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Using biochar as a partial replacement of Portland cement in cementitious materials is a promising solution to
mitigate negative environmental impacts. However, current studies in available literature primarily focus on the
mechanical properties of composites made with cementitious materials and biochar. Therefore, this paper reports
the effects of the type of biochar, the percentage of biochar addition, and the particle size of the biochar on the
removal efficiency of Cu, Pb, and Zn, as well as the effect of contact time on the removal efficiency of Cu, Pb, and
Zn, along with the compressive strength. The peak intensities of OH™, CO3~ and Calcium Silicate Hydrate
(Ca-Si-H) peaks increase with increasing biochar addition levels, reflecting increased hydration product for-
mation. The reduction of particle size of biochar causes the polymerization of the Ca-Si-H gel. However, no
significant changes were observed in heavy metal removal, irrespective of the percentage of biochar addition, the
particle size of biochar, or the type of biochar added to the cement paste. Adsorption capacities above 19 mg/g,
11 mg/g and 19 mg/g for Cu, Pb and Zn were recorded in all composites at an initial pH of 6.0. The Pseudo
second order model best described the kinetics of the Cu, Pb, and Zn removal. The rate of adsorptive removal
increases with the decrease in the density of the adsorbents. Over 40% of Cu and Zn were removed as carbonates
and hydroxides through precipitation, whereas over 80% of Pb removal was via adsorption. Heavy metals
bonded with OH™, CO3~ and Ca-Si-H functional groups. The results demonstrate that biochar can be used as a
cement replacement without negatively impacting heavy metal removal. However, neutralization of the high pH
is needed before safe discharge.

1. Introduction

Heavy metals are one of the most critical pollutants present in storm-
water runoff due to their toxicity, non-degradability and bio-

The rapid development of the urban infrastructure has caused pol-
lutants such as nutrients, heavy metals and hydrocarbons to accumulate
on impervious surfaces in the urban environment (Mullaney and Lucke,
2014; Wang et al., 2017; Gavric et al., 2019). With rainfall, these
accumulated pollutants are mixed with runoff and conveyed to receiving
water bodies (Wang et al., 2017). The resulting runoff is identified as a
major contributor to the degrading of the water quality of the receiving
water bodies (Zuraini et al., 2018; Sidhu et al., 2020). Therefore, in the
urban environment, stormwater is a major non-point source pollutant
(Zuraini et al., 2018; Sidhu et al., 2020). Hence, the focus on treating
urban runoff for safe discharge has grown (Mullaney and Lucke, 2014).

accumulation (Ma et al., 2016; Sidhu et al., 2020). Even though several
heavy metals act as essential micronutrients for life, they can be the
source of severe poisoning (Saleh, 2015; Alhashimi and Aktas, 2017).
Heavy metals accumulate in the tissues of animals and plants that are
exposed (Duruibe et al., 2007; Tchounwou et al., 2012). Due to the low
concentrations of heavy metals in urban runoff, the direct risk to humans
from single heavy metals in urban stormwater is not significant, but it is
of high concern to the safety of aquatic life in the receiving waters)(Ma
et al., 2016). Significant concentrations of Cu, Cd, Cr, Ni, and Zn are
found in stormwater quality analysis throughout the literature)(Reddy
et al., 2014). The most common heavy metals in stormwater are Cu, Pb
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Table 1
Cement biochar paste adsorbents mix designs.
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Biochar type Composite name Cement (g) Water (g) Biochar (g) Biochar/Cement (volume) (%) Biochar/Cement (mass) (%)
No biochar Cement-only 1236 557.5 0 0 0
Sawdust Un-sieved biochar 5% SDBC-U 1175 3.36 5 0.19
10% SDBC-U 1113 6.72 10 0.40
20% SDBC-U 989 13.43 20 0.86
Crushed and sieved biochar 5% SDBC-CS 1175 6.88 5 0.40
10% SDBC-CS 1113 13.27 10 0.79
20% SDBC-CS 989 27.53 20 1.75
Paddy husk Un-sieved biochar 5% PHBC-U 1175 3.77 5 0.22
10% PHBC-U 1113 7.54 10 0.45
20% PHBC-U 989 15.07 20 0.97
Crushed and sieved biochar 5% PHBC-CS 1175 11.17 5 0.64
10% PHBC-CS 1113 22.35 10 1.32
20% PHBC-CS 989 44.69 20 2.81

and Zn (Sakson et al., 2018; Kayhanian et al., 2019). The stormwater
quality degrades due to the strong toxicity and mobility of Cu, Pb and Zn
Ma et al. (2016). Additionally, Cu and Zn have also been identified as the
preliminary cause of toxicity in stormwater and are also identified as
priority pollutants by the USEP(4))Kayhanian et al., 2008; USEPA, 2014.
The harmful effects of Cu ions in humans include harm to the brain,
heart, skin and pancreas (Park et al., 2008, 2017). Lead toxicity results
in kidney failure, damage to the nervous system and impaired muscle
function(1))Efome et al., 2018a,b; Gu et al., 2021. Excessive amounts of
Zn result in stomachache, dehydration, nausea, dizziness, and electro-
lyte imbalance in the body (Park et al., 2008).

