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Abstract

An ecologically safe and economically justified method of stabilization of the used biosorbents was developed. Sorbent
contaminated with heavy metals has been successfully solidified/stabilized using a hydraulic binder. The test results indi-
cated that up to 1% of the biosorbent residue used could be added without compromising the compressive strength of the
mortar. The compressive strength of the modified mortars did not change significantly even after 20 freeze/thaw cycles. The
analytical methods such as Flame Atomization-Atomic Absorption Spectrometer, Graphite Furnace-Atomic Absorption
Spectrometer, and Cold Vapor-Atomic Absorption Spectrometry were utilized to examine the leaching behavior of selected
heavy metals during harsh condition exposure. The leachability of selected heavy metals was found to be below the limit
allowed by the US EPA after immersion and agitation for 10 days in artificial water solutions (seawater, groundwater, and
rainwater). X-Ray Diffraction and Brunauer—-Emmett—Teller data showed no significant changes in the crystalline structure
and surface area of the modified mortars after treatment. Research showed that mixing the adsorbent used with mortar was
effective in immobilizing heavy metals and allowed the implementation of a so-called ‘zero waste’ management method.
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Introduction

It is well-known that environmental pollution is commonly
caused by natural sources and human activities. Broadly
understood, human activities generate organic and inor-
ganic wastes that can contain heavy metals that do not
degrade naturally and cannot be utilized within simple
waste treatment processes. Therefore, various researchers
have developed treatment methods for heavy metals con-
taining waste management to avoid environmental issues.

Adsorption is one of the basic and widely studied
techniques used for wastewater treatment. Its popularity
results from its simplicity, low implementation cost, and
promptness of the process. The sorbents tested include
agricultural by-products such as Garcinia mangostana L.
[1], Arenga pinnata Merr. [2], Dimocarpus longan [3], and
activated carbon from Quercus robur leaves [4], activated
carbon from Phoenix dactylifera L. leaves [5], Sauropus
androgynus (L.) Merr. [6], Camellia sinensis leaves [7],
Citrus X paradisi peelings [8], Abelmoschus esculentus
leaves [9], etc., as well as geomaterials such as clay, zeo-
lite, and perlite [5, 7, 9-11].

An adsorption process involves interaction between
adsorbates, functional groups, and other active sites
(pores) that exist in adsorbents, such as hydroxyl, car-
bonyl, amine, and metal oxides. Other reactions that
might occur in resin adsorbents are complex formation
and ion exchange. The trapping in the pores also occurs
in porous adsorbents such as zeolite and activated carbon
[12]. Unfortunately, adsorption-based treatment processes
result in solid and liquid post-process waste that needs
to be properly managed. To regenerate the spent adsor-
bent after the adsorption process, alkaline, acid, or other
desorbing agents are used. These release the adsorbates
from the adsorbent making it reusable (desorption pro-
cess). However, desorption produces liquids that contain
adsorbates (hazardous materials), which makes the ‘zero
waste’ approach impossible to implement in case of reuse
of adsorbents. Implementing a proper method, to remove
adsorbates from the desorbing agent, is necessary to avoid
environmental damage; however, it is a difficult, complex,
and economically unjustified process. This is considered to
be the shortfall of the adsorption method. As the number
of active sites inside the adsorbent is limited, if further
desorption is impractical, a method to deal with spent
adsorbents is needed.

Solid post-process waste could be used as an addi-
tion in mortar manufacture. Solidification/stabilization
(S/S) processes in cement-based materials immobilize
hazardous wastes and reduce the toxicity of these mate-
rials by improving stability and reducing solubility. The
cement-based material acts as a hydraulic binder that traps
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contaminants within its matrix. Solidification/stabilization
(S/S) is a simple process that allows toxic materials to be
easily transported and stored, allowing the production of
environmentally safe construction materials [13—18]. The
approach based on the reuse of wastes in cement-based
materials leads to avoiding unsterilized toxins that leach
out of landfills (through the implementation of the eco-
cement approach) [19, 20].

