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A B S T R A C T   

In this study, four pozzolan-based geopolymers GP0, GP5, GP10, and GP20 were synthesized by alkaline activation 
and by substituting 0, 5, 10, and 20% of the precursor with sugarcane bagasse-derived biochar, respectively. The 
composites were characterized by X-ray fluorescence (XRF), X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM/EDX), and Brunauer–Emmett–Teller (BET) surface area 
analyses, and applied to sequester methylene blue (MB) dye in an aqueous medium in batch mode. The alkaline 
activation of pozzolan-biochar blends resulted in the formation of poly (Ferro-sialate-siloxo)-biochar chains. The 
adsorption capacity increased with an increase in biochar content from 24.44 to 455.46 mg/g (18-fold) for GP0 
and GP10, respectively. The sorption kinetics of MB onto the composites followed pseudo-second-order kinetics 
while the equilibrium data were best described by the Sips isotherm model. The adsorption process was ther-
modynamically spontaneous, endothermic (ΔH = 14.32–32.20 kJ/mol), and physical. The amount of adsorbent 
required for the removal of 99% of a fixed amount of MB in different volumes of effluent was predicted. Cost- 
analysis indicates that the composites are efficient and cheaper eco-adsorbents than commercial activated car-
bon and are suitable alternative candidates for the removal of dyes from water.   

1. Introduction 

Geopolymers are low cost and eco-friendly macromolecules resulting 
from a polycondensation/polymerization reaction between an amor-
phous aluminosilicate feedstock (fly ash, blast furnace slag, volcanic 
slag, silica fume, glass waste, red mud, etc.) and an activating solution 
(alkaline or phosphoric acid solution) at room or slightly elevated 
temperature (T < 100 ◦C) (Davidovits, 1994; Tome Sylvain et al., 2019). 
They have an amorphous three-dimensional structure of zeolitic type 
(Zhang et al., 2008). The geopolymers thus developed have various 
domains of application in civil engineering, automotive industry, 
encapsulation of toxic waste, treatment of industrial effluents, etc. 
depending on their properties (Tome et al., 2018; Deventer et al., 2007; 
Victor Odhiambo and Tome Sylvain, 2019). Several previous works have 
shown the efficiency of geopolymers as adsorbents in the adsorption of 
methylene blue (MB) dye from aqueous media (Tome Sylvain et al., 

2021; Hermann Dzoujo et al., 2021; El Alouani et al., 2019), since MB is 
known to cause adverse effects on the environment such as 
under-oxygenation, the proliferation of aquatic flora and inhibition of 
photosynthesis, among others (Fayoud et al., 2015). Fly ash, 
meta-kaolin, volcanic ash, and pozzolan are among the widely used 
precursors in the synthesis of these geopolymer adsorbents. However, 
the cost of thermal pretreatment and the unavailability of some indus-
trial precursors can limit their use in many emerging economies relative 
to naturally occurring resources such as pozzolan. Furthermore, the 
geopolymerization products do not always guarantee materials with 
very high surface areas and high adsorption capacities (Bai and 
Colombo, 2018). In the quest to improve their textural properties and 
adsorption efficiencies, several adjuvants from mineral resources, agri-
cultural wastes, and chemical additives have been reported. For 
example, the incorporation of Cetyl trimethylammonium bromide 
(CTAB) during synthesis improved the surface area, porosity, and copper 
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adsorption capacity of a metakaolin-based geopolymer (Singhal et al., 
2017). The use of bivalent metallic ions (Ni2+, Zn2+, and Ba2+) for 
chemical modification of slag-based geopolymer adsorbents have also 
been reported (Sarkar et al., 2018; Hanna et al., 2016). The use of 
hydrogen peroxide as an additive increased both the surface area and 
adsorption capacity of pozzolan-based geopolymer for the removal of 
MB (Hermann Dzoujo et al., 2021). These approaches, albeit useful, are 
not without limitations. The use of chemical adjuvants increases the 
overall cost of geopolymer development. The alternative is to evaluate 
the potential use of natural or waste materials. Shikuku Victor et al. 
(2021) reported the use of metakaolin (MK) to ameliorate the textural 
and MB adsorption characteristics of pozzolan-based geopolymer. The 
study revealed that though the addition of MK increased the geopolymer 
surface area, the adsorption capacity for MB was independent of the 
surface areas but rather controlled by the composition of the geo-
polymer. The surface area should, therefore, not be the sole criterion for 
the development and selection of adsorbents. The use of silica-rich 
agricultural waste, rice husk ash (RHA), was proposed by Barbosa and 
co-workers (Ramos et al., 2018). However, the role of the RHA fraction 
on the composition, textural properties, and adsorption dynamics of the 
developed geopolymers was not evaluated. Soybean oil was used as the 
additive rather than RHA. Therefore, the effect of agricultural waste 
chars on the adsorptive features of geopolymers needs to be examined as 
a synergistic means of waste management. Sugarcane bagasse (SCB) is 
an abundant, inexpensive, and promising type of industrial waste with a 
lignin-cellulose and polymer structure (50% cellulose, 25% hemicellu-
lose, and 25% lignin) (Isabella Zanette da Silva et al., 2020). It is one of 
the precursors generally used in the preparation of activated carbons 
(ACs) and the resulting product has a large specific surface area and pore 
volume which is responsible for its good capacity to sequester pollut-
ants. However, the preparation of AC is time-consuming and entails high 
production costs with relatively low yields per unit mass of feedstock 
due to the use of industrial chemicals and thermal treatment steps 
(≥500 ◦C) (Buapeth et al., 2019). Several works report the use of sug-
arcane bagasse ash as an additive in geopolymer mortars for the opti-
mization of mechanical properties (Castaldelli et al., 2016; Buapeth 
et al., 2019). For example, partially replacing granulated blast furnace 
slag (GGBFS) with 10, 20, 30, and 40% sugarcane bagasse ash (SCBA) 
for the production of geopolymer concrete showed that the 20% SCBA 
fraction produced a geopolymer with a 22% higher strength than the 
10% replacement and the control sample (Parthiban et al., 2020). The 
effect of sugarcane bagasse ash (SCBA) fractions on the compressive 
strength of blast furnace slag (BFS)-based geopolymers was reported by 
Castaldelli et al. (2013). These studies show that the effect of incorpo-
ration of biochars in geopolymer composites on the mechanical prop-
erties depends on the type of biomass, the biochar preparation 
conditions, the proportions of biochars added, and the geopolymer 
synthesis conditions. Though the agricultural waste chars have a 
remarkable impact on the physicomechanical properties of geopolymer 
mortars for construction purposes, to the best of our knowledge, no work 
to date describes the effects of biochar doses, and specifically SCB bio-
char, on the textural, compositional, and adsorption characteristics of 
geopolymers for the removal of dyes from water. 

