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A B S T R A C T   

Alkali-activated materials (AAMs) are actively studied as adsorbents in wastewater treatment. They are 
frequently classified as low-, medium-, or high-calcium content since the gel nanostructure of AAMs changes 
upon the introduction of network-modifying cations (e.g., Ca2+). Furthermore, AAMs undergo changes in the 
phase composition and pore structure upon aging. In the present study, these two aspects were assessed for the 
first time in the context of adsorption: three typical mix designs involving metakaolin, blast furnace slag, or their 
mixture were prepared and studied for ammonium (NH4

+) uptake at 7-, 28-, or 90-day age. The adsorption ca-
pacity of the “zeolite-like” metakaolin-based geopolymer increased from 34 to 87 mg/g when material was cured 
up to 90 days at room temperature. However, the adsorption capacity increase appears to be also depending on 
the metakaolin structure as approx. 1-month and 8-year old samples prepared with another metakaolin grade 
indicated almost similar adsorption capacity. Adsorption was clearly hindered when blast furnace slag was 
introduced in the mix designs, which turns the gel into “tobermorite-like” chain structures. Thus, this study 
demonstrated that using the Ca-content of precursors and material age are significant parameters for the 
interpretation of the adsorption results and practical development of AAM-based adsorbents.   

1. Introduction 

Alkali-activated materials (AAMs) consist of non- or nanocrystalline 
aluminosilicates in which the introduction of network-modifying ele-
ments, such as Ca, causes changes to the nanostructure of the resulting 
aluminosilicate gel structure [1]. In short, AAMs that contain none or 
very little Ca (i.e., geopolymers) form a three-dimensional “zeolite-like” 
aluminosilicate network, whereas those with a high Ca content form 
partially crosslinked “tobermorite-like” chains [2]. The low- and 
high-Ca systems are referred to as sodium-aluminum-silicate-hydrate or 
N-A-S-H gel and sodium/calcium-aluminum-silicate-hydrate or C, 
N-A-S-H gel in the cement chemist notation, respectively. In the 
medium-Ca systems, both aluminosilicate networks and chains can 
co-exist [3]. The molecular level structures of low-Ca AAMs consist of 
Q4(2Al) and Q4(3Al) environments (i.e., each Si center is connected to 
1–2 other Si and 1–2 Al via oxygen) while for high-Ca AAMs the struc-
tures contain Q2 and Q2(1Al) environments (i.e., each Si center is con-
nected 2 other Si and 0–1 Al via oxygen with additional 1–2 terminal 

hydroxyl groups) [2]. Therefore, AAMs are frequently classified into 
low-, medium-, and high-Ca systems [3–5], where typical low- and 
high-Ca precursors include metakaolin (MK) and blast furnace slag 
(BFS), respectively. The molecular-level structures and resulting prop-
erties in low and high AAMs are markedly different [6]. Another 
important feature of AAMs is their dynamic nature: changes in the phase 
composition and nanoporosity occur as the material age increases [7,8]. 
For instance, it has been noticed that, the physisorbed water from AAMs 
is eliminated after extended curing, leading to the contraction of the 
aluminosilicate network, consolidation of the bonds, and decreasing the 
pore size [8]. 

One emerging application area for AAMs is in water treatment, for 
instance as adsorbents, where the research volume has been growing 
steadily since 2006 [9–12]. In this context, each of low-, medium-, and 
high-Ca mix designs have been studied. For instance, BFS-based AAMs 
have been proven to be effective adsorbents for several cationic metals 
(e.g., Ni(II), Cu(II), Fe(III) and Mn(II)) and also for metalloids present 
typically as oxyanions or hydroxide complexes (e.g., As(III) and Sb(III)) 
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[13,14]. MK-based AAMs, on the other hand, can adsorb cationic species 
(e.g., NH4

+, Zn(II), Ni(II), Cu(II), Cr(III)) with a promising efficiency, 
while anionic species (e.g., As(III)) are not uptaken as effectively 
[14–20]. The main adsorption mechanism of cations on AAMs is thought 
to be based on ion exchange of charge-balancing cations (e.g., Na+ or 
K+) present near tetrahedral [AlO4]− sites with the cations in the solu-
tion [18,21]. The adsorption of anions, on the other hand, can occur on 
positively charged surface sites, which can be present in layered double 
hydroxides (a common side-product of high-Ca AAMs) [22,23]. There, 
the exchange of interlayer anions of layered double hydroxides occurs 
with the anions in the solution [24]. In both mechanisms, one important 
factor determining the selectivity of AAM adsorbents is the size of the 
nanometer-level cavities at the surface [25]. 

