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Abstract

Pozzolan-based eco-adsorbents were synthesized by geopolymerization with addition of
hydrogen peroxide (H202) with mass ratios 0% (GPo) and 1% (GP1) and the products used to
sorb cationic methylene blue (MB) dye from water. The chemical composition, textural
properties, mineral composition, surface functions, as well as morphology and internal structure
of these samples were determined by the X-ray fluorescence, adsorption of nitrogen by the
B.E.T (Bruamer Emmet Teller) method, X-ray diffraction, Fourier Transformed Infrared
Spectroscopy (FTIR) and scanning electron microscopy (SEM), respectively. The effects of
contact time, dye initial concentration, adsorbent dosage, pH and temperature were examined
and are herein reported. Incorporation of 1% H2O:> increased the specific surface area from
4.344 to 5.610 m?/g representing ~29% increase in surface area. This translated an increase in
the MB adsorption capacity by 15 orders of magnitude from 24.4 to 366.2 mg/g for GPo and
GP1, respectively. The adsorption rates of methylene blue on the two geopolymers were best
described by the pseudo-second order kinetic model. The adsorption equilibrium data were best
described by the Sips and Freundlich isotherms models for GPy and GPi, respectively.
Thermodynamically, it was determined that the adsorption of methylene blue onto GPo and GP;

is a physical and endothermic process. The results show that incorporation of low amount of
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hydrogen peroxide into pozzolan-based geopolymers increases their adsorption capacity for

methylene blue dye stupendously while preserving the surface chemistry.

Keywords: Pozzolan, eco-adsorbents, geopolymers, adsorption, methylene blue

1. Introduction

The problem of environmental pollution is still a topical issue because many industrial activities
continue to generate various traditional and emerging pollutants, likely to create significant
nuisance such as the destruction of aquatic fauna and flora [1]. Indeed, industrial effluents are
among the major sources of environmental pollution. Additionally, these pollutants have the
capacity to bioaccumulate along the food chain and accumulate in certain organs of the human
body [2]. It is therefore essential to eliminate these toxic elements present in the industrial
effluents or to reduce their concentrations below the admissible thresholds defined by the
stipulated standards [1]. Faced by increasingly restrictive regulations, industries must
obligatorily treat their effluents before discharging into the environment. To fight against this
environmental issue, research in identification and elimination of water pollutants, such as
methylene blue, directly involved in the appearance of imbalances in ecosystems like
photosynthesis inhibition, under oxygenation, bioaccumulation or inducing serious disorders
that can harm health such respiratory problems or even lead to death, both in animals and

humans, is ever increasing [3].

For this purpose, various classical pollutant removal techniques are used namely coagulation,
flocculation, filtration, advanced oxidation processes (AOPs) and adsorption onto activated
carbons. Though traditional approaches are insufficient in removing dyes from water to
molecular levels, advanced oxidation processes are very expensive and toxic by-products are
formed in the process of dye removal [4]. On the other hand, activated carbon is very expensive
and the cost of regeneration is also very high [5]. The development of eco-friendly and cost-
effective technologies are more and more desired to preserve the environment and for
sustainability, respectively. Among the different treatment processes of dye-containing water
effluents, adsorption stands out to be one the techniques relatively easy to use, easy to set up
and of diverse variety of adsorbents that can used such as: biomass-derived activated carbons,
clays and pozzolans among others [6]. The latter is an abundant and inexpensive natural
resource in the world. Cameroon is counted among the largest producers of natural pozzolan,

producing approximately 600 Kt/year [7]. It consists mainly of oxides of silicon, aluminum
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and iron (SiO2, AlbO3 and Fe>O3) [8]. Pozzolan is used as a raw material in cement plants and
in water treatment [9, 10]. However, its use in the field of adsorption is still limited due to its
low adsorbing power, relative to other adsorbents [10]. For judicious use of this natural
resource, its adsorption characteristics must be improved. Several works on the synthesis and
adsorption of industrial contaminants onto geopolymers based on clays and fly ashes have been
reported in literature [11-13]. These studies demonstrate the efficiency of geopolymers in the
elimination of dyes from water effluent. However, the rarity of industrial waste precursors in
many developing countries especially in remote areas, relative to pozzolan, limit their
exploration. The transformation of the pozzolan into amorphous zeolite (geopolymer) is a
sustainable and inexpensive way for its utilization as adsorbent for water treatment.
Geopolymerization only does not guarantee a high adsorbing product [14]. Consequently,
several additives have been evaluated for amelioration the adsorption characteristics of
geopolymers. Singhal et al. [15] reported the use of Cetyl trimethylammonium bromide
(CTAB) to improve the textural characteristics of metakaolin-based geopolymer. Other
approaches include the chemical modification using bivalent metallic ions such as nickel, zinc
and barium [16, 17]. These methods have their inherent limitation. CTAB is not only expensive
but also changes the surface chemistry of the geopolymer. Alteration of the constitution of the
geopolymer introduces site specific interactions that may induce specificity in the uptake of
pollutants. Additionally, incorporation of bivalent heavy metals may cause secondary water
pollution in case of leaching from the geopolymer framework. Simple, low-cost and
environmentally benign methods are required for ameliorating the textural and adsorption
characteristics of geopolymers. Hydrogen peroxide is known to decompose quickly in alkaline
solution, the preparation conditions for geopolymer synthesis. The oxygen so-generated could
be trapped in the geopolymer structure thus improving its porosity parameters and hence its
adsorption performance while preserving its surface chemistry. The objective of this work was
to ameliorate the adsorption characteristics of pozzolan-based geopolymers by preparation of a
hydrogen peroxide modified pozzolan-based geopolymer as an eco-adsorbent. The effects of
incorporation of hydrogen peroxide on the textural, structural and adsorptive performance for
the removal of methylene blue dye from aqueous solution under various experimental

