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Levulinic acid (LA) and formic acid (FA) are high-value chemicals that can be generated from biomass and are
widely used in diverse industries. Kappaphycus alvarezii is potential biomass to be developed as raw material for
producing LA and FA. Biomass, catalyst, and reaction factor play important roles in LA and FA production. In this
research, we investigated the conversion of macroalgae K. alvarezii for the production of LA and FA through the
thermochemical reaction with methanesulfonic acid
catalyst under the response surface statistical approach

) as an environmental-friendly and strong acidic
ptimizing the reaction factors, the highest LA and FA

yield of 14.69% and 5.35%, respectively were attained under the conditions of 180 ° C reaction temperature, 0.6
M MSA catalyst concentration, 30 min reaction time, and 2.5% biomass load. The application of K. alvarezii and
green catalyst MSA in LA production can be a new insight into macroalgae biorefinery.

1. Introduction

Fossil resource depletion shifts our concept from petroleum-based to
biorefinery which produces various fuels and chemicals from bio-based
material. The use of these materials is required to overcome the deple-
tion of fossil resources as raw materials in the petroleum refinery (Kamm
et al., 2016). Purthermore, macroalgae is a potential and attractive
marine bio-based material that can be considered to replace fossil-based
resources because its high and easily degradable polysaccharide content
can be converted to many useful pha logic, cosmeceutical, nutra-
ceutical, and fuel compounds (Jeong et al, 2015; Lee et al., 2013;
Ruocco et al., 2016; Sadhukhan et al., 2019; Tirtawijaya et al., 2019).

Kappaphycus alvarezii is a red macroalga known as one of the most
attractive marine bio-bas aterials which can be developed to pro-
duce high-value products (Li et al., 201 8; Liu et al., 2019). K. alvarezii is
carrageenophyte macroalgae containing a high amount of -
carrageenan, which is a polysaccharide consisting of a linear water-
soluble sulfated galactans with a repeating backbone of w(1-4)-3,6-
anhydrogalactopyranose and p(1-3)-galactopyranose-4-sulfate (Pereira
et al., 2009). K. alvarezii is among the largest tropical carrageenophyte

which haa great commercial value and are widely used in diverse
industries as the main source of carrageenan. The carrageenan industry
grows rapidly and produces 57,500 tons, which is the highest sales
among other hydrocolloids (Porse and Rudolph, 2017). This species has
been cultivated in Asia, Africa, Oceania, America (Fig. 1). Asia produced
the highest number of K alvarezii production around 11 million tonnes
and Indonesia is the leading manufacturers of this macroalga worldwide
with a total production of around 9 million tonnes or about 85% of the
world's total production (FAOQ, 2020; Pambudi et al., 2010).

Previous research showed K. alvarezii ¢ hydrolyzed chemically
and enzymatically to produce ethanol (Hargreaves et al, 2013;
Khambhaty et al.,, 2012; Meinita et al., 2012b). Furthermore, Meinita
etal. (2019) and Meinita et al. (2017) revealed that ethanol not only can
be produced from macroalga, but also can be produced from its residue
waste obtained from carragee agar extraction. During ethanol
production, K alvarezii produced levulinic acid (LA), formic acid (FA),
and 5-hydro ylfurfural (5-HMF) as by-products (Meinita et al.,
2012a). LA is one of the most potential high-value chemicals derived
from KA biomass which can be converted into a diverse high-value
product in the food, pharmaceutical, nutraceutical industries
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(Mukherjee and Raghavan, 2014). The DOE/NREL selected the LA as
one of the twelve “Top Value Added Chemicals from Biomass” among
over 300 possible building block candi (Werpy and Petersen,
2004). LA can be converted into various high-value products such as
chemicals, fuel and food additives, pharmaceuticals, medicines, agri-
cultural products, solvents, and polymers (Leal Silva et al., 2018).
Another important chemical intermediate which widely used in various
industries is FA. Among potential chemical comy ds, FA is also
known as a versatile chemical intermediate with unique properties,
including strong, non-toxicity, favorable energy density, simplicity, and
biodegradability (Liu et al., 2015). Up to now, mostly LA and FA are
produced commercially from petroleum pathways. Hence, the utiliza-
tion of macroalgae biomass is expected to overcome our dependence on
petroleum.

