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Abstract

This work investigates how silica and lignocellulose additives affect the production of metakaolin based-geopolymer
foam filters. Lignocellulosic material from wood powder sawdust (S), silica from rice husk ash (RHA), calcined (Sa) and
uncalcined (Sab) sand were separately used together with high amorphous silica fume (foaming agent) and integrated
into the matrix (metakaolin and solution). The different geopolymer pastes were cured at 70 °C to enhance the pore
formation. Results presented the geopolymer foams filter as sponge-like composites having 58-68% of porosity with
1-4 MPa of compressive strength. RHA and Sa lead to materials with more meso and macropores. Sawdust based-geopol-
ymer (the hardest foam) containing channel pores predominated by coarse pores exhibited a flow rate of 4 mL min~'. The
absence of the bands of MB from FT-IR spectra and UV spectra (663 nm) of MB filtrate (totally blue discoloured) indicated
that, geopolymers foams filters designed are suitable for dyes and wastewater filtration.
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1 Introduction

Geopolymers are known as three-dimensional network
inorganic materials obtained through polycondensation
process when aluminosilicates source materials are mixed
with silicate and alkaline solutions [1, 2]. They exhibit wide
properties such as excellent bond strength, high compres-
sive strength, low shrinkage, good fired resistance, good
durability and acid resistance [3, 4]. These past decades,
the ability of geopolymer materials to adsorb and immo-
bilize toxic metals [5-7] have been carried out. The separa-
tion process through the use of geopolymer membranes
is also being increased with interest although most of the
works have been focused on low pores range materials
[8-11]. However, as observed by Lin and Lan [12], there are
some properties that cannot be achieved by conventional
dense materials; therefore the need of designing porous
materials membrane for filtration. The ease of controlling
the porosity of geopolymers confers to them numerous
pore network behavior. However, the used of agent foam-
ing like nano aluminum powders remain expensive and
toxic, thus limitating their use. Therefore, the use of silica
source as porous agent from biomass appears as low cost
and environmentally friendly.
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Various methods of producing porous geopolymers
have been reported by many researchers. The usage of
by-products (rice husk ashes, sawdust, cotton stalk fiber)
to improve pore-related properties such as density, micro-
structure, and thermal conductivity is well established
[13, 15-20]. For example, Tene et al. [13] and Ngouloure
et al. [14] demonstrated that lightweight metakaolin-
based geopolymers reinforced by sawdust and rice husk
ash exhibited good properties for thermal insulation
application, respectively. Rasouli et al. [21] introduced
polylactic acid fibers with different diameters to fabricate
well-aligned microporous metakaolin based geopolymer
by extrusion method. Their results revealed that porous
bodies synthetized with smallest polylactic acid fibers
diameter exhibit higher water permeability.

In addition, another classes of pore-forming agent
commonly used in geopolymer technology is silica fume
[22-25]. Silica fume is a micro silica by-product derives
from the production of silicon and ferrosilicon alloys
through the reduction of high pure quartz with coal in
electric furnace [23].This technique offers the advantage to
allow sponge-like structure through dihydrogen genera-
tion in alkaline medium from the reaction between free
silicon (in silica fume powder) with alkaline solution [22].
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This synthesis condition favored the production of bub-
bles of hydrogen (H,) gas within the geopolymer system
and consequently the volume expansion of the geopoly-
mer as reported by Luna-Galiono et al. [25]. The efficiency
of silica —based materials to attach bacteria or virus to their
surfaces in one hand and the durability of geopolymers
reinforced by quartz sand [26] in another hand motivated
their choice in this work.

A common supplementary procedure use to increase
the porosity of geopolymer is to submit the matrix to a low
curing temperature or simultaneously by adding the foam-
ing agent and then cured [27-31]. Siyal et al. [32] described
how the curing of geopolymer at low temperature (40 °C)
led to a slow geopolymerization reaction with low setting
time. In contrast, increase oven curing between 60 and
80 °C accelerates the setting time and the geopolymeriza-
tion reaction. The investigation of Nasvi et al. [33] focused
rather on the effect of temperature on the permeability
of geopolymers showed that the range of temperature to
design geopolymer allowing the permeation of CO, gas
was between 23 and 70 °C. This resulting in coarse pore
formation and increase of permeability related to weak
microstructure. Permeability is defined as a property of
materials that lets fluids to diffuse through it to another
medium without chemically or physically affecting it. As
mentioned a half century ago by Childs [34] one can relate
the water permeability of a porous material to the geom-
etry of the boundary between the solid component and
the pore space. The possibility of using silica and biomass
products to monitor the pore network and filtering prop-
erties of geopolymer foams candle filters could then be
evaluated.

The removal of dye from water was conducted this
decade because of pollution linked to the excess use of
dye from dyeing, paper and textile industries etc. [35-37].
Azo dyes are known as carcinogenic and their concen-
tration in drinking water was fixed at 3.1 ug L™" as limit
[38]. It causes eutrophication of aquatic life, some harms
in human as vomiting and jaundice [37]. It is therefore
emergent to remove dye from water. The removal of dye in
water is usually performed by adsorption method but this
method is limited because it cannot operate continuously
[39]. Hence, the choice of filtration that can be achieved
in a continuous system. The difficulty to use dense mem-
branes for water clarification or dyes removal which gener-
ally proceeds through reverse osmosis and nanofiltration
remains to its high energy operating requirement [40]. Few
studies carried out on the use of porous geopolymer as
membrane filtration. As example, Bai and Colombo [41]
successfully used peroxygen (H,0,) and white egg as
surfactant to produce porous geopolymer membrane as
potential materials for membrane application. Taking into
account the toxicity of azo-dye mentioned above, and the

lack of works on highly porous geopolymer membranes. It
is interesting to propose porous system from metakaolin
and waste biomass for waste water treatment.

The main objective of this work is to study the feasibil-
ity to design geopolymer foam filters using metakaolin,
silica sources, lignocellulosic material and silica fume. The
paper describes the effect of silica sources from rice husk
ashes (RHA), semi crystalline silica from calcinated sand
(Sa), crystalline silica from raw sand (Sab), and lignocel-
lulosic material from sawdust (S) on the formation and the
distribution of meso and macropores in metakaolin based
geopolymers filters. Silica fume (FS) foam agent were
incorporated together with each of the previous additives
into metakaolin powder in alkaline media, and then oven
cured for pore formation and volume expansion. Cylindri-
cal specimens and candle geopolymer foam filters were
elaborated and characterized. The filtering properties of
filter samples were evaluated through the filtration of a
methylene blue solution and the characterization of solu-
tions. The resulting geopolymer foam products were also
studied using FT-IR spectroscopy, X-ray diffraction (XRD),
optical microscope, Scanning Electron Microscope (SEM),
simultaneous thermal analysis (TGA and DTA). The perfor-
mance characteristic was evaluated by means of compres-
sive strength. The permeability was evaluated through the
water flowing test. The filtration of MB dye and the charac-
terization of the filtrate using UV-Vis spectrophotometry
were also performed.

