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Abstract

Purpose This study characterizes the chemical and structural properties of biochar derived from phytoremediation biomasses
of Cymbopogon citratus, Cymbopogon nardus, and Chrysopogon zizanioides. This provide information on the conversion
of phytoremediation biomass to biochar as a promising prospect to enhance biomass utilization and management in a phy-
toremediation system.

Research Question What are the effects of the heavy metal (HM) contents of biomass on the biochar’s structural and chemi-
cal properties during pyrolysis?

Methods The three types of grass were grown on non-contaminated Palapye soil and mine tailings to obtain non-phytore-
mediation and phytoremediation biomasses, respectively. These biomasses were pyrolyzed at 550 °C in a nitrogen-flowing
environment for 30 min. The chemical properties of the raw biomasses and subsequent biochars (pH, EC, biochar yield,
syngas percentage, oil percentage, percentage fixed carbon, ash content, volatile matter, heavy metal contents, and functional
groups) were analyzed and compared.

Results Biochars from phytoremediation biomasses displayed higher Al, Cu, Ni, Fe, Cr, Zn, biochar yield, ash content and
volatile matter content but had low fixed carbon, pH, and electrical conductivity compared to biochar from non-phytore-
mediation biomasses. FTIR data of biochars subjected to principal component analysis extracted 2 principal components
(PC) which contributed about 57.14% and 41.77% of data variance, corresponding to PC1 and PC2, respectively. PC1 was
associated with primary alcohol, allene, thiocyanate, carboxylic acid, cyclic alkene, alkyne, and alkane. PC2 was associated
with while alcohol contributed to PC2. PC1 had a very strong negative correlation with biochar pH and EC and ash content
but had a strong positive correlation with Al. The biplot discriminated biochar samples based on both the grass types and the
source of biomass. The biplot indicated an increase in identified functional groups from non-phytoremediation biochars to
phytoremediation biochars except for Cymbopogon citratus. Biochars from the Chrysopogon zizanioides phytoremediation
biochars showed low intensities of anatase and dolomite peaks. Biochars from phytoremediation biomasses had few pore
cavities as compared to the non-phytoremediation biochars.

Conclusion Heavy metal contents of the phytoremediation biomasses from different plant species had altered the yield,
chemical properties, and structural components of biochars.
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Graphical Abstract
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Statement of Novelty

This paper compared the chemical and structural charac-
teristics of biochars derived from Cymbopogon citratus,
Cymbopogon nardus, and Chrysopogon zizanioides phy-
toremediation biomasses with the non-phytoremediation
counterpart. This is the first study that directly elucidated
the differences in pH, EC, biochar yield, syngas percent-
age, oil percentage, percentage fixed carbon, ash content,
volatile matter, heavy metal contents, functional groups,
crystalline minerals, and surface morphology of biochars
produced from phytoremediation and non-phytoremediation
biomasses, simultaneously. To our knowledge, this is the
first study to apply principal component analysis in discrimi-
nating the surface functional group characteristics of differ-
ent biochar from different sources.

Introduction
Phytoremediation involves the utilization of plants for

the sorption of contaminants from polluted soil or water.
Recently, phytoremediation as a cost-effective and green
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technology has caught the attention of many scientists due
to its potential to remediate contaminated soil and water
bodies, notably with respect to acid mine drainage [1].
Generally, plants grown in contaminated soils constitutes
higher concentrations of HM in their tissues as compared
to those plants grown in non-contaminated environment
[2]. The highest heavy metal concentrations in phytore-
mediation biomass are attributed to the higher uptake of
these elements form soil when its concentration and avail-
ability is high [3]. Some plants could have the ability to
hyperaccumulate while others have the ability to exclude
these metals and reduce uptake while others can render
the metals in the vacuole [4]. As a consequence of the
growing these plants in heavy metal contaminated soil, the
contents of structural components of the plants such as the
cellwall are altered by the accumulation of substances such
as HM [5]. Changes to these components could decrease
the plant’s overall biomass and affect its morphological
properties. The presence of HM in phytoremediation bio-
mass could stimulate the phenolic secondary metabolic
production pathway resulting in an increase to the lignin
content, thereby enhancing the thickness of the cell wall
[6]. Despite the potential of phytoremediation biomass to
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remediate contaminated environments, there are issues
associated with its usage such as heavy metal content and
a high probability to transfer pollutants [7]. Accumulation
of HM in phytoremediation plants is also a big concern
as these plants provide a pathway for the transmission of
toxic substances to animals and humans i.e., HM are intro-
duced into the food chain when herbivores feed on these
biomasses. Phytoextraction of HM is still of threat to the
environment since microorganisms cannot degrade toxic
metals. As such, heavy metal contaminated biomass needs
proper handling [8]. Current methods of phytoremedia-
tion biomass disposal include direct disposal, composting,
compaction, leaching, incineration, and pyrolysis.

Biochar is a solid carbon-rich product of pyrolysis that
can be generated from different feedstocks such as agricul-
tural and forest remains, industrial waste, grass, and less
common materials like papers, bones, and even old tires
[9]. Pyrolysis refers to the thermochemical technique that
involves the conversion of the biomass into biochar, bio-oil
and syngases at moderate temperance in an inert environ-
ment [10]. Unlike other methods, the pyrolysis method is
capable of simultaneously recovering HM and achieving a
greater degree of biomass reduction [11]. Biomass impreg-
nated HM enhance the biomass pyrolysis by decreasing the
pyrolysis activation energy [3]. Biochar yield and chemical
attributes mainly rely on the type of biomass and the pyroly-
sis process [12]. Pyrolysis temperature is a crucial factor in
biochar production since the release of condensable com-
pounds and volatiles are temperature dependent [13]. The
secondary char produced from chemical reaction between
volatiles and primary char is a result of longer pyrolysis
residence time [10]. Different grass species have different
components of their structural componnets which affect
the distributions of pyrolytic products (char, gases, bio-oil,
and tar) [14]. Biomass heavy metal content may influence
the chemical properties of obtained biochar [15]. After the
pyrolysis of phytoremediation biomass at a low temperature,
HM become enriched in biochar while syngas and liquid
(bio-oil and tar) are altered to have the smallest proportions
of HM [16].

This study aims to provide the missing information for the
chemical and structural characteristics of the biochar which
are produced from non-phytoremediation and phytoremedia-
tion biomasses of Chrysopogon zizanioides, Cymbopogon
citratus, and Cymbopogon nardus. The specific objectives
are: (i) to characterize the chemical composition of the raw
materials; (ii) to determine the yield of biochar; and (iii) to
determine some of the chemical properties such as pH, EC,
volatile matter, fixed carbon, ash content, the surface func-
tional groups, crystalline minerals, and surface morphology
of biochar from non-phytoremediation and phytoremediation
biomass of Chrysopogon zizanioides, Cymbopogon citra-
tus, and Cymbopogon nardus. It is hypothesized that other

factors such as heavy metal content will have a distinct effect
on the yield and chemical properties of biochar.

Materials and Methods
Sources of Biomasses

Three phytoremediation biomasses of Cymbopogon citratus,
Cymbopogon nardus, and Chrysopogon zizanioides were
obtained by growing these grasses in the mine tailings of
Bamagwato Concessions Limited (BCL). Non- phytoreme-
diation biomasses were produced from non-contaminated
soil collected around the vicinity of the BIUST experiment
station. The BCL mine tailings are highly acidic with high
amounts of HM such as Cu, Ni, Pb, Mn, Zn and As with
the following concentrations of 5311.62, 2025.22, 552.81,
1137.53, 220.27, and 154.31 mg/kg, respectively [17]. The
pH of BCL Cu-Ni mine tailings is strongly acidic (pH: 2)
with an electrical conductivity of 2.59 dS/m [18]. For phy-
toremediation biomass, plants were grown under greenhouse
conditions for four months while the non-phytoremediation
biomasses were grown outside the greenhouse. The pH and
electrical conductivity of soil where non-phytoremediation
biomasses were grown was 7.60 and 0.083 dS/m, respec-
tively [19]. The concentrations of Fe, Cu, Mn, Ni, Zn, As,
Cr and Pb in the soil were 15, 109.65, 76.22, 242.68, 153.50,
22.04, 2.32, 216.20 and 39.25 mg/kg, respectively [19].

