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bimetallic ruthenium/nickel supported on
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Hydrogenolysis of alginic acid, derived from macroalgae, over Ru, Ni and Ru-Ni supported on activated
carbon catalysts was performed in a batch reactor using NaOH, CaCOs, Ca(OH),, and Mg(OH), as basic
promoters. Among the promoters used, NaOH provides the highest carbon efficiency and yield of glycols,
such as ethylene glycol and 1,2-propanediol. In addition, various organic acids such as lactic acid, glycolic
acid, and formic acid were produced in the form of salts. The hydrogenolysis of potential intermediates
such as sorbitol, mannitol, lactic acid, and glycolic acid demonstrated direct conversion of alginic acid to
glycols without sugar alcohols or organic acids as reaction intermediates. Furthermore, Ru-Ni bimetallic
catalysts as a function of the Ni/Ru molar ratio were used to increase the yield of and selectivity to glycols.
The highest yield of glycols, 24.1%, was obtained when the Ni/Ru molar ratio was 1:1, due to the enhanced
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1. Introduction

Biorefinery, in which renewable resources are utilized on a
large scale, is a potential alternative based on biomass
feedstocks."™ Algal biomass, also known as the third-
generation biomass, is inedible, lignin-free, and shows rapid
growth, and has significant advantages in biorefinery."” As
the main component of macroalgae, alginic acid is a good
carbon source for the production of various value-added
chemicals such as acids and alcohols. Alginic acid is a
polyuronide consisting of two types of hexuronic acid,
p-mannuronic acid (M) and r-guluronic acid (G), connected by
B-1,4-glycosidic bonds. The two units combine randomly to
create polymer rings carrying carboxyl (-COOH), ether (-
COC-), and hydroxyl (-OH) functional groups, which enable
the prediction of reaction pathways and the design of
platform chemicals converted from alginic acid. Based on
such prediction, the hydrothermal decomposition of alginic
acid was conducted under various conditions. Our group
investigated the formation of sugar alcohols such as sorbitol
and mannitol via hydrogenation of alginic acid.®® However,
the hydrogenolysis of alginic acid to glycols such as ethylene
glycol (EG) and 1,2-propanediol (PDO), which are shorter
chain polyols than sugar alcohols, has yet to be reported. The
glycol products can be wused as surfactants, antifreeze
compounds, and monomers in the synthesis of polyester

School of Chemical and Biological Engineering, Institute of Chemical Processes,
Seoul National University, Seoul, 08826, Republic of Korea.
E-mail: dohkim@snu.ac.kr

This journal is © The Royal Society of Chemistry 2020

interaction between Ru and Ni based on H,-TPR.

fibers, and as chemicals in the pharmaceutical industry.>"’
Therefore, it is expected that the efficient conversion of
alginic acid into glycols provides a platform to further
improve the utilization of alginic acid as a biomass feedstock.

Meanwhile, the reaction mechanisms underlying the
hydrogenolysis of biomass-derived feedstocks including
cellulose, sugar alcohols and glycerol into glycols have been
investigated.'' " Since the hydrogenolysis reaction occurs via
multiple steps, it is difficult to determine the precise reaction
pathway under various reaction conditions. Nonetheless,
several mechanisms of hydrogenolysis have been proposed
based on experimental results. Montassier et al.'® suggested
that sugar alcohol forms an intermediate with unsaturated
bonds via dehydrogenation and undergoes a C-C bond
cleavage via a retro-aldol reaction or a C-O bond cleavage by
dehydration under basic conditions. In addition, other
mechanisms have been proposed, including decarbonylation
to explain the terminal C-C cleavage and the retro-Claisen
reaction and the retro-Michael reaction based on by-product
analysis.”® The authors reported that both a basic promoter
and a metal catalyst play a role in the hydrogenolysis.

Based on these reaction pathways, several research groups
performed hydrogenolysis using metal catalysts along with
basic promoters.”**"2® Ru-Based catalysts have been the most
frequently used. For instance, Mariscal et al.’ reported that
the yield of glycols (the sum of EG and PDO) from sorbitol
increased significantly over Ru supported on alumina with
Ca(OH), as a base additive. While the dehydrogenation/
hydrogenation reactions were activated by the Ru catalyst, the
C-C bond cleavage via a retro-aldol reaction was promoted by
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a basic promoter, especially Ca(OH),, as well as a basic
support, resulting in improved carbon efficiency and
selectivity to glycols. Also, Besson et al.>” reported that the
addition of a basic promoter shifted the hydrogenolysis
reaction pathway of xylitol from fast epimerization and
decarbonylation to retro-aldol reaction over Ru-based
catalysts. Thus, basic promoters play a crucial role in
changing the selectivity to glycols.

