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ABSTRACT: This report presents the preparation of renewable carbons from hydrothermally carbonized lignin waste. The
hydrothermally carbonized mineral-free lignin-derived hydrochar was activated with KOH to yield carbons with surface area of
1157-3235 m* g~' and pore volume of 0.59—1.77 cm® g~'. Activation at KOH/carbon = 2, generates highly microporous
carbons (>97% micropore surface area and 93% micropore volume), which exhibit excellent CO, uptake capacity; up to 4.6
mmol g at 1 bar and 25 °C, and 17.3 mmol g™" at 20 bar and 25 °C, whereas at 0 °C and 1 bar, they store up to 7.4 mmol g™
Activation at KOH/carbon = 4 can generate carbons with surface area and pore volume of up to 3235 m*> g and 1.77 em® g™/,
respectively, which have hydrogen uptake of up to 6.2 wt % at —196 °C and 20 bar. The simplicity of hydrothermal carbonization
in generating hydrochars suitable for activation from readily available lignin waste, without the need for a demineralization step,
makes these carbons attractive as gas storage materials for energy related applications. Furthermore, the lignin-derived carbons
offer advantages with respect to attainable porosity and gas storage capacity compared to other forms of biomass (e.g., cellulose)-

derived carbons.
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B INTRODUCTION

Currently, storage of energy related gases in porous materials is
attracting a great deal of attention due to ever increasing
demands for new, efficient and clean energy sources as best
illustrated by the need for CO, sequestration and the drive
toward the Hydrogen Economy.'™® The ongoing search for
suitable porous solids that are able to store large amounts of
CO, and hydrogen is one of the most active research areas in
energy materials chemistry.”>* The development of solid state
adsorbents that can efficiently store hydrogen or sequester
polluting greenhouse gases such as CO, would certainly convey
economic and environmental benefits and contribute to
reduction in our reliance on fossil fuels."~?® Thus, with regard
to the increasing number of possible energy related
applications, new synthesis methods are intensively being
developed to generate new and optimized porous materials for
specific applications. For gas storage applications, new porous
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materials should possess the appropriate porosity;®™'¢ it is
known that the adsorption capacity of porous materials
depends strongly on surface area and pore structure.®”'®
Among porous materials, activated carbons have attracted a lot
of interest due to their ease of preparation, variable pore
structure, good chemical stability and tunable pore size."”
Furthermore, activated carbons may be prepared from a variety
of raw materials, and variation of synthesis conditions may be
used to control the pore structure and consequently optimize
gas sorption/storage capacity.12

Recently, we and others have reported that activated carbons
derived from polymers or biomass show high hydrogen and
CO, storage capacity.”"**7>”*73' Traditionally, activated
carbons may be prepared by two types of activation
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approaches: physical and chemical activation. Activation of
carbon precursors via physical activation occurs via gasification
wherein oxidizing gases such as CO,, steam or air are
employed. In chemical activation, the precursors are mixed
with chemical activating agents such as KOH, NaOH or ZnCl,
etc.,, and then subjected to heat treatment in inert atmosphere
at various temperatures.'” In the search of porous carbons
suitable for hydrogen and CO, storage, it would seem highly
desirable to employ new types of sustainable and renewable
precursors that may lead to novel sorbents with excellent
storage capacity. Hydrothermal carbonization is an attractive
method for generating low-cost and environmentally friendly
carbons from natural materials.*> Although the traditional
production of char via dry pyrolysis takes place in the absence
of oxygen via processes that increase the carbon content,*®
hydrothermal carbonization, on the other hand, involves the
thermochemical decomposition of biomass in the presence of
water to generate products (namely hydrochar) with a higher
carbon content,*”** and which may be used as a precursor in
activated carbon production.

Lignin is the second most abundant natural and renewable
raw material after cellulose, and is present in plants as the glue
that holds together cellulose fibers. Extraction of cellulose,
which is considered to be a higher value material, and cellulose-
based products requires the removal of lignin from plant-based
raw materials. The cellulose extraction process generates large
amounts of low value residue (waste) whose main component
is lignin. The disposal of such lignin-based residue, especially
the waste that is generated as so-called black liquor by the
pulping industry during the manufacture of paper, can be cause
for environmental concerns. Much of the lignin waste, as black
liquor, is used as an energy source in the pulping industry due
in part to the fact that unlike other types of biomass that can be
converted into higher value chemicals, lignin is the only large
volume renewable feedstock that comprises aromatics, which
means that there are still no routes for its valorization to single
aromatic feedstocks.® It is therefore desirable to find other
avenues of converting lignin waste into higher value materials.
A good example is use of lignin as a precursor for activated
carbon.>® However, prior to activation, the lignin is typically
pretreated (ie., demineralized) to remove mineral matter,>®
which requires the undesirable use of acid or alkali. Indeed, to
date, the preparation of activated carbons from lignin typically
incorporates a demineralization step.36 Moreover, as far as we
know, and despite the large number of studies on hydrothermal
carbonization of a variety of biomass sources,”** there are no
reports on the hydrothermal conversion of lignin (or lignin
waste) to hydrochar.

