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silica gel†
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Utilization of wet waste to produce renewable fuels, including aviation fuel, is key to a sustainable energy

portfolio. Currently, hydrothermal liquefaction (HTL) and subsequent hydrotreating steps can successfully

produce drop-in fuels which meet standards for gasoline and diesel. A remaining obstacle for

development of sustainable aviation fuels (SAF) is the presence of nitrogen containing compounds

(NCCs). Aviation fuels have more stringent regulations on permissible concentrations of NCCs, which

have been associated with fuel instability for use in jet engines and the emission of harmful pollutants

into the environment. Currently, NCCs are removed through the hydrodenitrogenation (HDN) process,

which requires severe operating conditions along with significant H2 and energy consumption, resulting

in yield lost due to cracking. Alternatively, adsorptive denitrogenation (ADN) is being investigated as

a more energy efficient process. This work achieved over 99% nitrogen removal, supported by

computational work showing nitrogen adsorption correlates with surface acidity. Among the adsorbents

screened, silica gel exhibited high adsorption capacity of 150 mg g−1 for pyridine and 80 mg g−1 for

indole, coupled with impressive regeneration performance through thermal treatment. The recyclability

of the silica gel showed good adsorption efficiency of NCCs for up to five cycles. This research

demonstrates mechanism of nitrogen removal using adsorption technologies for future waste-derived

aviation fuel.
1 Introduction
1.1 HTL and nitrogen compounds

The demand for energy has been steadily increasing alongside
the rapid growth of the global economy.1 To reconcile growing
energy demands and goals for net-zero carbon emissions, fossil
fuels must be supplemented with drop-in sustainable fuels.2 This
is particularly true for aviation fuel blend stocks. One promising
technique to produce SAFs is HTL, which allows for the effective
utilization of wet waste biomass without prior drying. An
important consideration when deriving fuel products from
protein-containing feedstocks, is that the biocrude will contain
high concentrations of NCCs and various aromatic
compounds.3,4 Fuel specications are more lenient regarding
NCC content in ground transportation fuels; however the pres-
ence of NCCs in jet fuels are not permitted due to poor thermal
stability, freeze point, and specic energy properties.5 Addition-
ally, NCCs can clog burners and injectors within petroleum
processing units, resulting in gum residue build-up.6,7 NCCs in
chland, WA 99354, USA. E-mail: daniel.

, USA
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f Chemistry 2024
fuel can be categorized as basic nitrogen compounds (e.g.,
heterocyclic aromatics such as pyrazines, pyridines, anilines, and
quinolines) and “neutral” nitrogen compounds (e.g., indoles,
carbazoles, and pyrroles).2–14 The “neutral” NCCs are less basic
heterocyclic aromatic compounds where nitrogen's lone pair is
resonance delocalized within an aromatic ring. More basic NCCs
have a lone pair that is orthogonal to the aromatic p-system.
1.2 Separation methods

Currently, NCCs from fossil-based fuels are traditionally con-
verted to hydrocarbons through the HDN process, which
requires harsh operating conditions as high as 150 bar and
more than 400 °C along with signicant H2 and energy
consumption.8–10 Furthermore, NCCs can also be removed by
solvent extraction.11 This method has not gained popularity
attributed to its complexity and large amount of solvent
required. The solvents used not only contribute to the overall
cost of the process, but also raises concerns about the envi-
ronmental impact associated with the disposal or recycling of
the used solvent. Adsorptive removal of NCCs is considered as
the most promising alternative method to HDN due to its
milder process. Additionally, if target NCC concentrations are
not attainable through HDN in any particular case, an adsorp-
tive process may be considered useful in tandem with an HDN
process.
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1.3 Adsorption

Many kinds of adsorbents have been evaluated, including MOF,
activated carbon, silica gel, zeolite, activated aluminium, acti-
vated clay and polymeric resins.12–14 Mushrush et al. employed
silica gel to eliminate nitrogen from various diesel fuels,
achieving impressive organic nitrogen extraction rates ranging
from 97.8% to 99.7%. Interestingly, silica gel demonstrated
notable selectivity for nitrogen-containing compounds, despite
its exclusive physisorption of these compounds.15 Limited
studies have explored the application of MOFs with actual
industrial feed materials. It was reported that functionalized
MOF has the capability to remove indole and quinoline from
model oils, with success attributed to hydrogen bonding
between the neutral nitrogen and sulfonic or carboxylic groups
on the MOF.16 However, more work is required to investigate
MOF usage for fuel adsorption, because of its high cost, and
inability to regenerate.17