conditions were examined and are herein reported.
2. Materials and Methods

2.1 Geopolymer synthesis



The pozzolan used as a source of aluminosilicate was obtained from the locality of Mbouroukou
in the Littoral region of Cameroon, crushed and sieved through 100um sieve to obtain uniform
particle size. The alkaline activator solution was prepared by blending the sodium hydroxide
(12M from 98% purity sodium hydroxide flake) and commercial water glass (28.7 wt.% SiOa2,
8.9 wt.% Na;O and 62.4 wt.% H2O; density 1.37 g/mL). The ratio (liquid/liquid) of sodium
hydroxide/commercial water glass was 2.4. The geopolymer was synthesized by mixing the
alkaline solution and the pozzolan powder in a liquid/solid ratio of 0.3. This blend was
homogenized for 10 minutes using a mixer where a fresh paste was formed. To alter the porosity
of the geopolymers, hydrogen peroxide in a mass ratio of 1% was added, as a blowing agent, to
the paste previously left to rest for 30 minutes and it was then poured into cylindrical PVC
moulds. Once moulded, the whole was mechanically compacted for one minute and then put in
an oven (MEMMERT B2162385) at 60°C for 24 hours, then removed and left to rest for 4 days.
The geopolymer samples obtained without (pristine) and with incorporation of hydrogen
peroxide labeled GPoand GP1, respectively, were then dipped in acetone for 2 hours to stop the
geopolymerization process, then dried in the oven at 60°C for one hour. They were then
crushed, sieved and washed until a neutral pH is obtained, then dried in an oven for 6 hours.

2.2 Materials Characterization

The pozzolan and the synthesized geopolymers were subjected to various physico-chemical
characterizations in order to determine chemical composition, textural properties, mineralogical
composition, surface functional groups, internal structure and morphology by the following

methods:
2.2.1 X-ray fluorescence

The x-ray fluorescence spectrometry (XRF) method (Bruker-SRS 3400) was used to determine

the bulk oxide composition of pozzolan.
2.2.2 TIodine and methylene blue indices

The iodine and methylene blue indices are determined following the method used by Mbaye
[18] to evaluate the microporosity and macroporosity of eco-adsorbents. The procedures are as

follows:

2.2.2.1 Iodine Index
In a 100 mL Erlenmeyer flask, 0.1g of geopolymers previously dried in an oven at 110°C for

24 hours were brought into contact with 20 mL of 0.02N iodine solution mixture stirred for 4



to 5 min and then filtered. Subsequently, 10 mL of the filtrate was titrated with sodium

thiosulfate solution (0.1 N) using starch as the color indicator.

2.2.2.2 Methylene Blue Index

In a 100 mL Erlenmeyer flask, 0.1g of previously dried geopolymers and 50 mL of methylene
blue solution were mixed, and the mixture stirred for 4 to 5 minutes and then filtered. The
residual methylene blue concentration was determined using a UV - visible spectrophotometer
(MERCK spectroquant Pharo 300 UV/visible instruments) at a wavelength of 662 nm.

2.2.3 The point of zero charge (pHpzc)

The point of zero charge was determined following the protocol described by Karadag (2007)
[19]. Briefly, six NaCl control solutions (0.1M) with a pH between 2 and 12 are prepared. To
20 mL of each of these solutions is added 0.1g of adsorbent. The suspensions obtained are left
to stand for 8 hours under stirring at room temperature, and their pH values are accurately

determined using a pH meter (VOLTCRAFT PH-100ATC) after filtration.
2.2.4 Nitrogen Adsorption and Surface Area Measurement

Total surface area and micropore surface area of powder geopolymers were determined using
N> adsorption at 77 K in a Quantachrome Autosorb AS6AG Station 3 instrument (Institute of
Inorganic chemistry and structural of Dusseldorf, Germany). The values of the two properties
were calculated from experimental isotherms using the Brunauer-Emmett-Teller (BET)

analysis method.