Ni generally enhances the activity in the hydrogenation
and hydrogenolysis of biomass feedstock.”***”*! According
to Banu et al,”” among Ni, Pt, and Ru supported on NaY
catalysts, Ni-NaY was the most efficient catalyst in the
hydrogenolysis of sorbitol to EG and PDO with a selectivity of
7% and 69%, respectively. Ni has also been used as a
bimetallic catalyst in combination with other noble metals.
Pereira et al®® reported that Ru-Ni bimetallic catalysts
supported on activated carbon showed superior activity in
the hydrolytic hydrogenation of cellulose to sorbitol. The
authors suggested that the close interaction between Ru and
Ni facilitates the conversion of cellulose and the selectivity to
sorbitol. Hence, it would be interesting to utilize the
bimetallic Ru-Ni supported on activated carbon in the
hydrogenolysis of alginic acid.

The main objective of this study is to establish the
optimum reaction system for the conversion of alginic acid
to glycols such as EG and PDO over Ru-based activated
carbon catalysts in a basic solution. To begin with, the
characteristics of the prepared catalysts were investigated via
X-ray diffraction (XRD), N, adsorption-desorption, and H,-
temperature-programmed reduction (H,-TPR). We optimized
the reaction parameters such as reaction time, temperature,
hydrogen pressure, and base concentration in the
hydrogenolysis reaction. Subsequently, various Dbasic
promoters such as CaCOjz;, Ca(OH),, Mg(OH),, and NaOH
were introduced in the hydrogenolysis over Ru-based
activated carbon catalysts under the optimized reaction
conditions. Finally, Ni, which enhances the activity in the
hydrogenolysis, was utilized in bimetallic Ru-Ni catalysts to
determine the optimum Ni/Ru molar ratio.

2. Experimental procedure
2.1 Materials and chemicals

Activated carbon as the support and alginic acid from brown
algae as the reactant were purchased from Sigma-Aldrich.
The metal precursors RuCl;-xH,O (ruthenium chloride
hydrate) and Ni(NOs),-6H,O (nickel nitrate hexahydrate) were
purchased from Alfa-Aesar. Hexitols (HOL: sorbitol, mannitol,
and galactitol), pentitols (POL: xylitol, arabitol, and adonitol),
tetritols (TOL: erythritol and threitol), EG, and PDO were
obtained from Alfa-Aesar, and were utilized as analytical
standards or reactants except for threitol (from TCI, Tokyo
Chemical Industry). Organic acids (lactic acid, glycolic acid,
and formic acid) and basic promoters (CaCO;, Ca(OH),,
Mg(OH),, and NaOH) were purchased from Sigma-Aldrich.
For derivatization of liquid-product samples, N,O-
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bis(trimethylsilyl)trifluoroacetamide (BSTFA) was obtained
from Alfa-Aesar. All chemicals were utilized without further
purification or treatment.

2.2 Catalyst preparation

A wet impregnation method was used for the preparation of
Ru-based activated carbon catalysts. The loading amount of
the metals such as Ru and Ni in monometallic activated
carbons, which are denoted as Ru/AC and Ni/AC, respectively,
was 5 wt%. Ru-Based bimetallic catalysts were prepared as a
function of the Ni/Ru molar ratio, and at this time, the
loading amount of Ru was maintained at 5 wt%. The
resultant bimetallic catalysts were denoted as RuNi,/AC,
where x stands for the molar ratio of Ni to Ru. A 150 mL
solution containing metal precursors was stirred with 2 g of
activated carbon for 2 h, and then evaporated using a rotary
evaporator followed by drying in an oven at 105 °C overnight.
The dried powders were reduced in a muffle furnace at 250
°C (Ru/AC) and 500 °C (Ni/AC and RuNi,/AC) for 2 h under
5% H,/N, stream (100 ccm), and the reduced catalysts were
passivated under 3% O,/N, (100 ccm) at room temperature.

