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A B S T R A C T   

This work reports a simple and safe, but powerful, route to depollute lead-containing aqueous solutions. Inor-
ganic polymer foams (cm-size) were used as bulk-type adsorbents. The influence of the specimens’ porosity and 
activator molarity on the foams’ physical properties and on their lead extraction ability was studied. Then, the 
best performing samples were deeply evaluated as lead adsorbents by studying the impact of pH, lead concen-
tration, contact time, ionic strength and solution volume. Lead sorption kinetics is strongly affected by the 
pollutant concentration, pH and the solution ionic strength. Under the most favourable conditions the foams 
showed an impressive removal capacity (105.9 mg/g at pH 5, 23 �C, C0 ¼ 800 ppm, deionised water), surpassing 
all other reported values on the use of bulk-type inorganic polymers. The foams’ lead uptake is 2.3 times higher 
than the previous best performing bulk-type specimens (mm-size spheres), and sorption is 12.5–15 times faster. 
The foams can be easily regenerated using mild acidic conditions, and then reused as adsorbent, suggesting that 
the main adsorption mechanism is ion exchange.   

1. Introduction 

The availability of fresh water has long been recognised as a global 
systemic risk (Mekonnen and Hoekstra, 2016), which is expected to 
reach critical values in the near future. Industrial wastewaters could be a 
non-conventional water source, provided that toxic elements frequently 
found in effluents coming from various industries are removed, ideally 
using low-cost, environmentally benign and very effective methods. 
Amidst the numerous heavy metals found in industrial effluents, lead is 
one of the most toxic (Siyal et al., 2018), known to have severe effect on 
human health, and therefore we have use it as model heavy metal. 

The elimination of metal ions from wastewaters using different 
techniques (Alharbi et al., 2020; Gopinath et al., 2020) and materials 
(Hu et al., 2020; Pang et al., 2019) has been deeply investigated. Among 
the various existing techniques, adsorption stands out as the most widely 
used procedure due to its simplicity and efficiency. Activated carbon is 
the benchmark adsorbent, owing to its very high specific surface area 
(SSA) endowing excellent extraction ability. Nevertheless, the produc-
tion of these materials has very high associated costs hindering their 
wider use (Fu and Wang, 2011). Alternative low-cost materials are in 
great demand. Inorganic polymers (IPs) are promising candidates 

because of the possibility of being synthesised with relatively low energy 
input and using industrial wastes or by-products as precursors. Besides 
the projected economic and environmental advantages over activated 
carbons, these materials are intrinsically nano- (Kriven et al., 2003) and 
micro-porous (Bai and Colombo, 2018) and have a negatively charged 
framework balanced by cations such as Naþ or Kþ, that can be 
substituted by other cations via ion exchange to enable their use as 
adsorbent (Novais et al., 2019b). Despite being a fairly recent research 
topic, the existing literature demonstrates the huge potential of this 
technology for wastewater treatment (Novais et al., 2020; Siyal et al., 
2018). Nevertheless, in most of the studies μm-sized IP powders are used 
to depollute wastewaters. This strategy ensures a high heavy metal up-
take but requires a post-separation step to recover the adsorbent, 
increasing the complexity and cost of wastewater treatment. Recently, a 
safer and simpler strategy was proposed: the use of IP foams (mm or 
cm-size) (Ge et al., 2015; Novais et al., 2016b) that can be used without 
the need for support materials. Despite being a very promising route, the 
available literature is still limited. Up to now, there are only four studies 
where bulk-type IP adsorbents were used to extract lead from synthetic 
waters. One of these works addresses the use of cylindrical discs (22 mm 
diameter and 3 mm thickness), the maximum observed uptake being 6.3 
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mg/g (24 h sorption) (Novais et al., 2016b). Faster and higher lead 
uptake (4 h, 16.5 mg/g) was reported when using IP granules (4 < d <
11.2 mm) (Bumanis et al., 2019), while the use of IP supported zeolites 
resulted in a slightly lower uptake (15.8 mg/g) than in (Bumanis et al., 
2019) when using similar sorption time (6 h), but much higher values 
were seen when extending the sorption to 120 h (37.9 mg/g) (Khalid 
et al., 2018). The highest lead uptake ever reported for bulk-type (mm or 
cm size; not powders) adsorbents was achieved when using IP spheres 
(2 < d < 4 mm). The spheres showed an impressive lead uptake of 45.6 
mg/g, but again using very long sorption times (60 h) (Tang et al., 
2015). These studies suggest that the use of bulk-type IPs as lead 
adsorbent is feasible. However, additional studies are required to fully 
demonstrate the viability of this innovative strategy in comparison with 
the conventional approach (the use of powdered adsorbents), and to 
provide insights into influencing factors on lead adsorption by cm-size IP 
adsorbents that have not been considered up to now (e.g. activator 
molarity; initial lead concentration; ionic strength). 

In wastewater treatment systems, pH plays a critical role on the 
heavy metals extraction (Alwan, 2012, 2008) and should be strictly 
controlled and adjusted to preserve high efficiency levels. Lead 
adsorption by IPs is known to be strongly affected by the solutions pH. At 
low pH values (<2) the adsorption is much lower than that seen when 
the pH is between 4 and 5, and this feature has been associated with the 
competition between the Hþ and the Pb2þ ions for the adsorption sites 
(Al-Zboon et al., 2011; Cheng et al., 2012). 

