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Abstract

Bio-based hydrocarbon fuels made from carbonaceous wastes are a renewable and potentially
carbon neutral alternative to conventional fossil fuels. Pyrolysis biofuels are limited largely
because of a poor overall energy balance along with the fuel’s high viscosity and high oxygen
content. This study explores an integrated biorefinery approach to manage Brewer’s Spent Grain
(BSG) waste that combines in situ catalytic upgrading of pyrolysis fuel with production of value-
added products to improve process economics. By incorporating silver nitrate via a wet
impregnation method into BSG prior to pyrolysis, non-condensable gas (particularly hydrogen and
ethane) production dramatically increases, while the evolution of methane is largely unchanged.
Critically, the peak temperatures at which pyrolysis gases evolve are decreased by the
incorporation of silver, suggesting that this process could lower required pyrolysis temperatures.
The silver-treated pyrolysis bio-oil showed a considerable increase in furfural, an important
precursor in many chemical processes. The silver-impregnated biomass also showed a decrease in
2-methyl-propanal and 2-methyl-butanal yields, and virtually eliminated detectable anthracene and
pyrene. In conjunction with the evolved gas results, it is likely that molecular rearrangement and
dehydrogenation pathways, as opposed to a complete thermochemical cracking of the bio-oil
fraction, are likely responsible for the catalytic behavior observed. After pyrolysis, the biochar can
be oxidized to yield bio-templated, green-synthesized silver micro- and nanomaterials. The
integrated biorefinery approach offers a novel path for upgrading pyrolysis biofuels, unifying
synthesis of micro- and nanostructured materials and fuel production.
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Graphical Abstract

Pyrolysis biofuels can be in situ upgraded by impregnation with catalyst precursors,
simultaneously forming biotemplated materials, enhancing hydrogen production and decreasing

oxygenated compounds in condensable bio-oil

Upgraded bio-oil
and bio-gas

Pyrolysis

Biomass Crude bio-oil
Feedstock and bio-gas
D v Pyrolysis
mmm.aee.qan-.uc.wwsiga:-
Metal
impregnation

Metal—lmprez;nated Biomass

Ashman, Gao, Goldfarb 2019

Oxidation

i

Bio-templated materials




50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

1. Introduction

The global demand for sustainable, reliable sources of energy is steadily growing as developing
nations expand and world population rises. As this trend continues it is imperative that we work to
curb our reliance on non-renewable fossil energy sources, which are inextricably linked to climate
change and environmental degradation. One potential alternative to fossil fuels is pyrolysis
biofuels derived from lignocellulosic biomasses from agricultural and food waste streams. While
biofuel derived from biomass is attractive as a potential renewable, sustainable, and comparatively
carbon-neutral energy source, it has received considerable scrutiny over the years on the basis of
the overall process’ energy balance and economics, as well as net environmental impact!-. These
criticisms may be countered, in part, by recovering both fuels and additional value-added

products® .

Perhaps the most significant issue with the production of biofuels from biomass via pyrolysis
(heating in the absence of oxygen) is the relatively poor quality of the liquid bio-oil product. This
bio-oil tends to be both acidic and high in oxygen content, leading to corrosion in engines and
process units. It also renders the fuels prone to degradation over time’. Bio-oil upgrading via both
physical and chemical treatment has been investigated by many, from in situ and downstream
chemical catalysts® to solvent-free mechanocatalytic processes using sacrificial catalysts’.
Nevertheless, challenges persist such as the presence of viscous, oxygenated polar compounds
which are subject to polymerization at temperatures as low as 120°C and are largely responsible
for the fuel’s thermal instability!®!!. In short, poor fuel quality and yield, along with the relatively
high cost of fuel upgrading processes — particularly with respect to catalyst degradation and
recovery'> — has stymied large-scale development and adoption of this type of biofuel'’.

However, biomass-to-biofuel processes may be bolstered both in terms of process economics and

fuel quality by pursuing an integrated biorefinery approach.

The incorporation of pre-formed nanomaterials into biomass to catalyze biofuel production has
been explored throughout the biofuel literature. First-generation biofuels have profited greatly
from nanomaterial catalysts, from improved transesterification of bio-oils using nano- Fe3O4, CaO,
and y-Al,O3'*!1°, to conversion of glycol to high-value chemical products using ZnO supported Rh

and Pt%. This extends to second-generation biofuels from lignocellulosic and agricultural waste
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streams. For example, Ni-W catalysts increase yield of ethylene glycol, and Ru can increase
sorbitol, isosorbide, and hexitol yields in bio-o0ils'®?°. Ti and Al nano-catalysts demonstrated

21,22

potential in improving levoglucosan yield in cellulose and anhydrous sugar pyrolysis~~, and

sulfated metal oxides improved yield of light furans from cellulose pyrolysis**. Nano-NiO on y-

Al>Os has been explored for upgrading pyrolysis gases and tar removal®!

, while incorporation of
nano-SnO, particles into hazelnut shell biomass catalyzed pyrolysis and increased biogas
generation?. Catalysts naturally found in red mud were also shown to enhance components of fast
pyrolysis, particularly with respect to ketone yield®. Still others have studied the efficacy of in
situ upgrading of pyrolysis products by incorporating zeolites into biomass prior to pyrolysis®S.

These examples and many more clearly demonstrate the benefit of catalyst integration into the

biomass-to-biofuel process.