CuY zeolite effectively decreased the nitrogen content in
commercial diesel oil from 83 ppm to 0.1 ppm through the
formation of p-complexes between nitrogen compounds and
the zeolite.18 It was reported that Amberlyst-15, a highly acidic
resin, successfully eliminated basic nitrogen compounds from
hydrotreated jet fuel.19 In other studies, ion-exchange resins
were found to remove 41% of the neutral nitrogen compounds
from fuel oil.20 The efficiency of denitrogenation through
adsorption using activated carbon relies on both its surface area
and chemical composition. The ndings indicate that activated
carbon with elevated oxygen content interacts with nitrogen
compounds through acid–base and hydrogen-bonding interac-
tions. Activated carbon surfaces with lower oxygen content
engage in weaker p–p interactions.21 Activated alumina
demonstrated a capability to eliminate 99.29% of basic nitrogen
from gasoline.22 In conjunction with experimental investiga-
tion, computational modelling has also been employed to
provide insights into the removal of NCCs. For instance,
molecular simulations have been used to assess extractive
denitrogenation by deep eutectic solvents23 and ionic liquids;24

along with ADN by solid adsorbent materials such as polymers,
oxides, and MOFs.25–27 Density functional theory (DFT) model-
ling also provides an accurate evaluation of the interactions
between the hosts (sorbent materials, solvents) and guests
(NCCs). The adsorption energies of several NCCs were quanti-
ed by DFT calculations in zeolites,28 MOFs,29 and ionic
liquids.30 The binding energies derived from these computa-
tions has allowed for a deeper understanding of different
denitrogenation processes, facilitating the development of
efficient materials and processes for targeted denitrogenation.
1.4 Adsorbent work in this study

The goal of this work was to develop technology for the removal
of NCCs from HTL-derived upgraded fuels using ADN,
employing a cost-effective adsorbent and a simple method. In
this paper, different adsorbents were thoroughly investigated
for the removal of NCCs using batch adsorption tests. The
adsorption equilibrium, kinetics, and optimal ratio of adsor-
bent to oil for the removal of NCCs were evaluated, along with
4366 | Sustainable Energy Fuels, 2024, 8, 4365–4375
the potential for adsorbent regeneration. In addition, compu-
tational modelling was performed by DFT calculations on
representative sorbents to understand their atomic-level
binding to NCCs. A preliminary economic analysis was done
to estimate the potential cost of using silica gel as the adsorbent
to remove NCCs without regeneration.
2 Experimental procedures
2.1 Screening of adsorbents

The detailed information about the source of the chemicals and
materials was included in the ESI.† The screening of adsorbents
through a batch adsorption screening tests their ability to
adsorb specic compounds from a surrogate fuel. In this case,
the surrogate fuel was prepared using pyridine and indole dis-
solved in decane. The concentrations of pyridine and indole in
the surrogate fuel were 0.57 wt% (1000 ppm basic N) and
0.42 wt% (500 ppm neutral N), respectively. To conduct the
batch test in a vial, Fuel/adsorbent (g/g) at 2/1 and 100/1 were
tested. The mixture was then stirred at a speed of 300 rpm for
a duration of 24 hours. During this time, the adsorbent inter-
acted with the surrogate fuel, allowing for the adsorption of the
target compounds (pyridine and indole) onto the surface of the
adsorbent. Aer the 24 h period, the mixture was separated by
syringe ltration and then the resulting liquid phase was ana-
lysed by GC-FID and trace nitrogen analysis to determine the
amount of pyridine and indole that had been adsorbed.
2.2 Isotherm test from batch experimental procedure

The purpose of adsorption isotherm test in batch mode is to
investigate the adsorption behaviour. Equilibrium experiments
were performed using a series of surrogate fuel solutions with
varying concentrations of pyridine (0.024–0.57 wt%) and indole
(0.019–0.42 wt%). A known weight of surrogate fuel was added
to separate 20 ml glass vials, along with a predetermined mass
of the adsorbent. The vials were then sealed to prevent evapo-
ration or contamination, then placed on aluminium blocks
tted to heated stir plates at 20, 40, or 60 °C for 24 h. The
adsorbent studied include various zeolites, activated carbon,
silica gels, and Amberlyst resins. The fuel/adsorbent ratio and
the equilibrium time may vary depending on the characteristics
of the system, the concentration of functional groups on the
surface, and the porosity of the sorbent. Aer equilibration,
about 1 ml of liquid was extracted and ltered using a syringe
lter. The concentration of the target molecule in the liquid
phase was then measured using GC equipped with FID.

The amount of NCCs adsorbed onto the adsorbent material
is determined by calculating the difference between the initial
and nal concentrations of NCCs. The data is then used to plot
the adsorption isotherm, which represents the relationship
between the equilibrium concentration of the target substance
and the amount adsorbed onto the adsorbent material. Data
analysis, such as tting the experimental data to Langmuir
model, was performed to extract relevant parameters such as
maximum adsorption capacity and adsorption affinity.
This journal is © The Royal Society of Chemistry 2024
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2.3 Kinetic test from batch experimental procedure

In addition to adsorption isotherms, kinetic experiments were
also conducted to study the rate at which adsorption or
desorption occurs over time and to understand the possible
adsorption mechanisms. 2 g different adsorbents were added
into 100 g surrogate fuel containing 0.57 wt% pyridine and
0.42 wt% indole. The mixture was then stirred at room
temperature (300 rpm) for 24 h. Periodically, 0.5 ml liquid
samples were extracted and ltered, for subsequent GC-FID
analysis. More frequent sampling was done early in the exper-
iment to capture initial adsorption/desorption behaviour.