2 Experimental procedure
2.1 Starting materials
2.1.1 Raw powder materials

Reddish-colored metakaolin (MK2) 100 um mesh, semi-
crystalline calcined sand 700 °C (Sa) (<400 pm) and Ayous
(Triplochiton scleroxylon) sawdust (<400 um) labeled S
collected in a wood factory in Yaounde (Cameroon) all
described in the previous work [42] were used as precur-
sors. Metakaolin MK2 was obtained by calcining (collected
from Mayoum West Cameroon) kaolinite clay at 700 °C
at 5 °C min™' of heating rate with 4 h of holding time in
Insuni-Mic model electrical furnace. It contains 51.15 wt%,
30.01 wt% and 2.63 wt% respectively of Al,O,, SiO, and
Fe,0; as main oxides. Raw sand labeled (Sab) supplied
by MIPROMALO and RHA were also used as additives.
Calcined an uncalcined sand consist of ~98% SiO,. Rice
husk ah (RHA) used in this work was collected from Ndop
(North-West region of Cameroon) and calcined up to
800 °C in an uncontrolled atmosphere in rice production
area. The chemical compositions of RHA showed 93.16 of
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Si0, and 3.11 wt% of K,0 and 0.22 wt% as main oxides.
Quartz was found as main mineral phase, with hematite
as secondary mineral phase in MK2, Sab and Sa while cris-
tobalite and tridymite predominated RHA. Lignocellulosic
sawdust has evidently amorphous a-cellulose at XRD. Silica
fume powder (FS), used as pore-forming agent containing
around 97.2 wt% SiO,, 0.7 wt% of free silicon, 0275 wt% of
free carbon was supplied by Ferropem-France.

2.1.2 Chemical reagents and alkaline solution

Commercial sodium silicate solution provided from Woe-
ller Laboratory in Germany and contains 27.5, 8.50 and
64.2 wt% of SiO,, Na,0 and H,O respectively. Sodium
hydroxide pellets of 97% purity were supplied by Carlo
Erba Reagent, France. The alkaline solution used as hard-
ener was prepared as follows. Firstly, NaOH pellets and
sodium silicate were weighed on appropriate weight ratios

and mechanically stirred at 850 rpm for 5 min before add-
ing powder. The Si/Na molar ratio of alkaline solution (Sol)
was 0.71.

2.2 Procedure of synthesis of porous geopolymers:
specimens and candle filters

Geopolymer formulations were elaborated with each of
these additives (RHA, Sab, Sa and S) together with silica
fume (FS) by mixing them with metakaolin MK2 in the
presence of alkaline solution (Si/Na molar ration of 0.71).
The mixture was stirred for about 5 min until a homogene-
ous paste was obtained; The paste was poured into sealed
cylindrical polyethylene mold for cylindrical specimens
(28 mm diameter and 12 mm of height) and into an appro-
priate mold (sealed) for candle (pot) shape filters, then
kept in oven at 70 °C; Then removed from oven demolded
and stored in plastic bags. Geopolymer compositions

Table 1 Nomenclature and

o Formulations Additives Foam-  wt% in the wt% in the mixture Synthesis conditions
compositions of geopolymer ing powder
foams [(MK2,_)X,FS,)]; 1 —x: agent
wt% of metakaolin MK2; x: MK2 X FS Geo(MK2+Sol) X FS
wt% of X additives partially
substituted into metakaolin X FS T-x x y
gﬂg'izéty: wt% of S foaming () MK2-0 (Ref)  / / 100 0 0 100 0 0 20°C/24h
(b) MK2-FS / FS 71 0 29 87 0 13 70°C/(<24h)
(c) MK2-RHA-FS RHA 625 125 25 82 6 12
(d) MK2-Sab-FS  Sab
(e) MK2-Sa-FS Sa
(f) MK2-S-FS S
Alkaline silicate
Solution Aluminosilicates Filler foaming agent
Si/Na molar ratio = Metakaolin (MK2) Silica fume (FS)
0 71 g - - .- mrmrme= -~ .
’ ‘ Additives )
- - Rice husk ash .
! (RHA) ;
o I - Raw sand (Sab) [
5 min stirring 5 min stirring | - Calcinedsand (Sa) |
—— Molding in sealed .- Sawdust (S) .
Molding in sealed rr% old Srmrm == g
mold Molding in sealed
mold
Curing 24h/20°C .
Oven curing 24 h/70°C Oven Curing 24 h/70°C
(MK2-0)
Dense geopolymer (Ref) \ MK2-FS || MK2-RHA-FS, MK2-Sab-FS, MK2-Sa-FS, MK2-S-FS ||

Geopolymer foams

Fig. 1 Synthesis protocol of dense geopolymer and foam geopolymer filters
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Table 2 Theoretical Si/Al, Si/

’ Compositions Si/Al  Si/Na Na/Al  pH(£0.1) Bulkdensity Porosity ® (%) Compressive
Na and Na/Al molar ratios; -3
plgcm™) strength o

pH value of water, bulk and (MPa)
relative densities, porosity @ of
geopolymer samples (@) MK2-0 242 177 137 120 1784002 15+0.48 661

(b) MK2-FS 3.72 227 1.64 11.4 0.65+0.04 68+0.81 1+£0.2

(c) MK2-RHA-FS 425 259 11.0 0.90+0.02 59+0.89 3+0.5

(d) MK2-Sab-FS  4.28 261 10.8 1.01£0.06 59+1.30 3+0.5

(e) MK2-Sa-FS 428 261 10.7 0.88+0.10 58%1.16 3+04

(f) MK2-S-FS 3.72 227 12.0 0.81+0.01 61+0.85 4+0.2

formula were given as follows: [(MK2, Sol.] used as the
reference sample; [(MK2,_, FSy)b Sol,] for foam without
additives and [(MK2,_,) X, FS,),Sol,] for foam composites
containing additives where,

«1=x»is the wt% of metakaolin MK2

«x» the wt% of X additive (RHA, Sab, Sa and S)
«y» the wt% of FS

«a» the wt% of alkaline solution (Sol)

and «b» the wt% of overall powder (MK2 + X+FS)

[MK2 41501 501, [IMK2¢ 655RHA  125F S0.25)0.485010 5]
[[(MK2 6255ab¢.125F S0.25)0.485010 521, [(MK24 4,552
0.125F50.25)0.485010.521, [(MK2,63550125F S0.25)0.4850l0 551 sam-
ples were laballed MK2-0, MK2-RHA-FS, MK2-Sab-FS, MK2-
Sa-FS and MK2-S-FS, respectively. The compositions of
elaborated geopolymer samples are presented on Table 1,
the synthetic protocol on Fig. 1 and their photos on Fig. 6.
The theoretical Si/Al, Si/Na and Na/Al molar ratios of geo-
polymer samples are given on Table 2.

2.3 Characterization methods

Many physico-chemical techniques were used to charac-
terize the resulting geopolymer products namely MK2-0,
MK2-FS, MK2-RHA-FS, MK2-Sab-FS, MK2-Sa-FS and MK2-
S-FS and the filtrate solutions.

