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This paper reports a simple way to produce porous
graphitic carbons from a wide range of lignocellulosic
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precursor to technologically important porous
graphitic carbons as it is abundant and renewable.
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a wide range of biomass sources to be used to produce
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1. Introduction
Porous carbon materials have been widely explored for applications in energy devices such as
batteries [1], supercapacitors [2] and fuel cells [3] due to their high surface areas and conductivity.
Other research has focused on exploiting their tailorable surface chemistry for use in separation
technologies, particularly as adsorbents for water treatment [4]. Given the large scale of many of
these applications, it is necessary to be able to produce porous carbons with desired properties on
a large scale and in a sustainable way. Biomass precursors are an attractive option for precursors
to porous carbons as they are abundant and renewable. Furthermore, a large amount of biomass
waste is produced every year from the agriculture and timber industries.

One option for producing porous carbons with attractive properties from biomass is a process
called catalytic graphitization. This involves combining an organic precursor (often a biological
material) with a metal source and pyrolysing it in an inert atmosphere. Various transition metals,
including nickel, cobalt and iron, have been used to produce porous graphitic carbons [5], but
iron is particularly attractive due to its high abundance and low toxicity. Aqueous iron salts such
as iron nitrate and iron chloride have been used to produce graphitic carbon materials from a
wide range of organic precursors, including small molecules such as glucose [6,7], synthetic [8]
and natural polymeric species [9] and raw biomass such as sawdust [10–12]. During pyrolysis,
the organic precursor decomposes to amorphous carbon and the iron precursor forms Fe or Fe3C
nanoparticles which are believed to catalyse the conversion of amorphous carbon to graphitic
carbon. The process is analogous to the chemical vapour deposition synthesis of carbon nanotubes
except the catalyst produces graphitic nanostructures from solid amorphous carbon rather than a
gaseous precursor such as acetylene [13].

Iron-catalysed graphitization has been used to produce a range of porous graphitic carbons
and the nature of the resulting graphitic nanostructures varies between the systems. In some
cases, the Fe/Fe3C nanoparticles become coated in onion-like layers of graphite [14]. Other
precursors produce highly disordered nanotubes, where the Fe3C/Fe catalyst has been observed
to ‘burrow’ through the amorphous carbon, leaving a graphitic nanotube behind [15]. The driving
force for graphitization and the reason for such varied structures being produced is not yet
understood although it is believed to be in part driven by structural and compositional differences
in the precursors [7]. Lignocellulosic biomass takes many forms and compositions, depending
on the plant species and the part of the plant, e.g. leaves versus stems. In addition to the
organic components of lignin, cellulose and hemicellulose, many plants also contain inorganic
components and in some cases the percentage mass of these can be significant (e.g. silica and
other inorganic components make up 23.5% of the mass of rice husks) [16].

To develop scalable routes to technologically useful carbons, it is necessary to ensure that
a method can be used consistently across a range of biomass sources with different structures
and compositions. In the case of iron-catalysed graphitization, we have discovered that one
of the main challenges is efficient dispersion of the iron catalyst throughout the initial organic
precursor before pyrolysis. This can be challenging as many biomass sources can be very dense
and/or hydrophobic. Effective methods of achieving maximum dispersion do exist and include
hydrothermal pre-treatments [17] and templating methods [18]. However, in this paper we
show that milling biomass to a fine powder can be used as a very simple method to produce
carbons with consistent properties such as graphitic content and adsorption capacity. Milling
of hard biomass precursors such as bamboo enables efficient mixing of the iron precursor with
the biomass and significantly enhances the degree of graphitization, producing carbons with
considerably higher porosity. The method produces carbons with similar properties from a wide
range of biomass precursors such as nut shells, grasses, seed husks and woody biomass.

