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Abstract
The biomass-based production of levulinic acid requires 
aqueous mineral acid as catalyst. In the present study, the 
possible reuse of sulfuric acid in the biomass conversion was 
investigated. The acid can either be reused after extracting 
the product or before extraction. The results show that both 
methods are applicable for producing levulinic acid while 
reducing the sulfuric acid demand of the process. Conversion 
of D-fructose showed similar results after five recycle steps 
in both post- and pre-extraction methods. The post-extraction 
method was successfully repeated four times with cooked tea 
leaves. The sulfuric acid applied for the conversion of a sim-
ulated household waste was successfully recycled eight times 
with pre-extraction plus once by post-extraction without sig-
nificant change in the product formation.
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1 Introduction
The efficient conversion of biomass-based waste streams 

to basic chemicals has become a key issue in developing non-
fossil-based production of carbon-based consumer chemicals 
and fuels. Although, it is hard to estimate the depletion of 
fossil resources or even their price in the future, the valoriza-
tion of low-cost, readily available and even carbohydrate rich 
wastes has come into focus of interest [1]. Due to the intensive 
research activities of biomass conversion, several versatile 
platform chemicals have been identified and characterized i.e. 
5-hydroxymethyl-furfural (5-HMF) [2], levulinic acid (LA) [3], 
γ-valerolactone (GVL) [4], 2-furfural (FAL) [5], furfuryl alcohol 
(FOL) [6], just to name a few. Among these molecules, LA and 
its derivatives including levulinate esters [7] and GVL [4], have 
several established promising applications (Fig. 1), and there-
fore, their production and conversion have been well studied.

Fig. 1 Levulinic acid based chemicals [8]

1.1 Production of levulinic acid with sulfuric acid as 
a catalyst

Obviously, the most effective protocol to produce LA 
from biomass is based on acid catalysed depolymerisation 
and subsequent dehydration of carbohydrate content of feed-
stocks (Fig. 2) [9]. Accordingly, several attempts were made 
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to produce 5-HMF and/or LA from simple sugar molecules 
such as D-fructose or D-glucose in the presence of well-de-
signed catalyst species i.e. ionic liquids or organic acids [10]. 
However, it was established that the transformations could be 
much more effective by the use of mineral acids preferably 
hydrochloric or sulfuric acid [11]. Although both of them have 
significant catalytic activity, the application of aqueous HCl 
could result in serious environmental concerns. Thus, the uti-
lization of sulfuric acid has been generally preferred. It was 
shown that the acid acted as a catalyst species in the dehy-
dration of D-fructose as a model substrate to 5-hydroxymeth-
lyfurfural and subsequently its rehydration to LA [12]. In 
addition, depending on the acid content and reaction environ-
ment, the product distribution could be dramatically affected. 
Under aqueous conditions, it was revealed that optimal acid 
concentration for LA production could be 1.8–2.2 mol×dm–3 
[11, 13, 14]. It should be noted that the formic acid obtained 
from rehydration of 5-HMF could also act as a catalyst for 
the dehydration reactions [15, 16]. Since the reported optimal 
acid concentration range is much higher than the HCOOH 
content, only a minor effect of formic acid could be taken into 
account. Moreover, the water that formed during the dehydra-
tion sequence slightly dilutes the reaction medium and there-
fore could counteract the effect of HCOOH.

Fig. 2 Acid-catalyzed dehydration of carbohydrates to levulinic acid

While numerous papers have been published on the inves-
tigation of acid catalyzed conversion of carbohydrates to LA, 
little information was provided on mineral acid recycling. In 
the Biofine technology, in which the sulfuric acid is utilized in 
a two stage process, its recycling is applied; however, no infor-
mation on the recycle steps and its effects were provided [17].

