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Article Info Abstract

Article History: Trivalent chromium (Cr(III)) from the tanning industry presents considerable
environmental hazards due to its bio accumulative toxicity. This work investigates
a sustainable waste management approach by incorporating Cr(Ill)-contaminated
Accepted 19 Sep 2025 activated carbon (AC) into cementitious materials. The primary aim was to assess
the mechanical properties of cement mortars, including different concentrations

Received 18 June 2025

Keywords: of contaminated AC—specifically, 1%, 5%, and 8% by weight of cement. The
Cement; findings revealed that the incorporation of AC enhanced the mechanical properties
Trivalent chromium; of mortar mixtures. Compressive strength increased by up to 20%, while flexural
Activated biochar; strength improved by roughly 15% relative to normal mortar. At 28 days, the
Mechanical strength; compressive strength of the MP1% mixture attained 53.3 MPa, in contrast to 19.2
Incorporation MPa at 2 days, indicating there can be significant long-term strength progression.

When combining 5% MP with 28 days curing conditions, the pressure was 46.8
MPa. As demonstrated by Scanning Electron Microscopy (SEM), the AC had reacted
with the cement matrix and yielded a denser microstructure with fewer voids.
FTIR and XRD analysis confirmed the formation of new chemical bonds related to
AC’s pozzolanic activity that improved the mechanical properties. In this paper, a
new method is reported for incorporating Cr-containing activated carbon into
cementitious material, offering an eco-friendly method for treating hazardous
waste, and is in good accordance with a sustainable economy in transit.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

During Durable leather products are inherently reliant on the leather tanning business. Still, it
significantly contributes to environmental damage, particularly through wastewater, which
includes trivalent chromium (Cr(III)). Despite the fact being less hazardous than hexavalent
chromium (Cr(VI)), Trivalent chromium (Cr(IlI)) poses major ecological and health risks.
Chromium salts stabilize collagen fibers in skins during the chrome tanning process, increasing the
leather’s lifetime. Nearly 90% of tanning companies use basic chrome sulfates [1], which allow only
around 60% of chromium to pass through the hides and waste, 40% of which is discharged into
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wastewater [2]. Cr(III) has environmental ramifications, including the fact that Cr(III) could leak
into surface and groundwater, compromising aquatic ecosystems and sources of drinkable water.

Treatment of tannery effluent can lead to chromium deposits in the soil, compromising the soil
quality and plant life. Extended Cr(IlI) exposure can negatively impact aquatic life and cause
respiratory and cutaneous problems in humans. Many therapeutic approaches have been
developed to minimize these effects, including pharmacological, physical, and biological. To
eliminate Cr(III) from wastewater, adsorption using materials such as activated carbon, biochar, or
natural clays is effective [3, 4]. Still, neglected utilized adsorbents could become secondary
contaminants [5]. Stabilization/solidification (S/S) is a workable waste management technique
that combines contaminated adsorbents with cementitious materials. This method immobilizes
damaging components, therefore reducing their leachability and environmental impact. By
conserving natural resources and lowering greenhouse gas emissions, using industrial byproducts
such as fly ash [6] or slag [7] as partial substitutes for cement in the S/S process help to increase
sustainability.

The use of biochar in cementitious materials has been examined to enhance concrete's mechanical
characteristics and durability [8]. Biochar can augment compressive strength, diminish shrinkage,
and improve water retention in cement composites [9]. Utilizing biochar that adsorbs Cr(III) from
tannery waste presents a sustainable approach to recycling industrial leftovers while improving
materials efficacy [9] . Khushnood et al. (2016) [10] reported that biochar, generated from biomass
pyrolysis, showed promise as a cement component. Incorporating biochar derived from hazelnut
and peanut shells enhanced the strength of cement paste by as much as 78%, improving toughness
and fracture energy [10, 11]. The incorporation of 0.8% biochar by weight-modified fracture
trajectories renders them more convoluted [9, 12, 13]. Substituting 5% of cement with hardwood-
derived biochar enhanced the compressive strength of mortar, owing to better water retention and
internal curing [14]. Research indicates that biochar is a reinforcing filler, enhancing mechanical
performance and decreasing porosity via densification [10, 15]. Incorporating 3% peanut shell
biochar enhanced the carbonation rate while diminishing the carbonation depth. It additionally
advocated for increased hydration products and an elevated level of hydration [16].