X-ray powder diffraction of samples was carried out on a
Brucker AXS D8 Advance diffractometer \Cu-Kha=1.541 A
between 3 and 75 26 range applying a pitch of 0.015 s
and a speed of 0.5°/min. The apparatus was controlled by
Winzar software, phase identification was performed with
the EVA software by comparing the pdf of minerals phases
obtained with the pdf ICC data.

Structural analysis of powder samples was determined
on FT-IR Bruker spectrometer using OMNIC Nicolet soft-
ware. The spectra were recorded between 4000 and
400 cm™" with a resolution of 4cm™.

Thermogravimetric analysis (TG) coupled with Dif-
ferential Thermal Analysis (DT) were performed on STD

Q600 apparatus TA Instrument piloted by Thermal Analy-
sis 2000 software. Using platinium crudibles. The analysis
was performed between 30 and 800 °C at the rate of de
5°Cmin~" (isotherm of 15 min at 800 °C) under dry air flow
(100 mL min™).

The macrostructures of geopolymers foams were
observed with 101T-M7, 7", 2MP micro camera Ceramic
instrument Model optical microscope.

Microstructure and morphology of the geopolymers
samples were observed on a Quanta 450 DELEF FEI Scan-
ning Electron Microscope (SEM) at 10 kv coupled with an
Energy Dispersive Spectrometry (EDS) apparatus. Sam-
ples were firstly coated with silver solution. The images
observed in secondary electron (SE) mode were registered
at several magnifications.

Mercury intrusion porosimetry (MIP) technique is used
to bring out data on pore size(s), average pore size and
pore-size distribution in materials. But nanopores and air
bubbles pores are not taking in account during the MIP
analysis. An Autopore 2000 porosimeter working from
0.1 to 50,000,000 psia with pore size radius from 0.03 to
490 um was used to obtain the pore size distribution, the
relative and specific intrused volume in porous geopoly-
mers samples.

Relative density (p) of geopolymer samples were deter-
mined using Helium Micrometrics AccuPyc 1330 pycnom-
eter; while the bulk density (p,) was obtained from the
ratio of the mass over the volume of cylindrical specimens.
The porosity ® (%) of samples was calculated from Eq. 5
(Eq. 1) [43]. Results are a mean of three samples for each
formulation. The values of the porosity of geopolymer
samples are given in Table 1.

@(%):(1—%> + 100 (1)

The compressive strengths of samples aged for 7 days
(cylindrical specimen with of ~45 mm height and 28 mm
diameter) were tested. An Instron instrument using 50 KN
pre-charged operating at a crosshead speed of 0.5 mm s~
were used to obtained the strength F (N). The compressive
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strength (o, MPa) was obtained according to Eq. 1 (Eq. 2).
The values of masses and dimensions of a cylindrical geo-
polymers pieces were measured before the compressive
test in order to calculate the bulk density (p,) (see Eq. 1)
and the surface (S) of specimens. Results give here (poros-
ity and compressive strengths) are the averages of three
values obtained from each geopolymer composition. The
photos of cylindrical geopolymer foams rectified before
compressive test are given in Fig. 6A.

o=3 ()
where F is the strength (in N) and S the surface (in m?) of
cylindrical sample.

Geopolymer samples were soaked in deionized water
for 24 h. AWTW 3310 pH-meter (25 °C) equipped with
electrodes was used to record the pH values of water from
each specimen as well as the pH value of the filtrate.

Permeability test was performed by simply collecting
the volume of flow liquid (deionized water) through geo-
polymer candle filters over time. And then, the plot of the
cumulated volume in function of flowing time was plotted.
Filtration feasibility was carried out as follow: A volume
of waste solution (methylene blue solution) was poured
into the filter and the liquid flowed through the filter was
collected. Any pressure was applied, so the filtration was
performed at atmospheric pressure. The photos of meth-
ylene blue filtration are presented in Fig. 2.

74

Fig.2 Soaking of foam filters in deionized water before water flow-
ing test (a); uncoloured water from filters containing silica additives
(b) and slighthly yellowed coloured water from sawdust based filter
(c); Filtration of initial solution of MB of 0.03 g L™ (d), through MK2-
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Varian UV-Vis spectrophotometer working with Scan-
Offline software was used to analyse the methylene blue
solution and its filtrate at the interval (300 and 750 nm) of
wavelength (A) and a scan rate of 4 nm s~!. MB solutions
with different concentration was also prepared to plot the
calibration line (Fig. 10B), used to obtained the concentra-
tion of the filtrate solutions (C) from Beer Lambert equa-
tion (Eq. 3).

A=¢lc (3)

where ¢ is the molar extinction coefficient of solution
(Lg™'em ' orLmol™" cm™), lis the length of a polystyrene
cell used (10 mm or 1 cm), C the concentration of analysed
solution (g L' or mol L™") [35]. Then, Eq. 4 was apply to
calculate the removal percentage efficiency (R).

B <C0 -C

G
where, C, is the initial concentration, C the concentration
of the filtrate.

Another Bruker FT-IR spectrometer was used to collect
the FTIR spectra of solutions between 4000 and 400 cm™"
atascanrate of 4cm™' s7' and a resolution of 4 cm™'. The
spectra were corrected with a straight line between 2400
and 2280 cm™' therefore to remove the contribution of
CO,.

> % 100 (@)

7NN\
~ N (CH,),

S-FS filter in atmospheric pressure (e), Discolouration of MB solu-
tion inside the filter after 2 days (f); Filtrate totally blue discoloured
and slightly yellow coloured (g); chemical structure of methylene
blue (h)
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Fig.3 FT-IR spectra (A) and XRD patterns (B) of MK2-0 (a), MK2-FS (b), MK2-RHA2-FS (c), MK2-Sab-FS (d) MK2-Sa-FS (e) and MK2-S-FS (f) geo-
polymers samples. Q: Quartz (00-046-1045); Tr: Tridymite (03-0227); Cr: Cristobalite; Hematite (33-664); So: Sodian (04-016-4448)