The effect of mix design in terms of changing the AAM composition 
from “zeolite-like” to “tobermorite-like” (i.e., using low- or high-Ca 
content precursors) has not been assessed systematically in the context 
of the adsorption properties. Furthermore, another fundamental aspect, 
the effect of material age of AAMs on the adsorption has not been 
studied. Unlike for example compressive strength of AAMs, the 
adsorption capacity is typically reported in the literature without in-
formation about the age of the AAM sample. Consequently, in this 
research, AAMs with representative low-, high-, or medium-Ca mix de-
signs were prepared from MK, BFS, or their mixtures, respectively, and 
allowed to cure at room temperature for 7, 28, or 90 days before using in 
adsorption experiments. Additionally, we analyzed an 8-year old MK- 
based geopolymer compared to the initial adsorption capacity re-
ported at ~1-month age. When increasing the BFS content of the mix 
design of AAMs, the amount of [AlO4]− sites decreases but the amount of 
non-bridging oxygen sites (Si-O− ) and network-modifying cations (e.g., 
Ca2+) increases. It is also expected that micro- or nanostructural changes 
affecting the adsorption properties should happen upon extended 
curing, as discussed above. Thus, the aims of this study were to (i) assess 
whether the adsorption via cation exchange can occur on the non- 

bridging oxygen sites (i.e., Si-O− ) present especially in medium- and 
high-Ca systems and (ii) determine how the sample age affects the 
adsorption capacity. These aspects were studied by using ammonium 
(NH4

+) as a probe, which was selected because of its relatively large size 
(ionic radius: 175 pm) and well-characterized adsorption on MK-based 
AAMs [15,20,26,27,19,28–31]. It can be expected that also adsorption 
of heavy metals (frequently +2 charged) occurs if the material is able to 
uptake relatively mobile ammonium cations. 

2. Materials and methods 

2.1. Materials 

The aluminosilicate precursors were BFS (KJ400, Finnsementti; SiO2 
= 33.6 wt%, Al2O3 = 9.6 wt%, CaO = 37.9 wt%) for the high-Ca mix 
design and MK (MetaMax, BASF; SiO2 = 49.8 wt%, Al2O3 = 42.0 wt%, 
CaO = 0.0 wt%) for the low-Ca mix design. For the medium-Ca mix 
design a 1:1 weight-ratio mixture of BFS and MK was used. The alkali- 
activators were prepared from NaOH (VWR Chemicals) and Na-silicate 
solution (VWR Chemicals; molar SiO2/Na2O = 3.5, water content of 
~65%). The activator molar ratios of SiO2/NaO2 and H2O wt% were 1.4 
and 58% for MK and MK-BFS, and 1.0 and 70% for BFS, respectively. 

2.2. Preparation of alkali-activated materials 

The weight ratios of the precursor and alkali-activators for low-, 
medium-, and high-Ca AAMs were 1.00/1.85, 1.00/1.16, and 1.00/0.47, 
respectively. In medium-Ca AAMs, the precursor was 1.00/1.00 weight- 
ratio mixture of MK and BFS. In all cases, the paste was mixed for 5 min 
with an overhead stirrer (3600 rpm), cast in a mold, and allowed to cure 
for 7, 28, or 90 days in a closed plastic bag at 22◦C. After the specified 
times, the samples were crushed, sieved to a particle size of 63–125 µm, 
washed with deionized water until pH of ~8, and dried at 105◦C 

Fig. 1. (A) Comparison of the low-, medium-, and high-Ca AAMs at 7 days for NH4
+ removal (dose of adsorbent was 1 g/L, contact time 24 h, and pH of 7.4, 8.7, and 

9.6 for low-, medium-, and high- Ca samples, respectively), (B) the adsorption isotherm fitting for the low-Ca AAM at 7, 28, and 90 days (dose of adsorbent was 1 g/L, 
contact time 24 h, and initial pH of 7.4, 8.6, and 8.8 for 7, 28, and 90 day age, respectively), and (C) the adsorption capacity of the low-Ca AAM plotted as a function 
of time. 
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overnight. Additionally, approximately 8-year old metakaolin- 
geopolymer, which was initially reported in [27], was pre-treated 
similarly as described above and compared with the original adsorp-
tion capacity (reported at ~1-month age). 

