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ABSTRACT  
Aiming at the problem of solid waste and heavy metal pollution, this work study the effect of 

Pb2+ concentration (0 – 2% by weight slag), Pb- source (Pb-acetate: LA and  lead bearing sludge 
:LBS) and alkali activator type (NaOH or mixure of  NaOH/Na2SiO3) on the performance of the 
prepared alkali activated slag (AAS). The addition of LA has resulted in a negative impact on the 
performance of AAS. Meanwhile, the inclusion of LBS in alkali activated system causes a remarkable 
enhancement in the physical and mechanical properties of the prepared cement. NaOH/Na2SiO3-AAS 
mixture possesses higher efficacy on Pb2+ immobilization compared to NaOH–AAS one. The physical 
and mechanical properties were compared with those of ordinary Portland cement (OPC). 
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Introduction 

The environmental pollution by various wastes has been concerned in the world and these 
pollutants become hazardous for human health, animals and ecological environment as they 
accumulate for a long period. Solid Waste with heavy metals are released into the environment, either 
directly or indirectly, because of rapid industrial expansion, in many fields such as chemical 
polishing of glass crystals, batteries, mining, metal plating, pesticides, fertilizers. Heavy metals do not 
decompose in nature due to their inorganic structure, so it poses risk accumulation in living species as 
toxic and carcinogenic elements (Kara et al, 2017). Many researchers had their goal to find a way for 
utilizing heavy metals bearing sludge. (Pappu et al., 2007, Safiuddin et al., 2010, Horpibulsuk et al., 
2014). 

Geopolymer which are typically synthesized from the reaction between solid aluminosilicate 
materials with alkaline solutions (Duxson et al., 2007), is a type of cementitious material with an 
amorphous or semi-crystalline nature (Guo et al., 2014). It hosts strength performance to traditional 
binders in practical application. The use of conventional Portland cement result in a large carbon 
footprint since the production of 1 ton of Portland cement releases about 900 kg of CO2 (Maddalena et 
al.,2018).  

GP ‘geopolymer’ has become increasingly popular in recent years as an environmentally 
friendly alternative to ordinary Portland cement (Sakulich, 2018). Geopolymers are furthermore 
touted for their high performance (high strength and long-term durability), fire resistance, resistance 
to acid attack low CO2 emission and low energy consumption (Van Deventer, 2007). The 
performance of AAS strongly influenced by the chemical and physical properties of aluminosilicate 
source (Xu and van Deventer, 2003, Němeček et al., 2011), type (Ma et al., 2018, Luukkonen et al., 
2018, Nadoushan and Ramezanianpour ,2016) and concentration of alkali activator (Abdel-Gawwad 
et al., 2016, Torres-Carrasco and Puertas, 2017, Hadi et al., 2018), and curing conditions (Haque 
et al., 2018, Hwang et al., 2018, Huang et al., 2018). 

   In recent years, geopolymer is believed to be a good immobilization system for various 
heavy metal cations as hazardous waste due to its low permeability, long-term durability and 
resistance to acid attack (Van Jaarsveld  et al., 1998, Yunsheng et al., 2007 , Galiano et al., 2011, Van 
Jaarsveld et al., 1999, Bankowski et al., 2004) especially for Pb2+ (Alvarez-Ayuso et al., 2008, 
Moncea et al.,  2012, Jin et al., 2011, Nikolic et al., 1999). The immobilization  of lead strongly 
depends on the nature of aluminosilicate materials (Srivastava et al., 2008, Nikolić et al., 
2018, Muhammad et al., 2018, , Galiano et al., 2011 ). One of the main industries which contributes 
in the environmental pollution is  Lead-glass crystals manufacturing due to the huge amount of Pb-
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bearing sludge (LBS) generated from chemical polishing of glass crystals (Osipov, 2003, Shapilova 
and Alimova, 2000).  

The aim of this work to evalute the influence of the addition of different Pb-containing 
materials on the performance of alkali activated slag (AAS) also examining the impact of LBS and 
NaOH/Na2SiO3 mixture (as a good silicate source alternative to sodium silicate) content on the 
physical and mechanical properties of AAS by conducting different experimental methods such as 
compressive strength and porosity testing. In This search, the immobilization efficiency and 
mechanism for Pb2+ ions have been determined by measuring Pb-ion leaching. Also, the physical and 
mechanical properties have been studied for the prepared AAS to ensure that, not only the ability to 
encapsulate toxic metals, but also suitability of the product for further building applications.  