This study explores the use of Cr(Ill)-contaminated activated carbon in cementitious composites
with a view to addressing environmental issues and creating sustainable construction. It reports
impacts on mechanical performance, chromium immobilization, and industrial waste disposal.
Recycling of contaminated waste is aligned with global approaches to dealing with hazardous
wastes and could revolutionize policy towards construction waste and promote greener
construction practices.

The research conducted various mechanical and microstructural experimental tests to assess the
performance of cement-based materials that include activated carbon contaminated with Cr(III).
The mechanical properties of the mortars were examined through compressive strength and
flexural strength tests, which were carried out at different curing ages: 2, 7, and 28 days. These
tests were performed in accordance with the NF EN 196-1 standard. In particular, the researchers
employed Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and
Fourier-Transform Infrared (FTIR) spectroscopy to investigate microstructural properties. The
techniques promoted the visualization of the hydration products, the recognition of chemical
bonds, and the understanding of the activated carbon and the cement matrix interaction. The XRD
(X-ray Diffraction) technique was employed to study the samples' crystalline structure; hence, it
can show the different phases as well as the effect of the chromium contamination on the
microstructure of the material. The results are solid and reliable due to the comprehensive
experimental methods, which can even indicate the performance of the modified cementitious
materials.
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2. Materials and Methods
2.1. Cement and Sand Used

CEM I CRS cement of class 42.5 was used in the current work. The cement manufactured by the SSC
BECHAR cement plant is located in the region of BECHAR, Algeria. It has a Blaine-specific surface
area (BSSA) of 3,042 cm2 /g. The chemical composition of the cement is presented in Table 1.
Standard siliceous sand was used as a fine aggregate according to NF P18-541 and EN 196-1
specifications. The sand is made of natural quartz with a particle size distribution controlled
between 0.08 mm and 2.00 mm. It meets cleanliness and sphericity standards for cement mortar
testing. This ensures consistency and repeatability in evaluating mechanical performance.

Table 1. Chemical composition of the cement used

Component Percentage By Weight (%) Component Percentage By Weight (%)

Naz0 0.13% K20 0.80%
MgO 3.55% CaO 62.16%
Al;03 4.24% Fe203 5.30%
SiO3 19.45% TiO2 0.40%
S04 2.20% C3A 2.274%
Cl 0.014% C4AF 16.132%
CsS 69.26% C2S 3.53%

2.2. Activated Biochar

Commercial activated carbon from coco-net is used, and characterized by an average adsorption
kinetic rate and an average activity rate. As a microporous adsorbent, it ensures efficient removal
of trace contaminants. Moreover, it is compatible with international standards (AWWA/EN 12903).

2.3. Metal Solutions

Solutions of Cr (III) ions were prepared by diluting a stock solution, which was obtained by
dissolving a 0,1887 g quantity of Chromium nitrate Cr2(SO4)3in 1000 ml de-ionized water. Fresh
dilutions were made for each study with a concentration of 5 ml/1 of chromium III.

2.4. Batch Adsorption

Batch adsorption experiments were conducted to evaluate the removal efficiency of Cr (III) using
commercial activated carbon. The aim was to simulate typical industrial wastewater conditions.
Chromium solutions were prepared by dissolving 0.1887 g of chromium nitrate [Cr,(S04)3] in 1000
mL of deionized water, then diluted to achieve a working concentration of 5 mL/L. Each experiment
took place in a 500 mL Erlenmeyer flask that contained 50 mL of Cr (III) solution. The flasks were
placed on a mechanical stirrer and agitated at 200 rpm for 120 minutes.

; \ “

Fig. 1. Manipulation of batch experiment
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The pH of the solution remained close to neutral, around 6.5 to 7.0, with no intentional chemical
adjustments. This condition mirrored realistic tannery wastewater. After adsorption, the mixtures
were filtered through 0.20 pm membrane filters to remove any leftover carbon particles. The
contaminated activated carbon was then dried in an oven at 75°C for 24 hours to eliminate excess
moisture, ensuring it was stable before being added to cement mixes. This process assured
consistency in preparing Cr(IlI)-contaminated biochar for later stabilization and solidification
studies.