Considering the adsorbing properties of carbonized sugarcane 
bagasse in the literature (Shikuku Victor and Jemutai-kimosop, 2020), 
with added activation in alkali medium during geopolymer develop-
ment, it is hypothesized that the incorporation of this alkali-activated 
agricultural waste (biochar) in pozzolan-based geopolymer would 
offer dual advantage of improved pollutant remediation capabilities and 
waste management. 

This work aims to optimize the methylene blue (MB) dye adsorption 
performance of pozzolan-based geopolymers by incorporating carbon-
ized sugarcane bagasse in the matrix to develop sustainable materials 
applicable in the treatment of industrial effluents. The effects of incor-
porating 0–20% of carbonized sugarcane bagasse on the textural, 
structural, composition, and adsorption characteristics for the removal 

of methylene blue from the aqueous phase under varying environmental 
conditions were examined and are herein reported. 

2. Experimental method 

2.1. Synthesis of geo-composites 

The natural black pozzolan (previously dried, crushed, and sieved 
into particles smaller than 100 μm) that was used for the formulation of 
the eco-adsorbents was obtained from the Mbouroukou site (Latitude 4◦; 
45; 2.088′′North; Longitude 9◦; 38; 56.2088′′East) while the sugarcane 
bagasse, used as an additive after pyrolysis, was collected in the city of 
Douala. These were dried, carbonized (between 150 ◦C and 350 ◦C) to 
improve the textural properties and amount of oxygen groups (Buapeth 
et al., 2019) for 1 h, ground, and sieved to a particle size of less than 100 
μm. 

The alkaline activator solution was prepared by mixing sodium hy-
droxide 12 M and sodium silicate. The sodium hydroxide and sodium 
silicate liquid to liquid ratio were 2.4. The geo-composites were 
formulated by substituting 0, 5, 10, and 20% of the pozzolan with 
carbonized sugarcane bagasse to improve the geopolymerization pro-
cess and optimize the adsorbing properties of the resulting products. 
Alkaline solutions were added to the various precursor powders, with 
0.3 liquid/solid ratios and the resulting pastes were left to rest for 30 
min before moulding. These were then mechanically compacted for 1 
min, oven-dried at 60 ◦C for 24 h, removed, then rested for 4 consecutive 
days. The resulting geo-composite samples, named GP0, GP5, GP10, and 
GP20, after immersion in acetone medium for 120 min for quenching the 
geopolymerization reaction, were oven-dried at 60 ◦C, crushed, sieved, 
washed to a neutral pH and again oven-dried for 6 h. 

2.2. Materials characterization 

The composition of different oxides present in pozzolan was deter-
mined by an x-ray fluorescence spectrometer (Bruker-SRS 3400). The 
ZEISS EVO L 15 scanning electron microscope (ESEM and EDX) oper-
ating at 20 kV accelerating voltage was used to carry out microscopic 
analyses while energy dispersive X-ray (EDX) analyses were carried out 
using an Oxford make EDX detector. The mineralogical composition of 
different materials was determined by X-ray diffraction (XRD). The 
diffractograms were obtained using an X-ray Powder Diffractometer 
(Bruker D8 Discovery, US) with the Bragg-Bretano theta-theta 
configuration in the 2θ range from 6◦ to 80◦ with a step of 0.02◦ and 1 s 
per step scan rate and CuKα radiation at 27.5 kV and 25 mA. The degree 
of crystallinity of the samples was computed as the ratio of the area of 
the crystalline peaks to the sum of areas of peaks for the amorphous and 
crystalline phases. The determination of the functional groups of feed-
stock, and geopolymer-composites before and after adsorption was 
achieved using Fourier Transform Infrared spectroscopy (FTIR). The 
infrared spectra were collected on Agilent Technologies, Cary 630 FTIR, 
and PerkinElmer Spectrometer 100. Nitrogen sorption isotherms for the 
determination of Brunauer-Emmett-Teller, BET surface areas were ob-
tained at 77 K within a pressure range of p = 10− 3-1 bar on a Quan-
tachrome Autosorb 6 (Quantachrome, Odelzhausen, Germany) 
instrument. 

The pH drift method described by Karadag (Dogan, 2007) was used 
to determine the pH of the point of zero charge (pHPZC). To 20 mL of 0.1 
M NaCl solutions of pH between 2 and 12, 0.1 g of adsorbents were 
introduced and stirred kept at room temperature for 8 h after which the 
final pH values of the solutions were recorded with a pH meter 
(VOLTCRAFT PH-100ATC). 

The procedures below described by Guèye (Sido-Pabyam et al., 
2009) were used to determine the microporosity (iodine index) and 
macroporosity (methylene blue index) of the materials, respectively. For 
the Iodine Index, 0.1 g of composite material was oven-dried at 110 ◦C 
and added to 20 mL iodine solution (0.02 N) with continuous stirring for 
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5 min. A 0.1 N sodium thiosulfate solution was titrated with a 10 mL 
aliquot of the filtrate with starch as the color indicator. The determi-
nation of the Methylene blue Index was achieved by introducing 0.1 g of 
composite material into to 50 mL solution of methylene blue with 
continuous stirring for 5 min. The determination of the residual MB in 
the filtrate, measurements were done at a wavelength of 662 nm using a 
UV–visible spectrophotometer (MERCK spectroquant Pharo 300 
UV/visible instruments). 