In the present work, cm-size waste-based IP foams were evaluated as 
a lead adsorbent material. The foams were intentionally prepared using 
different activator concentrations and foaming agent contents, to eval-
uate the influence of the NaOH molarity and specimen porosity on the 
lead removal ability of the foams. The adsorption of Pb2þwas studied as 
a function of sorption time, pH, pollutants initial concentration, adsor-
bent dosage and the solution’ ionic strength. This study provides addi-
tional insights on the use of cm-size IP foams as lead adsorbent material 
aiming to decrease the existing knowledge gap regarding these bulk- 
type environmentally friendly and low-cost materials. 

2. Experimental conditions 

2.1. Materials 

Two solid precursors were used to synthesise the IPs: biomass fly ash, 
deriving from the burning of residual biomass coming from forestry 
operations, and metakaolin (Argical™ M1200S, Univar®). The pre-
cursors were chemically activated using a mixture of sodium silicate 
(SiO2/Na2O ¼ 3.1, 62.1 wt% H2O, Quimialmel, Portugal) and sodium 
hydroxide (ACS reagent, 98%; AkzoNobel) solutions (8 or 10 M, 
depending on the composition). 

To promote in-situ foaming of the slurry, a commercial aluminium 
powder was used (Expandit BE 1101, Grimm Metallpulver GmbH) 
coupled with an anionic surfactant (Hotaspur OSB, Clariant) to stabilise 
the liquid-gas interface. 

The Pb2þ solutions were prepared by dissolving lead (II) nitrate (ASC 
reagent; 99%, Merck) in deionised water. 

2.2. Mixture design and foams preparation 

The mixture design was selected following previous work (Novais 
et al., 2019a). The foams synthesis protocol is described in the Supple-
mentary Material. Four different compositions were prepared to eval-
uate the influence of the NaOH (8 and 10 M) and foaming agent amount 
(0.05 and 0.10 wt%) on the specimens’ porosity and, therefore, in their 
heavy metal removal capacity. 

Before the adsorption tests, the foams were neutralised in 0.05 vol% 
HNO3 (Panreac 65%, ISO) for 60 min, and then washed with distilled 
water until the pH of the wash water was stable at 7.0 � 0.5. This is 
because, IPs have unreacted alkalis in their framework which need to be 

extracted before their use as adsorbents (Novais et al., 2016b) to avoid 
lead precipitation. 

2.3. Lead sorption tests 

Parallelepiped foams (10 mm width, 7 mm thickness and 27 mm 
length) were used to extract lead from wastewaters, testing the influence 
of the pollutant concentration, pH, contact time, solution volume and 
ionic strength, and the specimens’ porosity. Two different assays were 
performed: i) preliminary performance assessment: four different compo-
sitions (see section 2.2) were immersed into 100 ppm Pb2þ ion solution 
(100 mL) and magnetically stirred for a predetermined period (1, 4 and 
6 h) at 360 rpm. The most cost-effective specimen was selected for the 
second stage; ii) in-depth performance assessment: the best performing 
foam (8 M_0.10Al) was evaluated under various pollutant concentra-
tions (100–800 ppm), contact times (1–4 h), pH (2–5), solution volumes 
(100–250 mL) and ionic strengths (0, 0.01 and 0.1 mM NaCl). Adsorp-
tion was performed at 23 �C. 

The concentration of Pb2þ was determined by inductively coupled 
plasma – optical emission spectroscopy (ICP-OES, Horiba Jobin Yvon, 
Activa M), whose detection limit is 0.02 ppm (for lead). 

The lead removal efficiency (E) and uptake (qe) were determined 
using equation Eq. (A1) and Eq. (A2), respectively (appendix). 

2.4. Regeneration of the foams 

To evaluate the possibility of reusing the adsorbent, desorption tests 
were performed on samples obtained in the lead adsorption tests. The 
adsorbents were added to 100 mL of HNO3 (0.01 vol%) and shaken at 
360 rpm for a predetermined period (1 or 2 h) at 23 �C. Then, the foams 
were washed with water and dried overnight at 80 �C. Afterwards, the 
samples reusability was evaluated using a 100 ppm Pb2þ solution (100 
mL, pH 5, contact time 4 h). 

2.5. Materials characterisation 

The foams microstructure was evaluated using scanning electron 
microscopy (SEM-Hitachi SU70) equipped with energy dispersion 
spectroscopy (Bruker EDS). 

The bulk density of the samples was determined by measuring their 
weight and volume. The true density of un-foamed samples (prepared 
exclusively for this test) was assessed by a helium pycnometer (Multi-
pycnometer, Quantachrome): 2.37 g/cm3 and 2.30 g/cm3, respectively, 
for the specimens activated with 8 and 10 M NaOH. Then, the total 
porosity of the foams (before and after alkalis leaching) was determined 
(Novais et al., 2016a). 

The water absorption of the samples after alkalis leaching was 
evaluated by immersing them in distilled water for 24 h, or until the 
specimens’ mass was stable for at least 60 min. Three samples per 
composition were measured. 

The zeta-potential of sample 8 M_0.10Al, the most cost-effective 
specimen (section 3.2.1), was determined using a Zetasizer Nano ZS 
(Malvern) using HCl or NaOH to control de pH. The measurements were 
done at 23 �C using deionised water and different concentration of NaCl 
(0, 0.01 and 0.1 mM) to evaluate the influence of the ionic strength. 

X-ray micro-computed tomography was used to evaluate the foams’ 
porous structure using a Bruker SkyScan12 Micro CT tomograph (set to 
50 kV and 200 μA), with a resolution of 8 μm. The tests were done using 
cubic foams of ~1 cm3. 

The SSA of the adsorbents (after alkalis leaching) was determined 
using the Brunauer-Emmett-Teller (BET) method by N2 adsorption using 
a 5-point BET method on a Micromeritics Gemini 2380 surface area 
analyser. Tests were performed using bulk specimens (not powders), 
which were first outgassed at 120 �C for 12 h. 