2. Results and discussion
As a first demonstration of the effectiveness of milling, porous carbons were prepared via iron-
catalysed graphitization of bamboo. Slices of as-received bamboo stem (figure 1a) were roughly
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Figure 1. Images of (a) slices of bamboo stem approximately 5 cm in diameter and (b) milled and sieved bamboo. (c) PXRD
patterns for carbons prepared by pyrolysing raw and milled bamboo that has been soaked in iron nitrate solution both before
and after acid washing. (Online version in colour.)

broken into pieces using a hammer: this sample was denoted ‘raw’ biomass. Some of the bamboo
pieces were then milled to a fine powder and passed through a 150 µm sieve: this sample was
denoted ‘milled’ biomass (figure 1b). To compare iron-catalysed graphitization fairly across both
samples, it was necessary to keep a constant biomass : iron ratio. However, if the same volume
of iron nitrate solution were added to both raw and milled bamboo, the raw bamboo would
only absorb a small portion, with the remainder pooling in the bottom of the container. In
order to ensure a homogeneous coating of iron nitrate across both samples, the maximum water
absorption capacity for both the raw and milled biomass was determined. Raw bamboo absorbed
0.6 ml g−1 and milled bamboo was able to absorb 3.6 ml g−1, reflecting the higher surface area of
the milled sample. Fresh samples of the bamboo were then combined with iron nitrate solution
(0.4 g in 0.6 ml for raw bamboo and 0.4 g in 3.6 ml for milled bamboo). By varying the amount
of water in this way, we ensured a homogeneous coating of the iron precursor over the whole
sample while keeping the overall iron : biomass ratio constant. The samples were then dried
and pyrolysed at 800°C to drive carbonization of the biomass, formation of the Fe3C catalyst
nanoparticles and subsequent graphitization. Samples of both carbon products were then washed
with dilute acid to remove the iron carbide catalyst.

Figure 1c shows powder X-ray diffraction (PXRD) patterns of the resulting carbons. The
carbonized ‘raw’ bamboo shows clear evidence of formation of iron carbide (Fe3C, ICDD 00-035-
0772). This results from decomposition of the iron nitrate precursor into iron oxide nanoparticles
and subsequent reaction with the carbonized biomass. However, there is only a very small peak
corresponding to the (002) reflection of graphitic carbon (ICDD 01-071-4630) and this is broad,
indicating that only a small amount of disordered graphitic carbon has been produced. The XRD
pattern for the acid-washed ‘raw’ bamboo again only shows a very low intensity peak for the
(002) reflection of graphitic carbon that is overlaid with a broad hump at slightly lower 2θ . This
is characteristic of turbostratic carbons and signifies a large degree of disorder within the carbon
structure of this sample. The milled bamboo shows similar peaks for Fe3C but a much more
intense peak for the (002) reflection, indicating that the Fe3C in the sample has catalysed the
formation of graphitic nanostructures to a much greater extent. Acid washing removes most
of the Fe3C but some peaks remain, indicating that some of the Fe3C nanoparticles are too
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Figure 2. SEM images of (a–c)milled iron-graphitized bamboo at increasingmagnification and (d) a control sample of bamboo
that was pyrolysed without iron.

deeply embedded for the acid to reach. This has been observed in our previous studies and is
caused by the Fe3C nanoparticles being ‘trapped’ at the end of long graphitic nanotubes [12].
It should be noted that both the raw and milled biomass show slightly different peak profiles
for Fe3C. This suggests the presence of some Fe, which is common as a byproduct of Fe3C
formation and is believed to also act a graphitization catalyst. A control sample of bamboo that
was pyrolysed without iron nitrate, shows only very broad humps consistent with an amorphous
carbon structure. Further characterization of the porous carbons was carried out using Raman
spectroscopy, which showed the presence of two prominent peaks at approximately 1325 and
1600 cm−1, corresponding to the D and G bands, respectively (electronic supplementary material,
figure S2). The peak positions and broadening (electronic supplementary material, table S1)
suggest nanocrystalline graphitic structures, indicating a high level of disorder in all of the
samples. This is consistent with previous observations that iron-catalysed graphitic structures
contain a lot of defects and are surrounded by regions of amorphous carbon [12].