This approach allows the implementation of a so-called
“zero waste” management method [21, 22]. The mentioned
additions could be expected to improve the compressive
strength of the mortar by filling the pores of the mortar [23,
24]. Potentially hazardous wastes such as radioactive waste
[25], zinc (Zn(1D)) [13], copper indium selenide (CIS), solar
module wastes [26], arsenical borogypsum wastes [27],
medical wastes [28], solid residues formed during sewage
sludge thermal treatment [17], ceramic wastes [29], sugar-
cane bagasse [30], rice husk, disposed oil-contaminated soil
[31], chromium-contaminated titania NPs [32], and coco-
nut fibres [33] have all been trialled as incorporations into
either cement matrices or concretes. The modified materials
obtained have shown improved compressive strength and
low leachability of metal ions. Aliyu and Karim [34] dis-
covered that the compressive strength of a mortar material
reached the optimal value when 15-20% of rice husk ash was
added to the mixture. Rice husk ash is rich in SiO,, which
is required in C—S—H formation, so the addition of rice husk
ash supplemented the SiO, available from the cement itself.
Whereas Husain et al. [32] modified mortar with 20% wt.
of adsorbed chromium in addition to titania nanoparticles
found that the compressive strength of the modified mortar
was improved. Stabilization/solidification in a cement matrix
also reduces the mobility and leachability of hazardous ele-
ments, especially metal ions. Cement matrices have poor
permeability and could hinder the movement of contami-
nants through pores [20]. Furthermore, biosorbents affect
the structure of mortar or concrete. The mentioned problem
should always be considered when incorporating wastes into
a cement-based material matrix.

In addition to adsorbent addition, geographical condi-
tions, such as extreme temperature fluctuations, contrib-
ute to mortar deterioration. Temperature changes, erosion,
alkalinity, or infiltration of rain or seawater into mortar/
concrete pores could result in the leakage of toxic material
into the soil or water bodies. The degree to which this occurs
depends on cement hydration and, in the case of heavy met-
als, the ability of ions to form complexes and precipitates.
Elements such as As, Sb, and Cd can be bound in a silicate
mineral crystal lattice to form a stable compound that pre-
vents leaching. The leaching of detectable levels of Cu, Pb,
Zn, Mn, and Sb can be prevented when these heavy met-
als have been encapsulated and solidified as a consequence
of a cement hydration reaction [35]. According to Shi and
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Kan [19], the problem of leaching is greater in the case of
materials stabilized for a short period of time due to the high
concentration of potentially leachable heavy metals and low
mechanical solidification on the surface of the matrix. The
leachable concentration decreases with age as the mortar
hardens [19]. Vollpracht and Brameshuber [36] found that
K,CrO, and K,Cr,0, formed during clinker combustion
could be immobilized in an ettringite structure, while Pb was
able to react with Ca®>* to form an ettringite mineral [36].

Extreme weather conditions could also cause crystal-
line reduction and microcracks formation in the mortar.
Micropores can transform into mesopores and macropores
that affect mechanical properties [37]. Therefore, performing
the crack test after exposure of a mortar to extreme condi-
tions is important to estimate the effect of sorbents on the
end products [38, 39]. At low temperatures, the water mol-
ecules expand up to 9%. This phenomenon can lead to the
brittleness of the mortar. Since the adsorbent contained vari-
ous heavy metals, the leaching of the mentioned ions from
the mortar should also be controlled with the use of proper
analytical techniques [28, 35, 36, 40].

Therefore, this research aimed to modify the mortar com-
position with sago bark adsorbent residue that contained
heavy metals and investigated the leachability of the men-
tioned ions and the effect of extreme conditions (numerous
freeze/thaw cycles) on its compressive strength together
with checking if variety of atomic absorption spectrometry
techniques would be suitable to solve given problem. The
presented study aimed to evaluate the hazards associated
with the addition of biosorbents containing heavy metals
to cement-based materials with the use of Flame-Atomic
Absorption Spectrometry (F-AAS), Graphite Furnace-
Atomic Absorption Spectrometry (GF-AAS), Cold Vapour-
Atomic Absorption Spectrometry (CV-AAS). Moreover,
the amount of mentioned biosorbents that can be added to
cement-based materials without significant deterioration of
the end product to establish an ecologically safe and eco-
nomically justified approach for stabilization was estimated.
Physicochemical characterization of the mortars obtained
including X-ray diffraction (XRD), analysis X-ray fluores-
cence (XRF) assay, and specific surface area (BET) analysis
was investigated for further support of the presented study.

Results and discussion

For a better understanding of the properties of the mortars
obtained, several tests and analyzes were performed, includ-
ing the compressive strength test, the heavy metal leachabil-
ity test and the freeze / thaw cycle (FTC) analysis. Materials
and methods with the suitability of the analytical tools used
are presented in the Experimental chapter. The findings of
this research are explained in the following sections.

Effect of mortar composition on compressive
strength

The utilization of biosorbent residue as an additive material
in mortar production was meant to find a way to immobilize
or solidify waste after metal ion sorption without compro-
mising the durability of construction materials obtained. The
effect of the biosorbent additive on the compressive strength
of the mortar after 28 days of curing, without any additional
treatment, is shown in Fig. 1. The amount of cement, sand
and water was kept constant, but the biosorbent residue var-
ied with the weight of the cement.

