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higher heating rate (50 °C/min) in the pyrolizer. Maximum removal efficiencies were
observed when the initial pH was at the value closest, when below the solubility limit
for the heavy metals. The paddy husk biochar and sawdust biochar synthesized in the
temperature range 350-450 °C and 450-550 °C performed best in the removal of the
three heavy metals. Chemisorption was the main mechanism for the removal of the three
heavy metals. The maximum adsorption capacities of Cu and Zn were 10.27 and 6.48
mg/g was achieved with paddy husk biochar and a maximum Pb adsorption capacity of
17.57 mg/g was achieved by sawdust biochar. Surface complexation, co-precipitation,
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mechanisms of removal of the three heavy metals.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

The pollutants collected on impervious surfaces are washed off by stormwater runoff and are conveyed to receiving
waterways. Due to the conveyance of pollutants by stormwater, water sources become severely polluted (Wang and Liu,
2017). Therefore, stormwater has been identified as a major source of non-point source pollutants, especially in the urban
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environment (Zuraini et al., 2018; Sidhu et al., 2020). Due to the toxicity, non-degradability and bioaccumulation, heavy
metals are considered one of the most critical pollutants present in stormwater runoff (Ma et al.,, 2016; Sidhu et al,,
2020). Although some heavy metals are essential micronutrients for life, they can cause severe poisoning (Saleh, 2015;
Alhashimi and Aktas, 2017). When animals and plants are exposed to water and soil contaminated with heavy metals, the
metals collect in their tissues (Duruibe et al., 2007; Tchounwou et al., 2012). If ingested, the heavy metals are acidified
in the stomach and oxidized into their oxidative states which are more toxic than the unoxidized states of the heavy
metals (Engwa et al., 2018; Wijeyawardana et al., 2022). Although the direct risk to humans by single heavy metals in
urban stormwater is not significant due to their low concentrations, it is an immediate concern to the aquatic life in the
receiving waters (Ma et al., 2016). Therefore, recent studies have focused on treating urban stormwater to meet water
quality objectives for reuse and/or safe discharge to an open water environment (Mullaney and Lucke, 2014). Past studies
have observed significant concentrations of Cu, Cd, Cr, Ni, and Zn in stormwater (Reddy et al., 2014). However, the most
common heavy metals found in stormwater are Cu, Pb and Zn (Sakson et al., 2018; Wijeyawardana et al., 2022). The
quality of stormwater degrades due to the strong mobility and toxicity of Cu, Pb and Zn (Ma et al., 2016; Chen et al.,
2020). Furthermore, Cu and Zn have been identified as the primary cause of toxicity in stormwater and are identified
as priority pollutants by the USEPA (Kayhanian et al., 2008; USEPA, 2014). Bioaccumulation of Cu ions in humans causes
harm to the brain, heart, skin and pancreas (Park et al., 2017). Pb toxicity can lead to kidney failure, damage to the nervous
system and impair muscle function (Efome et al.,, 2018a,b,c; Gu et al., 2021). Excess amounts of Zn cause stomachache,
dehydration, nausea, dizziness, and electrolyte imbalance (Park et al., 2017)

Adsorption, filtration, ion exchange, and redox reactions have been used to treat heavy metals in previous studies
(Batool et al., 2017). However, adsorption is considered versatile, cheap and easy for large-scale heavy metal treatment
(Batool et al., 2017; Efome et al., 2018b). Biochar is a carbon-rich solid obtained via thermal degradation of biomass in
an oxygen-limited environment (Inyang et al., 2015; Shen et al., 2017). Biochar has unique properties including specific
surface area, porous structure, and surface functional groups which makes it a good adsorbent (Dai et al., 2019; Sun et al.,
2019). Of the two types of pyrolysis processes: fast and slow, the use of slow pyrolysis is more common than fast pyrolysis
when biochar is the primary focus of the study (Tomczyk et al., 2020). Properties of biochar primarily depend upon the
feedstock and the pyrolysis temperature (Tan et al., 2015; Dai et al., 2019). The general temperature range used for biochar
synthesis is between 350-750 °C. Lower pyrolysis temperatures usually preserve the oxygen-containing functional groups
which induce the Cation Exchange Capacity (CEC) of biochar (Lago et al., 2021). On the other hand, increasing the pyrolysis
temperature reduces these groups which decrease the CEC of biochar. Contrary to the behavior of CEC, the surface area of
the biochar increases with increasing pyrolysis temperatures. Biochar synthesized from materials such as algae, tobacco
stems, hardwood, softwood, rice husks, and straw has been used successfully in the past for the removal of Cu, Pb and Zn
(Poo et al., 2018; Zhou et al., 2018; Zhao et al., 2020). Biochar was synthesized with a mix of hardwoods, which achieved
approximately 58% and 70% removal of Cu and Zn respectively (Chen et al., 2011). Above 95% Cu removal efficiency had
been observed using farmyard manure, poultry manure-derived biochar and wasted marine macro-algae (Batool et al.,
2017; Poo et al., 2018). Additionally, the environmental impacts of using biochar as a functional unit for the adsorption
of heavy metals are lower than that of activated carbon (Shen et al., 2017).

