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Rice husks (or rice hulls) pre-treated with aqueous potassium
hydroxide solutions showed excellent glucose yields during enzy-
matic saccharification. CO, addition to the hydroxide solutions
precipitated the dissolved rice husk silica as a nanoporous powder,
while Ca(OH), addition regenerated the hydroxide solution and
precipitated the dissolved lignin. Fractionation of the biomass was
thus achieved using CO, addition as a reversible pH-switch, and
the hydroxide could be repeatedly recycled while maintaining
biomass pre-treatment and fractionation efficacy.

Inedible lignocellulosic biomass represents a prime candidate
for biofuel production.’ However, the inherent recalcitrance of
this biomass to (bio)chemical processing necessitates chemi-
cal pre-treatment.” This pre-treatment adds significantly to the
cost,> and techno-economic analysis has demonstrated that
other chemical constituents present in the biomass (beyond
carbohydrates) ideally need to be utilised as value-added
materials for such processes to be economically viable.® Bio-
based products achieved ca. 10% penetration into the USA
chemical market in 2015, and by 2025 this is expect to rise to
ca. 22%;* full use of the chemical constituents of biomass are
required from both economic and sustainability standpoints.

Rice husks (or rice hulls) are an agricultural crop waste;
they are produced on a massive scale worldwide,” and are
readily supplied in easily handled ca. 8 mm by 2 mm pieces.®
As a lignocellulosic biomass, they are composed (on a dry
basis) of ca. 38 wt%, cellulose, 24 wt% hemi-cellulose, 20 wt%
silica and 19 wt% lignin.” The cellulose and hemicellulose rep-
resent sources of fermentable sugars,>® lignin is a potential
source of aromatic feedstock chemicals® and silica has numer-
ous applications,” e.g. from solar technology to toothpaste.
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High silica content in biomass is associated with signifi-
cantly reduced digestibility,'® excessive teeth wear,"" and even
machine wear during up-stream mechanical process.”” As
such, rice husks can be considered ‘zero calorie’ waste, since
their high silica content (15-25 wt%)>””'? is ca. 40 fold higher
than the typical limit for livestock feed.

Due to a lack of viable alternatives, rice husks are typically dis-
posed of or burned.'” The resulting silica-rich ashes cause exten-
sive environmental problems.”"® Attempts to use the rice husk
ash for other applications, e.g. as water glass for construction, are
hindered by the relatively low purity of the silica, containing in-
organic contaminants such as metals and phosphates.™*

Carbon dioxide (CO,) is the main waste product of combus-
tion, and as a greenhouse gas its emission is of great environ-
mental concern. CO, in the form of supercritical liquid has
been employed in many applications, such as a solvent for
extracting herbal ingredients in the food industry,"”” anti-
solvent for protein formulation in biosciences'® and solvent/
anti-solvent for chemical reactions'” and material synthesis,®
to name a few.

CO, has recently been employed in biomass processing,
e.g. through CO,-explosion,'® supercritical CO, extraction from
biomass®® and the supercritical CO,-driven precipitation of
dissolved cellulose®! and lignin.** CO, has also been reacted
with bases to form ‘switchable ionic liquids’, which can be
employed for, e.g. cellulose dissolution®® and biomass fraction-
ation.>* Notably, these processes typically involve high press-
ures and temperatures, and have been reviewed elsewhere.>

The pre-treatment of recalcitrant lignocellulosic biomass
with aqueous alkaline solutions represents a method to signifi-
cantly improve downstream treatments. For example, pre-treat-
ment of switchgrass with aqueous sodium hydroxide (NaOH)
improves the resulting enzymatic sugar yield.*® This results in
a lignin-rich alkaline solution (‘black liquor’) that can be
reused for further biomass pretreatment.>” The effectiveness
of NaOH solutions can be further supplemented by addition
of Ca0.”® Alkaline treatment enhances yields from down-
stream (bio)chemical processes primarily due to partial lignin
removal and significant structural modifications.”®
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Aqueous alkaline solutions are also able to pre-treat rice
husks effectively prior to chemical (e.g. acid) or biochemical
(e.g. cellulase) saccharification,” largely due to their ability to
remove silica, in addition to lignin removal and structural
changes. A recent cation study has investigated concentrated
alkali solutions for pre-treating rice husks, with cations
ranging from the relatively small lithium cation up to the rela-
tively large tetrahexylammonium cation.® Excessive inter-
actions with cellulose were found to be detrimental, while the
above noted biomass alterations were still key. Lithium hydrox-
ide solutions (with ca. 11 to 23 equivalents of water) were
found to be optimum, although sodium and potassium
hydroxide solutions maintained 70-95% of the activity while
also being more viable economically.®