In this report, therefore, we explore the hydrothermal
carbonization of lignin waste as a means of enriching the carbon
prior to activation, and seek to find out whether such
carbonization can replace the demineralization step. We have
used hydrochar that is derived from hydrothermal carbon-
ization of lignin waste as a precursor for activated carbons.
Although several studies have already shown that activation of
hydrochar generated from hydrothermal treatment of biomass
yields activated carbons that exhibit attractive porosity,' lignin
presents an interesting case with respect to activation due to its
apparent low reactivity;>> previous studies have suggested that
it is easier to activate carbon with a high cellulose content than
that having high lignin content®”® and that lignin has low
reactivity compared to other biomass-derived carbon due to its
highly cross-linked nature.’” We therefore also offer a
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discussion on the relative ease of activation of lignin compared
to cellulose. The present work used KOH as an activating agent
in the temperature range 600—900 °C, and the KOH/carbon
ratio was varied so as to generate optimized carbon materials
with enhanced CO, or hydrogen storage capacity.

B EXPERIMENTAL SECTION

Carbon Synthesis. Lignin waste (Borregaard LignoTech) was
converted to carbonaceous material (so-called hydrochar) via
hydrothermal treatment in high temperature water (300—390 °C).
The lignin-derived hydrochar (designated as LD hydrocar) was
transformed to activated carbon as follows; the dry hydrochar was
thoroughly mixed with KOH in an agate mortar at a KOH/carbon
ratio of 2 or 4. The mixture was placed in an alumina boat and heated
(at heating ramp rate of 3 °C min™") in a horizontal furnace under
nitrogen flow at activation temperatures ranging from 600 to 900 °C
for 1 h. Once the sample was cooled down under nitrogen flow, the
resulting carbon was washed several times with 1 M HCI at room
temperature and then washed with sufficient distilled water until
neutral pH. Finally, the carbon was dried at 120 °C for 3 h. The lignin-
derived activated carbons were denoted as LACxT where x is the
KOH/carbon weight ratio (2 or 4) and T is the activation temperature

°C).
B MATERIAL CHARACTERIZATION

Nitrogen sorption isotherms and textural properties were
measured at —196 °C using nitrogen in a conventional
volumetric technique by a Micrometrics ASAP 2020 volumetric
sorptometer. The activated carbons were outgassed under
vacuum at 200 °C for 12 h before analysis. The surface area was
calculated using the BET equation applied to adsorption data in
the relative pressure (P/P,) range of 0.02—0.25, and total pore
volume was calculated from the amount of nitrogen adsorbed at
relative pressure (P/Py) of 0.99. The micropore surface area
and micropore volume were estimated by t-plot analysis. The
pore size distributions were obtained via a nonlocal density
function theory (NLDFT) method using nitrogen adsorption
data. Thermogravimetric analysis was carried out in alumina
pans using a TA Instruments SDT Q600 analyzer with heating
rate of 10 °C/min to 1000 °C under flowing (100 mL min™")
air or nitrogen conditions. Powder XRD analysis was performed
on a Bruker D8 Advance powder diffractometer using Cu Ko
radiation (4 = 1.5406 A) and operating at 40 kV and 40 mA,
with 0.02° step size and 2 s step time.

Gas Uptake Measurements. CO, uptake measurements
were performed on a Hiden intelligent gravimetric analyzer
(IGA-003), which has a pressure range of 0—20 bar. Before
analysis, the carbon samples were outgassed overnight under
vacuum at 250 °C. Then the CO, uptake isotherms were
obtained at a variety of temperatures between 0 and 75 °C in
the pressure range 0—20 bar. CO, uptake was also measured
using a TA Instruments SDT QG600 analyzer at atmospheric
pressure (1 bar). Prior to uptake measurements, the carbon
samples were heated to 250 °C under static nitrogen and then
cooled to 25 °C under a flow of nitrogen. The samples were
then purged with CO, (50 mL min™') for 3 h. Between
measurements, desorption of CO, was undertaken by heating
the sample to 250 °C under nitrogen gas flowing at the rate of
100 mL min~".

