis data for the raw PY clay 

and the synthesized PY-GP4 geopolymer as a function the heating temperature. The data from 

the raw PY clay shows the presence of two endothermic transitions. The first (observed over  

the 50-110 °C range) is associated with a mass loss of 2.2% and corresponds to the removal of 

physisorbed water from the particle surfaces and pore structure of the clay minerals (Pérez-
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Maqueda et al., 2004), while the second endothermic transition (appearing over the 420-915 °C 

range) associated with a mass loss of 5.5% is attributed to dehydroxylation of the pyrophyllite, 

kaolinite and muscovite clays minerals present in raw sample (Guanghui et al., 2014; 

Erdemoğlu et al., 2020). The prepared PY-GP4 geopolymer shows a significant increase in 

mass loss of physisorbed water (4.7%) compared to raw PY sample confirming the development 

of important attributes such porosity and permeability resulting from the geopolymer synthesis 

conditions (Bouna et al., 2020). In addition, the very low mass loss observed above 400°C 

(~0.4%) from the PY-GP4 geopolymer indicates a highly stable system resulting from the use 

of PY-800 (metapyrophyllite) precursor phase used for the geopolymer formation. 

 

Fig. 5: TGA/DTA curves of PY raw sample and PY-GP4 prepared geopolymer. 

3.5 BET Surface Area Assessment 

      The adsorption-desorption isotherm curves from the raw PY clay and the prepared PY-GP4 

geopolymer are presented in Fig. 6. Both data sets demonstrate type IV isotherms with H3 

hysteresis loops in accordance with International Union of Pure and Applied Chemistry 

(IUPAC) classifications, indicating that the geopolymer nanostructure is comprised of slit-like 

shaped pores. As previously reported, this isotherm and hysteresis behaviour is characteristic 

of mesoporous materials (Sing et al., 1985; Bouna et al., 2020). For the PY-GP4 geopolymer, 

both specific surface area (SBET = 86.5 m2/g) and pore volume (Vp = 0.08 cm3/g) have 
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significantly increased in comparison to the raw PY raw clay (SBET = 30.0 m2/g, Vp = 0.05 

cm3/g (see Table 6). This result indicates that the implemented geopolymerization process 

increases the specific surface area and stimulates the development of new micro and 

mesoporous sites in the final material (see Table 6). Similar isotherm and hysteresis types have 

been recently reported by Singhal et al. and Bouna et al. (Singhal et al., 2017; Bouna et al., 

2020). 

 

Fig. 6: Nitrogen adsorption-desorption isotherms from the raw PY clay and the 

synthesized PY-GP4 geopolymer sample. 

Table 6: Specific surface area SBET, microporous Vmic, mesoporous Vmes and total of pore 

volume VT values of PY raw clay and PY-GP4 prepared geopolymer sample. 

 SBET (m2/g) Vmic (cm3/g) Vmes (cm3/g) VT (cm3/g) 

Raw PY sample 30.00±0.1 - 0.053 0.053 

PY-GP4 geopolymer 86.58±0.6 0.012 0.074 0.086 

 

3.6 SEM Analysis 

      The sample morphology observed from powdered samples of the raw PY clay, the calcined 

PY-800 fraction, prepared PY-GP4 geopolymer and PY-GP4@MB sample obtained after MB 

dye adsorption as observed by SEM micrographs are presented in Fig. 7. Table 7 shows the 

EDS analyses of various samples, the high atomic percentages obtained for Si and Al elements 
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confirms the aluminosilicate character of our materials. The images presented in Figs 7a and 7b 

exhibit morphologies characteristic of pyrophyllite clay mineral (Erdemoǧlu et al., 2004; Zhang 

et al., 2015; El Gaidoumi et al., 2019, 2019) ; however, 7c and 7d images shows an altered 

morphology associated with the calcined PY-GP4 phase pyrophyllite. Moreover, 7e and 7f 

images present the morphologies that are aligned with amorphous and porous geopolymers 

systems (Bouna et al., 2020). From these images heterogeneous and disordered microstructures 

with the presence of the inter-particle pores can be observed for the geopolymer PY-GP4 in 

comparison to the raw PY clay and calcined PY-800 fraction. This morphology corroborates 

the results highlighted by the FTIR, TGA/DTA and BET analysis methods reported above, and 

agrees with previously reported findings from other studies (Bouna et al., 2020; Lertcumfu et 

al., 2020). For PY-GP4@MB; sample obtained after MB molecules adsorption, 7g and 7h 

image shows a more homogeneous surface and a lower porosity compared to those of the 

starting material (PY-GP4). In addition, the EDS analysis of the PY-GP4@MB sample (Table 