2.3. Characterization of materials 

Fourier transform infrared (FTIR) spectroscopy analyses (range: 
400–4000 cm− 1, spectral resolution: 200) were conducted using a 
Bruker Vertex v80 device equipped with a Harrick Praying Mantis 
DRIFT cell. The specific surface areas and pore sizes were calculated 
using the Brunauer–Emmett–Teller (BET) isotherm and the Bar-
rett–Joyner–Halenda (BJH) method, respectively, from the N2 adsorp-
tion/desorption data at − 196◦C using a Micromeritics ASAP2020 
device. The mineralogy was determined with X-ray diffraction (XRD) 
using a Rigaku Smartlab diffractometer with a Co rotating anode. 

2.4. Adsorption experiments 

The ion exchange of Na+ to NH4
+ was evaluated by dosing 1 g/L of 

powdered AAMs to NH4Cl solutions (0, 10, 25, 50, 75, 100, 150, 400, 
and 800 mg/L), shaking for 24 h (to reach equilibrium), and centrifuging 
to separate the AAMs from the solutions. NH4

+ was analyzed using a 
Hach HQ40D meter equipped with a Hach IntelliCAL ISENH4181 NH₄⁺ 
selective electrode. Before measurement, the pH of the samples was 
adjusted to 7–8 using 1 M HCl when needed. The adsorption data was 
fitted using the combined Langmuir–Freundlich isotherm, also known as 
the Sips isotherm (Eq. (1)). The fitting was performed as non-linear 
regression with the Microsoft Excel Solver tool. 

q =
Qm

(
KaCeq

)n

(
KaCeq

)n
+ 1

(1)  

where q is the amount of adsorbed ammonium at equilibrium (mg/g), 
Qm is the adsorption capacity (mg/g), Ceq is the concentration at equi-
librium (mg/L), Ka is the affinity constant for adsorption (L/mg), and n is 
the index of heterogeneity. 

3. Results and discussion 

3.1. Effect of Ca content and curing time on adsorption 

The samples prepared using MK, BFS, or mixture of MK and BFS were 
compared after 7 days of curing time for NH4

+ adsorption as a function of 
NH4 concentration (Fig. 1A). The typical NH4

+ concentration of munic-
ipal wastewater is 30–60 mg/L. In this concentration range, the low-Ca 
AAM clearly outperformed the other two. A possible explanation for the 
poor performance of medium- and high-Ca systems could be the lack of 
[AlO4]− cation exchange sites due to the lower amount of Al in BFS or 
MK/BFS mixture compared to MK. The low NH4

+ adsorption efficiency 
by medium- and high-Ca materials also indicates that the non-bridging 
oxygen sites (Si-O− ) are likely not capable for performing cation- 
exchange effectively. Nevertheless, the medium- and high-Ca AAMs 
had approximately constant NH4

+ removal (10 and 20%, respectively) 
throughout the studied concentration range. This could be due to the 
increased OH− leaching when BFS was introduced to the structure and 
the subsequent partial conversion of NH4

+ into NH3 (pKa = 9.25) [32]. 
The average increase in pH for the low, medium, and high Ca samples 
was 0.0, 0.6, and 0.9, respectively. 

Based on the above results, the low-Ca AAM (i.e., prepared with MK) 
was selected for the subsequent determination of the maximum 
adsorption capacity at different sample ages (Fig. 1B–D). At 7, 28, and 
90 days, the adsorption capacities of NH4

+ were 34.4, 55.7, and 86.6 mg/ 
g according to fitting to the Langmuir-Freundlich isotherm (Fig. 1B), 