Hydrogen uptake measurements were performed using high-
purity hydrogen (99.9999%) over the pressure range of 0—20
bar with an intelligent gravimetric analyzer (IGA-003 Hiden).
The samples were outgassed under vacuum at 200 °C overnight
before analysis. Then the hydrogen uptake isotherms were
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measured at —196 °C (under a liquid nitrogen bath). The
hydrogen uptake was corrected for buoyancy effect as
previously described.”

B RESULTS AND DISCUSSION

Hydrothermal Carbonization of Lignin Waste. To
monitor the changes in the carbon content and the “carbon-
izing/demineralization” effects of the hydrothermal treatment,
we performed thermogravimetric analysis (TGA) of the waste
lignin and carbonaceous material (designated as LD hydrochar)
obtained from hydrothermal carbonization of lignin waste. The
TGA curves are shown in Figure 1. We first note that the TGA
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Figure 1. Thermogravimetric analysis curves of raw waste lignin and
LD hydrochar obtained from hydrothermal carbonization of the lignin.

curve of the lignin waste under nitrogen indicates a slow
volatilization process with a residue of ca. 46% of nonvolatilized
matter at 1000 °C, which is similar to what has previously been
observed for lignin.**~*! It has previously been observed that
when heated under inert conditions, 40—50 wt % of lignin
matter remains nonvolatilized at 800 °C due to the formation
of highly condensed aromatic structures.** *' Such highly
condensed aromatic structures are likely to form char when the
lignin is heated under oxidizing conditions. Indeed, as shown in
Figure 1, when heated under flowing air conditions, the lignin
waste is steadily volatilized leading to a mass loss of ca. 41 wt %
at 785 °C, after which, there is a sudden mass loss of a further
40 wt % due, presumably, to combustion of char. This leaves a
noncombustible ash content of ca. 20 wt % as residue at 1000
°C (Figure 1). The TGA data indicates that the lignin waste
contained a noncarbon mineral content of ca. 20 wt %, which
ideally needed to be removed prior to the activation process.
On the other hand, as shown in Figure 1, the LD hydrochar is
completely burnt off at 550 °C, with most of the carbon
combustion occurring between 420 and 550 °C. This indicates
that the LD hydrochar is made up entirely of carbonaceous
matter and therefore that the hydrothermal carbonization
process dissolves any mineral waste to generate a carbon
hydrochar. The LD hydrochar has a carbon content of 66.6%,
and contains a high number of aromatic groups and aliphatic
chains (see the Supporting Information, Appendix 1) as
indicated by a high C/H ratio of 13.2. The hydrochar, being
devoid of any mineral matter, was used as a carbon precursor
for chemical activation with KOH.

Structural and Chemical Properties of Lignin-Derived
Activated Carbons. The elemental composition of the LD
hydrochar and activated carbons (Table 1) indicates that
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Table 1. Elemental Composition (%) of Lignin-Derived LD
Hydrochar, And the Yield, Composition and C/H Ratio of
Lignin-Derived Activated Carbons

elemental composition (%)

sample yield” C H (¢) C/H ratio
LD hydrochar 66.6 5.06 28.34 132
LAC2600 35.6 67.8 1.36 30.84 49.9
LAC2700 27.0 83.3 0.50 16.20 166.6
LAC2800 20.8 85.9 0.35 13.75 254.4
LAC4600 20.2 75.3 133 23.37 56.6
LAC4700 18.7 78.3 0.52 21.18 150.6
LAC4800 14.5 84.9 0.41 14.69 207.1
LAC4900 8.7 92.6 0.36 7.04 257.2

“Measured in grams of activated carbon/100 grams of hydrochar.

