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Abstract 

Levulinic acid, a versatile chemical building block, was derived from C6-sugar galactose using sulfuric acid as the 

catalyst. Galactose is monosaccharide of polysaccharides constituent that is mostly contained in third generation 

biomass, macro-microalgae. It currently receives high attention to be a source of renewable feedstock. The effect of 

temperature, catalyst concentration and initial substrate loadings were studied for 60 min, in the temperature 

range of 150–190 °C, acid concentration of 0.25–0.75 M and initial substrate loading of 0.05–0.25 M. The highest 

levulinic acid yield of 40.08 wt% was achieved under the following conditions: 0.05 M galactose, 0.75 M acid con-

centration, 170 °C temperature, and 40 min reaction time. The kinetic model was developed by first order pseudo-

irreversible reaction. The results showed that the proposed model could capture the experimental data well. These 

results suggested that galactose, derived from macro- and micro-algae, can potentially be converted and applied 

for platform chemicals. 
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1. Introduction 

The conversion of third-generation macro- 

and micro-algal biomass into bioenergy and bio-

chemicals has been attracting the attention of 

researchers [1-5] for its superiority to the other 

generations in terms of ease of cultivation, non-

competitive with food ingredients, and converti-

bility into bio-based products [2,4]. The contents 

of carbohydrates are the source of sugar-based 

renewable raw materials and it is a promising 
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raw material to be converted to an important 

chemical building block: levulinic acid [3,5–7]. 

Levulinic acid (LA) or gamma-ketovaleric ac-

id (4-oxopentanoic acid) has two highly reactive 

functional groups, namely carbonyl ketone 

(C=O) and carboxyl acid (COOH) [1,3], both of 

which make LA easy to convert into derivative 

products. LA can be converted to ethyl levuli-

nate through an esterification reaction [8] and 

to gamma-valerolactone (GVL) through a hydro-

deoxygenation process [9], oxidized to succinic 

acid [10], hydrogenated to 2-methyl tetrahydro-

furan [11], and brominated and further con-

densed to delta-aminolevulinic acid (DALA) 

https://creativecommons.org/licenses/by-sa/4.0
https://doi.org/10.9767/bcrec.17.2.14032.451-465
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[12]. These derivative products are applicable 

as herbicides, fuel additives, anti-freeze, plasti-

cizers, solvents, food flavoring agents, pharma-

ceuticals, and resins [1,3].  

LA can be synthesized from monosaccha-

rides that are the constituents of complex car-

bohydrates-polysaccharides [13]. Monosaccha-

rides that have LA route are pentose and hex-

ose. Pentose C5-sugar (C5H12O6: xylose, ribose, 

arabinose) and hexose C6-sugar (C6H12O6: fruc-

tose, glucose, galactose) have different reaction 

routes in producing LA [13,14]. The C5-sugar 

route involves furfural and furfuryl alcohol as 

intermediate products, while the C6-sugar 

rou te  i n v o lv es  f o rma t i on  o f  5 -

hydroxymethylfurfural (5-HMF). The second 

route with 5-HMF formation is more favorable 

for LA production due to its lower production 

cost [14]. Under acidic conditions, the reaction 

route of C6-sugar to LA goes through two reac-

tion steps: dehydration of C6-sugar to 5-HMF 

and rehydration of 5-HMF to LA and formic ac-

id (FA) in equimolar ratio, 1:1, respectively 

[13–15]. Figure 1 shows the simplified scheme 

of the C6-sugar-to-LA reaction route. C6-sugar 

decomposition reaction to LA, besides having 

the desired reaction (producing LA), also in-

volves the undesired reaction route [16,17], 

namely producing soluble and insoluble by-

products. In this case, the insoluble one pro-

duced is called humin [18], from the decomposi-

tion of C6-sugar and 5-HMF [19]. Soluble by-

products as C6-sugar conversion are levogluco-

san (1,6-anhydro-β-D-glucopyranose), 1,6-

anhydro-β-D-glucofuranose, isomaltose, genti-

obiose, furfural, acetic acid, lactic acid, [16,20].  

Galactose is a simple sugar that has 6 car-

bon chains and is an epimer with glucose, 

which differs in the configuration of the OH 

group in the C-4 carbon [21]. It is one constitu-

ent of polysaccharides-carbohydrates contained 

in third-generation biomass that has been 

shown to produce LA [1]. It is a constituent of 

polysaccharides in Gelidium amansii (red-

macroalgae) [22], the first dominant constitu-

ent of Gracilaria verrucose (red macroalga) 

[23,24], and the second dominant constituent 

after glucose in Spirulina platensis (blue-green 

microalgae) [25,26]. 

LA synthesis has been widely studied using 

hexose as a raw material with homogeneous 

acid catalysts, both mineral and organic acids 

[16,27–30] and heterogeneous acid catalysts 

[20,31–34]. Fructose and glucose, compared to 

galactose, are commonly studied because of the 

molecular structure of fructose and the location 

of the carbonyl group that make the conversion 

to 5-HMF more favorable. Besides, the by-

products in the form of soluble polymers, are 

also less [21], making the reaction more effec-

tively to produce more LA as the desired yield. 

However, the availability of natural fructose is 

limited which caused higher cost of raw mate-

rials. As a result, it makes glucose to be more 

attractive. Glucose is the second most studied 

C6-sugar in LA production because it is a con-

stituent of almost all biomass generations 

[16,20,27,30]. Table 1 shows an overview of LA 

production from C6-sugar under various oper-

ating conditions. 