The usage of adsorption, ion exchange, filtration, and redox reactions
to treat heavy metals can be widely found in the literature (Batool et al.,
2017). Considering these treatments adsorption is cheap, versatile, and
convenient for large-scale heavy metal removal (Batool et al., 2017;
Efome et al., 2018b). A carbon-rich solid, biochar is synthesized via
thermal dilapidation of biomass subjected to an oxygen-limited setting
which is known as pyrolysis (Inyang et al., 2015; Shen et al., 2017).
Unique properties of biochar include a porous structure, specific surface
area, and surface functional groups making it a good adsorbent material
(Dai et al., 2019; Sun et al., 2019). Biochar synthesized from pyrolysis of
algae, hardwood, softwood, tobacco stems, rice straw and rice husks has
been successfully used for the removal of Cu, Pb and Zn (Poo et al., 2018;
Zhao et al., 2020). Furthermore, biochar synthesized with mixed hard-
woods achieved approximately 70% and 58% removal of Zn and Cu
respectively (Chen et al., 2011). Additionally, Cu removal efficiency of
above 95% had been observed when biochar was synthesized with
farmyard manure, waste marine macro-algae and poultry manure bio-
char (Batool et al., 2017; Poo et al., 2018). The use of these widely
available materials in biochar production helps to drive down costs and
reduce the burden of disposal of those materials (Tan et al., 2015).
Agricultural biomass is one of the most abundant renewable resources
with the capacity to be turned into biochar (Dai et al., 2019). Paddy
husk, also referred to as rice husk, is the by-product of the rice milling
industry and is 20% w/w of the total paddy products (Kumar et al.,
2021). The annual global production of rice husks totals around 80
million tons (Kumar et al., 2021). Sawdust is also a similar feedstock
material that has the potential to be turned into biochar and is available
in large quantities (Kumar et al., 2021). However, most biochar reported
in the literature is prepared in controlled laboratory settings where
muffle furnaces are utilized. This is a high-energy intensive process and
only a very limited quantity of biochar can be made. Furthermore, Eu-
ropean guidelines for the sustainable production of biochar state that
pyrolytic gases produced during the pyrolysis process should be burned
to supply energy to the pyrolysis process. Hence, the usage of industri-
ally manufactured biochar is cleaner and a lower concentration of fine
particles, hydrocarbons, carbon monoxide and greenhouse gas are
emitted to the environment compared to lab-scale production of biochar
(Dai et al., 2019).

Cement-based systems are used for in situ immobilization of heavy

metals through stabilization/fixation, and sorption (Rasoulifard et al.,
2016; Damrongsiri, 2017). However, cement production is considered
one of the main sources of greenhouse gas emissions (Herath et al.,
2020; Fernando et al., 2022). Therefore, using waste materials as cement
replacement has gained significant attention recently (Fernando et al.,
2022). However, the addition of waste biomass raises concerns since it
can degrade due to the high alkalinity of cementitious materials (Mal-
jaee et al., 2021a). Turning biomass into biochar and using it as cement
replacement helps to overcome this issue (Maljaee et al., 2021a). The
feasibility of using biochar as cement replacement materials have been
studied in the past (Gupta et al., 2020; Tan et al., 2020; Wang et al.,
2020; Gupta and Kashani, 2021). These studies have evaluated the effect
of biochar addition on carbon sequestration, shrinkage, compressive
strength, and permeability of composites made with cement and bio-
char. Furthermore, these studies have used biochar synthesized in
controlled laboratory conditions using furnaces (Gupta et al., 2020; Tan
et al., 2020; Wang et al., 2020; Gupta and Kashani, 2021).

However, the effect of biochar addition on the water treatment
ability of cement paste has not yet been studied in the available litera-
ture. Additionally, compared to lab-scale produced biochar used in the
available literature, this study uses biochar synthesized in an industrial-
type double chamber draft-down pyrolysis reactor. Overall, this study
aims to (i) investigate the mechanical and chemical properties of
biochar-cement composite using characterization techniques such as
scanning electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX), Fourier transform infrared spectroscopy (FTIR), and X-
ray diffraction analysis (XRD); (ii) investigate adsorption ability of
heavy metals on biochar-cement composites and determine the
adsorption mechanisms.

2. Materials and methods
2.1. Reagents

Heavy metal stock solutions with a concentration of 1000 mg L™! of
Cu, Pb and Zn were made by dissolving copper (II) nitrate (Cu
(NO3)2-3H20) (Sigma Aldrich, USA), lead (II) nitrate (Pb(NO3)5) (Sigma
Aldrich, USA) and zinc (II) nitrate, (Zn (NO3)2-6H20) (Sigma Aldrich,
USA) with a purity of more than 99% in distilled water. All adsorption
experiments were carried out using synthetically made stormwater. For
each adsorption test, new solutions of 10 mg L1 of the heavy metals
were made by diluting premade heavy metal stock solutions with
distilled water. Dilution of concentrated (37%) hydrochloric acid (Sigma
Aldrich, USA) was done with distilled water to make a 1 M HCI solution.
For the preparation of 1 M NaOH solution, NaOH tablets (Daejung,
Korea) having an assay of 97% were dissolved in distilled water. HNO3
(Sigma Aldrich, USA) with an assay of 70% was used to acidify the
filtered samples.
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Fig. 1. Compressive strength of (a) 7 days and (b) 28 days cured composites.