Scanning electron microscopy (SEM) of iron-graphitized milled biomass shows that the
resulting carbon powder is composed of particles approximately 10–100 µm in length (figure 2a).
Individual particles can be seen to have maintained small biological features (figure 2b). This
is typical of carbonization of biomass, as biopolymers such as cellulose display high thermal
stability and biomass samples undergo only limited shrinkage and deformation during pyrolysis.
Higher magnification SEM images (figure 2c) show the graphitized bamboo contains rounded,
bulbous structures, compared to the much smoother surface of the control sample. These features
are typical of the graphitic shells and tubes that are commonly produced by iron-catalysed
graphitization of biomass [12]. Importantly, these structures are not present in the control sample
(figure 2d), showing that they are formed by the action of the iron catalyst.

Nitrogen sorption measurements for the control sample (bamboo pyrolysed without iron)
shows a type I isotherm shape (figure 3a), suggesting a predominantly microporous material
with a relatively low BET surface area of 92 m2 g−1. The sample displays a low pore volume
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Figure 3. (a) Nitrogen sorption isotherms and (b) pore size distributions for acid-washed bamboo-derived carbons. Cumulative
pore volumes are shown as full lines and differential pore volumes are displayed as dashed lines. (Online version in colour.)

Table 1. Adsorptive characteristics for bamboo-derived carbons, calculated from nitrogen sorption isotherms.

sample SBET (m2 g−1) SDR (m2 g−1) V tot DFT (cm3 g−1) Vmicro/V tot (%)

control (no Fe) 92 101 0.04 99
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

raw bamboo 103 116 0.11 32
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

milled bamboo 348 356 0.39 25
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

of 0.04 cm3g−1, 99% of which arises from micropores (figure 3b). The lack of mesopores in this
sample is expected due to the lack of any significant graphitic carbon features. The isotherm
for the acid-washed iron-graphitized raw bamboo shows a type IV shape with hysteresis due to
capillary condensation, consistent with the presence of mesopores. This sample has a similar BET
surface area to the control sample (103 m2 g−1). However, the iron-graphitized bamboo shows a
greater pore volume (0.11 cm3 g−1), with only 33% of the total volume being due to the presence
of micropores, consistent with the hysteresis observed in the isotherm. These data (summarized
in table 1) suggest that some mesopores are present in this sample and that a small amount of
iron-catalysed graphitization has taken place, consistent with the PXRD data. Nitrogen sorption
of the acid-washed iron-graphitized milled bamboo again shows a type IV isotherm, but there is
a large increase in the BET surface area (356 m2 g−1) and total pore volume (0.39 cm3 g−1). The
increase in adsorption at low p/p0 and the much larger hysteresis loop in the milled sample
suggests an increase in porosity at both the micropore scale and the mesopore scale. This is
consistent with the observation of a significant degree of iron-catalysed graphitization in this
sample and indicates that milling the bamboo has maximized the ability of iron to produce
graphitic mesopores through the sample. The closing of the hysteresis loops at approximately
p/p0 = 0.4 suggests the presence of ink-bottle pores, which may indicate that the porous graphitic
nanostructures are partially contracted or closed at the outer edges. Neither of the isotherms of
the iron-graphitized bamboo carbons saturate at high p/p0, suggesting that the porosity may
also extend past the measurable range of the instrument into the macropore range. It is worth
reiterating at this point that the raw and milled bamboo was treated with the same iron : biomass
ratio. The milling allows the iron precursor to coat the biomass more effectively, leading to more
efficient iron-catalysed graphitization of the biomass, resulting in a more porous product.

To test the effect of the structural and textural changes achieved through milling of the bamboo
precursor, the performance of the bamboo-derived carbons for the adsorption of methylene
blue was examined. Methylene blue is commonly used to test adsorption capability of porous



6

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A379:20200336

...............................................................

500 600
wavelength (nm)

re
la

tiv
e 

ab
so

rb
an

ce
 (

ar
b.

 u
ni

ts
) stock

control
raw
milled

700 800

Figure 4. UV–Vis absorption spectra of methylene blue (stock) solution (2× 10−5 m) after mixing with a control bamboo-
derived carbon and acid-washed iron-graphitized raw and milled bamboo. (Online version in colour.)