 
Materials and Methods 
 
Materials source and characterization 

Ground granulated blast-furnace slag (GGBFS), by-product of iron and steel manufacturing, 
was supplied from Helwan Iron and Steel Company, Helwan, Egypt. Ordinary Portland cement (OPC) 
was supplied from El Sewedy cement company (Suez, Egypt). LBS which resulted from chemical 
polishing of glass crystals, was obtained from Asfor Crystals Company (Cairo, Egypt). The chemical 
compositions of GGBFS, OPC and LBS, which were determined by X-ray fluorescence, are listed in 
(Table 1), XRD-patterns of GGBFS and LBS represented in Figure 1 

 Lead acetate (LA), sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) were supplied 
by El Gomhouria Co. for pharmaceutical chemicals, Abu Zaabal, Egypt.  

 
Table 1: Chemical oxide compositions of the starting materials, mass % 

Notations 
Oxides 

SiO2 PbO CaO Al2O3 Fe2O3 MgO SO3 K2O Na2O 

GGBFS  Mass 
Fraction 

38.70  32.9 11.90 0.51 4.08 2.42 0.78 0.68 

LBS 37.09 22.99 8.88 0.33 4.93 --- 0.80 3.96 1.03 
OPC 20.21  62.70 4.69 3.41 1.24 2.60 0.12 0.12 

 

 
 

Fig. 1: XRD-patterns of GGBFS and LBS 
 
Alkali activated pastes preparation  
 The details of mixture preparation are given in Table (2). AAS - pastes were prepared by 
mixing of GGBFS with alkaline solution of NaOH or mixture of NaOH/Na2SiO3 at 6 wt%. After 
mixing process the homogeneous paste with or without Pb2+ (LA or LBS) was transferred to stainless 
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steel mold with dimension of 25x25x25 mm. Then cured for 24h in relative humidity at 23±2 °C. The 
hardened pastes were remolded and cured at the same condition up to 28-days.  
Table 2: Mix proportions of different mixtures (wt, %). 

Mixes Slag OPC NaOH Na2SiO3 
Lead 
ion 

percent 
LBS 

 
W/S  
ratio 

 Wt% 
AAS-NH 100  6 -  - 0.24 
AAS-NH/pb0.5 100  6 - 0.5 - 0.24 
AAS-NH/pb1 100  6 - 1 - 0.24 
AAS-NH/pb2 100  6 - 2 - 0.24 
AAS-NH/LBS2 639.17  6 - 2 60.83 0.24 
AAS-NS 100  3 3  - 0.24 
AAS-NS/pb2 100  3 3 2 - 0.24 
AAS-NS/LBS2 639.17  3 3 2 60.83 0.24 
PC/LBS2  639.17 - --- 2 60.83 0.24 

 
Experimental methods  

The compressive strength testing was conducted on 3-hardened cubic samples using controls 
Pressing Machine with a maximum loading capacity of 250  kN. The toxicity 
characteristics leaching was examined uusing Tank test method (Deja, 2002) that described by NEN 
7345, (1995). After 28 days of hydration at relative humidity of 99±1%, four cubes of each mix are 
individually immersed in 100 ml distilled water in a closable plastic bottle for measuring leachability 
in a static mode at the time intervals of 1, 10, 30 and 60 days . At the end of each interval time, make 
acidification for solution by two drop of 1M nitric acid then the leachante solution is used to 
1. Evaluate the concentration of the leached metal ions by the inductively coupled plasma 
spectrometer (ICP-AES), (ULTIMA2, Horiba, Japan).    
2. Calculate the immobilization percent of heavy metal ions in the used hardened pastes as follows; 
   X (grams in 100 ml) = Concentration (ppb) × 10-9 × 100  

    Original wt. of metal ion = wt. of cube × percent used of the ions/100 
           Leaching % = (X / original wt. of metal ion) × 100 
            Immobilization % = 100 – leaching % 
    

 For determining chemically-combined water content (Wn, %), two representative samples of 
about 1g for each of the dried specimens, were weighed in porcelain crucibles and ignited for one 
hour at 1000˚C in an adjustable muffle furnace, cooled in a desiccators and then weighed. The 
chemically-combined water content (i.e., the amount of water retained after drying) was calculated as 
Wn using the following equation:  
             Wn = [ ( W1 - W2 ) / W2 ] - L 
Where, 
             Wn: is the chemically-combined (non-evaporable) water content,  
             W1: is the weight of the dried sample before ignition (g), 
             W2: is the ignited weight of sample (g), and 
             L: is the ignition loss of unhydrated cement. 