In the present work, brewer’s spent grain (BSG) was used as feedstock for in situ catalyzed biofuel
production. BSG was selected due to its potential scalability/availability as a biomass, and its
dissimilarity to the pure cellulose feedstock previously examined by our laboratory?’ and the others
cited throughout this paper. Silver was chosen as the in situ catalyst for several reasons. First, noble
and transition metals used as heterogeneous catalysts in thermochemical conversion systems such
as gasification and pyrolysis have been shown to decrease operation temperature and increase
biomass conversion?’?®, Ag and Au, more so than Cu, Ni, Ru, Rh, Pd and Pt, have been shown to
lower activation energy barriers to CO conversion?, and transition metals are responsible for
catalytic tar elimination during biomass pyrolysis*’ and CO hydrogenation to methanol®!. Overall,
transition metals are responsible for C-C, C-O, C-N, N-O, N-N and O-O dissociation reactions>?,
critical to the pyrolysis process. The cost of silver, compared to other transition metals, is
considerably lower; early 2019 prices for silver hover around $0.50 per gram, whereas gold was
at $41/g, ruthenium at $8/g, palladium at $44/g and platinum at $26/g*. Finally, silver

micro/nanomaterials as a byproduct could represent a high-value antimicrobial material®*-3¢.

Another growing body of literature exists surrounding the use of biomass as a template for green
synthesis of micro- and nano-structures®’>°. These processes take advantage of natural organic
reducing agents leading to direct nucleation*®® as well as the naturally complex micro- and nano-

scale structures present in biological materials*!. This greener pathway obviates the need for harsh
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chemical reductants like hydrazines or sodium borohydride as well as volatile organic solvents
while presenting a viable means to produce engineered nanomaterials****. This process was used
to synthesize silver nanoparticles using a number of organic substances including soluble starch®,

4649

plant extracts***°, and cellulose as a structure-directing support for production of nanoparticles>".

51-53

5456 and

Similar bio-templating of inorganic nanomaterials has been shown for titanium> ™, iron
zinc®’°. Once these nanomaterials are formed, the organic scaffolding is removed through
oxidation in air. Our integrated approach attempts to join bio-templating of ordered micro- and
nano-materials as a means itself for catalyzing pyrolysis and upgrading of biofuel components.
This paper explores the feasibility of such an integrated biorefinery by simultaneously upgrading
pyrolysis biofuel from brewer’s spent grain while producing a value-added material, namely bio-
templated silver particles, which may be used in medicine, optics, and electrochemistry®®®!. This
paper explores the catalytic upgrading that can be achieved by incorporating a catalyst precursor
into the biomass, rather than a previously formed nano- or microstructured catalyst. As such, the
paper directly addresses key concepts in Green Engineering for Sustainable Development that can
be achieved via pyrolysis, including the development of environmentally improved

routes, synthetic methods and processes to achieve key products and chemicals by exploiting the

chemical aspects of renewable energy.

2. Experimental

Brewer’s spent grain (BSG), the residual barley grain malt and other solids left once the
fermentable liquid wort is removed, is the main waste product from the beer brewing process,
comprising about 85% of the total waste generated®?. The composition of BSG varies based on the
variety of barley used in fermentation, hops, and other additives. Generally speaking, it is
comprised of lignocellulosic biomass high in protein and fiber content, roughly 16 to 25%
cellulose, 15 to 24% protein, and 11 to 27% lignin (by dry mass basis)****. Because of its high
protein content, BSG is most commonly used for animal fodder®>, though it has been explored

t67

for many other uses including as a wastewater adsorbent®’, a growth medium for microorganisms

and enzyme production, as well as a feedstock for biochemical compounds such as amino acids
and antioxidants®®. Some have explored the potential for BSG as an energy source, including as a

69,70

charcoal precursor®®’®, as a feedstock for ethanol’'””®, in production of bio-gas via anaerobic

Ashman, Gao, Goldfarb 2019 5



143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

7476 and for the production of pyrolysis biofuels’”’8. BSG was selected in this work as

digestion
an attractive biomass feedstock for our process given its low cost, widespread abundance, and
large quantity generated each year—approximately 23 kg produced per barrel of beer, with over

200 million barrels produced in the US in 20153657,

2.1 Materials

BSG was obtained in bulk from Anheuser Busch (Everett, MA), and dried in an oven overnight at
90 °C to achieve a constant moisture baseline. To ensure studies were not transport limited,
biomass particles were reduced to 250-300 um by ball milling and sieving, which prior work
demonstrates yields a Biot number of much less than one®°. Ultimate analysis was performed using
a LECO 628 analyzer equipped with the sulfur module for CHN (ASTM D-5373 standard method)
and S (ASTM D-1552 standard method) content determination. Proximate analysis was
determined using a Mettler-Toledo TGA-DSC-1 thermogravimetric analyzer (TGA) by heating 3-
5 mg samples in 70 pL alumina crucibles. Residual moisture in the pre-dried biomass
(approximately 2-3% by mass) was removed from samples by heating to 110°C and holding for
15 minutes under a flow of 100 mL/min high purity nitrogen to obtain the dry sample mass. The
volatile matter content was considered to be the mass loss between 110°C and 850 °C in nitrogen
after a 30-minute hold, and the fixed carbon content the additional mass loss in 100 mL/min of dry
air at 850 °C after 30 minutes. Residual inorganic matter, loosely termed “ash”, was considered to

be anything remaining after oxidation.