2.3 Catalyst characterization

Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) was used (SHIMADZU/ICPE-9000) to determine the
content of Ru and Ni in the catalysts. The N, adsorption-
desorption isotherms were obtained using a BELSORP-mini
11 (BEL Japan Inc.). The catalysts were pretreated in a vacuum
at 200 °C for at least 4 h before N, physisorption analysis.
The results of the analysis were utilized to calculate the
surface area of the catalysts via the Brunauer-Emmett-Teller
(BET) method. XRD patterns were obtained with a powder
X-ray diffractometer (Smartlab, Rigaku) operated at a current
of 30 mA and a voltage of 40 kV. H,-TPR profiles were
obtained using a BELCAT-II catalyst analyzer (BEL Japan
Inc.). The pretreated samples were heated to 900 °C (10 °C
min") in 5% H,/Ar flow.

2.4 Catalytic activity

The hydrogenolysis of alginic acid was carried out in a 100
mL autoclave (Parr Instrument Company) after charging
alginic acid or other reactants (0.3 g), deionized water
including basic promoters (30 mL), and a catalyst (0.1 g).The
autoclave was heated to the target temperature (8-9 °C
min") while stirring at 1000 rpm under high-pressure H, gas
after purging three times with 99.999% Ar to remove the air
inside. The hydrogenolysis reaction was conducted at 150-
240 °C for 0.3-4 h under 10-70 bar. After the reaction, the
reactor was rapidly quenched in an ice-cold bath and the
liquid-product in the reactor was collected manually.

2.5 Product analysis

C,—Cg polyols contained in the liquid-product were quantified
via gas chromatography (GC, Agilent 6890 equipped with a
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DB-5 column). For the derivatization of the liquid-sample, it
was pretreated via silylation with BSTFA as reported by Lin
et al®* High-performance liquid chromatography (HPLC
using a VW detector, Agilent 1200 Series equipped with an
Aminex HPX-87H column) at a column temperature of 65 °C
and a flow rate of 0.6 mL min™" in the presence of 5 mM
sulfuric acid was used to quantify organic acids in the liquid-
product. All of the polyols and organic acids were calibrated
using the external standard. By-products such as char and
gas-phase products, which are not included in the liquid-
products, were measured based on the difference between
the total organic carbon (TOC, Sievers 5310C (GE)) of the
liquid-product and the standard TOC of alginic acid as
reported in our previous study.’ Based on the data obtained,
the carbon yield was calculated as follows: Yroquee (%) = 100
x (number of carbon species in an organic compound/6) x
(moles of an organic compound in the product mixture/
moles of a repeating unit in alginic acid of 0.3 g). In addition,
since the conversion of alginic acid, a polymer, cannot be
calculated, carbon efficiency (E.) was used to represent the
conversion efficiency of the reaction system. E. was
calculated as follows: E. (%) = Yuor + Ypor + Yror + Yepo +
Yppo + Yeg + Yia + Yga + Yea (HOL: sorbitol, mannitol, and
galactitol; POL: xylitol, arabitol, and adonitol; TOL: erythritol
and threitol; BDO: 1,2-butanediol; PDO: 1,2-propanediol; EG:
ethylene glycol; LA: lactic acid; GA: glycolic acid; FA: formic
acid).

3. Results and discussion

The surface area and atomic loading of the prepared catalysts
are summarized in Table 1. All the metals supported on AC
samples demonstrated a decrease in the BET surface area
compared with the AC support, although no significant
change was found in the BET surface area of the metal-
containing samples as a function of the Ru/Ni molar ratio.
The atomic loading of the metals in the catalyst matched
strongly with the one initially designed, resulting in a reliable
Ni/Ru ratio with about 10% error.