activation of the hydrochar increases the carbon content from
66.6 wt % to between 68 and 93 wt % for the activated carbons;
the remainder being mainly oxygen with a small amount of H.
The H and O content of the activated carbons decreases at
higher activation temperatures, with the effect that the C/H
ratio rises to as high as ca. 260 for the most activated samples
(LAC2800 and LAC4900). As expected, the activated carbon
yield decreases at higher activation temperatures, and is higher
for LAC2T samples compared to LAC4T analogues. The
activated carbons do not possess any significant residual
inorganic residues, as indicated by thermogravimetric analysis
(see Figure S1 of the Supporting Information). Under heating
in air, the activated carbon samples exhibit mass loss at two
temperature regimes: below 100 °C and between 200 and 600
°C. The small (2—5 wt %) mass loss below 100 °C, due to
evaporation of physisorbed water, is followed by greater mass
loss between 200 and 580 °C due to the removal of volatile
matter,”® and combustion of the carbon framework (~95 wt %
of mass loss).” As activation temperature increases, the carbon
burnoft temperature shifts to higher values and the burnoff
temperature zone reduces indicating that the nature of carbon
becomes more uniform, which is consistent with increase in the
carbon content (Table 1). The rise in burnoff temperature for
carbons activated at higher temperature suggests a probable
increase in the level of graphitization. This is consistent with
the powder XRD patterns (see Figure S2 of the Supporting
Information), which show an apparent increase in the intensity
of the peak at 20 = 43° for carbons activated at higher
temperatures. This peak is ascribed to the (101) diffraction of
graphitic carbon domains, whereas the (002) diffraction peak
expected at 26 = 22 is not clearly observed due to being masked
by the gradient of the baseline. Overall, though, the (101) peaks
are very broad, which suggests the presence of mainly
amorphous carbon along with disordered turbostratic carbon.
The nitrogen sorption isotherms for activated carbons
prepared at a KOH/carbon ratio of 2 are shown in Figure
2A. The isotherms of all three samples are type I, and typical for
microporous materials. As activating temperature increases,
there is a slight widening of the isotherm “knee”, which may be
attributed to presence of larger micropores. The changes in
pore size are shown by the pore size distribution curves in
Figure 2B and pore size given in Table 2. The carbons activated
at a KOH/carbon ratio of 2 exhibit one main pore size
maximum at 7 A, along with a much smaller proportion of
pores of size 9 and 12 A. The pore size is remarkably similar for
all three LAC2T samples, regardless of the activation
temperature (600—800 °C). There is nevertheless a small but
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Figure 2. (A) Nitrogen sorption isotherms and (B) pore size
distribution curves of lignin-derived carbon activated at 600—800 °C
and KOH/carbon ratio of 2.

noticeable increase in the proportion of larger micropores (>10
A) at higher activation temperatures. This increase in
proportion of larger micropores may be ascribed to greater
gasification caused by the CO, released by the decomposition
of K,CO; during the activation process."’”"> As shown in
Table 2, the LAC2T set of activated carbons has moderate to
high surface area and pore volume; activation at 600 °C
generates the lowest surface area and pore volume of 1159 m*
g™ and 0.59 cm® g7!, respectively, whereas the highest values
are after activation at 800 °C (1924 m* ¢! and 0.95 cm® g™").
The proportion of microporosity for the LAC2T samples is
very high; >97% of surface area and 93% of pore volume. This
is among the highest levels of microporosity observed for
activated carbons.'®™"® To put these values in context, we
compared activation of lignin to cellulose.”® Under similar
conditions (700 °C and KOH/carbon = 2), lignin generates a
carbon with higher porosity (surface area and pore volume)
and microporosity than cellulose-derived carbon (designated as
CAC2700 in Figure S3 and Table S1 of the Supporting
Information). The lignin-derived sample has a much higher
proportion of pores below 10 A, which translates to a higher
proportion (94%) of micropore volume compared to 84% for
the cellulose-derived sample (see Table S1 of the Supporting
Information). It is noteworthy that despite having high surface
area, samples LAC2700 and LAC2800 are virtually entirely
microporous. Our findings are consistent with previous reports
that activation of lignin engenders the formation of micro-
pores.*

The carbons activated at a KOH/carbon ratio of 4 exhibit
higher porosity (compared to equivalent LCA2T samples) as
shown by the nitrogen sorption isotherms in Figure 3A. The
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Figure 3. (A) Nitrogen sorption isotherms and (B) pore size
distribution curves of lignin-derived carbon activated at 600—900 °C
and KOH/carbon ratio of 4.