2.2 Silver Impregnation

An incipient wetness impregnation technique was used to incorporate silver into the biomass,
whereby the BSG was soaked in a 0.1 M aqueous silver nitrate (AgNO3) solution (ACROS
Organics, 99.5% pure) in a ratio of 6 g biomass per 30 mL solution at room temperature and
pressure. The soaked biomass sample was then vacuum filtered to remove excess solution and
dried in a desiccator overnight. To understand the kinetics associated with silver metal loading
onto our biomass, BSG samples were soaked in the silver nitrate solution for 2, 5, 10, 30, 60

minutes, and 24 hours in both 0.1 M aqueous silver nitrate and in de-ionized water as a control.
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2.3 Thermal Treatment

Bio-templated materials are commonly produced by calcining metal-impregnated cellulosic
samples around 450-500°C in air to remove the biomass template®!. Production of materials in this
manner does not allow for collection of biofuel given that the combustible products quickly oxidize
upon devolatilization from the biomass. The novelty of the integrated biorefinery process is the
ability to first collect biofuel products produced by pyrolysis prior to a calcination step. Thermal
treatment of biomass samples was carried out using a 2-inch MTI tube furnace and porcelain boat
containing samples (0.50 g of biomass). Based on derivative thermogravimetric (DTG) analysis,
500 °C was selected as the pyrolysis temperature, as more than 90% of mass loss occurs below
this temperature and it is above the decomposition point of silver nitrate (440°C) and well below
the melting point of silver (960°C). Under a 100 mL/min flow of high-purity nitrogen, samples
were dried at 110°C for 15 minutes then heated to 500°C at a rate of 10°C/min and held at that
temperature for 1 hour to ensure complete devolatilization. During pyrolysis, evolved gas was
tracked with an Extorr RGA XT300M Quadrupole Mass Spectrometer starting at 110°C.
Specifically, the m/z signals 2, 16, 26, 27, 30, and 44 were recorded (corresponding to Ha, CHa,
C2Ha, CoH4, C2Hs, and CO», respectively)®>®3. CO evolution could not be monitored due to the
fact that its primary m/z signal is 28, the same as N». In addition to monitoring pyrolysis gases,
condensable vapors were collected in a 50 mL dichloromethane cold trap for later analysis. Upon
completion of pyrolysis, the sample was exposed to 100 mL/min of dry air at 500°C for 1 hour to
remove remaining organic material via oxidation. The sample was then allowed to cool to room
temperature before being removed from the furnace. All pyrolysis experiments were repeated

twice to ensure reproducibility of results.

2.4 Bio-0Oil Analysis

Condensable bio-oil was collected in dichloromethane and analyzed using an Agilent 7890B gas
chromatograph - 5977A MSD mass spectrometer (GC-MS). The analysis was performed in split-
mode at a split ratio of 0.5 with Helium as the carrier gas. The GC injection temperature was
250°C. The GC oven was initially held for 10 minutes at 30°C then heated to 250°C at a rate of
3.35°C/min, and finally held at 250°C for 5 minutes. Interface temperature was set to 325°C. Mass
spectra were recorded under electron ionization mode between m/z ratios of 29-300 after a 7-

minute solvent delay. Integration of the largest GC peaks (by area) provided a means for semi-
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quantitative analysis of the bio-oil compounds. Quantitative yield was calculated for select
compounds for which a calibration curve was generated. Calibrated compounds were obtained
from Fisher Scientific and ACROS Organics at minimum purities of 99.5 %; calibration curves
had a minimum of 7 points spanning a concentration range of 10-700 ppm with minimum R? values
of 0.994 as discussed in prior work?’#*. A threshold of 90% match against the NIST compound
library was used in identification of compounds, and validated against commonly detected biofuel

components in the literature.

2.5 Thermal Analysis

Samples of raw and silver-impregnated biomass were placed into a 70 pL alumina crucible then
inserted into a Mettler-Toledo TGA-DSC-1 for thermogravimetric analysis (TGA). The
Distributed Activation Energy Model (DAEM) was applied to determine activation energy of
pyrolysis®. All thermogravimetric experiments were completed in triplicate to ensure consistency
of data and were performed in accordance with ICTAC Kinetics Committee suggestions to remove
heating rate and transport dependencies on activation energy across one order of magnitude heating
rates with small sample sizes, as used here®. Details of the DAEM are given in the online
Supplemental Information (SI). To gauge overall reactivity of the sample, TGA plots of

conversion, X(t), vs temperature of the solid were constructed using:

(D)

X(t) = 2

mo—m f
where X(t) is the ratio of the mass of volatiles produced at a given time to the total mass at the end
of the pyrolysis reaction, with initial mass as mo, mass at time t as my, and mras mass after complete
pyrolysis. Derivative thermogravimetric plots were constructed as dX(t)/dT(t) to show the

dependence of reaction rate on temperature (which is a function of heating rate).

2.6 Biotemplated Silver Material Characterization

The presence and form of crystalline silver in the calcined sample was confirmed by X-ray
Diffractometry (XRD) using a Bruker Discovery D-8 with Cu Ka radiation in the 20 range of 30°
to 90° at a 0.05° step with a sampling time of 0.5 seconds using a slit detector. Further
characterization of the silver particles was performed by Scanning Electron Microscopy (SEM)
analysis using a Zeiss Supra 55VP field emission scanning electron microscope. Calcined silver-

impregnated samples were mounted on adhesive copper tape, gold coated, and imaged using the
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SE2 detector at 2 kV. Energy Dispersive X-ray Spectrometry (EDS) analysis was also performed

using an Apollo-40 EDAX detector at 7kV for samples on the same copper adhesive mounts.