2.4 Computational method

DFT calculations were performed to optimize the adsorption
congurations of NCCs on adsorbent surfaces and quantify
their interaction energies. All DFT calculations were carried out
using ORCA31 at the PBE0/6-311G(d,p) level of theory,32 with
Grimme's D3 van der Waals correction33 The electronic energy
was converged self-consistently to thresholds of 10−8 a.u. All
geometries were optimized until atomic forces were less than
0.02 eV Å−1 and the resulting optimized structures were veried
as local minima by vibrational frequency analysis. A pre-
optimization using xTB soware with GFN2-xTB method34 was
performed to obtain reasonable initial structures before DFT
optimizations in ORCA. The SMD implicit solvent model35 of n-
decane was considered in DFT calculations to mimic the
surrogate fuel examined in our experiments.

3 Result and discussion for
adsorption batch test
3.1 Adsorption selectivity

Eleven adsorbent materials were evaluated with diverse physi-
cochemical properties for the purpose of nitrogen (N) removal
(see Table 1 and Fig. S1†). Notably, some of these adsorbents
stood out by achieving an impressive N removal rates of over
99% as shown in Table 1. To encapsulate the range, four
representative adsorbents were selected from this group, each
falling into a distinct category: Amberlyst 36 (Am36), silica gel
Table 1 Adsorbent screening with 1500 ppm total N in decane as
surrogate feed, fuel/adsorbent 2 : 1, 40 °C 24 h

Adsorbents
N removal
(%)

Final N
conc. (ppm)

Amberlyst-15 99.9 1.4
Amberlyst-16 20.6 1254
Amberlyst-36 99.9 1.4
Amberlyst-45 12.2 1388
SiO2 gel (S736) 99.7 4.1
SiO2 gel (S745) 98.9 15
Zeolite beta 99.9 1.4
Zeolite 4A 37.3 990
Zeolite Y 99.9 1.4
Activated alumina 98.8 16
Activated carbon 90.1 130

This journal is © The Royal Society of Chemistry 2024
(S736-1), zeolite beta, and activated carbon (AC). Am36 was
selected over Am15 for further studies despite comparable
extraction efficiencies because Am-15 is a macroreticular poly-
styrene resin which swells more when it interacts with suitable
solvents. Swelling of the resins could pose issues with process
development when scaling-up.

Fig. 1 shows the adsorption of pyridine and indole with
different surrogate fuel-to-adsorbent ratios. The primary
objective was to assess and compare the nitrogen removal
(Fig. 1(a)) and adsorption capacity (Fig. 1(b)) of the four
different adsorbents under the specied conditions. By varying
the fuel-to-adsorbent ratio from 50/1, 10/1 to 2/1, the efficacy of
each adsorbent can be assessed, and an optimal fuel-to-
adsorbent ratio can be established. Overall, NCC removal
increased with decreasing fuel-to-adsorbent ratio. Nitrogen
removal drops below 90% with fuel-to-adsorbent ratios of 50/1.
Conversely, the nitrogen adsorption capacity showed a decline
as the fuel/adsorbent ratio decreased. Taking Am36 as a repre-
sentative example, the amount of nitrogen adsorbed decreased
from 64 mg g−1 to 3 mg g−1 as the fuel/Am36 ratio decreased
from 50/1 to 2/1. This observation can be attributed to the
excess Am36 present at the 2/1 ratio, indicating that Am36 was
not fully saturated under these conditions.
3.2 Adsorption isotherm

To gain deeper insights into the adsorption behaviour of pyri-
dine and indole, the adsorption isotherms were investigated
across the four representative adsorbents at varying tempera-
tures (Fig. S2†). The isotherm proles of these four adsorbents
at room temperature were subsequently summarized in Fig. 2(a)
and (b). The pyridine and indole isotherm data were tted to the
Fig. 1 Nitrogen heteroatom removal (a) and adsorption capacity (Qe)
(b) over different adsorbents with different fuel/adsorbent ratio.
Adsorption under 40 °C and 24 h.