isotherms are typical for materials that possess micropores and
small mesopores.** The higher amount of KOH leads to greater
widening of the adsorption isotherm “knee” at low relative
pressure compared to LAC2T equivalent samples. As shown in
Figure 3B, the LAC4T samples exhibit relatively wide pore size
distribution in the micropore/small mesopore size range with
micropores centered at 6, 8 and 11 A, and mesopores of size
20—27 A. The greater amount of KOH in LAC4T samples
increases the overall porosity and pore size via gasification
especially at 700 °C and above.'®">* The least activated
LAC4T sample (LAC4600) has a surface area and pore volume
of 1820 m* g™ and 0.91 cm® g7', respectively (Table 3). The
porosity rises at higher activation temperature to a maximum at
800 °C and then decreases at 900 °C. We note that surface area
and pore volume of 3235 m* g™* and 1.77 cm® g™, respectively,
achieved at 800 °C are the highest reported so far for lignin-
derived activated carbons.*®

Comparison of activation of lignin to that of cellulose at
KOH/carbon ratio of 4 revealed some interesting trends. For
activation at 600 and 700 °C, the activated carbons derived
from both precursors have comparable surface area and pore
volume (see Figure S4 and Table S1 of the Supporting
Information). The proportion of micropore surface area (ca.
90%) and micropore volume (ca. 85%) is also similar (see
Table S1 of the Supporting Information). However, when the
activation temperature is increased to 800 °C, a clear
distinction is observed; although the surface area of the
lignin-derived sample (LAC4800) increases further from 2038
m’ g_l at 700 °C to 3235 m? g_l at 800 °C, that of the
cellulose-derived sample decreases from 2370 to 2047 m” g~".
This means that, as discussed above, the maximum surface area
for LAC4T samples is achieved at 800 °C, whereas for

Table 2. Textural Properties and Gas (CO, and Hydrogen) Uptake of Lignin-Derived Activated Carbons Prepared at KOH/

Carbon Ratio of 2

CO, uptaked (mmol g™*)

25 °C 0°C
sample surface area” (m” g™*) pore volume? (cm? g pore size® (A) 1 bar 20 bar 1 bar 20 bar  H, uptake® (wt %)
LAC2600 1157 (1123) 0.59 (0.54) 7/9/12 32 73 44 7.7 32 (3.6)
LAC2700 1551 (1502) 0.77 (0.72) 7/9/12 46 15.1 74 168 37 (44)
LAC2800 1924 (1839) 0.95 (0.87) 7/9/13 40 17.3 65 20.1 47 (5.6)

“The values in the parentheses are micropore surface area. ®The values in the parentheses are micropore volume. “Pore size distribution maxima
from NLDFT analysis. “CO, uptake at 0 and 25 °C and 1 or 20 bar. “Excess H, uptake at —196 °C and 20 bar; values in parentheses are total H,

uptake.

1661 DOI: 10.1021/acssuschemeng.5b00351

ACS Sustainable Chem. Eng. 2015, 3, 1658—1667


http://dx.doi.org/10.1021/acssuschemeng.5b00351

ACS Sustainable Chemistry & Engineering

Research Article

Table 3. Textural Properties and Gas (CO, and Hydrogen) Uptake of Lignin-Derived Activated Carbons Prepared at KOH/

Carbon Ratio of 4

sample surface area® (m” g™*) pore volume” (cm® g™!)
LAC4600 1820 (1627) 091 (0.75)
LAC4700 2038 (1832) 1.00 (0.84)
LAC4800 3235 (1978) 1.77 (0.93)
LAC4900 2750 (792) 1.66 (0.43)

pore size® (A) CO, uptake? (mmol g') H, uptake® (wt %)

6/8/11/20 2.7 3.5 (42)
6/8/11/21 32 4.4 (52)
8/11/27 2.8 4.8 (6.0)
5/8/11/27 2.4 52 (62)

“The values in the parentheses are micropore surface area. “The values in the parentheses are micropore volume. “Pore size distribution maxima
from NLDFT analysis. 4co, uptake at 25 °C and 1 bar. “Excess H, uptake at —196 °C and 20 bar; the values in parentheses are total H, uptake.

equivalent cellulose-derived samples the maximum surface area
is achieved at a lower temperature of 700 °C (see Figure SS of
the Supporting Information). Both the total and micropore
surface area for cellulose-derived carbons show a maxima at 700
°C, whereas lignin-derived samples show an increase up to 800
°C (see Figure SS of the Supporting Information). These
findings indicate that lignin is indeed harder to activate than
cellulose, and that it can sustain harsher activation conditions
while still retaining hi§h surface area in a manner that is not
observed for cellulose.®

CO, Uptake. It is widely accepted that the presence of
micropores is a main factor for CO, uptake in porous materials.
Prompted by the high microporosity and relatively narrow pore
size distribution of the LAC2T set of samples, we explored their
CO, uptake. The CO, uptake isotherms for the LAC2T set of
samples at ambient temperature (25 °C) are shown in Figure
4A, and the amount of CO, stored at 1 and 20 bar is given in
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Figure 4. CO, uptake isotherms at (A) 25 °C and (B) 0 °C in the
pressure range 0—20 bar for lignin-derived LAC2T carbons.