2.2.5 X-ray Diffraction

The crystalline phases present on the samples were determined using X-ray diffraction (XRD).
An X-ray Powder Diffractometer (Bruker D8 Discovery, US) with the Bragg-Bretano theta-
theta configuration, using a CuKoa radiation at 27.5 kV and 25 mA was used for characterization.
Spectra was obtained in the 26 range from 6° to 80° with a step of 0.02° and 1 second per step

scan rate.
2.2.6 Scanning Electron Microscopy

Microscope equipped with Energy Microstructure analysis was carried out in some selected
specimens by HITACHI S-3400N Scanning Electron Dispersive X-ray Spectrometry analysis
(EDS), operating at 15.0 kV.

2.2.7 Fourier Transform Infra-Red spectroscopy (FTIR)



Fourier Transform Infra-Red spectroscopy (FTIR) permits the identification of functional
groups on the surface of these materials. FTIR analysis of the samples was carried out by a
FTIR Spectrophotometer (Nicolet 5700 FTIR, Thermo Electron Corporation) between 4000

and 400 cm™' wavenumbers.

2.3 Adsorption experiments

Methylene Blue (MB) (CisHisCIN3SxH2O) solutions were prepared at pre-defined
concentrations for adsorption experiments.

The adsorption experiments were carried out in batches at different initial values of dye
concentrations (10, 20, 30, 40 and 50 mg/L) and contact time using a precisely weighed quantity
of adsorbents (0.1g) into a 50 mL diluted solutions. After equilibration of 30 minutes for GP;
material and 50 minutes for the GPy material, the absorbance of residual solutions was measured
using a spectrophotometer (MERCK spectroquant Pharo 300 UV/visible instruments) at a
wavelength of the MB (662 nm).

The adsorption capacity at a given time and the percent removal (%R) of methylene blue were

calculated using the following equations:

4= (Coanz)V (1)
R(%):(Co—g)xloo )
Where:

qe: The quantity adsorbed at time t (mg/g); Co: The initial dye concentration (mg/L);
Ct: The dye concentration at time t (mg/L); V: The volume of the solution (mL) and

m: The mass of the adsorbent in solution (g).

2.3.1 Effect of contact time
The tests were carried out by mixing in a reactor, in turn, 0.1 g of each geopolymer with 50 mL
of the MB solution with a concentration of 50 mg/L. The homogenization of the mixtures is

ensured by a magnetic stirrer at a stirring rate of 120 rpm during time intervals of 10, 20, 30,

40, 50 and 60 minutes.

2.3.2 Effect of the initial concentration
Diluted methylene blue solutions of 50 mL at different concentrations (10, 20, 30, 40 and 50
mg/L) were prepared and introduced into 5 reactors. A mass of 0.1 g of different geopolymers

was added to each of these reactors and the mixture was stirred until the fixed equilibrium times



of 30 minutes for GP; material and 50 minutes for the GPy material, respectively, filtered and

residual MB determined.

2.3.3 Effect of pH

The effect of pH was examined by varying the pH of the MB solution from 2 to 12 using a
solution of hydrochloric acid HCI (0.1N) or caustic soda NaOH (0.1N) depending on the desired
pH.

2.3.4 Effect of adsorbent dosage

To various MB solutions with a concentration of 50 mg/L, masses of 0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 g of each geopolymers, singly, was added and stirred at time intervals of 30 minutes for GP;
material and 50 minutes for the GPo material. Subsequently, the different samples were filtered

and residual MB concentration determined.

2.3.5 Effect of temperature

A fixed mass (0.1 g) of different geopolymers was added to 50 mg L! of MB solutions (50 mL).
The temperatures were adjusted between 309-339 K and the contents agitated until equilibration
(30 minutes for GP; material and 50 minutes for the GPo material) and the residual dye

concentration in solution determined.
3. Results and Discussion

3.1. XRF analysis
The chemical composition of pozzolan, as determined by XRF analysis, is presented in Table
1. The main oxides in pozzolan are SiO2, Al2O3 and Fe>O3 constituting 75.98%. Considering
the potential reactivity of these oxides, the pozzolan was considered suitable for the
development of geopolymers [20].
Table 1. Chemical composition of pozzolan (Pz).

Oxides  SiO2 Al,O; CaO Fe;Os NaxO KO MgO CI  SOs LOI

Pz (%) 47.74 1536  8.25 12.88 3.62 1.11 645 - - 0.66

3.2 Textural Properties

3.2.1. Diameter, pore volume and specific area

Table 2 shows the results from the analysis of N2 adsorption-desorption isotherm curves (Figure
1) as well as the iodine and methylene blue indices. It can be seen that the addition of hydrogen
peroxide, which decomposes into water molecules and oxygen during synthesis, appreciably

increased the specific surface area, as well as the total pore volume within the material from
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4.344 to 5.610 m%/g and 6.022 to 9.747 (x10° cm?/g) for GPo and GP, respectively. The low
values of iodine (444.150 m/g for GPo material and 571.050 m/g for GP; material) and
methylene blue (20 m/g for GPo material and 23.680 m/g for GP1 material) indices indicate that

these geopolymers are very mesoporous. This is confirmed by the pore diameters (respectively

105.800 and 103.700 A for GPy geopolymer and GP1) which are between 2 and 50 nm) [21]. In

addition, these both samples have displayed a characteristic type IV nitrogen adsorption—

desorption isotherm in accordance with the [UPAC scheme of classification, as shown in Figure

1[22]. Hysteresis loop in the P/P¢ range of 0.4-0.9 denotes the presence of mesopores (pores in

the range of 2-50 nm). The slight variation in the N2 adsorption—desorption isotherms from

standard type IV isotherm could be related to the existence of hetero-sized pores [23].