Table 2. Volume of water absorbed by various biomass precursors (raw and milled).

volume of water absorbed by
the biomass precursor (ml g−1)

type of biomass raw milled

almond shell granules 1 1.7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pistachio shells 0.4 3.4
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

coconut shell 0.8 1.9
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pecan nut shell 0.7 3.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

bamboo 0.6 3.6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sunflower seed husks 2.4 4.2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

miscanthus 2.5 4.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

peanut shells 3.2 6.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rice husks 2.1 2.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

wheat straw 1.7 5.5
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

softwood sawdust 4.0 6.3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

materials [19], and this is typically referred to as adsorptive capacity, measured in mg methylene
blue adsorbed per g of adsorbent material. The control sample of raw bamboo that was pyrolysed
in the absence of iron shows negligible absorption of methylene blue (figure 4), as would be
expected from the low BET surface area determined by nitrogen sorption. Raw bamboo that
was graphitized with iron (then acid washed) has a higher adsorption capacity for methylene
blue (13 mg g−1). Again, this is expected from the increased BET surface area of this sample.
The graphitized milled bamboo shows considerably higher adsorption capacity (59 mg g−1), a
reflection of the high BET surface area for this sample and clear evidence that milling is an
effective route to improving the porosity of the biomass-derived carbon.

To determine whether milling can be applied generally to produce porous graphitic carbons
from biomass, we applied the same method to a range of other lignocellulosic biomass precursors.
For each sample, the water absorption capacity was first determined for both raw and milled
samples (table 2). One gram of raw or milled biomass was then saturated with a solution prepared
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Figure 5. PXRD data for iron-graphitized carbons prepared from (a) ‘hard’ biomass where the absorption of water by the
unmilled biomass was less than 1 ml g−1 and (b) ‘soft’ biomass where the absorption of water by the unmilled biomass was
greater than 1 ml g−1. The upper pattern (light grey) for each sample shows the data for the milled sample, whereas the lower
pattern (dark grey) shows data for the unmilled (raw) sample. (Online version in colour.)

with 0.4 g of iron nitrate in the required volume of water. This ensured that all samples received
a homogeneous coating of the iron nitrate while maintaining a constant iron : biomass ratio for
all samples. PXRD data for the resulting carbons (before acid washing) are shown in figure 5.
The data are divided into two sections, including ‘hard’ biomass, where the precursor ‘unmilled’
biomass was very poor at absorbing water (less than 1 ml g−1) and ‘soft’ biomass, which already
had good water absorption capability (greater than 1 ml g−1) before milling. The general trend
is that the iron-graphitized carbons prepared from the ‘hard’ biomass samples show a more
dramatic increase in the peak for the (002) reflection of graphitic carbon. Each of these samples
absorbed a small amount of fluid (less than 1 ml g−1) and so the iron nitrate precursor was unable
to penetrate into the sample. Milling the ‘hard’ biomass produced samples with a higher surface
area, where the iron nitrate could be more finely dispersed through the biomass. The result
was that a more significant amount of the sample could be graphitized. For most of the ‘soft’
biomass samples, there was still an increase in the amount of water that could be absorbed by the
sample and subsequently an increase in intensity of the peak for the (002) reflection. However,
the increase in graphitization was much less dramatic. The increase in the amount of fluid that
could be absorbed was large in some cases, e.g. milled wheat straw could absorb over three
times the amount of water as raw wheat straw. However, there was only a minor change in the
degree of graphitization. This suggests that for samples that are highly absorbent, the benefit of
milling is not so significant. One factor that we checked was the possibility that milling might
be fractioning the samples. Since the milled samples were sieved, it was possible that larger
‘pieces’ that did not pass through the sieve may have contained higher levels of lignin. In order
to check this, we also passed one sample through a 60 µm sieve. Coconut shell was chosen as this
was one of the hardest biomasses we used in this study and had the greatest observable change
between milled and non-milled. Electronic supplementary material, figure S1 shows the resulting
XRD data and indicates that there is very little difference between 150 µm and 60 µm samples.
This suggests that fractioning is minimal in this process. All milled graphitized samples showed
similar microstructure in SEM images (figure 6), with rough surfaces and tube-like structures
characteristic of catalytic graphitization.
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(b)(a)

20 µm 500 nm 200 nm

20 µm 500 nm 200 nm

(c)

(e)(d) ( f )

Figure 6. SEM images of (a–c) graphitized milled coconut shell and (d–f ) graphitized milled miscanthus grass at various
magnifications. Other biomass samples all showed similar microstructures.
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Figure 7. Adsorptive capacity for methylene blue for (a) raw and (b) milled acid-washed biomass-derived carbons.