2.2. Cement biochar paste

The biochar used in this study was prepared using a double chamber
draft-down pyrolysis reactor with a residence time of 25 + 5 min.
Sawdust and paddy husk were used as feedstocks. Wijeyawardana et al.
(2022b) found that pyrolysis temperatures of 350-450 °C and
450-550 °C for paddy husk and sawdust biochar respectively attained
the highest removal of Cu, Pb and Zn. Hence, for this study paddy husk
and sawdust biochar synthesized at pyrolysis temperatures of
350-450 °C and 450-550 °C respectively were applied. Ordinary Port-
land cement (Type I/1I 32.5N) conforming to ASTM C150 was used, and
biochar was added as a cement replacement in the range of 5-20% (v/v).
A water/binder ratio of 0.45 was used for the control mix. The in-
gredients were mixed using an ASTM-compliant bench mixer (HOBART,
USA). Initially, dry cement and biochar were mixed for 2 min at 139 rpm
and then water was added. Thereafter, the mixing was continued for 1
min at 139 rpm and manually mixed for another 1 min. Then, the paste
was mixed again at 139 rpm for another 2 min. The specimens were cast
using cubic molds with a 50 mm x 50 mm cross-section and cured in
saturated lime solution for 7 days. After the curing period, the
compressive strength of the cubes was measured using a compressive
strength testing machine (MATEST C070D, Italy) with a loading rate of
0.75 kN/s (AS 1012.9:2014). At least three replicates of the testing were
done to obtain accurate results. The cured cement paste material was

crushed, and oven dried for 24 h before sieving to isolate 4-2 mm range
particles for usage in sorption experiments. Table 1 shows the mix
design details of the cement pastes used. The base cement content used
was 1230 kg m 3.

2.3. Adsorption tests

Batch adsorption studies were done to evaluate the effect of biochar
addition to cement paste adsorbents on Cu, Pb and Zn removal. 1000 mg
L~! copper nitrate, lead nitrate and zinc nitrate standard solutions were
prepared and diluted to 10 mg L™! for adsorption experiments. The
solution pH was adjusted by adding hydrochloric acid or sodium hy-
droxide as required. From the prepared synthetic heavy metal solutions,
500 mL were decanted and placed in 750 mL high density polyethylene
bottles and the weighed adsorbents were added. The adsorbent dosage
used was 0.5 g L™!. The samples were placed in a thermostatic recip-
rocating shaker set to 150 rpm for 24 h. After the desired time had
passed, the solution was filtered using 0.45 pm filter papers and acidified
with HNOj3 and final metal concentrations were measured unless stated
otherwise. All the adsorption experiments were done at room temper-
ature 25 + 1.5 °C. equation (S1) for calculating removal efficiency of
heavy metals is described in the supplementary information.

To understand the contribution of precipitation and sorption to the
cement paste, the pH of the supernatant was adjusted using HNO3
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Fig. 2. FTIR of (a) cement-only, 10% unsieved paddy husk biochar mixed and 10% unsieved sawdust biochar mixed added, (b) peaks from 3800 to 2800 em ! (0)

peaks from 1800 to 800 cm ™! of 7 days cured adsorbents.

(without affecting the concentration). Once the sorption experiment was
concluded, a part of the supernatant was extracted and acidified such
that the final pH was <2.0. This was filtered using 0.45 pm filter paper
and the residual heavy metal concentration was measured. The char-
acterization of the spent adsorbents was done by isolating the spent
adsorbents after filtering the supernatants. The spent adsorbents were
oven dried for 24 h at 105 °C. The spent adsorbents were analyzed using
FTIR and XRD to identify any changes due to the sorption of heavy
metals. All removal experiments were replicated at least three times to
obtain accurate results. To examine the adsorption kinetics of Cu, Pb and
Zn removal, Pseudo first order and Pseudo second order models were
used. The linearized model equations (S2 and S3) are described in the
supplementary information.

2.4. Analysis method

The pH values were measured by using a pH probe (pH probe; Orion
910003, U.S.A) connected to a multiparameter meter (Thermo Orion
A325, USA). The surface functional groups of the PHBC and SDBC were
determined by the Fourier transform infrared spectroscopy (UATR two;
PerkinElmer, USA). A scanning electron microscope and energy
dispersive spectrometer (EVO 18; ZEISS, Germany) was used to observe

the microstructures and element compositions of PHBC and SDBC. The
mineral compositions of the adsorbents were determined by X-ray
Diffractometer (Bruker D8 Advance X-ray diffractometer, USA). An
atomic absorption spectrometer (Shimadzu AA-7000, Japan) was used
to measure concentrations of Cu, Pb and Zn in the solutions. Particle size
analysis for unsieved biochar was undertaken following ASTM D6913/
D6913M-17 single-set sieving. The particle size of crushed and sieved
biochar was measured using a particle size analyzer (Fritsch - Analysette
22 Nano Tech, Germany) in wet mode. All analyses were replicated at
least three times to obtain accurate results.

3. Results and discussion
3.1. Compressive strength of cement pastes

Compressive strength is the most commonly used test to characterize
cement-based materials. Reduction in compressive strength was
observed when biochar was added when comparing the 7 day
compressive strength values with the control (Fig. 1(a)). This is in
agreement with the observations made by Chen et al. (2020) and
Ofori-Boadu et al. (2021). As the unsieved biochar used in this study has
a particle size distribution similar to fine aggregates (Fig. S1(a)) the
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biochar particles are expected to behave similarly. Hence, they create a
weak interfacial zone between the hydrated cement and biochar parti-
cles (Gupta et al., 2020). The lower strength of this interfacial zone in
the biochar-mixed pastes could be a reason for the lower compressive
strengths of the biochar-mixed pastes (Gupta et al., 2018b). A further
reason for the lack of strength development is attributed to the moist
curing of the cement paste, which was also adopted by Chen et al.
(2020). For biochar mortar, moist curing has been reported to neutralize
the effect of biochar addition as it provides sufficient water for hydration
(Maljaee et al., 2021a). Thus, the benefit of internal curing from the
addition of biochar is eliminated. However, Ofori-Boadu et al. (2021)
state that compressive strength reduction is due to less calcium-silicate
hydrate production. Conversely, FTIR analysis (Fig. 2) in this study re-
veals that a higher quantity of hydration products was formed in the
7-day cured samples. A similar observation was made by Chen et al.
(2020) and Akhtar and Sarmah (2018a) using sludge-derived biochar
and pulp and paper mill sludge where FTIR showed increased intensities
of Ca-Si-H peaks after biochar addition. The inhomogeneous presence
of hydration products within biochar pores has been reported not to
contribute to the compressive strength of the pastes (Akinyemi and
Adesina, 2020). The SEM images (Figs. S3 and S4) show that hydration
products there are present inside the pores of the biochar particles.