The crystallinity of Ru and/or Ni supported on activated
carbon catalysts was analyzed by XRD. As shown in Fig. 1, no
X-ray diffraction peaks assigned to Ru species were detected

Table 1 Surface area and atomic loading of mono and bimetallic Ru-Ni
supported on AC

Surface Atomic loading” (wt%)

area“
Catalyst (m> g™ Ru Ni Ni/Ru®
AC 1032.5 — — —
Ru/AC 774.27 4.41 — —
RuNio s/AC 882.35 4.55 1.14 0.43
RuNi;/AC 849.52 4.48 2.95 1.13
RuNi,/AC 815.09 5.22 6.38 2.10
Ni/AC 845.21 — 5.85 —

“ Calculated by the BET method. ® Measured by ICP-AES. ° Ni/Ru
molar ratio.
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Fig. 1 XRD diffractograms of mono and bimetallic Ru-Ni supported
on AC.

in any sample. It is suggested that amorphous RuO, formed
or Ru with a small crystallite size was highly dispersed during
the passivation process.*® However, diffraction peaks were
detected at 20 = 44.5° and 51.9° attributed to metallic Ni in
the Ni/AC sample. In the case of bimetallic Ru-Ni catalysts,
as the amount of Ni added increased, the peak of metallic Ni
turned sharper without shifting the peak position, indicating
the crystallization of Ni rather than the formation of Ru-Ni
alloy.

H,-TPR was performed to elucidate the reductive property
of metallic species in catalysts. As shown in Fig. 2, Ni/AC
exhibited two broad reduction peaks at ca. 150-350 °C
resulting from various interactions between nickel oxide
phases and surface functional groups of activated carbon.*®
However, Ru/AC exhibited a reduction peak due to the
reduction of RuO, to Ru at ca. 130 °C.”** All of the Ru-Ni
bimetallic catalysts present a single peak of reduction
suggesting the onset of a close interaction between Ni and
Ru.***” Notably, the reduction peak of Ru-Ni species shifted
to a higher temperature by ca. 30 °C over RuNi,/AC. It can be

/\_/w
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Fig. 2 H,-TPR profiles of Ru and/or Ni supported on AC.
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inferred that the interaction between Ru and Ni is the most
intimate in the RuNi;/AC sample among the samples.
However, the reduction peak of RuNi,/AC shifted to a low
temperature again, suggesting that the interaction between
Ru and Ni was partially weakened at high Ni loading, which
is also evidenced by the single X-ray diffraction peaks arising
from Ni in RuNi,/AC. Therefore, it is inferred that the molar
ratio of Ru and Ni affects the interaction between Ru and Ni
species over the catalysts.

Fig. 3 presents the changes in various products as a
function of reaction parameters including reaction time,
temperature, hydrogen pressure, and base concentration over
the Ru/AC catalyst. As shown in Fig. 3(a), the production of
glycols was detected even in a relatively short reaction time.
Also, note that the changes in the amount or distribution of
the product were insignificant as the reaction time increased.
Such a result was in line with our previous study, which
reported that alginic acid sodium salt instantaneously
decomposed into organic acids at high pH.*® In addition, the
yield of glycols did not differ significantly depending on the
reaction temperature, whereas organic acids, especially lactic
acid (LA), which was not produced at 150 °C, were produced
significantly at 210 °C as demonstrated in Fig. 3(b). Under
the conditions at 210 °C, the improved carbon efficiency (E.)
yielding value-added products is an encouraging result.>**°
However, at temperatures above 210 °C, unidentified by-
products were produced more abundantly. Therefore, the
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optimum reaction temperature was determined to be 210 °C,
at which the carbon efficiency (E.) increased with a stable
yield of glycols. Hydrogen pressure is also one of the
important parameters that influence the conversion of alginic
acid (Fig. 3(c)). LA was predominantly produced compared
with other products at 10 bar H, pressure. An increased H,
pressure led to a decrease in the yield of LA with a
simultaneous increase in the yield of EG, PDO, and BDO.
However, when the pressure was higher than 50 bar, the
extent of product distribution decreased. Based on this
result, the optimum hydrogen pressure was found to be 50
bar. As shown in Fig. 3(d), the product yield as a function of
NaOH concentration has a large effect on the change in the
products. Fewer amounts of glycols and organic acids were
produced in the 50 mM solution of NaOH, which is similar
to the concentration of alginic acid (52 mM). It can be
assumed that the low yield of glycols and organic acids in 50
mM NaOH solution is because alginic acid is titrated with
NaOH resulting in few free bases for hydrogenolysis.
Increasing the NaOH concentration to 100 mM led to a
significant increase in the yield of glycols, which means that
free bases participated in the hydrogenolysis reaction for C-C
cleavage. However, in the case of 200 mM solution of NaOH,
the yield of glycols decreased whereas the yield of organic
acids, especially LA, increased compared with 100 mM NaOH.
Various organic acids from alginic acid may exist in the form
of salts under basic conditions. Maris et al.'® reported that