Another challenge in LA and FA production from biomass is to
overcome corrosion and equipment blockage (Rackemann et al., 2016).
This challenge should be considered if we develop LA production on an
industrial scale. To overcome this challenge we try to use MSA whichisa
derivative of sulfuric acid and eco-friendly green catalyst because it is
relatively low corrosive (Rackemann et al, 2016). Furthermore,
compared to inorganic acids, MSA has some advantages, including less
oxidation, low toxicity and corrosivity, non-foaming, strong acidity
(pKa = 1.9), and high biodegradability (Gemon et al., 1999; Rackemann
et n]ml‘l, 2016; Wickleder and Logemann, 2013). MSA is a compound
that plays an important role in the global biogeochemical sulfur cycle so
it can be degraded and recycled easily by microorganisms (Baker et al.,
1991; Henrigues and De Marco, 2015). Due to its advantages, MSA has
considered as a green catalyst that is safe for chemical synthesis. This
{E¥ly aimed to investigate the use K. alvarezii for the production of
levulinic acid (LA) from using methanesulfonic acid (MSA) as a green
catalyst. also observed the optimal reaction condition of LA pro-
duction. A central composite design in the response surface statistical
methodology and combined severity factor was applied to observe the
optimum conversion conditions and reaction interaction in the process
of K. avarezii transition to levulinic acid by acidic hydrolysis. The
application of K alvarezii and green catalyst MSA in LA production can
be developed as a sustainable macroalgae biorefinery, where we can
produce biofuel, high added-value molecules, and other valuable
compounds.

1.1. Materials

Kappaphycus alvarezii was freshly obtained from Indonesia, and then

e

. < 1.000

B 1.001 - 10.000
10.001 - 100,000 e

5 100.001 - 1.000.000 L "

I 1.000.001 - 10.000.000

1
gm Technology Reports 17 (2022) 100954
cleaned and rinsed using distilled water to remove salt and debris.
Subsequently, the macroalgae sample was dried under the shade then
ground into powder. The reagent grade of MSA (Samchun Pure Chemical
Co., Ltd., Korea) and the analytical grade of LA and FA (Sigma-Aldrich,
USA) were used in this study.

1.2, Proximate composition analysis .
14
The proximate compositions of K alvarezii were analyzed using the
phenol sulfuric acid method for carbohydrate (Meinita et al., 2018;
Kochert, 1978), quantified gravimetrically method for l[l{ndin,
1981), Lowry method for protein (Lowry et al., 1951). The ash content
was weighed after heating the sample at 575 °C for 5 h (Meinita et al.,
2018).

1.3. Yield calculation

The LA or FA yield based on the weight of the K. alvarezii was
calculated using the following equation:
mass of the produced LA or FA in product

LA or FA yield (%) =
orFA yield (%) mass of K.alvarezii substrate

1.4. Batch experimental procedure

The hydrothermal experimental reactor consisted of a reactor
equipped with proportional integral derivative (PID) temperature
controller (TC200P, Misung Scientific Co., Ltd., Korea) to monitor and
maintain the temperature. This equipment was filled with oil and pre-
heated for 5-10 min to rea esired and stable hydrothermal reac-
tion. The KA samples were placed in a 50 mL stainless steel reactor
equipped with a magnetic stirrer and dissolved in MSA, where different
catalyst amounts, reaction temperature, and time were applied. Subse-
quently, the device was soaked using tap water to reduce the heat after
the reaction was completed. Furthermore, the hydrolysate supernatants

re recovered by a 15 min centrifugation at 17,000 rpm, and the pH
was adjusted with sodi droxide to 6.5. The supernatants were then
taken and filtered using a 0.2 pm syringe filter for further HPLC analysis
(Jeong et al., 2015; Jeong and Park, 2010).

1.5. Experimental design and statistical analysis

A 5 level, 3-factor central composite trial of the response surface
methodology was composed using Design-Expert 9 statistical software

Fig. 1. Global production of K. alvarezii (ton ww) in 2019 based on Fishstat 2021.
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(Stat-Ease, Inc., USA). Furthermore, a total of 20 experiments consisting
of 8, 6, and 5 factorial, axial, and central composite rotatable points,
respectively were conducted to observe reciprocal interaction (Jeong
et al., 2009; Jeong and Park, 2009). The three reaction factors included
catalyst concentration (0.164-0.7 M), reaction temperature
(149.8-200.2 “C), and reaction time (4.77-55.23 min). Also, the model
was determin multiple regressions while the coefficient of deter-
mination (R?) and analysis of variance (ANOVA) were used to evaluate
the model quality (Jeong et al., 2015; Jeong and Park, 2010).