The presence of crystalline phases in the samples (before and after 
acid treatment) was assessed by using X-ray powder diffraction (XRD, 
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Rigaku Geigerflex D/mx-Series Instrument, Cu Kα radiation, 10-80� 2 θ, 
scan of 0.02� 2 θ per step and 10 s/step). 

Fourier-transform infrared spectroscopy (FT-IR) measurements, in 
attenuated total reflectance (ATR) mode, of the adsorbent, before and 
after lead adsorption, were carried out on a PerkinElmer FT-IR System 
Spectrum BX spectrophotometer equipped with a single horizontal 
Golden Gate ATR cell. The measurements were performed at room 
temperature using 4 cm� 1 in resolution, 256 scans in a range between 
4000 and 350 cm� 1. 

3. Results and discussion 

3.1. Inorganic polymer foams characterisation 

Fig. S1 presents the bulk density and total porosity of the various 
specimens before and after the washing step. The extraction of alkalis 
from the samples led to a major drop in their bulk density, between 9 
and 20% depending on the composition. The lowest bulk density was 
observed for the foam 10 M_0.10Al (0.34 g/cm3). The decrease in the 
sample’s density was found to be dependent of the mixture composition: 
samples prepared using higher NaOH molarity (10 M) and foaming 
agent (0.10 wt%) exhibited a larger variation than their lower molarity 
and porosity counterparts. 

The specimens’ weight loss (averaged from at least 10 samples), 
given in Table 1, further illustrates the differences observed for the 
various specimens, while the SEM micrographs presented in Fig. S2 
show significant microstructural changes in the samples surface sug-
gesting an increase in their porosity. This is particularly visible in the 
micrographs corresponding to the lowest porosity specimens, where an 
increase in the number of pores and the presence of cracks can be 
observed. 

The SSA, water absorption and total porosity (measured from density 
and micro CT) of the various samples after the washing step are given in 
Table 1. For the lower molarity compositions, the SSA increases signif-
icantly with the increase in quantity of the foaming agent, from 27.0 to 
45.1 m2/g. Surprisingly, in the higher molarity foams only a minor in-
crease in the SSA, from 44.3 to 46.3 m2/g, is seen when increasing the 
foaming agent level from 0.05 to 0.10 wt%. The unexpected high SSA 
value of 10 M_0.05Al should be considered with caution. In fact, by 
comparing the other physical properties reported in Table 1 with those 
of specimen 8 M_0.05Al, no significant differences are perceived. 

To measure the impact of the washing step on the samples, the SSA of 
one of the foams (10 M_0.10Al) was also characterised before alkalis 
leaching. The SSA of the unwashed sample was 33.6 m2/g, while after 
leaching the SSA reached 46.3 m2/g, demonstrating that this process 
significantly increased the specimens’ porosity, which will favour the 
lead extraction by the foams due to an increase in the number of active 
sites. 

To further characterise the effect of the washing step on the speci-
mens’ chemical composition, EDS mapping was performed on all sam-
ples prior to and after washing. A representative example is given in 
Fig. S3, which shows the EDS maps and spectrum of the foam 8 
M_0.05Al. The comparison between the EDS spectra and maps shows 
that sodium is almost depleted from the washed sample, a sixfold 
reduction from 13.4 to 2.4 at.% being observed. The EDS maps also 
show that the acid treatment induces a slight reduction of calcium in the 

washed sample. Despite this, the XRD pattern of the specimen remains 
virtually unchanged (Fig. S4), suggesting that the extraction of alkaline 
soluble salts is the dominant event induced by washing. 

The comparison between the total porosity values, measured by 
using the true and bulk density or the micro CT technique, shows that 
the values measured in the latter were roughly 14–19% lower. This is 
attributed to the limitation of the X-ray computed tomography, since 
with this technique pores below the pixel size (8 μm) cannot be 
accounted for and, therefore, the given values are underestimated. The 
presence of many pores possessing diameters below 8 μm can easily be 
discerned from the SEM micrographs shown in Fig. S5. Despite this, both 
techniques indicate that the NaOH molarity, at least within the values 
considered here (between 8 and 10 M), exerts an insignificant impact in 
the foam’s total porosity, while the foaming agent plays the key role. 

Although there were substantial microstructural changes in the 
specimens promoted by the washing step, it should be noticed that all 
samples preserved their integrity, as demonstrated by the digital pho-
tographs and the 3D images, shown in Fig. 1. The 3D images also show a 
greater pore connectivity in the specimens prepared using higher 
foaming agent amounts (0.10 wt% vs 0.05 wt%), which is expected to 
strongly affect the lead removal ability of the foams. 

3.2. Lead adsorption tests 

3.2.1. Preliminary performance assessment 
To evaluate the influence of the mixture composition on the IP 

foams’ lead removal efficiency, samples having identical geometry (see 
Fig. 1) were immersed in 100 mL of a 100 ppm Pb2þ ion solution, and 
then stirred for up to 6 h at pH ¼ 5. Fig. 2 presents the removal efficiency 
attained by the various samples as a function of contact time. In the 1st 
hour, the lead removal efficiency diverged significantly between the 
samples, ranging from 67.7 to 95.3%. At this stage, the higher porosity 
specimens already showed much higher removal efficiency than their 
lower porosity counterparts, regardless of the NaOH molarity used in 
their synthesis. In fact, the lead uptake by these specimens doubles that 
reached by the lower porosity foams. For example, the Pb2þ uptake 
shown by 8 M_0.10Al reached 12.6 mg/g, while being only 6.3 mg/g for 
8 M_0.05Al. The highest removal efficiency during this period was 
observed for the composition 10 M_0.10Al (95.3%), while the sample 
prepared with lower NaOH molarity had an efficiency ~5% lower 
(90.2%). Interestingly, the differences between the compositions were 
significantly attenuated for longer contact times. In fact, all samples 
showed removal efficiency above 96% after 4 h, and 8 M_0.10Al 
reached an impressive 100%, slightly higher than that seen with 10 
M_0.10Al (99.4%). Despite showing slightly lower removal efficiency, 
10 M_0.10Al had a higher Pb2þ uptake (16.6 mg/g) vs 14.9 mg/g for 8 
M_0.10Al, due to its lower bulk density (0.34 g/cm3 vs 0.38 g/cm3). 