The biomasses were harvested and taken to a labora-
tory for further treatment before pyrolysis. Samples were
air-dried at room temperature (25 °C) for 72 h and oven-
dried overnight at 105 °C. They were then ground using a
Philips mixer grinder to obtain finer particles and subjected
to pyrolysis.

Pyrolysis Conditions

For each batch, approximately 300 g of raw biomass was
thermally heated in a 1-L batch reactor at 550 °C in a nitro-
gen-flowing environment for 30 min with a heating rate of
18 °C/minute. The condensable part of the product was con-
densed into a series of condensers: the first condenser (TK-
02) was set at a temperature of 130 °C, the second condenser
(TK-03) was set at a temperature of 80 °C and the third
condenser (TK-04) was set to room temperature (25 °C),
with each condenser collecting heavy oil, moderate oil, and
pyrolysis liquids, respectively. For each raw material, three
biochar preparations were performed. The resultant biochar
was packaged and sealed in polyvinylchloride (PVC) bags
to be used in the next phase of the study. Percentage biochar
yield was calculated using the following formula:
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BC(% ) = 1113_v(v:i*100 )

where: BC (%) is the biochar percentage yield, Rwi is the
weight of raw biomass, And BC is the weight of biochar
after pyrolysis.

Chemical Characterization of Raw Biomasses
and Biochars

The heavy metal concentrations (Fe, Cu, Ni, Al, As, Cr, Pb,
Cd, and Zn) of raw and biochar samples were measured after
acid digestion of 0.5 g of biochar/raw biomass in a micro-
wave digester (MA174—Milestone Ethos Easy) at 200 °C
for 2 h using 2 ml of 30% H,0, and 6 ml of concentrated
HNO; followed by quantification using inductively coupled
plasma-optical emission spectrometry (Thermo Scientific
ICAP 7000 Series ICP —~OES). The biochar pH and EC were
measured in water suspension (1:20, biochar/water) after
oscillation for 2 h using a portable pH/EC meter.

The fixed carbon (FC), volatile matter (VM), and ash con-
tents of the biochar were determined by heating oven-dried
biochar at 550 °C in a muffle furnace for 5 h, and the ash
content, volatile matter, and fixed carbon were calculated
as follows:

Ash Content (% ) = (w2~ "o} 109
S onen(o)—<m>x )
W @)= (Y= Wa) o 100

0= (H5) x ®
FC(% ) = 100 — (VM(% ) + Ash content(% )) 4)

where: W, is the weight of empty crucible (g), W, is the
weight of crucible (g) plus the weight of biochar sample (g),
W, is the weight of crucible (g) plus the weight of sample
after furnace heating (g).

Surface Functional Groups Analysis

Surface functional groups of raw biomasses and biochars
were recorded in the wavelength range of 6504000 cm™!
with a resolution of 4 cm™! using Fourier Transformer Infra-
red (FTIR) spectroscopy (USA Nicolet IS5). The infrared
spectrum table was used to interpret the FTIR spectra.

X-Ray Diffraction Patterns of Raw Biomasses
and Subsequent Ordinary Biochars

The crystalline minerals composition of the pulverized

samples of the raw biomasses and ordinary biochar samples
were analyzed using X-ray diffraction data derived from a
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Bruker D8 Advance powder diffractometer, with a Cu X-ray
source, and a LynxEye XE energy-dispersive strip detector.
The instrument used a Cu-Ka at a wavelength of 1.54056 A
and 20 between 10 and 80 degrees with steps of 0.02 degrees
at a rate of 0.500 s/step. The machine was operated at 40 mA
and 40 kv.

Scanning Electron Microscope Analysis of Ordinary
Biochars

Ordinary and activated biochar samples were first coated
with carbon and the density and shapes of the surface pores
were characterized using a scanning electron microscope at
a working distance, voltage, and magnification of 10 mm,
15.0 kV, and x 1700 um, respectively.

Statistical Analysis of the Data

The data was subjected to analysis of variance (ANOVA)
for significant differences between 2 factors (grass types and
biomass sources). When a significant difference identified,
the mean comparison was performed using Turkey's homo-
geneity test at a 0.05 probability level. Surface functional
group data was subjected to principal component analysis
(PCA), and the functional groups which had PCA loadings
above + 0.8 was considered to be the functional groups con-
tributing to the variability of the samples. Pearson correla-
tions were conducted between chemical characteristics of
raw biomasses and biochars, and with the PC loadings.

Results and Discussion
Heavy Metal Contents of Raw Biomasses

Heavy metals contents in non-phytoremediation and phy-
toremediation raw biomass significantly differed from each
other and between grass types (Table 1). Regardless of the
grass types, the phytoremediation biomasses had higher
heavy metal content (Al, Pb, Cu, Zn, Fe, and Ni) than the
non-phytoremediation biomasses. These results is parallel
to the previous findings that heavy metal concentrations of
biomass grown in a heavy metal contaminated environment
was significantly higher than that of uncontaminated bio-
mass [20]. In addition, grass species also contributed the
difference of biomass characteristics between phytoreme-
diation and non-phytoremediation. The Al concentration of
non-phytoremediation biomasses is about 34.7-81.7 mg/kg
while phytoremediation biomasses had an Al concentration
range of 166.23-177.08 mg/kg with no significant differ-
ence between grass species in the phytoremediation group.
Among non-phytoremediation biomasses, Cymbopogon nar-
dus had the highest Al content (81.7 mg/kg) compared to
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Table 1 Average heavy metal concentrations of non-phytoremediation and phytoremediation biomasses

Grass type Source of biomass® Al Cr Cu Fe Ni Pb Zn

mg kg™

Chrysopogon zizanioides ~ RV1 36.99¢ 0.79b 0.75d 18.45¢ 0.17b 0.30c 0.56¢
RV2 166.23a 1.12a 2.41b 142.52a 260.66a 0.61b 1.5a

Cymbopogon nardus RCI1 81.7b 0.00d 1.23 cd 36.85b 2.28b 0.16d 0.84bc
RC2 177.08a 0.00d 4.50a 20.00c 27.92b 0.26 cd 1.25ab

Cymbopogon citratus RL1 34.7c 0.00d 1.13cd 12.59¢ 2.83b 0.70b 0.51c
RL2 175.02a 0.53¢ 1.45¢ 17.31c 4.67b 1.08a 1.28a

P- values TG 0.000%**  0.000%**  0.000%**  0.000%**  0.000%*%*  0.000%*%*  0.000%**
SB 0.000*%**  0.000%**  0.000%**  0.000%**  0.000%*%*  0.000%**  0.000%**
TG * SB 0.002***  0.000*%**  0.000%**  0.000%**  0.000%*%*  0.000%**%  0.000%**