1.6. Analysis

LA and FA concentrations were sepated and quantified using HPLC
{Agilent 1100, USA). The separation of LA and FA were done using a Bio-
Radl Aminex-87H column under the conditions of §&§ °C oven temper-
ature, at 0.6 mL/min flow rate of mobile phase, and using 5 mM sulfuric
acid as mobile phase. A refractive index detector was used as the de-
tector in this study (Jeong et al., 2015; Jeong and Park, 2010).

2. Results and discussion .
11

KA contains about 32.95-61.7% of carrageenan and is widely used in
food, nutraceutical, and pharmmaceutical industries (Goes and Reis,
2012; Meinita et al., 2019). KA also contains high-value molecules and
compounds including carbohydrate, protein, lipid, ash, and mono-
saccharide which can be developed into high-value products derived
from the sugar content. This high-value product can be simultaneously
produced together with the production of carrageenan. The proximate
and monosaccharide content of K. alvarezii is shown in Table 1.

The conversion of macroalgae polysaccharides to platform chemicals
such amﬂl:‘, LA, and FA has been attracted research interest in recent
years. In this study, we observed the production of LA from K. abvarezii
which is containing high and easily-degraded polysaccharide content.
This polysaccharide can be depolymerised via hydrolysis into glucose,
galactose, and fructose and then converted to 5-HMF, LA, and FA
(Fig. 2). The pathways of LA production from K. alvarezii consisted of
four processes. Firstly, the polysaccharide of KA is hydrolysed into

Table 1
Proximate and monosaccharide content of K. alvarezii
Component Content Reference
Proximate (% dw)
67.74 £ 0.55 B:uj?)
59.58 + 0.B8 al., 2014)
Carbohydrate ‘
foonydra 67.8 £ 10.40 (Meinita et al., 2012b)
58.15 + 1.36

This study
14.51-15.48 saganiu et al., 2017)

Ash 19.70 + 0.09 @HEIHILI etal., 2014)

18.4 £ 0.5 (Meinita et al., 2012b)

15.51 + 0.03 This study
12.61 + 0.46 (Gereniu et 2017)
Moisture 14.23 + 0.32 n et al., 2014)
16.7 £ 0.7 (Meinita et al., 2012b)
12,32 + 0.32 This study
424 +0.27 (Gereniu et al., Zl.'
Protein 574 + 0.89 al., 20
36 +£09
383+ 011
0.50 + 0.25 t al., 2017)
L 075 +0.22 al., 2014)
Lipid 0.60 £ 0.01 (Me al., 2012b)
072 +0.02 This study
Monosaccharide (mol %)
Galactose 30.0-33.2
3,6-anhydrogalactose 22.8-27.2
6-0-methyl galactose 0.9-1.4
Glucose 1.8-2.6
Xylose 0.8-0.9
Sulphate 35.8-42
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glucose. The second process is isomerization which converts glucose into
fructose. The third process is the dehydration process which converts
fructose to 5-HMF. The fourth process is rehydration, which converts the
5-HMF into LA and FA (Rackemann and Doherty, 2011). LA is a 4-oxo-
pentanoic acid with reactive carbonyl and carboxyl groups while FA is a
by-product of the rehydration of 5-HMF to LA

In our previous study thanol production from K. alvarezii, we
found after acid hmysis using 0.2 M sulfuric acid for 15 min resulted
4.67 + 0.96 g/Lof 5-HMF and 1.07 + 0.02 g/L of levulinic acid (Meinita
et al., 2012b). Further study on the optimization of reaction tempera-
ture, catalyst concentration, and reaction time is needed to get the op-
timum LA production. Hence, in this study, we focused on the
optimization of levulinic acid at the differes ction temperatures,
catalyst concentration, and reaction time and analyzed using response
surface methodology (RSM).

2.1. Predicted model

A 5-level, 3-factor central composite aigrl was used to obtain an
optimum reaction condition and assessed the reciprocal interactions of
the reaction factors through the MSA catalyzed hydrothermal reaction of
LA. Table 2 shows the production values for both acids vary according to
the treatment combination of all factors such as catalyst, reaction tem-
perature, and time, where the LA product values were entirely greater
than FA.