 
For measuring the total porosity % , A hardened cube is removed from curing and is weigh two 

times: first in air (Wa) then another time while suspended in water (Ws). then the cube is dried 
overnight at  80oC , left to cool in a desiccators, then weigh (Wd). the following equation was used: 

 
              Total porosity %= Wa – Wd/Wa- Ws X100 

            Wa: is the weight of cube sample in air (g), 
            Wd: is the weight of the dry sample (g) at 80oC for 24h, and 
            Ws: is the weight of the sample suspended in water. 
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The cement phases was characterized using different instrumental techniques such as X-ray 
diffraction (XRD). Meanwhile the microstructural development was investigated by scanning electron 
microscopy (SEM). XRD were carried out using Philips PW 3050/60  diffractometer with a scanning 
range of 5–50 (2θº), a scanning range of 5–50 (2θº), a scanning speed of 1s/step, and resolution of 
0.05°/step. SEM was investigated using National research center (QUANTA FEG 250) 
 
Result and Discussion  

 
Compressive strength 

The compressive strength of NaOH- activated slag containing different Pb2+ contents (as lead 
acetate) up to 28-days of curing are shown in Figure 2. For all mixtures the compressive strength of 
AAS increases with time up to 28 days. This is mainly due to the fact that the activation of slag 
hydration is ongoing with time, resulting in the continuous formation and precipitation of strength 
giving phases such as calcium silicate hydrate (CSH) and calcium alumino silicate hydrate (CASH), 
and hydrotalcite (Ht). The addition of Pb acetate results in reduction in strength at all curing ages 
.This is due to the limited diffusion of dissolved species of lead salt through a network of pores of 
hardened matrix and formation of some structural defect (Nikolić et al., 2014), also it may be 
attributed to the partial replacement of calcium cations with lead ions in the hardened network, 
leading to a more pronounced decrease in the strength (Zhang et al., 2008)  
 

 
Fig. 2: Compressive strength versus curing time  (days) for mixes AAS-NH,  AAS-NH/Pb0.5, AAS-

NH/Pb1 and AAS-NH/Pb2 

 

Figure 3 represents the compressive strength of NaOH–AAS and NaOH/Na2SiO3–AAS containing 
0, 2 wt% of Pb2+ as LA and LBS in comparison with PC/LBS2. It is clear that the use of 
NaOH/Na2SiO3 activator results in an increase in the compressive strength values by 15% as 
compared with NaOH-activated pastes. This should be explained by the providing of activated system 
by silicate which enhances the strength – giving- phases formation. The addition of 2 wt% Pb2+ as 
LBS to slag (AA-NS/LBS2) results in an increase in the compressive strength values by 83 % 
compared with AAS-NS. Another potential complicating effect in the results presented here may be 
due to the presence of silicate in the sludge which enhances more alkali-silica reaction and another 
factor is the space filling effects by sludge particles this phenomenon consistent with the results of 
(Guo et al., 2017). Comparing all mixes, PC/LBS2 found to have the highest compressive strength 
value (22 MPa). This is in consistent with previous findings stated by (Ben Haha et al., 2011, Ben 
Haha et al., 2012). 
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Fig. 3: Compressive strength versus curing time (days) for mixes AAS-NS, AAS-NH/Pb2, AAS-

NS/Pb2, AAS-NS/LBS2 and PC/LBS2 
 
Figure 4 represented the relationship between chemically combined water contents of  NaOH-

AAS containing different Pb2+ contents (as LA)  and compressive strength at 28-days of curing . It is 
observed that the chemically combined water content increases for all mixes with increasing the 
compressive strength, suggesting the progress of formation and precipitation of strength –giving–
phases such as CSH and CASH phase. The addition of Pb2+ results in reduction in strength at all 
curing age, suggesting that the insoluble Pb salts had extremely low solubility, it was likely to work as 
a barrier between slag particle and water. For this reason, lead ion retarded the hydration of slag (Rha 
et al., 2000). 