Table 2: Physical properties of the different geopolymers

Adsorbents Pores total Pores specific Iodine MB pHrzc
volume diameter surface number number
(x10-3 cm¥/g) (A) (m?/g) (m/g) (mg/g)
GPo 6.022 105.800 4.344 444.150 20.000 7.5
GP; 9.747 103.700 5.610 571,050 23.680 7.5
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Figure 1: N; adsorption-desorption isotherms of eco-adsorbents materials
3.2.2. Point of zero charge pHrzc

As for the pH at the point of zero charge (Figure 2), it can be seen that the different geopolymers
have the same pHpzc (7.5). These values are comparable to those reported by Sarkar [16] for an
alkali-activated Linz Donawitz (LD) slag. However, it also suggests that the incorporation of
hydrogen peroxide during synthesis did not affect the surface functional groups. At solution pH
values below the pHpzc, these materials carry a net positive surface charge and a net negative

surface charge at pH values higher than the pHpzc [24].

pHf-pHi

Figure 2: Point of Zero Charge of geopolymer materials.

3.3 Functional groups analysis by FTIR

The FTIR spectrum in figure 3 shows the vibration bands of the different materials recorded
between 4000 and 400 cm™!. The pozzolan presents the following vibration bands: the first one
between 3550-3400 cm™! corresponds to the elongation vibrations of the O-H bonds of water
molecules [25]. The band around 1650 cm™ is attributed to the deformation vibrations of the
H-O-H bond of water molecules [26]. The bands centered between 1045-977 cm™! corresponds
to the symmetrical and asymmetrical elongations of the Si-O-Si and Si-O-Al bonds [27]. The
bands between 913-736 cm’! is related to the symmetrical vibrations of the Al-O and Al-OH.
The bands around 550 and 460 cm™! correspond to the symmetrical elongations of Si-O-Si, Al-
O-Al, Si-O-Fe and deformations of the Si-O-Si, O-Si-O bonds, respectively. Comparing the
spectrum of the precursor (Pz) with those of the geopolymers (GPo and GP), it is observed a
shift of the main band of aluminosilicates from ~1023 to ~1036 cm’!. This shift reflects a

restructuring of the aluminosilicate phases present in the Pz material. It is also observed a



decrease in intensity of the bands of aluminosilicates (1023 cm™), silicates (760 cm™) and

ferrates (436 cm™'). This phenomenon confirms the dissolution of these phases in alkaline

medium [28].
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Figure 3: FTIR of the samples Pz, GPy and GP;

3.4 X-ray diffraction analysis (XRD)

The diffractograms of the two studied geopolymers GPo and GP; and aluminosilicate source
(Pz) used for their synthesis are shown in figure 4. The precursor is made in anorthite (An),
Na(AlSi30s) (PDF#01-073-6461), feldspar-Na(F), (NaAlSi3Osg) (PDF#01-083-6911), forsterite
(Fs), Mg2Si04) (PDF # 85-1462), diopside sodian (Ds), Ca(Mg, Fe, Al)(Si, Al)20¢ (PDF#38-
466), diopside alumina (Da), Ca(Mg, Fe, Al) (Si, Al)20s (PDF#38-0466), augite(A)
(Cap.61Mgo.76Fe0.49(S103)2, (PDF #76-0544) and hematite(H), Fe2O3 (PDF#03-0812) as mineral
phases. Comparing the diffractograms of the aluminosilicate source (Pz) to that of eco-
adsorbent whitout blowing agent (GPo), it is observed that all the original peaks are present
conforming the low dissolution mentioned at the FTIR section. There is no noticeable shift of
the amorphous hump located between 20° and 35° indicating the low transformation of the
aluminosilicate phases to geopolymer networks. Observing also the diffractograms of the eco-

adsorbents obtained without and whit addition of hydrogen peroxide (GPo and GP1), it is noticed
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the disappearances of the peaks at 32°, 36° and 63°. This fact reveals a probable dissolution of

diopside alumina and diopside sodian minerals in hydrogen peroxide medium.
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Figure 4: XRD patterns of precursor and GPo and GP; geopolymer
3.5 Scanning electron microscopy and Energy Dispersive X-ray analysis (SEM/EDX)

