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A B S T R A C T   

Activated carbon (AC) has received a lot of interest from researchers for the removal of heavy 
metals from wastewater due to its abundant porous structure. However, it was found unable to 
meet the required adsorption capacity due to its amorphous structure which restricts the 
fundamental studies and structural optimization for improved removal performance. In addition, 
AC is not applicable in large scale wastewater treatment due its expensive synthesis and difficulty 
in regeneration. Thus, the researchers are paying more attention in synthesis of low cost geo
polymer based adsorbent for heavy metal removal due its excellent immobilization effect. 
However, limited studies have focused on the synthesis of geopolymer based adsorbent for heavy 
metal adsorption by utilizing industrial sludge. Thus, the aim of this research was to develop 
metakaolin (MK) based geopolymer adsorbent with incorporation of two types of industrial 
sludge (S1 and S3) that could be employed as an adsorbent for removing copper (Cu2+) from 
aqueous solution through the adsorption process. The effects of varied solid to liquid ratio (S/L) 
on the synthesis of metakaolin/sludge based geopolymer adsorbent and the removal efficiency of 
Cu2+ by the synthesis adsorbent were studied. The raw materials and synthesized geopolymer 
were characterized by using x-ray fluorescence (XRF), x-ray diffraction (XRD), scanning electron 
microscope (SEM), fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller 
(BET) and micro XRF. The concentration of Cu2+ before and after adsorption was determined 
by atomic absorption spectroscopy (AAS) and the removal efficiency was calculated. The 
experimental data indicated that the synthesized geopolymer at low S/L ratio has achieved the 
highest removal efficiency of Cu2+ about 99.62 % and 99.37 % at 25 %:75 % of MK/S1 and 25 
%:75 % of MK/S3 respectively compared to pure MK based geopolymer with 98.56 %. The best S/ 
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L ratio for MK/S1 and MK/S3 is 0.6 at which the reaction between the alkaline activator and the 
aluminosilicate materials has improved and enhanced the geopolymerization process. Finally, this 
work clearly indicated that industrial sludge can be utilized in developing low-cost adsorbent 
with high removal efficiency.   

1. Introduction 

Heavy metals are widely used in the engineering, papermaking, fine chemicals, dyes, paints, pharmaceuticals, petrochemical, and 
textile sectors, resulting in significant concentrations of heavy metal ions in their effluent. Heavy metals are specified as elements with 
atomic weight ranging from 63.5 g/mol to 200.6 g/mol with a specific density more than 5.0 g/cm3 [1–3]. According to United States 
Environmental Protection Agency, the most toxic heavy metal includes arsenic (As), copper (Cu), mercury (Hg), nickel (Ni), cadmium 
(Cd), lead (Pb) and chromium (Cr) [3,4]. These heavy metal ions have carcinogenic, teratogenic, mutagenic, non-biodegradable, and 
bioaccumulative properties, posing a serious hazard to the environment and human health. Therefore, these heavy metal ions need to 
be removed from the wastewater prior to being disposed into the ecosystem. There have been numerous methods for eliminating heavy 
metals from wastewater in the past [5–7]. 

Chemical precipitation, ion exchange, electrocoagulation, membrane filtration and adsorption methods can be used to remove 
heavy metals from wastewater [5–7]. Among other heavy metal treatment methods, adsorption has received a lot of attention because 
of its ease of use, minimum secondary contamination, high cost-effectiveness, and low energy consumption in removing heavy metals 
quickly from aqueous solution. The adsorbent is the most important component of the adsorption process. Activated carbon (AC), 
biochar, carbon nanotube (CNT), zeolite, geopolymer and clay mineral are some of the well-known adsorbents [8–10]. 

Among these adsorbents, AC is a carbonaceous material with high surface area and amorphous nature and offers a wider range of 
uses in water remediation process [11]. AC can be synthesized from carbon-rich organic materials including coconut shells, wood, coal, 
peat, and other sources. AC is frequently employed in wastewater treatment due to its extensive porous structure and large surface 
area. [12]. However, it failed to attain the specified adsorption capacity for heavy metal removal [13]. This is because, the disordered 
structure of amorphous carbon restricts the fundamental studies and structural optimization for improved removal performance [14]. 
Besides, its use in large-scale wastewater treatment is restricted by the expensive synthesis and challenging regeneration. 

Hence, geopolymer has gained great interest among researchers for the development of cost-effective adsorbents as it has excellent 
adsorption properties when compared to other adsorbents. Geopolymer composed of three-dimensional (3D) network structure, with 
fixed-sized pores and paths that allow only certain heavy metals to pass through. Geopolymer is composed of a polymeric silicon- 
oxygen-aluminum (Si-O-Al) framework with alternating linked silicon (SiO4) and aluminum (AlO4) tetrahedral by sharing all 
bridged oxygen atoms [15,16]. Geopolymers are semi-crystalline to amorphous structures and are made by an exothermal chemical 
reaction in an alkaline medium between silica and alumina-rich precursors and alkaline activators at low temperature [16,17]. 
Negatively charged alumina-silicate framework of geopolymer makes them a useful adsorbent to treat contaminated water at which it 
offers ion exchangeability between cations in alkaline activator and heavy metal ions. In addition, geopolymers are made up of cyclic 
molecular chains composed of a "crystal-like" structure [18,19]. Closed cage-like cavity generated through the conjunction of ring 
molecules can aid in the removal of heavy metals or other pollutants by fixing it in the cavity. Geopolymer materials are regarded as 
environmentally friendly owing to their low manufacturing temperature, low energy usage, and low carbon dioxide emissions. 
Moreover, geopolymers have remarkable advantages such as low cost, facile synthesis and local avail-ability of raw materials [18,20]. 
However, decreased of workability and high heat of hydration released are related to the disadvantages of geopolymer. In comparison 
to cementitious material, geopolymer produced by alkali activation releases more heat which will results in loss of water [21–23]. The 
continual loss of water from the matrix can result in inadequate wetting of the precursor particles, which would significantly impact 

Fig. 1. Documents published on geopolymer adsorbents.  
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the workability of paste and make molding very challenging. The line graph in Fig. 1 shows the number of documents published on 
geopolymer adsorbents in a span of ten years. The increasing trend of documents published over the years, indicates that most of the 
researchers have been focusing on investigating geopolymer adsorbents towards heavy metal removal from wastewater. Geopolymers 
are formed from various geological origins like kaolin and metakaolin as well as industrial waste such as red mud, fly ash, slag, and 
sludge. In 2019, Darmayanti et al. [24] investigated the adsorption of Cu2+ by fly ash based geopolymer. Moreover, a study by Panda 
et al. [25] explored the effectiveness of geopolymer adsorbent synthesized from pyrophyllite mine waste towards adsorption of Co2+, 
Cd2+, Ni2+, and Pb2+ from aqueous solution. 