To compare the porosity and adsorptive characteristics of all the graphitized raw and milled
biomass samples, methylene blue adsorption studies were carried out (using acid-washed
carbons). All graphitized biomass samples showed an increase in methylene blue adsorption
when comparing the raw and milled samples. The adsorptive capacity varied greatly across the
different graphitized raw biomass samples (7.6 mg g−1–62 mg g−1), as shown in figure 7a. For
the graphitized milled biomass samples, there was considerably more consistency in methylene
blue absorptive capacity, with values ranging from 59 mg g−1 to 72 mg g−1 (figure 7b). The only
exception was rice husks, with a value of 24 mg g−1. There are multiple factors that will affect
the porosity (and thus the adsorptive capacity) of the carbons produced from the different
biomass samples. One of these may be the composition of the original biomass, including
cellulose, hemicellulose, lignin and inorganic matter. Rice husks are known to contain high
levels of silica [20] and so thermogravimetric analysis (in air to 600°C) was performed on a
selection of the biomass samples in this study. The data showed that bamboo, sunflower seed
husks and peanut shells had a small residual ‘ash’ content of 10%, 11% and 9%, respectively.
By contrast, rice husks contained 33% residual ‘ash’. This high level of inorganic composition
of the rice husks means that less carbon is available to be graphitized and may also inhibit
graphitization by ‘blocking’ the path of the graphitization catalyst. The consistency in methylene
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blue absorptive capacity between all other milled graphitized biomass samples suggests that the
cellulose/hemicellulose/lignin composition (which can vary quite substantially) has a minimal
effect on graphitization. Electronic supplementary material, table S2 and figure S3 show the
methylene blue adsorption capacity plotted against ash, cellulose and lignin content for a range
of samples (compositions taken from literature) and no correlation is observable. The ability of
the biomass precursor to be coated efficiently in the catalyst precursor, which is achieved readily
by milling, is far more significant than any effect of biomass composition.

3. Conclusion
In this paper, we have shown that iron-catalysed graphitization can be applied to a variety of
lignocellulosic biomass sources to produce porous graphitic carbon materials. Fe3C was present
in all the iron-treated samples upon pyrolysis, suggesting that in all cases, this species was formed
in situ and acted as the catalyst for converting the amorphous carbon intermediate into graphitic
carbon. In the specific case of raw bamboo, it was shown that iron-catalysed graphitization
increased the mesoporosity, BET surface and total pore volume of the carbon product compared
to a control sample pyrolysed without iron. Milling the bamboo before graphitization produced a
carbon with dramatically higher surface area and micro/mesoporosity. This is believed to be due
to milling to a fine powder enabling enhanced impregnation of the biomass by the iron precursor
solution. The adsorptive properties of graphitic carbons produced from a wide range of milled
biomass samples were remarkably similar. This included both ‘soft’ biomass types such as grasses
or sawdust and also hard/dense biomass such as nut shells. This demonstrates that milling can
be applied as a simple method to achieve homogeneity in carbon products derived from a wide
range of biomass sources.

4. Experimental set-up

(a) Materials
Bamboo, coconut shells, miscanthus, peanut shells, pecan shells, pistachio shells, rice husks,
wheat straw, almond shell granules, sunflower seed husks, olive stone granules and softwood
sawdust were sourced from various suppliers and used ‘as received’ without extra drying.
Iron (III) nitrate nonahydrate (CAS 7782-61-8) and hydrochloric acid (CAS 7647-01-0) were both
sourced from Sigma-Aldrich. Raw biomass samples were used to produce carbons via the method
below. A portion of each of the biomass samples was also milled using a Scheiben-Schwingmühle-
TS heavy-duty disc mill. The resulting powder was then sieved through a 150 µm sieve to produce
samples which have been denoted ‘milled’ throughout this paper.