Figure 5 shows the micrographs of the Pz, GPy and GP; materials associated with their
elemental compositions (Table 3). The Figure 5a shows that the pozzolan is mainly made of
crystalline phases and the EDX analysis reveals that these phases are aluminosilicate minerals,
corresponding to those mentioned in the XRD section. Comparing the microstructural of Pz to
that of GPo material (Figure 5b), the observed densification of the microstructure of GPo
material due to polymerization/polycondensation of aluminosilicate phases to geopolymer
networks. The micrograph (figure 5c) presents the capillary pores dispersed on the
microstructure of geopolymer network. This fact discloses that the blowing agent affect the
structure and the microstructure of geosorbent. The elemental composition of both materials
confirms that silicate, aluminate and ferrate phases participate to the geopolymerization and the
negative charges of geopolymer networks are balanced by Na*, K*, Ca** and Mg*" ions.
Moreover, considering the values of Si/Fe ratios more significant than those of Si/Al (Table 3),

it can be concluded that GPop and GP; geoadsorbents are made of poly (ferro- sialate-siloxo)
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chains. It should also be noted that the presence of cracks and capillary pores on the surface of
the geopolymers GPo (Figure 5b) and GP; (Figure 5c) will constitute the access routes of the

adsorbates to active sites of the framework during the adsorption process.
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Figure 5: Scanning electron Microscopy of Pz (a), GPo (b) and GP; (c)

Table 3: EDX analysis of the Pz, GPo and GP; materials

Element Si Al Fe Ca Mg Na K 0] Si/Al  Si/Fe
Material Pz (a)

%Element 15.11 580 3.12 239 1.63 146 038 4371 2.60 4.84
Material GPo(b)

%Element 1591 698 558 647 293 282 052 4517 227 285
Material GPi1(c)

%Element 8.77 426 277 268 186 166 025 26.18 2.06 3.16

3.6 Influence of pH

Figure 6 represents the influence of pH on the adsorption capacities of MB generally revealed
that the fixation of MB is unfavorable in acidic medium on the two eco-adsorbents due the
electrostatic repulsion between the MB molecules and positively charged surfaces of these

materials. In addition to this repulsion at pH below 5, an increased competition between MB
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cations and hydrogen ions (H") for the active sites of the GPy compared to GP; is implied. In
contrast, in a basic medium (at pH above 7.5), the GPy and GP; surfaces became more negative
and the uptake of MB cations increased due to electrostatic attractions. The increase in
negatively charged adsorption sites is attributed to deprotonation of the silanols (SiO-H) or
aluminol (AIO-H) groups. This is consistent with the reports by Marouane and co-workers

reported for MB sequestration by a metakaolin-based geopolymer [13].
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Figure 6: Influence of pH on the adsorption capacity of the different geopolymers.

3.7 Effect of adsorbent dose

Figure 7 shows that a mass of 0.2 g of geopolymers (GPo and GP,) is capable to sequester at
most 97.79% and 99.39% of the initial MB in solution, respectively. Beyond this mass, the
quantities of MB adsorbed decrease and with no appreciable change, indicating an
agglomeration of certain adsorption sites due to excess mass [29]. It will, therefore, be useful

to work with adsorbent doses less than or equal to 0.2 g to avoid inefficient overdosing.
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Figure 7: Influence of Adsorbent Dose

3.8 Contact time

Figure 8 represents the influence of contact time on the MB uptake by the GPo and GP;. At the
very beginning of the adsorption process, a rapid increase of the adsorbed quantities is observed.
This process stabilizes after 10 minutes with the appearance of an equilibrium stage for both
materials. Beyond 10 min a desorption phenomenon is observed which extends from the 10" to
the 20"™ minute for the geopolymer GP; and from the 10" to the 30" minute for the geopolymer
GPo where this phenomenon is very pronounced. The adsorption process is considered to have
reached the pseudo-equilibrium state after 50 minutes for the GPo material and 30 minutes for
the GP; material with adsorbed quantities of MB of 22.860 mg/g and 24.470 mg/g, respectively.
This kinetics can be explained by the fact that at the beginning of the process, there is a rapid
occupation of the vacant adsorption sites by the MB molecules. As for the desorption
phenomenon, it is due to the size of MB molecules (14.47 10\) [30] which is much smaller than

the pore diameters of the GPy and GP; and allows detachment of weakly adsorbed molecules.
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Figure 8: Effect of the MB contact time on the adsorption capacities of the different

geopolymers

3.9 Kinetic study

In order to minimize errors due to linear regression as discussed in the works of Shikuku al.
[31], and Chuncai al. [32], the non-linear regression method for the pseudo-first order, pseudo-
second order and vermeulen kinetic models was applied to the experimental data to determine
the best-fitting model, adsorption rate and predict the mechanism controlling the adsorption
kinetics of methylene blue onto the geopolymers.

3.9.1 Pseudo-first-order model or Lagergren model (PFO)

The general Lagergren (1898) first-order rate expression is expressed as follows:

dq,
t :k _ 3
" (g.—q,) 3)

Where q: (mg/g) is the adsorbed amount at time t (min), ki (min™') is the pseudo-first-order rate
constant and qe is the equilibrium value of q. Integration of Eq. (4) with the initial condition q

=0att=0 gives
g=q.(1-<7h") 4)

The initial value for k; may be obtained by using the half adsorption time ti> (defined as the

time when qt=qe/2) estimated from the kinetic data and the following relationship for the PFO
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Model.

m=?2 5)
12
Srate = K14, (6)

Where S (mg.g™!.min!) is the initial adsorption rate.