Table 2. At 25 °C, sample LAC2700 shows the highest uptake
at low pressure (<$ bar), whereas sample LAC2800 stores more
CO, at 20 bar. Thus, under ambient conditions (25 °C and 1
bar; see Figure S6 of the Supporting Information), sample
LAC2600 has CO, uptake of 3.2 mmol g~', whereas for sample
LAC2700 and LAC2800 it is 4.6 and 4.0 mmol g,
respectively. Given the relatively similar pore size distribution
for samples LAC2600 and LAC2700 (Figure 2), the greater
CO, uptake of the latter is attributable to higher surface area.
The trend of increase in uptake at higher surface area is,
however, not evident for sample LAC2800 due to a slight
broadening of pore size (i.e, presence of a significant
proportion of pores of size >15 A). These observations indicate
that the pore size and particularly the presence of micropores of
size ca. 7 A is the key factor in determining the CO, uptake
under ambient conditions. The observed dependence of CO,
uptake at ambient conditions on pore size is consistent with
previous reports.”' >” As shown in Figure 4A, the CO, uptake
at 20 bar is more dependent on the total surface area with
samples LAC2700 and LAC2800 exhibiting much higher
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storage capacity of up to 17.3 mmol g~'. The observed CO,
uptake of up to 4.6 mmol g™, at 25 °C and 1 bar is among the
highest observed for all kinds of porous carbons and is in the
top performance range of materials that include the very best
activated carbons,” ****7%* and templated carbons.””*'>*

Figure 4B shows the CO, uptake isotherms for LAC2T
carbons at 0 °C. At 1 bar, the uptake is in the range 4.4 and 7.4
mmol g~' (Table 1, and Figure S7 of the Supporting
Information). The CO, uptake of 7.4 mmol g~ exhibited by
sample LAC2700 at 1 bar and 0 °C is one of the highest so far
reported for porous materials.**~>* At low pressure (<3 bar),
sample LAC2700 has the higher uptake whereas at pressures
above ca. 3.5 bar, the uptake of sample LAC2800 is greater
reaching a high of 20.1 mmol g™ at 20 bar. The uptake at 0 °C
is thus more significantly dependent on the total surface area.
As shown in Table 3 the CO, uptake of the LACAT set of
samples is lower than that of the LAC2T set and varies between
2.4 and 3.2 mmol g "' at 25 °C and 1 bar. LAC4T samples have
much wider pore size distribution which includes a large
proportion of mesopores that are poor stores for CO,. This is
consistent with theoretical calculations that suggest enhance-
ment of the adsorption potential for slit-shaped pore channels
that are twice the diameter of adsorbing molecule.*>*® Pores of
ca. 7 A are ideal for CO, (diameter of ca. 3.3 A).

The importance of 7 A pores in CO, uptake is highlighted by
a comparison of the room temperature storage capacity of
sample LAC2700 with that of the equivalent cellulose-derived
sample (see Figure S8 of the Supporting Information). At 1 bar,
the cellulose-derived sample (CAC2700) has CO, uptake of 2.8
mmol g~', which is significantly lower than that (4.6 mmol g*)
of the equivalent lignin-derived sample. Given that CO, uptake
at 25 °C and 1 bar does not strongly relate to the surface area,
we ascribe the higher uptake of the lignin-derived sample to the
presence of a significant proportion of 7 A pores (see Figure S3
of the Supporting Information). Although both samples,
LAC2700 and CAC2700, are highly microporous (see Table
S1 of the Supporting Information), the latter has hardly any
“optimum” micropores of size <8 A. This observation is
consistent with previous reports on the importance of small
micropores in CO, uptake,"*’ and indicates that hydro-
thermally carbonized lignin is a good source for activated
carbons for CO, storage applications. As expected, at a pressure
of 20 bar, the LAC2700 sample has higher CO, uptake of 15.1
mmol g~ compared to 12.5 mmol g~' for CAC2700 (see
Figure S8 of the Supporting Information), due to higher surface
area of the former.