3. Results and Discussion

To demonstrate the effectiveness of simultaneously bio-templating silver materials and in situ
upgrading pyrolysis biofuels, we impregnated brewer’s spent grain with silver nitrate prior to
thermal treatment. Results of the proximate and ultimate analyses of the BSG are detailed in Table
1. After silver incorporation, the brewer’s spent grain took on a noticeably darker color,
presumably due to partial oxidation of the silver (images available in Figure S1 of online

Supplemental Information, SI).

3.1 Optimal Soak Time

The silver nitrate solution soak time was considered in this analysis on the basis of practicality for
scale-up, given that longer residence times for mixing may be associated with higher process costs.
At scale, we envision silver incorporation into the biomass would take place while BSG is still
wet, eliminating the pre-drying step. Figure 1 shows that the inorganic content of both the silver
nitrate-soaked and water-soaked samples effectively did not change across this entire range of soak
times (within a 95% confidence interval), nor did volatile or fixed carbon fractions within
experimental error (data available in Figure S2 of SI). The data suggest that the kinetics of silver-
to-biomass surface association are rapid, and a soak time on the order of minutes is sufficient for
impregnation. Based on this analysis, all further BSG impregnation used a 2-minute silver nitrate
soak time. Though some have suggested that a water pre-soak may serve to remove inorganic

278789 this effect is not

impurities present in biomass which might contaminate the nanomaterials
observed for the water-soaked control; the as-received dried BSG and water-soaked BSG have
identical proximate analyses within one standard deviation. This suggests that if purer bio-
templated materials are desired, further pretreatment may be required such as by chelation. While
this is the result for our BSG, it should be noted that this particular biomass feedstock has been

extensively soaked in water throughout the brewing process.

3.2 Thermochemical Conversion of Raw and Silver-Impregnated Biomass
The impregnated biomass was pyrolyzed in a fixed bed reactor with approximately 0.5 g and the

condensable and non-condensable biofuels analyzed via GC-MS and MS, respectively. After
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completion of pyrolysis, the samples were calcined (oxidized) to remove remaining organic
material and isolate the silver bio-templated materials. Table 2 shows the product distribution of
solid, liquid and gas phases. The pyrolyzed fraction for the Ag-soaked biomass increases slightly;
this becomes both the condensable and non-condensable portions, whereas the oxidized portion

naturally decreases as silver is not lost, but remains in the biomass matrix

3.2.1 Analysis of Pyrolysis Gas

The gas evolution profile for the water-soaked BSG sample was virtually indistinguishable from
the raw BSG. However, pyrolysis of the silver-impregnated BSG resulted in increased quantities
of pyrolysis gas components evolved as compared to the raw, untreated biomass. The silver-
impregnated sample evolved substantially more gas and at lower temperatures than the raw
biomass, suggesting that the inclusion of silver into the biomass may serve to catalyze
devolatilization (primary pyrolysis) of the biomass sample itself. A semi-quantitative comparison
between treated and raw biomass can be made by integrating the area under the spectra (in partial
pressures) for each gas component devolatilized during the pyrolysis residence time (Table 3).
While evolution of CHs, C2Haz, and CoHs were largely unaffected by the presence of the silver,
hydrogen (H») and ethane (C2Hs) evolution increased significantly (944% and 64%, respectively)
in the silver-treated sample as shown in Figure 2 (figures for all gases monitored available in SI).
The incorporated silver particles appear to enhance pyrolysis reactions as seen by distinct shifts in
both noncondensable gases. This is particularly apparent in ethane evolution, which reaches peak
evolution between 350 to 400°C with silver treatment, compared to at the maximum pyrolysis
temperature of 500°C with raw BSG. Moreover, the profile of ethane production differed
dramatically; the treated sample showed peaks at 340°C, 395°C, and 500°C, compared to a small
peak at 320°C and a larger peak at 500°C in the raw sample. This result is also consistent—
although the increase more dramatic—with those results observed by Xue ef al. A 136% and 45%
increase in devolatilization for hydrogen and ethane, respectively, was seen during pyrolysis of
silver-treated corn stover, as well as 193% and 44%, respectively for silver-treated pure cellulose

filter paper?’. CO, evolution from Ag-treated BSG also increased 22%, similar to our prior work.

The effects on pyrolysis gas evolution observed here also agree with results from metal-catalyzed

pyrolysis reported elsewhere in literature. Crystalline cellulose impregnated with both nickel
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nitrate and iron nitrate yielded an increase in hydrogen and carbon dioxide, coupled with a decrease
in CO and increase in H,O and char formation®®. Ni(NOs), impregnated wood shows increased
generation of H> and CO while decreasing evolution of CO> and C-1 and C-2 hydrocarbons’!. As
previously noted, a catalyst’s ability to devolatilize oxygen in the solid biomass matrix (e.g. as
CO, COz, and H>0) to reduce the oxygen content of the liquid fuel is an important consideration
for improving the overall quality and stability of bio-oil. As Richardson et al. propose, water-gas
shift reactions at the surface of impregnated Nickel nanoparticles may encourage the conversion
carbon monoxide produced during pyrolysis to CO> and H, via oxidation by water’!. Likewise, the
oxidation of furfurals is also known to occur over heterogeneous catalysts which can shift the
production of key intermediaries like 5-hydroxymethyl furfural to furan-based carboxylic acids®?.
Given that dismutation of CO to C and CO, by nano-Ni has also been observed’, it is plausible
that incorporated silver particles catalyze similar reactions, increasing carbon dioxide evolution,
and possibly CO production (though this species was not measured in this study due to it sharing
the same m/z signal as N»). Further inquiry into the catalytic effects of silver on the bio-fuel

products can be investigated by examination of the condensable bio-oil produced during pyrolysis.