3 Results and discussion

3.1 Effect of additives on common properties
of geopolymer foams

3.1.1 Phase evolution

3.1.1.1 Mineral phases The mineralogy of raw materi-
als used was discussed in our previous work [42]. It was
observed on the FT-IR spectra of MK2-0, MK2-FS, MK2-
RHA-FS, MK2-Sab-FS, MK2-Sa-FS and MK2-S-FS geopoly-
mer samples (Fig. 3A) that the asymmetric stretching
vibration of Si-O-M (M =Si, Al, or Na) is found at 988 cm™'
on the spectrum of dense geopolymer (Fig. 3Aa). This
band shifted to high value number (~ 1024 cm™) on the
spectra of foams geopolymer (Fig. 3Ab-f), closed to the
findings of Prud’'Homme et al. [29] on foam geopolymer,
and similar to the results of Zhang et al. [44] and Autef et al.
[45] and on dense materials. This is due to the amorphous
silica fume used, highly reactive which favoured the Si-O
band in the geopolymer network. The Si-O bands located
at about 690-790 cm™' belongs to the quartz mineral
from precursors (MK2, Sab and Sa). The carbonate bands
occurred at about 1444-1446 cm™' is formed between the
excess of sodium ions from activator solution and CO, of
the atmospheric air. These bands are more pronounced

in the spectra of geopolymer with additives (RHA, Sab,
Sa and S), attributed to their probably low reactivity com-
pared to that of MK2-0 and MK2-FS containing more reac-
tive species. The FT-IR spectrum of MK2-S-FS sample did
not show the stretching band of organic compounds (as
-CH,, -O-CH,- from sawdust). This could be due to the
deacetylation of sawdust in alkali media [46-48] resulting
in formation organic salts [47, 49]. For example, Of et al.
[50] suggested cellulosate is an intermediate compound
formed from cellulose in alkali medium through carboxy-
methyl process at low temperature at 70 °C. In the given
work the oven curing at 70 °C, the appearance of the
band near 895 cm™ (Fig. 3Af) could be likely attributed
to the absorption band of lignocellulosic salts. This band
was not found in the spectra of geopolymer foams with
silica additives (Fig. 3AT1b—f). However, the high intensity
of silica band can be made under estimate or erased the
weak bands of organic salts expected. This could explain
the absence of stretching band of organic compounds in
MK2-S-FS sample.

The XRD patterns (Fig. 3B) of geopolymer samples
exhibited amorphous phase with a hump at the interval
of 20 and 35 20 related to geopolymer network footprint.
Near to the amorphous structure in geopolymer prod-
ucts, it is noticed the presence of some reflection peaks
of crystalline phases such as quartz and hematite. These
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phases existing in solid precursors were still present after
alkaline activation showing that they seem to be unaltered
in alkaline media. However, the quartz’s peaks of MK2-Sab-
FS sample were more intense compared to that of MK2-
Sa-FS. This may suggest the loss of crystallinity of quartz
mineral after calcination (700 °C) [51]. The tridymite and
cristobalite phases observed on the XRD pattern of MK2-
RHA-FS sample (Fig. 3Bc) provided from amorphous RHA
(obtained at (800 °C) were also reported by Maulana et al.
[52]. In fact, Kaur et al. [53], and Detpman et al. [54] inves-
tigated the production of geopolymer with rice hush ash
and concluded that the calcination temperature affects
the mineralogical phases. It is also important to notice a
weak peak of hematite on the XRD pattern of geopoly-
mer samples (Fig. 3Ba-f) related to the precursors used in
accordance with literature [55]. Finally, the peak of sodian
mineral phase K, ;:Na, ;AlISi;O4 (04-016-4448) occurring on
the XRD patterns of geopolymers suggested the probably
dissolution of orthose KAISi;Oq4 feldspathic phase from
MK2 in alkali medium [29, 56].

3.1.1.2 Thermal behaviour The effect of thermal treat-
ment on the phase evolution was evaluated through the
curves of TG/DSC. The TG/DSC curves of MK2-0, MK2-
RHA-FS, MK2-Sab-FS, MK2-Sa-FS and MK2-S-FS geo-
polymer samples are plotted in Fig. 4a—f, respectively.
Figure 4a-f revealed the presence of two endothermic
peaks at~70 °C (or at T<200 °C) and at 575 °Cin all result-
ant products. The first corresponds to the dehydration

>

of physically bonded water and the loss of free water
[57-59]. The second peak about~575 °C is attributed to
the polymorphic transformation of a- quartz to -quartz
[60]. This confirms the presence of quartz phase identi-
fied in the XRD pattern of all geopolymers foam (Fig. 3B).
In addition, several endothermic peaks were observed
on the curve of the MK2-S-FS sample at about 300, 400
and 525 °C. These peaks could be directly linked to the
decomposition of organic matter (sawdust) which seem
to be totally destroyed at 800 °C. According to Ulloa [61],
hemicellulose and cellulose decompose at about 350 °C
and 500 °C while the destruction of lignin occurs up to
500 °C. So common gas from carbonates species decom-
position were supposed to be released. The endothermic
peaks between 300 and 500 °C are related to the release
of CO,, CO, CH,, H, gases [62, 63] explained by the absorp-
tion band appearing at~895 cm™' on the FT-IR spectrum
of MK2-S-FS (Fig. 3Af). The carbonates species could also
provide from the excess of Na* ions [45] and justify the
release of CO during the thermogravimetric analysis.

The weight loss (WL) values of 19, 20, 17, 19, 18, and
26% obtained respectively from MK2-0, MK2-FS, MK2-
RHA-FS, MK2-Sab-FS, MK2-Sa-FS and MK2-S-FS geopoly-
mer samples (Fig. 4a—f) were confronted to their theori-
cal values calculated from the percentage of geopolymer
compositions (Table 1) and reference value without addi-
tive. The reference (pure geopolymer) without additive
corresponding to 100% of “geo” (metakaolin and reactive
solution) exhibited 19% of WL (Fig. 4a). MK2-FS sample
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Table 3 Comparison between the theorical weight loss WL, (cal-
culated using the compositions of the samples from Table 1 and
the WL of the reference) and the effective weight loss obtained
from TG analysis (WLy¢) of geopolymer samples

Geopolymer samples WLie Wl
MK2-0 (100x19)/100=19 19
MK2-FS (87x19)/100=17 20
MK2-RHA-FS (82%19)/100=16 17
MK2-Sab-FS (82x19)/100=16 19
MK2-Sa-FS (82x19)/100=16 18
MK2-S-FS (82x19)/100=16 26

containing 87% of “geo” and 13% of FS could theoreti-
cally undergo 17% of WL from “geo” and 3% of WL from
FS which corroborates with 20% of total WL at 800 °C
obtained from TG (Fig. 4b). The four remaining samples
(MK2-RHA-FS, MK2-Sab-FS, MK2-Sa-FS and MK2-S-FS) are
composed of 82% of “geo”, 6% of additives (RHA, or Sab, or
Saor S) and 12% of FS. The theorical WL values from “geo”
are supposed to be ~ 16%. So, the supplementary value
(Table 3) will provided from the loss of additives (RHA,
Sab, Sa, and Sa) and silica fume (FS). It is observed that
the total WL value of MK2-0, MK2-FS, MK2-RHA-FS, MK2-
Sab-FS and MK2-Sa-FS geopolymers are more closed and
ranged from 17 to 20% (Fig. 4a—e), contrary to MK2-S-FS
geopolymer foam sample which exhibited high WL of 26%
(Fig. 4f). The trend of the theoretical values is clearly in
line with the thermogravimetric analysis. The high weight
loss (WL) of sawdust-based geopolymer foams is linked to
the total decomposition of volatile compounds in sawdust
[62]. While silica crystalline phase transformation in silica
additives (RHA, Sab and Sa) concerns elsewhere the trans-
formation of quartz-a to quartz-f up to 570 °C which did
enough affect the weight loss.