Under acidic conditions and high tempera-

tures, fructose’s molecular structure is consid-

C6-sugar 
Substrate 

loading 
solvent catalyst 

Temperature 

(°C) 

Time 

(min) 

YLA 

(mol%) 
Ref. 

Fructose 9 wt% H2O + GVL resin Dowex-50 120 1440 72 [31] 

60 g/L H2O 0.4 M MSA 188 36 66 [39] 

0.1 M H2O 1 M H2SO4 140 15 74 [29] 

Glucose 0.1 M H2O 1 M H2SO4 140 120 60 [16] 

0.1 M H2O 1 M HCl 180 50 48 [30] 

0.1 M H2O 0.75 g Cr/HZSM-5 180 180 64 [20] 

60 g/L H2O 0.4M MSA 188 27 41 [39] Galactose 

0.3 M H2O 2.5 wt% H2SO4 150 600 34 [40] 

13 wt% Etanol + H2O 15 wt% amberlyst 70 175 140 23 [21] 

Table 1. Overview of C6-sugar conversion to LA. 

Figure 1. Simplified route of C6-sugar to LA. 
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ered more easily decomposed into 5-HMF than 

glucose and galactose’s [21]. If the catalyst 

comes from Lewis acids, then the decomposi-

tion routes of glucose and galactose go through 

isomerization to fructose first [31]. Meanwhile, 

if it comes from Brønsted acids, 5-HMF can be 

formed without going through isomerization to 

fructose [19]. Fructose is undetected in the 

product mixture in the experiment using 

Brønsted acid, sulfuric acid [16], and solid cata-

lyst CH3-SBA-15-SO3H [34] because it is con-

verted directly to 5-HMF or is immediately cat-

alyzed to be 5-HMF [34]. This absence because 

it converted directly to 5-HMF, or that fructose 

produced immediately catalysed to 5-HMF [34]. 

Brønsted acids from the mineral acid group 

commonly used in the decomposition of C6-

sugar are H2SO4, HCl, and H3PO4 [35]. A de-

composition route without isomerization can ef-

fectively occur with Brønsted acids, which have 

high acid dissociation constants [19], such as 

sulfuric acid with pKa = −3 [35].  

Previous studies that addressed the decom-

position of C6-sugar, indeed, reported the ef-

fects of temperature, acid concentration, and 

substrate loading on LA production [16,27–34]. 

However, only a few of them reported C6-sugar 

derived from galactose. Whereas, the potential 

use of galactose to become LA needs to be in-

tensively studied because it is the monosaccha-

ride that builds the third-generation biomass, 

which has a reaction route to become LA [1,22–

24]. Therefore, there is a need to perform a sys-

tematic investigation to determine the poten-

tial use of galactose to form LA. 

Reaction kinetics studies on optimization of 

LA production from C6-sugar have been done 

using fructose [28,29,36] and glucose [16,34,36–

38] as raw materials. However, there is limited 

references of kinetics studies on the decomposi-

tion of galactose to LA in the present litera-

tures. Previous studies on the production of LA 

from galactose, based on the references, merely 

focused on how to yield LA [19,39,40], without 

addressing the determination of the reaction 

kinetics parameters. For this reason, our kinet-

ics study on the decomposition of galactose to 

LA would propose a pseudo-homogeneous first-

order irreversible reaction kinetics model, 

which would consider the formation of by-

products as a result of the degradation of galac-

tose and 5-HMF. 

This research aimed to study the decomposi-

tion of galactose through consecutive dehydra-

tion and rehydration reactions to LA with sul-

furic acid as the catalyst by extensively observ-

ing the effects of temperature, acid catalyst 

concentration, and initial substrate loading on 

the conversion of galactose and LA products. A 

kinetics model derived from a reaction mecha-

nism involving the formation of by-products 

was developed. An irreversible pseudo-order 

reaction kinetics model approach was proposed 

to determine the reaction kinetics parameters. 

 

2. Materials and Methods  

2.1 Materials 

The chemicals used in this study had ana-

lytical grade and were used without purifica-

tion. Sulfuric acid and D-galactose were ob-

tained from Merck, 5-HMF was from Sigma Al-

drich, while LA was obtained from Tokyo 

Chemical Industry (TCI). 

 

2.2 Experimental Procedures 

The experimental setup that we used in the 

present study is similar to our previous work in 

[5]. Briefly explained here, the reaction was let 

run in eight sealed glass ampoules, each of 

which had an inner diameter of 15 mm and a 

length of 10 cm. Each ampule, containing a so-

lution of galactose and sulfuric acid, was in-

serted into a reactor in the form of a stainless-

steel tube placed in an oil bath shaker at a set 

temperature. The reaction started when the 

temperature in the oil bath shaker reached the 

desired operating temperature. In each reac-

tion process, eight reactors used were taken 

from the oil bath shaker and opened after a 

specified time ranging from 3 min to 60 min. 

After the reaction was complete, the reactors 

were immediately cooled by immersing them in 

an ice bath (4 °C) to stop the reaction. The so-

lutions produced were obtained by centrifuging 

at 5000 rpm for 10 min to separate the solids 

and the supernatants (liquid phase). Then, the 

supernatants were filtered using a 0.2 µm sy-

ringe filter for further analysis by high-

performance liquid chromatography (HPLC). 