Means within the same column, followed by the same letter(s) are not significantly different according to Turkey's homogeneity test at 5% sig-

nificance

#RV1: Chrysopogon zizanioides non-phytoremediation biomass, RV2: Chrysopogon zizanioides phytoremediation biomass, RC1: Cymbopogon
nardus non- phytoremediation biomass, RC2: Cymbopogon nardus phytoremediation biomass, RL1: Cymbopogon citratus non- phytoremedia-
tion biomass, and RL2: Cymbopogon citratus phytoremediation biomass

other grass species. Chrysopogon zizanioides exhibited the
highest Cr concentration in both phytoremediation and non-
phytoremediation biomasses. Chromium was not detected
in the Cymbopogon citratus and Cymbopogon nardus non-
phytoremediation biomasses. The Cu concentration of
non-phytoremediation biomasses is about 0.75-1.23 mg/kg
with the highest Cu concentration observed in Chrysopogon
zizanioides. The phytoremediation biomasses displayed the
Cu concentration range of 1.45-4.50 mg/kg with a higher
significant value observed in Cymbopogon nardus (4.50 mg/
kg) followed by Chrysopogon zizanioides (2.41 mg/kg) and
Cymbopogon citratus (1.13 mg/kg). Among non-phytoreme-
diation biomasses, Fe concentration was significantly higher
in Cymbopogon nardus (36.85 mg/kg) while Cymbopogon
citratus and Chrysopogon zizanioides displayed almost
similar Fe concentrations. Amongst phytoremediation bio-
masses, Chrysopogon zizanioides had a significantly higher
Fe concentration compared to Chrysopogon zizanioides and
Cymbopogon citratus which had comparable Fe concentra-
tions. Similarly, Mirecki et al. [21] observed that different
plant types grown in the same soil comprised varying heavy
metal concentrations.

There was a significant interaction effect between the type
of grass and source of biomass on Ni concentrations with
Chrysopogon zizanioides displaying significantly higher
Ni concentration (260.66 mg/kg) compared to other grass
species. The Pb concentration of non-phytoremediation
biomasses ranged from 0.16 mg/kg to 0.70 mg/kg while
phytoremediation biomasses had a Pb concentration range
of 0.26- 1.08 mg/kg with significant differences between
grass types. Cymbopogon citratus indicated a higher Pb con-
centration in both non-phytoremediation and phytoremedia-
tion biomasses. The Zn concentration was slightly higher in
Cymbopogon nardus for non-phytoremediation biomasses

(0.84 mg/kg) while no significant difference was observed
between Cymbopogon citratus and Chrysopogon ziza-
nioides (Table 1). Regarding phytoremediation biomasses,
Cymbopogon nardus had lower Zn concentration while no
significant difference in Zn concentration was observed
between Chrysopogon zizanioides and Chrysopogon citra-
tus (Table 1).

Variation in heavy metal concentrations between non-
phytoremediation biomasses was attributed to the difference
in HM uptake capacities of the grass species as a result of
genetic variation [10]. Factors influencing the uptake capac-
ity of metal by the plant include the difference in grass spe-
cies, solubility of HM in soil the solution, and HM trans-
location from the soil solution into the plant [22]. Plants
adjust their roots in the rhizosphere by excreting exudates
which modify the solubility of HM, making it easier for
their adsorption. Such physiologic responses differed from
one species to another, and from the physiochemical char-
acteristics of the soil and the microenvironment. These
differences in the composition of exudates between plant
species will contribute to the difference in uptake of HM
amongst plant species [23]. The study conducted by Kriti
et al. [24], indicated that Chrysopogon zizanioides had the
bioaccumulation factor (BAF) of 0.80 for Ni and 0.24 for
Cd while Cymbopogon citratus had a BAF of 0.35 for Ni
and 0.14 for Cd when grown in 4% Ni—Cd battery electro-
lyte waste-contaminated soil. The reason for higher heavy
metal content in phytoremediation biomasses is that BCL
Cu-Ni mine tailings contained higher heavy metal content
which was available for bioaccumulation by grass species
as compared to Palapye-BIUST soil where non phytore-
mediation biomasses were obtained. Variation in the HM
adsorbed by three phytoremediation plant species could
be ascribed to the difference in HM transport channels of
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these plant species. Some of the heavy metal transporters
include the cation diffusion facilitator (CDF) family, heavy
metal-transporting ATPases, natural resistance-associated
macrophage protein (Nramp), metal transport proteins, and
the Zinc-Tron permease (ZIP) family. Nramp transporters are
responsible for the translocation of bivalent metals (Cd2+,
Fe*, Co?*, Mn**, Cu®*) from the plant roots to the shoots.
Metal transport proteins carry Ni and Zn while heavy metal-
transporting ATPases are responsible for the transportation
of Pb, Co, Cd, and Zn in plants [25]. These results confirmed
the existence of variability in the heavy metal contents of the
biomasses grown from contaminated and non-contaminated
substrates and these variations are also dependent on the
grass species. It is expected that variation in the chemical
composition of the raw materials will be carried over into
their respective biochar products.

Heavy Metal Contents of Biochar

Biochars displayed higher Al, Cr, Cu, Fe, Ni, Pb, and Zn
concentrations compared to their respective raw biomasses
(Table 2). However, Cr was not detected in the biochar
from the Cymbopogon nardus non-phytoremediation and
phytoremediation biomasses, and in the biochar from the
Chrysopogon zizanioides non-phytoremediation biomass. A
similar trend with that of the raw biomasses was observed
for biochar samples with higher heavy metal contents of
biochars from phytoremediation biomasses, compared to
biochars derived from non-phytoremediation biomasses,
regardless of the grass species. Specifically, biochar from

the Cymbopogon nardus phytoremediation biomass dis-
played significantly higher Al concentration (470.69 mg/
kg) which was 62% higher than the corresponding raw bio-
mass, when compared to other grass species. Biochar from
the Chrysopogon zizanioides phytoremediation biomass had
significantly higher Cr (1.60 mg kg™!), Cu (23.27 mg kg™})
Fe (170.92 mg kg™'), Ni (285.66 mg kg~!) and Zn
(4.30 mg kg™!) concentrations compared to other grass
species which were 30%, 89.6%, 16.6%, 8.6%, and 65.1%
higher than the corresponding raw biomasses, respectively.
There was no significant difference between the source of
the biomass and grass types for Zn concentrations. Biochar
from the Cymbopogon citratus phytoremediation biomass
displayed a significantly higher Pb (1.52 mg/kg) concen-
tration compared to Cymbopogon nardus and Chrysopogon
zizanioides which was 29% higher than the corresponding
raw biomass. These results corroborated the findings of
Wang et al. [26], who reported that at the temperature range
of 300 to 700 °C, HM in biochars were retained to approx-
imately within the range of 91.1-97.49% for Cu, Cr, Ni,
Zn, and Mn. The high retention of these metals in the bio-
chars was attributed to differences in the volatilization rate
between these metals and the organic components of the raw
materials. Organic substances are volatilized more readily
than HM. Thus, the HM are retained in the biochar [6]. The
high pyrolysis temperature causes excitement of electrons
which results in the loss of chemical bonds between HM and
organic compounds, thus releasing the organic compounds
through volatilization and consequently enriching the con-
centrations of HM in the biochar matrix. The Cr, Cu, Ni, Pb,

Table 2 Average heavy concentrations of biochar from non-phytoremediation and phytoremediation biomasses