 

 
Fig. 4: Combined water content versus curing time (days) for   mixes AAS-NH, AAS-NH/Pb0.5, AAS-

NH/Pb1 and AAS-NH/Pb2 
 

The relationship of AAS containing 2% Pb2+ (LA - LBS) as well as OPC- having the same 
Pb2+ content up to 28 – days of curing are shown in Figure 5. The addition of Pb2+ as LA results in a 
significant decrease in both combined water and strength. Incendiary AAS-LBS mixture shows 
compressive as combined water values higher than these of control sample, indicating the positive 
impact of LBS on the performance of the prepared cement. OPC with or without 2% Pb2+ 
demonstrate, higher strength and combined water than all AAS pastes. 
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Fig. 5: Combined water content versus curing time (days) for mixes AAS-NS, AAS-NH/Pb2, AAS-

NS/Pb2, AAS-NS/LBS2and PC/LBS2 

 
3.3 Porosity 

The total porosity percent (%) of NaOH - activated slag containing different Pb2+ contents as 
LA up to 28-days of curing are shown in Figure 6. It is clear that the porosity decrease with curing 
time up to 28 days for all of the hardened pastes. This is due to the continuous activation and 
formation hydration products which precipitated in some of the open pores. As the concentration of 
Pb2+ increases the porosity increase, providing the fact that the Pb2+ has a retardation effect on alkali 
activation process which in turn result in an increment of the total pore volume. 

 

 
Fig. 6: Porosity% versus curing time (days) for mixes AAS-NS, AAS-NH/Pb0.5, AAS-NH/Pb1 and 

AAS-NH/Pb2 

Figure 7 shows the porosity % for NaOH and NaOH/Na2SiO3 activated slag containing (0 and 
2wt% of Pb2+) as LA and LBS. It is clear that using of NaOH/Na2SiO3 activator result in decrease the 
total porosity values by (5%) than in case of using only NaOH as activator which is attributed to the 
increasing formation of hydration product due to presence of silicate that constructed a more compact 
structure. Similar trend was observed in addition of  LBS contents which found to have the lowest 
total porosity values (44%) and the highest compressive strength in AAS  by comparing with all 
mixes  (Zhang et al., 2008) . 
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Fig. 7: Porosity % versus curing time (days) for mixes AAS-NS, AAS-NH/Pb2, AAS-NS/Pb2, AAS-

NS/LBS2and PC-LBS2 
 
Leaching Percent % 

The results of the leaching percent by using static mode of leaching process for mixes containing 
2% Pb2+ as  LA and LBS using (mixes AAS-NH/Pb2, AAS-NS/Pb2, AAS-NS/LBS2, PC/LBS2) is 
represented in table (3). In alkali activated system, the dominant feature of AAS-NH/Pb2 mixture 
have low Pb-leaching in surrounding media making the alkali activation is the suitable process 
for immobilization of Pb ions. Providing alkaline system by silicate group mixture (AAS-NS/Pb2) 
increase the immobilization efficiency of lead ions by the formation of Pb3SiO5 which is proved by 
XRD-analysis (Fig. 9) which encapsulated inside the pores (Palomo and Palacios, 2003, Zhang et al., 
2008). It is clear that AAS-NS/LBS2 has the highest immobilization efficiency due to smaller pore 
openings as well as the highest compressive strength in AAS that is due to Lead rich sludge generally 
serves as the filler because of its poor dissolubility in the alkaline solution (Dimas et al., 2009) and as 
source of silica for hydration process could successfully stabilize and solidify heavy metals (Zhang et 
al. 2010, Van Jaarsvel et al., 1998).   
 
Table 3: The leaching results of for mixes AAS-NH/Pb2, AAS-NS/Pb2, AAS-NS/LBS2and PC-LBS2 
Mixes 
 

Leaching time 
(days) 

Leached Pb2+ 
(%) 

Immobilization  
(%) 

 
AAS-NH/Pb2 

1 0.06526 99.9347 
30 0.07756 99.9224 
60 0.07867 99.9213 

 
AAS-NS/Pb2 

1 0.00112 99.9989 
30 0.00346 99.9965 
60 0.00367 99.9963 

 
AAS-NS/LBS2 

1 0.00069 99.9993 
30 0.00070 99.9993 
60 0.00074 99.9993 

PC-LBS2 
1 0.00086 99.9991 

30 0.00195 99.9981 
60 0.00253 99.9975 

 
Morphology and Microstructure (SEM) 