The use of even longer contact times (6 h) was only beneficial for the 
lower porosity foams, further enhancing their lead sorption up to 99%, 
without affecting the removal efficiency of the higher porosity speci-
mens. This means that the higher porosity samples reach their equilib-
rium after 4 h, this being much smaller than the equilibrium times 
reported for other bulk-type IP adsorbents of 24 h (Novais et al., 2016b), 
60 h (Tang et al., 2015) and 120 h (Khalid et al., 2018), with similar 
times being seen when using granules (4–11.2 mm) (Bumanis et al., 
2019). Remarkably, the equilibrium time seen for the foams is also 

Table 1 
Physical properties of the inorganic polymer foams after alkalis leaching (washing step).  

Reference Specific surface area (m2/ 
g) 

Total porosity (from density; 
%) 

Water absorption 
(%) 

Bulk density (g/ 
cm3) 

Total porosity (micro CT, %) Weight loss (%) 

8 M_0.05Al 27.0 75.4 � 0.8 70 � 3 0.58 � 0.02 57.4 8.5 � 2.2 
8 M_0.10Al 45.1 84.0 � 0.4 131 � 12 0.38 � 0.01 70.4 14.3 � 1.1 
10 M_0.05Al 44.3 75.4 � 2.0 65 � 2 0.57 � 0.05 56.8 11.2 � 6.5 
10 M_0.10Al 46.3 85.3 � 0.4 123 � 11 0.34 � 0.01 70.9 19.5 � 1.4  
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shorter than that reported for powdered IP adsorbents, which was 7 h 
(Andrejkovi�cov�a et al., 2016) or 24 h (Cheng et al., 2012), further 
demonstrating the interesting potential of these innovative adsorbents. 

The lead adsorption by the foams was further evaluated using EDS 

elemental analysis. Fig. 3 presents the EDS spectrum of 10 M_0.10Al 
before and after lead adsorption tests. Fig. 3b clearly shows the presence 
of lead on the specimen’s surface, absent before the test (see Fig. 3a). 
Additionally, the EDS maps given in Fig. 3c show a homogeneous 

Fig. 1. Digital photographs and 3D images obtained by X-ray computed microtomography of the various inorganic polymer foams (1.9 � 0.1 cm3) used in the lead 
removal tests. 

Fig. 2. Lead removal efficiency by the different inorganic polymer foams with sorption time (pH ¼ 5, volume: 100 mL, [Pb2þ]: 100 ppm). The inset better illustrate 
the specimens’ lead removal efficiency. 
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distribution of lead on the foam’s surface. 
The results presented in Fig. 2 show that, regardless of the NaOH 

molarity, the higher porosity specimens (prepared with 0.10 wt% Al) 
present very large and rapid removal efficiency. Nevertheless, 8 
M_0.10Al reached 100% removal efficiency after 4 h, slightly surpassing 
10 M_0.10Al. Therefore, considering technical (higher removal effi-
ciency), economic and environmental reasons (lower NaOH concentra-
tion in their synthesis), that composition was selected for the next stage. 

3.2.2. In-depth performance assessment 

3.2.2.1. Adsorbent zeta potential. Fig. 4 presents the zeta potential of 8 
M_0.10Al as a function of pH and NaCl concentration. Within the 
studied pH interval (2–10), the surface of the adsorbent is negatively 
charged regardless of the NaCl content. The adsorbent’s surface charge 
decreases as the pH increases, the highest charge density being observed 
at pH ¼ 9–10. Previous studies have shown that lead adsorption by IPs is 
favoured at pH ¼ 5 (Al-Zboon et al., 2011; Cheng et al., 2012). At this 

pH, the adsorbent’s surface charge within the studied NaCl concentra-
tions is always smaller than that seen at higher pHs. However, and 
despite the lower surface charge, pH must be kept �5 to prevent lead 
precipitation and ensure that lead is removed exclusively by adsorption. 
At pH ¼ 5 the adsorbent is still expected to show good attraction to the 
cationic adsorbate (Pb2þ ions) as indicated by the negative surface 
charge of � 21.4 mV (0 mM NaCl). Much lower attraction is foreseen at 
lower pH values, particularly below 4, due to the significant increase in 
the surface charge of the foam. 

Results also show that the ionic strength of the solution affects the 
adsorbents’ surface charge properties, higher ionic strengths reducing 
the net surface charge. These results are associated with the competition 
between the Naþ and the Hþ ions for the binding sites which is expected 
to hinder the adsorbent lead removal capacity (see section 3.2.2.4). At 
pH 5, in the presence of 0.1 mM NaCl the adsorbent’s surface charge is 
� 18.2 mV, this being 15% lower than the value seen in the absence of 
NaCl. Similar findings have been reported for metakaolin-based IPs 
(L�opez et al., 2014). 