Grass type Source of biomass® Al Cr Cu Fe Ni Pb Zn
mg kg™
Chrysopogon zizanioides BCV1 87.07d 1.01b 2.27c 22.44d 3.83¢c 041 cd 2.52b
BCV2 183.78¢c 1.60a 23.27a 170.92a 285.24a 0.94c 4.30a
Cymbopogon nardus BCCl1 323.10b 0.00d 6.91b 38.75¢ 4.01c 0.70bc 2.89b
BCC2 470.69a 0.00d 8.99b 72.11b 25.61b 0.24d 4.15a
Cymbopogon BCL1 44.65¢ 0.00d 2.60c 31.82cd  5.55¢ 0.71bc 2.34b
citratus BCL2 188.78¢c 0.007c 3.20c 27.49d 8.82¢ 1.52a 3.74a
SB average Non-phytorem 151.61 0.34 3.93 31.00 4.46 0.61 2.58
phytorem 281.08 0.54 11.82 90.17 106.56 0.90 4.06
IBI permissible limits (mg kg™") ND 93-1200  143-6000 ND 47-420 121-300  416-7400
P- values TG 0.000%**  0.000%**  0.000%**  0.000%**  0.000%**  0.000%¥** (.18 ns
SB 0.000*%**  0.000%**  0.000%**  0.000%**  0.000%*%*  0.000%**  0.000%**
TG * SB 0.002***  0.000%**  0.000%**  0.000***  0.000%**  0.000%¥**  0.58 ns

Means within the same column, followed by the same letter(s) are not significantly different according to Turkey's homogeneity test at 5% sig-

nificance

*BCV1: Chrysopogon zizanioides non-phytoremediation biochar, BCV2: Chrysopogon zizanioides phytoremediation biochar, BCC1: Cymbopo-
gon nardus non-phytoremediation biochar, BCC2: Cymbopogon nardus phytoremediation biochar, BCL1: Cymbopogon citratus non-phytoreme-
diation biochar and BCL2: Cymbopogon citratus phytoremediation biochar, SB: source of biomass, TG: type of grass, IBI: International Biochar

Initiative, ND: not defined
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and Zn concentrations of the current study were within the
International Biochar Initiative permissible limits that are
defined in the literature review [27]. The permissible limits
for Al and Fe levels in biochar have not been defined.

Biochar Yield and Yield Components

The biochar percentage yield of non-phytoremediation bio-
mass ranged from 30.56 to 32.29% with the highest biochar
yield value observed in Cymbopogon citratus followed by
Chrysopogon zizanioides (31.94%) and C. nardus, respec-
tively (Table 3). The difference in biochar yields from
non-phytoremediation biomasses could be attributed to
the difference in cellular components of each species [22].
The percentage yield of biochars from phytoremediation
biomasses ranged from 31.11 to 37.53% which was higher
than those biochars from non-phytoremediation biomasses
except for Chrysopogon zizanioides. Similarly, He et al.
[2] and He et al. [28]. reported that the presence of HM
in the feedstock increased biochar yield. Amongst phytore-
mediation biochars, the yield was highest in Cymbopogon
citratus followed by Chrysopogon zizanioides (31.76%) and
Cymbopogon nardus. The higher percentage biochar yield
of biochars from phytoremediation biomass is due to the
presence of HM as they form part of non-volatile, incom-
bustible (inorganic) constituents thus increasing the mass of
the biochar. The highest percentage biochar yield of biochar
from Cymbopogon citratus phytoremediation biomass could
be ascribed to high lignin content. According to Tomczyk
et al. [23], high lignin content favors higher biochar produc-
tion as opposed to cellulose and hemicellulose contents. The

higher molecular weight and hydrophobicity of the lignin
component make its structure resistant to breakdown and
volatilization [25].

The liquid yield was not significantly affected by the
interaction between grass type and sources. Rather, only the
main effect due to the source of the biomass was observed.
On average, the liquid yield from the pyrolysis of the phy-
toremediation biomasses was significantly lower than the
non-phytoremediation biomasses indicating that HM in the
raw biomass will decrease the liquid yield even at 550 °C
pyrolysis temperature. The results of the current study do not
agree the results reported by Han et al. [3] which revealed
that biomass impregnated HM increased the liquid yield.
Stimulation of phenolic secondary metabolic synthesis path-
way due to HM stress of the raw biomass increases its lignin
content in the secondary cell thereby increasing cell wall
thickness [6]. According to Jung et al. [29], cellulose and
hemicellulose pyrolysis produce more bio-oil compared to
lignin hence the low pyrolysis liquid yield of this current
study could be contributed to dominant lignin composition
of the raw biomass stimulated by the presence of HM.

There were no significant interaction effects on the syngas
yield observed between the type of grass and source of the
biomass, except for the source of the biomass alone. The
syngas yield from the pyrolysis of phytoremediation bio-
masses was lower compared to the non-phytoremediation
biomasses except for Cymbopogon citratus. The difference
in the syngas yield between non-phytoremediation and
phytoremediation biomass could be attributed to the high
amount of biochar produced with a respect to the overall
product components. At the working temperature of this

Table 3 Pyrolysis products and biochar chemical composition derived from phytoremediation and non-phytoremediation grasses

Pyrolysis products

Biochar properties

BC Liquid (%) Sygas Ash FC Vm pH EC
(%) (%) (%) (%) (%) (uS/cm)
Chrysopogon zizanioides BCL1 31.94b 32.41a 48.62a 17.57a 71.00a 11.43a 10.8a 4440a
BCL2 31.76b 29.38a 44.23a 25.23a 60.97a 13.80a 10.2a 3200b
Cymbopogon BCCl1 30.56b 32.41a 43.84a 17.50a 68.62a 13.88a 9.5a 1120c
nardus BCC2 31.11b 29.38a 39.12a 12.45a 74.23a 13.32a 9.3a 960c
Cymbopogon citratus BCV1 32.29b 30.00a 38.21a 17.83a 66.25a 15.52a 10.25a 1375¢
BCV2 37.53a 27.41a 41.56a 21.09a 62.65a 16.26a 9.70a 1080c
SB Averages Non-phytorem  31.63b 31.67a 43.55a 17.63b 68.51a 13.86b 10.18a 2311a
Phytorem 33.47a 28.72b 41.64b 19.59a 66.20b 14.21a 9.73b 1746b
P Values TG 0.020***  0.11 ns 0.45 ns 0.18 ns 0.070ns  0.55ns 0.28ns  0.000%**
SB 0.000***  0.000%** 0.000%**  0.000%**  0.000%**  0.000%**  0.000%** 0.000%**
TG*SB 0.020***  0.46 ns 0.37 ns 0.14 ns 0.056ns  0.43 ns 0.28 ns  0.000%**

*BCV1: Chrysopogon zizanioides non-phytoremediation biochar, BCV2: Chrysopogon zizanioides phytoremediation biochar, BCC1: Cymbopo-
gon nardus non-phytoremediation biochar, BCC2: Cymbopogon nardus phytoremediation biochar, BCL1: Cymbopogon citratus non-phytoreme-
diation biochar and BCL2: Cymbopogon citratus phytoremediation biochar: BC (%): biochar percentage yield, EC: electrical conductivity, VM:
volatile matter, FC: fixed carbon, SB: source of biomass and TG: type of grass
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study, biochar is more favored than syngas formation which
usually occurs at a temperature above 1000 °C [16]. Ideally,
the effect of higher raw biomass heavy metal content on
syngas production could be observed at high temperatures
wherein the presence of HM increases syngas production
due to the catalytic effect during pyrolysis.

Biochar Components

The ash content of biochar was not significantly affected by
the interaction between grass type and sources. Rather, only
the predominant effect due to the source of the biomass was
observed. On average, the ash content of biochar from non-
phytoremediation biomasses was about 17.63% ranging from
17.50 to 17.83% while those from phytoremediation biomass
was about 19.59% with a percentage range of 12.45-25.23%.
The increase in ash content of biochar from phytoremedia-
tion biomasses could be attributed to higher heavy metal
loads which contribute to an increase in incombustible com-
pounds of the biomass after pyrolysis. Inorganic compounds
such as Mg, K, Ca, and P contribute to the ash content of
plant biomasses [30].