The compressive strength of the paste after the addition of crushed
and sieved biochar is higher than the samples where unsieved biochar
was added. However, the compressive strength was lower than that of
the control mix even after the addition of crushed and sieved biochar. A
similar observation was made by Yang et al. (2021) as well where 2%
and 5% (w/w) cement replacement was undertaken utilizing commer-
cial biochar with particle size less than approximately 800 pm compared
to less than 75 pm (Fig. S1(b)) in this study. Comparing the mass per-
centages of biochar addition in this study, when crushed and sieved
biochar is added, approximately twice the mass of cement can be
replaced while achieving similar or higher strength than the addition of
unsieved biochar at similar volume percentages of cement replacement.
More than 90% of the unsieved biochar had particles ranging from 1 mm
to 0.1 mm whereas crushed and sieved biochar had particles with a
maximum size of 75 pm. It is hypothesized that crushed and sieved
biochar is capable of creating a filler effect. This filler effect results in a
denser paste thus improving the compressive strength (Gupta et al.,
2020; Tan et al.,, 2020). Furthermore, the polymerization (shift in
Ca-Si-H peak from 958 cm™!) of the Ca-Si-H gel observed from FTIR
analysis (section 3.2.1) also results in the compressive strength increase
observed due to the addition of crushed and sieved biochar compared to
samples with similar levels of cement replacement by volume using
unsieved biochar (Maljaee et al., 2021a; Chen et al., 2022).

Comparing the results of unsieved PHBC and SDBC addition, at 5%
(v/v) replacement of cement, PHBC-added samples gave higher
compressive strength than SDBC-added samples. Less than 1.55% (w/w)
(equivalent to 20% (v/v)) biochar (unsieved biochar) was added in this
study. The pozzolanic activity of PHBC was found to be prominent at
higher dosages (~4% (w/w)) of biochar addition in cement paste by
Maljaee et al. (2021b). At higher levels of biochar addition (10% and
20% (v/v)), the SDBC samples show slightly higher (0.3-0.5 MPa)
average compressive strength at 7 days. This is attributed to the particle
size of SDBC being less than PHBC which creates a filler effect when
SDBC is added (Tan et al., 2020; Maljaee et al., 2021a). It has been re-
ported that the filler effect of biochar has a greater impact on strength
than the pozzolanic reactivity of the biochar (Akhtar and Sarmah,
2018a). However, in this experiment when crushed and sieved biochar
was used, this was not observed. This is attributed to the density of
crushed and sieved PHBC (569.4 kg m™>) being higher than SDBC
(350.7 kg m™>). Therefore, more cement was replaced for an equal
volume of crushed and sieved PHBC when compared to SDBC. However,
the similarity in compressive strengths noted when the same volumes of
crushed and sieved PHBC and SDBC are added is likely due to the
pozzolanic effect of PHBC compensating for the reduction in cement in
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Table 2
The major peaks identified in 7 days cured cement pastes (Chen et al., 2020;
Praneeth et al., 2020; Ofori-Boadu et al., 2021; Yang et al., 2021).

Letter =~ Wavenumber Functional Letter =~ Wavenumber Functional
(em™) group (em™) group

A 3642-3637 O-H of Ca E 1114-1105 5032 of

(OH), Ettringite
(AFt)

B 3420-3410 -OH or F 965-955 Ca-Si-H
H>0

C 1650-1640 C=C and G 877-874 co3?
C=0

D 1426-1424 C-O of H 550-525 Si-O
C03>

the PHBC compared to the SDBC (Maljaee et al., 2021b).

The increase in curing time increased the compressive strength
(Fig. 1(b)). At 5% PHBC addition, the compressive strength is about 2
MPa higher than that of the control. This is similar to the observation
made in 7-day cured samples. Additionally, at higher levels of biochar
addition (10% and 20% (v/v)), the SDBC samples showed higher (2-5
MPa) average compressive strength at 28 days compared to less than 0.5
MPa after 7 days of curing. This is evidence supporting the hypothesis
that the filler effect of the biochar has a greater effect on strength than
the pozzolanic reactivity of the biochar (Akhtar and Sarmah, 2018a).

3.2. Characterization of cement paste

3.2.1. Fourier-transform infrared spectra of cement paste

The different functional groups present in the 7-day cured adsorbents
are shown in FTIR images in Fig. 2 (Wang and Liu, 2017). The major
peaks identified in 7-day cured cement pastes are shown in Table 2 (Roy
et al., 2017; Akhtar and Sarmah, 2018a, 2018b; Praneeth et al., 2020;
Yang et al., 2021). Comparing biochar paste with control paste speci-
mens no additional peaks are identified. A similar observation was made
in previous studies (Roy et al., 2017; Akhtar and Sarmah, 2018a; Ahmad
et al., 2020; Yang et al., 2021). Comparison of peak intensities of FTIR
spectra allows qualitative comparison of the amount of respective
functional groups (Wang and Liu, 2017; Zhou et al., 2018; Mbui et al.,
2021). Peak intensity increment is an indicator of the presence of a
higher concentration of the respective functional group (Shin et al.,
1997; Chen et al., 2020). Comparing carbonate peaks, D and G, the in-
tensities of the peaks are highest for PHBC followed by SDBC. The
cement-only sample shows the lowest intensity of carbonation. A
detailed comparison of the CaOH peak highlights that the cement-only
sample has the greatest intensity while biochar-added pastes displayed
lower intensities. This imparity in intensities is more prominent in PHBC
mixed paste, where the CaOH peak is the lowest. This is likely due to
carbonation with CO; present in biochar and the lower cement content
of biochar-mixed pastes (Gupta and Kua, 2019b; Maljaee et al., 2021b).
Despite the lower cement content, the higher intensity of the Ca-Si-H
peak reflects a higher presence of Ca-Si-H in biochar-mixed cement
pastes compared to the control. The PHBC shows slightly higher
Ca-Si-H content (F) compared to SDBC paste which is likely due to the
higher silica content contributing to pozzolanic reactions with PHBC
(Roy et al., 2017; Maljaee et al., 2021b).