Sustainable Energy Fuels, 2024, 8, 4365–4375 | 4367
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Fig. 2 Equilibrium adsorption isotherms of (a) pyridine and (b) indole adsorption, and Langmuir plots (c) pyridine and (d) indole over Amberlyst
36, zeolite, silica gel and activated carbon at room temperature. Ce is the concentration of pyridine in milligrams (mg) per milliliter (ml) of decane.
Qe is weight of pyridine in mg per gram of adsorbent.
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Langmuir model using eqn (1) and shown in Fig. 2(c) and (d),
the resulting Langmuir parameters such as maximum adsorp-
tion capacity (Qm) and adsorption affinity (k) being calculated
and summarized in Table 2.36

1/Qe = 1/Qm + 1/kQmCe (1)

Notably, among the adsorbents, Am36 exhibited the highest
adsorption capacity for pyridine and indole. Zeolite also
demonstrated notable adsorption capabilities. Silica gel, on the
other hand, displayed a Qm of 152.3 mg g−1 for pyridine and
80.0 mg g−1 for indole, with the highest k value of 7.04 L g−1 and
2.94 L g−1 for pyridine and indole, respectively. Activated carbon
had the lowest adsorption capacity towards pyridine among the
tested adsorbents, but higher indole adsorption capacity
compared to pyridine. Some of these phenomena will be dis-
cussed in greater detail in Section 3.6.

Overall, silica gel and zeolite exhibits faster adsorption
towards both pyridine and indole, which might be attributed to
the high surface area, large pore volume, and coupled with the
acidity/polarity of the sorbent material. The adsorption rate
Table 2 Variation in adsorption capacity and affinity of pyridine and ind

Adsorbents Pyridine Qm (mg g−1) k (L

Am36 390.38 4.2
Zeolite 141.23 6.7
Silica gel 152.34 7.0
AC 36.26 0.9

4368 | Sustainable Energy Fuels, 2024, 8, 4365–4375
follows the order of silica gel > zeolite > Am36 > AC. Isotherm
data (Fig. S2†) supports the primary hypothesis that stronger
interaction occurs between NCCs andmore acidic surfaces such
as Am36 and zeolite which contain acidic functional groups on
the surface. Adsorption capacity and rates increased with
increasing temperature, and weaker interactions occurred
between NCCs and the least acidic surfaces (silica gel, activated
carbon).
3.3 Adsorption kinetics

The adsorption kinetics are closely related to adsorption effi-
ciency, which varies due to differences in adsorbents chemical
structures. As illustrated in Fig. 3 and S3,† the adsorption
kinetics of pyridine and indole were investigated by plotting
adsorption capacity against time. Both pyridine and indole
exhibited similar trends in adsorption capacity and rate
compared to the data derived from the isotherm data. For
Am36, adsorption gradually increased with increasing adsorp-
tion time and reached equilibrium aer 24 hours. Am36, on the
other hand, displayed the slower adsorption rate but the highest
adsorption capacity. This phenomenon is due to NCCs chemical
ole across different adsorbents under room temperature

g−1) Indole Qm (mg g−1) k (L g−1)

1 161.84 1.73
9 69.53 2.50
4 80.06 2.94
3 98.59 1.56

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Effect of adsorption time on the adsorbed amounts of (left) pyridine and (right) indole. The initial concentration of pyridine and indole in
surrogate fuel was 1000 ppm N from pyridine, 500 ppm N from indole, surrogate fuel/adsorbent = 50 : 1, 20 °C.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 5
/5

/2
02

6 
12

:5
0:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
affinity for the for the sulfonic acid functional groups (ca.
5.4 mmol g−1) on the surface of the resin. Although Am36 offers
a slower adsorption rate, Am36 compensates with a highest
adsorption capacity among all 4 representative adsorbents. This
makes Am36 an excellent choice for certain applications that
require prolonged retention of adsorbate species, provided that
greater residence times are permissible during this particular
chromatographic separation. In the case of zeolite, silica gel,
and activated carbon, there was a rapid initial increase in
adsorption capacity within the rst 10 min and equilibrium was
reached within 1 h. Activated carbon exhibited the slowest
adsorption rate and capacity for both pyridine and indole.
Notably, both zeolite and silica gel demonstrated a higher
absorption rate than activated carbon, however silica gel
exhibits the highest adsorption capacity within the rst 10
minutes, making it the best candidate for application and
consequently enhancing throughput.

The pseudo-rst-order and pseudo-second-order kinetic
models were tted to the kinetic data using eqn (2) and (3).36

ln(qe − qt) = ln qe − kl × t (2)

t/qt = 1/k2 × qe
2 + t/qe (3)

where qe and qt represent the amounts of pyridine and indole
adsorbed at equilibrium and at time t, respectively, and k is the
adsorption rate constant. The values of various constants and
correlation coefficients obtained from the tted kinetics were
summarized in Table S1.† The analysis revealed that Am36,
silica gel and zeolite exhibited better tting to the pseudo-
second order model for both pyridine and indole, as
Table 3 Adsorbents property & NCCs removal. Surrogate fuel/adsorben

Adsorbents
Total acid
(mmol g−1)

BET
(m2 g−1)

Pore size
(nm)

Am36 5.4 33 24
Zeolite 0.7 611 0.67
Silica gel 0.03 405 9.5
AC 0 1082 1.2

This journal is © The Royal Society of Chemistry 2024
evidenced by higher correlation coefficients compared to the
pseudo-rst-order model. This indicates that the adsorption of
NCCs in these three adsorbents is proportional to the adsorp-
tion sites.37 AC showed better tting to the pseudo-rst-order
model for both pyridine and model.
3.4 Adsorbent surface-area & acidity