[—+— EG =€ PDO —¥— BDO —/— TOL -\~ POL {1 LA —O— GA —O— FA

[CY

Carbon yield (%

A

Carbon yield (%

(b) 14
2] O o 2]
—~ 104 :\;10—
o
o 87
=
S 6
Qo
2
©
O 44
24 \\ 2]
A%
0 A 0
T T T T T T T T T T T T T
00 05 1.0 15 20 25 3.0 35 4.0 140 160 180 200 220 240
Reaction time (h) Reaction temperature (°C)
16
(d)
14
12
gmf
k=]
[0] 4
< 8
c
g o
8
44
2 W 2
A
04
T

H, pressure (bar)

100 150 200
NaOH concentration (mM)

o
a
3

Fig. 3 Carbon yield during the hydrogenolysis of alginic acid as a function of the reaction parameters such as (a) reaction time (at 210 °C under
50 bar H, in 100 mM NaOH solution), (b) reaction temperature (for 2 h under 50 bar H, in 100 mM NaOH solution), (c) hydrogen pressure (at 210
°C for 2 h in 100 mM NaOH solution) and (d) NaOH concentration (at 210 °C for 2 h under 50 bar H,). Product notation: EG = ethylene glycol,
PDO = 1,2-propanediol, BDO = 1,2-butanediol, TOL = tetritols (erythritol and threitol), POL = pentitols (xylitol, arabitol, and adonitol), LA = lactic

acid, GA = glycolic acid, FA = formic acid.
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LA in the presence of a base can lead to the formation of
lactate salt, resulting in the suppressed production of PDO
during the hydrogenolysis of glycerol. In our results, it was
found that the amount of LA produced was proportional to
the NaOH concentration, suggesting that sodium lactate
converted from free LA inhibited the production of glycols,
especially PDO. However, the retro-aldol reaction related to
the hydrogenolysis process is promoted by adsorbed hydroxyl
groups under basic conditions.'® Hence, the 100 mM NaOH
solution, which yields the most glycols, is favorable in the
hydrogenolysis although organic acid salts inhibit the
production of glycols.

The hydrogenolysis of alginic acid was performed to
investigate the role of the metal catalysts and the basic
promoters under optimum reaction conditions. As
summarized in Table 2, the presence or the absence of Ru/AC
and the basic promoters caused a large change in product
distribution. The total carbon yield, which is the sum of by-
products calculated by TOC and E., does not add up to 100%
due to unidentified liquid-products. The depolymerization of
alginic acid under basic conditions proceeds to lead the
formation of various products. For instance, methanol might
be produced in the process of hydrogenolysis. M. Liu et al.*
and P. Lazaridis et al.'* suggested that methanol is produced
via the C-C cleavage of polyols. However, methanol could not
be quantified due to technical limitations in our HPLC
analysis although it was confirmed that methanol was
qualitatively produced. In addition to methanol, various
polyols and organic acids may be formed. The addition of
NaOH without Ru/AC resulted in the formation of LA and FA
without producing glycols. This is in line with our previous
study demonstrating the effect of pH on the conversion of
alginic acid sodium salt resulting in the instantaneous
formation of organic acids from alginic acid sodium salt at
high pH.*® However, when the reaction was conducted over
Ru/AC without the basic promoters, no liquid-products
containing fewer than three carbon species were detected
resulting in the production of C, and Cs sugar alcohols.
Palkovits et al.*' claimed that C-C cleavage occurs at the end
of the carbon chain via decarbonylation rather than the retro-
aldol reaction that leads to C,/C, and C3/C; fragments when
Ru/AC is used in the hydrogenolysis of sorbitol under neutral
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or acidic conditions. Accordingly, it is suggested that C, and
Cs alcohols were formed via decarbonylation of Cs sugar
alcohols generated via hydrolytic hydrogenation of alginic
acid under neutral conditions. Furthermore, it was also
confirmed that the decomposition pathway under the
conditions occurred via decarbonylation since no product of
alcohols below C, was detected. Meanwhile, the addition of
both metal catalysts and basic promoters led to produce
various organic acids and shorter chain polyols such as
glycols and BDO, whereas C,~C¢ sugar alcohols were hardly
produced. Likewise, the base promoters play an important
role in reducing the amount of unnecessary by-products,
which leads to improved carbon efficiency. As a result, it can
be inferred that the decomposition of alginic acid proceeded
via other pathways rather than the aforementioned
decarbonylation reaction. Following the addition of other
basic promoters, alginic acid was partially converted to short-
chain polyols except for Ca(OH),, which lacked the activity
for hydrogenolysis. However, CaCO; and Mg(OH), were not
appropriate as promoters due to their low carbon efficiencies
of 42.4% and 25.5%, respectively. In other words, it is
attributed to the larger production of unidentified products
than the one with NaOH.