Agricultural biomass is one of the most abundant renewable resources with the capacity to be turned into biochar (Dai
et al., 2019). The usage of agricultural waste materials in biochar synthesis helps to reduce the cost of biochar production
(Tan et al., 2015). This is mainly due to the abundance of the material in large quantities and the materials being considered
as a waste requiring disposal. Paddy husk also referred to as rice husk, is the by-product of the rice milling industry which
comprises 20% w/w of the total paddy products (Kumar et al., 2021). Sawdust is also a similar feedstock material that can
be turned into biochar and is available in huge quantities (Kumar et al., 2021). However, most biochar used in heavy metal
removal in reported literature is prepared in controlled laboratory settings where muffle furnaces purged with inert gases
are used (Zhao et al., 2020; Mbui et al., 2021; Yankovych et al., 2021). This is a high energy-intensive process, and only
a very limited quantity of biochar can be produced. Additionally, according to European guidelines the pyrolytic gases
produced during the pyrolysis process should be burned to supply energy to the pyrolysis process (Heredia Salgado et al.,
2020).

Comparatively, the use of an industrial type of biochar plant helps in producing high quantities of cleaner biochar,
with lower emissions of carbon monoxide, hydrocarbons, and fine particles and has lower greenhouse gas emissions (Dai
et al,, 2019). However, there is very limited research on the use of industrially manufactured biochar in the removal of
heavy metals. Furthermore, the use of vertical moving bed-type pyrolysis reactors for biochar production is limited (Soni
and Karmee, 2020). Hence, this research evaluates the effectiveness of biochar, synthesized in a double chamber draft
down type of pyrolysis reactor, utilized for the removal of Cu, Pb and Zn. This reactor does not use any inert gas during
operation, neither diesel nor natural gas for the heating process. The pyrolytic gases are burnt to supplement the energy
requirement for pyrolysis as well. Further, the effect of initial pH, adsorbent dosage and contact time on the removal
efficiencies of Cu, Pb and Zn are studied. A range of 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) are used to characterize the synthesized biochar and to identify the main mechanisms of removal of Cu,
Pb and Zn using the synthesized biochar.



P. Wijeyawardana, N. Nanayakkara, C. Gunasekara et al. Environmental Technology & Innovation 28 (2022) 102640
2. Materials and methods
2.1. Reagents

Stock solutions of Cu, Pb and Zn with a concentration of 1000 mg/L were prepared by using copper (II) nitrate Cu
(NO3),-3H,0 (Sigma Aldrich, USA), lead (II) nitrate, Pb (NO3), (Sigma Aldrich, USA) and zinc (II) nitrate, Zn (NO3),-6H,0
(Sigma Aldrich, USA) with assay above 99% and distilled water. All adsorption tests were done using synthetic stormwater.
For each adsorption experiment, fresh solutions of 10 mg/L of each heavy metal were used by diluting stock solutions
with distilled water. 1 M HCl solution was made by diluting concentrated (37%) hydrochloric acid (Sigma Aldrich, USA)
with distilled water. 1 M NaOH solution was prepared by dissolving NaOH pellets (Daejung, Korea) with an assay of 97%
in distilled water. HNO3(Sigma Aldrich, USA) with 70% assay was used for acidifying the filtered samples.

2.2. Biochar synthesis

A continuous type Down Draft Double Chamber slow pyrolysis reactor shown in figure S1, developed by Alahakoon
et al. (2018) was used for the biochar synthesis using paddy husk and mixed wood sawdust as feedstocks. The biochar
output rate was around 1.0 kg per hour. Coconut shells were used as the primary fuel to supply heat to the pyrolysis
chamber. The syngas generated from the pyrolysis process was directed to the heating chamber via a recirculation system.
Thus, syngas was used as a supplementary fuel to supply heat to the pyrolysis chamber.

The Sawdust was sieved with a 4 mm sieve to remove impurities (e.g., larger wood particles) that might clog the
pyrolysis chamber. As paddy husk is uniformly graded compared to sawdust, no sieving was required before pyrolysis.
Six sets of biochar were made adhering to three temperature ranges: 350-450 °C, 450-550 °C and 550-650 °C with a
residence time of 25 &+ 5 min. Following pyrolysis, the biochar was quenched with water to cool it to room temperature
(20 £ 2 °C). The biochar was then oven-dried for 24 h and sieved from a 2 mm sieve before storing in airtight containers.
The biochar materials synthesized at 350-450 °C, 450-550 °C and 550-650 °C using Paddy husk Biochar (PHBC) are
abbreviated as PHBC1, PHBC2 and PHBC3. The biochar materials synthesized using Saw Dust Biochar (SDBC) adhering to
the respective temperature ranges are abbreviated as SDBC1, SDBC2 and SDBC3.

2.3. Adsorption tests

2.3.1. Effect of initial pH

The initial pH of synthetic Cu, Pb and Zn solutions was adjusted by adding 1 M hydrochloric acid or 1 M sodium
hydroxide as required. All adsorption experiments were carried out in High-Density Polyethylene (HDPE) Vessels (500 ml)
at a temperature of 25 + 1.0 °C. The samples were placed in a thermostatic reciprocating shaker set to 150 rpm for a
specified time (24 h). After the adsorption experiments were completed, the supernatant was filtered using 0.45 pm filter
papers and acidified with HNO3 before final metal concentrations were determined.