Fig. 2. FTIR spectra: (A) low-Ca, (B) medium-Ca, and (C) high-Ca samples.  
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respectively, indicating that the changes occurring in the nanostructure 
and porosity were beneficial for adsorption: for instance, the increase in 
micropore volume (i.e., pores with d < 2 nm), as also reported previ-
ously [7]. Another reason for the improved adsorption could be the 
higher reaction extent in the older samples (i.e., enhanced conversion of 
metakaolin into “zeolite-like” gel upon extended curing). The mecha-
nism is discussed more in the Section 2.3. It appears that the increase 
rate in the adsorption capacity decreases between 28 and 90 d (Fig. 1C). 
The adsorption capacity of the low-Ca AAM at 90 d age (approx. 87 
mg/g) is significantly higher than the capacities reported in the earlier 
literature for metakaolin-geopolymers, which have been only up to 
approx. 32 mg/g [15,20,26,27,19,28–31]. However, the earlier studies 
do not specify the sample age, making a direct comparison difficult. 

3.2. Mineralogy and surface characterization 

The main FTIR peaks (Fig. 2) with clear changes over time originate 
from the progression of alkali activation. The peak at around 1,240 cm− 1 

represents Si-O-Si and Si-O-Al stretching. The peak shift (low-Ca AAMs) 
and broadening (medium- and high-Ca AAMs) with a longer curing time 
show the development of Si-O-Al bonds and the formation of amorphous 
AAMs [33–35]. Broadening is clearly visible in the case of medium-Ca 

AAMs: the intensity of the 1,240 cm− 1 peak decreases, and a shoulder 
develops at 1,156 cm− 1. The change in the peaks in this spectral area is 
most significant for the high-Ca AAMs: the intensity of the peak at 1,150 
cm− 1 significantly decreases, and new peaks are observed at 1,220 and 
1,118 cm− 1 after 28 days. After 90 days of curing, the strongest peak is 
observed at 1,118 cm− 1. The vibration bands due to the carbonation can 
be seen in an area of 1,300–1,550 cm− 1, which is the strongest for the 
high-Ca content sample. Some spectral features observed in this region 
for the low- and medium-Ca AAMs become less intensive with a longer 
curing time [33]. 

The specific surface area and pore volume of the samples are given in 
Table 1. For all samples, the volume of the micro/mesopores increased 
until 28 days but was subsequently decreased at 90 days (Fig. 3). This 
could have resulted from the continued growth of aluminosilicate gels 
over extended curing and filling of the pores. A similar trend was also 
observed for a specific surface area. It has been reported earlier that the 
specific surface area of AAMs correlates poorly with NH4

+ adsorption 
capacity [15], which is also supported by the results of the present study. 
Typically, the specific surface areas for AAMs are in tens of m2/g [36], 
while in the present study they were > 100 m2/g. 

The AAMs were characterized with the XRD after 7, 28 and 90 days 
to observe possible evolution of crystalline phases (Fig. 4). However, at 

Table 1 
Specific surface area, pore volumes, and mean pore diameters of the AAM samples.   

7 days 28 days 90 days 

Sample Low Ca Medium Ca High Ca Low Ca Medium Ca High Ca Low Ca Medium Ca High Ca 

Specific surface area [m2/g] 124 152 112 135 153 154 109 139 111 
Total pore volume (< 300 nm) [cm3/g] 0.19 0.11 0.07 0.25 0.13 0.12 0.22 0.10 0.07 
Mean pore diameter [nm] 5.36 3.61 3.21 6.23 3.88 3.73 6.55 3.43 3.25  

Fig. 3. Cumulative pore volume as a function of pore size.  
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all ages, the AAMs exhibited highly amorphous structure (a wide peak at 
~34o, which widens upon changing the structure from “tobermorite- 
like” to “zeolite-like”), with no formation of new crystalline phases. In 
high-Ca AAM, there is an indication of the presence of poorly crystalline 
layered double hydroxide at ~13◦. In low-Ca and medium-Ca AAMs, 
crystalline phases (~29◦, ~44◦, and ~56◦) correspond to quartz and 

muscovite, which are present as frequently occurring impurities in MK. 
Overall, the XRD results indicate that the improvement in adsorption 
properties of the low-Ca system was related to changes in the amorphous 
phase (i.e., not to the formation of new phases) and porosity. 

3.3. Mechanistic considerations 

The AAM compositions studied in the present work have been 
extensively characterized in the earlier literature using techniques such 
as 29Si and 27Al magic-angle spinning nuclear magnetic resonance 
(MAS-NMR). Thus, we apply here the information from literature to 
further explain the observed changes in the adsorption capacity of MK- 
based geopolymer as function of time. 