The operating conditions set were 0.05–0.25 M 

for initial galactose concentrations and 0.25– 

0.75 M for catalyst concentrations at tempera-

tures ranging from 150 to 190 °C. 

 

2.3 Analytical Methods 

The samples resulting from the hydrolysis 

reaction in the form of galactose, 5-HMF, and 

LA compounds were detected and quantified by 

the HPLC unit, which was equipped with a 

Waters Nova-pak C18 Refractive Index column 

as the detector. The HPLC unit was operated 

at 30 °C using a solution of 0.005 M H2SO4 as 

the mobile phase, with a flow rate of 0.6 

mL/min and an injection volume of 20 µL [7]. 
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The concentrations of the compounds produced 

were obtained based on standard curves made 

from several concentrations for each standard 

compound whose concentration was known. 

The conversion of galactose (Xgal) and the yield-

ed LA (YLA) were calculated by the following 

equations: 

 

(1) 

 

 

 

(2) 

 

 

(3) 

 

 

2.4 Kinetic Modelling 

A kinetic model was proposed to determine 

and understand the effects of temperature, acid 

catalyst concentration, substrate loading intake 

concentration, and reaction time on the prod-

ucts of galactose decomposition. The reaction 

model scheme of galactose decomposition refers 

to the model proposed by Girisuta [16] in con-

verting glucose to LA and Fachri [29] who de-

composed fructose into LA. Figure 2 shows the 

schematic model of the reaction mechanism of 

galactose decomposition by acid treatment us-

ing sulfuric acid as the catalyst in this experi-

ment. There were 4 reactions: (1) r1: dehydra-

tion reaction of galactose into 5-HMF, (2) r2∶ 
degradation reaction of galactose into by-

products, (3) r3∶ rehydration reaction of 5-HMF 

into LA, and (4) r4∶ degradation reaction of 5-

HMF into by-products. Some of the assump-

tions applied to the proposed galactose decom-

position mechanism model include: (a) all reac-

tions involved are irreversible reactions, (b) by-

products are derived from the degradation of 

galactose and 5-HMF, and (c) the reaction rate 

equation follows a first-order reaction. 

The following are the reaction equations 

used to determine the kinetic parameters: 
 

(4) 
 

(5) 
 

(6) 
 

(7) 

 

(8) 

 
 

(9) 

 
 

(10) 

 

 

Equations (4)–(10) were used to estimate the 

values of the reaction kinetics parameters us-

ing MATLAB software. The reaction rate coef-

ficients were estimated by minimizing the er-

rors between the experimental data and the ki-

netic model (Sum of Squared Error, SSE). 

Here, Cgal, C5-HMF and CLA represent the concen-

tration of galactose, 5-HMF and LA at time t 

(min), in gmol/L. Whereas, k1, k2, k3, k4 are re-

action rate coefficients (min−1).  

The reaction rate kinetic coefficient (k) ob-

tained for each reaction (i = 1, 2, 3, and 4) were 

then correlated with temperature (T, Kelvin) 

by applying the Arrhenius equation (Equation 

(11)) to get the kinetics parameters, A and E 

values. Meanwhile, the effects of catalyst con-

centration on the reaction rate coefficients 

were followed Equation (12) to get ki0 values. 

 

(11) 

 
 

(12) 

 

Here, A, E, CH and m are the frequency factor 

(min−1), the activation energy (kJ.mol−1), acid 

concentration (M) and the reaction order for 

catalyst concentration. Value of k0 independ-

ence to acid concentration, m = 1. Symbol R is 

the ideal gas constant, 8.314×10−3 

kJ.mol−1.K−1). 

 

3. Results and Discussion 

In this study, the decomposition of C6-sugar 

galactose into LA with sulfuric acid as the cat-

alyst was investigated. Variations of reaction 

process parameters were applied to study the 

effects of temperature, catalyst concentration, 

and initial substrate loading on galactose con-

version, the LA and 5-HMF yielded, and reac-

tion kinetics parameters (reaction rate coeffi-

cient, activation energy, and frequency factor). 

The experiment ran for 60 min at tempera-

tures ranging from 150 to 190 °C, with acid 
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concentrations ranging from 0.25 to 0.75 M and 

galactose feed concentrations ranging from 0.05 

to 0.25 M. 

The conversion of galactose, the yield of LA 

and 5-HMF were largely affected by the reac-

tion temperature than that of the acid catalyst 

concentration and galactose feed concentration. 

The conversion of galactose, the amount of the 

LA and 5-HMF yielded by various operating 

conditions are shown in Figures 3, 4 and 5.  

In all experiments under the operating con-

ditions, galactose was almost completely con-

verted to 100%. Meanwhile, 5-HMF was ob-

served as intermediate product. It was detected 

Figure 3. Conversion of galactose in several reaction 

parameter; (a) Reaction temperature, (b) Acid con-

centration, and (c) Loading intake galactose. 

(a) 

(b) 

(c) 

Figure 4. LA yield and model in several reaction 

parameter; (a) Reaction temperature, (b) Acid con-

centration, and (c) Loading intake galactose. 