To evaluate the effect of initial pH, 1500 ml of 10 mg/L synthetic heavy metal solution was prepared in a borosilicate
vessel and the pH was adjusted to the desired value (pH 3-9). Once the specified pH had been achieved, 100 ml of solution
was measured and transferred to a High-Density Polyethylene Vessel and a dosage (1 g/L) of adsorbent was added. The
adsorption test was conducted over a 24 h period. The removal efficiencies were calculated using Eq. (1). Ci and Ce (mg L™!)
represent the initial and equilibrium concentration of the heavy metal, respectively.

Ci—C
Removal efficiency = (1C7.e) x 100% (1
i

2.3.2. Adsorption kinetics
The effect of contact time on the adsorption of heavy metals at the optimum pH was studied to model the adsorption
kinetics. 100 mL of each pollutant were placed in HDPE bottles and adsorbent quantities equal to 1 mg L~! were added.
The samples were then placed in a thermostatic reciprocator for specified time intervals ranging from 5 min to 24 h. After
the test, the residual metal concentration was determined, and the respective adsorption capacities were calculated.
Pseudo-first-order and pseudo-second-order models were used to examine the adsorption kinetics of Cu, Pb and Zn
removal. The linearized model equations are given in Eq. (2) and Eq. (3). Pseudo-first-order model

In (qe — qr) = Inq, — Kt (2)
Pseudo-second-order model
t 1 1

t_ +— 3
A  Ki(qe)? Qe 3)

here g; is the amount of sorbate adsorbed at time t (minutes) (mg g~ !); k; is the equilibrium rate constant of the
pseudo-first-order model (h™'); k is the equilibrium rate constant of PSO adsorption (g mg~' h™1).

3
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2.3.3. Adsorption isotherms

Adsorbent dosages ranging from 0.125 g/L to 2 g/L were used for the isotherm analysis. 100 mL of respective synthetic
heavy metal solution was put in a HDPE bottle and adsorbents corresponding to the selected adsorbent dosages were
added. Adsorption tests were conducted for the respective equilibrium times determined through the kinetics analysis.
The respective adsorption capacities were calculated by comparing the residual heavy metal concentration with the initial
heavy metal concentration.

Both Freundlich and Langmuir models were used to describe the adsorption isotherms. The model equations for the
two models are shown in Eq. (4) and Eq. (5).

Freundlich model:

1
log (qe) = log (K) + - log (Ce) (4)

Langmuir model:
Ce 1 Ce

= —+
e b-Qm Qm
Here K is the Freundlich distribution coefficient, indicating adsorption capacity (L/g), 1/n is a Freundlich dimensionless
parameter, indicating adsorption intensity, Qn, is a Langmuir parameter, that expresses the maximum metal uptake (mg/g),
b is a Langmuir parameter, indicating the adsorption energy (L/mg), q. is the amount of heavy metal adsorbed, per
adsorbent mass unit (mg/g), at equilibrium and C. is the equilibrium heavy metal concentration in the solution (mg/L).

(5)

2.4. Analysis methods

The pH values were measured using a pH probe (pH probe; Orion 910003, U.S.A) connected to a multiparameter meter
(Thermo Orion A325, USA). The proximate analysis was performed following the ASTM-D1762-84 Standard. Zero-point
charge (pH,,c) was measured with the pH drift method (Xu et al., 2021). The surface functional groups were determined
by FTIR (UATR two; PerkinElmer, USA). SEM-EDX (EVO 18; ZEISS, Germany) was used to observe the microstructures and
element compositions. The mineral compositions of the adsorbents were determined by XRD (Bruker D8 Advance X-ray
diffractometer). The concentrations of Cu, Pb and Zn in the solution were measured by an atomic absorption spectrometer
(Shimadzu AA-7000, Japan). An elemental analyzer (EA) was used to measure element (C/H/N/O) composition.

3. Results and discussion

Yield, point of zero charge, proximate analysis and SEM-EDX, FTIR analysis were performed on the six biochar materials
synthesized using paddy husk and sawdust. The effect of initial pH, contact time and adsorbent dosage on the removal
of Cu, Pb and Zn was determined and the FTIR spectra of the spent adsorbents were compared with fresh adsorbents to
assess the mechanisms of removal.

3.1. Characterization of biochar

3.1.1. FTIR spectra of biochar

The FTIR spectra qualitatively demonstrate the differences in functional groups present in the biochar due to changes in
pyrolysis temperature and feedstock used (Wang and Liu, 2017). Biochar prepared in this study shows a higher number of
functional groups in the lower frequency range (<1750 cm'). This observation is in agreement with previous studies (Lago
et al,, 2021). Fig. 1(a) and (b) show the FTIR spectra of the feedstocks and synthesized biochar of paddy husk and sawdust
respectively. The major peaks of paddy husk biochar are found around 460 cm~!, 796 cm~', 1088 cm~', 1566 cm™!,
2098 cm™', and 3055 cm™'. These correspond to Si-O-Si, aromatic C-H or Si-H or b-ring of pyridine, silanols (Si-OH)
and siloxanes (Si-0-Si-OH) groups, stretching of COO-, C=0 of ketones and O-H group due to carboxylic acid or water
adsorption, respectively (Wang and Liu, 2017; Mbui et al., 2021). The intensity of the peak at 1088 cm™"! reduced in 350-
450 °C (PHBC1) to 450-550 °C (PHBC2) and then increased at 550-650 °C. However, the intensity of the peak is highest
at 350-450 °C. Although a decrease in peak intensity is expected with increasing pyrolysis temperature, this observation
could also be due to the high ash content in the 550-650 °C temperature range. The result from the proximate analysis
confirms this hypothesis where the ash content of PHBC3 is about 30% higher than that of PHBC2. The same phenomena
could account for the increase in the O-H peak found at 3055 cm™'.