As shown in entries 1 and 3 in Table 2, the addition of the
Ru catalyst to the NaOH solution altered the distribution and
amount of the products by changing the hydrogenolysis
pathway. Niemeli et al.*>* claimed that the decomposition
of alginic acid to organic acids in the alkaline solution
proceeds via direct degradation at the end of the chains or
cleavage of internal glycosidic linkages. Our results
demonstrate that the NaOH promoter has a large effect on
both ends and insides of the chain, resulting in the
production LA and FA. Furthermore, the basic promoter and
catalyst showed a synergistic effect on the production of C,
compounds such as GA and EG. In addition, the selectivity to
LA and FA was reduced leading to the production of short-
chain polyols. When Ru/AC was used with the NaOH
promoter, the yield of by-products was 25.1%, which was
approximately half the yield of by-products (49.7%) generated
by Ru/AC in a neutral solution. Thus, the suppression of by-
products is a significant synergistic effect of the Ru/AC
catalyst in the presence of the NaOH promoter. Meanwhile,

Table 2 Product yields and carbon efficiency obtained during the hydrogenolysis of alginic acid over Ru/AC with various basic promoters®

Liquid-product yield (%) Other? £,
Entry Catalyst Base EG PDO BDO TOL POL LA GA FA (%) (%)
1 None NaOH 0 0 2.5 0.2 0.3 24.7 0 26.9 25.1 54.6
2 Ru/AC None 0 0 0 10.3 6.9 0 0 0 49.7 19.4
3 Ru/AC NaOH 2.2 11.8 12.9 0.9 0 8.1 9.3 7.8 25.1 53.0
4 Ru/AC Ca(OH), 0 0 0 0 0 12.1 0 0 63.4 12.1
5 Ru/AC CaCOj 2.4 13.1 12.7 1.0 0.4 0 11.7 0 57.6 42.4
6 Ru/AC Mg(OH), 2.1 11.0 3.6 0.5 0.3 6.7 0 0 37.7 25.5

“ EG = ethylene glycol, PDO = 1,2-propanediol, BDO = 1,2-butanediol, TOL = tetritols (erythritol and threitol), POL = pentitols (xylitol, arabitol,
and adonitol), LA = lactic acid, GA = glycolic acid, FA = formic acid; reaction conditions: at 210 °C for 2 h under 50 bar in 100 mM basic

solution. ? Calculated by TOC in the liquid-product.