The fixed carbon content of biochar was not significantly
affected by the interaction between grass type and sources,
only the main effect due to the source of the biomass was
observed. On average, the percentage of fixed carbon of
biochars from phytoremediation biomasses was lower than
that of biochars from non-phytoremediation biomasses. The
high percentage of fixed carbon in biochar indicates that
the matrix still contains some original organic plant residue
[23]. During pyrolysis, the lignin component volatilizes at
low rates as compared to hemicellulose and cellulose con-
tents which may result in high fixed carbon content. Ideally,
the HM induce lignin formation in plants and consequently
increase the fixed carbon of biochar from the phytoreme-
diation biomass [31]. This study found the opposite which
could imply that in this pyrolysis condition, high heavy
metal content will result in a decrease in the fixed carbon
formation during pyrolysis. The low fixed carbon content
of biochar from phytoremediation biomass suggests that the
presence of HM in the raw biomass favors the high trans-
formation rate of plant original organic compounds into the
volatile matter.

The was no significant interaction between the type of
grass and the source of biomass of volatile matter content.
Only the source of the biomass had a significant influence
on the percentage of volatile matter content. On average,
the volatile content of biochars from phytoremediation bio-
masses was higher compared to biochars from non-phytore-
mediation biomasses except for Cymbopogon nardus. The
cellulose, hemicellulose, and lignin contents of the raw bio-
mass influence the rate of volatile matter loss in the plant.
During pyrolysis, cellulose and hemicellulose devolatilize
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rapidly while lignin devolatilizes at a slow rate [32]. The
higher volatile matter of biochar from phytoremediation bio-
mass is due to the catalytic effect of the HM which promoted
the decomposition of cellular components of the biomass
[2]. Metals such as Cu, Fe, and Zn catalyze the decomposi-
tion of lignocellulose hence speeding up the devitalization
rate of cellular components of the grass biomasses [28, 32].

pH and EC of Biochar

The interaction effect between the type of grass and the
source of the biomass on biochar pH was insignificant. The
biochars derived from phytoremediation biomasses had alka-
line pH with an average pH value of 9.73 while the pH of
biochar solutions of biochars from non-phytoremediation
biomasses was more alkaline with an average pH value of
10.25.Du et al. [33] observed an alkaline biochar pH (10.38)
of biochar derived from Symphytum officinale L. phytore-
mediation biomass. According to the report by Zeng et al.
[34], biochars from four phytoremediation biomasses (S.
rosthorni seemen, T. dealbata, V. zizanioides and Phrag-
mites sp.) produced at 500 °C had an alkaline pH value (pH
range:10.20-10.77) and these results are consistent with the
findings of the current work. This suggests that hydrogen
ions from hydrolysis of heavy metal in the biochar from
phytoremediation biomasses could have contributed to the
slight decrease in biochar pH. The alkaline pH of biochars
from non-phytoremediation biomasses could be attributed to
the released basic cations such as Mg?* and Ca?* during the
thermal decomposition of the raw biomasses [35]. Mineral
nutrients such as Mg, Na, K, and Ca in ash exist in the form
of carbonates or oxides which are alkaline after dissolution
in water [36]. Oxygen-containing acidic functional groups
add to the acidity of biochar. During pyrolysis, the oxygen
from O-containing acidic functional groups is lost, acidify-
ing the pH of the biochar slury.

Significant interaction effect existed between the type
of grass and the source of biomass on the electrical con-
ductivity of biochar samples. Biochar from Chrysopogon
zizanioides displayed higher electrical conductivity for both
non-phytoremediation (4440 uS/cm) and phytoremediation
biomasses (3200 uS/cm) when compared to other grass spe-
cies. The average EC of biochars from non-phytoremedia-
tion biomasses ranged from 1120 to 4440 uS/cm while the
EC of biochars from phytoremediation biomasses ranged
from 960 to 3200 uS/cm which was significantly lower than
that of biochars from non-phytoremediation biomasses. The
difference in the EC values between grass types could be
due to the difference in soluble salts assimilated into their
structures during plant growth [37]. High electrical con-
ductivity is positively correlated with high nutrient absorp-
tion by plants [38]. The low EC values of biochars from
phytoremediation biomasses could be ascribed to nutrient
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deficiency due to competition between HM and plant nutri-
ents for absorption and translocation [39]. Heavy metal spe-
ciation forms in biochar can be divided into four fractions:
residual fractions, exchangeable fractions, reducible frac-
tions, and oxidizable fractions. Reducible fractions include
hydrous oxides, Mn, and Fe oxides. Metal oxides formed
in the biochar matrix of phytoremediation biochars could
have contributed to low biochar EC due to fewer ions in an
aqueous solution to conduct electrical currents.

Relationship Between Pyrolysis Products, Biochar
Components, and Heavy Metals of Raw Biomasses

Biochar yield had a moderate positive correlation with Al
(r=0.491), ash (r=0.513), and volatile matter (r=0.546)
content but displayed a strong positive correlation with Cu
(r=0.72) as shown in Table 4. Liquid yield displayed a very
weak inverse relationship (r=— 0.13) but had a moderate
inverse relationship with Al (r=— 0.40), Fe (r=— 0.42), and
Ni (r=- 0.45). A strong negative correlation (r=— 0.64)
was observed between liquid yield and Cu. Syngas yield
displayed a very weak positive relationship with Al (0.13),
Cr (0.15), and Zn (0.02) and a positive correlation with Cu
(0.25), Fe (0.21) and Ni (0.22).

Ash content indicated an inverse relationship with Cr
(— 0.16) and a weak negative correlation with Zn (— 0.22)
Al (r=0.13), Cr9r=0.15), Fe (r=0.21), Ni (r=0.22). Ash
content had a weak positive correlation with Fe (r=0.26),
Ni (r=0.28), Al (r=0.29), Pb (r=0.31) and Cu (r=0.33).

Volatile matter content had a weak positive relationship with
Fe (r=0.26), Ni (r=0.27), Al (r=0.28), Pb (r=0.33) and Cu
(r=0.36). Volatile matter content displayed a weak negative
correlation with Cr (— 0.14) and Zn (— 0.19). Fixed carbon
content showed a weak inverse correlation with correlated
with Al (— 0.28), Cu (- 0.36), Fe (— 0.26), Ni (— 0.27), and
Pb (— 0.33) but indicated a weak positive correlation with
Cr (0.14) and Zn (0.19).

Relationship Between Biochar Components,
Chemical Properties, and Inherent Heavy Metals

Biochar yield displayed a very weak negative correlation
with Zn (r=0.11) but displayed a moderate negative correla-
tion (r=— 0.52) with Al as depicted in Table 5. A moderate
positive correlation (r=0.48) was observed between biochar
yield and Pb. Biochar yield displayed a strong association
with Cu (r=0.720) and Ni (r=0.774). Biochar pH had a
very weak inverse relationship with Cr (r=— 0.12) and a
weak negative correlation with Ni (r=— 0.36). Biochar pH
had a moderate negative correlation with Fe (r=— 0.483)
and Cu (r=— 0.544). A strong negative correlation was
observed between biochar pH and Al (r=- 0.789). Bio-
char pH displayed a weak positive correlation with Pb
(r=0.23). Biochar electrical conductivity had a moderate
inverse relationship with Cr (r=— 0.40), Ni (r=- 0.42),
Fe (r=- 0.501) and Cu (r=— 0.511). A moderate nega-
tive correlation was observed between biochar EC and Al