7) detects the C and S elements correspond to the MB molecules fixed on the surface and the 

pores of our geopolymer material. 
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Fig. 7: SEM micrographs of, (a, b) raw PY clay, (c, d) calcined PY-800 fraction, (e, f) 

prepared PY-GP4 geopolymer and (g,h) sample PY-GP4@MB obtained after MB fixation. 

Table 7: EDS atomic percentage of, raw PY clay, calcined PY-800 fraction, prepared PY-

GP4 geopolymer and PY-GP4@MB: sample obtained after methylene blue adsorption. 

                                  % Atomic 

 Si Al K Na Mg Ti C S 

PY 62.41 27.85 5.74 1.63 1.23 1.14 - - 

PY-800  62.19 29.50 6.82 1.48 - - - - 

PY-GP4 64.43 27.28 6.71 1.57 - - - - 

PY-GP4@MB 47.62 24.52 3.25 2.12 1.20 - 20.92 0.34 

 

4. Adsorption Tests  

4.1 Parameters Affecting the Adsorption Experiments  
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The effect of adsorbent mass, stirring time and pH are presented in Figs. 8a, b, and c, 

respectively. All experiments were realized in batch condition at room temperature under 

magnetic stirring. Fig. 8a shows the amount adsorbed of methylene blue dye MB present in 

aqueous solution on different mass of our prepared geopolymer powder PY-GP4. The mass of 

adsorbent effect was studied in 0.8 - 8 g/L range, the initial MB concentration was fixed at 100 

mg/g, the delay of stirring is 2h and all experiments were stabilized at pH = 7. The curve 

obtained shows that between 0.8 - 2.4 g/L interval the removal amount of MB increases with 

increasing of adsorbent mass indicating the presence of adsorption-active sites in the 

geopolymer PY-GP4 system (Ge et al., 2017). Then, we obtained a pallier from 2.4 - 8 g/L 

indicate the total adsorption of MB molecules into porous geopolymer adsorbent. We have 

chosen the adsorbent concentration 2.4 g/L for realize the next study. 

Fig. 8b shows the adsorbed amount of MB over time. This experiment was realized in the 

following conditions; [adsorbent] = 2.4 g/L g/L, [MB]0 = 100 ppm and pH = 7. These results 

show that the adsorption amount increases with increasing of the contact time until saturation 

of 90 min is reached. Therefore, the equilibrium time selected in all subsequent studies is 120 

min. 

      The influence of pH medium was studied in 2 - 10 interval, the adsorbent concentration was 

fixed at 2.4 g/L, [MB]0 = 100 mg/L, stirring time was 2 h. The obtained results presented in 

Fig. 8c indicate that the amount of MB adsorbed on PY-GP4 surfaces increases with increasing 

of the pH value. This result can be explained by the creation of new adsorption sites due to an 

increase of negative charge density on the pore surfaces induced by deprotonation of M-OH 

species under the influence of OH- entities present in basic medium according to the following 

reaction (4) (Su et al., 2020): 

M-OH + OH-      →    M-O- + H2O (M= Si ou Al)           (4) 

Therefore, the large amount of MB adsorbed in basic medium is mainly induced by 

electrostatic forces due to the attraction between the cationic MB dye and the negative surface 

charge of the pores within the adsorbent material (Bouna et al., 2020; Hermann et al., 2021). 