Although the extraction could be a convenient separation 
method and it is widely used for production of 5-HMF apply-
ing biphasic conditions [10], only a few studies focused on its 
application for the isolation of LA [18]. However, to separate 
LA and the aqueous catalyst phase, the liquid-liquid extraction 
can obviously be proposed as a robust or even industrially 
applicable method. We have demonstrated that ethyl acetate, a 
cheap, biomass-derived, and readily available solvent could be 

used for this purpose [11, 13, 14, 19]. Its boiling point (77.1 °C) 
is much lower than that of LA (245–246 °C). Dumesic showed 
that alkylphenol solvent combined with GVL could be applied 
to form a biphasic system for the continuous separation of LA 
from acidic aqueous phase [20]. Dunlop patented a sulfuric 
acid recycling method applying a two-step process involving 
an extraction and a water removal step [21]. It should be noted 
that the water removal resulting in concentrates sulfuric acid 
has a significant energy need. Due to their miscibility with 
water or even high boiling points, other biomass-derived sol-
vents, such as alcohols (methanol, ethanol, etc.) could not be 
favored. The other possibilities include esters like acetates, 
from which ethyl acetate a has low boiling point and low mis-
cibility with water. Other organic solvents could have better 
properties as an extracting agent; however, in the present study 
our aim was to apply a solvent that can be generated from bio-
mass basis [22, 23].

We report here the investigation of the recycling of sulfuric 
acid during the conversion of biomass-based wastes to LA under 
aqueous conditions using ethyl acetate as an extracting agent.

2 Experimental procedure
Sulfuric acid, ethyl acetate and D-fructose were purchased 

from Molar Chemicals Kft., Budapest, Hungary. The cooked 
tea leaves applied were gathered from used teabags of Sir 
Morton Earl Grey tea. A biomass waste mix (BWM) was pre-
pared from different local household wastes, including apple 
peel, pea pod, potato peel, carrot peel, cooked tea leaves and 
spent coffee grounds in equal amounts.

Dehydration experiments were performed in an Ace Glass 
Pressure tube with Ace-Thred PTFE bushing. For the exper-
iments 500 mg of biomass was mixed with 10 mL of 2 M 
sulfuric acid. The tubes were then heated up to 170 °C by a 
conventional oil bath and stirred for 8 h by a magnetic stirrer. 
After the given reaction time, the mixture was cooled to room 
temperature. The solid phase (humins) from the reaction mix-
ture was filtered on a G3 type glass filter, and the mixture was 
either extracted or directly reused. 

The humin-content is insoluble and therefore its removal 
would not have negative effects on the yield of LA. The humin 
formation is the result of aldol condensation between side 
products of the conversion [24], and may be combusted for 
heat or energy generation [25].

When the post-extraction route was applied, the aqueous phase 
was extracted with ethyl acetate (4 x 10 mL) and the solvent was 
evaporated to gather the final product, while the aqueous phase 
was reused for further reactions. In the case of pre-extraction 
routes, the acid was mixed again with 500 mg of the correspond-
ing biomass and was only extracted after multiple steps.

For sample analysis a Shimadzu GCMS-QP2010 SE gas 
chromathograph equipped with mass spectrometer detector 
and a Bruker Avance-250 NMR spectrometer was applied.
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All of the applied biomass materials were dried at 105 °C 
for 24 hours and were grinded before mixing. The ash content 
was determined by published method [19].

The product yields were calculated by mg LA/mg dry bio-
mass. The amount of LA includes amount of the formed ethyl 
levulinate (EL) in the post-extraction process (molproduct = 
molLA + molEL, from which the total product is calculated as 
mg of LA as follows: massLA= massproduct×Molar massLA).

3 Results
In order to reduce the environmental and economic impact of 

the biomass conversion, the separation or even recycling of the 
acid catalyst is fundamentally important and therefore its inves-
tigation is highly desired. In addition, the successful acid recy-
cling could also result in lower environmental factor (E-factor) 
[26] of the process. Accordingly, two different extraction strat-
egies for the recycling of the sulfuric acid containing aqueous 
phase can be proposed. Fig. 3 shows the steps of producing LA 
from biomass wastes including the required material streams.

Fig. 3 The basic flowsheet of levulinic acid production 
with the possible recycle streams

The solvent applied for extraction can easily be reused since 
ethyl acetate can be condensed after evaporation. For the reuse 
of sulfuric acid containing phase, two possible routes were pro-
posed and investigated. Firstly, after the catalytic dehydration 
and subsequent removal of solid residues (humins), the aqueous 
phase containing LA was directly used in the next run (pre-ex-
traction recycle). The recycling of the liquid phase after removal 
of solids resulted in an enriched amount of LA in each subse-
quent step, as expected. Due to the higher final concentration 
of LA, the extraction could be more efficient. It should be noted 
that the increased initial amount of solid substrate changes the 
acid to substrate ratio and significant humin formation would 
be expected. On the other hand, after the removal of solids, 
the LA can be separated by an extraction step resulting in LA 
containing organic phase and sulfuric acid containing aqueous 
phase. The latter can be used again as a catalyst phase in a sub-
sequent step (post-extraction recycle).