3.9.2 pseudo-second-order (PSO)

McKay and Ho (1998) presented a model to characterize the kinetics of adsorption taking into
account both cases of a rapid fixation of solutes at the most reactive sites and that of a slow

fixation at the weak sites energies. The rate law is written as follows:

dq
t_ _ N2
? K2(q,—4;) )
The integrated form can be written as
_ xeqt
1+ Kag T (8)

An initial trial value for koqe may be obtained by using the following relationship for the PSO

model

Srate = k2qe2

1
K>q,=— With 9

tz
where: K> (g .mg™! .min™") is the pseudo-second-order rate constant and Srae (mg.g L. min") is the
initial adsorption rate.
3.9.3 Vermeulen model
The Vermeulen model is based on the assumption that intraparticle diffusion is the controlling
mechanism of adsorption. It is also known as the Urano model or the Dumwald—Wagner model

[33]. The integrated Vermeulen model can be expressed as

q=q,(1-¢") (10)
An initial trial value for intraparticle diffusion constant B (min'') may be obtained by using the
relationship for the Vermeulen model
()
B=—— (11)
t
Table 4 presents the parameters of the pseudo first-order, pseudo second order and intra-particle

diffusion kinetic models. The pseudo-second order kinetic model (Figure 9) is the best to

describe the MB adsorption mechanism on geopolymers GPy and GPi compared to the other
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kinetics models studied with the coefficients of determination (R?) values are closest to unity
and the model-predicted quantities of MB adsorbed (19.521 mg/g and 24.073 mg/g,
respectively) are very close to those obtained experimentally (22.858 mg/g and 24.473 mg/g,
respectively). The adsorption mechanism is thought to take place in the following sequence:
diffusion of the solute molecule towards the surface of the geopolymers, followed by
displacement of the solute towards the interior of the pores and finally fixation of the solute
towards the active sites inside the pores [34]. It also reflects the existence of interactions
between the surface of the adsorbent and the adsorbate, suggesting a multi-mechanistic
chemisorption mechanism [35]. Noteworthy, the initial adsorption rate for MB uptake by GP;
was higher than GPy. The fast adsorption of MB GP; is attributed to the larger surface area of
GP; than GPy resulting to easier and faster access to the binding sites in GP;. This reveals that
the use of hydrogen peroxide as a blowing porogen during the synthesis modifies the textural
properties (porosity and the specific surface area) but does not increase the identity of the
binding sites as shown by the FTIR results.

Table 4: Parameters obtained from kinetic models

Models Parameters GPo GP1
K; (min™) 1.996 2.523
qe (cal) (mgg™) 18.550 24.069
qe (exp) (mg g™ 22.858 24.473
t1/2 (min) 0.347 0.275
Pseudo first order  ~g..i0 (me o' min')  37.030 60.726
R2 0.852 0.998
K> (g mg'min) 0.039 9.999
qe (cal) (mg g™ 19.521 24.073
qe (exp) (mgg™) 22.858 24.473
t1/2 (min) 1.316 0.004
Pseudo  second o o (mggmin)  14.837 5794.644
order
R 0.858 0.998
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B (min™) 3.216 3.216
ge(cal) (mggh) 18.551 24.069
qe (exp) (mgg™) 22.858 24.473
Vermeulen t1/2 (min) 0.0894 0.089
R? 0.852 0.998
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Figure-9: PFO, PSO and Vermeulen models applied to the experimental kinetic data for the

adsorption of MB on different geopolymers ((a) GPo and (b) GP1)

3.10 Influence of initial concentration

From Figure 10, the quantities adsorbed in MB increase linearly with the initial MB

concentrations of 4.71-21.35mg/g and 4.89-23.78mg/g for GPo and GP1 materials, respectively.

This observation implies that an increase in MB concentration increases the diffusion and

fixation of the solute molecules within the pores of these geopolymers.
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Figure 10: effect of initial concentration

3.11 Isotherms adsorption

Experimental equilibrium data were analyzed using five theoretical non-linear adsorption
isotherms (Langmuir, Freundlich, Temkin, Dubinin-Radushkevich-Kaganer and Sips) to
determine the model that best predicts the adsorption data and therefore best describes the

adsorption mechanism of methylene blue on these eco-adsorbents.