On the other hand, sludge as a raw material, does contain some significant components compared to other industrial wastes. The 
primary inorganic components of sludge are SiO2, Fe2O3, and Al2O3, which make it potentially useful as a renewable energy source. In 
addition, sludge contains high concentrations of inorganic salts including inorganic ions such as (CO3

2-, PO4
3-, SO4

2- and NO3-) and other 
elements such as (Si, Al, K, Na, Ca and Mg) [26,27]. Thus, it can effectively adsorb heavy metal ions by the combined contribution of 
ion exchange, precipitation and ion complexation with heavy metals. In addition, the presence of metal oxides and inorganic salts in 
sludge will increase the active sites on the surface of geopolymer. Water treatment sludge (WTS) is a heterogeneous solid waste which 
is high in Si and Al and closely resembles natural aluminosilicates [28]. Formation of residue in the water treatment process by the 
addition of chemical reagents in the removal of fine particles and organic substances dissolution is called WTS, while waste glass sludge 
(WGS) is a byproduct of the numerous glass industries where the glass materials are cut and polished for manufacturing processes. 
WGS has greater amount of SiO2 and it has extremely small particles [29]. However, limited studies focused on the synthesis of 
geopolymer based adsorbent for heavy metal adsorption by utilizing sludge. Thus, the aim of this study is to develop metakaolin (MK) 
based geopolymer adsorbents by incorporating two types of industrial sludges (S1 and S3) and also to investigate the impact of various 
solid to liquid ratios (S/L) on the geopolymerization process and also on the removal efficiency of Cu2+. 

2. Materials and methods 

2.1. Raw materials 

In this study, Kaolin (K), industrial sludge (S1) and industrial sludge (S3) were used as raw materials. Kaolin was supplied by 
Associated Kaolin Industries Sdn Bhd, Petaling Jaya, Selangor, Malaysia, while S1 and S3 were supplied by Alam Aliran Kualiti (M) Sdn 
Bhd, Bukit Mertajam, Penang, Malaysia. Calcined kaolin was used as the starting material and S1 or S3 as a filler in the geo
polymerization process. Sodium hydroxide (NaOH) and sodium silicate (NaSiO3) were used to make alkaline activator. NaOH and 
NaSiO3 were provided by Formosa Plastic Corporation, Taiwan and South Pacific Chemical Industries Sdn Bhd, Perai, Penang, 
Malaysia respectively. 

2.2. Preparation of geopolymer adsorbent 

Synthesis of geopolymer adsorbent involves several steps. First, S1 and S3 are oven dried at 100 ⁰C for 24 h to remove the moisture 
content. Then, Kaolin is calcined at 750 ⁰C for 5 h to increase the reactivity [30,31]. According to Oualit et al. [32], the first stage of the 
decomposition of kaolin begins at about 80 ºC to 150 ºC caused by the loss of moisture from kaolin. At the second stage, the highest 
mass loss occurs at temperatures between 400 ºC and 700 ºC, which is linked to the loss of water from kaolinite (dehydroxylation) and 
the creation of the metakaolinite phase. At temperatures between 650 ºC and 750 ºC, kaolinite is completely transformed into met
akaolin. During calcination, the structural water is gradually lost, the aluminum coordination changes from six to four, and the 
structure becomes amorphous. After that, the raw materials are sieved through 300 µm to obtain fine particles. At the first stage, MK 
was mixed with S1 or S3 to prepare solid precursors at varied ratios of MK/S1 and MK/S3 as shown in Table 1. The ratio of MK to S1 or 
S3 was chosen to partially replace the aluminosilicate source which is MK, by using sludge with the increment of 25 total weight %. The 
alkaline activator ratio (Na2SiO3/NaOH) determines the modulus ratio of SiO2/Na2O which is the essential parameter in the formation 
of geopolymer product. At high alkali activator ratio, increasing the modulus ratio of SiO2/Na2O results in more Si ions in the solution, 
which can improve the polymerization and yield more compact silicon-rich gel phase [34,35]. Thus, alkaline activator as liquid part 
was prepared using 10 M of NaOH and Na2SiO3 with modulus ratio of Na2SiO3:NaOH being 1.5 [25,33]. Thereafter, the raw materials 
were mixed with alkaline activator at different solid-to-liquid (S:L) ratios by using mechanical mixer for 15 mins [36] as shown in  
Fig. 2. The varied S:L ratio was chosen based on the workability of pure MK based geopolymer paste at S:L ratio of 1:0. As the 
workability of pure MK geopolymer paste is lowest at S:L ratio of 1:0, thus, the ratio below 1:0 is considered for the geopolymerization 
process. Then, the obtained paste was oven cured at constant temperature for 2 days. Excessive alkaline residue in geopolymer will 

Table 1 
Parameters of synthesis geopolymer adsorbents.  

Parameter Details 

MK: S1 100:0, 75:25, 50:50, 25:75 
MK: S3 100:0, 75:25, 50:50, 25:75 
NaSiO3: NaOH 1.5 
S: L 0.4, 0.6, 0.8, 1.0 
Curing temperature 60 ⁰C  
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increase the pH of an aqueous solution containing heavy metals, and encourage the hydroxide precipitation process, consequently 
reducing the effectiveness of adsorption [37]. Therefore, the hardened geopolymer paste was then crushed by using porcelain mortar 
and washed three times using distilled water until the pH of the wash water is maintained at 7.0 ± 0.5 for at least 24 h. After that, the 
washed and dried powder was sieved to obtain a particle diameter of < 300 µm, which is then used for the sorption process. 