(a) 

(b) 

(c) 
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in very small value. This indicated that 5-HMF 

can be easily rehydrated and converted to LA 

and other byproduct. The highest LA yield was 

achieved at 40.08 wt% at initial concentrations 

of galactose and H2SO4 of 0.05 M and 0.75 M, 

respectively, at a temperature of 170 °C. Based 

on the observations in the experimental win-

dow, insoluble black solids similar to humins 

and unidentified soluble products were formed 

as a by-product of the conversion of galactose. 

A solid part of humin was found and stuck 

tightly to the inner walls of the reactor. Thus, 

it was impossible to properly collect all the sol-

ids of humin. Meanwhile, unidentified soluble 

products appeared as HPLC peaks, but could 

not be identified due to facility limitations. 

 

3.1 Effects of Operating Conditions in LA Pro-

duction 

3.1.1 Reaction Temperature 

The effects of reaction temperature on galac-

tose conversion, LA and 5-HMF are shown in 

Figures 3(a), 4(a) and 5(a). The effect of reac-

tion temperature was studied on acid concen-

tration CH = 0.75 M and initial substrate load-

ing Cgal,0 = 0.15 M. Figure 3(a) shows that the 

higher the temperature, the higher and faster 

the galactose conversion. The higher the reac-

tion temperature, the faster the rate of the ga-

lactose decomposition reaction. At 190 °C, ga-

lactose was completely converted at the first 5 

min and at the 20th min at 170 °C. Meanwhile, 

at a lower reaction temperature (150 °C), the 

conversion achieved at the end of the reaction 

time under consideration (60 min) was not 

completely converted (70%). This data showed 

that temperature is a reaction parameter that 

has a major influence on galactose conversion 

because it affects the decomposition reaction 

rate, as shown by the conversion value, which 

increased significantly with the increasing the 

reaction temperature from 150 °C to 170 °C 

and 190 °C. 

The amounts of the LA yielded by the de-

composition of galactose at three different reac-

tion temperature variations are shown in Fig-

ure 4(a). With increasing reaction temperature, 

the yield generally increased with a longer re-

action time. However, after a certain time, it 

tended to be constant although the reaction 

time increased. At 150 °C, the yield achieved 

only about 21.14% at 60 min. However, at 

higher reaction temperatures, a higher amount 

was achieved in a shorter time. At a tempera-

ture of 170 °C, at a reaction time of 15 min, the 

yield reached 27.86% and reached 30.97% at 

190 °C for 10 min. This data showed that at a 

higher reaction temperature, the equilibrium 

of LA formation becomes faster. 

The amounts of the 5-HMF yielded by the 

decomposition of galactose at three different 

reaction temperature variations are shown in 

Figure 5. 5-HMF yield and model in several reaction parameter; (a) Reaction temperature, (b) Acid 

concentration, and (c) Loading intake galactose. 

(a) 

(b) (c) 
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Figure 5(a). In the reaction time period, 5-HMF 

had similar profile. Increases in the initial re-

action until it reaches maximum formation, 

then decreases for a longer time. At a higher 

reaction temperature, maximum 5-HMF was 

achieved higher and faster. In addition, after 

reaching the highest yield, the decrease in 

HMF formation at higher reaction temperature 

occurred at a faster time. The temperature of 

190 °C reached its maximum yield in 5 min of 

1.37 %wt, which then completely rehydrated 

and degraded at 7 min. While the lower reac-

tion temperature reached 150 °C, the maxi-

mum yield at a reaction time of 10 min with a 

yield of 0.8% and till end of time reaction peri-

od 5-HMF is still detected. This phenomenon 

was in line with previous study on decomposi-

tion C6-sugar glucose. Using Brønsted acid of 

HCl in the range of reaction temperature 140–

180 °C, reached maximum yield of 0.0325 M at 

180 °C in the time of less than 5 min [27], 

whereas in the reaction temperature range of 

160–200 °C, solid acid catalyst Cr/HZSM-5 

reached maximum yield 6.5 %mol at 200 °C 

and taken 120 min to completely degraded. At 

160 °C, the yield was still detectable even after 

210 minutes [20]. 

The increase in reaction temperature gave a 

higher reaction rate coefficient (Table 2), bring-

ing the reaction rate to increase because, on a 

molecular scale, the higher the reaction tem-

perature, the higher the motion rate of each 

molecule, making the frequency of collisions be-

tween molecules to increase and the reaction to 

be more quickly. The motion rate is a function 

of temperature: the higher the reaction temper-

ature, the higher the motion rate, causing the 

kinetic energy to increase, thus bringing the 

energy for the collision to exceed the activation 

energy. This finding, namely the effect of reac-

tion temperature on galactose conversion and 

LA formation, was in line with the experiment 

by Kim & Jeong [39] who studied galactose 

with methyl sulfonic acid (MSA) as the cata-

lyst. They found that galactose was converted 

almost completely in the first 5 min at a tem-

perature of 188 °C, while the optimum yield of 

40.7 mol% was achieved at 20 min. The same 

effect was found by Toif [30] who studied the 

synthesis of LA from glucose with HCl as the 

catalyst and by Fachri [29] who studied the 

synthesis of LA from fructose with H2SO4 as 

the catalyst. 