The compressive strength of the mortars was
23.9+ 3.1 MPa for reference, 22.8 + 3.2 MPa for 0.5% addi-
tion, 24.92 +0.73 MPa for 1% addition, 18.9+ 1.1 MPa and
19.1 £+ 1.4 MPa for 3% and 5% addition, respectively. The
compressive strength of the modified mortar decreased as
the percentage of biosorbent increased, due to its noticeable
composition change. A greater proportion of biosorbents
interfered with the hydration reaction [32]. Up to a certain
percentage, the adsorbent did not have a negative impact on
mortar durability. According to [41], it is possible to add
even 10% of the sewage sludge ash without a relevant dete-
rioration of the final cement-based material. Biosorbents,
which are considered to be an undoubtly different additive,
can be stabilized in cement-based materials in significantly
lower amounts without observable harmful effects.

As mentioned above, the amount of waste that was uti-
lized within the stabilized materials determines the mechani-
cal strength, such as the compressive strength of the mate-
rial. The cement consisted of tricalcium silicate (C;S),
dicalcium silicate (C,S), tricalcium aluminate (C;A), and
tetracalcium aluminate (C,AF). Tricalcium silicate (C;S)
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Fig. 1 Compressive strength of modified mortar by biosorbent con-
taining metal ions (with three repetitions, error bars represent the
standard deviation)
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and dicalcium silicate (C,S) contributed to the compres-
sive strength of the mortar. The cement hydration reaction
occurred when SiO, and CaO reacted with water forming
calcium silicate hydrate (C—S—H). Calcium silicate hydrate
plays a significant role in the durability of the mortar. The
following reaction was described below [28, 42, 43]:

2Ca,Si0; + 7H,0 — 3Ca0 - 2Si0, - 4H,0 + 3 Ca(OH),

2Ca,Si0, + 5H,0 — 3Ca0 - 2Si0, - 4H,0 + Ca(OH),

The compressive strength of the mortar is affected by
the formation of C—S-H gels [28, 30]. The C-S-H gel
forms due to the hydration of cement components such as
C;S and C;A and is the main component that contributes to
the compressive strength and influences the microstructure
and properties of the mortar [44]. Therefore, the compres-
sive strength decreases when the cement components are
unable to react completely. In the case of the present study,
the heavy metals contained in the biosorbents could have
interacted with calcium hydroxide, forming insoluble metal
hydroxides that hinder cement hydration [45]. Vysvaril et al.
[45] indeed found an excessive amount of heavy metal in the
mixture, which decreased the compressive strength of the
samples. The reaction between heavy metals and Ca(OH),
formed insoluble metal hydroxides preventing hydration.
Furthermore, the increase in the material produced resulted
in the cement not being able to bind all components of the
mixture. Akyildiz et al. [28] in their study of solidification/
stabilization (S/S) of medical waste incineration bottom ash
found that the compressive strength decreased if the cement
was doped with 50% of medical waste incineration bottom
ash. The addition or replacement of other components to
cement-based materials could either decrease or enhance the
compressive strength. Therefore, it is necessary to consider
the amount of cement and additives to establish the right
composition in the formation [28, 34, 46—48].

Leaching test

Leaching tests were performed to observe the stability of
metal ions in the mortar when exposed to different rough
conditions. Metal leachability was carried out using mortar
cubes that have 5X5 X5 cm in size with various additions
of biosorbent residues (0, 1, and 5%). This composition was
chosen for further work as 1% and 5% represented the high-
est and the lowest compressive strength compared to the
reference sample (0% biosorbent addition as the control).
The leachability of mortar containing metal ions was
carried out by immersion of mortar in artificial ground-
water, seawater, and rainwater [35, 49]. The concentration
of leached metal ions, as well as their limit of detection
(LOD) and limit of quantification (LOQ) values, are given
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in Table 1. The LOD and LOQ obtained were below the
environmental standard value that the US Environmen-
tal Protection Agency has established. This implied that
AAS could provide data on stabilization safety. Moreo-
ver, the atomic absorption spectrometer was considered
as a simple and low-cost instrumentation for heavy metal
determination compared to other instrumentations such
as ICP-based techniques. The techniques that LODs were
considered sufficient for environmental standards control
are also presented in Table 1 as superscripts.