In the second stage, stock solution (1000 mg/L) of Cu2+ was prepared by dissolving an appropriate amount of analytical grade 
reagents copper sulfate pentahydrate (CuSO40.5H2O) in distilled water and then it was diluted to prepare 100 mg/L of initial copper 
solution. The pH of the solution was adjusted using 0.01 HCl or 0.01 NaOH. For batch adsorption experiment, a constant amount of 
geopolymer adsorbent was mixed with 100 ml of prepared copper solution and shaken for 1 h at 220 rpm as described in Table 2. The 
formulated products were labelled GMK100–0.4, GMK100–0.6, GMK100–0.8 and GMK100–1.0, where 0.4, 0.6, 0.8 and 1.0 represent 
S/L ratios, MK100 represents the percentage of MK by weight and G represents geopolymerization process as tabulated in Table 3. The 
experiment was repeated under same experiment conditions for MK: S1 and MK: S3 at 75:25, 50:50, and 25:75. Finally, the adsorption 
efficiency of geopolymer adsorbent was compared to the reference sample which was prepared without the geopolymerization process. 

2.3. Testing 

The chemical composition of raw materials was determined by X-ray fluorescence (XRF) and the phases present were characterized 
by a diffractometer-XRD system (model Bruker D2 Phaser), using Cu-Kα (at wavelength 1.54184 [Å]) radiation, fitted with a Cu tube 
on the secondary optics, and operated under 30 kV power and 10 mA current. The scanning 2θ ranged between 5 ⁰ to 90 ⁰. Highscore 
Plus software was used to conduct the semiqualitative analysis of the XRD data in order to identify the amorphous structure and 
crystalline phases of raw materials and geopolymer adsorbents. 

Fourier-transform infrared spectroscopy (FTIR) analysis was conducted using PerkinElmer (Frontier) to record transmittance 
spectra in the 400–4000 cm− 1 region, with a resolution of 4 cm− 1 (8 scans) to analyze the functional groups of raw materials and 
synthesized geopolymer adsorbents. 2 mg of sample powder mixed with 198 mg of potassium bromide (KBr) was then compacted into 
disc under a pressure of 8 tons for 2 mins using a hydraulic press. 

The microstructure and surface elemental distribution of raw materials and geopolymer adsorbents before and after adsorption was 
observed using a Scanning electron microscope (SEM) JEOL JSM-6460LA combined with an energy-dispersive detector at an accel
eration energy of 15 keV. Sputter-coater Q150R S was used to coat the material by a conductive material which is gold for 1 min to 
avoid charging of electrons during examination in SEM. 

Brunauer-Emmett-Teller (BET) surface area and pore size distribution of raw materials were studied on Micromeritics Tristar II by 
degassing the sample with nitrogen gas at 200 ºC for 6 h. 

After adsorption, the supernatant liquid of the reaction was filtered and separated. The changes in the Cu2+ concentration was 
determined by conducting atomic absorption spectroscopy (AAS) (model Perkin Elmer Analyst 800). The obtained results were used to 
calculate the removal efficiency of Cu2+ by synthesized geopolymer adsorbents by using the formula shown in Eq. (1). 

Removal efficiency :
(Initial concentration − Final concentration)

Initial concentration
x 100 (1) 

Synchrotron micro-X-ray fluorescence at BL 7.2 W:MX beamline was used to determine the distributions of elements in synthesized 
geopolymer adsorbents which are located at the Synchrotron Light Research Institute (SLRI), Thailand. Synchrotron micro-XRF is an 

Fig. 2. Synthesis of metakaolin/sludge geopolymer adsorbent.  

Table 2 
Parameters of adsorption experiment.  

Parameter Details 

Adsorbent dosage 0.15 g 
pH 5 
Temperature 25 ⁰C 
Time 1 h  
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advanced technique for non-destructively visualizing the elemental distribution within a sample. The energy of the micro-X-ray beam 
is fixed at 12 keV. A total spot of 441 with detector time close to 15 % was scanned. The data was analyzed by using PyMca software 
and the rescaled images of the elemental mapping was illustrated using MATLAB software. 

3. Results and discussions 

3.1. Characterization of raw materials 

The chemical composition of raw materials is tabulated in Table 4. XRF analysis indicates that K is mainly made up of SiO2, Al2O3, 
with K2O and Fe2O3 as impurities. Upon calcination of K, the data obtained is not much different from kaolin and metakaolin, but the 
percentage of SiO2 decreased from 48.85 % to 42.68 %, while Al2O3 increased from 43.17 % to 52.96 %. MK can be used in the 
geopolymerization process as it is rich in Si and Al elements, as the main structural framework of geopolymer consists of Si and Al. In 
addition, S1 has the highest percentage of SiO2 (91.64 %) among other elements compared to other raw materials. On the other hand, 
SiO2, Al2O3, CaO, MgO and Fe2O3 are the main components in S3 with total sum-up of 86.98 %. Thus, S1 might have been obtained 
from glass industry and S3 might have come from water treatment plant based on the chemical composition. 

Similar observation was obtained in research conducted by Ayeni et al. [38] at which thermal treatment of K to MK results in an 
increase in the Al2O3 content. In another study by Karatas et al. [39], calcination of kaolin at 600 ºC for 3 h caused a decrease in SiO2 
from 73.4 % to 62.34 % and an increase in Al2O3 from 18.5 % to 34.68 %. As a result, it was concluded that, calcination favored 
aluminum availability during geopolymerization contributed to the quick hardening of the geopolymer specimens prepared [28]. 
Meanwhile, greater amount of Na2O and MgO in S1 could result in better ion exchangeability with Cu2+ and could increase the 
removal efficiency of Cu2+. In addition, Na is an important element for the geopolymerization process. However, in the case of high Na 
concentrated geopolymer, excess alkaline residue can be removed by washing with distilled water. Besides, S3 contains greater content 
of Fe2O3 compared to MK and S1. Based on a previous study, the participation of ferric ion in the tetrahedral network of the geo
polymer is possible [40]. However, during geopolymerization, reactive iron is anticipated to precipitate quickly in the form of hy
droxide or oxyhydroxide phases, eliminating OH ions from the solution and delaying the dissolution of the remaining raw materials. 
Apart from that, the Si/Al ratio is a critical factor in geopolymerization as it determines the degree of polycondensation, pore 
development and also directly influences the microstructure of geopolymer. Impurities phases such as Fe, Ti and Ca can influence the 
Si/Al ratio of geopolymer framework and the geopolymerization process to some extent [41]. 