 

3.1.2 Acid concentration 

Figures 3(b), 4(b) and 5(b) show the conver-

sion of galactose, LA yield and 5-HMF yield at 

various acid concentrations. The effect of acid 

concentration was studied at 170 °C with an 

initial substrate loading (Cgal,0) of 0.15 M. Fig-

ure 3(b) shows that at the same reaction time, 

the higher the acid concentration level, the 

higher and faster the galactose conversion. In 

the first 5 min, the galactose conversion in-

creased from 15.65%, 35.15%, to 65.70% by    

acid concentrations of 0.25, 0.5, and 0.75 M,      

respectively. For the acid concentration of 0.75 

M, galactose was completely converted at the 

20th min, followed by the acid concentration of 

0.5 M, which could convert galactose complete-

ly at 60 min. Meanwhile, for the acid concen-

tration of 0.25 M, the maximum galactose con-

version of 90.17% was achieved at the end of 

the reaction time under observation. This data 

indicates that lower acid concentrations take 

longer to achieve completed conversion. Proton 

H+ originating from the acid catalyst is related 

to the galactose decomposition reaction rate. 

Reaction Tem-

perature (°C) 
Cgal (M) 

Reaction rate coefficient (min−1) 
SSE R2 CH (M) 

k1 k2 k3 k4 

150 

0.15 0.75 

0.0257 0.0094 0.5490 0.4264 0.0014 0.9748 

170 0.1253 0.0724 1.7089 0.8362 0.0012 0.9671 

190 0.5543 0.2304 2.9866 1.5940 0.0002 0.9947 

170 0.15 

0.25 0.0165 0.0182 0.5888 0.1702 0.0005 0.9931 

0.5 0.0473 0.0366 1.2563 0.4303 0.0014 0.9693 

0.75 0.1253 0.0724 1.7089 0.8362 0.0012 0.9671 

 170 

0.05 

0.75 

0.2103 0.0278 2.0696 1.0390 0.0001 0.9847 

0.15 0.1253 0.0724 1.7089 0.8362 0.0012 0.9671 

0.25 0.0179 0.0882 3.0129 0.9891 0.0012 0.9865 

Table 2. Reaction rate coefficient of galactose hydrolysis. 
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As shown in Figure 4(b), increasing the level 

of acid concentration gave higher amounts of 

the LA produced. Equilibrium conditions at 

maximum yields were achieved at different 

times for each variation in acid concentration. 

For the acid concentration of 0.75 M, at the be-

ginning of the reaction (5 min), the amount of 

the LA yielded increased sharply (17%), and it 

only took a short time to reach equilibrium, 

namely 10 min, producing 27%. As for the acid 

concentrations of 0.5 M and 0.25 M, in 5 min, 

the first reaction only reached 3.33% and 

0.35%, respectively. At the acid concentration 

of 0.5 M, an almost equilibrium yield was 

reached at a reaction time of 60 min, while for 

the lower catalyst (0.25 M), equilibrium had 

not been reached.  

As shown in Figure 5(b), three concentra-

tions of acid catalyst gave 5-HMF yielded. The 

profile of 5-HMF yield was similar to reaction 

temperature variation. The 5-HMF formation 

occurred in the initial reaction, then decreased 

in prolonger time of reaction. This decreasing 

value of 5-HMF in longer time of reaction, be-

cause it rehydrated to LA and degraded to by-

product. Higher acid concentrations produced 

higher and faster 5-HMF. 5-HMF yield at high-

er acid concentration was not detected in more 

less time. In acid concentration of 0.75 M, it 

needed 20 min for 5-HMF almost undetectable. 

Meanwhile, at lower acid concentration (0.25 

M), it still detected until the end of the reaction 

time observed. It was indicated that higher ac-

id concentration, 5-HMF more easily rehydrat-

ed and degraded. It was in line with Kumar 

[38] reported that the formation of 5-HMF dur-

ing the catalytic reaction is not highly stable 

and easily rehydrated. Three levels of acid con-

centration achieved maximum 5-HMF yield in 

different yield value. Acid concentration of 0.25 

M, at a reaction time of 15 min, reached the 

maximum yield of 0.63%. Whereas higher acid 

concentration (0.5M) reached 0.81% for 10 min. 

From the start of the reaction, the increase 

in acid concentration increased the conversion 

of galactose and LA. The increase in acid con-

centration increased the frequency of contact 

with galactose, thus increasing the decomposi-

tion reaction rate of galactose. Along with the 

increasing conversion of galactose, LA ap-

peared as the final product of the decomposi-

tion. Table 2 also shows that the reaction rate 

constant increased along with the increase in 

acid concentration, indicating that the reaction 

rate was directly proportional to the acid con-

centration. Table 3 shows values of coefficient 

of acid concentration (k0). Determining value of 

k0 to describe correlation k and acid concentra-

tion. For third of acid concentrations of catalyst 

on each reaction involved (r1, r2, r3, and rs), the 

value of k0 is relatively same. However, it 

shown in Table 3, that the value of k30 gave a 

slightly fluctuating trend, but it was actually 

relatively constant. It indicates that acid con-

centration (H+) give effect proportionally to k 

value.  