The conversion of several biomass-based wastes to LA 
by using both conventional and microwave-assisted heating 

methods were recently demonstrated. It was revealed that 
average yields of LA were between 8.16-12.8% for tea leave 
waste [19]. Thus, we performed the conversion of 500 mg of 
D-fructose and 500 mg tea leave waste in 10 mL of 2 M sul-
furic acid at 170 °C for 8 h using external oil bath resulting in 
36.6-37.4 % and 9.2 % of LA yield, respectively. The ash-con-
tent of the BWM, which could affect the acid concentration 
was also determined and found to be 5.9 wt%, while for the 
cooked tea leaves it was 3.5 wt%. It was in good agreement 
with published results [13, 19]. Accordingly, the possible pre- 
and post-extraction methods of sulfuric acid containing phase 
were firstly investigated by the use of 2.8 mmol D-fructose 
for each cycle under identical conditions. Comparing the two 
recycle routes showed no significant change in the conversion 
rate for five cycles. (Fig. 4). The recycle of the aqueous sulfuric 
acid solution had expectedly no effect on the conversion itself, 
since the acid only serves as a catalyst. As we indicated, the 
maximum yield can be achieved within 1.8–2.2 mol×dm–3 acid 
concentration which is not affected during the procedure.

Fig. 4 Product yields from D-fructose by the two acid recycle routes: 
pre-extraction route (white bars) and post-extraction route (grey bars)

However, by the post-extraction route involving LA removal 
by ethyl-acetate, 1H-NMR analysis suggested the formation of 
ethyl levulinate beside LA after multiple recycle steps, which 
was confirmed by the GC-MS analysis. The formation of ethyl 
levulinate is due to the presence of ethyl acetate in the recycled 
aqueous solution. Under the acidic conditions, the ethyl acetate 
can decompose to acetic acid and ethanol, which can react with 
LA under the similar conditions, and form ethyl levulinate.

If the LA content is only extracted after multiple recycles 
of the sulfuric acid, the formation of ethyl levulinate can be 
avoided. The 1H-NMR and GC-MS analysis of these samples 
showed no presence of ethyl levulinate, only smaller amounts of 
ethyl acetate could be detected beside the expected compounds.

The post-extraction method was further investigated with 
a chosen household waste, cooked tea leaves from teabags. 
In this case, no significant change of product yields was 
detected for four recycle steps (Fig. 5).
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Fig. 5 Product yields from cooked tea leaves by post-extraction recycle

The pre-extraction recycles with biomass waste mix 
(BWM) were also performed for 3, 6, and 8 times. The results 
clearly indicate that product yields have not been influenced 
by the recycling steps, yields varied between 8.5 and 10.5% 
for each case (Fig. 6).

Fig. 6 Product yields from BWM with pre-extraction recycle (white bar) 
and one additional post-extraction step (grey bar)

After extracting the LA content of the pre-extraction recycle 
mixtures, the aqueous phases were once again reused in another 
reaction to monitor whether the acid is still applicable for a con-
secutive conversion step. In these experiments, the yields (Fig. 6, 
grey bars) were found to be increased in each case, and expect-
edly, appearance of ethyl levulinate was observed. The post-ex-
traction yields were higher as the number of recycles increased. 
The increased yields were probably caused by the incomplete 
extraction of the product from the previous extraction step. By 
the pre-extraction recycle routes, soaking the separated solids 
with extractant showed that less than 5% of the total LA can 
remain in the solid phases if they are not washed. However, if 
multiple pre-extraction recycle steps are performed, a greater 
quantity of LA might be recovered from them. In case of the 
post-extraction route, the humin was washed with ethyl acetate 

during filtration, therefore soaking is not required. Through the 
reactions with cooked tea leaves and BWM 0.5 g of liquid con-
taining humin was produced by each reaction step.