For our sample, the contribution of MB adsorbed favored by the basic medium compared with 

acidic medium was about 2%. This low involvement is in high agreement with the thermal 

analyses results which show that the loss mass of (OH) entities appearing over the 420-915 °C 

range in our elaborate geopolymer sample was only 0.4% (Fig. 5). 
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Fig. 8: Parameters affecting the adsorption experiments: (a) adsorbent mass, (b) stirring 

time and (c) pH of medium. 

4.2 Adsorption Kinetics 

The adsorption kinetics have been provided to understand the adsorption mechanism 

between the adsorbate and adsorbent. In this present work, three kinetics models have been 

described for following the adsorption kinetics of MB cationic dye uptakes by our new 

porous geopolymer elaborate based on the natural PY clay, namely PFO, PSO and IPD as 

described above in equations (1), (2) and (3), respectively. The linear form of these models 

are presented in equations 5, 6 and 7, respectively. Table 8 summarizes the characteristics 

parameters calculated for the three kinetics models. 

𝑳𝒐𝒈 (𝒒𝒆 − 𝒒𝒕) = 𝑳𝒐𝒈 𝒒𝒆 −  
𝑲𝟏

𝟐.𝟑𝟎𝟑
𝒕       (5) 

         
𝒕

𝒒𝒕
=

𝟏

𝑲𝟐𝒒𝒆
𝟐 +

𝟏

𝒒𝒆
𝒕                    (6) 

                𝒒𝒕 =  𝑲𝒊𝒏𝒕𝒕𝟎.𝟓 + 𝑪                  (7) 
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where qe and qt are adsorbed amounts at equilibrium and time t in mg.g-1, respectively. k1 (min-

1), k2 (g.mg-1.min-1) and kint are the first order rate constant, second order rate constant and intra-

particle diffusion constant, respectively. 

After comparing the various parameters obtained in Table 8, it is concluded that the PSO 

model is the most acceptable compared to the PFO and IPD models. This conclusion is further 

supported by the linear correlation coefficient found which is very close to a value of 1, as well 

as the adsorbed amount of MB at equilibrium (qe) is calculated by the PSO model to be very 

close to the experimental value qe
exp = 43.5 mg/g. 

Table 8: Parameters kinetics determined from PFO, PSO and IPD models obtained for the 

MB adsorption on porous geopolymer adsorbent. 

Models Parameters 

 

Pseudo first order R2 

K1 (min-1) 

qe (mg/g) 

qe
exp (mg/g) 

0.987 

0.008 

32.359 

43.45 

Pseudo second order R2 

K2 (g/mg.min) 

qe (mg/g) 

qe
exp (mg/g) 

0.998 

0.002 

49.50 

43.45 

Intra particle diffusion 

R2 

Kint (g. mg-1.min-1/2) 

C (mg/g) 

0.9612 

0.073 

2.848 

 

4.3 Adsorption Model 

a- Initial dye Concentration Effect 

      Fig. 9 shows the evolution of MB adsorbed amount on the porous geopolymer adsorbent as 

function of dye initial concentration. The measured uptake shows behavioral regions; in the 

first stage spanning the 50 - 200 mg/g range an increase of adsorbed MB with increasing of 

initial concentration is observed that indicates the existence of vacant actives sites on adsorbent 

surface. Beyond 200 mg/g an invariant plateau is established indicating saturation of the active 

adsorption sites. The maximum amount of MB adsorbed in the porous PY-GP4 geopolymer 

adsorbent in these experimental conditions reaches 63.7 mg/g. 
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Fig. 9: Effect of the initial dye concentration on the MB adsorption within the porous PY-

GP4 geopolymer adsorbent (experimental conditions: [adsorbent] = 2.4 g/L, stirring time = 

120 min, temperature = 25 °C and pH = 7). 

b- Isotherm Models 

      Several physical models have been evaluated to understanding the types of interactions 

between the porous geopolymer adsorbent and the MB cationic dye adsorbate. We have used 

three conventional models namely, Langmuir, Freundlich and Temkin to test this behavior. The 

linear equations for these models are presented in the equations 8, 9 and 10 respectively (Acisli 

et al., 2020). 