2.3. Adsorption experiments 

To study adsorption kinetic, 0.1 g of each adsorbent was added to a 
50 mL of 50 mg/L MB solution and the mixtures were stirred at room 
temperature. At pre-determined time intervals, the residual methylene 
blue dye in the solution was determined. Equilibrium adsorption was 
studied at different initial methylene blue concentrations, where 0.1 g of 
sorbent was dispersed in 10–50 mg L− 1 of the sorbate in 50 mL solution, 
mixed at room temperature until equilibrium was achieved, and the 
concentration of MB in the supernatant liquid was determined. The 
quantities of MB fixed on the adsorbents at equilibrium (qe) and the 
removal efficiency (%R) were calculated using Equations (1) and (2), 
respectively: 

qe =
(Ci − Ce)V

m
(1)  

R=
(Ci − Ce)

Ci
× 100 (2)  

where V is the volume of MB solution (L), m is the mass of the sorbent 
(g), Ci is the initial MB concentration and Ce is the equilibrium MB 
concentration. The quantity of MB adsorbed at any given time (t) was 
obtained by Equation (3): 

qt =
(Ci − Ce)V

m
(3)  

2.4. Effect of temperature 

A dose of 0.1 g of each adsorbent was introduced to 50 mL of MB 
solutions (50 mg L− 1). The mixtures were stirred at different tempera-
tures (309, 319, 329, and 339 K) until the previously determined 
equilibration time. 

2.5. Effect of pH 

A 0.1 g of adsorbent was introduced to a 50 mL solution containing 
50 mg L− 1 MB and agitated until equilibration. The pH of the initial 
solution was adjusted using 0.1 N HCl and 0.1 N NaOH solutions to a 
range of 2–12. 

3. Results and discussion 

3.1. Chemical and mineralogical analysis 

Table 1. Shows the chemical composition of the different oxides 
present in the precursor pozzolan material and reported our previous 
work (Hermann Dzoujo et al., 2021). Composition-wise, the pozzolan 
tuff is a suitable material for the synthesis of geopolymers based on the 
aluminosilicate content (Davidovits, 2002). 

Fig. 1 shows the diffractograms of the Pz precursor and carbonized 

sugarcane bagasse. The precursor is made in anorthite (●), Na(AlSi3O8) 
(2θ = 10.16◦, 13.72◦, 15.86◦, 21.97◦ and 25.93◦) (PDF#01-073-6461), 
feldspar-Na (©), (NaAlSi3O8) (2θ = 27.65◦,44.55◦ and 36.45◦) 
(PDF#01-083-6911), forsterite (®), (Mg2SiO4) (2θ = 27.65◦, 49.53◦and 
53.93◦) (PDF # 85–1462), diopside sodian (*), Ca(Mg, Fe, Al) (Si, Al)2O6 
(2θ = 36.55◦ and 65.74◦) (PDF#38–466), diopside alumina (а), Ca(Mg, 
Fe, Al) (Si,Al)2O6 (2θ = 36.45◦ and 53.93◦) (PDF#38–0466), augite (⊕), 
(Ca0.61Mg0.76Fe0.49(SiO3)2, (2θ = 33.18◦, 35.62◦, 36.45◦, 42.28◦,44.55◦

and 65.74◦) (PDF #76–0544), biotite (□), (K(Mg,Fe)3AlSi3O10(F,OH)2, 
(2θ = 10.16◦ and 21.97◦) (PDF#01-080-1110), andesine (▪),Al1.488 
Ca0.491 Na0.499 O8Si2.506, (2θ = 13.72◦,15.86◦, 25.93◦, 27.65 and 33.18◦) 
(PDF#01-079-1148) and hematite(ƒ), Fe2O3 (2θ = 36.45◦, 49.53◦, 
53.93◦, 56.51◦, 62.48◦ and 64.03◦) (PDF#03–0812) as mineral phases. 
Moreover, the diffractogram of carbonized sugarcane bagasse shows a 
mostly amorphous phase with some traces of quartz, SiO2 (2θ = 30.75◦, 
34.29◦, 36.58) (PDF#46–1045). 

Fig. 2 shows the diffractograms of the geopolymer without (GP0) and 
with the incorporation of carbonized sugarcane bagasse (GP10), it is 
observed that the GP0 geo-material presents the same mineralogical 
phases as the Pz precursor, reflecting a low dissolution of these phases 
during the geopolymerization. However, the crystallinity index of GP0 
(67.44%) being lower than that of the precursor (78.75%) indicates that 
amorphous gel formation occurred during polymerization. Furthermore, 
when comparing GP0 and GP10, the amorphous dome between 20 and 
37◦ is observed, to be pronounced in GP10, relative to GP0, indicating a 
major transformation of the aluminosilicate phases with the incorpo-
ration of carbonized bagasse into the geopolymer network, as attested 
by the degree of crystallinity of 49.81% and 67.44% for GP10 and GP0, 
respectively. In addition to the appearance of this dome, it is also an-
notated with the presence of new crystalline phases such as moissanite 
(ᴓ), SiC (38.60◦, 41.56◦, and 42.70◦) (PDF#00-001-1119), resulting 
from the reaction between silicon oxide and amorphous carbon of 
bagasse (Equation (4)) (Raman and Dhawan, 1995). Moreover, the 
decrease of the degree of crystallinity and the formation of the new 
crystalline phase with the incorporation of the carbonized bagasse are at 
the origin of the shift of the original phases (Table 2). 

SiO2 + 3C→SiC + 2CO↑ (4) 

Table 1 
Bulk oxide composition of precursor.  