3.2.2.2. Influence of Pb2þ initial concentration. Fig. 5 presents the in-
fluence of the Pb2þ initial concentration on the uptake and removal 
efficiency of this heavy metal by the IP foam 8 M_0.10Al. As mentioned 
in the previous section, the adsorbent can completely remove the Pb2þ

ions when C0 ¼ 100 ppm within 4 h. Remarkably, the removal efficiency 
of the adsorbent remains at very high levels (above 99%) even when the 
C0 is increased by a factor of 4 (to 400 ppm). Hence, the lead uptake by 
the porous foam increases dramatically from 14.9 mg/g (100 ppm) to 
52.9 mg/g (400 ppm), a fourfold increase. Further raising the C0 level 
causes a decrease in the removal efficiency, dropping to values around 
80–83% when the lead concentration ranges between 500 and 600 ppm, 
and dipping to 71.3% with 800 ppm. This decrease is explained by the 
change in the adsorbent’s sorption kinetics induced by the modification 
of the Pb2þ initial concentration. This feature can be easily observed 
from the analysis of Fig. 6. As observed, an increase in the initial lead 
concentration delays the lead sorption by the foam. When C0 � 400 
ppm, the delay observed in the first 2 h is mostly negated after 4 h. 
However, the use of higher concentrations (C0 � 500 ppm) further 
hinders the lead adsorption, as seen by the much lower removal 

Fig. 3. EDS spectra of the specimen 10 M_0.10Al before (a) and after (b) lead adsorption tests (pH ¼ 5, contact time: 6 h, volume: 100 mL, [Pb2þ]: 100 ppm), while 
Fig. 8c shows EDS maps of the specimen surface after adsorption illustrating the lead distribution. 

Fig. 4. Influence of pH and NaCl concentration on the zeta potential of the 
specimen prepared with 0.10 wt% Al and using an 8 M NaOH solu-
tion (8M_0.10Al). 
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efficiency attained after 4 h (e.g. 71.3% - 800 ppm). The adsorption 
trend shown when using concentrations above 500 ppm suggests that 
the specimens do not reach their adsorption equilibrium within the 
maximum contact time considered here (4 h) at these lead levels, and 
therefore the use of higher adsorption times would most probably 
improve the removal efficiency levels. However, we have decided to 
keep this parameter constant, considering the results shown in section 
3.2.1. 

Our findings suggesting that sorption kinetics is pollutant 
concentration-dependent are in line with other literature studies per-
formed with IPs (Novais et al., 2019b; Tang et al., 2018). 

Despite the decrease in the lead removal efficiency when raising C0 
above 400 ppm, the adsorbent’s lead removal capacity strongly in-
creases (see Fig. 6), reaching an impressive 105.9 mg/g when C0 ¼ 800 
ppm. 

The lead adsorption by the porous foams was further evaluated by 
performing EDS maps on the specimens’ surface and inner part (corre-
sponding to their transversal section), results provided in Fig. 7. Fig. 7a 
shows that when C0 ¼ 400 ppm, lead is uniformly distributed on the 
foams’ surface but not in its inner part. Besides being heterogeneously 
distributed inside the sample, lead is also present in lower amounts, as 

depicted by comparing the EDS spectra given in Fig. 7a. However, much 
more lead diffuses into the specimens when increasing C0 (Fig. 7b and c), 
and this explains the abovementioned increase in the lead uptake from 
52.9 mg/g (400 ppm) to 89.8 mg/g (600 ppm), and reaching 105.9 mg/g 
when C0 ¼ 800 ppm. The EDS maps included in Fig. 7 also show that the 
lead distribution on the specimens is rather similar to that seen for sil-
icon and aluminium, and this suggests that Pb2þ ions are acting as 
charge-balancing elements to the negatively charged aluminosilicate 
structure. The mechanism behind the Pb2þ stabilisation/fixation will be 
discussed in section 3.2.2.7. 

The maximum lead adsorption capacity observed here was compared 
with that reported for all bulk-type (not powders) IP adsorbents reported 
to date, and results are shown in Fig. 8. In addition, our results were also 
compared in Fig. 8b with the most relevant studies addressing the use of 
powdered IP adsorbents, considering recent reviews on the topic 
(Luukkonen et al., 2019; Novais et al., 2020; Siyal et al., 2018). It should 
be highlighted that the IP microspheres reported in (Tang et al., 2018) 
were considered as “powders”, despite the fact that their production 
differs from the conventional two-step route (involving casting the 
slurry and milling the cured sample), due to their small size (d ¼ 100 
μm). 