Ce

qe
=

Ce

qm
+

1

KL qm
             (8) 

lnqe =
1

n
ln Ce + ln KF           (9) 

qe =  BT ln KT + BTlnCe            (10) 

where qm (mg.g-1), qe (mg.g-1) are the maximum and equilibrium adsorption amounts, 

respectively. Ce and n are the equilibrium concentration and Freundlich coefficient, 

respectively. In addition, KL (L.mg-1), KF (mg1-1/n.g-1.L1/n), KT (KJ.mol-1), are the Langmuir, 

Freundlich and Temkin constants, respectively, and BT is the constant related to the heat of 

adsorption. 
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Table 9 presents the calculated parameters characterizing the isotherm from each model. 

According to the linear correlation coefficients obtained for the three theoretical models 

applied, the Langmuir model (R2 = 0.999) exhibits the best correlation to the MB adsorption in 

the porous PY-GP4 geopolymer material. This result confirms the heterogeneity of the 

adsorption sites of this newly developed system. In addition, the maximum adsorption capacity 

estimated by Langmuir model of 64.10 mg/g is very close of experimentally measured value of 

63.70 mg/g. This important result indicates that this porous geopolymer network exhibits 

surface area and porous volume characteristics in strong agreement with the BET and SEM 

results. Although the adsorption mechanism of MB molecules on porous geopolymers systems 

has been proposed by several authors (Siyal et al., 2018; Bouna et al., 2020), this work 

conclusively shows that MB adsorbed is facilitated by ionic bonds formed between the 

positively charged MB and the negatively charged geopolymer surface, and by hydrogen bonds 

between hydroxyl groups (–OH) on the geopolymer pore surface and a nitrogen positions in the 

MB molecular structure (Siyal et al., 2018; Bouna et al., 2020). Table 10 presents and compares 

the adsorption capacity of the cationic MB dye by various geopolymer adsorbents reported in 

the literature. 

Table 9: Characteristics parameters calculated for diver isotherms models in the 

adsorption of MB dye onto PY-GP4 porous geopolymer adsorbent. 

Isotherm 

models 

Parameters 

 

Langmuir 

R2 

KL(L.mg-1) 

qm (mg.g-1) 

qe
exp (mg/g) 

0.999 

1.418 

64.103 

63.700 

Freundlich 

R2 

KF ( mg1-1/n.g-1.L1/n) 

n 

0.611 

34.329 

6.849 

Temkin 

R2 

KT (L.mg-1) 

BT (KJ.mol-1) 

0.723 

6.150 

443.977 

Table 10: Adsorption capacity of MB cationic dye of diver geopolymers materials reveled in 

literature. 

Geopolymer materiel Adsorbate qmax (mg/g) Reference 

Biomass fly ash based 

geopolymer spheres 
MB 30.1 (Novais et al., 2019) 
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Biomass fly ash geopolymer 

monoliths 
MB 20.5 (Novais et al., 2018) 

Kaolin geopolymer  MB 25.6 (Yousef et al., 2009) 

Metakaolin based 

geopolymer 
MB 43.48 

(El Alouani et al., 2019) 

Metakaolin and rice husk 

based geopolymer 
MB 4.9 

(Khan et al., 2015) 

PY-GP4 porous geopolymer 

based pyrophyllite 

         MB 64.10 This work 

 

4.4 Thermodynamic Study 

The thermodynamics parameters namely, enthalpy (ΔH°), entropy (ΔS°) and free energy (ΔG°) 

were studied in 298 - 328 K temperature interval. That allow determining the adsorption process 

type. The latest were determined by following equations (11), (12) and (13) mentioned below 

(Amjlef et al., 2021; Chen et al., 2021):  

∆𝐺° =  −𝑅𝑇𝑙𝑛𝐾𝑑  (11) 

∆𝐺° =  ∆𝐻° − 𝑇∆𝑆°   (12) 

𝐿𝑛𝐾𝑑 =  
−∆𝐻°

𝑅𝑇
+  

∆𝑆°

𝑅
    (13) 

Where: Kd is the equilibrium constant, R is the ideal gas constant (8.314 J/K.mol) and T is the 

temperature (K). 