We have therefore employed aqueous sodium hydroxide
(NaOH) and potassium hydroxide (KOH) in this study, and
investigated using CO, to achieve fractionation of the rice
husks, enhance enzymatic digestibility, recycle of the hydrox-
ide and isolation of CO, as a solid product. The full Materials
and methods section can be found in the ESL}

While the chemistry behind the reaction with [OH]™ to CO,
to form [CO;]*~ and [HCO;]” is standard chemistry, we carried
out the experiments firstly to ensure that the inter-conversions
happen in a timely manner, and secondly to ensure that it is
possible at the high concentrations®’ required for effective
rice husk pre-treatment. The back-conversion of carbonates to
[OH]™, while simultaneously removing CO, as a solid, was also
investigated. This involved the addition of calcium hydroxide
(Ca(OH),), to yield calcium carbonate (CaCO;) as an innocuous
by-product. Ca(OH), is abundantly available, e.g. it is the main
product upon heating food waste such as egg shells and
mollusc shells.*

Proof-of-concept pH switches

A solution of NaOH (0.34 M) was titrated using HCI (Fig. 1). As
expected, it was initially highly alkaline and displayed only one
step in its titration curve, as shown by eqn (1).

H+(aq) + [OH}i(aq) — H,0 (1)

CO, is readily available in solid form as dry ice. The stoi-
chiometric quantity of CO, (two CO, per [OH]") was weighed
out as dry ice. This dry ice was then added slowly to the NaOH
solution, in order to achieve the two-step reaction shown in
eqn (2) and (3);

2[OH] ™ (aq) + COx() — [CO3]*" (aq) + H20 (2)
[CO3]* (aq) + H20 + CO, — 2[HCO;] ™ (3q) (3)

Titrating the solution with HCl demonstrated a two-step
curve (Fig. 1) indicative of a mixture of Na,CO; and NaHCOj;.
Conversion was therefore near-quantitative; it should be noted
that this was all performed at room temperature and open to
the atmosphere, hence a small amount of CO, was lost.
Addition of an excess of CO, resulted in a single titration

2130 | Green Chem., 2017, 19, 2129-2134

View Article Online

Green Chemistry

(a)14.0 (b)14.0
10.5- 10.5-
5 7.0 S 70
3.5+ 3.5
0.0 0.0
0.0 1.0 0.0 0

0.5 0.5 1.
Eq. HCI Eq. HCI

Fig. 1 Titration curves for (a) 0.34 M of (A) NaOH, (m) Na,COs3 and (@)
NaHCOs; compared with (b) 0.34 M NaOH, and this solution after the
addition of (m) two equivalents of CO, and (®) more than two equiva-
lents of CO,; (as dry ice), highlighting complete conversion from NaOH
to NaHCOs.

process entirely consistent with complete conversion to
NaHCO; (Fig. 1).

The conversion of NaHCO; back to NaOH was also investi-
gated, using solid Ca(OH),. The solubility of Ca(OH), in water
is relatively low (<2 g L"), hence an excess of solid Ca(OH),
was added in order to achieve the metathesis shown in
eqn (4);

[HCO;3] ™ (aq) + Ca(OH), ) — CaCOs(5) + [OH] (o) + H2O  (4)

Metathesis was observed to be extremely rapid with associ-
ated heat generation. Some of the Ca(OH),() dissolved and a
finer white precipitate was formed. The isolated solid was con-
firmed to be composed of a mixture of CaCO; and excess
Ca(OH),, while the titration curve of the treated solution was
virtually identical to that of pure NaOH. These observations
confirmed the facile inter-conversion between [OH] ™ and
[HCO;]™ made possible by CO, and Ca(OH),, respectively. This
could be achieved using both NaOH and KOH.