The intensity of the Ca-Si-H peak (F) increased with biochar addi-
tion (Fig. 2(c)). This is contrary to observations made by Yang et al.
(2021) where a slight decrease in peak intensities of Ca-Si-H was
observed. However, Yang et al. (2021) used higher biochar content (2%
and 5% w/w) in their research compared to less than 3.6% (w/w) in this
research. In addition, the source of biochar used is not disclosed in Yang
et al. (2021) study. Therefore, the reduction of cement content and
change in the type of biochar in Yang et al. (2021) may have resulted in
the lowering of Ca-Si-H peaks.

Increased replacement of cement by biochar caused an increase in
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the C-O peak (Fig. 2(c)). The increase in the C-O peak gives an indirect
measurement of the carbonation depth, which increased with biochar
addition (Praneeth et al., 2020). In the carbonation process, COy dis-
solves in the pore solution as CO5~ when the pH is above 9.0. Carbon-
ation results in portlandite being converted into CaCOs3 (Calcite). Calcite
production results in volume expansion in the paste which can lead to
debonding and micro-cracking in the paste Gupta et al. (2018b).
Furthermore, due to carbonation, the pH value of the paste will reduce,
thus promoting the corrosion of any steel reinforcement in the concrete
(Poursaee, 2016). The pH value of the cement pore solution can be
reduced to less than 9.0 due to carbonation (Savija and Lukovi¢, 2016).
However, the lowering of pH was not observed after the addition of
biochar into the paste. This is likely due to the increased porosity of the
pastes encouraging the dissolution of more portlandite in the paste.
Thus, offsetting any pH changes due to carbonation.

When biochar is crushed and sieved at 75 pm is used as cement
replacement the Ca—Si-H peaks shifted to 967 and 974 cm ™! at 10% and
20% biochar addition respectively, compared with 958 ecm™! in the
cement-only sample. Also, the carbonation peaks at D and G reduced in
intensity compared to unsieved biochar addition. This is attributed to
the possible polymerization of the Ca-Si-H groups, as observed by
Ofori-Boadu et al. (2021) and Chen et al. (2022). This polymerization
results in the formation of a dense and stable Ca-Si-H gel when sieved
biochar was added to the cement pastes (Chen et al., 2022). This would
account for the compressive strength of the mixes with crushed and
sieved biochar achieving higher strength than the unsieved
biochar-added pastes (Fig. 1). Additionally, the formation of dense hy-
drated matrix results in lower permeability and thus reduces the degree
of carbonation, correlating with the lower carbonation peak intensities
observed.

The hydration reactions progress with the curing time in cement-
based products. When the curing time increased to 28 days, an in-
crease in peak intensities of O-H, C0%, and Ca-Si-H is observed
(Fig. S8). As the hydration reactions progress more portlandite and
Ca-Si-H are produced. The shifting of the Ca—Si—H peak was observed in
both crushed and sieved and unsieved biochar specimens in 28-day
cured samples which were also observed at 7-day of cured samples as
well. This is attributed to the polymerization of Ca-Si-H. Additionally,
the AFt peaks observed in the 7-day cured samples are not seen in the 28-
day cured samples. This is due to the AFt reacting with the tricalcium
aluminate in the cement paste and converting it to monosulfoaluminate.

3.2.2. Scanning electron microscopy analysis

The SEM analysis (Figs. S3 and S4) shows that hydrated cement
particles have blocked some of the pores in the biochar particles.
Furthermore, precipitation of hydration products (calcium hydroxide,
ettringite and calcium carbonate crystals) on the surface of the biochar
particles can also be observed. A similar observation had been made by
Gupta et al. (2018b) and Gupta and Kua (2019a). Gupta et al. (2018b)
state that the formation of Ca-Si-H gel, portlandite and ettringite inside
pores of biochar is promoted by the moist environment inside the bio-
char particles. Furthermore, calcium carbonates are formed due to
carbonation by adsorbed CO> in the biochar pores (Gupta et al., 2018b).
However, the production of additional Ca-Si-H increases strength only
when it is a part of the paste matrix and bonds biochar particles to the
paste. Therefore, the Ca-Si-H depositions inside the biochar particles do
not contribute to strength development (Gupta et al., 2018b).

SEM images (Figs. S3 and S4) show gaps at the interface of biochar
particles and the hardened cement paste. These gaps at interfaces
introduce more void zones in the paste, which is reflected by the lower
hardened density of paste containing biochar, which in turn reduces the
compressive strength (Fig. S2). Similar observations were made by
Gupta et al. (2018b) who used biochar made from mixed wood sawdust
carbonized at 300 °C. This suggests that biochar is weakly bonded to
cement paste, which is possibly due to expansive carbonation around the
biochar particles (Gupta et al., 2018b). The mechanical properties of
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cement composites are highly affected by the interfacial zone in com-
posites and therefore, poor bonding results in a loss of mechanical
strength (Gupta et al., 2018b). Comparing the crushed and sieved bio-
char samples with the unsieved biochar, a denser structure can be
observed in the former. The gaps at biochar-cement paste interfaces are
also seen to be reduced in magnitude. The finer particles are coated with
hydration products creating a dense structure, which was also observed
by Gupta et al. (2018a). This is also in line with the higher compressive
strengths observed in crushed and sieved biochar-added pastes.