3.2.2 Analysis of Bio-oil Components

Table 4 shows the bio-oil compounds identified by GC-MS analysis of the condensable bio-oil
components collected in DCM during pyrolysis (full chromatograms in SI). The bio-oil formed
from BSG pyrolysis is quite heterogeneous; BSG contains a complex mixture of cellulose,
hemicellulose, lignin, carbohydrates, and proteins. However, it is reproducible and consistent for
both “Raw” (as-received, dried) BSG and water-soaked BSG. As the GC-MS chromatograms
show, the bio-oil originating from both raw and water-soaked BSG are almost identical (all the
same peaks/compounds were detected; all but two compounds having areas within 2% of each
other, one within 5%, one with 8%). Given this, we continue our comparative analysis of the

catalytic impact of AgNO; impregnation as compared to Raw BSG.

As expected, the primary condensable components identified with a 90% or better NIST library
match were furans, phenols, and alkanes with methyl and carbonyl substituent groups. Similar to
prior studies on pyrolysis bio-oil from BSG, the primary compounds noted were holocellulose-

derived, rather than lignin-derived compounds like phenols and benzenes’®. Note that the

Ashman, Gao, Goldfarb 2019 11
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compounds listed in Table 3 represent only a portion of the total chromatogram area, and their
relative areas are given as a fraction of the sum of top 20 GC peak areas. Although this analysis is
semi-quantitative, it is nonetheless effective in demonstrating the effects of in situ fuel upgrading
though incorporation of silver into the biomass feedstock. Quantitative yields of furfural, maple
lactone, p-cresol, and phenol were calculated using GC-MS calibration curves. From this
calibration data, we estimate that the condensable component yield (which includes condensed
water) shows a slightly higher mass yield for raw BSG than AgNOs-soaked BSG, as shown in
Table 2. We note that the sample size was too small to measure water and acid content, but future

work will explore this.

There are a multitude of reactions which the incorporated silver may encourage, including
cracking, cyclization, hydrogenation, and dehydrogenation®> 8. The underlying mechanism for
many of these reactions is the ability of transition and noble metals to adsorb alkene, isocyanide,
and aromatic compounds onto their surface due to interactions between the organic compounds’
filled m-orbitals and the unoccupied d-orbitals of the metal, a phenomenon known as m back-
bonding. The GC results for condensable bio-oil of the silver-treated sample show a slight increase
in the quantity of compounds detected at longer retention times; however, the total GC peak areas
were approximately unchanged from the untreated sample (full GC data available in SI). This,
taken with increased gas devolatilization in the treated sample, suggests molecular rearrangement
and dehydrogenation pathways may be preferred over a complete thermochemical cracking of the
bio-oil fraction. However, while the chromatogram areas were not substantially changed, the yield
of polycyclic aromatic hydrocarbons, comprising the vast majority of tars, were significantly
lower. Anthracene and pyrene were detected in the raw sample at a yield of 6.2 and 1.3 g/kggsa,
respectively, while only fluorene was detected in the silver impregnated sample with a yield of

0.19 g/kgasc.

Notably in this analysis, it was found that the silver-treated sample showed a marked increase in
furfural, an important precursor in many chemical processes’. This agrees with reported
observations of increased furans in bio-oil resulting from catalytic activity by silver, iron, and
nickel species'®. As Patwardhan, Satrio, and Brown propose, an increase in furan compounds may

be due to these metals’ ability to hemolytically and heterocyclically cleave pyranose rings and
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glycosidic bonds®®. In addition, a decrease in 2-methyl-propanal and 2-methyl-butanal was
observed in the silver treated sample. It is possible that this, taken with the increased hydrogen gas
evolution and furan yield, can be attributed to a dehydrogenation process via cyclization of linear
aldehyde compounds at the silver surface. Prior literature notes that furan ring derivatives may be
formed from cyclization followed by dehydration of C4, C5 and C6 fragments generated from
pyrolysis'®!,

Catalytic biomass pyrolysis by zeolites and other solid acid catalysts are known to encourage
dehydration and decarbonylation/decarboxylation reactions (breaking of C-OH and C-CO(OH)
bonds)!?. Additionally, silver nitrate has been previously shown to catalyze decarboxylation of
saturated and unsaturated fatty acids, silver (I) to decarboxylate aryl carboxylates, and silver (II)
to decarboxylate certain amino acids'®. Given the increase in CO> gas evolved after silver
treatment, with the decrease in phenol yield and increase in furfural in the bio-oil fraction, it is
possible that the silver promotes decarboxylation reactions during pyrolysis. Similarly, increased
devolatilization of hydrogen gas may indicate that silver is catalyzing dehydration reactions,
perhaps favoring H> formation over H>O given BSG’s lower oxygen content (36% versus 40 and

49% in feed corn and raw cellulose, respectively)'%.