3.1.2 Mechanical and physical properties

3.1.2.1 Compressive strength The mechanical behaviour
of MK2-0, MK2-FS, MK2-RHA-FS, MK2-Sab-FS, MK2-SA-FS
and MK2-S-FS geopolymer samples were investigated.
The curves of the compressive strength as a function of the
displacement of MK2-S-FS foam sample (Fig. 5) exhibited
plastic failure, confirming that porous geopolymers were
effectively designed. From Table 2, it can be shown that
the compressive strength of the reference sample MK2-0
cured at 20 °C only for 24h was 66 MPa. Similar trend was
reported by the finding of, by Istuque et al. [64] based on
metakaolin based geopolymer synthesis incorporating
sewage sludge ash. This compressive strength dramati-
cally decreased from 66 MPa for the reference to~1 MPa
for MK2-FS specimen. Although the mechanical strengths
of geopolymer foams were low, it was found that the addi-
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Fig.5 Compressive strength of MK2-S-FS geopolymer foam under-
going elastic fracture

tion of RHA, Sab, and Sa slightly increased their compres-
sive strength from 1 MPa for MK2-FS to~3 MPa and the
addition of sawdust increased up to 4 MPa. The hardest
geopolymer foam material was MK2-S-FS sample contain-
ing sawdust which acted as mechanical reinforcement, in
accordance with the work of Duan et al. [65]. This result
can be explained by the fact that lignocellulosic wood
fibres acted as bridge within the microstructure of mate-
rial and therefore improved the mechanical properties.
The cellulose (mainly cellulose nanofibers) contained in
lignocellulosic materials is recognized as having excel-
lent mechanical properties due to their high crystallinity
and length/width aspect ratio, barrier properties, hydro-
philicity [66, 67]. Silica fume in the current work did not
contribute in improvement of mechanical property in this
work as some foam agents described by Bai et al. [68]. But
it was interesting to find that the simultaneous combina-
tion of filler silica fume FS with other additives allowed
the slightly increase of the mechanical properties of geo-
polymer foams. Moreover, the fast setting of geopolymer
paste during the foams formation under oven curing
(70 °C) [24, 28] is also responsible of the cracks formation
leading to low strength.

3.1.2.2 Density and porosity Table 2 shows that the bulk
density value (1.74 g cm™3) of the reference sample was
higher compared to that of geopolymer foams (0.65-
0.90 g cm™3). MK2-FS sample containing only silica fume as
additive gave the lowest bulk density (0.65 g cm™'), mean-
ing that the formation of voids was more pronounced,
explaining its weak mechanical properties as reported in
Sect. 3.1.3. Comparing the additives to each other (RHA,
Sab, Sa and S). It was emerged that the addition of ligno-
cellulosic material decreases the density of geopolymer
than sand quartz and RHA. This trend was also observed
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Fig. 6 Photos of the geopolymers’ compositions in A cylindrical and B candle shapes. MK2-0 (a), MK2-FS (b), MK2-RHA2-FS (c), MK2-Sab-FS

(d), MK2-Sa-FS (e) and MK2-S-FS (f)

on dense geopolymers obtained with the same precur-
sors in the previous work [42].

The total porosity values (given in Table 2) revealed that
the porosity increased from 14 to 68% with the addition
of silica fume (foaming agent). A supplementary addi-
tional additive of silica (RHA, Sab, Sa) in the previous mix-
ture (metakaolin +alkaline solution + silica fume) highly
decreased the porosity (58-59%) than the addition of
lignocellulosic material (S) (61%). This trend is in agree-
ment with the bulk density result. These results could be
explained by the fact that, there were unreacted phases in
RHA, Sab, Sa and S, which did not dissolve in alkaline solu-
tion. Then would be likely filled the coarse pores, hence
contributed to the reduction of porosity by maintaining
the porous structure.
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3.1.2.3 pH and adsorption capacity of samples The pH
values of water obtained from the immersed geopoly-
mer samples in deionized water for 24 h were recorded
(Table 2). It is evidenced that the addition of silica fume
accompanied with oven curing (70 °C) to slightly reduced
the pH of the medium from 12.05 (for the MK2-0 reference
sample) to 10.43-11.33 for geopolymer foams. This could
be due to the introduction of silica fume which increases
the formation of polysialates and allowed the formation of
silanol group [22]. This, resulted in reduction of the degree
of basicity, by influencing the equilibrium involved and
consequently modified the pH. The elaborated geopoly-
mer filters seem to be good candidates for highly acidic
industrial waste water filtration.
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Fig. 7 Optical microscopy photos of a MK2-0, b MK2-FS, ¢ MK2-RHA2-FS, d MK2-Sab-FS, e MK2-Sa-FS and f MK2-S-FS geopolymer samples

3.1.3 Macro and microstructure

3.1.3.1 Geopolymer samples presentation The photos
of the resultant geopolymer specimens labelled MK2-
0, MK2-FS, MK2-RHA2-FS, MK2-Sab-FS, MK2-Sa-FS and
MK2-S-FS are presented in Fig. 6. From this figure, it is
observed that reference geopolymer (MK2-0) appeared
dense whereas the geopolymer made from metakaolin
and additives followed by oven cure at 70 °C exhibited the
large pores observable with naked eyes (Fig. 6Aa—f, Ba—f).

The foam structure is generally formed when high
reactive material (as silica fume) in alkaline media allows
the dehydrogenation reaction causing the appearance of
coarse pores linking to increase in porosity within the geo-
polymer structure [24, 25, 57, 69]. On the other hand the
appearance of these pores or voids could be explained by
the quick release of water out of geopolymer framework,
exhibiting the open cavities along their matrix [27, 32, 70].

3.1.3.2 Macro and microstructure Figure 7 illustrates the
photos from optical microscopy (OM) of MK2-0 (Fig. 7a),
MK2-FS (Fig. 7b), MK2-RHA-FS (Fig. 7c), MK2-Sa-FS
(Fig. 7e), MK2-Sa-FS (Fig. 7e) and MK2-S-FS (Fig. 7f). As
described previously, the images showed clearly that the
reference sample is dense and the other samples have
foam “sponge-like” structure. This foam structure is in
agreement with the work of Prud’Homme et al. [22]. The
coarse pore in MK2-S-FS sample is more pronounced and
appeared as honey comb, with wood fibres. It can also be
seen that larger air bubbles having particle size around

3 mm have been formed in sawdust geopolymer foams
(Fig. 7f). These open voids are influenced by the incorpo-
ration of additive types. For example, in MK2-S-FS sample
(Fig. 7f), the depth’ cavities are highly penetrated within
the structure while in MK2-S&-FS sample (Fig. 7e), there
are smaller opened and randomly distributed in the matri-
ces. The addition of sawdust did not show visual cracks on
the surface, sawdust here acted as mechanical reinforce-
ment of geopolymer foams as discussed above.