This journal is © The Royal Society of Chemistry 2020
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the following assumptions can be made regarding the
reaction pathway of the hydrogenolysis of alginic acid when
the Ru/AC catalyst was used with the NaOH promoter. First,
the polyols are produced via hydrogenolysis of Cg sugar
alcohols, such as sorbitol and mannitol, as intermediates. As
shown in entries 1-3 in Table 3, sugar alcohols, which can be
regarded as the intermediate step in the hydrogenolysis of
alginic acid, were converted to shorter polyols and LA. In
addition, the conversion of all the sugar alcohols was
determined to be 100%. However, the EG-to-PDO ratio
generated from the sugar alcohols was about 1:1 whereas
the ratio derived from alginic acid was about 0.2:1 (Table 2,
entry 3). Besides, BDO was rarely produced compared with
the one from alginic acid, suggesting that it is not mediated
via sugar alcohols obtained by the hydrolytic hydrogenation
of alginic acid in the production pathway of glycols. Hence,
the first assumption can be excluded. The second
assumption is that the polyols are produced via
hydrogenation of organic acids depolymerized from alginic
acid. However, the organic acids were hardly reactive under
severe hydrogenolysis reaction conditions, resulting in the
reduced conversion of LA and GA (1.7% and 4.6%,
respectively) as demonstrated in entries 4 and 5 in Table 3.
Therefore, organic acids do not act as intermediates in the
process of glycol production. Hence, we pay attention to the
third assumption that glycols and organic acids are produced
via separate reaction pathways. As demonstrated in entries 1-
3 in Table 3, hydrogenolysis of sugar alcohols support the
third assumption. Although the carbon number between
HOL and POL differs, the changes in the selectivity to and
yield of LA and FA were insignificant, suggesting that organic
acids were obtained via a side effect in the hydrogenolysis of
alginic acid in the basic solution. However, Ru/AC with the
basic promoter is required for the selective hydrogenolysis to
obtain glycols from alginic acid. Thus, it can be suggested
that glycols and organic acids were produced via separate
reaction pathways, which affect the hydrogenolysis of alginic
acid into glycols and organic acids depending on the reaction
parameters related to metals and basic promoters rather than
the reaction time and temperature. Bimetallic Ru-Ni
supported on activated carbon catalysts were prepared to
further enhance the production of glycols. As shown in
Fig. 4, Ru-Ni bimetallic catalysts show enhanced catalytic
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Fig. 4 Carbon yield and glycol selectivity during the hydrogenolysis of
alginic acid over the catalysts as a function of the Ni/Ru molar ratio.
Reaction conditions: at 210 °C for 2 h under 50 bar in 100 mM NaOH
solution; product notation: EG = ethylene glycol, PDO =
1,2-propanediol, BDO = 1,2-butanediol, TOL = tetritols (erythritol and
threitol), POL = pentitols (xylitol, arabitol, and adonitol), LA = lactic
acid, GA = glycolic acid, FA = formic acid; ? the selectivity to glycols =
(Yec + Yppo)/(Yec + Yeoo + Yepo + YroL + YeoL + Yia + Yoa + Yra) %
100, © 8.8 wt% Ru/AC (50 mg) + 5.9 wt% Ni/AC (50 mg).

activity compared with Ru or Ni monometallic catalysts and
physically mixed Ru and Ni catalysts. In the case of RuNij s/
AC, the glycol yield and the carbon efficiency (E.) increased
significantly from 14.0% to 18.2% and from 53.0% to 83.0%,
respectively, compared with Ru/AC. It is reasonable to claim
that the hydrogenolysis of alginic acid was more active in the
presence of bimetallic catalysts. When the Ni/Ru molar ratio
was 1:1, the yield of and selectivity to glycols and BDO were
the highest even though the carbon efficiency (E.) decreased
slightly. However, the addition of Ni exceeding the Ni/Ru
molar ratio of 1:1 resulted in a decrease in the yield of
glycols and BDO compared with RuNi;/AC. Based on the
results of H,-TPR with the Ru-Ni bimetallic catalysts (Fig. 2),
the metal reduction peak in RuNi;/AC shifted to the highest
temperature among all the catalysts suggesting a strong
interaction between Ru and Ni species. The interaction is
expected to influence the yield of and selectivity to glycols
during the hydrogenolysis of alginic acid. In addition,
physically mixed Ru/AC + Ni/AC was prepared for
investigating the effect of the Ru-Ni interaction on the

Table 3 Product yields and conversions obtained during the hydrogenolysis of reaction intermediates over Ru/AC in the NaOH solution®

Liquid-product yield (%)

Conv.
Entry Reactant EG PDO BDO TOL POL LA GA FA (%)
1 Sorbitol 17.2 15.7 1.0 0.5 0.18 41.3 0 10.3 100
2 Mannitol 14.8 15.6 1.2 0.4 0 45.1 0 10.0 100
3 Xylitol 15.4 12.8 1.4 1.0 0 41.6 0 10.0 100
4 Lactic acid 0 1.7 0 0 0 98.3 0 0 1.7
5 Glycolic acid 4.6 0 0 0 0 0 95.4 0 4.6

“ EG = ethylene glycol, PDO = 1,2-propanediol, BDO = 1,2-butanediol, TOL = tetritols (erythritol and threitol), POL = pentitols (xylitol, arabitol,
and adonitol), LA = lactic acid, GA = glycolic acid, FA = formic acid; reaction conditions: at 210 °C for 2 h under 50 bar in 100 mM basic

solution.

1788 | React. Chem. Eng., 2020, 5,1783-1790

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0re00224k

Published on 20 July 2020. Downloaded on 7/24/2025 6:21:41 PM.