The lowest product values for both FA and LA were obtained by a
combination of 160 °C temperature treatment, 0.3 M catalyst, and 15
min reaction time with a product concentration of 1.46 and 4.00 g/L,
respectively, equivalent to a product yield of 2.92 and 8.00%. Mean-
while, the highest product value was produced by a combination of
160 °C temperature treatment, 0.7 M catalyst, and 45 min reaction time
with a product concentration of 2.84 and 7.26 g/L, equivalent to 5.69
and 14.51%.

The best prediction model of treatment on product value from FA
and LA was generated from the second-order polynomial fitting model
using Design Expert 9 statistical software (Table 3). This quadratic
model was very suitable for use as a predictive model for both FA and LA
with a determination coefficient of 0.95 and 0.94, respectively. These
high determination coefficient values showed the predicted values
compared to the actual values were reliable. Therefore, this quadratic
equation model was used to predict the relationship between the
treatment and the measured parameters.

The ANOVA results showed the quadratic model between treatments
and product values for both FA and LA were very si: ant with an F-
test probability of P < 0.01. Furthermore, all linear (X1, X2, and X3),
interaction (X1X2, X1X3), and quadratic coefficients (X12, X22, X3 for
both the FA and LA models showed significant results with F-values
45.42 and 36.34, respectively.

In the LA model, all linear coefficients were positive. Hence, the
entire treatment had a positive effect on the value of the resulting
product. The temperature treatment had the highest effect with a coef-
ficient of 0.84, while the catalyst and reaction time only had a value of
0.61 and 0.64, respectively. Meanwhile, the interaction and quadratic
coefficients had a negative value; hence all the treatments had a nega-
tive effect on the value of the product produced. The combination of
temperature treatment with time gave a greater contribution than with
catalyst in terms of the interaction of each treatment, where the decrease
in the value of the resulting product had a coefficient of —1.23 and —
1.07, respectively. Meanwhile, the reaction temperature had a higher
quadratic effect on the decrease in product value with a coefficient of
—1.23 compared to catalyst and reaction time with values of —0.44 and
— 0.54, respectively.

Similar to the LA model, all linear coefficients were positive in FA,
hence all the treatments had a positive effect on the value of the
resulting product. The largest linear contribution was also produced by
temperature with a coefficient of 0.15 although this value was
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Fig. 2. Pathways of levulinic acid and formic acid production from K. alvaresii.

Table 2
Experimental design and results for the 5-level, 3-factor central composite
design of response surface methodology.

e3
model equation for FA and LA responses resulting from experimental
design.