The mineral composition of raw materials determined XRD are shown in Fig. 3. K contains kaolinite as main phase with muscovite 
and quartz as minor phases. After calcination at 750 ºC, kaolin is completely transformed into metakaolin with quartz as major phase 
and muscovite as minor phase. The broad hump in the XRD pattern of MK between 18º and 38º is attributed to amorphous structure of 
MK. In addition to quartz, MK is mainly hypocrystalline and amorphous. In contrast, the broad band in the XRD pattern of S1 and S3 
shows an amorphous structure of sludge materials. While, an amorphous halo with a high loss on ignition is visible, indicating the 
presence of organic chemicals in the S1 and S3 that volatilize, releasing principally CO, CO2 and CH4 [42]. It is also shown in the 

Table 3 
Sample descriptions according to process.  

Process Sample Process Sample S/L ratio 

Without geopolymerization MK 
S1 
S3 
MK75S1 
MK75S3 
MK50S1 
MK50S3 
MK25S1 
MK25S3 

With geopolymerization (G) GMK100 
GMK75S1 
GMK75S3 
GMK50S1 
GMK50S3 
GMK25S1 
GMK25S3 

0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0 
0.4,0.6,0.8,1.0  

Table 4 
Chemical composition of raw materials.  

Chemical composition K wt (%) MK wt (%) S1 wt (%) S3 wt (%) 

SiO2 48.85 42.68 91.64 20.09 
Al2O3 43.17 52.96 0.01 31.50 
Na2O 0.17 0.49 2.75 1.07 
MgO 0.41 – 3.80 4.76 
CaO 0.20 0.01 0.10 11.97 
K2O 3.53 1.95 0.16 1.21 
TiO2 0.78 0.44 0.02 0.81 
Fe2O3 2.31 1.28 1.20 18.66 
P2O5 – – 0.07 0.21 
SO2 0.22 0.02 0.21 0.29 
LOI 0.36 2.12 0.04 9.43  
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pattern with the presence of quartz (SiO2), hematite (Fe2O3), calcite (CaCO3) and sillimanite (Al2SiO5). S1 is mainly composed of 
crystalline phases of quartz and hematite while crystalline phases in S3 are quartz, hematite, sillimanite and calcite. The major phase of 
quartz in S1 is due the presence of high silica content. The existence of calcite and hematite in S3 represents a greater amount of 
calcium and iron in the XRF results obtained. 

The disappearance of peak corresponding to kaolinite is noticed in metakaolin which is explained by the dehydroxylation of the 
water molecules that occur in the kaolinite structure in metakaolin and indicates the complete transformation of K to MK [43]. Besides, 
the results obtained also indicate that the material had good calcination and almost all of the kaolinite has been calcined. However, the 
presence of the quartz phase, which did not undergo amorphization completely after heat treatment, demonstrated that the K utilized 
in the calcination was not pure kaolinite [44]. The broad hump of S1 and S3 represents high concentration of disordered and unstable 
structures. This is because, the bonding in amorphous has short range order and is irregularly created when atomic locations are not 
randomly dispersed in 3-D orientation and thus amorphous is commonly formed in instable phase. Thus, the reactivity of materials 

Fig. 3. XRD patterns of (a) K, (b) MK, (c) S1 and (d) S3 (K-kaolinite Al2Si2O5(OH)4, Q-quartz SiO2, M-muscovite (KAl2(AlSi3O10)(OH)), H-hematite 
Fe2O3, C-calcite (CaCO3), S-sillimanite (Al2SiO5). 

Fig. 4. FTIR spectrum of raw materials.  
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increased when it is in amorphous phase and geopolymerization process is enhanced. 
FTIR spectra of K, MK, S1 and S3 are illustrated in Fig. 4. The peak of kaolin corresponding to 3355 cm− 1 is related to stretching of 

OH groups [45]. The ordered structure of kaolinite is confirmed by the well-defined peak in this area, while a peak at 1657 cm− 1 is 
related to deformation of the hydroxyl group and a strong peak uptake of 1824 cm− 1 is due to absorption of -OH buckling vibrations 
trapped in the crystal lattice [46]. In addition, absorption bands at 593 cm− 1 and 427 cm− 1 are due to bending vibration of Si-O-Al and 
Si-O-Si respectively [47]. Upon calcination of kaolin, the peaks related to stretching and deformation of OH- can still be observed in the 
FTIR spectra of MK with a new peak corresponding to bending vibration of Si-O-Al at 747 cm− 1. The stretching vibration of Al (VI)–O 
are connected to 747 cm− 1 in the IR spectra of MK which will reduce after geopolymerization during hydration reaction [48]. 
Moreover, FTIR spectra of S1 and S3 indicate the presence of OH, Si-O-Al and Si-O-Si functional groups. Absorption frequency of peak 
at 3202 cm− 1, 3191 cm− 1 and 1656 cm− 1 are related to OH functional groups, while 1016 cm− 1 and 953 cm− 1 corresponded to 
stretching vibration of Si-O-T (T = Si or Al). Besides, the FTIR spectrum at 753 cm− 1 and 721 cm− 1 and 542 cm− 1 and 530 cm− 1 

indicate the bending vibrations of Si-O-Al and Si-O-Si respectively. 
Fig. 5 shows the microstructure of raw materials. The layered structure of K is shown in Fig. 5(a). However, upon calcination, the 

amount of coarse fraction increased as revealed in Fig. 5(b). Calcination appears to have affected the crystalline arrangement of 
kaolinite. The disordered phase is indicated by the uneven arrangement and broken edges of the kaolinite platelets. On the other hand, 
Fig. 5(c) reveals that the material is made up of a large number of spheres like particles stacked on top of each other. This indicates that 
there are numerous pore channels between and within particles, indicating that small molecules have an easier time penetrating the 
material’s interior structure. In contrast, S3 particles consist of flake-like structure as shown in Fig. 5(d). 