Oxides SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO Cl SO3 LOI 

Pz (%) 47.74 15.36 8.25 12.88 3.62 1.11 6.45 - - 0.66  

Fig. 1. XRD patterns Pz and BAC.  
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3.2. FTIR analysis 

Fig. 3 shows the infrared spectra of carbonized and non-carbonized 
bagasse. The vibration bands observed around 3349 and 3318 cm− 1 

correspond to the O–H stretching of the hydroxyl and carboxyl groups 
(Ahmed et al., 2021). This peak is less intense in the carbonized bagasse 
(BAC) spectrum probably due to the carbonization that would have 
evaporated some of the structural water contained in the plant material. 
The second band at 2933 and 2920 cm− 1 is attributable to aliphatic C–H 
stretching (Al-Mokhalelati et al., 2021). Those at 1619 and 1586 cm− 1 

correspond to the stretching vibration resulting from carbonyls and 
C––C of aromatic bonds (Islam et al., 2017). The band at 1246 cm− 1 

corresponds to the elongation vibration of the C–O bond in carboxylic 
acids, anhydrides, phenols, lactones, and ethers (Shen et al., 2018) and 
those observed around 1041 and 1030 cm− 1 correspond to the C–O 
stretching vibrations in ethers and esters. By comparing the spectrum of 
the BAC material with that of non-carbonized bagasse (BANC), a 
decrease in the intensity of the bands and disappearance of the 

characteristic peak of the C–O bonds located around 1246 cm− 1 after 
carbonization is observed, probably due to the decomposition of organic 
matter. As for the shift of the vibration bands from 3318, 2933, 1619, 
1030 cm− 1 to 3349, 2920, 1586, and 1041 cm− 1 respectively, it reflects 
a graphitization of the structure (Al-Mokhalelati et al., 2021). 

The FTIR spectra (Fig. 4) show the vibration bands of the different 
geopolymers. 

The bands appearing in all the spectra in the regions between 3550 
and 3400 cm− 1 and around 1650-1643 cm− 1 are attributed to the –OH 
stretching and H–O–H bending vibrations of the bound water molecules, 
respectively, that are adsorbed on the surface or trapped in the cavity of 
the geopolymer (Ioannis et al., 2009). The absorption bands around 
1036-968 cm− 1 are attributable to the symmetric and asymmetric 
Si–O–Al or Si–O–Si elongation vibrations in the SiO4 and AlO4 tetra-
hedra of the geopolymer chain (Ramos et al., 2018). The band observed 
at 746 - 735 cm− 1 corresponds to the elongation vibration of the Si–O – 
Al bond. Finally, the band observed around 545-460 cm− 1 corresponds 
to the symmetrical elongation of Al–O–Al, Si–O–Fe, and Si–O–Si (Panias 
Dimitrios et al., 2007). Comparing the geopolymers obtained with and 
without the addition of carbonized sugarcane bagasse, it is observed that 
bands appear between 1464 and 1439 cm− 1 and at 847 cm− 1 within the 
geo-composites, respectively, attributable to the O–C–O vibrations of 
carbonates (Castaldelli et al., 2016) and Si–C vibrations of silicon car-
bide (Palizban and Ghasemian, 2016; Muthukumaran and Philip, 2020). 
On the other hand, the shift of the aluminosilicate peaks observed from 
1036 to 995 cm− 1 denotes the reorganization of the aluminosilicate 
phases with the incorporation of the BACs. The presence of the Si–C 
vibration band, as well as the restructuring of the aluminosilicate pha-
ses, corroborate the results of XRD. Comparing the spectrum of the 
geocomposite before and after adsorption (Fig. 5), vibration bands at 
1598, 1389, and 1325 cm− 1 are observed, attributable to the bending 
vibrations of methyl and methylene (Novais Rui et al., 2017), clear ev-
idence of the fixation of MB on the geocomposite. Furthermore, the 
observed narrowing of the O–H (3395 cm− 1) and aluminosilicate (1005 
cm− 1) elongation vibration bands is probably due to the exchange 
mechanism of Na+ counter ions by MB+ ions and other interactions 

Fig. 2. XRD patterns of GP0 and GP10.  

Fig. 3. FTIR spectra of carbonized (BAC) and non-carbonized (BANC) bagasse.  Fig. 4. FTIR spectra of the different geopolymers.  
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taking place in the geopolymeric network chain depicting the modifi-
cation of the environment after adsorption. 

3.3. SEM/EDX analysis 

Fig. 6 represents the micrographs and the elemental composition of 
the precursors (Fig. 6a) and the selected samples of geopolymers without 
and with the incorporation of carbonized bagasse (Fig. 6b). From the 
pozzolan (Pz) microstructure, aggregates of crystallized aluminosilicate 
particles are observed, corroborating the XRD mineralogical analysis 
results. The micrograph of the carbonized bagasse (BAC) shows that it 
consists of homogeneous microporous and non-crystallized phases, the 
elemental analysis of these phases reveals that they are mainly 
composed of carbon and oxygen. However, the presence of potassium, 
calcium, silicon, and phosphorus in small proportions is also noted. 

From the GP0 microstructure, a densification of the aluminosilicate 
phases resulting from the polymerization/polycondensation reaction is 
observed. From previous works on the activation of volcanic slag in an 
alkaline medium, this macromolecule is a poly (Ferro-sialate-siloxo) 
chain (Jean Noel et al., 2016; Tome Sylvain et al., 2019). The GP10 
microstructure shows that the poly (ferro-sialate-siloxo) network and 
the biochar i.e. BAC form a homogeneous porous phase. Its EDX analysis 
reveals that there is an integration of carbon in the geopolymeric chain 
confirming the results of the XRD and FTIR analyses of this sample. The 
porous structure resulting from the poly (ferro-sialate-siloxo)-biochar 
combination has significantly better textural properties than the one 
without the biochar and could be a very efficient geo-adsorbent for MB 
adsorption. 