The lead uptake shown by these IP foams is the highest value re-
ported to date for the use of bulk-type (not powders) IP adsorbents, 
being 2.3 times higher than the previous best performing bulk-type 
adsorbent - mm size spheres (Tang et al., 2015); 2.8 times higher than 
IP-supported zeolites (Khalid et al., 2018); 6.4 times higher than 
mm-size granules (Bumanis et al., 2019); and 16.8 times higher than 
those exhibited by cylindrical discs (Novais et al., 2016b). The 
outstanding performance of the foams is also demonstrated by the 
comparison with powdered adsorbents (see Fig. 8b). The lead adsorption 
by the porous foams surpasses several other studies considering 
powdered IPs, being 14 times higher than the value reported in (Panda 
et al., 2018); three times higher than in (L�opez et al., 2014; Novais et al., 
2016c); 1.3 times higher than in (Al-Zboon et al., 2011); and slightly 
superior to the study of Cheng et al. (100 mg/g) (Cheng et al., 2012). The 
uptake reported here is only slightly inferior to the value reported for fly 
ash IP particles (118.6 mg/g) (Liu et al., 2016), although it is nearly half 
of that seen for IP containing zeolites (261.2 mg/g) (Andrejkovi�cov�a 
et al., 2016), and much smaller than that of 100 μm microspheres (626.2 
mg/g) (Tang et al., 2018). However, in (Liu et al., 2016) a huge amount 
of zeolite (25 wt%) was used in the adsorbent’s synthesis. In addition, 
the value reported in Fig. 8b does not correspond to an experimental 
value but was predicted using a kinetic model (Langmuir). In fact, when 
using C0 ¼ 250 ppm a much lower experimental value was seen for the 
lead uptake (~25 mg/g). The value observed when using IP micro-
spheres is remarkable (626.2 mg/g) (Tang et al., 2018). Nevertheless, 
the adsorbent synthesis is complex, involving a long heat treatment (6 h 
at 450 �C), and the small size of the particles (below 100 μm) not only 
hinders their direct use in packed beds, but would most probably require 
the use of a separation step after adsorption. On the contrary, our 
specimens, produced using a simple synthesis protocol involving curing 
at room temperature, can be installed directly in packed beds and easily 
retrieved after exhaustion without the need of expensive post-separation 
steps (e.g. ultrafiltration). These are very promising results suggesting 
that bulk-type adsorbents could be a very powerful and safer alternative 
to the use of powdered adsorbents in wastewater depollution systems. 

3.2.2.3. Influence of pH. Fig. S6 presents the effect of pH on the uptake 
and the removal efficiency of this metal ion by the IP foams in the range 
between 2 and 5. The amount of lead adsorbed strongly increases within 
the studied pH range, the uptake increasing from ~6 to ~53 mg/g. The 
removal efficiency follows the same increasing trend, going from a 
modest 7.6% in the lower pH range (pH ¼ 2), to reach an impressive 
100% at the highest pH. This behaviour is associated with the higher 
availability of Hþ ions at lower pH, competing with the lead ions for the 

Fig. 5. Influence of lead initial concentration on the uptake and removal effi-
ciency of this pollutant by the porous inorganic polymer foam 8 M_0.10Al (pH 
¼ 5, contact time: 4 h, volume: 100 mL). 

Fig. 6. Influence of the lead initial concentration on the removal efficiency 
kinetics for 8 M_0.10Al (pH ¼ 5, volume: 100 mL). The inset better illustrate 
the specimens’ lead removal efficiency when the pollutant concentration if 
below 400 ppm. 
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binding sites on the adsorbent, and this hinders the Pb2þ extraction. As 
the pH rises, the abundance of Hþ ions decreases, and as a result a higher 
number of active sites are available for the Pb2þ ions favouring its up-
take. Our results are in line with previous studies performed using 
powdered IPs (Al-Zboon et al., 2011; Cheng et al., 2012). 

3.2.2.4. Influence of the ionic strength. In wastewaters, the presence of 
salts (e.g. NaCl) coexisting with the metal ion is to be expected, and their 
presence might affect the Pb2þ extraction due to the competition be-
tween the cations for the binding sites. Fig. S7a shows that the adsorp-
tion kinetics is affected by the presence of Naþ, a much lower sorption 
being observed when sodium ions are present. Nevertheless, the differ-
ences between the removal efficiencies tend to decrease with sorption 
time suggesting that longer sorption times might be required in real 
wastewaters to reach the adsorbents’ full potential. The lead uptake by 
the foams under various ionic strengths, shown in Fig. S7b, increases 

steadily with sorption time in all compositions, but at a much higher 
pace in the Naþ containing solutions. After 4 h sorption, the uptake seen 
for the higher ionic strength solution (0.1 mM NaCl) is 48.2 mg/g, this 
being ~9% lower than the value reached in the lower ionic strength 
solution (0 mM NaCl; 52.9 mg/g). These results are in good agreement 
with the modification of the adsorbent surface charge properties dis-
cussed above. 

3.2.2.5. Influence of Pb2þ solution volume. To evaluate the influence of 
the adsorbent-to-adsorbate ratio on the lead uptake and removal effi-
ciency by the porous IP foams when using high lead concentrations (400 
ppm), the volume of the lead solution was varied between 100 and 250 
mL, and the results are illustrated in Fig. 9. By increasing the solution 
volume from 100 to 200 mL, the lead uptake of the foam increases 
substantially, from 52.9 to 85.0 mg/g, while the opposite trend is seen 
for the removal efficiency, which declines from 99.3 to 81.9%. When the 

Fig. 7. EDS maps and spectra of the surface and inner part (transversal section) of the inorganic polymer foam (8 M_0.10Al) after lead adsorption tests with different 
initial lead concentrations: a) 400 ppm, b) 600 ppm and c) 800 ppm (pH ¼ 5, contact time: 4 h, volume: 100 mL). 

Fig. 8. Maximum lead uptake reported in literature for inorganic polymer adsorbents: a) bulk-type (not powders) and b) powders. Note: the maximum uptake 
achieved here using foams (in green) was also included in Fig. 8b for comparison. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

R.M. Novais et al.                                                                                                                                                                                                                              



Journal of Environmental Management 272 (2020) 111049

8

solution volume increases (i.e. lower adsorbent-to-adsorbate ratio) the 
number of adsorption sites drops due to the lower availability of 
adsorbent surface per volume, thus explaining the decrease in the 
removal efficiency. Fig. 9b shows a strong decline in the adsorption rate 
when raising the solution volume. However, the differences in the 
removal efficiency (ΔE) decrease as the sorption time rises. After the 1st 
hour, the removal efficiency is 75.1% with 100 mL, this being roughly 
29% higher than that seen with 200 mL (46.6%). After the 3rd hour ΔE 
slightly decreases to 22%, further decreasing to 17% after 4 h. 