Reaction Chemistry & Engineering

Glycols

View Article Online

Paper

RuNi/AC & NaOH
————> Ru/AC & NaOH

el

Sodlum lactate

K—k

O'Na

BDO

\)L — QL
oH ONa'

Sodium formate Alginic acid Sodium glycolate
7
+H2/-'
OH OH P
=
HO.
J\(K(\OH

OH OH
HOL

POL TOL

Scheme 1 Pathway for the catalytic hydrogenolysis of alginic acid depending on the catalytic conditions. Product notation: EG = ethylene glycol,
PDO = 1,2-propanediol, BDO = 1,2-butanediol, TOL = tetritols (erythritol and threitol), POL = pentitols (xylitol, arabitol, and adonitol), HOL =
hexitols (sorbitol, mannitol, and galactitol) LA = lactic acid, GA = glycolic acid, FA = formic acid.

reactivity. Ru/AC used for physical mixing contains about 8.8
wt% Ru as evidenced by ICP-AES, which is well-dispersed on
the activated carbon based on the HAADF-STEM image (not
shown). Ru/AC and Ni/AC were mixed physically at a 1:1
ratio, which is similar to the amount of Ru and Ni loaded in
RuNi;/AC. Reaction results as shown in Fig. 4 clearly indicate
that the physically mixed Ru/AC + Ni/AC sample did not
promote the yield of and selectivity to glycols compared to
RuNi;/AC, suggesting that the bimetallic structure of Ru and
Ni is truly effective. Hence, the bimetallic Ru-Ni species,
which was formed well when at a Ni/Ru molar ratio of 1:1,
most actively promoted the conversion of alginic acid to
glycols via hydrogenolysis.

Based on the reaction results, the pathway of alginic
acid hydrogenolysis depending on the catalytic conditions
can be proposed as shown in Scheme 1. Ru/AC in a
neutral solution undergoes hydrogenation of alginic acid
to HOL, followed by conversion to POL and TOL via
decarbonylation. However, further decarbonylation of TOL
rarely occurred resulting in the lack of production of
shorter polyols such as EG, PDO, and BDO. In the
presence of NaOH solution without Ru/AC, alginic acid is
converted to organic acids, mainly LA and FA. However,
alginic acid decomposes into various organic acids
including GA and short-chain polyols such as glycols and
BDO over Ru/AC in the presence of NaOH solution. Such
organic acids from alginic acid may exist in the form of
sodium salts inhibiting the conversion to glycols. The use
of a basic solution alters the reaction pathway from
decarbonylation to retro-aldol reaction. Glycols, the target
products, are produced directly via internal C-C bond
cleavage, suggesting that sugar alcohols or organic acids

This journal is © The Royal Society of Chemistry 2020

do not act as intermediates during the hydrogenolysis of
alginic acid to glycols. Furthermore, bimetallic Ru-Ni
supported on  activated carbon  promotes  the
hydrogenolysis of alginic acid resulting in increased yield
of and selectivity to glycols and carbon efficiency.

4. Conclusions

Alginic acid was successfully converted to glycols such as
ethylene glycol and 1,2-propanediol via hydrogenolysis
over Ru-based activated carbon in a basic solution. In
addition, various organic acids such as lactic acid,
glycolic acid, and formic acid in the form of salts were
produced. The type and concentration of the basic
promoter strongly influenced the product distribution.
Based on the hydrogenolysis of potential intermediates
that can be produced from alginic acid under similar
conditions, the direct conversion of alginic acid to glycols
occurs via a retro-aldol reaction without intermediates
such as sugar alcohols or organic acids under
hydrogenolysis reaction conditions. The addition of Ni to
activated carbon-supported Ru catalysts improved the yield
of and selectivity to glycols obtained from alginic acid,
and the optimal Ni/Ru molar ratio was 1:1. Furthermore,
the positive effect of bimetallic RuNi catalysts was verified
by comparison with physically mixed Ru and Ni
supported on activated carbon. The highest yield of
glycols was 24.1% when RuNi;/AC was used in the
presence of 100 mM NaOH. It is suggested that Ru-Ni
bimetallic species formed via strong interaction between
Ru and Ni result in the enhanced hydrogenolysis of
alginic acid to glycols.
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