3.3. Heavy metal removal with cement biochar paste mixes

3.3.1. Effect of biochar addition

The cement paste adsorbents removed more than 95% of Cu and Zn
whereas Pb removal was less than 60%. A similar observation (Cu and
Zn removal >98% and Pb removal <76%) had been made by Chen et al.
(2018) where lime was used to remove Cu, Pb and Zn ions. The removal
efficiency results show that biochar addition has no significant effect on
the removal of Cu, Pb, or Zn (Fig. 4 (a)). The same can be observed for
the final pH and the electrical conductivity values (Fig. S5 (a) and (b)).
Analysis of the pH variation between Cu, Pb and Zn removal is recorded
in Fig. S5 (a), pH is the lowest for Cu removal compared with Pb and Zn
removal. Cu and Zn form hydroxide precipitate at the final pH following
adsorption (equation (1) and (2)). Hence, the removal of OH™ ions from
the solution makes the pH value lower than that of Pb, which does not
precipitate as hydroxide. Lead precipitates as lead hydroxide at pH
levels below 10.0 (equation (3)). (Chen et al., 2018). When pH increases
above pH 11.0 the lead hydroxide starts to dissolve as Pb(OH)3 (equa-
tion (3)) (Yoshida et al., 2003; Chen et al., 2018). At the final electrical
conductivity of the effluent (Fig. S5 (b)) more ions are found in the
effluent with Pb than Cu or Zn. The Pb(OH)3 ions in the supernatant are
re-converted to Pb®* when the filtered supernatant is acidified before
the measurement of concentration. Thus, the higher concentration of Pb
ions in the effluent results in higher electrical conductivity of the
effluent. Comparatively to Pb removal, the electrical conductivity in Cu
and Zn effluents is slightly lower due to the higher removal of the
respective ions from the solution.

Cu?™ (4g) + Ca(OH)y(aq) — Cu(OH)s) + Cala 1)
Zn*" (4 + Ca(OH)aq) — Zn(OH)y) + Calay @)
Pbag) + Ca(OH)yaq) — Pb(OH)y() + Caiar @)
Pb(OH)y(5) + OHgzg) = Pb(OH)geq) 4

The variation in removal efficiency when the supernatants of Cu, Pb
and Zn removal are acidified vs non-acidified before filtering (Fig. S6)
shows that in acidified supernatant, the removal of Cu and Zn is
approximately <50%. Therefore, it can be concluded that the majority
(>50%) of the removal of Cu and Zn occurs due to the precipitation of
Cu and Zn in the solution (equation (1) and (2)). On the other hand, for
Pb removal, the removal via precipitation is negligible (<5%). This
suggests that Pb removal occurs due to the sorption of Pb onto the
cement paste. As most of the removal (>50%) of Cu and Zn happens via
solution precipitation, subsequent acidification (i.e., mixing with acidic
sources) of the treated water will release Cu and Zn. Therefore, it is
important to have a filtering mechanism to prevent the passage of the Cu
and Zn precipitates, but this is not needed for Pb ions as removal by
precipitation is negligible.

3.3.2. Effect of crushed and sieved biochar addition and curing time

The smaller particle size of biochar has resulted in a denser paste.
Hence, the porosity of the mix is reduced. The results of removal effi-
ciencies for crushed and sieved biochar (Fig. 5) showed no significant
change in removal efficiency. The density of the adsorbents increases
when crushed and sieved biochar is added compared to unseived
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Fig. 3. FTIR of (a) 7 days cured, (b) 7 days vs 28 days cured and (c) 28 days cured composites with unsieved biochar/crushed and sieved biochar added.

biochar addition (Fig. S2). This phenomenon is reflected through the
reduction of the peak intensity of the CO%~ peak with the addition of
crushed and sieved biochar compared with the addition of unseived
biochar. When the density of the cement paste is increased it reduces the
diffusion of CO into the cement paste adsorbent (Atis, 2004). Hence,
although the biochar particle size is reduced, it has not enabled more
diffusion pathways for the pollutants. Furthermore, the final pH value
after adsorption is similar to when unsieved biochar was added, and the
FTIR analysis (Fig. 3) does not indicate significant changes to intensity
in Ca-Si-H, OH™ and Si-O functional groups. Hence, the overall removal
of the three heavy metals remained unchanged when the biochar is
crushed and sieved before being added.

The results of removal efficiencies for 28 days-cured samples (Fig. 4
(b)) showed no significant change in removal efficiencies compared with
7 days-cured samples. This is primarily due to the pH of the effluents
being similar to that of 7 days cured samples. Furthermore, comparing
the FTIR spectra of used 28 days cured adsorbents (Fig. S8) and 7 days
cured adsorbents (Fig. 6), during the adsorptive removal, Cu, Pb and Zn
ions interacted with similar functional groups. Hence, their absence of
change in the removal efficiencies with curing time is justifiable as the
removal mechanisms have not changed due to the curing time.