The physicochemical properties of adsorbents, including
surface functional groups, pore structure, and pore size, exert
a signicant inuence on the adsorption and desorption of
target NCCs.38 These specic physicochemical properties for the
selected adsorbents can be found in Table 3 and Fig. S4.† The
table provides valuable information about the physicochemical
properties of the adsorbents, including data on acidity, surface
area, pore size, and pore volume for each adsorbent, enabling
a comprehensive understanding of their characteristics and
suitability for specic applications in the removal of target
NCCs. Fig. S5† illustrates a representative NH3-TPD plot,
revealing notable disparities in acid site abundance between
zeolite and both SiO2 gel and activated carbon across a broad
spectrum of acid strengths. Zeolite shows total acid content of
0.7 mmol g−1,39,40 It shows a substantial surface area of 611 m2

g−1, a moderate averaged pore size of 0.67 nm, and a total pore
volume of 1.1 cm3. Silica gel contains few and weak acid sites
and its NH3 adsorption peak is evident at 200 °C, exhibiting
much lower values for its total acid content compared to zeolite,
but offers a specic surface area of 405 m2 g−1, a pore size of
9.5 nm, and a pore volume of 0.9 cm3. In contrast, activated
carbon possesses a limited quantity of acid sites, resulting in
minimal acidity throughout the entire temperature range
t at 10 : 1, 20 °C 24 h

Pore volume
(cm3)

Pyridine removal
(%)

Indole removal
(%)

0.2 99.8 98.8
1.1 99.3 91.6
0.9 98.9 89.2
0.7 58.6 84.7

Sustainable Energy Fuels, 2024, 8, 4365–4375 | 4369
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examined, but provides a remarkable surface area of 1082 m2

g−1, a pore size of 1.2 nm and pore volume of 0.7 cm3. Am 36
degrades under NH3-TPD conditions, leading to inaccurate
results. Therefore, NH3-TPD analysis was not performed for this
sample. Am36 possesses a total acid content of 5.4 mmol g−1

according to published technical information.41 It possesses
a specic surface area of 33 m2 g−1, a relatively large pore size of
24 nm and pore volume of 0.2 cm3. The overall pyridine and
indole removal increased with increasing acid strength (Am36 >
zeolite > silica gel) not very relevant to surface area and pore
size. However, activated carbon with higher surface area and
low acidity, showed comparable performance towards indole
removal. Therefore, it is believed that surface area and porosity
are the keys to removing less basic nitrogen compounds via
hydrogen bonds and van der Waals force.8,29,42
3.5 Aviation fuel adsorption

Aviation fuel, also known as jet fuel, is a specialized type of fuel
for aircra engines. Jet fuels are complex hydrocarbon that may
contain nitrogen and sulphur containing compounds among
other impurities.43–46 The complexity of these compounds
makes selective removal of nitrogen and sulphur challenging
without altering the fuel's overall composition. This difficulty is
due to competitive adsorption, where different species compete
for active sites on adsorbents or catalyst surfaces. For example,
sulphur compounds can occupy active sites, limiting sites
available for nitrogen compound adsorption and reducing the
efficiency of nitrogen removal processes in NCCs.8,27 Although
since nitrogen is generally more basic than sulfur, adsorptive
processes which are dominated by hydrogen-bonding/acid–
base chemistries should hypothetically favor NCC sequestration
over the sequestration of sulfur containing compounds.
Fig. 4 The adsorption configurations of pyridine and indole on the surfac
Numbers in the plot indicate the hydrogen bonding distance (nm), if ex
(white), O (red), N (blue), Si (yellow). Their corresponding adsorption ene
indole interacting with functional groups on different hypothetical surfa

4370 | Sustainable Energy Fuels, 2024, 8, 4365–4375
Fig. S6, Tables S2 and S3† provide information of SAF feed
and the performance of different adsorbents in terms of N and S
removal. Am36 demonstrated high effectiveness in N removal
(99.8%), but the S removal is relatively lower (22.2%). Zeolite
shows excellent performance in both N (99.6%) and S (44.3%)
removal. Silica gel effectively removed N (99.3%) and S (41.7%).
While activated carbon has a relatively low removal rate for
nitrogen (79.3%), it performs better for the removal of S con-
taining atoms (54.8%). The adsorption data from the SAF
reveals a similar trend for nitrogen (N) removal when compared
to surrogate fuel: Am36 > zeolite > silica gel > AC. This consis-
tency in the trend across actual fuel and surrogate fuel indicates
that our results obtained from using the surrogate fuel can be
used to predict the performance using actual fuel.
3.6 Molecular insight into NCC adsorption