3.2.3 Thermochemical Conversion Kinetics

A chemical catalyst should lower activation energy (Ea) of pyrolysis and/or increase pyrolytic
reaction rates. Table 5 shows peak DTG conversion rates and temperatures for the four
experimental heating rates. As seen in the sample DTG plot of Figure 3 (all plots available in SI),
there are multiple peaks for each biomass sample. Peak 1, which only appears in the raw BSG, is
likely attributable to “brewing residue” comprised of soluble proteins and yeast coating the dried
brewer’s spent grain following fermentation. (In all experiments, soaking the BSG produced a
yellow-colored raffinate). All samples show Peak 2 and Peak 3; these peaks are roughly attributed
to the breakdown and subsequent devolatilization of hemicellulose and cellulose, respectively.
Although not observed to be as prominent as hemicellulose and cellulose decomposition here;
thermal breakdown of lignin is known to occur at temperatures roughly above 450 °C.!%° The peak

pyrolytic reactivity temperature of roughly 280-340 °C, as determined by DTG at 10 °C/min,
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aligns with devolatilization patterns observed in bulk pyrolysis for CO,, CHas, and C>Hs release.

Other gasses recorded did not begin to devolatilize significantly until 400-500 °C.

For the range of heating rates, the silver-treated BSG shows a consistent trend towards lower peak
reaction temperature for both hemicellulose and cellulose decomposition, while the opposite trend
is seen for water-only soaked samples. Across the range of heating rates, peak hemicellulose (Peak
2) reactivity for Ag-BSG was shifted lower by 0 to 7°C versus raw BSG, and 9—15°C lower than
water-soaked BSG. Peak cellulose (Peak 3) reactivity for Ag-BSG occurred 4—11°C lower than
raw BSG and 11—28°C lower than the water-soaked BSG. Along with peak shifting, the leading
and trailing edges of the DTG curve for Ag-BSG were also noticeably shifted towards lower
temperatures as compared to water-soaked BSG. This agrees with gas evolution temperature
profiles, which show increased reactivity at lower temperature ranges for silver-treated samples.
Though peak reactivity temperatures are lower, peak reaction rates for cellulose and hemicellulose
decomposition in the silver-treated and raw BSG show little difference, with the Ag-BSG samples
displaying slightly lower reaction rates at higher heating rates. For the water-soaked sample the
peak reactivity was 31-39% higher for hemicellulose decomposition as compared to the raw, un-
soaked sample (though only 2-7% higher for cellulose decomposition). This increase is not
observed for the aqueous silver nitrate soaked samples. This is possibly attributable to the more
amorphous structure of hemicellulose, which is more prone to hydrolysis by dilute acids or bases,
and interactions with certain ionic compounds in the soaked solution!®. The apparent suppression
of hemicellulose decomposition in the silver-soaked sample may therefore be due to effects of the

nitrate anion, e.g. as a buffer within the raffinate, during the soaking step.

The activation energy as a function of mass fractional conversion (Figure 4a) shows Ei(X) for
silver-treated BSG is slightly higher than that of raw BSG across the entire conversion range,
though often within a 95% confidence interval. E.(X) for the soaked and un-soaked raw BSG
samples are similar, though E. of the soaked sample is higher and statistically significant below
X=0.4. Again, this may be explained by residual brewing residue being washed away. Figure 4b,
shows the overall average activation energies of pyrolysis for the samples: 160+£29 kJ/mol, 179+£21
kJ/mol, 166+13 kJ/mol for raw, Ag-treated, and water-soaked BSG, respectively. The confidence

intervals given here represent standard deviation of average conversion values — note, the
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variance in activation energies at the various conversion levels leads to a fairly large standard

deviation.

Although the incorporation of silver does not directly increase the peak pyrolytic reaction rate in
BSG (as determined by DTG), nor lower the overall pyrolytic activation energy barrier, it does
lead to increased yield of bio-gas components and alters the yield of bio-oil marker compounds
without changing E. significantly, as well as lowering peak reactivity temperatures. As literature
reveals, it is not uncommon to observe increased pyrolysis gas evolution without a corresponding

drop in activation energy during in-situ biofuel upgrading'®’

. While incorporation of metals or
metal oxides may or may not lower the overall activation energy barrier for biomass pyrolysis,
there are certain reactions or groups of reactions which are encouraged more so than others by
their inclusion, signifying catalytic behavior'®. In fact, activation energy effects have been
demonstrated to be feedstock-specific even for the same catalyst material'®*!'%. Thus, the
practicality of a pyrolysis catalyst should be evaluated holistically based on a combination of

changes to bio-gas and bio-oil components, yield, and overall activation energy across the

thermochemical conversion range.