X1, Temp. X2, X3, Time  Product Product yield (%) Response Final equation in terms of actual factors Model R?
'cy Cat. (min) concentration (g/L) (%)
M
o0 FA LA FA LA LA = 1412 4 0.84 x| +0.61 %2+ 0.64 % 5061  Quadratic  0.95
X Xo-1.07 X, X3-1.23 = 2044 = 2054 = 4°
175.00  0.50 477 ﬁf: * 3'?: * :'23 * é{j’ * FA =546 4005 x| + 013 %5+ 012 x ;040 Quadratic  0.94
) ) . . 2 2 2
17500 0.50 30,00 2804+ 713+ 5614 14264 KXo 065 X1X30.16 x 021 x 025 x4
0.25 0.28 0.51 0,55
175.00 0.50 30,00 278+ 706+ 556+ 14124 . . .,
017 0.10 0.34 0.19 insignificant compared to catalyst and time with valuesof 0.13 and 0.12,
190.00 0.30 15.00 2524 6454 5044 1200 4 respectively. Furthermore, the difference was shown by the interaction
0.02 0.06 0.05 012 and quadratic effect, where all treatments had a negative coefficient
19000  0.30 4500 2234 5994 4464 11994 value; hence each treatment had a negative contribution to the value of
0.05 012 0.09 0.23 . . .
160.00 030 45.00 o244 E774 448+ 1ied 4 the p‘roduc‘t produced. The mt?ractlon of the catf'alyst treatment with the
013 0.18 0.25 0.35 reaction time had a greater influence than with temperature. Mean-
175.00 0.84 30.00 2454+ 6734+ 4804+ 1347 4 while, the quadratic temperature treatment had a more significant effect
030 030 0.06 0.60 on decreasing the value of the product compared to the catalyst and
175.00 0.16 30,00 g.gg + g.ég + g.};: + {1,2{532 + reaction time.
190.00 0.70 15.00 5524 6454 5044 1290 4 T!w results of the mod‘el ?ralldatlon showed there was a linear cor-
002 0.06 0.05 01z relation between the prediction model and the results of the research
175.00 0.50 30.00 277+ 711+ 555+ 1421+ (Fig. 3). This indicates the guadratic model was appropriate for pre-
009 000 a1g 000 dicting the effect of treatment on the value of both FA and LA products.
160.00 0.70 15,00 204+ 531+ 407+ 1062+ X o . . .
0.43 076 o085 L83 Meanwhile, the predictiv el was accurate in forecasting the impact
160.00 0.30 15.00 1464 4004 2924  BOD4 of the combined level of tion temperature, catalyst concentration,
0.03 0.06 0.06 01z and reaction time on FA (Fig. 3A) and LA (Fig. 3B) to the optimum value
200.23 0.50 30.00 2014+ 6184+ 4024 12364 of 5.69% and 14.51%, respectively. This optimum value was ideal for
175.00 0.50 5523 g'g N g'g; N g':: N ?f;B N both acids which can be produced by the effect of a combination of
’ ’ ’ 028 038 057 075 treatment levels. Furthermore, although the actual value of each prod-
190.00 0.70 45.00 1.BO 4 6.34 4 250 4 12,68 + uct from the EXpEri.lTlE]'ltEl results were 0]11)" 2.92% and 8.00% for FAand
0.01 0.02 0.01 0.04 LA, respectively, this predicted model can forecast a lower product
160.00 0.70 45,00 284+ 726+ 569+ 1451+ value.
0.04 0.01 0.08 0.03
175.00 0.50 30,00 274+ 719+ 547+ 1438+
0.28 0.18 0.56 0.36 . . . .
149977 050 30,00 1684 449+ 3354  BOB 4 2.2. Effects and reciprocal interactions of reaction factors
0.02 0.05 0.04 011
175.00 0.50 30.00 2744+ 7004+ 5474+ 1400+ The effects and reciprocal interactions of reaction factors on FA and
0.19 0.06 038 0.13 LA production were shown using the 3D surface plots of each factor
175.00 0.50 30,00 257+ 688+ 514+ 1377+ . L .
0.10 0.14 0.19 0.27 under cons zero level reaction conditions. Fig. 4 shows the 3D sur-

face plot of effects of reaction temperature, catalyst concentration, re-
action time, and their interactions on the FA product values under
constant reaction conditions. Reaction temperature, catalyst concen-
tration, and reaction time are three main reaction factors on FA and LA
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Figl) Actual vs predicted formic acid (A) and levulinic acid (B) yields based
on the reciprocal interaction of reaction factors.

productiml‘he effect of reciprocal interaction between reaction tem-
perature and catalyst concentration under a constant reaction time of 60
min on the FA yield is shown in Fig. 4A. The FA yield decreased
quadratically in line with the increase in the temperature for all catalyst
concentration levels (0.3-0.7 M) and varied based on the temperature
level along with the increase in catalyst concentration. The FA yield
increased quadratically at temperature levels below 172 “C and tended
to be stable between 172 and 182 °C as a result of an increase in the
catalyst concentration level. Furthermore, the increase in catalyst con-
centration level had an impact on the quadratic decrease in the FA yield
at a temperature range over 182 “C. The highest FA yield was attained
from the interaction between the lowest temperature level (160 “C) with
the highest catalyst concentration (0.7 M). Fiz. 4B shows the effect of
reciprocal interaction between reaction temperature and time in a
constant catalyst concentratO.S M) on the FA yield. Generally, LA
yield changed quadratically (increasing and then decreasing) along with
the increasing temperature, however, the pattern of change varied ac-
cording to the level of reaction time. At lower reaction time levels, the
FAyield tends to increase quadratically with the increase of temperature
and it decreased when the temperature reached 190 “C. The quadratic
pattern of FA yield changes as the level of reaction time increases with
each temperature level This increasing reaction time at low-
temperature levels calma tendency to quadratically decrease the FA
yield, whileat a longer reaction time at high temperature a reverse effect
occurs. The highest FA yield was attained from the reciprocal interaction
of a decrease in reaction time level accompanied by an increase of
temperal or vice versa.