Although the increase in acid concentration 

increased the yield, as shown in the yield val-

ues for acid concentrations of 0.25 M to 0.5 M 

throughout the reaction time under considera-

tion, the increase in the yield based on experi-

mental data differed at acid concentrations of 

0.5 M to 0.75 M. As shown by Figure 4(b), the 

equilibrium value of the LA yielded was rela-

tively the same for both 0.5 M and 0.75 M acid 

concentrations. However, at different times, 

0.75 M catalyst was faster. This finding 

showed that the increase in acid concentration 

does not change the equilibrium but speeds up 

its achievement. This data also implies that 

adding an acid catalyst to the decomposition of 

galactose does not lead to the desired reaction 

by producing more yield but to an undesired re-

action for the formation of by-products. Such 

effect of the acid catalyst also occurred in the 

decomposition of fructose and glucose [16,28–

30], where galactose produced insoluble by-

products more than fructose and glucose did 

[21]. 

 

3.1.3 Initial substrate loading 

Figures 3(c), 4(c) and 5(c) show the effect of 

initial substrate loading on galactose conver-

sion, LA yield and 5-HMF yield. The effect of 

initial substrate loading was studied at tem-

perature T = 170 °C and acid catalyst concen-

tration CH = 0.75 M. As shown in Figure 3(c), 

the lower the concentration of galactose as the 

initial substrate loading, the higher its conver-

Temperature (°C) Cgal (M) CH (M) 
Coefficient of acid concentration (ki0) 

k10 k20 k30 k40 

0.15 

0.25 0.0660 0.0728 2.3552 0.6808 

170 0.0946 0.0732 2.5126 0.8606 0.5 

0.1671 0.0965 2.2785 1.1149 0.75 

Table 3. Coefficient of acid concentration (k0). 
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sion yield and the faster its process to be de-

composition products despite no significant dif-

ference between the three concentration ranges 

used. The lower concentration of galactose as 

the initial substrate loading gives the higher its 

conversion yield, because of calculation. Calcu-

lation of conversion based on initial galactose, 

in which divided by initial galactose. At the be-

ginning of the reaction (the first 3 min), the 

three galactose feeds showed relatively high 

conversion levels, namely 60%, 46%, and 41%, 

for the initial substrate loadings of 0.05, 0.15, 

and 0.25 M, respectively. This data indicated 

that the temperature of 170 °C and the concen-

tration of 0.75 M acid catalyst have a signifi-

cant influence on the conversion rate of galac-

tose into its decomposition products. The lower 

the initial substrate loading, the easier it is to 

convert completely. Galactose, with the initial 

substrate loadings of 0.05, 0.15, and 0.25 M, 

were completely converted at 15, 20, and 40 

min, respectively. 

An increase in the substrate amount lowers 

the LA yielded, as shown in Figure 4(c). The 

three variations of initial substrate loadings of 

galactose gave relatively similar LA yield 

trends in reaching equilibrium conditions, but 

with different amounts of the LA yielded. At 

the beginning of the reaction, the LA yielded 

increased until the reaction time of 15 min to 

reach equilibrium. Equilibrium conditions for 

the three substrate variations resulted in dif-

ferent yield amounts. Lower galactose sub-

strate resulted in a higher yield. Based on the 

experiment the substrate loadings of 0.05, 0.15, 

and 0.25 M yielded LA of 37.37%, 27.86%, and 

21.19%, respectively.   

As shown in Figure 5(c), an increase in the 

substrate amount lowers the 5-HMF yielded. 

The three variations of initial substrate load-

ings of galactose gave relatively similar profile 

trends in formation and degradation of 5-HMF. 

Maximum 5-HMF yield was achieved in the ini-

tial time reaction, then decreased with reaction 

time. Maximum formation and completely de-

composed (rehydrated and degraded) were 

achieved relatively on same time. This effect 

was agreed with Fachri [29] who converted C6-

sugar fructose in the range of initial substate 

loading 0.1–1.0 M, temperature of 160 °C and 

concentration of sulfuric acid 0.1 M. They found 

the highest yield of 5-HMF at 48%mol at 0.1 M 

of initial fructose intakes at 2.5 min. In the 

range of initial substrate loading that used in 

this experiment, the highest yield of 5-HMF 

was achieved only 1.5%wt. It was obviously 

lower. Possibility because of using the acid con-

centration in our system higher. It has been re-

ported that acid concentrations will accelerate 

the decomposition reaction of HMF, both rehy-

dration and degradation reaction [16]. So that 

5-HMF detected was lower. Besides that, fruc-

tose had a much better selectivity in converting 

into HMF than galactose [21,40]. 

The studied initial substrate loading of ga-

lactose and operating condition range showed 

that a higher substrate produced a lower yield, 

indicating the presence of side reactions and 

by-products. The results obtained due to the ef-

fect of initial substrate loading of galactose 

were in line with the results studied by Kim 

and Jeong [39] in converting galactose with 

sulfuric acid catalyst. This parameter also gave 

the same effect on the decomposition of C6-

sugar glucose which was carried out by other 

researchers: Girisuta [16] who studied the de-

composition of glucose with HCl as the cata-

lyst. 

 

3.2 Kinetics 

Table 2 shows that increasing the acid cata-

lyst concentration and reaction temperature in-

creased the reaction rate coefficients of the de-

hydration reaction of galactose to 5-HMF (k1), 

degradation of galactose into by-products (k2), 

rehydration reaction of 5-HMF to LA (k3), and 

degradation reaction of 5-HMF into by-product 

(k4). Increasing temperature gives a higher co-

efficient of reaction rate, so that the reaction 

rate increases. 