2.5.Mix Proportion

Four mixtures of mortar were prepared in this work; the formulations are primarily based on the
NF EN196-1 standard. The mixtures contain proportions of 1, 5, and 8% contaminated activated
biochar, referred to as MP1%, MP5%, and MP8%, respectively, along with the control sample
(without activated biochar) labeled as OM. Both the mortar mixes with biochar had a water-cement
(W/C) ratio of 0.50.

Prior to the mechanical testing, the mortars were molded to prepare test samples (three samples
for each test) with dimensions of 40 mm x 40 mm x 160 mm. The mechanical testing was performed
at 2, 7, and 28 days. The materials composing the different mortar formulations are taken at
laboratory temperature 20°C +1. The weighing was carried out using a balance with an accuracy of
+1g, and a relative humidity of at least 50%. After molding, all specimens were immediately placed
in a controlled curing chamber kept at 20 + 2 °C and relative humidity above 95%, following the EN
196-1 standard. The samples remained under these conditions until mechanical testing occurred
at 2, 7, and 28 days. This maintained consistent hydration and provided a reliable assessment of
strength development for all mortar mixes. Full details of the mix proportion are shown in Table 2.

Table 2. Mix proportion

. . Activated Rapport
Designation Cement (g) Sand (g) Water (g) Biochar (g) Water?gement
MP0% 450 1350 225 0
MP1% 445.5 1350 225 4.5 0.5
MP5% 427.5 1350 225 22.5 '
MP8% 414 1350 225 36

2.7.FTIR, SEM and EDS

Samples from crushed cement pastes were used for the FTIR and SEM analyses. The pastes were
ground to a particle size of less than 75 mm and 105 mm (exclusively for the FTIR test) utilizing a
manual mortar and pestle. The FTIR analysis technique employed infrared light to examine the test
samples and assess their chemical qualities. FTIR Spectroscopy, an analytical method utilized to
identify organic, polymeric, and occasionally inorganic substances, was used. SEM pictures
examined the microstructure of the cement pastes with biochar, and the semi-quantitative
elemental composition was assessed using the EDS connected to the microscope. Samples were
analyzed by the Hitachi S-3000N semi-environmental scanning electron microscope with
backscattered electrons (BSE) at 20 kV.

2.8. Mechanical Strength

Compressive and Flexural strengths were measured on a press-of-type universal testing machine
(Zhejiang Lu) with a capacity of 300 KN, piloted by a computer. For each mixture, three specimens
(40 mm x 40 mm x 160 mm) were tested at 2, 7, and 28 days, according to the NF EN 196-1
standard. The flexural strength test was conducted at a loading rate of 50 + 10 N/s, and the
resulting halves were subsequently used for compressive strength testing at a loading rate of
2400 = 200 N/s, as prescribed by the standard.
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2.9.X-Ray Diffraction (XRD) Analysis

XRD examinations were performed to determine the microstructure of crushed mortars. A small
amount of powder samples is scanned using an X-ray diffractometer with an angle of 26.X-rays are
dispersed by atoms in a model that indicates the mesh spacing of the elements present in the
analyzed material. Once the X-ray analysis is completed, the spectra are recorded and analyzed for
the specimens using the XPERT-PROF PANALYTICAL diffractometer.

3. Results and Discussion
3.1 FTIR Analysis

Figure 2 shows the FTIR spectrum for the mixtures MP5%, MP8% and ordinary mortar MP0%. In
the MPO% sample, peaks were observed at 406.90 cm'! (O-H bending) indicating hydration
products such as calcium hydroxide. 620.96 cm-1, 709.66 cm-?, 831.16 cm!, and 894.79 cm! (C-H
out-of-plane bending), indicating the presence of various organic compounds and possibly
unreacted components of the mortar mix. These peaks exhibit complex functional groups, including
carbonyl compounds, nitriles, thiols, alkanes, and amines. This indicates the presence of specific
chemical structures not found in MP5% and MP8%.