3.4. Textural properties 

Fig. 7 shows the iodine index and the methylene blue index of the 
different materials. It is observed that the different materials could have 
developed a higher microporosity due to the higher iodine index values 
(710.64, 444.15, 685.26, 634.50, and 329.94 mg/g for BAC, GP0, GP5, 
GP10, and GP20, respectively) than the methylene blue indices (24.40, 
21.96, 17.45, 17.36, and 17.21 mg/g for BAC, GP0, GP5, GP10, and GP20, 

respectively). Taking into account the iodine values, the carbonized 
bagasse is more porous than the resulting geo-materials. The incorpo-
ration of BAC in the geopolymer matrix for a rate of 5%, increases the 
porosity. On the other hand, the incorporation of a rate higher than 5% 
decreases the porosity, attributed to the incorporation of a certain dose 
of carbonized plant matter that obstructs the pores of the geopolymers. 

Table 3 presents the results of the BET analysis performed on the 
samples BAC, GP0, GP10, and GP20. It is observed that the specific surface 
area and the total pore volume of the geopolymers increase with the 
increase of the biochar incorporation rate from 0 to 10% in the geo-
polymer matrix from 4.34 to 5.00 m2/g and 6.02 to 10 ( × 10− 3 cm3/g) 
for GP0 and GP10, respectively. Above 10%, the specific surface de-
creases from 5.00 to 3.00 m2/g for GP20. These observations thus 
corroborate the discussions of iodine and methylene blue indices in the 
previous subsection. However, these changes were considered insignif-
icant to distinguish the geopolymers. 

3.5. Effect of pH 

Figs. 8 and 9 show the pH at the point of zero charge (pHpzc) of the 
different materials and the evolution of the adsorbed amounts of MB as a 
function of the pH of the medium, respectively. Most of the materials 
have two zero charge points (Fig. 8), except for GP0. The BAC material 
has a pHpzc of about 2 and 6.5 indicating that it has much more acidic 
functions (Buapeth et al., 2019) while those of the geocomposites (GP5, 
GP10, and GP20) are about 2 and 7.5 indicating that these materials have 
basic and acidic groups contributed by the carbonized bagasse in the 
geopolymer matrix. This effectively shows that at pH < 5 for the geo-
composites (GP5, GP10, and GP20) and at pH < 7.5 for the GP0 material 
(pH < pHpzc), the adsorption of MB is unfavorable due to electrostatic 
repulsions between the positively charged MB molecules and the surface 
of these positively charged adsorbents and the competition between the 
MB molecules and the H+ ions, which, being more mobile, will reach the 
surface of the material more quickly than the MB molecules. This 
repulsion becomes less important when the quantity of H+ ions is low in 
the medium of pH>5 for the geocomposites (GP5, GP10, and GP20). In a 
basic environment, at pH > 7.5 (pH > pHpzc), adsorption is favorable 
due to the attraction between the MB and the negatively charged surface 
of the materials. Indeed, the hydroxide ions (OH− ) brought into the 
medium cause the deprotonation of the silanol (SiO–H) and aluminol 
(AlO–H) groups (El Alouani et al., 2019). The favorable adsorption of 
MB in acidic and basic media by geocomposites can also be justified by 
the increased number of binding sites. 

3.6. Influence of contact time 

Fig. 10 shows the change in MB adsorbed over time. At the onset of 
the reaction, a rapid increase in the adsorption process is exhibited, 
which stabilizes at around the 10th minute. After this phase, a slow and 
moderate adsorption phase is marked by desorption which extends from 
the 10th to the 30th minute on most materials suggesting pseudo- 
equilibrium conditions. Thereafter, there is an adsorption phase until 
equilibrium is reached, which is 10 min for BAC, 50 min for GP0 and 
GP10, and 60 min for GP5 and GP20. The fast kinetic at the beginning of 
the process is due to the availability of vacant active sites on the 
adsorbent, which leads to an increase in the adsorption rate. As for the 
desorption observed, it could be due to the detachment of the adsorbed 
molecules and adsorbate-adsorbate interactions. Fast kinetics imply a 
short residence time during water treatment. 

3.7. Effect of initial MB concentration 

Fig. 11 shows the amount and removal rate of MB adsorbed as a 
function of concentration. The amount of MB adsorbed increased line-
arly with the initial MB concentration since the flow of MB concentra-
tions accelerates the diffusion and fixation process within the active sites 

Fig. 5. FTIR spectrum of the geocomposite before and after adsorption of MB.  
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of different materials. In contrast to removal rates, a decrease in MB 
removal percentages is observed with increasing MB concentration. This 
is related to the difficulty of accessing the active sites by the MB mole-
cules due to the repulsive forces between the MB molecules adsorbed on 
the surface of the materials and those in the solution. 

3.8. Kinetics model 

The kinetics data were modeled by non-linear regression of the 
pseudo-first-order (PFO) equation (5) (Ho and Mckay, 1998), and 
pseudo-second-order (PSO) equations (6) and (7) (Ho, 2006) and Ver-
meulen equation (8) (Yao and Chen, 2019). The experimental data were 

Fig. 6. (a): SEM image and EDX analysis of Pz and BAC (b): SEM image and EDX analysis of GP0 and GP10.  