The nitrogen adsorption and desorption isotherm of the MK, S1 and S3 used in this study is shown in Fig. 6. The adsorption and 
desorption isotherm curve of MK and S3 is almost shown the similar trend. The isothermal adsorption of these samples referred to as IV 
type at which indicating the mesopores structure of the materials [49]. However, S1 is obtained at a completely different trend 
compared to MK and S3 at which the amount of adsorbed nitrogen is reduced with increasing relative pressure. This observation 
demonstrates the small surface area and pore volume of S1 material compared to MK and S3. The surface area and pore characteristics 
of MK, S1 and S3 are tabulated in Table 5. The BET specific surface area of MK is approximately 8.38 m2/g which is larger than S1 and 
S3 with the pore volume of MK and S3 obtained having the same value at 0.02 cm3/g. The surface area of MK used in this study is larger 
than MK (2.54 m2/g) used in research by Lan et al. [25]. However, the average pore size of S3 is higher than MK and S1. 

Fig. 5. Morphology of raw materials (a) kaolin, (b) metakaolin, (c) S1, (d) S3.  
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3.2. Characterization of synthesized geopolymer adsorbent 

The phases present in the sample of synthesized geopolymer adsorbent at varied S/L ratio is shown in Fig. 7. Among all prepared 
samples, only six samples were selected for analysis based on their removal efficiency of having the highest and lowest value from the 
three different samples used namely MK/S1, MK/S3 and pure MK based geopolymer adsorbents at varied S/L ratio. Upon activation 
process, the crystalline phases are dissolved in the alkaline solution and the aluminosilicate is formed through geopolymerization 
reaction. This can be confirmed by observing the reduction in the intensity of the crystalline peaks in synthesized geopolymer in 
comparison to before geopolymerization. After geopolymerization, a wide diffraction hump in the range between 20 º to 35 º in Fig. 7 

Fig. 6. Nitrogen adsorption and desorption isotherm of raw materials: (a) MK, (b) S1 and (c) S3.  

Table 5 
BET surface area, pore volume and average pore size of samples.  

Sample SBET (m2/g) Pore volume (cm3/g) Average pore size (nm) 

MK 8.38 0.02 96.70 
S1 0.04 – – 
S3 6.98 0.02 108.43  
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(a) and (b) indicates an amorphous structure of MK geopolymer and it is attributed to amorphous aluminosilicate gel which is the 
primary binder phase in geopolymer. New peaks related to nepheline are formed upon geopolymerization of pure MK at low and high 
S/L ratio while characteristics of peaks for quartz and muscovite still exist in the range between 5º and 35º as shown in Eq. (2). 
However, when compared to the raw material, the number of these reflections is lower. On the other hand, synthesized geopolymer 
adsorbent at 25 % MK and 75 % of S1 at low S/L ratio has formed albite phases as shown in Eq. (3) and less unreacted peaks of quartz 
and hematite is remained. Whereas, at high S/L ratio, most unreacted peaks correspond to quartz and magnetite as shown in Fig. 7(c) 

Fig. 7. XRD pattern of synthesized geopolymer adsorbents (Q- quartz (SiO2), N- nepheline (2NaAlSiO4), T- Anorthite (CaAl2Si2O8), H-magnetite 
(Fe3O4), A- albite (Na(AlSi3O8), M-muscovite (KAl2(AlSi3O10)(OH)). 

Fig. 8. FTIR spectra of synthesized geopolymer adsorbents.  
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and (d). This indicates that at high S/L ratio, the aluminosilicate precursors do not dissolve completely due to the lack of alkaline 
solution. In addition, geopolymer adsorbent containing 25 % of MK and 75 % of S3 synthesized at S/L ratio of 0.6 is well geo
polymerized and has formed anorthite phases as shown in Eq. (4). While at S/L ratio of 0.4, these geopolymer adsorbent has formed 
anorthite and most of the peaks related to quartz and muscovite still remained unreacted due to lack of the interaction between 
aluminosilicate precursor and excess alkaline solution as shown in Fig. 7(e) and (f). 

The halo peak with 2θ between 18 º and 38 º for MK is now between 20 º and 45 º for geopolymers which is the fingerprint of 
geopolymerization. However, the amorphous peak in the XRD patterns (Fig. 7(c,d,e,f)) clearly migrated towards 18 º and 38 º with S1 
and S3 addition in the geopolymer system, demonstrating the unreacted MK at high sludge containing geopolymers [40]. Besides, 
some of the raw materials’ peaks attenuated or disappeared when compared to the synthesized geopolymers, indicating crystalline 
phase breakdown and geopolymer formation [40]. In addition, the presence of characteristics of quartz in all geopolymer sample 
suggests that quartz was not involved in the geopolymerization reaction due to low dissolution of quartz in alkaline solution [50]. 
According to Zibouche et al. [51], the presence of quartz has no effect on the geopolymerization reaction. 

Na2O+Al2O3 + 2SiO2 → 2NaAlSiO4 (Nepheline) (2)  

Na2O+Al2O3 + 6SiO2 → 2Na(AlSi3O8) (Albite) (3)  

CaO+Al2O3 + 2SiO2 → CaAl2Si2O8(Anorthite) (4) 

The functional groups of an adsorbent are important to aid in the adsorption process as it provides attachment sites for the ad
sorbates and then increase the binding capacity with heavy metal ions [52]. The FTIR spectra of synthesized geopolymer at different 
compositions of MK/S1, MK/S3 and pure MK at varied S: L ratio are illustrated in Fig. 8. The absorption peaks of FTIR located at 
approximately 3428 cm-1 and 1637 cm-1 are corresponded to stretching and bending vibration of -OH groups respectively. This broad 
bands belong to weakly–bound water molecules adsorbed on the surface or trapped between the rings of the geopolymeric products 
[53]. However, the existence of new peak at about 3708 cm− 1 in pure MK based geopolymer is assigned to the inner O–H stretching 
frequency which is bound to the octahedral Al. This might be attributed to the incomplete dihydroxylation of kaolinite. Moreover, the 
peaks at approximately 1450 cm− 1 are due to stretching vibration of O-C-O in CO3

2-. Entrapment and dissolution of CO2 in alkaline 
activator from atmosphere generate Na2CO3 in pure MK and MK/S1 geopolymeric matrix by the reaction of excess NaOH with CO2 in 
air [54]. Besides, dissolution of a part of carbonate mineral from sludge in the alkaline activator also generates CO3

2- in the geopolymer 
matrix of MK/S3. 