To provide a better understanding on the adsorptive binding of
pyridine and indole to different sorbent surfaces in experi-
ments, the adsorption congurations of pyridine and indole
were obtained on the surfaces of Am36, silica gel and AC by DFT
geometric optimization, as illustrated in Fig. 4(a)–(c). Due to the
impractical computational expense for modelling the entire
sorbent nanostructures in DFT, truncated cluster models were
used to represent different adsorbent surfaces. A similar
method has been successfully applied to previous denitrica-
tion studies.25 For both pyridine and indole, their major inter-
actions with the three sorbent surfaces are intermolecular
electrostatic and van der Waals interactions. In Am36, hydrogen
bonds were clearly observed between the sulfonic acid (–SO3H)
functionality and the two NCCs: the N of pyridine as an
acceptor, the H of indole as a donor, respectively. In silica gel,
only pyridine formed a hydrogen bond with the hydroxyl (–OH)
e of (a) Amberlyst, (b) silica gel, and (c) activated carbon cluster models.
ists, between NCCs and adsorbents. Atom color scheme: C (gray), H
rgies are illustrated in (d). (e) The adsorption energies of pyridine and
ce substrates.

This journal is © The Royal Society of Chemistry 2024
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functionality, while indole found no acceptor for a hydrogen
bond. Not surprisingly, no hydrogen bond was found on the AC
planar surface for either pyridine or indole. However, it is noted
that both pyridine and indole are adsorbed on AC surface in
a conguration parallel to the planar surface that improves
their p–p molecular orbital interactions.

Then the adsorption energies of pyridine and indole were
quantied on these surfaces in Fig. 4(d). For pyridine, Am36
demonstrates the strongest adsorption strength due to a strong
hydrogen bond, while AC has the weakest interaction lacking
hydrogen bonds. The hydrogen bond between pyridine and
silica gel surface is weaker than that between pyridine and
Am36, but it is much stronger than the p–p interaction between
pyridine and AC. On the other hand, for indole, Am36 still
shows the strongest binding among the three sorbent surfaces
because of a hydrogen bond with moderate strength, but AC
shows a comparable binding strength because of the p–p
interaction. The interaction between indole and silica gel is
slightly weaker since there is neither a hydrogen bond nor p–p
interaction. However, the differences in the adsorption energies
of the three sorbents are much smaller for indole (<0.1 eV)
compared with pyridine (0.36 eV). The overall trend of the
computed adsorption strength is consistent with experimental
characterizations that Am36 > silica gel > AC. Our modelling
also suggests that the adsorption of pyridine and indole in these
sorbents is mostly weak interaction, except that pyridine/Am36
displays stronger interaction.

In addition, a hypothetical situation was computationally
explored where the two functionalities (–SO3H, –OH) were
placed on different surfaces (Am36, silica gel, AC), respectively.
As illustrated in Fig. 4(e), changing the substrates of functional
groups indeed modies their adsorption strengths, but the
magnitude of change is quite limited for all cases (typically <0.1
eV). Therefore, the selection of appropriate functionality on the
sorbent surface remains to be key to change the sorbent/NCC
interaction. Still, the choice of substrates can ne-tune the
adsorption strength, and it also impacts the pore networks of
solid sorbents (e.g., porosity) or the rigidity of polymeric resins,
which eventually inuences the transport of NCCs and their
kinetics during ADN. It is also noted that although Am36
provides the strongest binding, it can also make desorption
with single solvent more difficult. Since AC shows low affinity to
NCCs, silica gel may be an appropriate trade-off between
adsorption capacity and desorption difficulty.
Fig. 5 NCCs were removed using fresh silica gel and post-calcination
regenerated silica gel under 450 °C and 600 °C. Adsorption was
conducted using regenerated silica gel at 450 °C for 5 cycles. The
adsorption process involved treating 1000 ppm N from pyridine and
500 ppm N from indole, with a fuel/adsorbent ratio of 10 : 1, at 40 °C
for 24 h.
3.7 Silica gel regeneration

Our results have effectively demonstrated SiO2 gel as the
optimal adsorbent for commercial use, owing to its high
adsorption capacity and rapid adsorption rate. Regeneration of
adsorbents is typically a better approach than disposal aer
each use cause disposing the adsorbent may have adverse
environmental impact.47 The regeneration of silica gel can be
achieved through either solvent extraction or post-calcination
methods. Since silica gel eliminates nitrogen-containing
compounds through electrostatic interaction and hydrogen
bonding, this enables facile regeneration of silica by pure or
This journal is © The Royal Society of Chemistry 2024
mixed solvent systems.38 Despite successful regeneration of the
silica gel, this solid–liquid extraction approach introduces
complexities to the subsequent solvent recovery and recycling
processes, making it challenging for commercial application.
Thermal regeneration was also assessed as an alternative to
solvent extraction of the adsorbents.48,49 Specically, post-
calcination of the silica gel was used to remove adsorbed
moisture, fuel, and other NCC impurities aer every adsorption
cycle. The efficiency of regeneration can be inuenced by factors
such as temperature, duration of heating, and the specic
characteristics of the silica gel used. The silica gel adsorbed
with surrogate fuel was calcined under 450 °C to 600 °C for 2 h,
respectively. Those temperatures were commonly used for
regenerate silica-based adsorbents aer NCCs adsorption.50,51