The leachability of mortar components was strongly
affected by mortar pores [26]. The concentration of metal
ions released into the liquid (groundwater, seawater, and
rainwater) in almost every case was below LOD/LOQ after
10 days of immersion and agitation (Table 1). This result
showed that hazardous heavy metals were successfully
immobilized in mortar in all samples. Metals probably
formed stable compounds due to cement hydration, ion
exchange, complexation, sorption, or precipitation [35,
50]. The alkalinity of cementitious materials reduced the
solubility of heavy metals, therefore, pollutants leached
at negligibly low or minor concentrations [51, 52]. When
the amount of residue content increased, the mortar
cubes became brittle, as evidenced by a lower compres-
sive strength and might slightly increased leachability
[53]. However, the fact was not confirmed in the research.
Immersion of mortar in various types of liquid initiated
the reaction of ions that exist in the liquid to react with the
mortar component, forming harmful compounds that later
reduced the durability of the mortar [54, 55].

The concentration of Pb and Cr in the liquid phase was
determined using both F-AAS and GF-AAS to ensure
that their concentration was within the permissible limit.
Among all tested heavy metals, only chromium was
leached into the liquid phase after exposure to artificial
seawater, groundwater, and rainwater in quantities exceed-
ing the LOD/LOQ. However, the difference in Cr concen-
tration was not statistically significant (P value > 0.05) for
the various mortar compositions (Table 1). It indicated
that the reference samples contained Cr. The Cr concen-
tration in the reference sample was lower than in other
samples due to the addition of bisorbent spent into the
mortar. Thus, the leak did not necessarily originate from
the biosorbent. It might come from cement processing or
sand, which also proved a satisfactory degree of stabili-
zation. Chromium could exist in both, +3 and + 6 oxida-
tion states due to clinker combustion [36]. The leached
concentration of chromium was, although below the US
Environmental Protection Agency's permissible limit of
5 mg dm™ for total chromium in wastewater. It appears
that the chromium ions were not able to be perfectly bound
by the mortar components. Whereas, the metal ions inside
the mortar require more time to leak out due to higher
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Table1 The leaching ofheavy — npon)  Sample  Artificial Artificial Artificial LOD/ug dm™  LOQ/ug dm™>
metals from mortar W.lth the seawater/ug groundwater/ug  rainwater/ug
use of different artificial water dm=? dm=3 dm™3
solutions as well as LOD and
LOQ of the analytical methods Ag Reference 74 220
used (described below in the 1% <LOD <LOQ <LOQ
table)
5%
Cd* Reference 17 53
1% <LOD <LOQ <LOQ
5%
Co? Reference 59 180
1% <LOD <LOD <LOD
5%
Cu? Reference 37 110
1% <LOD <LOD <LOQ
5%
Fe? Reference 110 320
1% <LOD <LOQ <LOD
5%
Mn? Reference 31 92
1% <LOD <LOD <LOD
5%
Ni? Reference 37 110
1% <LOD <LOD <LOD
5%
Pb® Reference 2.9 8.8
1% <LOD <LOD <LOD
5%
Sr* Reference 130 410
1% <LOD <LOD <LOD
5%
Zn* Reference 220 670
1% <LOD <LOD <LOD
5%
cr® Reference 9.3+2.3 11.9+1.6 13.3+8.1 1.5 4.6
1% 92422 22.1+9.1 14.8+7.4
5% 10.6+1.5 16.1+2.9 104+1.9
As® Reference 11 33
1% <LOD <LOD <LOD
5%
Hg¢ Reference 0.05 0.15
1% <LOD <LOD <LOD
5%

IF-AAS; "GF-AAS; °CV-AAS

bonding with the material, longer diffusion paths, cement
hydration, and higher pH in the mortar [35, 56, 57].

The C-S-H gel in the cement matrix was able to bind
metal ions or form a precipitate because of the interac-
tion between metal ions and either calcium or silicate.
Therefore, the leachable concentration in the liquid phase
decreased [14, 56, 58]. Dissociation of the dissolved
hydrogen carbonate that forms the CO;>~ ion allowed

calcium on the mortar surface or in the solution to produce
CaCOj; precipitate. The CaCOj; precipitation hindered
metal ion leaching [53]. Furthermore, the low concentra-
tion of metal ions that diffuse from mortar in this study
indicates that metal ions have been encapsulated/solidi-
fied in mortar, forming stable compounds due to cement
hydration that reduces the concentration of heavy metals
in leachate to negligible levels [17, 35].

@ Springer


http://mostwiedzy.pl

A\ MOST

794

R.Zeinetal.