Besides, there is only a little difference in the FTIR spectra of MK and geopolymers in the range between 4000 cm− 1 and 400 cm− 1. 
This indicates that the geopolymerization product retains the most vibrant forms of the molecular chains present in the raw material 
[55]. The displacements in the peak at 747 cm− 1 in MK which are related to Si-O-Al to lower wavenumber at approximately 722 cm− 1 

after geopolymerization indicates the formation of geopolymeric structure with the transition hexa-to-tetra coordinated Al(IV) [50, 
56]. However, in a study by Kaya et al. [40], the major FTIR band of MK at 989 cm− 1 was observed to be systematically shifted to 
1004 cm− 1, possibly as a result of more unreacted metakaolin being present in the system with increasing red mud content. This can be 
slightly correlated with this study at which the band at 979 cm− 1 in the sample of 0 % of sludge is displaced with the increment of 
sludge up to 75 %. This indicates the presence of unreacted MK precursor in the GMK25S1 and GMK25S3. In contrast, the bending of 
the zeolite framework T-O created the bands at approximately 424 cm− 1 and 440 cm− 1 due to the transformation of the TO tetrahedral 
(T = Si, Al, Ca, Mg and etc) [54,57]. The presence of CO3

2- in the geopolymer matrix could promote the adsorption efficiency by the 
precipitation with Cu2+ [58]. In addition, ion complexation of Cu2+ with OH- functional groups could reduce Cu2+ in the aqueous 
solution as shown in Fig. 9. However, Si–O–Si/Al unit does not have an adsorption function, but serves as the adsorbent’s skeleton and 
strengthens the geopolymer adsorbent [59]. 

The morphology of synthesized geopolymer adsorbent which has been selected based on high removal efficiency of Cu2+ is shown 
in Fig. 10. Fig. 10(a) and (b) show the morphology of pure metakaolin based geopolymer at high and low S: L ratio. The layered like 

Fig. 9. Adsorption mechanism of synthesized geopolymer adsorbent.  
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structure of MK almost remained the same after geopolymerization process [55]. While, the surface layer of geopolymer contained S1 
sludge is changed from sphere like to sphere like with sharp edges as shown in Fig. 10(c) and (d). This morphological change in MK/S1 
based geopolymer is caused by dissolution of aluminosilicate material by alkaline activator especially at low S: L ratio [60]. In contrast, 
Fig. 10(e) and (f) indicate MK/S3 based geopolymer maintaining the flake like structure of sludge and is a uniformly distributed 
particles at slightly high S: L ratio. This observation indicates that, alkaline activation only occurs at the outer surface of the raw 
materials and thus its main shape is maintained since the solid-liquid reaction system provides a gel system [61]. 

Fig. 10. Morphology of synthesized geopolymer (a) GMK100–0.4, (b) GMK100–1.0, (c) GMK25S1–0.6, (d) GMK25S1–1.0, (e) GMK25S3–0.4 and 
(d) GMK25S3–0.6. 
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3.3. Effect of S: L ratio on Cu2+ removal efficiency 

Fig. 11 shows the Cu2+ removal efficiency by MK, S1 and S3 without geopolymerization. Pure MK and S1 yielded similar results of 
Cu2+ removal efficiency at approximately 6.85 % and 5.17 % respectively, while, S1 has achieved the lowest Cu2+ removal efficiency. 
However, the Cu2+ removal efficiency by pure S3 is highest (46.31 %) compared to MK and S1 without geopolymerization. 

This can contribute to a better chemical and physical properties of S3 compared to MK and S1. S3 has greater amount of MgO, CaO 
and Fe2O3 than MK and S1. Small amount of Cu2+ ions get adsorbed by pure S3 adsorbent particles by ion exchange mechanism with 
Ca and Mg. The ion exchangeability between Cu2+ and Ca2+ by S3 adsorbent particles is greater than the ion exchangeability between 
Cu2+ and Mg2+ in comparison to S1 and MK. This is due to the greater ionic radius of Ca2+ (0.100 nm) than Mg2+ (0.072 nm) which 
will be exchanged by Cu2+ (0.072 nm) [62]. Apart from that, smaller flake size of S3 adsorbent size particles can adsorb more Cu2+

ions faster due to higher surface area which provides more active sites [63]. In contrast, a research by Xu et al. [58] investigated the 
removal efficiency of Cu, Zn and As by using paper milled sludge derived biochar and found that the removal efficiencies of Cu, Zn, and 
As were above 95 % due to the wide pores, abundant carbonates, and OH groups. 

Fig. 12 shows the Cu2+ removal efficiency by 100 % of MK based adsorbent with and without geopolymerization. Pure MK based 
adsorbent without geopolymerization has the lowest removal efficiency (6.85 %) compared to pure MK based geopolymer adsorbent. 
Geopolymer adsorbent has obtained the highest Cu2+ removal efficiency of approximately 98.56 % at S: L ratio of 0.4. On the other 
hand, a study conducted by Tunali et al. [64] indicated the high removal efficiency of Cu2+ at about 95.02 % by using MK based 
geopolymer adsorbent. However, this value is lower than the value obtained in this study. Thus, it can be said that, geopolymerization 
has improved the adsorption capacity of the adsorbent and this might be due to the formation of nepheline phase upon geo
polymerization of 100 % of MK [65,66]. 

The geopolymerization process is conducted at different S: L ratio in which the ratio of aluminosilicate material to alkaline activator 
varied. The dissolution process and subsequent reaction are influenced by the properties of the solid aluminosilicate, while the liquid 
activator dissolves the solid raw material partially or entirely, determining aluminosilicate structure break and recombination, 
polycondensation, and charge balance in the reaction system [33]. Besides, geopolymer synthesized at low S: L ratio is considered at 
the optimum ratio for better geopolymerization process of pure MK and for improved removal efficiency. This is further explained by 
the layered structure of MK which limits the mobility of the particles during mixing [67]. Thus, MK based geopolymer requires low S/L 
ratio to obtain a homogeneous reaction mixture. 