(b) Water absorption
In order to fairly compare the graphitization of different biomass samples, it was necessary to be
able to keep a constant iron : biomass ratio. This was impossible if a standard iron nitrate stock
solution was used as each biomass absorbed different amounts of solution. For poorly absorbing
samples, the iron nitrate solution would just pool in the bottom of the container rather than
coating the sample. Therefore, the water absorption capacity of each sample was determined
by adding 0.1 ml aliquots and mixing for 5 min after each addition until a saturation point was
reached (when pooling of water began to occur).

(c) Catalytic graphitization
Fe(NO3)3.9H2O (0.4 g, 1 mmol) was dissolved in the required volume of DI water to achieve
saturation of the biomass (table 2) and mixed with raw biomass (1 g). The mixtures were dried in
an air oven at 70°C for 24 h and carbonized in a tube furnace at a heating rate of 5°C min−1 under
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a nitrogen atmosphere with a flow rate of 1 l min−1 to 800°C. The samples were held at 800°C for
1 h before cooling completely to room temperature.

(d) Acid washing
In total, 0.2 g of carbon/Fe3C sample was added to 20 ml 0.1 M HCl solution and sonicated
for 1 h. The mixture was then magnetically stirred for 24 h. The solid sample was collected by
centrifugation (5 min, 10 000 r.p.m.) and washed three times with deionized water and once with
ethanol, then left to dry at room temperature in air for 24 h. All adsorption studies were carried
out on the acid-washed samples.

(e) Powder X-ray diffraction
Samples were ground into a fine powder and placed on low background silicon wafer sample
holders provided by PANalytical. PXRD experiments were performed using a PANalytical
Empyrean diffractometer with a copper anode (wavelengths: Kα1 = 1.5406 Å, Kα2 = 1.5443 Å) and
a Pixel 2D detector. The diffractometer did not have a monochromator but the Kβ radiation was
removed with a nickel filter.

(f) Scanning electron microscopy
Samples were mounted on an SEM stub using an adhesive copper tape. Samples were viewed
with a FEG-SEM FEI Nova 450 using a CBS detector (detector of backscattered electrons),
operating at 5 kV with deceleration mode.

(g) Porosimetry
The N2 sorption analysis was performed at 77 K on a Micromeritics 3Flex instrument in the
relative pressure range 10−6–0.99 p/p0 to avoid N2 condensation on the micrometer scale. The
samples (50–70 mg) were degassed overnight at 200°C in a SmartVacPrep instrument and further
degassed at 200°C for 300 min in the 3Flex instrument. The samples were analysed using 12 mm
wide glass tubes and checkseals. The pore size distribution was obtained using the Microactive
Software using the heterogeneous surface nonlinear DFT model (HS-NLDFT). The regularization
factor was set at 10−2 to obtain a smooth curve, representative of the pore size of the material.

(h) Methylene blue adsorption
In total, 0.01 g of carbon sample was added to 100 ml, 2 × 10−5 M methylene blue solution and
magnetically stirred for 1 h. Solution was then filtered through a 45 µm syringe filter to remove
the solid carbon. UV–Vis absorption spectroscopy was then performed using a Cary 50 UV–Vis
spectrophotometer. The adsorptive capacity was calculated using the following equation:

q = V(Ci − Cf )

M
. (4.1)

where q = adsorptive capacity (mg of methylene blue per g of carbon). V = volume of
methylene blue solution (l); Ci = initial concentration of methylene blue solution (mg l−1);
Cf = final concentration of methylene blue solution after adsorption (mg l−1); M = mass of carbon
material (g).

Data accessibility. All data are contained within the manuscript. Raw data e.g. for X-ray diffraction patterns will
be available via the University of Birmingham data open access repository. The data are provided in electronic
supplementary material.