The high efficiency of CO, uptake in samples LAC2600 and
LAC2700 should be accompanied by enhanced CO,-carbon
surface interaction. A measure of such interaction, the isosteric
heat of adsorption (Q,), was calculated by applying the
Clausius—Clapeyron equation to the CO, adsorption isotherms
at 0 and 25 °C and is shown in Figure 5 as a function of CO,
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uptake. The Q, at near zero CO, coverage for LAC2600 (24.5
k] mol™") and LAC2700 (25.1 k] mol™") is higher than that of
LAC2800 (20.5 kJ mol™). In general, the Q for the LAC2T
samples is in the range of what is typically observed for porous
carbons.*>* Tt is interesting to note that the CO, uptake
densities (at 25 °C and 1 bar) for LAC2600 (2.8 pmol m™2)
and LAC2700 (3.0 gmol m™) are comparable and significantly
higher than for LAC2800 (2.1 ymol m™2). The CO, uptake
density of the LAC4T set of samples is much lower at ca. 1.5
umol m™? for LAC4600 and LAC4700 and ca. 0.9 gmol m™> for
LAC4800 and LAC4900. The CO, uptake density clearly
reduces as the proportion and size of mesopores rises (Tables 2
and 3). It appears therefore that the presence of larger pores
(ie, >7 A) is detrimental to CO, uptake even in cases where
there are still a significant proportion of the optimal 7 A pores
as typified by the behavior of sample LAC2800.

For postcombustion CO, capture, commercial viability
considerations require that usable materials capture at least 2
mmol g™ at 50 °C and above.””>® We explored the uptake of
the LAC2T carbons at 50 and 75 °C (Figure 6, and Figure S9
of the Supporting Information). All three LAC2T samples show
attractive CO, uptake at 50 °C; LAC2600 stores 2.0 and 4.4
mmol g_1 at 1 and 10 bar, respectively, and the corresponding
uptake for LAC2700 is higher at 2.5 and 6.8 mmol g~' whereas
for LAC2800 it is 2.3 and 6.9 mmol g~". The carbons reach the
threshold for commercial viability in CO, capture from
postcombustion flue gases.””** At 75 °C, the samples still
retain attractive CO, uptake (at 1 and S bar respectively) of
1.3—1.6 and 3.3—4.8 mmol g~'. We attribute the relatively high
uptake for sample LAC2700 to higher Q,, values as discussed
above. Higher Q,; values also explains the observation that at a
pressure of 0.15 bar, samples LAC2700 and LAC2600 have
higher CO, uptake (ca. 0.6 and 0.35 mmol g~ at 50 and 75 °C,
respectively) compared to 0.5 and 0.28 mmol g™* for LAC2800.
At 75 °C and 7.4 bar;>® both samples LAC2700 and LAC2800
have uptakes of 6.1 mmol g™', which is higher than that of
benchmark materials; hierarchical carbons (5.7 mmol g!) and
polyethylenimine impregnated graphene—silica sheets (4.3
mmol g_l).éo

Hydrogen Uptake. The hydrogen uptake isotherms for the
lignin-derived carbons are shown in Figure 7, and the excess
and total uptake at 20 bar is summarized in Tables 2 and 3. Our
measurements determine the excess hydrogen uptake, from
which the total amount stored is calculated using established
procedures (see Appendix 2 of the Supporting Informa-
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tion).*"%> Except for LAC2600 and LAC2700, the samples
do not reach (or approach) saturation, which suggests that
higher uptake is possible at pressures above 20 bar. For LAC2T
samples, the hydrogen uptake rises with surface area; at 20 bar,
LAC2600 stores 3.2 wt % compared to 3.7 and 4.7 wt % for
LAC2700 and LAC2800, respectively, with corresponding total
uptake in the range 3.6 to 5.6 wt %. The hydrogen uptake of
the LAC4T samples increases at higher activation temperatures;
the excess uptake increases from 3.5 to 5.2 wt %, whereas the
total uptake is in the range 4.2 to 6.2 wt %. Overall, the
hydrogen uptake of the lignin-derived carbons is comparable to
that of the best activated carbons and templated carbons of
similar surface area,'0™1%2936163-78