However, at 600 °C, the regeneration process becomes more
aggressive, altering the pore structure, surface chemistry, and
thus the performance of the silica gel.50,52–54 According to
Fig. 5(a), silica gel recovered at 600 °C exhibited comparable
pyridine removal but slightly lower indole removal compared to
both fresh SiO2 and SiO2 regenerated at 450 °C. The decrease in
surface area (Table S4†) resulted in a reduction of surface active
sites, and the density of Si–OH groups could also be diminished
at temperatures higher than 600 °C.53 Therefore, the optimal
regeneration temperature depends on the specic requirements
of the application and the type of silica gel being used.

In Fig. 5(b), it is observed that at 450 °C, the regenerated
silica gel process can effectively remove both pyridine and
indole for ve cycles without observable changes in extraction
efficiency. We analyzed the acidity (NH3-TPD) and porosity/BET
surface area (Table S5†) of the catalyst aer each reaction cycle,
correlating these properties with the removal efficiency of the
Sustainable Energy Fuels, 2024, 8, 4365–4375 | 4371
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two model nitrogen compounds. The BET surface area exhibi-
ted a slightly decline from 431.6 m2 g−1 to 428.4 m2 g−1 over the
ve cycles. The NH3-TPD analysis initially shows values of
0.03 mmol g−1, however, there were no NH3 peaks in the MS
aer the rst calcination, which may be attributed to the low
acidity sites being below the detection limit. Higher initial
acidity and surface area were associated with removal efficien-
cies of 97% for pyridine and 81% for indole. However, as both
acidity and surface area decreased, the removal efficiencies for
both pyridine and indole also decreased, reaching 95% for
pyridine and 72% for indole by the 5th cycle. Yet, calcined silica
even with lower concentrations of surface Si–OH groups, and
NCCs are still attracted by dipole–dipole interactions. These
results establish the critical role of maintaining adsorbent
acidity and surface area in achieving high removal efficiencies
of nitrogen compounds over sequential regeneration and recy-
cling steps. This highlights the need for strategies to preserve
these properties during adsorbent regeneration. We will discuss
the methods and costs associated with dealing with NOx emis-
sions from the generation process in Section 3.8.
Fig. 6 Silica gel cost estimation for the NCCs in fuel with different
concentrations. The adsorption capacities were calculated based on
equilibrium data.
3.8 Estimation of a baseline cost

We based the economic analysis on the 2022 state of technology
(SOT) study, which focused on producing SAF from wet waste
using hydrothermal liquefaction (HTL) technology.55 The 2022
SOT study designed an HTL plant with a capacity of 110 dry ton
biomass per day, coupled with a centralized biocrude upgrading
plant processing approximately 3000-barrel biocrude per day,
which is equivalent to combined biocrude production of ten 110
dry ton per day HTL facilities. The SAF fraction was produced
from the hydrotreating and hydrocracking in the upgrading
plant and a deep HDN method was proposed to remove the
nitrogen below 2 PPM for the SAF requirement. In this study, we
assumed the same upgrading scale for SAF productions, with all
the costs expressed in 2020 U.S. dollars. A common linear
velocity of feed in liquid phase adsorption is about
0.003 m s−1.56 The equilibrium adsorption capacity of our silica
gel toward pyridine was estimated to be 115mg g−1 at 1000 ppm
based on the measured adsorption isotherm. The volumetric
ow rate of the SAF product stream in the 2022 SOT biorenery
process model with HDN is 1453 gal per h (about 1.528 × 10−3

m3 s−1, mass ow is 9376 lb h−1). Given the linear velocity, the
estimated cross section area is about 0.51 m2 and the diameter
of the adsorption bed is 0.806 m assuming a cylindrical shape.
If the adsorption bed needs to be regenerated every 48 h, the
estimated loaded silica gel is 3913 lb (1778.6 kg). Assuming the
silica gel will be used for 1 time, the replacement rate was
calculated to be 81.5 lb h−1. The unit cost of silica gel was
estimated to be $0.68 lb−1 based on the information from
online international vendor and the annual adsorbent cost is
about $440k.