Although the addition of biosorbent residue reduced the
compressive strength, the increase in the cement-to-waste
ratio did not let metal ions leach, despite the change in
the composition of the mortar. It is worth mentioning that
some elements that were not introduced into the cement-
based material matrix with biosorbents, however, which
were present in the sample matrix, also did not leach. This
only proves the stability of research materials. The data
obtained give a good perspective to develop an ecologi-
cally safe method for the management of used biosorbents
without noticeable deterioration of the durability of the final
cement-based product. Barbir et al. [13] studied the leaching
behavior of Zn in a modified cement-based material with
sludge containing heavy metals and zeolite as a metal ion
binder and found that enhancement of the binder content
minimized the leachable concentration of metal ions in a
liquid medium. This meant that the metal ions were success-
fully immobilized in cement-based materials. Similarly, Shi
et al. [19] in a study of the leachability of heavy metals from
modified concrete with fly ash from solid waste incinera-
tion, it was found that weak mechanical strength in the early
stages resulted in the leaching of heavy metals. However, as
hydration progressed, the solidity of cement-based materi-
als improved, reducing water penetration and preventing the
leaching of metal ions [19].

Freeze/thaw test

Freeze/thaw cycles (FTC) were performed to evaluate the
resistance of the mortar after exposure to extreme conditions.
Figure 2 presents the effect of freeze/thaw cycles on the
durability of the modified mortar after 0, 10, and 20 cycles
of FTC. The compressive strength of the reference samples
was 26.8 +3.3 MPa at O cycles and 26.88 +0.41 MPa after
20 cycles. The compressive strength of a modified mor-
tar with 1% addition was 26.4 +3.6 MPa at 0 cycles and
28.5+4.3 MPa after 20 cycles. The modified mortar with
5% addition gained 21.3 +2.7 MPa of compressive strength
at O cycles and 22.6 + 1.7 MPa after 20 cycles.

It revealed that the freeze/thaw cycles provided a nota-
ble impact on the modified mortar with a 5% addition.
This sample indicated a lower compressive strength com-
pared to the reference sample (mortar without biosorbent
addition). As mentioned previously, an appropriate com-
position was necessary to prevent brittleness [46]. There-
fore, such harsh conditions (freeze/thaw cycles) led to a
decrease in the compressive strength of the modified mor-
tar with a 5% addition due to the lack of sufficient cement
to maintain all components of the mortar. In addition, the
freezing process allowed the water inside the mortar to
freeze and create or widen the pores, yet the heating pro-
cess allowed the water to fill the remaining unoccupied
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Fig.2 Compressive strength of mortar after 0, 10, 20 freeze/thaw
cycles (with three repetitions, the error bars represented the standard
deviation)

pores. Probably some microcracks could appear since the
water increases its volume while freezing. Therefore, the
compressive strength decreased for the sample with 5%
biosorbent addition [38, 39, 59]. For all mortar samples
tested with 0%, 1%, and 5% additive content, no signifi-
cant differences in compressive strength were observed
after exposure to FTC. It appeared that the biosorbent resi-
due that was added to the mortar affected the compres-
sive strength of the mortar. Freezing and thawing could
result in microstructure changes and affect the leachability
of heavy metals [59, 60]. Since the freeze/thaw process
would be expected to leave unoccupied pores, the biosorb-
ent residue may have occupied the pores. Kelestemur, et al.
[61] stated that pores that were too small to be filled with
sand might be able to be filled with smaller particle fillers
while maintaining the mechanical strength of the mortar
[61].

Furthermore, the mortar did not experience weight loss
along with the freeze / thaw cycles (Fig. 3). This result
indicated that the freeze/thaw cycles did not significantly
affect the compressive strength of the mortar with differ-
ent compositions even after 20 cycles (P value > 0.05).
Matalkah et al. [62] found no decrease in compressive
strength in concrete prepared with alkaline aluminosili-
cate cement after 30 and 60 freeze/thaw cycles. How-
ever, Wang et al. [60] study on the effect of freeze/thaw
cycles on mixed cement containing co-combustion sewage
sludge ash and rice husk has revealed that the compres-
sive strength of each sample with a particular amount of
modifier was reduced after 5 and 10 cycles due to water
expansion during freeze/thaw cycles and the higher poros-
ity of the modifier (co-combustion ash).
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Fig.3 Mortar mass after freeze/thaw cycles (with three repetitions,
the error bars represent the standard deviation)

Mortar physicochemical characterization

The XRD diffractograms of the modified mortar after
immersion and freeze/thaw cycles (0, 10, and 20 cycles) are
illustrated in Fig. 4. The test was carried out with 3 repeti-
tions and the error bar (+) represented the standard devia-
tion. The patterns revealed that the mortar samples have
consisted of various phases such as alite (Ca3SiOs), also
known as C;S, albite (NaAlSi;Og), quartz (Si0O,), dicalcium
silicate (Ca,SiO,4, known as C,S), mayenite (Ca;,Al;4,035),
schwertmannite, and portlandite. The composition of the
unmodified mortar (reference) after 20 FTC consisted of
52+ 12% quartz, 42 + 15% albite, and 6.2 +4.4% alite.