The rates of both the desired reaction (the 

rate of formation of LA) and the undesired re-

action (the rate of formation of side products) 

increased simultaneously during the reaction 

time under consideration. However, the magni-

tude of the increase in the reaction rate coeffi-

cients due to the effect of increasing tempera-

ture were greater than that of the increase in 

acid concentration, indicating that tempera-

ture is an important parameter in the decom-

position of galactose to LA. This indication is 

supported by the high effect of galactose con-

version results and the LA yielded found in 

this experiment due to the effect of tempera-

ture. Kim and Jeong [39] also found the same 

thing, that with a constant acid catalyst, tem-

perature gives a higher amount of yield and a 

higher conversion level. 

The reaction rate coefficient due to the ef-

fect of increasing the substrate shown in Table 

2 has a different effect from other reaction pa-

rameters (temperature and acid concentration). 

The effect of initial substrate loading on LA 

production is more complex. At constant acid 

concentration and temperature, the higher the 
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Figure 6. Comparison of experimental data (× : galactose, □ : 5-HMF, ○ : LA) and kinetic model (solid 

lines). 

Cgal,0 = 0.15 M; CH = 0.75 M; T=150 °C Cgal,0 = 0.15 M; CH = 0.75 M; T=170 °C 

Cgal,0 = 0.15 M; CH = 0.75 M; T=190 °C Cgal,0 = 0.15 M; CH = 0.25 M; T=170 °C 

Cgal,0 = 0.15 M; CH = 0.5 M; T=170 °C Cgal,0 = 0.05 M; CH = 0.75 M; T=170 °C 

Cgal,0 = 0.25 M; CH = 0.75 M; T=170 °C 
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substrate, the reaction rate of the dehydration 

of galactose to 5-HMF tends to decrease, as in-

dicated by the reaction rate coefficient. Howev-

er, the reaction rate towards the by-product of 

galactose degradation increased. The decrease 

in the reaction rate of the dehydration of galac-

tose to 5-HMF is because the reaction rate 

which is more directed towards side reactions 

to produce humin products and soluble decom-

position products of galactose. The lower 5-

HMF formed resulted in a lower amount of LA 

as well. This is in line with the results of exper-

iments carried out in this study. With the in-

crease in substrate, the LA yielded tends to be 

lower. Meanwhile, the reaction rate coefficient 

of 5-HMF rehydration and degradation into by-

products decreased from 0.05 to 0.15 M and in-

creased for substrate concentrations of 0.15 to 

0.25 M. In this condition, the rate of the rehy-

dration reaction of 5-HMF to LA (r3) increased. 

This was in line with the understanding of the 

reaction rate which stated that the higher the 

reactant increases the reaction rate. The higher 

the concentration of initial substrate loading 

increased the contact of the galactose reactant 

with the acid catalyst, so that the reaction rate 

coefficient increased. 

The reaction rate coefficient of the dehydra-

tion of galactose to 5-HMF (k1) produced, as the 

effects of the increase of temperature, acid cat-

alyst concentration, and initial substrate load-

ing, was much smaller than that of the rehy-

dration of 5-HMF to LA (k3). This finding 

showed that the conversion of galactose to 5-

HMF was much slower than that of 5-HMF to 

LA. Thus, the concentration of 5-HMF tended 

to be low. This is in line with the results of the 

experiments in this study. 

Determination of the reaction rate coeffi-

cient by minimizing the errors (Sum of Squared 

Errors) of the kinetic model was based on the 

experimental data, while the activation energy 

(Ei) and frequency factor (Ai) for the decomposi-

tion of galactose into LA was determined for 

each reaction by applying the reaction rate and 

temperature coefficients at Arrhenius equation 

(Equation (10)). The values of the parameters E 

and A are shown in Table 4. It shows that the 

highest value was of E2. The degradation of ga-

lactose to become a by-product was 130.69 

kJ.mol−1, indicating that the high temperature 

produced a higher amount of humin. The next 

reaction sensitive to temperature was the de-

hydration reaction of galactose to 5-HMF, with 

E2 of 125 kJ.mol−1. With an increase in reaction 

temperature under acidic conditions, galactose 

was easily converted to 5-HMF. 

Comparison of experimental data of the 

three galactose decomposition products ob-

tained with the proposed model showed rela-

tively good and fit result. The experimental da-

ta and the proposed model under various oper-

ating conditions carried out in this experiment 

are shown in Figure 6.  

 

3.3 Comparison with Previous Kinetic Study on 

C6-sugar Hydrolysis  

Comparison and summary of the kinetic 

studies result under various operating condi-

tions on the LA production using C6-sugar as 

raw material are shown in Table 5. Previous 

kinetic study of C6-sugar hydrolysis had been 

studied by using sulfuric acid as homogeneous 

catalyst [15,29,36], solid acid [34], ionic liquid 

as Brǿnsted acid catalyst [38], and no catalyst 

using but the system used solvent other than 

water [37]. Based on literature overview in the 

same experimental temperature range, values 

of Ei in kinetic study for dehydration of C6-

sugar to 5-HMF in the range of 47–152 

kJ.mol−1, rehydration of 5-HMF to LA in the 

range of 34–111 kJ.mol−1, whereas by-product 

(humin and unidentified soluble product) for-

mation from C6-sugar and 5-HMF degrada-

tions in the range of 23–165 kJ.mol−1 and 42–

111 kJ.mol−1. As those references, based on ex-

perimental and kinetic study of C6-sugar ga-

lactose that had been resulted is considered to 

be within the range. 