120 g — MP8%

—— MP5%
——MP1%
——MP0%

Transmitance %

500 750 10001250 1500 1750 200022502500 2750 3000 3250 3500 3750 4000

wavenumber(cm-1)
Fig. 2. FTIR spectrum for the Different mixtures of mortar

For MP8%, the FTIR spectrum displayed key peaks at 831.16 cm™, 1303.62 cm™, and 3910.87
cm™, corresponding to C-H out-of-plane bending, C-O stretching, and O-H stretching, respectively.
These peaks indicate the presence of alcohols, esters, ethers, and phenols. MP5% showed similar
peaks at the same wavenumbers but with higher intensities, suggesting a greater concentration of
these functional groups than MP8%.

3.2 Mechanical Strength

Mechanical tests, including compressive and flexural tests, were carried out at the ages of 2days,
7days and 28 days using Zhejiang Lu da Mechanical Instruments LTD 300 kN. Figure 3 shows the
compressive strength of mortar mixes at 2,7, and 28 days of age; from 2 days to 28 days, all samples
displayed a similar increasing trend. Strong strength development at 28 days was evident in the
MP1% sample as the compressive strength rose steadily from 19.2 MPa at two days to 53.3 MPa at
28 days. Conversely, MP5 % attained the highest strength after 2 days; however, its strength at 28
days was lower than that of MP1%, suggesting a faster initial setting associated with slower
strength development at 28 days. While MP5% attained a similar 28 days strength of 46.8 MPa at
28 days, MP1% regularly shows lower strengths. At all levels, MP8% displayed the lowest strength
among the MP samples. Though there is no direct link, Sirico et al. (2020) [17] claimed that the high
C-S-H concentration of biochar correlates with the rise in compressive strength.
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Fig. 3. Compressive strength of mortars mixes at 2days,7 days and 28day ages

The observed increase in compressive strength, especially at 1% biochar content, can be attributed
to the water-retention ability of activated carbon and its potential to improve internal curing, as
Gupta et al. (2018) [9] noted. The water retained during mixing and storing samples can evaporate,
leaving behind large capillary holes, which diminishes compressive strength; activated Biochar
could absorb that water, increasing its strength [18].

In a prior study, it was demonstrated that the inclusion of a lower percentage of biochar increases
compressive strength because it facilitates cement hydration, whereas the use of a high percentage
of biochar as an additive diminishes strength due to biochar’s porosity and brittleness [19]. Several
studies on biochar indicate that the addition of a smaller amount of biochar increases compressive
strength [20], and [18]. Nonetheless, certain researchers say a high optimal proportion of biochar
addition can boost compressive strength [21, 22]. This finding aligns with the internal curing
process described in high-performance concretes. Additionally, contaminated biochar can increase
strength without affecting hydration chemistry, suggesting that it serves two purposes: improving
structure and aiding environmental clean-up efforts. This initiative supports the global
development of sustainable building materials and strategies for the reuse of hazardous waste.

2 Days
. 7Days
81 78 28 Days
1 73
7 -
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5 6.1 ]
6 -
s 57
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S 97 47 4.9 4,7
c 43
g 4 41 3.9
[72]
- |
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< ]
(0]
o 24
l -
O T T T T T T T
MP0% MP1% MP5% MP8%
Motars

Fig. 4. Flexural strength of concrete mixes at 2days,7days and 28day ages

The increase in strength attributed to the incorporation of activated carbon was associated with its
water absorption and retention ability [9]. In the concrete mixing process, dry activated carbon
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particles absorbed a portion of the mixing water, leading to a reduced free water-cement ratio in
the concrete matrix. The elevated presence of capillary water results in increased capillary porosity
within the cementitious matrix [23], adversely affecting strength development [24]. The absorption
of water by porous activated biochar resulted in the densification of the cement matrix by
decreasing the free water within the pores of concrete during the early hardening phase. The water
absorbed in the pores of activated biochar was subsequently utilized internally to provide
hydration support for cement through internal curing, hence enhancing the strength of the
cementitious matrix.

The reductions in flexural strength of cement mortar at 7days and 28 days, resulting from the
substitution of cement with activated biochar, are illustrated in Figure 4. An ideal cement
percentage of 1% by weight can be calculated to yield a modest enhancement in the flexural
strength of mortar akin to ready-mix concrete [25]. The presence of air spaces created by the
incorporation of activated biochar particles diminishes the influence of adding either dry or pre-
soaked biochar on the development of flexural strength.