H.T. Dzoujo et al.                                                                                                                                                                                                                               



Journal of Environmental Management 318 (2022) 115533

7

compared with the predictions of the kinetic models to elucidate the 
mechanism controlling the adsorption kinetics of MB on the different 
eco-materials.PFO: 

q= qe
(
1 − e− k1 t) (5)  

where: q and qe are, respectively, the adsorbed quantities at instant t and 
equilibrium, k1 (min− 1) is the Lagergren rate constant.PSO: 

q=
K2q2

e t
1 + K2qet

(6) 

The half-life (t1/2), as well as the initial rate of adsorption (Srate), 
were determined by the relations below: 

K2qe =
1

t1/2
 With  Srate = k2q2

e (7)  

where: t1/2 is the adsorption half-life, K2 (g.mg− 1. min− 1) represents the 
PSO rate constant while Srate (mg.g− 1. min− 1) denotes initial sorption 
rate.Vermeulen model 

q= qe
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 − e− Bt)

√
(8)  

where: B (min− 1) is the intraparticle diffusion constant. 
From Table 4, the PSO kinetic model best described the kinetics of 

methylene blue fixation on the different materials (BAC, GP0, GP5, GP10, 
and GP20), relative to the pseudo-first-order and Vermeulen models, 
based on the coefficients of determination (R2) closest to unity and the 
closeness between the values of the theoretically adsorbed quantities (qe 
(cal)) and those obtained experimentally (qe (exp)). This model also 
postulates a chemisorption mechanism of the rate-determining step (El 
Alouani et al., 2021). Moreover, the values of the rate constants (K2) and 
initial MB adsorption rates (Srate) decrease significantly for 
geo-adsorbents containing 0–10% biochar, reflecting a slow saturation 
of the active sites by MB molecules. Contrarily, the amount adsorbed at 
equilibrium increased with an increase in biochar content up to 10%. 

Fig. 7. Iodine (II) and methylene blue (IMB) indices of the different materials.  

Table 3 
BET surface area and pores total volume of the samples.  

Sample Pores total volume ( × 10− 3 cm3/g) Surface area (m2/g) 

BAC 10.00 8.00 
GP0 6.02 4.34 
GP10 10.00 5.00 
GP20 10.00 3.00  

Fig. 8. Point of Zero Charge of materials.  

Fig. 9. Effect of pH on MB adsorption onto the different eco-adsorbents.  

Fig. 10. Effect of contact time on the adsorption capacities of the 
different materials. 
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3.9. Adsorption isotherms 

Five adsorption isotherm models (Langmuir, Freundlich, Temkin, 
Dubinin-Radushkevich-Kaganer, and Sips) were used to analyze the 
experimental equilibrium data and to predict the adsorption dynamics. 
The best-fitting model was determined using three error functions, viz. 
average relative error (ARE), the sum of absolute errors (EABS), and Chi- 
square (χ2) (Shikuku Victor and Mishra, 2021) shown in Table 5. 

3.9.1. Langmuir isotherm 
The Langmuir isotherm (Irving, 1916) postulates monolayer 

adsorption of adsorbate onto a homogeneous adsorbing surface char-
acterized by energetically identical binding sites. 

qe =
QmKLCe

1 + KLCe
(9) 

Where qe is the equilibrium dye concentration per unit mass adsor-
bent (mg g− 1), Ce denotes equilibrium MB concentration in solution (mg 
L− 1), Qm is the theoretical monolayer maximum adsorption density 
(mg⋅g− 1) of the adsorbent whereas KL is the Langmuir constant (L mg− 1). 
Equation (10) was used to calculate the dimensionless separation factor, 
RL (Itodo, 2010). When RL lies in the range 0 < RL < 1, the adsorption 
process is favorable, it is unfavorable when RL > 1, linear when RL = 1, 
and considered irreversible when RL = 0(Ofomaja Augustine, 2008). 

RL =
1

1 + KLC0
(10)  

where: Co is the MB initial concentration. 

3.9.2. Freundlich isotherm 
The Freundlich model (Freundlich, 1906) postulates a multilayer 

adsorption mechanism onto a heterogeneous surface. The Freundlich 
isotherm is expressed as Eq. (11): 

qe =KFC
1
/n
e (11)  

where KF represents the Freundlich constant (L g− 1) and n is an expo-
nential factor (dimensionless). 

3.9.3. Dubinin-radushkevich kaganer (D-R-K) isotherm 
The D-R-K model (Eq. (12)) estimates the energy of adsorption and is 

useful in distinguishing between physisorption or chemisorption 
mechanisms (Itodo, 2010). 

Qe =Qm exp
(
− βξ2) (12)  

where Qe is the amount of MB in the solid phase at equilibrium (mg g− 1) 
and Qm is the theoretical maximum saturation density (mg g− 1) (Jia 
et al., 2013). The Polanyi potential (ε) is given by: 

ξ=RT ln
(

1+
1
ce

)

(13) 

The mean adsorption energy Ea (kJ/mol), given by eq. (14), distin-
guishes the physical from chemical adsorbent-adsorbate interactions. 

Ea =
1̅̅
̅̅̅

2β
√ (14)  

3.9.4. Temkin isotherm 
The Temkin isotherm equation assumes that the heat of adsorption of 

all the molecules in the layer decreases linearly with coverage due to 
adsorbent– adsorbate interactions. The Temkin isotherm equation is 
given in Eq. (15) (Reyhaneh et al., 2015). 

qe =BT ln(AT Ce) (15)  

where BT = RT/bT is a constant related to the heat of adsorption (J/mol), 
bT represents the Temkin constant, and AT is the Temkin isotherm 
equilibrium binding constant (L/g). R is the universal gas constant 
(8.314 J/mol.K), and T (K) is the absolute temperature. 

3.9.5. Sips isotherm 
The Sips model is a combination of the Freundlich and Langmuir 

isotherm equations. This model satisfactorily predicts adsorption onto 
the heterogeneous surfaces and monolayer adsorption assuming no 
adsorbate-adsorbate interactions. Equation (15) is an expression of the 
Sips isotherm model (Robert, 2004): 

Qe =
QmsasCBs

e

1 + asCBs
e

(16) 

Table 4 
Calculated kinetics parameters.  