Fig. 5 shows the effects of temperature, catalyst, time, and their in-
teractions on the LA yield. Fig. 5A shows the effect of the reciprocal

1
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interaction between reaction temperature and catalyst concentration
under a constant reaction time of 30 min on the LA yield. Generally, the
product value changes quadratically (increased and then decreased)
based on the increase in temperature, and the changing pattern varied
based on the catalyst concentration level. At lower catalyst concentra-
tion levels, the LA yield tends to increase with the increase of temper-
ature and decreased when the temperature reached 190 “C. The
quadratic pattern of the LA yield changes based on the increase of
catalyst concentration, where it tends to decrease with increasing
catalyst concentration. On the other hand, the opposite condition oc-
curs, LA yield decreased quadratically at low-temperature levels due to
an increase in catalyst concentration for each level. Meanwhile, an in-
crease in catalyst concentration at a high-temperature level caused a
quadratic increase in LA yield. The highest LA yield was obtained from
reciprocal interaction between a decrease in temperature level accom-
panied by an increase of catalyst concentration or vice versa. Fig. 5B
shows the effect of the reciprocal interaction between reaction tem-
perature and time on the LA yield at a constant 0.5 M catalyst concen-
tration. Similarly, LA yield resulting from the reciprocal interaction
between these factors had a similar quadratic pattern. This pattern also
occurs in the FA yield discussed earlier, where the FA yield varied ac-
cording to the reaction time along with the increase in temperature, and
vice versa. At lower reaction time levels, the LA yield also tended to
increase quadratically with increasing temperature, and vice versa. The
increase in reaction time at low-temperature levels also caused a ten-
dency for a quadratic decrease in the product value and vice versa.
Furthermore, the highest LA value was obtained from the reciprocal
interaction between a decrease of reaction time accompanied by an
increasing temperature or vice versa.

The high value of LA product at high temperature treatment for all
treatment combinations indicates that biomass conversion into LA is
very efficient at high temperature (Jeong et al., 2015; Jeong and Park,
2010; Omari et al., 2012). In addition to high temperature treatment,
catalyst concentration and longer reaction time cause the conversion of
biomass by the catalyst to be more efficient (Jeong, 2014; Jeong et al.,
2015). Conversion of glucose to FA is also efficient at high temperature
conditions (Jeong, 2014; Jeong et al, 2015; Jeong| Park, 2010).
Similar to temperature, high FA values also occur as a result of the
catalyst and reaction time which causes the efficiency of converting
glucose to FA (Jeong, 2014; Jeong and Park, 2010). However, there are
limitations of temperature level, ZZhcentration, and reaction time
because excessive conditions cause unwanted side reactions. Byproduct
formation such as humin and other decomposition products were
generati m excessive condition (Liu et al., 2015).

Fig. 6 shows the effects of reaction temperature and time, catalyst
concentration, and their reciprocal interaction on formic acid and lev-
ulinic acid yield. The value of the FA yield (actual and 95% Cl) in Fig. 6A
(left) changed quadratically as a result of an increase in temperature
under a constant time reaction of 30 min at both the catalyst concen-
tration level of 0.3 and 0.7 M. Furthermore, at the lower and higher
catalyst concentration levels of 0.3 M and 0.7 M, respectively, the FA
yield increased at lower temperatures until it reached a peak at 178 °C
and 184 “C, then decreased. Although both catalyst concentrations had
the same quadratic pattern along with an increase in temperature, the
optimum temperature of both catalyst concentrations was different,
which implied a diverse trend of change. Also, a similar FA yield was
generated from the two levels of catalyst concentration (0.3 and 0.7 M),
where the interaction between these levels occurred at 180 “C; hence the
reciprocal interaction between these temperatures with different cata-
lyst concentration levels produces a similar FA yield.

Fig. 6A (right) shows the quadratic change in the FA yield (actual and
95% Cl) due to an increase in temperature under a constant catalyst
concentration of 0.5 M at both the reaction times of 15 and 45 min.
Furthermore, at the lower and higher reaction time levels of <15 min
and > 45 min, respectively, the FA yield increased quadratically until it
approached its optimum temperature of 190 °C and 170 °C, respectively,
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then decreased. The difference between these two levels was the
disparity in the optimum temperature, where the reciprocal interaction
results in the highest LA yield. Also, the reciprocal interaction of the two
levels produced the same FA yield at 178 °C, hence all levels of reaction
time will a constant value at that temperature.

Fig. 6B shows the effects of reaction temperature and time, as well as
catalyst concentration on formic acid under constant reaction condi-
tions. The reaction pattern of LA yield is similar to FA yield. The yield of
LA (actual and 95% Cl) also changed quadratically with increasing
temperature under constant time reaction of 30 min at both the catalyst
concentration levels of 0.3 and 0.7 M (Fig. 4B, left) and under constant
catalyst concentration at both the reaction time levels of 15 and 45 min
(Fig. 6B, right).