The major peaks identified in the sawdust biochar are found around 460 cm~', 1090 cm~', 1422 cm~!, 1593 cm™’,
2092 cm~!, and 3400 cm~!. These correspond to Si-O-Si, alcohols (-OH) and C-O groups or siloxanes (Si-O-Si-OH)
groups, CO;Z, aliphatic -C=C-, C=0 of aliphatic aldehyde and O-H group (alcoholic and phenolic) (Stefelova et al., 2017;
Wang and Liu, 2017; Tomczyk et al,, 2020). A decrease in the O-H peak with increasing pyrolysis temperature can be
observed especially in SDBC. This observation has also been made in previous studies (Wang and Liu, 2017). A decrease
in peak intensity is observed with increasing pyrolysis temperature. This observation is attributed to the lowering of
oxygen-containing functional groups with increasing pyrolysis temperature, in agreement with previous studies (Wang
and Liu, 2017; Zhou et al., 2018; Mbui et al., 2021).
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Fig. 1. FTIR spectra of (a) Raw paddy husk and paddy husk biochar; (b) Raw sawdust and sawdust biochar.

3.1.2. Zero-point charge and proximate analysis of feedstock and biochar materials

From the supply of heat during the pyrolysis process, the feedstock is converted to biochar, bio-oil and syngas. The
biochar yield values represent the loss of matter as bio-oil and syngas. The yield, zero-point charge and proximate analysis
data of the biochar materials are given in Table 1. With the increase in pyrolysis temperature, more bio-oil and syngas
are liberated from the feedstock (Dunnigan et al., 2018). Therefore, a lowering of the biochar yield is expected with the
increase in pyrolysis temperature due to the formation of more gaseous products (Lin and Kuo, 2012; Dunnigan et al.,
2018). A biochar yield of 24%-40% has been observed previously when sawdust is used as the feedstock (Lin and Kuo,
2012; Hodgson et al., 2016; Feola Conz et al., 2017) and when using paddy husk as feedstock a biochar yield of 25%-50%
has been observed (Tripathi et al., 2016; Feola Conz et al., 2017; Dunnigan et al., 2018). In this study, the yields range
from 23%-27% and 30%-38% for sawdust and paddy husk feedstocks respectively. The results of this study are towards
the lower end of yields observed in available literature for both sawdust feedstock. This is attributed to the higher heating
rate (50 °C/min) used and the use of an industrial-scale pyrolizer. The increase in the heating rate increases the liquid
(bio-oil) and syngas yields which lower the biochar yield (Williams and S, 1996). Comparatively, a heating rate of less
than 30 °C/min is used in the cited literature and controlled laboratory conditions are usually used in biochar synthesis.
Furthermore, Crombie et al. (2013) observed that the effect of heating rate on SDBC yield is more than the PHBC yield.
Thus, the yield of SDBC has reduced more than PHBC compared with values available in the literature.

The point of zero charge (pH,,.) indicates the solution pH in which the surface charge of the adsorbent is neutral. When
the pH of the solution is lower than the pH,p., the surface of the adsorbent is protonated (Zhou et al., 2017), hence, the
surface will be positively charged. When the solution pH falls above the pH,, the surface of the adsorbent is negatively

5
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Table 1
Variation of pH,p. and proximate analysis data of the raw and biochar materials.
Biochar material Yield (%) PH,pc Moisture Ash Volatile Fixed
content content matter matter
(%) (%) (%) (%)
Raw sawdust - - 10.7 13 79.8 18.9
SDBC 1 274 £ 19 7.6 £ 0.20 2.5 43 27.7 68.0
SDBC 2 258 £ 2.1 7.80 £ 0.26 1.7 5.7 233 71.0
SDBC 3 227 £28 8.10 £+ 0.29 1.8 9.2 15.3 75.5
Raw paddy husk - - 7.9 218 63.9 14.3
PHBC 1 38.1 £ 1.7 8.10 £ 0.27 7.4 41.1 144 445
PHBC 2 344 £ 19 8.40 £ 0.38 52 48.2 122 39.6
PHBC 3 305 + 2.3 8.75 £ 0.24 5.0 55.1 8.5 36.4

charged which favors the attraction of cationic pollutants to the surface of the adsorbent (Zhou et al., 2017; Xu et al,,
2021). The relative surface charge of the adsorbents’ surface respective to the initial pH of the solution is shown in Figure
S2. Although the increment of solution pH decreases the positive charge on the surface, precipitation of heavy metals
causes the removal efficiencies to be lower. This is discussed in detail in Section 3.2.1.