The environmental factor (E-factor) defined by Sheldon is 
one of the most important metrics of green chemistry [27] 
that is a basis of an advanced method developed for analysis 
of total energy efficiency, land use, and capital and raw mate-
rial costs for the comparison of chemicals produced by petro-
chemical- and biomass-based routes [28]. It should be noted 
that generated waste is a crucial factor for recently defined 
sustainability metrics [29]. Consequently, by improving a 
technology the waste can be minimized or even eliminated 
increasing the sustainability index. For the production of LA 
E-factor can be easily calculated by dividing the amount of 
sulfuric acid with the amount of LA and humin, since the 
ethyl acetate is regenerated by condensation (Eq. (1)); this 
metric was selected to indicate the improvement in the acid 
catalyzed dehydration.

E
m
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H SO

LA hu
=
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2 4
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The amount of sulfuric acid required for the reactions is great 
compared to the two products. If the acid can be reused multiple 
times, the E factor would decrease significantly, meaning, the 
conversion becomes more environmentally benign. If the acid 
is used only once (n=1), the E factor is 20.5 by using BWM as 
biomass and calculating with 9.3% LA yield. However, if the 
number of reuses is 9, the E-factor decreases to 2.3. It should be 
noted, that even if the acid cannot be further applied for biomass 
conversion it might have other applications or with a regenerat-
ing process it could be reintroduced to the LA production. 

4 Conclusions
The reuse of sulfuric acid was performed multiple times 

using different biomass types (D-fructose, cooked tea leaves, 
and a biomass waste mixture). A maximum of 8 reuses was 
performed without extracting the product in each step, whereas 
no significant change in the yield was detected. The sulfuric 
acid was reused after extraction and the conversion showed 
a slight increase. The reactions with D-fructose showed that 
the overall yield is similar either by post- or pre-extraction. 
The reactions with cooked tea leaves and BWM showed that 
the accumulation of impurities does not affect significantly 
the reuse of the acid. By reusing sulfuric acid in the process, 
the amount of waste and therefore the E factor can be reduced 
from 20.5 to 2.3.

Acknowledgement
This work was supported by the National Research, 

Development, and Innovation Office – NKFIH under grants PD 
116559. L.T. Mika is grateful for the support of the János Bolyai 
Research Scholarship of the Hungarian Academy of Sciences.

(1)



287Recycling of Sulfuric Acid in the Valorization of Biomass Residues 2017 61 4

References
[1] Tuck, C. O., Perez, E., Horváth, I. T., Sheldon, R. A., Poliakoff, M. 

"Valorization of Biomass: Deriving More Value from Waste." Science. 
337, pp. 695–699. 2012. 

 https://doi.org/10.1126/science.1218930
[2] Corma, A., Iborra, S., Velty, A. "Chemical Routes for the 

Transformation of Biomass into Chemicals." Chemical Reviews. 107, 
pp. 2411–2502. 2007. 

 https://doi.org/10.1021/cr050989d
[3] Girisuta, B., Janssen, L. P. B. M., Heeres, H. J. "Green Chemicals: A 

kinetic study on the conversion of glucose to levulinic acid." Chemical 
Engineering Research and Design. 84(A5), pp. 339-349. 2006. 

 https://doi.org/10.1205/cherd05038
[4] Horváth I. T., Mehdi H., Fábos V., Boda L., Mika L. T. "γ-Valerolac-

tone—a sustainable liquid for energy and carbon-based chemicals." 
Green Chemistry. 10, pp. 238–242. 2008. 

 https://doi.org/10.1039/B712863K
[5] Lange, J-P., van der Heide, E., von Buijten, J., Price, R. "Furfural – A 

promising platform for lignocellulosic biofuels." ChemSusChem. 5, pp. 
150-166. 2012. 

 https://doi.org/10.1002/cssc.201100648
[6] Mariscal, R., Maireles-Torres, P., Ojeda, M., Sádaba, I., López Grandos, 

M. "Furfural: a renewable and versatile platform molecule for the syn-
thesis of chemicals and fuels." Energy & Environmental Science. 9, pp. 
1144-1189. 2016. 

 https://doi.org/10.1039/c5ee02666k
[7] Climent, M. J., Corma, A., Iborra, S. "Conversion of biomass platform 

molecules into fuel additives and liquid hydrocarbon fuels." Green 
Chemistry. 16, pp. 516-547. 2014. 

 https://doi.org/1039/C3GC41492B
[8] Tukacs, J. M., Jones, R. V., Darvas, F., Dibó, G., Lezsák, G., Mika, L. 