3.3 Bio-templated Silver Particles

The yield of silver, post-calcination, is approximately 5.59 g/kgssc (of raw biomass). This silver
loading is comparable to the observed yields for prior work?” on corn stover and cellulose paper
samples treated with 0.1 M AgNOs;. The XRD spectrum of the calcined silver-impregnated
biomass (SI) confirms the signature peaks for face-centered cubic (fcc) crystalline elemental silver
at 20 angles of 38.0°, 44.1°, 64.3°, 77.3°, and 81.4°, corresponding to d-spacings of (111), (200),
(220), (311), and (222), respectively'!!. Additionally, SEM images of the calcined silver-
impregnated biomass (Figure 5) clearly show a number of faceted structures not present in the
untreated samples, presumably our bio-templated silver. The metal particles formed from the BSG
scaffold in this work are similar to other heterogeneous biomass templates, which appear to
produce a wider size distribution with larger average particle sizes as compared to plant extracts
or pure cellulose!'>!"3. Both He et al. and Xue et al. have observed bio-templated silver particle
size and morphology to be a strong function of the biomass feedstock, ranging in diameter from 5
nm to several hundred nanometers and from semi-spherical mesh to well-formed individual

particles®”®!,
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The practicality of bio-templating nanoparticles using heterogeneous feedstocks will depend,
along with particle size distribution, on the requisite purity of nanomaterials; additional biomass
pretreatment may be necessary to improve these characteristics for certain applications. Through
EDS, the presence of silver on our calcined samples was also confirmed, and the support material
seen in the SEM images was determined primarily to be carbonaceous char. Further analysis of
the bulk carbonaceous support showed traces of Mg, Si, P, K, and Ca—inorganic compounds
likely taken up by the grains from the soil in which brewers’ grain is grown. Thus, it is possible
that the silver particles contain some fraction of these contaminants, albeit in amorphous form

since XRD did not detect other crystalline forms.

Separation of these silver materials from the carbonaceous char support is another important
practical consideration, since as seen here, the carbonaceous support may not fully oxidize away
at temperatures lower than 500°C. A higher calcination temperature could be investigated provided
there was no degradation to the particles''®, although this (1) risks approaching the melting point
of silver and particles fusing and (2) would require Ag-ash separation would nonetheless be
required. From an overall process perspective, it could be more advantageous to explore the utility
of metal-impregnated bio-char materials. In fact, a substantial body of literature exists surrounding
the functionalization of bio-char for catalysis and adsorption since bio-char alone has fairly poor
surface functionality, somewhat limiting its material applications!'>'!7. Such heterogeneous
biochar-catalyst composites are emerging as catalysts for downstream biorefinery applications!!®.
Numerous examples of metal-impregnated biochar have been explored for applications ranging

H9.120 - A silver-impregnated biochar

from water treatment to selective separation processes
material might also find use in medical applications given the antimicrobial/antiviral/antifungal
properties of nano-silver'?!, combined with the high adsorption capacity of activated carbon'?2,
Zhou et al. demonstrated iron-impregnated biochar’s ability to sorb and reduce Ag" ions from
aqueous solution resulting in a material with strong antimicrobial activity'?*. Depending on the
desired application, future work may consider the effect of altering process variables (e.g. biomass
feedstock, soak time, silver nitrate concentration, biomass particle size) on silver-biomass loading,

silver particle morphology, particle size distribution, and purity.
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4. Conclusions

This work proposes an integrated bio-refinery model wherein upgraded biofuels and inorganic bio-
templated materials can be co-produced during pyrolysis. Impregnation of brewer’s spent grain
with silver nitrate followed by slow pyrolysis showed a nearly 10-fold increase in hydrogen gas
evolution at the same temperature, along with a 64% increase in ethane generation. In addition,
increased devolatilization of CO» suggests oxygen elimination from the solid biomass matrix, and
therefore from the resultant liquid fuel product. Condensable pyrolysis bio-oil from the Ag-
impregnated samples showed significantly higher furfural yield with a corresponding decrease in
C3-C4 linear aldehydes and phenol, suggesting dehydrogenation, cyclization, and decarboxylation
may be among the reactions selectively encouraged by incorporating silver into the biomass
matrix. Silver nitrate treatment did not statistically impact the average activation energy of
pyrolysis. Although the overall activation energy barrier did not decrease with silver impregnation,
the effects on pyrolysis gas and bio-fuel products strongly suggests a chemically catalytic activity.
Silver micro- and nano-particles can be formed using a biomass scaffold and thus produce silver-

impregnated char material as a value-added product of bio-fuel upgrading.
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Table 1. Proximate and ultimate analysis of brewer’s spent grain
Ultimate Analysis (dry wt%)

C 50.57+ 2.01
H 6.46+ 0.32
N 641+ 0.23
O* 36.02+ 1.13
S 0.56+ 0.04

Proximate Analysis (wt%, dry basis)
Volatile Matter 80.07+ 1.40
Fixed Carbon 17.18+ 0.26
Ash 275+ 0.03

*by difference

Table 2. Product distribution for raw and Ag-impregnated BSG

Mass Fraction Pyrolyzed Mass Fraction Oxidized Inorganic Yield
Raw BSG 0.805 + 0.010 0.171 + 0.003 0.024 + 0.005
Ag-Soaked BSG 0.813 + 0.006 0.107 + 0.003 0.080 + 0.004
Condensable Yield (g/kggs;) Pyrolysis Gas Yield Silver Yield (g/kggsc)
(g/kggsc)
Raw BSG 190.5 = 6.2 6145 + 17.6 (not applicable)
Ag-Soaked BSG 1784 + 2.5 643.8 + 14.8 5.59 £ 0.98

Table 3. Relative (Rel.) change in amount of pyrolysis gases evolved due to impregnation of
silver in brewer’s spent grain

Integrated H, CH, CH, CH, C,Hg CO,

MS Area m/z=2 m/z=16 mwm/z=26 mwm/z=27 m/z=30 m/z=44
Raw BSG 7.856E-05 2.243E-04 4.571E-05 1.811E-04 2.097E-05 7.531E-04
Ag BSG 8.200E-04 2.159E-04 4.127E-05 1.849E-04 3.433E-05 9.183E-04
Rel. Change: 944% -4% -10% 2% 64% 22%
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Table 4. Bio-oil compounds identified by GC-MS from raw and impregnated biomass pyrolysis at 10°C/min up to 500°C.