The effect of S: L ratio on the Cu2+ removal efficiency by MK/S1 and MK/S3 based adsorbent without and with geopolymerization 
at 75 %, 50 % and 25 % of MK is shown in Fig. 13. The sample with 75 %, 50 % and 25 % of MK without geopolymerization has lower 
Cu2+ removal efficiency compared to sample with geopolymerization. The Cu2+ removal efficiency by GMK75S1 fluctuates with 
increasing S: L ratio from 0.4 to 1.0 as shown in Fig. 13(a). 98.62 % of Cu2+ removal efficiency is achieved by GMK75S1–0.4, while this 
value is decreased to 73.15 % with increasing S: L ratio. However, in comparison to S1, S3 incorporated MK based geopolymer which 
has low Cu2+ removal efficiency at lowest S: L ratio (0.4) is increased by 12.44 % and has attained highest Cu2+ removal efficiency of 
99.07 % at GMK75S3–0.6. This value further dropped with the increase in S: L ratio and the lowest removal efficiency was obtained at 
GMK75S3–1.0. 

While, the effect of S: L ratio on the removal efficiency by MK/S1 and MK/S3 based geopolymer at 50 % of MK is shown in Fig. 13 
(b). Similar trend of Cu2+ removal efficiency by MK/S1 and MK/S3 based geopolymer at 75 % of MK is obtained at 50 % of MK. 
GMK50S1–0.4 with removal efficiency of 98.36 % is reduced by 1.94 % and 15.92 % at S: L ratio of 0.6 and 0.8 respectively followed by 
an increment at GMK50S1–1.0 to about 84.54 % of removal rate. Whereas, the Cu2+ removal efficiency of GMK50S3–0.4 (97.34 %) 
further raised to 97.55 % at GMK50S3–0.6 before starting to fall to 86.05 % at GMK50S3–1.0. This result indicates that, higher S/L 
ratio deteriorates the adsorption capacity of MK/S based adsorbents. 

In contrast, the relationship between varied S: L ratio and the Cu2+ removal efficiency by the prepared geopolymer adsorbents at 
25 % of MK is revealed in Fig. 13(c). 75 % of S1 and S3 filled MK based geopolymer adsorbent synthesized at S: L ratio of 0.6 achieved 
the highest removal efficiency among all compositions at 99.62 % and 99.37 % respectively. In comparison to previous study, the 
removal efficiency of Cu2+ obtained by the fly ash and iron ore tailing based geopolymer incorporated hydrogen peroxide was 90.7 %. 
Besides, a study by Tan et al. [68] on the removal efficiency of Cu2+ by facile fabricated foamed geopolymer sphere found that the 
removal efficiency increased from 47.5 % to 92.8 % due to the increasing number of binding sites. While, the removal efficiency of 

Fig. 11. Removal efficiency by 100 % raw materials.  
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Cu2+ obtained by synthesized adsorbent in this study is greater than previous studies. Thus, geopolymer adsorbents prepared at 25 of 
MK and 75 % S1 and S3 are considered the best ratios for an effective adsorbent among all compositions. Hence, at this ratio, MK/S 
based geopolymer synthesized at S: L ratio of 0.6 is chosen as an optimum ratio, whereas pure MK based geopolymer adsorbents 
prepared at 0.4 is chosen as the best S:L ratio. 

This might be due to high water demand of MK compared to S which influences the S/L ratio of the geopolymerization process [69]. 
Diminished MK content in sample of GMK25S1/S3 will result in the reduction of moisture absorption by MK at S/L ratio of 0.4. Hence, 
there will be more liquid medium than the solid precursors in the mix which will lead to incomplete reaction between them [34]. 
However, increasing MK content by increasing S/L ratio at 0.6 improved the reaction between the alkaline activator and the 

Fig. 12. Removal efficiency by 100 % MK without and with geopolymerization (G).  

Fig. 13. Removal efficiency by MK/S1 and MK/S3 geopolymer at (a) 75 % of MK, (b) 50 % of MK and (c) 25 % of MK without and with geo
polymerization (G). 
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aluminosilicate materials and enhanced the geopolymerization process. In addition, at higher S/L ratio, the solid precursors do not 
dissolve properly due to the lack of alkaline solution in the matrix resulting in the inefficient hydrolysis reactions and gel formation 
[70,71]. This is because, the kinetics of the interchange of silicate units between species during geopolymerization is affected by an 
increase in the S/L ratio, which results in larger oligomers. This leads to a significant increase in the viscosity of the solution, limiting 
the workability of the activated pastes as a consequence [72]. In contrast, low S: L ratio hastens the dissolution of MK and promotes 
polycondensation of geopolymer [48,67,72]. This is due to the presence of sufficient OH- to catalyze the activation of the precursor by 
completely dissolving the reactive ions aluminosilicate precursors and Na+ to balance the charge deficit of aluminum [67]. Besides, 
MK/S3 based geopolymer has greater removal efficiency even at low concentration with higher removal rate of Cu2+ compared to 
MK/S1. This can be correlated with high specific surface area and average pore size of MK and S3 compared to S1 [73]. Larger surface 
area offers more active sites for better adsorption performance. Whereas, with the incorporation of high content of sludge into MK, 
MK/S1 based geopolymer had shown greater Cu2+ removal efficiency compared to MK/S3. This can be correlated with the structural 
changes from sphere like to sphere like with sharp edges which is caused by the greater dissolution of S1 material by alkaline activator. 
The greater the exposure of S1 towards alkaline activator, the greater the removal efficiency. 

3.4. Elemental mapping on the synthesized geopolymer adsorbents 

The elemental distribution of Si and Al on pure MK, MK/S1 and MK/S3 geopolymer based adsorbent prepared at low S/L ratio has 
obtained highest Cu2+ removal efficiency compared to pure MK based geopolymer as illustrated in Fig. 14. The color bar indicates the 
concentration level of elements at which red color represents high concentration and blue color represents low concentration. The 
distribution of Si and Al allowed for the identification of backbone of the geopolymer (Si-O-Si/Al) [74]. Even distribution of medium 
concentration of Si region in all three samples can be seen. This emphasizes the homogeneity of the geopolymer samples which is 
related to nepheline and albite phases. However, only low concentration of Al can be noticed in Fig. 14(a) and (b). Whereas, evenly 
distributed medium concentration of Al and randomly distributed high concentration of Al in Fig. 14(c) reflect the anorthite phase. 
This distribution of Al in the geopolymer matrix might lead to greater capacity for Cu2+ adsorption. 