3.3.3. Kinetics of Cu, Pb and Zn removal

For the same pollutant, similar equilibrium contact times are
observed for all three cement-only, 10% PHBC-U and 10% SDBC-U ad-
sorbents (Fig. S7). The rate of metal sorption is assumed to be propor-
tional to the number of unoccupied sites in Pseudo first order and
Pseudo second-order models. Table 3 shows the summary of correlation
efficiencies R? for Pseudo first order and Pseudo second order models
and model parameters. The Pseudo second order model best fits the
adsorption data. Hence, the sorption of all three heavy metals by the
cement paste adsorbents is identified as chemisorption, which involves
valence force sharing or electron exchange between the active sites of
the adsorbent (Xu et al., 2021). The adsorption rate constant can be used
to idealize the speed of adsorption of an adsorbate to an adsorbent (Chen
et al., 2011). From the adsorption rate constants, Pb adsorbs more
quicker than Cu and Zn despite the higher removal efficiencies observed
for Cu and Zn removal. Also, heavy metal adsorption rates are in the
order of 10% PHBC-U > 10% SDBC-U > cement-only. The removal rates
correspond to the densities of the adsorbents where density increases
10% PHBC-U < 10% SDBC-U < cement-only. Thus, the lower density
10% PHBC-U paste allows the heavy metals to get adsorbed quicker than
the higher dense 10% SDBC-U and cement-only sorbents.
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perature = 25 °GC; initial pH = 6.0; adsorbent dosage = 0.5 g L™'; initial Cu, Pb and Zn concentration = 10 mg L™1).

3.3.4. Removal mechanisms

The FTIR and XRD spectra of the heavy metals post-adsorption are
compared with pre-adsorption specimens to develop an understanding
of the mechanisms of the process of removal of heavy metals (Yanko-
vych et al., 2021). Compared to the control paste (cement-only adsor-
bent), the biochar-mixed adsorbents behaved similarly (Fig. S8).
Comparing adsorbents used for heavy metal removal with the adsor-
bents in distilled water, major changes were observed in O-H, CO3~ and
Ca-Si-H intensities. The intensities of these peaks were reduced after
Cu, Pb and Zn removal. The intensity of this reduction suggests that
these functional groups have contributed to the fixing of Cu, Pb and Zn
(Qietal, 2018; Zhou et al., 2018; Pan et al., 2019). In both cement-only
paste and PHBC-mixed paste, the intensities of the hydroxides and car-
bonate peaks are reduced after Cu and Zn removal. This correlates with
results in Fig. S6 where removal of Cu and Zn was primarily ascribed to
precipitation whereas Pb removal via precipitation was low. The
reduction of both hydroxide and carbonate peaks suggests the precipi-
tation of heavy metal hydroxides and carbonates. Furthermore, Kumara
et al. (2019) and Cheng et al. (2022) state that heavy metal removal in
cementitious materials occurs via the substitution of Ca in Ca-Si-H by
heavy metal ions (Fig. 6). This study supports this mechanism as
Ca-Si—H peak intensity was reduced in post-adsorbents. The SOF~ peak
disappeared in adsorbents placed in distilled water and utilized for Cu,
Pb and Zn removal, suggesting that AFt has dissolved in the solution.

The same observation was made for the Ca(OH); peak which dis-
appeared in adsorbents placed in distilled water and used for Cu, Pb and
Zn removal. The rise of pH (to 11.0) after all adsorption experiments
(after a contact time of 24 h) is due to the dissolution of Ca(OH),. When
the curing time was increased to 28 days, an increase in peak intensities
of O-H, CO%’, and Ca-Si-H can be observed (Fig. S9). The heavy metals
interacted with the functional groups (O-H, C0%, and Ca-Si-H) as the
intensities of the peaks reduced after the adsorption())Qi et al., 2018;
Pan et al., 2019.

Analysis of XRD data (Fig. S10) identified four major crystalline
phases, calcium carbonate (CaCOs), silica (SiO3), calcium hydroxide (Ca
(OH)y), and ettringite. The XRD data of the surface layer of adsorbents
used for heavy metal removal were compared with sorbents placed in
distilled water to identify the precipitates on the surface of the adsor-
bents following heavy metal removal. Weak peaks corresponding to
carbonates and hydroxides of Cu, Pb and Zn are observed in the XRD
images. These results confirm the presence of heavy metal precipitates,
as shown in Eqs (4)-(7). A similar observation has been made in avail-
able literature where granular hydrated Portland cement was used as an
adsorbent (Cheng et al., 2022). The intensities of CaCOs peaks are
slightly higher in biochar-added pastes than in the cement-only sample.
Increased carbonation due to the addition of biochar to the adsorbents
has resulted in these higher carbonate peaks compared with
cement-only adsorbents (Qin et al., 2021). In addition, the CaCOg peak is
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Fig. 5. Removal efficiency comparison of 7 days cured composite after the addition of crushed and sieved (a) sawdust and (b) paddy husk biochar.

higher than the Ca(OH); peaks in all the samples. This is due to the 3.3.5. Characteristics of the effluent and reusability

dissolution of the Ca(OH), when the adsorbents are placed in water There is an increment of Ca®" ion concentration in the supernatant

(Cheng et al., 2022). post-adsorption compared to when the adsorbent is initially put into the
distilled water (Fig. S11). This shows evidence of Ca®'ion leaching from
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Fig. 6. Adsorption mechanisms of heavy metal removal with cement-biochar composite adsorbents.

Table 3
Results of adsorption kinetic modeling for Cu, Pb and Zn adsorption by adsor-
bent materials.