11

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A379:20200336

...............................................................

Authors’ contribution. R.D.H. and J.D. completed most of the experimental work and R.D.H. wrote the paper draft.
S.H. completed porosimetry studies and A.K. completed SEM experiments. Z.S. supervised the research and
prepared the final manuscript.
Competing interests. We declare we have no competing interests.
Funding. The authors acknowledge the University of Birmingham for a PhD scholarship (R.D.H.).

References
1. Hu X, Sun X, Yoo SJ, Evanko B, Fan F, Cai S, Zheng C, Hu W, Stucky GD. 2019

Nitrogen-rich hierarchically porous carbon as a high-rate anode material with ultra-stable
cyclability and high capacity for capacitive sodium-ion batteries. Nano Energy 56, 829–839.
(doi:10.1016/j.nanoen.2018.11.081)

2. Schlee P, Hosseinaei O, Baker D, Landmér A, Tomani P, Mostazo-López MJ, Cazorla-Amorós
D, Herou S, Titirici MM. 2019 From waste to wealth: from kraft lignin to free-standing
supercapacitors. Carbon 145, 470–480. (doi:10.1016/j.carbon.2019.01.035)

3. Hu Y, Jensen JO, Zhang W, Cleemann LN, Xing W, Bjerrum NJ, Li Q. 2014 Hollow spheres of
iron carbide nanoparticles encased in graphitic layers as oxygen reduction catalysts. Angew.
Chem., Int. Ed. 53, 3675–3679. (doi:10.1002/anie.201400358)

4. Li B, Yang L, Wang CQ, Zhang QP, Liu QC, Li YD, Xhao R. 2017 Adsorption of Cd(II)
from aqueous solutions by rape straw biochar derived from different modification processes.
Chemosphere 175, 332–340. (doi:10.1016/j.chemosphere.2017.02.061)

5. Hoekstra J, Beale AM, Soulimani F, Versluijs-Helder M, Geus JW, Jenneskens LW. 2015 Base
metal catalyzed graphitization of cellulose: a combined Raman spectroscopy, temperature-
dependent X-ray diffraction and high-resolution transmission electron microscopy study.
J. Phys. Chem. C 119, 10 653–10 661. (doi:10.1021/acs.jpcc.5b00477)

6. Niu H, Wang Y, Zhang X, Meng Z, Cai Y. 2012 Easy synthesis of surface-tunable carbon-
encapsulated magnetic nanoparticles: adsorbents for selective isolation and preconcentration
of organic pollutants. ACS Appl. Mater. Interfaces 4, 286–295. (doi:10.1021/am201336n)

7. Hunter RD, Rowlandson JL, Smales GJ, Pauw BR, Ting VP, Schnepp Z. 2020 The effect of
precursor structure on porous carbons produced by iron-catalyzed graphitization of biomass.
Mater. Adv. 1, 3281–3291. (doi:10.1039/D0MA00692K)

8. Sevilla M, Fuertes AB. 2006 Catalytic graphitization of templated mesoporous carbons. Carbon
44, 468–474. (doi:10.1016/j.carbon.2005.08.019)

9. Sevilla M, Fuertes AB. 2009 Easy synthesis of graphitic carbon nanocoils from saccharides.
Mater. Chem. Phys. 113, 208–214. (doi:10.1016/j.matchemphys.2008.07.046)

10. Sevilla M, Sanchís C, Valdés-Solís T, Morallón E, Fuertes AB. 2007 Synthesis of graphitic
carbon nanostructures from sawdust and their application as electrocatalyst supports. J. Phys.
Chem. C 111, 9749–9756. (doi:10.1021/jp072246x)

11. Gutiérrez-Pardo A, Ramírez-Rico J, Cabezas-Rodríguez R, Martínez-Fernández J. 2015 Effect
of catalytic graphitization on the electrochemical behavior of wood derived carbons for use in
supercapacitors. J. Power Sources 278, 18–26. (doi:10.1016/j.jpowsour.2014.12.030)