The microstructure of selected hardened pastes (AAS-NH/Pb2, AAS-NS/Pb2, AAS-NS/LBS2), 
after 28 days of hydration was investigated and represented by using scanning electron microscope 
Figure 8. Obviously, the microstructure of all hardened specimens made of mix displayed the 
formation of amorphous hydrates. It is clear that mix AAS-NS/LBS2 showed more dense structure 
with the formation of excessive amounts of hydration products.  
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Fig. 8: SEM-photographs of AAS-NH/Pb2, AAS-NS/Pb2, AAS- NS/LBS2 and PC/Pb2 (from top to 

dowen) at 28-days of curing 
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This can be explained by the increase of excessive hydration products formation caused by the 
high silicate content in LBS. Previous studies (Abdel-Gawwad et al., 2019; Hojati and Radlinska, 
2017), stated that the increase of silicate content is the main reason behind the high drying shrinkage 
of alkali activated slag. With increasing curing time, the cracks became unobservable. This could be 
originated from the fact that the increase of hydration products formation can result in a potential 
impact on porosity (See Figure 7) and, therefore, drying shrinkage reduction (Collins and Sanjayan, 
2000).  

It is clear that there are some pores present in mixes AAS-NH/Pb2, AAS-NS/Pb2 this due to the 
retardation effect of Pb2+ this agreement with the result of compressive strength (see section 3.1) and 
result of leaching percent. 
 
The XRD-patterns.  

To verify the variation of hydrates with heavy metal addition, X-ray diffraction analysis of 28-
day hydrated specimens was done. The Pb3SiO5 phase could not identified by XRD due to its 
low crystallinity degree. To confirm this suggestion the sintering process, at 800 °C, was carried out 
on AAS-NS, AAS-NH/Pb2, AAS-NS/Pb2 and AAS-NS/LBS2 mixes at 28-days of curing time 
Figure 9. To confirm presence of lead peaks, a new crystalline peaks associated with the formation of 
Pb3SiO5 phase have been observed (Palomo and Palacios, 2003).  

  

 
 

 

Fig. 9: XRD-patterns of sintered AAS-NS, AAS-NH/Pb2, AAS-NS/Pb2, AAS- NS/LBS2 and PC/LBS2 
at 28-days of curing time. 

 
Generally, all patterns exhibit amorphous structure with hump at 25–35 2θº which associated 

with the amorphous sodium/calcium aluminosilicate gel. The small peak related to hydrotalcite (Ht) 
phase {Mg6Al2- CO3(OH)16.4(H2O)} was detected in case of AAS (with no LBS) at 2q of 11.7 
Generally, all patterns Figure 9 shows sintering of mixes that resulted from the formation of well 
resolved crystalline peaks related to gehlenite (Ca2Al2SiO7), akermanite (Ca2MgSi2O7) and 
wollastonite (CaSiO3). These phases are the dehydrated form of strength-giving-phases such as 
calcium silicate hydrate (CSH) and calcium aluminum silicate hydrate (CASH). The intensity of 
akermanite and gehlenite phases decreased with the increase of LBS content; meanwhile, wollastonite 
phase significantly increased. This could be due to the increment of silicate content on the expense of 
Mg/Ca aluminate constituents with the increase of LBS content. Nevertheless, a new crystalline peaks 
associated with the formation of Pb3SiO5 phase have been observed in AAS- NS/Pb2 and AAS-LBS 
mixes which were found to have higher intensity in case of AAS-LBS compared with AAS- NS/Pb2. 
This mainly reflects the high performance of AAS in the solidification and stablization of Pb 
contaminated sludge by its transformation to insoluble phase. 
 

Akermanite(Ca MgSi2O7)       Wollastonite (CaSiO3)  Lead silicate(Pb3SiO5)                     

Gehlenite(Ca2AL2SiO7)         Hydrotalcite{Mg4Al2CO3(OH)16-4(H2O)} 
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Conclusion 
This study investigated the influence of addition of different Pb2+ sources (lead acetate – lead 

bearing sludge) and activator type (NaOH, NaOH/Na2SiO3) on the performance and physical and 
mechanical properties of alkali activated slag. The addition of Pb2+ as lead acetate has negative impact 
on physical and mechanical properties of alkali activated slag. Using of NaOH/Na2SiO3 activator 
result in the increase of the compressive strength values higher than those of NaOH-activated pastes. 
The high silicate content of lead –bearing sludge was found to have a positive impact on the physical 
and mechanical properties of the alkali activated slag. All alkali activated slag blends 
demonstrated Pb2+ concentrations (mg/l) in leachate below than the limit of toxicity 
characteristic leaching procedure, confirming the high safety of utilizing the prepared cement. The 
high silicate content of lead–bearing sludge increased the effectiveness of Pb immobilization due to 
the formation of Pb3SiO5 phase. 
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