Adsorbent Heavy Pseudo first order Pseudo second order model
metal model
K; (min™1) R? K (g. R?
x1073 mg 'min~!) x
1073
Cement- Cu 13.7 0.9893 0.82 0.9902
only Pb 24.3 0.9441 1.25 0.9605
Zn 15.9 0.9948 0.90 0.9955
10% Cu 10.1 0.9577 1.05 0.9940
PHBC-U Pb 239 0.9420 1.58 0.9632
Zn 13.9 0.9884 0.95 0.9961
10% SDBC-  Cu 10.1 0.9614  0.98 0.9939
U Pb 27.0 0.8686 1.28 0.9624
Zn 44.6 09846 0.91 0.9944

the cement pastes when adsorption of Cu, Pb and Zn is occurring. The
heavy metal hydroxide formation (Eq (4)) and the ion exchange between
heavy metal and Ca in Ca-Si-H gel (Fig. 6) increase the Ca%* ion con-
centration in the post-adsorption effluent. In similar research carried out
using granular hydrated Portland cement, a positive correlation
(R?>0.85) was found between released Ca%* and the removal capacity of
Cu, Pb and Zn (Cheng et al., 2022). In comparison to Cu and Zn, Pb
removal results in slightly lower Ca?* ion concertation in the solution.
This could be due to the lower removal rate of Pb which results in the
displacement of fewer Ca?* jons from the adsorbent material. The lower
dry density of biochar adsorbents (Fig. S2) reflects that the addition of
biochar increases the porosity of the paste (adsorbents). Thus, the
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Table 4
Summary of adsorption capacities of common adsorbent materials in the
removal of heavy metals.

Adsorbent Curemoval Pbremoval Znremoval Reference
material capacity capacity capacity
(mg g™ (mg g™ (mg g™

Zeolite- 23.25 27.03 12.85 Ok et al. (2007)
modified
Portland
cement

Iron-coated 9.33 11.6 6.22 Nguyen et al.
zeolite (2015)

Apricot stone- 24.08 22.84 - Bohli et al. (2015)
activated
carbon

Sulphurised - - 12.3 Krishnan et al.
activated (2016)
carbon

Apple tree 11.41 - 10.22 Zhao et al. (2020)
branch
biochar

Granular 87.14 132.27 112.0 Cheng et al.
hydrated (2022)
Portland
cement

Rice husk 6.89 17.57 2.64 Wijeyawardana
biochar et al. (2022a)
(Pyrolyzed at
350-450 °C)

Sawdust biochar ~ 10.27 14.20 6.48 Wijeyawardana
(Pyrolyzed at et al. (2022)
450-550 °C

Cement-biochar 19.8 11.0 19.0 This study
composite
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concentration difference of Ca?" ions in control and biochar cement
pastes is due to the increase in porosity of the cement pastes, which
results in an increased level of water permeability into the adsorbent
(Gupta et al., 2020). Thereby, more ions leach from the cement pastes
adsorbents. Despite the high removal efficiencies of Cu and Zn the
effluent concentrations of Cu, Pb and Zn are in the range of 0.1-0.2 mg
L71, 4-5 mg L™! and 0.5-0.7 mg L! respectively. However, for safe
discharge into receiving waterways with aquatic life, the Pb and Zn
concentrations should be less than 0.065 mg L™ and 0.120 mg L7}
respectively. Hence, the effluent requires further treatment before it can
be safely discharged into receiving waterways. In addition, final pH
values are greater than 11.0 and therefore the effluent pH should also be
neutralized before discharge.

After used adsorbents were put in low-pH solutions, the adsorbed
heavy metals starts to leach out below pH of 2.0 (Fig. S12). However, Pb
leaching is more than 50% lower than that of Cu and Zn. As Cu and Zn
removal was mainly via hydroxide precipitation, the acidic inflow is
capable of dissolving the surface precipitates of Cu and Zn. Since Pb
removal was mainly via adsorption, the desorption is lesser than that of
Cu and Zn. Therefore, the adsorbent has the potential to be reused for Cu
and Zn removal after being back washed with low pH (pH < 2.0) water.

4. Practical applications and future research prospects

The results of this research open new pathways to use biochar-
modified cement paste in the treatment of heavy metal-laden storm-
water. The cement-biochar adsorbents have similar adsorption capac-
ities (Table 4) compared to commonly used adsorbents like zeolites,
biochar and activated carbon. Hence, cement-biochar adsorbents can be
used as an alternative absorbent in treatment units using commonly
available adsorbents, especially for Cu and Zn removal. Additionally, as
the effluent pH is high (pH > 11.0), it can be used to aid the removal of
dissolved heavy metals from sources like acid mine drainage (Cravotta
and Trahan, 1999). Furthermore, since the removed heavy metals are
not washed off unless pH < 2.0, the used adsorbents synthesized in this
study can be disposed of in acidic environments (6.0 > pH > 2.0) as well.
To enhance the usefulness of the cement-biochar adsorbents, future
research should consider evaluating the effect of competing ions, col-
umn removal efficiency, reusability of the adsorbents and methods of
disposal of saturated adsorbents. Furthermore, testing and treatment of
different wastewater streams should be done to broaden the usability of
the adsorbents.

5. Conclusions

Biochar behaves as a filler material in biochar cement composites.
Biochar addition does not significantly affect the Cu, Pb and Zn removal
capacity of the cement paste due to effluent pH being similar. When the
particle size of the biochar added was reduced, polymerization of
Ca-Si-H gel occurs and decreases the density of the adsorbent. Chemi-
sorption was the main mechanism of removal. Cu and Zn were mainly
removed via precipitation while Pb was mainly removed via surface
adsorption. Cu, Pb and Zn have interacted with the O-H, CO%’ and
Ca-Si-H functional groups. Overall, all the adsorbents used showed
adsorption capacities above 19 mg/g, 11 mg/g and 19 mg/g for Cu, Pb
and Zn removal. Backwashing the adsorbents with high acidic (pH <
2.0) inflow causes the surface precipitated heavy metals to leach out.
However, since the effluent pH is higher than 11.0 pH adjustment is
required before safe discharge.
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