The modified mortar with 1% addition of biosorbent
residue after 20 cycles of FTC contained 34 + 10% quartz,
1.3+1.0% alite, 26 + 10% albite, 32 + 8% schwertman-
nite, and 1.2+ 0.6% portlandite. While, the composition
of the modified mortar with a 5% addition (after 20 FTC)
of biosorbent residue was 52 +20% quartz, 11.9+8%
alite, 30+ 12% albite, 2.1 + 1.4% mayenite, and 2.4 +0.8%
schwertmannite. The freeze/thaw cycles appeared to have
no impact on the crystal structure of the modified mortar
and the unmodified mortar, since there were no significant
changes between the XRD spectra after 0, 10, and 20 FTC.
The treatment process did not trigger new peaks emerging,
but contributed to the compressive strength (physical proper-
ties). Furthermore, the difference in concentration between
reference and the modified mortar was not statically signifi-
cant (P value > 0.05).

All assigned crystalline phases are commonly found in
cement. The quartz content remained relatively high with
the addition of residue and plays a key role in the formation
of the CSH gel that reacts with cementitious materials that
influence compressive strength [43, 44]. Schwertmannite

and mayenite, which appeared in modified mortar samples,
could be by-products of cement hydration, as well as the out-
put from cement and residues [63—66]. Heavy metals were
undetectable during XRD analysis because their concentra-
tions were too low. According to Aliyu et al. [34], the heavy
metals were able to establish metal hydrate or precipitation
due to cement hydration, and the production of C-S-H
assisted immobilization of heavy metals by trapping them
in their structure [34, 67]. C5S and C,S were the main com-
pounds that produced C—S—H and portlandite during cement
hydration [42]. Therefore, it could be considered that heavy
metals have been encapsulated within the cement structure.

The oxides compositions which are involved in the
treatment process, were determined using XRF analysis.
The results for selected mortars (unmodified (reference),
modified (5% addition)) and spent biosorbent are shown
in Table 2. The modification process changed the chemical
composition of the mortar. It was hard to say whether the
heavy metal came from cement, sand, or spent biosorbents.
Therefore, a reference was set as a standard and the chemi-
cal composition of the biosorbent spent was presented as a
comparison.

The previous studies [36, 67, 68] found that contami-
nants such as heavy metals were merged into the surface of
C-S—H first before incorporation into its structure. Those
heavy metals could form a precipitate due to the reaction
with the cement component. Therefore, the selected heavy
metals remained stable in the mortar structure and did not
leak into the liquid medium [36, 67, 68].

The surface of the BET area and the pore volume of the
unmodified and modified mortar (1% addition of biosorbent)
are shown in Table 3. The addition of residues did not make
a significant difference in these values. The surface area can
affect the rate of hydration, which influences the physical
and mechanical properties of the mortar. The BET surface
area measurements indicated that 1% addition of the used
adsorbent did not change the physical properties. This sug-
gests that the selected heavy metals could be immobilized
without further effect, indicating that the hydration process
was completed [69].

Conclusions

The addition of 1% biosorbent residue from sago bark
(Metroxylon sagu) did not significantly affect the quality
of the cement-based materials obtained. The compressive
strength remained at a satisfactory level even after immer-
sion in artificial water (seawater, rainwater, and ground-
water) and performing 20 freeze/thaw cycles. It is worth
mentioning that the leachability test with the use of artifi-
cial rainwater, groundwater, and seawater revealed no, or an
extremely low concentration of selected heavy metals that
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Fig.4 XRD patterns of biosorb-
ent modified materials after O,
10, and 20 freeze/thaw cycles:

a references material with no
addition, b modified mortar
with 1% addition, and ¢ modi-
fied mortar with 5% addition
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Table 2 Oxides composition of

. Components  Reference (mortar Bio sorbent spent  Mortar with 5% addi- Mortar with 5%
selected mortars and biosorbent without sorbent addi- tion before immersion addition after
spent tion) immersion