The microstructures of elaborated geopolymers at
lower and higher magnifications are respectively pre-
sented in Fig. 8A, B. As observed previously from the
optical micrographs (Fig. 7), the reference composition
exhibited dense structure (Fig. 7a) while in geopolymers
foams (Fig. 7b—f). The sponge like structure as indicated
previously is confirmed. There are irregular, inhomogene-
ous multiscale pores within the geopolymer structure that
could reach about 2 mm. Exploring the microstructure at a
higher magnification (at 100 um) (Fig. 8B). One can noticed
some structural defects like microcracks and fissures in the
reference sample as well as in the foam'’s specimens. Nev-
ertheless, these defects are less visible on MK2-S-FS geo-
polymer thanks to the wood fiber which acted as bridge by
reinforcing the mechanical properties as discussed earlier
(Paragraph 3.1.2). In comparison to MK2-FS, MK2-RHA-FS,
MK2-Sab-FS and MK2-Sa-FS samples, MK2-S-FS formu-
lation containing lignocellulosic material pointed out
another pore shape resembling to tubular channels. These
channels pores could be benefit for the permeability [71].
In fact, the appearance of microcracks and fissure could be

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:642 | https://doi.org/10.1007/542452-020-2388-x

(A)

(b)

; & e
\"E i
& = .Coarsepores
\

Fig.8 a Micrographs collected in Secondary electron showing
dense structure of MK2-0 sample and sponge like structure of b
MK2-FS, ¢ MK2-RHA2-FS, d MK2-Sab-FS, e MK2-Sa-FS and f MK2-S-
FS geopolymer foam samples with coarse pores. A Low magnifica-

explained by the fact that at room temperature, the drying
is slow and micro-cracks are less important unlike under
the oven curing (70 °C). Then the departure of structural
water out of the geopolymer network is abrupt resulting in
large cracks and fissures. The existence of the channel pore
could be related to the reaction that may occur between
high reactive amorphous silica from silica fume (Si9), alka-
line solution and hydroxyl group (OH) of cellulose in saw-
dust thus allowed a little degradation of cellulosic fiber.
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&
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tion and B high magnification showing gel phase embedded inside
coarse pores, micro cracks and channels pores from sawdust clearly
observed

3.1.4 Pore connectivity and the distribution of meso
and macropores

3.1.4.1 Pore connectivity The data values obtained from
MIP analysis in MK2-0, MK2-FS, MK2-RHA-FS, MK2-Sab-FS,
MK2-Sa-FS, MK2-S-FS geopolymer samples were outlined
in Fig. 9. The plots of cumulative Hg intruded volume as a
function of pressure allowing to understand the pore con-
nectivity within the samples is given in Fig. 9A; the plots of



SN Applied Sciences (2020) 2:642 | https://doi.org/10.1007/542452-020-2388-x

Research Article

(B

[S)]

o

o
1

oy

o

o
Il

w

o

o
1

200 1

100 4

Cummulative Volume (m m3.g"I ) —

o
1

Pore radius (um)

(A)
— 500+
)
o
= 400
£
E o
@ 300+
£
< ;
> 200
2
— a
S 1004
=
£
=}
o 0_ L ) * LR LR ] ¥ ey X MR Ll
0.01 0.1 1 10 100
Pressure (MPa)
(C)
__ 500
o
“c 4001
£
[}
E 300+
=
(o]
>
£ 2004
T
[}
s
S 1004
=

.
.

MK2-0

Fig.9 Plots of cumulative intrusion mercury volume in function
of A pressure, B pore radius of (a) MK2-0, (b) MK2-RHA2-FS, (c)
MK2-Sa-FS and (d) MK2-S-FS, MK2-Sa-FS (e) and MK2-S-FS (f) geo-

the cumulative intrusion volume as a function of pore radius
in Fig. 9B and finally the pore categories and pore size distri-
bution in Fig. 9C. In fact, the shape of the hysteresis curves
qualifies the shape and size range of pores. According to
IUPAC, porous media are classified as follow: micropo-
rous (D<2 nm), meso (2 nm<D<50 nm) and macropores
(D>50 nm where D is the pore diameter. Considering r as
pore radius, micron meso, macro and coarse pores respec-
tively corresponded to r<0.001 pm, 0.001<r<0.025 um,
0.025<r<2.5 yumand r>2.5 um [72-74].

From Fig. 9A, it is emerged that the curve of MK2-0
sample (Fig. 9Aa) did not show many concaves as the
curve of geopolymer foams (Fig. 9Ab-f) meaning that
the pores in geopolymer foam samples were effectively
interconnected.

In Fig. 9B, the reference MK2-0 sample is evidence of
bimodal network structure with pore radius centered
between 0.05 and 0.1 um while the geopolymer foam are

MK2-FS MK2-RHA-FS MK2-Sab-FS MK2-Sa-FS MK2-S-FS

polymers samples. Distribution of meso Il (r<0.025 pm), macro
Il (0.025 <r <5 pm) and coarse \\\\ (r>5 pm) pore in geopolymers
samples

multimodal with several concaves. This trend is in agree-
ment with the investigation of Malvaut [73]. He explained
that the non-homogeneity of the surfaces of high pores
connected materials allow the sudden fill up of coarse
pores with gas during the MIP analysis. The behaviour of
these curves notably the one of MK2-RHA-FS sample is
in accordance with the pore size’s heterogeneity of the
structure.

The total cumulative intrusion volume value
(130.75 mm3 g7') of MK2-0 was low compared to that of
MK2-FS (426.26 mm3 g~') sample. The addition of silica
fume following by oven curing increased the porosity as
observed in Figs. 7, 8 and 9; Table 2 formation of multi-
pore scales [1, 24, 57]. When fired sand (Sa) was added,
the total cumulative volume increased from 426.26 to
501.66 mm? g~ whereas the addition of sawdust (S),
rice husk ah (RHA), and unfired sand Sab decreased the
total cumulative intrusion volume to 318.63, 379.20, and
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412.74 mm?® g~' respectively (Fig. 9A, B). The total poros-
ity from MIP data of MK2-0, MK2-FS, MK2-RHA-FS, MK2-
Sab-FS, MK2-Sa-FS and MK2-S-FS geopolymer samples
were respectively 19.52, 49.10, 49.14, 47.78, 52.43 and
41.52%. The higher value of open porosity from MIP
(diameter <360 pm) obtained on MK2-Sa-FS sample may
be explained by the dissolution of quartz surface in alka-
line media (NaOH) through the interaction of quartz and
cation (Na*) as discussed by Ali et al. [75]. They reported
that high alkali cation approach quartz surface and impact
hydrolysis of Si-O-Si bond; and due to the basicity of
media, OH™ break silanol and siloxane surface ligand of
quartz lead appears large dimensional cavity of around
20 um on the surface.

The average pore radius obtained from MIP increases
dramatically from 0.106 for MK2-0 to 8.44 pm for MK2-FS
corroborating with their total intrusion volume values. But
the addition of RHA, Sab, and Sa decreased the average
pore radius of geopolymer foams to 0.0275, 0.018, 0.017,
0.027 um respectively; In contrast, the addition of sawdust
increases the average pore radius to 36.92 um.