The volatile matter filled in the micropores of biochar is released as pyrolysis temperature is increased (Tomczyk
et al., 2020). This is due to the cracking of the volatile fraction of the feedstock into liquids and gasses instead of biochar
when the temperature increases (Tomczyk et al., 2020). Therefore, a decrease in volatile matter content is expected as the
pyrolysis temperature is increased. The results of volatile mater content for PHBC and SDBC show experimental evidence of
the lowering of volatiles with increasing pyrolysis temperature. The typical ash content of agricultural feedstocks is 0.3%-
8.4% (Dunnigan et al., 2018). However, the ash content of rice husk is high (around 20%) compared to typical agricultural
feedstocks due to the presence of high silica content (Dunnigan et al., 2018). Hence, the ash content of PHBC is higher than
SDBC. A similar observation was made by Crombie et al. (2013) where pinewood biochar and paddy husk biochar had
respective ash contents of approximately 1%-6% and 37%-50% respectively. The ash content increases with the increasing
pyrolysis temperature. This observation has been made in available literature (Crombie et al.,, 2013; Tomczyk et al., 2020).
The high ash content is accompanied by a significant increase in pH,p. in PHBC compared with SDBC at the same pyrolysis
temperature.

The fixed matter content of SDBC increases with the increasing temperature. This observation has been made in
available literature as well (Crombie et al.,, 2013; Pariyar et al., 2020). The reason for the increase in the fixed matter
content is due to the release of volatiles with the increase in pyrolysis temperature (Crombie et al., 2013). Contrary,
the fixed matter content of PHBC reduced with the increase in pyrolysis temperature. This is due to the higher ash
content (>20%) of the paddy husk feedstock. Dunnigan et al. (2018), states that an increase in pyrolysis temperature of
charring reduces the fixed matter content for feedstocks containing more than 20% ash content. The significant amount
of ash in paddy husk which is not liberated during pyrolysis is the reason for this observation (Dunnigan et al., 2018).
Comparatively, PHBC had a lower fixed carbon content than SDBC which is due to the lower ash contents on SDBC
compared with PHBC (Pariyar et al., 2020).

3.1.3. SEM-EDX analysis of biochar

The SEM images of SDBC synthesized in this study are comparable with the forest wood biochar images (Maljaee
et al.,, 2021). Fig. 2 shows the SEM images of SDBC1 and SDBC2 under 500 x and 5000 x magnification levels. The SDBC
contains uneven and randomly distributed cracks and pores. The surface of the PHBC has a rough surface with bulges
which have also been observed in past studies (Maljaee et al., 2021). Furthermore, the surface of the sawdust is much
coarser than that of paddy husk biochar. The EDX results in Table S.1 show a reduction of oxygen content with an increase
in pyrolysis temperature. In SDBC, the oxygen content is significantly lower than in PHBC. This results in SDBC having
lower oxygen-containing functional groups than PHBC which are required for heavy metal removal. The increase of Si
content in PHBC with pyrolysis temperature increment is due to the higher ash content resulting from the increase in
pyrolysis temperature.

3.2. Adsorption results

3.2.1. Effect of initial pH on Cu, Pb and Zn removal by biochar

The pH value of the solution determines the generation of electrons and charged ions on the biochar surface. The
initial pH of the solution determines the surface charge of the adsorbent at the start of the removal process. Dissociation
of hydroxyl groups and complexation of background electrolyte ions result in the development of the surface electrical
charge of an adsorbent (Nasiruddin and Anila, 2007). As H" and OH™ ions are potential determining ions, the pH value
of the solution determines the generation of electrons and charged ions on the biochar surface (Nasiruddin and Anila,
2007). At pH values lower than the zero-point charge of the adsorbent, the surface of the adsorbent is positive. Also, the
functional groups present in biochar are protonated and have a positive charge (Tan et al., 2015). Additionally, H" ions

6
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Fig. 2. SEM images of SDBC1 under 500 x magnification (a), SDBC1 under 5000 x magnification (b), SDBC2 under 500 x magnification (c), SDBC2
under 5000 x magnification (d), PHBC1 under 500 x magnification (e), PHBC1 under 5000 x magnification (f), PHBC2 under 500 x magnification
(g) and PHBC2 under 5000 x magnification (h).




P. Wijeyawardana, N. Nanayakkara, C. Gunasekara et al. Environmental Technology & Innovation 28 (2022) 102640

90 [Cpt=3EZA pt1=4.5 R pi1 = 62 pi1 = 7.5 [ pl1 =9 so04 [ |pH 4.5 pH 6.0 R pH 7.5 55 pH 8.5
“71 (a) S . 120l (®) N ,
70 - - - _ & N
R P 3 304 =
Z 50 g 204 ;
5 40 3
;g 40 ;;;_; 104
G 304 5 =
S 20 z 0 : :
£ 10 g 10 < : %
= 104 s - o -10 4 %
g "1dh- e (AR (AR W [
220 i
-10 4
=30 4
=20 4

T T T T T T
SDBCI SDBC2 SDBC3 PHBC! PHBC2 PHBC3
Biochar type

=30

T T T T T T
SDBCI SDBC2 SDBC3 PHBC1 PHBC2 PHBC3
Biochar Type

100 (c) EEBpH=45EZApH-6 R pH~75
m B P a2 B 7
N N N N N

N

80

60

404

Removal effciency (%)

204

R R

[

SDBC1 SDBC2 SDBC3 PHBCI PHBC2 PHBC3

Biochar type

Fig. 3. Variation of Cu (a), Zn (b) and Pb (c) removal with initial pH of the solution for each type of biochar (Temperature = 25 °C; Contact Time
= 24 h; Adsorbent dosage = 1 g/L; Initial Cu, Pb and Zn concentration = 10 mg/L).

in the solution induce a competing ion effect on the cations (Tan et al., 2015; Xu et al., 2021). Fig. 3(a)-(c) compares the
variation of Cu, Pb and Zn removal with the initial pH of the solution for each type of biochar. A reduction of Cu, Pb and
Zn removal efficiencies can be observed at lower pH values (< pH 6). This is due to the surface charge being positive,
protonation of functional groups and the competing effect from the H* ions at low pH values.