3.11.1 Langmuir Isotherm

Langmuir isotherm (Langmuir, 1916) suggests a one—one association between adsorbate and
adsorbent resulting in the formation of a monolayer. The adsorption data are validated by
determining the uptake capacity (qe) and adsorption parameters using Eq. (12) where qe (mg/g)
is the amount adsorbed at equilibrium and C. (mg/L) is the equilibrium concentration.

q. = % (12)
Where ¢, is the amount of MB adsorbed at equilibrium (mg g!), C. is the MB concentration in
the aqueous phase at equilibrium (mg L!), Oy is the Langmuir maximum adsorption capacity
(mg g'') and K is the Langmuir constant (L g!). The dimensionless separation factor, Ry, was

calculated using Eq. (13) [36]. The RL value indicates whether the adsorption is favorable (0 <
RL < 1), unfavorable (R, > 1), linear (R = 1), or irreversible (R = 0) [34].

1

- (13)
I+ K. Co

R:

3.11.2 Freundlich Isotherm

The Freundlich isotherm model (Freundlich, 1906) is an empirical equation that is applied to
multilayer adsorption. This model assumes that the surface of the adsorbent is heterogeneous
and active sites and their energies distribute exponentially. The Freundlich isotherm is
expressed as Eq. (14):

q.=K,C)" (14)

Where Kr is the Freundlich constant (L g') and the parameter 7 is a dimensionless constant.

3.11.3 Dubinin-Radushkevich Kaganer isotherm
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The Dubinin-Radushkevich-Kaganer (D-R-K) isotherm (Eq.15) is applied to the adsorption
process onto a microporous adsorbent. It estimates the energy of adsorption and distinguishes
between physisorption or chemisorption nature of adsorption onto homogeneous and
heterogeneous surfaces [36].

0.=0,expl-522) (15)
Where Q. is the amount of adsorbate adsorbed per unit dosage of the adsorbent at equilibrium
(mol/g) and Qm is the theoretical monolayer saturation capacity (mol/g) [37]. The Polanyi

potential (¢) is expressed as

E= RThl(Hlj (16)
Ce
The mean sorption energy E. (kJ/mol) of the adsorbate (Eq.17) identifies the physical and

chemical interactions between the adsorbate and adsorbent during the adsorption process.

1
E.=—— (17)
V28
3.11.4 Temkin isotherm

The Temkin isotherm model contains a factor that explicitly takes into account the adsorbent—
adsorbate interactions. The heat of adsorption of all the molecules in the layer would decrease
linearly with coverage due to adsorbent—adsorbate interactions. The adsorption is characterized
by a uniform distribution of binding energies, up to some maximum binding energy. The

Temkin adsorption isotherm expression is shown in Eq. (18) [38].
q.=B/n(4;C.) (18)

Where Bt = RT/br, b (J/mol) is the Temkin constant relating to the heat of sorption; A (L/g) is
the Temkin isotherm constant. R is the universal gas constant (8.314 J/mol.K), and T (K) the

absolute temperature.

3.11.5 Sips isotherm

By identifying the problem of continuing increase in the adsorbed amount with an increase in
concentration in the Freundlich equation, Sips proposed an equation that combines the
Freundlich and Langmuir isotherms. This produces an expression that exhibits a finite limit at
sufficiently high concentration. This model is valid for predicting the heterogeneous adsorption
systems and localized adsorption without adsorbate-adsorbate interactions. The Sips isotherm

model is given by Eq. (19):
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1+asCeBs

Qe (19)

Where Qus, as and By are the isotherm constants. The constant Bs is the heterogeneity index.

The assessment of the validity of the results in Table 5 was based on the values of the coefficient
of determination, R?. The equilibrium data was described by the models in the order Sips
>Temkin >Langmuir > D-K-R >Freundlich model for the GPo and Freundlich > Sips

>Langmuir > Temkin > D-K-R model for the material GP;.

The Freundlich isotherm is appropriate to describe the adsorption mechanism of MB on the
geopolymer GP; and the value of the Freundlich parameter n lower than 1, implies that the
adsorption sites of this geopolymer are heterogeneous, consequently the adsorption is carried

out in multilayer and the isotherm is linear of H type (Figure 12b) [39].

The Sips isotherm, was the most appropriate to describe the adsorption of MB on geopolymer
GPo. The heterogeneity factor (Bs) of 1.14893 greater than unity, indicates a heterogeneity of
the system resulting from the interaction adsorbent-adsorbate [40]. The adsorption capacities
can be estimated using the sips isotherm model, therefore it follows that the adsorption capacity
of MB are high on the GP; (366.196 mg/g) that GPo (24.440 mg/g). This could be justified
simply by the high pore volume and specific surface area that GP1 has compared to GPo (Table
2). The high adsorption capacity of MB GP; material (15 times higher than that of GPy material)
is also justified by the various phenomena possibly taking place within the multiple pores
(Figure 11) such as:

- Electrostatic interactions between the negative sites of geopolymers and positives sites

of MB.
- Tons exchange between the MB cations and counter ions (Na*, K*, Ca?*and Mg?").
- Formation of dative bonds between the nitrogen doublets of MB molecules and the

empty quantum cells of the GP; material.
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Figure 11: Interaction mechanisms in the GP1-MB system.

The D-R -K model shows that the adsorption energy of the two synthetic materials is less than

8 kJ/mol which suggests that physisorption is the dominant adsorption mechanism [41].