In the similar operating condition, by using 

sulfuric acid as the catalyst, the results of the 

kinetics study on the decomposition of galac-

tose to LA were relatively similar to those on 

the decomposition kinetics of other C6-sugar, 

fructose [29] and glucose [16], which followed 

power law approach and the first-order reac-

tion assumption. However, value of Ei that was 

gotten by Chun [36] in glucose degradation to 

by-product relatively higher (E2 = 210 kJ/mol), 

because of different model kinetic proposed. In 

the Chun’s model, by-product just only come 

from C6-sugar degradation. 

Water as solvent used in this work gave rel-

atively higher Ei on C6-sugar dehydration to  

Reaction 

rate 

coefficient 

Ai (min−1) 
Ei 

(kJ.mol−1) 
R2 

k1 6.96×1013 125.00 0.9999 

k2 1.45×1014 130.69 0.9826 

k3 2.12×108 69.26 0.9720 

k4 1.79×106 53.66 0.9998 

Table 4. Estimated kinetic parameters from 

Arrhenius equation. 
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5-HMF and C-6 sugar degradation into by-

product than γ-valerolactone as solvent (E1 = 77 

kJ.mol−1 and E2 = 42 kJ.mol−1). This solvent 

was used as co-catalyst of CH3-SBA-15-SO3H 

solid catalyst [34]. A lower Ei indicates that de-

hydration of C6-sugar to 5-HMF can occur 

more easily. However, this system provides by-

product formation derived from C6-sugar deg-

radation more easily as well. It was in line with 

Wang [37] who converted glucose without cata-

lyst aid but used LiCl.3H2O as solvent. The E2 

value for the degradation of C6-sugar to by-

product was 23 kJ.mol−1, which was almost the 

lowest values on activation energy of by-

product formation from C6-sugar (E2). Mean-

while, based on the literature for the same ex-

perimental temperature range in Table 5, Ku-

mar [38] who studied glucose conversion using 

ionic liquid Brønsted acid catalyst, 

[ILSO3H][Cl] and NiSO4∙6H2O, got almost the 

C6-sugar Proposed model Reaction conditions Ei (kJ.mol−1) Ref. 

Glucose 

 

T = 140–200 °C 

Catalyst = H2SO4 

CH = 0.01–1 M 

Solvent = water 

E1 = 152 

E2 = 165 

E3 = 111 

E4 = 111 

[16] 

 

T = 170–190 °C 

Catalyst = H2SO4 

CH = 0.1–0.5 M 

Solvent = water 

E1 = 86 

E2 = 210 

E3 = 57 

[36] 

 

T = 145–175 °C 

Catalyst = [ILSO3H][Cl] + 

NiSO4∙6H2O 

Solvent = water 

E1 = 47 

E2 = 69 

E3 = 34 

E4 = 99 

[38] 

 

T = 140–170 °C 

No catalyst 

Solvent = LiCl.3H2O 

E1 = 161 

E2 = 23 

E3 = 72 

E4 = 42 

[37] 

 

T = 140–180 °C 

Catalyst = CH3-SBA-15-SO3H 

Solvent = γ-valerolactone 

E1 = 77 

E2 = 42 

E3 = 63 

E4 = 62 

[34] 

 Fructose  

T = 140–180 °C 

Catalyst = H2SO4 

CH = 0.005–1 M 

Solvent = water 

 E1 = 123 

E2 = 148 

E3 = 110 

E4 = 111 

  

[29] 

 

T = 120–170 °C 

No catalyst 

Solvent = LiCl.3H2O 

E1 = 139 

E2 = 50 

E3 = 73 

E4 = 54 

[37] 

 Galactose 

 

T = 150–190 °C 

Catalyst = H2SO4 

CH = 0.25–0.75 M 

Solvent = water 

E1 = 125 

E2 = 131 

E3 = 69 

E4 = 54 

This 

study 

Table 5. Proposed kinetic models for acid catalyzed C6-sugars conversion to LA. 
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lowest values of activation energies on the 

main route of C6-sugar decomposition (E1 and 

E3). Activation energies of 5-HMF and LA for-

mations were E1 = 47.3 kJ.mol−1 and E3 = 34.28 

kJ.mol−1. It seems good system. However, this 

system provides drawbacks. Higher LA yield 

can be achieved at the long reaction time and 

difficulty in recovering catalyst [34].  

 

4. Conclusions 

Acid treatment as well as kinetic studies us-

ing sulfuric acid as a catalyst on C6-sugar ga-

lactose to yield LA has been investigated. From 

the three reaction parameters studied in LA 

production, reaction temperature has a greater 

influence on LA production than acid concen-

tration and initial substrate loading. A lower 

initial substrate with higher acid concentration 

and reaction temperature resulted in more LA. 

In this experiment, the highest amount of LA of 

40 wt% was got at an initial substrate loading 

of 0.05 M, a temperature of 170 °C, and an acid 

catalyst concentration of 0.75 M, at 40 min. An 

increase in temperature and acid concentration 

in a long reaction time drove the reaction to the 

formation of by-products directly, as indicated 

by the results of the reaction kinetics parame-

ters. The galactose decomposition reaction ki-

netics model under acidic conditions and a tem-

perature range of 150–190 °C has been devel-

oped using a pseudo-first-order irreversible ap-

proach, the results of which fitted the experi-

mental data. 
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