Results also show that if the volume further increases to 250 mL the 
removal efficiency drops significantly and, therefore, the lead uptake 
also decreases. The trend seen in Fig. 9b indicates that under these 
conditions the foams do not reach their equilibrium, i.e. no percolation 
is seen, which might explain the drop in their performance. In any case, 
longer contact times would most probably enhance the adsorbent’s 
potential under these lower adsorbent-to-adsorbate ratios. 

Based on these results, considering a 4 h sorption time, two scenarios 
can be envisaged: i) the most efficient solution - the 100 mL promotes 
the highest lead removal efficiency (>99%); and ii) the most cost- 
effective solution - the use of 200 mL decreases the adsorbent amount 
by half, but still ensures an interesting adsorption capacity (81.9% - 4 h) 
at a very high lead initial concentration (400 ppm). 

3.2.2.6. Regeneration of the foams. The lead desorption from the foams 
was studied using mild acidic conditions (HNO3, 0.01 M) on samples 
obtained from the adsorption tests, namely those exhibiting the highest 
lead uptake (89.8 mg/g (C0 ¼ 600) and 105.9 mg/g (C0 ¼ 800 ppm)). 
The lead desorption ratio was calculated using equation Eq. (A3) as 
reported in (Novais et al., 2016b). After 60 min, a very high desorption 
ratio was seen in the highest lead-containing samples (coded as R1) 
reaching 66.8%, while their lower lead-containing counterparts (coded 
as R2) leached a lower amount (52.7%). Therefore, the leaching period 
in the latter samples was extended. After 2 h immersion in HNO3, the 
desorption ratio in R2 further increased to 67.1%. These results show 
that lead can be rapidly extracted from the foams by using mild acidic 
conditions, but also that the leaching efficiency is dependent on the 
amount of lead present in the specimens, higher amounts leaching 
faster. The desorption ratio here observed is ~12% lower than that seen 
for IP spheres (79%) (Tang et al., 2018), but using harsher desorption 
conditions (0.1 M HNO3; 12 h). In fact, the authors stated that these 
conditions induced structural damage in the adsorbents, and for that 
reason they were avoided here. Future work will investigate the feasi-
bility of using longer leaching periods to further enhance the lead re-
covery rate. 

The regenerated samples were them reused as adsorbent, and results 
are presented in Fig. S8. The specimens showed similar adsorption 
behaviour, even if slightly higher removal efficiencies and uptake were 

reached by R2 (93.5% and 19.8 mg/g) in comparison with R1 (85% and 
18.6 mg/g). Despite showing similar desorption ratios, the amount of 
lead remaining in the specimens’ structure after the desorption differs, 
being roughly 35 mg/g in R1 and 30 mg/g in R2. This means that the 
number of active sites available for lead adsorption is somewhat higher 
in R2, thus explaining the slightly different adsorption. Impressively, the 
uptake shown by the regenerated samples is superior to that seen in the 
1st adsorption cycle (14.9 mg/g; see Fig. 5) and this demonstrates that 
the IP foams can be successfully regenerated and reused as lead 
adsorbents. 

3.2.2.7. Adsorption mechanism. Previous reports have suggested two 
possible mechanisms for Pb2þ stabilisation/fixation in IPs: i) coordina-
tion of lead with nonbridging Si–O- and Al–O- belonging to the IP 
framework (chemical bonding) (El-eswed et al., 2017); and/or ii) by 
ion-exchange between lead ions and the sodium cations present in the IP 
framework (Luukkonen et al., 2019; Yan et al., 2019). 

To better understand the lead adsorption mechanism of these foams, 
FTIR spectra before and after lead adsorption were collected for 8 
M_0.10Al, and results are given in Fig. S9. The spectrum before lead 
adsorption shows the characteristic peaks seen in IPs: a broad asym-
metric band at 3200-3400 cm� 1 corresponding to adsorbed H2O, while 
the bending vibration of water is responsible for the peak seen at 1633 
cm� 1 (Sarkar et al., 2017). The high intensity fingerprint band of IPs 
(Rees et al., 2007) located at 1034 cm� 1 is assigned to the asymmetric 
stretching of Si–O–Si/Al–O–Al (Liew et al., 2016), while the peak at 778 
cm� 1 belongs to the symmetric stretching of T-O bonds (T ¼ Al, Si) (Liew 
et al., 2016). After lead adsorption, the most relevant feature is the 
blueshift of the Si–O–Si/Al–O–Al stretching band to 994 cm� 1. A shift in 
this band has been associated with the presence of heavy metals. This 
has been frequently observed for heavy metal-containing IPs in which 
the heavy metals were added during synthesis in very high amounts (up 
to 3 wt%) (Huang et al., 2016; Rees et al., 2007), although barely 
addressed in studies dealing with heavy metals adsorption by IPs. One of 
the exceptions to this is the work of Kara et al., which observed a redshift 
after Ni and Zn adsorption, but did not provide any explanation for this 
feature (Kara et al., 2017). Similar to our result, Huang et al. observed a 
blueshift in the Si–O–Si/Al–O–Al stretching band in a 
chromite-containing IP in comparison with their reference composition 
(without heavy metals) (Huang et al., 2016). These authors suggested 
that this behaviour is a consequence of the replacement of sodium and 
calcium ions by chromium, which would consequently equilibrate the 
negative charge of the IP. Similar behaviour and explanation was given 
in Refs (Rees et al., 2007) and (Muhammad et al., 2018) studying the 
stabilisation of various heavy metals (including lead) in IPs. Lee et al. 
also observed a shift in the band associated with the Si–O-T band in 
lead-doped specimens; however, they found no specific trend when 