3.1.4.2 Meso and macropores distribution The histogram
presented in Fig. 9C outlined the frequency distribution of
the cumulative Hg intrusion volume as a function of pore
size categories in MK2-0, MK2-FS, MK2-RHA-FS, MK2-Sab-
FS, MK2-Sa-FS and MK2-S-FS geopolymers samples. The
minimum pore radius in the elaborated geopolymers was
0.0037 um, meaning these samples also contain gel pores
which is attributed to the pores with r<0.015 [76]. MK2-0
is constituted of meso (18%) and macropores (81%) with
the weak presence of coarse pore (0.91%), corroborating
with its macro and microstructure (Figs. 6Aa, Ba, 7a, 8Aa,
Ba). In contrast, the geopolymer foams were predomi-
nated by meso, macro and coarse pores confirming the
spongy-like structure of the designed samples (Figs. 6Bb-
f, 7b—f, 8Ab-f, Bb-f).

From Fig. 9A, B, one could observe that the addition
of silica fume followed by oven curing slightly increases
the distribution of mesopores (0.0125<r<0.025) in over-
all geopolymer foams except in MK2-S-FS sample. It also
increased the percentage of macropores as well as coarse
pores (pore with r” 5 um).This confirms the formation of air
bubbles through the dehydrogenation reaction [22, 24] as
mentioned above.

The details of the meso, macro and coarse pore distribu-
tion in foams materials revealed that MK2-Sa-FS and MK2-
RHA-FS samples have the highest mesopores (29 and 19%
respectively) and macropores (47% and 60% respectively).
In contrast, MK2-FS and MK2-S-FS specimens showed
more coarse pores percentage (46 and 62% respectively)
even though the macropores contributed for 35% in both
samples. One can underlined that the better dissolution
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of rice hush ash in alkaline solution. However, the reaction
onto the surface of silica (quartz sand) described previ-
ously may be contributed to the formation of these meso
and macropores. These results are in line with the findings
of Kamseu et al. [76] who found that the introduction of
the foaming agent contributed to increase the number
and size of meso and macropores. Although the fact that
rice husk ash and sawdust are known as good by-products
for the production of lightweight and porous materials [13,
54]. Fine aggregates as quartz sand contributed to the
densification of material [77]. Hence, their simultaneous
integrating in the matrices with silica fume foam agent [22,
23] in the current work affected the geopolymer network:
either by filling the spaces or coarse pores resulting in low
pore size distribution, or causing the expansion of the dif-
ferent pore sizes. As partial conclusion, geopolymer with
pore size ranging from 0.05 to 1 um can be prepared with
metakaolin without any additives (MK2-0). The elaborated
foams undergo three modal pores. The addition of silica
fume together with RHA or Sa allowed more meso and
macropores foams. While the supplementary addition of
sawdust gives high coarse pores materials. The later sam-
ple exhibited the interesting mechanical property and will
be used for filtration feasibility test.

3.2 Application to the filtration of methylene blue
dye

It was obtained from the MIP analysis that the total spe-
cific area values of MK2-0, MK2-FS, MK2-RHA2-FS, MK2-
Sab-FS, MK2-Sa-FS and MK2-S-FS were 8, 15, 21, 16, 18 and
4 respectively, suggesting that the elaborated sample are
able to adsorb pollutant into their surfaces.

The photos of the filtration steps were summarized in
Fig. 2. From Fig. 2a, b, it can be seen that water obtained
from soaked samples (Fig. 2a) was uncoloured for geo-
polymer foams with silica additives (Fig. 2b). In contrast,
water from MK2-S-FS containing lignocellulosic addi-
tive (Fig. 2¢) slightly exhibited yellow coloration which
disappeared when the filter is washed for several times.
The ability of designed filter to remove dye pollutant was
evaluated though the filtration of 0.03 g L™' of Methylene
Blue (MB) solution (Fig. 2d). This solution was prepared
by the dilution of solution of a commercial solution of
Methylene blue (0.5%) with deionized water. The filtration
was performed through MK2-S-FS filter sample (Fig. 2e).
MK2-Sa-FS and MK2-RHA2 exhibited 3 MPa of compres-
sive strength and could be used as filter but an example
of filtration was performed on MK2-S-FS. This formula-
tion was chosen thanks to its high compressive strength
(4 MPa) amongst the porous samples elaborated. In fact,
filtration process could be carried out at atmospheric pres-
sure or with pressure in order to increase the water flow.
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Fig. 10 A High flowing volume of sawdust-based geopolymer
foam filter and low flowing volume silica-based geopolymer foam
filters. B UV-Vis spectra of: A MB solutions at different concentra-
tions used to plot the calibration curve as a graph of the absorb-
ance at 663 nm as a function of concentration (b); initial solution of
MB of 0,03 g L™' (a) and its filtrate (b) obtained through MK2-S-FS
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»{}:Q
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filter. C FT-IR of: deionized water used (c, d) a solution containing
a mixture of water, sawdust, sodium silicate, and sodium hydrox-
ide; and filtrate (e) exhibiting the band from organic matter in the
filtrate, but the absence of the band of silica and MB band in the
filtrate. E Proposed reaction mechanism between MK2-S-FS filter’s
surface and MB molecule during the filtration
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The explanation that can be given to the choice of the
hardest formulation MK2-S-FS (containing sawdust) for
filtration is that in one hand, fragile material cannot sup-
port high pressure. In another hand, the microstructure of
MK2-S-FS displayed channels pores that could be benefit
for permeability.

The filtration was performed at atmospheric pressure
(1 atm), justifying the great slowly flow of methylene blue
(5 mL after 2 days). It's emerged from Fig. 2f that the meth-
ylene blue solution inside the filter discoloured with time
and the methylene blue particle was attached onto the
internal filter’s surface. The filtrate was totally blue discol-
oured, but slightly yellow coloured (Fig. 2g). This yellowed
colouration evidently results from organic matter in MK2-
S-FS filter as observed earlier (Fig. 2¢).

Before the filtration of methylene blue, a permeability
test was performed with deionized water. A water flow
curve obtained from MK2-S-FS sample (Fig. 10A) revealed
that the water flow rate could be about 4 mL min~'. The
cumulated flowing volume increases with time confirming
the effectiveness of the permeability of the sample [78,
791.