T. "Synthesis of γ-valerolactone using a continuous-flow reactor." RSC 
Advances. 3, pp. 16283-16287. 2013. 

 https://doi.org/10.1039/C3RA43032D
[9]  Antonetti, C., Licursi, D., Fulignati, S., Valentini, G., Raspolli Galletti, 

A. M. "New Frontiers in the Catalytic Synthesis of Levulinic Acid: 
From Sugars to Raw and Waste Biomass as Starting Feedstock." 
Catalysts. 6, Article ID 196. 2016.

 https://doi.org/10.3390/catal6120196
[10] van Putten, R.-J., van der Waal, J. C., de Jong, E., Rasrendra, C. B., 

Heeres, H. J., de Vries, J. G. "Hydroxymethylfurfural, a Versatile 
Platform Chemical Made From Renewable Resources." Chemical 
Reviews. 113, pp. 1499–1597. 2013. 

 https://doi.org/10.1021/cr300182k
[11] Mehdi, H., Fábos, V., Tuba, R., Bodor, A., Mika, L. T., Horváth, I. T. 

"Integration of Homogeneous and Heterogeneous Catalytic Processes 
for a Multi-step Conversion of Biomass: From Sucrose to Levulinic 
Acid, γ-Valerolactone, 1,4-Pentanediol, 2-Methyl-tetrahydrofuran, and 
Alkanes." Topics in Catalysis. 48, pp. 49-54. 2008. 

 https://doi.org/10.1007/s11244-008-9047-6 
[12] Akien, G. R., Qi, L., Horváth, I. T. "Molecular mapping of the acid 

catalysed dehydration of fructose." Chemical Communications. 48, pp. 
5850-5852. 2012. 

 https://doi.org/10.1039/c2cc31689g
[13] Szabolcs, Á., Molnár, M., Dibó, G., Mika, L. T. "Microwave-assisted 

conversion of carbohydrates to levulinic acid: an essential step in bio-
mass conversion." Green Chemistry. 15, pp. 439-445. 2013. 

 https://doi.org/10.1039/c2gc36682g

[14] Novodárszki, Gy., Rétfalvi, N., Dibó, G., Mizsey, P., Cséfalvay, E., 
Mika, L. T. "Production of platform molecules from sweet sorghum." 
RSC Advances. 4, pp. 2081-2088. 2014.

 https://doi.org/10.1039/c3ra42895h
[15] Ranoux, A., Djanashvili, K., Arends, I. W. C. E., Hanefeld, U. "The 

Biofine Technology: A 5-Hydroxymethylfurfural Synthesis from 
Hexoses Is Autocatalytic." ACS Catalysis. 3, pp. 760-763. 2013. 

 https://doi.org/10.1021/cs400099a
[16] Li, Y., Lu, X., Yuan, L., Liu, X. "Fructose decomposition kinetics in 

organic acids-enriched high temperature liquid water." Biomass and 
Bioenergy. 33, pp. 1182-1187. 2009.

 https://doi.org/10.1016/j.biombioe.2009.05.003
[17] Fitzpatrick, S. W. "The Biofine Technology: A "Bio-Refinery" Concept 

Based on Thermochemical Conversion of Cellulosic Biomass." ACS 
Symposium Series. 921, pp. 271-287. 2006.

 https://doi.org/10.1021/bk-2006-0921.ch020
[18] Mukherjee, A., Dumont, M.-J., Raghavan, V. "Review: Sustainable 

Production of Hydroxymethylfurfural and Levulinic Acid: Challenges 
and Opportunities." Biomass and Bioenergy. 72(C), pp. 143-183. 2015.

 https://doi.org/10.1016/j.biombioe.2014.11.007
[19] Tukacs, J. M., Holló, A. T., Rétfalvi, N., Cséfalvay, E., Dibó, G., Havasi, 

D., Mika, L. T. "Microwave-Assisted Valorization of Biowastes to 
Levulinic Acid." Chemistry Select. 2, pp. 1375-1380. 2017. 

 https://doi.org/10.1002/slct.201700037
[20] Alonso, D. M., Wettstein, S. G., Bond, J. Q., Root, T. W., Dumesic, 

J. A. "Production of Biofuels From Cellulose and Corn Stover Using 
Alkylphenol Solvents." ChemSusChem. 4(8), pp. 1078-1081. 2011.

 https://doi.org/10.1002/cssc.201100256
[21] Dunlop, A. P., Wells, P. A. Jr. " Process for producing levulinic acid." 