Table 5: Parameters obtained from adsorption isotherms

Isotherms Parameter GPo GPy
Qmax (Mg/g) 23.897 30.102
Kv (L/mg) 0.915 0.838
Langmuir g/ 0.021 0.023
R? 0.917 0.981
Kr (mg/g) (L/mg)! 10.183 13.242
Freundlich  1/n 0.403 0.627
R? 0.884 0.982
Qmax (Mg/g) 20.181 22.076
D-R-K  E:(KJ/mol) 1.036 1.374
R? 0.907 0.873
A (L/g) 5.692 8.215
Temkin AQ (KJ/mol) 5.953 7.152
R? 0.933 0.936
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Figure 12: Adsorption isotherm plots for MB onto (a) GPo and (b) GP; materials

3.12. Adsorption thermodynamics

The effect of temperature and adsorption thermodynamics functions were evaluated in the
temperature range 309-339 K. The thermodynamic functions, enthalpy change (AH), Gibb’s
free energy (AG), and entropy (AS) were calculated using equations 20-23 and the calculated
parameters for MB uptake are listed in Table 6.

AG=-RTh K, (20)
Cazs
K= 21
K, =1000, (22)
anL- :ﬁ_ﬁl (23)
R R T

Where K. is the equilibrium constant (dimensionless), Ce is the residual dye concentration in

the aqueous phase at equilibrium (mg L) and Caas is the dye concentration in the adsorbent at
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equilibrium (mg g!), Kq is the distribution coefficient (L/g) and the density of water is 1000
g/L. R is the gas constant (8.314 J mol 'K™!) and T is the temperature (K).

The positive enthalpy ( A H) values confirm that adsorption of the MB on the eco-adsorbents is
an endothermic reaction. The negative AG values, reveal the feasibility and spontaneity of MB
removal on both geopolymers. The decrease in the magnitude of A G with rise in temperature
imply the reaction becomes more and more spontaneous and the amount adsorbed increases
with increased temperature consistent with an endothermic process (Figure 13). The relatively
low A G values correspond to a physical process. The positive values of entropy denote that the
approach and distribution of MB molecules through the pores of GPo and GP; materials is
disordered. In addition, the AH values below 40 kJ mol™! indicate that the sorption of MB on
these eco-adsorbents entails a physisorption mechanism, consistent with the prediction from D-

K-R model [42].

Table 6: Thermodynamic functions for MB uptake by GPy and GP;

Adsorbent Temp. AG AH AS
(K) (kJ mol) (kJ mol) (kJ mol)
309 -16.02
319 -16.66
GPo 329 -17.92 32.20 0.15
339 -20.84
309 -17.49
319 -18.91
GP: 329 -19.81 20.62
339 -21.31 0.12
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Figure 13: Isotherm plot of van’t Hoff.
4. Conclusion

The development the pozzolan-based eco-adsorbents was done by geopolymerization using
hydrogen peroxide as a blowing agent with mass ratios 0 and 1%, labeled GPy and GP,
respectively, in order to modify the textural properties and to evaluate their performance in
removing the basic dye methylene blue in aqueous solution. The physico-chemical
characteristics revealed that the incorporation of 1% blowing agent increased the specific
surface are from 4.344 to 5.610 m?/g. The increase in surface area resulted to an increase in
adsorption capacity by 15 orders of magnitude from 24.4 to 366.2 mg/g for GPo and GP;y,
respectively. The adsorption rates of methylene blue on the two eco-adsorbents were best
described by the pseudo-second order kinetic model. The adsorption equilibrium data were best
described by the Sips and Freundlich isotherms models for GPyo and GPi, respectively.
Thermodynamically, it was determined that the adsorption of methylene blue onto eco-
adsorbents is a physical and endothermic process. The results show that incorporation of
hydrogen peroxide into pozzolan-based geopolymers increases their adsorption capacity for

methylene blue dye stupendously relative under the experimental conditions reported.
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Figure 1

N2 adsorption-desorption isotherms of eco-adsorbents materials
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Figure 2

Point of Zero Charge of geopolymer materials.
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Figure 3

FTIR of the samples Pz, GPO and GP1
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Figure 4

XRD patterns of precursor and GP0O and GP1 geopolymer



Figure 5

XRD patterns of precursor and GP0 and GP1 geopolymer
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Figure 6

Influence of pH on the adsorption capacity of the different geopolymers.
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Figure 7

Influence of Adsorbent Dose
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Figure 8

Effect of the MB contact time on the adsorption capacities of the different geopolymers
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PFO, PSO and Vermeulen models applied to the experimental kinetic data for the adsorption of MB on
different geopolymers ((a) GPO and (b) GP1)
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effect of initial concentration
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Figure 11

Interaction mechanisms in the GP1-MB system.
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Figure 12

Adsorption isotherm plots for MB onto (a) GP0 and (b) GP1 materials
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Figure 13

Isotherm plot of van't Hoff.
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