At all initial pH values, SDBC2 shows the optimum removal efficiency for Cu and Zn while also showing removal
efficiencies above 99% for Pb. All three PHBCs show a similar removal efficiency for the removal of Cu and Pb for all
initial pH values. For Zn removal, PHBC1 and PHBC2 show similar removal efficiencies at an initial pH value of 6. The
solubility limit where a minimum of 10 mg|/L is soluble corresponds to pH values of 6.24, 6.23 and 7.64 for Cu, Pb and Zn,
respectively. The removal efficiencies peak when the initial pH is at the closest value below the solubility limit for the
heavy metals. This is closely related to the relative surface charge of the adsorbent. Since the pH . values are above the
solubility limits, the adsorptive removal best occurs when the positive charge of the surface is at its minimum. Hence, the
removal efficiencies peak for Cu and Pb at an initial pH of 6 and the peak removal of Zn is at initial pH equal to 7.5. This
is tallying with the range of pH values (5-8) for which the highest removal of Cu, Pb, and Zn is observed (Liu and Zhang,
2009; Shaheen et al., 2018). Another reason is the lowering of the competition of metal ions and protons for binding sites
due to the deprotonation of functional groups at higher pH values (Tan et al., 2015). Beyond initial pH values higher than
the solubility limits precipitation of the heavy metal hydroxides occurs (Liu and Zhang, 2009; Tan et al., 2015). As the
final pH of the solution is less than the initial pH, as shown in Table S2, the concentration of dissolved HMs in the initial
solution will be less than that of the final solution resulting in a negative removal efficiency being recorded. A similar
change in initial pH has been observed by Chen et al. (2011). The isotherm modeling and kinetic modeling were continued
with initial pH values of 6, 6 and 7,5 for Cu, Pb and Zn removal.

3.2.2. Removal mechanisms

The FTIR and XRD spectra of biochar post-adsorption of heavy metals are compared with synthesized biochar to develop
an understanding of the mechanisms of the process of removal of heavy metals (Yankovych et al.,, 2021). For PHBC, the
shifting of the peaks is observed at 1566 to 1449 cm™', 1884 to 1792 cm™!, and 3042 to 2988 cm™', Figure S3. This
suggests that Cu has interacted with the COO-/C=C/C=0 (SectionA, Fig. 4), C=0 (carboxyl/ester) (Section B, Fig. 4) and
O-H (Section D, Fig. 4) functional groups which results in a change in vibration frequency of the bond (Wang et al.,
2015). For SDBC, shifting of peaks can be observed for peaks at 1090 cm~!, 1927 cm~! and 3400 cm™!, Figure S6, which

8



P. Wijeyawardana, N. Nanayakkara, C. Gunasekara et al. Environmental Technology & Innovation 28 (2022) 102640

correspond to silanols (Si—-OH) and siloxanes (Si-O-Si-OH) groups, C=C=C (allene) and O-H bond groups. Thus, Cu ions
have interacted with the Si-OH (Section C, Fig. 4), C=C and O-H (Section D, Fig. 4) functional groups in SDBC. In SDBC2,
the peak around 780 cm™! is assigned to b-ring of pyridine, 1600 cm™! is assigned to C=C and C=0 acts as a p-donor
(Wang et al., 2015; Nguyen et al., 2022). A reduction of the intensity of the peak 780 cm~! and shifting of the peak around
1600 cm™! after the sorption of Cu can be observed. Thus, it can be concluded that the Cu™ + p interaction has occurred
during the sorption of Cu by SDBC, shown in section C of Fig. 4 (Wang et al., 2015). In a similar study by Zhou et al. (2018)
where tobacco stem biochar was used for Cu removal, interaction with O-H, C=0/C-0 and C=0 together with Cu*? + p
interaction was identified as the mechanisms of Cu™? removal. Zhao et al. (2020) also observed the contribution of Cu*?
+ p interaction to the adsorptive removal of Cu.