Table 4 Pearson’s correlation Pyrolysis products

Heavy metal concentrations (mg kg™")

coefficients between pyrolysis

products, biochar components Al Cr Cu Fe Ni Pb Zn

and heavy metal concentrations

of raw biomasses BC (%) 0.491* 0.00 0.720%* 0.40 0.45 0.06 -0.02
Liquid (%) —0.40 -0.13 — 0.637%* - 042 - 045 0.13 -0.01
Syngas (%) 0.13 0.15 0.25 0.21 0.22 -0.18 0.02
Ash 0.29 -0.16 0.33 0.26 0.28 0.31 -0.22
VM 0.28 -0.14 0.36 0.26 0.27 0.33 -0.19
FC 0.28 0.14 —0.36 -0.26 -0.27 -0.33 0.19

BC biochar, VM volatile matter, and FC: fixed carbon

Table 5 Pearson's correlation
coefficient between biochar

Biochar chemi-

Heavy metal concentrations (mg kg™

cal parameters

components, chemical Al Cu Fe Ni Pb 7n

properties, and heavy metal

contents BC (%) —0.523* 0.652%*  (0.720%* 0.626** 0.774%*  0.480*% —0.11
pH — 0.789%* -0.12 — 0.544* —0.483 - 0.36 023 —-0.551%
EC (uS/cm) —0.614%* —0.40 —0.511*% —0.501* - 042 026  —0.565*
Ash — 0.545* 0.32 0.33 0.45 0.502* —0.14 —0.06
VM —0.534* —0.31 0.36 0.470* 0.519*  —0.09 —0.04
FC 0.534 0.31 -0.36 — 470% 0.519* 0.09 0.04

BC biochar, EC electrical conductivity, VM volatile matter, FC fixed carbon
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(r=-0.614). A weak positive relationship between biochar
pH and Pb (r=0.26) was observed.

Ash content displayed a very weak inverse relationship
with Zn (r=0.06) and Pb (— 0.14) but indicated a moder-
ate negative correlation with Al (r=— 0.55). Ash content
had a weak positive relationship with Cr (r=0.32) and Cu
(0.33) but displayed a moderate positive association with
Fe (r=0.45) and Ni (r=0.50). Volatile matter content dis-
played a very weak negative correlation with Pb (r=— 0.09

Table 6 Pearson correlation

8 Factor PC1 PC2

coefficients between the

scores of different principal pH — 872 0.342

e el pe e oms

biochar and chemical properties Ash —-0.791 -0.304

of biochar VM —0.796 —0.362
FC 0.796 0.362
Al 0.668 —0.185
Cr 0.13 —0.069
Cu 0.34 - 0.509
Fe 0.139 —-0.72
Ni 0.075 —0.67
Pb 0.029 —-0.152
Zn 0.465 —0.385

EC electrical conductivity, PC
principal component, VM vola-
tile matter, FC: fixed carbon

and Zn (r=—- 0.04) and Cr had a weak inverse relationship
(r=—- 0.31) with volatile matter content. A moderate nega-
tive correlation (r=— 0.50) was observed between Al and
volatile matter content. Cu had a weak positive association
(r=0.36) with volatile matter content while Cu displayed a
moderate positive association with volatile matter content.
Fixed carbon content had a weak negative correlation with
Cu (r=- 0.34) but displayed a moderate inverse relationship
with Fe (r=— 0.47). Fixed carbon content had a very weak
positive correlation with Zn (r=0.04) and Pb (r=0.09) but
displayed a moderate positive relationship with Al (0.53)
and Ni (r=0.52) (Table 6).

Functional Groups of Raw Biomasses and Biochar
from FTIR Analysis

Surface group analysis data is shown in Figs. 1, 2, and 3. The
peak at 1029 cm™! was assigned to amine (C-N) stretching
vibration such as epinephrine and dopamine which is in the
same region with the aromatic C—H deformations and C-O,
C—C stretching as well as C—-OH bending modes in polysac-
charides. The small transmittance band at 1164 cm™! was
attributed to the stretching vibration of the C—O bond in
tertiary alcohol such as a-terpineol or C—H in plane defor-
mation of the guiacyl unit of lignin [40]. The transmittance
band at 1230 cm™! belonged to the amine (C—N) functional
group, C—-C, C=0, or C-O stretching modes in lignin with a
high intensity of the band observed in Cymbopogon nardus

Transmittance(%)

LEGEND

A(1029,amine (C-N))

B(1164, tertiary alcohol (C-O))
C(1230, amine (C-N))

D(1373, alkane (C-H))

E(1512, aromatic skeleton (C-C)
F(1585, conjugated alkene (C=C))
G(1737, esters(C=0))

H(2168, thiocyanate (S-C==N))
1(2845, alkane(C-H))

J(2918, alkene(C-H))
K(3300,alcohol(O-H))

L(3741, alcohol (O-H))

* T T T
1000 1500 2000 2500

Fig.1 Surface functional groups of non-phytoremediation and phy-
toremediation biomasses. RV1: Chrysopogon zizanioides non-phy-
toremediation biomass, RV2: Chrysopogon zizanioides phytoreme-
diation biomass, RC1: Cymbopogon nardus non- phytoremediation
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biomass, RC2: Cymbopogon nardus phytoremediation biomass, RL1:
Cymbopogon citratus non- phytoremediation biomass, and RL2:
Cymbopogon citratus phytoremediation biomass
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Fig.2 Surface functional groups of biochar from non-phytoreme-
diation and phytoremediation biomasses. BCV1: Chrysopogon
zizanioides non-phytoremediation biochar, BCV2: Chrysopogon
zizanioides phytoremediation biochar, BCC1: Cymbopogon nardus

Bi-plot of PC1 Vs PC2 of biochar functional groups
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non-phytoremediation biochar, BCC2: Cymbopogon nardus phytore-
mediation biochar, BCL1: Cymbopogon citratus non-phytoremedia-
tion biochar and BCL2: Cymbopogon citratus phytoremediation bio-
char
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BCC1: C. nardus non-phytoremediation biochar.
BCC2: C. nardus phytoremediation biochar.
BCL1: C. citratus non-phytoremediation biochar.
BCL2: C. citratus phytoremediation biochar.
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15 PC1: primary alcohol, allene, thiocyanate,
carboxylic acid, cyclic alkene, alkyne and alkane.
PC2: alcohol.
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Fig.3 Biplot of PC1 vs PC2 extracted from the PCA of the functional groups of biochar derived from phytoremediation and non-phytoremedia-

tion grasses

amongst grass species. In comparison, the intensity of this
peak slightly increased from non-phytoremediation biomass
to phytoremediation biomass with the exception of Cym-
bopogon nardus. This suggests that HM present in phytore-
mediation biomasses induced the amine functional group of
the raw biomasses except for Cymbopogon nardus. A small
transmittance band at 1373 cm™! may be assigned to C-H
bending modes and the 1512 cm™! bands were assigned to
aromatic skeleton vibrations [41-43]. The peak at 1585 cm™!
was assigned to C=C stretching vibration caused by the aro-
matic structure and the band at 1737 cm™' may be due to
C=O0 stretching modes of carbonyl groups of carboxylic

acids and esters such as lactones. The stretching vibration
of the thiocyanate (S—C=N) functional group was observed
at 2166 cm™.

Sharp bands observed at 2845 cm™! and 2918 cm™!
were assigned to asymmetric and symmetric C—H stretch-
ing of methyl and methylene groups respectively or amine
(N-H) stretching modes from primary amines. This bands
at 2850 cm™! and 2918 cm™! are related to the C—H stretch-
ing vibrations of methyl and methylene groups [44]. The
intensity of these functional groups amongst grass species
descended as follows: Cymbopogon citratus > Chrysopo-
gon zizanioides > Cymbopogon nardus. In comparison, the

@ Springer



294

Waste and Biomass Valorization (2024) 15:283-300

peak intensities of these two functional groups decreased
from non-phytoremediation biomass to phytoremediation
biomass. This could be attributed to the reduction in peak
transmittance due to HM load [45].