Fig. 15 reveals the elemental distribution of Si and Al in the sample of pure MK, MK/S1 and MK/S3 based geopolymer adsorbent 
that has lower Cu2+ removal efficiency. Greater distribution of Si and Al is attributed to quartz and muscovite as can be observed in 
Fig. 15(a) and (b) which was due to the remaining of unreacted phases. However, the distribution of medium concentration and high 
concentration of Si and Al are more obvious in GMK25S3 at S/L ratio of 0.4 as shown in Fig. 15(c) than the other two samples which 
represent muscovite and sillimanite phases. This might be due to incomplete geopolymerization reaction between MK/S3 and alkaline 
activator. 

The fundamental structural components of geopolymers are Si and Al, and Si/Al is an important factor to take into account when 
deciding on a geopolymer application. The ratio of SiO2/Al2O3 which comes from aluminosilicate solid precursors is directly pro
portional to the setting time of geopolymer. Increase in the alkaline activator delays the reaction of geopolymerization and requires 
longer coagulation time [75]. This can be further explained by the less contact between alkaline activator and reacting materials as 
illustrated in Fig. 16(a). There was more fluid medium than solid content in the mix, and the contact between the activating solution 
and the reacting materials was far and limited. Thus, it was believed that as the alkaline attack began on the material’s outer surface, 
the dissolution of aluminosilicate materials would be slowed down. Besides, precipitation of reactive species occurs with increasing 
S/L ratio as shown in Fig. 16(c). Increasing S/L ratio increases the amount of aluminosilicate precursors. A small amount of alkaline 
activator is insufficient to provide an alkaline environment for the MK, S1 and S3 to complete the polymerization reaction and resulting 
in the inefficient hydrolysis reactions and gel formation. Therefore, most of the phases remain unreacted due to low dissolution of 
aluminosilicate precursors at low liquid content [71], while geopolymer adsorbent synthesized at optimum S/L ratio results in 
excellent homogeneity of the sample as revealed in Fig. 16(b). 

4. Conclusion 

In this study, the best formulation for the synthesis of geopolymer based adsorbent with highest removal efficiency in terms of MK 
and sludge composition and the optimum S/L ratio was determined. Besides, the characteristics of raw materials and synthesized 
geopolymer adsorbents were analyzed based on phases present, functional groups and changes in microstructure. Based on the results 
obtained from the analysis and experimental data, the following conclusions can be derived:  

• The optimum ratio of MK to S1 and MK to S3 is 25:75 among all compositions as it has achieved highest Cu2+ removal efficiency at 
approximately 99.62 % and 99.37 % respectively compared to pure MK based geopolymer with 98.56 %. The best S/L ratio for MK/ 
S1 and MK/S3 is 0.6 at which the reaction between the alkaline activator and the aluminosilicate materials has improved and 
enhanced the geopolymerization process.  

• At low S/L ratio, it hastens the dissolution of MK and promotes polycondensation of geopolymer. This is further explained by the 
layered structure of MK which limits the mobility of the particles during mixing. Thus, MK based geopolymer requires low S/L ratio 
to obtain a homogeneous reaction mixture. Besides, at low S/L ratio, the presence of sufficient OH- catalyzes the activation of the 
precursor by completely dissolving the reactive ions aluminosilicate precursors and Na+ balances the charge deficit of aluminum.  

• However, at higher S/L ratio, it deteriorates the removal efficiency of MK/S1 and MK/S3 based adsorbents. At higher S/L ratio, the 
solid precursors do not dissolve properly due to the lack of alkaline solution in the matrix resulting in inefficient hydrolysis re
actions and gel formation. 
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• Increase in the alkaline activator delayed the reaction of geopolymerization and required longer coagulation time. This can be 
further explained by the less contact between alkaline activator and reacting materials. There was more fluid medium than solid 
content in the mix, and the contact between the activating solution and the reacting materials was far and limited. 

Fig. 14. Elemental mapping of Si and Al (a) GMK100–0.4, (b) GMK25S1–0.6 and (c) GMK25S3–0.6.  

Fig. 15. Elemental mapping of Si and Al (a) GMK100–1.0, (b) GMK25S1–1.0 and (c) GMK25S3–0.4.  
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• The presence of CO3
2- in the geopolymer matrix could promote the adsorption efficiency through the precipitation with Cu2+. In 

addition, ion complexation of Cu2+ with OH- functional groups could reduce Cu2+ in the aqueous solution. Besides, the presence of 
metal oxide such as CaO and MgO offer ion-exchangeability with Cu2+. 

The effectiveness of an adsorbent is influenced by the physical and chemical properties of the adsorbents. An ideal adsorbent 
material should have a small volume and greater surface area. Apart from that, additional characteristics must include strong me
chanical strength, chemical and thermal stability, high porosity and small pore diameter, which result in increased exposed surface 
area and adequate surface chemistry, leading to high adsorption capacity. Thus, the mechanical properties of the adsorbent are crucial 
to support the application in wastewater treatment. Therefore, the synthesized metakaolin/sludge geopolymer adsorbent in this study 
should be further investigated by sintering at various sintering temperature and then subjected to compressive test in order to 
investigate the compressive strength of the adsorbent before and after heat treatment to be applied in wastewater treatment. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data Availability 

No data was used for the research described in the article. 

Acknowledgements 

The authors gratefully acknowledge the Ministry of Higher Education, Malaysia, through the Fundamental Research Grant Scheme 
(FRGS) under reference no. FRGS/1/2020/TK0/UNIMAP/01/2 The authors would like to acknowledge Geopolymer and Green 
Technology, Centre of Excellence (CEGeoGTech), University Malaysia Perlis (UniMAP), Faculty of Chemical Engineering Technology, 
UniMAP for the support. Special thanks are dedicated to Synchrotron Light Research Institute (SLRI), Thailand for testing and data 
analyses. 

References 

[1] Q. Kong, X. Shi, W. Ma, F. Zhang, T. Yu, F. Zhao, D. Zhao, C. Wei, Strategies to improve the adsorption properties of graphene-based adsorbent towards heavy 
metal ions and their compound pollutants: a review, J. Hazard. Mater. 415 (2021), 125690, https://doi.org/10.1016/j.jhazmat.2021.125690. 

[2] W.S. Chai, J.Y. Cheun, P.S. Kumar, M. Mubashir, Z. Majeed, F. Banat, S.H. Ho, P.L. Show, A review on conventional and novel materials towards heavy metal 
adsorption in wastewater treatment application, J. Clean. Prod. 296 (2021), 126589, https://doi.org/10.1016/j.jclepro.2021.126589. 
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