Solutions more concentrated than 0.34 M [OH]™ are
required for effective biomass pre-treatment (at room tempera-
ture). With increasing alkali concentration, the direct addition
of dry ice eventually became unfeasible due to the relative
quantity of solid to liquid. However, by placing the dry ice in a
sealed container at room temperature, and allowing the
evolved CO, to bubble through the hydroxide solution via an
immersed tube, efficient and complete conversion to [HCO;]~
could be reproducibly achieved, within an hour for ca. 5 M
[OH]™ samples.

Inherent recalcitrance and the need
for fractionation

The direct addition of as-received rice husks to a standard
cellulase-based enzymatic broth yielded no detectable sugar

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Three-step rice husk pre-treatment, fractionation and recycling
process.

release, confirming the extreme recalcitrance of the rice husks.
Stirring the rice husks in water for three days before subjecting
them to enzymatic hydrolysis resulted in only extremely low
sugar yields (22 + 1 mg glucose per g of rice husks).

Following biomass pre-treatment, the dilution or addition
of a solvent to the treatment solution is commonly employed
to assist in separation.*® The direction addition of CO, was
benchmarked against the addition of methanol as an anti-
solvent, and the enzymatic hydrolysability of the rice husks evalu-
ated. However, one-pot treatment in the alkali solution then CO,
or methanol addition could not raise the enzymatic glucose
yields above 19 + 5 mg g, largely due to visible silica deposition
over the surface of the pre-treated rice husks. This demonstrated
that the pre-treated biomass had to be isolated prior to any
attempt to recycle the hydroxide solution, and prompted the
three-fold fractionation and recycle route displayed in Fig. 2.
These three steps are discussed separately below, and full
descriptions of each process can be found in the Materials and
methods section in the ESL{ A combined mass-balance figure
and flow chart can be found in the ESI as Fig. S1.}

Step 1: Pre-treatment and
fractionation

Semi-optimised conditions involved the room temperature pre-
treatment of 2.5 wt% rice husk in 2.4 M KOH for 2 h, followed
by physical separation of the undissolved material from the
supernatant. Longer treatment (up to 8 h) reduced the glucose
yield, as shown in the ESI in Fig. S2;f this is attributed to
gradual removal of the alkaline soluble hemicellulose fraction.

This journal is © The Royal Society of Chemistry 2017
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Higher glucose yields were achieved after 48 h or more pre-
treatment, but only ca. 17% higher than that obtained after
2 h pre-treatment. Precipitation issues in Step 2 (discussed
below) necessitated the use KOH over NaOH, and a KOH con-
centration not exceeding 2.4 M.

After 2 h pre-treatment, ca. 72% of the initial mass of rice
husk was recovered. The composition of the recovered, pre-
treated rice husks was found to be (on a dry basis) ca. 80 wt%
holocellulose, ca. 7 wt% silica and ca. 13 wt% lignin. This is
from an initial composition of ca. 62 + 6 wt% holocellulose,
20 + 2 wt% silica and 19 + 2 wt% lignin.

The pre-treated rice husks (shown dried in the photo insert
in Fig. 2) were physically isolated by filtration, rinsed three
times with water and enzymatically hydrolysed. Treatment of
the rice husks in this manner could reproducibly yield ca.
329 + 6 mg glucose per g of the starting mass of the rice husks
(or 354 mg per g on a dry basis), confirming effective disrup-
tion of the rice husk. Acid hydrolysis optimised for non-silica
containing lignocellulosic biomass®' could only release 172 +
3 mg ¢~' from the same batch of rice husks,” highlighting the
superiority of the hydroxide route in pre-treating the silica-rich
rice husks. Similar KOH-treatments of rice husks could not be
found in the literature, but KOH treatment of entire rice plants
followed by cellulase hydrolysis resulted in ca. 405 + 4 mg
reducing sugars per g of dry rice plant; this is consistent with
the higher carbohydrate content of the plant.*