Quantitative yields are show for compounds for which calibration curves were available.

Retention Raw BSG Ag soaked BSG
o o
Time Compound CAS Area (% Normalized Yield Area (% Normalized Yield
. Number  chromatogram chromatogram
(min) peaks) peak area  (g/kgssc) peaks) peak area  (g/kgssc)

8.7 2-hexene 592-43-8 5.0% 66140 n.d.

8.8 2(3H)-furanone 20825-71-2 11.0% 153475 10.0% 98313

11.6 2-Furancarboxaldehyde 98-01-1 n.d. 21.0% 210306 35.1
15.9 2,5-hexanedione 110-13-4 3.0% 36570 19.5 1.0% 14845 7.9
16.3 Phenol 108-95-2 2.0% 25019 2.5 n.d.

17.5 2-Acetylfuran 1192-62-7 1.0% 12711 n.d.

19.7 2-methylpropanal 78-84-2 n.d. 9.0% 86965
22.7 2,6-dimethoxyphenol (syringol)  91-10-1 2.0% 25019 2.5 n.d.
23.3 3-methyl-1,2-cyclopentanedione  765-70-8 2.0% 31678 5.9 n.d.
25.2 2-propenyl ester-Acetic acid 591-87-7 5.0% 74819 4.0% 41550
25.6 2-methylbutyraldehyde 96-17-3 5.0% 206240 8.0% 77012
27.7 p-cresol 106-44-5 0.3% 4140 2.0% 15016 1.4
35.7 5-hydroxymethylfurfural 67-47-0 6.0% 80858 2.0% 16423
46.3 fluorene 86-73-7 n.d. 1.0% 5532 0.19
49.3 anthracene 120-12-7 3.0% 34828 6.2 n.d.

55.3 pyrene 129-00-0 6.0% 7908 1.3 n.d.

66.5 hexadecanoic acid 57-10-3 1.0% 17051 4.0% 35067
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Table 5. Thermogravimetric results of pyrolysis of raw un-soaked BSG, water-soaked BSG, and
silver-impregnated BSG biomass samples.

Peak DTG
Peak 1 Peak 1 Peak 2 Peak 2 Peak 3 Peak 3
T (°C) Rate (1/s) T (°C) Rate (1/s) T (°C) Rate (1/s)
5 °C/min
Raw BSG 194 2.18E-04 272 5.21E-04 328 5.18E-04
Ag BSG - - 272 5.19E-04 321 5.21E-04
Water Soaked BSG - - 281 6.93E-04 335 5.55E-04
10 °C/min
Raw BSG 202 3.13E-04 285 9.72E-04 338 9.42E-04
Ag BSG - - 278 1.01E-03 327 1.01E-03
Water Soaked BSG - - 289 1.35E-03 346 1.01E-03
25 °C/min
Raw BSG 215 9.36E-04 293 2.61E-03 341 2.54E-03
Ag BSG - - 289 2.42E-03 337 2.42E-03
Water Soaked BSG - - 299 3.50E-03 355 2.58E-03
50 °C/min
Raw BSG 223 1.71E-03 299 5.12E-03 352 4.97E-03
Ag BSG - - 294 4.86E-03 346 4.83E-03
Water Soaked BSG - - 309 6.72E-03 357 5.12E-03
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6.0 E-07 600 3.0 E-08 600
£
i '“1
Raw BSG pA Raw BSG "
5.0 E-07 B T R e 500 2.5 E-08 B arreressesererariiiii 500
- == AgBSG B ~ == AgBSG .
\ 1y
g e Temperature |I \ - R Temperature | & | .y'
£ 40807 ! \ 400 _ 2 20E08 ,"' :,-‘"I 400 _
5

g i 4 g £ 1 e
7 ] = 2 [T 129
£ ] g £ Juo g
= 30E07 1 ) 300 ‘g S 1sE08 S H 300 %
£ 1 \ £ | % T g
8 - \ g £ ' | ]
— 1 v = —_ ] \ =
W 20E07 H .Y 200 S 1.0E-08 l' LA 200
3 ' %\ : ; A
& E | s, E :

OBy frrereeeeeas ! . 100 SOEQY [t ! 100

1 A - ! .
’l ______ 'J T ———
0.0 E+0) e - 0 LT E———— i } 0
1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time (sec) Time (sec)

a. Hydrogen (m/z = 2) evolved from BSG

pyrolysis

Figure 2. Mass Spectra of (a) Hz and (b) C2He evolved during pyrolysis of raw and silver-

pyrolysis

b. Ethane (m/z = 30) evolved from BSG

impregnated BSG (spectra of all monitored gases as function of time (including isothermal hold
step) and temperature available in Supplemental Information)
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Figure 3. Representative DTG curve for pyrolysis of raw, soaked and Ag-impregnated BSG
pyrolyzed at 10 °C/min (additional heating rate plots available in SI)
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Figure 4. Activation energy of pyrolysis of raw un-soaked BSG, water-soaked BSG, and silver-
impregnated BSG biomass samples.
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Figure 5. SEM image of calcined silver-impregnated brewer’s spent grain (scale bar represents 2
pm)
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