There was a change in the functional groups profile after
the pyrolysis of non-phytoremediation and phytoremedia-
tion biomasses. These results corroborate the findings of the
previous studies [33, 43] as they determined that pyrolysis
of the raw biomass or feedstock results in alteration of the
FTIR spectra. A pyrolysis temperature range of 350-650 °C
results in the breaking of chemical bonds of the biomass
and rearrangement of these bonds to form new functional
groups [23]. Pyrolysis at high temperatures results in the
degradation of hemicellulose, cellulose and lignin result-
ing in the reduction or complete disappearance of peaks
associated with functional groups in these compounds [46].
The broad transmittance band at 1075 cm™! was assigned
to the stretching mode of the C—O bond of primary alco-
hols such as methanol and propanol. The intensity of this
functional group was higher in biochar from Cymbopogon
nardus phytoremediation biomass when compared to the
corresponding biochar from non-phytoremediation biomass.
Broad bands formed at 1411 and 1575 cm™' were attrib-
uted to the aliphatic bending vibration of a methyl group
(C-H) or O—H bending modes and stretching vibration of
cyclic alkene (C=C), respectively. The intensity of the C=C
functional group band was observed to be higher in biochar
from Cymbopogon citratus non-phytoremediation biomass
when compared to other grass species. A weak transmit-
tance band formed at 1706 cm™! was assigned to the stretch-
ing vibration of the C=0 group of carboxylic acids such as
1-aminocyclopropane-1-carboxylic acid. Small peaks which
formed at 1992 cm™!, 2171 cm™! and 2202 cm™! belonged
to the stretching vibrations of allene (C=C=C), thiocyanate
(S—C=C), and alkyne (C=C) functional groups, respectively.
A weak transmittance band at 3741 cm™! belonged to the
non-hydrogen bonded O-H functional group of alcohols.
The band formation became enhanced across all samples
after pyrolysis of the raw biomasses. The previous studies
[20, 45] observed the broad band between a wavelength
range of 3100-3600 cm™! and attributed the band to hydro-
gen bonded O-H groups present in carbohydrates.

Surface functional group data of biochars subjected to
PCA resulted in the extraction of 2 PCs which contributed
about 57.14% and 41.77% of data variance, corresponding to
PC1 and PC2, respectively. PC1 was associated with primary
alcohol, allene, thiocyanate, carboxylic acid, cyclic alkene,
alkyne, and alkane while PC2 was associated with secondary
alcohol (Fig. 3). The biplot was able to discriminate biochar
samples based on both types of grass species and the source
of biomass. The biplot indicates an increase in the identi-
fied functional groups from non-phytoremediation biochars
to phytoremediation biochars for Cymbopogon nardus and
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Chrysopogon. zizanioides while opposite effects occurred
in Cymbopogon citratus. Biochar from Cymbopogon nardus
and Cymbopogon citratus phytoremediation biomasses had
almost the same values of a primary alcohol, allene, thiocy-
anate, carboxylic acid, cyclic alkene, alkyne and alkane, and
alcohol functional groups.

X-Ray Diffraction Patterns of Raw Biomasses
and Subsequent Ordinary Biochars

Figure 4 displays the X-ray diffraction patterns of phytore-
mediation and non-phytoremediation biomasses. Amor-
phous carbon (002) was observed at 20 range of 20-30°
while talc (006) peaks formed at 20 values of 28.8° and
40.8° in the Chrysopogon zizanioides non-phytoremediation
and phytoremediation biomasses. As a function of height,
Chrysopogon zizanioides, non-phytoremediation and phy-
toremediation biomasses had an intense talc peak as opposed
to amorphous carbon peaks. According to [47], the broad-
ness of the peaks at 20 range of 20-30° is attributed to the
presence of cellulose, hemicellulose, and lignin components.
Sharp antigorite peaks at 20 value of 32.1° were observed
in biochar from Cymbopogon nardus and Cymbopogon
citratus. The antigorite peak in Cymbopogon citratus non-
phytoremediation and phytoremediation biochars was prom-
inent, while Cymbopogon nardus non-phytoremediation bio-
char showed a weak peak. Calcite showed a small peak in the
Chrysopogon zizanioides phytoremediation biomass. Sharp
dolomite peaks were observed in Cymbopogon nardus and
Cymbopogon citratus at 20 value of 43.8°. It appears that
the composition of the minerals available in the raw bio-
mass differed between species and their growing condition
(i.e., BCL tailings vs ordinary soil) which could be ascribed
on their inherent genetic make-up and the concentration of
these elements in soil. The genetic traits influencing the min-
eral composition of the grass species include their capacity
to solubilize, absorb, translocate, bioaccumulate, and use
mineral elements [48]. Similarly, the amount of the nutrients
taken up by plants also depend on the quantity and intensity
factors in soil [46, 49].

There was an increase in X-ray diffraction peaks after
pyrolysis of the raw biomasses (Fig. 5). Previous stud-
ies indicated an evolution of new X-ray peaks due to the
pyrolysis effect [2, 47]. An increase in mineral peaks after
pyrolysis of the raw biomass indicates the enhancement
of aromatic order indicating an increase in crystallization
[48]. Non-phytoremediation and phytoremediation bio-
chars from Cymbopogon citratus exhibited the sharp dolo-
mite peaks, followed by non-phytoremediation biochar
from Cymbopogon nardus while phytoremediation biochar
from Cymbopogon nardus showed a weak peak of dolomite
mineral. The difference in mineral phases of biochars from
different grass types is a carry-over effect of the inherent
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Fig.4 Crystalline minerals
composition of non-phy-
toremediation and phytore-
mediation biomasses. RV1:
Chrysopogon zizanioides
non-phytoremediation biomass,
RV2: Chrysopogon zizanioides
phytoremediation biomass,
RC1: Cymbopogon nardus
non- phytoremediation biomass,
RC2: Cymbopogon nardus
phytoremediation biomass,
RL1: Cymbopogon citratus
non- phytoremediation biomass,
and RL2: Cymbopogon citratus
phytoremediation biomass. C:
amorphous carbon, Ta: talc
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Fig.5 X-ray diffraction 5000
patterns of biochars from
non-phytoremediation and
phytoremediation biomasses.
BCV1: Chrysopogon ziza-
nioides non-phytoremediation
biochar, BCV2: Chrysopogon
zizanioides phytoremediation
biochar, BCC1: Cymbopogon
nardus non-phytoremediation
biochar, BCC2: Cymbopo-
gon nardus phytoremediation ;
biochar, BCL1: Cymbopogon
citratus non-phytoremediation
biochar and BCL2: Cymbopo-
gon citratus phytoremediation
biochar. C: amorphous carbon,
Ana: anatase, Cal: calcite, Dol:
dolomite, Gei: Geikielite: Rut:
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difference in the raw biomass which is a function of the
genetic variability between species and the quantity of dif-
ferent elements including HM in growing media. Cymbopo-
gon citratus biochars produced from phytoremediation and
non-phytoremediation biomasses both contained an almost
comparable proportion of anatase (20 value of 32.8°) as the
dominant mineral phase followed by dolomite, geikielite,
rutile, corrondium, amorphous carbon, and anatase (26 value
of 62.1°). Anatase was observed to be the dominant mineral
in Cymbopogon nardus non-phytoremediation biochar fol-
lowed by amorphous carbon, dolomite, geikielite, and rutile,
whereas the counterpart was dominated by anatase followed
by amorphous carbon, dolomite, and geikielite, respectively.