Main components (%wt)
MgO 2.083+0.021 10.20+0.12 1.743£0.017 1.997+0.019
AlLO4 10.64+0.11 7.073+0.073 10.94+0.11 11.16+0.11
Sio, 39.39+0.39 37.73+0.37 38.37+0.38 37.00+0.37
CaO 37.49+0.37 11.02+0.11 39.13+0.39 38.07+0.38
Trace elements and semi-trace elements (mg kg™")
Cr,0 30.02+0.30 3250+33 210+2.1 200.0+2.0
CuO 90.07+0.90 8896 +89 150.0+1.5 210.0+2.1
PbO 30.06+0.30 2037+21 110+1.1 100.0+1.0

Table 3 Brunauer-Emmett-Teller (BET) analysis of mortar

Sample Surface area/m?> g~' Pore volume/mm?> g~}
Reference 92+14 4.50+0.70
1% addition

0 cycle of freeze/thaw 9.1+1.2 4.50+0.50

20 cycles of freeze/ 93+1.5 4.50+0.70

thaw

were leached. The concentration of leached heavy metals
was below the LOD/LOQ in most cases, which can be con-
sidered satisfactory.

The high ratio of heavy metal stabilization has been pre-
served independently of the kind of water solution used for
leaching, as they were well encapsulated in the cement struc-
ture, reducing the mobility of metal ions. The leachability of
the selected heavy metals was below accepted environmental
standards, indicating that up to 1% addition of sorbent to the
mortar may be environmentally and economically feasible.
Higher rates of biosorbent addition to mortar, reaching up
to 3%, did negatively influence the strength and durability
of the final product, however, the final product still met the
durability requirements of American Society for Testing and
Materials.

The research proved that the biosorbent containing metal
ions could be effectively immobilized onto cement-based
material (mortar) in specified amounts to overcome the
environmental issue, with no significant loss in durability.
It is worth mentioning that with such an approach, the issue
of managing relatively small amounts of heavy metal-con-
taining biosorbents can be effectively solved. However, the
possibility of heavy metal leaching after significant periods
of time should be evaluated. It is worth stating that waste-
containing cement-based materials ‘at the end of life’ should
be managed with special care, e.g., landfilled as hazardous
waste. To help justify the economic point of view, it is sug-
gested that the compressive strength and other durability

parameters of mortars with biosorbent addition between 1
and 3% should be explored to determine if stabilizing larger
amounts of biosorbent may be possible without significantly
compromising the strength characteristics.

The presented study is a step towards developing a ‘zero
waste’ approach to the management of used biosorbents and
in terms of the preservation and aesthetic of the environ-
ment. Moreover, cheap and broadly available spectroscopic
techniques were considered suitable and efficient enough to
provide data on environmental hazards evaluation.

Experimental

Portland Composite Cement (CEM II) produced by PT
Semen Padang, Indonesia was used as the hydraulic binder.
The used adsorbent was collected from previous work by
[70-72]. The previous work employed sago bark as an adsor-
bent to remove heavy metals such as Cu(Il), Pb(Il), Cd(II),
and Cr(VI) on a laboratory scale. The adsorption process
was conducted using a batch method by submerging the
adsorbent into a solution containing heavy metals. Then,
the adsorbent used was dried at room temperature for further
use [70, 71].

Mortar was immersed in artificial seawater, groundwater,
and rainwater at a particular time, prepared according to [35,
73]. Each component was analytically prepared by diluting
reagent in distillated water. Then the solutions were mixed
and thoroughly stirred. The detailed compositions are indi-
cated in Table 4. The composition of the rainwater was based
on the molar ratio of H,SO,: HNO; (3:1) which was diluted
until pH equal to 5.6 [73].

Mortar preparation
The mortar composition was made using 250 g of cement,

750 g sand, and 151 cm? of water. The water to cement ratio
was equal to 0.604, according to the flow table analysis. 0,
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Table 4 Compositions of

e . Components Concentration/
artificial seawater and artificial mmol dm=>
groundwater

Seawater

NaCl 24.5
MgCl, 5.2
Na,SO, 4.1
CaCl, 1.2
KCl1 0.69
KBr 0.10
H;BO, 0.03
SrCl, 0.02
NaF 0.003
NaHCO; 0.20
Groundwater
MgSO, 5.3
CaCl, 16.7
NaHCO; 16.1
Na,SO, 8.0

0.5, 1, 3, and 5 wt. % of biosorbent containing metal ions
were added into the prepared mixtures. These mixtures were
mixed at 140 +5 rpm for 30 s using a mixer. It was paused
for 15 s to remove the mixture from the mixer wall. The
mixture was then mixed at 285 + 10 rpm for 150 s. It was
moulded into the 5 cm X5 cm X 5 cm steel cube. The mix-
ture cubes were then cured for 28 days at room tempera-
ture, according to the Standard Test Method no. ASTM C
109/109 M-02.