Models Parameters BAC GP0 GP5 GP10 GP20 

Pseudo first order K1 (min− 1) 1.99 1.99 2.52 2.84 1.65 
qe (cal) (mg g− 1) 24.18 18.55 19.95 20.52 20.30 
qe (exp) (mg g− 1) 24.65 22.86 23.11 23.90 23.57 
R2 0.99 0.85 0.93 0.91 0.94 

Pseudo second order K2 (g mg− 1min− 1) 29.05 0.04 0.02 0.01 0.01 
qe (cal) (mg g− 1) 24.19 19.52 21.948 24.81 23.11 
qe (exp) (mg g− 1) 24.65 22.86 23.11 23.90 23.59 
t1/2 (min) 1.20 1.32 0.001 0.0003 0.0005 
Srate (mg.g− 1.min− 1) 16,997.09 14.84 8.52 4.46 6.41 
R2 0.99 0.86 0.95 0.98 0.98 

Vermeulen B (min− 1) 4.35 3.22 0.44 0.24 0.33 
qe (cal) (mg g− 1) 24.18 18.55 20.36 22.04 21.15 
qe (exp) (mg g− 1) 24.65 22.86 23.11 23.90 23.59 
R2 0.99 0.85 0.94 0.97 0.97  

Fig. 11. Effect of initial MB concentration.  
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where Qms (mg/g): is the sips maximum adsorption capacity, as (L/mg): 
is the sips equilibrium constant and Bs is the heterogeneity index. 

Fig. 12 shows the non-linear isotherm plots of MB concentrations 
versus equilibrium adsorbed amounts on the different materials. 

The suitability of the isotherms to predict the experimental data was 
determined by the coefficient of determination R2 and the associated 
error function values (Table 6). 

The Langmuir isotherm best described the adsorption of MB on the 
GP5 material since the coefficient of determination is close to unity and 
the relatively low values of the error functions show a good fit between 
this model and the experimental data. In addition, the separation factor 
RL (0.03) being between 0 and 1 also indicates favorable adsorption of 
MB. This model thus reveals that the adsorption of MB on this geo- 
adsorbent takes place in a monolayer on the homogeneous active sites. 

In terms of energetics, the acceptable representation of the equilib-
rium data by the Temkin model suggests that the heat of adsorption of all 
the molecules in the layer decreases linearly with the deposition of the 
adsorbate layer due to the decrease of adsorbate-adsorbent interactions 
and the adsorption process is characterized by a uniform distribution of 
binding energies on the surface (Reyhaneh et al., 2015). 

The Sips isotherm best describes the MB attachment process on BAC, 
GP0, and GP10 materials since the error analysis values show that this 
isotherm modeled well the experimental data, unlike the other iso-
therms. The heterogeneity constant values (Bs > 1) of these adsorbents 
indicate highly heterogeneous systems due to the adsorbate-adsorbent 
interactions (Robert, 2004). The maximum adsorption capacities of 
MB on geo-composites predicted with the sips model show that the 
adsorbed uptake of MB increased from 24.44 to 455.46 mg/g for an 
incorporation rate of 0–10% of carbonized bagasse which could be 
attributed to an increase in energetically favored active sites numbers as 
revealed by the FTIR analysis. Beyond the 10% inclusion of carbonized 
bagasse, there is a decrease in the adsorption performances linked to 

Fig. 12. Adsorption isotherm plots for MB onto (a) GP0, (b) GP5, (c) GP10 and (d) GP20 materials.  

Table 6 
Calculated isotherm parameters.  

Isotherms Parameters BAC GP0 GP5 GP10 GP20 

Langmuir Qmax (mg/g) 46.04 23.90 36.82 124.83 67.66 
KL (L/mg) 0.74 0.92 0.66 0.10 0.18 
RL 0.03 0.02 0.03 0.17 0.10 
R2 0.84 0.92 0.83 0.95 0.97 
χ2 2.11 2.86 3.87 1.89 1.01 
EABS 10.41 6.14 11.37 5.41 4.06 
ARE 13.30 19.14 23.60 14.83 11.63 

Freundlich KF(mg/g) (L/ 
mg)1 

39.91 10.18 14.69 10.23 10.26 

1/n 1.40 0.40 0.80 1.31 0.96 
R2 0.99 0.88 0.80 0.98 0.93 
χ2 0.31 3.09 3.85 0.60 1.30 
EABS 2.71 9.11 13.44 4.81 8.40 
ARE 6.73 22.15 24.72 10.04 14.65 

D – R–K Qmax (mg/g) 48.15 20.18 26.14 33.66 26.22 
Ea (KJ/mol) 1.16 1.04 1.14 0.74 0.83 
R2 0.95 0.91 0.81 0.96 0.98 
χ2 1.87 1.69 3.21 0.59 0.25 
EABS 6.27 8.08 13.33 6.21 3.93 
ARE 15.85 16.82 21.71 7.93 4.79 

Temkin A (L/g) 6.61 5.69 4.22 2.02 2.57 
ΔQ (KJ/mol) 14.05 5.95 11.08 16.62 11.58 
R2 0.89 0.93 0.82 0.96 0.99 
χ2 2.48 1.75 3.08 0.49 0.13 
EABS 10.69 6.41 12.96 5.76 2.74 
ARE 20.13 16.39 21.35 7.29 4.46 

Sips Qms (mg/g) 47,079.76 24.44 30.84 455.46 30.62 
as 0.001 0.73 1.06 0.02 0.52 
BS 1.40 1.149 1.53 1.35 1.67 
R2 0.99 0.94 0.81 0.98 0.98 
χ2 0.31 1.56 3.44 0.59 0.36 
EABS 2.71 5.54 13.62 4.79 4.11 
ARE 6.74 15.22 23.26 9.88 8.14  

H.T. Dzoujo et al.                                                                                                                                                                                                                               



Journal of Environmental Management 318 (2022) 115533

10

agglomeration resulting in inaccessible binding sites. This is because the 
materials seem to be identical in porosity. The adsorption capacity is 
therefore controlled by the geopolymer composition and not the textural 
properties. The values of the activation energies Ea obtained from the 
D-R-K model were below 8 kJ/mol corresponding to a physisorption 
mechanism. 

Table 7 highlights the comparison between MB retention capacities 
on the geopolymer-biochar composite and the various other adsorbents 
in the literature. The adsorption capacity of the GP10 geocomposite was 
better than several reported in the literature and is potentially a suitable 
and efficient adsorbent for the retention of MB from water. 