The LA yield increased quadratically until it approached its optimum
temperature of 178 and 190 “C, respectively, and then decreased at both
the concentration levels of 0.3 and 0.7 M. Similar LA yield was generated
when the two levels interacted at a temperature of 190 “C. Furthermore,
as a form of reciprocal interaction between temperature and reaction
time, the product value also increased quadratically until it approached
its optimum level of 174 and 190 °C, respectively, and then decreased at
both the reaction time levels of 15 and 45 min. The interaction of these
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A: Temperature (oC)

of reaction temperature and time, catalyst concentration, and their reciprocal interaction afnrmic acid yield under constant reaction conditions. (A)
reciprocal interaction between reaction temperature and catalyst concentration under a constant reaction time of 60 min, and (B) represents to
e and reaction time under a constant catalyst concentration of 0.5 M.

two-time reaction levels at a temperature of 184 “C produces a similar
yield.

The reciprocal interaction pattern of reaction temperature and time,
as well as catalyst concentration on FA yield, was similar to LA product
yield, i.e. the guadratic pattern. However, the different coefficient
values caused discrepancies in the optimum temperature. The higher
quadratic and interaction coefficient on LA, resulting in a sharper
quadratic pattern compare to FA both for the interaction of reaction
temperature with catalyst concentration and time. Furthermore, the
optimum temperature in LA production was higher compared to FA
production in both interactions due to different coefficient values.

The level of treatment, both temperature, catalyst concentration, and
reaction time are important because the mechanism for converting
carbohydrates (fructose, glucose, and cellulose) into LA and FA products
is a long and complex process (Morone et al., 2015; Rackemann et al.,
2014, 2016; Rackemann and Doherty, 2011). As shown in Fig. 2, the
conversion of glucose into FA and LA products is through isomerization,
dehydration, and rehydration processes (Rackemann and Doherty,
2011). In extreme reaction conditions (high temperature, high catalyst
concentration, and long reaction time), products such as 5-HMF will be
easily transformed into LA and FA by rehydration so that the value of the




M.D.N. Meinita et al.

(A)
g
=
k]
)
5
T
0.6 ‘m_a_‘
05 =
B: Catalyst conc. (M) 04
(B)
£
z
2
=
5

s <_
-

27—
C: Reaction time (min)

-\-\.__\__\‘ __,/ =
21 “““x-.,,,/’ 166
15

Bioresource Technology Reparts 17 (2022) 100954

-
= 178
"6

A: Temperature (oC)
160

Fig. 5. Effects of reaction temperature and time, catalyst concentration, and their reciprocal interaction mavujinjc acid yield under constant reaction conditions.

(A) repres

reciprocal interaction b reaction t

LA and FA products becomes optimal (Jeong, 2014; Jeong et al., 2015).
However, due to side reactions from the decomposition of LA and FA,
there is a limit to the optimal value of the treatment level, both tem-
perature, catalyst concentration and reaction time.

2.3. Optimization of levulinic acid and formic acid production

Optimization of the reaction factor was obtained using the response
surface statistical approach with a reaction temperature range of
149.77-200.23 °C, catalyst concentration 0.16-0.84 M, and reaction
time of 4.77-55.23 min. The optimal predictive values for LA (7.24 g/L,
14.4%) and FA (2.69 g/L, 5.39%) were generated by the treatment level
of 180 “C reaction temperature, 0.60 M catalyst concentration, and 30
min reaction time. Furthermore, yields of 13.90 4+ 0.02% LA and 5.22 +
0.01% FA on a biomass basis were used in the verification of the pre-
dicted model under the optimized reaction condition. These verified
results sufficiently fit the predicted yields of these acids. However, these
results need to be considered more carefully in comparing yields due to
the difference in biomass properties.