12. Thompson E, Danks AE, Bourgeois L, Schnepp Z. 2015 Iron-catalyzed graphitization of
biomass. Green Chem. 17, 551–556. (doi:10.1039/C4GC01673D)

13. Jourdain V, Bichara C. 2013 Current understanding of the growth of carbon nanotubes in
catalytic chemical vapour deposition. Carbon 58, 2–39. (doi:10.1016/j.carbon.2013.02.046)

14. Schnepp Z, Zhang Y, Hollamby MJ, Pauw BR, Tanaka M, Matsushita Y, Sakka Y. 2013 Doped-
carbon electrocatalysts with trimodal porosity from a homogeneous polypeptide gel. J. Mater.
Chem. A 1, 13 576–13 581. (doi:10.1039/c3ta12996a)

15. Glatzel S, Schnepp Z, Giordano C. 2013 From paper to structured carbon electrodes by inkjet
printing. Angew. Chem. Int. Ed. 52, 2355–2358. (doi:10.1002/anie.201207693)

16. Raveendran K, Ganesh A, Khilar KC. 1995 Influence of mineral matter on biomass pyrolysis
characteristics. Fuel 74, 1812–1822. (doi:10.1016/0016-2361(95)80013-8)

17. Hoekstra J, Beale AM, Soulimani F, Versluijs-Helder M, Geus JW, Jenneskens LW. 2015
Shell decoration of hydrothermally obtained colloidal carbon spheres with base metal
nanoparticles. New. J. Chem. 39, 6593–6601. (doi:10.1039/C5NJ00804B)

http://dx.doi.org/10.1016/j.nanoen.2018.11.081
http://dx.doi.org/10.1016/j.carbon.2019.01.035
http://dx.doi.org/10.1002/anie.201400358
http://dx.doi.org/10.1016/j.chemosphere.2017.02.061
http://dx.doi.org/10.1021/acs.jpcc.5b00477
http://dx.doi.org/10.1021/am201336n
http://dx.doi.org/10.1039/D0MA00692K
http://dx.doi.org/10.1016/j.carbon.2005.08.019
http://dx.doi.org/10.1016/j.matchemphys.2008.07.046
http://dx.doi.org/10.1021/jp072246x
http://dx.doi.org/10.1016/j.jpowsour.2014.12.030
http://dx.doi.org/10.1039/C4GC01673D
http://dx.doi.org/10.1016/j.carbon.2013.02.046
http://dx.doi.org/10.1039/c3ta12996a
http://dx.doi.org/10.1002/anie.201207693
http://dx.doi.org/10.1016/0016-2361(95)80013-8
http://dx.doi.org/10.1039/C5NJ00804B


12

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A379:20200336

...............................................................

18. Li J, Liang Y, Dou B, Ma C, Lu R, Hao Z, Xie Q, Luan Z, Li K. 2013 Nanocasting synthesis of
graphitized ordered mesoporous carbon using Fe-coated SBA-15 template. Mater. Chem. Phys.
138, 484–489. (doi:10.1016/j.matchemphys.2012.12.003)

19. Alatalo S-M, Mäkilä E, Repo E, Heinonen M, Salonen J, Kukk E, Sillanpää M, Titirici MM. 2016
Meso- and microporous soft templated hydrothermal carbons for dye removal from water.
Green. Chem. 18, 1137–1146. (doi:10.1039/C5GC01796C)

20. Zemnukhova LA, Panasenko AE, Tsoi EA, Fedorishcheva GA, Shapkin NP, Artem’yanov AP,
Mairov V Yu. 2014 Composition and structure of amorphous silica produced from rice husk
and straw. Inorg. Mater. 50, 75–81. (doi:10.1134/S0020168514010208)

http://dx.doi.org/10.1016/j.matchemphys.2012.12.003
http://dx.doi.org/10.1039/C5GC01796C
http://dx.doi.org/10.1134/S0020168514010208

	Introduction
	Results and discussion
	Conclusion
	Experimental set-up
	Materials
	Water absorption
	Catalytic graphitization
	Acid washing
	Powder X-ray diffraction
	Scanning electron microscopy
	Porosimetry
	Methylene blue adsorption

	References