30I40.50l60'70I80
2-theta(degree)

Hién et al. [3] attributed the weakening of the x-ray diffrac-
tion peaks of phytoremediation biochars to heavy metal car-
bon structure disordering and constricted graphitization of
biochar while sharp peaks are associated with the presence
of inorganic constituents [3, 50].

Scanning Electron Microscope Analysis of Ordinary
biochars

Biochars displayed rough and undefined surfaces with cavi-
ties. Biochars derived from non-phytoremediation biomasses
had more porous surface structures when compared to phy-
toremediation biochars as shown in Fig. 6. Pore development
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in biochar surfaces is attributed to the thermal degradation
of polymer chains of cellulose during the pyrolysis of raw
biomasses [51]. With respect to biochars produced from
non-phytoremediation biomasses, biochar from Cymbopo-
gon nardus exhibited more pores followed by Cymbopogon.
citratus and Chrysopogon zizanioides, while for biochars
derived from phytoremediation biomasses, Cymbopogon
citratus had more porous surfaces compared to other grass
types. The observation of relatively few pores on the sur-
faces of phytoremediation biochars suggests that biochar’s
inherent HM do not favor the formation of micropores within
the biochar matrix. The filling of cavities on biochar surfaces
is attributed to inorganic substances or minerals detected by
XRD analysis [52, 53].

Fig.6 Surface morphologies
of ordinary biochars from
non-phytoremediation and
phytoremediation biomasses.
BCV1: Chrysopogon ziza-
nioides non-phytoremediation
biochar, BCV2: Chrysopogon
zizanioides phytoremediation
biochar, BCC1: Cymbopogon
nardus non-phytoremediation
biochar, BCC2: Cymbopo-
gon nardus phytoremediation
biochar, BCL1: Cymbopogon
citratus non-phytoremediation
biochar and BCL2: Cymbopo-
gon citratus phytoremediation
biochar

BCC1

@ Springer

Relationship Between Biochar Chemical Properties
and Principal Components (PCs)

PC1 had a very strong negative correlation with biochar
pH and EC, as well as ash content, but it had a strong
positive correlation with Al, Fe, and Ni while Pb showed
a very weak positive correlation with PC1, and Zn had a
moderate positive correlation with PC1. Fixed carbon con-
tent and volatile matter content displayed a strong positive
correlation with PC1. PC2 exhibited a very weak inverse
relationship with Al, Cr, Cu, Fe, Ni, and Pb while biochar
EC had a very weak positive correlation with PC2. Zn,
ash, and volatile matter contents displayed a weak nega-
tive relationship with PC2. Biochar pH and fixed carbon
contents indicated a weak positive correlation with PC2.
These results support that the functional characteristics
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of biochar is influenced by HM in phytoremediation
biomasses.

Conclusion

This paper reports that biochar from phytoremediation bio-
masses contained higher Al, Cu, Ni, Cr, Fe and Zn concen-
trations regardless of the grass species. Biochars from phy-
toremediation biomasses displayed a higher biochar yield
and ash content, volatile matter content but had low fixed
carbon, pH, and electrical conductivity compared to the bio-
char from non-phytoremediation biomass. FTIR analysis of
biomasses showed that the peak intensities of C—H stretching
at 2845 cm™! and 2918 cm™! of the raw biomasses decreased
from non-phytoremediation biomasses to phytoremediation
biomasses. Amongst grass species, the intensity of these
functional groups descended as follows: Cymbopogon cit-
ratus > Chrysopogon zizanioides > Cymbopogon nardus,
respectively. FTIR data of biochars which were subjected
to principal component analysis resulted in extraction of 2
principal components (PC) which contributed approximately
57.14% and 41.77% of data variance, corresponding to PC1
and PC2, respectively. The biplot was able to discriminate
biochar samples based on both types of grass species and the
source of biomass. The biplot indicated an increase in identi-
fied functional groups from non-phytoremediation biochars
to phytoremediation biochars except for Cymbopogon citra-
tus. Biochars from Chrysopogon zizanioides phytoremedia-
tion biochars showed low intensities of anatase and dolomite
peaks. Overall, the results of the study have shown the unique
characteristics of biochar from phytoremediation biomasses,
and also that biochar’s chracteristics depends on the chemical
composition of the raw biomass. The pyrolysis of the phy-
toremediation biomass will produce biochar as an alternative
option for the utilization of biomass derived from phytoreme-
diation in a contaminated environment. The biochar produced
could be used for several applications in agriculture and for
the environment as a soil conditioner, or for the adsorbent of
contaminants in wastewater. However, studies should be con-
ducted with respect to the (1) optimization of the pyrolysis
condition of phytoremediation biomasses depending on the
type of plant material (species), (2) the kind and concentration
of heavy metal contaminants present in the raw biomass and

their relationships to biochar.s properties; and (3) to continu-
ously identify and develop potential uses for biochar products
from phytoremediation biomasses.

Appendices

Appendix | List of abbreviations used in the current study

Anova Analysis of variance

BAF Bioaccumulation factor

BC Biochar

BCC1 Cymbopogon nardus non-phytore-
mediation biochar

BCC2 Cymbopogon nardus phytoreme-
diation biochar

BCL Bamangwato Concessions Limited

BCL1 Cymbopogon citratus non-phy-
toremediation biochar

BCL2 Cymbopogon citratus phytoreme-
diation biochar

BCV1 Chrysopogon zizanioides non-
phytoremediation biochar

BCV2 Chrysopogon zizanioides phytore-
mediation biochar

CDF Cation diffusion facilitator

EC Electrical conductivity

EDX Energy dispersive X-ray

FC Fixed carbon

FTIR Fourier transformer infrared

IBI International biochar initiative

ICP-OES Inductively coupled plasma-opti-
cal emission spectroscopy

Nramp Natural resistance -associated
macrophage protein

PC Principal component

PCA Principal component analysis

PVC Polyvinylchloride

SB Source of biomass

TG Type of grass

VM Volatile matter

ZIP Natural resistance -associated

macrophage protein
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Appendix Il EDX analysis of biochar derived from phytoremediation and non-phytoremediation biomasses

Atomic (%)

Sample CK OK MgK AlIK SiK PK SK
names

CIK

KK CaK MnK FeK CuK ZnK MoK

BCV1 81.00 1256 0.50 ND 333 ND 033
BCV2 7848  15.06  0.33 0.51 260 0.05 0.27
BCC1 7623 15776  0.20 0.17 548 ND 024
BCC2 7924 12.89 031 0.13 5.19 0.06 0.08
BCL1 77.31 13.13  0.55 ND 326 021 ND
BCL2 80.27 1235 0.27 0.03 332 015 ND

0.33
0.23
0.26
0.60
0.72
0.60

141 0.27 ND 0.06  0.15 0.08 ND
098 047 ND 047 021 0.21 0.12
0.65 0.53 0.04 0.2 0.23 ND ND
024 035 ND 0.12  0.27 0.42 0.11
267 1.33 0.06 005 044 0.22 0.04
1.78  0.79 0.01 0.05 0.28 0.12 ND

BCV1: Chrysopogon zizanioides non-phytoremediation biochar, BCV2: Chrysopogon zizanioides phytoremediation biochar, BCC1: Cymbopo-
gon nardus non-phytoremediation biochar, BCC2: Cymbopogon nardus phytoremediation biochar, BCL1: Cymbopogon citratus non-phytoreme-
diation biochar, BCL2: Cymbopogon citratus phytoremediation biochar and EDX: energy dispersive X-ray; ND: not detected
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