Step 2: CO,-treatment and silica
recovery

Addition of CO, as an anti-solvent to the pre-treatment liquor
was semi-optimised; use of NaOH was found to be less than
optimal due to the significantly lower solubility of NaHCOj;.
The higher solubility of KHCO; avoided this and prompted its
further use, although only at a maximum concentration of 2.4
M. This is equivalent to 22.5 mol H,O per mol KOH, or ca.
96 mol% H,0.

Addition of sufficient CO, to 2.4 M KOH could convert the
system to [HCO;]™, and addition of CO, to the dark brown pre-
treatment liquor also resulted in the precipitation of a signifi-
cant quantity of white flakes. The white precipitate was com-
pletely soluble in tetramethylammonium hydroxide, and
ICP-MS analysis found only Si and K; after one recycle of the
KOH solution using Ca(OH), (Step 3, discussed later) the preci-
pitated silica was consistently ca. 80 wt% Si, 17 wt% K and
3 wt% Ca. Silica gel prepared by the alkaline dissolution of
rice husk ash followed by neutralisation typically contains Na,
K and Ca;** mineral leaching steps can extensively remove
these contaminants.’® Significantly, the other contaminants
common to rice husk ash such as iron, magnesium, manga-
nese, sulfur and extensive phosphate'* were all below detec-
tion limits. TGA analysis of the dried precipitate revealed ca.
2 wt% mass loss consistent with water of hydration, and ca.
6 wt% consistent with carbonate decomposition. Stirring
in 0.1 M HCI for 18 h resulted in the removal of all residual
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Fig. 3 (a) Low- and (b) high-magnification TEM images showing the 3D
porous structure of the CO,-precipitated rice husk silica particles.

carbonates, as well as the K and Ca, to yield ca. 100% pure
silica (confirmed by TGA and ICP-MS) as a fine white powder,
as shown in the photo insert in Fig. 2.

The resulting CO,-precipitated, acid-washed silica could be
readily re-suspended in water. Transmission electron microscopy
(TEM) characterisation showed that the acid-washed silica was
composed of 3D, porous nanostructures in the size range of
400-800 nm (Fig. 3a). High-magnification TEM observations
showed that these structures were made up by relatively uniform
ribbon-like components of ~20 nm in diameter that had formed
into 3D networks (Fig. 3), rendering the sample highly porous.
The entire structure was amorphous in nature, and qualitatively
similar to colloidal/precipitated silica.*®

Step 3: KOH regeneration, lignin
removal and recycle

The regeneration of alkali metal hydroxides from alkali metal
carbonates using Ca(OH), (the so-called ‘causticisation reac-
tion’) is a well-studied reaction, and used on a huge scale in
the Kraft pulping industry.*>® As an equilibrium process, it typi-
cally has a maximum efficiency of ca. 90% (in the absence of
sulfides).’®” Addition of Ca(OH), powder to the 2.4 M KHCOj;
solution, post-rice husk treatment and CO, addition, resulted
in facile metathesis to reform ca. 2.4 M KOH. Although a rela-
tively large amount of powder was required, the liquid-solid
separation was easily accomplished.

Having completed the whole cycle shown in Fig. 2, recycle
was easily achieved. One solution was therefore utilised in six
complete recycles. A fixed biomass loading was used (2.5 wt%
rice husks) and the KOH solution (initially 40 mL) was not
treated in any manner between cycles beyond what is shown in
Fig. 2, i.e. additional KOH or water was not added, nor made
more concentrated by water evaporation. However, due to
some natural volume reduction through the cycles, each (re)
cycle was performed on a slightly smaller scale.