After Pb sorption shift in the peaks of paddy husk biochar was at 1088 cm™"!, 1566 cm™!, 2098 cm™', and 3055 cm™!,
Figure S4. This indicates Pb ions have interacted with C-0 (Section B, Fig. 4), and -OH or siloxanes (Si-0-Si-OH) (Section
B, Fig. 4), COO- or C-C or C=0, C=0 of ketones (Section A, Fig. 4) and O-H groups (Section D, Fig. 4) (Wang and Liu, 2017;
Mbui et al., 2021). In Figure S7, peak shifting has occurred in the peaks of the silanols (Si-OH)/siloxanes (Si-O0-Si-OH)
groups (1090 cm™') (Section B, Fig. 4), C=C=C (1928 cm™~!) (Section A, Fig. 4) and O-H groups (3400 cm~!) (Section
D, Fig. 4) suggesting Pb ion interaction with corresponding compounds in SDBC. Further, the shift in CO%’ (1422 cm™)
(Section D, Fig. 4) peak after Pb adsorption suggests that PbCO;3 precipitates have formed. FTIR peaks corresponding to
the O-H band in both PHBC and SDBC, C-0 and -OH or siloxanes (Si-O-Si-OH) and aromatic C=0 bands of carboxylate
in SDBC weakened after Pb removal (Zhou et al., 2018). This implies that hydroxyl (Section D, Fig. 4) and carboxyl groups
(Section B, Fig. 4) had participated in the storing of Pb?* (Zhou et al., 2018). In SDBC2, the peak around 780 cm™', assigned
to b-ring of pyridine which acts as a p-donor (Wang et al.,, 2015) shows a reduction of intensity after sorption of Pb.
Furthermore, the peak around 1600 cm~! for both PHBC and SDBC assigned to C=C and C=O stretching vibrations is
shifted after Pb removal (Wang et al.,, 2015). Thus, it can be concluded that Pb™? + p interaction (Section C, Fig. 4) is
responsible for the sorption of Pb by biochar similar to Cu removal (Wang et al., 2015). Similarly, Zhou et al. (2018) had
also noted that functional group complexation, precipitation and Pb*? + p interaction contribute to Pb removal by tobacco
stem biochar.

After Zn sorption shifting of peaks of PHBC can be seen at 1566 cm™~', 1885 cm~!, and 3055 cm™! in Figure S5. Thus,
Zn ions have interacted with siloxanes (Si-O-Si-OH) (Section B, Fig. 4), C=0 of carboxylic (Section B, Fig. 4) and O-H
groups (Section D, Fig. 4) of PHBC (Zhao et al., 2019; Mbui et al., 2021). Comparative to PHBC, the interaction of Zn with
COO0-/C=C/C=0 (Section A, Fig. 4), C=0 (Carboxyl/Ester) (Section B, Fig. 4) and O-H groups (Section D, Fig. 4) in SDBC
can be identified. Comparatively, a higher number of functional groups in SDBC are observed to have interacted in Zn
removal. In SDBC2, the peak assigned to b-ring of pyridine shows a reduction of intensity after sorption of Zn, Figure S8.
Further, in both PHBC and SDBC, the peak around 1600 cm !, assigned to C=C and C=O0 stretching vibration has shifted
after Zn removal (Wang et al., 2015). Thus, it can be concluded that Zn*? + p interaction (Section C, Fig. 4) is responsible
for the sorption of all three heavy metals including Zn. However, Yankovych et al. (2021) where sunflower biochar was
used, only a shift in the C=0 bond had been observed and concluded that hydroxyl, carboxylic groups did not participate
in Zn removal

Furthermore, the peak around 1400 cm™' is due to the presence of CO%‘ in SDBC which is due to the presence of
CaCOs. There is a shift in the peak after adsorption, as seen in Figures S2-7 for Cu, Pb and Zn indicating the possibility of
heavy metals being precipitated as carbonates on the surface of biochar (Wang and Liu, 2017). The XRD images in Figure
S9 (a)-(f) confirm the presence of the respective carbonates of Cu, Pb and Zn after removal. Precipitation of carbonates
was also observed when anaerobically digested biomass biochar was used for Pb removal (Inyang et al., 2012) and when
biochar derived from Apple tree branches was used for Cu and Zn removal (Zhao et al., 2020). The broad peak of -OH
appearing around 3000-3400 cm™~! in both biochar materials has shifted after adsorption of Cu, Pb and Zn, suggesting the
interaction of the three heavy metals with the —OH functional group. This indicated the possibility of surface complexation
of Cu, Pb and Zn with —-OH (Xue et al., 2020; Xu et al.,, 2021). The presence of Cu, Pb and Zn hydroxides in both PHBC and
SDBC after adsorption can be observed in XRD images of Figure S9 (a)-(f) which is shown in section D of Fig. 4. Deng et al.
(2021) and Lian et al. (2021) had made similar observations using Magnesium modified biochar and Oyster shell waste
biochar. Thus, heavy metals are removed due to several mechanisms ranging from ion exchange to physical adsorption
and the common mechanisms are shown in Fig. 4.

1

3.2.3. Effect of contact time on Cu, Pb and Zn removal by PHBC1 and SDBC2

A comparison of Cu, Pb and Zn removal variation with the contact time of the solution for each type of biochar is shown
in Figure S10. Both the SDBC and PHBC adsorbents showed similar equilibrium contact times for the same pollutant. The
equilibrium contact time primarily depends on the type of heavy metal rather than the adsorbent material. The availability
of an adequate number of binding sites in both types of adsorbents is hypothesized as the reason for this observation.
However, this is different from the observation made by Zhao et al. (2019) where the contact times for Cu, Pb, Cr and Cd
changed as the feedstock type of biochar changed.

The rate of metal sorption is assumed to be proportional to the number of unoccupied sites in Pseudo First order and
Pseudo Second-order models. Table 2 shows the summary of correlation efficiencies R? for Pseudo First-rate order and
Pseudo Second-rate order models. The pseudo-Second-order model best fits the adsorption data. The Pseudo-Second-order
model has previously been selected to best describe heavy metal adsorption by biochar made from sunflower (Yankovych
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Fig. 4. Mechanisms of HM removal from synthesized biochar (A: lon Exchange, B: Surface complexation, C: p-electron interactions, D: Physical
adsorption, Co-precipitation, Surface precipitation).