3.3. XRD Results

XRD patterns show striking changes in both the crystal quality and structure of the cement
reactivated carbon, due to the trivalent chromium, by Xylenes AND water (SPOTA). A peak of the
activated carbon and silicate aggregates in the mortar was observed at 26.5° of 20. No secondary
peaks of calcium silicate hydrates, portlandite, and silicate minerals were found in the angular
region between 20°~68° of 20. Lack of a peak associated with trivalent chromium compounds
probably demonstrates incorporation in an amorphous state or ultra-low concentration. Carbon-
cement formation, based on the peak intensification of the main peak as a structure-interaction
favorable tendency.

3.4. SEM / EDS Results

The scanning electron microscopy [26] pictures in Figure 6 (a, b, ¢, and d) illustrate the formation
of hydration products within the pores of the activated biochar. 1% Chromium on SEM image
(100%) shows embryonic crystalline development on a so-far fairly smooth surface. Most probably
produced in low chromium amounts [27, 28] from formed Cr-hydrates with Cr, or Cr-ettringite ,
these young crystals are harmless to the cement matrix, so the inclusion of chromium in hydration
products hardly affects the cohesivity when present at such alow concentration. Standard products
like C-S-H and ettringite are still being formed; the hydration of cement is barely modified; the
strength and somewhat acceptable mechanical integrity stay in place [29], [30].

As the level of chromium is increased to 5%, larger crystalline structures and higher surface
roughness are characterized by a defined surface morphology. In this alteration, it is suggested that
the more important interests of chromium during this hydration process are most likely
participating in the generation of chromium-induced compounds [phases based on Ca-Cr oxides
ores or Cr sulphate [31] . These ingredients may provide a barrier to the migration of hydration
products around cement particles, thereby permanently slowing the hydration rate and maybe the
early compressive strength of the mortar; SEM images from the surface show a rather dirty-looking
morphology (Figure 6), indicating a rougher surface and indicative of a potential extension of
setting time for cement material likely to impact the initial strength of the material [32].

The SEM image displays notable crystalline development at 8% chromium with uneven-perfect
surface morphology. This crystallization suggests a higher concentration of Cr, probably forming
large-sized Cr-ettringite crystals with these big crystalline structures. The huge crystalline
structures here dissolve the cement matrix and may conceivably obviate phases due to chromium
for something in the matrix. The occurrence can be considered a "dilution effect” on the hydration
process that compromises the structural durability of the material, and in doing so yields a
reduction in its compressive strength [8]. This SEM image highlights the extensive disorder
introduced by high levels of Cr and hence, provides a verification that beyond a certain threshold,
the mechanical properties of the material will be compromised. [8]. SEM Image, Source defects and
fractures illustrated have a great impact on the addition of high chromium, as it becomes clear from
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the surface [33]; therefore, validating that excessive chromium content could lead to deterioration
of the mechanical properties of the material.

5 10 15 20 25 30 35 40 45 50 5 60 65 70

T — T T T~ T T T T T T T T C- calcite
750 MP8% C - P - potlandite
| E - ettreigite
500
250
p
0 E s
E 1 1 1 1 1 1 1 1 1 1 1 1 k|
620 - .
310 4
> C P
% E C C C 1
Z ol P ]
25|
=
Z. E_ 1 ) 1 1 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 P
~ 900 MP1% C 4
600 4
300 4
S C c P
0 - —
E " 1 " 1 " 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 E|
960 | —— MP0% i
640 |- .
L P
320 | C -
E P 1 C L
0 A ek A‘: L A F M A
1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

5 10 15 20 25 30 35 40 45 50 55 60 65 70
POSITION (2 TETHA)

Fig. 5. XRD spectrum of different Mortars

Alternatively, the activated biochar pores absorb water during mortar mixing, creating a wet
environment that promotes the development of calcium silicate hydrate C-S-H gel, calcium
hydroxide, and ettringite. Furthermore, localized carbonation induced by the biochar results in the
creation of calcium carbonate crystals. C-S-H is an essential binder in cementitious mortar, and its
strength contribution is evident when it integrates into the mortar matrix, adhering the biochar
particle to the mortar paste. Consequently, the accumulation of C-S-H and calcium hydroxide within
these pores is not expected to enhance strength growth. [34]