The bed length can be estimated to be 6.34 m with a packing
density of silica gel at 550 kg m−3.56 In order to realizing a semi-
continuous process, there will be another identical adsorption
bed to handle the denitrogenating while the rst adsorption
bed is under regeneration. The cost of each adsorber made of
4372 | Sustainable Energy Fuels, 2024, 8, 4365–4375
carbon steel is estimated to be $55 043 in year 2020 cost based
on the dimensions.57 The Ergun-equation is used to calculate
the pressure drop across the packed adsorption bed:

DP

L
¼ 150mð1� 3Þ2u0

33dp
2

þ 1:75ð1� 3Þru02
33dp

2

where DP is the pressure drop, dp is the adsorbent particle
diameter, L is the length of bed, m is the liquid viscosity, u0 is the
supercial velocity, 3 is the porosity of the bed, and r is the
liquid density. The rst term on the right-hand side represents
laminar ow conditions (Re < 10) and the second term on the
right-hand side represents turbulent ow conditions (Re >
1000).58 Aer plugging in all the uid parameters of the SAF
stream and the silica gel adsorbent, the pressure drop in the
adsorption bed is estimated to be 7.5 kPa. Two pumps with 20
HP and 1500 GPM are needed to feed the unprocessed SAF
stream into each adsorption bed and the pump cost is esti-
mated to be $6460/each based on information from an online
vendor. Therefore, the total installed equipment cost (including
adsorber and pump) stream. The summary results of operating
cost of ADN at different concentrations of pyridine are shown in
Fig. 6 with ±20% uncertainties of the estimation. For the
adsorption denitrogenation step can be estimated to be $246k
assuming the installation factor is 2.

The cost to remove NOxwas calculated based on the unit cost
from a selective catalytic reduction (SCR) equipment in a large
processing center which can achieve a cost of $2000 per ton NOx

at large scale.59 If we choose 1000 ppm pyridine as an example of
the nitrogen contents in the SAF stream, the estimated NOx

content is about 4.51 lb h−1 (9.376 lb h−1 pyridine and assuming
equal amount of NO and NO2) based on the information
mentioned above. The annual cost of removing NOx is esti-
mated to be $33k with a 7920 h of operating time. Below, we
conducted an economic analysis on 1000 ppm pyridine
removed by silica gel. The costs of the ADN were done for other
concentrations of pyridine content with similar assumptions
and different costs related to the concentration of nitrogen
contents was considered.
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Comparison of the impacts on the MFSP from the different denitrogenation methods in the process of converting wet waste to SAF and
other fuels using HTL technology.
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The annual operating costs for the ADN of 1000 ppm pyri-
dine include the cost of steam (about $80), the cost of electricity
used by the pumps ($8266), the cost of adsorbent replacement
($440k), the cost of de-NOx ($33k), and the labor cost ($198k).
The total annual operating cost is about $679k and the
normalized operating cost from ADN is about $0.06 per gal SAF
fuel. The cost of adsorbent replacement and de-NOx will change
at different concentrations of pyridine in the feed stream. The
summary results of operating cost of ADN at different concen-
trations of pyridine are shown in Fig. 6 with±20% uncertainties
of the estimation. We also tried to replace the HDN in the
biorenery level HTL model with ADN and to compare the
impacts of the different methods of denitrogenating on the
minimum fuel selling price (MFSP). A simple scheme of the
comparison is shown in Fig. 7. The same feed stream of bio-
crude from the upstream HTL process at 1100 dry tpd sludge
will be fed to both processes. The NCC is 1000 ppm pyridine and
the SAF yields are 98% (based on thermogravimetric analysis of
the used silica gel adsorbent) and 98.8% (determined from lab
scale experiment) ADN and HDN, respectively. It seems that the
cost of ADN is slightly less than that of the HDN which is due to
the reduction of H2 usage and the replacement of HDN reactor
with much less expensive adsorber operating at ambient
condition. The MFSP of the ADN case can be further reduced by
reusing the silica gel. However, the yield of SAF will play a more
important role in determining the MFSP so the loss of fuel need
to be minimized by developing NCC selective adsorbent.
Compared to HDN, ADN is an add-on modular technology on
top of the current upgrading plant, and it does not require
change to the existing process such as H2 plant when nitrogen
content increases/decreases from the designed level.
4 Conclusion

Silica gel proved to be the optimized adsorbent, exhibiting
a remarkable 99% removal efficiency for NCCs in surrogate fuel
and displaying excellent regeneration properties. The signi-
cance of acidity is evident when comparing Am36 with zeolite,
silica gel, and AC all of which possess substantial surface area
and high porosity. The adsorption capacity is observed in
correlation with the acidity on the surface. Acid–base reactions
between nitrogen compounds and the acidic groups on the
adsorbent play a vital role, affecting both pyridine and indole
This journal is © The Royal Society of Chemistry 2024
adsorption. Additionally, hydrogen-bonds contribute to
improved adsorption performance, particularly for less basic
compounds like indole, as exhibited in our studies of activated
carbon which has high porosity without acidic functionality at
the material's surface. SAF fraction meets spec (∼2 ppm
nitrogen?) aer batch adsorbent testing. Lower performance
with real fuel is likely due to competitive adsorption with S-
compounds and the substituents present on actual NCCs
present in real fuel samples. A simple cost estimation of using
silica gel to remove NCCs from SAF without reuse draw
a boundary concentration of 2000 ppm for NCCs to meet the
$0.05 per gal cost of ADN.
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