This treatment combination was used as a constant reaction condi-
tion to optimize the effect of the biomass percentage factor on the FA

the reciprocal interaction between reaction temperature and catalyst concentration under a constant reaction time of 30 min, and (B) represents
e and reaction time under a constant catalyst concentration of 0.5 M.

and LA product values. Table 4 shows the effect of the biomass factor
under constant reaction conditions on the product concentration and
yield. The product concentration of both acids has significant differences
based on the discrepancies in biomass levels, where the maximum
product concentration value was produced by the highest biomass level
and vice versa. However, product yield had a reverse outcome. This was
particularly for the LA product yield, where some levels of biomass such
as 2.50% and 5.00%, 7.50% and 10.00% as well as 12.50% and 15.00%
do not significantly affect the value of the product although there are
significant differences. The production values of both acids decreased
logarithmically based on the increase in biomass, where a sharp
decrease was seen below 2% and a gentle decline occurred thereafter.
Furthermore, the LA value was generally higher than the FA products
with a greater decline and if the biomass has a continued increase, the
product value will be constant at about 4.8% and 12.0% for FA and LA,
respectively. The product values of both FA and LA decreased loga-
rithmically as biomass increased. Both sharp declines were seen when
biomass was below 2% and a gentle decline occurred thereafter. Values
in LA were generally higher than values for FA products and the decline
was also greater. If the biomass continues to be increased, the product
value will be constant with a value of around 4.8% for FA and 12.0% for
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Table 4
Product concentration and product yield of FA and LA based on the biomass
factor. * rrepres(-mls the significant differences in Cl 95% (P < 0.05).

Table 5
Levulinic acid production from macroalgae.

Material Catalyst  Optimum condition Yield References
Biomass (%)  Product concentration (g/L) Product Yield (%) (%)
FA LA FA LA Chaetomorpha Ha50, 5% biomass, 4.7% 19 (Galletti et al.,
linum HaS0,, 190 °C, 45 2019)
2.50 1.33 £+ 0.02° 3.64 + 0.04° 5.35 + 0.06° 14.69 + 0,17 min
5.00 260 £0.01" 696 +0.01° 5.22 + 0.01: 13.93 + 0.02: Valonia HLSO, 59 biomass, 4.7% 16 (Gallewi bt al,
7.50 3.81 + 0.04: 9.93 + 0.16cd 5.05 + {J.{JSb 13.09 +£0.21 aegagropila H! 00 °C, 45 2019)
10.00 5.08 + 0.05 12,92 4+ 0.07 5.12 + 0.05 12.97 + 0.07° mi
1250 6.10 :I:0.0l: 15.59 :1:0.10: 4.87 + 0.017 12,53 + 0.08" Gracilaria Ha50, 5% biomass, 0.2 M 16.3 (Cao etal.|
15.00 7.23 £ 0.03 18.12 + 0.14 4.80 + 0.02° 12.02 +0.107 lemaneiformis HaS0.4, 180 °C, 20 2019}
min
Kappaphycus MSA 2.5% biomass, 147 This study
LA alvarezii 180 °C, 0.6 M MSA,
30 min

2.4. Comparison of levulinic acid production from macroalga

Several studies on LA production from macroalgae have been con-
ducted (Cao et al, 2019; Galletti et al., 2019). Comparison between
recent study with the previous studies of the LA production from mac-
rolagae using various catalysts is shownin Table 5. Galletti et al. (2019)
reported green macroalage Chaetomorpha linum and Valonia aegagropila
produced 19% and 16% of LA, respectively. These optimum yields were
obtained at 190 and 200 °C respectively, during 45 min, using 4.7%
H,50, and 5% of each macroalgae biomass. Cao et al. (2019) also re-
ported 16% of LA yield was produced from red macroalgae Gracilaria
lemaneiformis at 180 “C, during 20 min, using 5% of macroalgae biomass
and 0.2 M Hy50,. The previous studies on LA production from macro-
algae were using Ha504 as catalyst while in this study we used MSA. To
date, sulfuric acid (H2504) is the most popular catalystin LA production.
However, the use of sulfuric acid causes some problems to the envi-
ronment, due to its high corrosive and difficulty to recycle. This study

showed the LA yield achieved from macroalgae using MSA is compa-
rable with the LA yield produced from macroalgae using sulfuric acid.

3. Conclusion

This study showed that the conversion of red-macroalgae K. alvarezii
to LA and FA can be conducted by thermochemical reaction using MSA
as an environmental-friendly and strong acidic catalyst. Furthermore, by
optimization of reaction factors, the maximum yields of LA (14.69%)
and FA (5.35%) were obtained under 180 °C, 0.6 M MSA, 30 min, and
2.5% biomass loading conditions. In conclusion, the utilization of
macroalgae and MSA as an eco-friendly green catalyst and strong acidic
catalysts had a valuable potential in the production of levulinic acid and
formic acid which can contribute to overcome our dependency on
petroleum-based chemical production.
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