Compressive strength, leachability, and freeze/thaw
cycle tests

The compressive strength, leachability and freeze/thaw cycle
tests were conducted after 28 days of curing. The leachabil-
ity test was carried out by immersion of mortar in artificial
groundwater, seawater and rainwater with liquid to solid
mass ratio (L/S) equal to 3 (approx. 750 cm?), at 113 +3 rpm
of agitation speed for 10 days [74].

The concentration of metal ions such as silver, cadmium,
cobalt, copper, iron, manganese, nickel, lead, strontium,
zinc, chromium, arsenic, and mercury, which were released
during agitation, was evaluated after 10 days [19, 35, 74].
Leached metal ion concentrations were determined using
several types of equipment (wavelength and other param-
eters used for analysis of specific elements presented in curly
brackets): Atomic Absorption Spectrophotometer with the
Flame Atomization System (F-AAS) (acetylene fuel flow
up to 2.0 dm® min~!, air flow up to 8.0 dm> min~") Sen-
sAA DUAL, supplied by GBC Scientific Equipment (silver
(328.10 nm, slit width 0.50 nm), cadmium (228.80 nm, slit
width 0.50 nm), cobalt (240.70 nm, slit width 0.20 nm),

@ Springer

copper (324.70 nm, slit width 0.50 nm), chromium
(357.90 nm, slit width 0.20 nm), iron (248.30 nm, slit width
0.20 nm), manganese (279.50 nm, slit width 0.20 nm), nickel
(232.00 nm, slit width 0.20 nm), lead (217.00 nm, slit width
1.00 nm), strontium (460.70 nm, slit width 0.20 nm), and
zinc (213.90 nm, slit width 0.50 nm); Atomic Absorption
Spectrophotometer with the Graphite Furnace Atomization
System (GF-AAS) Savant AAZ (furnace ashing temp. for
all elements of interest analysis 700750 °C, furnace read
temp. for all elements of interest analysis 2500 °C), supplied
by GBC Scientific Equipment chromium (357.90 nm, slit
width 0.20 nm), lead (217.00 nm, slit width 0.50 nm) and
arsenic (193.70 nm, slit width 0.50 nm), Atomic Absorp-
tion Spectrometry coupled with Cold Vapour technique
(CV-AAS) and Mercury Analyser MA-3000, supplied by
Nippon Instruments Corporation max furnace temperature
850 °C for Hg (253,7 nm, slit width 0.20 nm) determination).
All results are presented with the standard uncertainty (3—4
results). The concentration of nitric acid for all samples was
fixed to prevent spectral overlap during measurement.

After immersion in artificial groundwater, seawater, and
rainwater, the samples were exposed to extreme temperature
fluctuations in the freeze/thaw cycle (FTC) analysis. The
samples were frozen at — 35 °C for 24 h, then stabilized at
room temperature for 10 min before being heated to 50 °C
for the next 24 h. A full FTC was achieved within 48 h.
The compressive strength test was carried out according to
Standard Test Method no. ASTM C 109/109 M-02 and was
investigated after 0, 10, and 20 FTC cycles. The mortar was
placed on automatic compression tester equipment (Con-
trol-Pilot 4) giving pressure to the mortar until the mortar
cracked [25]. The experimental data were statically analyzed
using ANOVA single factor.

Physicochemical characterization

The crystal structure was investigated using XRD using
a Rigaku Intelligent X-ray diffraction system SmartLab
equipped with a sealed tube X-ray generator. Data were
collected in the 26 range 5-80°. The scan speed and the
scan steps were 1 and 0.01° min~!, respectively. The analy-
sis was based on ICDD database (reference card numbers
for Albite, Si0,, Alite, Ca(OH),, Schwertmannite and
Mayenite are 9,000,526, 5,000,035, 9,016,125, 9,009,098,
9,015,185 and 9,011,737, respectively). Quantitative analy-
sis including phase composition with standard deviation
was calculated using the reference intensity ratio method
from the most intense independent peak of each phase.
Specific surface area measurement was determined using
the Brunauer-Emmet-Teller (BET) method. The analysis
was performed at liquid nitrogen temperature (77 K) using
a Micromeritics Gemini V instrument (model 2365). The
analysis was preceded by 2 h of degassing at 473 K (200 °C)
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using nitrogen gas to remove air from the pores of the sam-
ple. For each sample, BET surface area measurements were
conducted 3 times, to evaluate the uncertainty. XRF analysis
was used to determine the chemical composition of the mor-
tar, using the Malvern PANalytical Epsilon 3 Spectrometer
(30 kV, 300 pA, filter: Ag, medium: air).
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