The analysis of EDS spectra from four samples of mortar doped with different chromium contents
reveals significant modifications in the elemental composition, directly related to the evolution of
the chemical and microstructural behavior of the cement matrix. The control sample, free of
chromium, shows a typical composition of hydrated cement, with a predominance of oxygen
57.42%, silicon 23.99%, and calcium11.81%, confirming the major presence of C-S-H phases
(calcium silicate hydrate) and ettringite. This configuration is typical of classic Portland cements,
where the hydration products ensure the cohesion and strength of the matrix [35, 36].
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Mass. norm. Atom. erreur abs. [%] erreur rel. [%)

Element A Net (%] (%  (Lsigma)  (1sigma)

0 85163 5742 7306 262 4,05
§ 14506 2399 1739 19 747
G 20163 1811 92 191 9,86
A 313 047 036 009 1879
Total 100,00 100,00
(a)

Mass. norm. Atom. erreur abs. [%)] erreur rel. [3%]

Elément A Net ™ ‘i) ] (isigma) [Lsigma)

0 g 1720 2232 4423 1,28 5,16
A 1317 117 1,37 0,20 15,12
Si 14 1378 11,23 12,67 1,07 8,58
Ca 20 1334 18,05 14,28 191 9,55
24 42 851 519 142 15,07
fe 26 445 38,10 21,63 6,68 15,82
5 16 & 064 063 0,15 21,28

Total:  100.00 100.00
(b)

i Mass. norm. Atom. erreur abs. [%] erreur rel. [
Flment) A | Net |y (%] {1sigma][%] [1sigrna£ ]
0 8 3103 19,82 4258 0,82 4,54
Si 14 1274 567 694 0,37 7,20
Ca 20 1616 12,02 1031 0,78 7,15
G 24 569 1189 786 1,15 10,63
fe 26 982 4881 30,04 5,09 11,42
A 13 292 107 136 0,13 13,15
Mg 12 99 040 057 0,10 28,15
5 16 79 031 034 0,09 29,95

Total: 100,00 100,00

(c)

Mass. norm. Atom. erreur abs. [%) erreur rel. [%)]

Elément A Net [%] [%]) (1 sigma) (1 sigma)

0 8 3513 2546 47,63 1,15 4,70
Mg 12 237 075 092 0,11 15,43
Si 14 3077 1090 1162 0,65 6,25
Ca 20 3851 2486 18,57 1,57 6,60
Fe 26 722 3043 16,31 3,38 11,61
Cr 24 320 651 3,75 0,76 12,24
Al 13 378 109 121 0,12 11,49
Total: 100,00 100,00
(d)

Fig. 6. SEM / EDS analysis of different mortars: a(MP0%),b(MP1%),c(MP5%), and d(MP8%)
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When the chromium content reaches about 5%, significant alterations are observed. Chrome rises
to 5.19%, while iron becomes the majority component 38.10%, leading to a relative decrease in
calcium, silica, and oxygen. This redistribution indicates that chromium does not merely act as a
passive element but actively interacts with the hydrated phases, particularly by forming
compounds such as Cr-ettringite, identified under conditions of aluminum substitution by
chromium in Aft structures [3, 32, 37]. These phases can slow down hydration reactions by forming
passivating layers around clinker grains [38], which explains a possible decrease in mechanical
performance observed in previous studies on chromium-doped cements [39].

When the chromium concentration reaches 7.86%, the disruptive effect becomes evident. Iron
reaches nearly 49%, chromium 7.86%, while silica drops to 5.67%. This evolution indicates a
saturation of the matrix by secondary metallic phases. The excessive formation of chrome ferrites
or mixed Cr-Fe oxides strongly disrupts the formation of structuring hydrates, leading to a
decrease in the density of the cement matrix, which has been correlated with a loss of mechanical
strength in several studies [39, 40]. This phenomenon is often referred to as the dilution effect,
where the cementitious constituents are partially replaced by non-hydrating compounds.