The total hydrogen uptake of both sets of carbons is plotted
as a function of total surface area in Figure 8. The plot is useful
in showing the trend in hydrogen uptake density, which is, in
turn, a measure of the efficiency of the pore channels of each
sample in storing hydrogen. From Figure 8, it is apparent that
the hydrogen uptake of LAC2T samples increases linearly with
surface area. This is unsurprising given that this set of samples
shows very similar pore size distribution. We have previously
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shown that for samples with similar pore size distribution, the
surface area is a good predictor of trends in hydrogen uptake
within any given group of such materials.”” Thus, a linear
relationship (slope = 2.9 x 107> wt %/(m> g™'), which is
equivalent to a hydrogen uptake density of 14.5 umol H, m~2,
is observed for LAC2T samples. The LAC2T carbons
outperform the Chahine rule (slope = 10 pmol H, m2),%
depicted by the solid line in Figure 8. For LAC4T samples, a
linear relationship is less clear and the slope is 2.24 X 107> wt
%/(m> g™'), equivalent to a hydrogen uptake density of 11.2
umol H, m™2, which is closer to that predicted by the Chahine
rule and comparable to KOH activated carbide-derived carbons
(11.8 + 0.7 pmol H, m2)* and KOH activated zeolite-
templated carbons (10.7 + 0.8 gmol H, m~2).%° The hydrogen
storage density of the lignin-derived carbons, and in particular
the LAC2T set of samples, is superior to what has previously
been reported for several classes of carbons, including (i) CO,
activated carbide-derived carbons (9 + 0.1 umol H, m™2),*" (ii)
carbon nanostructures consisting of activated carbons and
CNTs (9.55 umol H, m™2)"° and activated carbons, SWNTs,
SWNHSs, GCFs (11.75 umol H, m™2) (=196 °C and 20 bar)®
and (iii) chemically activated carbons obtained from anthracite
(9 + 0.1 gmol H, m™2).%*

When compared to equivalent cellulose-derived carbons, the
hydrogen uptake of the ligin-derived samples is generally higher
(see Figure S10 of the Supporting Information). For example,
the hydrogen uptake of sample LAC2700 is higher than that of
equivalent cellulose-derived sample CAC2700 (see Figure
S10A of the Supporting Information); at 20 bar, the uptake
is 44 wt % for LAC2700 and 3.6 wt % for CAC2700.
Furthermore, the fact that the lignin-derived samples can
withstand harsher activation conditions while still generating
higher surface area carbons means that the maximum
achievable hydrogen uptake is also greater for the lignin-
derived activated carbons (see Figure S10B of the Supporting
Information). Thus, the uptake of the lignin-derived samples
can reach 6.2 wt % compared to a high of 5.6 wt % for
cellulose-derived carbons (see Table S1 of the Supporting
Information).

B CONCLUSIONS

In summary, chemical activation of cheap, renewable and
readily available hydrothermally carbonized lignin-derived
hydrochar with KOH has been demonstrated as a route to
highly microporous carbons with excellent gas sorption
properties. The hydrothermal carbonization converts lignin
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waste into a fully carbonaceous and activateable hydrochar
product. Activated carbons prepared at KOH/carbon ratios of 2
(LAC2T set) and 4 (LACA4T set) exhibit moderate to high
surface area and pore volume in the range 1157—1924 m* g~
and 0.59—0.95 cm® ¢! for the former and 1820—3235 m* g™
and 0.91—1.77 cm’ g™' for the latter. The lignin-derived
hydrochar is harder to activate than cellulose-derived hydrochar
and thus can sustain harsher activation conditions while still
retaining high surface area. The carbons prepared at a KOH/
carbon ratio of 2 (LAC2T samples) are highly microporous and
dominated by pores of size 7 A, and therefore exhibit enhanced
CO, uptake of 3.2—4.6 mmol g~' at 25 °C and ambient
pressure, whereas CO, uptake of LAC4T samples is in the
range 2.4—3.2 mmol g_l. Under similar activation conditions,
the lignin-derived carbons possess 7 A pores compared to
equivalent cellulose-derived carbons that have larger (>8 A)
micropores, which translates to better CO, uptake for the
former. The best CO, absorber at ambient temperature
(sample LAC2700) also shows attractive uptake at S0 and 75
°C, and high isosteric heat of CO, adsorption (Q,,) of 25 kJ
mol ™. For hydrogen storage, the total uptake (at —196 °C and
20 bar) is 3.6—5.6 wt % for LAC2T samples, and is higher
(42—62 wt %) for LACAT samples. The LAC2T samples
exhibit one of the highest hydrogen uptake densities ever
reported (14.5 yumol H, m™2), which is at least 50% higher than
those for most porous carbons.
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