      Fig. 10 (a) illustrates the adsorbed amount of MB adsorbate molecules onto our porous 

geopolymer elaborate at diver temperature. The curve obtained shows that the adsorbed amount 

increases from 43.27 to 44.21 mg/g with increasing of the temperature from 298 to 373 K. This 

result indicate that the adsorption process is supporting by temperature medium. The plotting 

of ln Kd as a function of 1/T is presented in Fig. 10 (b), the thermodynamic parameters enthalpy 

(ΔH°) and entropy (ΔS°) can be calculated from slop and intercept, respectively. Table 11 

presents the thermodynamic parameters calculated. The analysis of the results obtained indicate 

that the adsorption of MB cationic dye on our porous geopolymer powder is spontaneous 

(ΔG°<0) in 298 - 328 K temperature range. Moreover, the ΔG° value decrease with increasing 

of the temperature he passes from -6.49 to -10.61 KJ.mol-1 that indicate the adsorption process 

is more favorite at high temperature. Furthermore, the positive and important value of ΔH° (34 

KJ.mol-1) indicates that is an endothermic chemisorption process while the positive value of 
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ΔS° (0.135 KJ.mol-1K-1) indicates the adsorption process is irreversible (Panda et al., 2018; 

Siyal et al., 2018). 

 

Fig 10. (a) Temperature Effect of adsorption of MB adsorbate dye onto PY-GP4 

porous geopolymer adsorbent, (b) Van’t Hoff plot (Experiments conditions: 

[adsorbent] = 2.4 g/L, [MB] = 100 mg/g, stirring time = 120 min and pH = 7). 

Table 11: Thermodynamic parameters of adsorption of MB adsorbate dye onto PY-GP4 

porous geopolymer adsorbent. 

T(K) Δ  (KJ.   -1) Δ  (KJ.   -1) ΔS  (KJ.   -1. K-1) 

298 -6,486  

 

34,998 

 

 

 

0,135 

 

308 -7,098 

318 -8,404 

328 -10,607 

 

5. Discussion 

We have successively characterized the natural Moroccan clay collected from Addis village 

in the Tata region, located geologically in western part of Bani Mountain south of the Anti-

Atlas massif. The XRD results revealed that this natural clay was rich in the pyrophyllite 

mineral clay and was associated with minor amounts of muscovite and kaolinite clays and the 

quartz mineral (Fig. 2). Also, the 29Si MAS NMR spectra realized on PY raw clay show an 

intense signal at ~–96 ppm Q4(1Al) associate to pyrophyllite clay (Fig. 3(a)). while the signals 

at ~–108 and ~–112 ppm correspond to the fully condensed Q4(0Al) Si species of quartz and 

amorphous silica, respectively, which are present in the raw sample. The 29Si broad resonances 

in the –80 - –95 ppm range are contributions from Q3(0Al) (~–93 ppm) of hydroxylated 

kaolinite and at ~–86 ppm represents Q3(1Al) and Q3(2Al) species associated with a muscovite 
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phase present in the raw material. For 27Al MAS NMR (Figs. 3(b) and 3(c)), we show four 

coordinate AlO4 positions attribute to the muscovite phase and six coordinate AlO6 positions 

associated with the kaolinite, muscovite and pyrophyllite phases.  

The TGA/DTA thermal results of raw PY clay (Fig. 5) shows the presence of two 

endothermic transitions. The first (observed over the 50-110 °C range) is associated with a mass 

loss of 2.2% and corresponds to the removal of physisorbed water from the particle surfaces 

and pore structure of the clay minerals, while the second endothermic transition (appearing over 

the 420-915 °C range) associated with a mass loss of 5.5% is attributed to dehydroxylation of 

the pyrophyllite, kaolinite and muscovite clays minerals present in raw sample. 

For PY-800 calcined sample, the meta-pyrophyllite phase has been achieved upon 

calcination at 800 °C. XRD results (Fig. 2) show that the characteristic (003) reflection of 

pyrophyllite appearing at 29.08° (2θ) which moves to a smaller angle 28.7° (2θ), disappearance 

of the kaolinite reflections which exhibits reduced crystallinity under thermal treatment due to 

structural disorder induced by high temperature dehydroxylation of this system. the muscovite 

was transformed to potassium aluminum silicate phase. The 29Si and 27Al MAS NMR data from 

the PY-800 sample exhibits clear evidence of dehydroxylation under this thermal treatment. 