US2813900 A. 1957.
[22] Capello, C., Fischer, U., Hungerbühler, K. "What is a green solvent? 

A comprehensive framework for the environmental assessment of sol-
vent." Green Chemistry. 9, pp. 927-934. 2007. 

 https://doi.org/10.1039/b617536h
[23] Byrne, F. P., Jin, S., Paggiola, G., Petchey, T. H. M., Clark, J. H., Farmer, 

T. J., Hunt, A. J., McElroy, C. R., Sherwood, J. " Tools and techniques 
for solvent selection: green solvent selection guides." Sustainable 
Chemical Processes. 4, pp. 47-71. 2016.

 https://doi.org/10.1186/s40508-016-0051-z
[24] Zandvoort, I., Wang, Y., Rasrendra, C. B., Eck, E. R. H., Bruijnincx, P. C. 

A., Heeres, H. J., Weckhuysen, B. M. "Formation, Molecular Structure, and 
Morphology of Humins in Biomass Conversion: Influence of Feedstock 
and Processing Conditions." ChemSusChem. 6, pp. 1745-1758. 2013.

 https://doi.org/10.1002/cssc.201300332
[25] Serrano-Ruiz, J. C., Pineda, A., Balu, A. M., Luque, R., Campelo, 

J. M., Romero, A. A., Ramos-Fernández, J. M. "Catalytic transfor-
mations of biomass-derived acids into advanced biofuels." Catalysis 
Today. 195, pp. 162-168. 2012.

 https://doi.org/10.1016/j.cattod.2012.01.009
[26] Sheldon, R. A. "Consider the environmental quotient." Chemtech. 25, 

pp. 38-47. 1994.
[27] Sheldon, R. A. "Organic Synthesis - Past, Present and Future." 

Chemistry & Industry. pp. 903-906. 1992.
[28] Sheldon, R. A., Sanders, J. P. M. "Toward concise metrics for the pro-

duction of chemicals from renewable biomass." Catalysis Today. 239, 
pp. 3-6. 2015.

 https://doi.org/10.1016/j.cattod.2014.03.032
[29] Horváth, I. T., Cséfalvay, E., Mika, L. T., Debreczeni, M. "Sustainability 

Metrics for Biomass-Based Carbon Chemicals." ACS Sustainable 
Chemistry & Engineering. 5, pp. 2734-2740. 2017.

 https://doi.org/10.1021/acssuschemeng.6b03074Pos et essincim nam

https://doi.org/10.1126/science.1218930
https://doi.org/10.1021/cr050989d
https://doi.org/10.1205/cherd05038
https://doi.org/10.1039/B712863K
https://doi.org/10.1002/cssc.201100648
https://doi.org/10.1039/c5ee02666k
https://doi.org/1039/C3GC41492B
https://doi.org/10.1039/C3RA43032D
https://doi.org/10.3390/catal6120196
https://doi.org/10.1021/cr300182k
https://doi.org/10.1007/s11244
https://doi.org/10.1039/c2cc31689g
https://doi.org/10.1039/c2gc36682g
https://doi.org/10.1039/c3ra42895h
https://doi.org/10.1021/cs400099a
https://doi.org/10.1016/j.biombioe.2009.05.003
https://doi.org/10.1021/bk-2006-0921.ch020
https://doi.org/10.1016/j.biombioe.2014.11.007
https://doi.org/10.1002/slct.201700037
https://doi.org/10.1002/cssc.201100256
https://doi.org/10.1039/b617536h
https://doi.org/10.1186/s40508-016-0051-z
https://doi.org/10.1002/cssc.201300332
https://doi.org/10.1016/j.cattod.2012.01.009
https://doi.org/10.1016/j.cattod.2014.03.032
https://doi.org/10.1021/acssuschemeng.6b03074

	1 Introduction
	1.1 Production of levulinic acid with sulfuric acid as a catalyst

	2 Experimental procedure
	3 Results
	4 Conclusions
	Acknowledgement
	References