Each cycle involved the addition of excess Ca(OH), powder,
and recovery of a CaCO;/Ca(OH), powder. Additionally, as the
cycles progressed the CaCO;/Ca(OH), powder was noted to be
off-white (photo insert in Fig. 2). Ca(OH), will dissolve in
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dilute HCI to form a clear solution, while dissolution of the
recovered CaCO3/Ca(OH), in dilute HCI resulted in significant
brown solid remaining and the solution being dark brown-
yellow (ESI, Fig. S31). UV-Vis analysis of the solution con-
firmed the characteristic presence of acid-soluble lignin in the
solution, and the solid was determined to be acid-insoluble
lignin, as per NREL guidelines.?! The acid-soluble and acid-in-
soluble lignin were present in a ca. 20: 80 ratio by mass, and
the total lignin recovered corresponded to 64 + 4% (by mass)
of the lignin that was removed from the rice husks.

The lignin content of the liquor was therefore monitored as a
function of recycle stage and number. Fig. 4(a) displays UV-Vis
spectra of the KOH solution after pre-treating rice husks, display-
ing the two peaks at ca. 300 nm and ca. 325 nm that are character-
istic of lignin dissolved in aqueous alkaline solution.”*” After
regeneration of the CO,treated sample with excess Ca(OH),
powder, the recovered KOH-solution clearly had a lower lignin
content. Fig. 4(b) displays the absorbance across the six recycles.
The lignin absorbance peak doubled after the second recycle, but
gradually reached a plateau with repeated recycling, indicating
that the lignin level in the liquor was approaching saturation,
although it was still gradually increasing post-CO,-treatment.

Therefore, lignin was being extracted from the rice husks by
the KOH solution and accumulating through the recycles, with
some precipitated by Ca(OH), treatment of the lignin-contain-
ing KHCOj; solution; this potentially reached a self-limiting
value by the 6™ cycle.

Evaluation of pre-treatment
effectiveness as a function of recycles

The percentage of lignin remaining in the pre-treated rice
husks was quantified using a standard procedure," and was
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Fig. 4 (a) UV-Vis spectra of 2.4 M KOH (---) after pre-treating 2.5 wt%

rice husks for 2 h, highlighting the dissolving lignin, and (—) after being
recycled once, highlighting reduced lignin content after Ca(OH), treat-
ment. (b) Absorbance at 293 nm as a function of (re)cycle number, (blue,
dashed) directly after pre-treatment of rice husks and (red, solid) after
Ca(OH), re-generation. All solutions were diluted 30-fold with fresh 2.4
M KOH before measurement.
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found to be within consistent within error (32 + 13% removed)
across the recycles, with no systematic trend. UV-Vis analysis
with a fresh KOH solution demonstrated that the lignin
content of the alkaline solution doubled after stirring for
120 h instead of 2 h (ESI, Fig. S4T) but this only correlated
with a ca. 17% increase in the overall glucose hydrolysis yield
(¢f ESI, Fig. S2%), ie. removal of ca. 32% of the lignin was
sufficient.

The quantity of silica removed was also largely insensitive
of recycle number, with 59 + 5% consistently removed.
However, the amounts of (crude) silica precipitated by CO,
addition varied with recycle number; this is shown graphically
in Fig. 5 as % of silica relative to the amount initially present
in the rice husks. From the 3™ to 6™ recycles, ca. 59% silica
was dissolving while ca. 40% of the introduced silica (ca. 68%
of the dissolved silica) was recovered at the CO, addition stage.
Therefore Si is likely still accumulating in the system, as was
found to be the case for lignin. Some Ca(OH), was also poten-
tially carried onto the next cycle, although it has been noted
that combinations of NaOH and Ca(OH), can be more effective
at biomass pre-treatment than NaOH alone.>®

Finally, the enzymatic hydrolysis of the pre-treated rice
husks was evaluated as a function of recycle number; the
resulting glucose yields per gram of starting rice husk vs.
recycle number is plotted in Fig. 5. The highest glucose yield
was obtained for the pristine KOH solution (ca. 325 mg g™ ),
while the yields from cycles 2 to 6 were lower but relatively con-
sistent (ca. 275 mg g '). The silica yield and glucose yield
show a degree of correlation, with the pristine KOH able to
achieve the best pre-treatment and fractionation; the accumu-
lation of residual components (silica, lignin and hemi-
cellulose) in the solution had a initial minor detrimental effect
upon both the pre-treatment and fractionation processes, but
was nevertheless consistent across 5 subsequent recycles.