The 29Si resonance at ~–96 ppm of pyrophyllite shifts to ~–102 ppm (see Fig. 3(a)), while the 

appearance of five coordinate (AlO5) pyrophyllite resonance at δiso ~25 ppm (CQ = 10.5 MHz, 

ηQ = 0.0) resulting from the AlO5(OH) → AlO5 generated by the pyrophyllite dehydroxylation 

process (Figs. 3(b) and (c)). The thermal transformation process also induces an increase in 

AlO4 speciation at the expense of AlO6 inventory from the clay compositions. For FTIR results 

(Fig. 4), the moderately intense band at 3650 cm-1 appearing in the raw PY spectrum is 

characteristic the of OH vibrations associated with pyrophyllite, muscovite and kaolinite clays; 

this band disappears from PY-800 sample under calcination at 800 °C. 

For PY-GP4, elaborate geopolymer, the important value adsorbed by MB reach 64.1 mg/g 

confirms the porous character of elaborate materials. This is exposed by the SEM images (Figs. 

7-e and 7-f) which show certain pores developed on the surface of material as well as by the 

important values of the specific surface area and the porous volume SBET = 86 m2/g and Vp = 

0.08 cm3/g respectively, obtained by the adsorption of N2 (Fig. 6 and Table 6). The amorphous 

character of our elaborate geopolymer PY-GP4 is highlighted by amorphous bump observed by 

XRD analysis (Fig. 2), by broadband appears in FTIR spectrum in the 2800-3750 cm-1 range 

characteristic of OH vibrations of amorphous geopolymers (Fig. 4), by SEM images (Figs. 7-e 
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and 7-f) and by Q4(2Al), Q4(3Al) and Q4(4Al) species showed in 29Si MAS NMR spectrum 

(Fig. 3(a)) are intrinsic to the amorphous geopolymer network. 

Finally, for PY-GP4@MB the sample recovered after adsorption of MB process. The 

retention of MB molecules by the prepared geopolymer is confirmed by FTIR analysis (Fig. 4) 

by the presence of bands at 1342, 1387, 1503 and 1607 cm-1 attributable to the bending 

vibrations of MB molecule adsorbed into geopolymer surface as well as by the EDS analysis 

(Table 7) which shows a significant content of C and S elements correspond to the MB 

molecules. 

Conclusion  

We used the natural pyrophyllite clay rich in this study for preparing a porous geopolymer 

systems. The XRD and NMR (29Si and 27Al) results shows that the contribution of pyrophyllite 

in geopolymerization reaction was very low, the geopolymer matrix formed was majority 

assured by alkaline activation of the metakaolin present in the sample. The pyrophyllite role is 

forming of disordered and heterogeneous geopolymer promote the pore creation. Several 

geopolymers specimens have been synthesized by varying the concentration of the Si and Na 

precursors used for preparing the alkaline activation solutions. In particular, PY-GP4 is a 

geopolymer system synthesized at 70 °C with a lower concentration of the Si and Na chemical 

precursors. For this system both the specific surface area (SBET) and pore volume (Vp) (SBET = 

86 m2/g and Vp = 0.08 cm3/g) have increased considerably compared to raw clay (SBET = 30 

m2/g and Vp = 0.05 cm3/g). This new porous geopolymer system has been utilized for the 

adsorption and removal of methylene blue (MB) representing a cationic model dye in aqueous 

media. The results obtained indicate that adsorption kinetics follows a Pseudo Second Order 

(PSO) model, and the adsorption mechanism was better represented by a Langmuir model 

compared to Freundlich and Temkin models. These results suggest that an effective 

heterogeneity of adsorption sites have developed within the network of these new porous 

geopolymer systems. The thermodynamics experiments show that the overall MB adsorption 

process is spontaneous, irreversible and represents endothermic chemisorption. The quantity of 

MB molecules retained by these porous geopolymer systems reaches 64.10 mg/g. 
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