It is known that the aluminum coordination states present in meta-
kaolin (IV, V, and VI) are converted predominantly into IV during the early 
stages of geopolymer formation [37]. The IV coordination of aluminum is 
also the site capable of performing cation exchange. Archez et al. [8] 
observed that there were no further changes in the Al(IV)/Al(VI) or 
Q4(4Al)/Q4(2Al) ratios of potassium-based metakaolin geopolymer when it 
was stored at 20◦C up to 20 months. Walkley et al. [38] also noticed no 
further change in the Al coordination after 7 d sample age but they 
observed the fraction of Q4(4Al) environments decreasing and Q4(1Al) and 
Q4(2Al) increasing up to 28 d. After that, no further changes occurred. The 
results imply rearrangement of the N-A-S-H gel by increased crosslinking 
and formation of Si-O-Si linkages [38]. This in agreement with the FTIR 
results observed in the present study (Fig. 2), except that in the present 
work the changes continued to occur up to 90 d. A possible explanation can 
lie in the metakaolin structure: if the metakaolin has a high Al(V) pro-
portion, the reaction degree increases upon extended curing (i.e., the 
amount of unreacted metakaolin in geopolymer decreases) [39]. In order to 
test the effect of different metakaolin grades for aging of a geopolymer 
adsorbent, we reanalyzed a metakaolin-geopolymer sample from Luukko-
nen et al. [27], which was approximately 8 years old (Fig. 5). The results 
show that in this case the adsorption capacity has stayed in practice con-
stant. Thus, the change in the adsorption capacity upon sample aging ap-
pears to be dependent on the metakaolin grade (i.e., most likely the 
distribution of Al coordination), which affects the conversion rate of met-
akaolin into geopolymer and possibly affects the gel reorganization. This 
possible mechanism has been summarized into Fig. 6. Also changes in the 
pore structures may occur over extended aging as the elimination of 
physisorbed water causes contraction of the solid network and a consoli-
dation of the bonds [8]. 

Fig. 4. The XRD characterization of the (a) High (BFS), (b) Medium (MK-BFS), 
and (c) Low (MK) Ca-content samples after 7, 28 90 day curing time. 

Fig. 5. Comparison of metakaolin geopolymer sample reported in Luukkonen et al. [27] for ammonium adsorption at ~1-month and ~8-year age. The data for ~1 
month sample is replotted from Luukkonen et al. [27]. The inlet shows fitting of the data to the Langmuir-Freundlich isotherm and the obtained isotherm parameters. 
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4. Conclusion 

High- and medium-Ca samples (prepared from BFS and a mix of MK 
and BFS) had clearly a lower NH4

+ adsorption capacity than the low-Ca 
sample (prepared from MK). When the low-Ca AAM was allowed to cure 
for 90 days, the maximum adsorption capacity increased by 155% 
compared to 7 days. The FTIR and BET/BJH analyses showed that a 
longer curing time caused changes to the chemical and pore structures, 
but they were not clearly correlated to the observed adsorption capacity 
improvement. Nevertheless, based on the results, the Ca content of the 
sample should be minimized and curing time extended to maximize 
cation exchange capacity. Thus, the results indicate that the non- 
bridging oxygen sites (i.e., Si-O− ) are not capable of performing ion- 
exchange effectively. As a practical note, the adsorption properties of 
AAMs should always be reported at a known age to enable the com-
parison of the results. When using metakaolin as a precursor, it appears 
that the temporal changes in adsorption capacity also depend on the 
structure of the metakaolin precursor (likely the distribution of Al co-
ordination). For industrial applications, it might be possible to improve 
the adsorption capacity of AAMs by simply allowing the material to 
cure/age for longer time before using. 

Data availability 

Data will be made available on request. 
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[16] İ. Kara, D. Yilmazer, S.T. Akar, Metakaolin based geopolymer as an effective 
adsorbent for adsorption of zinc(II) and nickel(II) ions from aqueous solutions, 
Appl. Clay Sci. 139 (2017) 54–63, https://doi.org/10.1016/j.clay.2017.01.008. 
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