4. MB removal mechanism 

The mechanism of MB attachment to the geopolymer-biochar is 
illustrated in Fig. 13. Considering the physicochemical characteristics of 
geocomposites discussed above, possible mechanisms associated with 
MB removal could be:  

– Ions exchange between the MB cations and counterions (Na+, K +, 
Ca2+and Mg2+)  

– Electrostatic interactions between the negative sites of geopolymers 
and positive sites of MB+.  

– π-π interactions between the carbon structure and the MB cycle 
structure. 

4.1. Adsorption thermodynamics 

In the temperature (T) range of 309–339 K, the effect of temperature 
on the adsorption thermodynamics functions of MB was investigated. 
Equations (17)–(20) were used for determining the three thermody-
namic parameters, namely; enthalpy change (ΔH◦), Gibb’s free energy 
(ΔG◦), and entropy (ΔS◦), and the obtained values are presented in 
Table 8. 

ΔG◦ = − RT ln Kc (17)  

Kd =
Cads

Ce
(18)  

Kc = 1000Kd (19)  

ln Kc =
ΔS◦

R
−

ΔH◦

R
1
T

(20)  

where Kc is the equilibrium constant (dimensionless), Ce is the equilib-
rium MB concentration in the solution (mg L− 1) and Cads represents the 
equilibrium MB concentration in the solid phase (mg g− 1), Kd is the 
distribution coefficient (L/g) and the density of water is 1000 g/L. 

The negative values of ΔG◦ denote a spontaneous nature of the MB- 

composite adsorption process. The decrease in ΔG◦ values with an in-
crease in temperature implies that the adsorption process is increasingly 
spontaneous a phenomenon consistent with an endothermic process. 
The low magnitudes of ΔG◦ values suggest a physisorption mechanism. 
The positive enthalpy (ΔH◦) values confirm that the adsorption of the 
MB on the geo-adsorbents is an endothermic process. The positive values 
of entropy (ΔS◦) indicate increased disorderliness at the solid/liquid 
interphase. Additionally, the ΔH◦ values, less than 40 kJ/mol, confirm 
that the adsorption of MB onto the geopolymer-biochar composites is a 
physical process (Shikuku Victor and Jemutai-kimosop, 2020), consis-
tent with the ΔG◦ values and the postulates of the D-R-K model. The 
thermodynamics data indicate that the adsorption of MB onto the sor-
bents is entropy-driven. 

4.2. Adsorbent cost analysis 

Adsorption isotherms are important tools in designing adsorption 
systems and for predicting the mass of GP10 geoadsorbent, m (g), 
necessary for the removal of methylene blue in the effluent of volume V 
(L), from a known initial amount Ci to an environmentally safe con-
centration Ce (mg L− 1). This is important in the estimation of the cost- 
effectiveness of any adsorbent. Since the equilibrium data were best 
explained by the Sips isotherm, the amount of adsorbent required for 
given experimental conditions can be predicted by equation (21) (Shi-
kuku Victor and Jemutai-kimosop, 2020). 

Fig. 13. Illustration of the different interactions between the geopolymer- 
biochar composite and MB. 

Table 8 
Thermodynamic parameters for MB removal by BAC, GP0 and GP10.  

Adsorbent Temp. (K) ΔG◦ (kJ mol− 1) ΔH◦ (kJ mol− 1) ΔS◦ (kJ mol− 1) 

BAC 309 − 20.10 7.37 0.09 
319 − 20.92 
329 − 21.83 
339 − 22.76 

GP0 309 − 16.02 32.20 0.15 
319 − 16.66 
329 − 17.92 
339 − 20.84 

GP10 309 − 22.63 14.32 0.12 
319 − 23.87 
329 − 25.01 
339 − 26.24  

Fig. 14. Prediction of the amount of GP10 required for the removal of MB in 
effluents of varying volume. 
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m=
RCiV

(
1 + as

[
Ci
(
1 − R

100

)]Bs
)

100Qmsas
[
Ci
(
1 − R

100

)]Bs
(21) 

Equation (21) was used to predict the mass m (g) of GP10 required for 
99% sequestration of MB from effluents of different volumes (1–10 L) 
with an initial concentration of 50 mg L− 1 are results presented in 
Fig. 14. The values of the Sips isotherm constants are presented in 
Table 6. 

From the plot, a dose of 2.73 kg of GP10 is required to eliminate 99% 
of 50 mg L− 1 MB from a 10 L effluent. The cost of production of GP10 was 
computed and compared with the market value of an equal amount of 
commercial activated carbon (CAC) in Cameroon (Table 9). The cost of 
production of GP was valued at about 2055.07 Euro cent/kg relative to 
the 23,076.93 Euro cent/kg price market for CAC. It is shown that the 
geopolymer in this work is 11 times cheaper than an equal amount of 
commercial activated carbon though the relative performance of the 
CAC is not herein reported. Nonetheless, it is conceivable that the geo-
polymers are efficient and techno-economical adsorbents for dye 
removal from water. 

5. Conclusion 

Four geopolymers GP0, GP5, GP10, and GP20 were synthesized via 
alkaline activation by substituting 0, 5, 10 and 20% of pozzolan with 
biochar derived from sugarcane bagasse and the products used to sorb 
cationic methylene blue (MB) dye from water. The incorporation of 
biochar before the geopolymerization process resulted in a poly (ferro- 
sialate-siloxo)-biochar chain. The incorporation of BAC biochar had an 
insignificant effect on the geopolymer textural properties. The adsorp-
tion capacity, controlled by geopolymer composition, increased from 
24.44 to 455.46 mg/g when biochar content was increased from 0 to 
10%, respectively. The sorption kinetics of MB onto the geopolymers 
followed the pseudo-second-order kinetics while the equilibrium data 
were best described by the Sips isotherm model. Thermodynamic studies 
reveal that adsorption is an endothermic and physical process. Cost- 
analysis demonstrates that geopolymer-biochar composites are effi-
cient and cheaper adsorbents than commercial activated carbon. 
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