@ Glucose @ SiO, recovered
100
300+ .
X 1 .o =
] o
0 2 ' a
o 200- 60 =
39 ] 3
o) = Q
oo 1 40 g
Eg 1004 o
] 20 &
0 ~0
R ,8{39 N q}‘b S & &
@ o
& 2 (Re)cycle number
e

Fig. 5 Glucose yield by enzymatic hydrolysis (after 48 h, bar chart) and
the % of introduced silica recovered by CO, addition (symbols), across
six rounds of KOH pre-treatment (2.4 M KOH, 2 h pre-treatment time).
As received rice husks yielded no glucose, while soaking in water for
72 h only boosted the glucose yield to ca. 22 mg g~
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The fate of the hemi-cellulose in the rice husks was not
evaluated in this preliminary study. However, hemicellulose is
typically soluble in aqueous alkaline solutions, even at room
temperature.®® Therefore it is expected to have been partially
removed during pre-treatment, and likely accumulated in the
hydroxide solution. Hemi-cellulose can be precipitated by
more extensive acidification than we employed here,* and
further work is required in order to ensure isolation of the
hemicellulose can be achieved.

Several variables were fixed this preliminary study, such as a
biomass loading of 2.5 wt% during pre-treatment at ca. 293 K,
and 20 mg pre-treated wet biomass per ml enzymatic broth
during enzymatic hydrolysis with 25 FPU g cellulase (as per a
recommended protocol®’). High concentrations of KOH were
used to ensure effective pre-treatment at room temperature.
Moving to higher temperatures during pre-treatment involves
additional energy expenditure, but could allow equivalent pre-
treatment effectiveness at shorter times, with higher biomass
loadings and with lower KOH concentrations. Higher loadings
during the enzymatic hydrolysis stage are expected to be viable.

Envisaging how this process could be expanded to operate
on an industrial scale, CO, capture from a combustion stream
could be realised, providing water evaporation issues are
resolved. Alternatively, the CO, could be employed in a closed
cycle, e.g. after release from the CaCOj; either thermally or by
acid. Addition of acid to the CaCOj;-lignin composite would
release CO, as a gas (for re-use), and the acid-insoluble lignin
could be isolated as a solid. However, it would produce
calcium waste which would be difficult to be reused, and could
introduce issues with corrosion. Conversely, thermal processes
such as the combustion of lignin (as a black liquor) for energy
release and inorganic chemical recovery,**® and calcination to
recover Ca0,’*” are both industrial processes that are per-
formed in parallel in the paper pulping industry. If the two are
combined, then the exothermic combustion of lignin would
assist in the calcination reaction of CaCOj;, would result in
CO, release from both the lignin and CaCOj;, and ultimately
achieve recovery of both Ca(OH), (as CaO) and CO, for further
use. A further fractionation possibility is the lower temperature
gasification of lignin®®® followed by higher temperature calci-
nation of the CaCOj;, allowing the lignin to be utilised as a
source of chemicals (e.g. syngas) rather than energy.

Washing of the pre-treated rice husks prior to enzymatic
hydrolysis is undesirable on a large scale, but was required
due to residual [OH]™; the use of CO, at this stage to moderate
the pH is also being investigated.

To conclude, we have demonstrated that CO, can be intro-
duced (as a solid or as a gas) as a pH-switch anti-solvent to aid
in biomass pre-treatment, fractionation, and the recycle of the
alkaline pre-treatment solution. Enzymatically-hydrolysable
cellulose, high-purity nanostructured silica and lignin can all
be isolated via a three-step cycle. The regenerated pre-treat-
ment media and solid carbon dioxide (as CaCO;) can also be
isolated, via the application of Ca(OH),. After five rounds of
pre-treatment using recycled solutions there was no significant
loss in the activity of the KOH solution.
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