Fig. 9. a) Influence of solution volume on the uptake and removal efficiency of lead by the porous inorganic polymer foam 8 M_0.10Al (pH ¼ 5, contact time: 4 h, 
[Pb2þ]: 400 ppm). Fig. 9b illustrates the influence of the solution volume on the sorption kinetics (pH ¼ 5, [Pb2þ]: 400 ppm). 
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increasing the lead amount (Lee et al., 2016). These authors have 
observed with EDS elemental mapping that the lead distribution in the 
specimen was not associated with the silicon distribution, suggesting 
that lead has not formed a chemical compound with silicon in their 
material. On the contrary, we have seen (see Fig. 7) that the lead dis-
tribution within the specimen mimics that observed for both silicon and 
aluminium, which indicates that there is a strong interaction between 
lead and the aluminosilicate framework. The exact mechanism for lead 
adsorption by IPs is not yet totally understood to date, and the possibility 
of multiple contributing mechanisms cannot be ruled out (e.g. chemical 
interaction between the heavy metal ions and the functional groups 
present in the IP surface (Lan et al., 2019); ion exchange and physical 
encapsulation (Ji and Pei, 2019; Li et al., 2018)). Nevertheless, the very 
high leaching levels (~67%) obtained during the desorption tests pro-
vide strong evidence that the prevailing mechanism behind Pb2þ

adsorption by the foams is ion exchange. 

3.2.2.8. Adsorption isotherm model studies. The lead adsorption by the IP 
foams was studied using the Freundlich (1906) and Langmuir (1918) 
isotherm models by fitting the experimental results using Eq. (A4) and 
Eq. (A5), respectively. These models have been widely used to charac-
terise the pollutants’ adsorption and the adsorbate/adsorbent interac-
tion when using IP adsorbents (Al-Zboon et al., 2011; Tang et al., 2018). 
Fig. 10 shows the fitting of the experimental values using the Freundlich 
and the Langmuir models, while Table 2 lists the adsorption parameters 
calculated for each of the models. The isotherms presented in Fig. 10 
show that both models fit well with our results. Nevertheless, a higher 
accuracy is reached with the Langmuir model (R2 ¼ 0.966) suggesting 
that the Pb2þ sorption mechanism takes place via monolayer adsorption 
on the foams. Moreover, the separation factor (RL; see Eq. (A6)) is al-
ways greater than zero, ranging from 0.0027 to 0.0216 depending on the 
C0, implying that adsorption is favourable at least in the concentration 
range considered here (100–800 ppm). It was also observed that RL 
decreases when the initial lead concentration rises (see Fig. 10c), and 
this indicates that adsorption is favoured at higher concentrations 
(Vargas et al., 2011). In fact, this is in line with the results discussed in 
section 3.2.2.2 (see Figs. 5 and 7) which showed much higher lead uptake 
when C0 rises from 100 to 800 ppm. Our results are in line with other 
literature studies in which a better fitting of the experimental results was 
also seen with the Langmuir model (Al-Zboon et al., 2011; Tang et al., 
2018). The theoretical maximum adsorption capacity calculated from 
the Langmuir isotherm (87.72 mg/g) is reasonably close, but slightly 
inferior to, the maximum experimental value (105.9 mg/g), which again 
suggests that it can be used to describe the interaction between the 
adsorbate and the adsorbent. 

Despite having lower accuracy, the Freundlich model also indicates 
that lead adsorption by the foams is a favourable process, since the 
Freundlich adsorption parameter n (4.80) is between 1 and 10, similar to 
previous studies (Al-Zboon et al., 2011; Novais et al., 2019b). 

4. Conclusions 

Herein, highly porous IP foams were synthesised using a simple, 
environmentally friendly, and low-cost protocol using an industrial 
waste as the main solid precursor. The foams were then used as bulk- 
type adsorbents to extract lead from aqueous solutions, differing from 
the conventional route employing powdered IPs whose recovery after 
use is complex. Results showed that low pHs and the presence of 
competing ions (e.g. Naþ) are detrimental to Pb2þ adsorption. At pH 5, 
the foams exhibited very high affinity for Pb2þ ions as demonstrated by 
the fast equilibrium time (4 h) and the impressive lead removal capacity 
(105.9 mg/g, 0 mM NaCl). The maximum lead uptake is the highest 
value ever reported for cm-size IPs, being several times superior to 
previous studies on this topic and more than doubling the value reported 
in the previous best performing IP (e.g. mm-size spheres). Remarkably, 

Fig. 10. Adsorption isotherms using a) Freundlich and b) Langmuir models 
(contact time: 4 h, volume: 100 mL). c) Langmuir separation factor. 

Table 2 
Adsorption parameters calculated for the lead adsorption by the porous inor-
ganic polymer 8 M_0.10Al by fitting the experimental data using the Freundlich 
and the Langmuir models (pH ¼ 5, contact time: 4 h, volume: 100 mL).  

Sample Freundlich Langmuir 

KF (mg/g) 
(L/g)n 

n R2 qmax 

(mg/g) 
KL (L/ 
mg) 

R2 

8 M_0.05 wt 
% Al 

33.12 4.80 0.905 87.72 0.44 0.966  
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their lead uptake is amongst the highest reported to date regardless of 
the IPs’ size (μm or mm), surpassing several studies focusing the use of 
powdered IPs, and this shows that the use of proper mixing protocol (e.g. 
foaming agent amount and activator molarity) enables the production of 
foams possessing high specific surface area (~42 m2/g) and tailored 
porosity, and with excellent lead adsorption capacity. The foams can be 
easily regenerated and reused as lead adsorbent, further demonstrating 
their interesting potential. 
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