Figure 10B shows the UV-Vis absorption spectra of
various MB’ concentrations collected in the range of
300-750 nm wavelength. The resulting absorbance val-
ues were used to plot the calibration graph which gives
the slope (exl) used to estimate the filtrate’ concentration
through the Beer Lambert equation (Eq. 3). This figure dis-
plays an intense absorption band at 663 nm and a weak
band at 614 nm related respectively to the MB monomer
and dimer in aqueous solution [80]. The band at around
300 nm generally occurs at about 293 nm and corresponds
to the absorption of aromatic rings. The comparison
between the UV-Vis spectrum of the starting solution of
MB (0.03 g L™ or 9.53x 107> mol L™") (Fig. 10Ca) and the
spectrum of the filtrate is given in Fig. 10Cb. It is observed
that there is plate in the interval of 660 and 668 nm with
10% of absorbance instead of the absorption peak at
663 nm as observed in the previous solutions (Fig. 10Ca).
Hence, the saturation occurred during the analysis of the
starting solution which still contains many chromophore
groups (as observed in the chemical structure of MB)
(Fig. 10Bh). This justified by a very intensive blue colour
(Fig. 10Bd). The absorption bands of dimer and monomer
disappeared on the spectrum of the filtrate (Fig. 10Cb),
meaning that there was no chromophore group. In fact,
during the filtration process, there are physico-chemical
phenomena as electrostatic repulsions which occurred
onto the surface of the material [39]. Hence, the filtration
of cationic MB* dye in basic medium (pH of 12 from filter
used) (Table 2) is benefit for the filtration. The pH of the fil-
trate was 8.10, confirming that the acid/basic equilibrium
reaction was certainly involved between the two species.
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In order to evaluate the efficiency of MB removal
with designed filter the concentration of MB in the fil-
trate was calculated using the molar absorptivity € of e7
L mol™" cm™' obtained from the calibration curve given
in Fig. 10B and Eq. 3. From Fig. 10B, the absorbance of the
filtrate was 0.03% which corresponds to a concentration
of 1.5x 107 mol L' or 4.79x 10~ g L™ of MB. So, the per-
centage of removal estimated from Eq. 4 was 99.9%. This
result confirms the effectiveness of the elaborated filter for
methylene blue filtration. However, the absorption band
at~349 nm in UV region corresponding to the absorp-
tion of the aromatic nucleus increased on the spectrum
of the filtrate (Fig. 10Cb). This indicates the presence of
aromatic ring, certainly from wood fiber, similar to the
color observed on the photo of water after soaking the
filter (Fig. 2c). The filter was directly used after soaking for
24 h and was not washed several times, this justifies both
yellowish coloration in Fig. 2c,g.

The confirmation of the MB removal was also confirmed
by FT-IR analysis of some solutions between 400 and
4000 cm™! (Fig. 10C). Methylene blue molecule (Fig. 2h)
contains several chemical bonds that can be detected by
FT-IR spectroscopy. These chemical bonds [80] include:
C-S (700-600 cm™"), C=C aromatic (730-665 cm™),
aromatic C=C (1600-1450 cm™"), CN 1st amino
(772-665 cm™"), CN amino 2nd (1220-1020 cm™), aro-
matic CH (860-800 cm™"), aromatic CH (1175-1125cm™),
CH (aliphatic CH5) (1398-1385 cm™'), CH, aliphatic CH,
(2975-2950 cm™'), and NH, amine (3500-3100 cm™).
But, almost all of these bands were not practically found
on the spectrum of the filtrate. The FT-IR spectra of the
deionized water (Fig. 10Dc), filtrate (Fig. 10De) a solution
from a mixture of sodium silicate, NaOH, sawdust and dis-
tilled water (Fig. 10Dd) were studied. The last was interest
to observe the band from silicate and organic material
therefore to confront their result to the FT-IR spectrum
of the filtrate. The FT-IR spectra of methylene blue [80]
and sawdust [42, 81] were referred to the literature data.
There were found on the three spectra (Fig. 10Dc-e) evi-
dently the stretching of the broad bands of water at 3280
and 1630 cm™'. The spectrum of the solution containing
sodium silicate (Fig. 10Dd) pointed out the stretching
band of Si-O from silica in the medium. One can noticed
the presence of two weak bands on the FT-IR spectra of
the filtrate at~ 1388 cm™' and ~ 1002 cm™". The first band
could be attributed to the stretching of C-O bond from
carbonate. The second is related either to the vibration of
CH,OH group from sawdust, or from another Si-O bond,
if so, it will mean that the siliceous species have leached
and pass through the solution. However, this hypothesis
will be confirmed by further analysis as X-R Spectro fluo-
rescence. Moreover, it is likely the columbic attraction and
hydrogen bond are occurred trough the alkali hydrolysis
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of the surface of MK2-S-FS filter structured by OH from cel-
lulosic sawdust and the molecule of methylene blue which
is acid/base dye. Interestedly, the good removal increase
of the MB was favoured the high pH operating range as
reported by some researchers [35, 80, 82] the adsorption
with the increase in high pH media as concluded. The
mechanism of reaction the electronic attraction and/or
hydrolysis onto the surface’s filter could be proposed on
Fig. 10E showed the possibility of the formation of com-
plex in accordance with the work of Paulino et al. [37].

4 Conclusion

The effect of silica and lignocellulosic additives on the
microstructure and pore size distribution of metakaolin/
silica fume-based geopolymer foams filters consolidated
at 70 °C was achieved in this work. It was found that:

* A replacement of metakaolin powder by 21% of silica
fume (FS) used as foaming agent was suitable to pre-
pare sponge material, but this formulation exhibited
very low mechanical property. Then, 25 wt% of FS and
12.5wt % of additives (RHA, Sab, Sa, or S) were simulta-
neously added to aluminosilicates (MK2) therefore to
vary the pore network distribution. This increases the
theoretical Si/Al molar ratio respectively from 3.72 to
4.28, explaining the low compressive strength due to
a low polycondensation.

e Microstructure of geopolymer foams, foams displayed
heterogeneously multipore scales randomly distrib-
uted, consisted of gel, meso, macro and airs void pores
(coarse pores) with remarkably appearance of tubular
channels pores in the microstructure of sawdust-based
foams. However, the oven curing allowed microcracks
within the system.

e Additives used here significantly affected the pore
size distribution evaluated as vol%. For instance, MK2-
RHA-FS with average pore radius of 0.27 um was the
specimen containing the higher 29 vol% in meso
pores range (0.00125 <r<0.025 pm); MK2-Sa-FS sam-
ple with an average pore radius of 0.27 um exhibited
47 vol% of TCIV (Total Cumulative Intrusion Volume)
in macropores range. In geopolymer foams MK2-S-
FS and MK2-FS with average pore radius of 369.26
and 84.42 um respectively, it was pointed out that 45
and 60 vol% contributed to air voids pores or coarse
pores (r>5 um). Hence, the low average pore radius
of 0.18-1 um were from MK2-RHA-FS and MK2-Sa-FS
samples and high pore radius (84-369 um) obtained
from MK2-FS, MK2-Sab-FS and MK2-S-FS in agreement
with their macro and microstructure.

e The designed materials geopolymer foams were highly
porous, and permeable. Thus, prominent candidate
for macro filtration. However, an attention needs to
be paid in the oven cuing to avoid or reduce various
cracks formation. An example of methylene blue filtra-
tion revealed that MK2-S-FS filter, the hardest specimen
was suitable to remove methylene blue dye in aqueous
solution with 99.9% dye removal thanks to the ionic
exchange and probably complexation reaction occur-
ring onto the surface of filter. In the further works, we
will study the performance of filter when under a pres-
sure gradient. The evaluation of bacterial removal is
also projected in future works.
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