However, the sample containing 6.51% chromium seems to represent a form of compromise.
Despite a high iron concentration 30.44%, the proportions of oxygen 25.46%, calcium 13.63%, and
silicon 10.90% remain relatively balanced. This configuration suggests a better integration of
chromium into the matrix, through stabilized phases that do not completely inhibit hydration. Such
observations confirm the results of Zhang et al. (2021) [31], who showed that a moderate
concentration of chromium allows for the effective immobilization of this metal while maintaining
a sufficiently coherent cement structure. This dual function—mechanical and environmental—
reinforces the viability of using cement as a stabilization matrix for industrial waste containing
heavy metals, provided that critical concentration thresholds are respected.

In summary, the present analysis highlights a direct correlation between chromium concentration
and the gradual modification of the cement microstructure. If low concentrations allow for
relatively neutral incorporation, high levels cause significant disorganization of the matrix,
compromising both the hydration kinetics and mechanical performance. The optimization of
chromium content thus represents a major challenge for waste stabilization applications, at the
interface between technical performance and environmental sustainability.

4. Conclusions

This study investigates the incorporation of activated carbon contaminated with trivalent
chromium (Cr(IIl)) into cementitious materials, emphasizing its effects on mechanical properties,
microstructure, and chromium stabilization. The results from compressive and flexural strength
tests, as well as FTIR, SEM/EDS, and XRD analyses, offer beneficial information about the
interactions between Cr(III) and the cement matrix, as well as the overall performance of the
modified cementitious materials; and the following conclusions are drawn:

e The presence of Cr(III) in contaminated activated carbon affects the behavior of cementitious
materials, particularly regarding hydration and microstructure. With 1% biochar addition,
the chromium level remained low and did not significantly interfere with the hydration
process. EDS and XRD analyses showed that Cr(III) interacted with hydration products of
cement, leading to the formation of stable compounds such as Cr-ettringite, which help
immobilize chromium and mitigate its environmental effects. However, at higher biochar
levels (5% and 8%), the interaction between chromium and the cement phases intensified,
resulting in decreased hydration efficiency and the creation of less stable microstructures, a
phenomenon attributed to the dilution effect that chromium compounds have on typical
hydration product development.

e Mechanical testing indicated that the addition of biochar greatly enhanced compressive and
flexural strength, especially at 1% biochar, where compressive strength improved by
approximately 20%. In contrast, higher biochar levels (5% and 8%) resulted in lower
strength, likely due to chromium interfering with hydration and increased porosity caused
by the biochar.
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e FTIR analysis verified the creation of new pozzolanic bonds, suggesting that biochar plays an
active role in cement hydration. Supporting evidence from SEM/EDS and XRD results showed
enhanced microstructure at low biochar concentrations, whereas higher amounts disrupted
crystallinity and hydration, adversely affecting long-term performance.

e Activated biochar at levels of 1%, 5%, and 8% was primarily selected to enable items to retain
their mechanical properties as well as to prevent their possible negative impacts. It was
initially assumed that the 1% concentration of activated biochar would not only fortify the
material but also have a minimal disruptive effect on the cement matrix. Nevertheless, higher
concentrations were examined to understand their influence on hydration and the overall
material performance. In field usage, there are some problems, for example, the long-term
use of the product, which causes durability issues, variations in biochar properties, and the
possibility of secondary contamination because of the incorrectly processed biochar.
Nevertheless, 5% and 8% activated biochar had higher porosity and uneven distribution that
resulted in lower compressive strength.

In summary, using activated biochar in cement materials shows great promise. It can improve the
mechanical properties of construction materials and help mitigate environmental problems caused
by heavy metal pollution. This technology allows for sustainable waste use and supports green
chemistry and the circular economy by incorporating trivalent chromium (Cr (III)) in a stable
cement mix. However, we need to acknowledge some limitations. We need to assess the long-term
durability of the composite materials and how their breakdown products behave in the
environment. Differences in the chemical makeup and physical traits of Cr (IlI)-contaminated
activated biochar may influence the consistency and reliability of the results. Additionally, findings
from controlled lab settings may not fully capture the complexities of real-world scenarios, making
it harder to apply the results broadly. Future research should focus on testing the long-term
effectiveness and environmental safety of these composites in various weather and operating
conditions to confirm their practical use in sustainable construction and waste management.
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