Table 2
Adsorption kinetic modeling for Cu, Pb and Zn adsorption by biochar materials.
Biochar type Cu Pb Zn
First-order-rate  Second-order- First-order- Second-order- First-order- Second-order-
constants rate constants rate constants rate constants rate constants rate constants
SDBC2 0.8818 0.9755 0.9552 0.9985 0.8486 0.9984
PHBC1 0.8207 0.9477 0.9691 0.9995 0.7483 0.9965

et al.,, 2021), Paper Mill Sludge (Xu et al., 2021), Oyster Shell waste (Lian et al., 2021), Apple Tree Branches (Zhao et al.,
2020) and Poultry Manure (Batool et al., 2017). Hence, the sorption of all three heavy metals by the PHBC and SDBC is
mainly via chemisorption, which involves electrostatic attraction, ion exchange, complexation and precipitation between
the active sites of the adsorbent (Deng et al., 2021; Xu et al., 2021). Table S3 summarizes the model parameters for the
Pseudo Second-order model. 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, Cu adsorbs onto SDBC quicker than to PHBC
despite the higher adsorption capacity of PHBC with respect to Cu removal. A similar result was observed by Chen et al.
(2011) where the Cu adsorption rate was higher in the adsorbent with comparatively lower adsorption capacity. On the
other hand, Pb and Zn are adsorbed faster on PHBC than SDBC.

3.2.4. Isotherm analysis of SDBC2 and PHBC1

Isotherm modeling enables the evaluation of the most suitable theoretical adsorption method (monolayer or multi-
layer adsorption). Results of adsorption isotherm modeling for Cu, Pb and Zn adsorption by biochar materials are given in
Table 3. The Langmuir monolayer isotherm best describes the removal of all three heavy metals which is consistent with
past studies using biochar for heavy metal removal (Shen et al., 2017; Lian et al., 2021; Xu et al., 2021). The R, value, a
dimensionless constant separation factor is used to describe the effectiveness of the adsorption. It is calculated using the
ratio of unused adsorption capacity to the maximum adsorption capacity. For the initial concentration of 10 mg/L of all
three heavy metals, the R, value is between 0 and 1 which implies favorable adsorption (Mohan et al., 2007). Parameter
b which is related to the affinity of the binding sites provides an understanding of the affinity of biochar towards heavy
metal ions (Chen et al., 2011). The values of parameter b for Cu, Pb and Zn removal by SDBC are 6.661, 0.734, 0.741
1/mg, respectively. For PHBC these are 0.994, 1.191 and 0.171 I/mg. Thus, Cu and Zn are observed to have a higher affinity
towards SDBC while Pb has a higher affinity towards PHBC. The maximum adsorption capacities of the PHBC and SDBC are
similar to those reported found in previous similar studies. Table S4 gives a summary of adsorption capacities observed
in the published literature.
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Table 3
Adsorption isotherm modeling for Cu, Pb and Zn adsorption by biochar materials.
Biochar Cu Pb Zn
type
Lang- e- Lang- Fre- Lang- Fre-
muir undlich muir undlich muir undlich
qmax R Correla- k¢ n Correla- qmax R Correla- k¢ n Correla- qmax R Correla- k¢ n Correla-
(mg/g) tion (mg/g) tion (mg/g) tion (mg/g) tion (mg/g) tion (mg/g) tion
factor factor factor factor factor factor
SDBC2  6.89 0.0148 09444 5.55 9.40 0.0857 17.57 0.1199 0.8825 9.96 6.89 02229 264 0.1189 0.8713 554 —6.89 0.2261

PHBC1  10.27 0.0914 09778 587 4.65 0.7804 14.20 0.0774 0.8854 9.20 9.42 0.2289 648 0.3683 09146 145 2.19 0.8808

4. Conclusions

The effect of pyrolysis temperature on sawdust biochar was more significant (~50%) than paddy husk biochar for the
removal of Cu and Zn due to the significant lowering of the functional groups in SDBC with an increase in pyrolysis
temperature. However, no significant (<10%) effect of either feedstock or pyrolysis temperature was observed on Pb
removal. The optimum pH values of removal observed for all three heavy metals were higher than the zero-point charge
of the adsorbents suggesting that the physical attraction of the heavy metals to the surface was insignificant compared
to chemical attraction. The higher intensity of the FTIR peaks of PHBC compared to SDBC suggested that PHBC has a
greater volume of functional groups compared to SDBC. Pseudo-second order model best-fitted adsorption kinetics and the
Langmuir monolayer isotherm best described the removal of all three heavy metals. The maximum adsorption capacities
of Cu and Zn were 10.27 and 6.48 mg/g was achieved with PHBC while the maximum Pb adsorption capacity of 17.57
mg/g was achieved by SDBC suggesting that removal of Cu and Zn was more dependent upon interactions with the surface
with functional groups than Pb. Surface complexation, co-precipitation, p- electron interactions, physical adsorption and
surface precipitation were identified as the main mechanisms of removal of the three heavy metals. Therefore, the results
of this study show promising evidence of new prospects for biochar synthesis and in using industrially manufactured
biochar for stormwater treatment.
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